
ABSTRACT 

SUN, NING. Structures of Needlepunched Fabrics and Needling Mechanism. (Under the 
direction of Dr.Shim and Dr.Pourdeyhimi). 

Needlepunch is a mechanical bonding method popularly used in nonwoven 

productions. A portion of fibers on web surface are reoriented through fabric thickness by 

repeated penetrations of barbed needles to stabilize web structural integrity for subsequent 

operations or applications. Over decades of development, needlepunch has been improved to 

a productive, flexible and versatile technology being able to process various raw materials for 

a wide diversity of applications. In order for sustainable development, needlepunch needs 

further improvements including boosted production speed, higher punch density and diverse 

and more sophisticated needle designs. All these pursuits raise challenges barely resolvable 

with existing knowledge of the technology. Therefore, fundamental research is necessary for 

a thorough understanding of the mechanism of needlepunch. 

This study focuses on the investigation of the impact of production parameters, which 

include machine configurations and needle geometrical dimensions. Each of the parameters 

was individually investigated with all the others well controlled. Structures of needlepunched 

nonwovens are the essence to the impact on fabric properties, so changes of fabric structures 

in the way of fiber transfer and web structure consolidation are characterized. Various fabric 

properties including tensile properties, tear strength, burst strength, air-permeability, 

compressive resistance and recoverability, are measured and analyzed, with eventually the 

Process-Structure-Property relationship is constructed. 
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Chapter 1 Introduction 

1.1 Needlepunch 

Needlepunching also named as needling or felting is a nonwoven bonding technology by 

which fabrics are formed by means of fiber reorientation and entanglement achieved by 

repeated penetrations with barbed needles through a preformed dry fiber-web. 

 

Needlepunch process is one of the sophisticatedly developed bonding methods in nonwoven 

industry with long history. Over decades, it has been constantly improved and evolved to a 

flexible, versatile, and highly productive technology. As one of the most important bonding 

technologies with the global market share of about 30% of total nonwoven production (Rupp, 

2009), needlepunched nonwovens have been produced for various applications, to name a 

few but not limited: advanced composite, insulation materials, industrial belts, medical 

textiles, paper making felts, protective clothing, floor covering, wall covering and 

geotextiles, automotive applications, filtration, upholstery, bedding, roofing, agriculture, and 

synthetic leather (Mrstina, 1990). 

 

Being a highly flexible process, needlepunching is able to process almost all types of fibers – 

synthetic, natural, inorganic and recycled – with a wide range of fiber dimensions: 1) fiber 

length from short to long to filament; and 2) fiber fineness ranging from 1 to 200 dtex. To 

achieve required fabric weights, which typically are from 30 to 3000 grams per square meter 

(g/m2) (Rupp, 2009; Purdy, 1980), and desired fabric properties, it can be done with easily 

adjustable production configurations. 
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Improvements of needlepunch machinery also enable the technology to be a productive 

operation. Relatively slow production speed used to exist at old needling looms limited its 

application and continuous developments. Modern and high performance needle looms allow 

as fast as 150 m/min production speed, which has extraordinarily overcome the drawback; 

and its working width up to 16 meter designed for processing paper machine felts is nothing 

can be compared by other bonding methods in terms of productivity (Rupp, 2009; Dilo, Dilo 

System Group at ITMA Asia 2001 Report, 2001). 

 

Re-emerging of needlepunch process, which once lost its market share against other bonding 

techniques, was not only the result of the advances of modern needlepunch technology 

(Mclntyre, 2010), but also contributed to its ecological friendliness (Rupp, 2009). Especially, 

environment protection in nowadays is such a popular topic. The technology is mechanically 

operated under low energy and with no water and heat consumed. Great savings on 

operational costs and potentials to needlepunch production have been offered due to the 

capability of processing recycled materials such as regenerated fibers from apparels or PET 

water bottles, and also natural fibers, which all are normally inferior to be processed by other 

bonding methods (Rupp, 2009; Mrstina, 1990). 

 

Needlepunching is a complex operation involving many production parameters. Not to 

mention the complexity of fibers, which play essential role of affecting properties of 

needlepunched nonwovens, various production parameters consisting of machine 

configurations and needle designs (Purdy, 1980; Rupp, 2009; Roy & Ray, 2009; Roy & Ray, 
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2009) have unique and also interacting impacts on fabric structures and performances. Punch 

density as one of the important parameters is the function of various machine configurations, 

namely needlepunch frequency, needle board density, throughput speed, advance per needle 

stroke and number of applied needling passes. Adjusting any of the variables alters fiber 

arrangements in structures and potentially changes fabric properties. This fact provides 

superior flexibility of operating needlepunch production for specific designs. On the other 

hand, interactions of these variables bring challenges to thoroughly understand needlepunch 

mechanism and to continue with further developments (Purdy, 1980; Hearle & A.T.Purdy, 

1972; J.W.S.Hearle, A.T.Purdy, & J.T.Jones, 1973; Mrstina, 1990). 

 

Needle designs determine the amount of fibers being reoriented in each needle penetration, 

and the geometry of fiber bundles to stabilize fabric structures (Purdy, 1980; Rupp, 2009; 

Foster; Groz-Beckert; Watanabe, Miwa, Yokoi, & Merati, 2004; Mrstina, 1990). To achieve 

fiber reorientation and entanglement, felting needles directly interact with fibers with 

working blade where needle barbs locate. Needle design normally takes various elements 

into account, for instance barb size, shapes of working blade and distances between 

neighboring needle barbs and so on. Choosing right felting needles to process specific fibers 

and to produce desired applications is of vital importance for sufficient fiber transfer and 

entanglement and optimum preservation of fibers, and therefore, to obtain superior fabric 

performances. 
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In order for further improvement of production efficiency, adequate punch density achieved 

in a timely manner and ideal fabric bonding for uniform structure and best fiber protections 

are both desired by the industry. However, the controversy between the two desires has 

become the hurdle against the development. Moreover, felting needles have to be 

sophisticatedly designed and delicately manufactured to properly handle fibers. Existing 

knowledge is not adequate anymore to meet all the challenges. 

 

For continuous development of needlepunch technology in future, fundamental investigation 

of fiber transfer and structure consolidation occurred by means of needle penetration is 

needed to associate this with fabric performances and to understand effects of individual 

production variables. To achieve the goals, specific objectives are defined in the following 

section. 

 

1.2 Research objectives and approach 

The main objective of this work is to investigate needlepunch mechanism through web 

structure characterization. The focuses of this study are on effects of important production 

parameters on fabric structure properties and mechanical performances. The parameters to be 

studied include processing parameters, namely punch density, punch frequency, needle 

density and penetration depth, and felting needle designs, namely needle barb size, cross-

sectional shape of needle working blade, geometry of needle working blade. Process-

structure-property relationship of individual parameter is to be established to provide 
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understandings that can be used to optimize the process and also to provide a guideline for 

production design. 

 

To meet these objectives, analysis of fabric structures in terms of fiber transfer and fabric 

consolidation occurred in needlepunch operation is the key to construct connections between 

production parameters and fabric properties. Experiments for the study of individual 

variables are designed with all the others well controlled. Fabric structures are analyzed by 

visualizing fiber arrangements in 2-D and 3-D perspectives. Structure properties are 

measured to characterize fabric consolidation. In addition, punching force involved to 

complete needlepunch operations is also acquired. Understandings of structure changes are 

used to explain impacts of production parameters on fabric performances, which are tested 

including tensile properties, tear strength, burst strength, air-permeability and compression 

resistance and recovery. 

 

1.3 Organization of dissertation 

Chapter 2 of this dissertation is a review of the literature. It discusses needlepunch 

technology: developments of needlepunch, its essential production parameters, relevant 

researches that had been done. 

 

Chapter 3 of this dissertation discusses tendencies of fiber transfer and fabric consolidation 

with the increase of penetration depth. The concept of acting barbs, which are the needle 

barbs fully penetrate through fabrics, is introduced. According to the penetration depth 
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applied and barb spacing specified, effects of acting barbs are analyzed to explain the 

mechanism of penetration depth. 

 

Chapter 4 of this dissertation is a discussion of needle barb effect. Two felting needle types 

with different barb sizes are used to process same fiber type; and their performances are 

compared about how they change fabric structures and affect fabric properties. 

 

Chapter 5 of this dissertation is an investigation of fiber size effect. Unquestionably, fiber 

properties highly control fabric performances. With the knowledge that needle barb size 

affects fiber transfer efficiency, two needle sizes/fiber diameter combinations were designed 

with close ratios of barb size to fiber diameter, so that the fiber size effect was purely 

investigated. 

 

Chapter 6 of this dissertation discusses cross-sectional shape of felting needle’s working 

blade. Triangular needle, Tri-Star® needle and Eco-Star® needle working cross-sections are 

used to produce samples for investigations of fabric structure and properties. 

 

Chapter 7 of this dissertation compares effects of two Eco-Star® needle types with a straight 

working blade against the one with a twist working blade. Different geometries of fiber 

bundles are generated by the two needle types and affect the performances of the samples. 
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Chapter 8 of this dissertation is the introduction about the study of punch density and punch 

frequency. Being noticed punch density as a combined production parameter, its effects are 

primarily studied, and is subsequently decoupled into individual machine configurations. 

Punch frequency as one of the configurations is preliminarily investigated for the thorough 

understanding of punch density. 

 

Chapter 9 of this dissertation is a comprehensive investigation of needle board density for a 

thorough understanding of punch density as well. Interaction between needle and fiber as 

well as the interference among neighboring needles arranged on needle board affect fiber 

transfer efficiency, and therefore, impact fabric performances.  

 

Chapter 10 of this dissertation summarizes the conclusions of the previous chapters and 

discusses recommendations for the future. 
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Chapter 2 Literature Review 

INDA (North America’s Association of the Nonwoven Fabrics Industrial) (Inda, 1995; Inda, 

2001) defines that a needlepunched nonwoven is a fabric made from webs or batts of fiber in 

which some of the fibers have been driven upwards or downwards by barbed needles. Barbed 

needles carry a portion of fibers horizontally arranged in the web and reorient them into the 

vertical plane in form of fiber tufts. Repeated needling action will result in a condensed 

structure consisting of fiber web and bundled fiber tufts, which will hold the structure 

through fiber interlocking and fiber friction. 

 

The early stage of web formation for subsequent needlepunch process is similar to yarn 

spinning (Rupp, 2009). Either staple fibers after opening blending and carding, or filaments 

protruded through melt-spinning process as well as dry-laid on transfer conveyer into fibrous 

webs are needlepunched instead of twisting fiber bundles into yarns. The skip in yarn 

spinning process makes productions of needlepunched nonwovens more productive and cost 

efficient. Fabrics manufactured in this manner are of comparable or even superior in physical 

performances than conventional textile materials. Normally a cross-lapper is placed after web 

formation process for folding webs into multiple layers for uniform structures with desired 

thickness and weight. Cross-lapped fiber fleeces are needlepunched immediately into 

consolidated nonwovens. 
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2.1 History of needlepunch bonding technology 

Needlepunch technology was initially evolved from the feltmaking process. In the process, 

mechanical actions, pressure and agitation, were manually applied on wool and hair fibers at 

the presence of soap or acid solutions, so that the scales on fiber surface were interlocked 

with ones on adjacent fibers to form matted fabrics (Rupp, 2009; Inda, 1995; Inda, 2001; 

Vaughn, 1992; Albrecht, Fuchs, Kittelmann, & Lunenschloss, 2003; Purdy, 1980; Inda, 

2002; Inda, 1994). 

 

The first needle loom manufactured for processing natural fibers was most likely appeared in 

Germany around 1860; and the first commercial needlepunch machine was believed from 

William Bywater Ltd., in England by Garnet Bywater. The transition from felt formation 

based on scale interlocking to fiber reorientation and entanglement by barbed penetrating 

elements took place during the last quarter of 19th century. The new technique allowed 

machinery development, and the realization of producing fabrics in a factory environment. 

The first patent of the technology was tracked back to 1880s. After years’ development, in 

1920, Dilo Company in Germany introduced the first advanced machines to deal with finer 

fibers. In 1948, the first needle loom manufactured in US was born from James Hunter 

Company for producing heavy fabrics for overcoats and winter jackets. Thanks to E.I. du 

Pont de Nemours and Company that commercialized synthetic fibers for needlepunched 

fabrics in 1952, rapid development and evolution of needlepunch were massively 

encouraged. James Hunter Company afterwards introduced the first real high speed 

needlepunch loom around 1957 with punch frequency high as 800rpm, though not 
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comparable to the speed of machines in nowadays; it was the milestone in the history of the 

development of needlepunch technology (Rupp, 2009; Vaughn, 1992; Albrecht, Fuchs, 

Kittelmann, & Lunenschloss, 2003; Purdy, 1980). 

 

The advent of man-made fibers and the shortage in the supply of leather by 1970’s, 

encouraged needlepunch technology remarkably progressed. Advantages of using 

needlepunched substrates had been recognized, and therefore, they were popularly produced 

with following a urethane polymer coating process to substitute real leathers. Meanwhile, 

applications of needlepunched nonwovens were expanded into areas of carpet backings and 

geotextiles etc. The concept of utilizing multiple needle boards in single needlepunch 

production line was discovered necessary for intensive needlepunch and enhanced production 

speed, particularly most of the applications were thick and heavy felts (Vaughn, 1992). 

 

Intermittent advance while taking up webs in process was widely seen in old generation of 

needle machines, and it had been replaced by a continuous motion in modern loom models. 

In the former scenario, webs were stationary when needles were engaged into fiber webs, and 

were only transported when needles were pulled off fabrics. New needlepunch looms were 

operated with a continuous web movement throughout the entire needlepunch process, which 

significantly boosted the productivity, however, inevitably raised challenges with fabric 

stretches and needling marks on fabric surfaces, particularly when intensive penetration 

depth applied (Albrecht, Fuchs, Kittelmann, & Lunenschloss, 2003; Purdy, 1980). To find 



 

12 

out the ideal balance of productivity and fabric quality was still of the top interest nowadays 

for industry and academic institutes.  

 

In decades, needlepunch has always sustainably improved, and has become an irreplaceable 

part of the nonwovens industry. To face challenges from other nonwoven bonding methods, 

such as hydroentangling, which is good at processing light weight fabrics with advanced 

running speed, innovations enabled modern high speed needle machines to be operated at up 

to 2000 strokes per minute, and higher than 100 meters per minute with given fabric weight 

between 25 to 80 g/m2 (Rupp, 2009; Dilo, Dilo System Group at ITMA Asia 2001 Report, 

2001). Production efficiency is not the only improvement, but also have structure uniformity 

and fiber preservation been largely enhanced, so that needlepunched nonwovens are still 

holding a large market share in global nonwoven market. 

 

2.2 Wide range of fiber selections available for needlepunch process 

Needlepunch technology is versatile to process various fibers with a very wide range of fiber 

types and geometric dimensions. During the early stage of development, animal hairs, 

particularly wool, and natural fibers, such as cotton, jute and so on, were ones being mainly 

processed in needlepunch production. The advent of synthetic fibers in the 40s last century 

accelerated the improvement of the technology (M. & F., 1990; Albrecht, Fuchs, Kittelmann, 

& Lunenschloss, 2003; Rupp, 2009; Purdy, 1980).  Needle looms were modified for 

adaptions of being able to efficiently process man-made materials and running in fast speeds. 

Fabrics made of synthetic fibers immediately showed merits as ease of process, and advanced 
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physical and chemical stability due to uniformly controlled fiber dimensions and properties. 

As a comparison, however, properties of natural fibers vary significantly from one to another 

due to many factors including but not limited to diverse resources, growing climates and 

harvest conditions (Vaughn, 1992; Albrecht, Fuchs, Kittelmann, & Lunenschloss, 2003; 

Purdy, 1980; M. & F., 1990).  

 

The history of needlepunch technology started from processing animal hairs, mostly wools 

were converted into foot-wears and blankets. Scales on fiber surface and naturally formed 

crimps allowed excellent fiber entanglement and thus, easy operation. Wool once was the 

one of the most desirable fiber materials, its high price and short supply limited wide usage 

of this material (M. & F., 1990).  

 

Thanks to the massive supply and diverse resources from crop harvests, vegetable fibers 

substituted animal hairs and became the main raw materials of needlepunched nonwovens, 

which were mostly processed into underlays of carpeting and spring padding for mattress and 

furniture. Vegie-fibers available for needlepunch production include but not limited to 

cotton, jute, flax, hemp and sisal (Vaughn, 1992). Natural fibers have unique properties, such 

as relatively large fiber diameters, high rigidity, and surface roughness etc., which require 

aggressive operations for adequate fiber transfer and interlocking, as well as fabric 

consolidation. Needlepunch using mechanical forces to bond fabrics is always the ideal 

option with great processing efficiency, so needlepunched nonwovens made of natural fibers 
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are still popularly seen in the market, particularly the felts with recycled cottons (M. & F., 

1990). 

 

Synthetic fibers for needlepunch technology appeared in the early 1950’s, this occasion 

encouraged needlepunched nonwovens permeating into every area not limited in household 

applications and also industrial domains. Man-made fibers are physically and chemically 

stable, and also have uniform dimensions. These advantages remarkably improved the 

production speed of needlepunch operations and enhanced fabric performances. 

 

As the use of needlepunched nonwovens for industrial applications, high temperature and 

other critical environments are possibly encountered, which demands materials with high 

resistance. Nomex® with high temperature resistance and Kevlar® with extremely high 

strength under heat load are both aramid fibers can be easily found in the applications of air-

filters, and covers for ironing and pressing machines (M. & F., 1990). The use of 

polytetrafluoroethylene fibers, also known as Teflon®, with superior chemical and thermal 

stability is much limited due to extremely high prices. 

 

Bi-component fibers stepped into the scope of commercial nonwoven products many years 

before and now become more and more popular. Two components that appear in single fiber 

at the same time usually have distinct thermal or chemical properties against each other. One 

of the components is normally melted as binder or is dissolved in chemical solutions with the 

other component remaining unchanged as the fibrous part. Two components at the cross-
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section can be arranged as side-by-side, centric/sheath core or island in the sea. These fibers 

are either blended with mono-component fibers in needlepunch production or exclusively 

utilized for applications such as floor coverings, padding materials, filler of quills, filtration 

fabrics and synthetic leathers (M. & F., 1990). 

 

Fibers to be used primarily determine the performances of needlepunched nonwovens; 

appropriate needlepunch operation highly enhances properties of final products. Among 

various fiber characteristics, fiber geometric properties play crucial roles, especially fiber 

fineness, length, cross-section and crimp (Albrecht, Fuchs, Kittelmann, & Lunenschloss, 

2003; Purdy, 1980; M. & F., 1990).  

 

Optimum process efficiency is on the basis with suitable needle types and production 

conditions selected according to fiber geometric properties and requirements of products: 

Fibers with greater fineness (larger diameter) are stiff and rigid against loop formation for 

fiber transfer and entanglement. Fiber bending rigidity is the parameter affected by fiber 

properties, in which fiber fineness has the dominant effect and (F.Baltenneck, 2001; Warner, 

1995) follows the equation, 

 

 EI  EpR4 / 4  (2.1) 

 

Where, bending rigidity, EI, is the function of fiber tensile modulus, E, and fourth power of 

fiber radius, R. 
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Rigid fibers with great resistance need aggressive punching operations to ensure adequate 

structure consolidation and stabilization. Fiber length is also critical in the production of 

needlepunch nonwovens: suitable fiber length is in the range of 38 mm to 90 mm (Mrstina, 

1990). Short fibers have difficulties to form fiber loops for sufficient fiber reorientation and 

entanglement. Long fibers also have drawbacks to interlace because of the interferences of 

several needles or barbs catching same fibers, and therefore, punching force is intensive. 

Fibers with special cross-sectional shapes increase fiber surface area and contribute better 

friction coefficient among the fibers to favorable physical and mechanical properties. Finally, 

the number of crimps affects needlepunch process as well. 4 to 8 crimps per centimeter is 

considered to be optimum according to empirical knowledge (Mrstina, 1990). High number 

of crimps enhances fabric structure stability and mechanical integrity, however, once it is too 

high, highly entangled and compact structure prevent felting needles penetrating through 

fabrics smoothly. 

 

Needlepunch micro-fibers could still be a challenge causing severe fiber breakage with 

conventional machinery conditions and needle designs. Driven by the superior properties and 

unique functionalities of fabrics composed of super fine fibers, nonwoven market has shown 

great interest and strong desire of such materials. The potential huge demands and profits, as 

well as competitions from other bonding technologies largely motivated the industry to seek 

paths to make fine fibers needlepunchable. Cyclopunch needling system introduced by Dilo 

Group was to needlepunch fibers as fine as 1.7 dtex (Rupp, 2009; Dilo, Dilo System Group at 
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ITMA Asia 2001 Report, 2001). The machine equips specifically designed felting needles 

from Groz-Beckert with super fiber working blade. 

 

2.3 Needlepunch machines and needlepunch configurations 

The entire needlepunch production always involves procedures of web formation and 

needlepunch. Fibers are initially opened and mixed according to the composition designed 

prior to the production, and then are carded for advanced cleaning and combing. Fiber fleeces 

consisting of individualized fibers parallel aligning with each other are cross-lapped into 

heavy and thick fiber webs with given thickness and weight. The webs are not immediately 

delivered to main the needling section. There is always a slight pre-needling operation to 

initially reduce fluffiness and compress bulk, so that the webs can be smoothly transported 

into main needling machines. The use of pre-needle machine sufficiently improves 

productivity and fabric structure uniformity.  

 

Except the pre-needling operation, many needlepunched nonwovens that are heavy and thick 

and compact are not produced through a single needlepunch machine. Intensive needlepunch 

is necessary to sufficiently consolidate fabrics and to achieve adequate fiber transfer and 

entanglement. It is normally operated with the entire required needlepunch divided and 

assigned on to multiple needle looms. According to the positions and functions of 

needlepunch machines in production lines, the looms are categorized into main needling 

section and finishing when surface quality fabrics is cared in applications. In a very long 

time, the production lines consisting of a series of needlepunch machines, which are a pre-
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needling machine, main needling and finishing machines, have been proved productive and 

efficient. The setup optimizes the production system with advanced stability of operation, 

fast throughput speed and outstanding fiber and web structure protection in turn providing 

superior physical performances, surface smoothness and hand. 

 

2.3.1 Pre-needling operation: compression and structure stabilization 

The initial needlepunch operation which is conducted by the first needle machine in 

production systems along the fiber flow direction is called pre-needling. Fiber batts from 

feeding system, especially after being cross-lapped, are thick, bulky and fluffy. They are not 

ready to be immediately guided into the main needling section for heavy needle penetration. 

This may cause serious needle breakage due to the high mobility of fibers flowing around in 

the lofty structure. Pre-needling is necessarily introduced in between of the feeding system 

and the main needling section to initially reorient small amount of fibers and to mainly 

compress fiber batts into a relatively stable structure with significantly reduced thickness for 

subsequent needling operation. Pre-needled fiber fleeces obtained some strength to withstand 

tensions applied during transport to the main-needling section, and this ensures smooth 

delivery with the risk of delamination avoided. Overall, the production speed and 

productivity are highly improved. 

 

Manufacturers realized the importance of employing pre-needling machines in productions of 

needlepunched nonwovens. There are continuous or discontinuous needling operations to 

choose from according to the production condition and product specifications (Purdy, 1980; 
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M. & F., 1990; Albrecht, Fuchs, Kittelmann, & Lunenschloss, 2003). The continuous 

production refers to main needling or finishing operations immediately going after the pre-

needling without webs being wound up. This way maintains original properties and 

structures of pre-needled nonwovens without stretching and deterioration possibly occurred 

during handling. About the other method, pre-needled webs are rolled up and stocked or 

transported for further operations. This approach provides quite a flexibility of having pre-

needled felts subsequently processed by diverse finishing technologies, though extra cost on 

storage and transportation may apply. It is particularly usual in the productions of felts with 

patterns on surfaces (Albrecht, Fuchs, Kittelmann, & Lunenschloss, 2003; M. & F., 1990; 

Purdy, 1980). 

 

Correctly understand the function and running mechanism of pre-needling operation is 

critical to guarantee perfect fabric qualities, since defects or stripes created on fabric surfaces 

are permanent and hardly to be eliminated. To avoid these problems with considering the fact 

that batts from the feeding zone are bulky and fluffy, pre-needle loom are always equipped 

longer and stronger needles in a remarkably lower needle density on needle board, and are 

running in a relatively low speed, to maintain uniform and sustainable web delivery. 

Consolidating lofty batts is more concerned in this section than transferring fibers for 

entanglement while comparing with the main and finishing needling sections (Purdy, 1980). 

 

To fulfill the goals of consolidating fiber fleeces after carding and cross-lapping processes, a 

number of designs of pre-needling zones were introduced. Some of them have disappeared 
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due to the inefficiency, and many of them are still being popular. Some looms equip a 

stripper plate moving corresponding to that of the needle beam; the stripper plate travels up 

and down with felting needles, so additional web compression and fiber transfer take place at 

the same time. NSC nonwoven (Asselin-Thibeau) recommended an outstanding technique, 

which combines feed-in rolls and pre-needling zone. Needle beams are equipped within two 

perforated cylinders (Figure 2.1), so that fiber batts driven by the cylinders are 

simultaneously needled from top and bottom (Albrecht, Fuchs, Kittelmann, & Lunenschloss, 

2003). Another pre-needling technology employs feed-in members, namely as either a pair of 

cylindrical separators or a brush conveyer, to guide compressed fiber fleeces to the center of 

the needling zone. Regarding the former technique referring to the cylindrical separators, 

which are widely applied in Fehrer’s needle looms, the web will be released only after it has 

passed the 3 to 6 rows of needles. The latter has a brush conveyer instead of the metallic bed 

plate was developed in Dilo machines (Di-Tack); the conveyer provides promising web feed 

and produces identical appearance on both surfaces of fabrics. Dilo Group has also engaged 

the concept in the productions of needlepunched fabrics with textures on surface in 

cooperation of structuring needles, such as fork needles and crown needles (Albrecht, Fuchs, 

Kittelmann, & Lunenschloss, 2003). 
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Figure 2.1 Schematic Diagram of Cylindrical Pre-needlepunch System from Asselin® 
(Albrecht, Fuchs, Kittelmann, & Lunenschloss, 2003) 

 
A study was reported on the behavior of webs being pre-needled: major thickness reduction 

of felts always takes place when they are passing through the front 2-8 rows of punching 

needles on needle board (M. & F., 1990). For this matter, Groz-Beckert Germany, a needle 

supplier, introduced conical needles, felting needles with a tapered working part, to be 

installed in the first 5-7 rows on needle boards at the entrance of pre-needling machines. By 

using this type of needles, web thickness is expected to be compressed more effectively. The 

use of this type of needles could also protect the subsequent regular needles from severe 

damage due to uneven pressures from fluffy fabric structure and great fiber mobility.  

 

2.3.2 Main needlepunch and finishing: fiber transfer and structure consolidation 

Standard needle machines used in the main-needling and finishing sections no longer desire 

the functions of pre-needle looms; instead, they pursue intensive fiber transfer and 

entanglement. These machines are specifically designed with sufficiently high needle 



 

22 

density, high punch frequency and, therefore, high punch density engaged in the needling 

zone when comparing with the counterparts of pre-needle looms. According to the properties 

of final products, multiple needle looms are placed in between of the pre-needling and 

finishing operations with a continuously increased punch density and declining penetration 

depth, so that intensive needlepunch is gradually applied by the looms one after another to 

optimize structure uniformities of nonwovens. 

 

The product coming out from the main needling machines and finishing machines could have 

various textures according to the machine types and machine arrangements. There are 

generally two categories of technologies: plain needle-loom and structuring needle-machine. 

The former is the most commonly seen in productions and is designed to primarily give a flat 

and even surface and a condensed fiber interlocking structure for applications such as filters, 

synthetic leather substrates and geo-textiles etc.; and the latter is exclusively to draw fibrous 

loops or hairs out of fabric surface in the patterns specifically designed for the use as carpets 

and automotive inter linings. 

 

2.3.2.1 Plain felting needle loom 

Standard needling looms in the main and finishing sections have needling zones consisting of 

a set of plates, namely needle board for holding barbed felting needles, a stripper plate and a 

bed plate to form path of web transport. Needles with the motions guided by needle 

boards/main beam penetrate fabrics either doing down-stroke (penetrating webs through the 

upper surface to the bottom) or up-stroke (penetrating through the opposite direction to the 
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down-stroke). Different to pre-needling machines which usually engages in a single needling 

zone, regular needle machines for the main and finishing needling sections usually equip two 

or four needling zones (Figure 2.2). Such machines have two offsets based on the operational 

direction of the two needle boards in machines. They can be arranged either on both side or 

opposite ways. The use of multiple needling zones highly improved needlepunch efficiency 

and fabric uniformity by allowing more needles equipping in the machine and saving much 

space of placing more than one needle looms to achieve equal amount of work. 

 

 

Figure 2.2 NSC Nonwoven (Asselin-Thibeau) Four Board Needle Loom in the Nonwovens 
Institute (Raleigh, NC) 

 

Most needle looms seen in the market have needles perpendicular to the fabrics and 

penetrating straightforwardly through fabrics in order for the shortest needling path, thus, 

improve needling efficiency and restrain needle deflection. New evolutions install needles in 
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some angles instead of the vertical placement. Chatham Mfg Co. used angled machines in 

their Fiberwoven process for producing blankets (Albrecht, Fuchs, Kittelmann, & 

Lunenschloss, 2003) (Purdy, 1980). Such machine is schematically shown in Figure 2.3 with 

needles mounted at the four corners of the loom in an angle of 70 degree to machine 

direction (MD). For similar effects, Dr. Ernst Fehrer AG, Linz/ Austria employed a pair of 

curved stripper plate and bed plate, so that the processing angle is able to be controlled by the 

curvature of plates (Figure 2.4) as a comparison of conventional setup shown on the right 

image (Albrecht, Fuchs, Kittelmann, & Lunenschloss, 2003; Purdy, 1980). 

