
ABSTRACT 

JINDANI, RAHIM. Structures/Yarns/Fabrics for Biomedical Applications. (Under the 

direction of Dr. William Oxenham and Dr. Behnam Pourdeyhimi). 

 

Electrospinning, centrifugal spinning, and various other technologies can be utilized to produce 

nanofibers, which are usually collected as a web or mat. Because of the fineness of the fibers 

these mats can provide a very high fiber surface area with respect to the overall mat volume. 

This potentially offers advantages for use in filtration, tissue engineering, biomedical and 

various other technical applications. The use of nanofibers to create high surface area yarn 

structures has been the subject of much research but has achieved limited success on an 

industrial scale. Twisting of nanofiber often compacts the structure, which result in loss of 

porosity and available surface area.  

The goal of the current research is to try to create yarn structures composed of nanofibers but 

which retain access to the large surface afforded by using the fine fibers. This work is based 

on a novel approach to try to create yarn like structures from nonwoven fabrics constructed 

from nanofibers, Different technologies, used for creating and consolidation yarn structures, 

are investigated and the most promising approaches are used to convert different widths of 

meltblown nonwoven fabric ribbon into yarns. Initial trials and observations helped in creating 

a novel way of twisting and drawing nonwoven ribbons into yarn structures and indicated the 

properties, which would be beneficial in the nonwoven fabric. In particular, it was clear that in 

order to provide the necessary geometry required access to the large surface area, the best 

approach would be to incorporate disparate fiber diameters. It was believed that this (i.e. a 

mixture of ñcoarserò and ñfinerò fibers) would prevent the fine fibers packing together and thus 

maintain potential access to the larger surface area. To this end co-form meltblown nonwoven 

technology was utilized to create a nonwoven fabric with a bimodal distribution of fiber 



diameters, which allowed in achieving bulky yarn structures while maintaining potential 

surface area for yarn structures.   
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Chapter 1 : Introduction  

1.1. Introduction: 
 

In recent years, use of nanofiber mats and collection of nanofibers to create high surface area 

yarn structures has been of interest to textile manufacturers (Zhang et al. 2005; Yousefzadeh 

et al. 2011; Ko et al. 2003). Twisting of nanofibers to create high surface area yarn structures 

often causes fibers to pack as a consolidated bundle resulting in the available pores and bulk 

for the yarn structure to be lost (Bagherzadeh 2010). Developments in electrospinning have 

reduced the cost to produce nanofiber mats but the inherent large variation in fiber diameter 

for nanofiber mats still requires further research  (Shuakat and Lin 2014; Zhang and Lu 2014) 

. While there are clear applications for the potentially large surface area created using 

nanofibers to create yarn structures, it is also important that the yarn has satisfactory 

mechanical properties such as elongation and tensile strength to enable it to be satisfactorily 

utilized in other textile manufacturing processes.  

 

Multifilament yarn structures, which have been texturized to create bulk and fiber volume also 

result in a porous yarn structure. For the successful production of synthetic yarns, knowledge 

and understanding of polymer composition, rheology, and the extrusion system being utilized, 

is claimed to be important (Petrie and Denn 1976). The chemical and physical properties of 

filament yarns can be modulated by either partially or fully drawing them, to achieve filaments 

with more structural orientation. Fully oriented filaments have a higher percentage of 

crystallinity, which results in yarns with higher tensile strength and a longer shelf life. Partially 

oriented yarn structures have higher percentage of amorphous regions, which can result in the 
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yarn having premature degradation over time due to interaction with chemicals, moisture and 

the surrounding environment (Chu and Campbell 1982). Filaments extruded through 

spinnerets are at times not collected in a linear fashion to form yarns, but are rather collected 

on a moving conveyer belt or on a rotating drum. This facilitates the bonding together of the 

newly extruded filaments while still in a partially molten state. The fiber-to-fiber bonding 

creates a web structure either in a randomly oriented fashion, or in a specific orientation 

creating a so called ñmeltblownò or a ñspunbondò nonwoven structure. A meltblown fabric has 

lower fiber denier compared to ñspunbondò fabric and is composed of discontinuous filaments 

unlike a ñspunbondò nonwoven fabric structure (Bitzrn n.d.).  

 

Melt blown fabrics can have either orientation of fibers in machine direction (MD) if fibers are 

collected at a faster rate or cross direction (CD) if fibers are collected slowly, and the 

differences in properties generated by different orientations can then be utilized to create 

various products. The voids in the overall structure coupled with large surface area can 

potentially be utilized for binding of drug molecules, cellular moieties, peptides, metallic ions 

and various other functional materials ensuring use of nonwoven structures for medical, 

filtration and various technical applications. The potential of using slit meltblown nonwoven 

fabric as a raw material for the development and engineering of novel ñyarn structuresò has 

not been previously explored. Earlier work on fibrillated slit films can be found as patent 

literature, USP 3,577,724A and 3,398,220 (Greene 1971; Port and Schwartz 1968). Synthetic 

films produced utilizing extrusion technique were slit into narrow strips which were and 

texturized by false twisting to form bulky yarn structures as shown in Figure 1-1. 
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The patents never discussed the structural properties of the texturized yarns that were 

developed; neither did they provide any detail on whether nonwoven fabric structures could be 

utilized to create twisted structures. Improvements in nonwoven fabrication techniques and 

better resources for slitting nonwoven fabrics should yield a suitable starting point for the 

creation of ñtwisted yarn structuresò which potentially have relatively large surface area. 

(a) (b) 

Figure 1-1: Method of Preparing Bulky Yarns (a) Fibrillation utilizing blades. False 

twisted and texturizing, (b) Stretching slit nonwoven and twisting before texturizing 

(Greene, 1971; Port & Schwartz, 1968). 
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Although high surface area multifilament yarn structures have been developed with various 

polymers, to achieve better aesthetics and specific functional properties, this has not yet 

utilized nonwoven fabric structures (Vogelsang et al. 1992). Technologies have been 

developed to manufacture multifilament texturized yarns where one or two different polymeric 

multifilamentôs have been combined to achieve high surface area and blended properties (Acar, 

Turton, and Wray 1986). It is possible that such texturizing techniques could be utilized for 

processing nonwoven melt blown fabrics to enable the creation of functional and novel yarn 

structures.  

 

1.2. Research Approach and Objective:  

The overall objective of this research work is to develop a technology, which will serve as a 

basis for creating elastomeric and non-elastomeric melt blown nonwoven web structures, 

which can be utilized to create yarn structures. The high fiber surface area of the fibers in a 

nonwoven fabric, when translated into a yarn, will yield a structure where the large surface 

area will allow for attachment of functional moieties or create products, which can be utilized 

to create scaffolds for tissue engineering and various other technical applications.  

The research carried out to accomplish the above objective, is reported in this dissertation, 

which will be divided into the following chapters.  

Chapter 2 is a literature review covering the fundamentals of nonwoven fabric structure and in 

particular melt blown nonwoven fabrics. Additionally, previous work on yarn interlacing will 

be critically evaluated to determine its possible utilization in the translation of nonwoven 
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structure into yarn. Other parameters, which are important for the engineering yarn structures, 

will also be taken into consideration. 

Chapter 3 discusses initial experiments undertaken and a review of the results obtained. This 

was the basis for determining which subsequent experiments were to be performed and those 

parameters, which were to be taken into consideration when converting elastomeric and non-

elastomeric nonwoven fabrics into interlaced texturized yarn structures.  

Chapter 4 describes the refined proposed research objectives and experiments performed to 

create bulky yarn structures. 

Chapter 5 describes the use of a combination of PLA fibers with different fiber diameter to 

create bulky yarn structures for possible biomedical applications and tissue engineering.  

Chapter 6 serves as conclusion chapter for all the described experiments, in order to provide 

better understanding of the key findings of this study and highlight potential future work 

Understanding the science and technology behind the development of high surface area yarn 

structures using nonwoven fabrics will allow the creation of better and economical processing 

methodologies to create and engineer yarns and structures on an industrial scale.  
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Chapter 2: Literature review 
 

 

2.1. Introduction:  

High surface area textile structures find applications in a number of fields. These range from 

tissue engineering, bio-separation, filtration, creation of solar cells and various other potential 

uses, which have been researched and commercialized since nineteenth century (Durany et al., 

2009; Peng et al., 2014). To create high surface area structures, it is evident that nanofibers are 

the obvious raw material choice, where "nanofibers" range in size from approximately 1 ï 100 

nm (Kellie, 2016).  Researchers have utilized a number of technologies over the years to create 

nanofibers. High surface area "yarns" and "fiber mats" have been developed utilizing 

techniques such as electrospinning, bicomponent fiber spinning, and flash spinning, while if 

necessary incorporating these into the nonwoven web forming processes such as melt blown 

and spun bond processing systems (Goddard et al., 2012).  

 

Technologies utilized to create nanofibers often are not able to translate nanofibers to other 

shaped scaffold or yarn structures since nanofibers break easily when subjected to stress forces. 

Additionally, twisting nanofibers creates yarn structures that are often tightly packed in a 

cylindrical form, limiting the porosity and accessible surface area (Bazbouz & Stylios, 2008; 

Fennessey & Farris, 2004). Furthermore, high twist insertion in spun nanofibers can often 

cause frictional heat between fibers causing them to melt and re-polymerize which results in 

degradation. It is important to gain the potential advantages afforded by the small diameters of 

microfibers and, to this, end high surface area and porosity must be maintained, even after 
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twisting nanofibers into yarn structures. This will only be ensured if ñbulkinessò is achieved in 

a yarn structure. 

 

Amongst the different technologies mentioned in the literature to create nanofibers, melt blown 

technology is considered "mature" and used at the industrial scale in producing nonwoven 

fabrics (Byrne, 2000). Additionally, the combination of melt blown technology along with 

other nonwoven processing techniques, such as spun bonding and hydro entangling, has been 

successfully performed to engineer many different products (Batra & Pourdeyhimi, 2012). 

However, to date, no detailed study has been conducted into the use of melt blown technology 

to create bulky yarn structures (Mo et al., 2004; Vimal et al., 2016). A review of literature 

relating to the various melt blown technologies which are available commercially, and the 

impact of process variables, has been conducted to gain a base knowledge of the potential and 

possible limitations of utilizing nonwoven fabrics to create high surface area yarn structures. 

 

2.2. Manufacturing Techniques for Nonwoven fabric structures:  
 

 

Nonwoven fabric processing relies on laying down fibers in a random, cross, or machine 

direction. This web formation process can be performed utilizing three different web formation 

techniques (namely dry-laid, wet-laid or spun-laid) as shown in Table 2-1. 

 

Fabric formation techniques are utilized on their own, or in combination with other web 

formation techniques, to engineer nonwoven fabrics, which achieve specific properties for 

targeted applications. Examples of combined technologies such as spun blown, melt blown 
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and spun blown (SMS) fabric, whereby a Melt blown fabric is sandwiched between two Spun 

bonded fabrics and various others can be found in the literature (Batra & Pourdeyhimi, 2012; 

US20150233030 A1, 2015). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The current literature review is restricted to discussing the spun-laid process and specifically 

melt blown process and its variables (an in-depth explanation of other nonwoven fabrication 

processes can be found elsewhere (Batra & Pourdeyhimi, 2012; Kellie, 2016). Nonwoven 

 

Table 2-1: Nonwoven manufacturing processing routes.  
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fabric is defined by three primary parameters: (1) Fiber size and diameter, (2) Thickness and 

(3) Basis Weight. An understanding of these fundamental specifications, along with knowledge 

of melt blown processing, permits the criterion and understanding of secondary parameters and 

the other textile structure properties. 

 

2.2.1. Melt Blown Process:  
 

A.Wente, of Naval Research Laboratories, first introduced the melt blown technology in 1954. 

It was later in 1960s, and 70s that Wenteôs claim of producing 0.1 to 1 µm fibers was 

successfully exploited by Exxon affiliates for the production of micro denier nonwoven webs 

(Goddard et al., 2012). From then on melt blown fabrics were produced for a number of 

technical applications especially for filtration, biomedical applications, and a range of technical 

applications. A number of developments in the construction of die slots have been introduced 

to reduce the cost of air required and increase the production speed and research work has been 

carried out to further improve the die design (Biax-Fiberfilm, n.d.; Buntin et al., 1974) The 

melt blowing process utilizes fine capillaries with a diameter less than 1 mm having air knives 

surrounding the polymer orifice to attenuate the fibers. A computational fluid dynamic (CFD) 

simulation shows attenuation of fibers as they are pushed through capillaries along with the 

surrounding cool air Figure 2-1. 
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The melt blown process is different from the spun bond process because the collector distance 

for a melt blown process is relatively short, i.e., 20 ï 50 cm as compared to 100 ï 200 cm for 

a spun bonded process (Takajima, 1994). Shorter collector distance ensures in achieving of a 

narrow fiber diameter range, as compared to spun bond process and this ensures that fabrics 

developed have higher strength. The Biax-Fiberfilm ® came up with a design incorporating 

multiple fine orifices, as shown in Figure 2-1, which aims to increase the production speed of 

microfibers and nonwoven structures (Hoge & Fiberfilm, 1980). A number of other die designs 

have been explored over the years to minimize the amount of air pressure required while 

ensuring that adequate attenuation of fibers can take place. Fabbricante et al. came up with a 

modulated die design concept where a series of circular plates were stacked which produced 

Figure 2-1: A Computational Fluid Dynamic (CFD) representing melt 

blown polymer and air (Biax-Fiberfilm ®, n.d). 
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fibers at a much faster rate, but the die design restricted fiber whipping motion and affected 

the lay down of fibers in a uniform manner ( Fabbricante et al., 2007; Fabbricante et al., 1997).  

 

The centerline air velocity is an important parameter that ensures fiber attenuation can take 

place in a melt blown process. Blunt, rather than sharp, melt blown dies have been shown to 

result in a lower decay rate of air velocity (Mohammad Abouelreesh Hassan et al., 2013). The 

die design can have an impact on the motion of the extruding fibers. Swirl die design, in 

comparison to slot dies, showed more rapid attenuation of fiber diameter due to the spiral path 

is taken by fibers as compared to whipping motion for fibers produced using slot die design 

(Xie et al., 2014). Begenir et al. found that the velocity decay starts after 5 cm regardless of 

the polymer relaxation time from the center line on specific slot die designs produced by Biax 

(Begenir, 2008). The velocity decay for swirl dies design was more pronounced. Xie observed 

the evolution of fiber diameter as a function of z-distance for both the die designs.  Extruded 

fibers using a slot die design continued to decrease from initial fiber diameter of 420 m˃ at (z 

= 0) to 90 ˃ m (z = 20 mm). While for the swirl die design the fiber diameter decrease was from 

500 ˃ m (z=0) to 66 ˃m (z = 20 mm). The die schematics are shown in Figure 2-2 (Xie et al., 

2014).  



 

 

 

7 

 

Air constrictor length, width, and angle effects were studied on melt blown slot die to observe 

the effect on fiber bending, fiber attenuation and fluctuations in fiber diameter, which are 

further dependent on the velocity of air, temperature utilized during processing and on the 

polymer rheology. Different die designs have been studied using Computational Fluid 

Dynamics (CFD) simulations, and experimental work showed that increasing the constrictor 

length for die causes centerline velocity to decay slowly while decreasing the width of air 

constrictor causes turbulent eddies to increase which can cause roping of fibers. The air 

Figure 2-2: Schematic showing melt blowing slot die (a) and its cross sectional 

view (b), end on view of a swirl die (c), and cross sectional view (d) end on view. 

The air constrictor length, width and angle are different for both die designs (Xie et 

al., 2014). 
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constrictor angle for a melt blown die with an angle between 45° and 60° ensured that the 

maximum centerline velocity was achieved for a prolonged time reducing chances of turbulent 

eddies near die face (Hassan, et al., 2016). The use of constrictors enabled the production of 

fine denier fibers, which resulted in improving the filtration efficiency. This was because the 

constrictors ensured the air temperature did not reduce, which ensured higher fiber attenuation 

was achieved before lay down of fibers (Hassan, et al., 2016). Hassan et al. further studied the 

effect of air throughput from conventional parallel plate melt blown slot die and modified 

dynatec slot dies with two and four aspirators. The two and four aspirators reduced the amount 

of overall air throughput required to achieve the intended air pressure to attenuate fibers since 

the air throughput divided amongst the aspirators utilized, which reduced the chances of fly 

and shot formation at higher air velocities. The opening between conventional slots and air 

knife utilizes higher air pressure to obtain the same air throughput to achieve fine denier fibers. 

