
 

 

ABSTRACT  

TABOR, JORDAN ASHLEY. The Role of Staple Fiber Length on the Performance of 

Carded Nonwovens (Under the direction of Behnam Pourdeyhimi and Benoit Maze.) 

 

Carding is a common web-forming process used for staple fibers in the nonwovens industry. 

Carded webs containing staple fibers are often bonded via mechanical bonding methods such 

as hydroentangling and needlepunching. Staple fibers may be produced in many different 

lengths.  Often, the fiber length utilized is dictated by fiber blend characteristics.  For example, 

fibers that are blended with cotton are often about 3.1 centimeters in length.  Shorter fibers are 

believed to be more difficult to card as they often do not transfer easily. For synthetic and man-

made fibers, 5.1-centimeter-long fibers are typically used. It is commonly believed that 5.1 

centimeters is an optimal fiber length for processing at high speeds and that greater fiber 

lengths are difficult to card.  

The effect of staple fiber length on the structure-property relationships of mechanically 

bonded nonwoven fabrics is not well understood. During this research, polypropylene 

homocomponent fibers with lengths ranging from 2.54 to 15.24 centimeters were produced, 

carded and bonded by hydroentangling or needlepunching. Polyester/polyethylene segmented 

pie, bicomponent fibers with lengths ranging from 2.54 to 15.24 centimeters were also 

produced, carded and bonded by hydroentangling only since this class of fiber is splittable. It 

is well known that needlepunching is not an efficient process for bonding and splitting fibers. 

 All fiber lengths used during this research were successfully carded and no significant 

challenges were observed during carding. Once carding and bonding processes were 

completed, fabrics’ structures were analyzed via SEM imaging and solid volume fraction 

measurements. Fabric performance was evaluated with air permeability and burst strength 

testing. Data was statistically evaluated with one-way and two-way ANOVA analysis to 

determine if fiber length significantly impacted the fabrics’ structures and properties. In 

general, the structure and properties of hydroentangled and needlepunched fabrics were 

significantly affected by fiber length. However, fiber length impacted hydroentangled fabrics 

composed of homocomponent fibers differently than hydroentangled fabrics produced with 

bicomponent fibers. In many situations, the properties of hydroentangled fabrics became more 



 

 

consistent when produced with longer fibers (fibers 5.08 centimeters in length or longer). 

Additionally, fiber length affected the structure and performance of hydroentangled and 

needlepunched fabrics differently. Most notable was the impact of fiber length on 

needlepunched fabrics’ burst strength values which was more drastic compared to the effect of 

fiber length on hydroentangled fabrics’ burst strength values.  
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1. Introduction 

1.1 Research Objectives 

Objective 1: Establish structure-property relationships of mechanically bonded staple fiber 

nonwovens as a function of fiber length.  

Objective 2: Investigate the interaction between fiber length and web forming/bonding 

processes to establish if carded/hydroentangled fabrics and carded/needlepunched fabrics 

provide similar performance.   

1.2 Motivation for Research 

Staple fiber length can easily be altered during synthetic fiber production. However, fiber 

length is a fiber characteristic that is often overlooked. The effect of fiber length on carded 

webs for yarns was studied previously. The effect of fiber length on needlepunched and 

hydroentangled fabrics was also previously studied.  But, these earlier efforts often did not 

focus on effects of fiber length. The significance of fiber length was usually studied while also 

considering the effect of many other fiber parameters. Additionally, no research was 

discovered which considered the effect of fiber length while comparing hydroentangled and 

needlepunched fabrics containing fibers of the same linear density/length combinations.  

Commercial, staple fiber nonwovens are often produced with fibers around five 

centimeters in length (two inches). However, the logic for the use of this length is not well 

supported or justified in scientific literature. Therefore, this research strives to better 

understand the relationship between fiber length and carded nonwoven fabric properties.  

1.3 General Approach  

a. Obtain polypropylene (PP), homocomponent fibers at two different linear densities (3 

and 6 denier) with six different lengths (2.54, 3.81, 5.08. 7.72, 10.16, 15.24 cm).  

b. Obtain polyester/polyethylene (PET/PE), bicomponent fibers at two different linear 

densities (3 and 6 denier) with six different lengths (2.54, 3.81, 5.08. 7.72, 10.16, 15.24 

cm). 

c. Measure fibers’ properties (crimp, linear density, and strength) to ensure consistency.  
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d. Card homocomponent, PP fibers into webs of two different basis weights (125 grams 

per meter (gsm), and 250 gsm).  

e. Card bicomponent, PET/PE fibers into web of single basis weight (125 gsm).  

f. Pre-needle and hydroentangle 125 gsm webs. Needlepunched 250 gsm webs.  

g. Measure fabrics’ properties (basis weight, thickness, solid volume fraction (SVF), air 

permeability, and normalized burst strength).  

h. Statically analyze fabric data utilizing analysis of variance (ANOVA) and two-way 

ANOVA.  
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2. Literature Review 

2.1 What are Nonwovens? 

Nonwoven is a term that encapsulates many materials. Therefore, the term “nonwoven” can be 

difficult to define accurately. Over the years, many individuals have attempted to create a 

definition that properly includes all types of nonwovens with some definitions more widely 

accepted than others [Batra, Pourdeyhimi 2012, p. 4]. A general definition can be provided by 

North America’s Association of the Nonwoven Fabrics Industry (INDA). INDA defines 

nonwoven fabrics as “sheet or web structures bonded together by entangling fibers or 

filaments, by various mechanical, thermal and/or chemical processes” and states that 

nonwovens are “made directly from separate fibers or from molten or plastic film” [p. 7]. 

Depending upon the application, nonwovens may be engineered for single use, short-term use, 

or for a long lifecycle if the product is durable [Handbook of Nonwovens 2007, p. 2].  

Nonwoven fabrics are materials engineered to provide specific functions and fitness 

for purpose. Nonwoven processes utilize a variety of fiber types and raw materials. In addition, 

the various web laying and web bonding processes available allow nonwovens to achieve an 

assortment of distinct properties. The versatility of nonwovens make them unique [Handbook 

of Nonwovens 2007, p. 2].  

There are two general classes of nonwoven fabrics. First, there are fabrics created via 

integrated or extrusion-based processes such as spunbond and meltblown techniques. These 

nonwovens contain continuous length fibers. Second, there are nonwoven fabrics created via 

staple fiber processing techniques such as carding and airlaying. The focus of this research is 

the role of staple fiber length on the performance of carded nonwovens. Therefore, only the 

staple fiber processing technique, carding, and the web bonding techniques hydroentangling 

and needlepunching are discussed moving forward.  

2.2 Structure-Property Relationships of Nonwovens 

The primary difference between nonwovens and other textile assemblies, such as woven, 

knitted and braided fabrics, is the structure of nonwovens. Fibers and filaments within a 

nonwoven are not interlaced or inter-looped, instead, they are somewhat randomly assembled 

and held together by a variety of different means. Therefore, the structure of a nonwoven is 
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often described using its fiber orientation distribution function (ODF), its basis weight (mass 

per unit area), and its uniformity. The ODF is commonly used to determine a nonwoven’s 

behavior while its basis weight uniformity is used to predict the structure’s failure 

[Pourdeyhimi, Maze 2008, p. 117]. 

Nonwoven fabric properties are dependent on the nature of the component fibers and 

the arrangement of the fibers in the fabric [Pourdeyhimi, Maze 2008, p.122]. The various web 

formation methods used for nonwovens will impart different initial ODF’s which may be 

further altered during bonding processes [p.123]. Therefore, structure-property relationships 

of nonwovens cannot be analyzed without considering the processes used to produce the 

nonwoven. [p.117]. 

In most nonwovens, an overwhelming majority of fibers are stacked in the planar (x-y) 

orientation with little to no orientation through the plane (z-direction). Some argue that 

needlepunching and hydroentangling bonding processes result in some fibers lying in the z- 

direction. However, fibers oriented in the z-direction make up a small fraction of the total 

number of fibers. Regardless, the performance of a nonwoven is dictated by the planar x-y 

orientation of the fabric. The x-y planar fiber orientation of a nonwoven is arguably its most 

important structural characteristic [Pourdeyhimi, Maze 2008, p.122]. Most nonwovens are 

structurally anisotropic and possess anisotropic fabric properties [p.124]. In conclusion, the 

performance of a nonwoven “cannot be separated from the fiber orientation distribution and 

the structure anisotropy it brings about” [p. 122].  

2.3 Fibers 

A fiber’s polymer type(s), its geometry, and its morphology are important characteristics that 

affect fiber properties and the performance of nonwovens. Changing any characteristic of a 

fiber will likely have some degree of effect on the processability of fibers and the properties of 

the resulting nonwoven fabric.  

This research focuses on staple fibers. Staple fibers are cut fibers with discrete (opposed 

to continuous) lengths and may be of any composition. Staple fibers are obtained by cutting or 

“stretch-breaking” several thousand individual filaments within a tow. Staple fibers may be 
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derived from a homopolymer, or from alloys and blends of compatible homopolymers [Batra, 

Pourdeyhimi 2012, p. 309].  

2.3.1 Polymer Types  

Polypropylene, polyethylene, and polyester were utilized during this research. At this point in 

time, most manufactured fibers used in nonwovens are derived from thermoplastic polymers, 

such as those used for this project [Batra, Pourdeyhimi 2012, p. 309].  

2.3.1.1 Polypropylene 

PP fibers are versatile. Therefore, they are used for a range of nonwoven applications. 

Available PP staple fiber lengths range from 3-100 mm with linear densities from 1-15 decitex 

(dtex). PP is one of the lightest fibers available with a density range of 0.88 to 0.91 g/cm3. PP’s 

glass transition temperature is about -20°C, its softening temperature is approximately 150°C, 

and its melting temperature may range from 160 to 170°C [Batra, Pourdeyhimi 2012, p. 320-

321]. 

Polypropylene products are produced with staple fibers, or with continuous processes 

via meltblowing or spunbonding processes. Because of PP’s excellent chemical resistance, it 

is most often used as a meltblown or needlepunched product for filtration of “water, beer, 

petro-chemicals, pharmaceuticals, and coatings” [Batra, Pourdeyhimi 2012, p. 321]. 

Needlepunched or spunbonded PP fabrics are used in a variety of geotextile applications 

“where fiber or fabric strength, permeability, chemical and biologic resistance are vital” [321]. 

Other nonwoven products which utilize PP include wall coverings, table clothes, disposable 

medical/surgical fabrics, agricultural crop covers, oil clean up fabrics, thermal/acoustical 

insulation, indoor/outdoor carpets, etc. [321].  

2.3.1.2 Polyethylene 

Polyethylene is the largest volume polymer consumed in the world. PE is a versatile material 

that can provide high performance compared to other polymers. There are many grades and 

formations of PE made through various processes. This offers the potential for versatile tailor-

made range of products [Vasile, Pascu 2005, p.1]. Polyethylene’s most notable characteristics 

are “toughness, ease of processing, chemical resistance, abrasion resistance, electrical 
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properties, impact resistance, low coefficient of friction, and near-zero moisture absorption 

[p.4].  

The melting temperature of polyethylene may range from 138 to 146°C (most widely 

used value is 145.5°C). Polyethylene’s crystallization temperature is often between 87-89°C 

from solution and 112-130°C from melt [Vasile, Pascu 2005, p.39]. The density of 100% 

crystalline PE is estimated at 1 g/cm3 while 100% amorphous PE density is approximately 0.85 

g/cm3 [p.35].  

Polyethylene is often used in nonwovens as a continuous filament via spunbonding or 

meltblowing. In these applications, high molecular weight PE is used as a high strength, high 

modulus fiber for products like marine ropes and ballistic fabrics. PE is seldom used as a low 

molecular weight polymer fiber by itself, but rather as a resin within a bicomponent fiber 

[Batra, Pourdeyhimi 2012, p.317].  

2.3.1.3 Polyester 

Polyester fibers are versatile. PET can be mixed with different homopolymers, treatments, 

additives, etc. which allows the polymer to achieve a variety of properties. As a resin, PET 

may be used for producing bicomponents in combination with PE, nylon 6, as well other 

polymers [Batra, Pourdeyhimi 2012, p. 317-318]. 

When used as a staple fiber, PET is most often available in lengths of 6-100 mm, with 

a fineness ranging from 1-17 dtex. PET’s density ranges anywhere from 1.33-1.392 g/cm3 

(1.38 g/cm3 value most common). Glass transition temperatures of PET can range from 78°C 

when amorphous to 120°C when crystalline. Softening temperatures of the polymer range from 

230-240°C while the melting temperature is 260-270°C. Temperature ranges are due to 

differences in PET’s crystallinity. The strength of PET staple fibers usually ranges from 20-50 

centiNewton/dtex. The elongation of PET fibers can range from 15 to 60% [Batra, 

Pourdeyhimi 2012, p.318]. 

Polyester is one of the most widely manufactured fibers globally. It is used to produce 

products ranging from commodity to high-end. When considering nonwovens PET’s 

“durability, resilience, bulk potential, biologic resistance, and cost” makes it almost 

exclusively used as fiber-fill for furniture, cushions, quilts, etc. Polyester’s resistance to 
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moisture and chemicals as well as its ability to be processed into fine fibers makes it well suited 

for filtration applications. PET may also be used for coated fabric applications, backing fabrics, 

interlinings, shoulder pads, automotive interior components, and in many other areas [Batra, 

Pourdeyhimi 2012, p. 318-319]. 

2.3.2 Splittable, Bicomponent 

Bicomponent fibers are fibers composed of two different polymers. During bicomponent fiber 

production, two polymers are extruded from the same spinneret to create a single fiber with 

two components. The polymer components often have different chemical and/or physical 

properties. Bicomponent fibers are used in the textile industry for many purposes such as 

thermal bonding, self-bulking, and functionality of special polymers or additives at reduced 

cost. Bicomponent fibers may be produced as very fine fibers with unique cross sections 

[Bicomponent Fiber 2015]. Types of bicomponent fibers include side-by-side, sheath-core 

concentric or eccentric, islands-in-the-sea, and segmented pie (hollow or otherwise) [Batra, 

Pourdeyhimi 2012, p. 221]. 

Throughout the development of synthetic fibers, there has been a consistent trend 

toward increasingly smaller fiber diameters. This is evident in the case of polyester fibers 

which averaged 2.25 denier per filament (dpf) in the 1960s, 1.5 dpf in the 1970s, 1.2 dpf in the 

1980s, and 0.9 dpf in the 1990’s-2000’s period. This trend exists because the nonwovens 

industry continuously demands softer fabrics that do not sacrifice durability and ease of care 

[Wilson 2001, p. 76].  

Conventional fiber extrusion processes have reached a lower linear density limit of 0.9 

denier, which is equivalent to a 9.5-micron fiber diameter. It is possible to extrude fibers that 

are finer than 0.9 denier with conventional extrusion processes but, the resulting fibers are 

much more expensive. Splittable bicomponent fibers were invented to address these issues. 

Splittable bicomponent fibers are microdenior fibers produced on conventional textile 

equipment at a reasonable cost [Wilson 2001, p. 76]. Splittable bicomponent fibers are now 

used in both continuous filament (spunbond) and staple fiber applications [Dugan, Harris 

2004]. 
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Splittable, bicomponent fibers provide many benefits including increased surface area, 

improved hand, decreased pore size, improved cover, and enhanced strength [Wilson 2001, p. 

77]. Synthetic leather coating substrates, upholstery fabrics, high performance wipes are some 

products produced with splittable, bicomponent fibers [Handbook of Nonwovens 2007, p. 

276]. There are two categories of splittable, bicomponent fibers: segmented pie fibers and 

island-in-the-sea fibers. The two types of splittable, bicomponent fiber are shown in Figure 1 

[Wilson 2001, p. 77]. 

 

 

 

 

 

 

2.3.2.1 Segmented Pie, Splittable Bicomponent Fibers 

Segmented pie fibers are coextruded from two separate streams of different polymers which 

occupy discrete and uniform areas of the fiber’s cross section. Typically, fibers of this variety 

are available in the range of 2.5- 4 denier, before splitting, resulting in fibers of 0.15-0.25 

denier after splitting. Segmented, splittable, staple fiber lengths of 0.25-2 inches are common.  

 

 

 

 

 

 
Figure 2:  Segmented pie fiber split via hydroentangling 

[Handbook of Nonwovens 2007, p. 278]. 

Figure 1: Segmented splittable fiber and islands-in-the-

sea splittable fiber [Wilson 2001, p. 77]. 
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Once segmented fibers are produced, splitting can be achieved within wetlaying 

machines, airlaying machines, or carding machines. If fiber splitting is intended to occur after 

web-laying, mechanical bonding methods, needlepunching or hydroentangling, can be utilized 

for splitting. Hydroentangling is currently the most common splitting mechanism [Wilson 

2001, p. 80-81]. An SEM image of a segmented pie fiber split via hydroentanglement can be 

seen in Figure 2.  

For splitting to occur, the polymers within the segmented pie, bicomponent fiber must 

have sufficiently different surface energies [Wilson 2001, p. 77]. This is achieved by selecting 

fibers from different chemical families. Fiber components must bond poorly to each other to 

allow for subsequent separation and therefore the polymers utilized must differ from each other 

significantly to avoid interfilamentary bonding [Dugan, Harris 2004]. At the same time, the 

polymers must be sufficiently similar to allow for fiber extrusion [Pourdeyhimi, Fedorova, 

Sharp 2013].   

Splittable, bicomponent fibers can be difficult to produce because they need adequate 

integrity to allow for subsequent processing by both the fiber and fabric manufacturers. The 

fiber must stay together when required and split when intended, which can prove to be a 

challenge. To achieve this, there must be proper polymer selection and fiber geometry [Wilson 

2001, p. 77]. 

To produce a suitable segmented pie fiber, the polymers selected must be appropriate. 

The polymers selected for a splittable, bicomponent, fiber determine the energy required to 

split the fiber. For example, when considering a nylon-6 and polyethylene segmented, 

bicomponent fiber with eight wedges almost no energy is required to achieve splitting. In fact, 

fiber modifications are required to prevent the fiber from splitting during extrusion. On the 

other hand, nylon-6 and polypropylene fibers are more stable and polyester, polypropylene 

fibers are even more stable [Wilson 2001, p. 78]. 

Altering the geometry of a segmented, splittable staple fiber is the second way to 

balance processability and splitting performance. Subtle changes to fibers’ configuration can 

have distinct effect on the energy required to split fibers. For example, designing a fiber with 

a hollow core reduces the energy required to split fibers significantly to the point that fibers 
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could be split in a wet laying machine, an air laying machine, or in a “mix chest.” The most 

common cross section used is the sixteen-segmented pie wedge but, as these fibers have 

developed, other configurations have emerged such as layered fibers, both round and ribbon 

shaped, as well as trilobal fibers with splittable tips [Wilson 2001, p. 78]. 

2.3.2.2 Islands-in-the-Sea, Splittable Bicomponent Fibers 

Islands-in-the-sea (IIS) fibers, like segmented pie splittable bicomponents, contain two 

polymers that are coextruded and occupy discrete and uniform portions of the bicomponent 

fiber.  These types of fibers incorporate a dissolvable polymer called the “sea.”  The “sea” 

component surrounds the “islands” which are comprised of a non-dissolvable polymer [Wilson 

2001, p. 79]. IIS fibers require the removal of the sea to achieve a microdenier structure. The 

removal process may require the use of an alkali solution. The removal process is not 

environmentally friendly because it requires waste water treatment [Pourdeyhimi, Fedorova, 

Sharp 2013]. 

The “island” component of IIS fibers can be produced with a multitude of polymer 

types including polyethylene terephthalate, polyamides, polypropylene, or polyethylene 

naphthalate. Practically any material that can be melt spun is suitable for use as the “island” 

portion. The sea component is more limited because it must be melt-spinnable but, also 

dissolvable [Wilson 2001, p. 79]. When selecting polymers for IIS fibers, it is necessary to 

ensure that the island component will not be negatively impacted by the removal of the sea 

[Pourdeyhimi, Fedorova, Sharp 2013].  

Commercially available IIS fibers have 37 or 63 islands resulting in a final denier of 

0.7-0.05 denier and 2.5-micron fiber diameters. Certain publications show that it may be 

possible to incorporate hundreds or thousands of islands in a structure. When this number of 

islands is incorporated into a fiber of 3-4 denier this yields microfibers that are 0.015-0.003 

denier which is equivalent to 1.3-0.6-micron fiber diameters [Wilson 2001, p. 79]. IIS fibers 

are most commonly used in the production of synthetic leathers and suede. They can also be 

found in technical wipes where the small fibers provide many small capillaries. The small 

capillaries allow for better fluid absorbency and dust pick up [Pourdeyhimi, Fedorova, Sharp 

2013] 
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An alternative approach to IIS fibers has been suggested. It is possible to produce IIS 

fibers with two water insoluble materials. In this case, the sea may be split without dissolution 

of the sea component. This is completed utilizing high pressure water jets during the 

hydroentangling process [Ndaro et al. 2007, p.8]. The viability of such processes has been 

questioned because of the energy required to separate the two components [Pourdeyhimi, 

Fedorova, Sharp 2013]. 

2.3.2.3 Carding Splittable, Bicomponent Fibers 

Carding of staple, splittable, bicomponent fibers has proven to be a limiting factor during 

processing. Large amounts of force can be applied during carding which can result in fibers 

splitting and forming microfibers within the card. When this occurs, microfibers clog card 

clothing and form undesirable neps [Batra, Pourdeyhimi 2012, p. 283]. In most cases, this is 

not an issue and fibers do not split during carding, especially if the proper polymer types are 

selected.  

2.4 Staple Fiber Production 

The main processing steps involved with staple fiber production are: polymer melting, 

homogenizing and blending of the melt, spinning and cooling of filaments, filament drawing 

in hot air ovens arranged between draw units (may be one or multiple steps), crimping of 

filaments, heat treatment of the crimped filaments in a thermosetting zone, filament cutting to 

desired length, and finally fiber compression into bales [Schafer 1995, p. 117]. 

The first major step in staple fiber production is polymer extrusion.  Prior to fiber 

extrusion, the solid polymer feedstock must be supplied and conveyed to the appropriate 

location. After these initial steps, the solid polymer material is melted by the extruder. The 

melted material is subsequently compacted, homogenized, and discharged [Schafer 1995, p. 

117,120]. 

From the extruder, the polymer melt reaches gear pumps which feed heated 

spinnerettes. Spinnerettes are circular and have up to 150,000 holes. Spinnerettes can be 

designed in various configurations to achieve desired output rates. During staple fiber 

production, the spinnerettes spin the melted polymer into filaments that are subsequently 

cooled by air flow provided by a quenching system. Quenching systems’ air volume, air 
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temperature and air speed can be adjusted to provide desired conditions [Schafer 1995, p. 120-

121]. 

After quenching, the filaments come together to form spun tows. Tows are pulled from 

quenching zones at a constant speed by godet rollers. Once removed from the quenching zone, 

filaments enter the first drawing unit [Schafer 1995, p. 121]. Drawing is completed in hot air 

ovens [Fourné 1999, p. 473]. During the drawing process, tows run through the drawing and 

heat-setting zones as thin and as wide as possible. After drawing, the filaments are evenly fed 

to a stuffer box under constant pressure. Once in the stuffer box, a tow crimper provides crimp 

uniform to the tow. The degree of crimp can be adjusted depending on requirements [p. 476-

477]. After crimping, the filaments are sent to a thermosetting zone where the tow moisture 

content and shrinkage are reduced and the crimp is set [p.478]. 

Once thermosetting is completed, the tow is guided to the staple fiber cutter. The staple 

fiber cutter system consists of a tensioning frame. The tensioning frame pulls the crimped tow 

off the heat-set channel and transports it with adjustable tension to the cutting device. The 

cutting device contains a cutting wheel with blades arranged along the circumference for no-

tension cutting.  Cutting is achieved when the filaments are pressured against the cutting 

wheel’s blades [Schafer 1995, p. 121]. Examples of staple fiber cutting devices include the 

“Gru-Gru,” the “Lummus,” and the “Neumag” cutter [Fourné 1999, p. 482,484]. Once 

filaments are cut, they are considered staple fibers and fall from the staple cutter. Because of 

the fibers’ crimp, and spin finish if applied, they are attracted to each other and form clumps. 

Fiber clumps are opened by an air stream provided by fans [p.485].  

Subsequently, the opened fibers are transported to the baler machinery by an air stream, 

or by a conveyor system [Fourné 1999, p. 485]. Balers are used to compress the staple fibers 

into bales. The baling process is completed to facilitate fiber transport [p. 486]. Figure 3 

displays the offline cutting and baling portions of a staple fiber production line [Schafer 1995, 

p. 120]. 
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Staple fibers can be produced via two different techniques. One possible method is a 

two-stage, discontinuous process. The first-stage of the discontinuous process is production of 

the spun tow. In the second stage of the discontinuous process, the tows are drawn, crimped, 

cut to staple length and finally baled. The greatest advantage of the two-stage, discontinuous 

production method is that it allows each stage of processing to be operated independently, 

under optimal conditions. Therefore, two-stage, discontinuous, processes are typically used for 

high-quality, very fine staple fibers (0.5 dtex). In addition, the spinning speeds used during the 

discontinuous methods are typically around 2000 m/min. This speed is about ten to twenty 

times faster than speeds utilized during the alternative staple fiber production technique. 

However, the equipment needed for discontinuous production methods requires a large amount 

of floor space. Specifically, the length of the quenching zone is approximately 10 times longer 

than that of the alternative production method. [McIntyre 2004, p. 249]. 

The second method used for staple fiber production is a single-stage, compact 

continuous process. The compact method combines all staple fiber production stages and 

therefore, it is considered more economic. Although lower spinning speeds, 100-300 m/min, 

are required during continuous processing, productivity is gained by using spinnerettes which 

possess many holes. The continuous staple fiber manufacturing process requires sufficiently 

low spinning speeds so that tows can be continuously fed to the drawing unit. The fibers 

produced with this processing technique are usually at least 1-3 dtex. Therefore, this method 

is typically used to produce staple fibers designed for carpet yarns or nonwoven products 

[McIntyre 2004, p. 249-250]. 

Figure 3: Offline cutting and baling portions of a staple 

fiber production line [Schafer 1995, p.120] 
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2.5 Fabric Formation 

2.5.1 Carding Overview 

Carding is a process utilized to open, blend, individualize and parallelize fibers for yarns and 

nonwovens. The carding process begins when small fiber tufts are inputted to the carding 

system. The carding line processes the fiber tufts eventually outputting a flat, fibrous web. 

Nonwoven fabric production methods utilize the carded webs in flat form. However, during 

yarn production, the web is condensed into a sliver that is eventually thinned and twisted into 

a yarn [Batra, Pourdeyhimi 2012, p. 43-44]. Over the course of the carding process, the 

uniformity of the fiber stream is improved. This provides more uniform fiber placement during 

web formation.  The carding process also provides the final stage of fiber cleaning. This occurs 

during the fiber individualization process where impurities of very small size are removed [p. 

44].  

Fiber individualization is essential during the carding process. As fiber tufts pass 

between mating surfaces, the mutual actions of the surfaces individualize the tufts’ fibers. 

Mating surfaces are formed from metallic wires with high density tips of sharp-pointed teeth. 

These metallic wire surfaces make up what is called the “card clothing.” When fiber tufts are 

broken up by the teeth-pointed surfaces this is considered the carding action or simply, carding. 

In addition to fiber disaggregation, carding also results in the partitioning of fiber tufts between 

the two interacting clothing surfaces. Other actions in the carding process are stripping and 

brushing. Stripping is the relocation of all fibers from one surface to another with little or no 

opening. Brushing is when fibers are raised between circumferential rows of teeth to the 

clothing surface, without fiber transfer [Batra, Pourdeyhimi 2012, p. 44-47]. 

A typical carding machine consists of a feeding system, a series of operational 

components, and a delivery system. The carding machine is fed a lap, bat, or feed-mat, and 

delivers a fiber web that is 60-100 times lighter than the feed-mat [Batra, Pourdeyhimi 2012, 

p. 47]. The mechanisms of operation within a card are strongly influenced by the physical 

characteristics of the fiber input. These characteristics include things like fiber stiffness, 

recoverable extension, crimp, diameter, length range, and inter-fiber cohesion [p. 44].  
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Carding machines can be broken up in to two different categories: one category consists 

of machines designed to process short, cotton-like, fibers. The other group of machines are 

designed to process long, wool-like, fibers. It should be noted that carding systems vary 

immensely in their configurations. Each carding machine is manufactured to reflect the desired 

system characteristics [Batra, Pourdeyhimi 2012, p. 52]. 

2.5.1.1 Short Staple Carding Systems 

The simplest card system used for short staple fibers can be seen in Figure 4 with arrows 

indicating the direction of the component’s motion. The feeding system consists of a fluted, 

rotating roller pressing the fiber matt against a plate. The plate has a lip which curves upward 

to form what is called a nose bar. The speed of the rotating roller which pushes against the 

plate controls the feed rate [Batra, Pourdeyhimi 2012, p. 47]. 

 

 

 

 

 

After passing the feed roll, the fiber matt reaches a roller called the lickerin which has 

a typical diameter of 230 millimeters (mm). The lickerin’s surface contains saw-tooth metallic 

clothing which is responsible for opening fiber tufts. The lickerin transports fibers to the main 

cylinder roll. The cylinder roll has a typical diameter of 1.25 meters (m) and is covered with 

shorter and denser teeth compared to the lickerin. The cylinder strips the fibers off the lickerin 

and brings them into the main carding field. The main carding field consists of the cylinder 

surface interacting with a sequence of approximately 40 narrow width, flat bars (25 mm width). 

In most cases, the flat bars are simply called flats. Because these systems utilize flats, they are 

often called flat top cards. Flats form an endless chain and they contain densely distributed thin 

pins [Batra, Pourdeyhimi 2012, p. 47-48]. 

Figure 4: Short staple fiber carding system 

[Batra, Pourdeyhimi 2012, p.48] 
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Once fibers have reached the main carding field they are carried by the cylinder to the 

secondary carding field, between the cylinder and doffer surfaces. At this point, most, if not 

all, fibers are transferred to the doffer. Doffers are typically 70 centimeters (cm) in diameter 

and possess clothing like the cylinder. Although, the teeth density of the doffer’s clothing is 

slightly lower than that of the cylinder’s. From this point, the fibers are carried to the doffing 

system which may be a vibrating comb or a set of special rollers. Fibers that are not transferred 

to the doffer remain on the cylinder. These fibers are blended with new fibers introduced by 

the feeding system and once again enter the main carding field [Batra, Pourdeyhimi 2012, p. 

48]. 

More modern, high speed, flat-top card systems do exist. In such machines, feed 

rolls/feed plates are replaced with top-feeding rollers. In addition, conventional lickerins are 

replaced by lickerin systems containing three rollers. These rollers serve as additional opening 

rollers which deliver highly opened feed stock to cards. Improvements such as these have 

allowed machines to achieve cylinder speeds of 500-600 rotations per minute (rpm) and 

productivity as high as 100 kg/h·m [Batra, Pourdeyhimi 2012, p. 49]. 

Alternative nonwoven carding systems utilize stationary flat cards rather than revolving 

flat cards. Short fiber removal and fiber cleaning require the use of revolving flat cards. 

However, the stock used for nonwoven fabric manufacturing typically does not contain short 

fibers. Additionally, most fibers used for nonwoven fabric production are already clean and do 

not require additional cleaning or dust removal during the carding process. Therefore, 

stationary flat cards may be used rather than revolving flat card systems. Flats in stationary flat 

card systems may be arranged in the form of curved plates, with undersides containing saw 

teeth, or some other non-fiber-retaining coarse surface [Batra, Pourdeyhimi 2012, p. 49-50]. 

2.5.1.2 Long Staple Carding Systems 

Carding systems used for long staple fibers stem from systems designed for wool processing. 

While the basic features of long staple carding systems are like those of flat top cards, many 

differences exist. The simplest system used for long staple fibers is a one-cylinder system. In 

this setup, the cylinder typically has a diameter of 1.5 m and a working width of 4.5 m. In the 

one-cylinder system, rather than using flats, the main carding field contains several pairs of 

rollers. Each roller-pair contains a worker (~220 mm diameter), and a stripper (~120 mm 
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diameter) as seen in Figure 5. Because these systems utilize rollers rather than flats, they are 

often called roller top cards [Batra, Pourdeyhimi 2012, p. 50]. 

 

 

 

 

 

 

In long staple cards, carding occurs between the cylinder and the workers. Therefore, 

these areas are considered carding fields. Within the carding fields, teeth on the surface of the 

workers pick off some of the fibers from the cylinder surface. The fibers transferred to the 

workers are stripped by stripper rolls. Fibers are subsequently stripped off the strippers by the 

cylinder. The fibers which remain on the worker are again brought to the carding field and 

subjected to the carding action. Along the periphery of the cylinder, between the last worker 

and doffer, an extra component may be present called a fancy roll. It interacts with the cylinder 

in a brushing motion which facilitates fiber transfer from the cylinder to the doffer [Batra, 

Pourdeyhimi 2012, p. 50-51]. 

2.5.1.3 Crosslapping 

Crosslapping machinery usually follows carding equipment thus forming an integrated web 

formation system. Crosslapping is a process in which carded webs are “layered from side to 

side onto a lower conveyor or bottom lattice, which runs perpendicular to the in-feed web” 

[Handbook of Nonwovens 2007, p. 67]. This process creates structures comprised of four to 

fifteen layers, depending on requirements. Crosslappers are often used to build up basis weight. 