 

 

Figure 2.3 Schematic Diagram of Chatham Filerwoven Needling Procedure (Albrecht, Fuchs, 
Kittelmann, & Lunenschloss, 2003) 
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Figure 2.4 H1-technology of Ernst Fehrer, Linz/Austria Compared with Conventional Plates 
Setup (Albrecht, Fuchs, Kittelmann, & Lunenschloss, 2003) 

 

Investigations proved that the curved plate setup did enhance fabric properties such as better 

dimensional stability particularly in machine direction, lower air-permeability and higher 

surface uniformity. It was believed that the contoured needling-zone resulted in a longer 

needle path (2%) for better fiber reorientation and entanglement and hence secured fiber 

loops in deep position. Besides, comparing with conventional needling zones, the angled 

ones make slighter needling tracks on fabric surfaces and fewer tunnels through web 

thickness, which, therefore, improves structure uniformity and reduces air and liquid 

permeability (Albrecht, Fuchs, Kittelmann, & Lunenschloss, 2003; Purdy, 1980; Ramkumar 

& C.Roedel, 2003). 

 

Another promising innovation brought up by Dilo Group is the HPCL Hyperlacing or 

Hyperpunch needlepunch technology. The new machine is developed based on an in-depth 

understanding of needling mechanisms and is upgraded from conventional needlepunch 

looms. In the new machinery system, the new-designed needle beams simultaneously drive 
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needles perpendicularly penetrate through fabrics and guide the needles move horizontally 

along the direction of fiber flow. The elliptical kinematic is schematically depicted in Figure 

2.5 (Dilo, Dilo System Group at ITMA Asia 2001 Report, 2001). When specifically 

processing lightweight nonwovens in the range of 30 g/m2 to 50 g/m2, Hyperpunch is 

currently the best choice that provides outstanding structural uniformity and superior 

properties.  

 

 

Figure 2.5 Elliptical Needle Movement of Dilo Hyperpunch Machine (Dilo, Dilo System 
Group at ITMA Asia 2001 Report, 2001; Purdy, 1980; Albrecht, Fuchs, Kittelmann, & 
Lunenschloss, 2003) 

 
The elliptical movement engaged in the Hyperpunch machines allows needles travel 

synchronously with fiber flow, so that needle deflection is remarkably minimized. The 

technology therefore highly eliminates fabric stretching and fiber and needle damages with 

structural uniformity improved. In order to further enlarge the benefit of using the technique 

to manufacture lightweight products, needle suppliers specifically designed needles with 
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extremely small barbs and single needle barb on each needle. The barb depth employed on 

each needle is only 0.02 mm if comparing with the regular barbs all larger than 0.04 mm. 

Such needles are not necessarily penetrated in fabrics as deep as using conventional needles. 

Extremely high needle density, which is about 20,000 needles per meter of machine working 

width, and fast punch frequency up to 2000 penetrations per minute compensate the low 

amount of fibers captured by single needle. The operation is very productive and energy 

efficient as punching force demand to sustain needles deeply penetrated is reduced and 

residual time for needles staying fabrics is saved. Meanwhile, small needle barbs grab fewer 

fibers in each penetration, which preserves fibers and minimize needling defects to fabric 

structures (Rupp, 2009; Dilo, 2001). 

 

Using a number of needlepunch looms in production lines, the number varies with the 

applications being processed, it has been universally accepted the operation favorably 

enhanced productivity, fabric uniformity and other properties. Arrangements of needle 

machines are always changeable according to the desires of final productions, for instance, 

surface texture, structure condensation, thickness and so on. Mostly, it is desired to have two 

surfaces of needlepunched nonwovens symmetrically needled for similar surface appearance 

and structure uniformity, so similar amount of needle operations are always applied on each 

side of the fabric, such as the example shown in Figure 2.6.  
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Figure 2.6 Example of Multiple Needling Operations Applied in a Production Line 

 

Finishing machine is placed after the main needling section if necessary. It is used to process 

the fabric from the side to be considered as product surface. The machine does not normally 

have much difference with regular needlepunch machine; however, it always runs with 

probably the highest punch density in the line and very sallow needle protrusion to clear up 

fiber hairs out of the product surface.  

 

2.3.2.2 Structuring needle machines 

There is another type of needle looms, called structuring needle machines, evolved on the 

basis of plain needlepunch machines. Such machines are making different products than the 

regular needlepunched nonwovens with flat and even surfaces. The fabrics processed by 

structuring machines have textures on fabric surfaces, such as pure rib, pure velour or 

combinations. Such patterned fabrics are widely seen in uses of carpets or molded parts for 

automotive interior linings (Albrecht, Fuchs, Kittelmann, & Lunenschloss, 2003; Purdy, 

1980). Plain needle machines have felting needles to pick up fibers from web and to transfer 

them into the thickness direction with fibers entangled for holding web structures. 
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Structuring machines with specially designed structuring needles pick up fibers from web top 

surface and push fiber loops or velvets out of the back surface to form desired surface 

textures.  

 

The unique part in the structuring needle machine is the customized bed plate, which could 

be either a lamella plate or an endless rotating brush conveyer (Mashroteh & Zarrebini, 

2010). The special plate is designed to maintain fiber loops or velvet steady along vertical 

position for durable textures. Machines with lamella plates (Figure 2.7) are particularly 

superior at producing rib effect products with periodic rib patterns, as the slots on the bed 

plate help clearly separate boundaries between ribs and lock fiber loops in position. 

Structuring needles all have to be ensured falling in each of the slots to avoid collision of 

needles with plate lamellas, so the needle density is limited. Lamella structuring machine is 

effective in processing coarse and rigid fibers with usually coarse needles with large barb 

openings equipped in machines. 
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Figure 2.7 Diagram of a Lamella Plate in a Structuring Needle Machine (Albrecht, Fuchs, 
Kittelmann, & Lunenschloss, 2003) 

 

The machine in Figure 2.8 is a brush structuring needle machine with a brush conveyer 

instead of a stationary lamella plate. Needle arrangements are no longer regulated by the 

patterns of lamellas, the random needle distribution significantly improve the number of 

needles that can be placed on needle board. With high needle density, productivity is 

remarkably greater and also larger amount of fiber loops or velvets are created on fabric 

surface for a richer texture. The technology is superior at manufacturing fabrics with velour 

texture or any other random patterns. Fiber hairs are continuously pulled out of the fabric 

surface and combed at the same time by brush conveyers to form fabric surfaces with 

uniform and explicit velvets. Comparing to the productions with lamella structuring 

machines, relatively fine fibers are usually seen in the productions with such brush machines. 

Due to the fact that the brush hairs are mostly made of Nylon, fine and soft, it is more 

efficient to process fine fibers than the coarse ones. 
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Figure 2.8 Needling Zone of a Dilo DI-LOUR II B with Double Needle Boards and a Brush 
Conveyer (Dilo) 

 

Modern structuring machines are available to make various surface textures not only pure rib 

or velour, but also complex textures with combinations or periodical alternations of the two 

simple effects. The machine equipped with a vertically moveable lamella plate is one of the 

techniques being able to produce nonwovens with sophisticated patterns, in which loop 

textures are followed by flat areas in a periodical rotating manner. Place structuring needles 

with different sizes, needle lengths and opening directions into pre-designed patterns is 

another option to achieve the similar goals. Different textures and fiber lengths are 

simultaneously pulled out of the structure to form patterns. 

 

Structuring machines are usually attached immediately after pre-needling machines, or they 

can be arranged separately. The separate arrangement requires additional space for storage of 

pre-needle webs. There could be one or two flat needling machine in the pre-needling 

section: though single machine is mostly desired for higher fiber mobility and thus higher 
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fiber transfer, two machines with alternate processing direction are sometimes applied for a 

stable substrate structure. 

 

In order to get the best surface quality, meaning rich and durable loops or velvets on web 

surface, operational direction of structuring process is critical: the process is ought to be 

opposite to the penetrating direction of the previous machine all the time. The reverse 

arrangement is explained in Figure 2.9. Dependent on the number of pre-needling machines 

applied in production lines, if or not necessarily to flip over pre-needled webs is determined. 

For instance in Figure 2.9.a, there is only one pre-needling machine employed in a 

production line, considering that most structuring machines in the market have lamella plate 

or brush conveyer placed at the lower position in machines, pre-needled webs need to be 

wound up and flipped over with back surface to be processed. It is also feasible to add one 

more flat machine after the first one with an upstroke operation, so that the webs could be 

transported directly for patterning (Figure 2.9.b).  

 

 

Figure 2.9 Examples of Ideal Machine Arrangements for Structuring Process 

Fiber Flow 

 

 

  

   

a 

b 
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The reason of such machine arrangement is not hard to understand: pre-needling machines 

push many fibers into back surface. Fibers free to form loops and to be transferred are 

abundant at the surface; however, fibers on top surface are highly restrained against further 

movement. Therefore, a subsequent structuring process from the back surface is able to 

create favorable fiber textures with up to 70% of fibers in bulk pushed out (Albrecht, Fuchs, 

Kittelmann, & Lunenschloss, 2003). 

 

2.3.3 Processing parameters of needlepunch operation 

There are mainly two processing parameters needed to be specified in needlepunch 

production (Purdy, 1980). They are penetration depth and punch density. There are different 

understandings on defining the penetration depth. The definition popularly used in the 

industry is the distance from needle tip to the top surface of bed plate as illustrated Figure 

2.10. This parameter reflects the length of needles penetrating through fiber webs, and directs 

the number of needle barbs involved in each operation. Normally, penetration depth 

according to the total length of felting needles used can be varied from 3 mm to 17 mm 

(Purdy, 1980). Increase penetration depth will enlarge the amount of needle barbs penetrated 

through fiber webs. So possibly more fibers will be reoriented and entangled, and greater 

needling pressures to produce fabric structures more consolidated.  
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Figure 2.10 Definition of Penetration Depth and the Changes of Acting Needle Barbs 

 

Punch density is defined as the amount of needling strokes applied onto unit area of fiber 

webs. This parameter is a combined factor, which is functioned by various machine 

configurations, including needle board density (d, needle per meter), punch frequency (f, 

punches per minute), throughput speed (v, meter per minute), advance per needling stroke (a, 

mm) and number of multiple needling passes (p). Punch density, Np, can be calculated with 

the following equation, 

 

 

 
N

p


d  f  p

v
 (2.2) 

 

Advance per needling stroke directly engaged in punch density and automatically changes 

with the variation of punch densities. It is able to be determined with the following equation,  
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v  a  f  (2.3) 

 

Impacts of penetration depth and punch density are of great interest and have been 

investigated by many studies (Kumar, S.Sundaresan, & K.Gowri, 2011; J.W.S.Hearle, 

A.T.Purdy, & J.T.Jones, 1973; Hearle & A.T.Purdy, 1972; Roy & Ray, 2009; Roy & Ray, 

2009). Roy et al. in their work particularly investigated the effects of these two parameters by 

taking the interactions with fabric basis weight into account. Needlepunched nonwovens 

made of jute fibers were produced to evaluate their performances. Several fabric properties 

were assessed and discussed. The general conclusion worked out and was accepted (in Figure 

2.11) was that increasing either punch density or penetration depth could enhance fabric 

performance until an optimum value achieved, then declines shown out beyond those values 

(Roy & Ray, 2009; Roy & Ray, 2009). 
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Figure 2.11 Tendency of Fabric Tenacity with Changes of Penetration Depth and Punch 
Density (Roy & Ray, 2009; Roy & Ray, 2009) 

 

Most of the focuses were only put on the effects of penetration depth and punch density; 

however, the fundamental mechanisms of needlepunch operation have been barely 

investigated. Penetration depth should work together with barb spacing of felting needles to 

determine the amount of active barbs completely through the webs, as needle barb is the key 

component directly capture fibers and make them transferred and entangled. On the other 

hand, researchers overlooked the truth that punch density was a combined parameter, and 

each of the machine configurations should have their own contributions to final performances 

of needlepunched nonwovens.  
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2.4 Needles: the component interacts with fibers 

Needlepunch is the result of mechanical interaction between fibers and needles. Thousands 

of needles are inserted in needle board and driven by needle beam for doing the up-and-down 

needling motions. While needles are pushing into web bulks, barbs on the working blade 

capture fibers to make them reoriented and entangled in web thickness direction. Needle 

geometry and sizes do not only determine the amount of fibers to be captured and transferred 

in every needle penetration, but also control mechanism of fiber reorientation and 

entanglement. 

 

Likewise the two types of needlepunch looms for plain needlepunched nonwovens and 

structuring nonwoven products, there are also two categories of needles: felting needles and 

structuring needles. The felting needles are primarily used in the productions of fabrics with 

flat and even surfaces, and the structuring needles are exclusively equipped in structuring 

needle looms to create special textures on fabric surfaces. 

 

2.4.1 Parameters of felting needles 

Segments that each felting needle consists of from top to the needle tip are shown in Figure 

2.12 (Haussler, Jun. 11, 2013). They are crank, shank, intermediate taper, reduced shank, 

working part (blade), barbs and needle tip. With or without the reduced shank categories 

felting needles into single reduced needles and double reduced needles. The latter is the 

upgraded version of the former with better flexibility and less brittle during needling 

operation, to improve fiber protection and needling efficiency. The flexibility of the double 
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reduced needles allows needles deflect in a larger tolerant range following the motion of web 

flow without breakage. It satisfies high speed production better than using the single reduced 

needles. The needles with single reduced taper have advantages to process coarse fibers and 

produce heavy nonwovens, because they are stable and always have coarse needle blade and 

larger barbs engaged in. As many of the needlepunched applications desire better fiber 

intermingle for uniform structures and high fiber surface area for advanced surface friction, 

using fine fibers are tending to dominate the market, the use of double reduced needles have 

become more and more popular, whereas the single reduced needles appear rare. 

 

 

Figure 2.12 Single Reduced Felting Needle (top) and Double Reduced Felting Needle 
(bottom) with Segments: 1 crank, 2 shank, 3 reduced shank, 4 intermediate taper, 5 working 
part (blade), 6 barbs, 7 needle tip 

 

The quality and stability of the upper part of felting needles are of course of important to 

improve production efficiency, the geometry and dimensions of needle working blade play 

the key role of affecting mechanism of fiber transfer and structure entanglement. Important 

elements that are directly in touch with fibers are all engaged in needle working blade, 

namely, needle gauge (the thickness of working blade), geometry of working blade, needle 
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barb size, barb shape and barb spacing. Figure 2.13 is an example of a felting needle with a 

triangular needle cross-section, a straight working blade and regular spaced needle barb 

arrangement, other than those, needle barb specifications are also presented in the diagram. 

 

 

Figure 2.13 Schematic Images of Standard Needle Board with Influencing Dimensional 
Parameters Illustrated 

 

Needle gauge is a parameter describing the thickness of working blade of needles. Smaller 

the gauge number is, larger the height will be. Most of popularly applied needle gauges in 

industry with respective height measurements are shown in Table 2.1 (Foster). It is believed 

that needle gauge possibly relates to the fabric surface appearance and permeability, it has 

little to do with fiber transfer and fiber entanglement (Purdy, 1980; Foster). According to the 

experiences of designing felting needles for longest lifetime and effective performances 
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(Albrecht, Fuchs, Kittelmann, & Lunenschloss, 2003; Foster; Purdy, 1980), those needles 

with greater thickness (small gauge number) often associate with larger needle barbs which 

could carry more fibers at each needle penetration. 

 

Table 2.1 Needle Gauge Measurements of Commonly Used Needles (Foster) 

Gauge Height (inches/cm) 

32 0.26/0.65 

36 0.22/0.55 

38 0.20/0.50 

40 0.18/0.45 

42 0.16/0.40 

 

Various cross-sectional shapes of needle working blade were designed for covering the 

whole range of needlepunched applications. All the shapes availably seen from industrial are 

displayed in Figure 2.14. The triangular needle is the very basic type and the most commonly 

used one. This type of needles has an equilateral triangular (60º edge angle) cross-section. 

There are three edges with different amount of needle barbs evenly distributed on each edge. 

Tri-Star® needles with a reduced edge angle (<60°) and a reduced cross-section area (8% 

smaller) than the triangular needle is introduced by Groz-Beckert as an improvement 

providing secure fiber grip and effective fiber transfer; thus, are strongly proposed to process 

products need intense needlepunch (Groz-Beckert). Another innovative needle type is called 

Cross-Star® needle (Groz-Becert) with an extra barbed edge (four barbed edges) resulting in 
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a closer barb arrangement, and more acting barbs than the needles with three barbed edges 

under equally applied penetration depth. Hence, his type of needle offers even more intensive 

and powerful fiber transfer and entanglement. For such reasons, it is mostly seen in the 

production of geotextiles and of such materials with compact fiber packing and heavy weight 

(Groz-Beckert). Eco-Star® needle has a combined circular and Tri-Star® cross-sectional 

shape but with even smaller area (13% smaller) than the triangular needle. With the special 

cross-sectional shape design, it is claimed to provide best energy consumption efficiency 

(Groz-Beckert). 

 

 

Figure 2.14 Schematic Diagrams of Felting Needle Cross-sectional Shapes (Groz-Beckert) 

 

Besides the above mentioned needle types, teardrop needles with a teardrop shaped cross-

section are exclusively recommended to process nonwovens when woven scrims are needled 
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as base materials to provide maximum protection to yarns (Groz-Beckert), such as the felts 

for paper making machines.  

 

Needles with a twist working blade along the needle length direction can be hybrid with any 

of the cross-sectional shapes. Different to the regular felting needles with a straight working 

blade, twist needle blade has the working part along with barb edges spiral to make needle 

barbs located in different angles, and enlarge the potential area of fabric surface available for 

barbs to grab fibers from. Based on the introductions of needle suppliers, such needle is 

highly promising to produce nonwovens for superior physical integrities and smooth fabric 

appearance (Foster; Groz-Beckert). Last but not least, the conical needles with a tapered 

triangular working section are highly recommended in pre-needling section (Groz-Beckert), 

because of the superior physical stability, which could effectively compress fluffy and bulky 

fiber webs into a relatively condensed structure, and sufficiently improves needlepunch 

efficiency and reduces the risk of needle breakage in subsequent operations. 

 

There have been very little fundamental researches for understanding the mechanisms of 

fiber transfer and entanglement caused by various needle cross-sectional shapes. All of the 

needle recommendations made by needle suppliers are based on experiences collected from 

decades of needle production. Most of the experiences are learned by cooperating with 

partner companies who were trying needle samples to needlepunch products. Seldom of trials 

were specifically designed for needle evaluation, and in productions, none of the other 

involved production parameters had been controlled. It is not hard to believe that the 
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information received from these partners is bias, and impossible the samplings large enough 

to draw accurate conclusions. 

 

Needle barb is the element forming fiber loops and holding them for transport through web 

thickness. Barb geometry and size are extremely important: not to mention that barb 

openings determine the amount of fiber to be reoriented, barb shape and barb surface quality 

affect how well the fibers holding in the openings are secured and protected. Besides, barb 

designs also influence the lifetime of using it, in turn matters the overall production 

efficiency and costs (Albrecht, Fuchs, Kittelmann, & Lunenschloss, 2003; Purdy, 1980; 

Mrstina, 1990). 

 

Barb size mostly refers to the barb depth (the depth of barb opening) plus the kick-up, though 

other dimensional parameters, such as barb angle and throat length, also play influencing 

roles, but negligible when comparing with the barb depth and the kick-up. Detailed 

parameters are illustrated in Figure 2.13, which is a schematic drawing of a standard needle 

barb. Barb size directly associates with the amount of fibers possibly captured in each needle 

penetration in regard of the fiber diameter being processed. Watanabe et al. have proposed a 

method to theoretically estimate the number of fibers, nf, caught by single needle barb 

(Watanabe, Miwa, Yokoi, & Merati, 2004). 
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This calculation took fiber diameter, R (fiber radius, mm), fiber density, ρf (g/mm3), fabric 

area density, Wn (g/m2), barb opening area, S, (mm2) and average length of fiber in unit area, 

Zav (mm/mm2), where the barb opening area was roughly rounded up as a triangular area 

controlled by barb depth, M (mm), and kick-up, K (mm) following the equation, 

 

 
  
S  M  ( M  K ) / 3  (2.5) 

 

And the calculation of average fiber length in unit area was simulated with the following 

equation by integrating fiber oriented angle to machine direction, θ, 
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A promising guideline of selecting needle dimensions was made by Watanabe et al in the 

same work: the optimum amount of fiber fit in each barb might be five to seven fibers for 

maximum tensile strength, and the ratio (Q) of fiber transferred into the thickness direction 

should be less than 50% of the total fibers in bulk, in order to maintain web structural 

integrity. The attempt was valuable; however, practice has never validated the theory 

calculation. And also it might have neglected the effects of other needle parameters as well as 

interactions with processing parameters. 
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There are three barb shape designs with different contoured opening shapes and opening 

surface quality. The designs particularly are of importance to fiber protection and needle 

lifetime of usage. Schematic presentations of the three barb designs are shown in Figure 2.15. 

Conventional barb is the earliest mode. It always appears at the needle types with coarse 

needle working blade employing big barb openings and high kick-ups. The barb was sharp 

and aggressive and was originally designed for processing natural fibers or coarse and rigid 

synthetic fibers. The barb therefore has a relatively short lifetime due to too aggressively 

operating fibers. The popular use of fine fibers and for the expectations of upgraded 

productivity and fabric quality, more delicate and sophisticated barb designs were 

encouraged to come into market. The radius flow (RF) barb and the high life (HL) barb are 

the two barb styles highly recommended to process man-made fibers, as they provide very 

gentle but efficient needling operation, in which the HL barb with smooth and polished barb 

surface treats fibers the most delicate, so that best fiber preservation and fabric surface 

quality could be achieved (Groz-Beckert). Of course, advanced barb surface treatment raises 

prices of using these high quality needle options. 
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Figure 2.15 Needle Barb Designs from Groz-Beckert (Groz-Beckert)  

 
Understanding the reasons of having various barb spacing options is necessary; however, the 

fact that the connection between barb-spacing and penetration depth has rarely been noticed. 

There are five different barb spacing available to be selected: Regular spacing (R), medium 

spacing (M), closed spacing (C), dense spacing (D) and frequent spacing (F). At a given 

penetration depth, closer barbs are arranged on each needle, more barbs are available for 

fiber pickup. Small fiber spacing may enhance fiber transfer; meanwhile, neighboring barbs 

may also be too close to interference each other for fiber capture. Using right needle types 

with suitable barb spacing is as equally important as idealizing other production setups. 

Needles with R, M and C barb spacing shown in Figure 2.16 are the types commonly seen in 

production. The use of the three needle type could satisfy most of the requirements of various 

applications. They provide sufficient fiber transfer and relatively gentle operation compared 

to the rest choices, which are mostly engaged in in the production of special products.  
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Figure 2.16 Specifications of Barb Spacing: Regular (RB); Medium (MB) and Close (CB) 

 

2.4.2 Structuring needles including fork needle and crown needle 

Structuring needles include fork needles and crown needles which are depicted in Figure 

2.17. Fork needle is named because of its fork-like opening at needle tip on the cylindrical 

working blade. The needle does not have any edges for barbs to locate. Its fork opening is the 

active element for fiber capture. The fork openings grab fiber bundles to form fiber loops and 

push them throughout fiber webs for rib or velour textures in equal height out of fabric 

surfaces. The size of fork needle, which is represented by the width and height of inner area 

of fork openings, is selected depending on the fiber types and fiber size as well as how rich 

the effect is desired. 
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Figure 2.17 Working Blades of Structuring Needles: Fork Needle (top); Crown Needle 
(bottom) 

 

Crown needle does have a triangular working blade like the conventional triangular felting 

needles; however, it has totally three barbs at almost same level with each located on each 

edge. With such design, the three barbs capture fibers at same time and push fibers out of the 

web surface into similar height, so that surface texture with either loops or velvets is formed. 

Needle selection of such needle type still follows the rules as picking up regular felting 

needles, where fiber type and sizes and product properties are the key factors to be 

considered. 

 

Fork needle is the one commonly used in producing structuring needlepunched products. 

Fork needle is more aggressive, since its fork opening has larger space to hold more fibers 

than the area of the barbs of crown needles. Texture created by fork needles is significantly 

more adequate than the crown needles. In addition, the fork-like openings are worn bigger in 

productions rather than being torn off, so they experience longer lifetime than the use of 

barbed crown needles, which are relatively vulnerable (Purdy, 1980). 
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With fork needle in production, the angle between needle fork opening and the felt flow 

direction (Figure 2.18) is the key to determine the outcome textures on fabric surface: 0o 

degree for rib effect and 90o degree for velour effect. Deep needle penetration is normally 

demanded in productions of structuring products, especially when producing velour textures, 

because longer penetration is necessary to draw one end of loops out of the fabrics and create 

velvet (Purdy, 1980; Albrecht, Fuchs, Kittelmann, & Lunenschloss, 2003). Crown needle is 

often utilized in the structuring machines with brush conveyer for producing velour effects.  

 

 

Figure 2.18 Schematic of Texture Formation and Fork Needle Position for Rib and Velour 
Effects: a. Rib Quality; b. Velour Quality (Albrecht, Fuchs, Kittelmann, & Lunenschloss, 
2003) 

 

Most of the knowhow about felting needles is held and protected by needle producers with 

hardly anything disclosed into academic world. Very few investigations were done during the 

decades of development of needlepunch technology. The limit awareness of needle 
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parameters and little knowledge of the availabilities of various needle types constrained 

comprehensive observations being performed. 

 

2.4.3 Punching Force 

In needlepunch process, felting needles guided by the needle board doing up and down 

repeated penetrations to grab fiber bundles and push them through fabric thickness to hold 

consolidated fabric structures. The friction from fiber surfaces upon fiber-to-fiber contact and 

the inertia cause resistance against transport to needle barbs with the motion of felting 

needles (Mashroteh & Zarrebini, 2010; Hearle & A.T.Purdy, 1972; J.W.S.Hearle & 

M.A.I.Sultan, 1968; Goswami, Beck, & Scardino, 1972).  Needlepunch machine provides 

mechanical energy, which is reflected in form of punching force for needles applying 

persistently onto fiber webs to overcome the resistance and to force the formation of fiber 

reorientation and entanglement (Purdy, 1980). 

 

Punching force is a valuable indicator of fiber transfer and web consolidation, which starts 

appearing at the moment when felting needles touch web surface until the needles finish an 

entire needle penetration and are pulled out of web structures. The profile of a typical 

punching force from zero to maximum force and back to zero simulates a cycle of needle 

penetration, and an example is presented in Figure 2.19. The starting and end points with 

zero force are the moment needles touching and withdrawing from web top surfaces, and the 

maximum is when needles are at the lowest position through webs (reach penetration depth). 
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The frequency of punching force variation follows exact to the frequency of needle punch per 

minute.  

 

 

Figure 2.19 Punching Force Profile Changes with Time 

 

Hearle at al was the first who attempted to measure punching force and to use the 

measurement to understand needlepunch mechanism. Most of the researches at that period 

used a small needle board placed in a compression cage of an Instron Tensile tester 

(Goswami, Beck, & Scardino, 1972; J.W.S.Hearle & M.A.I.Sultan, 1968; Hearle & 

A.T.Purdy, 1972). The system was easy to operate and was helpful to study effects of fiber 

surface and fiber geometry, and to identify single needle type effect as well as fiber 

orientation distribution of carded materials. However, the static or quasi-static production 

condition, which means at extremely low production speed, could not give a full 

representation of needlepunch operation; particularly, it had little use to characterize the 
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effect of machine configurations that are all running in high speed at industrial production 

scale (Kapusta, 2003; Purdy, 1980). The future investigation of punching force was with 

force transducers engaged in lab-scale needlepunch stands (Kapusta, 2003) or even in 

practical scale needle machines (Goswami, Beck, & Scardino, 1972) for the study of felting 

needles in regular motions.  

 

The general understandings of punching force changed with the variation of production 

parameters are: 

-the increase of penetration depth and punch density increases punching force 

-the increase of fiber length and fiber fineness increases punching force 

-decrease of punching force starts being detected when punch frequency is higher than 1000 

punches per minute due to fiber breakage and possible high enough heat accumulated to 

soften fibers 

 

Punching force, even though had been noticed as an interesting and important parameter in 

needlepunch process, never had it been related to fiber transfer and fabric structure 

consolidation. The resistance pressure applied by fibers to needle barbs apparently is the 

result of fiber transfer: more fibers located at needle barbs, stronger force required to 

relocation them. In order to achieve stable needlepunch structure, high amount of punching 

energy needs to be consumed to secure fiber bundles in position for the improvement of 

properties in fabric thickness direction. Therefore, solely investigating punching force, but 
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ignore the relationship with fabric structures, it is not effectively useful to understand the 

fundamental mechanism of needle penetration influenced by various production parameters. 

 

2.5 Applications of needlepunched nonwovens 

Modern needlepunch is no longer limited in manufactories low quality products, such as felts 

made of animal hairs, or quills consisting of recycled cottons or disposable carpets with 

wasted fibers. Needlepunched materials now are popularly used in more diverse applications 

and sometimes with superb performance and economic values than conventional textile 

materials. Paper making felt is one of the applications with strict quality requirements and a 

long-lasting history. The durable, wide and endless felts with remarkably flat and smooth 

fabric surface rise challenges to the traditional textile techniques. Needlepunch technology 

resolved the problem eventually with additional benefit of economic production costs (Groz-

Beckert; M. & F., 1990).  

 

As early as 1960s, needlepunched floor coverings draw interest from industries. The 

development of the technology afterward and the versatility of being able to process various 

raw materials stimulated the product diversified into situating all kinds of application 

conditions (M. & F., 1990). Currently, the coverings can either satisfy the low cost 

requirement as being used in commercial fairs and exhibitions, or durably cover the floor of 

high-classical houses with extraordinary aesthetics. Not only as decorations of dwellings, but 

also they have been popularly mounted in automotive or airplanes providing resistible carpet 
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textures. The introduction of structuring machine and needles enabled more texture options 

and aesthetic effects. 

 

Linings, artificial leather and more applications make needlepunched nonwovens wearable. 

Needlepunched substrates are subsequently finished with PU coating on web surface to make 

synthetic leathers. Because of the durable, breathable and light weight features, synthetic 

leathers are widely accepted as replacement of kip leathers for shoes, clothes and even luxury 

leather products (M. & F., 1990). 

 

Finally, needlepunched nonwovens entered industry and have been popularly 

commercialized as technical and industrial products (M. & F., 1990). They are easily found 

in buildings as acoustic and thermal insulating mats. The porous structure and high surface 

area are great barriers against sound and heat transportation. Air filters and geo-textiles have 

been more and more accepted with various superiorities than the counterparts made of 

conventional textile materials or membranes, forms etc. Needlepunched application is not 

limited as above mentioned, and further development requires fundamental understanding of 

web structures and mechanisms of web performances. 

