ABSTRACT

JINDANI, RAHIM. Structures/Yarns/Fabrics for Biomedical Applicatiofi$nder the
direction ofDr. William Oxenham and Dr. BehnaRourdeyhim.

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 surtea 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 thabgect of much research but has achieved limited success on an
industrial scale. Twisting of nanofiber often compactsdtnacture, whichresult in loss of
porosity and available surface area.

The goal of the current research is to try to create yauntates 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 techragies, used for creating and consolidation yarn structures,
are investigated and the most promising approaches are used to convert different widths of
meltblown nonwoven fabric ribbadnto yarns. Initial trials and observations helped in creating

a novel vay 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 svefacthe best
approach would be to incorporate disparate fiber diameters. It was believed that this (i.e. a
mi xture of Acoarsero and Afinero fibers) wou
maintain potential access to the larger surtae@. To this end eform 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 manufact{fkang et al. 2005; Yousefzadeh

et al. 2011; Ko et al. 2003Jwisting of nanofibers to create high surface area yarn structures
often causes fibers to pack as a consolidated bundle ngsuitthe available pores and bulk

for the yarn structure to be lo@agherzadeh 2010Pevelopments in electrospinning have
reduced the cost to produce nanofiber mats but the inherent large varidilmer diameter

for nanofiber mats still requires further resea(@huakat 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 hdactaiis
mechanical properties such as elongation and tensile strength to enable it to be satisfactorily

utilized in other textile manufacturing processes.

Multifilament yarn structures, whidiave beemexturizedto create bulk and fiber volume also
resut in a porous yarn structur€orthe successful productiaf synthetic yarnsknowledge
and understanding of polymer composition, rheology,thadxtrusion system being utilized

is claimed to be importarfPetrieand Denn 1976)The chemical and physical properties of
filament yarns can be modulated by either partially or fidgwing themto achieve filaments
with more structural orientation Fully oriented filaments have higher percentage of
crystallinity, whichresults in yarns withigher tensile strength and a longer shelf life. Partially

oriented yarn structures have higher percentage of amorphous regions, which cantresult in



yarn having premature degradation over time due to interaction with cidepmoisture and

the surrounding environmen{Chu and Campbell 1982)Filaments extruded through
spinnerets are at times not collected in a linear fashion toyarng but are rather collected

on a moving conveyer belt or @rotating drum. Thidacilitates the bonding together of the
newly extruded filaments while still ia partially molten state. The fibao-fiber bonding

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

1]

creatihgss o0 cal |l ed fAmeltbl owno or a spunbondo
| ower fiber denier compared to Aspunbondo

unl i ke madd spamwov en (Bitarbmdi)c structur e

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 orientateamstren be utilized tocreate
various products. The voids in the overall structure coupled with large surface area can
potentially be utilized fobinding of drug molecules, cellular moieties, peptides, metallic ions
and various other functional materiadssumg use of nonwoven structures for medical,

filtration and various technicalpplications.The potential of using slit meltblowmonwoven

fabric as a raw material farhe devel opment and engineering

not been previously explored. Earlier work on fibrillated slit films can be founuhtent
literature, USP 3,577,724A and 3,398,Z80eene 1971; Port and Schwartz 19é8)nthetic
films producel utilizing extrusion technique were slit into narrow strips which were and

texturized by false twisting to form bulky yarn structures as showigime1-1.
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Figurel-1: Method of Preparing Bulky Yarns (a) Fibrillation utilizing blades. Fal
twisted and texturizing, (b) Stretching slit nonwoven and twisting before texturi;
(Greene, 1971; Port & Schwayt968).

The patents never discussed the structural propertigbeofexturized yarns that were
developed; neither did they provide any detawtrethemonwoven fabric structures could be
utilized to create twisted structures. Improvements in nonwoven fabrication techniques and
better resources for slitting nonwoven fakrishouldyield a suitable starting point for the

creation of At wiwkithepdtentially have relatively @rgeu suréasedarea



Although high surface area multifilament yarn structures have been developed with various
polymers to achieve better aesthetics asplecific functionalproperties this has notyet

utilized nonwoven fabric structure¢Vogelsang et al. 1992)Technologies have been
developed to manufacture multiflameeakturized yarns where one or two different polymeric

mul tifilamentds have been combined tAzar,achi ev
Turton, and Wray 1986)t 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 an Objective:

The overall objective of this research work is to develop a technology, which willaseve
basisfor creating elastomeric and nahastomeric melt blown nonwoven web structures,
which can be utilized to create yarn structures. The fitigdr surface area dhe fibers ina
nonwoven fabric, when translated into a yarn, widlld a structure where the large surface
area willallow for attachment of functional moieties@eate products, whiatan be utilized

to create scaffolds for tissuagineering and various other technical applications.

The research carried out &mcomplish the above objectivis, reported in this dissertation,
which will be divided into the following chapters.

Chapter 2 is a literature reviesgveringthe fundamenta of nonwoven fabric structure amd
particularmelt blown nonwovemiabrics Additionally, previous work ogarninterlacing will

be critically evaluated to determine its possible utilizafiorihe translation ohonwoven



structureinto yarn. Other pamaeters, which are importafdr theengineeing yarn structures,

will also be taken into consideration.

Chapter 3 discusses initial experiments undertakeraaegiew of the results obtained. This
was thebasis for determiningrhich subsequergxperimentsvereto be performed anthose
parameters, whictvere to baaken into consideration when converting elastomeric and non
elastomeric nonwoven fabrics into interlaced texturized yarn structures.

Chapter 4 describes thmefined proposed research objectieesl experiments performed to
create bulky yarn structures.

Chapter 5 describdabe use ofa combination of PLA fibers with different fiber diameter to
createbulky yamn structures for possible biomedical applications and tissue engineering.
Chapter 6 sees 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
Understandinghe science and technology behind deeelopment of high surface area yarn
structures using nonwoven fabrics will alloke creation of better aretonomical 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 suface area textile structures find applications in a number of fields. These range from
tissue engineering, biseparation, filtration, creation of solar cells and various other potential
uses, which have been researched and commercialized since nine¢e¢umt (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 approximatedp1

nm (Kellie, 2016). Researchers hawéized 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 incorpotiag 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 structar@nce 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;
Fenressey & Farris, 2004). Furthermore, high twist insertion in spun nanofibers can often
cause frictional heat between fibers causing them to melt gpolymerize which results in
degradation. It is important to gain the potential advantages afforded &im#itiediameters of

microfibers and, to this, end high surface area and porosity must be maintained, even after



twisting nanofibers into yarn structures. Th

a yarn structure.

Amongst the different teclotogies mentioned in the literature to create nanofibers, melt blown
technology is considered "mature” and used at the industrial scale in producing honwoven
fabrics (Byrne, 2000). Additionally, the combination of melt blown technology along with
other nomvoven 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 blowloggchn

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 badedgwof 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 ranawooss, or machine
direction. This web formation process can be performed utilizing three different web formation

techniques (namely dihaid, wetlaid or spurAaid) as shown in Table-2.

Fabric formation techniques are utilized on their own, or ink@oation with other web
formation techniques, to engineer nonwoven fabrics, which achieve specific properties for

targeted applications. Examples of combined technologies susgguadlown,melt blown

2



andspun blown EMS) fabric, whereby a Melt blown falaris sandwiched between two Spun
bonded fabrics and various others can be found in the literature (Batra & Pourdeyhimi, 2012;

US20150233030 Al, 2015).

Table2-1: Nonwoven manufacturing processing routes.

Web Dry-La e : Spun-Laid 1‘
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The current literature review is restricted to discussing the-lspadiprocess and specifically
melt blown process and its variables (afd@pth explanation of other nonwoven fabrication

processes can be found elsewhere (Batra & Pourdeyhimi, 201, K¥€16). Nonwoven



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 critersord 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.
|t was | ater i n 196 0im of praduaihg Z10ts 1 pnhféodrs wse nt e 6
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 fdtrfation, 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 (Bigberfilm, 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 computafiaichlynamic (CFD)
simulation shows attenuation of fibers as they are pushed through capillaries alongwith th

surrounding cool air Figure-2.
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Figure 21: A Computational Fluid Dynamic (CFDgpresenting melt

blown polymer and airBiax-Fiberfilm ®, n.d).

The melt blown process is different from the spun bond process because the collector distance
for a melt blown process is relativedhiort,i.e.,207 50 cm as compared to 10@00 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 stgth. The BiaxFiberfiim ® came up with a designcorporating

multiple fine orifices, as shown iRigure2-1, which aimsto increase the productionesgd of
microfibers and nonwoven structures (Hoge & Fiberfilm, 198@)umber ofother 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 plabbricate et al. came up with a

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



fibers at a much faster rate, but the die design restricted fiber whipping motion and affected

the lay down of fibers in a uniform manndfgbbricante 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 lever 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 sladies, showednore rapid attenuation of fiber diameter due tosihieal path

is takenby fibers as compared to whipping motion for fibers produced using slot die design
(Xie et al., 2014)Begeniret al. found that the velocity decay starts after 5 cm regardless of
the polymer relaxation time from tloenter lineon speciic slot die designs produced by Biax
(Begenir, 2008). The velocity decay for swidiésdesign was more pronounced. Xie observed

the evolution of fiber diameter adunction of z-distance for both the die designgxtruded

fibers using a slot die desigontinued to decrease from initial fiber diameter of #20at (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 schematiare shownn Figure2-2 (Xie et al.,

2014).
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Figure2-2: Schematic showing melt blowing slot die (a) and its cross sectiona
view (b), end on view of a swirl die (c), and cross sectional view (d) end on vi
The air constrictor length, width and angle are different for both die dd3gnst
al., 2014)

Air constrictor length, width, and angle effeatsre studiedn melt blown slotlie to observe

the effect on fiber bending, fiber attenuation and fluctuations in fiber diameter, which are
further dependent on the velocity of air, temperature utilizethgprocessing and on the
polymer rheology. Different die designs have been studied using Computational Fluid
Dynamics (CFDsimulations,and experimental work showed that increasing the constrictor
length for die causes centerline velocity to deskwly while decreasing the width of air

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



constrictor angle for a melt blown die with an angle between 45° and 60° ensured that the
maximum centerline velocity was achievfleda 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 efficientlyis wasbecause the
constrictoreensured the air temperature did not reduce, which ensured higher fiber attenuation
was achievetheforelay downof fibers (Hassan, et al., 2016). Hassan et al. further studied the
effect of air throughput from conventional parallel plate melt blown diland modified
dynatecslot 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 aspisatailized, 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 ashiewerfibers.

The distance betwedheconstrictorsaand aspirators affected the average fiber diameter. When
the distance between the two constrictors was 4 mm apart frazerber it was observethat

the average fiber diameter produced was at maxisdurm and aminimum of 1.5>m, at
maximum aspirator pressure (psi). Increasing the distance betaesinictorand aspirator to

10 mm caused the average fiber diameter of8130 be produced and the smallest fiber of 2

>m at maximum aspirator pressure (psiw#s concludedrom the staly 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 proadiimmfiber denier
(1-10>m) produced (Abouelreesh Hassan, Khan, et al., 2016). The osestfictorsand the

angle of constrictors arekay parameter in ensuring fiber diameter reduction.