The basis weight of crosslapped batts may range from 50 to 1500 gsm [p.67]. 

Crosslapping is also completed to create a fabric with bimodal ODF. During the carding 

process, the main cylinder and workers align fibers parallel to the MD. Therefore, the carding 

process naturally imparts strong fiber orientation in the MD.  If the web is unaltered, the 

Figure 5: Long staple fiber carding system 

[Batra, Pourdeyhimi 2012, p. 50] 
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resulting fabric properties will be highly isotropic. This issue is overcome with crosslapping 

[Pourdeyhimi, Maze 2008, p. 124]. After crosslaying webs perpendicular to the card, the fibers 

leave the crosslapper closer to cross direction (CD) orientation.  Crosslapping provides webs 

with two peak fiber orientations. The precise peak angles achieved during crosslapping depend 

on the ratio of the web’s input speed to its output speed [Handbook of Nonwovens 2007, p.67]. 

Horizontal crosslappers are most commonly used. These systems consist of interacting 

conveyor aprons which work in conjunction with traversing carriages and drive rollers. The 

web is provided to the crosslapper from the card on an in-feed conveyor which transports the 

web to the crosslapper’s belt assembly. Carriages reciprocate as the web moves through the 

belt assembly. Once the web exits the belts, it is folded onto a lower conveyor running 

perpendicular to the in-feed conveyor’s direction. The relative speeds of the transporting belts 

and bottom lattice conveyors dictate the number of web layers produced. The web’s path 

through the crosslapper is shown in Figure 6  [Handbook of Nonwovens 2007, p.68]. 

 

 

 

 

 

Early crosslappers were problematic because they created webs with weight variation 

across the web’s width. This issue was overcome by the development of profiling crosslappers 

which maintain consistent web density and distribution. Profiling crosslappers can control 

drafting, web storage, and web laydown to produce batts with specific cross-machine weight 

profiles. This is possible because profiling crosslappers can control the velocity variations of 

conveyors and the velocity curves of the traversing web [Handbook of Nonwovens 2007, p.71]. 

2.5.1.4 Carding and Fiber Length 

Previous researchers studied the relationship between carding and fiber length. However, most 

relevant studies focused on carding for yarn production rather than nonwoven production.  

Figure 6: Web path through crosslapper [Handbook of Nonwovens 2007, p.68]  
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Yarn and nonwoven carding processes are similar but, obviously, they vary. For yarns, carded 

material is compressed into a sliver. Nonwovens use carded webs in flat, non-compressed 

form. 

Previous studies determined that various fiber characteristics, including fiber length, 

effect both fiber processability during carding as well as the quality of yarns produced from 

carded webs. The effect of fiber length has been observed with a variety of fiber types including 

wool, cotton, polyester, viscose, and polysulfonamide. Wool and cotton were studied most 

commonly. In general, fiber length was not the primary focus of the studies. In most relevant, 

previous research fiber length was studied along with multiple other fiber characteristics. This 

is likely because yarn properties are related to many fiber characteristics, not just fiber length. 

The effect of fiber length on carded yarn processing and properties was primarily studied many 

years ago, research publication dates range from 1944 to 1998. Only one study was completed 

after year 2000.  

2.5.1.4.1 Carded Webs for Yarns 

Previous researchers studied the effect of fiber length on the properties of yarns produced from 

carded webs. Most widely researched was the effect of fiber length on yarn strength. 

Researchers determined that increased fiber length resulted in increased yarn strength 

[Partridge 1968, p. 89, Bratt 1965, p. T71, Virgin, Wakeham 1956, p. 189]. Although, a 

different study contradicted this conclusion. One researcher found that yarns produced with 

carded webs comprised of shorter fibers possessed higher strength compared to yarns made 

with medium length fibers [Vaughn, Rhodes 1976, p. 75]. 

It was determined that short staple fibers produced lower quality yarns compared to 

yarns produced from carded webs containing longer fibers (per Uster Evenness, %CV) 

[Kametches 1991, p. 71, Gilbert 1986, p. 84, Elam 1990, p. 79]. When fibers with greater mean 

fiber length were utilized, yarn regularity increased [Bratt 1965, p. T70, Partridge 1968, p. 89]. 

It was argued that longer fibers created fewer thick and thin places within the carded material. 

Longer fibers were more evenly distributed in the core of the yarns compared to short fibers. 

In addition, it was determined that long fibers produced fewer neps (small knots of entangled 

fibers) during yarn production [Kametches 1991, p. 59, Gilbert 1986, p. 84-85]. Longer fibers 

were more aligned, better distributed, and produced fewer protruding “wild end” fibers during 
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carding. Therefore, it was concluded that longer fibers create yarns with overall better quality 

[Kametches 1991, p. 59]. 

These conclusions were contradicted by other researchers.  One study found more thin 

areas and neps in yarns produced with medium length fibers compared to yarns produced with 

short fibers. Researchers concluded that yarns spun from carded webs comprised of short staple 

fibers possess better evenness than those spun with medium length fibers [Vaughn, Rhodes 

1976, p. 75].   

Other yarn properties previously studied include yarn hairiness which was found to be 

affected by fiber length used during the carding process [Zewen et al. 2010, p,14]. Previous 

research determined that yarn elongation increased with increasing staple length [Vaughn, 

Rhodes 1976, p. 73, Platt 1950]. Additionally, it was shown that yarns produced with webs 

containing longer fiber lengths displayed lower yarn breakage frequency [Faerber 1992, p. 14, 

Vaughn, Rhodes 1976, p. 71]. Fiber length has also been linked to yarn cohesion [Scardino, 

Lyons 1970, p. 559]. It was concluded that longer fibers provided more fiber cohesion within 

the yarn [Elam 1990, p. 78]. 

Plain knitted fabrics manufactured with yarns produced from carded were also studied. 

It was concluded that fabric ball burst strength, fabric trapezoidal strength, and most 

significantly, fabric grab breaking strength increased when longer fiber lengths were utilized. 

The researcher also observed that the appearance of the knitted fabric was better when 

produced with longer fibers [Partridge 1968, p. 91]. A similar study supported these findings. 

It was determined that higher quality knitted fabrics were produced when utilizing fibers with 

greater long fiber content [Gilbert 1986, p. 120]. 

2.5.1.4.2 Carding and Fiber Processability 

Previous researchers determined that fiber length influenced the processability of fibers during 

carding. Studies concluded that hooks increased as the fiber length increased. One researcher 

stated that the ratio of trailing hooks to the number of leading hooks increased with fiber length 

[Belin 1973, p.659].  However, another study concluded leading hooks increased more rapidly 

with increasing fiber length [Sengupta, Chattopadhyay 1988, p. 141]. 
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The effect of fiber length on fiber breakage during carding was studied. It was 

determined that during yarn processing, (carding, combing, drawing and spinning) shorter 

fibers experienced more fiber breakage than longer fibers [Bratt 1965, p. T68]. Although, 

another researcher concluded that long fibers break more during carding. This researcher stated 

that long fibers wind around card rolls which causes fiber breakage and fiber length 

deterioration [Smith 1992, p. 22]. 

2.5.2 Hydroentangling Overview 

Hydroentangling, also known as spunlacing, water-needling, or hydraulic-needling, is a form 

of nonwoven mechanical bonding. Hydroentangling is a web-bonding process which utilizes 

high-energy water jets to entangle non-cohesive staple fiber batts. High energy water jets are 

responsible for delivering high levels of kinetic energy to the web which results in fiber 

entanglement. The interaction between the energized water, fibers, and a support surface 

causes fiber displacement, rearrangement, and ultimately fiber bonding [Handbook of 

Nonwovens 2007, p. 255]. Hydroentangling system setups vary, but an example is provided in 

Figure 7.   

 

 

 

 

Hydroentanglement systems can be custom designed to run at speeds up to 800 m/min. 

Systems can process fiberwebs up to 5,000 mm wide with basis weight ranges of 15 to 500 

gsm. Webs designed for hydroentanglement often contain fibers 30-50 mm in length with 

linear densities ranging from 1-2 decitex [Batra, Pourdeyhimi 2012, p. 119]. Common linear 

density/fiber length combinations used for hydroentangling are 1.7 dtex/38mm, 3.3 dtex/50 

mm, and 3.3 dtex/60 mm [Handbook of Nonwovens 2007, p. 266].  

Dry-laid webs are most often used for commercial hydroentangling [Handbook of 

Nonwovens 2007, p. 271]. During hydroentangling, webs are carried throughout the machine 

by a wire screen belt. Hydroentangling machines consist of a series of boxes, called manifolds 

Figure 7: Hydroentangling system setup example 

[Handbook of Nonwovens 2007, p. 272] 
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or injectors, mounted across the machine direction. The injectors are connected to a system 

which provides compressed water. The lower portion of the injectors are equipped with metal 

strips, called jet strips, which are specifically designed and manufactured. A jet strip may 

contain one, two, or three rows of orifices running along its length (across the machine 

direction). Water is pumped into the manifolds at considerable, but steady, internal pressure, 

and exits the manifolds in the form of high-speed water jets. A carrier surface, a screen belt or 

a relatively smooth porous drum, is placed opposite to the manifolds. A suction box is 

positioned beneath the carrier surface to suck the excess water which is purified and re-

circulated [Batra, Pourdeyhimi 2012, p. 115-117]. 

Figure 8 displays the basic elements of a hydroentangling system [Handbook of 

Nonwovens 2007, p. 257]. As previously mentioned, hydroentangling machines possess a 

series of manifolds. The first manifold provides relatively low energy to the web. The initial 

manifold is designed to wet and pre-entangle the dry web. The first manifold provides 

sufficient web cohesion such that the web can withstand interaction with subsequent rows of 

high-speed water jets without fiber loss. The number of manifolds following the first is 

dependent on the type of fiber being processed and the parameters of the web. The basis weight 

of the web, the structure of the supporting surface, the degree of bonding desired, and the shape 

and structure of the jet orifices all dictate the number of manifolds used [Batra, Pourdeyhimi 

2012, p. 117]. 
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Within hydroentangling units, manifolds may be arranged horizontally or 

circumferentially around circular drums. Circular drums are made up of highly perforated, but, 

very rigid shells, which are covered with tight-fitting wire screens or perforated thin metal 

skins, which allow water to pass through. As previously explained, suction boxes are arranged 

opposite of each injector, in this case inside the drum, so that water can be collected and filtered 

for re-use. In more recently designed hydroentangling machines, the drums’ wire screens are 

replaced by smooth porous shells. The porous shell’s porosity (on the order of 15-20%) can be 

adjusted to permit almost complete water suction. This provides more uniform fabrics which 

possess minimal streaking [Batra, Pourdeyhimi 2012, p. 118]. 

In some cases, a hydroentangled fabric will have asymmetrical surfaces. This means 

the face of the fabric appears different than the back. If symmetrical surfaces are desired, the 

fabric may be flipped on its other side and hydroentangled by another set of manifolds. 

Regardless of surface characteristics, hydroentangled webs require drying. Drying is most 

often achieved with through-air dryers. This type of drying prevents the loss of the material’s 

inherent bulk, softness, and resilience. Additionally, in some cases, a finish may be applied for 

further property enhancement [Batra, Pourdeyhimi 2012, p. 117-118]. 

2.5.2.1 Hydroentangling Bonding Mechanism 

During hydroentangling fiber segments are tangled, interlaced, and intertwined [Handbook of 

Nonwovens 2007, p. 259]. In the lower chamber of the manifold, water is under high pressure, 

and exits through the conical orifice of the jet strip in the form of a stream, known as a jet. At 

Figure 8: Basic elements of hydroentangling unit 

 [Handbook of Nonwovens 2007, p. 257] 



24 

 

some distance from the exit point, the jet begins to spread out, or break up, into a spray of 

droplets. The point at which breakup occurs depends on the pressure on the inlet side and on 

the geometry of the jet [p.123].  

If the jet encounters the web before it breaks up, the force of the splash is at its 

maximum and highly localized. In this case, a large amount of fiber bonding is achieved. If the 

jet impacts the web surface after it has broken up, the force of the jet is lower. The splash is 

spread over a large area meaning the jet’s power has diminished. In this case, little fiber 

bonding is achieved [Batra, Pourdeyhimi 2012, p. 123]. 

To understand the mechanics of fiber bonding via hydroentangling, imagine a fiberweb 

entering a hydroentangling system on an open wire screen with prominent knuckles and large 

interstices. The web’s fiber surface is first wet with lower pressure jets. Then, the web is 

impacted with high-pressure jets. These water jets apply a large amount of pressure to the fibers 

on top of the screen’s knuckles causing the fibers to scatter horizontally. This fiber 

displacement causes mutual fiber entanglement. Additionally, the energy provided by the water 

jets forces fibers into the belt’s interstices, the lower regions of the wires, away from the 

knuckles. As the web continues to interact with subsequent jets, entanglement continues. Fibers 

on or near the knuckles are displaced away from the knuckles. Fibers that are on the belt’s 

wires, but not on the knuckles, are displaced along the wire relative to each other, increasing 

the degree of entanglement. Fibers within the interstices are displaced sideways or downward 

and may even twist as bundles further adding to the degree of entanglement [Batra, 

Pourdeyhimi 2012, p. 123]. 

The structure of the fiberweb and the screen carrying the web greatly affects the final 

fabric properties. If a dense fabric is desired, a high-density belt is used with small perforations. 

High density screens create fabrics which are nearly smooth. Such fabrics possess good cover 

and low density lengthwise streaks [Batra, Pourdeyhimi 2012, p. 124]. 

2.5.2.2 Hydroentangled Fabric Structure 

During hydroentangling, fibers are forced to tangle, intertwine and interlace with each other. 

Rearrangement of the fibers is influenced by the interaction of the fibers with the water as well 

as the wires and holes in the support conveyor [Handbook of Nonwovens 2007, p. 259]. High 
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pressure waterjets used during hydroentangling lead to compression of the web structure and 

force surface fibers to the web’s bulk [Suragani Venu et al. 2014, p. 437]. The resulting 

structure of hydroentangled fabrics can be described as three-dimensional due to the impacting 

water jets which force fibers to move in all directions while also entangling [Suragani Venu 

2011].  

As water jets penetrate the web, some fibers are deflected downward and others are 

displaced sideways and entanglements are formed [Handbook of Nonwovens 2007, p. 259]. 

Fibers are forced to locally migrate in both the transverse and in-plane machine directions. 

Thus, some fiber segments are bent into a “U” shape configuration [p. 405] but most fibers 

remain in the in-plane orientation [p. 260].  

Consolidation during hydroentangling primarily occurs in areas where the water jets 

impact the fabric which results in visible jet marks lines on the fabric’s surface. When a three-

dimensional support system is used during hydroentangling “fibers are displaced from the 

projections in the surface to form apertures and other structural patterns” [Handbook of 

Nonwovens 2007, p. 405]. This results in local density variations that can influence the tensile 

properties of the fabric as well as fiber orientation. This means that even if the original web 

was isotropic, structural anisotropy is introduced during bonding that may be of periodic nature 

[p. 405]. 

The structure of hydroentangled fabrics was previously studied by Suragani Venu. To 

better understand the structure of hydroentangled fabrics, Suragani Venu observed 

hydroentangled samples with the DVI (digital volumetric imaging) technique. Some of 

Suragani Venu’s DVI images are shown in Figure 9 and  Figure 10.  

The fabric samples observed during Suragani Venu’s research contained two fiber 

types: nylon (appeared red in the DVI images) and PET (appeared a green-yellow color in the 

DVI images). The image on the left side of Figure 9 allows one to see that during 

hydroentangling, surface fibers, in this case nylon fibers, penetrate through the structure. In the 

samples studied by Suragani Venu, nylon fibers penetrate through PET fibers and align along 

the z-direction. The penetrating surface fibers twist as they moved along the jet, or z-direction, 
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and formed loops. This z-direction fiber movement is shown under magnification on the right 

side of Figure 9.  

 

 

 

 

 

 

 

Suragani Venu further explained the structure of hydroentangled nonwovens by 

dividing her samples into four, equally thick zones along the fabric’s z-direction. The four 

zones are shown in Figure 10. The researcher explains that “Zone 1” primarily consists of the 

surface portion of the web. This is the region where fibers are initially impacted by the jets and 

transferred to the fabric’s bulk. The “Zone 1” area contains alternating regions of nylon 

penetration and PET fibers. “Zone 2”, which is deeper into the thickness of the fabric, possesses 

far fewer penetrating, surface nylon fibers. The PET fibers in “Zone 2” are oriented in both the 

x and y-directions and form “bundles” entangled due to the pressure provided by the water jets. 

It was also observed that “Zone 2” has low density areas surrounding jet impact regions. 

Suragani Venue proposes that the water jet pushes fibers away from its path therefore creating 

surrounding areas of low density [2011, p. 77-79]. 

 

 

 

 

 

Figure 9: Hydroentangled fabric structure via DVI [Suragani Venu 2011, p. 75] (left) 

Surface fibers forming loops [Suragani Venu 2011, p. 77] (right) 
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 “Zone 3” also contains areas of entangled surface fibers. However, Suragani Venu 

observed that in this zone “structures associated with jet impact such as bundle formation and 

clear periodicity of surface penetration fibers” are less noticeable. This was likely observed 

because jets’ pressure dissipated as they traveled through the fabric’s thickness. Therefore, 

fewer fibers were transferred. Finally, “Zone 4”, which is the fabric region farthest from the 

jet impact area and fabric surface, possesses relatively few surface fibers. Suragani Venu 

observed that fibers in “Zone 4” were randomly oriented in the x-y plane [Suragani Venu 2011, 

p. 79-80]. 

 Hydroentangled fabric structure depends on both the process parameters and fiber 

properties. For example, when low water jet pressures are used for bonding only a small portion 

of the fiber segments are entangled at the surface of the web. However, when webs are exposed 

to high water pressure, fiber segments are reoriented towards the reverse side of the web. When 

high jet pressures are applied, some fiber ends may even protrude from the reverse side of the 

fabric. Fiber properties such as rigidity and bending recovery influence the fibers’ abilities to 

entangle when exposed to jet pressure. Therefore, the structure of hydroentangled fabrics can 

also vary with fiber type [Handbook of Nonwovens 2007, p. 405]. 

2.5.2.3 Desired Fiber Characteristics for Hydroentangling 

Ideally during hydroentangling, fibers facilitate the jet-fiber-substrate interactions previously 

described. Fibers ideally entangle through local fiber displacement and bundle rotation. For 

fiber displacement and bundle rotation to take place, it is necessary that fibers are flexible 

Figure 10: Hydroentangled fabric structure DVI zones 

[Suragani Venu 2011, p. 76] 
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(meaning they possess very low bending rigidity), easy to twist about their own axis (meaning 

they possess low torsional stiffness) and easily extended along their length at high speeds. 

Fiber extension is achieved via fiber crimp straightening or local fiber extension. Additionally, 

fiber extension is accomplished when fibers slip past each other at contact points [Batra, 

Pourdeyhimi 2012, p. 124-125]. 

Fiber crimp, which effects the degree of fiber looseness and fiber extensibility, 

facilitates the displacement of fibers. The presence of fiber crimp allows fibers to entangle 

without damage. High fiber flexibility, present in fibers with low bending rigidity, and ease of 

fiber twisting/rotation (torsion rigidity) also facilitate fiber displacement and can increase the 

number entanglements within a fiberweb. The flexibility of a fiber and its ease of twisting are 

directly proportional to its elastic modulus in the wet state and to the fourth power of its radius. 

[Batra, Pourdeyhimi 2012, p. 125]. 

2.5.2.4 Hydroentangling and Fiber Length 

The effect of fiber length on hydroentangled fabric properties was not often researched in the 

past. Additionally, most relevant studies did not solely focus on the effect of fiber length but 

rather the effect of multiple fiber characteristics.  

It was previously determined that fibers are more easily displaced and bonded within a 

web when fewer fiber contact points exist. Long fibers form many contact points with 

neighboring fibers. Contact points create contact friction. Long fibers resist displacement due 

to the increased amount of contact friction. Short fibers form fewer contact points compared 

to long fibers. Therefore, better fiber displacement is realized when using relatively short fibers 

which can easily slip past each other. Because short fibers are more easily displaced, it was 

determined that they can be bonded utilizing relatively low hydroentangling manifold 

pressures [Batra, Pourdeyhimi 2012, p. 124-125].  

Researchers found that high bonding efficiency can be achieved with short, fine fibers 

[Pourmohammadi et al. 2003, p.505].  Alternatively, longer, coarser fibers require higher water 

pressure to achieve adequate bonding. However, it should be noted that although short fibers 

are more easily displaced, very short fibers, such as wood pulp, cannot be solely 

hydroentangled. Excessively short fibers form an insufficient number of contact points to 
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create frictional forces which strengthen the final fabric structure [Batra, Pourdeyhimi 2012, 

p. 125]. 

Although short-cut fibers hydroentangle quite efficiently, previous studies concluded 

that there is a positive relationship between fiber length and hydroentangled nonwoven fabric 

strength “within a narrow range” [Handbook of Nonwovens 2007, p. 266, Pourmohammadi et 

al. 2003, p. 505]. Researchers concluded that when fiber fineness is held constant, fabric 

strength increases with fiber length until a maximum fabric strength value is achieved. In one 

study, maximum hydroentangled fabric strength was achieved when utilizing fibers 50 to 60 

mm in length [Moschler 1995]. Similarly, another researcher concluded that maximum fabric 

strength is achieved in webs containing fibers 51 mm in length [Bertram 1993].  However, 

researchers Sawhney et al. concluded that fiber length did not significantly affect 

hydroentangled fabric strength [2013, p.7]. 

2.5.2.5 Hydroentangled Fabric Properties and Applications 

The properties of hydroentangled fabrics depend upon the fiber constituents as well as the 

amount of kinetic energy transferred to webs. The amount of kinetic energy transferred to the 

web and the effectiveness of the kinetic energy depends on the geometry and nature of the 

substrate. The energy input per unit mass transferred to the web is called specific energy. 

Specific energy can help explain the properties of the hydroentangled fabric as a function of 

energy input [Batra, Pourdeyhimi 2012, p. 126]. 

Typically, when high specific energy is inputted, a fabric will possess higher tensile 

strength, higher stiffness (modulus), higher tear strength, higher tear resistance, greater creep 

resistance, greater compactness (lower bulk), greater bending resistance, and lower drape. 

Most of these properties peak when using certain specific energy and deteriorate when exposed 

to excessively high specific energies. Properties deteriorate because excessive water pressure 

causes fiber breakage [Batra, Pourdeyhimi 2012, p. 126-127]. 

The degree of bonding achieved within a hydroentangled fabric determines the 

frictional forces created between fibers. In turn, the frictional forces present in a nonwoven 

dictate the nonwoven’s strength. When water jet pressures are initially increased during 

hydroentangling, incremental increases in water pressure produce insignificant increases in 
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fabric strength. This continues until a threshold water pressure is reached. Above this 

threshold, small increases in water pressure lead to large increases in fabric strength. 

Eventually the fabric will reach its peak, maximum strength level. After this point, as water 

pressure is increased, the fabric’s strength will plateau and eventually depreciate. The rate 

which strength increases depends on the fiber types, particularly the fiber’s fineness and wet 

modulus, as well as processing parameters [Handbook of Nonwovens 2007, p. 259]. 

The maximum fabric strength (MFS) achieved by hydroentangled nonwovens depends 

on many factors. Fiber type is one factor which effects MFS. Fabrics comprised of strong fibers 

normally have high MFS. Although, the water pressure required to obtain this peak MFS may 

be quite large. When hydroentangling nonwovens comprised of high modulus fibers, the 

excessive water pressure required can cause fiber damage which prevents the MFS from ever 

being reached. Another factor affecting MFS is the pressure profile and ratio of specific energy 

applied to the face and back of the fabric. Typically, a lower MFS is obtained when the fabric 

is only hydroentangled from one side. Finally, the MFS is affected by web weight. Webs with 

greater basis weights usually provide greater MFS’s [Handbook of Nonwovens 2007, p. 259].   

Hydroentangled fabrics are often used for medical/surgical products, wipes, home 

furnishings, disposable apparel products, substrates, industrial products, apparel products like 

artificial leather, heat resistant fabrics, and hygiene products [Batra, Pourdeyhimi 2012, p. 

127]. 

2.5.3 Needlepunching Overview  

Needlepunching and hydroentangling are the two most common mechanical bonding 

techniques. Unlike hydroentangling, needlepunching achieves fiber bonding via barbed 

needles. Needlepunching typically processes webs of higher basis weight compared to 

hydroentangling.  [Batra, Pourdeyhimi 2012 p. 87].  
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Needlepunching, also known as needle-felting, is a form of mechanical bonding 

originally developed for fibers that could not be felted. During needlepunching, a fiber batt 

moves through a needleloom containing barbed needles. Fibers within the web are entangled 

by the reciprocating motion the barbed needles [Handbook of Nonwovens 2007, p.223].  As 

shown in Figure 11, needlepunching systems contain down-punching needleboards connected 

to crank arms. One rotation of the crank arm results in one full needleboard cycle. A 

needleboard cycle includes a single up and down motion of the needleboard. Needlelooms may 

contain a single needleboard or alternatively, multiple boards to increase productivity [Batra, 

Pourdeyhimi 2012, p.91,94]. 

The action of a single barbed needles is shown in Figure 12 . Barbed needles are 

clamped into a board which oscillates vertically, up and down. A feed system leads the web 

between two plates, the stripper and bed plate. Stripper plates are responsible for removing the 

web from the barbed needles after punching. Bed plates are responsible for supporting the web 

as it is punched. Stripper and bed plates contain drilled holes. The drilled holes correspond to 

the location of barbed needles and allow the barbed needles to move through the plates 

[Handbook of Nonwovens 2007, p.223]. During the board’s down stroke, the needles initially 

pass through the first perforated plate, then the web, and finally through the other perforated 

plate. As the needleboard retracts, or upstrokes, the upper plate strips the web from the needles. 

After needling is completed, the fabric is transported from the needling zone by take-up rollers. 

Figure 11: Basic components of a needleloom 

[Handbook of Nonwovens 2007, p. 223] 
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This movement may be intermittent or continuous depending on the size and age of the 

machine [Handbook of Nonwovens 2007, p. 225]. 

 

 

 

 

 

 

Prior to needle interaction, the fibers within the web are inherently oriented in the plane 

of the web. Once the barbed needles catch fibers, the fibers are reoriented vertically. 

Reorientation of the fibers at punching locations forces fibers to entangle and develop the 

structure of the fabric [Batra, Pourdeyhimi 2012, p. 91]. Needle barbs descending into the 

fabric primarily pick up fibers from the face of the web but also some from within the thickness. 

Descending needles push fibers towards the back of the fabric and orient the fibers through the 

thickness of the fabric. As the needles retract, the reoriented fibers, as well as other surrounding 

fibers, are generally left undisturbed. Therefore, the back of the fabric is fuzzy while the face 

is relatively smooth despite needlepunch marks [p.94].   

Webs may be subjected to drafting before as well during needling or pre-needling. 

Drafting is completed to reduce the fabric area density and modify the fabric’s MD/CD ratio. 

Heavy webs coming from low speed crosslappers may increase in speed in areas between roller 

nips called drafting zones. These drafting zones reduce the web’s weight per unit area via 

structure elongation. The web is also subjected to inevitable, uncontrolled drafting as it is 

pulled through the needles. Uncontrolled drafting can be minimized by considering the amount 

of advance per stroke and needle penetration [Handbook of Nonwovens 2007, p. 225].  

Staple fiber webs bonded via needlepunching typically range from 50 to 350 gsm, 

contain fibers between 1 and 20 dtex and fiber lengths between 40 and 100 mm [Batra, 

Pourdeyhimi 2012, p. 88-89]. Several different web laying processes can be used prior to 

Figure 12: Barbed needle motion [Handbook of 

Nonwovens 2007, p. 224] 
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needlepunching but, carded, crosslapped webs are most commonly used [Handbook of 

Nonwovens 2007, p. 225].  Carding processes typically produce webs with basis weights 

ranging from 5 to 20 gsm. Carded webs do not have enough thickness or entanglement to yield 

adequate mechanical strength. Therefore, carded webs require layering prior to 

needlepunching. This is often achieved via crosslapping. However, crosslapped webs are bulky 

and full of air. To avoid uncontrolled drafting during needlepunching, webs must be squeezed 

so that they can pass through the small gap between the bed and stripper plates. This is achieved 

either with compressive batt feeders or compression rolls [Batra, Pourdeyhimi 2012, p. 88-89]. 

2.5.3.1 Pre-needling 

Web pre-needling, also known as tacking, is completed as a pre-consolidation step. Pre-

needling is completed on a needleloom at low needle punch densities. Punch densities used 

during pre-needling typically range from 10 to 75 punches/cm2. As the batt enters the 

needleloom for pre-needling, it is first compressed between the bed and stripper plate. Then, 

the web is further compressed between aprons, or rollers, mounted just in front of the needling 

zone. The needle penetration depth used during pre-needling is usually larger than 

needlepunching since the batt possesses greater thickness for consolidate.  During pre-

needling, punching is typically completed from only one side of the needleloom to gently 

consolidate the batt thickness prior to full bonding techniques. Carded webs are commonly 

pre-needled prior to needlepunching, hydroentangling, thermal bonding, and chemical bonding 

[Handbook of Nonwovens 2007, p. 241-244].   

2.5.3.2 Needlepunched Fabric Bond Structure 

The microstructure of needlepunched fabrics is much different than that of hydroentangled 

fabrics. Needlepunched fabrics have “characteristic periodicities in their structural architecture 

that result from the interaction of fibers with barbed needles” [Handbook of Nonwovens 2007, 

p. 404]. The first two or three barbs of a needle engage the largest number of fibers from the 

upper region of the web. Engaged fibers are subsequently tied-in to the lower region of the 

web. This provides web cohesion and a reduction in fabric thickness [p. 251]. The z-direction 

fiber reorientation creates distinct fiber pillars [p. 404]. Some fibers are incorporated into the 

pillars along most of their length, while others remain situated in the fabric plane [p.251].  
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Microstructurally, needlepunched fabrics consist of two distinct regions. The different 

regions are shown schematically in Figure 13. First, needlepunched fabrics contain areas 

affected by needle penetration. These regions possess fiber pillars in which fibers are oriented 

“approximately perpendicular to the fiber plane” [Handbook of Nonwovens 2007, p. 404].  

These regions increase the fabric’s anisotropy [p. 404].  

Second, needlepunched fabrics contain areas between needle penetrations. These 

regions are not directly disturbed by needles and maintain a structure like the unbonded web 

[Handbook of Nonwovens 2007, p. 404]. Fibers in the unbonded regions are approximately 

horizontal to the fabric plane. Unbonded fibers may exist in three different scenarios which are 

shown in Figure 14.  

First, fibers in unbonded regions may have both fiber ends entangled in bonded regions. 

An example of a fiber in this scenario is denoted with the letter “a” in Figure 14. Alternatively, 

a fiber in the unbonded region may have one end locked into a bonded region. A fiber in this 

scenario is labeled “b” in Figure 14. Finally, it is possible that neither fiber end is locked into 

bonded region. A fiber in this scenario is considered a floating fiber and labeled “c” in Figure 

14  [Koc, Cincik 2011, p. 1622].  

Figure 13: Needlepunched fabrics’ microstructure [Koc, Cincik 2011, p. 162] 
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Initially, as fiber pillars are created in the fabric’s cross-section, fabric strength 

increases. After a peak in fabric strength is reached, fibers begin to break and the fabric begins 

to perforate and lose strength. The number of fiber pillars formed depends on fiber types and 

process factors. For pillars to form and fabric strength to increase, fibers must be able to deform 

and extend when interacting with needle barbs. The frequency, interconnection, and number 

of fibers in pillars depends on factors such as “barb dimensions, needlepunch density, the depth 

of penetration and the advance per stroke” [Handbook of Nonwovens 2007, p. 251].  

The number of needles used during processing and the depth of needle penetration is 

related to bond quality and tensile strength of the fabrics.  The needle penetration depth, the 

number of needle barbs, and the distance between the barbs are important variables that 

influence the microstructure of needlepunched fabrics [Handbook of Nonwovens 2007, p. 

404]. 

2.5.3.3 Needlepunching and Fiber Length 

Multiple researchers determined that fiber length influences the needlepunching processes and 

fabric properties. Researchers studied the relationship between fiber length and fabric 

processing/fabric properties more frequently for needlepunching compared to 

hydroentangling.  However, most studies did not only focus on the effect of fiber length. 

Previous researchers considered the effect of fiber length while also observing the effect of 

multiple other factors such as fiber denier, needle characteristics, needling density, etc. 

Mrstina claimed that a suitable fiber length range for needlepunched nonwovens is 38 

to 90 mm [1990, p. 43]. It was determined that excessively short fibers struggle to reorient and 

Figure 14: Fiber positions in un-bonded 

needlepunched fabric [Koc, Cincik 2011, p. 1623] 
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entangle during needlepunching [Sun 2014, p 16]. Researchers similarly found that short fibers 

contribute to an increased deformation of needlepunched webs [Mrstina 1990, p.43]. However, 

other studies concluded that long fibers also present issues during needlepunching. In one 

study, it was determined that multiple needle barbs catch singular, long fibers. This creates 

undesired, intensive punching forces during needling [p.43].  