  

2.6 Methods of fabric structure characterizations 

Structures of needlepunched nonwovens have been realized essential for the understandings 

of needlepunch mechanism and effects of production parameters. There have been various 

technologies introduced to characterize structures of nonwoven materials (Venu, Shim, 
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Anantharamaiah, & Behnam Pourdeyhimi, 2013; Venu, Shim, Anantharamaiah, & 

Pourdeyhimi, 2012; Pourdeyhimi, Minton, Putnam, & Kim, 2005; Pourdeyhimi B. R., 1996); 

however, barely any of them were effectively used in the investigations of needlepunched 

fabrics. Needlepunched nonwovens have the natures of heavy, thick and compact; therefore, 

regular methods for structure visualization are not able to provide the in-depth illustration. 

 

2.6.1 Fiber Orientation Distribution (ODF) 

Though modern cards are pursuing to randomize fiber arrangements in fiber fleeces, so as to 

balance the properties in machine direction (MD) and cross direction (CD), most of fibers 

from cards are still MD oriented with each fiber separately parallel to the others. Cross-

lappers fold these fiber fleeces into zigzag patterns to achieve desired fabric weight and 

thickness for subsequent needlepunch, most of fibers are reoriented into diagonal directions, 

which is slightly CD oriented, the orientation varies with the angles and delivery speed while 

folding the webs. Needlepunch process may re-organize fiber orientation distribution by fiber 

transfer and drafting possibly introduced in process. Fiber orientation distribution function 

(ODF) is of interest to investigate the planar fiber arrangement (Pourdeyhimi, Minton, 

Putnam, & Kim, 2005; Pourdeyhimi B. R., 1996) of needlepunched nonwovens.  

 

Generally speaking, ODF is a function of counting the number of fibers falling in each pie 

wedge as depicted in the schematic of Figure 2.20. 
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Figure 2.20 Schematic Illustration of ODF: Fibers Fall in Orientation Angle 

 

Fiber orientation in frequency of occurrence was plotted against the orientation angle which 

is defined in each pie wedge. ODF could provide anisotropy of fabric surface with designated 

reference directions. Machine cosine anisotropy is one of the functions commonly used to 

describe fiber orientation distribution of nonwovnes. It follows the function, 
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The resulting values could be varied from 1 indicating a perfect fiber alignment in CD to -1 

representing 100% fiber alignment in MD. 

 

2.6.2 Visualize fabric cross-sectional structures with 2D optical microscope 

ODF is a helpful function to characterize planar structures and to quantify fiber orientation 

distribution on fabric surface. The function is limited in providing comprehensive 

characteristics in thickness direction (TD) of heavy structures, for instance needlepunched 

nonwovens. To understand the mechanism of needlepunch technology, the details of fiber 

reorientation and entanglement in web thickness direction are of extreme importance. 

 

There have been very few studies conducted to investigate fabric structures inside of bulk 

along the thickness direction. Hearle at al. visualized cross-sectional structures of 

needlepunched nonwovens and observed structure differences caused by changing punch 

density and penetration depth. They embedded needlepunched webs in Cemar resin and 

acquired images of the cross-sectional surfaces with an optical microscope (J.W.S.Hearle & 

M.A.I.Sultan, 1968; Hearle & Choudhari, 1969; J.W.S.Hearle, A.T.Purdy, & J.T.Jones, 

1973; J.W.S.Hearle, M.A.I.Sultan, & T.N.Choudhari, 1968). Utilizing tracer fibers with 

distinguishable color against the substrate was initially brought up in scope by Hearle at al. as 

well (Hearle & Choudhari, 1969). Venu in his work introduced a method of charactering 

structures of hydrentangled nownovens. A two layer composite consisting of Nylon and PET 

fibers respectively in each layer was designed. Special dyes were used which were 

exclusively sensitive to one of the fiber components, so that the fabric structures were 
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visualized with reoriented fiber bundles identified in unique colors under microscope (Venu, 

Shim, Anantharamaiah, & Behnam Pourdeyhimi, 2013).  

 

2.6.3 Digital Volumetric Imaging (DVI): technique for 3D structure visualization 

Both ODF and characterizing cross-sectional structures are useful to investigate fabric 

structures in 2D perspective. Digital volumetric imaging (DVI) technique provides 3D 

illustrations of sample blocks, and the technique has been successfully used for investigations 

of the structures of hydroentangled nonwovens (Venu, Shim, Anantharamaiah, & Behnam 

Pourdeyhimi, 2013; Venu, Shim, Anantharamaiah, & Pourdeyhimi, 2012). 

 

Digital Volumetric Imaging (DVI) microimager® (Microscience Group Inc., Redwood City, 

CA, USA) is based on automated serial sectioning of sample blocks, and is capable of 

producing 3D images of fiber structures. The imaging technique was originally developed for 

studies in biological field. Now it has been adapted as a platform to visualize and 

characterize complex nonwoven structures, particularly when structures in thickness 

direction are expected.  

 

Samples are fluorescent stained and embedded into a polymer matrix. A prepared sample 

block is placed in the motorized image stage and cut by a diamond knife according to a given 

thickness. The surface of the sample block is visualized through fluorescent optics and a 

motorized RGB filter wheel, and image captured with a camera. Slicing and image capturing 

are automatically repeated until the number of cycle reached a preset value. Finally, sections 
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of images are stacked into a 3D image dataset for further analysis. The schematic principle of 

processing DVI images is shown in Figure 2.21.  

 

 

Figure 2.21 DVI Microimager® 3D Image Acquisition Schematic 

 

DVI is a highly automated technique, which automatically and autonomously produces 

hundreds of serial sections directly from sample blocks without operator involvement. The 

accuracy and details of structural display are controlled by the thickness of sections which is 

selected according to sample properties and structures to be visualized. 

 

The reconstructed 3D image dataset is processed by using the RESView™ software package 

to export 3D images at different positions in the block and a series of 2D sectioned images in 

all three directions—MD, CD and TD, an example is shown in Figure 2.22. DVI has been 

applied to characterize structures of hydroentangled nonwovens (Venu, Shim, 
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Anantharamaiah, & Behnam Pourdeyhimi, 2013; Venu, Shim, Anantharamaiah, & 

Pourdeyhimi, 2012). Needlepunched nonwovens, which share some similarities with 

hydroentangled materials in bonding mechanism and structural characteristics, are also 

possible to be characterized by the DVI technique. 

 

 

Figure 2.22 3D & 2D Image Exportation from DVI Image Dataset 

 

2.7 Properties of needlepunched nonwovens and property characterizations 

As to the diverse applications of needlepunched nonwovens, various properties, including 

mechanical performances, thermal resistance, and acoustic properties and so on, are desired 

for respective applications. Many of the relevant researches focused on the investigations of 

fabric properties affected by different production conditions of different parameter setups. 

The properties that can be improved with needlepunch process but not dominated by fiber 

properties and subsequent finishing treatment after needlepunch and that are always 

investigated include but not limited to the tensile properties, tear resistance, burst strength, 
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and fabric modulus, air-permeability and compression resistance and recovery ability and so 

on (Roy & Ray, 2009; Roy & Ray, 2009). 

 

Mechanical properties are always straightforwardly related to the mechanism of fiber transfer 

and sometimes also affected by web consolidation. Air-permeability and compression 

resistance are highly dependent on the pore structure and pore volume of nonwovens, which 

are the result of web consolidation. The relationships between these properties and web 

structure characteristics have been constructed in prior studies, though very few of them have 

been validated at needlepunched materials.  

 

2.7.1 Burst strength 

Burst test is the method to evaluate the pressure required to rupture a sample fabric. Various 

testing approaches are available to acquire burst strength, including such as TruBurst with 

hydraulic pressure applied to burst samples and Ball-Burst to rupture fabrics by applying 

mechanical pressure. The two testing methods follow ASTM D3786 and ASTM D6797 

standards, respectively. TruBurst tester works better at thin materials with relatively low 

strength and extension. Needlepunched nonwovens are usually heavy and thick, therefore are 

preferred to go with ball-burst tester, which works at a wider range of materials. A schematic 

diagram with essential components of ball burst tester attached to Instron tester according to 

ASTM D6797 is presented in Figure 2.23.  
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Figure 2.23 Schematic Illustration of Ball-Burst Tester according to ASTM 6797 

 

In burst test, a uniaxial load is perpendicularly applied by either steel ball or hydrostatic or 

pneumatic pressure to a circular testing area on fabric surface. The load was quickly spread 

out into multidirectional force as demonstrated in Figure 2.24. Bursting failure of samples 

could occurred either by breaking those fibers with two fiber tips stuck in bonding points or 

by fiber slippage when fiber surface friction is overcome, therefore, how fibers arranged in 

webs, particularly fiber packing in horizontal plane, is very important to this property (E.Koc 

& E.Cincik, 2011). 
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Figure 2.24 Uniaxial Load Transferred into Multidirectional Force Subjected to Samples 

 

Erdem Koc discovered that the burst strength was dominantly affected by web structures, 

particularly fiber transfer occurred in needlepunch operation (E.Koc & E.Cincik, 2011). 

More fibers packed in unit area, stronger the fabrics performed resisting bursting failure. In 

his study, needlepunched nonwovens were produced with various punch densities. The 

results illustrated that the increasing amount of fiber reorientation into the thickness direction 

reduced burst strengths, since fiber packing was reduced with fiber surface friction decline. 

 



 

64 

2.7.2 Tear strength 

Tear strength is also important mechanical property and is always tested to assess the 

performances when being used in the areas, such as the substrate of roof membrane, which 

sometimes damaged in a tearing failure by strong wind. Various standard institutes have 

proposed numerous methods for the test of tear resistance. They include single rip test, 

tongue test, butterfly test, trapezoid test and nail test and so on. Among these test methods, 

the tongue tear test and the single rip test (ASTM D2261) are the most commonly used 

testing methods (R.Witteveen, L.Adriaan, & A.Cooper; N.Anantharamaiah, S.Verenich, & 

B.Pourdeyhimi, 2008). 

 

Tear strength from tests describes the maximum load accumulated in web structures to stop 

the propagation of failure by tearing throughout web structures. It has a different failure 

mechanism against tensile test. Curves displayed in Figure 2.25 clearly disclose the different 

mechanisms of tensile failure and tear failure. In the tensile plot, the load is accumulated 

until the maximum strength yielded to pull samples apart, whereas the saw teeth like curve in 

the tear plot indicate the formation of Del region to stop failure propagation. Movable fibers 

stack into bundles to stop the tearing failure with gradually accumulated energy until the 

fiber bundles are broken, then a new Del region starts forming again. 
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Figure 2.25 Curves of Tensile Test and Tear Test 

 

Tear strength is highly related to web structures. When there are dense bonding points 

holding the structures of needlepunched nonwovens, tear failure always takes place primarily 

at the bonding point. When there are relatively fewer bonding points, fibers composed of the 

structure have relatively higher mobility. Therefore, the failure mostly happens by breaking 

fibers or fiber bundles. In such case, when tear strength is not enough to break these fibers at 

the Del region, the fabrics are pull apart instead of being torn apart, and the strength recorded 

becomes tensile strength (R.Witteveen, L.Adriaan, & A.Cooper). 

 

Cees R. Witteveen et al compared various testing methods and illustrated the mechanism of 

tear failure, as well as factors determining tear strength. To form rip stop at the Del region 

(Figure 2.26) is the key to enhance tear performances. In order to strengthen the fabrics 

against tearing failure, fiber mechanical and geometrical properties are of vital importance. 

Longer fibers, coarser, hence, stronger fibers are of ease to generate rip stop areas. Fiber 

Tensile Plot Tear Plot 



 

66 

mobility is another crucial factor that ensures high tear resistance: highly movable fibers are 

easy to relocate and combine into fiber bundles at the Del region (R.Witteveen, L.Adriaan, & 

A.Cooper).  

 

 

Figure 2.26 Schematic of Rip Stop at Del Region Formed by Re-arraned Fiber Bundles 
during the Propagation of Tear Failure 

 

Tear strength, like tensile strength, is dependent on fiber orientation distribution. It behaves 

differently at different testing directions. Fabrics with fibers highly oriented in machine 

direction own inferior MD tear strength due to the lack of perpendicular fibers to form rip 

stop, whereas superior in cross direction; vice versa to structures with more fibers oriented in 

CD. 
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2.7.3 Air-permeability 

Needlepunched nonwovens have large pore volume inside of web bulk, which allow the 

materials widely used for the applications of air-filter bags, wipes and so on. Air permeability 

measures how well a nonwoven material allows the passage of air through it thickness 

direction. The permeability is an important characteristic related fabric structures, 

specifically pore distribution and pore volume. Air-permeability, Ap, is defined by the 

following equation, 

 

 

  
A
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A DP
 (2.9) 

 

as the air flow, dQ/dt, through an area, A, under a fixed pressure drop, ΔP. The correlation 

between porous structure of nonwoven materials and air-permeability has been studied in 

previous researches (R.W.Dent, 1976; Gibson, Rivin, Kendrick, & Gibson, 1999; Gibson, 

Lee, Ko, & Reneker, 2007; V.K.Kothari & A.Newton, 1974; A.V.Dedov, 2009; Yang & Yu, 

2001). 

 

Dent (R.W.Dent, 1976) developed the correlation of air-permeability and bulk density, i.e. 

web solidity, based on the theory and experiments conducted by Kothari et al. (V.K.Kothari 

& A.Newton, 1974). His study showed that the correlation follows a logarithmic function, 
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When the materials have their solidities varied in a small range, the correlation can be 

simplified as a linear function following the equation, 
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Where, the air-permeability is the function of web thickness, T, and solidity (bulk density), μ. 

In the equations, a, b, m and n are the variables to be determined by fiber types and fiber size. 

Gibson et al. demonstrated the effect of fiber fineness on determining air-permeability 

(Gibson, Lee, Ko, & Reneker, 2007; Gibson, Rivin, Kendrick, & Gibson, 1999). Fiber size 

was found to the factor that separated the above mentioned correlations. Fibers with different 

diameters fit into individual correlations with unique slopes and intercepts. The results in 

Gibson’s word were normalized by the squared values of fiber diameter, and discovered the 

logarithmic correlation was still holding and is depicted in Figure 2.27. 
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Figure 2.27 Air-permeability Correlated to Solidity (i.e. Bulk Density) with Impact of Fiber 
Diameter (Gibson, Rivin, Kendrick, & Gibson, 1999) 

 

2.7.4 Compression resistance and recoverability 

Needlepunched nonwovens are suitable for the applications such as geo-textiles and filter 

bags as well as sound or heat insulators, because of the consolidated structures. In these 

applications, compression is always encountered, so their superior compression resistance 

and the capability to recovery are exclusively desired (D.S.Varma & R.Meredith, 1973; Luo 

& Verpoest, 1999). 

 

The importance of compression and recovery behavior of fibrous assemblies was noticed as 

early as 1940s. van Wyk was the first one attempted to construct a theoretical model 

describing compressive behaviors of wool textile materials (Wyk, 1946; B.Neckar, 1997; Das 

& Pourdeyhimi, 2010; T.Komori & K.Makishima, 1977). van Wyk simulated the correlation 

between compressive pressure and web structure consolidation on the basis of some high loft 
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fibrous masses made of wools (Wyk, 1946). “Point contact” illustrated in Figure 2.28 was the 

initial understanding of fiber contact with compressive loads applied. These contacts allow 

transfers of mechanical load between fiber components.  

 

Figure 2.28 Schematic Show of Fiber-to-Fiber “Point Contact” When Compressive Load 

Applied 

 

The model was developed with neglecting the possible expansion in horizontal plane of fiber 

webs due to the existence of external compressive pressure but only concerning the 

deformation in thickness direction. Fabric thickness gradually reduces and web packing 

density, i.e. solidity continuously increased as the compression is going on. The theoretical 

function was initially as the following 
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Where, the compressive pressure, P, is the function of web modulus, Y, mass of fabric, m, 

fiber density, ρf, and the difference between the fabric volume, which is continuously 
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changing with compressive pressure, and the initial fabric volume without pressure applied. 

K is a constant. The function was further simplified into the relationship between 

compressive pressure and web solidity, μ, following the equation, 
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Where kp, is the parameter that characterizes the compression property of fabrics, and is 

affected by fiber properties and manufacturing conditions. High kp value is always desired, as 

higher the value is, better compression resistance associated with the fabrics. 

 

B. Neckar pointed out the shortcoming of ven Wyh’s theoretical model and he used “area 

contact” instead of the “point contact” for the contact between adjacent fibers with 

compressive load applied (B.Neckar, 1997; T.Komori & K.Makishima, 1977). The schematic 

of the area contact is illustrated in Figure 2.29. 

 

 

Figure 2.29 Illustration of Fiber to Fiber “Area Contact” under Compressive Load 
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The new modal was following the equation, 
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B. Neckar’s theory was verified by Dipayan Das et al. in the work of investigating the 

compression and recovery behavior of high loft nonwovens (Das & Pourdeyhimi, 2010). The 

model was proved as accurate enough (coefficient of determination=0.9952) to be used to 

predict real compressional behavior of high loft needlepunched fabrics once the, kp, was 

experimentally defined for specific materials. 

 

It has been widely accepted that web solidity is the key parameter to characterize 

compression resistance of nonwoven materials. The correlation was developed not only by 

van Wky, there are some other numerical models introduced to simulate the compressive 

behaviors of various porous materials with relatively higher bulk densities. For an example, 

the soil compression characteristics overlap some area with the performances of 

needlepunched nonwovnes, particularly to those intensively needlepunched fabrics with 

compact structures (J.Arvidsson & T.Keller, 2004; T.Keller, J.Arvidsson, J.B.Dawidowski, 

& A.J.Koolen, 2004; K.M.V.Cavalieri, J.Arvidsson, A.P.Silva, & T.Keller, 2008; 

A.S.Gregory, W.R.Whalley, C.W.Watts, N.R.A.Bird, P.D.Hallett, & A.P.Whitemore, 2006). 
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 Gregory et al defined the compression characteristic by a logarithm (to base 10) plot 

between normal compressive stress, σ, and web porosity, e, or vertical strain, ε. A typical 

curve is displayed in Figure 2.30. The entire compressive procedure was segmented into two 

regions including an elastic deformation indicated by an elastic rebound curve at low stress 

and a plastic deformation represented by a linear virgin compression curve. The slope of the 

linear region was named as compression index, Cc, and the transition point between the two 

deformations was called pre-compression or pre-consolidation stress, σp’. The former 

variable indicates the characteristic of compression resistance; and the latter one estimates 

the maximum stress that a fabric can withstand before irreversible deformation taking place 

(A.S.Gregory, W.R.Whalley, C.W.Watts, N.R.A.Bird, P.D.Hallett, & A.P.Whitemore, 2006). 

 

 

Figure 2.30 A Typical Logarithm Plot of Porosity and Compression Stress 
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There is not a standard method of testing compression and recovery properties of nonwoven 

fabrics. ASTM F36-99 and ASTM C165 can be referred but not specifically developed for 

nonwoven materials. Most compression tests in the published work were conducted with 

samples placed between two platens which are attached to an Instron tester. One of the 

platens continuously moves to compress samples with the other remaining static. Some of the 

researches conducted the compression test with a preset maximum load, until which achieved 

the tester automatically stopped with strain and load increment reordered (L.Price, 1989). Or 

in some other work, instead of fixing a maximum stress value, they compressed samples into 

a preset strain with the profile of stress variation recovered at each corresponding strain. In 

both methods, once the preset value is achieved, the compressing platen stops and 

immediately starts returning to the original position (A.S.Gregory, W.R.Whalley, C.W.Watts, 

N.R.A.Bird, P.D.Hallett, & A.P.Whitemore, 2006; T.S.Nagaraj, R.C.Joshi, & Murthy, 1983; 

L.Price, 1989; Das & Pourdeyhimi, 2010). 

 

Capability of recovery from compressive pressures is equally important as compression 

resistance, however, none of the relevant studies was found. 
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Chapter 3 Studying Effects of Penetration Depth on Web Structure and 

Property 

3.1 Introduction 

Needlepunching is one of the mechanical nonwoven bonding techniques with fibers from 

web surface transferred by repeated penetrations of barbed felting needles. These fibers 

perform as tufts with fiber ends entangled at fabric back surface to stabilize fabric structures. 

Because of the constant improvement and evolution, this mechanical bonding technique now 

has been developed into a flexible, versatile and highly productive process. Needlepunched 

nonwovens have taken up to 30% of global nonwoven market share (Rupp, 2009),and they 

are widely used in various areas from industrial applications to household materials, such as 

advanced composites, insulation felts, medical textiles, filter bags, upholstery, automotive 

applications and so on.  

 

Needlepunch is a complex production process with various processing parameters involved. 

The changes of production parameters might alter fabric structures in terms of fiber 

relocation and fabric consolidation, further affect their mechanical performances. Penetration 

depth as one of the essential processing parameters is most popularly defined as the length of 

the part of felting needles fully penetrated through the fiber webs. To state in a more 

straightforward way, penetration depth is the distance (Error! Reference source not found.) 

between needle-point to the top surface of bed plate when the needle beam guiding needle 

movement reaches the lowest position. 
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Figure 3.1 Schematic of Defining Penetration Depth 

 

There are several attempts to investigate the impacts of penetration depth from published 

researches (J.W.S.Hearle & M.A.I.Sultan, 1968; J.W.S.Hearle, A.T.Purdy, & J.T.Jones, 

1973; J.W.S.Hearle, M.A.I.Sultan, & T.N.Choudhari, 1968; M. & F., 1990; Purdy, 1980; 

Roy & Ray, 2009). The general agreement about the effects of increased penetration depth is 

that more fibers are reoriented into the thickness direction for stronger fabric structures until 

fiber packing and properties are enhanced to an optimal level. After that, due to structure 

deterioration caused by intensive needle penetration, property loss is not anymore overcome 

by the enhancement gained from fiber packing and fiber interlocking, so a subsequent decline 

appears. What penetration depth provides the best property improvement is always an 

interest to practical productions. Some of the previous studies employed the investigations of 
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punching force, the pressure that needle barbs encountered when pushing fiber bundles 

through web structures (Hearle & A.T.Purdy, 1972; Goswami, Beck, & Scardino, 1972; 

J.W.S.Hearle & M.A.I.Sultan, 1968; Kapusta, 2003; Mashroteh & Zarrebini, 2010; Purdy, 

1980). However, most of them were conducted at a static needlepunch stand, which was 

barely able to resemble real needlepunch productions. 

 

Most of the previous studies ignored the fact that needlepunch was such a complex operation 

with not only individual processing variables influence resulted product structures and 

properties, they always mutually interact with each other (Purdy, 1980; Goswami, Beck, & 

Scardino, 1972). The best choice of penetration depth changes all the time along with, for 

instance, the fibers to be processed and the desired properties of end products. Most 

importantly, the selection of penetration depth should be always coupled with barb spacing of 

felting needles. The barb spacing is known as the density of needle barbs arranged along the 

edges of needle working blades. Closer the barbs are positioned, more aggressive or possibly 

more fibers to be captured and reoriented at a given penetration depth (Rupp, 2009; Purdy, 

1980; Goswami, Beck, & Scardino, 1972). There are several needle barb distances available 

in the market, which are designed to fulfill different products and production conditions. 

Since most of the knowledge about felting needles is holding in the hand of needle suppliers, 

most of academic institutions are not aware of this variation; none of the previous researches 

have taken this important parameter into account. 
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This study is to investigate the fundamental mechanism of penetration depth. Experiments 

were designed to change penetration depth in a wide range from extremely low with very 

slight needle penetration to sufficiently high for intensive needlepunch. Constant production 

condition was maintained to eliminate potential interference from other production 

parameters. A conventional Triangular felting needles with regular barb spacing was 

consistently utilized. And the concept of acting barbs was introduced. Web structure 

visualization and analysis were employed to explain the connection between process and 

property, which had never been done before, though the importance of structure 

characterization had been noticed many years ago (Purdy, 1980; J.W.S.Hearle & 

M.A.I.Sultan, 1968; J.W.S.Hearle, A.T.Purdy, & J.T.Jones, 1973; J.W.S.Hearle, 

M.A.I.Sultan, & T.N.Choudhari, 1968). Punching force was also taken into scope to 

demonstrate and explain observations from structure visualization. 

 

3.2 Materials and experimental 

3.2.1 Material preparation and production of needlepunched nonwovens 

To facilitate the visualization of structural changes caused by needlepunch operation, a two-

layer structure was formed consisting of a nylon top layer (200 g/m2) and a PET bottom layer 

(200 g/m2). Both nylon and PET fibers from Invista™ were 6 denier in fineness and 2 inches 

in length with a round fiber cross-section. Each layer was individually prepared through fiber 

opening, carding, cross-lapping and slightly pre-needling with the commercial staple fiber 

processing line manufactured by Truetzschler Nonwovens in the Staple Lab of the 

Nonwovens Institute (Raleigh, North Carolina). 
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The two-layer structure was subsequently needlepunched by two different needlepunch 

devices: (1) a lab scale miniature model needle loom, and (2) the Asselin® needle machine in 

the Nonwovens Institute (Raleigh, NC). The type of felting needles installed in both of the 

machines was 15x18x36x3 R222 G3037, supplied from Groz-Beckert (Germany). This is an 

equilateral triangular shaped felting needle. Dimensions and barb arrangement were 

schematically illustrated in Figure 3.2 (not in scale) with 3 inch total needle length (3.18 mm 

tip to first barb distance) and regular barb spacing, representing a 6.36 mm distance between 

two barbs on same edge, and a 2.12 mm distance between the two adjacent barbs on different 

edges. There are totally 6 barbs on the blade. To have all the 6 barbs being active, which 

means the barbs completely penetrate through fiber webs, at least 13.78 mm penetration 

depth is needed. 

 

 

Figure 3.2 Schematic Diagram of a Felting Needle with a Regular Barb Spacing 

 

The lab-scale miniature needle stand was illustrated in Figure 3.3. The machine allows 

maximum 20 mm penetration depth for felting needles with a 3-inch total length. The trial 

was operated with punch frequency, f, constant at 200 rpm and 180 needles installed in a 12 
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cm by 8 cm area of needle board (d, needle board density) as well as a 1 meter per minute 

taking out speed, v, controlled by the speed of takeout rolls. The total punch density, N, was 

calculated as 29 stitch/cm2 following the equation, 

 

 
N 

d  f

v 10000
 (3.1) 

 

The use of the miniature needle stand was to measure punching forces resulted from the 

conditions with different penetration depths, indicating differences of fiber capture and 

pressures imposed on needle barbs to consolidate fabric structures as well as possible fiber 

breakages. Four different penetration depths, which were 4 mm, 6 mm, 9 mm, and 12 mm, 

were applied in trials corresponding to a big variety of the numbers of acting barbs, which 

are the barbs completely went through fiber fleeces. The amounts of acting barbs are 1 barb, 

2 barbs, 3 barbs, and 5 barbs, respectively corresponding to the penetration depths. 
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Figure 3.3 Schematic Diagram of the Miniature Model Needlepunch Machine 

 

The Asselin® needle machine were afterwards utilized to produce fabrics under the 

processing conditions that resemble industrial scale needle punching to investigate structures 

and properties of the samples needlepunched with various penetration depths. Punch 

densities including 100 stitch/cm2 and 200 stitch/cm2 were conducted by only adjusting 

throughput speed and remaining all the other machine configurations constant as shown in 

Table 3.1. Same penetration depths as used in the miniature model needle loom, namely 4 

mm, 6mm, 9mm and 12 mm were applied to have designated amount of acting barbs-1 barb, 

2 barbs, 3 barbs, 5 barbs performed penetrating through the two-layer materials. 
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The selection of penetration depth was carefully made with the purpose of covering as wide 

range of depth as possible for comprehensive investigation. The 12 mm penetration depth 

with 5 acting barbs was the maximum under the current production condition. Any further 

increase of penetration depth to have the sixth needle barb to be active will make fiber web 

encountered the intermediate taper of felting needles as depicted in Figure 3.2. This is 

because that the distance (13.78 mm) from needle point to the sixth needle barb plus the 

thickness (> 8 mm) of fibrous fleeces before needlepunching exceeded the total length of 

needle working blade (20 mm) for this specifically used needle type. The intermediate taper 

with significantly larger cross-sectional area to that of the working blade may cause greater 

processing pressure and hence biased results of analysis. 

 

Table 3.1 Specifications of Processing Parameters with the Asselin® Needle Loom 

Punch Density 

(stitch/cm2) 

Frequency 

(rpm) 

Throughput 

(m/min) 

Needle Density 

(needle/meter) 

100 400 2 5000 

200 400 1 5000 

 

3.2.2 Punching force measurement with the miniature model needle machine 

The measurement stand of punching force during needlepunching was primarily shown in 

Figure 3.3 and with details in Figure 3.4. There are four Z8 model force transducers (HBM, 

Germany), shear force strain gauge load cells, attached underneath each of the four corners of 

the frame for holding the bed plate. Shear strains occurred at the load cells due to 
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needlepunch compression were converted into voltage signals and amplified by a four 

channel data acquisition station by means of a HBM DQ430 strain gauge bridge module, 

which was connected to a PC with a specialized software package to process and analyze 

data from the measurement. The package is a “Catman” standard set provided by HBM 

together with the amplifier module. The transducer model was selected from the database, so 

that the readings were automatically converted into force (N) from the original voltage 

signal. 

 

 

Figure 3.4 Schematic of the Punching Force Measurement System 

 

The values of punching forces during needlepunching with the four different penetration 

depths were acquired from each of the load cells and were averaged for comparison. A 

typical punching force profile (in Figure 3.5) represents the entire motion of felting needles 

moving from top to the bottom position and moving back to the original in each of the 
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needling cycles. The peak force occurs when needles reach the lowest position; therefore, the 

frequency of appearing peak force follows exactly to the punch frequency (needle penetration 

per minute) during production. To ease of result comparison, peak values within at least 10 

second time frame in each test was averaged and reported with standard deviation. 