The distance between the constrictors and aspirators affected the average fiber diameter. When 

the distance between the two constrictors was 4 mm apart from the center, it was observed that 

the average fiber diameter produced was at maximum 4 m˃ and a minimum of 1.5 ˃ m, at 

maximum aspirator pressure (psi). Increasing the distance between constrictor and aspirator to 

10 mm caused the average fiber diameter of 3.5 m˃ to be produced and the smallest fiber of 2 

m˃ at maximum aspirator pressure (psi). It was concluded from the study that increasing the 

number of air nozzles surrounding the polymer jet and increasing the incline angle for the air 

constrictors increased the drag force, which also increased the production of fine fiber denier 

(1-10 ˃ m) produced (Abouelreesh Hassan, Khan, et al., 2016). The use of constrictors and the 

angle of constrictors are a key parameter in ensuring fiber diameter reduction.  
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The Biax-Fiberfilm ® modulated die design, as shown in Figure 2-3 with outset dies 

(capillaries above the air knife and die face), achieves better control regarding average fiber 

diameter (Mohammad A. Hassan, 2015a; Zhao et al., 2003).  

 

 

 

 

 

 

 

 

 

 

 

 

 

The outset dies, and smaller extruder chamber increases the capability to process a range of 

polymers with wide melt flow rates ranging from (5 ï 2500 g/10 min). The flexibility of 

utilizing a wide range of melt viscosities provides the potential of reactive mixing of different 

compatible and non-compatible melt blends. Elastomers such as Hytrel ® and plasticizers such 

as PEG can be reactively blended along with other polymers. Natural fibers such as cotton 

fiber carded web were bonded with bicomponent fibers produced for applications in diapers 

Figure 2-3: Schematic of Biax melt blown die (Zhao, 

Schwarz, & Corporation, 2003). 
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and wet wipes (Mohammad A. Hassan, 2015b; Kohler et al., 2005). Narrow fiber diameter 

variation in the melt blown process facilitates the production of a more uniform melt blown 

fabric (as compared to patchy fabrics) and promotes better elongation properties in the machine 

as well as cross direction.  

 

A). Fiber Size and Diameter:  

 

Fiber geometry plays an important role in defining any textile structure. The size of the fiber, 

fiber morphology and shape can determine how a structure will perform (Lamb & Costanza, 

1979). Understanding and knowledge of the cross-sectional shape of fiber can allow the 

determination of specific surface area and its effect on the overall packing density and porosity 

of a nonwoven fabric as shown in Figure 2-4. 

 

 

 

 

 

 

 

 

 

 

 

Figure 2-4: Cross sectional conformations of some of the bi-

component fibers (Zhang, 2014). 
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The specific surface area is defined as Equation 2-1 (Durany et al., 2009):  

 

  
3ÐÅÃÉÆÉÃ ÓÕÒÆÁÃÅ ÁÒÅÁ ɻ Ѝ

τʌ,

ʍɕ$ÅÎÉÅÒ
 

Equation 2-1 

Where Ŭ - shape factor; L - length; ɟ - the linear density of fiber.  

 

The higher denier of fibers increases the bending stiffness, making yarn and fabric structures 

harsh to feel and giving poor drape ability (Akgun, 2015; Becerir et al., 2016).  A dense 

nonwoven structure created by having a lower denier of fibers on a rotating drum or screen has 

higher packing density, which can create micro and nano pores, which are an important 

property for filtration, abrasive nonwovens, household cleaning scrubs and other applications 

(Larson et al., 1994).  It is known that fiber diameter, fiber crimp, and fiber length affect yarn 

properties and their bulk (Mahmoudi, 1991). Similarly, fiber crimp and length contribute to 

the overall nonwoven structure and its properties, which will be discussed later. Fiber crimp is 

defined as the degree of deviation from linearity of a nonlinear straight fiber (Alexander et al., 

1956; Bauer-Kurz et al, 2000; Rainard et al, 1950).  

 

Filament spinning techniques are limited in their ability to create fine microfibers. Spinning 

(extrusion) techniques can be classified into four types namely melt spinning, wet spinning, 

dry spinning, and electrospinning (Lundahl et al., 2016; THARPE et al., 2016).  Different fiber 

spinning techniques have their limitations and advantages, and this has been well discussed 

(Hearle et al., 2001). Specialized fiber shapes can be developed utilizing bicomponent fiber 
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spinning. The bicomponent spinning of polymers coupled with the dissolution of a ñsacrificial 

polymerò can enable the creation of very fine fibers (Pourdeyhimi et al., 2012; Tuin et al., 

2016).  

 

Creation of fine fibers using bicomponent spinning technology requires that the polymers 

utilized are immiscible (Brody, 1985; Gupta & Wilkes, 2003) since this enables the removal 

of one of the components (the so called sacrificial polymer) leaving behind finer fibers for 

creating high surface area structures. Currently ñisland in the seaò are produced utilizing 

sacrificial polymers by Toray industries and marketed as Toraysee®.  The super fine 

microfibers, in the range of 1 - 2 microns, are utilized to create high surface area structures 

which are currently utilized for suede fabrics and synthetic leather, filtration products and 

various other applications (Kabir et al., 2017). Fiber surface area can be increased due to lobes 

and grooved morphology, since this leads to an increase in the aspect ratio of fibers as shown 

in Figure 2-5. Fiber Innovations Technology (FIT) created a high surface area by utilizing 

bicomponent spinning to create deeply grooved fibers. In another research work, winged fibers 

were developed (Yeom & Pourdeyhimi, 2011). The four deep-grooved fibers also known as 

the 4DG fiber, which achieves high surface area by the removal of sacrificial polymer, have 

been utilized to create tissue engineering scaffolds (Lu et al., 2005). When grooved fibers were 

utilized to create multifilament yarn structures for use as braided structures and scaffold for 

tissue engineering, it was observed that the fibers inter-digitize into one another, inhibiting the 

proliferation and differentiation of neural cells (Liang, 2013). In another work, winged fibers 

were utilized to create a nonwoven needle punched base layer to achieve grain and texture for 
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artificial leather similar to natural cow skin leather (Schenk & others, 2014).  The winged fiber 

cross section increases the possibility to obtain higher surface area by reducing the amount of 

sacrificial polymer and increasing the number of arms available as a fiber structure. Depending 

on the application and porosity, required 12 to 64 arms could be produced in a filament 

structure. The cross sectional Scanning Electron Microscope (SEM) image of both the fibers, 

shown side by side in Figure 2-5 highlight how morphology and shape factor leads to an 

increase in surface area (Yeom & Pourdeyhimi, 2011).  

 

 

 

 

 

 

 

 

 

Engineering high surface area fibers using bicomponent spinning creates sacrificial polymer 

waste that needs to be disposed of or recycled, at an added expense to the production of super 

fine micro fibers.  Spinning techniques other than melt spinning such as wet and dry spinning 

process require polymers to be dissolved in different types of solvent to spin the fibers. The 

other techniques of producing fine fibers such as electrospinning cause the throughput rate and 

time required to produce fine fibers to decrease compared to the melt spinning technique, 

Figure 2-5: Fiber shape at magnification scale of 15 microns (a) 4DG 

fiber (b) Winged fiber (Yeom & Pourdeyhimi, 2011). 
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resulting in a significant increase in the cost of production for electro spun fiber mats. 

Additionally, a lower molecular weight of polymers is required to dissolve them in solvents 

before electrospinning. The fibers in electrospinning are often assembled by a collector as fiber 

mats, without any annealing or drawing of the fibers due to processing limitations. In most 

cases, this limits the crystallinity of fibers in the mats and increases the chances of bulk erosion 

for biodegradable polymers (K. H. Lee et al., 2003; von Burkersroda et al., 2002). Bulk erosion 

can result in the occurrence of defects and failure of scaffold structure. Additionally, before 

usage, the fiber mats must be washed to remove organic solvents utilized in electrospinning 

(Khadka & Haynie, 2012). Electrospinning process ensembles nanofiber webs, the processing 

time required to produce electro spun fiber mats, and variation in fiber diameter size limits the 

commercial use of this technology (Fridrikh et al., 2003).   

 

The ñneedleless technologyò developed by Nano Spider addresses some of the challenges 

concerning productivity, flow rate, and surface tension, but often the fiber mats are weak and 

fragile. The fiber-to-fiber bonding is weak and is disrupted easily due to forces applied. 

Figure 2-6: Impact of twist on collected nanofibers and surface area 

(Bagherzadeh, 2010) 
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Approaches have been developed to collect nanofibers directly during the spinning process 

and twisting them to create yarn structures (Bagherzadeh, 2010; Bazbouz & Stylios, 2008),  

but major problems remain about consistent yarn denier and yarn properties. Additionally, the 

potential of the high surface area, which is promised by the use of nanofibers is completely 

lost after twisting. Twisting creates a rigid ñfilament rod likeò structure for nanofibers as 

demonstrated in Figure 2-6 (Bagherzadeh, 2010; Su et al., 2015).  

 

The electrospinning process creates fibers in the range of 150 to 300-ɖm. A large coefficient 

of variation regarding fiber size causes reduced pore size and porosity for nanofiber web 

structures limiting diffusion of nutrients and cells  (Stephen Alexander Tuin & others, 2015). 

The Large variation in fiber size and diameter mean that efficiency of a scaffold to allow cell 

growth and tissue reconstruction will vary due to variation in pore size and porosity. Scaffolds 

utilized for tendon/ligament-bone tissue engineering and reconstruction need to have the ability 

to bear cyclical mechanical stress and loads to allow stem cell lines such as mesenchymal stem 

cells (MSCs) to differentiate into specific tissue lineage (Chaudhury, 2012). Nanofiber webs 

often are weak and cannot bear cyclical mechanical stress.  

 

To overcome these challenges, elastomeric polymers are often required to achieve better stress 

response especially when polymers are utilized as part of textile scaffolds, which are subjected 

to cyclical loading for tissue engineering applications. Use of elastomeric polymers in 

nanofiber form provide the ability to resist low levels of stress, which have been utilized to 

mimic natural human tissue for designing biomedical devices (Dargaville et al., 2013; 
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Yoshimoto et al., 2003). Elastomeric polymer properties are defined by the ratio of hard and 

soft segments, which comprise an elastomer. A low shore hardness elastomer with lower 

molecular weight can be electro spun or melt extruded. Elastomeric polymers can recoil back 

and this inherent ability is also utilized in plied folded yarns, cabled yarns and core spun yarns 

for a range of apparel applications. Invista ® use of Lycra ® fibers is a successful story, which 

is utilized today in a number of products. Cordura È Naturalle Ê fabrics are one such example. 

Smart textiles with electrodes which work on the principle of harvesting energy from human 

body movements also utilize the concept of elastomeric fibers (Hassonjee et al., 2005). 

Polyurethane elastomers and polyester urethane elastomers are utilized to create scaffolds for 

a number of soft tissue biomedical applications.  

 

In a study of crystallization kinetics of elastomeric polymers (Begenir, 2008), it was concluded 

(through experimental work and simulation) that the fiber attenuation due to air pressure 

affected different extruding elastomers only until 5 cm below the die tip. Fiber attenuation 

beyond 5 cm below the die occurred in an isothermal way and at a much slower rate for all the 

different types of elastomeric polymers (Begenir, 2008). In her work, it was found that 

nonwoven web strength was dependent on Die to Collector Distance (DCD) and polymer 

hardness. Higher crystallization temperature for hard grade elastomers caused fibers to solidify 

before being collected on the belt limiting the ability for fiber-to-fiber bonding which translated 

to weaker melt blown web structures. The throughput rate and higher air velocity can 

effectively help in reducing the fiber diameter. In another study, the different molecular weight 

of polystyrene was melt blown to observe the effect of melt viscosity and elasticity on fiber 
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diameter distribution. It was concluded that higher viscosity of polystyrene blends increased 

the average diameter of fibers while no effect was observed on the coefficient of variation for 

fiber diameter. Increasing elasticity decreased the coefficient of variation and increased the 

average fiber diameter. A threshold elasticity needs to be achieved to ensure significant 

decrease with regards to the coefficient of variation for average diameter obtained (Tan et al., 

2010). Fiber diameter can influence on air permeability of a nonwoven structure. A mixed fiber 

media yielded a higher air permeability because the fiber diameter variation affected packing 

density for a nonwoven structure even when high specific energy was utilized to hydro 

entangle (Hollowell, 2012). Hollowell suggested in her studies for future work that hybrid 

mixed media nonwovens with 16-segmented pie and 7-island in the sea bicomponent fabrics 

as shown in schematic in Figure 2-7 could allow in enhancing the air permeability while 

reducing the pore size, which could allow in achieving higher filtration efficiency. The use of 

such structures could also influence cell growth and proliferation as a scaffold.  

 

 

 

 

 

 

 

 

 

Figure 2-7: 7 -island in the sea three layer mixed with fibrous nonwoven media 

in the middle (Hollowell 2012). 
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The collector belt construction can also affect the fiber lay down and packing density of a 

nonwoven, which can affect the overall porosity. Earlier studies have shown that an open satin 

structure will create a nonwoven structure with higher porosity while a plain or a twill weave 

construction of the collector belt will reduce the fiber porosity due to the higher packing density 

of fibers (Nassif, 2012; Seyam & El-Shiekh, 1994). Further studies on whipping action of 

fibers due to change in Die to Collector Distance (DCD) and air pressure affect need to be 

performed. Overall, the fiber diameter and morphology plays an important role in defining 

melt blown nonwoven fabric structure properties and structural uses of nonwovens. 

 

B). Thickness:  

 

The thickness of a nonwoven fabric dictates properties for a nonwoven fabric. The fiber lay 

down on a conveyor belt can be increased or decreased depending on the speed of a conveyor 

belt for a spun blown and melt blown fabric. If the conveyor belt speed is slower than thick 

nonwoven, melt blown mats will be formed. The thickness of a nonwoven fabric contributes 

to a number of properties for a nonwoven such as fabric ability to bend, flex, rotate, and its 

barrier properties. Hearle et al. in their work on carded nonwovens explored the relationship 

between needling density and nonwoven fabrics. Fabric thickness in a carded web is due to 

fiber size variation and how fiber bonding has been achieved. Bonding nonwoven fabrics 

usually reduce the void volume created between layers of nonwoven fiber mats through needle 

bonding. Needling density improves carded nonwoven fabric strength but reduces its ability to 

flex. Increasing needling density causes fabrics to lose strength beyond a certain point (Hearle 

& Sultan, 1967). Needle size, shape, barbs and angle of barbs effect fibers being needled (Sun, 
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2014). Melt blown and spun blown fabrics are not cross-lapped as in the case of carded 

nonwoven fabrics but rather form nonwoven fabric mats directly using the polymers being 

extruded through spinnerets. Melt blown and spun blown fabrics are often utilized in 

conjunction to create Spun blown, Melt blown and Spun blown (SMS) barrier fabrics, which 

are utilized for medical applications, health care, and some other technical applications. 

Needling is not an effective method of bonding SMS fabrics since needles can create holes and 

damage fabric barrier properties and to overcome this issue fabrics are bonded together by 

thermal point bonding using patterned calendaring rollers (Michielsen et al., 2006). Epoxies 

and different elastomeric modifiers can also be utilized to improve the bonding performance 

between two different fabric structures or increase the point bonding area (Kvist, 2016). 

Variation in fabric thickness can cause variation in temperature before point bonding of fabrics. 

To reduce variation in thickness, nonwoven webs are compressed and hot air is utilized to raise 

the temperature of fabric to the glass transition temperature for the fiber. The fabrics are then 

point bonded by varying density of point bonding areas. Similar to needling density, point-

bonding density affects bonded fabric extension, modulus, and stiffness. Ultrasonic point 

bonding technique can achieve effective point bonding as compared to thermal bonding and 

can be effectively utilized to bond fabrics with metallic particles and different thermoplastic 

and elastic matrices to create functional surfaces (Hill & Burlington Industries, 1978; C. 

Zhang, 2011).  