Researchers considered the effect of fiber length on needlepunched nonwovens with a 

variety of fiber types. This included polypropylene, rayon, cotton, and most commonly, 

polyester. Most often, studies focused on the relationship between fiber length and 

needlepunched fabric strength. It was concluded that needlepunch fabric strength increases 

with fiber length [Sawhney et al. 2013, p.7, Ghosh et al. 1994, p. 205, Smith 1992, p. 21, Desai 

et al. 1993, p. 185, Winchester, Whitwell 1970, p. 468].  

Previous studies found that the tensile strength [Ghosh et al. 1994, p.205] and tear 

strength, [Winchester, Whitwell 1970, p. 468] of needlepunched fabrics increases with 

increasing fiber length. Additionally, it was determined that the ratio of fabric strength in the 

CD to the MD is greater when fiber length was increased [Desai et al. 1993, p. 185]. The 

strength of heat-treated and non-heat-treated needlepunched fabrics increases when made with 

longer fibers [Smith 1992, p. 64,84].  

Fabrics containing longer fibers achieve greater strength because there is greater fiber-

to-fiber cohesion [Ghosh et al. 1994, p. 206]. Greater fiber-to-fiber cohesion prevents fiber 

slippage and allows greater fiber strength transfer to the fabric [Smith 1992, p. 65]. Researchers 

similarly concluded that MD tenacity (CD tenacity was not discussed) and MD/CD elongation 

to break increases with increasing fiber length [Ko, Scardino 1978, p. 135]. 

A previous study considered the effect of fiber length on needlepunched nonwovens’ 

air permeability. The researcher determined that no significant relationship exists between 

water permeability and fiber length. The researcher hypothesized that fiber length does not 

alter a fabric’s pore size. Therefore, fiber length does not affect needlepunched fabrics’ 

permeability [Smith 1992, p. 103]. However, other researchers found that needlepunched 

fabrics created with longer fibers possess reduced mean pore size. The researchers stated that 
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long fiber lengths allowed for increased fiber entanglement and more compressed structures. 

Compressed structures result in reduced mean pore size [Mohammadi et al. 2004, p. 205].    

Another source considered the effect of fiber length, and many other factors, on 

needlepunched fabrics’ filtration properties. Variables considered were fabric thickness, 

weight, density, air permeability, and bursting strength. The researchers concluded that fiber 

length has “no appreciable effect” on any of the fabric properties [Mohamed, Afify 1976, p. 

72]. 

Researchers studied the effect of fiber length on other properties such as bulk density, 

cohesion, and stretch. Scientists concluded that longer fibers entangle more easily. Therefore, 

long fibers form denser needlepunched structures [Winchester, Whitwell 1970, p. 468].  

Another study found that needlepunched fabric cohesion increases with fiber length. The same 

study concluded that fabric stretch decreases with fiber length. Researchers hypothesized that 

because longer fibers extend greater distances, they can interlock more than short fibers. 

Longer fibers provide more integrity to the fabric, more fiber interlocking, and better fiber 

cohesion. These characteristics prevent fiber slippage and stretching [Ghosh et al. 1994, p. 

206]. 

2.5.3.4 Needlepunched Fabric Properties and Applications 

The final performance of a needlepunched fabric depends on a myriad of factors such as fiber 

composition, fiber length, fiber diameter, fabric density, fabric thickness, fabric basis weight, 

the structure of the unbonded web, the web-forming device used, the needleloom used, 

needlepunch density, as well as other process parameters [Batra, Pourdeyhimi 2012 p. 89, 

Handbook of Nonwovens 2007, p. 251]. Needlepunched fabrics are used for an extensive range 

of applications including geosynthetics, filter media, synthetic leather, floor coverings, 

automotive fabrics, insulation, wipes, etc. [Handbook of Nonwovens 2007, p. 253-255]. 
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3. Materials 

The fibers for this project were provided by the staple fiber production company, FiberVisions, 

with the assistance of FiberVisions’ Technical Director, Carl Wust. The fibers were produced 

at the company’s location in Covington, Georgia. Polypropylene fibers were provided in two 

different linear densities, 3 and 6 denier. Fibers of both linear densities were cut to six different 

lengths ranging from 2.54 to 15.24 cm. The different fiber length and linear density 

combinations used are shown in Table 1. In addition, bicomponent fibers containing 

polyethylene and polyester (PET/PE) were studied at the same linear density and length 

combinations, as displayed in Table 2. 

Table 1: Polypropylene homocomponent fibers 

Linear Density (Denier) Fiber Lengths (cm) 

3  

2.54 

3.81 

5.08 

7.62 

10.16 

15.24 

6 

2.54 

3.81 

5.08 

7.62 

10.16 

15.24 
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Table 2: Polyethylene/polyester splittable bicomponent fibers 

Linear Density (Denier) Fiber Lengths (cm) 

3 

2.54 

3.81 

5.08 

7.62 

10.16 

15.24 

6 

2.54 

3.81 

5.08 

7.62 

10.16 

15.24 
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4. Processing Procedures 

All fiber types were laid via carding. Carded webs were subsequently crosslapped and then 

bonded via needlepunching or hydroentangling. The fabric manufacturing steps for each fiber 

type are shown in Figure 15. Some PP homocomponent fiber webs were bonded directly after 

carding with in-line needlepunching. Other PP fibers were pre-needled after carding and 

ultimately bonded via hydroentangling. PET/PE, splittable fiber webs were exclusively pre-

needled and hydroentangled. Splittable, bicomponent fibers are most commonly split by high 

pressure water jets during hydroentangling. Therefore, the bicomponent fibers were not 

needlepunched during this research.   

 

 

 

 

 

4.1 Carding  

Fibers were carded at The Nonwovens Institute’s Staple Nonwovens Pilot Facility located at 

North Carolina State University in Raleigh, NC. This facility includes a fiber feeding device, 

opening and blending equipment, a Trutzschler High-Speed EWK 413 Card, an Asselin Profile 

415-FD Crosslapper, and a Trutzschler Nonwovens ENL (single board) Needle Loom. The full 

carding/needlepunching production line is shown in Appendix A.   

The primary goal during carding was to produce webs for in-line needlepunching and 

webs for subsequent hydroentangling. The desired basis weight for webs designed for 

needlepunching was 250 gsm. The target basis weight for the webs designed for 

hydroentanglement was 125 gsm. Ideally, the same card and needleloom settings were utilized 

for all fiber types and lengths. However, in many cases this was not possible. Settings were 

changed to produce consistent webs with desired basis weights. 

PP Homocomponent PET/PE Bicomponent 

Card & Crosslap 

Hydroentangle Needlepunch Hydroentangle 

Figure 15: Fabric production process diagram 
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4.1.1 Carded and Pre-needled Webs 

Both the PP homocomponent fibers and the PET/PE bicomponent fibers were carded to 

produce webs for hydroentangling. As previously mentioned, the desired basis weight for webs 

designed for bonding via hydroentangling was 125 gsm. To achieve this weight, the carded 

webs were folded twice (four layers) during crosslapping. Directly after crosslapping, the webs 

were pre-needled on the needle loom at a punch density of 50 needles/cm2. The specific card 

settings used for the 125 gsm webs can be found in Appendix B. The specific needleloom 

settings used for the 125 gsm webs can be found in Appendix C. 

3 PP Denier Fibers  

The different 3 denier, PP fiber lengths were produced under similar machine settings during 

carding and pre-needling processes. However, the card’s feed roll speed was slightly altered to 

achieve the desired basis weight. During needling, the amount of draft was consistently held 

at 62.5% and the needle loom’s feed rate remained at approximately 10 mm/stroke. 2.54 cm 

length fibers required different needle loom settings to achieve the desired basis weight and 

draft but, all remaining lengths were needled under almost identical settings.  

6 Denier PP Fibers 

Carding and pre-needling settings used for 6 denier PP fibers were less consistent when 

compared to the 3 denier PP fibers. The settings used for the 3 denier PP fibers were attempted 

for the 6 denier PP fibers but, not successful. This was due to the weakness of the 6 denier, PP 

125 gsm webs. The 6 denier PP fibers appeared to have low fiber cohesion within the web 

which may explain the required setting changes. The carding and needling settings for the 2.54 

cm and 3.81 cm fiber lengths were almost identical while the remaining fiber lengths required 

different settings which remained fairly consistent. The card’s feed roll speed was altered to 

achieve the desired basis weight while the total draft was kept consistent at 33.2%. The needle 

loom’s feed rate also remained the same at ~10 mm/stroke.  
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The 6 denier, 2.54 cm PP fiber length was particularly difficult to process. These fibers 

resisted movement through the carding system resulting in splotchy webs, as seen in Figure 

16. Line settings required multiple changes to produce uniform webs.  The 125 gsm webs 

containing 6 denier PP fibers were weak and broke multiple times prior to reaching the 

needleloom. To prevent this from happening, the inlet nip roll of the Asselin needlepuncher 

was dropped.  

 

 

 

 

 

 

Researchers previously determined that inadequate fiber opening results in “blotchy, 

nonuniform fabric[s] that ha[ve] a tendency to break easily during processing” [Pourdeyhimi, 

Maze 2008, p. 124]. Insufficient fiber opening prior to and during carding could have been the 

source of 6 denier, 2.54 cm PP processing issues. When longer 6 denier PP fiber lengths were 

processed, the webs appeared more uniform and production was less difficult. Therefore, line 

settings for the longer fiber lengths were more consistent.  

3 Denier PET/PE Fibers 

During processing of the 3 denier PET/PE fibers card settings remained fairly consistent for 

all fiber lengths. However, the card’s feed roll speed was altered to reach the desired basis 

weight. When processing the 2.54 and 3.81 cm fiber lengths, needleloom settings were 

identical resulting in a draft of 62.5%. When processing the longer fiber lengths (5.08 cm, 7.62 

cm, 10.16 cm, and 15.24 cm) there were issues with the fibers clinging to the stripper plates 

and transport belts causing the fibers to resist spreading. To achieve the desired basis weight, 

the needle loom settings were altered for each different fiber length to provide necessary 

drafting. The drafting amount required increased as longer fiber lengths were processed. 

Figure 16: Splotchy web produced 

from 2.54 cm length PP fibers 
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Despite the required changes, the need loom’s feed rate was consistently held at ~10 

mm/stroke.  

6 Denier PET/PE Fibers 

The 6 denier PET/PE fibers required different carding and needling settings compared to the 3 

denier PET/PE fibers. Although, the different lengths of the 6 denier PET/PE fibers were 

produced with fairly consistent card settings. However, the tambour roll speed was raised for 

the 10.16 and 15.24 cm fiber lengths. These long fibers wrapped around and clung to the 

tambour roll causing processing issues. Additionally, the card’s feed roll speed was altered to 

obtain the desired basis weight.  

When processing different 6 denier PET/PE fiber lengths, needleloom setting changes 

were required. The 6 denier PET/PE fibers repeatedly stuck to rolls and transport belts. 

Increases in drafting were required to pull fibers through the system. As the fiber lengths 

processed increased, the draft required also increased.  Antistatic spray and talcum powder 

were applied to the belts to help prevent fiber sticking. Despite the needle loom setting changes 

the feed rate remained the same at ~ 10 mm/stroke.  

4.1.2  Carded and Needlepunched Fabrics 

PP fiberwebs were produced for needlepunching. As previously mentioned, the webs designed 

for needlepunching had a desired basis weight of 250 gsm. To achieve this weight, the carded 

webs were folded four times (eight layers) during crosslapping. Directly after crosslapping, the 

webs were needlepunched in-line with a punch density of 150 needles/cm2. The Trutzchler 

Needleloom used for this research is a single board machine meaning only one side of the webs 

were needled. The card and needlepunch process settings are generally described below. The 

specific card settings used for the 250 gsm webs can be found in Appendix D. The specific 

needleloom settings used for the 250 gsm webs can be found in Appendix E. 

3 Denier PP Fibers 

The different 3 denier PP fiber lengths were produced with similar machine settings during 

carding and needlepunching. However, the card’s feed roll speed was slightly altered to 

achieve the desired basis weight. The needleloom draft was consistently set at 62.5% for all 
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fiber lengths. The feed rate of the needleloom remained at approximately 3.33 mm/stroke. 

Needling of the 2.54 cm length fibers required slightly different needleloom settings to achieve 

the desired basis weight but all remaining lengths were needled under the same settings.  

6 Denier PP Fibers  

The 6 denier PP fibers required different machine settings compared to the 3 denier PP fibers. 

However, the different 6 denier PP fiber lengths were produced under similar machine settings 

during carding. The card’s feed roll speed was altered to achieve the desired basis weight 

Initially, needleloom settings used for the 3 denier, 2.54 cm PP fibers were utilized for 

the 6 denier, 2.54 cm fibers. These settings produced a low-quality web and setting changes 

were necessary. Specifically, the needleloom’s draft was changed from 62.5% to 33.2%. 

Therefore, the 2.54 cm, 6 denier PP needling settings vary from those used for the other 6 

denier fiber lengths. Other than the 2.54 cm fiber length, production settings remained fairly 

consistent. The needle loom feed rate remained the same (~3.33 mm/stroke) as the 3 denier PP 

fibers.  

4.2 Web bonding 

4.2.1 Hydroentangling 

Hydroentangling was completed on the 125 gsm carded webs at The Nonwovens Institute’s 

Pilot Facility located in the Partner’s 1 building on North Carolina State University’s 

Centennial Campus. This line includes a Fleissner Aquajet Hydroentangling Unit, a Fleissner 

Through Air Dryer, and an ACelli Windy Winder. The full hydroentangling production line is 

shown in Appendix F. All hydroentangled samples moved through the hydroentangling unit at 

10 m/min on a 310K PET belt. The hydroentangling system’s drums were covered with a 100 

Mesh SS pattern drum cover. 

The hydroentangling unit located in the Partners’ facility has five manifolds 

(injectors/jets): one pre-wet manifold, two manifolds on a belt for face entangling, and finally, 

two manifolds on a porous drum for back entangling. Each of the manifolds used during this 

experiment were 650 millemeters wide and contained 1025 orifices. The orifices had a 

diameter of 130 micrometers and were organized on the manifold in a single row 600 
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micrometers apart from each other. After being sprayed by the jets, the hydroentangled webs 

were sent through a squeeze roll. This allowed excess water to be removed from the fabrics. 

Once the rolls were completed, they were run through the drying system an additional time to 

ensure thorough drying.  

All PP and PET/PE, 125 gsm webs containing different fiber lengths were passed 

through the hydroentangling unit one, two, and three times. A portion of the fabric was 

removed after each pass for testing. The hydroentangling settings used for the 3 denier PP 125 

gsm webs, 6 denier PP 125 gsm webs, 3 denier PET/PE 125 gsm webs, and 6 denier PET/PE 

125 gsm webs were identical. The specific hydroentangling settings utilized are shown in 

Appendix G. 

During the web’s initial pass through the hydroentangling unit, the first jet head’s 

pressure was 20 bar, the second and third jets were set to 50 bar, and the final two jets’ pressures 

were 70 bar (20, 50, 50, 70, 70 bar). The second pass had jets set to 20, 100, 100, 100, and 100 

bar. The third and final pass had jet pressures set to 20, 100, 100, 100, and 100 bar.  

Overall, hydroentangling trials ran smoothly. However, there were issues processing 

the 125 gsm webs containing 6 denier 2.54 cm length PP fibers. During the first pass through 

the hydroentangling system, the roll produced with the 6 denier 2.54 cm length PP fibers broke 

in the hydroentangling unit. Later, the web broke again in the dryer. These issues during 

hydroentangling were not surprising considering the processing issues experienced with this 

fiber type during carding.  

4.2.1.1 Specific Energy Calculations  

Specific energy is defined as the total energy delivered to a fabric during one hydroentangling 

pass. Specific energy is important to consider for two different reasons. First, it is a measure 

of the amount of energy the process consumes which dictates the cost of the process. Second, 

and possibly more importantly, specific energy is used as a parameter to describe the effects 

of the hydroentangling process on a fabric’s structure and properties [Zheng et al., 2003].  

Specific energy is a factor that can be used to gauge the amount of fiber bonding 

achieved in a structure during hydroentangling. When greater energy is transferred to the web, 

it is more likely that the web’s structure will be altered. This will affect the webs “compression, 
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realignment, bending, fiber transfer, etc.” [Suragani Venu et al. 2014, p. 437]. It is important 

to note that specific energy is only related to the total energy consumed during processing and 

does not indicate the nature of the web’s structural changes. Even when considering the same 

energy level, how effectively the energy is transferred to the nonwoven web and the nature of 

the web’s structural changes can be quite different. Structural changes depend on the feed 

web’s characteristics and processing conditions [Suragani Venu et al. 2014, p. 437.] 

The hydroentangling jet pressure settings can be used to calculate specific energy.  

Specific energy calculations are based on the Bernoulli equation that “ignores viscous losses 

throughout the system” [Durany et al. 2009, p.5929]. If the manifold pressure is known, P1, 

the jet velocity, V1 in m/s, of an individual waterjet can be found with:  

V1 = ((2P1)/ρ)1/2 

where ρ, the density of water at room temperature, which is equal to 998.2 kg/m3 and 

P1 is pressure in pascals (Pa). Next, to calculate specific energy, it is required to calculate the 

rate of energy transfer by the waterjet. This can be done with the following equation:  

E= (π/8)ρd2CdV
3 

where d is the diameter of the orifices’ capillary section in meters, Cd is the discharge 

coefficient, and E is energy rate given in J/s. Once the energy delivered by an individual 

waterjet on each manifold pressure is determined, the values are added. This value is then 

multiplied by the number of orifices per meter to determine the total rate of energy transfer.  

Finally, the specific energy (J/kgfabric) is calculated using the following equation: 

SE= (E/M) 

Where M is the mass flow rate of the fabric in kg/s and calculated with: 

M= Sample width (m)*Basis weight (kg/m2)*Belt speed (m/s) 

Specific energies received by the fabric passed once through the hydroentangling unit 

(Pass 1), passed twice through the hydroentangling unit (Pass 2), or passed three times through 

the hydroentangling unit (Pass 3) are shown in Table 3 below.  
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Table 3: Calculated specific energy: Pass 1, Pass 2, and Pass 3 

Pass # 
Specific Energy 

(kJ/kg) 

1 2934 

2 9032 

3 15129 

4.2.2 Needlepunching  

The needlepunch machinery and general needleloom settings used during this research were 

described in section 4.1.2. Specific needlepunch process settings used can be found in 

Appendix E. Needlepunching was completed on the Trutzschler Nonwovens Needleloom. This 

equipment is a single board needleloom meaning only one side of the webs were 

needlepunched. The board used in Trutzschler needleloom is one-meter-wide and contains 

5000 needles (4 needles/cm2). The needles used were 36 gauge, triangular, and conical. A 

schematic of a conical needle is shown in Figure 17. The triangular needles possess three sides. 

Each side of the needle contains two barbs with the first barb measuring 4 mm from the needle 

tip.  

 

 

 

 

 

 

 

Figure 17: Conical needle schematic 

[Handbook of Nonwovens 2007, p. 233] 
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5. Testing Procedures 

5.1 Fiber Testing 

Prior to fabric manufacturing, the raw materials provided by FiberVisions were evaluated 

based on cross sectional shape, crimp percent, linear density, and tenacity. Fiber testing was 

completed to ensure that fiber properties were consistent.  

5.1.1 Cross Sectional Shape 

Previous research has determined that a fiber’s cross sectional shape has direct influence on 

the physical properties of fibers. A fiber’s cross sectional shape can affect its luster, friction, 

and moisture regain. Cross sectional shape can also influence a fiber’s mechanical properties 

such as bending modulus, resiliency, and tenacity. The mechanical and physical properties of 

a fiber affect the ultimate properties of a fabric. Therefore, a fiber’s cross sectional shape is an 

important factor to consider [Xu et al., 1993, p. 717].  

FiberVisions provided the expected shape of the fibers’ cross sections but, prior to 

fabric production it was necessary to confirm this information via SEM images. The fibers’ 

cross sections were observed with a Hitachi S3200N variable pressure scanning electron 

microscope (VSPEM). This scanning electron microscope, seen in Figure 18, is located at NC 

State’s Analytical Instrumentation Facility (AIF) and was operated by Chuck Mooney.  

 

 

 

 

 

 

To view the fibers’ cross sections, the fibers were cut under liquid nitrogen with a sharp 

razor. Once cut, the samples were sputter coated with a 60% gold and 40% palladium coating. 

Figure 18: VPSEM used for viewing fibers’ cross 

sections 
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The fibers were then viewed in the VPSEM’s high vacuum mode at a 5 kV accelerating beam 

voltage. Images were collected with the Everhart-Thorney secondary electron detector. 

The process of preparing the samples and locating fibers with desirable orientation was 

difficult and time consuming. Therefore, the only fiber samples observed in this manner were 

3 denier PP 5.08 cm length homocomponent fibers, the 3 denier PET/PE 5.08 cm length 

bicomponent fibers, and the 6 denier PET/PE 5.08 cm length bicomponent fibers.   

5.1.2 Crimp Percent 

Fiber crimp is an important fiber characteristic that can affect both fiber processing and 

fabric properties. Carding operations such as blending are affected by a fiber’s crimp [Xu et 

al. 1992, p. 73] Nonwoven web bonding processes, like hydroentangling, are affected by fiber 

extensibility which is achieved through straightening of the fibers’ crimp. Fiber crimp effects 

the degree of fiber looseness which facilitates fiber displacement and fiber entanglement 

during bonding [Batra, Pourdeyhimi 2012, p. 124-125]. Variations in crimp can result in 

inconsistent fabric appearance and variations in physical properties such as hand, resilience 

and elasticity [Xu et al. 1992, p. 73].   

To measure the crimp percent of the fibers, a modified version of ASTM (American 

Society for Testing and Materials) method D3937 – “Crimp Frequency of Man-Made Staple 

Fibers” was utilized. The crimp percent was measured using Equation 1. This equation was 

described by the researchers Xu, Pourdeyhimi, and Sobus [1992, p. 76].  

Equation 1: Crimp percent 

Crimp % = 
Extended Length (mm) - Natural Length (mm) *100 

Natural Length (mm)   

 

Prior to fiber measurements, the fibers were conditioned in NC State’s Physical Testing 

Lab overnight at 70˚C and 65% relative humidity (RH). Once conditioned, a single fiber was 

removed from a bundle using metal tweezers. The fibers were pulled on as little as possible to 

avoid fiber deformation and removal of crimp. Once a single fiber was removed, the fiber was 

laid on a black, plush background which facilitated visual observation.  
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After fiber removal and placement, the fiber’s natural length, which is defined as “the 

length of [the] fiber at rest,” was measured and recorded [Xu et al. 1992, p.76]. In other words, 

the fiber was measured without being pulled and without any length/crimp manipulation.  

Measurements were taken with a standard ruler while the fiber rested on the black, plush 

background. 

Next, the fiber’s extended length was measured. To do this, one end of the same fiber, 

whose natural length was just measured, was held down by the observer’s fingernail to. The 

fiber was held manually to avoid fiber movement. The observer’s nail was placed as close to 

the fiber end as possible. Once the fiber end was secured, a ruler was placed below the fiber 

with the “0” millimeter mark of the ruler lining up with the observer’s fingernail. Once the 

fiber was held at one end and the ruler was in place, the loose, remaining fiber end was pulled 

with the tweezers to its extended, uncrimped length. A fiber’s extended length is the length at 

which the fiber is straightened but not permanently deformed. The extended length was 

observed and recorded. This process was repeated five times for each fiber type and length.  

5.1.3 Linear Density/Fiber Diameter  

Researchers determined that a fiber’s diameter, which indicates the fiber fineness, has 

direct influence on the physical properties of a fiber such as its luster, friction and moisture 

regain. Fiber fineness also influences a fiber’s mechanical properties such as its bending 

modulus, resiliency, and tenacity. These fiber properties go on to influence many fabric 

properties. Therefore, measuring a fiber’s diameter and its linear density is quite important [Xu 

et al. 1993, p. 717].  

The Nonwovens Institute’s Phenom ProX Scanning Electron Microscope (SEM), seen 

in Figure 19, was utilized to measure the linear density of the homocomponent and 

bicomponent fibers. Prior to testing, the fibers were conditioned in The Nonwoven’s Institute’s 

Physical Testing Lab overnight at 70˚C and 65% RH. Once conditioned, a small group of fibers 

was removed with tweezers. The removed fibers were then manipulated to lay in a flat layer. 

Using tweezers, the flat layer of fibers was placed on the SEM’s sample holder. Once the fibers 

were stuck to the SEM’s sample holder, the excess fiber ends were trimmed with scissors.  
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After the fibers were secured and trimmed, the SEM’s sample holder was placed in the 

Denton Vacuum Desk V sputter coating device, shown in Figure 20. Once the sputter coating 

machine was fully loaded with sample holders, the device was closed and the samples were 

sputter coated with gold and palladium. Upon sputter coating completion, the samples were 

loaded into the Phenom ProX SEM which was used to capture fiber images. 

 

 

Figure 20: Sputter coater utilized for SEM images 

Figure 21: Example of SEM images used for fiber diameter measurements 

Figure 19: Phenom ProX SEM microscope 
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After images were taken of all fiber types and lengths the software, “ImageJ” was used to 

measure the fibers’ diameters. Five random fiber diameters were measured for each fiber type 

and length. Some of the images used for measurement can be seen in  Figure 21. Subsequently, 

the five measurements were used to calculate the fibers’ average linear densities based on 

Equation 2 

Equation 2: Linear Density 

Linear Density (Denier) = πr2 * 9000 * ρfiber 

where “r” is the fiber’s radius, and ρfiber is the fiber’s density. The density of the PP 

fibers, 0.91 g/cm3, was provided by the FiberVisions. However, the PET/PE bicomponent fiber 

density was calculated based on the density values of its components.   

5.1.3.1 PET/PE Bicomponent Fiber Density Calculation  

FiberVisions used a PET polymer with a density of 1.38 g/cm3 for bicomponent fiber 

production. The PE component used for the bicomponent fibers has a density of 0.95 g/cm3. 

The bicomponent fibers were produced with the two different polymers in a 50:50 ratio by 

mass. With this information, Equation 3 and Equation 4, were used to calculate the density of 

the PET/PE fibers  

Equation 3: Density of bicomponent fiber (ρbico) 

ρbico =  
Mbico 

Vbico 

 

Equation 4: Volume of bicomponent fiber (Vbico) 

Vbico =  
MPET 

+ 
MPE 

ρPET ρPE 

 

Where Mbico is the mass of the bicomponent fiber, Vbico is the volume of the 

bicomponent, MPET is the mass of the biocomponent’s PET component (50% of total mass), 

ρPET is the density of PET, MPE is the mass of the biocomponent’s PE component (50% of total 

mass), and ρPE is the density of PE. These equations and the information provided by 
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FiberVisions resulted in a calculated density value of 1.13 g/cm3. The calculation process is 

shown in Figure 22.  

 

Vbico = 
0.5 g 

+ 
0.5 g 

= 0.889 cm3 
0.95 g/cm3 1.38 g/cm3 

      

ρbico = 
1 g 

= 1.13 g/cm3   

0.889 cm3 

 

 

5.1.4 Tenacity  

The tenacity of the fibers was measured to determine if the fibers were strong enough to 

withstand processing. The tensile strength of the homocomponent and bicomponent fibers was 

determined with a Textechno Favimat machine, seen in Figure 23. The Favimat is a single fiber 

testing device capable of measuring a fiber’s strength, fineness, crimp extension, crimp 

rigidity, and crimp number [Foulk, McAlister 2002, p. 885]. During this research, the Favimat 

measured the amount of force required to break a fiber utilizing a 210 cN load cell. The 

Favimat’s settings used during testing are shown in Table 4.  

 

 

 

 

 

 

 

Figure 22: PET/PE bicomponent fiber density calculations 

Figure 23: Favimat fiber strength tester 
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Table 4: Favimat fiber strength test settings 

Favimat Fiber Strength Test Settings 

Load Cell 210 cN 

Gauge Length 10 mm 

Tensile Test Speed 20 mm/min 

Linear Density Test Speed 20 mm/min 

Linear Density Input 3 or 6 den 

Pretension 0.05 g/den 

Pretension 1.0 N/tex 

 

Prior to testing, the fibers were conditioned in The Nonwoven’s Institute’s Physical 

Testing lab overnight at 70˚C and 65% RH. Next, a single fiber was carefully removed from a 

fiber bundle with metal tweezers. The fibers were pulled as little as possible to avoid fiber 

deformation and crimp removal prior to testing. Once a single fiber was removed it was loaded 

between the clamps of the Favimat. Typically, paper tabs are attached to the fiber ends prior 

to clamping to assist with fiber loading. However, some fibers used during this research, 

particularly the 2.54 cm length fibers, were not long enough to allow the use of tabs. Once the 

fiber was held by the clamps the test was initiated and the clamps moved in opposite directions 

at a constant rate of extension. The loaded fiber was extended until it broke. Once the test was 

completed, the clamps were cleaned with a brush to remove remains of the broken fiber. This 

process was repeated five times for each fiber type and length.  

5.2 Fabric Testing  

Structural characteristics and mechanical properties of the fabrics were measured to determine 

the role of fiber length on the performance of carded nonwovens. Fabric structures were 

characterized based on weight and thickness. Fabric weight and thickness were used to 

calculate the fabrics’ solid volume fractions which is also known as a fabric packing density. 

Subsequently, the fabrics were tested for their air permeability and burst strength. The 

procedures and test methods used during the fabrics’ evaluation can be found below.  
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5.2.1 SEM Images 

SEM images were taken to obtain a more detailed view of the fabrics. Some SEM images were 

taken with the Phenom ProX which was described and shown in section 5.1.3. The 

hydroentangled fabrics containing 3 denier PP, the hydroentangled fabrics containing 3 denier 

PET/PE, and the hydroentangled fabrics containing 6 denier PET/PE fibers were observed with 

the Phenom ProX microscope. The fiber sample preparation method described in section 5.1.3 

was also used for the fabric samples observed with the Phenom ProX. However, in this case, 

fabric samples were cut and applied to the sample holders, rather than fiber bundles. A fabric 

sample cut and applied to the SEM sample holder is shown in Figure 24.  

 

 

 

 

 

The remaining fabric samples were too thick and lofty for observation in Phenom ProX 

SEM microscope. Needlepunched samples containing either 3 denier PP fibers or 6 denier PP 

fibers and the hydroentangled samples containing 6 denier PP fibers required alternative SEM 

equipment. These samples were observed with the VPSEM previously described and shown in 

section 5.1.1. The needlepunched samples were observed in the VPSEM’s variable pressure 

mode with an accelerating beam voltage level of 20 kilovolts (kV). The Robinson backscatter 

electron detector was used to collect needlepunched sample images. The hydroentangled 

samples containing 6 denier PP fibers, were less thick and lofty than the needlepunched 

samples. Therefore, these images were taken with the Everhart-Thorney secondary electron 

detector in the VPSEM’s high vacuum mode at a 5-kV accelerating beam voltage level.  

5.2.2 Basis Weight 

Fabric weight, or mass, is defined as the mass per unit area of the fabric. Fabric basis weight 

is often measured in grams per square meter or gsm. Basis weight typically varies along and 

across a nonwoven fabric. Variations are usually “periodic nature with a recurring wavelength 

Figure 24: Fabric sample for 

Phenom ProX SEM observation 
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due to the mechanics of the web formation and/or bonding process” [Handbook of Nonwovens 

2007, p. 408-409].  

The basis weight of the fabrics was taken in accordance to ASTM D3776. Prior to 

testing the fabrics were properly conditioned overnight in The Nonwoven’s Institute’s Physical 

Testing lab. Five circular samples, each measuring 100 cm2, were taken from every fabric 

produced. The circular samples were cut using the James Heal cutting device which is shown 

in the left-hand portion of in Figure 25. Prior to sample cutting, the fabrics were placed on a 

foam backing to help produce more precise cuts. Once the fabric was laid on the foam, the 

cutting device was placed on top the fabric and pressure was evenly applied to the tool until 

the desired sample was cut. The image on the right-hand side of Figure 25 shows examples of 

the 100 cm2 samples used for basis weight measurement.  

 

 

 

 

 

It should be noted, the needlepunched samples produced with the 6 denier PP 

homocomponent fibers were quite lofty and difficult to cut with the James Heal cutting device. 

Therefore, a paper template measuring 100 cm2 was used to trace the samples onto the fabric 

and once the five samples were traced they were cut using scissors.  

 

 

 

 

 
Figure 26: Scale used for 

basis weight 

Figure 25: James Heal cutting device and foam backing (left), 100 cm2 samples (right) 

 



57 

 

After the five 100 cm2 fabric samples were produced their weight was measured using 

a standard scale, seen in Figure 26. The weight of each individual sample was recorded in 

grams. Equation 5 was applied to convert the weight of the fabrics (grams) to basis weight 

(g/m2 or gsm).  

Equation 5: Basis weight 

Msample*100 = BWobserved 

Where Msample is the measured weight of the 100 cm2 sample in grams and BWobserved 

is the measured/observed basis weight of the fabric in gsm. 