The BiaxFiberfilm ® modulated die design, as shown Rigure 2-3 with outset dies
(capillaries above the air knife and die face), achieves better coaganidingaverage fiber

diameter (Mohammad A. Hassan, 2015a; Zhao et al., 2003).
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Figure 23: Schematic of Biax melt blown die (Zhe
Schwarz, & Corporation, 2003).

The outsetlies,and smaller extruder chamber increases the capability to process a range of
polymers with wide melt flow rates ranging from (52500 g/10 min). The flexibility of
utilizing a wide range of melt viscosities provides the potential of reactive mixingferfedit
compatible and neoompatible melt blends. Elastomers such as Hytrel ® and plasticizers such
asPEG canbe reactively blendedlong with other polymers. Natural fibers such as cotton

fiber carded welwere bondedvith bicomponent fibers produced fapplications in diapers



and wet wipegMohammad A. Hassan, 2015b; Kohler et al., 200&8rrow fiber diameter
variation in the melt blown process facilitates the production of a more unmfeaiinblown
fabric (as compared to patcfaprics)and promotes lier 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 pe(f@mb & Costanza,
1979) Understandingand knowledge of the crosectional shape diber can allow the
determination of specific surface area aneftscton the overall packing density and porosity

of a nonwoven fabric as shownhigure2-4.

m Sheat
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Figure2-4: Cross sectional conformations of some of the bi

component fibers (Zhang, 2014).
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The specific surface aréadefinedasEquation2-1 (Durany et al., 2009)

TA Equation2-1

BDAAGZ)EE%K)A&MMWEAO

Wh e r -eshapk factor; | e n g 4thelineagdensity of fiber.

Thehigherdenier of fibers increases the bending stiffness, making yarn and fabric structures
harsh to feel andjiving poor drape ability(Akgun, 2015; Becerir et al., 2016)A dense
nonwoven structure created by havirlgwerdenier of fibers on a rotatirdyum or screen has
higher packing density, which can create micro aado poreswhich are an important
property for filtration, abrasive nonwovens, household cleaning scrubs and other applications
(Larson et al., 1994)lIt is knownthat fiber diameterfjber crimp, and fiber lengttaffectyarn
properties and their bul@iahmoudi, 1991) Similarly, fiber crimp and length contribute to

the overall nonwoven structure and its properties, whichbaitliscussetater. Fiber crimp is
defined as the degree @dviation from linearity of a nonlinear straight fii@gdexander et al.,

1956; BaueiKurz et al, 2000; Rainard et al, 1950)

Filament spinning techniques are limited in their ability to create fine microfibers. Spinning
(extrusion) techniques cde chssifiedinto four types namely melt spinning, wet spinning,
dry spinning,and electrospinninf_undahl et al., 2016; THARPE et al., 201®)ifferent fiber
spinning techniques have their limitations adVantagesand this hadeen well discussed

(Hearleet al., 2001) Specialized fiber shapes can be developed utilizing bicomponent fiber

11



spinning.The bicomponerd pi nni ng of pol ymers coupled witt
pol ymer o can enabl e t h(Bourdeyhenadt al.pP; Taih etaler y f i

2016)

Creation of fine fibers using bicomponent spinning technology requires that the polymers
utilized are immiscibl€Brody, 1985; Gupta & Wilkes, 2003)nce this enables the removal

of one of the components (the so called sacrlfig@ymer) leaving behind finer fibers for
creating high surface area structur€sur r ent l 'y d@di sl and in the se
sacrificial polymers by Toray industries and marketed as Toraysee®. sUper fine
microfibers, in the range of 12 microns, are utilized to create high surface area structures
which are currently utilizedor 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 gooved morphology, since this leads to an increase in the aspect ratio of fibers as shown
in Figure 2-5. Fiber Innovations Technology (FIT) createdhigh surface area by utilizing
bicomponent spinning to createeplygrooved fibers. In another research work, winged fibers
were developed (Yeom & Pourdeyhimi, 2011). The four egepved fibers also known as

the 4DG fiber, whichachieveshigh surface areaylthe 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 engineeringt, was observethat the fibers intedigitize 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 djtaxtuae 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 numbeawhs available as a fiber structure. Depending

on the application and porosity, required 12 to 64 arms coelgproducedn a filament
structure. The cross sectional Scanning Electron Microscope (SEM) image of both the fibers,
shown side by side ifigure 2-5 highlight how morphology and shape facteadsto an

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

(b)

Figure2-5: Fiber shape at magnification scale of 15 microns (a) 4DC
fiber (b) Winged fibe(Yeom & Pourdeyhimi, 2011)

Engineering high surface area fibers using bicomponent spinning creates sacrificial polymer
waste that needs to be disposédr recycled, at an added expense to the productienpsr

fine micro fibers Spinning techniques other than melt spinning |wctvet 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 electrospioairgghe throughput rate and

time required to produce fine fibers tiecrease compared to the melt spinning technique,
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resulting in a significant increase in tlwest of production for electro spun fiber mats.
Additionally, alower molecular weight of polymens required to dissolve them in solvents
beforeelectrospinningThe fibers in electrospinning are often assembieal collector as fiber
mats, without any annealing or drawing of the fibers due to processing limitations. In most
casesthis limits the crystallinity of fibers in the mats and increases the chancelk @frbsion

for biodegradable polymers (K. H. Lee et al., 2003; von Burkersroda et al., BO0¢rosion

can result in the occurrence of defeatslfailure of scaffold structure. Additionallyaefore
usage, the fiber mats must be washed to remove iorgalvents utilized in electrospinning
(Khadka & Haynie, 2012Electrospinning process ensembles nanofiber wbbgprocessing

time required to producaglectro spuriiber mats, and variation in fiber diameter size limits the

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

The Aneedleless technologyo developed by Na
concerningproductivity, flow rate, and surface tension, but often the fiber mats are weak and

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

Figure2-6: Impact of twist on collected nanofibers and surface area
(Baaherzadeh, 2010)
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Approaches have been developed to collect nanofibers directly during the spirogagspr

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

but major problems remaaboutconsistent yarn denier and yarn propertfedditionally, the

potential of the high surface area, which is promised by the@fusanofibers is completely

| ost after twisting. Twi sting creates a rig

demonstrated ifigure2-6 (Bagherzadeh, 2010; Su et al., 2015)

The electrospinning process creates fibers in the range of 150-th 800 A coleficierg e

of variationregardingfiber size causes reduced pore size and porositydapfiberweb
structures limiting diffusion ofutrients and cells (Stephen Alexander Tuin & others, 2015).
TheLargevariation 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/ligamenrbone tissue engineering and reconstruction need to haabilitye

to bear cyclical mechanical stress and loads to allow stem cell lines such as mesenchymal stem
cells (MSCs) to differentiate into specific tissue lineage (Chand 2012). Nanofiber webs

often are weak ancannotbear cyclical mechanical stress.

To overcome these challengelstomeric polymers are often required to achieve better stress
response especially when polymars utilizedas part of textile scaffds, whichare subjected

to cyclical loading for tissue engineering applications. Use of elastomeric polymers in
nanofiber formprovidethe ability to resist low levels of stress, which have been utilized to

mimic natural human tissue for designing bionsadlidevices (Dargaville et al., 2013;
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Yoshimoto et al., 2003). Elastomeric polymer propemiesdefinedy theratio of hard and

soft segments, which comprise an elastomer. A low shore hardness elastomer with lower
molecular weight can be electro spummlt 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 ira number oproductsCorduraE Nat ur a |l kreondsuch exéimple.c s
Smart textiles with electrodes which work on the principle of harvesting energy from human
body movements also utilize the concept of elastomeric fibers (Hassonge 2005).
Polyurethane elastomers and polyester urethane elastomers are utilized to create scaffolds for

a number oboft tissue biomedical applications.

In a study of crystallization kinetics of elastomeric polymers (Begenir, 2008)s 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 thdie occurred in an isothermal way and at a much staate for all the
different types of elastomeric polymers (Begenir, 2008). In her workag foundthat
nonwoven web strength was dependentDie to Collector Distance PCD) and polymer
hardness. Higher crystallization temperature for hard grademlest caused fibers to solidify
beforebeing collected on the belt limiting the ability for fibterfiber bonding which translated

to weaker melt blown web structures. The throughput rate and higher air velocity can
effectively help in reducing the fibdiameter. In another study, th#ferentmolecular weight

of polystyrenewasmelt blown to observe the effect of melt viscosity and elasticity on fiber
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diameter distribution. ltvas concludedhat higher viscosity of polystyrene blends increased
the averge diameter of fibers while no effesis observedn 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 ure egnificant
decrease with regards to tbeefficientof variation for averagdiameter obtaine(lran et al.,
2010). Fiber diameter can influence on air permeability of a nonwoven structure. A mixed fiber
media yielded a higher air permeability becatisefiber 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 honwovens with &&gnented pie and-i&land in the sea bicomponent fabrics

as shown in schematic iigure 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 cetivgth and proliferation as a scaffold.

+4+44 4444+
44444+

444444444

Figure2-7: 7 -island in the sea three layer mixed with fiborous nonwoven v
in the middle(Hollowell 2012)
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The collector belt construction can also affect the flagrdownand 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 vehiiin or a twill weave
construction of the collector belt will reduce the fiber porosity due tbigherpacking density

of fibers (Nassif, 2012; Seyam & 45hiekh, 1994). Further studies on whipping action of
fibers due to change iDie to Collector Distance DCD) and air pressuraffect need tobe
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 thicknes®f a nonwoven fabric dictates properties for a nonwoven fabric. Theldiper
downon a conveyor belt can be increased or decreased depending on the speed of a conveyor
belt for a spun blown and melt blown fabritthe conveyor belt speed is slower thaitk
nonwoven, melt blown mats will be forméethe thicknes®f a nonwoven fabric contributes

to a number oproperties for a nonwoven such as fabric ability to bend, flex, rotate, and its
barrier properties. Hearle et al. in their work on carded nonmsegplored the relationship
between needling density and nonwoven fabrics. Fabric thickness in a carded web is due to
fiber size variation and how fiber bonding hasen achievedBonding nonwoven fabrics
usually reduce the void volume created betweeertagf nonwoven fiber matsrough needle
bonding. Needling density improves carded nonwoven fabric strengtadugdests ability to

flex. Increasing needling density causes fabridegestrength beyond a certain point (Hearle

& Sultan, 1967). Needlsize, shapdyarbsand angle of barbsffectfibersbeing needledSun,
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2014). Meltblown and spun blown fabrics are not crégpped as in the case of carded
nonwoven fabrics but rather form nonwoven fabric mats directly using the polyeiacs
extruded through spinnerets. Melt blown and spun blown fabrics are often utilized in
conjunction to creat8pun blown,Melt blown andSpun blown EMS) barrier fabrics, which

are utilizedfor medical applications, healtbare, 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 (Michigsah, 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 variatioteimperatureeforepoint 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 byarying 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 nonwoverssoften needed toreate gradientof 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 utied, can allow the creation of a fiber gradient, as achieved by
Kimberly-Clark (Singer et al., 2000). Web thickness, width aoid volume of web structure

for melt blown or spun blown fabriege often changeoh an industrial scale by changing the

wea\e density of collector belt and the suction pressure (Eckhardt & Gmbh, 1996). Different
types of belts are produced by FILCONfa&brics and XERIUM ® to produce nonwovens
produce nonwoven fabrics, and i n tissue p &
fiNonwoven Fabrics | Leading technology InRollCovard v anced Dynamic Nip
n.d.). Geosynthetics produced by Low&Bonar called Enka ® solutions have varying web
thickness and fiber density to minimize erosiempankmentandprotection of housirgy(Van