 

Variation in thickness of nonwovens is often needed to create a gradient of fibers or functional 

biomaterials for applications in health care industry such as in treatment of oedema, lymphoma 
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(Ng et al., 2017). Changing the throughput rate of each of the spinnerets or a change in the 

number of spinnerets utilized, can allow the creation of a  fiber gradient, as achieved by 

Kimberly-Clark (Singer et al., 2000). Web thickness, width and void volume of web structure 

for melt blown or spun blown fabrics are often changed on an industrial scale by changing the 

weave density of collector belt and the suction pressure (Eckhardt & Gmbh, 1996). Different 

types of belts are produced by FILCON ®-fabrics and XERIUM ® to produce nonwovens 

produce nonwoven fabrics, and in tissue paper manufacturing (ñFilcon fabrics,ò n.d.; 

ñNonwoven Fabrics | Leading technology In Roll Cover - Advanced Dynamic Nip Analysis,ò 

n.d.). Geosynthetics produced by Low&Bonar called Enka ® solutions have varying web 

thickness and fiber density to minimize erosion, embankments and protection of housings (Van 

Eekelen, 2015). SMS fabrics and other nonwoven fabrics for technical applications are often 

bonded by hydro entangling which creates texture on the surface of the fabric. The impact 

angle and intensity at which water jets push and force the fibers into the structure causes 

topographies to form on the surface of fabrics. The representative volume of fibers changes as 

the fibers entangle with the other layer of fabrics and bonding to create a bonded nonwoven 

structure. Barrier fabrics for medical applications are often hydro entangled. In another work, 

three dimensional deep molded structures were created utilizing nonwoven web structures (US 

7,060,344 B2, 2004). The 3D structure, such shown in Figure 2-8 is dependent on the 

thermoplastic fiber structure, heating of the structure between glass transition and melting 

point, pressure required to mold and the time required to create a three-dimensional structure.  
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The thickness of a nonwoven melt blown fabric mat is achieved due to fiber arrangement unlike 

the SMS fabrics or carded webs. In a melt blown nonwoven fabric, fiber anisotropy defines 

properties for the structure. The thickness of fabric increases rigidity for structure and 

decreases its ability to take shape and molds since the penetration of heat does not occur 

effectively, causing variation in dome projections. The rheological properties of polymer 

influence the amount of heat required to soften the fibers to achieve laminar movement for 

dome projections. Shaped fabrics are also needed for acoustic insulation, wipes, heat 

insulation, hospital bed foams, and construction of various technical structures. The strength 

of shaped structures come from layers of fibers that create thickness. A high DCD  along with 

high air pressure for a melt blown Biax-Fiberfilm ® causes fibers to solidify before being 

collected on the collector creating high loft thick nonwoven web structure to be formed 

Figure 2-8: Three dimensional nonwoven fabrics with dome projections 

(Pourdeyhimi, Little, & University, 2004). 
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(US20150211158 A1, 2015). Fiber to fiber bonding is weaker for lofty melt blown structures 

and deformation on the application of stress is easier. Bending, curling, buckling, and straining 

of the nonwoven fabric causes deformation in a structure, which will have an affect when 

nonwovens are being utilized to create yarn structures. For three-dimensional fabric structures, 

fiber bending and curling is dependent on fiber crimp, fiber arrangement and fiber elasticity 

which was first highlighted by Backer et al. in his studies based on models presented by 

Petterson (Backer & Petterson, 1960; Brookstein & Backer, 1977). Freestone and Platt further 

modeled two different conditions, the first condition of no freedom for relative fiber motion 

and second of complete freedom of relative fiber motion and these were developed and tested 

for carded nonwovens (Freeston & Platt, 1965). The bending stiffness, D, of a nonwoven fabric 

is defined by Freeston and Platt model in Equation 2-2:  
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Equation 2-2 
 

Where, 

Nf = total number of fibers through the thickness, 

E = Young modulus of the fiber 

A = cross-sectional area of fiber 

t = thickness of the fabric 

◖ (ɗ) = fiber orientation distribution function 
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Petterson, in his work on fiber web theory, predicted that tensile modulus, E, of a spun bonded 

fabric did not change when fiber buckling did not take place. The tensile modulus, E, of fabric 

in direction ɗ = 0 at small strains did not have an effect on Poissonôs ratio (S. M. Lee & Argon, 

1983):  
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Equation 2-3 

Where by,  

E = tensile modulus  

Nf = total number of fibers through thickness of fabric in circle of unit diameter 

Ef = Youngôs modulus of fiber 

Af = cross sectional area of fiber 

t = thickness of fabric 

ʃה ÆÉÂÅÒ ÏÒÉÅÎÔÁÔÉÏÎ ÄÉÓÔÒÉÂÕÔÉÏÎ ÆÕÎÃÔÉÏÎ 

Based on the Equation 2-2 and Equation 2-3, the elastic modulus and bending stiffness of a 

melt blown fabric are related. S.M. Lee in his work defined it as ( Lee & Argon, 1983):  

 
$ % 

Ô

ρς
 

 

Equation 2-4 

Equation 2-4 was utilized to calculate the bending stiffness of two different nonwoven web 

structures with varying thickness. It was found that the thicker nonwovens resemble the 

continuum plate while for thinner nonwovens, fiber motion is observed on the surface, which 

influences bending of nonwovens. It was concluded from the study that thicker nonwoven 
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fabrics have a lower degree of freedom concerning fiber motion due to higher fiber to fiber 

bonds (S. M. Lee & Argon, 1983). Smaller fiber diameters with large variation, produced using 

an electrospinning technique, enable the creation of fabrics with higher surface area. However 

since the fiber-to-fiber bonding is weak, fiber motion is relatively easy, which causes the 

obtained porosity, and surface area to be compromised (Bagherzadeh, 2010; Su et al., 2015). 

It is hypothesized that larger fiber diameter obtained during melt spinning will allow for fiber 

to fiber bonding to take place but also to a certain extent restrict the fiber motion due to 

thickness and width of a nonwoven, which should enable the fabrics to be used to create yarn 

structures with a large, and easily accessible, surface area. 

 

C). Basis Weight:  

 

The basis weight of a nonwoven fabric is described as:  

 

 "ÁÓÉÓ 7ÅÉÇÈÔ7 "
 

ɕ  
  

 

Equation 2-5 

A nonwoven fabric is classified and marketed based on its basis weight. The selection of basis 

weight of a nonwoven is influenced by area of application and depends on some parameters, 

which dependent on how a nonwoven fabric has been formed. Hearle and Sultan studied the 

effect of needling density on different carded nonwoven fabrics. It was concluded that needle 

penetration and needling density on fabrics was dependent on the fabric basis weight (Hearle 

& Sultan, 1967). Kothari and Newton further explored the concepts and proved mathematically 

in their model that the fiber density affected needling rather than the basis weight of fabric 
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(Kothari & Newton, 1974). The mathematical model was only valid for needle-punched fabrics 

and did not discuss the effect of fiber density and basis weight on air permeability of other 

fabrics, such as stitch bonded fabrics. Dent explored this further and discovered flaws in the 

mathematical model presented. He discussed that the resin used for bonding different fibers 

also affects the air permeability and total volume occupied by a nonwoven fabric as shown in 

Equation 2-6 (Dent, 1976). Dentôs model explained that air permeability is dependent on flow 

resistance rather than basis weight. The model described by Dent remains true for all other 

types of nonwoven fabrics, which have flow resistance due to the volume fraction occupied by 

fibers. 
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Equation 2-6 

 

Where 

n = (1/ÐÌÎ2f, 

m = (1-vf) ln Ra = a constant 

Ra = resistance of air 

Rf = resistance of fiber 

vf = volume fraction of fiber 

pf = density of web 

 

The air permeability of a nonwoven fabric is dependent on the porosity of fabric. It is important 

that the fiber-to-fiber layer that makes up the Solid Volume Fraction (SVF) of the fabrics does 
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not have constricted pores, or it will restrict the permeability of the fabric. The data obtained 

by Kothari and Newton for needle punched nonwoven was plotted using Dentôs equation, and 

it was found that the air permeability of needle-punched nonwovens has a linear relationship 

to basis weight of fabric, which is shown in Figure 2-9 (Kothari & Newton, 1974).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

It was found that the Solid Volume Fraction (SVF) was different for bimodal fiber diameter 

distributions and was not dependent on basis weight but rather on the fiber size and laydown 

of fibers in a melt blown nonwoven structure. Therefore the larger fiber diameter would 

Figure 2-9: Plot of Equation (6) for data on needle punched fabrics air 

permeability and web weight as reported by Kothari and Newton from their 

experiments (Kothari & Newton, 1974). 
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translate to having more open structure and bigger and random pore size which would cause 

higher air permeability and lower filtration efficiencies (Payen et al., 2012). Furthermore, a 

melt blown nonwoven fabric structure Solid Volume Fraction (SVF) is dependent on fiber size 

and thickness, which can be changed by either changing processing parameters or polymeric 

properties. Processing parameters have been discussed previously in the fiber size and diameter 

section. Polymeric properties of a molten polymer can change depending on polymer residence 

time in an extruder before extrusion, or due to the blending of polymers in an extruder. Shear 

thinning of a polymer due to viscosity drop at higher temperature can cause melt fracture, 

drippings and shot formation, which creates fabrics with variation and defects. Biax Fiberfilm 

® can extrude polymers with a wide range of Melt Flow Rate (MFR ) ranging from 35 ï 2500 

MFR as described in patent (US20150211158 A1, 2015). A low MFR translates to lower 

viscosity and lower molecular weight of polymers, which can be easily processed while a 

higher MFR polymer processing becomes challenging with a smaller extruder and single screw 

and require a longer time to melt and process polymers (Lee & Han, 2000). Shots can form 

and clogging of the melt extruder can take place if the polymer has not completely melted. It 

is also important that polymer chains be aligned to allow the molten fiber to solidify and 

crystallize. In an experiment to align chains of Linear low-density Polyethylene and Low-

density polyethylene, it was observed that shear thinning of linear low-density polyethylene 

caused fibers to become stiffer while low-density polyethylene becomes softer on extension 

(Vlachopoulos & Strutt, 2003). To reduce the rigidity of the fiber, LLDPE and LDPE can be 

melt blended. The modulus of fabrics can have a great impact on air permeability of a melt 

blown fabric. The higher modulus of fiber could affect fabric basis weight uniformity.  
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Basis weight uniformity for nonwoven fabrics is an important property especially when fabrics 

are to be utilized in engineering structures for functionalization. For a nonwoven fabric, 

variation in basis weight would usually result in a variation in air permeability It was observed 

that decreasing the die to collector distance for polypropylene fabrics caused an increase in 

fiber to fiber bonding which not only increased fabric tenacity and reduced elongation, but also 

changed barrier properties (Lee & Wadsworth, 1990). In another study different polyether 

based polyurethane were melt blown and it was observed that the tensile strength and 

elongation decreased with increasing die to collector distance. The effects were more 

pronounced for harder grades of elastomers since fiber solidification for harder grades had 

already occurred and inter fiber to fiber, bonding was lower. The degree of fiber alignment in 

the machine direction was also lower, which was opposite to polypropylene fabrics studied 

previously by Lee and Wadsworth (Lee & Wadsworth, 1990; Zapletalova et al., 2006). It is 

also important to define limitations regarding die to collector distance that can be effectively 

utilized for different grades of elastomers. Higher attenuating pressure for soft grade 

elastomers causes uncontrolled whipping and flapping of fine fibers in the air causing fibers to 

bond with one another resulting in tacky fibers and fabric surfaces due to autogenous fibers 

(fiber to fiber tacking during the melt flow causing ropes to form). Autogenous fibers can affect 

basis weight uniformity of fabrics and its properties.  

 

It is important to achieve basis weight uniformity, which can be measured using image 

analysis. A number of studies have been carried out on image analysis of non-woven fabrics. 

Nonwoven fabrics with patterns, ridges affect imaging due to variation in height, the intensity 
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of light reflected and opacity of fabrics (Amirnasr et al., 2014). To reduce noise and variation 

during image analysis of nonwoven fabrics, spatial mass uniformity is measured by converting 

the fabric image into grayscale image of a 1*1 pixel, which is then, evaluated using the 

quadrant method to observe for fibers in the nonwoven structure. Since fiber size and 

orientation distribution of fibers can vary, it is therefore important to measure the uniformity 

of a nonwoven by determining how fibers have laid down in a nonwoven fabric structure. Fiber 

lay down on different belts and at different die to collector distance (DCD) could cause fibers 

to have patterns and clustered regions. Index of dispersion can be measured by determining 

the chi-square value and degree of freedom for fibers as shown in Figure 2-10  (Amirnasr et 

al., 2014; Pourdeyhimi & Kohel, 2002). Chi-square value for fabrics does not change for 

uniform images. The Large variation in fiber distribution from clustered patterns, which 

translates, to a higher index of dispersion values. Clustered regions in a fabric structure show 

up as clustered and patchy patterns, which affect properties of fabrics while a uniform 

arrangement of fibers, allow for a higher degree of freedom for all the fibers and for fabrics to 

have consistent properties.  
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The image analysis algorithm developed by Amirnasr et al. did not take into account the three-

dimensional nature of the nonwoven fabric. A nonwoven fabric can be molded or collected on 

an open belt, which could have an effect on fabric basis weight uniformity analysis for melt 

blown and other fabric structures especially when considering a mixed fabric media with 

different fiber diameters.   

 

Understanding the effect of processing parameters on the properties of different melt blown 

nonwoven fabric structures, such as fiber size and diameter, thickness and basis weight, would 

allow the optimization of structures that could be utilized to engineer multifilament yarn 

structures and other fabric structures for specific applications.  

 

2.3. Manufacturing Techniques for Yarn Structures:  
 

Modern extrusion systems ensure higher production rate for yarns and other technical textile 

products, and have the flexibility to produce fibers of varying sizes and morphology (Krifa & 

Figure 2-10: Chi-square vs degree of freedom (Amirnasr et al., 2014)  
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Stevens, 2016). Efficient processing of polymeric filaments ensures a sustainable and efficient 

supply chain for textile goods when compared to natural fibers (Fisher & Pry, 1971). Today, 

polymers, biomaterials, ceramics, and other functional materials can be effectively extruded or 

functionalized via different extrusion systems (D. Zhang, 2014). Depending on spinneret 

design, which can either be a single nozzle or have multiple nozzle designs, monofilaments, 

multifilament and various other types of yarn structures can be manufactured (Gillespie et al., 

1996; Miao et al., 1996; Sasse et al., 1996). Melt blown and spun blown, nonwoven processes 

utilize high-pressure air to attenuate and crystallize polymer chains before collecting fibers as 

a nonwoven fabric structure, whereas in a filament and multifilament extrusion system as 

shown in Figure 2-11, filaments are drawn using heating and tensioning devices before 

winding and collecting them as a yarn structure (Radhakrishnan et al., 1997).  

 

 

 

 

 

 

 

 

 

 

 

Figure 2-11: Schematic showing a bicomponent melt spinning 

process (Radhakrishnan, Kikutani, & Okui, 1997).  
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Polymers can be fast crystallizing or slow crystallizing which can affect the formation of 

polymer chains, which effects the potential draw ratio (Mininni et al., 1982; Penning et al., 

2003). Slow crystallization of polymer chains provides the required time for polymer chains 

to align from the amorphous state and form the crystalline structure as seen in Figure 2-12 

(Mazeau & Heux, 2003). It is important that annealing and drawing of polymeric chains be 

performed slowly to allow for consistent crystal growth. Variation in crystal sizes can cause 

variation in shrinkage of filaments and variation in degradation time, which could mean an 

inconsistent yarn structure, (or fabric structure) translating to an overall ineffective product 

quality.  

 

 

 

 

 

 

 

 

 

 

Degradation studies of partially oriented yarns (POY) made out of poly lactic acid (PLA) was 

performed. Variation in moisture and temperature affected the tensile strength of over time 

(Xiaoqi et al., 2016). Premature degradation of PLA can be overcome by reducing the D-lactide 

Figure 2-12: Schematic showing arrangement of monomer chains for cotton 

fibers in (A). Crystalline form and (B) Amorphous Structure (Mazeau & Heux, 

2003). 

(A) (B) 
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content and by improving the crystallization of PLA (Perego et al., 1996). Depending on the 

end-use application and properties desired, staple, filament or multifilament yarns structures 

can be produced using different types of polymers. Staple spun yarns are produced by using 

short (cotton like) or long (wool like) staple fibers. Fiber fineness can affect twist insertion and 

characteristics of yarn structure. Insertion of twist beyond a certain extent causes twist to 

decrease the strength of yarn, which is due to the ñobliquity effectò and fiber breakage 

(Holdaway & Robinson, 1965).  

 

Filament yarn structures can be classified into different types. Yarn structures such as twisted 

yarns utilized for ropes and cords do not provide accessible porosity and surface area to 

functionalize. Since the current interest is in creating yarn structures with accessible surface 

area and utilizing melt blown process, therefore polymers within a defined Melt Flow Rate 

(MFR) range can only be accommodated. Four different types of filament yarn structures as 

shown in Figure 2-13 are being discussed (Patil & Dhavale, n.d.; EP0352331 A1, 1990) :  

 

¶ Monofilament yarns 

¶ Flat multifilament yarns 

¶ Texturized multifilament yarns 

¶ Intermingled/ Co-mingled yarns  
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2.3.1. Monofilament yarns:  
 

Monofilament yarns are produced using high molecular weight polymers. Monofilaments find 

their applications in the apparel industry, automotive industry, health care and a number of 

other industrial applications. One of the most important uses of monofilaments is in the 

healthcare industry for the development of suture materials and toothbrush bristles. Fishing 

line or weed eater strings are also made utilizing monofilaments. Non-resorbable suture 

materials found on the market are developed using nylon, polydioxanone and polypropylene 

polymers (Dattilo Jr et al., 2002; Krukowski et al., 1987). Monofilament suture materials need 

to have higher abrasion resistance and modulus, which is achieved by compromising on 

filament denier or utilizing high molecular weight polymers. Resorbable suture materials are 

preferred over non-resorbable sutures and are currently being researched. To avoid problems 

Figure 2-13: Schematic showing (A) Monofilament, (B) Flat 

multifilament and (C) Texturized multifilament yarn structure (D) 

Intermingled yarns (Sasaki & Tani, 1990). 