5.2.3 Thickness 

Fabric thickness is defined as the “distance between the face and back of the fabric” or the 

“distance between two fabric surfaces under a specified applied pressure, which varies if the 

fabric is high-loft (or compressible) [Handbook of Nonwovens 2007, p. 426, 408]. Thickness 

typically varies along and across a nonwoven fabric. Variations are usually “periodic nature 

with a recurring wavelength due to the mechanics of the web formation and/or bonding 

process” [Handbook of Nonwovens 2007, p. 409] 

The thickness of each fabric produced was measured in accordance to ASTM D1777. Prior 

to testing, the fabrics were properly conditioned overnight in The Nonwoven’s Institute’s 

Physical Testing facility. The 100 cm2 samples previously used to measure fabrics’ basis 

weights were also used for thickness measurements. An Ames thickness measuring device, 

shown in Figure 27, provided the thickness measurements.   

 

 

 

 

 

 Figure 27: Ames thickness 

measuring device 
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Each, individual 100 cm2 sample was placed on the Ames measuring device such that 

the face of the fabric was facing upwards. Consistent sample orientation during thickness 

measurement ensured that reliable data was obtained. This was especially necessary for the 

needlepunched samples because the face and back sides of the needlepunched fabrics were 

significantly different. After the sample was properly oriented, the Ames’ measuring lever was 

lifted and released. Once released, the level fell until it rested on the top of the fabric.   

The thickness of the fabric, or the distance between the lever and the surface which the 

fabric was resting on, was displayed on the Ames measuring device’s screen. This thickness 

measurement displayed by the Ames measuring tool was recorded in millemeters. The same 

sample was then rotated or moved so that the thickness of a different fabric area could be 

measured. The second thickness measurement was also recorded. Two measurements of each 

of the five samples was taken resulting in a total of ten thickness measurements for each fabric.  

5.2.4 Solid Volume Fraction  

A fabric’s solid volume fraction (SVF) can be defined as “the ratio of solid fiber material to 

the total volume of the fabric.” Solid volume fraction is the inverse of porosity which 

alternatively provides information about the overall pore volume of a material [Handbook of 

Nonwovens 2007, p. 412]. A fabric’s SVF is an indication of how tightly fibers are packed 

into a fabric and fibers’ freedom of movement. Fibers’ freedom of movement plays an 

important role in nonwoven fabrics’ mechanical properties such as, porosity, pore size, and 

weight per unit volume [Handbook of Nonwovens 2007, p. 408]. The solid volume of a 

material influences its moisture absorption, wicking, filtration, and insulation properties 

[Batra, Pourdeyhimi 2012, p. 127]. 

A fabric with 0% SVF is totally open. No such fabric exists. A fabric with a SVF of 

100% is completely solid. Most fabrics possess a SVF less than 50%. Nonwovens usually have 

a SVF value less than 20%. High-loft nonwovens possess low bulk densities because they have 

more pore space than intensely compacted nonwoven fabrics. Therefore, such fabrics can have 

solid volume fractions less than 2% [Handbook of Nonwovens 2007, p. 413].  
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A fabric’s solid volume fraction is directly influenced by its weight and thickness, as 

seen in Equation 6: 

Equation 6: Solid volume fraction  

μ =  
(M/V) 

= 
ρstr 

ρf ρf 

    

where the mass of the fabric, M, the volume of the fabric, V, are used to calculate the 

density of the structure, ρstr, and ρf is the density of the fiber. Any variations in fabric weight 

and thickness can result in SVF variations which influences a fabric’s “appearance, tensile 

properties, permeability, thermal insulation, filtration, liquid barrier and penetration 

properties” [Handbook of Nonwovens 2007, p 409]. 

During this research, the fabrics’ solid volume fractions (μ) were calculated using 

Equation 6. As previously mentioned in sections 5.2.1 and 5.2.3, the weights and thicknesses 

of five 100 cm2 samples were measured and recorded for each fabric. These weight and 

thickness measurements were used to calculate the density of each fabric structure. The fiber 

density value used for PP was 0.91 g/cm3. The fiber density approximation used for the PET/PE 

bicomponent fibers was 1.13 g/cm3. The bicomponent fiber density calculation was explained 

in section 5.1.3.1.  

5.2.5 Air Permeability  

ASTM defines air permeability as “the rate of air flow passing perpendicular through a known 

area under a prescribed air pressure differential between the two surfaces of a material.” A 

fabric’s permeability is an important characteristic related to its structures, specifically pore 

distribution and pore volume [Sun 2014, p. 67].  Air permeability is usually expressed in the 

SI units of cm3/s/cm2 or ft3/min/ft2 [ASTM]. The air permeability of a fabric is a “characteristic 

feature” of its structure and “represents the void capacity through which a fluid can flow” 

(Handbook of Nonwovens 2007, p. 440).  

Air permeability can be affected by fabric design as well as fabric production processes. 

Fiber characteristics (fiber fineness, fiber length, fiber cross-sectional shape, and fiber crimp) 

and production methods effect the overall fabric structure as well as a fabric’s pore geometry. 
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Fabric structure (solid volume fraction, fabric uniformity, fiber orientation, web-forming 

method, web-bonding method, basis weight, and thickness) and pore geometry are both 

responsible for dictating the way air travels through a fabric. Therefore, a fabric’s structure 

and its pore geometry dictate its air permeability [Moore 2015, p. 4-6]. The factors affecting 

air permeability are described in detail in the dissertation “Air Permeability of Nonwoven 

Fabrics” by Arnold Moore.  

In this research, the samples’ air permeability values were measured in accordance to 

ASTM D737-04. Prior to testing the fabrics were properly conditioned overnight in The 

Nonwoven’s Institute’s Physical Testing facility. TexTest Instruments’ FX-3300 device, seen 

in Figure 28, was used to measure fabrics’ air permeability values.   

 

 

 

 

 

 

 

The TexTest Instruments’ FX-3300 machine measures the air permeability of a 

material by means of a “fixed pressure differential, which can be fixed between 20 and 2,500 

Pa” (Moore 2015, p.40). During this testing the specified pressure drop was 125 Pa. The 38 

cm2 FX-3300 head was utilized, as required by ASTM standard D737-04. The equipment 

settings used during testing can also be seen in Table 5.  

 

 

Figure 28: FX-3300 air 

permeability testing device 
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Table 5: Air permeability test settings  

FX-3300 Air Permeability Test Settings 

Test Pressure 125 pascal (Pa) 

Test Area 38cm2 

Nom/Min/Max 1.00 ft3/ft2/min 

 

Air permeability testing is non-destructive; therefore, specific sample sizes were not 

cut for this testing. However, the fabric areas utilized for testing were larger than the machine’s 

38 cm2 clamping area. To save fabric for other future testing, the fabrics were simply tested in 

their natural, un-cut state.  

The first step during air permeability testing was placing the fabric under the device’s 

test head and clamping arm. The clamping arm is responsible for holding the sample in place 

without damage and preventing air leakage at the edges of the test area. During each test, the 

fabric was placed on the device such that the face of the fabric was facing upwards. Consistent 

sample orientation during testing ensured that reliable data was obtained. This was especially 

necessary for the needlepunched samples because the face and back sides of the needlepunched 

fabrics were significantly different. The testing head and clamping arm were then pushed down 

onto the fabric, as seen in Figure 29, initiating consistent air flow through the sample. Air flow 

through the sample continued until the desired pressure differential, 125 Pa, was met. Once the 

pressure drop reached 125 Pa, the amount of airflow was recorded by the device in ft3/ft2/min. 

The testing head and clamping arm were then released and the fabric was removed. This 

process was repeated five times for each fabric. Typically, the ASTM D737-04 method is 

repeated ten times for each sample but, due to the large number of fabrics produced in this 

research each fabric was tested only five times.  
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5.2.6 Normalized Burst Strength 

Burst strength can be described as the “resistance of [a] nonwoven up to the point of rupture” 

[Koc, Cincik 2011, p. 1622]. To determine a fabric’s burst strength, a circular region of the 

fabric is subjected to uniformly distributed, unidirectional load with “increasing perpendicular 

hydrostatic or pneumatic pressure” [p. 1622].  Often, pressure is applied to the fabric via an 

elastic, rubber diaphragm or a polished, steel sphere. Figure 30 provides a schematic of a 

common burst strength test set-up [p. 1622].  

 

 

 

 

 

When a diaphragm or spherical device applies a unidirectional load to a fabric, the 

fabric becomes subject to multidirectional forces, such as those shown in Figure 31, and the 

fabric deforms with pressure-applying object. Eventually, the fabric will rupture due to the 

applied force. The maximum pressure which causes the fabric’s rupture is used to indicate the 

fabric’s bursting strength [Koc, Cincik 2011, 1622].  

Figure 29: FX-3300 clamping 

fabric 

Figure 30: Ball-burst testing diagram 

[Sun 2014, p. 63] 
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During burst strength testing, the multidirectional forces applied to the nonwoven are 

transferred to the constituent fibers. Fibers are exposed to forces perpendicular to their plane 

as well as horizontal forces caused by their entanglements with other fibers. These forces, 

displayed in  Figure 32, eventually cause the constituting fibers to break.  

 

 

 

 

 

 

During this research, the burst strength of the fabrics was determined in accordance to 

ASTM D6797 with the Instron 4400R ball burst testing machine seen in Figure 33. This 

machine forces a steel, spherical object through the sample at a constant-rate-of-extension until 

the fabric ruptures.  

 

 

 

 

Figure 31: Multidirectional forces applied 

to sample during burst strength testing 

[Koc, Cincik 2011, p. 1623] 

Figure 32: Multidirectional forces applied to fiber during 

burst strength testing [Koc, Cincik 2011, p. 1623] 
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Burst strength testing was completed with a thousand-pound load cell at a rate of 305 

mm/min. Prior to testing, the fabric samples were conditioned overnight in The Nonwoven’s 

Institute’s Physical Testing lab. The specific settings used during testing can be seen in Table 

6.  

 

 

 

 

 

 

 

 

 

 

Figure 33: Instron 4400R ball burst 

testing machine 
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Table 6: Instron 4400R ball burst test settings 

Instron 4400R Ball Burst Test Settings 

Break Marker Drop 10.0% 

Break Marker Elongation 0.100 in 

Chord Modulus Elongation Point 1 0.010 in 

Chord Modulus Elongation Point 2 0.500 in 

Chord Modulus Strain Point 1 2.000% 

Chord Modulus Strain Point 2 5.000% 

Nominal Gage Length 3.000 in 

Secant Modulus Elongation Point 1 0.010 in 

Secant Modulus Strain Point 1 5.000% 

Secant Modulus Strain Point 2 5.000% 

Slack Pre-Load 1.000 lbf 

Slope Segment Length 20.000% 

Strain Point 01 10.000% 

Strain Point 02 20.000% 

Strain Point 03 5.000% 

Strain Point 04 5.000% 

Strain Point 05 5.000% 

Strain Point 06 5.000% 

Strain Point 07 5.000% 

Strain Point 08 5.000% 

Yield Angle 0.000 deg 

Yield Offset 0.200% 

Yield Segment Length 2.000% 

  

Instron 4400R testing equipment provides a ring clamp (with an internal diameter of 

25.400 mm) that is responsible for securely holding the fabric sample in place during testing. 

The first step in the burst strength testing process was unbolting and sepearting the ring clamp 

halves. The open ring clamp is shown in the image on the left of Figure 34. Specific sample 
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sizes were not required for this test method but, the samples utilized for testing measured at 

least 125 mm by 125 mm, as required by the test standard. Once samples of adequate size were 

removed, they were placed between the two halves of the ring clamp. Then, the two halves of 

the ring clamp were put together thus holding the fabric sample in place. Finally, the two halves 

of the ring clamp were bolted together, as seen in right hand image of Figure 34. Once bolted, 

the ring clamp containing the sample was loaded onto the Instron 4400R machine.  

 

 

 

 

 

Next, the test equipment was initiated and the sample was exposed to a polished steel 

ball with a diameter of 25.400 mm until bursting occurred. An example of a ruptured sample 

can be seen in Figure 35. Once the sample ruptured, the peak load was recorded in pounds of 

force (lbf). This process was repeated until five tests were completed for each fabric type, as 

required by the test standard.  

 

 

 

 

 

 

After obtaining the burst strength values in lbf units, they were converted to SI units of 

Newtons (N). Finally, the burst strength values were normalized according to samples’ basis 

Figure 35: Sample after ball burst testing 

Figure 34: Opened ring clamp (left), bolted ring clamp (right) 
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weight to compensate for basis weight variations. The normalized burst strength values 

(BSnormalized) were calculated with Equation 7:  

Equation 7: Normalized burst strength   

BSnormalized = BSobserved * BWnominal 

  
 

BWobserved 

 

where BSobserved is the measured or observed, burst strength provided by the Instron, 

BWnominal is the target or nominal basis weight (125 gsm for the hydroentangled samples and 

250 gsm for the needlepunched samples) and BWobserved is the measured basis weight.  
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6. Statistical Procedure 

ANOVA (analysis of variance) methodology is used in many fields to consider the relationship 

between experimental factors (independent variables) and responses. The technique is based 

on the use of sums of squares and the deviation of observations from their respective means. 

ANOVA performs hypothesis tests of significance to determine if factor(s) influence the 

outcome of an experiment [Kaufman 2014, p. 10,15]. 

ANOVA testing generally assumes that samples are independent, the populations from 

which data is obtained are normally distributed, that the variances of the population are equal, 

and when using two-way ANOVA, that groups possess the same sample size. When statistical 

tests were completed during this research, it was assumed that these conditions were met by 

the data. It is possible that the assumptions were not true for all populations and therefore, 

some error may exist in the statistical results.   

6.1 One-Way ANOVA 

One-way ANOVA testing considers the effect of one independent variable on a single response 

or property. This statistical methodology is used to test the differences between three or more 

population means [JMP, 2012]. The one-way ANOVA technique utilizes the hypothesis of 

equal means, or the null hypothesis, H0, which states that all means are the same (H0: μ1= 

μ2=…μI). The null hypothesis is tested resulting in an F-statistic which is used to calculate a 

p-value. During this research, if the resulting p-value calculated was less than 0.05, the null 

hypothesis, H0, was rejected and it was concluded that there was a significant difference 

between at least two of the mean values. It is important to note that this method does not 

indicate where exactly statistical differences are located [Kaufman 2014, p. 10,15].  

During this research, one-way ANOVA analysis was completed in the statistical 

software, JMP, to determine if fiber length had a significant impact on fabrics’ solid volume 

fractions, air permeability values, and normalized burst strengths. If the p-values produced by 

JMP were less than 0.05, it was concluded that at least two mean values measured were 

significantly different when different fiber lengths were utilized. For the purposes of one-way 

ANOVA analysis, hydroentangled fabric data was separated depending on the number of 

hydroentangling passes completed. Hydroentangled fabrics were subjected to different specific 

energy levels, and therefore were considered three separate populations (Pass 1, Pass 2, or Pass 
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3 fabrics). Needlepunched fabrics, which were only passed through bonding machinery once, 

were treated as one single population and therefore analyzed with a single one-way ANOVA 

test.  

One-way ANOVA analysis of needlepunched data was completed considering mean 

values of all fiber lengths. The one-way ANOVA analysis of hydroentangled data was also 

completed considering mean values of all fiber lengths. However, the hydroentangled data was 

also analyzed only considering the mean values measured for fabrics containing fiber lengths 

greater than and equal to 5.08 cm (2.54 and 3.81 cm fiber length data points were ignored).  

In the results portion of this research, one-way ANOVA p-values reported in red font 

are less than 0.05 and indicate significant differences existed between at least two mean values. 

P-values reported in orange font also indicate significant differences existed between at least 

two mean values. However, p-values reported in orange are close to the cut-off significance 

value of 0.05. Finally, p-values written in standard, black font are greater than 0.05 and indicate 

that mean values were not significantly different when different fiber lengths were considered.  

6.2 Two-Way ANOVA 

Two-way, or factorial, ANOVA methodology tests the effects of two factors and their 

interaction on one response variable [JMP, 2014]. During this research, two-way ANOVA was 

completed in JMP utilizing the hydroentangled fabrics’ SVF, normalized burst strength, and 

air permeability data. The objective of this analysis was to determine if there was a significant 

interaction between the two factors: fiber length and the number of times the samples were 

passed through the hydroentangling unit, when considering fabric properties. Unlike the one-

way ANOVA analysis, the hydroentangled fabric data for the different fabric properties was 

not separated based on the specific energy fabrics were subjected to during bonding. For each 

fabric property, the Pass 1, Pass 2, and Pass 3 fabric data was combined to determine if there 

was a significant interaction between the factors when considering the different fabric 

properties. Needlepunched fabric data was not analyzed with two-way ANOVA testing 

because the fabrics were only subjected to one bonding pass.  

The null hypothesis for two-way ANOVA testing is slightly different than one-way 

ANOVA. In the case of two-way ANOVA, the null hypothesis is that “the pattern of effects 
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for one of the factors does not depend on the level of the second factor” [JMP, 2014]. For this 

research, the null hypothesis was rejected if the p-value was less than 0.05. If the null 

hypothesis was determined to be false, it was concluded that the effect of fiber length depended 

on the number of passes through the hydroentangling unit, and equivalently, the effect of the 

number of passes through the hydroentangling unit depended on the fiber length used.  

In the results portion of this research, two-way ANOVA p-values reported in red font 

are less than 0.05 and indicate the effect of fiber length depended on the number of passes 

through the hydroentangling unit, and equivalently, the effect of the number of passes through 

the hydroentangling unit depended on the fiber length used. P-values reported in orange font 

also indicate the effect of fiber length depended on the number of passes through the 

hydroentangling unit, and equivalently, the effect of the number of passes through the 

hydroentangling unit depended on the fiber length used. However, p-values reported in orange 

are close to the cut-off significance value of 0.05. Finally, p-values written in standard, black 

font are greater than 0.05 and indicate the effect of fiber length did not depend on the number 

of passes through the hydroentangling unit, and equivalently, the effect of the number of passes 

through the hydroentangling unit did not depend on the fiber length used. 
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7. Fiber Testing Results and Discussion 

Fibers utilized for this research were produced by the experienced fiber production company, 

FiberVisions. Properties of the fibers were expected to be consistent. However, fibers were 

tested to ensure consistency. The following sections provide the results of fiber testing and 

discuss the results.  

7.1 PP 3 Denier Homocomponent Fiber Testing  

7.1.1 Cross Sectional Shape 

With the help of Chuck Mooney at NC State’s Analytical Instrumentation Facility (AIF), cross 

sectional images of the fibers were obtained with the variable pressure SEM. As previously 

mentioned, the fibers for this project were made at a FiberVisions facility. FiberVisions 

intended the PP homocomponent fibers to be circular and solid (no hollow portions). The cross-

sectional images of the fibers, some of which are shown in Figure 36, confirm that the fibers’ 

cross sections were circular and solid, as anticipated.  

 

 

 

 

 

 

 

 

 

 

 

Figure 36: PP 3 denier homocomponent fibers’ cross sectional VPSEM images 
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7.1.2 Crimp Percent  

The measured crimp percent values for the 3 denier PP fibers can be found in Table 7. 

Additionally, the values are displayed graphically in Figure 37. The crimp percent values 

appear to be consistent despite changes in fiber length.  

Table 7: PP 3 denier homocomponent fibers’ crimp percent summary 

Fiber Length 
Crimp Percent 

Average (%) 
Std. Dev Std. Error 

2.54 12 2 1 

3.81 13 5 2 

5.08 10 4 2 

7.62 15 2 1 

10.16 14 3 1 

15.24 18 2 1 

 

 

 

Figure 37: PP 3 denier homocomponent fibers’ crimp percent v. fiber length 

7.1.3 Linear Density  

The measured linear density values for the 3 denier PP fibers can be found in Table 8.  

Additionally, the values are displayed graphically in Figure 38. The linear density values 

appear to be consistent despite changes in fiber length.  
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Table 8: PP 3 denier homocomponent fibers’ linear density summary 

Fiber Length (cm) 
Linear Density 

Average (Denier) 
Std. Dev Std. Error 

2.54 3.012 0.279 0.125 

3.81 3.724 0.545 0.244 

5.08 3.666 0.206 0.092 

7.62 3.302 0.383 0.171 

10.16 3.576 0.184 0.082 

15.24 3.383 0.155 0.069 
 

 

 

Figure 38: PP 3 denier homocomponent fibers’ linear density v. fiber Length 

7.1.4 Tenacity 

The measured fiber tenacity values for the 3 denier PP fibers can be found in Table 9. 

Additionally, the values are displayed graphically in Figure 39. The 2.54 cm fiber length 

measurements show a larger amount of variability. This variability is likely present because of 

the short length of these fibers. The 2.54 cm length fibers were very difficult to load into the 

Favimat testing device and the grips of the Favimat struggled to grasp these fibers because of 

their shortness. Despite the variability present in the 2.54 cm fiber length measurements, the 

fiber tenacity values appear to be consistent despite changes in fiber length. 
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Table 9: PP 3 denier homocomponent fibers’ tenacity summary 

Fiber Length (cm) 
Tenacity Average 

(g/den) 
Std. Dev Std. Error 

2.54 2.31 0.77 0.34 

3.81 2.97 0.31 0.14 

5.08 3.15 0.17 0.08 

7.62 2.87 0.42 0.19 

10.16 2.85 0.23 0.10 

15.24 2.94 0.08 0.03 

 

 

 

Figure 39: PP 3 denier homocomponent fibers’ tenacity v. fiber length 

Figure 40 shows one of the force vs. elongation curves created by the Favimat during 

fiber tenacity testing. Specifically, this graph displays the behavior of 3 denier PP fibers when 

15.24 cm in length. The force vs. elongation graphs produced by the Favimat for the remaining 

fiber lengths contain curves with similar patterns. Therefore, this figure serves as a 

representation for all 3 denier PP force vs. elongation curves.  
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7.2 PP 6 Denier Homocomponent Fiber Testing 

7.2.1 Cross Sectional Shape 

The cross-sectional shape of the 6 denier PP fibers was assumed to be the same as the 3 denier 

PP fibers. That is, fibers were assumed to be circular and solid.  

7.2.2 Crimp Percent 

The measured crimp percent values for the 6 denier PP fibers can be found in Table 10. 

Additionally, the values are displayed graphically in Figure 41. The crimp percent values 

appear to be consistent despite changes in fiber length.  

Table 10: PP 6 Denier homocomponent fibers’ crimp percent summary 

Fiber Length 
Crimp Percent 

Average (%) 
Std. Dev Std. Error 

2.54 17 3 1 

3.81 24 4 2 

5.08 16 2 1 

7.62 17 2 1 

10.16 15 1 1 

15.24 19 2 1 

 

Figure 40: PP 3 denier homocomponent 15.24 cm 

fibers’ length force vs. elongation curve 
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Figure 41: PP 6 denier homocomponent fibers’ crimp percent v. fiber length 

7.2.3 Linear Density  

The measured linear density values for the 6 denier PP fibers can be found in Table 11. 

Additionally, the values are displayed graphically in Figure 42. The linear density values 

appear to be consistent despite changes in fiber length.  

Table 11: PP 6 denier homocomponent fibers’ linear density summary  

Fiber Length (cm) Linear Density Average (Denier) Std. Dev Std. Error 

2.54 5.882 0.747 0.334 

3.81 6.685 0.715 0.320 

5.08 6.469 0.577 0.258 

7.62 5.872 0.411 0.184 

10.16 6.578 1.029 0.460 

15.24 6.339 0.888 0.397 
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Figure 42: PP 6 denier homocomponent fibers’ linear density v. fiber length 

7.2.4 Tenacity  

The measured fiber tenacity values for the 6 denier PP fibers can be found in Table 12. 

Additionally, the values are displayed graphically in Figure 43. The fiber tenacity values 

appear to be consistent despite changes in fiber length.  

Table 12: PP 6 denier homocomponent fibers’ tenacity summary 

Fiber Length (cm) 
Tenacity Average 

(g/den) 
Std. Dev Std. Error 

2.54 2.89 0.37 0.16 

3.81 2.54 0.36 0.16 

5.08 2.71 0.40 0.18 

7.62 2.23 0.65 0.29 

10.16 2.24 0.52 0.23 

15.24 2.26 0.48 0.22 
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Figure 43: PP 6 denier homocomponent fibers’ tenacity v. fiber length 

Figure 44 shows one of the force vs. elongation curves created by the Favimat during 

fiber tenacity testing. Specifically, this graph displays the behavior of 6 denier PP fibers when 

10.16 cm in length. The force vs. elongation graphs produced by the Favimat for the remaining 

fiber lengths contain curves with similar patterns. Therefore, this figure serves as a 

representation for all 3 denier PP force vs. elongation curves.  
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Figure 44: PP 3 denier homocomponent 10.16 

cm fibers’ length force vs. elongation curve 
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7.3 PET/PE 3 Denier Bicomponent Fiber Testing  

7.3.1 Cross Sectional Shape  

With the help of Chuck Mooney at NC State’s Analytical Instrumentation Facility (AIF), cross 

sectional images of the fibers were obtained with the variable pressure SEM. As previously 

mentioned, the fibers for this project were made at a FiberVisions facility. FiberVisions 

intended the PET/PE fibers to be hollow, segmented pie fibers with eight segments each split 

once (sixteen total segments). The cross-sectional images, some of which are shown in Figure 

45, confirm that the fibers’ cross sections are hollow and segmented, as anticipated.  

 

 

 

 

 

 

 

 

 

 

 

 

7.3.2 Crimp Percent 

The crimp percent values for PET/PE biocomponent fibers are higher than the PP 

homocomponent fibers. The polymer properties of PP, specifically its glass transition 

temperature, make PP fibers difficult to crimp. The crimp in PP fibers is poorly retained and 

Figure 45: PET/PE 3 denier bicomponent fibers’ cross sectional VPSEM images 
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the shape of PP fibers’ crimp is often sloppy and inconsistent.  However, the polymer 

properties of PET and PE allow fibers to retain more crimp during processing. Additionally, 

when designed and produced, FiberVisions intended the PET/PE bicomponent fibers to 

possess more crimp. This is because the PET/PE bicomponent fibers need more crimp to 

provide the same web cohesion as PP fibers during carding.  

 The measured crimp percent values for the 3 denier PET/PE fibers can be found in 

Table 13. Additionally, the values are displayed graphically in Figure 46. The crimp percent 

values are more inconsistent than the PP crimp measurements. This is likely because the 

PET/PE fibers were already splitting prior to processing. Because the fibers split so easily, it 

was difficult to visually assess the crimp. Although the crimp values vary more than PP 

homocomponent fibers, they are considered consistent enough for sound processing.  

Table 13: PET/PE 3 denier bicomponent fibers’ crimp percent summary 

Fiber Length (cm) 
Crimp Percent 

Average (%) 
Std. Dev Std. Error 

2.54 36 9 4 

3.81 26 8 4 

5.08 22 4 2 

7.62 35 3 1 

10.16 26 3 1 

15.24 48 3 2 

 



81 

 

 

Figure 46: PET/PE 3 denier bicomponent fibers’ crimp percent v. fiber length 

7.3.3 Linear Density 

The measured linear density values for the 3 denier PET/PE fibers can be found in Table 14. 

Additionally, the values are displayed graphically in Figure 47. The linear density values 

appear to be consistent despite changes in fiber length.  

Table 14: PET/PE 3 denier bicomponent fibers’ linear density summary 

Fiber Length (cm) 
Linear Density 

Average (Denier) 
Std. Dev Std. Error 

2.54 2.999 0.571 0.255 

3.81 3.545 0.799 0.357 

5.08 3.343 0.521 0.233 

7.62 3.097 0.220 0.099 

10.16 3.224 0.367 0.164 

15.24 3.359 0.233 0.104 
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Figure 47: PET/PE 3 denier bicomponent fibers’ linear density v. fiber length 

7.3.4 Tenacity 

The measured fiber tenacity values for the 3 denier PET/PE fibers can be found in Table 15. 

Additionally, the values are displayed graphically Figure 48. The fiber tenacity values appear 

to be consistent despite changes in fiber length. Overall, the strength of the PET/PE 

bicomponent fibers was lower than the strength of the PP homocomponent fibers.  

Table 15: PET/PE 3 denier bicomponent fibers’ tenacity summary 

Fiber Length (cm) 
Tenacity Average 

(g/den) 
Std. Dev Std. Error 

2.54 1.85 0.15 0.07 

3.81 1.95 0.25 0.11 

5.08 1.80 0.14 0.06 

7.62 1.88 0.47 0.21 

10.16 1.92 0.13 0.06 

15.24 2.00 0.41 0.18 
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Figure 48: PET/PE 3 denier bicomponent fibers’ tenacity v. fiber length 

The resulting force vs. elongation curves for the 3 denier PET/PE fibers were more 

inconsistent than those of the 3 and 6 denier PP fibers. Despite the inconsistencies, some 

similar patterns were created by the Favimat, which can be seen in Figure 49. Specifically, the 

graph on the left of  Figure 49 displays the behavior of 3 denier PET/PE fibers when 5.08 cm 

in length. The graph on the right of  Figure 49 displays the behavior of 3 denier PET/PE fibers 

when 15.24 cm in length. The force vs. elongation graphs produced by the Favimat for the 

remaining fiber lengths contain curves with similar patterns. Therefore, these figures serve as 

representations for all 3 denier PET/PE force vs. elongation curves.  
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Figure 49: PET/PE 3 denier bicomponent 5.08 cm fibers’ length force vs. elongation curve (left) 

PET/PE 3 denier bicomponent 15.24 cm fibers’ length force vs. elongation curve (right) 
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7.4 PET/PE 6 Denier Bicomponent Fiber Testing  

7.4.1 Cross Sectional Shape 

With the help of Chuck Mooney at NC State’s Analytical Instrumentation Facility (AIF), cross 

sectional images of the fibers were obtained with the variable pressure SEM. As previously 

mentioned, the fibers for this project were made at a FiberVisions facility. FiberVisions 

intended the PET/PE fibers to be hollow, segmented pie fibers with eight segments each split 

once (sixteen total segments). The cross-sectional images, seen in Figure 50, confirm that the 

fibers’ cross sections are hollow and segmented.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 50: PET/PE 6 denier bicomponent fibers’ cross sectional VPSEM images 
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7.4.2 Crimp Percent 

The measured crimp percent values for the 6 denier PET/PE fibers can be found in Table 16. 

Additionally, the values are displayed graphically in Figure 51. The crimp percent values are 

more inconsistent than the PP crimp measurements. This is likely because the PET/PE fibers 

were already splitting prior to processing. Because the fibers split so easily, it was difficult to 

visually assess the crimp. Although the crimp values vary more than PP homocomponent 

fibers, they are considered consistent enough for sound processing.  

Table 16: PET/PE 6 denier bicomponent fibers’ crimp percent summary 

Fiber Length 
Crimp Percent 

Average (%) 
Std. Dev Std. Error 

2.54 14 7 3 

3.81 15 4 2 

5.08 17 4 2 

7.62 32 5 2 

10.16 35 3 1 

15.24 35 4 2 

 

 

 

Figure 51: PET/PE 6 denier bicomponent fibers’ crimp percent v. fiber length 
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7.4.3 Linear Density 

The measured linear density values for the 6 denier PET/PE fibers can be found in Table 17. 

Additionally, the values are displayed graphically in Figure 52. The linear density values 

appear to be consistent despite changes in fiber length.  

Table 17: PET/PE 6 denier bicomponent fibers’ linear density summary 

Fiber Length (cm) 
Linear Density 

Average (Denier) 
Std. Dev Std. Error 

2.54 6.797 0.947 0.424 

3.81 6.596 0.736 0.329 

5.08 6.451 0.898 0.402 

7.62 5.845 0.630 0.282 

10.16 5.258 1.121 0.501 

15.24 6.004 1.352 0.605 

 

 

 

Figure 52: PET/PE 6 denier bicomponent fibers’ linear density v. fiber Length 

 

7.4.4 Tenacity 

The measured fiber tenacity values for the 6 denier PET/PE fibers can be found in Table 18. 

Additionally, the values are displayed graphically in Figure 53. The fiber tenacity values 
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appear to be consistent despite changes in fiber length. Overall, the strength of the PET/PE 

bicomponent fibers was lower than the strength of the PP homocomponent fibers 

Table 18: PET/PE 6 denier bicomponent fibers’ tenacity summary 

Fiber Length (cm) 
Tenacity Average 

(g/den) 
Std. Dev Std. Error 

2.54 1.37 0.24 0.11 

3.81 1.22 0.45 0.20 

5.08 1.43 0.29 0.13 

7.62 1.21 0.30 0.13 

10.16 0.75 0.28 0.13 

15.24 1.16 0.45 0.20 

 

 

 

Figure 53: PET/PE 6 denier bicomponent fibers’ tenacity v. fiber length 

The resulting force vs. elongation curves for the 6 denier PET/PE fibers were more 

inconsistent than those of the 3 and 6 denier PP fibers. Despite the inconsistencies, some 

similar patterns were created by the Favimat, which can be seen in Figure 54. Specifically, the 

graph on the left of  Figure 54 displays the behavior of 6 denier PET/PE fibers when 2.54 cm 

in length. The graph on the right of  Figure 54 displays the behavior of 6 denier PET/PE fibers 

when 7.62 cm in length. The force vs. elongation graphs produced by the Favimat for the 
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remaining fiber lengths contain curves with similar patterns. Therefore, these figures serve as 

representations for all 6 denier PET/PE force vs. elongation curves.  