Eekelen, 2015). SMS fabrics and other nonwoven fabrics for technical applicatooken

bondedby hydro entangling which creates texture on the surface of the fabric. The impact
angle and intensity at which water jets push and force the fibrsthe structure causes
topographies to form on the surface of fabrics. The representative volume otfiargess

the fibers entangle with the other layer of fabrics and bonding to create a bonded nonwoven
structure. Barrier fabrics for medical amattions are often hydro entangled. In anotherk,

three dimensional deep molded structures were created utilizing nonwoven web structures (US
7,060,344 B2, 2004). The 3D structure, such showirigure 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 créateeaimensionabtructure.
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Figure 28: Three dimensional nonwoven fabrics with dome projections
(Pourdeyhimi, Little, & University, 2004)

The thicknessf a nonwoven melt blown fabric miatachievediue to fiber arrangement unlike

the SMS fabrics or carded webs. In a melt blown nonwoven fabric, fiber anisotropy defines
properties for the giicture. The thicknessof fabric increases rigidity for structure and
decreases its ability ttake shapeind molds since the penetration of heat does not occur
effectively, causing variation in dome projectiofihie rheological propertiesf polymer
influence the amount of heat required to soften the fibers to achieve laminar movement for
dome projections. Shaped fabriese also neededor acoustic insulation, wipes, heat
insulation, hospital bed foams, and construction of various technical strudtbhesstrength

of shaped structures come from layers of fibers that create thickness. A high DCD along with
high air pressure for a melt blown Bi&xberfilm ® causes fibers to solidifigeforebeing

collected on the collector creating high loft thick nonwoweeb structure tdoe formed
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(US20150211158 A1, 2015). Fiber to fiber bonding is weaker for lofty melt blown structures

and deformation on thegplicationof stress is easier. Bending, curling, buckling, and straining

of the nonwovenfabric causes deformatioin a structure, which will have affect when

nonwovens are being utilized to create yarn structureshFeedimensionafabric structures,

fiber bending and curlings dependent on fiber crimp, fiber arrangement and fiber elasticity

which was firsthighlightedby Backeret 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 fibaébomot

and second of complete freedom of relative fiber motiontlaese wereleveloped and tested

for carded nonwovens (Freeston & Platt, 1965). The bending stiffnesisa Dpnwoveriabric

is definedby Freestorand Platt model ilcquation2-2:

.7 e T e
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Where,

Nf = total number of fibers through the thickness,
E = Young modulus of the fiber

A = crosssectional area of fiber

t = thickness of thé&abric

« (d) = fiber orientat:i
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Equation2-2
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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 notegitace. The tensile modulus, E, of fabric

in direction d = hé#vea effedoRali Is sotnréasi msatdiod (MSat N
1983):
. B E A L Equation2-3
% —s nf AIVO[A
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Where by,

E = tensile modulus

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

Ef = Youngbés modulus of fiber

Af = cross sectionairea of fiber

t = thickness of fabric

nf EEADEAT AEOBDEEOD GBIEIN 1

Based on th&quation2-2 and Equation2-3, 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):

o) Equation 24
$ % —

Equation2-4 was utilized to calculate the bending stiffness of two different nonwoven web
structures with varying thickness. Was foundthat the thicker nonwovens resemble the
continuum plate while fothinner nonwovens, fiber motiaa observean the surface, which

influences bending of nonwovens.was concludedrom the study that thicker nonwoven
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fabrics have dower degree of freedomoncerningfiber motion due to higher fiber to fiber
bonds (SM. 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 fibeto-fiber bonding is weak, fiber motion is relatively easy,ichhcauses the
obtained porosity, and surface area to be comproniigagherzadeh, 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 certitent 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 basisveight of a nonwoven fabris describeds:

" A GERCE C 70" Equation2-5

A nonwoven fabric is classified and marketed based on its basis wiighgelection of basis
weight of a nonwoven is influenced by area of application and deperstsn@parameters,

which dependent on how a nonwoven fabric besn formedHearle and Sultan studied the
effect of needling density on different carded nonwoven fabriegastconaldedthat 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 neegliiather than théasisweight of fabric
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(Kothari & Newton, 1974)The mathematical model was only valid for neqalieched fabrics

and did not discuss the effect of fiber density and basis weight on air permeability of other
fabrics, such as stitch bond&abrics. Dent explored this further and discovered flaws in the
mathematical model presented. He discussed that the resin usemhdiing differenffibers
alsoaffectsthe air permeability and total volume occupied by a honwoven fabric as shown in
Equation2-6 (Dent, 1976) Dent 6 s model expl ained that air
resistance rather than basis weight. The model described hydémeains true for all other

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

fibers.

Equation2-6

Where

n=(1pP 1 152

m = (1-vf) In Ra = a constant
Ra =resistance of air

R = resistance of fiber

vi = volume fraction of fiber

p’ = density of web

The airpermeability of a nonwoven fabric is dependent omptiresityof fabric. It is important

that the fibeito-fiber layer that makes up ti@elid VolumeFraction SVF) of the fabrics does
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not have constrictedores,or it will restrict the permeability of the fabrithe data obtained

by Kothari and Newton for needle punched

it was found that the air permeatyilof needlepunched nonwovens has a linear relationship

to basis weight of fabric, which is shownRigure2-9 (Kothari & Newton, 1974)

100 p
Hab Height

= 190 g/m2
x 285 ™
e 330 *® .

50 =

1/
Figure2-9: Plot of Equation (bfor data on needle punched fabrics air
permeability and web weight as reported by Kothari and Newton from th
experimentgKothari & Newton, 1974)

It was found that the Solid Volume Fractid®\F) 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 structurEherefore the larger fiber diameter would
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translate to having more openustiure and bigger and random pore size which would cause
higher air permeabilityand lower filtration efficiencies (Payen et al., 20IR)rthermore, a
meltblown nonwoven fabric structure Solid Volume Fraction (SVF) is dependent on fiber size
and thicknes, which carbe changedby 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 pelsichence

time in an extrudebeforeextrusion, or due to thielendingof 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 withatian and defects. Biakiberfilm

® can extrude polymers with a wide rangavbélt Flow Rate MFR) ranging from 35 2500

MFR as described in patent (US20150211158 Al, 2015). A low MFR translates to lower
viscosity and lower molecular weight of polymewghich canbe easily processedhile a

higher MFR polymer processing becomes challenging wathallerextruder and singlecrew

and require dongertime to melt and process polymdiee & Han, 200Q) Shots can form
andcloggingof the melt extruder can take place if fmymerhas not completely melted. It

is also important that polymer chains be aligned to allownb#en fiber to solidify and
crystallize. In an experiment to align chains of Linkaw-density Polyethylene ath Low-
density polyethylene, iivas observethat shear thinning of linedaow-densitypolyethylene
caused fibers to become stiffer whitev-densitypolyethylenebecomessofter on extension
(Vlachopoulos & Strutt, 2003)lo reduce the rigidity of the fibe LDPE and LDPE can be

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

blown fabric. Theéhighermodulus of fiber could affect fabric basis weight uniformity.
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Basis weight uniformity for nonwoven fabrics is arpiontant property especially when fabrics

are tobe utilizedin 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 twllector 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 propertigsee & 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 lgaaldes
already occurred and inter fiber to fiber, bonding was loWmee. degree of fiber alignment in

the machine direction was also lower, which wagpositeto polypropylene fabrics studied
previously by Lee and Wadsworfhee & Wadsworth, 1990; Zapletala\et al., 2006)It is

also important to define limitatiorregardingdie to collector distance that cdre effectively
utilized for different grades of elastomers. Higher attenuating pressure for soft grade
elastomergausesincontrolled whipping and flggng of fine fibers in thair causing fibers to

bond with one another resulting in tacky fibers and fabric surfaces due to autogenous fibers
(fiber to fibertackingduring the melt flow causing ropes to form). Autogenous fibers can affect

basis weight uformity of fabrics and its properties.

It is important to achieve basis weight uniformity, which can be measured using image
analysis A number ofstudies have been carried out on image analysis ofwomen fabrics.

Nonwoven fabrics with patterns, ridges affect imaging due to variation in heigimtehsity

28



of light reflected and opacity of fabri¢dmirnasr et al., 2014)lo reduce noise and ration

during image analysis of nonwoven fabrispatial mass uniformitg measuretdy converting

the fabric image intgrayscale image of d*1 pixel, which is then, evaluated using the
guadrant method to observe for fibers in the nonwoven structimee $iber 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 downon different belts and at differeniiedto collector distance (DCD) could cause fibers

to have patterns and clustered regions. Index of dispersiohecareasuretdy determining

the chisquare value and degree of freedom for fibers as showigime2-10 (Amirnasr et

al., 2014; Pourdeyhimi & Kohel, 2002 hisquare value for fabricdoesnot change for
uniform images. The.arge variation in fiber distributionfrom clustered patterns, which
translates, to higherindex 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 forregherdegree of freedom for all the fibers and for fabrics to

have consistent properties.
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Figure2-10: Chi-square vs degree of freedgAmirnasr et al., 2014)

The image analysis algthm developed by Amirnasr at. did nottakeinto account théhree
dimensionahature of thenonwoverfabric. A nonwoven fabric can be molded or collected on
an open belt, which could have an effectfaloric basis weight uniformity analysisr melt
blown and other fabricstructuresespeciallywhen 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 aizeé diameter, thickness and basis weight, would
allow the optimization of structures that could be utilized to engineer multiflament yarn

structures and other fabric structures for specific applications.

2.3. Manufacturing Techniques for Yarn Structures
Modern extrusion systenesure higheproduction rate for yarns and other technical textile
productsand have the flexibility to produce fibers of varying sizes and morphology (Krifa &
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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 materiatseceffiectivelyextruded or
functionalizedvia different extrusion systems (D. Zhang, 2014). Depending on spinneret
design, which can either be a single nozzle or have multiple ndegigns monofilaments,
multifilament and various other types of yarrustures came manufacture(Gillespie et al.,

1996; Miao et al., 1996; Sasse et al., 198t blown and spun blown, nonwoven processes
utilize highpressure air to attenuate and crystallize polymer chains before collecting fibers as
a nonwoven fabristructure, whereas in a filament and multiflament extrusion system as
shown inFigure 2-11, filaments are drawn using heating and tensioning devieésrdb

winding and collecting them as a yarn structure (Radhakrishnan et al., 1997).
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Figure2-11: Schematic showing a bicomponent melt spinning
procesgRadh&rishnan, Kikutani, & Okui, 1997)
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Polymers can béast crystallizing or slow crystallizing which can affect the formation of
polymer chains, which effects the potential draw réitiininni et al., 1982; Penning et al.,
2003). Slow crystallization of polymer chaipsovidesthe required time for polymer chains

to align from the amorphous state and form ¢hestallinestructure as seen irigure 2-12
(Mazeau & Heux2003). 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 anean
inconsistent yarn structure, (or fabric structure) translating to an overall ineffective product

quality.

| (o Amorphous

(A) (B)
Figure 212 Schematic showing arrangement of monomer chains for cottor
fibers in (A). Crystalline form and (BAmorphous StructuréMazeau & Heux,
2003)

Degradation studies of partially oriented yarns (P@yle out of poly lactiecid PLA) was
performed.Variation in moisture and temperature affectiedtensilestrength of over time

(Xiaoqi et al., 2016)Premature degradation of PlcAn be overcome by reducing thddatide
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contentand by improving the crystallization of PLA (Perego et al., 1996). Depending on the
enduseapplication and properties desired,pita 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 affestinsertion and
characteristicof yarn structure. Insertion of twist beyond a certain extent catygiss to

decrease thatrengthof yarn which isdue tot he @A obl idquaintdy feifbfeerctbr

(Holdaway & Robinson, 1965).