 

 

Figure 3.5 Typical Punching Force Profile 

 

3.2.3 Visualization of cross-sectional structures and assessment of fiber transfer ratio 

In the needlepunch process with the Asselin needle machine, large amount of fibers on the 

surface of top nylon layer are reoriented into the bulk of web to form tufts and to hold fibrous 

assemblies. The cross-sections of needlepunched samples were visualized with optical 

microscopy by coloring the nylon component out of the PET component. 
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The needlepunched samples were dyed with Stylacyl Blue RP dye (C.I. Acid Blue 298) 

supplied by Du Pont De Nemours & Co (Wilminton, DE). The dyeing condition was 

carefully selected and the operation was carefully preceded to achieve clear visibility of fiber 

transfer and without changing web structures. The dye solution was prepared in a 3% (w/v) 

concentration at ambient temperature and operated in the dyeing process with material 

weight to liquid volume ratio as 1:60. Samples were immersed into the solution at 40°C. A 

few drops of acetic acid as a neutralizing agent were added into the solution until the 

temperature was raised on a hot plate to 100°C. After leaving the solution at this temperature 

for 10 minutes, the samples were washed and dried at room temperature for subsequent 

analysis. Finally, the samples were sectioned along the cross direction to visualize the cross-

sectional structures with a stereomicroscope Nikon SMZ1000 StereoMicrozoom and Nikon 

DigitalSight DS-Fi1 camera. 

 

The cross-sectional images of the samples manufactured by the Asselin® needle loom were 

acquired for structure analysis. The actions of fiber transfer and web compress happening 

during needlepunch were schematically presented in Figure 3.6. A series of measurements of 

web thickness and nylon layer thickness before and after needlepunch were conducted under 

microscope for the evaluation of fiber transfer volume ratio and fabric compression. 
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Figure 3.6 Two Layer Structure: (a) Nylon Component Laying on PET Layer before 
Needlepunch; and (b) Nylon Tuft Created in Thickness Direction by Needlepunch 

 

The ratio of fiber volume transported was calculated as the volume loss happened in the 

nylon layer over the initial nylon layer volume after eliminating the effect of web 

compression, C. This method was based on two assumptions that (1) all transferred fibers 

were nylon fibers; and (2) nylon component and PET component shared the close enough 

web compressibility to neglect the difference. Noticing the fact that the horizontal area (XY 

plane) of fabrics was dramatically vaster with negligible size changes than the variation 

occurred in the web thickness (TD), thus the calculation was simplified into the following 

equation, 

 

 0 1

0

%   tran tran

total total

V T T C T
fiber volume transfer

V T T C

 
  


 (3.2) 
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Where T0 was the initial thickness of the nylon component before needlepunch; T1 was the 

thickness of nylon layer after needlepunching. Fabric compression was the measure from 

thickness reduction in the needling production, therefore, follows the equation, 

 

 
C(%)  (1

T '

T
)100% (3.3) 

 

Where T and T’ are the web thickness consisting of nylon component and PET component 

before and after needlepunching, respectively. 

 

3.2.4 Fabric structure properties and consolidations 

The thickness, T’, and the basis weight, W, of needlepunched samples were measured 

according to the corresponding ASTM standards. A thickness gauge (Model BG1110-1-04, 

AMES-Masters of Measurements) was used in the measurement following ASTM D5729 

test method. A GSM Circular Cutter designed specifically with a precise 100 cm2 (diameter 

113 mm) circular area was utilized to cut samples, and with a high-precision weight balance 

for the measurement of mass per unit area based on the ASTM D3776 test standard. 

 

Solidity, µ, the function to characterize web consolidation, was obtained using the following 

equation, 
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m 

Vf

V F


r f

rF


W

T '  r f

 (3.4) 

 

Where ρf is the density of solid fibers used in the felt. 

 

3.2.5 Measurement and characterization of fabric properties 

3.2.5.1 Mechanical properties: tensile properties and tear strength 

Tensile properties and tear strengths were measured following ASTM D5035-the strip tensile 

test and ASTM D2261-the tongue tear test. Tensile properties including tenacity, elongation 

at break and modulus were assessed in both machine direction (MD) and cross direction 

(CD). The moduli reported in the study were the secant modulus at 30% elongation 

calculated based on stress-strain curve of each test. 

 

Due to slight weight variation inevitably happened in the needlepunch trials, and to avoid the 

inaccurate comparison influenced by the weight difference, strengths were normalized to the 

initially designed 400 g/m2 (200 g/m2 nylon layer + 200 g/m2 PET layer) by utilizing the 

method in the following equation, 

 

 
Snorm  Sobs 

Wnorm

Wobs  
(3.5) 
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Where normalized property, Snorm, is the observed property, Sobs multiplying the ratio 

between nominal fabric weight, Wnorm and observed fabric weight, Wobs. 

 

By doing so, impact of area weight of needlepunched samples was eliminated, so that the 

comparison of the relative results was only made to disclose pure effects of needlepunch 

operation. 

 

3.2.5.2 Air-permeability 

Air-permeability is the property highly dependent on porous structure and pore volume. The 

property was measured with the TEXTEST FX3300 instrument in the Analytical Lab of the 

Nonwovens Institute. 12 repetitions were performed on each sample. 

 

3.3 Results and discussion 

3.3.1 Punching force analysis with the miniature model needle loom 

Individual punching force was measured from each of the four force transducers and the four 

channels were averaged with the averaged peak values presented in Figure 3.7. The force 

appeared stronger with the increase of penetration depth and the amount of acting barbs. The 

growth of punching force was due to the continuous enhancement of fiber transfer and web 

consolidation. From 4 mm to 9 mm penetration depth increase with the amount of acting 

barbs gradually growing from 1 barb to 3 barbs, the growth of punching force was linear, 

which meant all the barbs involved in this scope were fully functioning and same level of 

web consolidation achieved by individual barb. At 12 mm depth with 5 acting barbs resulted, 



 

95 

the punching force did not increase as significantly as the first three depths and did not fit 

into the linear manner anymore. Very few movable fibers were remaining on the web surface 

allowing the fourth and the fifth barbs to pick up, so the growth of punching force became 

remarkably smaller. Therefore, it was reliable to conclude that, under the current production 

condition, the barbs afterward the third needle barb at 9 mm penetration depth were not much 

efficiently functioning; further increase of penetration depth did not contribute additional 

effect from the perspective of fiber reorientation. 

 

 

Figure 3.7 Averaged Peak Punching Forces at Various Penetration Depths 

 

3.3.2 Characterization of cross-sectional structures and assessment of fiber transfer 

In the needlepunch process, barbed needles capture great amount of nylon fibers and alter the 

location of these fibers from originally laying on surface to vertically protrude into the PET 

layers. Different penetration depths resulting in different amount of acting barbs vary the 
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sizes of fiber bundles vertically reoriented in the PET layers. Needlepunched samples by the 

Asselin® needle machine were stained with the acid blue dye, and the cross-sections of these 

samples were visualized to illustrate nylon fiber relocation. The cross-sectional images in 

Figure 3.8 displayed the structures of fabrics produced by the Asselin® machine with 

penetration depths ranging from 4 mm to 12 mm at 100 stitch/cm2 punch density. 

 

 

Figure 3.8 Cross-sectional Images of Samples Produced at Different Penetration Depths 

 

By only visually observing these structures, with the increase of penetration depth, there 

were more blue-nylon fibers pushed into the web thickness direction, and depending on the 

penetration depth, the fiber bundles went deeper and deeper into the PET layer. At 9 mm and 

12 mm penetration depths, large amount of nylon fibers were pushed out of the back surface 

of PET layer for fiber entanglement to secure tighter and more stable structures. Sample 

thickness continued reducing due to gradually enlarged compressive pressures imposed by 

needle barbs growing from 1 acting barbs to 5 barbs. 

 

4 mm- 1 barb 6 mm- 2 barbs 9 mm- 3 barbs 12 mm- 5 barbs 
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The fiber transfer volume ratio (Figure 3.9) was subsequently assessed by calculating the 

ratio of thickness loss happened at nylon layer during needlepunch over its original thickness 

after pre-needling. The effect of web compression caused by needlepunch operation was 

eliminated with assumptions that all transferred fibers were nylon fibers, and that nylon layer 

and PET layer shared same web compressibility. 

 

 

Figure 3.9 Fiber Transfer Ratios Calculated Based on the Cross-sectional Images 

 

The increase of penetration depth enhanced fiber transfer efficiency. There was an initial 

sharp increase pattern. The growth of fiber transfer from the 4 mm penetration depth to the 9 

mm was nearly linear; the subsequent growth dropped steeply from the 9 mm to the 12 mm 

with very subtle increase observed. This result was coherent to the observations of punching 

forces: sufficient amount of free fibers available for the first three needle barbs to pick up and 

reorient; further increase of penetration depth allowing the fourth and the fifth barbs moved 
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through fabrics did not enhance fiber transfer as the movable fibers had been sharply 

reduced, so these two barbs were barely to grab any of the fibers from web surfaces for more 

fiber transfer. 

 

3.3.3 Web structural properties and fabric consolidation 

Needlepunch operation highly reduces web thickness from its original pre-needled status due 

to fiber transfer and compression pressure applied by needle barbs while pulling fibers 

through fabric thickness. The increase of penetration depth involved slight and negligible 

weight decline as demonstrated in Figure 3.10, though the higher punch density used in the 

experiments was observed to have lower basis weight than that of the lower punch density. 

This is possibly because more needle punches push fibers further away, so the fibers 

remaining in unit area were fewer, when drafting ratios, the speed of takeout rolls verses the 

feed rolls, were same. Regarding the impact to web thickness, the increase of penetration 

depth gradually reduced web thickness (Figure 3.10) with consistency of the observations in 

the cross-sectional images. 
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Figure 3.10 Basis Weight and Thickness of Samples Produced with Various Penetration 
Depths 

 

Due to the fact that web basis weight was barely changed and the thickness gradually 

reduced, with the increase of penetration depth, web solidity, as the function of thickness and 

basis weight, was increased. Therefore, web consolidation (Figure 3.11), different to fiber 

transfer, was continuously improved as fibers were packed increasingly closer with each 

other. 
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Figure 3.11 Web Solidities of the Samples with Various Penetration Depths 

 

3.3.4 Mechanical properties of needlepunched samples 

3.3.4.1 Tensile properties 

The strip tensile tests were performed with the measurements providing information of 

strengths required to break samples in both machine direction (MD) along fiber flow and 

cross direction (CD), and elongations at break. Secant moduli at 30% deformation at the 

early stage of structure deformation were derived from the stress-strain curve obtained from 

the test. Due to the impact of fiber orientation, and that needlepunched fabrics after the 

carding and cross-lapping processes have fibers aligned more in the cross direction than the 

machine direction, fabrics are usually stronger in CD than in MD (Figure 3.12). 
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Figure 3.12 Tensile Strengths to Break Samples in MD and CD 

 

Tensile strengths of the samples produced at various penetration depths had very similar 

tendencies in machine direction and cross direction. The samples became stronger as the 

penetration depth increased from 4 mm to 12 mm. This agreed well with the increasing trend 

of fiber transfer ratio including an initial sharp raise appeared at the early stage of depth 

increase from 4 mm to 9 mm, whereas the enhancement afterward became smaller. Tensile 

properties were highly related to fiber reorientation and entanglement. As more fibers had 

been transferred into vertical direction and for more potential fiber entanglement to hold 

structures, these fiber tufts preserved fabrics against being pulled apart in both directions. 

 

Needlepunch process may balance the properties in MD and CD by changing fiber 

orientation distribution. Fiber webs after carding and cross-lapping operations have most 

fibers oriented in cross-section. The subsequent needlepunch operation may alter some of the 
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fibers into machine direction, so that the properties in MD were enhanced. The ratios of MD 

and CD tensile strengths indicate in what degree that fibers are oriented in machine direction 

or cross direction. All of the results in Figure 3.13 were lower than 1, meaning fibers were 

more oriented in cross direction. The increase of penetration depth didn’t necessarily change 

fiber orientation distribution, so most of the samples had ratios around 0.8. 

 

 

Figure 3.13 MD/CD Ratios Represent Fiber Orientation Distribution 

 

The secant moduli at 30% of deformation in the procedure of tensile test were analyzed and 

were showing consistent tendencies in MD and CD in Figure 3.14, and the moduli in CD 

were significantly higher than the ones in MD due to fibers CD oriented. Modulus as the 

stiffness of needlepunched nonwovens does not only depend on fiber transfer but also related 

to web consolidation. More fiber transfer and higher fabric packing density, stiffer the fabrics 
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are manufactured. The samples with 4 mm penetration depth had the lowest moduli; and the 

increase of penetration depth, the values continued growing.  

 

 

Figure 3.14 Moduli in MD and CD of Samples Produced at Various Penetration Depths 

 

Noticeably, the growth patterns at 100 stitch/cm2 and 200 stitch/cm2 were different. Higher 

the punch density applied made the growth of stiffness more dramatic, as punch density itself 

is an important parameter changing fiber transfer and web consolidation. So penetration 

depth and punch density have interacting effects on tensile modulus. 

 

3.3.4.2 Tear strengths 

Tear strengths of needlepunched samples with penetration depths varied from 4 mm to 12 

mm were also measured to indicate mechanism of fiber packing impacted by the depth of 

needlepunch and correspondingly the amount of acting barbs. Due to the different failure 
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mechanism of tear breaking than tensile failure, as shown in Figure 3.15 the optimal tear 

resistance appeared at 6 mm penetration depth with 2 acting barbs available through web 

structures. Further increase of penetration depth did not enhance the strength anymore, and 

with slight reduction observed in cross direction. 

 

 

Figure 3.15 MD and CD Tear Strengths of Samples Produced at Various Penetration Depths 

 

Tear strength was as well affected by fiber orientation distribution in a way opposite to the 

tensile properties, more fibers aligning in the cross direction easily to form a Del region (rip 

stop in Figure 3.16) and to stop failure propagating through the machine direction; that was 

why higher strengths were observed in MD than in CD. Tear failure resistance was not only 

relying on fiber packing and interlocking, but mostly depending on the prerequisites of Del 

region formation (R.Witteveen, L.Adriaan, & A.Cooper). Adequate fiber length and fiber 

mobility are the key factors of creating this region. Intensive needlepunch at high penetration 
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depths, though with more fibers being transferred and potentially more fiber entanglement, it 

reduced fiber mobility and fiber length, the rip stop was limited to form, so that the tear 

strengths observed were not increasing. Similarly to understand the results with 200 

stitch/cm2 punch density, higher punch density did not always enhance tear strengths. When 

high penetration depths over 9 mm were employed, tear resistances observed were actually 

lower than the counterparts with the 100 stitch/cm2. 

 

 

Figure 3.16 Schematic of a Del Region Formation to Stop Tear Propagation 

 

3.3.4.3 Air-permeability and its correlation with web consolidation 

Permeability of liquid or gas medium through needlepunched products is largely dependent 

on pore volume and pore distribution inside of web structures. Air-permeability, hence, was 
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measured and with results reported in Figure 3.17. Air-permeability gradually decreased with 

the increase of penetration depth and correspondingly the amount of acting barbs. 

 

 

Figure 3.17 Air-permeability of Samples Produced at Various Penetration Depths 

 

As the porous structure of needlepunched nonwovens was the result of fiber arrangement and 

consolidation, therefore, the correlation between air-permeability and web solidity exists and 

was displayed in Figure 3.18. Under the circumstance of this trial, air-permeability and 

solidity linearly correlated to each other. The correlation can be used to predict air-

permeability of samples as long as the solidity is holding in this range, regardless what 

penetration depth and punch density were utilized in production. 

 

0

10

20

30

40

50

60

70

80

4mm 6mm 9mm 12mm

A
ir

-p
e

rm
e

ab
ili

ty
(m

3
/m

2
/m

in
)

Penetration Depth

100 stitch/cm2 200 stitch/cm2



 

107 

 

Figure 3.18 Correlation between Air-permeability and Solidity 

 

3.4 Summary and conclusion 

The study was conducted to investigate the effects of penetration depth on fabric properties 

and to explain the process-property relationship by the observations of web structures in 

terms of fiber transfer and fabric consolidation. Punching force as the result of fiber transfer 

at four different penetration depths, namely 4 mm, 6 mm, 9 mm and 12 mm, was initially 

measured by employing the miniature model machine. With the results of punching force, 

four penetration depths were utilized for comparison in the production with Asselin® needle 

loom. By coupling the needle barb spacing, where a needle type with a regular barb to barb 

distance was used, and then the amount of acting barbs were determined as 1 barb, 2 barbs, 3 

barbs and 5 barbs, respectively. 
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The increase of penetration depth continuously enhanced fiber transfer, web consolidation 

and most of the mechanical properties, except the tear strengths. With more fibers being 

relocated into the vertical direction, the tensile strengths initially increased rapidly following 

with a mild growth at 12 mm penetration depth, since there were very few movable fibers left 

for the fourth barb and the fifth barb to capture. This explanation was proved by the 

observations of fiber transfer as well as the coherent result of punching force. Web stiffness, 

as per tensile modulus, continuously changed with a steep growth with the increase of 

penetration depth. The enhancement depended on the punch density applied: higher punch 

density (200 stitch/cm2) sharpened the growth. Tear strength, which does not only rely on 

web bonding, but more determined by the formation of Del region to stop tearing 

propagation. For this reason, tear strength did not improve any further after the penetration 

depth was increased to 6 mm with 2 acting barbs. 

 

Web consolidation determines the pore structure and pore volume inside of fabric structures. 

High web consolidation eliminates voids between fibers, therefore, reduces the permeability 

of liquid or gas medium. The increase of penetration depth gradually boosted fiber packing 

density, indicated by the increase of web solidity. The air-permeability, which is correlated to 

fabric consolidation in this study circumstance, was reduced since pores were closed with 

better fiber packing. 
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Chapter 4 Studying the Impact of Needle Parameters on Web Structure 

and Properties Part I: Effect of Needle Barb Size 

4.1 Introduction 

Needlepunch bonding technique is the one with very long developing history. The method 

uses mechanical operations to reorient fibers by barbed needles repeatedly penetrating 

through fabrics. Once lost its market share against other nonwoven bonding techniques, re-

emerging of needlepunch process was the result of advances in modern needlepunch 

technology. Its versatility and high productivity ensured the global market share of 

needlepunched fabrics around 30% of nonwoven production (Rupp, 2009). 

 

Fiber property itself is one of the dominant elements of determining final performances of 

needlepunched products (Rupp, 2009; Purdy, 1980). There have been many researches 

investigating nonwovens made of various fibers, with different fiber composition, fiber 

diameter, fiber length, crimp and cross-sectional shape, on fabric properties by means of 

observing punching forces and comparing fabric mechanical behaviors (Goswami, Beck, & 

Scardino, 1972; Hearle & A.T.Purdy, 1972; Gibson, Lee, Ko, & Reneker, 2007; Gibson, 

Rivin, Kendrick, & Gibson, 1999). However, most of these researches did not have 

production variables well controlled, and more importantly, they did not have right needle 

types with needle gauge and needle barb matching the size of fibers being processed (Foster; 

Groz-Beckert; Purdy, 1980).  
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Selecting needle types, which are perfectly matching the fibers being processed, is of vital 

importance in needlepunch production. Either too large or too small of needle barbs to fiber 

fineness will make defects on products (Groz-Beckert; Foster; Purdy, 1980; Purdy, 1980). 

The former is possible to destruct fabric structures since over-needled and to break needles as 

well due to great needling pressure. The latter apparently is causing insufficient fiber 

reorientation and entanglement. The concept of choosing right needle types has been 

repeatedly disciplined by needle suppliers and also has been noticed in previous researches. It 

has been widely agreed that averagely 5 to 7 fibers captured by every needle barb was the 

optimum to ensure sufficient fiber transfer and amply of fibers remaining in horizontal plane 

for superior nonwoven structures (Watanabe, Miwa, Yokoi, & Merati, 2004). 

 

Noticing the importance of characterizing fabric structures to disclose the mechanisms of 

needlepunch process, Hearle at al. was the first who attempted to visualize web structures 

and proved the occurrence of fiber reorientation and entanglement. They afterwards 

improved the technology to embed needlepunched nonwovens in Cemar resin and to acquire 

images of the cross-sectional surfaces with optical microscope (J.W.S.Hearle & 

M.A.I.Sultan, 1968; Hearle & Choudhari, 1969; J.W.S.Hearle, A.T.Purdy, & J.T.Jones, 

1973; J.W.S.Hearle, M.A.I.Sultan, & T.N.Choudhari, 1968). Utilizing tracer fibers with 

distinguishable color against the substrate was initially brought up in scope by Hearle at al. as 

well (Hearle & Choudhari, 1969). Lately, Venu at al. investigated fiber reorientation 

occurred in hydroentangling process by visualizing the cross-sectional structures of 

nonwovens composed of a nylon layer and a PET layer, in which the nylon component was 
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differentiated against the other component by being colored with blue acid dye or fluorescent 

dyes. Interior structures of hydroentangled nonwovens were effectively visualized for 

analysis (Venu, Shim, Anantharamaiah, & Behnam Pourdeyhimi, 2013). 

 

In this study, we compared structures and properties of needlepunched fabrics with two 

needle barb sizes. Fiber types and fineness and production condition used were exactly same. 

Punching forces while being in the needlepunch operation were measured to gain better 

understanding of needlepunch mechianisms. Fiber transfer efficiency was evaluated by 

characterizing fabric cross-sectional images. Structural properties and performances of 

needlepunched samples were also analyzed. Eventually, the connections between process and 

property were constructed with understandings of structure changes. 

 

4.2 Materials and experimental 

4.2.1 Material preparation and production of needlepunched nonwoven  

To facilitate the visualization of the structural changes caused by needlepunch operation, a 

two-layer structure was formed consisting of a 200 g/m2 nylon top layer and a 200 g/m2 PET 

bottom layer. Both nylon and PET fibers from Invista™ were 6 denier and 2 inches in length 

with a round fiber cross-section. Each layer was individually prepared through fiber opening, 

carding, cross-lapping and slightly pre-needling with the commercial staple fiber processing 

line manufactured by Truetzschler Nonwovens in the Staple Lab of the Nonwovens Institute 

(Raleigh, North Carolina).  
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The two-layer structures were subsequently needlepunched by two different needlepunch 

devices: (1) a lab scale miniature model needle loom, and (2) the Asselin® needle machine in 

the Nonwovens Institute (Raleigh, NC). Two felting needle types were supplied by Groz-

Beckert: 15x18x38x3.5 R222 G3047 and 15x18x36x3.5 R333 G3017 with barb sizes 

specified in Table 4.1(with corresponding parts illustrated in Figure 4.1). Both of the needle 

types were used to separately process the 6 denier fibers, to which the 38 gauge needle 

engaged in a smaller barb opening had a mutually matched barb size, whereas the 36 gauge 

needle had slightly larger barbs for this fiber fineness (Watanabe, Miwa, Yokoi, & Merati, 

2004; Groz-Beckert; Foster).  

 

Table 4.1 Specifications of needle barb size to be used in needlepunch process 

Fibers 

(denier) 

Diameter 

(µm) 

Needle Gauge/ 

Height (mm) 

Barb Size (mm) 

barb depth + kick-up 

Ratio: 

Barb/Fiber 

6 27.3 
38 gauge/0.50 mm 0.07+0.005 2.75 

36 gauge/0.65 mm 0.11+0.005 5.86 

 

Both of the needles have an equilateral triangular cross-sectional shape but with different 

gauges (the height of the triangular working blade illustrated in Figure 4.1). These two needle 

types share a 3.5 inch total needle length, and a 3.18 mm needle point to first barb distance as 

well as a regular barb spacing, which represents a 6.36 mm distance between two barbs on 

same edge and a 2.12 mm distance between any two adjacent barbs on different edges. The 

38 gauge needle has totally 6 barbs, and the 36 gauge needle has 9 barbs. Since they are 
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sharing same barb distances, at given penetration depth, these two needle types have same 

amount of acting barbs that are the barbs completely penetrated through fabric thickness.  

 

 

Figure 4.1 Schematic Diagram of a Felting Needle with a Regular Barb Spacing 

 

The lab scale miniature model needle loom were used to compare the punching forces of the 

two needle types when processing the 6 denier fibers under various setups of production 

parameter for references. Each type of needles were penetrated at four different penetration 

depths, which were 4 mm, 6 mm, 9 mm, and 12 mm, corresponding to 1 acting barb, 2 acting 

barbs, 3 acting barbs and 5 acting barbs. The structure of the loom was illustrated in Figure 

4.2.  
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Figure 4.2 Schematic Diagram of the Miniature Model Needle Loom 

 

The trial was operated with punch frequency, f, constant at 200 rpm and 180 needles installed 

in a 12 cm by 8 cm area of needle board (d, needle board density) as well as a 1 meter per 

minute taking out speed, v, controlled by the speed of takeout rolls. The total punch density, 

N, was calculated as 29 stitch/cm2 following the equation, 

 

 
N 

d  f

v 10000
 (4.1) 

 

The Asselin® needle machine were afterwards utilized to produce some 6 denier samples 

needlepunched by both the 38 gauge needle and the 36 gauge needle under the processing 

conditions that resemble industrial scale needlepunching to investigate sample properties. 

The four penetration depths, namely 4 mm, 6mm, 9mm and 12 mm, were again applied to 
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have designated amount of acting barbs penetrating through the two-layer materials. In 

addition, 100 stitch/cm2 and 200 stitch/cm2 punch densities were also applied under each of 

the needle types with the four penetration depths. To achieve the two punch densities, 

throughput speed was altered with all the other machine configurations remaining constant as 

shown in Table 4.2. 

 

Table 4.2 Specifications of production parameters with the Asselin® needle loom 

Punch Density 

(stitch/cm2) 

Frequency 

(rpm) 

Advance/stroke 

(mm) 

Throughput 

(m/min) 

Needle Density 

(needle/meter) 

100 400 5.3 2 5000 

200 400 2.6 1 5000 

 

4.2.2 Punching force measurement 

The measurement stand of punching force during needlepunching was primarily shown in 

Figure 4.2 and detailed in Figure 4.3 attaching to the miniature model needle loom. There are 

four Z8 model force transducers (HBM, Germany), shear force strain gauge load cells, 

attached underneath each of the four corners of the frame for holding the bed plate. Shear 

strains due to needlepunch compression were converted into voltage signals and amplified by 

a four channel data acquisition station by means of a HBM DQ430 strain gauge bridge 

module, which is then connected to a PC with a specialized software package to process and 

analyze data from the measurement. The package is a “Catman” standard set provided by 

HBM together with the amplifier module. The transducer model was selected from the 
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database, so that the readings were automatically converted into forces (N) from the original 

voltage signal. 

 

 

Figure 4.3 Punching Force Measurement System 

 

The values of punching forces during needlepunching were acquired from each of the load 

cells and were averaged for comparison. A typical punching force profile was presented in 

Figure 4.4; each of the repetitions represents an entire motion of felting needles from top to 

the bottom position in every needling cycle. The peak force occurs when needles reach the 

lowest position; therefore, the frequency of peak force appearance follows exactly to the 

punch frequency (needle penetrations per minute) during production. For ease of result 
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comparison, only peak values were studied and in each measurement the peak values were 

averaged and reported with standard deviation. 

 

 

Figure 4.4 a Typical Punching Force Profile 

 

4.2.3 Visualization and analysis of needlepunched samples 

In needlepunch process, fibers on the surface of top nylon layer are reoriented into the bulk 

of web to form tufts and to hold fibrous assemblies. The cross-sections of needlepunched 

samples were visualized with optical microscopy by coloring the nylon component out of the 

PET component. 

 

The needlepunched samples were dyed with Stylacyl Blue RP dye (C.I. Acid Blue 298) 

supplied by Du Pont De Nemours & Co (Wilminton, DE). The dyeing condition was 

carefully selected and the operation was carefully preceded to achieve clear visibility of fiber 
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transfer and without changing web structures. The dye solution was prepared in a 3% (w/v) 

concentration at ambient temperature and operated in the dyeing process with material 

weight to liquid volume ratio as 1:60.  Samples were immersed into the solution at 40°C. A 

few drops of acetic acid as a neutralizing agent were added into the solution until the 

temperature was raised on a hot plate to 100°C. After leaving the solution at this temperature 

for 10 minute for sufficient reaction, the samples were washed and dried at room temperature 

for subsequent analysis.  Finally, the samples were sectioned along the cross direction to 

visualize the cross-sectional structures with a stereomicroscope Nikon SMZ1000 

StereoMicrozoom and Nikon DigitalSight DS-Fi1 camera. 

 

The cross-sectional images of the samples manufactured by the Asselin® needle loom were 

acquired for structure analysis. The actions of fiber transfer and web consolidation happening 

during needlepunch were schematically presented in Figure 4.5. A series of measurements of 

web thickness and nylon layer thickness before and after needlepunch were conducted under 

microscope for the assessment of fiber transfer volume ratio and fabric compression. 
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Figure 4.5 Two Layer Sample (a) Nylon Component on PET Layer before Needlepunch; and 
(b) Nylon Tuft Created in Thickness Direction in Needlepunch Operation 

 

The ratio of fiber volume transported was calculated as the volume loss happened in the 

Nylon layer over the initial Nylon layer volume after eliminating the effect of web 

compression, C. This method was based on two assumptions that (1) all transferred fibers 

were Nylon fibers; and (2) Nylon component and PET component shared the close enough 

web compressibility to neglect the difference. Noticing the fact that the horizontal area (XY 

plane) of fabrics was dramatically vaster with negligible size changes than the variation 

occurred in the web thickness (TD), thus the calculation was simplified into the following 

equation, 

 

 0 1

0

%   tran tran

total total

V T T C T
fiber volume transfer

V T T C

 
  


 (4.2) 
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Where T0 was the initial thickness of the Nylon component before needlepunch; T1 was the 

thickness of Nylon layer after needlepunching. Fabric compression was the measure from 

thickness reduction in the needling production, therefore, follows the equation, 

 

 
C(%)  (1

T '

T
)100% (4.3) 

 

Where T and T’ are the web thickness consisting of Nylon component and PET component 

before and after needlepunching, respectively. 