A
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related to immature degradation and failure of engineered products during healing such suture 

materials are usually created using multifilaments (Dhom et al., 2016). Monofilament yarn 

structures with high molecular weights and ultra-high molecular weights ensure in attaining 

higher strength for its use in apparel, tire cord, and sports industry where structures are 

continuously subjected to strain.  

 

Nylon and high molecular weight Polyethylene (UHMWPE) find uses in the construction of 

tire cords, tennis and squash racquets and toothbrush bristles due to higher modulus, higher 

abrasion and fibrillation resistance (Boesten et al., 2017; Zulifqar et al., 2017). It is difficult to 

process high molecular weight polymers through a melt blown spinneret due to the high shear 

rate in the spinning process and resistance between the polymeric chains to flow. Higher 

attenuation can create die swelling and other polymer processing variations, which cause 

polymer chains to degrade or form shots. Gel spinning techniques are utilized to spin higher 

molecular weight monofilaments (Smith & Lemstra, 1979) but spinning speeds for gel 

spinning are much slower as compared to melt spinning system. Alternatively, monofilaments 

with higher tex fibers (diameter >100 microns) are produced using the slit film fiber processing 

( Zhang, 2014, p. 201).  

 

The use of textiles structures for a number of technical applications require the use of fine, 

ñmicro denierò filaments to engineer higher surface area structures for functionalization. A 

micro denier yarn is described as a yarn that has a linear density of less than 1 gram per 9000 

meters. Polymers can be drawn and annealed to create ultrafine microfilaments (1 ï 5 ˃ m) and 
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micro denier fibers (Tan et al., 2010). Bicomponent spinnerets are required to create fine denier 

filament below 0.05-0.5 denier (Takajima, 1994). One of the first ultra-fine filaments created 

using bicomponent spinning technique was by Unitika Co. with 0.3-0.5 denier range, but Asahi 

Chemical Industries were able to optimize the process and create polyester filaments in the 

0.1-0.3 denier range, by controlling the melt parameters. Various patents describing spinneret 

designs are utilized to create fine denier filaments (Aranda et al., 2010; Gillespie et al., 1996). 

The winding speeds for monofilaments are around 100 to 500 meters/min. Micro denier 

monofilaments have much lower winding speeds of up to 50 meters/min due to lower tensile 

strength which increases the cost of production for micro denier monofilament yarn structures 

(Yeom & Pourdeyhimi, 2011; D. Zhang, 2014).  

 

 

2.3.2. Flat multifilament yarns: 
 

During the filament extrusion process, if the spinneret has multiple filaments extruding holes/ 

orifice then multiple strands of monofilaments are formed. Multiple filaments are combined to 

obtain a ñflatò multifilament yarn structure. The spin pack can have spinnerets having similar 

cross sectional die shape, or a combination of cross sectional die shapes to obtain multifilament 

morphologies as shown in Figure 2-14 (Gabriele et al., 2009; Kimball & Army, 2012, p.; 

Rebouillat et al., 2006; Strickler et al., 2006; Talley et al., 2000; Tallury et al., 2016). To 

achieve higher strength and luster, flat multifilament yarn structures are often utilized. Waxes, 

oils, lubricant and other ñfinishesò are applied to extruded multifilaments to reduce friction, 

static between filaments and in certain cases to endow strength and other functional properties 
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to multifilament yarn structures (Postman, 1980). The packing density for lubricated 

multifilaments can ensure that the required tension to draw and anneal the filaments using the 

godet rollers is consistent for filaments. It is important that spin finishes and lubricants utilized 

during processing of flat multifilaments be washed off before its use especially for in-vivo 

biomedical applications to avoid immune response.  

 

 

 

 

 

 

 

 

 

 

 

 

Loose filaments can vary the drawing and annealing of other filaments, which are part of the 

multifilament structure, affecting the overall consistency of a yarn structure and its properties. 

Consistent drawing for flat multifilament yarn structures ensures yarns to be partially or fully 

oriented. Multifilaments can be drawn and annealed depending upon the monomers orientation 

and crystallinity. If multifilament yarns are utilized for knitting or weaving a structure, it is 

Figure 2-14: Spinneret pack with varying cross sectional die 

shape (Rebouillat et al. 2006). 
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important that the yarns have consistent flat or bulky structures to avoid frequent snagging and 

machine stoppages. Flat multifilament can be packed using intermingling jets. Loose filaments 

can latch or hitch to needles and headless during knitting and weaving process causing snags 

for textile structures (Bonigk, 1996). Other techniques such as co-mingling, wrapping or 

cabling can also be performed to avoid snagging and (Lehmann & Herzberg, 2016). Sizing or 

finishing processes are utilized for flat multifilament yarns to ensure consistency before its use 

for thin composite woven structures and braids for industrial and architectural applications 

(Foote et al., 1979; Takenaka & Sato, 1991). 

 

2.3.3. Texturized multifilament yarns:  
 

The extruded flat multifilament yarn structures can be utilized to create texturized yarn 

structures. Texturizing processes cause multifilaments to entangle and create bulk. Textile 

structures developed using texturized yarn structures compared to other filament yarn 

structures have higher bulk, softness, feel and better heat insulation properties, enhancing 

overall physiological properties provided by an apparel product (Hearle et al., 2001). 

Texturizing of multifilament yarn structures can be achieved utilizing various processing 

techniques. Heberlein first introduced the true twisting technique in 1932, which started with 

the twisting of fully drawn multifilaments, which were then wound on to bobbins and thermally 

fixed. Bobbins were later untwisted an equal number of turns and this resulted in a yarn 

structure with increased bulk, texture and stretch. The slow batch process in comparison to 

modern technologies utilized for industrial production is not a viable option (Zhu, 2016). False 

twisting technology whereby twisting and untwisting of filament structures is performed on a 
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running thread line, while the yarn is being heat set in its twisted state form is an efficient way 

to obtain texture (Morris & Denton, 1975).  

 

Texturizing technologies which are currently utilized are thermos-mechanical texturing 

technique, mechanical texturing techniques; mechanical texturing; or bi-component filament 

texturing process, each of these texturizing techniques can create different yarn structure with 

varying structural properties (Hearle et al., 2001; Muthusami et al., 2010; Schwartz et al., 

1990). Texturizing of synthetic yarns has allowed the use of these yarn structures in the 

manufacturing of knits, carpet, curtains and furnishing fabrics. The use of these techniques has 

also replaced natural fibers usage to a large extent (Hearle, Hollick, and Wilson 2001a). For 

brevity, texturizing processes utilized in this research work are briefly described. To gain a 

better understanding of different texturizing processes and its science, literature by Hearle can 

be consulted (Hearle et al., 2001b).  

 

A). False twist texturizing:  

 

Multifilaments are held firmly between magnetic spindle, friction disks, angled belts or rollers 

and false twisted. Simultaneously heat is applied to twisted filament form. Heating of twisted 

filaments allows for thermoplastic deformation, where the deformation is set into filaments 

permanently on cooling (Atkinson, 2012; Hearle et al., 2001). Before delving into an 

understanding of false twisting, it is important to understand twist and the elements that 

constitute twisting. H.J. Woods was the first to share a precise definition explaining twist as: 

ñA string is twisted than the lines on the surface which was originally parallel to the axis as 
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seen in Figure 2-15(a) deform or (traverses) and make an angle ( ) with the axis Figure 2-15 

(b), and the amount of twist generated is a function of this angleò (Woods, 1933). 

 

 

 

 

 

 

 

 

 

 

 

 

The visual definition shared in Figure 2-15 for a can be written mathematically as Equation 

2-7: 

  

 4 ÄȾÄÓ Equation 2-7 

Where T = twist, ds = distance from the origin and d  = angle  

 

The total number of twist in any length of string then can be defined as a function for where s 

= 0 and s=l as Equation 2-8:  

Figure 2-15: Showing a generator and corresponding transverses of a straight 

string (a) when untwisted and (b) twisted state (Woods, 1933). 
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ה 4ȢÄÓ ÌȤπ 

Equation 2-8 

 

The total number of twist considers all fibers in the strings are parallel when experiencing the 

traverse but that is not the case, and fibers can be in different direction the hypothesis 

considered by Woods stated that each turn in a string causes the fibers on the outside to 

experience different tortuosity than fibers at the center of the string. He defined the angle 

between fibers and the axis of the fibers in a relationship, which considers tortuosity and 

rotations or twists along the x-axis for a string as defined in Equation 2-9 (Woods, 1933):  

 

 
4
ÔÁÎʕ

2
 

 

Equation 2-9 

Where T = twist, tan ɣ = angle between surface fibers and axis and 2 ÒɕÁȾÒ ÁɕÃÏÓςɻ) 

 

Understanding of twist mathematically explains how tortuosity experienced by fibers that 

constitute a string during twisting is different from filament twisting. Fibers have a finite 

length. Therefore, the physical effect of tortuosity that occurs with each twist experienced is 

different as compared to filament twisting. The continuous length of filament cause filaments 

to resists twist and thus the twisting element utilized needs to generate enough torque to allow 

filaments to rotate. Two techniques commonly utilized to impart false twist are (1) spindle 

twisting or (2) friction twisting. Spindle twisting mechanism limits the twisting rate to 5 m/s 

and is dependent on the number of revolutions a spindle can rotate. Friction twisting ensures 



 

 

 

42 

higher productivity since it can impart a greater number of twist. Draw off speeds of 10 ï 20 

m/s can be obtained for friction twisting (Stibal et al., 2000). Frictional movement between 

filaments and metallic or rubber parts allow for false twisting of filaments to occur. A general 

schematic of false twisting is shown in Figure 2-16 (Atkinson, 2012; Eskin, 2003; J. W. S. 

Hearle et al., 2001). 

 

 

 

 

 

 

 

It is inevitable that there will be some twist slippage for filament yarns during the false twisting 

mechanism. Therefore, it is important that twist slippage be consistent throughout the process 

to ensure texturized filament yarn structures with consistency (R. L. Smith et al., 1972). 

Filament denier and cross-sectional area of fiber have a direct effect on the amount of twist 

that can be inserted in a filament bundle to achieve specific packing density (Muthusami & 

others, 2010; Wray, 1969). Polymeric material modulus affects the filament ability to resist 

false twist or allow false twist insertion. Helix angle achieved for each turn of a twist is directly 

proportional to the denier of yarn. The retractive force (resistance) for a bundle of 

multifilament yarn is dependent on the modulus of filaments denier (R. L. Smith et al., 1972). 

Figure 2-16: Schematic of a false twist texturizing mechanism (Eskin, 2003) 

 



 

 

 

43 

  

 

F = retractive force of a yarn 

C2 = constant 

E = filament yarn elastic modulus  

d = filament denier 

 

False twist insertion causes polymeric chains to mobilize during heating causing filaments to 

elongate due to tortuosity introduced for filaments, which provides the required stress. The 

excessive length of filament that has formed during the heating process for the filament can 

then be utilized to create bulk, which needs some way of consolidation to avoid snagging. 

Texturized filament yarns are wrapped using ribbons, filament, or natural fibers to create 

composite yarns, which ensures in consolidating the bulky structure for certain specific uses. 

Bulk achieved in a yarn is utilized along with filaments and metallic filaments to create novelty 

or fancy yarns. The bulk created using the false twisting have potential to be utilized in creating 

artificial grass and tufts or can be utilized on its own to create woven, knitted or braided 

structures (Scharf & Scharf, 1963).  

 

B). Air jet texturizing:  

 

The air jet texturizing of multifilament yarns is utilized along with false twisting to create 

texture in the yarn. The air jet texturizing works on the principle of mechanical entanglement, 

and thus thermoplastic behavior is not required. It is important that filaments have enough 

 & #%Ä Equation 2-10 
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overfed length to ensure filaments inside the air jet assembly can form loops. Acar performed 

a series of experiments to better understand the working principle of air jet design and its 

structure (Acar et al., 1986b, 1986a, 1986a, Acar & Wray, 1986a, 1986b; Bilgin et al., 1996). 

Air texturizing jets have been developed by Du Pont, Murata and Heberlein over the years; 

today Heberlein dominates the air jet market. Heberlein today markets three specific series of 

jets as per the end use application. All jets are made out of ceramics to reduce heat generation 

due to friction and to prolong the life of air texturizing jets as shown in Figure 2-17 (ñHemaJet-

LB04 - Heberlein,ò n.d.). 

 

 

 

 

 

 

 

 

 

 

2.3.4. Intermingled/ Co-mingled yarns:  
 

The working principle for an intermingling jet is different from an air texturizing jet and must 

be distinguished to understand how a jet design structure and parameters can affect the yarn 

structure properties. The jet opening for the compressed air is precisely at a 90° angle, which 

Figure 2-17: Hemajet ceramic series A and Series T jet for compact yarns 

at high texturing speeds (ñHemaJet-LB04 - Heberlein,ò n.d.). 
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allows in creating nips (consolidation of fibers) and open structures (bulk structure) as shown 

in Figure 2-18. Intermingled yarn stability and uniformity characterize an interlaced yarn 

structure (R. Alagirusamy & Ogale, 2005; Horrocks & Anand, 2000).  

 

 

 

 

 

 

 

 

 

 

 

 

Interlacing density is the measure of nips and open spaces formed in a yarn structure as shown 

in Figure 2-19. The consistency of interlacing density depends on two aspects. Firstly, the 

incoming flow of multifilament yarns that pass through the intermingling jet and second air 

pressure of interlacing jet. Variation in air pressure due to multifilament yarn diameter causes 

a change in shock waves propagation, which allows in forming nips. The stability of nips 

formed decreases for a higher denier. Variation in interlacing density creates inconsistent yarn 

Figure 2-18: Schematic of principles involved in 

intermingling/comingling of false twisted multifilament yarn strucutre 

(Alagirusamy & Ogale, 2005). 
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quality which is usually measured by determining the density of nips and open structure for a 

yarn structure (US7353575 B2, 2008).  

 

 

Studies have been carried out to understand the effect of changing the cross-sectional shape of 

chamber radius (R) on air vortices and its movement. Circular, triangular, elliptical and square 

cross-sectional shapes were studied Figure 2-20 (B). The Airflow simulation studies shown in 

Figure 2-20 (C) confirmed that the turbulent vortices did not form for elliptical E2 circular and 

triangular T2 chamber radius (R) while the E3 elliptical and S1 square shaped chambers. 

Figure 2-19: Interlacing yarn with consistent density of nips and open filament 

structure (Buchmüller, 2008). 

 

A B

) 

C

) 

Figure 2-20: A) Intermingling jet nozzle, B). Different cross sectional 

shapes of chamber radius (R), C) Air flow simulation for different 

chamber radius (R) (Chau & Liao, 2008; Hua & Jin, 2012). 
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Turbulent vortices formation ensure nip formation is consistent and stability for an 

intermingled/co-mingled yarn structure (Chau & Liao, 2008; Hua & Jin, 2012).  

The stability of an intermingled yarn also affects the bulk consistency of yarn. Bulk for a 

multifilament yarn structure can be defined, as, ñthe ability of yarn to have the noticeably 

greater apparent volume or greater covering power.ò Interlaced yarns are utilized in the 

development of composite structures and other technical applications (Ramasamy 

Alagirusamy & Ogale, 2004).  The use of intermingled yarns for tissue-engineering composites 

and structures has not previously been studied. Exploring the use of intermingled yarns to 

improve the overall tissue engineering constructs could potentially be an area for future studies.  

 

2.4. Textile Structures for Biomedical Applications:  
 

Different textile structures and scaffolds are utilized on a daily basis in the healthcare industry 

by patients, as well as medical professionals. Surgical gowns, drapes, towels, bed sheets, 

certain wound dressing materials, compression garments, incontinence diapers, disposable 

diagnostic tools, tissue-engineering scaffolds, and many other application find fibers and 

filaments utilized as key components (Akbari et al., 2014; Cybulski et al., 2014; Fijan et al., 

2007; Liu et al., 2005; Virk et al., 2004; Wei Huang & Leonas, 2000). The distinction between 

ñmedical textilesò and ñbio textilesò is that bio textile structures are composed of textile fibers 

and are designed for specific use in the biological environment as a medical device for the 

prevention, diagnosis, or treatment of an injury or disease. The successful performance of these 

devices in improving the health and wellness of the patient depends on both its 

biocompatibility and biostability with cells and biological fluids (King, 1991). Compression 
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garments and other textile structures utilized as extracorporeal (outside human body) are 

referred to as medical textiles since these textile structures do not have to be biocompatible or 

biostable. The use of wearable electronic textile products, to address challenges of health and 

hygiene industry often acts as an interface between biological structure and human skin 

(Dieffenderfer et al., 2015; Mahgerefteh et al., 1995; Misra et al., 2015). Classification of such 

products as a medical textile device or as a bio textile device is complicating for its 

classification, regulations and its testing. The example of using stretch films for delivering 

insulin and other drug materials and incontinence diapers for adults with sensors for moisture 

management are some of the complicating examples (Bluteau & Bluteau, 2001; Di et al., 

2015). The FDA has classified medical device products into three different classes. It is 

important to be familiar with this classification before developing medical devices with 

different classes of products and its regulations, which are often updated by FDA for medical 

devices. Medical devices categorized in class II and class III utilize polymers that are 

biocompatible and biostable to ensure cellular growth. 