Filament yarn structures cée classifiednto differenttypes. 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 blowprocess, therefore polymers within a defined Melt Flow Rate
(MFR) range can only be accommodated. Four different types of filament yarn structures as

shown inFigure2-13 are being discussed (Patil & Dhavale, n.d.; EP0352331 A1, 1990) :

1  Monofilament yarns
i Flat multifilament yarns
1  Texturized multifilament yarns

1 Intermingled/ Cemingled yarns
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Figure 213. Schematic showing (A) Monofilament, (B) Flat
multifilament and (C) Texturized multifilament yarn structure (D)

Interminaled varngSasaki & Tani. 1990)

2.3.1. Monofilament yarns:

Monofilament yarns are produced using high molecular weight polymers. Monofilaments find
their applications in thapparelindustry, automotive industry, health care andumber of

other industrial applications. One of the most importasgsof monofilanents is in the
healthcarandustry for the development of suture materials and toothbrush bristles. Fishing
line or weed eater strings are also made utilizing monofilaments-rééonbable suture
materials foundn 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 polymedResorbable suture materials are

preferred over nomesorbable sutures and are currently being researtbealoid problems

34



related to immature degradation and failure of engineered products dualirgylseich suture
materials are usually created using multifilaments (Dhom et al., 2016). Monofilament yarn
structures with high molecular weights and utlirgh molecular weights ensure in attaining
higher strength for its use in apparel, toerd, and gorts industry where structures are

continuously subjected to strain.

Nylon and high molecular weight PolyethylendHMWPE) find uses in theonstructionof

tire cords, tennis and squash racquets and toothbrush bristles due to higher modulus, higher
abrasion and fibrillation resistand@®oesten et al., 2017; Zulifqar et al., 2017). It is difficult to
process high molecular weightlymersthrough a melt blown spinneret due to the high shear
rate in the spinning process and resistance between the polyhaiits to flow. Higher
attenuation carcreate dieswelling 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 & Lemstr#)79) but spinning speeds for gel
spinning are much slower as compared to melt spinning sy8tematively, monofilaments

with higher tex fibers (diameter >100 microasg producedsing theslit film fiber processing

( Zhang, 2014, p. 201).

The use btextiles structures foa number otechnical applications require the use of fine,
Ami cro deniero fil ament sstructweda fugciionaézation. A i gher
micro denier yarms described as a yarn that has a linear density of lasd tiramper 9000

meters. Polymers can be drawn and annealed to create ultrafine microfilaniehtsnf) and
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micro denier fibers (Tan et al., 2010). Bicomponent spinnaretequired to create fine denier
filament below 0.08).5 denier (Takajima, 19940ne of the first ultrdine filaments created

using bicomponent spinning technique was by Unitika Co. witld(3lenierange but Asahi
Chemical Industries were able to optimize the process and create polyester filaments in the
0.1-0.3 denier rangdgy controlling the melt parameters. Various patents describing spinneret
designs are utilized to create fine deffi@ments(Aranda et al., 2010; Gillespie et al., 1996)

The winding speeds for monofilaments are around 100 to 500 meter$inio. denier
monofilaments have much lowesinding speeds of up to 50 meters/min due to lower tensile
strength which increases the cost of production for micro denier monofilamerstiyarures

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

2.3.2. Flat multiflament yarns:

During the filament extrusion process, if the spinneret has muiiigeentsextruding holes/

orifice thenmultiple strands of monofilaments are formed. Multiple filaments are combined to
obtain a Afl at o muThe dpih pek camhave spinyeeets havirg tsimilarc t u r €
cross sectional die shape, or a combination of cross sectional die shapes to obtain multifilament
morphologies as shown iRigure 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., .ZD4.6)

achieve higher strength and luster, flat multiflament ywimacturesare ofterutilized. Waxes

oils,| ubr i cantfian dardappiedo rextrided multiflaments to reduce friction,

static between filaments and in certain casentow strength and other functional properties
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to multifilament yarn structures (Postman, 1880he packing density for lubricated
multiflaments 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 dflat multiflaments be washed off before its use especially forvo

biomedical applications to avoid immune response.

Figure2-14: Spinneret pack with varying cross sectional die
shape (Rebouillat et al. 2006).

Loose filaments can vary the drawing and annealing of other filaments, which are part of the
multifilament structure, affecting thaverallconsistency of a yarn structure and its properties.
Consistent drawing for flat multifilament yarn structuessures/arns 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
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important that the yarns haeonsistenfiat or bulky structureso avoid frequent snagging and
machine stoppages. Flat multifilament can be packed using intermingling jets. Loose filaments
can latch or hitch toeedlesand headless durirgitting and weaving process causing snags

for textile structures(Bonigk, 1996). Other techniques such asmgngling, wrapping or
cabling can also be performed to avoid snagging and (Lehmann & Herzberg, 2016). Sizing or
finishing processeare utilizedfor flat multifilament yarns to ensure cost&ncybeforeits 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 canubdized to create texturized yarn
structures. Texturizing processes cause multifilamenentangleand create bulkTextile
structures developed using texturized yarn structures compared to other filament yarn
structures have higher bulk, softnefeel and better heat insulation properties, enhancing
overall physiological properties provided by an apparel product (Hearle et al., 2001).
Texturizing of multiflament yarn structures can be achieved utilizing various processing
techniquesHeberlein fist introduced the true twisting techniguel932, which started with

the twisting of fully drawn multifilaments, which were then wowmdobobbins and thermally
fixed. Bobbins were later untwisted agual numbef turns and this resulted in a yarn
structure with increased bulk, texture and strefidiie slowbatch process in comparison to
modern technologies utilized for industrial production is not a viable option (Zhu, 2016). False

twisting technologywherebytwisting and untwisting of filament struges 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 whictare currently utilizedare thermosnechanical texturing
technique, mechanical texturing techniques; mechanical texturing;coniponent filament
texturing process, each of these texturizing technigaesreate different yarn structure with
varying structuralproperties (Hearle et al., 2001; Muthusami et 2010; Schwartz et al.,
1990). Texturizing of synthetic yarns has allowed tise of these yarn structures in the
manufacturingf knits, carpet, curtains and furnishing fabrics. The use of these techhagpues
also replaced natural fibers usage to a laxgent (Hearle, Hollick, and Wilson 2001a). For
brevity, texturizing processes utilized in this research vemekbriefly describedTo gain a
betterunderstandingf different texturizing processes and its science, literature by Hearle can

beconsulted earle 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
filamens allows for thermoplastic deformation, where the deformation is set into filaments
permanently on coolindAtkinson, 2012; Hearle et al., 2001Before delving into an
understandingf false twisting, it is important to understand twist and the eleméats t
constitute twistingH.J. Woods was the first to share a precise definition explaining twist as:

AA string is twisted than the | ines on the

39



seeninFigure2-15( a) def orm or (traver ses)Figaradl5 make ¢

(b),andte amount of twist generated is a functic

N ——
]
[~
[~
T
_— —
P .";___
[ b
F‘l
e ‘\‘
I '
= -:J e e 4
@) : (b)

Figure2-15: Showing a generator and corresponding transverses of a stt
string (a) when untwisted and (b) twisted s{@#oods, 1933)

The visual definition shared iRigure 2-15 for a can be written mathematically Bguation

2-7:

4 ATAO Equation2-7

Where T = twist, ds = distance from the orig

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

= 0 and s=Il agquation2-8:
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. . Equation2-8
n 48A O 1Z

The total number of twist considers all fibers in the stringparallel 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 fibeas the center of the stringde defined the angle
between fibers and the axis of the fibers in a relationship, which considers tortuosity and

rotations or twists along theakis for a string as defined Equation2-9 (Woods, 1933):

O ACl Equation2-9
4 —
2
Where T = twist, tan y = ang@l eOcide ANEE@N sur f a

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. Thereforethe physical effect of tortuosity that occurs with leawist experienceds
different as compared to filament twisting. The continuous length of filament cause filaments
to resists twist and thus thisting element utilized needs to generate enough torque to allow
filaments to rotate. Two techniques comnryoutilized 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
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higher productiity since it canimpart agreatemumber oftwist. Draw off speeds of 10 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 .o&aqyeneral
schematic of false twisting shownin Figure 2-16 (Atkinson, 2012; Eskin, 2003; J. W. S.

Hearle et al., 2001).

Output ?

|
(Delivery mechanism)
rollers Air

Yam Cooling plate Heater
° [ a e
T Feed rollers
Air
Figure2-16: Schematic of a false twist texturizing mechan(&skin, 2003)

It is inevitable that there will be some twist slippage for filament yarns during the false twisting
mechanism. Thereford,is importantthat twist slippag®e consistent throughout the process

to ensure texturized filament yarn structures with consistency (R. L. Smith et al., 1972).
Filament denier androsssectionalarea of fiber have a direct effect on the amount of twist
that can beriserted 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 turmastag directly
proportional to the denier of yarn. The retractive force (resistance) for a bundle of

multifilament yarn is dependent on thmdulusof flaments denier (R. L. Smith et al., 1972).
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& # %A Equation2-10

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, whiabvigles 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 wrappedngsiribbons,flament 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 yars. The bulk created usitige falsgwisting 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. Thair jettexturizing works on the principle of mechanieaktanglement,

and thus thermoplastic behavior is not required. It is impottaitfilaments have enough
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overfedlength to ensure filaments inside the air jet assembly can form loops. Acar performed
a series of experiments teetterunderstand the working principle of air jet design and its
structure (Acar et al., 1986b, 1986a, 1888car & Wray, 1986a, 1986b; Bilgin et al., 1996).

Air texturizing jets have beetdevelopedoy Du Pont, Murata and Heberlein over tears;
todayHeberleindominates the air jet market. Heberlein today markets three specific series of
jets as per the engse applicationAll jets are made out of ceramics to reduce heat generation
due to friction and to prolong thiée of air texturizing jets as shownkigure2-17( i He ma J e t

LBO4-Heberl ein, 0 n.d.).

>
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Figure2-17. Hemajet ceramic series A and Series T jet for compact i

at high texturing speedsi He miBMMeHe ber | ei n, 0 n

2.3.4. Intermingled/ Comingled yarns:
The working principle for an intermingling{ 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
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allows in creéing nips (consolidation of fibers) and open structubesk(structure) as shown
in Figure 2-18. Intermingledyarn stabilityand uniformity charactaee an interlaced yarn

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

Multifilament yarn

—a— Compressed air

Intermingled yamn

Figure2-18: Schematic of principles involved in
intermingling/comingling of false twisted multifilament yarn strucutre
(Alagirusamy & Ogad, 2005)

Interlacing density is the measure of nips and open spaces formed in a yarn structure as shown
in Figure 2-19. The consistencyof interlacing density depends on two aspects. Firstly, the
incoming flow of multifilament yarns that pass through the intermingling jetsasdndair

pressure of interlacing jet. Variation in air pressure due to multiflament yarn diamatesca

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

formed decreases fotagherdenier. Variation in interlacing density creates inconsistent yarn
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guality whichis usually measuredly determining thelensityof nips and open structure for a

yarn structure (US7353575 B2, 2008).