 

Theoretical fiber transfer ratio was calculated as the volume of ideal fiber transfer, Vtran, over 

the total fiber volume, Vtotal, in bulk. The ideal fiber transfer was under the assumption that 

all acting barbs were fully functioned and captured equal amount of fibers at every needle 

penetration. Due to the significant aspect ratio (51 mm length vs. 0.027 mm diameter) and 

constant cross-sectional area, a, of the 6 denier fiber used, the calculation was simplified as 

the ratio between fiber lengths, and therefore, made by adding up various fiber lengths 

captured by each needle barb that completely protruded through the fiber webs (illustrated in 

Figure 4.6) following the equation, 

 

 1 2 3% tran tran tran

total total total total

V a l l l l l
V

V a l l l

    
   


 (4.4) 
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Where, the total fiber length was calculated by the following equation with measured fabric 

weight, W, and fiber density, ρf, 

 

 
ltotal 

W

r f

 (4.5) 

 

 

Figure 4.6 Fiber Lengths Captured by Acting Barbs 

 

4.2.4 Fabric structural properties and consolidation 

The thickness, T’, and the basis weight, W, of the needlepunched felts were measured 

according to the corresponding ASTM standards. A thickness gauge (Model BG1110-1-04, 

AMES-Masters of Measurements) was used in the measurement following ASTM D5729 

test method. A GSM Circular Cutter designed specifically with a precise 100 cm2 (diameter 



 

123 

113 mm) circular area was utilized to cut samples, and with a high-precision weight balance 

for the measurement of mass per unit area based on the ASTM D3776 test standard.  

 

Solidity, µ, the function to characterize web consolidation, was obtained using the following 

equation, 

 

 
m 

Vf

V F


r f

rF


W

T '  r f

 (4.6) 

 

Where ρF and ρf are the densities of web bulk and fiber component used in the study 

 

4.2.5 Measurement and analysis of fabric properties 

4.2.5.1 Mechanical properties: tensile properties and teat strengths 

Tensile properties and tear strengths were measured following ASTM D5035-the strip tensile 

test and ASTM D2261-the tongue tear test. Tensile properties including tenacity, elongation 

at break and modulus were assessed in both machine direction (MD) and cross direction 

(CD). The moduli reported in the study were the secant modulus at 30% elongation 

calculated based on stress-strain curve of each test.  

 

Due to slight weight variation inevitably happened in the needlepunch trials, and to avoid the 

inaccurate comparison influenced by the weight difference, strengths were normalized to the 



 

124 

initially designed 400 g/m2 (200 g/m2 nylon layer + 200 g/m2 PET layer) by utilizing the 

method in the following equation, 

 

 
Snorm  Sobs 

Wnorm

Wobs

 (4.7) 

 

Where normalized property, Snorm, is the observed property, Sobs multiplying the ratio 

between nominal fabric weight, Wnorm and observed fabric weight, Wobs. 

 

By doing so, impact of area weight of needlepunched samples was eliminated, so that the 

comparison of the relative results was only made to disclose pure effects of needlepunch 

operation. 

 

4.2.5.2 Air-permeability 

Air-permeability is the property highly dependent on porous structure and pore volume. The 

property was measured with the TEXTEST FX3300 instrument in the Analytical Lab of the 

Nonwovens Institute. 12 repetitions were performed on each sample. 

 

4.3 Results and discussion 

4.3.1 Punching force analysis with the miniature model needle loom 

Punching forces were measured and compared between the two needle types when both were 

used to process 6 denier nylon + PET pre-needled fiber webs. Averaged peak forces were 
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reported in Figure 4.7. Apparently, when the 36 gauge needles with a larger barb size were 

pushing the fibers down through fabric thickness, forces required were significantly greater 

than the ones encountered by the 38 gauge needles with a relatively smaller barb size. With 

the increase of penetration depth, intensive needle penetration was involved in operation; the 

growth of punching force was in an exponential tendency for the larger needle type, whereas 

the smaller needle type had a linear increase. 

 

 

Figure 4.7 Averaged Peak Punching Forces of Samples with Different Barb Sizes 

 

Extremely high punching forces were observed when the 36 gauge needles were 

needlepunching webs at deep penetrations. The mutual compression applied between fibers 

and needle barbs to each other potentially damage fibers and break needles, both of which 

deteriorate fabric integrity and reduce production efficiency. 
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4.3.2 Analysis of cross-sectional structures and evaluation of fiber transfer 

In the needlepunch process, barbed needles capture large amount of nylon fibers and alter the 

location of these fibers from originally laying on surface to vertically protrude into the PET 

layers. The samples manufactured by the Asselin® needle loom were stained with acid blue 

dye and the cross-sectional structures were visualized under the optical microscope. These 

images were analyzed for ratios of transferred fiber volume. Fiber transfer ratios of the 

samples with 100 stitch/cm2 and 200 stitch/cm2 punch densities were separately presented in 

Figure 4.8. Both of the charts presented a similar tendency of fiber transfer with the growth 

of penetration depth. At lower depths of the 100 stitch/cm2 chart, the 36 gauge needle with 

slightly larger needle barb reoriented more fibers than that of the 38 gauge needle, once the 

needlepunch was getting intensified with deep penetration depth and particularly at the 

higher punch density, the fiber transfer of the 36 gauge needle became similar or even 

smaller than the 38 gauge needle, indicating less efficiency under these conditions. 
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Figure 4.8 Fiber Transfer Ratios Calculated Based on the Visualization of Web Cross-
sectional Structures 

 

Fiber transfer ratio had been found to be the key role of affecting mechanical properties of 

needlepunched nonwovens. Higher fiber transfer produces strong and stable fiber bundles to 

hold structures and improve potential fiber entanglement, therefore, many of the mechanical 

properties and structure stability are enhanced as a result (Roy & Ray, 2009; Roy & Ray, 

2009; Rupp, 2009; Purdy, 1980). Larger needle barbs engaged in the 36 gauge needle limited 

all acting barbs being effectively functioned when high penetration depths and high punch 

density applied. Those larger barbs which were at the lower section on felting needles and 

touched web surface earlier grabbed sufficient fibers for relocation and highly reduced the 

fiber mobility due to dramatic punching force to compress fabrics, so that the remaining 

barbs at the upper section of needle working blade were not able to capture and transfer 

anymore fibers from web surface. Vice versa, the 38 gauge needle with a matched barb size 
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to fiber diameter ensured that most of the acting barbs were functioned; hence a continuous 

and relatively steady growth of fiber transfer was observed (Figure 4.9). 

 

 

Figure 4.9 Practical Fiber Transfer Plotted against Theoretical Fiber Transfer 

 

4.3.3 Web structural properties and structure consolidation 

Needlepunch operation pushes fibers which were originally lying in the horizontal plane into 

thickness direction to hold fabric structures, and also compresses webs into consolidated 

structures by repeated motions of needle barbs. These structure changes lead to a possible 

weight change and significant thickness reduction. Basis weight of the samples 

needlepunched by the 36 gauge needle and the 38 gauge needle were presented in Figure 

4.10. The former needle type with a larger barb opening resulted in lower fabric weights per 

unit area than did by the other needle type. Larger barb area likely pushes surrounding fibers 
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further when doing penetrations, so that the amount of fibers in unit bulk was smaller for a 

lower basis weight observed. 

 

 

Figure 4.10 Basis Weight of the Samples by the Needles with Different Barb Sizes 

 

Thicknesses of samples processed by the two different needle types were presented in Figure 

4.11. In general, the 36 gauge needle reduced web thickness greater than the 38 gauge needle 

did. After the results were separated according to punch densities, at 100 stitch/cm2, the 

difference between the two needle type scenarios was big enough to identify; once the 

needlepunch was increased up to 200 stitch/cm2, the gap became negligibly small. Thickness 

reductions occurred at needlepunched fabrics was due to mainly web compression and fiber 

transfer. Greater punching forced appeared at larger barbed needles compressed fabrics more 

with therefore thinner and compact structures. When needlepunch was intensified, the 
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smaller barbed needle surpassed the fiber transfer efficiency of the larger one; their fabric 

thickness went to a balanced level.  

 

 

Figure 4.11 Thickness of the Samples Produced with the Needles with Different Barb Sizes 

 

Web consolidation was presented in Figure 4.12, which was quantified by web solidity to 

indicate web compression made by needle barbs and secured by transferred fiber bundles. 

When relatively gentle needlepunch with 100 stitch/cm2 punch density utilized in trial, the 

larger needle apparently created more compact structures than the smaller needle. Once the 

needlepunch was boosted to 200 stitch/cm2 punch density, the solidities between the two 

needle type scenarios were very close to each other, as to the superior fiber transfer 

efficiency observed in smaller needle production. 
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Figure 4.12 Web Solidities Converted from the Measurements of Thickness and Basis 
Weight 

 

Again, when needlepunch operation was getting intensified at high punch density, which was 

always required in practical production for sufficient fiber transfer and entanglement as well 

enough web consolidation, needles with larger barbs were not fully functioning, especially 

when high penetration depths were involved. Therefore, even though compression pressure 

detected as punching force during needling operation was high with larger barb openings, 

fabric were initially highly compressed by needle penetration, the portion of web 

compression secured by the formation of fiber tufts out of the initial compression was 

relatively smaller than remained by the needle types with a matching barb size and better 

fiber transfer efficiency. 
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4.3.4 Properties of needlepunched samples 

4.3.4.1 Tensile properties 

Strip tensile tests were performed with the measurements providing information of strengths 

required to break samples in both machine direction along the fiber flow (MD) and cross 

direction (CD), and elongations at break. Secant moduli at 30% of structure deformation 

were derived from the stress-strain curve obtained from the test. Due to the influencing effect 

of fiber orientation, and that needlepunched fabrics after carding and cross-lapping processes 

have most fibers aligned in the cross direction than the machine direction, fabrics are usually 

stronger in CD than in MD (Figure 4.13). 
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Figure 4.13 Tensile Strengths of Samples with Different Barb Sizes 

 

Tensile strengths of the samples produced by the two needle types under different penetration 

depths behaved very differently between the 100 stitch/cm2 and 200 stitch/cm2 scenarios. As 

being displayed, the tendencies in the chart of fiber transfer ratio, at relatively gentle needle 

penetration, meaning low penetration depth and 100 stitch/cm2 punch density, the 36 gauge 
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needle with slightly larger needle barb produced stronger fabrics against being pulled apart in 

both machine direction and cross direction. At this production condition, the 36 gauge needle 

had higher fiber transfer efficiency than the 38 gauge needle. When the punch density was 

increased to 200 stitch/cm2, the 38 gauge needle with a smaller barb opening had fiber 

transfer efficiency highly improved, so that the tensile strengths were enhanced to a 

comparable level or even stronger than the fabrics by the 36 gauge needle in both MD and 

CD. 

 

As pre-needled fiber fleeces after carding and cross-lapping have more fibers oriented in 

cross-direction, needlepunch process may change fiber orientation to balance the properties 

in MD and CD. The ratios of MD and CD tensile strengths indicate in what degree fibers are 

oriented in machine direction or cross direction. All of the ratios in Figure 4.14 were lower 

than 1, meaning fibers were still slightly cross direction oriented, and the strengths in CD 

were higher than the ones in MD. According to the graphs, barb size did not obviously 

change fiber orientation distribution at horizontal plane.  
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Figure 4.14 MD/CD Ratio Indicates Fiber Orientation Distribution 

 

The secant moduli showed consistent tendencies in MD and CD in Figure 4.15. Likewise the 

tensile strengths, at 100 stitch/cm2 punch density, samples with the 36 gauge needle 

apparently had higher moduli than the fabrics with the 38 gauge needle. Once the higher 

punch density was applied, the fabrics processed by the 38 gauge needle were effectively 

strengthened with resulted moduli comparable to the ones with the 36 gauge needle in cross 

direction and higher in machine direction. 
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Figure 4.15 Modulus of Samples Needlepunched by Two Different Barb Sizes 

 

The bonding efficiency of the 38 gauge needle with smaller needle barb grew significantly 

from 100 stitch/cm2 to 200 stitch/cm2; the growth was superior to the 36 gauge needle with 

relatively larger needle barbs. So the smaller needle barb was observed with advanced fiber 

transfer efficiency when intensive needlepunch was utilized in production, which was 
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common in industrial productions as the lower punch density was inadequate to produce 

most of the needlepunch applications. In addition, the needle with larger barb applied 

exceptional punching pressure to fibers, and vice versa fiber bundles pushed hardly on needle 

barbs, which potentially caused more fiber and needle breakage, not mentioning the energy 

consumed due to high demanding punching force. 

 

4.3.4.2 Tear strength 

Tear strengths of needlepunched samples by the 36 gauge needle and the 38 gauge needle 

were measured and presented in Figure 4.16. Different to the tensile performance, no matter 

what punch density was considered, samples produced by the 38 gauge needle mostly had 

better tear resistance. Due to fiber orientation distribution slightly different in MD and CD, 

strength differences in MD (at both 100 stitch/cm2 and 200 stitch/cm2) between the two 

needle type scenarios were relatively small, whereas the gaps in CD were greater with 

strengths by the 38 gauge needle clearly higher than the ones by the 36 gauge needle. 
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Figure 4.16 Tear Strength of Samples Produced by Two Different Barb Sizes 

 

Tear strength has a more complicated failure mechanism than tensile breakage. High fiber 

transfer for better potential fiber entanglement and fabric consolidation enhances fiber 

packing and frictions against being torn apart easily. More importantly, the propagation was 

constrained by the formation of Del region with rip stop as schematically depicted in Figure 
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4.17 (R.Witteveen, L.Adriaan, & A.Cooper). The exceptional punching forces that the 36 

gauge needle applied on fiber transfer highly reduced fiber mobility and might break fibers 

severely to reduce fiber length more than the 38 gauge needle; both of the possible conditions 

reduced the chance of rip stop formation, and hence, reduced tear resistance. 

 

 

Figure 4.17 Schematic of a Del Region Formation during Tear Propagation 

 

4.3.4.3 Air-permeability and its correlation with web consolidation 

Permeability of liquid or gas medium through needlepunched products is highly related to the 

pore volume and pore distribution inside of the structure. Air-permeability, hence, was 

measured and reported in Figure 4.18. Air-permeability was consistent to the observations of 

structure consolidation: with 100 stitch/cm2 punch density, the 36 gauge needle produced 

better consolidation and therefore had lower air-permeability; with 200 stitch/cm2, the web 
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consolidation associated with the 36 gauge needle was not superior anymore, so its air-

permeability was equal or higher than that of the 38 gauge needle. 

 

 

Figure 4.18 Air-permeability of Samples Produced by Different Barb Sizes 

 

As the porous structure of needlepunched nonwovens was the result of fiber packing and 

consolidation, therefore, the correlation between air-permeability and web solidity exists and 

was displayed in Figure 4.19. Under this production circumstance, there was a linear 

correlation holding regardless what production parameters were utilized, as long as the fiber 

diameter used in production was consistent (Gibson, Lee, Ko, & Reneker, 2007; Gibson, 

Rivin, Kendrick, & Gibson, 1999). 
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Figure 4.19 Linear Correlation between Air-permeability and Solidity 

 

4.4 Summary and conclusion 

This study was developed to mainly investigate effects of needle size used in needlepunch 

production. Two needle types, the 38 gauge needle with smaller barb size (0.07 mm + 0.005 

mm) and the 36 gauge needle with larger barb size (0.11 mm + 0.005 mm), were selected to 

process the 2 layer web structure composed of 6 denier nylon and PET fiber components. 

 

To select suitable needle type with barb size matches the size of fibers is of importance for 

optimal fiber transfer and entanglement efficiency. The 38 gauge needle had the barb size 

fitting to the diameter of the 6 denier fibers, particularly the nylon component, which was 

considered as the only component captured and transferred by needle barbs; whereas the 36 

gauge needle had slightly larger barb to process this fiber fineness. Full factorial 
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experimental designs were made with combinations of 100 stitch/cm2 and 200 stitch/cm2 

punch densities and four penetration depths, namely 4mm, 6mm, 9mm and 12 mm. 

 

When the condition with gentle needlepunch operation was applied, which means relatively 

low penetration depths and 100 stitch/cm2, higher fiber transfer efficiency and better property 

enhancement were observed at the samples produced by the 36 gauge needle. Once the punch 

density went up to 200 stitch/cm2, where industrial scale productions always engage in even 

higher punch densities, the 38 gauge needle improved the fiber transfer and mechanical 

performances of fabrics to the optimum which was closely comparable or even superior to 

the ones by the 36 gauge needle. Web consolidation had very similar result, though the 

differences between the two needle scenarios were consistently subtle. 
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Chapter 5 Studying the Impact of Fiber Fineness on Web Structure and 

Properties 

5.1 Introduction 

Needlepunching, as one of the mechanical bonding technologies with the longest developing 

history, is to reorient fibers by barbed needles repeatedly penetrating through fabrics. Re-

emerging of needlepunch process, which once lost its market share against other bonging 

techniques, was the result of advances in modern needlepunch technology. The versatility 

and high productivity ensured the global market share of needlepunched fabrics around 30% 

of world nonwoven production (Rupp, 2009). 

 

Fiber property itself is one of the dominant elements of determining final performances of 

needlepunched products (Rupp, 2009; Purdy, 1980). Fiber property varies with many 

variables including fiber composition, fiber fineness, and fiber length and so on. There have 

been some researches investigating fiber size and fiber type effects on fabric properties by 

observing punching forces and comparing fabric mechanical properties (Goswami, Beck, & 

Scardino, 1972; Hearle & A.T.Purdy, 1972; Gibson, Lee, Ko, & Reneker, 2007; Gibson, 

Rivin, Kendrick, & Gibson, 1999). The importance of selecting right fibers for specific 

products and desired properties had been well recognized. However, most of the prior 

researches did not have individual variables well controlled, and more importantly, they did 

not have right needle types with needle gauges and needle barbs matching the size of fibers 

being processed (Foster; Groz-Beckert; Purdy, 1980). According to the experiences and 
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relevant studies, it was recommended that averagely 5 to 7 fibers captured by every needle 

barb be the optimum to ensure sufficient fiber transfer and amply of fibers remaining in 

horizontal plane for stable structures (Watanabe, Miwa, Yokoi, & Merati, 2004). Almost 

none of the previous studies were found following the recommendations, so the results were 

not meaningful for guiding practical productions. 

 

To disclose the mechanisms of how fibers with different fineness affect fiber transfer and 

structure consolidation, characterizing fabric structures is helpful. Hearle at al. was the first 

who noticed the importance of visualizing web structures to investigate fiber reorientation 

altered by varying punch density and penetration depth. They embedded needlepunched webs 

in Cemar resin and acquired images of the cross-sectional surfaces with optical microscope 

(J.W.S.Hearle & M.A.I.Sultan, 1968; Hearle & Choudhari, 1969; J.W.S.Hearle, A.T.Purdy, 

& J.T.Jones, 1973; J.W.S.Hearle, M.A.I.Sultan, & T.N.Choudhari, 1968). Utilizing tracer 

fibers with distinguishable color against the substrate was initially brought up in scope by 

Hearle at al. as well (Hearle & Choudhari, 1969) . Venu et al. used a two-layer composite 

consisting of Nylon top layer and PET bottom layer to visualize the structures of 

hydroentangled fabrics. As these two fibers have distinct staining properties, the fiber 

reorientation was effectively tracked inside of the fabric structure (Venu, Shim, 

Anantharamaiah, & Behnam Pourdeyhimi, 2013). 

 

In this study, we investigated effects of fiber fineness on a needlepunch process. All the other 

variables, for instance machine configurations, needle designs as well as fiber dimension and 
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properties were carefully controlled. Two combinations of fiber fineness and needle barb size 

were designed for comparison. The selection of fiber size and barb size for the two 

combinations were intended to have same barb size to fiber diameter ratio, so that the fiber 

transfer ratio between the two combinations was consistent, and the real impact of fiber size 

was reflected. Structural properties for needlepunched samples were analyzed to construct 

connections between process and fabric properties. 

 

5.2 Materials and experimental 

5.2.1 Material preparation and needlepunched nonwoven production 

To facilitate the visualization of the structural changes caused by needlepunch operation, a 

two-layer structure was formed consisting of a 200 g/m2 nylon top layer and a 200 g/m2 PET 

bottom layer. Two types of such samples were prepared consisting of 6 denier fibers (6 

denier nylon + 6 denier PET) and 15 denier fibers (15 denier nylon + 15 denier PET). Both 

Nylon and PET fibers from Invista™ were 2 inches in length with a round fiber cross-

section. Each layer was individually prepared through fiber opening, carding, cross-lapping 

and slightly pre-needling with the commercial staple fiber processing line manufactured by 

Truetzschler Nonwovens in the Staple Lab of the Nonwovens Institute (Raleigh, North 

Carolina).  

 

These two-layer structures were subsequently needlepunched by two different needlepunch 

devices: (1) a lab scale miniature model needle loom, or (2) the Asselin® needle machine in 

the Nonwovens Institute (Raleigh, NC). Felting needle types were carefully selected with 
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barb sizes matching respective fiber fineness. Important needle components commonly used 

to characterize needle size were schematically illustrated in Figure 5.1. 

 

 

Figure 5.1 Schematic Diagram of a Felting Needle with a Regular Barb Spacing 

 

Two types of felting needles were supplied by Groz-Beckert: 15x18x38x3.5 R222 G3047 

and 15x18x36x3.5 R333 G3017 with barb sizes specified in Table 5.1 as well as the 

diameters of the 6 denier fiber and the 15 denier fiber (Watanabe, Miwa, Yokoi, & Merati, 

2004; Groz-Beckert; Foster). These two needle/fiber combinations were selected under the 

recommendations of Watanabe’s research, and ensured to share a similar ratio of barb size to 

fiber diameter. 
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Table 5.1 Specification of Fiber Size and Needle Barb Size 

Fibers 

(denier) 

Diameter 

(µm) 

Needle Gauge/ 

Height (mm) 

Barb Size (mm) 

barb depth + kick-up 

Ratio: 

Barb/Fiber 

6 27.3 38 gauge/0.50 mm 0.07+0.005 2.75 

15 43.2 36 gauge/0.65 mm 0.11+0.005 2.66 

 

Both needles have an equilateral triangular cross-sectional shape but with different gauges 

(the height of the triangular working blade illustrated in Figure 5.1). These two needle types 

have a 3.5 inch total needle length, and a 3.18 mm needle point to first barb distance as well 

as a regular barb spacing, which represents a 6.36 mm distance between two barbs on same 

edge and a 2.12 mm distance between any two adjacent barbs on different edges. The 38 

gauge needle has totally 6 barbs, and the 36 gauge needle has 9 barbs. Since they are sharing 

same barb distances, at given penetration depth, these two types of needles have same 

amount of acting barbs which are the barbs have been completely penetrated through fabric 

thickness.  

 

The lab scale miniature model needle loom were used to compare the punching forces of the 

two needle/fiber combinations under various penetration depth with different amount of 

acting barbs for references. Four penetration depths, which were 4 mm, 6 mm, 9 mm, and 12 

mm, were applied in trials. These penetration depths are corresponding to 1 acting barb, 2 

acting barbs, 3 acting barbs and 5 acting barbs. The schematic structure of the needle loom 

was illustrated in Figure 5.2.  
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Figure 5.2 Diagram of the Miniature Needle Model Machine 

 

The trial was operated with punch frequency, f, constant at 200 rpm and 180 needles installed 

in a 12 cm by 8 cm area of needle board (d, needle board density) as well as a 1 meter per 

minute taking out speed, v, controlled by the speed of takeout rolls. The total punch density, 

N, was then calculated as 29 stitch/cm2 with the following equation, 

 

 
N 

d  f

v 10000
 (5.1) 

 

The Asselin® needle machine were afterwards utilized to produce 6 denier samples 

needlepunched by the 38 gauge needle and 15 denier samples by the 36 gauge needle under 

the processing conditions that resemble industrial scale needle punching to investigate 

sample properties. Similarly, the four penetration depths, 4 mm, 6mm, 9mm and 12 mm, 
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were applied to have designated amount of acting barbs performed penetrating through the 

two-layer materials. 100 stitch/cm2 total punch density was achieved by employing 400 

punches per minute frequency, 5000 needle board density and 1 meter per minute throughput 

speed. 

 

5.2.2 Punching force measurement with the miniature model needle loom 

The measurement stand of punching force during needlepunching was primarily shown in 

Figure 5.2 and detailed in Figure 5.3. There are four Z8 model force transducers (HBM, 

Germany), shear force strain gauge load cells, attached underneath each of the four corners of 

the frame for holding the bed plate. Shear strains due to needlepunch compression were 

converted into voltage signals and amplified by a four channel data acquisition station by 

means of a HBM DQ430 strain gauge bridge module, which is then connected to a PC with a 

specialized software package to process and analyze data from the measurement. The 

package is a “Catman” standard set provided by HBM together with the amplifier module. 

The transducer model was selected from the database, so that the readings were automatically 

converted into forces (N) from the original voltage signal.  
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Figure 5.3 Schematic Diagram of the Punching Force Measurement System 

 

The values of punching forces during needlepunching with two needle/fiber combinations at 

respective penetration depths were acquired from each of the load cells and were averaged 

for analysis. A typical punching force profile was presented in Figure 5.4, and each of the 

repetitions represents a complete motion of felting needles from top to the bottom position in 

every needling cycle. The peak force occurs when needles reach the lowest position; 

therefore, the frequency of peak force appearance follows exactly to the punch frequency 

(needle penetrations per minute) in production. For ease of result comparison, only peak 

values were studied and in each measurement the peak values were averaged and reported 

with standard deviation. 

 



 

152 

 

Figure 5.4 a Punching Force Profile Follows Cycles of Needle Motion 

 

5.2.3 Visualization and analysis of needlepunched fabric structures 

In needlepunch process, fibers on the surface of the top nylon layer are reoriented into the 

bulk of the web to form tufts and to hold fibrous assemblies. The cross-sections of 

needlepunched samples were visualized with optical microscopy by coloring the nylon 

component out of the PET component. 

 

The needlepunched samples were dyed with Stylacyl Blue RP dye (C.I. Acid Blue 298) 

supplied by Du Pont De Nemours & Co (Wilminton, DE). The dyeing condition was 

carefully controlled and the operation was carefully preceded to achieve clear visibility of 

fiber transfer without changing web structures. The dye solution was prepared in a 3% (w/v) 

concentration at ambient temperature and operated in the dyeing process with material 

weight to liquid volume ratio as 1:60. Samples were immersed into the solution at 40°C. A 
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few drops of acetic acid as a neutralizing agent were added into the solution until the 

temperature was raised on a hot plate to 100°C. After leaving the solution at this temperature 

for 10 minutes for sufficient reaction, the samples were washed and dried at room 

temperature for subsequent analysis. Finally, the samples were sectioned along the cross 

direction to visualize the cross-sectional structures with a stereomicroscope Nikon SMZ1000 

StereoMicrozoom and Nikon DigitalSight DS-Fi1 camera. 

 

Cross-sectional images of the samples manufactured by the Asselin® needle loom were 

acquired for structure analysis. The actions of fiber transfer and web consolidation happening 

during needlepunch were schematically presented in Figure 5.5. A series of measurements of 

web thickness and nylon layer thickness before and after needlepunch were conducted under 

microscope for the assessment of fiber transfer volume ratio and fabric compression. 

 

 

Figure 5.5 Two Layer Web Structure before and after Needlepunch: (a) Nylon Component 
Laying on PET Layer before Needlepunch, and (b) Nylon Tuft Created in Thickness 
Direction in Needlepunch Operation 
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The ratio of fiber volume transported was calculated as the volume loss happened in nylon 

layer over the initial nylon layer volume after eliminating the effect of web compression, C. 

This method was based on two assumptions that (1) all transferred fibers were Nylon fibers; 

and (2) Nylon component and PET component shared the close enough web compressibility 

to neglect the difference. Noticing the fact that the horizontal area (MD and CD plane) of 

fabrics was dramatically vaster with negligible size changes than the variation occurred in the 

web thickness (TD), thus the calculation was simplified into the following equation, 

 

 0 1

0

%   tran tran

total total

V T T C T
fiber volume transfer

V T T C

 
  


 (5.2) 

 

Where T0 was the initial thickness of nylon component before needlepunch; T1 was the 

thickness of nylon layer after needlepunching. Fabric compression was the measure from 

thickness reduction in the needling production, therefore, follows the equation, 

 

 
C(%)  (1

T '

T
)100% (5.3) 

 

Where T and T’ are the web thickness consisting of nylon component and PET component 

before and after needlepunching, respectively. 
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5.2.4 Fabric structure properties and consolidations 

The thickness, T’, and the basis weight, W, of the needlepunched felts were measured 

according to the corresponding ASTM standards.  A thickness gauge (Model BG1110-1-04, 

AMES-Masters of Measurements) was used in the measurement following ASTM D5729 

test method. A GSM Circular Cutter designed specifically with a precise 100 cm2 (diameter 

113 mm) circular area was utilized to cut samples, and with a high-precision weight balance 

for the measurement of mass per unit area based on the ASTM D3776 test standard.  

 

Solidity, µ, the function to characterize web consolidation, was obtained using the following 

equation, 

 

 
m 

Vf

V F


r f

rF


W

T '  r f

 (5.4) 

 

Where ρf is the density of solid fibers used in the felt. 
 

5.2.5 Measurement and characterizations of fabric properties 

5.2.5.1 Mechanical properties: tensile properties and tear strength 

Tensile properties and tear strengths were measured following ASTM D5035-the strip tensile 

test and ASTM D2261-the tongue tear test. Tensile properties including tenacity, elongation 

at break and modulus were assessed in both machine direction (MD) and cross direction 

(CD). The moduli reported in the study were the secant modulus at 30% elongation 

calculated based on stress-strain curve of each test.  
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Due to slight weight variation inevitably happened in the needlepunch trials, and to avoid the 

inaccurate comparison influenced by the weight difference, strengths were normalized to the 

initially designed 400 g/m2 (200 g/m2 nylon layer + 200 g/m2 PET layer) by utilizing the 

method in the following equation, 

 

 
Snorm  Sobs 

Wnorm

Wobs

 (5.5) 

 

Where normalized property, Snorm, is the observed property, Sobs multiplying the ratio 

between nominal fabric weight, Wnorm and observed fabric weight, Wobs. 

 

By doing so, impact of area weight of needlepunched samples was eliminated, so that the 

comparison of the relative results was only made to disclose pure effects of needlepunch 

operation. 

 

5.2.5.2 Air-permeability 

Air-permeability is the property highly dependent on porous structure and pore volume. The 

property was measured with the TEXTEST FX3300 instrument in the Analytical Lab of the 

Nonwovens Institute. 12 repetitions were performed on each sample. 
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5.3 Results and discussion 

5.3.1 Analysis of cross-sectional structures and fiber transfer efficiency 

During the needlepunch process, barbed needles capture large amount of nylon fibers and 

alter the location of these fibers from originally laying on surface to vertically staying in the 

PET layers. The samples manufactured by the Asselin® needle loom were stained with acid 

blue dye, and their cross-sectional structures were visualized under the optical microscope. 