 

 

 

 

 

 

 

 

 

 

Figure 54: PET/PE 6 denier bicomponent 2.54 cm fibers’ length force vs. elongation curve (left) 

PET/PE 6 denier bicomponent 7.62 cm fibers’ length force vs. elongation curve (right) 
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8. Fabric Testing Results and Discussion  

8.1 PP 3 Denier Homocomponent Hydroentangled Fabric Testing 

8.1.1 SEM Images 

Figure 55 and Figure 56 contain SEM images of the hydroentangled fabrics produced with the 

3 denier PP homocomponent fibers. Fibers appear to become more entangled as the number of 

hydroentangling passes increases.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3PP3.81H1(left), 3PP3.81H2(middle), 3PP3.81H3(right) fabric SEM images 

3PP2.54H1(left), 3PP2.54H2(middle), 3PP2.54H3(right) fabric SEM images 

3PP2.54H1(left), 3PP2.54H2(middle), 3PP2.54H3(right) fabric SEM images 

Figure 55: PP 3 denier homocomponent hydroentangled fabrics’ SEM images 
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 3PP7.62H1(left), 3PP7.62H2(middle), 3PP7.62H3(right) fabric SEM images 

3PP10.16H1(left), 3PP10.16H2(middle), 3PP10.16H3(right) fabric SEM images 

3PP15.24H1(left), 3PP15.24H2(middle), 3PP15.24H3(right) fabric SEM images 

Figure 56: PP 3 denier homocomponent hydroentangled fabrics’ SEM images #2 
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8.1.2 Weight 

Table 19: PP 3 denier homocomponent hydroentangled fabrics’ weight summary 

Fiber 

Length 

(cm) 

Number of 

Hydro 

Passes 

Fabric ID 
Average 

Weight (gsm) 
Stud Dev Std. Error 

2.54 

1 

3PP2.54H1 108 11 5 

3.81 3PP3.81H1 116 14 6 

5.08 3PP5.08H1 119 4 2 

7.62 3PP7.62H1 114 8 3 

10.16 3PP10.16H1 124 7 3 

15.24 3PP15.24H1 124 9 4 

2.54 

2 

3PP2.54H2 101 7 3 

3.81 3PP3.81H2 108 5 2 

5.08 3PP5.08H2 107 4 2 

7.62 3PP7.62H2 112 8 4 

10.16 3PP10.16H2 114 7 3 

15.24 3PP15.24H2 119 11 5 

2.54 

3 

3PP2.54H3 91 5 2 

3.81 3PP3.81H3 103 5 2 

5.08 3PP5.08H3 122 14 6 

7.62 3PP7.62H3 112 7 3 

10.16 3PP10.16H3 123 7 3 

15.24 3PP15.24H3 117 3 1 
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Figure 57: PP 3 denier homocomponent hydroentangled fabrics’ weight v. fiber length and number of passes 

Table 19 provides the average basis weight values of the carded, hydroentangled fabrics 

produced with the 3 denier, PP, homocomponent fibers. Additionally, the values are displayed 

graphically in Figure 57. It appears that the fabrics’ basis weights generally increase with fiber 

length. The fabric weights appear inconsistent and vary when different fiber lengths are 

utilized. Overall, the results confirm the observations made when the webs were carded. 

During carding, the webs’ basis weights were difficult to control, especially when processing 

fibers shorter than 5.08 cm.  

When switching from one fiber length to another, the card settings often required 

changing to achieve proper web formation and the desired basis weight. Despite the setting 

changes, fabric weights remained inconsistent when using different fiber lengths. This is likely 

because a fiber’s ease of movement throughout the carding process is affected by its length. 

Production settings should be adjusted more carefully when transitioning from one fiber length 

to another to if a consistent basis weight is desired. 

Short fibers, below 5.08 cm length, produced fabrics with weights much lower than the 

target basis weight (125 gsm). The fabrics produced with 2.54 cm fibers possessed particularly 

low weights. As previously noted in section 4.1.1, it was difficult to achieve the desired web 

weight when carding/pre-needling the 3 denier, PP, 2.54 cm fibers and additional process 

setting changes were required. Despite process setting changes, the fabrics did not reach the 
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target weight.  Beyond 5.08 cm fiber length, the web processing became more stable resulting 

in more consistent weights closer to the desired basis weight.  

8.1.3 Thickness 

Table 20: PP 3 denier homocomponent hydroentangled fabrics’ thickness summary 

Fiber 

Length (cm) 

Number of Hydro 

Passes 
Fabric ID 

Average 

Thickness 

(mm) 

Std Dev Std. Error 

2.54 

1 

3PP2.54H1 1.08 0.09 0.03 

3.81 3PP3.81H1 1.06 0.08 0.03 

5.08 3PP5.08H1 1.19 0.08 0.02 

7.62 3PP7.62H1 1.11 0.04 0.01 

10.16 3PP10.16H1 1.17 0.06 0.02 

15.24 3PP15.24H1 1.10 0.07 0.02 

2.54 

2 

3PP2.54H2 0.98 0.06 0.02 

3.81 3PP3.81H2 1.01 0.05 0.02 

5.08 3PP5.08H2 1.00 0.04 0.01 

7.62 3PP7.62H2 1.07 0.08 0.02 

10.16 3PP10.16H2 1.08 0.05 0.01 

15.24 3PP15.24H2 1.05 0.06 0.02 

2.54 

3 

3PP2.54H3 0.86 0.05 0.02 

3.81 3PP3.81H3 0.96 0.03 0.01 

5.08 3PP5.08H3 1.04 0.07 0.02 

7.62 3PP7.62H3 0.98 0.04 0.01 

10.16 3PP10.16H3 1.03 0.03 0.01 

15.24 3PP15.24H3 0.98 0.04 0.01 
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Figure 58: PP 3 denier homocomponent hydroentangled fabrics’ thickness v. fiber Length and number of 

passes 

Table 20 provides the average thickness values of the carded, hydroentangled fabrics produced 

with the 3 denier, PP, homocomponent fibers. Additionally, the values are displayed 

graphically in Figure 58. As expected, the fabrics’ thickness values follow a similar trend 

compared to their weight. Fabrics’ thicknesses are inconsistent and change when different fiber 

lengths are utilized. This is likely because a fiber’s ease of movement throughout the carding 

process is affected by its length. The thickness values of fabrics containing 5.08, 7.62, 10.16, 

and 15.24 cm fiber lengths appear to be more consistent with changes in fiber length compared 

to short fibers (2.54 cm and 3.81 cm).   

As expected, Pass 1 fabrics possess the greatest thickness values. The webs passed 

through the hydroentangling unit two (Pass 2 fabrics) or three times (Pass 3 fabrics) were 

exposed to higher bonding energies than the fabrics only run through the system once (Pass 1 

fabrics). As the hydroentangling energy is increased, more energy is transferred from the water 

jets to the fabric resulting in greater fabric consolidation and lower fabric thickness.  
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8.1.4 Solid Volume Fraction 

Table 21: PP 3 denier homocomponent hydroentangled fabrics’ solid volume fractions summary 

Fiber 

Length 

(cm) 

Number of 

Hydro 

Passes 

Fabric ID 
Average 

SVF (%) 
Std. Dev Std. Error 

2.54 

1 

3PP2.54H1 11.04 0.50 0.23 

3.81 3PP3.81H1 12.04 0.68 0.30 

5.08 3PP5.08H1 11.02 0.41 0.19 

7.62 3PP7.62H1 11.24 0.62 0.28 

10.16 3PP10.16H1 11.68 1.01 0.45 

15.24 3PP15.24H1 12.43 0.37 0.17 

2.54 

2 

3PP2.54H2 11.24 0.54 0.24 

3.81 3PP3.81H2 11.68 0.42 0.19 

5.08 3PP5.08H2 11.77 0.56 0.25 

7.62 3PP7.62H2 11.59 0.88 0.39 

10.16 3PP10.16H2 11.51 0.43 0.19 

15.24 3PP15.24H2 12.42 0.69 0.31 

2.54 

3 

3PP2.54H3 11.53 0.27 0.12 

3.81 3PP3.81H3 11.84 0.62 0.28 

5.08 3PP5.08H3 12.87 0.94 0.42 

7.62 3PP7.62H3 12.50 0.40 0.18 

10.16 3PP10.16H3 13.05 0.75 0.34 

15.24 3PP15.24H3 13.05 0.32 0.14 
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Figure 59: PP 3 denier homocomponent hydroentangled fabrics’ solid volume fraction v. fiber length and 

number of passes 

Table 21 provides the average solid volume fractions of the carded, hydroentangled fabrics 

produced with the 3 denier, PP, homocomponent fibers. Additionally, the values are displayed 

graphically in Figure 59. The SVF values appear to slightly increase with increasing fiber 

length. Pass 1, Pass 2, and Pass 3 fabrics all reach their maximum SVF values when produced 

with fibers 15.24 cm long. This is likely because longer fibers can form more fiber 

entanglements during bonding. When fibers within a fabric become more entangled the fabric 

structure becomes denser. Therefore, fabrics produced with longer fibers possess slightly 

greater SVF’s. However, the increase in SVF is not very large. Generally, the fabrics’ solid 

volume fractions increase from approximately 11% to 13% with fiber length.   

Table 22 displays the ANOVA p-values associated with the 3 denier PP samples’ SVF 

values. P-values calculated using data from all fiber lengths are significant for Pass 1 and Pass 

3 fabrics. This indicates that there is a significant difference between at least two of the 

samples’ mean SVF values when different fiber lengths are used. Although, the p-value 

indicates significant differences exist, in it appears that the mean SVF values belonging to 

fabrics containing fiber lengths 5.08 cm or greater are more consistent compared to fabrics 

containing short fibers (lengths less than 5.08 cm). This is supported by the p-values that only 

considered fiber lengths 5.08 cm or greater. When only long fiber lengths (≥ 5.08 cm) are tested 
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by ANOVA, Pass 1 and Pass 3’s p-values become larger, or less significant. The Pass 1 p-

value for fiber lengths ≥ 5.08 cm, while still significant, is a borderline significant value. The 

Pass 3 p-value on the other hand is insignificant when fiber lengths of 5.08 cm or greater are 

considered. This suggests that Pass 1 and Pass 3 fabrics containing longer fibers (≥ 5.08cm) 

possess more consistent SVF values despite changes in fiber length.  

Pass 2 fabric ANOVA p-values are insignificant when considering all fiber lengths and 

when only considering fiber lengths ≥ 5.08 cm. This suggests that fiber length does not impact 

the Pass 2 hydroentangled fabrics’ SVF’s. When only analyzing mean values for longer fiber 

lengths (≥ 5.08 cm) the p-value for Pass 2 fabrics is larger. This suggests that Pass 2 fabrics 

containing longer fibers (≥ 5.08 cm) possess more consistent SVF values. 

Table 22: PP 3 denier homocomponent hydroentangled fabrics’ solid volume fraction ANOVA p-values 

Pass 1 (All fiber lengths) 0.0081 

Pass 1 (Fiber lengths ≥ 5.08cm) 0.0184 

Pass 2 (All fiber lengths) 0.0990 

Pass 2 (Fiber lengths ≥ 5.08cm) 0.1629 

Pass 3 (All fiber lengths) 0.0011 

Pass 3 (Fiber lengths ≥ 5.08cm) 0.5133 

Two-Way ANOVA  0.0327 

 

As expected, Pass 3 fabrics generally possess the largest solid volume fractions. Fabrics 

passed through the hydroentangling unit three times were exposed to the greatest energy during 

bonding. Therefore, these fabrics could form the most fiber entanglements resulting in the 

densest structures with maximum solid volume fractions.   

The two-way ANOVA p-value is less than 0.05. This suggests that there is a significant 

interaction between fiber length and the number of passes through the hydroentangling unit 

when considering the fabrics’ solid volume fractions. In other words, there is statistical 

evidence that the effect of fiber length is different depending on the number of hydroentangling 

passes the fabric is subjected to.  However, the two-way ANOVA p-value, 0.0327, is close to 

the significance cut-off (0.05). Therefore, it is possible the interaction between the two factors 

(fiber length and the number of passes through the hydroentangling unit) is not strong.  
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8.1.5 Air Permeability  

Table 23: PP 3 denier homocomponent hydroentangled fabrics’ air permeability summary 

Fiber 

Length (cm) 

Number of 

Hydro Passes 
Fabric ID 

Average Air 

Permeability 

(ft3/ft2/min) 

Std Dev  Std. Error 

2.54 

1 

3PP2.54H1 289 33 15 

3.81 3PP3.81H1 268 18 8 

5.08 3PP5.08H1 280 12 5 

7.62 3PP7.62H1 285 12 5 

10.16 3PP10.16H1 256 18 8 

15.24 3PP15.24H1 254 10 5 

2.54 

2 

3PP2.54H2 327 45 20 

3.81 3PP3.81H2 258 23 10 

5.08 3PP5.08H2 281 21 9 

7.62 3PP7.62H2 263 18 8 

10.16 3PP10.16H2 277 11 5 

15.24 3PP15.24H2 235 17 8 

2.54 

3 

3PP2.54H3 319 20 9 

3.81 3PP3.81H3 264 30 14 

5.08 3PP5.08H3 228 10 5 

7.62 3PP7.62H3 236 12 5 

10.16 3PP10.16H3 217 6 3 

15.24 3PP15.24H3 218 29 13 
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Figure 60: PP 3 denier homocomponent hydroentangled Fabrics’ Air Permeability v. Fiber Length and 

Number of Passes 

Table 23 provides the average air permeability values of the carded, hydroentangled fabrics 

produced with the 3 denier, PP, homocomponent fibers. Additionally, the values are displayed 

graphically in Figure 60. Generally, air permeability decreases with as fiber length increases. 

This is likely true because longer fibers form more fiber entanglements within nonwoven 

fabrics. When the number of fiber entanglements/bonds increases, the structures’ SVF values 

also increases. As the structures becomes more solid, it is increasingly difficult for air to pass 

through, resulting in lower air permeability values. This relationship is confirmed in Figure 61 

which shows the fabrics’ air permeability values generally decreasing with increasing solid 

volume fractions.   
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Figure 61: PP 3 denier homocomponent hydroentangled fabrics’ air permeability v. SVF  

In Figure 60 it appears that Pass 3 fabrics generally possess lower air permeability 

values compared to Pass 1 and Pass 2 fabrics. The additional bonding energy provided during 

the third hydroentangling pass allows fibers within the fabrics to further entangle providing 

more compressed, denser structures. As the structures became more solid, it is increasingly 

difficult for air to pass through, resulting in lower air permeability values 

Table 24: PP 3 denier homocomponent hydroentangled fabrics’ air permeability ANOVA p-values 

Pass 1 (All fiber lengths) 0.0235 

Pass 1 (Fiber lengths ≥ 5.08cm) 0.0028 

Pass 2 (All fiber lengths) 0.0002 

Pass 2 (Fiber lengths ≥ 5.08cm) 0.0025 

Pass 3 (All fiber lengths) <0.0001 

Pass 3 (Fiber lengths ≥ 5.08cm) 0.2749 

Two-Way ANOVA  0.0002 
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Table 24 displays the p-values associated with the 3 denier PP samples’ air permeability 

values. In most cases, the fabrics’ calculated p-values are less than 0.05 for all three 

hydroentangling passes. This is true when considering data from fabrics comprised of all fiber 

lengths as well when only analyzing data from fabrics containing fiber lengths ≥ 5.08 cm. This 

means, in most 3 denier, PP hydroentangled fabrics, there is a significant difference in at least 

two of the air permeability mean values. Although, this is not the case for the Pass 3 fabric 

data. When data from all fiber lengths is considered for the Pass 3 fabrics, the p-value is small 

indicating a significant difference in air permeability values. Alternatively, the p-value only 

computing data from fabrics containing fiber lengths ≥ 5.08 cm, is greater than 0.05 and 

therefore, insignificant. This indicates that the air permeability values for Pass 3 fabrics made 

with fibers greater than or equal to 5.08 cm are statistically equivalent. This suggests fiber 

length does not affect the fabrics’ air permeability.  

The two-way ANOVA evaluation is less than 0.05. This indicates that there is a 

significant interaction between fiber length and the number of passes through the 

hydroentangling unit when considering the fabrics’ air permeability values. In other words, 

there is statistical evidence that the effect of fiber length is different depending on the number 

of hydroentangling passes the fabric is subjected to.   
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8.1.6 Normalized Burst Strength  

Table 25: PP 3 denier homocomponent hydroentangled fabrics’ normalized burst strength summary 

Fiber 

Length 

(cm) 

Number of 

Hydro Passes 
Fabric ID 

Average 

Normalized Burst 

Strength (N) 

Std Dev  
Std. 

Error 

2.54 

1 

3PP2.54H1 110.649 59.900 26.788 

3.81 3PP3.81H1 377.901 37.327 16.693 

5.08 3PP5.08H1 452.144 87.928 39.323 

7.62 3PP7.62H1 438.655 37.939 16.967 

10.16 3PP10.16H1 351.182 40.240 17.996 

15.24 3PP15.24H1 377.634 80.166 35.851 

2.54 

2 

3PP2.54H2 472.032 82.355 36.830 

3.81 3PP3.81H2 564.885 83.081 37.155 

5.08 3PP5.08H2 535.741 10.819 4.838 

7.62 3PP7.62H2 503.934 24.395 10.910 

10.16 3PP10.16H2 477.005 43.577 19.488 

15.24 3PP15.24H2 501.473 108.198 48.387 

2.54 

3 

3PP2.54H3 474.534 59.997 26.831 

3.81 3PP3.81H3 580.102 80.515 36.007 

5.08 3PP5.08H3 535.758 71.501 31.976 

7.62 3PP7.62H3 551.644 56.131 25.103 

10.16 3PP10.16H3 504.809 26.048 11.649 

15.24 3PP15.24H3 501.903 36.931 16.516 
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Figure 62: PP 3 denier homocomponent hydroentangled fabrics’ normalized burst strength v. fiber length and 

number of passes 

Table 25 provides the average normalized burst strength values of the carded, hydroentangled 

fabrics produced with the 3 denier, PP, homocomponent fibers. Additionally, the values are 

displayed graphically in Figure 62. The fabrics passed once through the hydroentangling unit 

possess normalized burst strength values with more dramatic differences compared Pass 2 and 

Pass 3 fabrics. This is confirmed by the ANOVA p-values, shown in Table 26. When all fiber 

lengths are considered, the resulting p-value for Pass 1 fabrics is <0.0001. This indicates that 

at least two of the mean normalized burst strengths are significantly different when varying 

fiber lengths are utilized. In other words, the p-value suggests that fiber length significantly 

effects the burst strength of Pass 1 fabrics.  

 Although there are obvious differences in the Pass 1 mean normalized burst strength 

values, it appears that the values for fabrics containing fibers with lengths greater than or equal 

to 5.08 cm are more consistent. This is supported by the p-value which only considers the 

normalized burst strength data of fabrics comprised of fiber with lengths 5.08 cm or greater. 

The calculated p-value, 0.0796, indicates that the mean normalized strength values for Pass 1 

fabrics containing fiber lengths ≥ 5.08 cm are not significantly different. This indicates that 

Pass 1 fabrics containing longer fibers (≥ 5.08cm) possess more consistent burst strengths 

despite changes in fiber length.  
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Table 26: PP 3 denier homocomponent hydroentangled fabrics’ normalized burst strength ANOVA p-values 

Pass 1 (All fiber lengths) <0.0001 

Pass 1 (Fiber lengths ≥ 5.08cm) 0.0796 

Pass 2 (All fiber lengths) 0.2770 

Pass 2 (Fiber lengths ≥ 5.08cm) 0.5063 

Pass 3 (All fiber lengths) 0.0922 

Pass 3 (Fiber lengths ≥ 5.08cm) 0.3639 

Two-Way ANOVA  <0.0001 

 

Pass 2 and Pass 3 ANOVA p-values are greater than 0.05. This is true for p-values 

considering all fiber lengths and p-values which only analyze data from fabrics containing fiber 

lengths ≥ 5.08 cm. The mean normalized burst strengths of these fabrics are not significantly 

different when using different fiber lengths. Previous researchers determined that a fabric’s 

burst strength is an indication of the amount of frictional force created between bonded fibers 

within a fabric. The frictional forces created between entangled fibers help fabrics resist 

rupture. Sufficient frictional forces were created via fiber bonding regardless of the fiber length 

used in Pass 2 and Pass 3 fabrics. This is further confirmed when considering the graphical 

display of Pass 2 and Pass 3 fabrics’ results. The normalized burst strength values of Pass 2 

fabrics appear relatively consistent despite the use of different fiber lengths. The same trend 

appears for Pass 3 fabrics.  

The normalized burst strength values measured for Pass 2 fabrics and Pass 3 fabrics are 

very similar and follow the same trends of increasing or decreasing with fiber length. This 

suggests that Pass 2 fabrics were subjected to sufficient bonding energy for adequate fiber 

entanglement and burst strength.  When fabrics were passed through the hydroentangling unit 

an additional time, three times total, the normalized burst strength results did not greatly 

increase. Typically, hydroentangled fabric strength increases with increasing specific energy, 

until a critical point, and then plateaus. The third hydroentangling pass did not provide 

sufficient, additional fiber entanglement to greatly increase fabrics’ normalized burst strengths 

compared to Pass 2 fabrics. In fact, it is possible that the third pass delivered excessive energy 

to the web and caused fiber damage.   
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Pass 1 webs containing short fibers, less than 5.08 cm, were not provided enough 

energy during hydroentangling for adequate fiber bonding. As the fiber length increases, the 

normalized burst strength of the Pass 1 fabrics also generally increase. This suggests that longer 

fiber lengths form more fiber bonds and therefore more resistance to bursting. However, even 

when longer fibers were used for Pass 1 fabrics, the samples did not receive enough specific 

energy to create the number of entanglements required to achieve burst strengths as large as 

Pass 2 or Pass 3 fabrics.  

The two-way ANOVA p-value is less than 0.05. This statistic suggests there is a 

significant interaction between fiber length and the number of passes through the 

hydroentangling unit when considering the fabrics’ normalized burst strengths. In other words, 

there is statistical evidence that the effect of fiber length is different depending on the number 

of hydroentangling passes the fabric is subjected to.   
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8.2 PP 6 Denier Homocomponent Hydroentangled Fabric Testing  

8.2.1 SEM Images 

Figure 63 and Figure 64 contain SEM images of the hydroentangled fabrics produced with the 

6 denier, PP, homocomponent fibers. Fibers appear to become more entangled as the number 

of hydroentangling passes increases.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

6PP2.54H1(left), 6PP2.54H2(middle), 6PP2.54H3(right) fabric SEM images 

6PP3.81H1(left), 6PP3.81H2(middle), 6PP3.81H3(right) fabric SEM images 

 

6PP5.08H1(left), 6PP5.08H2(middle), 6PP5.08H3(right) fabric SEM images 

Figure 63 PP 6 denier homocomponent fabrics’ hydroentangled fabrics’ SEM Images 
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6PP7.62H1(left), 6PP7.62H2(middle), 6PP7.62H3(right) fabric SEM images 

6PP10.16H1(left), 6PP10.16H2(middle), 6PP10.16H3(right) fabric SEM images 

6PP15.24H1(left), 6PP15.24H2(middle), 6PP15.24H3(right) fabric SEM images 

Figure 64 PP 6 denier homocomponent hydroentangled fabrics’ SEM images #2 
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8.2.2 Weight 

Table 27: PP 6 denier homocomponent hydroentangled fabrics’ weight summary 

Fiber Length 

(cm) 

Number of Hydro 

Passes 
Fabric ID 

Average 

Weight 

(gsm) 

Std 

Dev  

Std. 

Error 

2.54 

1 

6PP2.54H1 164 23 10 

3.81 6PP3.81H1 137 13 6 

5.08 6PP5.08H1 122 11 5 

7.62 6PP7.62H1 122 7 3 

10.16 6PP10.16H1 119 6 3 

15.24 6PP15.24H1 125 7 3 

2.54 

2 

6PP2.54H2 149 12 5 

3.81 6PP3.81H2 126 9 4 

5.08 6PP5.08H2 108 6 3 

7.62 6PP7.62H2 125 6 3 

10.16 6PP10.16H2 118 7 3 

15.24 6PP15.24H2 136 5 2 

2.54 

3 

6PP2.54H3 161 15 7 

3.81 6PP3.81H3 129 14 6 

5.08 6PP5.08H3 116 6 3 

7.62 6PP7.62H3 118 5 2 

10.16 6PP10.16H3 121 6 3 

15.24 6PP15.24H3 126 7 3 
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Figure 65: PP 6 denier homocomponent hydroentangled fabrics’ weight v. fiber length and number of passes 

Table 27 provides the average basis weight values of the carded, hydroentangled fabrics 

produced with the 6 denier, PP, homocomponent fibers. Additionally, the values are displayed 

graphically in Figure 65. The basis weights appear inconsistent and vary when different fiber 

lengths are utilized. Overall, the results confirm the observations that were made when the 

webs were carded. During carding, the webs’ basis weights were difficult to control, especially 

when processing fibers shorter than 5.08 cm. However, when using fibers beyond 5.08 cm in 

length, the web processing became more stable resulting in more consistent weights closer to 

the desired basis weight of 125 gsm. 

When switching from one fiber length to another, the card settings often required 

changing to achieve proper web formation and the desired basis weight. Despite the setting 

changes, fabric weights remained inconsistent when using different fiber lengths. This is likely 

because a fiber’s ease of movement throughout the carding process is affected by its length. 

Production settings should be adjusted more carefully when transitioning from one fiber length 

to another if a consistent basis weight is desired. 

The basis weights of hydroentangled fabrics containing 2.54 cm length, 6 denier PP 

fibers are particularly high and much larger than the target basis weight (125 gsm). As 

previously explained in section 4.1.1, carding and bonding the 2.54 cm length, 6 denier PP 

homocoponent fibers was especially difficult. Resulting webs/fabrics were not uniform, 
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evident due to their splotchy appearance. This may explain why webs containing 2.54 cm 

length provide large and inconsistent basis weights.  

8.2.3 Thickness 

Table 28: PP 6 denier homocomponent hydroentangled fabrics’ thickness summary 

Fiber 

Length (cm) 

Number of 

Hydro Passes 
Fabric ID 

Average 

Thickness (mm) 
Std Dev Std. Error 

2.54 

1 

6PP2.54H1 1.99 0.22 0.07 

3.81 6PP6.81H1 1.77 0.15 0.05 

5.08 6PP5.08H1 1.49 0.15 0.05 

7.62 6PP7.62H1 1.54 0.12 0.04 

10.16 6PP10.16H1 1.44 0.08 0.02 

15.24 6PP15.24H1 1.49 0.08 0.02 

2.54 

2 

6PP2.54H2 1.69 0.14 0.05 

3.81 6PP3.81H2 1.46 0.13 0.04 

5.08 6PP5.08H2 1.41 0.12 0.04 

7.62 6PP7.62H2 1.49 0.10 0.03 

10.16 6PP10.16H2 1.43 0.05 0.02 

15.24 6PP15.24H2 1.59 0.07 0.02 

2.54 

3 

6PP2.54H3 1.72 0.14 0.04 

3.81 6PP3.81H3 1.40 0.13 0.04 

5.08 6PP5.08H3 1.28 0.08 0.03 

7.62 6PP7.62H2 1.29 0.06 0.02 

10.16 6PP10.16H3 1.33 0.02 0.01 

15.24 6PP15.24H3 1.45 0.07 0.02 
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Figure 66: PP 6 denier homocomponent hydroentangled fabrics’ thickness v. fiber length and number of passes 

Table 28 provides the average thickness values of the carded, hydroentangled fabrics produced 

with the 6 denier, PP, homocomponent fibers. Additionally, the values are displayed 

graphically in Figure 66. As expected, the fabrics’ thickness values follow a similar trend 

compared to their weight. Fabrics’ thicknesses are inconsistent and change when different fiber 

lengths are utilized. This is likely because a fiber’s ease of movement throughout the carding 

process is affected by its length. When shorter fiber lengths were processed, 2.54 cm and 3.81 

cm, the thickness measurements vary more than when using longer fibers, 5.08 cm and greater. 

The thickness values of fabrics containing fibers 5.08, 7.62, 10.16, or 15.24 cm in length appear 

to be more similar and change less when the fiber length is altered. This is possibly because 

process settings used for long fibers were more consistent.  

As expected, Pass 1 fabrics possess the greatest thickness values when considering 

almost all fiber lengths. The webs passed through the hydroentangling unit two (Pass 2 fabrics) 

or three times (Pass 3 fabrics) were exposed to much higher specific energies than the fabrics 

only run through the system once (Pass 1 fabrics). As the hydroentangling energy is increased, 

more energy is transferred from the water jets to the fabric resulting in greater fabric 

consolidation and lower fabric thickness.  
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8.2.4 Solid Volume Fraction 

Table 29: PP 6 denier homocomponent hydroentangled fabrics’ solid volume fraction summary 

Fiber 

Length 

(cm) 

Number of 

Hydro Passes 
Fabric ID 

Average 

SVF (%) 
Std. Dev Std. Error 

2.54 

1 

6PP2.54H1 9.04 0.58 0.26 

3.81 6PP6.81H1 8.51 0.39 0.17 

5.08 6PP5.08H1 9.03 0.74 0.33 

7.62 6PP7.62H1 8.79 0.76 0.34 

10.16 6PP10.16H1 9.10 0.55 0.25 

15.24 6PP15.24H1 9.26 0.64 0.29 

2.54 

2 

6PP2.54H2 9.68 0.40 0.18 

3.81 6PP3.81H2 9.49 0.30 0.13 

5.08 6PP5.08H2 8.48 0.88 0.39 

7.62 6PP7.62H2 9.26 0.40 0.18 

10.16 6PP10.16H2 9.08 0.44 0.20 

15.24 6PP15.24H2 9.45 0.48 0.21 

2.54 

3 

6PP2.54H3 10.30 0.55 0.25 

3.81 6PP3.81H3 10.17 0.30 0.14 

5.08 6PP5.08H3 9.96 0.16 0.07 

7.62 6PP7.62H2 10.05 0.48 0.22 

10.16 6PP10.16H3 10.02 0.64 0.29 

15.24 6PP15.24H3 9.52 0.68 0.30 
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Figure 67: PP 6 denier homocomponent hydroentangled fabrics’ solid volume fraction v. fiber length and 

number of passes 

Table 29 provides the average solid volume fraction values of the carded, hydroentangled 

fabrics produced with the 6 denier, PP, homocomponent fibers. Additionally, the values are 

displayed graphically in Figure 67. Generally, SVF values appear to stay essentially the same 

despite changes in fiber length. However, Figure 68 shows the data with a different y-axis 

scale. In this graph, difference in solid volume fraction are more evident. In Figure 68, it 

appears that there is a slight decrease in SVF with fiber length.   
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Figure 68: PP 6 denier homocomponent hydroentangled fabrics’ solid volume fraction v. fiber length and 

number of passes #2 

Table 30 displays the p-values associated with the 6 denier PP samples’ SVF values. 

When p-values are calculated using data from all fiber lengths only the Pass 2 p-value is 

significant. While the p-value for Pass 2 fabrics is considered significant, it is close to the 

significance cut-off value of 0.05. The remaining p-values, some of which considered all mean 

SVF values and others which only considered the mean SVF values of fabrics containing fiber 

lengths ≥ 5.08 cm, are greater than 0.05. This indicates that for most 6 denier PP, 

hydroentangled fabrics, fiber length does not have a significant effect on SVF.  

In  it appears that Pass 3 fabrics possess the greatest solid volume fraction at most fiber 

lengths. Fabrics passed through the hydroentangling unit three times were exposed to the 

greatest bonding energy. These fabrics formed the most fiber entanglements resulting in the 

densest structures with maximum SVF’s.   
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Table 30: PP 6 denier homocomponent hydroentangled fabrics’ solid volume fraction ANOVA p-values 

Pass 1  0.4816 

Pass 1 (Fiber lengths ≥ 5.08cm) 0.7376 

Pass 2  0.0195 

Pass 2 (Fiber lengths ≥ 5.08cm) 0.0904 

Pass 3  0.2622 

Pass 3 (Fiber lengths ≥ 5.08cm) 0.3802 

Two-Way ANOVA  0.0462 

 

The two-way ANOVA p-value is less than 0.05. This indicates that there is a significant 

interaction between fiber length and the number of passes through the hydroentangling unit 

when considering the fabrics’ solid volume fractions. In other words, there is statistical 

evidence that the effect of fiber length is different depending on the number of hydroentangling 

passes the fabric is subjected to.  However, the two-way ANOVA p-value, 0.0462, is close to 

the significance cut-off value of 0.05. Therefore, it is possible the interaction between the two 

factors (fiber length and the number of passes through the hydroentangling unit) is not strong.  
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8.2.5 Air Permeability 

Table 31: PP 6 denier homocomponent hydroentangled fabrics’ air permeability summary 

Fiber 

Length (cm) 

Number of 

Hydro Passes 
Fabric ID 

Average Air 

Permeability 

(ft3/ft2/min) 

Std Dev  
Std. 