Figure2-19: Interlacing yarn with consistent density of nips and open filame
structure(Buchmiiller, 2008)

Studies have been carried out to understand the effect of changargsbsectionakhape of
chamber radius (R) on air vortices and its movement. Circular, triangular, elliptical and square
crosssectionakhapes were studiédgure2-20 (B). The Airflow simulation studies shown in
Figure2-20 (C) confirmed that the turbeht vortices did not form for elliptical E2 circular and

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

Rt} (481

Figure2-20: 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/cemingled yan structurgChau & Liao, 2008; Hua & Jin, 2012)

The stability of an intermingled yaralso affectshe bulk consistency ofarn Bulk for a
multifilament yarn structure can be defineds , it h eyarratd haveithenpticeakfly
greater apparent Wwme or greater covering poweinterlaced yarnsare utilizedin the
development of composite structures and other technical applications (Ramasamy
Alagirusamy & Ogale, 2004). The use of intermingled yarns for tisageneering composites

and structureshas not previouslypeen 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 strutures and scaffolds are utilized a daily basig thehealthcarendustry

by patients, as well as medical profession8igtgical gowns, drapes, towels, bed sheets,
certain wound dressing materials, compression garments, incontinence diapers, disposable
diagnostic tools, tissuengineering 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, 2009 distinction between
Amedi cal textilesd and Abio textilesodo is tha
andare designedor specific use in the biological environment as a medical device for the
prevention, diagnosis, or treatmentofinjury or disease. The successful performance of these
devices in improving the health and wellness of the patient depends on both its

biocompatibility andbiostability with cells and biological fluids (King, 1991). Compression
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garments and other tebdistructures 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 ainaealth
hygiene industry ofteractsas an interface between biological structure and human skin
(Dieffenderfer et al., 2015; Mahgerefteh et al., 1995; Misra et al., 20Essification of such
products as amedical textile device or as a bio textile device complicating for its
classification, regulations and its testing. The example of using stretch films for delivering
insulin and other drughaterialsand incontinence diapers for adults with sensors for moisture
management are some of the complicatingnedas (Bluteau & Bluteau, 2001; Di et al.,
2015). The FDA has classified medical device products into three different classes. It is
important to be familiawith this classificationbefore developing medical devices with
different classes of products aitsl regulations, which are often updated by FDA for medical
devices. Medical devices categorized in class Il and class Il utilize polymers that are

biocompatible and biostable to ensure cellular growth.

Textile scaffold architecture camfluenceits medanical performance such as tensile strength,
elongation, hysteresis, amijidity which influences tissues architecturehabilitation,and
regeneration process (Wintermantel et al., 1996). Fibers utilized to manufacture a yarn will
influence porosity ofa yarn structure and define porosity for a texsitmffold. 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, 201&ephen 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 re@\edor 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 surédidbe fiber mat. Reduced nutrient flow for
electrospun fiber mats due to constricted pores caused apoptosis (cellular(8tathgn
Alexander Tuin & others, 2015Yhe work demonstrated that higher surface area does not
ensure cellular growth and pr@ration 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 ad porosity for electrospun fiber ah scaffolds.It is important that scaffold
architecture can orchestrate characteristics important to cellular and tissue construct
throughout the regeneration process. A scaffold shibaleéd characteristics as mentioried
Figure2-21. It is important to increase the cellutbnsity,but more importantly, cells need to

be functional to orchestrate restoration ofuesfunction and rehabilitation for tipatient
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Figure2-21: Requirements for a tisssemngineering scaffold for
regeneratiorfHe, 2011; Levin, 2013)

The advantage of utilizing textilstructuresthat are threelimensional (3D) over two
dimensional (2D) scaffold architectusdts ability to modulate properties for a scaffold design

and provide mechanical performance, whishoften limited for 2D scaffolds. Tissue
engineering otendonbonejuncion (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 cortsuctions 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 fdarevity, we will focus specifically towardsotator cuf tendon tissue

engineering
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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 sipaurider
every year (Colvin et al., 2012). Surgical approaches utilized previously focused on suturing
rotator cuff tendons using different braided sutures rmedhlike structure to provide the
required mechanical support (T. Zhang et al., 2017). Meshesatuurcture 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 utilizethe study. Massive rotator cuff tears require the
useof higher surface area scaffold designs, which can ensure rehabilitation, and regeneration
of rotator cuff tendons. GraftJacket Allograft, which if@ezedried 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 cuffinjuries (Bond et al., 2008). Immune responsé rejection is quite common for
allografts. Storage and preservation of allografts require special care to presawiature

structure

Tendons are composed of-88 % collagen type | while collagen Il and elastin are also
present (Kannus, 2000; Rwoauff et al., 2017). The higher concentration of collagen allows
for tenoblasts and tenocytes to form. Failure to form dense collagenousciégsigad to
disorganization of collagen, collagen fibrdtrophy; collagenfibril crimp can cause

degenerativéendons along with catabolic mediators to cause inflammation which is one of the
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major reasondor retears to occur (Rothrauff et al., 2017). During regenergiroeess
anisotropy of collagen and its production is affected by the scaffold architectudenken
require collagen fibrils to be aligned and form dense connective tissue, which can be achieved
using scaffold structures that are stiffer. Woven scaffolele created using Electrochemically
Aligned Collagen Threads (ELAC) to mimic native tendon nae@atal properties and achieve

80 % porosity to ensure Mesenchymal stem cells (MSCs) seeded on woven scaffolds can
undergo tenogenic differentiation without the use of growth fagdosinesi et al., 2014)
Histological and electron microscopy showed tludiagen fibers on surface of woven scaffold
were densely packed and formetahding pattern while collagen network deposited in pore
space were loosely packed and lackdzhdd. Collagen, tenomodulin, and COMP were up
regulated for ELAC threads while mdom threads showed upregulation of osteocalcin
(Younesi et al., 20140ne 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 couldhave 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 dong with PLA(PolyLactic 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 dénaitet al.,

2017. The use of electrospun scaffolds have major limitation concerning production on a

commercial scale and increase the cost of scaffold d€simpzana et al., 2008Alternative
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methods to fabricate yarn strucutres need to be developed which would aossséle

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 scaffoldsthe 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 wags$ 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 toengineer bulky yarn structures utilizing nonwoven fabrics 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 hdaigvof 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 bstablishedInitial 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 shkibbons 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 realswies. trials for twisting

of different meltblown, needlepunched nonwoven fabrics showed that consolidation of
ribbons on twisting was dependent on fabric structure, fabric properties atehgiening of
ribbons. Based on these initial trials the use of an aspirator gun tolidatesaifferent

nonwoven ribbons into a fAyarn structureodo is
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3.2. Materials and Methods:

Two nonwoven fabric structuregere identifiedas suitable for the initial twisting trials | and

Il. The first was @ommerciaheedlepunched nonwoven fabric, which was resondedpre-

slit and woundontoa 12.7 mm (0.%5ncheg spool shown inKigure 31 (A)). For the second
structure, Polypropylene MF650W, with a melt flow rate of 500 g/10 min, processeBan a
millimeter Biax Melt Extruder die to obtainEs-inchnonwoven fabric was used. Acelli Windy

® Winder with shear cutters was utilized to slit the pobpylene parent roll of nonwoven into
smaller width ribbons (38.1 mm / liricheg as shown inKigure 31 (B) and (C)). The Windy

® Winder at the Nonwoven Institu@WI) 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 sheaslitting. 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 asurfacedriven desigrthat enables the slit nonwewfabric to be

satisfactorily wounanto spools.

2 Loh
Figure 31: A) Needlepunched 0.5 inch nonwoven ribbon, (B) Shear cutters

inch separated, (C) Acelurface winder (windy)® utilized to wind, slit

nonwoven ribbons at the nonwoven institute (NWI)
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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.; AWindy, o n.d.). Slit ri thdusingsrustvgcore) f ur t
slitters present on the lamination line in NWI lab for trial 1ll.The slitted melt blown
polypropyleneribbons,and needlgunched polypropylene ribbons were both processed on a
meadow ring twister and filament processing equipmeiaichieve a twisted ribbon form as

shownFigure3-2( i Meadows Ring Twister, o n.d.).

Figure 32: Meadow ring twisterwtih changeabl e rings

yarn spinning lab.

The resirbonded needipunched nonwoven ribbons tended to untwist since the ribbon
structurewasrigid (Figure 33 (A)). Needling of fibers limited the chance for fiber bonding to
be reduced during processing and hence the ribbons beharvigd gdates which resisted
twisting to form a consolidated ribbon form. A heavier traveler was utilizednisolidate the
needlepunched ribbonThe Melt blown and needle punched nonwoven ribbons twisted and

packed in a weltefined twisted form with thick and thin places as showFRigure 33.
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Variation in thickness were more evident for nequllached ribbons as compared to melt

blown nonwoven ribbons.

Figure 33: Twisted polypropylene ribbons with thick and thin places (A)
Needlepunched resitbonded ribbon, (B). Melt blown ribbon.

During the twisting of nonwoven ribbons,wias observedhat the variation in basis weight

and ribbon thickness were exaggerated and causdditedform 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 ribbotis 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 inseidn, it was observedhat 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
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and enat#d the ribbons to be consolidated as a twisted bundle. As shdviguire 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 gnidlesincreased.

Figure 34: Large balloon size for nonwoven melt blown ribbon.

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 wainttwide, ballmn height varied
causing variation in tension and variation in twisted loops as tension varied surrounding the
guideeye. To achieve a smaller balloon size,s important to consolidate the nonwoven
ribbons utilizing heavier travelers (Barr, 1958). Heaviraveler utilized in twisting of
nonwoven ribbons are shownkigure 35. Heavier traveler minimize tension variation, and

in particular excessive ballooning.
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Figure 35: Traveler utilized for twisting 1.5 inch meltblown

nonwoven ribbon at the Coll eg

Since further slitting using the shear slitters was not possible for nonwoven ribbompatrthis

the possibility of drawing ribbons on draw frarheforeutilizing ring spinning framewvas
consideredAs shown inFigure 36 the draw roller on the draw frame sheared the nhonwoven
ribbons while aligning and consolidating the fibers. The shearing of ribbons caused thick and
thin places, which increased the amounnafks variation and creatediatorted/noruniform

yarn construction and thus, ttapproactwas not considereas a viable option.

Figure 36: Melt blown Nonwoven ribbon shearing during drawing process
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The twised ribbon form obtained after twisting on a Meadow ring twistere utilizedto
determine whether the consolidated, false twisted form csuiidequently be utilized to
engineetbulky yarn structures in trial | and trial Il. For experimental trial Illptaonwoven

fabric structures were identified. The first one was elastomeric fabric, Fbgg8 (HY) with

a melt flow rate of 18 g/10 min, and the other was aalastomeric fabric, made from Isotactic
Polypropylene (PP) with a melt flow rate 500 g / 1i.nBoth the melt blown fabricaere
processed on a 38tillimeter Biax melt extruder die to obtain a-itich 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 inchi 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). (3®.1 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 inchi 1.5 inch) slit meltblown nonwoven ribbons were themthfer 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
incheg and (25.4 mm / 1 inch). Slitinnonwovens 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 motiis 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 hzasl ua

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 showigure 37.