These images were analyzed for evaluating ratios of transferred fiber volume with results 

shown in Figure 5.6. The fiber transfer efficiencies of these two combinations no matter at 

what penetration depth were very close to each other with negligible differences. This result 

was expected as fiber transfer efficiency is highly dependent on the needle barbs used in 

process. The two combinations with very close barb size/fiber diameter ratios, therefore, 

resulted in similar fiber transfer ratio. 

 

 

Figure 5.6 Fiber Transfer Calculated Based on the Visualization of Cross-Sectional Structure 
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Fiber transfer ratio had been found to be the key role of affecting mechanical properties of 

needlepunched nonwovens. Higher fiber transfer produces strong and stable fiber bundles to 

hold structures and improve potential fiber entanglement, therefore, many of the mechanical 

properties and structure stability are enhanced as a result (Roy & Ray, 2009; Roy & Ray, 

2009; Rupp, 2009; Purdy, 1980). However, in this study, similar fiber transfer was achieved 

to eliminate the influence from this perspective, so the differences observed of properties 

were all due to fiber property itself. 

 

5.3.2 Punching force analysis 

Punching forces were measured and compared between the two needle/fiber combinations, 

which were 38 gauge needles processing 6 denier webs and 36 gauge needles for 15 denier 

webs. Averaged peak forces were reported in Figure 5.7. The samples made of 15 denier 

fibers required more punching forces for processing than the ones with 6 denier fibers, 

though the fiber transfer ratios were similar between the two combinations. Larger barb area 

(like the 36 gauge needle) likely encounters greater resistant pressure in the operation (see 

the result in chapter 4), so with a given cross-sectional thickness of needle working blade, 

barbs are constrained to be opened too large on needle edges to avoid excessive pressure for 

severer needle breakage. Fiber properties, particularly the bending rigidity, played an 

essential role of causing differences of punching force. The 15 denier fibers with 

significantly larger fiber diameter, therefore, much more rigid against fiber loop formation 

wrapping around needle barbs for transport through fabric thickness. 
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Figure 5.7 Averaged Peak Punching Force of the Two Needle/Fiber Scenarios 

 

5.3.3 Analysis of web structural properties and fabric consolidation 

Needlepunch operation highly reduces web thickness from its original pre-needled status due 

to fiber transfer and compression pressure applied by needle barbs when pulling fibers 

through fabric thickness. The 15 denier samples processed by the 36 gauge needles had 

slightly higher weight per unit area (Figure 5.8) than the 6 denier ones with the 38 gauge 

needles. The graph of thickness were also presented in Figure 5.8, the 15 denier samples 

were thicker than the counterparts made of the 6 denier fibers, even though higher punching 

force was associated with the 15 denier fabrics, where higher web compression was supposed 

to happen. The 15 denier fibers with significantly higher fiber rigidity, which is functioned 

by the fourth power of fiber diameter (F.Baltenneck, 2001; Warner, 1995), prevented these 

fibers from bending, meanwhile, easily rebounded to the original position and recovered 

from elastic deformation. Larger amount of the fibers moving back when needles were 

0

2

4

6

8

10

12

14

4mm 6mm 9mm 12mm

A
ve

ra
ge

d
 P

e
ak

 P
u

n
ch

in
g 

Fo
rc

e
 (

N
)

Penetration Depth (mm)

38 gauge/6 denier

36 gauge/15 denier



 

160 

retrieving from penetration hence filled needle holes without obviously pushing surrounding 

fibers away, and fabric weight didn’t reduce from the original 400 g/m2 pre-needled web 

weight. However, this is not the case for the 6 denier fibers, lower fiber bending rigidity 

eased for fiber reorientation and stabilization, so the gaps between the two combinations 

were getting bigger with the increase of penetration depth. Besides, attributed to the high 

bending resistance, large portion of these samples’ thickness recovered once needle 

compression pressure removed from operations, so that thicker samples were produced. 

 

 

Figure 5.8 Basis Weight and Thickness of the Samples 

 

Due to the fact that web basis weight slightly differed; and compared to these differences, 

significant gaps of fabric thickness between the two combinations were observed under 

various penetration depths determined web solidity. As illustrated in Figure 5.9, 6 denier 

fabrics had greater web solidities than the 15 denier samples, indicating that fiber packing of 
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the 6 denier fibers was dramatically greater than the packing density of 15 denier fibers 

inside of bulks.  

 

 

Figure 5.9 Solidities Converted from the Measurements of Thickness and Fabric Weight 

 

The 15 denier fibers, as more rigid, prevented fibers from packing too close to each other 

than the finer fibers. Under same fiber transfer efficiency, in order to sufficiently compress 

fabrics and to have stable fiber tufts securely positioned through fabric thickness to produce 

consolidated needlepunched structures with improved fabric performances, deep needle 

penetration is one of the options to pull fiber bundles deep enough and stabilized preventing 

from recovery. 
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5.3.4 Properties of needlepunched samples 

5.3.4.1 Tensile properties 

Strip tensile tests were performed with the measurements providing information of strengths 

required to break samples in both machine direction along the fiber flow (MD) and cross 

direction (CD), and elongations at break. Secant moduli at 30% of structure deformation 

were derived from the stress-strain curve obtained from the test. Due to the influencing effect 

of fiber orientation, and that needlepunched fabrics after the carding and cross-lapping 

process have fibers aligned more in the cross direction than the machine direction, fabrics are 

usually stronger in CD  than in MD (Figure 5.10). 

 

 

Figure 5.10 Tensile Strengths in MD and CD 

 

Tensile strengths of the samples produced based on the two needle/fiber combinations had 

exactly same tendencies in machine direction and cross direction, though the strengths in CD 
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were higher than the ones in MD. 6 denier samples had significantly higher strengths than the 

15 denier fabrics. Tensile strengths normally depend on fiber transfer efficiency when same 

fibers are processed. In this study, two different fibers are needlepunched, the 15 denier 

fabrics with low fiber packing density hardly provided adequate surface friction between 

fibers to withstand fabrics from being pulled apart. Bulky structures in this case had large 

amount of voids defecting the samples, therefore, very low tensile strengths observed at the 

samples made of the 15 denier fibers. 

 

As the pre-needled fiber fleeces after carding and cross-lapping have more fibers oriented in 

cross-direction, needlepunch process may change fiber orientation to balance the properties 

in MD and CD. The ratios of MD and CD tensile strengths indicate in what degree fibers are 

oriented in machine direction or cross direction. All of the ratios in Figure 5.11 were lower 

than 1, meaning fibers were still slightly cross direction oriented. The samples made of the 

larger fibers and processed by the needles with slightly bigger needle barbs did have better 

uniformity of fiber orientation distribution between MD and CD than that of the 6 denier 

ones. The MD/CD ratio of 15 denier sample at 12 mm penetration depth was very close to 1 

(MD:CD=0.99), and the fiber orientation was well balanced in MD and CD with the tensile 

strengths observed at this point very close to each other (Figure 5.10). 
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Figure 5.11 MD to CD Ratio Indicates Fiber Orientation Distribution 

 

The secant moduli showed consistent tendencies in MD and CD in Figure 5.12. The 6 denier 

fabrics had significantly higher moduli than the 15 denier fabrics. Due to the difference of 

fiber orientation in horizontal plane, 6 denier samples had fibers highly CD oriented with 

MD/CD ratio all lower than 0.8, thus, their moduli observed were greater in CD than in MD. 

However, since 15 denier samples had fiber orientations approaching to the balance between 

MD and CD, particularly at 12 mm, the ratio extremely close to 1, the moduli in MD and CD 

were almost same with each other.  
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Figure 5.12 Moduli of Samples Measured in MD and CD 

 

Modulus as the stiffness of needlepunched nonwovens does not only depend on fiber transfer 

but also related to web consolidation. More fiber transfer and higher fabric packing density 

stiffen the fabrics. Even though 15 denier fibers have superior stiffness than the 6 denier 

fibers, the fabrics made of the 15 denier fibers were bulkier and soft than the ones with the 6 

denier fibers. 

 

5.3.4.2 Tear strength 

Tear strengths of needlepunched samples were also measured to study the impact of fiber 

fineness, namely 6 denier fibers and 15 denier fibers, processed by the corresponding needle 

types (Figure 5.13). The 6 denier samples were all stronger against tear failure than the 

counterparts composed of 15 denier fibers. The gaps between the two combinations were 
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getting smaller with the increase of penetration depth from 4 mm to 12 mm, as more fibers 

were transferred and entangled.  

 

 

Figure 5.13 Tear Strengths of Samples in MD and CD 

 

Since tear strength was also affected by fiber orientation distribution in a way opposite to the 

tensile properties, more fibers aligning in the cross direction easily to form a Del region (rip 

stop in Figure 5.14) to stop failure propagating through machine direction (R.Witteveen, 

L.Adriaan, & A.Cooper); that was why higher strengths were observed in MD than in CD in 

most cases, particularly for the 6 denier samples with MD/CD ratios all lower than 0.8.  
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Figure 5.14 Schematic of a Del Region Formation during Tear Propagation 

 

For the 15 denier fibers, though stronger and stiffer than 6 denier fiber, fibers packed loosely 

and easily slip against each other. Therefore, the samples were torn apart with very small 

forces required. Once the fiber transfer and entanglement were enhanced at deeper 

penetration depth, such as the 9 mm, fiber slippage was minimized and fiber properties 

started playing a significant role that strong fibers form Del region to resist failure. However, 

when intensive needlepunch at extreme high penetration depth, such as the 12 mm, was 

applied, though transferred more fibers and potentially more fiber entanglement, reduced 

fiber mobility for close fiber packing, the rip stop was limited to form, so that the tear 

strengths observed were not increasing and even a slight decrease in both directions. This 

phenomenon applied to both 6 denier fabrics and 15 denier fabrics. 
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5.3.4.3 Air-permeability and its correlation with web consolidation 

Permeability of liquid or gas medium through needlepunched products is highly related to the 

pore volume and pore distribution inside of the structure. Air-permeability, hence, was 

measured and reported in Figure 5.15. The 15 denier samples were observed with 

dramatically higher air-permeability than the 6 denier fabrics. Coarser and stiffer fibers 

resisted from bending for fiber transfer and entanglement, as well against being packed too 

close to each other; therefore, larger voids between fibers exist for air freely flowing through 

fabric thickness. 

 

 

Figure 5.15 Air-permeability of the Samples 

 

As the porous structure of needlepunched nonwovens was the result of fiber packing and 

consolidation, therefore air-permeability was plotted by web solidity, and the graph was 

displayed in Figure 5.16. Under this production circumstance, roughly linear relationships 
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between solidity and air-permeability were observed regardless what production parameters 

were utilized. Fiber fineness affects the relationship. Even at the same solidity level, 15 

denier samples have higher air-permeability and this can be explained by larger pore size 

formed by larger fibers (Gibson, Lee, Ko, & Reneker, 2007; Gibson, Rivin, Kendrick, & 

Gibson, 1999) 

 

 

Figure 5.16 Correlation between Air-permeability and Solidity 

 

Higher solidity, better web consolidation, resulted in lower air-permeability. The correlation 

of the 15 denier samples showed a steep decrease with the increase of web solidity than that 

of the 6 denier fabrics. Therefore, it is likely that the pore volume and the permeability of the 

samples made of the coarser fibers were relatively easier to reduce by enhancing 

needlepunching operations.  
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5.4 Summary and conclusion 

This study was developed to mainly investigate effects of fiber fineness used to make 

needlepunched nonwovens. Fibers with two different fineness, namely 6 denier and 15 

denier, were needlepunched with correspondingly matching sized needle types. The 38 gauge 

needle with finer working blade and smaller needle barbs was for the 6 denier fibers; and the 

36 gauge needle with coarser working blade and bigger barbs was for processing the 15 

denier fibers. The two combinations were designed to have same barb size/fiber diameter 

ratio. Fiber transfer efficiency is dependent on the ratio when all the other production 

parameters are controlled, so almost identical fiber transfer volume ratio was observed 

between the two combinations. 

 

Under the conditions with similar fiber transfer efficiencies, fiber property dominated fabric 

properties. Because of significantly different bending rigidities between the two fiber 

fineness, fibers were packed in distanced levels: the 15 denier fibers, largely stiffer, than the 

6 denier fibers didn’t sufficiently consolidated and entangled. These fibers tended to move 

back to the original place and recovered from needlepunch compression. For all these 

reasons, very bulky structures were observed and caused more potential fiber slippage 

against tensile and tear failures, as well as higher air-permeability than the samples composed  
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Chapter 6 Studying the Impact of Needle Parameter Part II: Effects of 

Cross-sectional Shapes at Needle Working Blade 

6.1 Introduction 

Needlepunching is a nonwoven bonding technology to mechanically reorient fibers by 

repeated penetrations of barbed needles through fiber webs. Through its long history of 

developments, needlepunching has been evolved to the one with the most versatility. It can 

process various fiber materials for numerous applications, including nonwoven composites, 

insulation felts, medical textiles, filter bags, upholstery, and automotive applications and so 

on. Needlepunched nonwovens take about 30% of market share in the global nonwoven 

market (Rupp, 2009), and the market share is still continuously growing, which fosters the 

technology into an even more flexible and productive process. 

 

Two mechanical operations are involved throughout the needlepunch process. They are fiber 

reorientation and fabric compression, both of which change fiber arrangement and fabric 

structure. Barbed needles grab fibers from web surface and reorient them into the web 

thickness direction (TD) forming fiber tufts to hold structure against deterioration; at the 

same time, the needles being guided by needle board with thousands of felting needles 

inserted on it compress fiber fleece into a compact fibrous assembly while needles are 

penetrating through fiber webs. 
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Felting needles are the only machinery component directly interacting with fibers during 

needlepunch operation. Diverse needle designs in terms of the thickness of working blade 

(also known as needle gauge), geometries of working blade, barb shape, barb size and the 

distances between neighboring barbs etc. have been developed. It has been proved of extreme 

importance to use the right needle with needle geometries and dimensions matching the sizes 

of fibers to be processed and product properties desired (Groz-Beckert; Purdy, 1980; 

Watanabe, Miwa, Yokoi, & Merati, 2004). To select correct needle types, understandings of 

how the cross-sectional shapes of needle working blade are crucial. 

 

A wide range of needle types engaged in distinguishably unique cross-sectional shape 

designs is available, such as Triangular needle, Tri-Star® needle, Eco-Star® needle, Cross-

Star® needle and so on, to satisfy different property preferences of needlepunched 

nonwovens. The conventional needle type with an equilateral triangular (60° edge angle) 

cross-sectional shape with various needle gauges and barb dimensions is the one that is 

mostly used. Advanced needle types were all evolved from the Triangular needle. Tri-Star® 

needle and Eco-Star® needle have reduced cross-sectional areas by 8% and 13% respectively 

and narrowed barb edge angles than the Triangular needle. According to the concepts of 

inventing these two needle types, the relatively smaller cross-sectional areas consume less 

energy but rarely compromise any needle durability; and more importantly, the sharper 

angles create smaller looping angles resulting in tight fiber grips at fiber transport by barbs 

(Groz-Beckert). 
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Several attempts were made to investigate fiber transfer mechanism. Watanabe et al. 

theoretically estimated fiber transfer by taking the fiber size, fabric basis weight, and needle 

barb size selected for production into account (Watanabe, Miwa, Yokoi, & Merati, 2004); 

however, they did not consider impacts of the geometry of a needle working blade and other 

production parameters on the mechanisms of fiber transfer. They also have not 

experimentally verified their estimation. Hearle et al. was the first who noticed the 

importance of visualizing web structures to investigate fiber reorientation. They observed 

differences in structures caused by changing punch density and penetration depth. They 

embedded needlepunched webs in Cemar resin and acquired images of the cross-sectional 

surfaces with an optical microscope (J.W.S.Hearle & M.A.I.Sultan, 1968; Hearle & 

Choudhari, 1969; J.W.S.Hearle, A.T.Purdy, & J.T.Jones, 1973; J.W.S.Hearle, M.A.I.Sultan, 

& T.N.Choudhari, 1968). Utilizing tracer fibers with distinguishable color against the 

substrate was initially brought up in the scope by Hearle et al. as well (Hearle & Choudhari, 

1969). Venu et al introduced a method of charactering structures of hydrentangled 

nonwovens. A two layer composite consisting of Nylon and PET fibers respectively in each 

layer was designed. Special dyes were used which were exclusively sensitive to one of the 

fiber components, so that the fabric structures were visualized with reoriented fiber bundles 

identified in unique colors under microscope (Venu, Shim, Anantharamaiah, & Behnam 

Pourdeyhimi, 2013). And such method has never been found in use of needlepunched 

nonwovens. 
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Consolidation happens when felting needles compress fabrics, as a result, fibers packed 

closely with each other. Web solidity, also known as the bulk density of nonwoven fabrics or 

fiber volume fraction, is an indicator of fabric consolidation. The importance of utilizing this 

factor to characterize consolidation of needlepunched products has been demonstrated in 

various prior researches. Particularly its correlation with air-permeability (Gibson, Rivin, 

Kendrick, & Gibson, 1999; Gibson, Lee, Ko, & Reneker, 2007) and the compression 

resistance and recovery ability (Wyk, 1946; T.Komori & K.Makishima, 1977; Das & 

Pourdeyhimi, 2010; B.Neckar, 1997) of nonwovens is of interest assisting nonwoven 

producers to fine a most economic and efficient production setup. 

 

Punching force, as the pressure that needle barbs applied on fiber bundles for reorientation 

through web structures, had been noticed as a special parameter which importantly represents 

changes in web structures occurred during needlepunching operations (Purdy, 1980). The 

profile of punching force describes motions of felting needles in each entire up-and-down 

needle penetration cycle. Some previous studies employed the analysis of punching force to 

investigate needlepunch mechanisms (Hearle & A.T.Purdy, 1972; Goswami, Beck, & 

Scardino, 1972; J.W.S.Hearle & M.A.I.Sultan, 1968; Kapusta, 2003; Mashroteh & Zarrebini, 

2010; Purdy, 1980; Watanabe, Miwa, Yokoi, & Merati, 2004). However, most of them were 

conducted at a static needlepunch stand, which was barely able to resemble real needlepunch 

productions. 
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How different cross-sectional shapes of needle working blades affect fiber transfer and web 

consolidation have never been investigated before either due to the shortage of knowledge 

about needle geometrical designs available in the market or because of the insufficient needle 

supply from needle suppliers. This study focuses on the comparison of three different needle 

types including the Triangular, the Tri-Star® and the Eco-Star® cross-sectional shapes. Fiber 

transfer, web consolidation and punching force would be initially characterized and 

subsequently associated with the mechanical properties of those needlepunched samples 

processed by the three types of needles, so that the process-structure-property relationship 

was established. 

 

6.2 Materials and experimental 

6.2.1 Needle configuration 

36 gauge needles with the Triangular (15x18x36x3 C222 G3037), the Tri-Star® 

(15x18x36x3 C222 G3037) and the Eco-Star® (15x18x36x3 C222 V1117) cross-sectional 

designs were supplied by Groz-Beckert (Germany) and were used in the study. These three 

types of needles share a same triangular height, which is 0.60 mm, but have different 

effective areas and barb edge angles as shown in Figure 6.1. 
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Figure 6.1 Cross-sectional Shapes of Needle Working Blade: Triangular, TriStar and EcoStar 

 

A diagram of a typical needle barb was illustrated in Figure 6.2. The barb depth and kick-up 

were same among the three needle configurations, including 0.08 mm barb depth and 0.005 

mm kick-up. The only exception was a slightly larger kick-up (0.01 mm) with the Tri-Star® 

needle. Other than the barb size, all the needle parameters other than the cross-sectional 

shapes were identical: two needle barbs on each of the three edges; 3 inch total needle length 

from needle point to crank; closely arranged barb spacing (1.06 mm distance between 

adjacent barbs). 

 

Triangular Tri-Star® Eco-Star® 
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Figure 6.2 a Diagram of Important Dimensional Parameters of a Triangular Felting Needle 

 

6.2.2 Materials and needlepunch production 

To facilitate the visualization of the structural changes caused by needlepunch operation, a 

two-layer structure consisting of a nylon top layer (200 g/m2) and a PET bottom layer (200 

g/m2) was designed and used in this study. Both nylon and PET fibers were provided by 

Invista™, and they were 6 denier in fineness and 2 inches in length with a round fiber cross-

section. Each layer was individually prepared through fiber opening, carding, cross-lapping 

and slightly pre-needling with the commercial staple fiber processing line manufactured by 

Truetzschler Nonwovens in the Staple Lab of the Nonwovens Institute (Raleigh, North 

Carolina).  
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The two layers were subsequently needlepunched together. Two different needlepunch 

devices were used: (1) a lab scale miniature model needlepunch loom; and (2) the Asselin® 

needle machine in the Nonwovens Institute (Raleigh, NC).  

 

The schematic diagram of the miniature loom was displayed in Figure 6.3. Since the loom is 

of ease to handle and enabled to produce fiber bundles by single needle point without 

interference of other needle points through very low needle density and easily adjustable 

needle board configurations, the loom was primarily used to investigate the mechanism of 

fiber transfer by the three different needle types. Meanwhile, as there are load cells equipped 

at the machine, it made available to acquire kinematic profiles of punching forces 

encountered by felting needles in motions. 

 

 

Figure 6.3 Diagram of the Miniature Model Needle Loom 
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In order for the analysis of fiber transfer mechanism, two rows (d1 region) of needles (34 

needles) were inserted on the needle board as depicted in Figure 6.4. 6 stitch/cm2 punch 

density was achieved by applying 300 punctures per minute punch frequency and 1.4 m/min 

output speed. 12 mm penetration depth was applied throughout the trial with all six barbs on 

felting needles completely went through the thickness of fabrics. 

 

 

Figure 6.4 Diagram of the Needle Board at the Miniature Model Needle Loom 

 

In the test of punching force with the model machine, full amount of needles of each needle 

type were installed in the needle board. Needling processes were conducted at same 

production condition, which was being operated under 300 punches per minute punch 

frequency and 1.4 m/min taking out speed, therefore, 22 stitch/cm2 total punch density was 
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achieved. 12 mm penetration depth was applied to ensure all barbs penetrated through the 

webs. 

 

The Asselin® needle machine were used to produce fabrics under the processing conditions 

that resemble industrial scale needlepunching to investigate structural characteristics and 

properties of the fabrics created by the three different needle types. Two punch densities 

including 100 stitch/cm2 and 200 stitch/cm2 were selected in the study for a comprehensive 

investigation. The two punch densities were achieved by only adjusting throughput speed and 

remaining all the other machine configurations constant as shown in Table 6.1. 9 mm needle 

penetration depth was applied to have all bards on needle working blades entirely went 

through the two-layer fiber webs. 

 

Table 6.1 Specification of Production Parameters with the Asselin Needle Loom 

Punch Density 

(stitch/cm2) 

Frequency 

(rpm) 

Advance/stroke 

(mm) 

Throughput 

(m/min) 

Needle Density 

(needle/meter) 

100 400 5.3 2 5000 

200 400 2.6 1 5000 

 

6.2.3 Punching force measurement 

The measurement stand of punching force during needlepunching was primarily shown in 

Figure 6.3 and detailed in Figure 6.5. There are four Z8 model force transducers (HBM, 

Germany), shear force strain gauge load cells, attached underneath each of the four corners of 
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the frame for holding the bed plate. The load cells were connected to a PC via a four channel 

data acquisition station by means of a HBM DQ430 amplifier. The software package 

“Catman” standard set was used to process data and convert the original voltage signal into 

forces (N) with the load cell model specified from the database. 

 

 

Figure 6.5 Punching Force Measurement System 

 

Profiles of punching forces from each of the four load cells were averaged for analysis. A 

typical averaged profile is shown in Figure 6.6, which represents an entire motion of felting 

needles from top to the bottom position in each of the needling cycles, and the peak force 

occurs when needles reach the lowest position. The reoccurrence frequency of peak force 

follows exactly to the punch frequency (needle penetration per minute) during the operation. 
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To ease of result comparison in the study, peak values within at least 10 second time frame in 

each averaged profile was calculated with reporting mean values and standard deviations. 

 

 

Figure 6.6 a Typical Punching Foce Profile 

 

6.2.4 Visualization and analysis of needlepunched fabric structures 

In the needlepunch process, fibers on the surface of top nylon layer are reoriented into the 

bulk of fiber webs to form tufts and to hold fibrous assemblies. The cross-sections of 

needlepunched samples were visualized with optical microscopy by coloring the nylon 

component only. 

 

The needlepunched samples were dyed with Stylacyl Blue RP dye (C.I. Acid Blue 298) 

supplied by Du Pont De Nemours & Co (Wilminton, DE). The dyeing condition was 

carefully selected and the operation was carefully preceded to achieve clear visibility of fiber 
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transfer and without changing web structures. The dye solution was prepared in a 3% (w/v) 

concentration at ambient temperature and material weight to liquid volume ratio was 1:60. 

Samples were immersed into the solution at 40°C. A few drops of acetic acid as a 

neutralizing agent were added into the solution until the temperature was raised on a hot plate 

to 100°C. After leaving the solution at this temperature for 10 minutes, sufficient for 

reaction, the samples were washed and dried at room temperature for subsequent analysis. 

Finally, the samples were sectioned along the cross direction and the cross-section of the 

samples were observed with a stereomicroscope Nikon SMZ1000 StereoMicrozoom and 

Nikon DigitalSight DS-Fi1 camera. 

 

6.2.4.1 Volume of fiber bundles produced by single needle penetration of the miniature loom 

From the cross-sectional images of the samples produced by the miniature needle loom, the 

fiber tuft, referring to the blue area as shown in Figure 6.7 (b) occupied by nylon component 

under the initial nylon/PET interface were investigated. Each fiber tuft was created by a 

single needle penetration. Fiber bundle length, L, (Figure 6.7 (b)) and width, d, (Figure 6.7 

(b)) were measured and the bundle volumes were converted by assuming the bundles were 

cylindrical. For statistical accuracy, more than 20 individual bundles of each needle scenarios 

were measured and counted. 
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Figure 6.7 Two Layer Sample (a) Nylon Component on PET Layer before Needlepunch; and 
(b) Nylon Tuft Created in Thickness Direction in Needlepunch Operation 

 

6.2.4.2 Fiber volume transfer ratio and web compression by needlepunch with Asselin loom 

The cross-sectional images of the samples manufactured by the Asselin® needle loom were 

also acquired for structure analysis. The actions of fiber transfer and web consolidation 

happening during needlepunch were schematically presented in Figure 6.7. A series of 

measurements of web thickness and nylon layer thickness before and after needlepunch were 

conducted under the optical microscope to evaluate fiber transfer volume ratio and fabric 

compression. 

 

The ratio of transported fiber volume was assessed as the volume loss happened in the nylon 

layer over the initial nylon layer volume after eliminating the effect of web compression, C. 

This method was based on two assumptions that (1) all transferred fibers were nylon fibers; 

and (2) the nylon component and PET component shared the close enough web 
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compressibility to neglect the difference. Noticing the fact that the horizontal area of fabrics 

was dramatically vaster with negligible size changes than the variation occurred in the web 

thickness (TD), thus the calculation was simplified into the following equation, 

 

 0 1

0

%   tran tran

total total

V T T C T
fiber volume transfer

V T T C

 
  


 (6.1) 

 

Where T0 was the initial thickness of the nylon component before needlepunch; T1 was the 

thickness of nylon layer after needlepunching. Compression was the evaluation of thickness 

reduction of the entire fabric bulk in needling operation, and follows the equation 

underneath, 

 

 
C(%)  (1

T '

T
)100% (6.2) 

 

Where T and T’ are the web thickness consisting of nylon component and PET component 

before and after needlepunching, respectively. 

 

6.2.5 Fabric structural characteristics and consolidation 

The thickness, T’, and the basis weight, W, of needlepunched samples were measured 

according to the corresponding ASTM standards.  A thickness gauge (Model BG1110-1-04, 

AMES-Masters of Measurements) was used in the measurement following ASTM D5729 
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test method. A GSM Circular Cutter designed specifically with a precise 100 cm2 (diameter 

113 mm) circular area was utilized to cut samples, and with a high-precision weight balance 

for the measurement of mass per unit area based on the ASTM D3776 test standard.  

 

Solidity, µ, the function to characterize web consolidation, was obtained using the following 

equation, 

 

 
m 

Vf

V F


r f

rF


W

T '  r f

 (6.3) 

 

Where ρf is the density of solid fibers used in the felt. 

 

6.2.6 Measurement and characterization of fabric properties 

6.2.6.1 Mechanical properties: tensile properties and burst strength 

Tensile properties and burst strength were measured following ASTM D5035-the strip tensile 

test and ASTM D6797 ball burst test. Tensile properties including tenacity, elongation at 

break and modulus were assessed in both machine direction (MD) and cross direction (CD). 

The moduli reported in the study were the secant modulus at 30% elongation calculated 

based on stress-strain curve of each test. The ball burst test provides the uniaxial load 

required for a plunger to rupture samples. 
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Due to slight weight variation inevitably happened in the needlepunch trials, and to avoid the 

inaccurate comparison influenced by the weight difference, fabric strengths were normalized 

to the initially designed 400 g/m2 (200 g/m2 nylon layer + 200 g/m2 PET layer) by utilizing 

the method in the following equation, 

 

 
Snorm  Sobs 

Wnorm

Wobs  
(6.4) 

 

Where normalized property, Snorm, is the observed property, Sobs multiplying the ratio 

between nominal fabric weight, Wnorm and observed fabric weight, Wobs. 

 

By doing so, impact of area weight of needlepunched samples was eliminated, so that the 

comparison of the relative results was only made to disclose pure effects of needlepunch 

operation. 

 

6.2.6.2 Air-permeability 

Air-permeability is the property highly dependent on porous structure and pore volume. The 

property was measured with the TEXTEST FX3300 instrument in the Analytical Lab of the 

Nonwovens Institute. 12 repetitions were performed on each sample. 
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6.2.6.3 Compression and recovery 

Compression and recovery test was conducted using Instron tensile tester to evaluate fabric 

performances in thickness direction. Samples were cut into circles with 100 cm2 area with a 

GSM Circular Cutter and was stacked in multiple layers of each sample into a sample block 

with around 50 mm thickness. The blocks were placed one after another between two circular 

platens attached to the Instron tester. A 2 mm gap was initially set between the top surface of 

specimens and the bottom surface of the upper platen to tolerant sample thickness deviations. 