 

Textile scaffold architecture can influence its mechanical performance such as tensile strength, 

elongation, hysteresis, and rigidity which influences tissues architecture, rehabilitation, and 

regeneration process (Wintermantel et al., 1996). Fibers utilized to manufacture a yarn will 

influence porosity of a yarn structure and define porosity for a textile scaffold. Previous 

research work on mean pore size for designed tissue engineering scaffolds has shown that cell 

attachment and proliferation is dependent on mass transport of nutrients and cellular size 

(Murphy et al., 2010; Stephen Alexander Tuin & others, 2015).  Stephen et al. in his work 
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showed that carded nonwoven fabrics ensured effective mass transportation of nutrients for 

cells grown on different fiber mats. Fiber size was greater, which reduced SVF for fabrics as 

compared to electrospun fiber mats. The higher SVF for electrospun mats ensured in attaining 

greater cell attachment but proliferation for cells within the nonwoven scaffolds reduced by 

7th-day, once cell density increased on the surface of the fiber mat. Reduced nutrient flow for 

electrospun fiber mats due to constricted pores caused apoptosis (cellular death) (Stephen 

Alexander Tuin & others, 2015). The work demonstrated that higher surface area does not 

ensure cellular growth and proliferation for a prolonged time since porosity for a scaffold 

reduces depending on cellular size. One of the reasons behind having few tissue engineering 

scaffolds that have penetrated the commercial market could be attributed to the reduced mass 

transport and porosity for electrospun fiber mat scaffolds. It is important that scaffold 

architecture can orchestrate characteristics important to cellular and tissue construct 

throughout the regeneration process. A scaffold should have characteristics as mentioned in 

Figure 2-21. It is important to increase the cellular density, but more importantly, cells need to 

be functional to orchestrate restoration of tissue function and rehabilitation for the patient. 
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The advantage of utilizing textile structures that are three-dimensional (3D) over two-

dimensional (2D) scaffold architecture is its ability to modulate properties for a scaffold design 

and provide mechanical performance, which is often limited for 2D scaffolds. Tissue 

engineering of tendon-bone junction (TBJ) and muscle bone junction (MBJ) are some of the 

complex tissue engineering challenges, which require modulation of porosity and stiffness 

(Deymier et al., n.d.; Ouyang et al., 2003). It is therefore important to understand how fiber 

and yarn constructions affect textile structures specifically (Woven, knitted and braided) and 

its influence on tissue engineering. Since tissue engineering can encompass a wide range of 

extremities, therefore for brevity, we will focus specifically towards rotator cuff tendon tissue 

engineering. 

Pore Size 
 (Adequate pore size 
for cell penetration, 
tissue growth and 
vascularization)  

 

Porosity 
 (Open pores, 

interconnected pores) 

Biodegradable 
(degradation rate 
compatible with growth 
rate of regenerating 

tissue) 

Mechanical Performance 
(sufficient strength to 
withstand biological, chemical 
and mechanical forces to 

maintain physical integrity) 

Surface Properties 
(adequate surface 
topography for adhesion 

and proliferation of cells) 

Biocompatibility 
 (Elicit an adequate 

response to host patient). 

Bioelectric cues  
(Cell signaling required 

for epigenetic and 

transcriptional cascade)  

Figure 2-21: Requirements for a tissue-engineering scaffold for 

regeneration (He, 2011; Levin, 2013). 
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2.4.1. Rotator Cuff Tendon Tissue Engineering:  
 

Rotator cuff pain, rotator cuff injuries or some form of shoulder pain is quite common for 

athletes and people above the age of 40. Over 4.8 million patients suffer from shoulder pain 

every year  (Colvin et al., 2012). Surgical approaches utilized previously focused on suturing 

rotator cuff tendons using different braided sutures and mesh-like structure to provide the 

required mechanical support (T. Zhang et al., 2017). Mesh suture structure provided better 

mechanical support and had decreased likelihood of pulling out compared to braided sutures 

for similar suturing techniques, which could be influenced by surface area available for mesh 

sutures compared to other sutures utilized in the study. Massive rotator cuff tears require the 

use of higher surface area scaffold designs, which can ensure rehabilitation, and regeneration 

of rotator cuff tendons. GraftJacket Allograft, which is a freeze-dried human dermal matrix 

and developed by Wright Medical Technology showed that preserved vascular channels, 

collagen, elastin, and proteoglycan reduced the retear rate of 30 % for massive irreparable 

rotator cuff injuries (Bond et al., 2008). Immune response and rejection is quite common for 

allografts. Storage and preservation of allografts require special care to preserve vasculature 

structure. 

 

Tendons are composed of 80-95 % collagen type I while collagen III and elastin are also 

present (Kannus, 2000; Rothrauff et al., 2017). The higher concentration of collagen allows 

for tenoblasts and tenocytes to form. Failure to form dense collagenous tissue can lead to 

disorganization of collagen, collagen fibril atrophy; collagen fibril crimp can cause 

degenerative tendons along with catabolic mediators to cause inflammation which is one of the 
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major reasons for retears to occur (Rothrauff et al., 2017). During regenerative process 

anisotropy of collagen and its production is affected by the scaffold architecture Tendons 

require collagen fibrils to be aligned and form dense connective tissue, which can be achieved 

using scaffold structures that are stiffer. Woven scaffolds were created using Electrochemically 

Aligned Collagen Threads (ELAC) to mimic native tendon mechanical properties and achieve 

80 % porosity to ensure Mesenchymal stem cells (MSCs) seeded on woven scaffolds can 

undergo tenogenic differentiation without the use of growth factors (Younesi et al., 2014). 

Histological and electron microscopy showed that collagen fibers on surface of woven scaffold 

were densely packed and formed d-banding pattern while collagen network deposited in pore 

space were loosely packed and lacked d-band. Collagen-I, tenomodulin, and COMP were up-

regulated for ELAC threads while random threads showed upregulation of osteocalcin 

(Younesi et al., 2014). One of the reasons for random pore size and loosely packed collagen 

fiber network in structure could be the use of pin weaving loom rather than a conventional 

weaving loom which could have ensured in achieving consistent stiffness and porosity for 

structure ensuring consistent collagen fiber network throughout the scaffold. In another work 

use of PCL (Polycaprolactone) nanofiber electrospun mats to create nanofiber yarns were 

utilized along with PLA(Poly-Lactic Acid) yarns to create woven scaffolds. Human adipose-

derived mesenchymal stem cells (HADMSC) and human tenocytes (HT) were utilized on 

woven scaffolds which could have assisted in achieving higher cellular density (Wu et al., 

2017). The use of electrospun scaffolds have major limitation concerning production on a 

commercial scale and increase the cost of scaffold design (Tzezana et al., 2008). Alternative 
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methods to fabricate yarn strucutres need to be developed which would ensure acessible 

surface area without compromising on production rate and acessibility to patients.  

 

2.5. Conclusion:  
 

Different textile manufacturing techniques can allow in production of different types of 

structure from having the most flexible scaffolds to the stiffest construction depending on 

fibers and yarns utilized. Bicomponent fiber spinning can ensure in achieving high surface area 

yarns and structures for tissue engineering but the added cost and wastage provides an 

opportunity to explore other ways of creating high surface area yarn structures and understand 

its physical and mechanical properties for tissue engineering and biomedical applications. 
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Chapter 3: Initial Experiments to identify mechanism for 

slitting nonwoven fabrics into ribbons and understand twisting 
 

 

3.1. Introduction:  
 

In order to engineer bulky yarn structures utilizing nonwoven fabrics, it is first important to 

identify a suitable mechanism that would enable the slitting of different nonwoven fabric 

structures and the subsequent winding of the slit ribbons. It is essential that winding of slit 

ribbons can take place in a consistent manner without telescoping and jamming of slit ribbons 

over one another. Additional to that a suitable mechanism of false twisting to achieve 

consolidation of ribbons needs to be established. Initial experimental trials with different 

nonwoven fabrics provided insight on limitations of shear slitters for narrow width slitting and 

winding of ribbons. Crush (score) slitters were utilized along with metallic wires to separate 

and angle the narrow width slit ribbons to facilitate in collecting them on dual winders. 

Collecting ribbons on dual winders ensured that slit ribbons were separate and did not overlap 

due to deviation from its path due to tension variation or other reasons.  Initial trials for twisting 

of different melt blown, needle-punched nonwoven fabrics showed that consolidation of 

ribbons on twisting was dependent on fabric structure, fabric properties and pre-tensioning of 

ribbons. Based on these initial trials the use of an aspirator gun to consolidate different 

nonwoven ribbons into a ñyarn structureò is suggested for future work.  
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3.2. Materials and Methods: 
 

Two nonwoven fabric structures were identified as suitable for the initial twisting trials I and 

II. The first was a commercial needle-punched nonwoven fabric, which was resin-bonded, pre-

slit and wound onto a 12.7 mm (0.5 inches) spool shown in (Figure 3-1 (A)). For the second 

structure, Polypropylene MF650W, with a melt flow rate of 500 g/10 min, processed on a 381-

millimeter Biax Melt Extruder die to obtain a 15-inch nonwoven fabric was used. Acelli Windy 

® Winder with shear cutters was utilized to slit the polypropylene parent roll of nonwoven into 

smaller width ribbons (38.1 mm / 1.5 inches) as shown in (Figure 3-1 (B) and (C)). The Windy 

® Winder at the Nonwoven Institute (NWI) utilizes shear slitters. A shear slitter slits by 

applying a true shear stress (vertical displacement) within the material. Fabrics with higher 

stiffness and low basis weight nonwoven fabrics tear during slitting and often cause stoppages 

during shear slitting. Pneumatic air pressure is adjusted to ensure optimal vertical displacement 

of material as it enters a shearing nip between two opposing (blades or rotating disks). The 

Windy ® Winder utilizes a surface driven design that enables the slit nonwoven fabric to be 

satisfactorily wound onto spools.  

 

 

 

(B) (C

) 

Figure 3-1: A) Needle-punched 0.5 inch nonwoven ribbon, (B) Shear cutters 1.5 

inch separated, (C) Acelli surface winder (windy)® utilized to wind, slit 

nonwoven ribbons at the nonwoven institute (NWI). 

 

(A) 
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The surface winding mechanism for nonwoven ribbons facilitates winding without telescoping 

down to a minimum width of (25.1 mm / 1 inch)  (Good & Roisum, 2008; Roisum, n.d.; Smith, 

n.d.; ñWindy,ò n.d.). Slit ribbons were further slit into narrow ribbon widths using crush (score) 

slitters present on the lamination line in NWI lab for trial III.The slitted melt blown 

polypropylene ribbons, and needle-punched polypropylene ribbons were both processed on a 

meadow ring twister and filament processing equipment to achieve a twisted ribbon form as 

shown Figure 3-2 (ñMeadows Ring Twister,ò n.d.). 

  

 

The resin-bonded needle-punched nonwoven ribbons tended to untwist since the ribbon 

structure was rigid (Figure 3-3 (A)). Needling of fibers limited the chance for fiber bonding to 

be reduced during processing and hence the ribbons behaved as rigid plates, which resisted 

twisting to form a consolidated ribbon form. A heavier traveler was utilized to consolidate the 

needle-punched ribbon. The Melt blown and needle punched nonwoven ribbons twisted and 

packed in a well-defined twisted form with thick and thin  places as shown in Figure 3-3. 

Figure 3-2: Meadow ring twister with changeable rings in the College of Textileôs 

yarn spinning lab. 
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Variation in thickness were more evident for needle-punched ribbons as compared to melt 

blown nonwoven ribbons.  

 

 

During the twisting of nonwoven ribbons, it was observed that the variation in basis weight 

and ribbon thickness were exaggerated and caused the twisted form to have noticeable thick 

and thin places. The twist angle variations were large and mainly due to variations in the fabric 

width. Hearle et al. reported that aligned twisted rubber ribbons with wider width had two 

different twist forms, while the narrow width ribbons had a consistent twisted form (Hearle & 

Bose, 1966). 

 

The observations for nonwoven ribbons were different from that of rubber ribbons reported in 

literature. During twist insertion, it was observed that the width of melt blown nonwoven 

ribbon affected the balloon size during ring spinning. The ballooning effect for melt blown 

nonwoven ribbon, at low twist insertion of one and a half turn per inch., increased the tension 

12.7 mm  
2.5 mm  3.5 mm  

4.5 mm  

Figure 3-3: Twisted polypropylene ribbons with thick and thin places (A) 

Needle-punched resin-bonded ribbon, (B). Melt blown ribbon. 

A B 
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and enabled the ribbons to be consolidated as a twisted bundle. As shown in Figure 3-4, ring 

twisting for melt-blown nonwoven ribbons created a very large balloon size, which increased 

in size as the distance between ring rail and guides increased. 

 

 

 

 

 

 

 

 

 

In a conventional ring spinning process yarn type and count affects the air drag and its 

ballooning. The balloon tension increases due to increase in balloon height for yarns  (Tang, 

Fraser, & Wang, 2007). Since the nonwoven ribbon was 1.5-inch-wide, balloon height varied 

causing variation in tension and variation in twisted loops as tension varied surrounding the 

guide-eye. To achieve a smaller balloon size, it is important to consolidate the nonwoven 

ribbons utilizing heavier travelers (Barr, 1958). Heavier traveler utilized in twisting of 

nonwoven ribbons are shown in Figure 3-5. Heavier traveler minimize tension variation, and 

in particular excessive ballooning.  

Figure 3-4: Large balloon size for nonwoven melt blown ribbon. 
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Since further slitting using the shear slitters was not possible for nonwoven ribbon at this point, 

the possibility of drawing ribbons on draw frame before utilizing ring spinning frame was 

considered. As shown in Figure 3-6 the draw roller on the draw frame sheared the nonwoven 

ribbons while aligning and consolidating the fibers. The shearing of ribbons caused thick and 

thin places, which increased the amount of mass variation and created a distorted/non-uniform 

yarn construction and thus, this approach was not considered as a viable option. 

 

 

 

 

 

 

 

 
Figure 3-6: Melt blown Nonwoven ribbon shearing during drawing process. 

 

Figure 3-5: Traveler utilized for twisting 1.5 inch meltblown 

nonwoven ribbon at the College of textileôs yarn spinning lab. 
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The twisted ribbon form obtained after twisting on a Meadow ring twister were utilized to 

determine whether the consolidated, false twisted form could subsequently be utilized to 

engineer bulky yarn structures in trial I and trial II. For experimental trial III, two nonwoven 

fabric structures were identified. The first one was elastomeric fabric, Hytrel-5526 (HY) with 

a melt flow rate of 18 g/10 min, and the other was a non-elastomeric fabric, made from Isotactic 

Polypropylene (PP) with a melt flow rate 500 g / 10 min. Both the melt blown fabrics were 

processed on a 381-millimeter Biax melt extruder die to obtain a 15-inch nonwoven fabric. 

Slitting and winding experiments were carried out prior to twisting to ensure consistent narrow 

width nonwoven ribbons on a spool.  

 

3.3. Experiments:  
 

3.3.1. Slitting and winding of narrow width nonwoven ribbons:  
 

 

(A). Shear Slitters: 

 

The meltblown nonwoven fabrics were slit using Windy ® Winder shear slitters initially into 

6 inch ï 1.5 inch ribbons. Shear slitters blade housing and width of slitter on the Windy ® 

Winder could be adjusted to a minimum gap of (12.7 mm / 0.5 inch). (38.1 mm / 1.5 inch) of 

nonwoven slit ribbon were obtained which were wounded on Windy ® winder without any 

issues of telescoping for narrow width slit ribbons.  
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(B). Crush (score) Slitters:  

 

(6 inch ï 1.5 inch) slit meltblown nonwoven ribbons were then, further slit by arranging the 

six crush (score) slitters present on the lamination line. The crush (score) slitters were able to 

slit three different widths of nonwoven ribbons of (12.7 mm / 0.5 inch), (19.05 mm / 0.75 

inches) and (25.4 mm / 1 inch). Slitting nonwovens or papers into ribbon width smaller than 

0.75 and 0.5 inches causes telescoping of narrow ribbons on winding due to tension variation. 

Tension variation is more prominent with lightweight nonwoven fabric structures which can 

have change in modulus causing dishing of ribbons on rewinding fabrics after slitting and even 

breakages. Elastomeric fabric structures can also cling to surfaces while moving on a slitting 

line. To avoid telescoping two approaches were taken. Firstly, a bowed roller was utilized to 

ensure that slit ribbons were tensioned and kept at an angle to avoid slit ribbons from following 

a straight path prior to being collected on winder as shown in Figure 3-7.  