R Dual Bowed Roller

: Bow
Sy dOricntation
: Slippage - .

Ends break ﬂ

loose, run in, Position of
Possible wrinkle

Traction - / !

Right Angle Entry

optional pivot

Figure 37: Bow roller and bow orientation effect on slit ribbon windin
(Roisum 200

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 &
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Roisum, 2008; Roisum, 2003). It was therefore important to keep thebhghe as small as
possible for low basis weight nonwoven fabric structures. Since meltblown fabrics utilized for
trial 11l and IV were, low basis weight, 25 gsm fabrics, these could remain intact in certain
places even after slitting. To avoid this sitaatthe slit ribbons were separated using metallic
wires as shown ifrigure 38 (A) which were placed right after slitting and this ensured the
separation of slit ribkins from one another prior to being guided by winding rollers onto spools

as shown irrigure 38 (B).

Figure 38: (A). Slitting and sparation of melt blown nonwoven
using crush (score) slitters along with metallic wire, (B) Winding ¢

nonwoven fabric using dual beams to avoid overlapping of ribbor

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 shokiguire 38 (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 fortstibbons is a major problem
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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 spooM/inding 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 1, the nonwoven twisted ribbomgere drawrby utilizing godetrollers.A draw ratio of

2:1 was utilizedwith godet temperature of 60°C. Neeglenched 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 coatirggriged which caused ribbons to

untwist as shown ifrigure 39.

Figure 39: Winding of twistedneedlepunchechonwoven 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 showrfFigure 3-10 (A). The resin, which has been
utilized to coat the needlgunched 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.

b O iy ¢ ) ‘ S v Ve g
.._d ’ ;'4 % .. By iy & 4 : e / \‘\_;‘.’r g |

Figure3-10: (A) Needlepunched ribbons with high and low density of

fibers due to needling, (B) Melt blown ribbon failure due to fiber

hreakaane.

Discussion:

Since the needipunched nonwoven fabric was rigid digeresin bonding and restricted the
fiber-to-fiber movement, thereforaost 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 prodegsof 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
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width. Theh gher twi st occurs in Athinner regionso
ribbon. Variation in thedensityof web contributes to theonsolidationof ribbon and its

packing, causing thick and thin places, which it is believed, resultaeakae ofthe ribbons

during drawing and collectiorfrial | demonstrated why needpinched fabrics would not

retain twist on subsequent processing such as a filament winding mathisdrial also

highlighted how fabric uniformity, plays an important raiethe consolidation of nonwoven

ribbons to create bulky yarn structures.

(B). Trial Il:

To overcome the issue of variation in false twist insertion for nonwoven ribbons due to tension
variation surrounding the guide eye. A false twisting mechawiasmeededhat would ensure
consolidation of nonwoven ribbon into a roughly circular cross section while ensuring
variation in tension can be reducebo achieve this taska false twisting device was
constructed based on the concept of a pin twisting mesinaior nonwoven ribbons (Zhang,
2014).The pintwisting mechanisnwas achievedby utilizing a 1.5 feet long aluminum pipe

with an outer diameter (OD) of 1 inch andianerdiameter (ID) slightly larger than3ainch

as shown irFigure 311 ( A Mc M&Lxatrer, 0 n. d. ) .wasAlrilledthroughmbe s cr e w
pipe. Two ball bearinga/ere utilizedwhich were affixedto the metallicframe. The metallic

pipe was affixedto theframe by inserting it through the ball bearing hubsis ensured in
achieving rotation of the metallic pipe onK.Direct Current (D.C) stepper, thmotor was
connected to thaluminum pipe using a timing belt and a regulator, to control the number of

revolutions per minute.
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Figure 311: CAD drawing for aluminum pipe utilized in constructic

of false twister (Macmaster®Carr).

For trial I, 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 nonwdlenrias shown in

Figure 312 (A). The pin twisting mechanism applies a normal force on the nonwoven ribbon.
Since the nonwoven ribbon surface area is greater comioayaih,the increasing revolutions
causemore 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 inease. 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 showfigure 312 (B).
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Figure 312 Pin twister constructed along with stepper motor to twist m

blown nonwoven ribbons.

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 thienewth twist
contraction phenomenon (Hearle, 1986%reasing thread line tensi@affected the unwinding

of ribbons from unwindeit was important to control the number of turns introduced using the
pin twister to reduce uncontrolled shearing of the melt blown ribbef@econsolidation of
ribbons was achievedthrough pin twisting. Shearing of melt blown ribbondefore
consolidation increase variation regarding fiber density. An industrial hair da®iplaced

after the pin twistebeforewinding the false twisted ribbons. Melt blown fabrics have variation

in basis weightand this is especially true for low basis weight fabrics, such as shdviguire
3-13(A). The twist propagated into areas where ribbons have lower fiber densitg, whi
minimal twist propagated into areas of ribbon where fiber density was minimal. Fiber density
dictated twist variation as shown KFigure 313(B). The areas in theébbon where fibers

consolidated into dense regions due to higher twist propagation fused on passing above the
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convection heat from tHaow dryer.While areas with higher density of fibers and lower twist
propagation formed a bulky structu@onsolidatim 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 showkigure 313 (B).

Figure 313: Melt blown nonwoven fabric 30 GSM, (A) Melt blown
nonwoven ribbon with low and high fiber density patches, (B) Fuse

fibers and bulk of nonwoven ribbon

Discussion:

Trial Il showed that préensioning 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 ribl®poan 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 bulka yarn structure. To further understand the impact of twist
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and pretension, melt blown nonwoven ribbons with different widths and polymer were tested

in the next trial.

(C). Trial lI:

Referring backo the workby Hearleet al, rubber ribbons whetwisted showed that twist

angle and twist insertion was consistent throughout the length of rubber ribbons as shown in
Figure3-14(a) (Hearle & Bosel966). Unlike twisted rubber ribbons, for nonwovérbons,

it was observed that low twist level under kension (slack) conditions caused inconsistent
twist insertion. While when the same nonwoven ribbon form was twisted by keeping it under
tension (preensioned) state, it caused nonwoven ribbon to achieve higher consolidation as
shown inFigure 314 (b). It wasobservedhat pretensioning causes variation in twilssertion

for same nonwoven ribbon form. A ptensioned 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 formkigure 314 (b).
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Figure 314 a) Twisted ribbon shown with consistent angle of twist.
Higher twist insertion possible in nonwoven fabric due to misiaed

fibers while ribbons are in its slack stéttearle and Bose 1966)

To further, validate observation regarding variation in twist insertion for slack and pre
tensioned nonwoven ribbon form. Threefeliént nonwoven ribbon widths of (12.7 mm /0.5
inch), (19.05 mm / 0.7%cheg and (25.4 mm / 1 inch) were slit for two melt blown fabrics,
Elastomeric, Hytrel (HY) and NeRlastomeric, Polypropylene (PP) fabrics. All thrdgbon

widths with a length 09 inches were utilized on a twist tester as showfigare 315to test

under slack and preensioned state.
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Figure 315 Schematiof a twist tester to twist nonwoven ribbons in
slack (S) and préensioned (T) form.

To test the ribbons for slack condition, ribbon were placed witinaHLslack by reducing the
distance between rotating jaw and the zmark pointer to 8 inches, ensuring condition with

no pretension (slack) can be achievetlvhile for the preaensiond condition, thadistance
between the two jaws was kept around 9 inches ensuring proper grip for nonwoven ribbons, to
achieve preaension condition. Nowlastomeric (PP) and elastomeric (HY) nibdtwnribbons

were twistedon the twist tester by placingehibbon in slack and pitensioned formBefore

testing different widths of each of these ribbons, edges were marked Slitirgieto enable

easier observation of twist insertion. The consolidated twisted ribbon form obtained for each
of the three widths under slack and-peasioned state for both melt blown, Elastomeric (HY)

and NonElastomeric (PP), Nonwoven fabriase shownn Figure 316 andFigure 318.
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Figure 316: Non-elastomeric, Polypropylene (PPeblown nonwoven

ribbons twisted in its slack (S) and Remsioned (T) form.

The Nonelastomeric (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
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(25.4 mm / 1 inch) (PP) ribbons when in its slack (S) form shoviagure 316 clearly show

that twist consolidated in certain parts of ribbons. This was also observed for other two widths
of nonwoven ribbon form in its slack form. Th@R) ribbons edges under thefeasioned

(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
(2.7 mm / 0.5 inch)19.05 mm / 0.75nche9 ribbons, kinked due to higher twist insertion
causing twisted ribbon form to deviate from its normal position. Kinking of (PP) ribbons under
pretensioned condition showed that fpemsioning of ribbons did not cause bonding between
fibers and filamentpresent in the nonwoven ribbons to change, thus inherent variation in fiber
density for melt blown nonwoven ribbons was not compromised ottepstoning. The
consistent propagation of twist for ribbons on -fgesioning was due to twist being
proportionalto the relative motion of the ribbon ends, which were clipped between the twist
twister jaws. Thus twist kinematics for prensioned ribbons show that each turn of helix is
due to rotation about the axis of ribbon rather than twist tester which isrgiondbservations
mentioned by H.J Woods in his work on twist kinematics for strif¢sods, 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 stringfsvin 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 ribb
be inconsistent. Consistemvist propagation for préensioned ribbons highlighted that
consolidation of ribbons was rather occurring effectively as compared to slack condition when

ribbons were being twisted. Variation in % width contraction fostpnsioned (T) nonwoven
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(PP) formwas lower as compared to % width contraction for slack (S) melt blown nonwoven

(PP) ribbons as shown kigure 317.

Pre-tensioned (T) or Slack (S) B127/05inch
5 T I 10.05/0.75inch
[ 254 /1 inch
250063
249866
249669
S 187350
Q
187219
S 186957
T 186878
=
e 124044
123850
123654 | ‘
1236.14

1516 17 1920 24 26 30 15 16 17 19 20 24 26 30
Number of turns per 9 inches

Figure 317: Percent width consolidation measured for three different ribbc

widths of polypropylene (PP) fabric.

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 (préensioned) condition as compared to (slack) form. Sincel#stomeric ribbons

have higher torque compared to relastomeric (PP) ribbon form, therefore kinking of ribbons
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was not observed for elastomeric ribbon forms. The meltblown nonwoven, Elastomeric (HY)
ribbon consolidated forms for different widths are endlack (S) and prensioned (T)

condition are shown iRigure3-18.

(12.7 mm/ (19. 059 Omm)6 h (25. 4i o)

S T S T S T

Figure 318: Elastomeri¢ hytrel(HY) melt blown nonwoven ribbons twistec
in its slack (S) and P+ensioned (T) form.

Elastomeric ribbons were soft to feel and flexed easily as compared-&astomeric (PP)

ribbons forms. Bending rigidity for elastomeric and +edastomeric ribbons were not
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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 sed@stomeric ribbons cause ribizoto 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 ie-tensioned and slack condition in
Figure 319. It was observed that the percentage contraction achieved for elastomeric (HY)

ribbons during preéensioned (T) state was consistent for all the ribbon widths.