Error 

2.54 

1 

6PP2.54H1 336 42 19 

3.81 6PP3.81H1 423 78 35 

5.08 6PP5.08H1 463 26 12 

7.62 6PP7.62H1 451 21 9 

10.16 6PP10.16H1 462 6 3 

15.24 6PP15.24H1 455 12 6 

2.54 

2 

6PP2.54H2 361 38 17 

3.81 6PP3.81H2 402 50 22 

5.08 6PP5.08H2 517 39 17 

7.62 6PP7.62H2 426 22 10 

10.16 6PP10.16H2 450 11 5 

15.24 6PP15.24H2 379 15 7 

2.54 

3 

6PP2.54H3 368 34 15 

3.81 6PP3.81H3 398 31 14 

5.08 6PP5.08H3 427 25 11 

7.62 6PP7.62H3 437 23 10 

10.16 6PP10.16H3 399 10 5 

15.24 6PP15.24H3 389 13 6 
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Figure 69: PP 6 denier homocomponent hydroentangled fabrics’ air permeability v. fiber length and number of 

passes 

Table 31 provides the air permeability values of the carded, hydroentangled fabrics produced 

with the 6 denier, PP, homocomponent fibers. Additionally, the values are displayed 

graphically in Figure 69. The air permeability values for fabrics containing fibers shorter than 

5.08 are relatively low. Air permeability values appear to reach a peak when fabrics contain 

fibers 5.08 cm in length. Fabrics containing fibers 5.08 cm in length or greater appear to 

provide similar air permeability properties despite changes in fiber length.   

This trend is supported by some of the ANOVA p-values found in Table 32. The Pass 

1 fabrics’ p-value which analyzes data from fabrics containing each different fiber length is 

significant. Whereas, the Pass 1 p-value which only considers long fiber lengths (≥ 5.08 cm) 

is not significant. This is also somewhat true for Pass 3 fabrics. Although both Pass 3 p-values 

are significant, the p-value which only analyzed mean values for fabrics comprised of fibers ≥ 

5.08 cm is larger than the p-value which considered all fiber lengths. This suggests that fabrics 

containing longer fibers (≥ 5.08cm) possess more consistent air permeability values. Pass 2 p-

values were much less than 0.05 regardless of the fabric data analyzed. This indicates that fiber 

length significantly affects the Pass 2 fabrics’ air permeability values. 
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Table 32: PP 6 denier homocomponent hydroentangled fabrics’ air permeability ANOVA p-values 

Pass 1  0.0002 

Pass 1 (Fiber lengths ≥ 5.08cm) 0.6886 

Pass 2  <0.0001 

Pass 2 (Fiber lengths ≥ 5.08cm) <0.0001 

Pass 3  0.0017 

Pass 3 (Fiber lengths ≥ 5.08cm) 0.0031 

Two-Way ANOVA  0.0002 

 

The two-way ANOVA evaluation is less than 0.05. This suggests that there is a 

significant interaction between fiber length and the number of passes through the 

hydroentangling unit when considering the fabrics’ air permeability values. In other words, 

there is statistical evidence that the effect of fiber length is different depending on the number 

of hydroentangling passes the fabric is subjected to.    

 In Figure 69, it appears that there is some degree of air permeability increase with fiber 

length. This could possibly be caused by changes in the fabrics’ SVF’s. The fabrics’ SVF 

values slightly decrease with fiber length meaning the materials become less dense with 

increasing fiber length. Less dense materials are more air permeable. The relationship between 

air permeability and SVF for hydroentangled fabrics containing 6 denier PP fibers is shown in 

Figure 70. As expected, it appears that as the SVF increases, the air permeability decreases.  
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Figure 70: PP 6 denier homocomponent hydroentangled fabrics’ air permeability v. SVF 
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8.2.6 Normalized Burst Strength  

Table 33: PP 6 denier homocomponent hydroentangled fabrics’ normalized burst strength summary 

Fiber 

Length 

(cm) 

Number of 

Hydro Passes 
Fabric ID 

Average 

Normalized Burst 

Strength (N) 

Std Dev  
Std. 

Error 

2.54 

1 

6PP2.54H1 23.252 11.208 5.012 

3.81 6PP3.81H1 160.232 56.253 25.157 

5.08 6PP5.08H1 306.262 18.289 8.179 

7.62 6PP7.62H1 404.960 40.077 17.923 

10.16 6PP10.16H1 331.191 13.469 6.023 

15.24 6PP15.24H1 338.455 35.506 15.879 

2.54 

2 

6PP2.54H2 155.655 123.823 55.375 

3.81 6PP3.81H2 431.635 91.999 41.143 

5.08 6PP5.08H2 409.158 32.193 14.397 

7.62 6PP7.62H2 518.521 63.207 28.267 

10.16 6PP10.16H2 373.557 40.335 18.039 

15.24 6PP15.24H2 400.825 25.001 11.181 

2.54 

3 

6PP2.54H3 118.839 38.034 17.009 

3.81 6PP3.81H3 440.517 63.043 28.194 

5.08 6PP5.08H3 448.406 30.384 13.588 

7.62 6PP7.62H3 486.158 18.682 8.355 

10.16 6PP10.16H3 397.816 21.484 9.608 

15.24 6PP15.24H3 386.035 40.481 18.103 
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Figure 71: PP 6 denier homocomponent hydroentangled fabrics’ normalized burst strength v. fiber length and 

number of passes 

Table 33 provides the average normalized burst strength values of the carded, hydroentangled 

fabrics produced with the 6 denier, PP, homocomponent fibers. Additionally, the values are 

displayed graphically in Figure 71. The normalized burst strengths of fabrics passed once 

through the hydroentangling unit demonstrate a different trend compared to the Pass 2 and 

Pass 3 fabrics. Pass 1 fabrics’ strength values increase until 5.08 cm fiber length and then 

appear to become more consistent. Pass 2 and Pass 3 fabrics produced with fibers measuring 

2.54 cm in length provide much lower strength compared to other fiber lengths. However, 

when Pass 2 and Pass 3 fabrics are produced with fibers 3.81 cm in length or greater, the 

strength values become much larger and more consistent despite increases in fiber length.  

Table 34 displays the p-values associated with the 6 denier PP samples’ normalized 

burst strength values. ANOVA p-values, whether analyzing data from fabrics containing all 

fiber lengths or only data from fabrics containing fiber lengths ≥ 5.08 cm, are less than 0.05. 

This indicates that when analyzing Pass1, Pass 2, or Pass 3 fabrics, at least two of the mean 

burst strength values are significantly different. This suggests that fiber length plays a 

significant role in hydroentangled fabrics’ burst strengths.  The p-values do become slightly 

larger when mean averages are considered only for fabrics containing fibers 5.08 cm long or 

longer. This suggests that fabrics containing longer fibers (≥ 5.08cm) possess more consistent 
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burst strength values. However, because the p-values are still less than 0.05, the mean burst 

strength values are still considered significantly different.  

Table 34: PP 6 denier homocomponent hydroentangled fabrics’ normalized burst strength ANOVA p-values 

Pass 1  <0.0001 

Pass 1 (Fiber lengths ≥ 5.08cm) 0.0005 

Pass 2  <0.0001 

Pass 2 (Fiber lengths ≥ 5.08cm) 0.0003 

Pass 3  <0.0001 

Pass 3 (Fiber lengths ≥ 5.08cm) 0.0002 

Two-Way ANOVA  <0.0001 

 

The two-way ANOVA p-value is less than 0.05. This indicates that there is a significant 

interaction between fiber length and the number of passes through the hydroentangling unit 

when considering the fabrics’ normalized burst strength. In other words, there is statistical 

evidence that the effect of fiber length is different depending on the number of hydroentangling 

passes the fabric is subjected to.     

The normalized burst strength values measured for Pass 2 fabrics and Pass 3 fabrics are 

very similar and follow the same trends of increasing or decreasing with fiber length. This 

suggests that Pass 2 fabrics were subjected to sufficient bonding energy for adequate fiber 

entanglement and burst strength.  When fabrics were passed through the hydroentangling unit 

an additional time, three times total, the normalized burst strength results did not greatly 

increase. In fact, the strength of Pass 2 fabrics is often greater than Pass 3 fabrics. Typically, 

hydroentangled fabric strength increases with increasing specific energy, until a critical point, 

and then plateaus. The third hydroentangling pass did not provide sufficient, additional fiber 

entanglement to greatly increase Pass 3 fabrics’ normalized burst strengths compared to Pass 

2 fabrics. In fact, it is possible that the third pass delivered excessive energy to the web and 

caused fiber damage.   

Pass 1 webs containing short fibers, less than 5.08 cm, were not provided enough 

specific energy for adequate fiber bonding. Even when longer fibers were used for Pass 1 
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fabrics, the samples did not receive enough bonding energy to create the number of 

entanglements required to achieve burst strengths as large as Pass 2 or Pass 3 fabrics.  
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8.3 PET/PE 3 Denier Bicomponent Hydroentangled Fabric Testing 

8.3.1 SEM Images 

Figure 72 and Figure 73 contain SEM images of the hydroentangled fabrics produced with the 

3 denier, PET/PE, bicomponent fibers. Fibers appear to become more entangled and further 

split as the number of hydroentangling passes increases.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3PET/PE2.54H1(left), 3PET/PE2.54H2(middle), 3PET/PE2.54H3(right) fabric SEM images 

3PET/PE3.81H1(left), 3PET/PE3.81H2(middle), 3PET/PE3.81H3(right) fabric SEM images 

3PET/PE5.08H1(left), 3PET/PE5.08H2(middle), 3PET/PE5.08H3(right) fabric SEM images 

Figure 72: PET/PE 3 denier bicomponent hydroentangled fabrics’ SEM images 
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3PET/PE7.62H1(left), 3PET/PE7.62H2(middle), 3PET/PE7.62H3(right) fabric SEM images 

3PET/PE10.16H1(left), 3PET/PE10.16H2(middle), 3PET/PE10.16H3(right) fabric SEM images 

3PET/PE15.24H1(left), 3PET/PE15.24H2(middle), 3PET/PE15.24H3(right) fabric SEM images 

Figure 73: PET/PE 3 denier bicomponent hydroentangled fabrics’ SEM images #2 
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8.3.2 Weight 

Table 35: PET/PE 3 denier bicomponent fabrics’ hydroentangled fabrics’ weight summary 

Fiber 

Length (cm) 

Number of 

Hydro Passes 
Fabric ID 

Average 

Weight 

(gsm) 

Std Dev Std. Error 

2.54 

1 

3PET/PE2.54H1 122 9 4 

3.81 3PET/PE3.81H1 94 7 3 

5.08 3PET/PE5.08H1 97 5 2 

7.62 3PET/PE7.62H1 88 6 3 

10.16 3PET/PE10.16H1 112 14 6 

15.24 3PET/PE15.24H1 87 3 1 

2.54 

2 

3PET/PE2.54H2 126 13 6 

3.81 3PET/PE3.81H2 114 9 4 

5.08 3PET/PE5.08H2 96 7 3 

7.62 3PET/PE7.62H2 86 5 2 

10.16 3PET/PE10.16H2 94 3 1 

15.24 3PET/PE15.24H2 104 6 3 

2.54 

3 

3PET/PE2.54H3 119 13 6 

3.81 3PET/PE3.81H3 97 8 4 

5.08 3PET/PE5.08H3 99 4 2 

7.62 3PET/PE7.62H3 93 5 2 

10.16 3PET/PE10.16H3 122 11 5 

15.24 3PET/PE15.24H3 108 6 3 
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Figure 74: PET/PE 3 denier bicomponent hydroentangled fabrics’ weight v. fiber length and number of passes 

Table 35 provides the average basis weight values of the carded, hydroentangled fabrics 

produced with the 3 denier, PET/PE, bicomponent fibers. Additionally, the values are 

displayed graphically in Figure 74. The basis weights appear inconsistent and vary when 

different fiber lengths are utilized.  Overall, the results confirm the observations that were made 

when the webs were carded. During carding, the webs’ basis weights were difficult to control. 

When switching from one fiber length to another, the card settings often required changing to 

achieve proper web formation and the desired basis weight. Despite the setting changes, fabric 

weights remained inconsistent when using different fiber lengths. This is likely because a 

fiber’s ease of movement throughout the carding process is affected by its length. Production 

settings should be adjusted more carefully when transitioning from one fiber length to another 

if a consistent basis weight is desired. 

The basis weights of hydroentangled fabrics containing 2.54 cm length, 3 denier 

PET/PE bicomponent fibers are larger than fabrics produced with longer fibers. Also, fabrics 

containing 2.54 cm long fibers are closest to reaching the target weight of 125 gsm. Fabrics 

produced with the other fiber lengths possess relatively low basis weights. Most basis weights 

are far from the 125 gsm target.  As noted in section 4.1.1, when processing the longer 3 denier 

PET/PE fiber lengths (5.08 cm, 7.62 cm, 10.16 cm, and 15.24 cm) there were issues with the 

fibers clinging to the stripper plates and transport belts. The needleloom’s draft was increased 
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as the fiber length increased in hopes of encouraging fiber movement. These processing issues 

likely explain the low basis weights of webs produced with longer fibers.  

8.3.3 Thickness 

Table 36: PET/PE 3 denier bicomponent hydroentangled fabrics’ thickness summary 

Fiber Length 

(cm) 

Number of 

Hydro Passes 
Fabric ID 

Average 

Thickness 

(mm) 

Std 

Dev 

Std. 

Error 

2.54 

1 

3PET/PE2.54H1 0.56 0.06 0.02 

3.81 3PET/PE3.81H1 0.44 0.04 0.01 

5.08 3PET/PE5.08H1 0.38 0.02 0.01 

7.62 3PET/PE7.62H1 0.31 0.03 0.01 

10.16 3PET/PE10.16H1 0.38 0.04 0.01 

15.24 3PET/PE15.24H1 0.31 0.03 0.01 

2.54 

2 

3PET/PE2.54H2 0.53 0.04 0.01 

3.81 3PET/PE3.81H2 0.44 0.03 0.01 

5.08 3PET/PE5.08H2 0.36 0.03 0.01 

7.62 3PET/PE7.62H2 0.34 0.03 0.01 

10.16 3PET/PE10.16H2 0.35 0.01 0.00 

15.24 3PET/PE15.24H2 0.35 0.01 0.00 

2.54 

3 

3PET/PE2.54H3 0.44 0.05 0.01 

3.81 3PET/PE3.81H3 0.38 0.04 0.01 

5.08 3PET/PE5.08H3 0.38 0.03 0.01 

7.62 3PET/PE7.62H2 0.35 0.03 0.01 

10.16 3PET/PE10.16H3 0.42 0.05 0.02 

15.24 3PET/PE15.24H3 0.41 0.04 0.01 
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Figure 75: PET/PE 3 denier bicomponent hydroentangled fabrics’ thickness v. fiber length and number of 

passes 

Table 36 provides the thickness values of the carded, hydroentangled fabrics produced with 

the 3 denier, PET/PE, bicomponent fibers. Additionally, the values are displayed graphically 

in Figure 75. As expected, the fabrics’ thickness values follow a similar trend compared to 

their weight. Fabrics’ thicknesses are inconsistent and change when different fiber lengths are 

utilized. This is likely because a fiber’s ease of movement throughout the carding process is 

affected by its length. The thickness values of fabrics comprised of shorter fibers, less than 

5.08 cm, appear to be more inconsistent. Fabrics comprised of fibers 5.08 cm long or longer 

appear to possess more consistent thickness values despite changes in fiber length.  

 In previous sections, it appeared that hydroentangled webs containing PP fibers were 

thickest when only exposed to one hydroentangling pass. The same trend is not seen with 

fabrics containing 3 denier PET/PE fibers. It appears that hydroentangled webs comprised of 

3 denier PET/PE bicomponent fibers possess essentially the same thickness whether passed 

once, twice or three times through the hydroentangling unit. 
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8.3.4 Solid Volume Fraction  

Table 37: PET/PE 3 denier bicomponent hydroentangled fabrics’ solid volume fraction summary 

Fiber 

Length 

(cm) 

Number of 

Hydro 

Passes 

Fabric ID 
Average 

SVF (%) 
Std. Dev Std. Error 

2.54 

1 

3PET/PE2.54H1 19.32 1.81 0.81 

3.81 3PET/PE3.81H1 18.76 0.44 0.20 

5.08 3PET/PE5.08H1 22.63 0.44 0.20 

7.62 3PET/PE7.62H1 25.07 1.47 0.66 

10.16 3PET/PE10.16H1 25.81 1.22 0.55 

15.24 3PET/PE15.24H1 24.64 1.70 0.76 

2.54 

2 

3PET/PE2.54H2 21.17 0.93 0.41 

3.81 3PET/PE3.81H2 22.89 1.17 0.52 

5.08 3PET/PE5.08H2 23.42 1.11 0.50 

7.62 3PET/PE7.62H2 22.58 1.44 0.64 

10.16 3PET/PE10.16H2 23.74 0.58 0.26 

15.24 3PET/PE15.24H2 26.26 1.69 0.75 

2.54 

3 

3PET/PE2.54H3 24.17 3.06 1.37 

3.81 3PET/PE3.81H3 22.28 0.77 0.34 

5.08 3PET/PE5.08H3 23.01 1.16 0.52 

7.62 3PET/PE7.62H2 23.43 2.33 1.04 

10.16 3PET/PE10.16H3 25.73 1.40 0.62 

15.24 3PET/PE15.24H3 23.20 1.81 0.81 
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Figure 76: PET/PE 3 denier bicomponent hydroentangled fabrics’ solid volume fraction v. fiber length and 

number of passes 

Table 37 provides the solid volume fraction values of the carded, hydroentangled fabrics 

produced with the 3 denier, PET/PE, bicomponent fibers. Additionally, the values are 

displayed graphically in Figure 76. The solid volume fractions achieved with the bicomponent 

fibers are higher than the SVF’s of hydroentangled fabrics comprised of PP homocomponent 

fibers. This is likely because the bicomponent fibers split into finer fibers which can form more 

compact nonwoven structures. 

In Figure 76, it appears SVF values generally increase with increasing fiber length. 

This is likely because longer fibers can form more fiber entanglements during bonding. When 

the fibers within a fabric become more entangled the fabric structure becomes denser. 

Therefore, fabrics produced with longer fibers achieve greater SVF’s. However, the increase 

in SVF with fiber length is not very large. Generally, the fabrics’ solid volume fractions 

increase from approximately 20% to 25% with fiber length.  

Table 38 displays the p-values associated with the 3 denier PET/PE samples’ SVF 

values. All calculated p-values for Pass 1 and Pass 2 fabrics are less than 0.05. This suggests 

that fiber length significantly affects the fabrics’ solid volume fractions. This is true when 

considering data from fabrics comprised of all fiber lengths or only data from fabrics 

comprised of fibers ≥ 5.08 cm. However, the p-values for Pass 1 and Pass 2 fabrics become 
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larger when only considering fabrics comprised of fibers ≥ 5.08 cm in length. This means the 

SVF values of fabrics containing longer fibers are more consistent and vary less with fiber 

length. However, because the p-values are still less than 0.05, the SVF mean values are still 

considered significantly different. 

Table 38: PET/PE 3 denier bicomponent hydroentangled fabrics’ solid volume fraction ANOVA p-values 

Pass 1  <0.0001 

Pass 1 (Fiber lengths ≥ 5.08cm) 0.0087 

Pass 2  <0.0001 

Pass 2 (Fiber lengths ≥ 5.08cm) 0.0020 

Pass 3  0.1241 

Pass 3 (Fiber lengths ≥ 5.08cm) 0.0820 

Two-Way ANOVA  <0.0001 

 

Pass 3 fabrics’ ANOVA p-values are greater than 0.05. This is true when considering 

data from fabrics comprised of all fiber lengths as well when only analyzing data from fabrics 

containing fiber lengths ≥ 5.08 cm. Insignificant p-values indicate that fiber length does not 

significantly impact the SVF of the Pass 3 fabrics. In other words, Pass 3 fabrics’ mean SVF 

values are statistically equivalent despite changes in fiber length.   

The solid volume fractions of fabrics passed once through the hydroentangling system 

are particularly low when produced with short fibers (less than 5.08 cm). Because these fabrics 

possess short fibers and were not exposed to high levels of energy during hydroentangling their 

structures are not as dense. However, when Pass 1 fabrics were produced with longer fibers (≥ 

5.08 cm), their mean SVF values become more similar to Pass 1 and Pass 2 values. This is 

likely because longer fibers can form more fiber entanglements during bonding. 

The two-way ANOVA p-value is less than 0.05. This indicates that there is a significant 

interaction between fiber length and the number of passes through the hydroentangling unit 

when considering the fabrics’ solid volume fractions. In other words, there is statistical 

evidence that the effect of fiber length is different depending on the number of hydroentangling 

passes the fabric is subjected to.   
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8.3.5 Air Permeability  

Table 39: PET/PE 3 denier bicomponent hydroentangled fabrics’ air permeability summary 

Fiber 

Length (cm) 

Number of 

Hydro Passes 
Fabric ID 

Average Air 

Permeability 

(ft3/ft2/min) 

Std 

Dev  

Std. 

Error 

2.54 

1 

3PET/PE2.54H1 26.0 3.2 1.4 

3.81 3PET/PE3.81H1 35.6 5.1 2.3 

5.08 3PET/PE5.08H1 22.8 3.8 1.7 

7.62 3PET/PE7.62H1 27.4 2.4 1.1 

10.16 3PET/PE10.16H1 16.0 3.1 1.4 

15.24 3PET/PE15.24H1 27.1 1.2 0.6 

2.54 

2 

3PET/PE2.54H2 11.5 1.4 0.6 

3.81 3PET/PE3.81H2 13.6 1.7 0.8 

5.08 3PET/PE5.08H2 13.8 1.6 0.7 

7.62 3PET/PE7.62H2 16.0 1.9 0.9 

10.16 3PET/PE10.16H2 15.1 1.6 0.7 

15.24 3PET/PE15.24H2 10.7 1.8 0.8 

2.54 

3 

3PET/PE2.54H3 10.4 1.0 0.5 

3.81 3PET/PE3.81H3 14.0 1.1 0.5 

5.08 3PET/PE5.08H3 12.8 1.4 0.6 

7.62 3PET/PE7.62H3 11.6 1.2 0.6 

10.16 3PET/PE10.16H3 5.99 1.3 0.6 

15.24 3PET/PE15.24H3 11.3 1.4 0.6 
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Figure 77: PET/PE 3 denier bicomponent hydroentangled fabrics’ air permeability v. fiber length and number 

of passes 

Table 39 provides the average air permeability values of the carded, hydroentangled fabrics 

produced with the 3 denier, PET/PE, bicomponent fibers. Additionally, the values are 

displayed graphically in Figure 77. The fabrics comprised of the PET/PE bicomponent fibers 

provide much lower air permeability values compared to hydroentangled fabrics comprised of 

PP homocomponent fibers. This is likely because the bicomponent fibers split into finer fibers 

which can form more compact nonwoven structures. As the nonwoven structures become more 

solid, it is increasingly difficult for air to pass through, resulting in lower air permeability 

values  

In Figure 77, it appears that there is no relationship between fiber length and air 

permeability for the hydroentangled fabrics produced with 3 denier, bicomponent, PET/PE 

fibers. However, when the data is viewed with a different y-axis scale in Figure 78, some trends 

do appear. Pass 1 fabrics generally possess the greatest air permeability values. This is likely 

because these fabrics were exposed to the least energy during bonding. Therefore, these 

structures are least compact and more air permeable. In most cases, the air permeability values 

of Pass 2 and Pass 3 fabrics are very similar.  
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Figure 78: PET/PE 3 denier bicomponent hydroentangled fabrics’ air permeability v. fiber length and number 

of passes #2 

In Figure 78, it appears that there is a decrease in air permeability with increasing fiber 

length. This is likely true because longer fibers form more fiber entanglements within the 

nonwoven fabrics. When the number of fiber entanglements/bonds increases, the structures’ 

solid volume fractions also increases. As the structures become more solid, it is increasingly 

difficult for air to pass through, resulting in lower air permeability values. This relationship is 

confirmed by Figure 79 which shows the fabrics’ air permeability values generally decrease 

with increasing solid volume fractions.  
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Figure 79: PET/PE 3 denier bicomponent hydroentangled fabrics’ air permeability v. SVF 

Table 40 displays the p-values associated with the 3 denier PET/PE samples’ air 

permeability values. All calculated p-values for Pass 1, Pass 2, and Pass 3 fabrics are less than 

0.05. This is true when considering data from fabrics comprised of all fiber lengths as well 

when only analyzing data from fabrics containing fiber lengths ≥ 5.08 cm. This indicates that 

fiber length significantly affects the fabrics’ air permeability values. The Pass 2 fabric p-values 

are slightly larger indicating that fiber length did not affect Pass 2 fabrics’ air permeability 

values as much. The Pass 2 p-value which only considered fabrics comprised of fibers ≥ 5.08 

cm is larger than the p-value that considered the mean values for fabrics containing all different 

lengths. This means the air permeability values of Pass 2 fabrics containing longer fibers are 

more consistent and vary less with fiber length changes. However, because the p-values are 

still less than 0.05, the air permeability mean values are still considered significantly different. 
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Table 40: PET/PE 3 denier bicomponent hydroentangled fabrics’ air permeability ANOVA p-values 

Pass 1  <0.0001 

Pass 1 (Fiber lengths ≥ 5.08cm) <0.0001 

Pass 2  0.0003 

Pass 2 (Fiber lengths ≥ 5.08cm) 0.0011 

Pass 3  <0.0001 

Pass 3 (Fiber lengths ≥ 5.08cm) <0.0001 

Two-Way ANOVA  <0.0001 

 

The two-way ANOVA evaluation is less than 0.05. This suggests that there is a 

significant interaction between fiber length and the number of passes through the 

hydroentangling unit when considering the fabrics’ air permeability values. In other words, 

there is statistical evidence that the effect of fiber length is different depending on the number 

of hydroentangling passes the fabric is subjected to.   
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8.3.6 Normalized Burst Strength  

Table 41: PET/PE 3 denier bicomponent hydroentangled fabrics’ normalized burst strength summary 

Fiber 

Length 

(cm) 

Number of 

Hydro Passes 
Fabric ID 

Average 

Normalized Burst 

Strength (N) 

Std 

Dev  

Std. 

Error 

2.54 

1 

3PET/PE2.54H1 225.545 39.036 17.457 

3.81 3PET/PE3.81H1 206.855 24.466 10.942 

5.08 3PET/PE5.08H1 213.629 22.146 9.904 

7.62 3PET/PE7.62H1 218.420 23.263 10.403 

10.16 3PET/PE10.16H1 202.976 30.036 13.432 

15.24 3PET/PE15.24H1 203.796 40.555 18.137 

2.54 

2 

3PET/PE2.54H2 263.284 35.613 15.927 

3.81 3PET/PE3.81H2 260.817 17.293 7.734 

5.08 3PET/PE5.08H2 229.699 25.632 11.463 

7.62 3PET/PE7.62H2 196.200 19.130 8.555 

10.16 3PET/PE10.16H2 204.078 15.107 6.756 

15.24 3PET/PE15.24H2 224.383 31.562 14.115 

2.54 

3 

3PET/PE2.54H3 254.157 44.991 20.121 

3.81 3PET/PE3.81H3 237.779 20.075 8.978 

5.08 3PET/PE5.08H3 193.182 36.810 16.462 

7.62 3PET/PE7.62H3 200.829 14.898 6.663 

10.16 3PET/PE10.16H3 191.513 37.920 16.958 

15.24 3PET/PE15.24H3 180.183 27.935 12.493 
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Figure 80: PET/PE 3 denier bicomponent hydroentangled fabrics’ normalized burst strength v. fiber length and 

number of passes 

Table 41 provides the average normalized burst strength values of the carded, hydroentangled 

fabrics produced with the 3 denier, PET/PE, bicomponent fibers. Additionally, the values are 

displayed graphically in Figure 80. It appears that the normalized burst strength values for 

fabrics comprised of short fibers (fibers with lengths less than 5.08 cm) possess strength values 

slightly greater than other fabrics. Fabrics comprised of long fibers (≥ 5.08cm) seem to display 

similar burst strength values despite changes in fiber length. This observation is supported by 

the ANOVA p-values provided in Table 42. Pass 2 and Pass 3 ANOVA p-values are less than 

0.05 when data from fabrics containing all fiber lengths is analyzed. This indicates that there 

is a significant difference between mean burst strengths when fabrics comprised of all fiber 

lengths are considered. However, when data is only analyzed for Pass 2 and Pass 3 fabrics 

which contain fibers ≥ 5.08cm, the p-values are larger and insignificant. This indicates that 

fabrics containing longer fibers are equally strong regardless of fiber length.  
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Table 42: PET/PE 3 denier bicomponent hydroentangled fabrics’ normalized burst strength ANOVA p-values 

Pass 1  0.8277 

Pass 1 (Fiber lengths ≥ 5.08cm) 0.8111 

Pass 2  0.0008 

Pass 2 (Fiber lengths ≥ 5.08cm) 0.1184 

Pass 3  0.0073 

Pass 3 (Fiber lengths ≥ 5.08cm) 0.7668 

Two-Way ANOVA  0.1234 

 

 Both Pass 1 fabric ANOVA p-values are insignificant. This is true for p-values 

considering all fiber lengths and p-values which only analyze data from fabrics containing fiber 

lengths ≥ 5.08 cm. This indicates that regardless of the fiber length used for Pass 1 fabrics, the 

fabrics’ strengths are statistically the same.  

Overall, in Figure 80 it appears that the normalized burst strength of the hydroentangled 

fabrics produced with 3 denier, bicomponent, PET/PE fibers are essentially equivalent 

regardless of the fiber length and the number of hydroentangling passes utilized. Despite the 

excess energy used during production of Pass 2 and Pass 3 fabrics, the fabrics did not achieve 

sufficient, additional fiber entanglement to greatly increase normalized burst strength 

compared to Pass 1 fabrics 

The two-way ANOVA p-value is greater than 0.05. The insignificant p-value suggests 

that there is no significant interaction between fiber length and the number of passes through 

the hydroentangling unit when considering the fabrics’ normalized burst strength values. In 

other words, there is no statistical evidence that the effect of fiber length is different depending 

on the number of hydroentangling passes the fabric is subjected to.   
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8.4 PET/PE 6 Denier Bicomponent Hydroentangled Fabric Testing  

8.4.1 SEM Images 

Figure 81 and Figure 82 contain SEM images of the hydroentangled fabrics produced with the 

6 denier, PET/PE, bicomponent fibers. Fibers appear to become more entangled and further 

split as the number of passes increases.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 81:  PET/PE 6 denier bicomponent hydroentangled fabrics’ SEM images 

6PET/PE2.54H1(left), 6PET/PE2.54H2(middle), 6PET/PE2.54H3(right) fabric SEM images 

6PET/PE3.81H1(left), 6PET/PE3.81H2(middle), 6PET/PE3.81H3(right) fabric SEM images 

 6PET/PE5.08H1(left), 6PET/PE5.08H2(middle), 6PET/PE5.08H3(right) fabric SEM images 
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6PET/PE7.62H1(left), 6PET/PE7.62H2(middle), 6PET/PE5.08H3(right) fabric SEM images 

6PET/PE10.16H1(left), 6PET/PE10.16H2(middle), 6PET/PE10.16H3(right) fabric SEM images 

6PET/PE15.24H1(left), 6PET/PE15.24H2(middle), 6PET/PE15.24H3(right) fabric SEM images 

Figure 82: PET/PE 6 denier homocomponent hydroentangled fabrics’ SEM images #2 
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8.4.2 Weight 

Table 43: PET/PE 6 denier bicomponent hydroentangled fabrics’ weight summary 

Fiber 

Length 

(cm) 

Number of 

Hydro Passes 
Fabric ID 

Average 

Weight (gsm) 

Std 

Dev 

Std. 

Error 

2.54 

1 

6PET/PE2.54H1 120 4 2 

3.81 6PET/PE3.81H1 127 8 4 

5.08 6PET/PE5.08H1 140 13 6 

7.62 6PET/PE7.62H1 126 13 6 

10.16 6PET/PE10.16H1 133 3 2 

15.24 6PET/PE15.24H1 101 7 3 

2.54 

2 

6PET/PE2.54H2 140 5 2 

3.81 6PET/PE3.81H2 117 8 3 

5.08 6PET/PE5.08H2 125 7 3 

7.62 6PET/PE7.62H2 120 5 2 

10.16 6PET/PE10.16H2 158 11 5 

15.24 6PET/PE15.24H2 124 7 3 

2.54 

3 

6PET/PE2.54H3 129 4 2 

3.81 6PET/PE3.81H3 124 6 3 

5.08 6PET/PE5.08H3 133 7 3 

7.62 6PET/PE7.62H3 136 11 5 

10.16 6PET/PE10.16H3 124 6 3 

15.24 6PET/PE15.24H3 116 8 4 



145 

 

 

Figure 83: PET/PE 6 denier bicomponent hydroentangled fabrics’ weight v. fiber length and number of passes 

Table 43 provides the average basis weight values of the carded, hydroentangled fabrics 

produced with the 6 denier, PET/PE, bicomponent fibers. Additionally, the values are 

displayed graphically in Figure 83. Generally, it appears that the fabrics’ basis weights 

decrease with increasing fiber length. Basis weights appear inconsistent and vary when 

different fiber lengths are utilized.  Overall, the results confirm the observations that were made 

when the webs were carded. During carding, the webs’ basis weights were difficult to control. 

When switching from one fiber length to another, the card settings often required changing to 

achieve proper web formation and the desired basis weight. Despite the setting changes, fabric 

weights remained inconsistent when using different fiber lengths. This is likely because a 

fiber’s ease of movement throughout the carding process is affected by its length. Production 

settings should be adjusted more carefully when transitioning from one fiber length to another 

if a consistent basis weight is desired. 