 

 

 

 

 

 

 

 

Since bowing increases tension, as the ribbons are separated apart. Tension variation can cause 

ribbons to break. Slippage of ribbons can also occur causing dishing for ribbons (Good & 

Figure 3-7: Bow roller and bow orientation effect on slit ribbon winding 

(Roisum 2003). 
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Roisum, 2008; Roisum, 2003). It was therefore important to keep the bow angle as small as 

possible for low basis weight nonwoven fabric structures. Since meltblown fabrics utilized for 

trial III and IV were, low basis weight, 25 gsm fabrics, these could remain intact in certain 

places even after slitting. To avoid this situation the slit ribbons were separated using metallic 

wires as shown in Figure 3-8 (A) which were placed right after slitting and this ensured the 

separation of slit ribbons from one another prior to being guided by winding rollers onto spools 

as  shown in Figure 3-8 (B). 

 

 

 

 

 

 

 

 

 

 

Secondly, narrow slit ribbons were wound on dual winding rollers after slitting, and this 

ensured that narrow slit ribbons do not overlap other ribbons as shown in Figure 3-8 (B). 

Industrial winding setups utilize sensor based tension winding system, which ensure tension 

variation do not cause wound spools to crush, overlap or create jagged spools on narrow 

winding (Good & Roisum, 2008). Telescoping and dishing for slit ribbons is a major problem 

Figure 3-8: (A). Slitting and separation of melt blown nonwoven 

using crush (score) slitters along with metallic wire, (B) Winding of 

nonwoven fabric using dual beams to avoid overlapping of ribbons. 

(A) (B) 
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especially when different widths of ribbons are slit at the same time. Winding speeds higher 

than 5 meters/ min caused excessive tension for slit ribbons causing breakage of ribbons prior 

to its collection on the winding spools. Winding speed of 5 meters/minute ensured consistent 

winding for all three widths of ribbon structures for both the fabrics.  

 

3.3.2. Twisting Trials:  
 

(A). Trial I:   

 

In trial I, the nonwoven twisted ribbons were drawn by utilizing godet rollers. A draw ratio of 

2:1 was utilized with godet temperature of 60°C. Needle-punched nonwoven ribbons being 

stiff ribbons, started to untwist on unwinding before reaching the godet rollers and winders. 

The needle punched nonwoven fabrics due to resin coating were rigid which caused ribbons to 

untwist as shown in Figure 3-9.  

 

 

 

 

 

 

 

 

 

 

Figure 3-9:  Winding of twisted needle-punched nonwoven ribbons 

on multifilament godets rolls for winding and drawing. 
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The needle punched nonwoven ribbon has fibers which penetrated through the surface and 

affect fabric elongation properties as shown in Figure 3-10 (A). The resin, which has been 

utilized to coat the needle-punched ribbons (to ensure smooth surface and strength for thin 

ribbon structures), degraded on contact with godet rollers which resulted in breaks in the 

structure. The false twisted melt blown nonwoven ribbons consolidated but since no tension 

control was utilized close to the godet rollers the twisted ribbons experienced regions with 

higher twist consolidation and no twisted areas. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Discussion: 

 

Since the needle-punched nonwoven fabric was rigid due to resin bonding and restricted the 

fiber-to-fiber movement, therefore most of the false twist inserted during ring spinning twisting 

unraveled. The unravelling of false twist was seen because there were no twist blockages 

present that would ensure processing of consolidated ribbon on a multifilament drawing and 

winding process. The number of turns for melt blown nonwoven ribbons were inconsistent 

along the length, which probably reflects the variation in linear density plus variation in ribbon 

(B) (A) 

Figure 3-10: (A) Needle-punched ribbons with high and low density of 

fibers due to needling, (B) Melt blown ribbon failure due to fiber 

breakage. 
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width. The higher twist occurs in ñthinner regionsò and lower twist for ñthicker regionsò of the 

ribbon. Variation in the density of web contributes to the consolidation of ribbon and its 

packing, causing thick and thin places, which it is believed, resulted in breakage of the ribbons 

during drawing and collection. Trial I demonstrated why needle-punched fabrics would not 

retain twist on subsequent processing such as a filament winding machine. This trial also 

highlighted how fabric uniformity, plays an important role in the consolidation of nonwoven 

ribbons to create bulky yarn structures.  

(B). Trial II:  

 

To overcome the issue of variation in false twist insertion for nonwoven ribbons due to tension 

variation surrounding the guide eye. A false twisting mechanism was needed that would ensure 

consolidation of nonwoven ribbon into a roughly circular cross section while ensuring 

variation in tension can be reduced. To achieve this task, a false twisting device was 

constructed based on the concept of a pin twisting mechanism for nonwoven ribbons (Zhang, 

2014). The pin-twisting mechanism was achieved by utilizing a 1.5 feet long aluminum pipe 

with an outer diameter (OD) of 1 inch and an inner diameter (ID) slightly larger than a ¾ inch 

as shown in Figure 3-11 (ñMcMaster-Carr,ò n.d.). A chrome screw was drilled through the 

pipe. Two ball bearings were utilized which were affixed to the metallic frame. The metallic 

pipe was affixed to the frame by inserting it through the ball bearing hubs. This ensured in 

achieving rotation of the metallic pipe only. A Direct Current (D.C) stepper, the motor was 

connected to the aluminum pipe using a timing belt and a regulator, to control the number of 

revolutions per minute.  
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For trial II, a (25.4 mm / 1 inch) melt blown nonwoven ribbon was utilized. The melt blown 

nonwoven ribbon meets the chrome pin inside the metallic tube. With every revolution for the 

pipe, a turn is inserted into (and removed from) the passing nonwoven ribbon, as shown in 

Figure 3-12 (A). The pin twisting mechanism applies a normal force on the nonwoven ribbon. 

Since the nonwoven ribbon surface area is greater compared to yarn, the increasing revolutions 

cause more turns per inch causing shear for ribbons to increase with each number of turn 

(Greenwood, 1980). It was observed that higher twist insertion causes fiber density (fibers in 

a specific region of ribbon) to increase. One of the major concerns with the use of pin twister 

was that the increasing number of revolutions caused surging effects to propagate into ribbons 

before its contact with the pin twister as shown in Figure 3-12 (B).  

Figure 3-11: CAD drawing for aluminum pipe utilized in construction 

of false twister (Macmaster® ïCarr). 
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The pin twister mechanism minimized tortuosity, therefore increasing the number of turns per 

inch (TPI) cause an increase in tension with each coil for ribbon, due to the well-known twist 

contraction phenomenon (Hearle, 1966). Increasing thread line tension affected the unwinding 

of ribbons from unwinder. It was important to control the number of turns introduced using the 

pin twister to reduce uncontrolled shearing of the melt blown ribbons before consolidation of 

ribbons was achieved through pin twisting. Shearing of melt blown ribbons before 

consolidation increase variation regarding fiber density. An industrial hair dryer was placed 

after the pin twister before winding the false twisted ribbons. Melt blown fabrics have variation 

in basis weight, and this is especially true for low basis weight fabrics, such as shown in Figure 

3-13(A). The twist propagated into areas where ribbons have lower fiber density, while 

minimal twist propagated into areas of ribbon where fiber density was minimal. Fiber density 

dictated twist variation as shown in Figure 3-13(B). The areas in the ribbon where fibers 

consolidated into dense regions due to higher twist propagation fused on passing above the 

Figure 3-12: Pin twister constructed along with stepper motor to twist melt 

blown nonwoven ribbons. 

 

(A

) 

(B
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convection heat from the blow dryer. While areas with higher density of fibers and lower twist 

propagation formed a bulky structure. Consolidation of ribbons achieved for (38.1.4 mm / 1.5 

inch) was observed. Thick bulky regions in the ribbons were (0.25 mm) while thin fused 

regions in ribbons were (0.1 mm) as shown in Figure 3-13 (B).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Discussion:  

 

Trial II showed that pre-tensioning of nonwoven ribbons using surface contact mechanism 

such as the pin twister and guide rings increase consolidation for a ribbon. Reducing its overall 

width. Variation in fiber density for nonwoven ribbons can cause variation in terms of thick 

and thin places for a consolidated drawn ribbon. It is important to reduce the amount of 

shearing for melt blown nonwoven ribbons to benefit from the fiber lay down in a nonwoven 

fabric structure to access the bulk in a yarn structure. To further understand the impact of twist 

Figure 3-13: Melt blown nonwoven fabric 30 GSM, (A) Melt blown 

nonwoven ribbon with low and high fiber density patches, (B) Fused 

fibers and bulk of nonwoven ribbon  

 

(A). (B). 
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and pre-tension, melt blown nonwoven ribbons with different widths and polymer were tested 

in the next trial.  

 

(C). Trial III:  

 

Referring back to the work by Hearle et al., rubber ribbons when twisted showed that twist 

angle and twist insertion was consistent throughout the length of rubber ribbons as shown in 

Figure 3-14(a) (Hearle & Bose, 1966). Unlike twisted rubber ribbons, for nonwoven ribbons, 

it was observed that low twist level under low-tension (slack) conditions caused inconsistent 

twist insertion. While when the same nonwoven ribbon form was twisted by keeping it under 

tension (pre-tensioned) state, it caused nonwoven ribbon to achieve higher consolidation as 

shown in Figure 3-14 (b). It was observed that pre-tensioning causes variation in twist insertion 

for same nonwoven ribbon form. A pre-tensioned nonwoven ribbon from consolidated in a 

consistent fashion which was observed by seeing the twist propagation for ribbon compared to 

nonwoven ribbon form twisted in slack form in Figure 3-14 (b).  
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To further, validate observation regarding variation in twist insertion for slack and pre-

tensioned nonwoven ribbon form. Three different nonwoven ribbon widths of (12.7 mm / 0.5 

inch), (19.05 mm / 0.75 inches) and (25.4 mm / 1 inch) were slit for two melt blown fabrics, 

Elastomeric, Hytrel (HY) and Non-Elastomeric, Polypropylene (PP) fabrics. All three-ribbon 

widths with a length of 9 inches were utilized on a twist tester as shown in Figure 3-15 to test 

under slack and pre-tensioned state.  

Figure 3-14: a) Twisted ribbon shown with consistent angle of twist. b) 

Higher twist insertion possible in nonwoven fabric due to micron-sized 

fibers while ribbons are in its slack state (Hearle and Bose 1966).  
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To test the ribbons for slack condition, ribbon were placed with a 1-inch slack by reducing the 

distance between rotating jaw and the zero-mark pointer to 8 inches, ensuring condition with 

no pre-tension (slack) can be achieved.  While for the pre-tensioned condition, the distance 

between the two jaws was kept around 9 inches ensuring proper grip for nonwoven ribbons, to 

achieve pre-tension condition. Non-elastomeric (PP) and elastomeric (HY) melt blown ribbons 

were twisted on the twist tester by placing the ribbon in slack and pre-tensioned form. Before 

testing different widths of each of these ribbons, edges were marked with a Sharpie to enable 

easier observation of twist insertion. The consolidated twisted ribbon form obtained for each 

of the three widths under slack and pre-tensioned state for both melt blown, Elastomeric (HY) 

and Non-Elastomeric (PP), Nonwoven fabrics are shown in Figure 3-16 and Figure 3-18.    

Figure 3-15: Schematic of a twist tester to twist nonwoven ribbons in 

slack (S) and pre-tensioned (T) form. 
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The Non-elastomeric (PP) ribbons when twisted in slack form showed that twist insertion 

varies compared to (T) state for (PP) materials. The ribbon edges highlighted with sharpie for 

S T S T S T 

Figure 3-16: Non-elastomeric, Polypropylene (PP) melt blown nonwoven 

ribbons twisted in its slack (S) and Pre-tensioned (T) form. 

 

(12.7 mm/0.5 inch)  (19.05 mm/0.75 inch) (25.4 mm/1 inch)  
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(25.4 mm / 1 inch) (PP) ribbons when in its slack (S) form shown in Figure 3-16 clearly show 

that twist consolidated in certain parts of ribbons. This was also observed for other two widths 

of non-woven ribbon form in its slack form. The (PP) ribbons edges under the pre-tensioned 

(T) state, showed that twist did not consolidate in one particular location but rather the overall 

tensioning of ribbon form ensured twist to propagate uniformly compared to a slack form. The 

(12.7 mm / 0.5 inch), (19.05 mm / 0.75 inches) ribbons, kinked due to higher twist insertion 

causing twisted ribbon form to deviate from its normal position. Kinking of (PP) ribbons under 

pre-tensioned condition showed that pre-tensioning of ribbons did not cause bonding between 

fibers and filaments present in the nonwoven ribbons to change, thus inherent variation in fiber 

density for melt blown nonwoven ribbons was not compromised on pre-tensioning. The 

consistent propagation of twist for ribbons on pre-tensioning was due to twist being 

proportional to the relative motion of the ribbon ends, which were clipped between the twist 

twister jaws. Thus twist kinematics for pre-tensioned ribbons show that each turn of helix is 

due to rotation about the axis of ribbon rather than twist tester which is similar to observations 

mentioned by H.J Woods in his work on twist kinematics for strings (Woods, 1933). Woods 

mentioned that twist for a string was a function of helix angle per traverse and tortuosity. The 

axial curve a string makes can change how a string twists in a similar way the twist for a 

nonwoven ribbon changes completely when ribbons are in slack condition. If ribbon width is 

altered due to variation in bending for ribbons ñthick and thin regionsò then twist insertion will 

be inconsistent. Consistent twist propagation for pre-tensioned ribbons highlighted that 

consolidation of ribbons was rather occurring effectively as compared to slack condition when 

ribbons were being twisted. Variation in % width contraction for pre-tensioned (T) nonwoven 
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(PP) form was lower as compared to % width contraction for slack (S) melt blown nonwoven 

(PP) ribbons as shown in Figure 3-17.    

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The melt blown, elastomeric (HY) ribbons being made up of elastomeric fibers consolidate 

into a more uniform, higher consolidated state to provide a consistent circular ribbon form 

under the (pre-tensioned) condition as compared to (slack) form. Since the elastomeric ribbons 

have higher torque compared to non-elastomeric (PP) ribbon form, therefore kinking of ribbons 

Figure 3-17: Percent width consolidation measured for three different ribbon 

widths of polypropylene (PP) fabric.  
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was not observed for elastomeric ribbon forms. The meltblown nonwoven, Elastomeric (HY) 

ribbon consolidated forms for different widths are under slack (S) and pre-tensioned (T) 

condition are shown in Figure 3-18. 

 

 

Elastomeric ribbons were soft to feel and flexed easily as compared to non-elastomeric (PP) 

ribbons forms. Bending rigidity for elastomeric and non-elastomeric ribbons were not 

(12.7 mm/0.5 inch)  (19.05 mm /0.75inch) (25.4 mm/1inch)  

S T S T S T 

Figure 3-18: Elastomeric, hytrel (HY) melt blown nonwoven ribbons twisted 

in its slack (S) and Pre-tensioned (T) form. 
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measured at this point, but the ability of elastomeric ribbons to stretch and consolidate 

uniformly was observed. Lower torque value for non-elastomeric ribbons cause ribbons to have 

plastic deformation on higher twist insertion, which was observed during twisting of nanofibers 

by Zhou et al., in his work (Zhou et al., 2012). Variation concerning ribbon width contraction 

for all three widths of (HY) ribbons are shown for its pre-tensioned and slack condition in 

Figure 3-19. It was observed that the percentage contraction achieved for elastomeric (HY) 

ribbons during pre-tensioned (T) state was consistent for all the ribbon widths.  

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 3-19 Percent width consolidation measured for three 

different ribbon widths of, Hytrel (HY) fabric. 
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Elastomeric (HY) ribbons, on pre-tensioning (T) showed better packing as compared to 

elastomeric (HY) ribbon in its slack form. Twist slippage was observed for elastomeric (HY) 

ribbons when twisted in its slack state. Twist insertion for ribbons improve on pre-tensioning 

irrespective of fabric being elastomeric or non-elastomeric. Twist insertion was more so 

dependent on ribbon width. The percent width contraction for all the pre-tensioned ribbon 

widths are provided in Table 3-1. 