Pre-tensioned (T) or Slack (5) Width of ribbon {mm/ inch)

* L B 127/05inch
B 19.05/0.75inch
203685 W54/ 1inch

253626
253016
7
1900.80
1900.26
189713
1894 50
126528
[
1
1

n
]
o
~
[¥=]

% Width contractio

263.10
26213
260.16

A A oy g g e, e e, e s e R

Number of turns per 9 inches

Figure 319 Percent width consolidation measured for three

different ribbon widths of, Hytrel (HY) fabric.
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Elastomeric (HY) ribbons, ompretensioning (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 eens®ning
irrespectiveof fabric being elastomeric or naslastomeric. Twist insertion was more Sso
dependent on ribbon widtf.he percent width contraction for all the gemsioned ribbon

widthsareprovided inTable3-1.

Table3-1: Ribbons twisting in Préensioned (T) condition

1 105 0.6 1265.28
2 E 19.05 95 0.8 1900.80
3 E 254 90 0.8 2536.85
4 NE 12.7 24 4 1238.5
5 NE 19.05 19 6 1873.5
6 NE 254 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 254 19 10.5 2498.6

Since elastomeric filaments and fibean elongate on applyingension, thereforegligned
fibers on consolidation resist twist insertion beyond an optimum level. Elastomeric (HY)
ribbons as compared tmn-elastomeric (PP) ribbon fornemsureuniform consolidation(PP)

ribbons percent width contraction compartively varies in itst@nsioned (T) state due to

95



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 obtaing@dbite 3-1 andFigure

3-20. whereby all six ribbons while ptensioned are compared, shows thatcesolidated
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 ribbas donsolidated any further twist for Non
elastomeric (PP), ribbon form only causes wrapping surrounding ribbons as shenyare

3-20.

T ——

' AU SRR
5| ; T | Qi

|
{
3
i
|
i
\
\
\
\
|
|
!
i'_
'
!

B
Figure 320: Nonwoven ribboa from left to right (12.7 mnd/5 inch), (19.05
mnV0.75 inch) and (25.4 mrfinch). A) Twist insertion for neelastomeric

(PP ribbons (B) Twisinsertion for elastomeric, (H¥)bbons.
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To test iffibers and filaments, which were twisted in this trial as consolidated ribbon form, can

be drawnanindustrial hair dryewas utilized The temperature achieved using industrial hair

dryer was seto the glass transition (Tg) temperature for both the pehlgmwhich 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 bul ky Ayar n st rdragvh and ealigned flah e cCo
mul tifilament ribbon passing through inter mi
during this trial is shown iRigure 321: (A). Consolidated ribbon form, (B). Flat multifilament

ri bbon after drawing FKglrg32L|l ntermingled bul ky

Figure 321: (A). Consolidated ribbon form, (B). Flat multifilament ribbon afte

drawing (C). Il ntermingled bul ky Ay

Discussion:

Pretensioning of elastomeric and netastomeric ribbons ensures more uniform twist

insertion since the ribbortend totwist and consolidate uniformly rather than a wrapped form,
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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 tdystkwow 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 auigable mechanism to slit meltblown nonwoven
fabrics into narrow width ribbons of (12.7 mm / 0.5 inch), (19.05 mm / dattes without
overlapping for slit ribbons has been achieved by using dual winding rollers along with
metallic wire to separate shifl 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 preensioning 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 achisee
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

multifilamentsasshownin Figure 322 (Li, Wei, Zhang, & Chen, 2014).
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Section A-A

1] 0 40 ren

Figure 322 Schematic of a yarn aspirator gun (Li et al. 2014)

An aspiratorgun 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 tWwistagpirator

guns are typically wtilized for At hreading
machines. This work utilizes nonwoven ribbons, which Hzeen developedn a Biax melt

blown line, which typically yields fibers betweeri BO um. Based on initial trial results and
observations a novel false twisting and drawing system is proposed for future experiments and

is represented schematicallyRigure 323.
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Figure 323: Schematic of a false twisting and drawing process for nonwov

ribbons to create yarn structures

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 fibetto-fiber bonds ensuring drawing of the false twisted nonwoven ribbon
structure can take place. Filaments from nonwoven ribbon fibers pack @ogetbbonds
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 wilh the 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
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performed to understand effs of different widths of nonwoven ribbons to form yarn
structure.

| f successful, the technology developed shot
structur eso whi engineerextextiled structuresdand iscféoldsi for various

apdications.
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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 relastomeric (polypropylene) melt blown fabrics
were prepared using a -Iich-wide Biaxmelt blown de. 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, filtkameter, 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
incheg and (25.4 mm / 1 inch) of nonwoven ribbons. Ribbon consolidation and structural
properties were evadted 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 dstribut
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 struces find applications in filtration, biomedical applications,
technical textile applications and for many other purpdfagany, Anantharamaiah, &
Pourdeyhimi, 2009Filters and Filtration Handbookn.d.; Rousseau, Dougherty, & Ethicon,

2000; Tuin, Pourdeyhimi, & Loboa, 2016 order to create high surface area, nanofibers are
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produced utilizing electrospinning, solution spimimr centrifugal spinning processes
(Bagherzadeh, 2010; Medeiros, Glenn, Klamczynski, Orfglagtoso, 2009; X. Zhang & Lu,

2014; Zhao, Schwarz, & Corporation, 200Bhese 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 utiline 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 tgarn 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 utized are toxic and even after extensive washing remain as part of fibers and
polymeric mats which can be dangerous for use in human @adghang, Ouyang, Lim,
Ramakrishna, & Huang, 2003yanofiber mats produced often do not have the required tensile
strength to be utilized in creayj 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 fire 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 melrbtass p
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, & Kh&(13)
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There are two objectives of this study;

1 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.

1 the second part dealt with utilizing melt blown consolidated ribbon structures of
di fferent wi dt hs t o create bul ky Ayar n
conditions.

The use of meltblown nonwoven structures to
structureso should enable the production of
surface area and porosity, which have the potential to be functionalized for biomedical textiles

and scaffolds.
4.3. Experimental Section:

4.3.1. Web formatiorand polymer properties:

The webs were fabricated on aib6h Biaxfiberfilm ® 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 compressair 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 towarddhe spin pack to create fine filaments which are collected on a rotating

collector as a melt blown nonwoven web as showrigare 41 (Kiyak & others, 2016)
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Figure 41: Schematic of a meltblown procg$8yak and
others 2016)

Two series of meltblown fabrics were produced from two polynvengsh were
1 a nonelastomeric- metallocene MF650W (isotactic polypropylene (PP) (Lyondell
basell ®) with 506melt flow rate (MFR)),
1 an elastomeriec (Hytrel ® (HY) 5526 a combination of Polybutylene terephthalate
(PBT) hard segment and (polyethylene gly{®EG) 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 anatbll

with which to develop the new proposed technologies involved is translating nonwoven fabric

into a fAyarn structureo.
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The glass transition temperaturg)(®f metallocene MF650W PP and hytrel 5526 w&@8C

and-20°C, as reported in the literatui€llison, Phatak, Giles, Macosko, & Bates, 2007; Novak

et al., 1992) DSC measurements were performed by heatind @ mg polymeric sample in

an aluminum pan with alidat2/ mi n using Tzer oE trDmests®olv er y D
was observed from the DSC analysis that at arourD35 for (PP) and 6C - 107.7C (HY)

relaxation of polymer chains occurred. Vicat softening temperature or heat of deflection (HDT)

has been reported around-60°C for (PP) and 7& (HY) in the literaturgl i Mat er i al D ¢
Center Hytrel E 55 2 6Crystalline. tamperaturé {rfopRPtamdihytrel 2 0 0 2 )
were observed around 1%2and 202C. While melting temperata (Tn) were observed at

210.2C and 246C in the DSC analysis. The broad crystalline temperatweofserved for

hytrel was due to melting of PEG and PBT, which overlapped with one another as shown in
Appendix A (Figure Al - A-2).Thermal gravimetric atysis (TGA) for hytrel (HY) was

carried out using a Discovery TGA, TA instruments ®. The resin was heated ug@afaD

the onset degradation temperature was “880while onset degradation temperature for
polypropylene (PP) was reported in the litaratto be around 400 (Raghavan, Soto, &

Lozano, 2013)TGA and DSC results for both the resin are given in Appendix A, (Figtire A

to A-4). The melt flow rate or index (FR) is directly related to molecular weight of polymer

and inversely to melt viscosityThe throughput ghm (gram / hole/ minute) for elastomeric

(hytrel 5526) which has a density of 1.19 gland 18melt flow rate was set at 0.066 ghm,

while throughput ér nonelastomeric (polypropylene) with a density of 0.90 g/and 500i

melt flow rate, was set at 0.055 ghfnhigher MFR facilitates the production of finer fibers at

lower processing temperature and cost, but also leads to loss in tenacity for aemivet,
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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. Polypgop being inexpensive
compared to other serarystalline polymer provides excellent flexural modulus above its glass
transition temperature (Tg) and does not lose its tensile strength r@pigdhthi, 2002) Hytrel

on the other hand has excellent elastomeric and tensile properties, which need to be explored

for Iits use in creating consolidated ribbon

In order to study the effects of processingapageters on nonwoven web formation and
properties a design of experiment (DOE) waseloped as shown in Tabled 4nd 42. It can

be observed from these tables that 16 fabrics in total were produced. There were 8 fabrics of
polypropylene (notrelastomericwhich are labelled as (PPi PR8) shown inTable4-1 and

8 fabrics of hytrel (elastomer) labelled as HYHY8) shown inTable4-2. Die toCollector
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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Table4-1: 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)

PR1

PR2

PR3

PR4

PR5

PR6

PR7

PR8

30

30

30

30

25

25

25

25

6.2

6.2

5.0

5.0

6.2

6.2

5.0

5.0

8.9

9.9

8.9

9.9

9.9

8.9

8.9

9.9

0.055

0.055

0.055

0.055

0.055

0.055

0.055

0.055
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Table4-2: Design of Experiment (DOE), Processing ConditiomgR#) Melt blown

fabric trials

Trial  DCD(cm)

Collector Speed

(ft./min)

Die Air (psi)

Gram hole per

minute (*ghm)

HY-1

HY-2

HY-3

HY-4

HY-5

HY-6

HY-7

HY-8

30

30

30

30

25

25

25

25

7.4

7.4

6.4

6.4

7.4

7.4

6.4

6.4

10

11.0

10

11.0

10

11.0

10

11.0

0.066

0.066

0.066

0.066

0.066

0.066

0.066

0.066

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 fézssred

for each

f

ber

mat .

The

fabricsa©o

thickness

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 uniforfibgr mats were imaged

on a flatbed scanner (Epson Expression 1640 XL) and uniformity index for each of the fabrics
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was determined(Amirnasr, Shim, Yeom, & Pourdeyhimi, 2014)MP 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 methd@ourdehyhimi, Dent, Jerbi, Tanaka, & Deshpande,
1999) A 1 inch *6 inch nonwoven strip was cut in both MD and CD anepaundload cell

was utilized to test fabric tensile strength and elongation using a universal tensile tester
manufactured by Instron. F3300 tester was used to measure the fabric mat air permeability,
which was then utilized to determine the solid volumetimacfor the fabrics. Melt blown

fabric bending stiffness was determined using ASTM standard D2BA% using option B

heart loop test method, since the nonwoven fabric mats had static charge and fibers present in
the fabric structure deviated due t@ timovable slide and weight, when performing the test

using cantilever test option A. For statistical analysis, <IMPprovided by SAS, was utilized.