The test was performed with the upper platen applying compressive pressure to samples until 

the preset compressive ratio achieved, which was 50% deformation in this study. The 

crosshead speed was 2.5 mm/min. As soon as the ratio achieved, the upper platen 

immediately started returning to the initial position under the same crosshead speed. 

 

The compression behavior and recovery were separately analyzed, though the compression 

and recovery tests were finished in one testing cycle. A typical cycle composed of a 

compression curve and a recovery curve was shown in the graph of Figure 6.8.  
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Figure 6.8 Compression Test Composed of Compression Curve and Recovery Curve 

 

The model initially introduced by van Wyk’ was further developed by Neckar and was to be 

used to characterize the compression resistance of needlepunched samples (Wyk, 1946; 

B.Neckar, 1997). van Wyk built-up the model based on high loft fibrous masses made of 

wools. He understood the fiber-to-fiber contact as “point contact” which however was not 

universally accurate for textile materials. Neckar modified the model considering “area 

contact” the real fiber-to-fiber contact mechanism. Therefore, the function, developed based 

on the new fiber-to-fiber contact theory, with compression pressure, P, normalized by 

solidity, μ, was illustrated in the following equation, 

 

 
P  kpa 

kpm
3

(1 m3)3


kpm0
3

(1 m0
3)3

 (6.5) 
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Where μ0 is the original solidity of fabrics before the compression test. kp is the intrinsic 

characteristic to evaluate the compressive resistance of samples: higher the value, better the 

resistant capability. Kp value was determined by applying the linear regression method (Das 

& Pourdeyhimi, 2010). 

 

The recovery performance was separately characterized by assessing the ratio of thickness 

recovery from compression test, which was the ratio between recovered thickness and the 

maximum deformation due to compression as depicted in Figure 6.8 and follows the 

following equation, 

 

 ( ecov )
%  R cov 100%

( )

T r ery
Thickness e ery

T deformation
 

 
(6.6) 

 

6.3 Results and discussion 

6.3.1 Structure characterization of needlepunched samples 

6.3.1.1 Volume of fiber bundles produced by single needle penetration with the miniature 

model needle loom 

In the needlepunch process, needle barbs captured groups of nylon fibers and transfer them to 

tufts vertically protruded into the bulk PET layer. Needle types with different cross-sectional 

shapes produced fiber tufts with unique geometries. The differences were characterized from 

2D images of fabric cross-sectional structures which were acquired under the optical 

microscope. In these images, the nylon component were identified by the blue dye out of the 
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PET substrate The images in Figure 6.9 contained single fiber bundles drawn by the 

Triangular needle, the Tri-Star® needle and the Eco-Star® needle, respectively. Obviously, a 

portion of surface fibers was transported into the vertical direction and in the PET bulk 

underneath the interface of the two components. 

 

 

Figure 6.9 Fiber Bundles Needlepunched by the (a) Triangular, (b) Tri-Star and (c) Eco-Star 
Needles 

 

The volumes of fiber tufts, which were the part of blue fiber bundles underneath the interface 

of the nylon layer and the PET layer, were calculated based on the analysis of the images in 

Figure 6.9. The results in Figure 6.10 showed that the fiber tufts produced by the Tri-Star 

needle had the largest volume indicating more fibers being transferred and stabilized in 

(a) (b) (c) 
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thickness direction. Since this Tri-Star needle had slightly larger barb size due to a relatively 

larger kick-up, it was reasonable to observe this slightly higher fiber bundle volume at this 

extremely low punch density. The larger fiber bundle was not necessarily the contribution of 

the reduced cross-sectional area than the Triangular needle, since the Eco-Star needle with 

the smallest cross-sectional area actually produced the fiber transfer volume close to the ones 

made by the Triangular needle. 

 

 

Figure 6.10 Volumes Calculated by the Cross-sectional Images of Individual Fiber Tufts 

 

Eliminating the effect of slightly larger barb opening associated with the Tri-Star® needle, 

the cross-sectional shapes did not affect the amount of fiber transfer. If there were Triangular 

needle, Tri-Star® needle and Eco-Star® needle with exact same barb size, they supposed to 

reorient fiber bundles with very close dimensions.  
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6.3.1.2 Fiber transfer ratio of the samples produced by the Asselin needle machine 

Different to the structures made with the miniature model needle loom, the Asselin® needle 

machine provided intensive needlepunch to produce fabrics with amply of relocated fibers 

bundles. It became very likely that multiple needlepoints were applied at same positions on 

needlepunched nonwovens. The cross-sectional images shown in Figure 6.11 were the 

structures of the samples produced by the three needle types with 100 stitch/cm2 punch 

density. Apparently, there was significant amount of blue nylon fibers relocated either inside 

of the bulk of PET layer or out of the back surface of the two-layer structure. Fiber bundles 

in the vertical direction became irregular in terms of the geometries and dimensions due to 

the randomized needle distribution on needle board and the high concentration of needle 

penetrations. 

 

 

Figure 6.11 Cross-sectional Structures of the Samples with (a) Triangular Needle, (b) Tri-
Star Needle, (c) Eco-Star Needle 

 

Fiber transfer volume ratio was then calculated by taking the thickness loss of the top nylon 

layer comparing to its original thickness and web compression into account. Results of the 

(a) (b) (c) 
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calculation were displayed in the graph of Figure 6.12. The Tri-Star® needle, which created 

the slightly larger fiber tuft volume in the study with the miniature model needle machine, 

transferred negligibly higher amount of nylon fibers (this effect of different barb sizes was 

verified in a separate study in Chapter 4). Even though the Tri-Star® needle had relatively 

larger barb opening, when intensive needlepunch was applied in production, fiber transfer 

ratio was not necessarily greater than the needles with smaller needle barbs. 

 

 

Figure 6.12 Fiber Transfer Ratio Calculated by Characterizing Cross-sectional Images 

 

6.3.2 Punching force analysis with the miniature model needle loom 

The punching forces while each of the three needle types was penetrating through fabrics 

were individually measured by each of the four load cells. The averaged peak forces were 

presented in Figure 6.13.The force required to finish every needle penetration cycle appeared 
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to be both larger with the Eco-Star® needle and the Tri-Star® needle than the Triangular 

needle. And the force of the Tri-Star® needle is slightly higher than that of the Eco-Star®. 

 

 

Figure 6.13 Peak Forces Detected When the Three Needle Types Penetrating Through Webs 

 

The larger barb size with the Tri-Star® needle causes slightly greater pressures to fiber webs 

in process, which was discussed in Chapter 4. The dominant reason to make differences of 

punching forces in this study is the reduced cross-sectional areas between the regular needle 

and the other two needle types. The Tri-Star® needle and the Eco-Star® needle having 

smaller areas placed greater needling pressures to fiber bundles to push them through. On the 

basis of similar fiber transfer efficiency, what the additional energy has been consumed for 

and how properties will be responding are of interest to be further investigated. 
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6.3.3 Fabric consolidation of samples produced by the Asselin® machine 

Needlepunch process results sufficient thickness reduction in fabrics with fiber packing 

highly compacted due to fiber transfer and needle compression. Results from the 

measurements of sample thickness and basis weight were listed in Table 6.2. The three 

needle types compressed fabrics in almost same level with resulted fabric thickness very 

close to each other. The basis weight showed differences among the samples needlepunched 

by the three needle types: the Triangular needle made the least weight reduction; the Tri-

Star® needle and the Eco-Star® needle had almost same fabric weight per unit fabric area, 

both were lower. 

 

Table 6.2 Structural Properties of the Samples Produced by the Three Needle Types 

Needle 

Type 

Punch Density 

(stitch/cm2) 

Basis Weight 

(g/m2) 

Thickness 

(mm) 

Compression 

(%) 

Solidity 

Triangular 
100 345 3.78 41 0.074 

200 315 3.31 36 0.080 

Tri-Star 
100 331 3.71 40 0.070 

200 296 3.28 36 0.075 

Eco-Star 
100 331 3.83 42 0.071 

200 301 3.32 36 0.074 

 

Web solidities, calculated based on the measurements of thickness and basis weight, were 

listed in Table 6.2 and were also presented in the graph of Figure 6.14. The solidity, known 
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as the bulk density, takes not only the area density but also the changes in thickness into 

account. Samples produced by the Triangular needles with the highest fiber volume fraction. 

 

 

Figure 6.14 Web Solidities of the Samples with the Three Needle Types 

 

6.3.4 Properties needlepunched samples 

6.3.4.1 Tensile properties 

The strip tensile tests were performed with the measurements providing information of 

strengths required to break samples in both machine direction along the fiber flow (MD) and 

cross direction (CD), and elongations at break. Secant moduli at 30%, which was at the early 

stage of structure deformation, were derived from the stress-strain curve obtained from the 

test. Due to the influencing effect of fiber orientation, and that needlepunched fabrics after 

the carding and cross-lapping process have fibers aligned more in the cross direction than the 

machine direction, the tensile strengths in MD and CD (Figure 6.15) usually behaved 
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differently. In the graph of MD tensile strength, the samples by the Triangular needles were 

stronger than the others; whereas they were weaker when comparing to the samples produced 

by the Tri-Star needles and the Eco-Star needles in cross-direction. 

 

 

Figure 6.15 Tensile Strengths of the Samples in MD and CD 

 

The differences of strengths in MD and CD are related to the fiber orientation distribution of 

carded and cross-lapped nonwovens and impacts of needling processes. Fibers, which had 

been separated and combed by a series of cards, are highly parallel to each other along the 

fiber flow direction. Cross-lapper transversely folds fiber fleece in a zigzag pattern to given 

thickness and weight, so that the fibers become diagonally oriented along the transverse 

direction, and the angle depends on the layers of folding as well as the speed of web delivery. 

Drafting in the subsequent needling processes can slightly reorient fibers into a balanced 

manner between MD and CD, however, hardly to completely eliminate the fact that more 
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fibers are still CD oriented. For such a reason, the tensile strengths in CD are normally higher 

than the ones in MD. 

 

Needlepunch operation possibly changes fiber orientation, and the needle types used in the 

trial may have different levels of impact on fiber orientation in the horizontal plane. In what 

degree of fibers being reoriented from CD to a balanced distribution between MD and CD 

was assessed by the ratio between the MD strength and the CD strength. The plot in Figure 

6.16 showed the ratio of MD strength to CD strength. As a reference, that of pre-needled 

fabric is also given. The Triangular needle produced fabrics stronger in MD but weaker in 

CD was partially the effect of fiber reorientation, meaning such type of needle had a 

relatively stronger ability to reorient fibers from CD oriented diagonal way to MD oriented, 

therefore, the MD/CD ratios of this scenario were close to 1, which indicates balanced fiber 

orientation distribution in MD and CD. The Tri-Star and Eco-Star needles also increase 

MD/CD ratios, but they are lower than that of Triangular needles. The ratios of these two 

needle types were similar. 
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Figure 6.16 MD/CD Tensile Strength Ratio for Fiber Orientation Distribution 

 

The secant moduli showed coherent tendencies in MD and CD (Figure 6.17). The Triangular 

needles produced fabrics with higher stiffness than the counterparts by the other two needle 

types. Different to tensile strengths, which were the strength to break at defects of fabrics, the 

modulus was highly affected by web structures regarding fiber packing and fiber 

arrangement, i.e. fiber transfer and web consolidation. As the three needle types had almost 

same barb sizes, and the observed fiber transfer differed very slightly, the moduli followed 

the tendency of fabric solidities. 
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Figure 6.17 Modulus of Needlepunched Samples by the Three Needle Types 

 

6.3.4.2 Burst strength 

In burst test, bursting damage to samples has different failure mechanism of tensile strength. 

Oppose to tensile strengths, which are superior when more fibers are reoriented into the 

thickness direction to hold structures against being pulled apart, outstanding resistance of 

fabrics against bursting is due to sufficient amount of fibers aligning in the horizontal plane. 

Large fiber surface area enhances frictions for better burst strength. 

 

The samples manufactured by the three different needle types were presented in Figure 6.18. 

Apparently, there was no obvious difference among the three needle scenarios, since they 

had very close fiber transfer ratio as calculated from the cross-sectional images. 
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Figure 6.18 Burst Strengths of the Samples Needlepunched by the Three Needle Types 

 

6.3.4.3 Air-permeability 

Air-permeability highly dependent on the pore structure and pore volume. It was assessed 

and displayed in Figure 6.19. The Triangular needle produced the least air-permeable fabrics, 

indicating condensed fibrous structures to resist against airflow through the structures. The 

nonwovens needlepunched by the Tri-Star needles and the Eco-Star needles had slightly 

higher air-permeability than the Triangular needle.  
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Figure 6.19 Air-permeability of the Samples Needlepunched by the Three Needle Types 

 

Since the permeability of needlepunched fabrics relies on the porous structure, Gibson et al. 

have demonstrated a correlation between air-permeability and the bulk density in their 

researches (Gibson, Rivin, Kendrick, & Gibson, 1999; Gibson, Lee, Ko, & Reneker, 2007). 

The correlation always holds regardless the production condition, but only breaks when fiber 

diameter in use is varied. The samples by the Triangular needles had the highest solidities, 

therefore, the lowest air-permeability was observed. The fabrics manufactured by the Tri-Star 

needle and the Eco-Star needle with similar solidities observed, thus, resulted in larger pore 

areas for more air permeable through the structures. 
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6.3.4.4 Compression pressure and characterization of compressive resistance and recovery 

ability 

According to the concepts of inventing the Tri-Star® and the Eco-Star® needles, the reduced 

cross-sectional area of needle working blade and the edge angle secure fiber tufts more 

efficiently in the position to hold fabric structures. The compression resistance and the ability 

of recovery after releasing the pressure were indicated by the profile of compressive pressure 

required to achieve corresponding compressive strains until the preset 50% compression 

achieved. The curves in Figure 6.20 showed profiles of the samples produced by the three 

different types of needles in (1) 100 stitch/cm2 punch density, and (2) 200 stitch/cm2 punch 

density, respectively. 

 

 

Figure 6.20 Compression and Recovery Curves from Compression Test 
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Regardless what punch density was used in the trial, the samples produced by the Triangular 

needles required the least compressive pressures to achieve the 50% of compressive strain, 

meaning the samples were less resistant against compression than the fabrics needlepunched 

by the Tri-Star® needle and the Eco-Star® needle. Regarding the ability of recovery, the 

samples processed by the two latter needle types performed better than the Triangular fabrics. 

 

During the compression process, the pressure continuously changes with the change of web 

bulk density. The correlation was simulated initially by van Wyk and further improved by 

Neckar, finding that the kp value as the slope of the correlation was an essential indicator of 

fabric compression resistance. Higher the value is, better the resistance will be against 

compression (Figure 6.21). The kp values were estimated by applying linear regression 

method to the testing results (Das & Pourdeyhimi, 2010). The nonwovens needlepunched by 

the Triangular needle were found with the lowest kp value as of the least compression 

resistance. 
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Figure 6.21 kp Values: Characteristic of Compressive Resistance 

 

The results of recovery ratio (Figure 6.22) and the kp value were both coherently supporting 

the concept of developing needle cross-sectional shapes with reduced area and shaper edge 

angles, for instance, the Tri-Star® needle and the Eco-Star® needle. The superior stability in 

thickness direction indicated stable and better secured fiber tufts, which resisted against the 

samples being compressed and improved recovery. 
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Figure 6.22 Thickness Recovery Ratio: Characterize Ability of Recovery 

 

Superior stabilities in thickness direction are the result of high energy consumed during 

needlepunch operation. The energy consumption was indicated by in the study of punching 

force. The Tri-Star® needle and the Eco-Star® needle were observed with greater punching 

forces required to achieve similar fiber transfer volume ratio than the Triangular needle, so 

that the extra energy was used to secure fiber bundles in thickness direction to withstand 

structural stability against being compressed. 

 

6.4 Summary and conclusion 

The fiber transfer mechanism and effects on fabric properties of three needle types, namely 

the Triangular needle, the Tri-Star needle and the Eco-Star needle were studied. The three 

needle types have different cross-sectional shapes at the needle working part. The Tri-Star 
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needle and the Eco-Star needle have the cross-sectional areas 8% and 13% smaller than the 

Triangular needle, respectively, as well as shaper edge angles.  

 

To investigate the effect of the reduced cross-sectional area and edge angle, some samples 

were initially produced by employing the miniature model needle machine. The machine has 

the ease of adjusting production configurations, therefore, was helpful to be used to 

investigate fiber transfer mechanism and measure punching force. Tri-Star needle transferred 

larger fiber volumes than the Triangular needle and the Eco-Star needle, which mostly was 

due to the slightly larger barb size (larger kick-up). With exactly same barb size between the 

Triangular needle and the Eco-Star needle, the fiber transfer ratios of them were similar to 

each other. The Tri-Star needle and the Eco-Star needle required equally higher punching 

force, as more energy consumed than the Triangular needle during needle reorientation, to 

improve fabric properties in thickness direction. 

 

Subsequently, the Asselin machine was utilized to produce samples for investigations of 

structural and mechanical properties. Though the Tri-Star needle generated slightly larger 

fiber bundles in the study with the model machine, when considerably higher punch densities 

were used, the effect of larger barb openings was negligible. The samples produced by the 

Triangular needles were slightly more consolidated with lower pore volume for liquid or gas 

medium penetrating through the structure. Mechanical strengths, as the tensile strength and 

the burst strength were dependent on fiber transfer ratio. Therefore, in general, these 

strengths showed negligible difference, and the tensile strength behaved in opposite 
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tendencies between CD and MD due to the existence of CD oriented fiber arrangement. 

Tensile moduli were dominated by web consolidation as to the subtle effect at fiber transfer. 

Advanced properties in thickness direction, i.e. compression resistance and ability of 

recovery, were observed at the samples processed by the Tri-Star needle and the Eco-Star 

needle since more energy, indicated by punching force, had been consumed when 

transferring fiber bundle. 
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Chapter 7 Studying the Impact of Needle Parameters Part III: Effects of 

Straight Working Blade and Twist Working Blade 

7.1 Introduction 

Needlepunch, one of the nonwoven bonding techniques, mechanically reorient fibers by 

barbed felting needles repeatedly penetrating through fabrics. Re-emerging of needlepunch 

process, which once lost its market share against other techniques, was the result of advances 

in modern needlepunch technology. The versatility and high productivity ensured the global 

market share of needlepunched fabrics around 30% of the nonwoven production (Rupp, 

2009). 

 

Felting needles, as the only component of the entire machinery elements directly interacting 

with fibers, have been developed over decades with various designs and sizes to fulfill a wide 

diversity of applications. Needle barbs capture fibers and form fiber loops when carrying 

them through the bulk of fibrous webs, so that the fiber bundles perform like tufts to hold 

fabric structure for subsequent processes or application (Purdy, 1980; Rupp, 2009). Any 

changes of the geometry of needle working blade likely vary barb arrangements and modify 

the mechanisms of fiber reorientation. There are currently two working blade geometries 

available (Groz-Beckert), namely a regular straight working blade and a twist working blade, 

each of them can be engaged with various needle cross-sectional shapes, such as Triangular 

cross-section and Eco-Star cross-section. The latter was evolved from the former, which is 

the conventional type and mostly used in needlepunch production. Different to the straight 
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working blade with all barbs (normally 2 barbs or 3 barbs) aligned in a straight line on each 

blade edge, the twist needle blade have all blade edges (commonly 3 edges) parallel spiral in 

certain angles, so the barbs on each edge are rotating without overlaps. 

 

Understanding the mechanisms of fiber transfer and structure consolidation are the keys to 

explain the effects of felting needles with various geometries and dimensions on fabric 

properties. Hearle at al. was the first who recognized the importance of visualizing web 

structures for investigations of fiber reorientation caused by varying punch density and 

penetration depth. In their studies, they embedded needlepunched webs in Cemar resin and 

acquired images of the cross-sectional surfaces with optical microscope (J.W.S.Hearle & 

M.A.I.Sultan, 1968; Hearle & Choudhari, 1969; J.W.S.Hearle, A.T.Purdy, & J.T.Jones, 

1973; J.W.S.Hearle, M.A.I.Sultan, & T.N.Choudhari, 1968). Utilizing tracer fibers with 

distinguishable color against the substrate was initially brought up in scope by Hearle at al. as 

well (Hearle & Choudhari, 1969) . Venu et al introduced a method of charactering structures 

of hydrentangled nonwovens. A two layer composite consisting of Nylon and PET fibers 

respectively in each layer was designed. Special dyes were used which were exclusively 

sensitive to one of the fiber components, so that the fabric structures were visualized with 

reoriented fiber bundles identified in unique colors under microscope (Venu, Shim, 

Anantharamaiah, & Behnam Pourdeyhimi, 2013). And such method has never been found in 

use of needlepunched nonwovens. 
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The 3D nature of needlepunched nonwovens is not able to comprehensively represent by 2D 

illustrations, which in all published works were observed by optical microscope or scanning 

electron microscope. Structure visualization in 3D is necessary for providing in-depth fiber 

arrangement inside fabric bulks, particularly giving detailed profiles of fiber bundles for 

holding web structures. Some attempts had been done to visualize the 3D structures of 

hydroentangled nonwovens (E.Shim, 2009; Venu, Shim, Anantharamaiah, & Behnam 

Pourdeyhimi, 2013; Venu, Shim, Anantharamaiah, & Pourdeyhimi, 2012). Digital 

Volumetric Imaging (DVI) microimager® was found to be capable of producing novel, 

reliable and high fidelity 3D reconstructed images resembling the structures of fibrous 

materials with bulky and high loft characteristics. 

 

Some of the previous studies employed the investigations of punching force, the pressure that 

needle barbs applied on fiber bundles to push them through web structures and eventually 

perform like tufts to hold the structure (Hearle & A.T.Purdy, 1972; Goswami, Beck, & 

Scardino, 1972; J.W.S.Hearle & M.A.I.Sultan, 1968; Kapusta, 2003; Mashroteh & Zarrebini, 

2010; Purdy, 1980; Watanabe, Miwa, Yokoi, & Merati, 2004). However, most of the studies 

were conducted at a static needlepunch stand, which was barely able to resemble practical 

needlepunch productions. 

 

This study was developed to compare effects of felting needles with a straight working blade 

and a twist working blade, both of which were engaged in an Eco-Star® needle cross-section. 

There were never any attempts made to compare these two needle types in production. To 
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evaluate the performance of these two needle types, impacts on web structures in terms of 

fiber transfer and web consolidation were analyzed by visualizing web structures and 

associating the measurement of punching force in needlepunch operation. Properties were 

assessed meanwhile, and effects were explained with the findings from structure analysis. 

 

7.2 Materials and experimental 

7.2.1 Needle configuration 

36 gauge Eco-Star needles with a regular straight working blade (15x18x36x3 C222 V1117) 

and a twist working blade (15x18x36x3 C222 V1202) were utilized (shown in Figure 7.1) to 

produce samples for comparisons. All the needles were supplied by Groz-Beckert 

(Germany). Both of the needle types share exactly same barb designs and sizes, which 

include 0.08mm barb depth and 0.005 mm kick-up. 

 

 

Figure 7.1 Illustrations of Cross-sectional Shape and Working Blade Geometry of Straight 
EcoStar Needle and Twist EcoStar Needle 

 

A diagram of the regular Eco-Star needle with straight working blade was illustrated in 

Figure 7.2 showing important needle components. The straight needle and the twist needle 
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have same needle point to first barb distance as 3.18 mm. There are 2 barbs at each of the 

three working blade edges in a close barb-spacing design (Groz-Beckert; Foster), which 

between the two barbs on same edge is constantly spaced at 3.12 mm. In terms of the 

distance between adjacent needle barbs at different edges, it is 1.06 mm. 

 

 

Figure 7.2 Illustration of Barb Spacing and Barb Dimensions of an Straight EcoStar Needle 

 

7.2.2 Materials and needlepunch productions 

To facilitate the visualization of the structural changes caused by needlepunch operation, a 

two-layer structure was formed consisting of a nylon top layer (200 g/m2) and a PET bottom 

layer (200 g/m2). Both nylon and PET fibers from Invista™ were 6 denier in fineness and 2 
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inches in length with a round fiber cross-section. Each layer was individually prepared 

through fiber opening, carding, cross-lapping and slightly pre-needling with the commercial 

staple fiber processing line manufactured by Truetzschler Nonwovens in the Staple Lab of 

the Nonwovens Institute (Raleigh, North Carolina).  

 

The two-layer structure was subsequently needlepunched by two different needlepunch 

devices: (1) a lab scale miniature model needle loom, and (2) the Asselin® needle machine in 

the Nonwovens Institute (Raleigh, NC).  

 

The schematic diagram of the miniature loom was displayed in Figure 7.3. Since the loom is 

of ease to handle and enabled to produce fiber bundles by single needle point without 

interference of other needle points through very low needle density and easily adjustable 

needle board configurations, the loom was primarily used to compare the mechanism of fiber 

transfer by the needles with a straight working blade versus the ones with a twist working 

blade. Meanwhile, as there are load cells equipped at the machine, it made available to 

acquire kinematic profiles of punching forces encountered by felting needles in motions. 
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Figure 7.3 Diagram of the Miniature Needle Model Machine 

 

In order for the analysis of fiber transfer mechanism, two rows (d1 region) of needles (34 

needles) were inserted on the needle board as depicted in Figure 7.4. 6 stitch/cm2 punch 

density was achieved by applying 300 punctures per minute punch frequency and 1.4 m/min 

output speed. 12 mm penetration depth was applied throughout the trial with all six barbs on 

felting needles completely went through the thickness of fabrics. 
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Figure 7.4 Schematic of the Needle Board on the Model Needle Machine 

 

In the test of punching force with the model machine, full amount of needles of each needle 

type were installed in the needle board. Needling processes were conducted at same 

production condition, which was being operated under 300 punches per minute punch 

frequency and 1.4 m/min taking out speed, therefore, 22 stitch/cm2 total punch density was 

achieved. Penetration depth was again12 mm.  

 

The Asselin® needle machine were used to produce fabrics under the processing conditions 

that resemble industrial scale needlepunching to investigate structural characteristics and 

properties of the fabrics created by the two different needle types. Two punch densities 

including 100 stitch/cm2 and 200 stitch/cm2 were selected in the study for a comprehensive 

investigation. The two punch densities were achieved by only adjusting throughput speed and 

remaining all the other machine configurations constant as shown in Table 7.1. 9 mm needle 
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penetration depth was applied to have all bards on needle working blades entirely went 

through the two-layer fiber webs. 

 

Table 7.1 Specification of Production Parameters with the Asselin Needle Loom 

Punch Density 

(stitch/cm2) 

Frequency 

(rpm) 

Advance/stroke 

(mm) 

Throughput 

(m/min) 

Needle Density 

(needle/meter) 

100 400 5.3 2 5000 

200 400 2.6 1 5000 

 

7.2.3 Punching force measurements 

The measurement stand of punching force was primarily shown in Figure 7.3 and detailed in 

Figure 7.5. There are four Z8 model force transducers (HBM, Germany), shear force strain 

gauge load cells, attached underneath each of the four corners of the frame for holding the 

bed plate. Shear strains occurred at the transducers due to needlepunch compression were 

converted into voltage signals and amplified by a four channel data acquisition station by 

means of a HBM DQ430 strain gauge bridge module, which is then connected to a PC with a 

specialized software package to acquire and analyze data from the measurement. The 

package is a “Catman” standard set provided by HBM together with the amplifier module. 

The transducer model was selected from the database, so that the readings were automatically 

converted into forces (N) from the original voltage signal.  
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Figure 7.5 Stand for Punching Force Measurement 

 

The punching forces in the needlepunch process with the straight Eco-Star needle and the 

twist Eco-Star needle were acquired from each of the load cells and then were averaged for 

comparison. A typical punching force profile (in Figure 7.6) represents the entire motion of 

felting needles from top to the bottom position in each of the needling cycles, and the peak 

force occurs when needles reach the lowest position, therefore, the reoccurrence frequency of 

peak force follows exactly to the punch frequency (needle penetrations per minute) of 

production. For ease of result comparison, peak values in each profile was averaged and 

reported with standard deviation. 
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Figure 7.6 a Punching Force Profile 

 

7.2.4 Visualization and analysis of needlepunched web structures 

7.2.4.1 Staining process and acquisition of 2D cross-sectional images 

In the needlepunch process, fibers on the surface of top nylon layer were reoriented into the 

bulk of web to form tufts and to hold fibrous assemblies. The cross-sections of 

needlepunched samples were visualized with optical microscopy by coloring the nylon 

component out of the PET component. 

 

The needlepunched samples were dyed with Stylacyl Blue RP dye (C.I. Acid Blue 298) 

supplied by Du Pont De Nemours & Co (Wilminton, DE). The dyeing condition was 

carefully selected and the operation was carefully preceded to achieve clear visibility of fiber 

transfer and without changing web structures. The dye solution was prepared in a 3% (w/v) 

concentration at ambient temperature and operated in the dyeing process with material 
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weight to liquid volume ratio as 1:60.  Samples were immersed into the solution at 40°C. A 

few drops of acetic acid as a neutralizing agent were added into the solution until the 

temperature was raised on a hot plate to 100°C. After leaving the solution at this temperature 

for 10 minutes, the samples were washed and dried at room temperature for subsequent 

analysis.  Finally, the samples were sectioned along the cross direction to visualize the cross-

sectional structures with a stereomicroscope Nikon SMZ1000 StereoMicrozoom and Nikon 

DigitalSight DS-Fi1 camera. 

 

7.2.4.2 Volume of fiber bundles produced by single needle penetration with the miniature 

model needle loom 

From the cross-sectional images of the samples produced by the miniature needle loom, the 

fiber tuft, referring to the blue area as shown in Figure 7.7 (b) occupied by nylon component 

under the initial nylon/PET interface were investigated. Each fiber tuft was created by a 

single needle penetration. Fiber bundle length, L, (Figure 7.7 (b)) and width, d, (Figure 7.7 

(b)) were measured and the bundle volumes were converted by assuming the bundles were 

cylindrical. For statistical accuracy, more than 20 individual bundles of each needle scenarios 

were measured and counted. 
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Figure 7.7 Two Layer Structure: (a) Nylon Component Laying on PET Layer before 
Needlepunch; and (b) Nylon Tuft Created in Thickness Direction by Needlepunch 

 

7.2.4.3 Fiber volume transfer ratio and fabric compression by needlepunch with Asselin 

machine 

The cross-sectional images of the samples manufactured by the Asselin® needle loom were 

also acquired for structure analysis. The actions of fiber transfer and web consolidation 

happened during needlepunch were schematically presented in Figure 7.7. A series of 

measurements of web thickness and nylon layer thickness before and after needlepunch were 

conducted under microscope for the estimations of fiber transfer volume ratio and fabric 

compression. 