 

 Since elastomeric filaments and fibers can elongate on applying tension, therefore, aligned 

fibers on consolidation resist twist insertion beyond an optimum level. Elastomeric (HY) 

ribbons as compared to non-elastomeric (PP) ribbon forms ensure uniform consolidation. (PP) 

ribbons percent width contraction compartively varies in its pre-tensioned (T) state due to 

Table 3-1: Ribbons twisting in Pre-tensioned (T) condition 
 

S. No. Fabric Type, Elastomeric 
(E) or Non-Elastomeric 

(NE) 

Width of 
Strip (mm) 

Number of 
Turns 

Introduced 
(turns per 9 

inches) 

Consolidated fiber 
diameter (mm) 

% Width 
Contraction 

1 E 12.7 105 0.6 1265.28 

2 E 19.05 95 0.8 1900.80 

3 E 25.4 90 0.8 2536.85 

4 NE 12.7 24 4 1238.5 

5 NE 19.05 19 6 1873.5 

6 NE 25.4 17 10 2500.63 

7 E 12.7 110 0.8 1263.7 

8 E 19.05 100 0.9 1900.2 

9 E 25.4 95 0.95 2536.2 

10 NE 12.7 26 3.5 1242.4 

11 NE 19.05 20 6.25 1872.1 

12 NE 25.4 19 10.5 2498.6 
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fiber-to-fiber bonding and rigid nature of fibers which does not allow ribbons to consolidate 

as much as (HY) ribbons. The % width contraction values obtained in Table 3-1 and Figure 

3-20. whereby all six ribbons while pre-tensioned are compared, shows that the consolidated 

twisted ribbon form obtained for (PP) fabrics could only consolidate to a certain extent since 

the polypropylene is plastic in its nature and therefore fiber to fiber bonding for ribbons can 

only be disturbed to a certain extent. Once ribbon has consolidated any further twist for Non-

elastomeric (PP), ribbon form only causes wrapping surrounding ribbons as shown in Figure 

3-20.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3-20: Nonwoven ribbons from left to right (12.7 mm/0.5 inch), (19.05 

mm/0.75 inch) and (25.4 mm/1 inch). A) Twist insertion for non-elastomeric, 

(PP) ribbons (B) Twist insertion for elastomeric, (HY) ribbons. 

 

A B 
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To test if fibers and filaments, which were twisted in this trial as consolidated ribbon form, can 

be drawn an industrial hair dryer was utilized. The temperature achieved using industrial hair 

dryer was set to the glass transition (Tg) temperature for both the polymers, which were 

determined using DSC results for polymers and are reported in Appendix A. Twisted ribbon 

form were drawn and an intermingling jet was utilized to impinge flat multifilament ribbons 

and create bulky ñyarn structureò. The consolidated ribbon, drawn and aligned flat 

multifilament ribbon passing through intermingling jet and a bulky ñyarn structureò obtained 

during this trial is shown in Figure 3-21: (A). Consolidated ribbon form, (B). Flat multifilament 

ribbon after drawing (C). Intermingled bulky ñyarn Figure 3-21.  

 

 

 

Discussion:  

 

Pre-tensioning of elastomeric and non-elastomeric ribbons ensures more uniform twist 

insertion since the ribbons tend to twist and consolidate uniformly rather than a wrapped form, 

 Figure 3-21: (A). Consolidated ribbon form, (B). Flat multifilament ribbon after 

drawing (C). Intermingled bulky ñyarn structureò 

 

 

C A B 
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which is due to alteration in ribbon width during the slack (S) state. These findings were 

discussed for ribbons created using rubber strings previously by (Hearle & Bose, 1966; Woods, 

1933) and remain true for nonwoven ribbons. It will be important to study how nonwoven 

fabric properties affect twist insertion and fiber packing for a yarn structure, which will be 

studied in later chapter.  

 

3.4. Conclusion and Recommendation:  
 

False Twist using Aspirator Gun: 

 

Based on initial trials identification of a suitable mechanism to slit meltblown nonwoven 

fabrics into narrow width ribbons of (12.7 mm / 0.5 inch), (19.05 mm / 0.75 inches) without 

overlapping for slit ribbons has been achieved by using dual winding rollers along with 

metallic wire to separate slitted ribbons. False twisting and twisting of varying width of 

nonwoven ribbons have shown that consistent consolidation of ribbon as a circular form can 

be achieved by pre-tensioning ribbons prior to false twisting.  Initial trials conducted to twist 

nonwoven ribbons of different width using different twisting mechanisms were tested, since 

twisting mechanisms utilized are not able to cater different widths of nonwoven ribbons 

without folding and bending of ribbons therefore an alternative technique to achieve false 

twisting of different ribbon widths is the use of filament aspirator gun. An aspirator gun is 

utilized to draw filaments. Air pressure created in an aspirator gun creates suction of 

multifilaments as shown in Figure 3-22 (Li, Wei, Zhang, & Chen, 2014).  
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An aspirator gun has Laval tube, which has four jet orifices. The higher air pressure moves 

through these jet orifices at an angle, which causes vortices to form within the Laval tube. The 

higher airflow creates suction on filaments and additionally inserts false twist. The aspirator 

guns are typically utilized for ñthreading upò filaments to winding and other processing 

machines. This work utilizes nonwoven ribbons, which have been developed on a Biax melt 

blown line, which typically yields fibers between 1 ï 30 µm. Based on initial trial results and 

observations a novel false twisting and drawing system is proposed for future experiments and 

is represented schematically in Figure 3-23.  

Figure 3-22: Schematic of a yarn aspirator gun (Li et al. 2014) 
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In this design, aspirator gun will be utilized to impart false twist, followed by tension guides 

to ensure false twisted ribbons can reach the convective heating section where heat will allow 

relaxation of fiber-to-fiber bonds ensuring drawing of the false twisted nonwoven ribbon 

structure can take place. Filaments from nonwoven ribbon fibers pack together as bonds 

between fibers and filaments break. This will cause higher fiber density to be achieved. 

Tensioning guides will be utilized to adjust tension for different melt blown ribbon structures. 

Fibers and filament on the surface of the ribbons will then be passed through intermingling jet 

to engineer yarn structures. Intermingling jets will consolidate yarn structure to facilitate in 

subsequent processing.  Intermingling jets reduce yarn diameter. Further experiments will be 

Figure 3-23: Schematic of a false twisting and drawing process for nonwoven 

ribbons to create yarn structures 
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performed to understand effects of different widths of nonwoven ribbons to form yarn 

structure.  

If successful, the technology developed should provide a novel approach to create new ñyarn 

structuresò which could find use in engineered textile structures and scaffolds for various 

applications.  
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Chapter 4 : Melt blown nonwoven fabric structures and their 

influence on ribbon consolidation and bulky yarn structures 
 

 

4.1. Abstract:  
 

In this study, elastomeric (hytrel) and non-elastomeric (polypropylene) melt blown fabrics 

were prepared using a 15-inch-wide Biax-melt blown die. The processing parameters: DCD 

(Die to Collector Distance), collector speed, and die air pressure, were varied to produce melt 

blown fabric structures. The effect of processing parameters on structural properties of 

nonwoven such as basis weight, fiber diameter, and thickness were studied. Score (crush) 

slitters were utilized to create three different widths (12.7 mm / 0.5 inch), (19.05 mm / 0.75 

inches) and (25.4 mm / 1 inch) of nonwoven ribbons. Ribbon consolidation and structural 

properties were evaluated prior to utilizing the ribbons to create bulky yarn structures by false 

twisting and annealing them. Yarn structure porosity and pore size were determined. It was 

observed that nonwoven ribbon consolidation is dependent on fabric orientation distribution 

function (ODF), ribbon width and the rigidity of the fabric, while the bulk and other 

characteristics of a yarn structure are dependent on fiber diameter and width of consolidated 

ribbon structure.    

 

4.2. Introduction:  
 

High surface area yarn structures find applications in filtration, biomedical applications, 

technical textile applications and for many other purposes (Durany, Anantharamaiah, & 

Pourdeyhimi, 2009; Filters and Filtration Handbook, n.d.; Rousseau, Dougherty, & Ethicon, 

2000; Tuin, Pourdeyhimi, & Loboa, 2016). In order to create high surface area, nanofibers are 
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produced utilizing electrospinning, solution spinning or centrifugal spinning processes 

(Bagherzadeh, 2010; Medeiros, Glenn, Klamczynski, Orts, & Mattoso, 2009; X. Zhang & Lu, 

2014; Zhao, Schwarz, & Corporation, 2003). These processing techniques allow the production 

of random and aligned fiber mats. Recently people have been trying to explore use of 

nanofibers in construction of yarns to utilize the advantage afforded by using the high surface 

area obtained using fine fiber structures. The current processing techniques are slow and 

require considerable time to produce fabric mats economically at an industrial scale. 

Additionally the processing to yarn often compacts the structure, which in turn reduces the 

fiber surface area that is readily accessible. Apart from this electrospinning requires that low 

molecular weight polymers be dissolved in solvents to produce nanofibers. Most of the 

solvents utilized are toxic and even after extensive washing remain as part of fibers and 

polymeric mats which can be dangerous for use in human body (Y. Zhang, Ouyang, Lim, 

Ramakrishna, & Huang, 2005). Nanofiber mats produced often do not have the required tensile 

strength to be utilized in creating yarn structures. Alternatively melt spinning techniques 

utilizing different fiber morphologies have been employed to produce bicomponent fibers. One 

component, the so called sacrificial polymer, is washed away using caustic treatments leaving 

behind fine fibers with  higher surface area  Although production speeds using bicomponent 

spinning technique allow them to be produced at an industrial scale but the wastage of 

sacrificial polymer and its washing causes the process to be expensive. The melt blown process 

provides an alternative to producing micro and nanofiber mats economically at an industrial 

scale while solving the aforementioned issues related to wastage of polymeric materials 

(Hassan, Yeom, Wilkie, Pourdeyhimi, & Khan, 2013).  
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There are two objectives of this study; 

¶ the first part deals with creating different melt blown nonwoven fabric structures by 

changing the processing parameters for nonwoven fabrication and understanding its 

effect on ribbon consolidation.  

¶ the second part dealt with utilizing melt blown consolidated ribbon structures of 

different widths to create bulky ñyarn structuresò and optimize its processing 

conditions.  

The use of meltblown nonwoven structures to create consolidated ribbons and bulky ñyarn 

structuresò should enable the production of novel yarn structures with greater accessible 

surface area and porosity, which have the potential to be functionalized for biomedical textiles 

and scaffolds.   

4.3. Experimental Section: 
 

4.3.1. Web formation and polymer properties: 

 

The webs were fabricated on a 15-inch Biax-fiberfilm ® melt blown machine. The capillary 

size is 0.020 inches with two rows having 368 capillaries. The slot die design attenuates molten 

polymer effectively by utilizing the compressed air coming from the sides of the slot die design 

to anneal the extruded filament. The Biax melt blown machine has four heating zones, which 

raise the temperature of the polymer pellets gradually, while a screw extruder pushes the 

molten polymer towards the spin pack to create fine filaments which are collected on a rotating 

collector as a melt blown nonwoven web as shown in Figure 4-1 (Kiyak & others, 2016).  



 

 

 

106 

 

 

 

 

 

 

 

 

Two series of meltblown fabrics were produced from two polymers, which were 

¶ a non-elastomeric - metallocene MF650W (isotactic polypropylene (PP) (Lyondell 

basell ®) with 500-melt flow rate (MFR)),  

¶ an elastomeric - (Hytrel ® (HY) 5526 a combination of Polybutylene terephthalate 

(PBT) hard segment and (polyethylene glycol (PEG) soft segment (DuPont ®) with 18-

melt flow rate (MFR)).  

The Hytrel was selected because it offered the potential advantages of adequate strength and 

high elasticity and was believed to be a good polymer for the applications which were intended, 

however there was limited experience in the processing of this polymer. The polypropylene 

was included since this is a polymer where there is a significant amount of background 

knowledge and experience of processing, and it was believed that this was an ideal material 

with which to develop the new proposed technologies involved is translating nonwoven fabric 

into a ñyarn structureò. 

  

Figure 4-1: Schematic of a meltblown process (Kiyak and 

others 2016).  
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The glass transition temperature (Tg) of metallocene MF650W PP and hytrel 5526 were -10°C 

and -20°C, as reported in the literature (Ellison, Phatak, Giles, Macosko, & Bates, 2007; Novak 

et al., 1992). DSC measurements were performed by heating a 5-10 mg polymeric sample in 

an aluminum pan with a lid at 20°C/min using TzeroÊ Discovery DSC, TA Instruments®. It 

was observed from the DSC analysis that at around 55-60°C for (PP) and 67°C - 107.7°C (HY) 

relaxation of polymer chains occurred. Vicat softening temperature or heat of deflection (HDT) 

has been reported around 50-60°C for (PP) and 73°C (HY) in the literature (ñMaterial Data 

Center HytrelÈ 5526,ò n.d.; Tripathi, 2002). Crystalline temperature (Tc) for PP and hytrel 

were observed around 162°C and 202°C. While melting temperature (Tm) were observed at 

210.2°C and 246°C in the DSC analysis. The broad crystalline temperature (Tc) observed for 

hytrel was due to melting of PEG and PBT, which overlapped with one another as shown in 

Appendix A (Figure A-1 - A-2).Thermal gravimetric analysis (TGA) for hytrel (HY) was 

carried out using a Discovery TGA, TA instruments ®. The resin was heated up to 700°C and 

the on-set degradation temperature  was 380°C, while onset degradation temperature for 

polypropylene (PP) was reported in the literature to be around 400°C (Raghavan, Soto, & 

Lozano, 2013). TGA and DSC results for both the resin are given in Appendix A, (Figure A-1 

to A-4). The melt flow rate or index (MFR) is directly related to molecular weight of polymer 

and inversely to melt viscosity.  The throughput ghm (gram / hole/ minute) for elastomeric 

(hytrel 5526) which has a density of 1.19 g/cm3 and 18-melt flow rate was set at 0.066 ghm, 

while throughput for non-elastomeric (polypropylene) with a density of 0.90 g/cm3 and 500 ï 

melt flow rate, was set at 0.055 ghm. A higher MFR facilitates the production of finer fibers at 

lower processing temperature and cost, but also leads to loss in tenacity for a nonwoven (Velu, 
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Ghosh, & Seyam, n.d.). As indicated above, because of familiarity, metallocene MF650W 

(isotactic polypropylene (PP) (Lyondell basell ®) was included in the trials as a control sample, 

to carry out proving trials of the proposed technologies. Polypropylene being inexpensive 

compared to other semi-crystalline polymer provides excellent flexural modulus above its glass 

transition temperature (Tg) and does not lose its tensile strength rapidly (Tripathi, 2002). Hytrel 

on the other hand has excellent elastomeric and tensile properties, which need to be explored 

for its use in creating consolidated ribbon structures and ñyarn structuresò.   

 

In order to study the effects of processing parameters on nonwoven web formation and 

properties a design of experiment (DOE) was developed as shown in Tables 4-1 and 4-2. It can 

be observed from these tables that 16 fabrics in total were produced. There were 8 fabrics of 

polypropylene (non-elastomeric) which are labelled as (PP-1 ï PP-8) shown in Table 4-1 and 

8 fabrics of hytrel (elastomer) labelled as (HY-1 ïHY8) shown in Table 4-2. Die to Collector 

Distance (DCD), die air pressure and collector speed were changed for these fabrics, while the 

through put, gram hole per minute (ghm) was kept same for similar fabric type to understand 

processing effect.  
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Table 4-1: Design of Experiment (DOE), Processing Conditions for (PP) Melt blown 

fabric trials. 
 

Trial 
 

DCD (cm) Collector Speed (ft /min) 
Die Air 

(psi) 

Gram hole per minute 

(*ghm) 

PP-1  30 6.2 8.9 0.055 

PP-2  30 6.2 9.9 0.055 

PP-3  30 5.0 8.9 0.055 

PP-4  30 5.0 9.9 0.055 

PP-5  25 6.2 9.9 0.055 

PP-6  25 6.2 8.9 0.055 

PP-7  25 5.0 8.9 0.055 

PP-8  25 5.0 9.9 0.055 
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4.3.2. Nonwoven Fabric Characterization:  

 

Fiber mats were imaged on a Phenom G2 Pro scanning electron microscope (SEM) (Phenom 

world, Eindhoven, Netherlands), SEM images were then used to determine fiber diameter 

range using Image J (NIH, Bethesda, MD) utilizing an average of at least 100 fibers measured 

for each fiber mat. The fabricsô thickness were measured using a Hanatek FT3 precision 

thickness gauge (East Sussex, UK) (n = 5 per fiber mat) and were performed at random points 

along the fabric width and length. For fabric basis weight uniformity fiber mats were imaged 

on a flatbed scanner (Epson Expression 1640 XL) and uniformity index for each of the fabrics 

Table 4-2: Design of Experiment (DOE), Processing Conditions for (PP) Melt blown 

fabric trials 

Trial DCD (cm) 
Collector Speed 

(ft./min)  
Die Air (psi) 

Gram hole per 

minute (*ghm) 

HY-1 30 7.4 10 0.066 

HY-2 30 7.4 11.0 0.066 

HY-3 30 6.4 10 0.066 

HY-4 30 6.4 11.0 0.066 

HY-5 25 7.4 10 0.066 

HY-6 25 7.4 11.0 0.066 

HY-7 25 6.4 10 0.066 

HY-8 25 6.4 11.0 0.066 
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was determined  (Amirnasr, Shim, Yeom, & Pourdeyhimi, 2014). JMP statistical analysis 

package was utilized to determine the effects of processing condition on fiber size, thickness 

and basis weight of fabric, ribbons and bulky yarn structure. ODF for fabric mats were 

determined using the Fourier method  (Pourdehyhimi, Dent, Jerbi, Tanaka, & Deshpande, 

1999). A 1 inch *6 inch nonwoven strip was cut in both MD and CD and a 5-pound load cell 

was utilized to test fabric tensile strength and elongation using a universal tensile tester 

manufactured by Instron.  FX-3300 tester was used to measure the fabric mat air permeability, 

which was then utilized to determine the solid volume fraction for the fabrics. Melt blown 

fabric bending stiffness was determined using ASTM standard D1388- 2015 using option B - 

heart loop test method, since the nonwoven fabric mats had static charge and fibers present in 

the fabric structure deviated due to the movable slide and weight, when performing the test 

using cantilever test option A. For statistical analysis, JMP-12, provided by SAS, was utilized.    