4.3.3.Nonwoven slit ribbon:

Melt blown nonwoven fabric with a width of 15 inch was utilized, ¢hdédferent 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 enabléting 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 conslidated ribbons was measured using@obind load cell on an Instron.
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4.3.4. False twisting and drawing:

Aspirator guns are typically wutilized for
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 putieda 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, Haett, & Stokes, 1973; Cheves, 1970; Herbert, 196B8¢ 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 mpact of air nozzles and its desi@n, 2010). For the present study, the number iof a
nozzles utilized in the aspirator gun was four. An air flow meter (CDI-&2W) which uses

a pitot tube, shown iRigure 42, was utilized on a 3nch type Lmetallic pipe to measure the
amount of compressed air flow needed to twist the nonwoven ribbon through the aspirator gun

at a particular time.

Figure 42: Flowmeter for measuring compressed air supplied to the
aspirator gurduring processing.
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In the setup shown iRigure 43, ribbons were unwound using an unwinder and threaded using
an aspirator gun, the compressed air flow wdgisted 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 utiling pintwisting mechanism and real twisting using a ring twister,
increased the amount of shearing for ribbons on twisting, even witems@ning 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.
Nonwoven ) Aligned
. Aspirator IR .
ribbon filaments Rubber
gun Heater
band
\ / \ [ winder

\

unwinder False twisted Tensioning Steam

ribbon : “Yarn
aeyice structure
Guide Intermingling
Consolidated  rollers jet
ribbon

Figure 43: Schematic of Ribbon false twisting and impinging set up.
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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°3@tting (as shown iRigure 44).

Figure 44: Aspirator gun with valve shut off and aspirator gun with valve

opening of 30

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 fiberand filaments present as part of nhonwoven 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 twied 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 thedibtst r

through heaters enabled the vicat softening temperature of polymer to be achieved. The IR
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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 duringspioge 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
diametercoud be mini mized. A metallic plate (160
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 agheemétallic

plate and the framework as shownHigure 45. The rubber bands (20
(purchased from Pale Crepe Gold ®) had adatned strain o2 pounds, and were used to

adjust the tension for the consolidated ribbon.

Figure 45: Rubber bands along with guide rollers utilized to create tensic

guide bar.
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On leaving the heater, the tensioned structures wetteefuronsolidated 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 rildn of three different widths and two different polymers were
processed through the false twisting and drawing process to create bulky yarn structure but not

al | ribbon structures translated into a bul k

4.3.5.Bulky yarn structureCharacterization:

Bul ky fiyarn structureso developed using nonyv
Pro scanning electron microscope (SEM) (Phenom world, Eindhoven, Netherlands) and
analyzed using Image J (NIH, Bethesda, MD) software to observe fiber diameter distribut

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 0.8inch ribbons were not possible since the fiber sias smaller than the

threshold limit. To obtain porosity for Gifch ribbons fibers were embedded in epoxy to

measure the pore size between fibers that cr

4.4. Results and Discussion:
4.4.1. Fabric Structure and Charderizations:

(A). Basis Weight:

Basis weight of 16 fabrics, 8 polypropylene (Nelastomeric) fabrics labeled as (RP PP
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8) and 8 hytrel (elastomeric) fabrics labeled as{HYHY -8) were measured shownkigure

4-6.

Mean Basis Weight
45.0
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Figure 46: Mean Basis weight for Nonwoven fabric developed using Biax

fiber film melt blown.

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 paraomet@rswoven fabric
structure basis weight. As can be seemable4-3 the pvalue obtained for collector speed is
less than 0.05 at 95 % confidenc#erval, which means that change in collector speed

significantly impacted on basis weight of polypropylene fabrics produced.
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Non-elastomeric fabrics RP, PR2, PR5 and PF6 fabrics which were produced at a higher
collector speed of 6.2 ft/min compared to-BFPR4, PR7 and PF8 fabrics, which were
collected at lower collector speed of 5 ft/min were significantly differetit respect to basis

weight of fabrics.

Table4-3: ANOVA analysis results, influence of processing parameters on mee
basis weight of petropylene fabrics.

Source DF Sum of Mean F Ratio Prob > F

Squares Square

DCD (cm) (25, 30) 1 11.02500 11.0250 0.5330 0.4698
Collector Speed 1 455.625 455.62 50.721 <.0001*
(ft/min) (5, 6.2)

Die air pressure (8.9, 1 46.2250 46.225 2.3397 0.1344

9.9)

The pvalue of 0.0003, less than 0.05 at 95 % confidence interval for collector speed of hytrel
(elastomeric) fabrics suggests that43YHY-4, HY-7 and HY:8 which were collected at 6.4
ft/min compared to HYL, HY-2, HY-5, HY-6 fabrics which were collected at 7.4 ft /min are

significantly different in their basis weight.
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Table4-4: ANOVA analysis results, influence of processing parameters on mee
basis weight of hytrel fabrics.

Sum of Mean F Ratio Prob>F

Squares Square

DCD (cm) (25,30) 1 13.225 13.225 1.4835 0.2307
Collector Speed 1 105.625 105.625 16.2929 <.0003*
(ft/min) (6.4, 7.4)

Die air pressure 1 13.2250 13.2250 1.4835 0.2307

(10, 11)

The pair wise student t test at 95 % confidence interval along with comparision of means and
standard deviation shown Trable4-4 for both the (elasimeric) and (nofelastomeric) 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 sifjicantly different from one another, as well as different from the

fabrics collected at higher collector speadshown irFigure 47.
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Figure 47: Influence of collector speed on mean fabric basis weight fc
hytrel and polypropylene fabrics.

ANOVA analysis along with comparision of means and standard deviation showed that the
influence of die to collector distance (DCBd air pressure did not significantly contribute
towards the basis weight of polypropylene (fedastomeric) and hytrel (elastomeric) fabrics

as shown in Appendix B (table-B B-11, B-27, B-32) while collector speed significantly

influenced on basis weig of fabrics as shown in Appendix B (tablelB, B-38).

(B). Thickness:

The thickness of each of the fabrics produced was measured, and it was found that the hytrel
(elastomeric) (HY11 HY-8) fabrics were significantly thinner compared to the polyplepe

(non-elastomeric) (PR - PR8) fabrics as shown iRigure 48.
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Figure 48: Nonwoven melt blown fabriasiean thickness

Oneway ANOVA was utilized to study the influence of processing parameters on hytrel and
polypropylene fabric thickness. The Die to Collector Distance (DCBpalpe: 0.0004) and
collector speed @ualue: 0.0191) shown ihable4-5 and Table 46 are statistically significant

and contributeéowards thickness of polypropylene (relastomeric) fabrics.
The Die to Collector Distance (DCD)-¢alue: 0.008DPand collector speed {alue: .0008)

shown inFigure 46 are statistically significant for hytrel (elastomeric) fabrics as well, and

influence on web thickness.
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Table4-5: ANOVA analysis results, influence of praseng parameters on mean
thickness of hytrel fabrics.

DF Sum of F Ratio Prob > F

Squares

DCD (cm) (25, 30) 1 1045.5063 1045.51 7.8348 0.0080*
Collector Speed 1 1586.3402 11586.34 13.3069 0.0008*
(ft/min)
(5, 6.2)
Die air pressure 1 135.7923 135.792 0.8628 0.3588
(8.9, 10)

Table4-6: ANOVA analysis results, influence of processing parameters on mean
thickness of polypropylene fabrics.

DF Sum of

Squares

DCD (cm) (25, 30) 1 115000.577 11500.6 15.0670 0.0004*
Collector Speed 1 5514.27 5514.28 5.9884 0.0191*
(ft/min)
(5, 6.2)
Die air pressure 1 1532.025 1532.03 1.4937 0.2292
(8.9,9.9)

F Ratio Prob >

F
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It was observed that the-{alue) for die air pressure weggeater than 0.05 and do not
significantly, contribute towards thickness of (elastomeric) and-@ha@stomeric) fabrics.
Detailed test statistics on influence of processing parameters on thicknessetdstomeric

and elastomeric fabrics are shown in Apgix C (table €1, G-8, G-15 and G31, G38 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 inFigure 49. It was also observed that at lower collector speed and higher (DCD),

thickness variation were more pronounced for polypropylene fabrics.
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Figure 49: Influence of DCD and Collector speed on hytrel (elastomeric) a

polypropylene (norelastomeric) fabrics thickness.
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To observe if there is any correlation between basis weight and thickness of fabrics, hytrel
(elastomeric) angbolypropylene (norelastomeric) 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 showkignre 410, while a negative
correlation was observed for hytrel (elastomeric) fabrics collected at higher and lower DCD

shown inFigure 411.
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Figure 410: Log (basis weight) vs Log (thickness) for polypropylene fabr
produced at different DCD.
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The Rsquared (ceefficient of determination) for linear model established between
log(thickness) and log(basis weight) at lower DCD gave a 44%8tiared value compared to
one produced at higher DCD which only gave a 4-8uared value suggesting thae th
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) fabricsoebdtilower

DCD showed Rsquared (ceefficient of determination) value of 34 % for hytrel fabrics
produced at lower DCD. While fabrics produced at higher DCD haduRred value of 1 %
showing that negative correlations were weak between thickness asdveaght of hytrel

(elastomeric) fabrics.
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Figure 411: Log (thickness) vs log (basis weight) of hytrel fabrics collec
at different DCD

(C). Uniformity Index of Melt blown webs:

Since basis weight anditkness measurements could not be utilized to establish any

relationship between the two strucutral properties, therefore fabric basis weight uniformity
index (Ul) % was measured to determine fiber lay down for different fabrics. Fiber laydown
can vary fo fabrics suggesting inconsistency and variation in air permeability, tensile

properties, absorbency and other properties of fafiMlchammadi & Bankd ee, 2002) The

guadrant method developed by Amirnasr et al. to measure basis weighnifamity for
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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 fabri{@mirnasr et al., 2014)

Table4-7 shows the images of hytrel (elastomeric) and polypropylenedlastomeric) melt

blown webs produced at different DCD along with their average uniformity index % and
standard deviation. Theeasured uniformity index % (Ul), 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 Ul % for polypropylene {aastomeric) webs produced

at different DCD is between {648 %) which falls in the nenniform region. While for hytrel
(elastomeric) webs Ul % for webs fall in the range ofi(B3 %) which &lls in between non
unifrom and clustered regions. Clustering of fibers can cause uniformity index (Ul %) to
increase, at higher DCD for hytrel (elastomeric) fabrics showhalsle 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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Table4-7: Images and Uniformity index % for melt blown fabric samples.

Polypropylene (Non -elastomeric)
fabrics

Hytrel (Elastomeric) fabrics

PP-6: 16.67+ 4

Polymer 0.055 0.066
throughput
(g/hole/min)
Basis DCD (cm) 25 30 25 30
Weight
(g/m?)
25
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Table 47 continued

30

PP-3: 37.15+ 10

HY-5:55.96x3 | ,. 51.91+8

HY-8:39.11+9

HY 3:47.51+ 4
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