 The basis weights of hydroentangled fabrics comprised of 6 denier PET/PE, 

bicomponent are, generally, higher than the desired 125 gsm. As noted in section 4.1.1, the 6 

denier PET/PE fibers repeatedly stuck to rolls and transport belts during the carding/pre-

needling process. Greater amounts of drafting were required to pull fibers through the system. 

There were also issues with the 10.16 and 15.24 cm fiber lengths wrapping around and clinging 
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the card’s tambour roll. These processing issues likely explain the fabrics’ inconsistent basis 

weights.  

8.4.3 Thickness 

Table 44: PET/PE 6 denier bicomponent hydroentangled fabrics’ thickness summary 

Fiber Length 

(cm) 

Number of 

Hydro Passes 
Fabric ID 

Average 

Thickness (mm) 

Std 

Dev 

Std. 

Error 

2.54 

1 

6PET/PE2.54H1 0.53 0.05 0.02 

3.81 6PET/PE3.81H1 0.54 0.04 0.01 

5.08 6PET/PE5.08H1 0.53 0.04 0.01 

7.62 6PET/PE7.62H1 0.41 0.04 0.01 

10.16 6PET/PE10.16H1 0.45 0.03 0.01 

15.24 6PET/PE15.24H1 0.35 0.04 0.01 

2.54 

2 

6PET/PE2.54H2 0.83 0.02 0.01 

3.81 6PET/PE3.81H2 0.46 0.02 0.01 

5.08 6PET/PE5.08H2 0.50 0.04 0.01 

7.62 6PET/PE7.62H2 0.45 0.04 0.01 

10.16 6PET/PE10.16H2 0.50 0.03 0.01 

15.24 6PET/PE15.24H2 0.44 0.02 0.01 

2.54 

3 

6PET/PE2.54H3 0.48 0.04 0.01 

3.81 6PET/PE3.81H3 0.48 0.03 0.01 

5.08 6PET/PE5.08H3 0.47 0.04 0.01 

7.62 6PET/PE7.62H3 0.49 0.03 0.01 

10.16 6PET/PE10.16H3 0.45 0.03 0.01 

15.24 6PET/PE15.24H3 0.44 0.03 0.01 



147 

 

 

Figure 84: PET/PE 6 denier bicomponent hydroentangled fabrics’ thickness v. fiber length and number of 

passes 

Table 44 provides the average thickness values of the carded, hydroentangled fabrics produced 

with the 6 denier, PET/PE, bicomponent fibers. Additionally, the values are displayed 

graphically in Figure 84. As expected, the fabrics’ thickness values follow a similar trend 

compared to their weight. The fabrics’ thicknesses seem to decrease as fiber length is increased. 

Fabrics’ thicknesses are inconsistent and change when different fiber lengths are utilized. This 

is likely because a fiber’s ease of movement throughout the carding process is affected by its 

length.  

In previous sections, it appeared that hydroentangled webs containing PP fibers were 

thickest when only exposed to one hydroentangling pass. The same trend is not seen with 

fabrics containing 6 denier PET/PE fibers. It appears that hydroentangled webs comprised of 

6 denier PET/PE bicomponent fibers possess essentially the same thickness whether passed 

once, twice or three times through the hydroentangling unit. 
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8.4.4 Solid Volume Fraction 

Table 45: PET/PE 6 denier bicomponent hydroentangled fabrics’ solid volume fraction summary 

Fiber 

Length (cm) 

Number of 

Hydro Passes 
Fabric ID 

Average 

SVF (%) 

Std. 

Dev 

Std. 

Error 

2.54 

1 

6PET/PE2.54H1 20.01 1.79 0.80 

3.81 6PET/PE3.81H1 20.77 1.35 0.60 

5.08 6PET/PE5.08H1 23.56 1.31 0.58 

7.62 6PET/PE7.62H1 26.94 1.46 0.65 

10.16 6PET/PE10.16H1 26.01 1.38 0.62 

15.24 6PET/PE15.24H1 25.52 0.70 0.31 

2.54 

2 

6PET/PE2.54H2 14.82 0.60 0.27 

3.81 6PET/PE3.81H2 22.34 0.83 0.37 

5.08 6PET/PE5.08H2 22.08 1.25 0.56 

7.62 6PET/PE7.62H2 23.60 0.81 0.36 

10.16 6PET/PE10.16H2 27.81 2.14 0.96 

15.24 6PET/PE15.24H2 24.73 1.39 0.62 

2.54 

3 

6PET/PE2.54H3 23.76 2.05 0.91 

3.81 6PET/PE3.81H3 23.05 1.01 0.45 

5.08 6PET/PE5.08H3 25.35 1.33 0.60 

7.62 6PET/PE7.62H3 24.41 0.59 0.26 

10.16 6PET/PE10.16H3 24.60 1.72 0.77 

15.24 6PET/PE15.24H3 23.52 0.79 0.35 
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Figure 85: PET/PE 6 denier bicomponent hydroentangled fabrics’ solid volume fraction v. fiber length and 

number of passes 

Table 45 provides the average solid volume fraction values of the carded, hydroentangled 

fabrics produced with the 6 denier, PET/PE, bicomponent fibers. Additionally, the values are 

displayed graphically in Figure 85. The SVF values generally increased with increasing fiber 

length. This is likely because longer fibers can form more fiber entanglements during bonding. 

When the fibers within a fabric become more entangled the fabric structure becomes denser. 

Therefore, fabrics produced with longer fibers achieve greater SVF’s. However, the increase 

in SVF is not very large. Generally, the fabrics’ solid volume fractions increase from 

approximately 20% to 25% with fiber length.  

In  Figure 85, it appears that the number of hydroentangling passes does not affect the 

fabrics’ structure as anticipated. Typically, when greater energy is imparted to hydroentangled 

fabrics, their structures become more solid. However, this is not evident for these fabrics. In 

many cases, the Pass 1 fabrics display higher SVF values compared to Pass 2 and/or Pass 3 

fabrics.  

Table 46 provides the p-values associated with the 6 denier PET/PE samples’ SVF 

values. All calculated p-values for Pass 1 and Pass 2 fabrics are less than 0.05. This is true for 

p-values considering all fiber lengths and p-values which only analyze data from fabrics 

containing fiber lengths ≥ 5.08 cm.  This suggests that fiber length significantly affects Pass 1 
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and Pass 2 fabrics’ solid volume fractions. However, the p-values for Pass 1 and Pass 2 fabrics 

become larger when only considering fabrics comprised of fibers ≥ 5.08 cm. This means the 

SVF values of fabrics containing longer fibers were more consistent and varied less with fiber 

length. However, because the p-values are still less than 0.05, the SVF mean values are still 

considered significantly different. 

Table 46: PET/PE 6 denier bicomponent hydroentangled fabrics’ solid volume fraction ANOVA p-values 

Pass 1  <0.0001 

Pass 1 (Fiber lengths ≥ 5.08cm) 0.0043 

Pass 2  <0.0001 

Pass 2 (Fiber lengths ≥ 5.08cm) 0.0001 

Pass 3  0.1308 

Pass 3 (Fiber lengths ≥ 5.08cm) 0.1567 

Two-Way ANOVA  <0.0001 

 

Pass 3 fabrics’ ANOVA p-values are greater than 0.05. This is true for p-values 

considering all fiber lengths and p-values which only analyze data from fabrics containing fiber 

lengths ≥ 5.08 cm. Insignificant p-values indicate that fiber length does not significantly impact 

the SVF of the Pass 3 fabrics. In other words, Pass 3 fabrics’ mean SVF values are statistically 

equivalent despite changes in fiber length. The Pass 3 p-value becomes larger when only 

considering fabrics comprised of fibers ≥ 5.08 cm. This means the SVF values of Pass 3 fabrics 

containing longer fibers are more consistent and vary less with fiber length.    

The two-way ANOVA p-value is less than 0.05. This indicates that there was a 

significant interaction between fiber length and the number of passes through the 

hydroentangling unit when considering the fabrics’ solid volume fractions. In other words, 

there is statistical evidence that the effect of fiber length is different depending on the number 

of hydroentangling passes the fabric is subjected to.   
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8.4.5 Air Permeability 

Table 47: PET/PE 6 denier bicomponent hydroentangled fabrics’ air permeability summary 

Fiber 

Length (cm) 

Number of 

Hydro Passes 
Fabric ID 

Average Air 

Permeability 

(ft3/ft2/min) 

Std. 

Dev  

Std. 

Error 

2.54 

1 

6PET/PE2.54H1 31.2 4.5 2.0 

3.81 6PET/PE3.81H1 26.8 2.5 1.1 

5.08 6PET/PE5.08H1 18.8 2.6 1.2 

7.62 6PET/PE7.62H1 21.4 3.7 1.6 

10.16 6PET/PE10.16H1 16.5 2.6 1.2 

15.24 6PET/PE15.24H1 22.2 5.3 2.4 

2.54 

2 

6PET/PE2.54H2 46.9 1.7 0.7 

3.81 6PET/PE3.81H2 18.1 1.1 0.5 

5.08 6PET/PE5.08H2 14.6 1.4 0.6 

7.62 6PET/PE7.62H2 12.4 1.5 0.7 

10.16 6PET/PE10.16H2 9.64 1.1 0.5 

15.24 6PET/PE15.24H2 12.3 1.7 0.8 

2.54 

3 

6PET/PE2.54H3 15.7 2.4 1.1 

3.81 6PET/PE3.81H3 14.4 1.2 0.6 

5.08 6PET/PE5.08H3 12.8 1.7 0.8 

7.62 6PET/PE7.62H3 13.4 1.2 0.5 

10.16 6PET/PE10.16H3 12.2 3.1 1.4 

15.24 6PET/PE15.24H3 14.6 1.4 0.6 

 



152 

 

 

Figure 86: PET/PE 6 denier bicomponent hydroentangled fabrics’ air permeability v. fiber length and number 

of passes 

Table 47 provides the average air permeability values of the carded, hydroentangled fabrics 

produced with the 6 denier, PET/PE, bicomponent fibers. Additionally, the values are 

displayed graphically in Figure 86. It appears that there is no relationship between fiber length 

and air permeability for the hydroentangled fabrics produced with 6 denier, bicomponent, 

PET/PE fibers. However, when the data is viewed with a different y-axis scale in Figure 87, 

some trends do appear. Pass 1 fabrics generally possess the greatest air permeability values. 

This is likely because these fabrics were exposed to the least energy during bonding. Therefore, 

these structures are least compact and more air permeable. In most cases, the air permeability 

values of Pass 2 and Pass 3 fabrics are very similar.  

  In Figure 87, it appears that the air permeability of the hydroentangled fabrics produced 

with 6 denier, bicomponent, PET/PE fibers decreases as the fiber length increases. This is 

likely true because longer fibers form more fiber entanglements within nonwoven fabrics. 

When the number of fiber entanglements/bonds increases, the structures’ solid volume 

fractions also increases. As structures became more solid, it is increasingly difficult for air to 

pass through, resulting in lower air permeability values. This relationship is confirmed in 

Figure 88 which shows the fabrics’ air permeability values generally decreasing with 

increasing solid volume fractions.   
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Figure 87: PET/PE 6 denier bicomponent hydroentangled fabrics’ air permeability v. fiber length and number 

of passes #2 
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Figure 88: PET/PE 6 denier bicomponent hydroentangled fabrics’ air permeability v. SVF 

 

 Overall, in Figure 87 it appears that fabrics containing short fibers (fibers less than 5.08 

cm in length) possess less consistent air permeability values compared to fabrics comprised of 

long fiber lengths. This is confirmed by the ANOVA p-values in Table 48. The Pass 1 p-value 

which considered data from fabrics containing all fiber lengths is very small and suggests that 

fiber length significantly affects the air permeability values. However, when only considering 

the Pass 1 fabrics which contain fibers ≥ 5.08 cm in length the p-value becomes much larger 

and insignificant. This means Pass 1 fabrics containing longer fibers possess statistically 

equivalent air permeability values despite changes in fiber length.  
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Table 48: PET/PE 6 denier bicomponent hydroentangled fabrics’ air permeability ANOVA p-values 

Pass 1  <0.0001 

Pass 1 (Fiber lengths ≥ 5.08cm) 0.0988 

Pass 2  <0.0001 

Pass 1 (Fiber lengths ≥ 5.08cm) 0.0007 

Pass 3  0.0889 

Pass 1 (Fiber lengths ≥ 5.08cm) 0.2950 

Two-Way ANOVA  <0.0001 

 

Pass 2 fabrics follow a similar trend. The Pass 2 ANOVA p-values are significant when 

analyzing data from fabrics comprised of all fiber lengths and when only considering data from 

fabrics containing fibers ≥ 5.08 cm in length. However, the p-value only considering data from 

fabrics containing long fibers is larger. This suggests that air permeability values of fabrics 

containing fibers 5.08 cm in length or greater are more similar.  

 The mean air permeability values of Pass 3 fabrics are statistically equivalent when 

analyzing data from fabrics containing all fiber lengths and when only considering data from 

fabrics containing fibers ≥ 5.08 cm in length. The p-value considering only fabrics comprised 

of longer fiber lengths is larger than the alternative p-value considering all fiber lengths. This 

confirms that fabrics containing longer 6 denier, bicomponent, PET/PE fibers provide 

essentially the same air permeability values regardless of the fiber length used.  

The two-way ANOVA evaluation is less than 0.05. This suggests that there is a 

significant interaction between fiber length and the number of passes through the 

hydroentangling unit when considering the fabrics’ air permeability values. In other words, 

there is statistical evidence that the effect of fiber length is different depending on the number 

of hydroentangling passes the fabric is subjected to.   
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8.4.6 Normalized Burst Strength  

Table 49: PET/PE 6 denier bicomponent hydroentangled fabrics’ normalized burst strength summary 

Fiber 

Length (cm) 

Number of 

Hydro 

Passes 

Fabric ID 

Average 

Normalized Burst 

Strength (N) 

Std 

Dev  

Std. 

Error 

2.54 

1 

6PET/PE2.54H1 168.538 16.745 7.488 

3.81 6PET/PE3.81H1 165.723 23.122 10.341 

5.08 6PET/PE5.08H1 166.258 19.142 8.560 

7.62 6PET/PE7.62H1 146.794 31.670 14.163 

10.16 6PET/PE10.16H1 155.247 15.493 6.929 

15.24 6PET/PE15.24H1 180.639 5.044 2.256 

2.54 

2 

6PET/PE2.54H2 298.562 23.342 10.439 

3.81 6PET/PE3.81H2 177.621 22.050 9.861 

5.08 6PET/PE5.08H2 191.043 23.166 10.360 

7.62 6PET/PE7.62H2 200.416 14.703 6.575 

10.16 6PET/PE10.16H2 155.796 22.255 9.953 

15.24 6PET/PE15.24H2 192.018 25.829 11.551 

2.54 

3 

6PET/PE2.54H3 161.422 26.072 11.660 

3.81 6PET/PE3.81H3 171.851 14.796 6.617 

5.08 6PET/PE5.08H3 173.816 16.715 7.475 

7.62 6PET/PE7.62H3 200.971 14.479 6.475 

10.16 6PET/PE10.16H3 180.767 19.244 8.606 

15.24 6PET/PE15.24H3 195.587 20.550 9.190 
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Figure 89: PET/PE 6 denier bicomponent hydroentangled fabrics’ normalized bust strength v. fiber length and 

number of passes 

Table 49 provides the average normalized burst strength values of the carded, hydroentangled 

fabrics produced with the 6 denier, PET/PE, bicomponent fibers. Additionally, the values are 

displayed graphically in Figure 89. Generally, it appears that the normalized burst strength 

values for fabrics comprised of short fibers (fibers with lengths less than 5.08 cm) possess 

strength values slightly lower than other fabrics. Fabrics comprised of long fibers (≥ 5.08 cm) 

seem to display similar burst strength values despite changes in fiber length.  

This observation is supported by the ANOVA p-values provided in Table 50. Pass 2 

and Pass 3 ANOVA p-values are less than 0.05 when data from fabrics comprised of all fiber 

lengths is analyzed. This indicates that there is a significant difference between mean burst 

strengths when fabrics containing all fiber lengths are considered. However, when data is only 

analyzed for Pass 2 and Pass 3 fabrics which contain fibers ≥ 5.08 cm in length, the p-values 

are larger. The Pass 2 p-value only analyzing data from fabrics containing fibers lengths ≥ 5.08 

cm is a borderline significant value. This suggests there is a weak relationship between fiber 

length and normalized burst strength for fabrics comprised of fibers 5.08 cm or greater. The 

Pass 3 p-value analyzing data from fabrics containing fibers ≥ 5.08 cm is larger than 0.05.  This 

indicates that fabrics containing longer fibers are equally strong regardless of fiber length. 
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Table 50: PET/PE 6 denier bicomponent hydroentangled fabrics’ normalized burst strength ANOVA p-values 

Pass 1  0.1825 

Pass 1 (Fiber lengths ≥ 5.08cm) 0.0866 

Pass 2  <0.0001 

Pass 2 (Fiber lengths ≥ 5.08cm) 0.0247 

Pass 3  0.0265 

Pass 3 (Fiber lengths ≥ 5.08cm) 0.0972 

Two-Way ANOVA  <0.0001 

 

The Pass 1 ANOVA p-values are insignificant when analyzing data from fabrics 

comprised of all fiber lengths and when only considering data from fabrics containing fibers 

5.08 cm in length or greater. This indicates that regardless of the fiber length used for Pass 1 

fabrics, the fabrics’ burst strengths are statistically equivalent.  

Overall, in Figure 89 it appears that the normalized burst strength of the hydroentangled 

fabrics produced with 6 denier, bicomponent, PET/PE fibers are essentially equivalent 

regardless of the fiber length and the number of hydroentangling passes utilized. Despite the 

excess energy used during production of Pass 2 and Pass 3 fabrics, the fabrics did not achieve 

sufficient, additional fiber entanglement to greatly increase normalized burst strength 

compared to Pass 1 fabrics 

The two-way ANOVA p-value is less than 0.05. The significant p-value suggests that 

there is a significant interaction between fiber length and the number of passes through the 

hydroentangling unit when considering the fabrics’ normalized burst strength values. In other 

words, there is statistical evidence that the effect of fiber length is different depending on the 

number of hydroentangling passes the fabric is subjected to.   
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8.5 PP 3 Denier Homocomponent Needlepunched Fabric Testing 

8.5.1 SEM Images 

Figure 90 contains SEM images of the needlepunched fabrics produced with the 3 denier, PP, 

homocomponent fibers. There are no evident differences in the fabrics produced with different 

fiber lengths.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3PP2.54NP fabric SEM image 3PP3.81NP fabric SEM image 

 3PP5.08NP fabric SEM image 3PP7.62NP fabric SEM image 

3PP10.16NP fabric SEM image 3PP15.24NP fabric SEM image 

Figure 90: PP 3 denier homocomponent needlepunched fabrics’ SEM Images 
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8.5.2 Weight 

Table 51: PP 3 denier homocomponent needlepunched fabrics’ weight summary 

Fiber Length 

(cm) 
Fabric ID 

Average 

Weight 

(gsm) 

Std Dev 

(gsm) 
Std Error 

2.54 3PP2.54NP 270 6 3 

3.81 3PP3.81NP 261 6 3 

5.08 3PP5.08NP 257 7 3 

7.62 3PP7.62NP 251 13 6 

10.16 3PP10.16NP 271 6 3 

15.24 3PP15.24NP 279 8 4 
 

 

 

Figure 91: PP 3 denier homocomponent needlepunched fabrics’ weight v. fiber length 

Table 51 provides the average basis weight values of the carded, needlepunched fabrics 

produced with the 3 denier, PP, homocomponent fibers. Additionally, the values are displayed 

graphically in Figure 91. Basis weights appear inconsistent and vary when different fiber 

lengths are utilized.  Overall, the results confirm the observations that were made when the 

webs were carded. During carding, the webs’ basis weights were difficult to control. When 

switching from one fiber length to another, the card settings often required changing to achieve 

proper web formation and the desired basis weight. Despite the setting changes, fabric weights 

remained inconsistent when using different fiber lengths. This is likely because a fiber’s ease 
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of movement throughout the carding process is affected by its length. Production settings 

should be adjusted more carefully when transitioning from one fiber length to another if a 

consistent basis weight is desired. 

8.5.3 Thickness 

Table 52: PP 3 denier homocomponent needlepunched fabrics’ thickness summary 

Fiber Length (cm) Fabric ID 
Average 

Thickness (mm) 
Std Dev Std Error 

2.54 3PP2.54NP 5.01 0.18 0.06 

3.81 3PP3.81NP 5.25 0.36 0.11 

5.08 3PP5.08NP 5.04 0.35 0.11 

7.62 3PP7.62NP 4.99 0.25 0.08 

10.16 3PP10.16NP 5.05 0.28 0.09 

15.24 3PP15.24NP 5.07 0.45 0.14 
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Figure 92: PP 3 denier homocomponent needlepunched fabrics’ thickness v. fiber length 
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Table 52 provides the average thickness values of the carded, needlepunched fabrics produced 

with the 3 denier, PP, homocomponent fibers. Additionally, the values are displayed 

graphically in Figure 92. It appears that the fabrics’ thicknesses remain fairly consistent despite 

changes in fiber length. The thickness of the needlepunched fabrics is much greater than the 

hydroentangled fabrics because the needlepunched fabrics were folded more during the 

crosslapping process.  

8.5.4 Solid Volume Fraction  

Table 53: PP 3 denier homocomponent needlepunched fabrics’ solid volume fraction summary 

Fiber Length (cm) Fabric ID 
Average 

SVF (%) 
Std. Dev Std. Error 

2.54 3PP2.54NP 5.93 0.15 0.07 

3.81 3PP3.81NP 5.47 0.36 0.16 

5.08 3PP5.08NP 5.63 0.30 0.13 

7.62 3PP7.62NP 5.52 0.18 0.08 

10.16 3PP10.16NP 5.90 0.20 0.09 

15.24 3PP15.24NP 6.06 0.30 0.14 
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Table 53 provides the average solid volume fractions of the carded, needlepunched fabrics 

produced with the 3 denier, PP, homocomponent fibers. Additionally, the values are displayed 

graphically in Figure 93. The solid volume fractions achieved with the needlepunched fabrics 

are much lower than the hydroentangled fabrics. The structure of needlepunched fabrics 

inherently provide more void space than hydroentangled fabrics.  

In  it appears fabrics’ solid volume fractions do not change with fiber length. However, 

the ANOVA p-value, 0.0061 indicates that there is a significant difference between at least 

two of the mean SVF values. The difference between the solid volume fraction averages is 

very small with values ranging from approximately 5.5% to 6%.  
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Figure 93: PP 3 denier homocomponent needlepunched fabrics’ solid volume fraction v. fiber length 
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8.5.5 Air Permeability  

Table 54: PP 3 denier homocomponent needlepunched fabrics’ air permeability summary 

Fiber 

Length (cm) 
Fabric ID 

Average Air 

Permeability 

(ft3/ft2/min) 

Std 

Dev  

Std. 

Error 

2.54 3PP2.54NP 197 7 3 

3.81 3PP3.81NP 194 5 2 

5.08 3PP5.08NP 207 6 3 

7.62 3PP7.62NP 205 10 5 

10.16 3PP10.16NP 187 9 4 

15.24 3PP15.24NP 191 6 3 

  

 

Table 54 displays the average air permeability values of the carded, needlepunched fabrics 

produced with the 3 denier, PP, homocomponent fibers. Additionally, the values are displayed 

graphically in Figure 94. In Figure 94, it appears the fabrics’ air permeability values do not 

change with fiber length. However, the ANOVA p-value, 0.0018 indicates that there is a 

significant difference between at least two of the mean air permeability values. The difference 

between the air permeability averages is very small with values ranging from approximately 

190 to 210 ft3/ft2/min.  
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Figure 94: PP 3 denier homocomponent needlepunched fabrics’ air permeability v. fiber length 
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8.5.6 Normalized Burst Strength  

Table 55: PP 3 denier homocomponent needlepunched fabrics’ normalized burst strength summary 

Fiber 

Length (cm) 
Fabric ID 

Average 

Normalized Burst 

Strength (N) 

Std Dev  Std. Error 

2.54 3PP2.54H1 31.679 3.536 1.581 

3.81 3PP3.81H1 235.871 38.354 17.153 

5.08 3PP5.08H1 481.579 77.865 34.822 

7.62 3PP7.62H1 674.987 111.428 49.832 

10.16 3PP10.16H1 688.055 43.896 19.631 

15.24 3PP15.24H1 633.408 41.779 18.684 

  

 

Table 55 provides the average normalized burst strength values of the carded, needlepunched 

fabrics produced with the 3 denier, PP, homocomponent fibers. Additionally, the values are 

displayed graphically in Figure 95. It is clear in  that needlepunched fabrics’ normalized burst 

strengths vary with fiber length. This is supported by the ANOVA p-value which indicates the 

fabrics’ burst strengths are significantly affected by fiber length. As the 3 denier PP fibers 

increase from 2.54 to 7.62 cm in length the fabrics’ normalized burst strengths increase. The 

normalized burst strength of fabrics comprised of fibers 7.62, 10.16 or 15.24 cm in length 
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Figure 95: PP 3 denier homocomponent needlepunched fabrics’ normalized burst strength v. fiber length 
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appear similar. It seems that long fibers (7.62 cm in length or longer) provide the fabrics’ 

essentially the same burst strength capabilities despite increases in fiber length.  

 Previous researchers determined that a fabric’s burst strength is an indication of the 

amount of frictional force created between bonded fibers within a fabric. The frictional forces 

created between entangled fibers help fabrics resist rupture. It seems that longer fibers (7.62 

cm in length or longer) can form more fiber entanglements within needlepunched nonwovens 

compared to short fibers. The fiber entanglements formed with long fibers create frictional 

forces which prevent fiber slippage and fabric rupture.  
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8.6 PP 6 Denier Homocomponent Needlepunched Fabric Testing 

8.6.1 SEM Images 

Figure 96 contains SEM images of the needlepunched fabrics produced with the 6 denier, PP, 

homocomponent fibers. There are no evident differences in the fabrics produced with different 

fiber lengths.  

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 6PP2.54NP fabric SEM image 6PP3.81NP fabric SEM image 

6PP5.08NP fabric SEM image 6PP7.62NP fabric SEM image 

6PP10.16NP fabric SEM image 6PP15.24NP fabric SEM image 

Figure 96: PP 6 denier homocomponent needlepunched fabrics’ SEM images 
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8.6.2 Weight 

Table 56: PP 6 denier homocomponent needlepunched fabrics’ weight summary 

Fiber 

Length (cm) 
Fabric ID 

Average 

Weight (gsm) 
Std Dev 

Std. 

Error 

2.54 6PP2.54NP 286 9 4 

3.81 6PP3.81NP 295 6 3 

5.08 6PP5.08NP 264 6 3 

7.62 6PP7.62NP 243 5 2 

10.16 6PP10.16NP 237 5 2 

15.24 6PP15.24NP 275 10 4 
 

 

 

Figure 97: PP 6 denier homocomponent needlepunched fabrics’ weight v. fiber length 

Table 56 provides the average basis weight values of the carded, needlepunched fabrics 

produced with the 3 denier, PP, homocomponent fibers. Additionally, the values are displayed 

graphically in Figure 97. Basis weights appear inconsistent and vary when different fiber 

lengths are utilized.  Overall, the results confirm the observations that were made when the 

webs were carded. During carding, the webs’ basis weights were difficult to control. When 

switching from one fiber length to another, the card settings often required changing to achieve 

proper web formation and the desired basis weight. Despite the setting changes, fabric weights 
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remained inconsistent when using different fiber lengths. This is likely because a fiber’s ease 

of movement throughout the carding process is affected by its length. Production settings 

should be adjusted more carefully when transitioning from one fiber length to another if a 

consistent basis weight is desired. 

8.6.3 Thickness 

Table 57: PP 6 denier homocomponent needlepunched fabrics’ thickness summary 

Fiber 

Length (cm) 
Fabric ID 

Average 

Thickness 

(mm) 

Std Dev  Std. Error 

2.54 6PP2.54NP 5.26 0.27 0.09 

3.81 6PP3.81NP 5.90 0.40 0.13 

5.08 6PP5.08NP 5.23 0.53 0.17 

7.62 6PP7.62NP 4.96 0.49 0.16 

10.16 6PP10.16NP 4.51 0.23 0.07 

15.24 6PP15.24NP 4.79 0.31 0.10 

 

  

Table 57 provides the average thickness values of the carded, needlepunched fabrics produced 

with the 6 denier, PP, homocomponent fibers. Additionally, the values are displayed 

graphically in Figure 98.  As expected, the fabrics’ thickness values follow a similar trend 
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Figure 98: PP 6 denier homocomponent needlepunched fabrics’ thickness v. fiber length 
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compared to their weight. Fabrics’ thicknesses are inconsistent and change when different fiber 

lengths are utilized. This is likely because a fiber’s ease of movement throughout the carding 

process is affected by its length.  

8.6.4 Solid Volume Fraction 

Table 58: PP 6 denier homocomponent needlepunched fabrics’ solid volume fraction summary 

Fiber Length (cm) Fabric ID 
Average 

SVF (%) 
Std. Dev Std. Error 

2.54 6PP2.54NP 5.98 0.25 0.11 

3.81 6PP3.81NP 5.51 0.26 0.12 

5.08 6PP5.08NP 5.57 0.40 0.18 

7.62 6PP7.62NP 5.43 0.51 0.23 

10.16 6PP10.16NP 5.77 0.28 0.12 

15.24 6PP15.24NP 6.32 0.29 0.13 

 

 

Table 58 provides the average solid volume fractions of the carded, needlepunched fabrics 

produced with the 3 denier, PP, homocomponent fibers. Additionally, the values are 

displayed graphically in Figure 99. In  Figure 99, it appears the solid volume fractions do not 

change with fiber length. However, the ANOVA p-value, 0.0036 indicates that there is a 
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Figure 99: PP 6 denier homocomponent needlepunched fabrics’ solid volume fraction v. fiber length 
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significant difference between at least two of the mean SVF values. The difference between 

the solid volume fractions is very small with values ranging from approximately 5.5% to 

6.3%.  

8.6.5 Air Permeability 

Table 59:  PP 6 denier homocomponent needlepunched fabrics’ air permeability summary 

Fiber 

Length (cm) 
Fabric ID 

Average Air Permeability 

(ft3/ft2/min) 

Std Dev 

(mm) 

Std. 

Error 

3 6PP2.54NP 295 19 8 

4 6PP3.81NP 288 13 6 

5 6PP5.08NP 308 6 3 

8 6PP7.62NP 322 9 4 

10 6PP10.16NP 330 17 8 

15 6PP15.24NP 286 9 4 

 

 

Table 59 provides the average basis weight values of the carded, needlepunched fabrics 

produced with the 6 denier, PP, homocomponent fibers. Additionally, the values are displayed 

graphically in Figure 100. In Figure 100, it appears there is some change in fabrics’ air 

permeability values with changes in fiber length.  The ANOVA p-value indicates that there is 
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a significant difference between at least two of the mean SVF values. In other words, the 

needlepunched fabrics’ air permeability is significantly affected by fiber length.   

8.6.6 Normalized Burst Strength 

Table 60: PP 6 denier homocomponent needlepunched fabrics’ normalized burst strength summary 

Fiber 

Length (cm) 
Fabric ID 

Average 

Normalized Burst 

Strength (N) 

Std Dev  Std. Error 

2.54 6PP2.54NP 14.114 1.448 0.648 

3.81 6PP3.81NP 85.785 26.273 11.750 

5.08 6PP5.08NP 401.345 29.025 12.981 

7.62 6PP7.62NP 735.282 44.568 19.931 

10.16 6PP10.16NP 656.480 80.219 35.875 

15.24 6PP15.24NP 627.570 52.131 23.314 

 

 

 

Table 60 provides the average normalized burst strength values of the carded, needlepunched 

fabrics produced with the 6 denier, PP, homocomponent fibers. Additionally, the values are 

displayed graphically in Figure 101. It is clear in Figure 101 that needlepunched fabrics’ 

normalized burst strengths vary with fiber length. This is supported by the ANOVA p-value 
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Figure 101: PP 6 denier homocomponent needlepunched fabrics’ normalized burst strength v. fiber length 
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which indicates the fabrics’ burst strengths are significantly affected by fiber length. As the 6 

denier PP fibers increase from 2.54 to 7.62 cm in length the fabrics’ normalized burst strengths 

increase. Normalized burst strength peaks when fabrics contain fibers 7.62 in length. Fabrics 

comprised of fibers 10.16 or 15.24 cm in length possess slightly lower burst strengths but the 

values are larger than fabrics containing short fibers (2.54, 3.81, or 5.08 cm fiber lengths).  

 Previous researchers determined that a fabric’s burst strength is an indication of the 

amount of frictional force created between bonded fibers within a fabric. The frictional forces 

created between entangled fibers help fabrics resist rupture. It seems that longer fibers can 

form more fiber entanglements within needlepunched nonwovens compared to short fibers. 

The fiber entanglements create frictional forces which prevent fiber slippage and fabric 

rupture. The impact of fiber length on needlepunched nonwovens’ burst strengths appears more 

drastic than hydroentangled nonwovens.  