 

 

4.3.3. Nonwoven slit ribbon:   

 

Melt blown nonwoven fabric with a width of 15 inch was utilized, three different ribbon sizes 

of (12.7 mm / 0.5 inch), (19.05 mm / 0.75) and (25.4 mm / 1 inch) were slit using score (crush) 

cutters on a lamination line present at the Nonwoven Institute. Initial trials were utilized to 

identify a mechanism that would enable slitting of ribbon forms and its collection on a dual 

winding station, to ensure the slit ribbons did not jam due to telescoping. Slit ribbons were 

false twisted while under tension to promote ribbon consolidation. The tensile strength for each 

of the consolidated ribbons was measured using a 5-pound load cell on an Instron. 
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4.3.4. False twisting and drawing:  

 

Aspirator guns are typically utilized for ñthreading upò filaments on godet rollers during an 

extrusion process to allow drawing of filaments. The suction force created in the Laval nozzle 

of the aspirator gun allows the filaments to be twisted and pulled into a waste can. By 

controlling the amount of air flow and angle for shock waves, false twist can be introduced 

into filament structures. A similar approach was taken in the proposed setup, to twist nonwoven 

ribbons (Bethea, Dixon, Hargett, & Stokes, 1973; Cheves, 1970; Herbert, 1968). The Laval 

nozzle in an aspirator gun can have a number of air nozzles, which can allow shock waves to 

propagate differently. An extensive study performed by Li et al on yarn suction gun explains 

the impact of air nozzles and its design (Li, 2010). For the present study, the number of air 

nozzles utilized in the aspirator gun was four. An air flow meter (CDI 5200-07C) which uses 

a pitot tube, shown in Figure 4-2, was utilized on a ¾-inch type L metallic pipe to measure the 

amount of compressed air flow needed to twist the nonwoven ribbon through the aspirator gun 

at a particular time. 

 

 

 

 

 

 

 

 
Figure 4-2: Flowmeter for measuring compressed air supplied to the 

aspirator gun during processing. 
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In the setup shown in Figure 4-3, ribbons were unwound using an unwinder and threaded using 

an aspirator gun, the compressed air flow was adjusted based on ribbon width and ribbon 

flexural rigidity. From preliminary experimental trials, it was found that the amount of tension 

applied on nonwoven ribbons can affect the twisting of ribbons and the number of twist 

inserted. False twisting utilizing pin-twisting mechanism and real twisting using a ring twister, 

increased the amount of shearing for ribbons on twisting, even with pre-tensioning due to the 

varying fiber density. To overcome the effect of pre and post surging during false twisting 

process it is important to increase the amount of twist to the extent that the false twist keeps 

the ribbons in twisted form prior to contact with guided rollers, and that the tension in the yarn 

is adequate. 

 

 

 

 

 

  

 

 

 

 

 

 

Figure 4-3: Schematic of Ribbon false twisting and impinging set up. 

Guide 

rollers  
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During preliminary trials, it was found that the material would only pass through the aspirator 

when the air valve was below the 30o setting (as shown in Figure 4-4).  

 

 

Valve opening greater than 30° increased the amount of shock waves created by the 

compressed air causing the ribbons to break.  

 

While false twisting is commonly used in the processing of multifilament yarns, imparting 

twist into ribbons, which have fibers and filaments present as part of nonwoven ribbon 

structure, requires a higher torque to break bonding between filaments and fibers, to ensure a 

consolidated ribbon form can be achieved. The guide rollers utilized after aspirator gun, to 

keep the false twisted ribbon forms, were placed in the setup at an angle to ensure adequate 

tension for the twisted ribbons. Tensioning of false twisted ribbons kept the ribbons in a 

consolidated form as they passed through the infrared heaters. It is important that heat radiated 

through heaters enabled the vicat softening temperature of polymer to be achieved. The IR 

Figure 4-4: Aspirator gun with valve shut off and aspirator gun with valve 

opening of 30°. 
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heaters were kept at a distance of 13 cm apart. A thermocouple was placed at the center of the 

IR heaters to measure the temperature continuously during processing. The twisted bundle 

when passing through the IR heaters caused the fibers and filaments to align, as they were 

guided using rollers and tensioners.  

Tensioners and guide rollers ensured post surging effects and deviation in terms of yarn 

diameter could be minimized. A metallic plate (1ò (inch) * 5ò (inch)) and guide rollers were 

utilized to create a tensioning device. The plate was freely attached at one end to the setup 

frame, while the other end was restricted by using rubber bands between a screw in the metallic 

plate and the framework as shown in Figure 4-5. The rubber bands (2ò (inch) *1/8ò (inch)) 

(purchased from Pale Crepe Gold ®) had a pre-defined strain of 2 pounds, and were used to 

adjust the tension for the consolidated ribbon.  

 

Figure 4-5: Rubber bands along with guide rollers utilized to create tension 

guide bar. 
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On leaving the heater, the tensioned structures were further consolidated by passage through 

an intermingling jet. It is believed that short fibers, which are part of the flat ribbon, will coil 

and form nips, on intermingling, which can lock the multifilament structure into a bulky yarn 

structure. Nonwoven ribbon of three different widths and two different polymers were 

processed through the false twisting and drawing process to create bulky yarn structure but not 

all ribbon structures translated into a bulky ñyarn structureò. 

 

4.3.5. Bulky yarn structure Characterization:   

 

Bulky ñyarn structuresò developed using nonwoven ribbons were observed using Phenom G2 

Pro scanning electron microscope (SEM) (Phenom world, Eindhoven, Netherlands) and 

analyzed using Image J (NIH, Bethesda, MD) software to observe fiber diameter distribution 

for yarn structures and accessible surface area. To determine the overall porosity of a bulky 

yarn structures Nikon (Metris) XT H160Xi was utilized to perform micro CT imaging. Micro 

CT imaging of 0.5-inch ribbons were not possible since the fiber size was smaller than the 

threshold limit. To obtain porosity for 0.5-inch ribbons fibers were embedded in epoxy to 

measure the pore size between fibers that created the bulky ñyarn structureò.  

 

4.4. Results and Discussion: 
 

4.4.1. Fabric Structure and Characterizations: 

 

(A). Basis Weight:  

 

Basis weight of 16 fabrics, 8 polypropylene (Non-elastomeric) fabrics labeled as (PP-1 ï PP- 
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8) and 8 hytrel (elastomeric) fabrics labeled as (HY-1 ï HY-8) were measured shown in Figure 

4-6. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Significant variation in terms of basis weight were observed for all the nonwoven fabrics. One 

way (ANOVA) anlysis of variance along with comparision of means and pair wise student t 

test were performed to understand the influence of processing parameters on nonwoven fabric 

structure basis weight. As can be seen in Table 4-3 the p-value obtained for collector speed is 

less than 0.05 at 95 % confidence interval, which means that change in collector speed 

significantly impacted on basis weight of polypropylene fabrics produced. 

 

Figure 4-6: Mean Basis weight for Nonwoven fabric developed using Biax 

fiber film melt blown. 
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Non-elastomeric fabrics PP-1, PP-2, PP-5 and PP-6 fabrics which were produced at a higher 

collector speed of 6.2 ft/min compared to PP-3, PP-4, PP-7 and PP-8  fabrics, which were 

collected at lower collector speed of 5 ft/min were significantly different with respect to basis 

weight of fabrics. 

 

The p-value of 0.0003, less than 0.05 at 95 % confidence interval for collector speed of hytrel 

(elastomeric) fabrics suggests that HY-3, HY-4, HY-7 and HY-8 which were collected at 6.4 

ft/min compared to HY-1, HY-2, HY-5, HY-6 fabrics which were collected at 7.4 ft /min are 

significantly different in their basis weight.  

Table 4-3: ANOVA analysis results, influence of processing parameters on mean 

basis weight of polypropylene fabrics. 

Source  DF Sum of 

Squares 

Mean 

Square 

F Ratio Prob > F 

DCD (cm) (25, 30) 1 11.02500 11.0250 0.5330 0.4698 

Collector Speed 

(ft/min) (5, 6.2) 

1 455.625 455.62 50.721 <.0001* 

Die air pressure (8.9, 

9.9) 

1 46.2250 46.225 2.3397 0.1344 
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The pair wise student t test at 95 % confidence interval along with comparision of means and 

standard deviation shown in Table 4-4 for both the (elastomeric) and (non-elastomeric) fabrics 

collected at different collector speeds showed that fabrics collected at higher collector speeds 

were not significantly different with respect to basis weight. While fabrics collected at lower 

collector speeds were significantly different from one another, as well as different from the 

fabrics collected at higher collector speeds as shown in Figure 4-7. 

Table 4-4: ANOVA analysis results, influence of processing parameters on mean 

basis weight of hytrel fabrics. 

Source  DF  Sum of 

Squares 

Mean 

Square 

F Ratio Prob > F  

DCD (cm) (25, 30) 1  13.225 13.225 1.4835 0.2307  

Collector Speed 

(ft/min) (6.4, 7.4) 

1  105.625 105.625 16.2929 <.0003*  

Die air pressure 

(10, 11) 

1  13.2250 13.2250 1.4835 0.2307  
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ANOVA analysis along with comparision of means and standard deviation showed that the 

influence of die to collector distance (DCD) and air pressure did not significantly contribute 

towards the basis weight of polypropylene (non-elastomeric) and hytrel (elastomeric) fabrics 

as shown in Appendix B (table B-1, B-11, B-27, B-32) while collector speed significantly 

influenced on basis weight of fabrics as shown in Appendix B (table B-12, B-38). 

 

(B). Thickness:  

 

The thickness of each of the fabrics produced was measured, and it was found that the hytrel 

(elastomeric) (HY-1 ï HY-8) fabrics were significantly thinner compared to the polypropylene 

(non-elastomeric) (PP-1 - PP-8) fabrics as shown in Figure 4-8.  

 

Figure 4-7: Influence of collector speed on mean fabric basis weight for 

hytrel and polypropylene fabrics. 
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One-way ANOVA was utilized to study the influence of processing parameters on hytrel and 

polypropylene fabric thickness. The Die to Collector Distance (DCD) (p-value: 0.0004) and 

collector speed (p-value: 0.0191) shown in Table 4-5 and Table 4-6 are statistically significant 

and contribute towards thickness of polypropylene (non-elastomeric) fabrics.  

 

The Die to Collector Distance (DCD) (p-value: 0.0080) and collector speed (p-value: .0008) 

shown in Figure 4-6 are statistically significant for hytrel (elastomeric) fabrics as well, and 

influence on web thickness. 

 

 

Figure 4-8: Nonwoven melt blown fabrics mean thickness 
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Table 4-5: ANOVA analysis results, influence of processing parameters on mean 

thickness of hytrel fabrics. 

Source  DF Sum of 

Squares 

Mean 

Square 

F Ratio Prob > F 

DCD (cm) (25, 30) 1 1045.5063 1045.51 7.8348 0.0080* 

Collector Speed 

(ft/min)  

 (5, 6.2) 

1 1586.3402 11586.34 13.3069 0.0008* 

Die air pressure  

(8.9, 10) 

1 135.7923 135.792 0.8628 0.3588 

 

 

 

 

 

 

 

 

 

 

 

 

Table 4-6: ANOVA analysis results, influence of processing parameters on mean 

thickness of polypropylene fabrics. 

Source  DF Sum of 

Squares 

Mean 

Square 

F Ratio Prob > 

F 

DCD (cm) (25, 30) 1 115000.577 11500.6 15.0670 0.0004* 

Collector Speed 

(ft/min)  

(5, 6.2) 

1 5514.27 5514.28 5.9884 0.0191* 

Die air pressure  

(8.9, 9.9) 

1 1532.025 1532.03 1.4937 0.2292 
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It was observed that the (p-value) for die air pressure were greater than 0.05 and do not 

significantly, contribute towards thickness of (elastomeric) and (non-elastomeric) fabrics. 

Detailed test statistics on influence of processing parameters on thickness of non-elastomeric 

and elastomeric fabrics are shown in Appendix C (table C-1, C-8, C-15 and C-31, C-38 and C-

46). Thickness variation for fabrics produced at different collector speeds and DCD were 

compared, hytrel fabrics produced at different collector speeds showed minimal variation as 

shown in Figure 4-9. It was also observed that at lower collector speed and higher (DCD), 

thickness variation were more pronounced for polypropylene fabrics.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4-9: Influence of DCD and Collector speed on hytrel (elastomeric) and 

polypropylene (non-elastomeric) fabrics thickness. 
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To observe if there is any correlation between basis weight and thickness of fabrics, hytrel 

(elastomeric) and polypropylene (non-elastomeric) fabrics collected at different DCD were 

compared. A positive correlation between log(basis weight) and log(thickness) was observed 

for polypropylene fabrics collected at different DCD as shown in Figure 4-10, while a negative 

correlation was observed for hytrel (elastomeric) fabrics collected at higher and lower DCD 

shown in Figure 4-11.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4-10: Log (basis weight) vs Log (thickness) for polypropylene fabrics 

produced at different DCD. 
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The R-squared (co-efficient of determination) for linear model established between 

log(thickness) and log(basis weight) at lower DCD gave a 44 % r-squared value compared to 

one produced at higher DCD which only gave a 4 % r-squared value suggesting that the 

relationship at lower and higher DCD for polypropylene fabric had large variability, and 

correlation between thickness and basis weight were weak for polypropylene (non-

elastomeric) fabrics. The negative correlation for hytrel (elastomeric) fabrics produced at lower 

DCD showed R-squared (co-efficient of determination) value of 34 % for hytrel fabrics 

produced at lower DCD. While fabrics produced at higher DCD had R-squared value of 1 % 

showing that negative correlations were weak between thickness and basis weight of hytrel 

(elastomeric) fabrics.  
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(C). Uniformity Index of Melt blown webs:   

 

Since basis weight and thickness measurements could not be utilized to establish any 

relationship between the two strucutral properties, therefore fabric basis weight uniformity 

index (UI) % was measured to determine fiber lay down for different fabrics. Fiber laydown 

can vary for fabrics suggesting inconsistency and variation in air permeability, tensile 

properties, absorbency and other properties of fabrics (Mohammadi & Banks-Lee, 2002). The 

quadrant method developed by Amirnasr et  al. to measure basis weight non-uniformity for 

Figure 4-11: Log (thickness) vs log (basis weight) of hytrel fabrics collected 

at different DCD 
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fabric structure was utilized  to observe the influence of DCD, polymer type and basis weight 

of fabrics on fabric uniformity index % of melt blown fabrics (Amirnasr et al., 2014).  

 

Table 4-7 shows the images of hytrel (elastomeric) and polypropylene (non-elastomeric) melt 

blown webs produced at different DCD along with their average uniformity index % and 

standard deviation. The measured uniformity index % (UI), for webs collected at different 

DCD, show that hytrel (elastomeric) fabrics produced at higher DCD are consistent at different 

basis weights. It was observed that at lower DCD as the basis weight of fabrics increases web 

uniformity index % decreases. The UI % for polypropylene (non-elastomeric) webs produced 

at different DCD is between (6 ï 48 %) which falls in the non-uniform region. While for hytrel 

(elastomeric) webs UI % for webs fall in the range of (28 ï 63 %) which falls in between non-

unifrom and clustered regions. Clustering of fibers can cause uniformity index (UI %) to 

increase, at higher DCD for hytrel (elastomeric) fabrics shown in Table 4-7 the uniformity 

index % increased which suggests that more clustered fiber regions are present for hytrel 

fabrics produced at higher (DCD).   
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Table 4-7: Images and Uniformity index % for melt blown fabric samples. 

  Polypropylene (Non -elastomeric) 
fabrics  

Hytrel (Elastomeric) fabrics  

 Polymer 
throughput 
(g/hole/min)  

0.055 0.066 

Basis 
Weight 
(g/m 2) 

DCD (cm)  25 30 25 30 

 
 
 
 
 
 
 
 

 
25 

  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

PP-5:21.15 + 6 
 

PP-1: 23.22 + 8 
 

PP-6: 16.67+ 4 
 

HY -6: 51.92 + 6 
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Table 4-7 continued 

    

 
 
 
 
 
 
 
 

30 

  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
  

    

  PP-3: 37.15 + 10 
 

PP-2: 21.15+ 6 
 

HY-1: 46.16 + 8 HY-7: 50.63 + 3 
 

HY-5: 55.96 + 3 
 

HY-8: 39.11 + 9 
 

HY 4: 51.91 + 8 

 HY 3: 47.51 + 4 




















































































































































































































































































































































































































