8.7 Normalized Burst Strength Comparison- Hydroentangled v. Needlepunched Fabrics 

The impact of fiber length on needlepunched nonwovens’ normalized burst strength values 

appears more drastic than hydroentangled nonwovens. The results are particularly much 

different than the PE/PET bicomponent hydroentangled fabrics’ burst strength results. As seen 

in Figure 102, it appears that the hydroentangled fabrics containing PET/PE bicomponent 

fibers possess burst strengths that remain consistent despite changes in fiber length. 

The entangling of fibers results in fiber to fiber friction. During burst strength testing, 

when fabrics contain a low degree of entangling, fibers are separated since the strength of the 

fiber is higher than fiber to fiber frictional forces.  At higher degrees of entangling, the 

frictional forces are higher than fiber strength, and therefore, the fibers break instead of pulling 

out of the structure.  

This suggests that the hydroentangled fabrics containing bicomponent fibers achieve 

sufficient entanglement quickly regardless of fiber length and that the fibers are not pulling out 

from the fabric structure prematurely. Regardless of the fiber length, the bicomponent fibers 

remain entangled in the structure until they break rather than pulling out of the structure. 

Therefore, the bicomponent fibers provide consistent fabric strength even when short fiber 
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lengths are used. This may be in part due to the fact that the fibers split and therefore, create 

very fine fibers that provide significantly higher fiber to fiber friction.   

 

Figure 102: PET/PE hydroentangled fabrics’ normalized burst strengths v. PP needlepunched fabrics’ 

normalized burst strengths 

On the other hand, the needlepunched fabric strengths drastically increase with fiber 

length. This suggests that short fibers in needlepunched structures are not adequately entangled 

with surrounding fibers. Therefore, during burst strength testing, fibers simply pull out of the 

structure and provide the fabric little strength. However, when longer fibers are used, 

specifically fibers 5.08 cm in length or greater, the needlepunched fabrics achieve significantly 

higher strength than the hydroentangled fabrics. This is likely due to the structural differences 

between needlepunched and hydroentangled fabrics. During hydroentangling, most fibers are 

rearranged in-plane whereas needlepunched fabrics contain fibers rearranged in the z-direction 

as well as in the fabric plane. The additional fiber entanglement in the z-direction likely 

provides the needlepunched fabrics with greater frictional forces and greater resistance to 

rupture compared to hydroentangled fabrics.  

The trends observed for the burst strength of hydroentangled fabrics containing PP 

fibers are slightly different. As seen in  

Figure 103, the burst strength of Pass 2 and Pass 3 hydroentangled fabrics containing 3 

denier PP fibers possess consistent burst strength values despite changes in fiber length. A 
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similar trend is observed in Figure 104 for Pass 2 and Pass 3 hydroentangled fabrics comprised 

of 6 denier PP fibers. However, this figure excludes the burst strength averages of 

hydroentangled fabrics containing 2.54 cm length, 6 denier PP fibers.  As previously 

mentioned, the 2.54 cm length 6 denier PP fibers were particularly difficult to process and their 

webs were very inconsistent. Therefore, the data retrieved from hydroentangled webs 

containing 6 denier PP fibers 2.54 cm in length is likely not reliable and not considered in this 

comparison.  

 

Figure 103: PP 3 denier Pass 2 and Pass 3 hydroentangled fabrics’ normalized burst strengths v. PP 

needlepunched fabrics’ normalized burst strengths 
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Figure 104: PP 3 denier and 6 denier Pass 2 and Pass 3 hydroentangled fabrics’ normalized burst strengths v. 

PP needlepunched fabrics’ normalized burst strengths 

These observations suggest that during burst strength testing, the 3 and 6 denier PP 

fibers within Pass 2 and Pass 3 fabrics are not pulled out from the fabric structure prematurely. 

Regardless of the 3 denier or 6 denier PP fiber length used to produce Pass 2 and Pass 3 

hydroentangled fabrics, fibers remain entangled in the structure until they break rather than 

pulling out of the structure prematurely. Therefore, these homocomponent fibers provide 

consistent fabric strength even when short fiber lengths are utilized. However, due to structural 

differences between the hydroentangled and needlepunched fabrics, needlepunched fabrics can 

achieve higher burst strengths when produced with longer fiber lengths.  

The trends of Pass 1 fabrics containing 3 or 6 denier PP homocomponent fibers are 

different than those observed for Pass 2 and Pass 3 fabrics. As displayed in Figure 105, the 

normalized burst strength of Pass 1 fabrics follow similar trends compared to the burst strength 

values of needlepunched fabrics. This suggests that unlike the Pass 2 and Pass 3 fabrics, the 

PP fibers within the Pass 1 hydroentangled fabrics were not adequately entangled at all fiber 

lengths to provide consistent burst strength values. When Pass 1 hydroentangled fabrics are 

produced with short PP fibers, fibers are not sufficiently entangled. Therefore, during burst 

strength testing there is not sufficient frictional resistance between the fibers. This suggests 

that PP fibers within Pass 1 fabrics simply pull out of the nonwoven structure when exposed 

to an applied load rather than supporting the load.  

0

100

200

300

400

500

600

700

800

3.81 5.08 7.62 10.16 15.24N
o
rm

al
iz

ed
 B

u
rs

t 
S

tr
en

g
th

 (
N

)

Fiber Length (cm)

3 PP NP

3 PP Pass 2

3 PP Pass 3

6 PP NP

6 PP Pass 2

6 PP Pass 3



177 

 

 

Figure 105: PP 3 denier and 6 denier Pass 1 hydroentangled fabrics’ normalized burst strengths v. PP 

needlepunched fabrics’ normalized burst strengths 

The same is true for needlepunched fabrics containing short fibers. When short fibers 

are used for needlepunched structures it is likely that fibers are not adequately entangled with 

surrounding fibers. Therefore, during burst strength testing, fibers simply pull out of the 

structure and provide the fabric little strength. However, when longer fibers are used, 

specifically fibers 7.62 cm in length or greater, the needlepunched fabrics achieve significantly 

higher strength than the hydroentangled fabrics. This is likely due to the structural differences 

between needlepunched and hydroentangled fabrics. During hydroentangling, most fibers are 

rearranged in-plane whereas needlepunched fabrics contain fibers rearranged in the z-direction 

as well as in the fabric plane. The additional fiber entanglement in the z-direction likely 

provides the needlepunched fabrics with greater frictional forces and greater resistance to 

rupture.  
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9. Conclusions 

Carding/Needling/Hydroentangling Process 

 Fiber lengths ranging from 2.54 to 15.24 cm can be successfully carded.  

 In many situations, different carding and needling settings are required for different 

fiber lengths.  

 Short polypropylene homocomponent fibers (fibers with lengths less than 5.08 cm) can 

cause some issues during the carding/needling processes. Fibers 2.54 cm in length can 

be particularly difficult to process.  

 Long polyester/polyethylene bicomponent fibers (fibers with lengths greater than 5.08 

cm) can cause some issues during carding/needling processes. Fibers 10.16 or 15.24 

cm in length can be particularly difficult to process. 

 The hydroentangling process is unaffected by fiber length assuming webs possess 

adequate strength to run through the machinery.  

Hydroentangled Fabrics 

 Basis Weight and Thickness 

o Fabric basis weight and thickness are inconsistent with fiber length and depend 

on the carding process. 

o When changing from one fiber length to another, careful card setting 

modifications are required for consistent fabric weight and thickness. 

 Solid Volume Fraction 

o In some situations, fiber length does significantly affect hydroentangled fabrics’ 

solid volume fractions.  

o Impact on SVF small (usually varies ~2-5% with fiber length) 

o Fiber length impacts the SVF of hydroentangled fabrics containing 

bicomponent fibers more than hydroentangled fabrics containing 

homocomponent fibers.  
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 Air Permeability 

o In most cases, fiber length significantly affects the air permeability of 

hydroentangled fabrics when made with homocomponent and bicomponent 

fibers. 

o Changes in air permeability were likely due to SVF changes. 

 Normalized Burst Strength 

o In some situations, fiber length significantly affects the burst strength of 

hydroentangled fabrics containing PP fibers.  

 This is particularly true for fabrics containing 6 denier PP fibers.  

 The impact of fiber length on hydroentangled fabrics containing 3 

denier PP fibers is less significant.   

o In general, fiber length does not significantly impact the burst strength of 

hydroentangled fabrics containing PET/PE bicomponent fibers.  

 General Observations 

o In most situations, ANOVA p-values becomes larger when only considering 

data from fabrics comprised of fibers 5.08 cm in length or greater. 

 This indicates fabric properties are more consistent when using longer 

fibers. 

o There is statistical evidence that the effect of fiber length on fabric properties 

(SVF, air permeability, and burst strength) is different depending on the number 

of times a fabric is passed through the hydroentangling unit.  

Needlepunched Fabrics 

 Basis Weight and Thickness 

o Fabric basis weight and thickness are inconsistent with fiber length and depend 

on the carding process. 

o When changing from one fiber length to another, careful card setting 

modifications are required for consistent fabric weight and thickness. 

 Solid Volume Fraction 

o SVF values of needlepunched fabrics appear to remain consistent with fiber 

length changes.  
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 SVF averages range between approximately 5.5% to 6.3%.  

o However, per ANOVA, fiber length does significantly affect SVF values 

 Air Permeability 

o Fiber length significantly impacts the air permeability of needlepunched 

fabrics. 

o The effect of fiber length is more significant for needlepunched fabrics 

comprised of 6 denier PP fibers than needlepunched fabrics containing 3 denier 

PP fibers.  

 Normalized Burst Strength 

o Fiber length significantly affects needlepunched fabrics’ burst strengths. 

o Needlepunched fabrics’ burst strengths are more dependent on fiber length 

compared to hydroentangled fabrics.  

o Needlepunched fabrics comprised of short fibers, generally fibers with lengths 

less than 5.08 cm, provide lower burst strengths than hydroentangled fabrics 

produced with short fibers.  

o Needlepunched fabrics comprised of long fibers, generally fibers 5.08 cm in 

length or greater, achieve much larger burst strengths than hydroentangled 

fabrics comprised of long fibers.  
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10. Future Work 

Further structural analysis of the fabrics could be useful to better understand the impact of fiber 

length on the fabrics’ structures. During this research, the fabrics’ surfaces were studied with 

an SEM microscope. However, this does not provide a comprehensive understanding of the 

fabrics’ internal structures. The DVI (digital volumetric imaging) technique could be used to 

obtain cross sectional images of the fabrics to better understand the fiber entanglement/fabric 

structures. This would likely provide better understanding of the fabrics’ behaviors.  

 Further testing of the fabric samples could be beneficial. For example, the fabrics’ 

degree of entanglement could be measured to better understand the role of fiber length in 

carded nonwovens’ structures. Degree of entanglement can be determined with tensile strip 

tests completed in fabrics’ machine and cross directions. This would provide the proportion of 

fibers that break rather than slipping out of the fabric when produced with different fiber 

lengths. Additionally, laundering the fabrics could provide interesting information. Wash 

testing can be completed with the standard AATCC method. Laundering durability could 

provide insight into the durability of the fabrics’ entanglements when produced with different 

fiber lengths.  

 Finally, it could be interesting to compare the behavior of the staple fiber, carded 

nonwovens containing different fiber lengths to nonwovens made via extrusion-based 

processing. Extrusion-based processes, such as spunbonding, create nonwovens which contain 

fibers of infinite length. It would be informative to determine the staple fiber length at which 

carded nonwovens behave similarly to fabrics comprised of infinitely long fibers.  
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Appendix A- Carding/Needling Line Description 

Fibers used during this research were carded at The Nonwovens Institute’s Staple Nonwovens 

Pilot Facility located at North Carolina State University in Raleigh, NC. The first machine the 

fibers were exposed to during carding was the Trutzschler Bale Opener, seen in the image on 

the left of Figure 106, which was responsible for the initial opening of the fibers. The opening 

of the fibers can be seen more clearly in the middle image of Figure 106. After opening, the 

fibers were transported to the Trutzschler BMX Mixer, seen in Figure 106 on the right, where 

air was used to mix the fibers.  

 

 

 

 

  

 

After initial opening and mixing processes, the fibers are sent to the Trutzchler Fine 

Opener, shown in the image on the left of Figure 107, for further opening of the fibers. The 

fibers are then transported via a transport fan, shown in the image on the right of Figure 107, 

to the one-meter width Trutzschler Scan Feed. The Trutzschler Scan Feed is shown in the 

image on the left of  Figure 108. The Trutzschler Scan Feed creates a fiber batt, such as the 

one seen in right hand image of Figure 108.  

 

 

 

 

 

Figure 106: Trutzschler Bale Opener (left), fibers opened by the Trutzschler Bale 

Opener (middle), BMX Mixer (right) 

Figure 107: Trutzschler Fine Opener (left), transport fan (right) 
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 After the fiber batt is produced by the scan feed it is transported on a belt to the 

Trutzschler High-Speed EWK 413 Card, shown in Figure 109 on the left. The fibers are then 

transported through the card by a series of rolls which further separate and orient the fibers to 

produce a fiber web, such as the on seen in the image on the right of Figure 109.   

 

 

 

 

 

 

 

 

Figure 108: Trutzschler Scan Feed (left), Fiber batt exiting 

Trutzschler Scan Feed (right 

Figure 109: Trutzschler High-Speed EWK 413 Card (left), carded fiber web 

(right) 
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Once the fiber web is produced by the card, it enters the Asselin Profile 415-FD 

Crosslapper, shown in Figure 110 on the left. The crosslapper layers the web a predetermined 

number of times to produce a fiber matt with the desired basis weight. Following the 

crosslapper, the fiber matt is sent to the Trutzschler Nonwovens Needle Loom, shown in the 

middle of Figure 110. The Trutzschler Nonwovens Needle Loom has a one-and-a-half-meter 

width and a single needle board. The machine’s single needle board, shown in Figure 110 on 

the right, is used to pre-needle or needlepunch the carded webs.  

 

 

 

 

Figure 110: Asselin Profile 415-FD Crosslapper (left), Trutzschler Nonwovens Needle Loom 

(middle), Trutzschler Nonwovens Needle Loom’s needle board (right) 
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Subsequently, the needled webs enter the Asselin A. 50-RL Needle Loom, displayed 

in Figure 111 on the left. In this research, the carded webs were not further needled in this 

machine and just passed through. Similarly, the fabrics passed through the Fleissner Oven, 

shown in the middle image of Figure 111 but, no actual heat was applied to the fabrics. Finally, 

the carded webs reach the one and a half meter Parkinson Winder, shown in Figure 111 on the 

right, where the carded material is wound onto a roll to facilitate transport.  

 

 

 

 

 

 

 

 

 

 

Figure 111: Asselin A. 50-RL Needle Loom (left), Fleissner Oven (middle), Parkinson Winder (right) 
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Appendix B- Card Settings for 125 gsm Webs (Trial Run Sheets)  

 

Figure 112: Card settings- PP, 3 denier, 2.54 cm fiber length, 125 gsm (4 folds during crosslapping)  

 

Figure 113: Card settings- PP, 3 denier, 3.81 cm fiber length, 125 gsm (4 folds during crosslapping) 
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Figure 114: Card settings- PP, 3 denier, 5.08 cm fiber length, 125 gsm (4 folds during crosslapping) 

 

Figure 115: Card settings- PP, 3 denier, 7.62 cm fiber length, 125 gsm (4 folds during crosslapping) 
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Figure 116: Card settings- PP, 3 denier, 10.16 cm fiber length, 125 gsm (4 folds during crosslapping) 

 

Figure 117: Card settings- PP, 3 denier, 15.24 cm fiber length, 125 gsm (4 folds during crosslapping) 
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Figure 118: Card settings- PP, 6 denier, 2.54 cm fiber length, 125 gsm (4 folds during crosslapping) 

 

Figure 119: Card settings- PP, 6 denier, 3.81 cm fiber length, 125 gsm (4 folds during crosslapping) 
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Figure 120: Card settings- PP, 6 denier, 5.08 cm fiber length, 125 gsm (4 folds during crosslapping) 

 

Figure 121: Card settings- PP, 6 denier, 7,62 cm fiber length, 125 gsm (4 folds during crosslapping) 
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Figure 122: Card settings- PP, 6 denier, 10.16 cm fiber length, 125 gsm (4 folds during crosslapping) 

 

Figure 123: Card settings- PP, 6 denier, 15.24 cm fiber length, 125 gsm (4 folds during crosslapping) 
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Figure 124: Card settings- PET/PE, 3 denier, 2.54 cm fiber length, 125 gsm (4 folds during crosslapping) 

 

Figure 125: Card settings- PET/PE, 3 denier, 3.81 cm fiber length, 125 gsm (4 folds during crosslapping) 
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Figure 126: Card settings- PET/PE, 3 denier, 5.08 cm fiber length, 125 gsm (4 folds during crosslapping) 

 

Figure 127: Card settings- PET/PE, 3 denier, 7.62 cm fiber length, 125 gsm (4 folds during crosslapping) 
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Figure 128: Card settings- PET/PE, 3 denier, 10.16 cm fiber length, 125 gsm (4 folds during crosslapping) 

 

Figure 129: Card settings- PET/PE, 3 denier, 15.24 cm fiber length, 125 gsm (4 folds during crosslapping) 
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Figure 130: Card settings- PET/PE, 6 denier, 2.54 cm fiber length, 125 gsm (4 folds during crosslapping) 

 

Figure 131: Card settings- PET/PE, 6 denier, 3.81 cm fiber length, 125 gsm (4 folds during crosslapping) 
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Figure 132: Card settings- PET/PE, 6 denier, 5.08 cm fiber length, 125 gsm (4 folds during crosslapping) 

 

Figure 133: Card settings- PET/PE, 6 denier, 7.62 cm fiber length, 125 gsm (4 folds during crosslapping) 
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Figure 134: Card settings- PET/PE, 6 denier, 10.16 cm fiber length, 125 gsm (4 folds during crosslapping) 

 

Figure 135: Card settings- PET/PE, 6 denier, 15.24 cm fiber length, 125 gsm (4 folds during crosslapping) 
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Appendix C-Needleloom Settings 125 gsm Webs (Trial Run Sheets) 

 

Figure 136: Pre-needling settings- PP, 3 denier, 2.54 cm fiber length, 125 gsm 

 

Figure 137: Pre-needling settings- PP, 3 denier, 3.81 cm fiber length, 125 gsm 
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Figure 138: Pre-needling settings- PP, 3 denier, 5.08 cm fiber length, 125 gsm 

 

Figure 139: Pre-needling settings- PP, 3 denier, 7.62 cm fiber length, 125 gsm 
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Figure 140: Pre- Needling Settings: PP, 3 denier, 10.16 cm fiber length, 125 gsm 

 

Figure 141: Pre-needling settings- PP, 3 denier, 15.24 cm fiber length, 125 gsm 
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Figure 142: Pre-needling settings- PP, 6 denier, 2.54 cm fiber length, 125 gsm 

 

Figure 143: Pre-needling settings- PP, 6 denier, 3.81 cm fiber length, 125 gsm 
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Figure 144: Pre-needling settings- PP, 6 denier, 5.08 cm fiber length, 125 gsm 

 

Figure 145: Pre-needling settings- PP, 6 denier, 7.62 cm fiber length, 125 gsm 
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Figure 146: Pre-needling settings- PP, 6 denier, 10.16 cm fiber length, 125 gsm 

 

Figure 147: Pre-needling settings- PP, 6 denier, 15.24 cm fiber length, 125 gsm 
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Figure 148: Pre-needling settings- PET/PE, 3 denier, 2.54 cm fiber length, 125 gsm 

 

Figure 149: Pre-needling settings- PET/PE, 3 denier, 3.81 cm fiber length, 125 gsm 
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Figure 150: Pre-needling settings- PET/PE, 3 denier, 5.08 cm fiber length, 125 gsm 

 

Figure 151: Pre-needling settings- PET/PE, 3 denier, 7.62 cm fiber length, 125 gsm 
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Figure 152: Pre-needling settings- PET/PE, 3 denier, 10.16 cm fiber length, 125 gsm 

 

Figure 153: Pre-needling settings- PET/PE, 3 denier, 15.24 cm fiber length, 125 gsm 
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Figure 154: Pre-needling settings- PET/PE, 6 denier, 2.54 cm fiber length, 125 gsm 

 

Figure 155: Pre-needling settings- PET/PE, 6 denier, 3.81 cm fiber length, 125 gsm 
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Figure 156: Pre-needling settings- PET/PE, 6 denier, 5.08 cm fiber length, 125 gsm 

 

Figure 157: Pre-needling settings- PET/PE, 6 denier, 7.62 cm fiber length, 125 gsm 
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Figure 158: Pre-needling settings- PET/PE, 6 denier, 10.16 cm fiber length, 125 gsm 

 

Figure 159: Pre-needling settings- PET/PE, 6 denier, 15.24 cm fiber length, 125 gsm 
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Appendix D- Card Setting for 250 gsm Webs (Trial Run Sheets) 

 

Figure 160: Card settings- PP, 3 denier, 2.54 cm fiber length, 250 gsm (8 folds during crosslapping) 

 

Figure 161: Card settings- PP, 3 denier, 3.81 cm fiber length, 125 gsm (4 folds during crosslapping) 
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Figure 162: Card settings- PP, 3 denier, 5.08 cm fiber length, 250 gsm (8 folds during crosslapping) 

 

 

Figure 163: Card settings- PP, 3 denier, 7.62 cm fiber length, 250 gsm (8 folds during crosslapping) 

 



218 

 

 

Figure 164: Card settings- PP, 3 denier, 10.16 cm fiber length, 250 gsm (8 folds during crosslapping) 

 

 

Figure 165: Card settings- PP, 3 denier, 15.24 cm fiber length, 250 gsm (8 folds during crosslapping) 

 



219 

 

 

Figure 166: Card settings- PP, 6 denier, 2.54 cm fiber length, 250 gsm (8 folds during crosslapping) 

 

Figure 167: Card settings- PP, 6 denier, 3.81 cm fiber length, 250 gsm (8 folds during crosslapping) 
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Figure 168: Card settings- PP, 6 denier, 5.08 cm fiber length, 250 gsm (8 folds during crosslapping) 

 

 

Figure 169: Card settings- PP, 6 denier, 7.62 cm fiber length, 250 gsm (8 folds during crosslapping) 
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Figure 170: Card settings- PP, 6 denier, 10.16 cm fiber length, 250 gsm (8 folds during crosslapping) 

 

 

Figure 171: Card settings- PP, 6 denier, 15.24 cm fiber length, 250 gsm (8 folds during crosslapping) 
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Appendix E- Needleloom Settings 250 gsm Webs (Trial Run Sheets) 

 

Figure 172: Needlepunch settings- PP, 3 denier, 2.54 cm fiber length, 250 gsm 

 

 

Figure 173: Needlepunch settings- PP, 3 denier, 3.81 cm fiber length, 250 gsm 
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Figure 174: Needlepunch settings- PP, 3 denier, 5.08 cm fiber length, 250 gsm 

 

Figure 175: Needlepunch settings- PP, 3 denier, 7.62 cm fiber length, 250 gsm 
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Figure 176: Needlepunch settings- PP, 3 denier, 10.16 cm fiber length, 250 gsm 

 

 

Figure 177: Needlepunch settings- PP, 3 denier, 15.24 cm fiber length, 250 gsm 
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Figure 178: Needlepunch settings- PP, 6 denier, 2.54 cm fiber length, 250 gsm 

 

Figure 179: Needlepunch settings- PP, 6 denier, 3.81 cm fiber length, 250 gsm 
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Figure 180: Needlepunch settings- PP, 6 denier, 5.08 cm fiber length, 250 gsm 

 

 

Figure 181: Needlepunch settings- PP, 6 denier, 7.62 cm fiber length, 250 gsm 
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Figure 182: Needlepunch settings- PP, 6 denier, 10.16 cm fiber length, 250 gsm 

 

 

Figure 183: Needlepunch settings- PP, 6 denier, 15.24 cm fiber length, 250 gsm 
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Appendix F- Hydroentangling Line Description  

Fiberwebs were hydroentangled at The Nonwovens Institute’s Pilot Facility located in the 

Partner’s 1 building on North Carolina State University’s Centennial Campus. The 

hydroentangling line begins with the Fleissner Aquajet Hydroentangling Unit, seen in Figure 

184. This machine is responsible for producing high pressure waterjets which transfer energy 

to fiberwebs and create fiber entanglements. This hydroentangling unit contains five manifolds 

(injectors/jets): one pre-wet manifold, two manifolds on a belt for face entangling, and finally, 

two manifolds on a porous drum for back entangling.   

 

Figure 184: Fleissner Aquajet Hydroentangling Unit 

After exiting the Fleissner hydroentangling unit, the webs enter the Fleissner through 

air drying machinery, shown in Figure 185. This equipment removes excess water from the 

fabrics prior to winding. 

 

 

 

 

 

 

 Figure 185: Fleissner through 

air dryer 
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Finally, the webs move from the drying unit to the ACelli Windy Winder equipment. 

The ACelli Windy winder is shown in the image on the left of Figure 186. This machine winds 

the hydroentangled fabric onto a roll to facilitate fabric transport. Fabric winding onto a roll is 

shown in the right-hand image of Figure 186.  

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 186: ACelli Windy Winder equipment (left) 

hydroentangled fabric wound onto roll (right) 
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Appendix G- Hydroentangling Settings (Trial Run Sheets) 

 

Figure 187: Hydroentangling settings- PP, 3 denier, 2.54 cm fiber length, pass #1 

 

Figure 188: Hydroentangling settings- PP, 3 denier, 3.81 cm fiber length, pass #1 
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Figure 189: Hydroentangling settings- PP, 3 denier, 5.08 cm fiber length, pass #1 

 

 

Figure 190: Hydroentangling settings- PP, 3 denier, 7.62 cm fiber length, pass #1 
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Figure 191: Hydroentangling settings- PP, 3 denier, 10.16 cm fiber length, pass #1 

 

 

Figure 192: Hydroentangling settings- PP, 3 denier, 15.24 cm fiber length, pass #1 
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Figure 193: Hydroentangling settings- PP, 3 denier, 2.54 cm fiber length, pass #2 

 

 

Figure 194: Hydroentangling settings- PP, 3 denier, 3.81 cm fiber length, pass #2 
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Figure 195: Hydroentangling settings- PP, 3 denier, 5.08 cm fiber length, pass #2 

 

 

Figure 196: Hydroentangling settings- PP, 3 denier, 7.62 cm fiber length, pass #2 
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Figure 197: Hydroentangling settings- PP, 3 denier, 10.16 cm fiber length, pass #2 

 

 

Figure 198: Hydroentangling settings- PP, 3 denier, 15.24 cm fiber length, pass #2 
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Figure 199: Hydroentangling settings- PP, 3 denier, 2.54 cm fiber length, pass #3 

 

 

Figure 200: Hydroentangling settings- PP, 3 denier, 3.81 cm fiber length, pass #3 
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Figure 201: Hydroentangling settings- PP, 3 denier, 5.08 cm fiber length, pass #3 

 

Figure 202: Hydroentangling settings- PP, 3 denier, 7.62 cm fiber length, pass #3 
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Figure 203: Hydroentangling settings- PP, 3 denier, 10.16 cm fiber length, pass #3 

 

Figure 204: Hydroentangling settings- PP, 3 denier, 15.24 cm fiber length, pass #3 
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Figure 205: Hydroentangling settings- PP, 6 denier, 2.54 cm fiber length, pass #1 

 

 

Figure 206: Hydroentangling settings- PP, 6 denier, 3.81 cm fiber length, pass #1 
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Figure 207: Hydroentangling settings- PP, 6 denier, 5.08 cm fiber length, pass #1 

 

 

Figure 208: Hydroentangling settings- PP, 6 denier, 7.62 cm fiber length, pass #1 
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Figure 209: Hydroentangling settings- PP, 6 denier, 10.16 cm fiber length, pass #1 

 

 

Figure 210: Hydroentangling settings- PP, 6 denier, 15.24 cm fiber length, pass #1 
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Figure 211: HHydroentangling settings- PP, 6 denier, 2.54 cm fiber length, pass #2 

 

 

Figure 212: Hydroentangling settings- PP, 6 denier, 3.81 cm fiber length, pass #2 
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Figure 213: Hydroentangling settings- PP, 6 denier, 5.08 cm fiber length, pass #2 

 

 

Figure 214: Hydroentangling settings- PP, 6 denier, 7.62 cm fiber length, pass #2 
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Figure 215: Hydroentangling settings- PP, 6 denier, 10.16 cm fiber length, pass #2 

 

 

Figure 216: Hydroentangling settings- PP, 6 denier, 15.24 cm fiber length, pass #2 
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Figure 217: Hydroentangling settings- PP, 6 denier, 2.54 cm fiber length, pass #3 

 

 

Figure 218: Hydroentangling settings- PP, 6 denier, 3.81 cm fiber length, pass #3 
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Figure 219: Hydroentangling settings- PP, 6 denier, 5.08 cm fiber length, pass #3 

 

 

Figure 220: Hydroentangling settings- PP, 6 denier, 7.62 cm fiber length, pass #3 
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Figure 221: Hydroentangling settings- PP, 6 denier, 10.16 cm fiber length, pass #3 

 

 

Figure 222: Hydroentangling settings- PP, 6 denier, 15.24 cm fiber length, pass #3 
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Figure 223: Hydroentangling settings- PET/PE, 3 denier, 2.54 cm fiber length, pass #1 

 

 

Figure 224: Hydroentangling settings- PET/PE, 3 denier, 3.81 cm fiber length, pass #1 
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Figure 225: Hydroentangling settings- PET/PE, 3 denier, 5.08 cm fiber length, pass #1 

 

 

Figure 226: Hydroentangling settings- PET/PE, 3 denier, 7.62 cm fiber length, pass #1 
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Figure 227: Hydroentangling settings- PET/PE, 3 denier, 10.16 cm fiber length, pass #1 

 

 

Figure 228: Hydroentangling settings- PET/PE, 3 denier, 15.24 cm fiber length, pass #1 
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Figure 229: Hydroentangling settings- PET/PE, 3 denier, 2.54 cm fiber length, pass #2 

 

 

Figure 230: Hydroentangling settings- PET/PE, 3 denier, 3.81 cm fiber length, pass #2 
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Figure 231: Hydroentangling settings- PET/PE, 3 denier, 5.08 cm fiber length, pass #2 

 

 

Figure 232: Hydroentangling settings- PET/PE, 3 denier, 7.62 cm fiber length, pass #2 
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Figure 233: Hydroentangling settings- PET/PE, 3 denier, 10.16 cm fiber length, pass #2 

 

 

Figure 234: Hydroentangling settings- PET/PE, 3 denier, 15.24 cm fiber length, pass #2 
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Figure 235: Hydroentangling settings- PET/PE, 3 denier, 2.54 cm fiber length, pass #3 

 

 

Figure 236: Hydroentangling settings- PET/PE, 3 denier, 3.81 cm fiber length, pass #3 
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Figure 237: Hydroentangling settings- PET/PE, 3 denier, 5.08 cm fiber length, pass #3 

 

 

Figure 238: Hydroentangling settings- PET/PE, 3 denier, 7.62 cm fiber length, pass #3 
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Figure 239: Hydroentangling settings- PET/PE, 3 denier, 10.16 cm fiber length, pass #3 

 

 

Figure 240: Hydroentangling settings- PET/PE, 3 denier, 15.24 cm fiber length, pass #3 
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Figure 241: Hydroentangling settings- PET/PE, 6 denier, 2.54 cm fiber length, pass #1 

 

 

Figure 242: Hydroentangling settings- PET/PE, 6 denier, 3.81 cm fiber length, pass #1 
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Figure 243: Hydroentangling settings- PET/PE, 6 denier, 5.08 cm fiber length, pass #1 

 

 

Figure 244: Hydroentangling settings- PET/PE, 6 denier, 7.62 cm fiber length, pass #1 
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Figure 245: Hydroentangling settings- PET/PE, 6 denier, 10.16 cm fiber length, pass #1 

 

 

Figure 246: Hydroentangling settings- PET/PE, 6 denier, 15.24 cm fiber length, pass #1 
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Figure 247: Hydroentangling settings- PET/PE, 6 denier, 2.54 cm fiber length, pass #2 

 

 

Figure 248: Hydroentangling settings- PET/PE, 6 denier, 3.81 cm fiber length, pass #2 
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Figure 249: Hydroentangling settings- PET/PE, 6 denier, 5.08 cm fiber length, pass #2 

 

 

Figure 250: Hydroentangling settings- PET/PE, 6 denier, 7.62 cm fiber length, pass #2 
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Figure 251: Hydroentangling settings- PET/PE, 6 denier, 10.16 cm fiber length, pass #2 

 

 

Figure 252: Hydroentangling settings- PET/PE, 6 denier, 15.24 cm fiber length, pass #2 
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Figure 253: Hydroentangling settings- PET/PE, 6 denier, 2.54 cm fiber length, pass #3 

 

 

Figure 254: Hydroentangling settings- PET/PE, 6 denier, 3.81 cm fiber length, pass #3 
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Figure 255: Hydroentangling settings- PET/PE, 6 denier, 5.08 cm fiber length, pass #3 

 

 

Figure 256: Hydroentangling settings- PET/PE, 6 denier, 7.62 cm fiber length, pass #3 
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Figure 257: Hydroentangling settings- PET/PE, 6 denier, 10.16 cm fiber length, pass #3 

 

 

Figure 258: Hydroentangling settings- PET/PE, 6 denier, 15.24 cm fiber length, pass #3 

 

 