 

The ratio of fiber volume transported was assessed as the volume loss happened in the nylon 

layer over the initial nylon layer volume after eliminating the effect of web compression, C. 

This method was based on two assumptions that (1) all transferred fibers were nylon fibers; 

and (2) nylon component and PET component shared the close enough web compressibility 
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in order to neglect the difference. Noticing the fact that the horizontal area (MD and CD 

plane) of fabrics was dramatically vaster with negligible size changes than the variation 

occurred in the web thickness (TD), thus the calculation was simplified into the following 

equation, 

 

 0 1

0

%   tran tran

total total

V T T C T
fiber volume transfer

V T T C

 
  


 (7.1) 

 

Where T0 was the initial thickness of the Nylon component before needlepunch; T1 was the 

thickness of Nylon layer after needlepunching. Fabric compression was the measure from 

thickness reduction in the needling production, therefore, follows the equation, 

 

 
C(%)  (1

T '

T
)100% (7.2) 

 

Where T and T’ are the web thickness consisting of nylon component and PET component 

before and after needlepunching, respectively. 

 

7.2.4.4 3D structure visualization and Digital Volumetric Imaging (DVI) technique 

DVI technique provides detailed descriptions of web structure in 3-dimentional illusion, 

particularly effective at displaying the fiber bundle profiles inside of structures, hence, it was 

used to study the mechanisms of fiber reorientation and formation of fiber tufts. To acquire 
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DVI images, needlepunched samples have to be stained with fluorescent dyes for the 

individual fiber component. The dyeing process involves the initial use of Sulforhodamine 

101 (CAS# 77-92-9) to stain the nylon component and subsequently the use of Nile red 

(Aldrich, CAS# 7385-67-3) for the Polyester component. Stained samples were cut into small 

strips of 0.4 mm x 5 cm and each of them was placed in a plastic mold, which were then 

filled with an opaque embedding medium to produce sample blocks. 

 

The embedding medium with 50% opacity was prepared with the composition of 5.0 g of 

vinylcyclohexene dioxide (VCD), 3.0 g of propyleneglycoldiglycidyle ether (DER) and 13.0 

g of nonenylsuccinic anhydride (NS), 2.4 g of Sudan black B and 224 micro liter of 

dimethylethanolamine. Each of the components was added into a plastic beaker following 

exactly the sequence; and ensured the mixtures after every of the steps were mixed 

homogeneously with all coagulated Sudan black particles removed. Once the sample was 

inserted into the mold and with the polymer matrix instilled, the sample block needs to be 

cured in an oven at 70°C for at least 8 hours, so that the samples were ready for sectioning 

and imaging acquisition. 

 

Sample blocks made through the described procedures were placed on the DVI 

microimager®. A diamond knife equipped in the device was to cut the sample block with a 

section thickness of 2.2 μm. Images of each section were acquired through florescent optics 

with a 4X objective lens, a B2A fluorescent filter cube, a 480/40 nm excitation filter, a beam 

splitter 505, and a motorized RGB filter wheel. Sectioning and image capturing was repeated 
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one after another until the preset number of sections (typically about 1500 sections) 

completed. All the images were reconstructed into a 3D image dataset, which would be 

imaging processed with a RESView™ software package, so that 3D web structures were 

ready for analysis. If necessary, 3D datasets were color segmented to separate the nylon (red) 

and PET (yellowish green) components. 

 

6.2.5 Fabric structural properties and consolidation 

The thickness, T’, and the basis weight, W, of the needlepunched felts were measured 

according to the corresponding ASTM standards.  A thickness gauge (Model BG1110-1-04, 

AMES-Masters of Measurements) was used in the measurement following ASTM D5729 

test method. A GSM Circular Cutter designed specifically with a precise 100 cm2 (diameter 

113 mm) circular area was utilized to cut samples, and with a high-precision weight balance 

for the measurement of mass per unit area based on the ASTM D3776 test standard.  

 

Solidity, µ, the function to characterize web consolidation, was obtained using the following 

equation, 

 

 
m 

Vf

V F


r f

rF


W

T '  r f

 (7.3) 

 

Where ρf is the density of solid fibers used in the felt. 
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7.2.6 Measurement and characterization of fabric properties 

7.2.6.1 Mechanical properties: tensile properties and burst strength 

Tensile properties and burst strengths were measured following ASTM D5035-the strip 

tensile test and ASTM D6797 ball burst test. Tensile properties including tenacity, elongation 

at break and modulus were assessed in both machine direction (MD) and cross direction 

(CD). The moduli reported in the study were the secant modulus at 30% elongation 

calculated based on stress-strain curve of each test. 

 

Due to slight weight variation inevitably happened in the needlepunch trials, and to avoid the 

inaccurate comparison influenced by the weight difference, fabric strengths were normalized 

to the initially designed 400 g/m2 (200 g/m2 nylon layer + 200 g/m2 PET layer) by utilizing 

the method in the following equation, 

 

 
Snorm  Sobs 

Wnorm

Wobs  
(7.4) 

 

Where normalized property, Snorm, is the observed property, Sobs multiplying the ratio 

between nominal fabric weight, Wnorm and observed fabric weight, Wobs. 

 

By doing so, impact of area weight of needlepunched samples was eliminated, so that the 

comparison of the relative results was only made to disclose pure effects of needlepunch 

operation. 
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7.2.6.2 Compression and recovery 

Compression and recovery test was processed using Instron tensile tester. Samples were cut 

into circles with 100 cm2 area with a GSM Circular Cutter and stacked in multiple layers of 

each sample into a sample block with around 50 mm thickness. The blocks were placed 

between two circular platens attached to the Instron tester. A 2 mm gap was initially set 

between the top surface of specimens and the bottom surface of the upper platen to tolerant 

sample thickness deviations. The compression and recovery test was conducted with the 

upper platen applying compressive pressure to samples until the preset compressive ratio 

achieved, which was 50% deformation in the tests. The crosshead speed was 2.5 mm/min. As 

soon as the ratio achieved, the upper platen immediately started returning to the initial 

position under the same crosshead speed. 

 

The compression behavior and recovery were separately analyzed, though the compression 

and recovery tests were finished in one testing cycle. A typical cycle composed of a 

compression curve and a recovery curve was shown in the plot of Figure 7.8.  
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Figure 7.8 Compression and Recovery Curves from Compression Test 

 

The model initiated by van Wyk and further developed by Neckar was to be used to 

characterize the compression resistance (Wyk, 1946; B.Neckar, 1997). van Wyk simulated 

the compression and recovery behavior of high loft fibrous masses made of wools. He 

understood the fiber-to-fiber contact as “point contact” which however was not universally 

accurate for textile materials. Neckar modified the model considering “area contact” the real 

fiber-to-fiber contact mechanism. Therefore, the function, developed based on the new fiber-

to-fiber contact theory, with compression pressure, P, normalized by solidity, μ, was 

illustrated in the following equation, 

 

 
P  kpa 

kpm
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 (7.5) 
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Where μ0 is the original solidity of samples before compression test. kp is the intrinsic 

characteristic to evaluate the compressive resistance of nonwoven samples: higher the value, 

better the resistant capability. kp value was determined by applying the linear regression 

method (Das & Pourdeyhimi, 2010). 

 

Recovery performance was separately characterized by assessing the work recovery (%) as to 

the ratio of energy consumed to achieve 50% compression against the energy required for 

full recovery. The ratio was calculated for individual samples from the profile of 

compression test following the equation, 

 

 ( )
%  cov 100%

Area(recovery)

Area compression
work re ery    (7.6) 

 

7.3 Results and discussion 

7.3.1 Investigation of fiber transfer mechanism with the miniature needle machine 

7.3.1.1 Volume of fiber bundles produced by single needle penetration with the miniature 

model needle loom 

In the needlepunch process, needle barbs capture groups of nylon fibers and alter the location 

of these fibers from originally laying on the surface to vertically protrude into the PET layers. 

Eco-Star needles with different working blade geometries, namely straight working blade and 

twisting blade, may vary the geometry and dimension of fiber tufts created by these barbed 

needles. These differences of nylon fiber relocation were visualized by identifying the nylon 
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component with the blue dye. The cross-sectional images (Figure 7.9) of single fiber bundles 

created by the two needle types clearly showed that surface fibers were penetrated into the 

bulk. The nylon component colored in blue were transferred through PET component and 

reached the back surface, where originally had only polyesters. By only comparing the 

images, fiber bundles generated by the straight Eco-Star needle apparently had a larger fiber 

bundle in the bulk of PET component, lower volume of nylon component remaining at the 

top layer and a relatively more compressed web bulk than the counterpart produced by the 

twist Eco-Star needle. 

 

 

Figure 7.9 Fiber Bundles Produced by Straight Needle and Twist Needle 
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The volumes of fiber tufts, which were the part of blue fiber bundles underneath the interface 

of the nylon layer and the PET layer, were calculated based on the analysis of the images in 

Figure 7.9. Agreed well to the observations from the images, the calculations (in Figure 7.10) 

showed that the fiber tufts produced by the straight Eco-Star needle had a greater volume 

indicating more fibers being transferred and stabilized in position. 

 

 

Figure 7.10 Fiber Bundle Volumes Calculated from the Images 

 

7.3.1.2 Punching force analysis 

Punching forces were measured from each of the four force transducers and the four channels 

were averaged through the amplifier with averaged peak forces presented in Figure 7.11. The 

force required to finish a complete needling cycle appeared to be larger with the straight Eco-

Star needle than with the twist one. Noticeably, with the greater fiber transfer volume, and 
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more consolidated structure, the straight Eco-Star needles had to overcame stronger 

restrictions from completing needlepunch operations. 

 

 

Figure 7.11 Peaks of Punching Force Detected with Straight Needle and Twist Needle 

 

Compared to the needles with a twist working blade, regular needles with fiber loops grabbed 

by individual needle barbs have fibers straightly and tightly attached on the needle edges, so 

that the grip ensures fiber transfer without slippage. However, due to the twisting geometry 

of needle working blade, the twist needle edges with barbs on them are spiral in certain 

angles instead of having all barbs on each edge aligning along the penetrating direction. 

Therefore, there are possibly two reasons that limited the twist needles for effective fiber 

transfer and web consolidation. First, fiber loops are not able to closely attach to the edges of 

the twisting working blade, which may increase the risk of fiber slipping out of the barb grips 

(Figure 7.12). 
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Figure 7.12 Fiber Loops Grabbed by Needle Barbs on Straight Working Blade and Twist 
Working Blade 

 

Secondly, as barbs on each edge of the twist needles are not straightly aligned, the upper 

barbs (the needle barbs farther away from needle point) are not only to capture the movable 

fibers uncaught by the lower barbs (the needle barbs close to needle point), which is a 

conventional fiber capture mechanism of needles with straight working blades, but the 6 

barbs are distributed individually around the periphery of the needle to pick up fibers on web 

surface from different spots (Figure 7.13), which higher the chance of two or more barbs 

simultaneously dragging same fibers. The strengthened needle-fiber interaction increases 

fiber escape from barbs and limits deep penetration of fiber bundles, hence, relatively smaller 

sized fiber tufts were observed. 
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Figure 7.13 Needle Barb Distribution of Needles with a Twist Working Blade 

 

Therefore, due to the potential fiber slippage and limitations against deep fiber penetration 

for efficient fiber transfer, punching force required to overcome fiber bundle pressures was 

lower than the fiber transfer achieved by the needles with a regular straight working blade. 

All this effects are holding only when all the other production parameters are constant, such 

as fiber properties, needle gauge, barb size and needle machine configurations and so on. 

 

7.3.1.3 Analysis of 3D structures by applying Digital Volumetric Imaging (DVI) technique 

A series of 2D sections (Figure 7.14) as structure views from different directions were 

exported from 3D sample dataset to illustrate fiber bundle geometries created by the straight 

Eco-Star needle and the twist Eco-Star needle. The front view as the web structure in the CD-

TD plane provided the most straightforward illustration of fiber reorientation and 

entanglement. The bundle by the straight needle was tight, straight and protruded through the 

entire fabric thickness to the back surface; whereas the relocated fibers by the twist needle 

was loosely attached to each other, which was not able to reach the fabric bottom and to 
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tightly compact PET layer. To further investigate the arrangement of nylon fibers reoriented 

in the PET component, in the side view and top view images, PET fiber component in 

yellowish green were filtered out from images through color segmentation. These revealed 

geometries of fiber tufts composed of nylon fibers in red of the needlepunched samples by 

the two types of needles. The fiber bundle by the straight needle was straightly aligned along 

the thickness direction; however, the one with the twist needle was spinning in the bulk of 

PET component with a shorter effective bundle length. 

 

 

Figure 7.14 DVI Structures for Comparison of Effects of the Straight Working Blade and 
Twist Working Blade 

 

The spiral fiber bundle geometry produced by the twist Eco-Star needle reduced effective 

bundle length, so that the web structure, particularly the fiber arrangement in the PET 
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component bulk was not sufficiently compressed. Comparing to the bundle size, there were 

obviously fewer amount of fibers within the bundle of twist needle sample, possibly due to 

fiber slippage and intensive needle-fiber interaction as discussed earlier. The twisting bundle 

geometry, however, enhanced fiber interlocking efficiency, which may improve structure 

stability in the thickness direction. 

 

7.3.2 Fiber transfer ratio of the samples needlepunched by the Asselin® needle machine 

Different to the sample structures made from the miniature needle machine, the Asselin 

needle machine allowed intensive needlepunch to have amply of fibers transferred. It 

occurred that multiple needlepoints appeared at the same position on fabrics. The cross-

sectional images (in Figure 7.15) illustrated the structures of the nonwovens produced by the 

straight and twist Eco-Star needles with 100 stitch/cm2 punch density. Apparently, there was 

significant amount of blue nylon fibers relocated either inside of the PET layer or on the back 

surface of the original two-layer structure. Fiber bundles in the vertical direction became 

irregular in terms of the geometries and dimensions and were non-uniformly distributed due 

to the randomized needle distribution on needle board and the high concentration of needle 

penetrations applied in every small area. 
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Figure 7.15 Cross-sectional Structures Produced by Straight Working Blade and Twist 
Working Blade 

 

Fiber transfer volume ratios were calculated by taking the thickness loss of the top nylon 

layer comparing to its original thickness and web compression into account. Results of the 

calculation were displayed in the graph of Figure 7.16. As the volume of individual fiber tuft 

created by the twist Eco-Star needle was smaller than the regular Eco-Star needle with a 

straight working blade, it was not difficult to predict that its overall fiber transfer volume 

ratio with the Asselin needle loom used was hence lower than that of the straight needle, 

which was demonstrated in the following graph. 
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Figure 7.16 Fiber Transfer Ratio Calculated by Analyzing Cross-sectional Structures 

 

7.3.3 Fabric structural property and consolidation with Asselin needle machine 

Needlepunch process results sufficient thickness reduction in fabrics with fiber assembly 

highly compact due to fiber transfer and needling compression. The thickness reduction was 

different between the two needles. Results from the measurements of sample thickness and 

basis weight were listed in Table 7.2. The straight Eco-Star needle caused more fiber 

relocation out of the top nylon layer, and with a relatively better ability to fasten fiber 

bundles in barbs and to pull fiber loops to a deeper position, which made larger compression 

pressure during the needlepunch operation, consequently, there was greater thickness decline 

than the twist needle type. The compression ratio, which is the ratio of thickness loss of 

nonwovens during needlepunch, was calculated. Because of the higher thickness reduction 

occurred at the scenario of straight Eco-Star needle, the samples were significantly 
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compressed with boosted punching force generated in the process; whereas, the twist needle 

samples were relatively bulkier with lower compression ratio. 

 

Table 7.2 Structural Properties of the Samples 

Needle Type Punch Density 

(stitch/cm2) 

Basis Weight 

(g/m2) 

Thickness 

(mm) 

Compression 

(%) 

Solidity 

Straight 

Eco-Star 

100 331 3.83 58.46 0.071 

200 301 3.32 64.05 0.074 

Twist 

Eco-Star 

100 341 4.04 56.25 0.069 

200 311 3.67 60.26 0.072 

 

Fabric basis weights of the samples after needlepunch were also reduced from the originally 

designed 400 g/m2. Differences of the resulted sample weight were observed due to distinct 

fiber transfer mechanisms with respective working blade geometries. The straight working 

blade of Eco-Star needle created larger sized fiber bundles and carried them penetrating 

deeply through the fabric, these motions reduced fiber amount in unit bulk and expelled 

surrounding fibers farther away, which was not the case for the twist working blade when 

smaller sized fiber bundles with insufficient fiber transfer were produced. Therefore, the 

resulted area densities by the straight Eco-Star needle were lower than the ones by the twist 

Eco-Star needle. 
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Web solidities, calculated based on the measurements of thickness and basis weight, were 

listed in Table 7.2 as well and also illustrated in the graph of Figure 7.17. Samples produced 

by the straight Eco-Star needle had fibers packed in a slightly tighter manner because of the 

higher fabric compression by sufficient fiber reorientation and intensive compressing forces. 

The structures processed by the twist counterpart, therefore, were bulkier with consequently 

lower web solidities. 

 

 

Figure 7.17 Web Solidities Based on the Calculated Results 

 

7.3.4 Mechanical properties of needlepunched samples 

7.3.4.1 Tensile properties 

The strip tensile tests were performed for information of strengths required to pull samples 

apart in both machine direction along the fiber flow (MD) and cross direction (CD). Secant 

moduli at 30% elongation were derived from the stress-strain curve of the tests. Tensile 
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strength is highly affected by fiber orientation in the horizontal plane and the thickness 

direction, therefore, the strengths (Figure 7.18) of the samples produced by the straight and 

the twist Eco-Star needles were different following the tendency observed at fiber transfer 

ratio in the graph of Figure 7.16, as to fiber bundles holding structures against being pulled 

apart. Both the MD tensile strength and the CD tensile strength shared same trends, where 

the fabrics from the straight needle were stronger than the ones with the twist needle, even 

though the differences showed in the MD strength graph were too subtle to identify. 

 

 

Figure 7.18 Tensile Strengths of the Samples with Straight Needle and Twist Needle 

 

The secant moduli at the early stage of deformation showed coherent tendencies in MD and 

CD as well (Figure 7.19). Modulus, unlike the tensile strength, is the stiffness of 

needlepunched fabrics influenced by fiber transfer and web consolidation together. The Eco-

Star needle with a straight working blade produced fabrics with higher stiffness than its 
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counterpart with a twist working blade. The higher performance of modulus was coherent to 

the higher fiber transfer efficiency and greater web consolidation indicated by web solidity. 

 

 

Figure 7.19 Modulus of Needlepunched Samples with Straight Needle and Twist Needle 

 

7.3.4.2 Burst strength 

Burst strengths of needlepunched samples by the straight Eco-Star needle and the twist Eco-

Star needle were also measured for comparison. As shown in Figure 7.20, the samples of the 

twist needle had superior resistance against burst failure than the ones of the straight needle. 

Unlike the tensile strength, burst strength is a dimensionless property popularly used to 

assess the performances of needlepunched nonwovens. 
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Figure 7.20 Burst Strength of Samples Produced by Straight Needle and Twist Needle 

 

In the ball burst test, a uniaxial load was perpendicularly applied on sample surface, which 

was securely fastened between two metal clamping plates. At the moment that the steel ball 

attached to the plunger touched the fabric surface, the load immediately broke into 

multidirectional force to push fibers apart and allow the ball squeezing through the specimen. 

Therefore, the bursting resistance of samples highly depends on how well the fibers in the 

horizontal plane packed with each other. The samples produced by the twist needle had 

higher web basis weight and lower fiber transfer ratio, thus, greater amount of fibers 

remained in the bulk and distributed in the horizontal plane to preserve the webs against burst 

damage. 

 

7.3.4.3 Compression test for compressive resistance and recovery 
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Fabrics processed by the straight Eco-Star needle and the twist Eco-Star needle had very 

similar compression and recovery profiles showing in the charts of Figure 7.21. At both 100 

stitch/cm2 and 200 stitch/cm2 punch densities, the maximum pressures required to achieve 

50% sample compression behaved very similar. 

 

 

Figure 7.21 Compression and Recovery Curves of Samples Produced by Different Needle 
Working Blades 

 

The samples manufactured by the straight Eco-Star needle had strong and steady fiber 

bundles holding web structures against compression, whereas the Twist Eco-Star needle 

created sallow fiber penetrations and, therefore, bulkier structures was supposed to have 

relatively lower resistance, however, its twisting fiber bundles entangled with fibers inside of 

the structure, so that the structure stability in the thickness direction was improved and 
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achieved to very similar compression resistance and recoverability than the fabrics with the 

straight Eco-Star needle. 

 

During the compressing process in the test, the compression pressure continuously changes 

with the change of bulk density. kp value as the slope of the correlation between pressure and 

structure consolidation is an essential indicator of fabric compression resistance. Higher the 

value is, better the resistance will be against compression. As presented in Figure 7.22, the 

samples of the straight Eco-Star needle and the twist Eco-Star needle were found with 

negligible difference of the kp values.  

 

 

Figure 7.22 kp Values, Characteristic of Compressive Resistance 

 

Ratios of the energy required to recover against the energy consumed to compress the 

samples to 50% deformation were coherent to the tendency of compression resistance, kp, 
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value. Work recovery (Figure 7.23) and the kp value both showed that the fabrics with the 

straight needle were slightly higher than the fabrics with the twist needle. The differences 

were so small to be overlooked. This indicated that the spiral fiber bundles, generated by the 

twist working blade, effectively improved fiber interlocking and enhanced the property in 

thickness direction, even though the fiber penetration was sallow and was with smaller sized 

fiber tufts to insufficiently secured web structures. 

 

 

Figure 7.23 Work Recovery Represents the Capability of Recovery 

 

7.4 Summary and conclusion 

In this study, needlepunched samples were prepared by separately utilizing a test-stand 

needlepunch unit for investigations of fiber transfer mechanism and an Asselin® needle loom 

to resemble industrial scale needle punching to investigate fabric structure and properties. 

Punching forces during needlepunch operation, cross-sectional image characterization, and 
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DVI technique were successfully used to analyze the impacts of two felting needle types with 

a straight working blade and a twist working blade, respectively. Fiber transfer and web 

consolidation were comprehensively evaluated, and correlated to mechanical properties to 

explain the effects of the two needle types. 

 

Compared to the twist Eco-Star needle, the regular Eco-Star needle with a straight working 

blade take fibers to made straight and thorough penetrations. The created fiber bundles were 

protruded through the entire fabric thickness and securely fastened webs. High punching 

pressure observed with the straight Eco-Star needle consolidated web structures better than 

the needle with a twist working blade. Due to the efficient fiber transfer and web 

consolidation, the samples with the straight Eco-Star needle were stronger in tensile 

performances, but weaker against burst failure than the fabrics with the twist Eco-Star 

needle. However, the twist working blade enhanced fiber entanglement inside of fabric bulk, 

so comparable compression resistance and recoverability were observed. 
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Chapter 8 Studying the Impact of Punch Density and Punch Frequency on 

Web Structure and Properties 

8.1 Introduction 

Needlepunch is one of the nonwoven mechanical bonding techniques with fibers on web 

surface repeatedly transferred by the penetrations of barbed needles and entangled inside of 

the fabric bulk. Because of the constant improvement and evolution, this mechanical bonding 

technique now has been developed into a flexible, versatile and highly productive process. 

Needlepunched nonwovens have taken up to 30% of global market share (Rupp, 2009), and 

they are widely used in various areas from industrial applications to household materials, 

such as advanced composites, insulation felts, medical textiles, filter bags, upholstery, 

automotive applications and so on. 

 

Needlepunch is a complex production process with various processing parameters involved. 

Adjustments of any production parameters might alter fabric structures in terms of fiber 

reorientation and structure consolidation, further affect their mechanical performances. 

Punch density, recognized as one of the most important production parameters, is defined as 

the number of needlepunch stitches applied on unit area of fiber fleeces. As depicted in 

Figure 8.1, the main drive of needle machines guides needle boards installed with thousands 

of barbed felting needles doing repeated up and down motions to reorient fiber bundles and 

for potential fiber entanglement. Therefore, total number of needle stitches is related to most 

of the production configurations in a complete needle motion. 
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Figure 8.1 Running Principle of a Single Board Needle Machine 

 

Punch density, N, (Purdy, 1980; Rupp, 2009) is functioned by machine configurations 

including needle board density, d, punch frequency, f, web feed rate, v, and the number of 

needling passes, p, employed in an entire production process. Calculation can be done with 

the following equation, 

 

 

 
N

p


d  f  p

v
 (8.1) 

 

There are several attempts to investigate the impacts of punch density from the published 

researches (J.W.S.Hearle & M.A.I.Sultan, 1968; J.W.S.Hearle, A.T.Purdy, & J.T.Jones, 

1973; J.W.S.Hearle, M.A.I.Sultan, & T.N.Choudhari, 1968; M. & F., 1990; Purdy, 1980; 

Roy & Ray, 2009). The general agreement about the effects of increased punch density is 
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that more fibers are reoriented into the thickness direction for entanglement, therefore, 

fabrics are consolidated and physical properties are enhanced to an optimal level. After that, 

due to the structure deterioration caused by over-done needlepunch, properties start 

declining. What punch density provides the best property improvement is always an interest 

for needlepunch industries. 

 

Most of the studies performed previously ignore the fact that needlepunch is such a complex 

operation having production parameters not only individually influence fabric structures and 

properties. They also mutually interact with each other (Purdy, 1980; Goswami, Beck, & 

Scardino, 1972). Prior studies about punch density did not consider it as a combined factor 

and not have production conditions well controlled to eliminate potential interferences 

between machine configurations. 

 

Punch frequency is the speed of finishing certain amount of needlepunch cycles in a minute. 

This parameter is straightforwardly determined by the rotating speed of the main drive as in 

Figure 8.1. High punch frequency is able to highly improve productivity under a given 

production condition, however, effects of high punch frequency on fabric structure and 

properties have not been thoroughly understood. Dilo invented the elliptical kinematical 

movement system engaged in the Hyperpunch machines guiding felting needles travel 

synchronously with fiber flow (Dilo, 2001; Purdy, 1980; Rupp, 2009) The new technique 

equips advanced drive allowing punch speed up to 2000 rpm. 
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Very few studies have been conducted to specifically analyze the effects of punch frequency. 

Kapusta et al. installed load cells and thermometer in the needlepunch unit to detect the 

changes of punching force and temperature of fibrous materials at different punch 

frequencies (Kapusta, 2003). In dependence on fiber materials used in production, effects 

with punch frequencies under roughly 1000 rpm were very difficult to be detected. High 

temperature and slight punching force decline were observed at the high punch frequencies, 

indicating some fiber melt and damage. However, these punch frequencies used had been 

still far lower than the maximum achievable. 

 

This study is to investigate the fundamental mechanism of punch density, and also 

understand the impact of punch frequency as one of the factors related to punch density. 

Experiments were designed to change punch density in a wide variety by altering production 

speed and remaining all the other variables constant. Punch frequency was separately studied 

with a range of selections as wide as possible at two different punch densities for reference. 

Web structure visualization and analysis were employed to construct the connection between 

process and property, which had never been done before, though the importance of structure 

characterization had been noticed many years ago (Purdy, 1980; J.W.S.Hearle & 

M.A.I.Sultan, 1968; J.W.S.Hearle, A.T.Purdy, & J.T.Jones, 1973; J.W.S.Hearle, 

M.A.I.Sultan, & T.N.Choudhari, 1968) 
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8.2 Materials and experimental 

8.2.1 Material preparation and production of needlepunched nonwovens 

To facilitate the visualization of the structural changes caused by needlepunch operation, a 

two-layer structure was formed consisting of a nylon top layer (200 g/m2) and a PET bottom 

layer (200 g/m2). Both Nylon and PET fibers from Invista™ were 6 denier in fineness and 2 

inches in length with a round fiber cross-section. Each layer was individually prepared 

through fiber opening, carding, cross-lapping and slightly pre-needling with the commercial 

staple fiber processing line manufactured by Truetzschler Nonwovens in the Staple Lab of 

the Nonwovens Institute (Raleigh, North Carolina). 

 

The two-layer structure was needlepunched by the Asselin® needle machine in the 

Nonwovens Institute (Raleigh, NC). The type of felting needles installed in the machine for 

the study was 15x18x36x3 R222 G3017, supplied from Groz-Beckert KG. This is an 

equilateral triangular shaped felting needle schematically illustrated in Figure 8.2 (not in 

scale) with 3 inch total needle length and regular barb spacing, representing a 6.36 mm 

distance between the two barbs on same edge, and a 2.12 mm distance between the two 

adjacent barbs on different edges. The distance from needle point to the first barb is 3.18 

mm. There are totally 6 barbs, and to have all the 6 barbs being active, which means the 

barbs completely penetrated through the webs, 13.78 mm penetration depth is the least. Barb 

size was selected matching the fiber size to be processed, including a 0.07 mm barb depth 

and a 0.005 mm kick-up. 
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Figure 8.2 Schematic Illustration of Felting Needle Configurations 

 

The production was operated with punch frequency, f, constant at 400 rpm and 6000 needles 

per meter of needle board along machine transverse direction. Various punch densities 

ranging from 86 stitch/cm2 to 480 stitch/cm2 were selected and achieved by varying fabric 

throughput speed from 2.8 m/min to 0.8 m/min. Most of the operations were achieved by 

single needling pass with the only exception at 480 stitch/cm2, which exceeded the maximum 

capacity of the Asselin needle machine, and therefore, two identical needling passes with 240 

stitch/cm2 punch density were applied both on the nylon surface. The detailed punch 

densities with corresponding fabric throughput rates designed were presented in Figure 8.3. 

To have 3 barbs being acting and completely penetrated through fabric thickness, 9 mm 

penetration depth was utilized. The selection of penetration depth was based on the study of 

penetration depth in chapter 3. For the needle types with such specific barb spacing, this 
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penetration depth and the amount of acting barbs had been proved with the optimal fiber 

transfer efficiency and mechanical performances in the study of penetration depth. 

 

 

Figure 8.3 Various Punch Densities Achieved by Varying Throughput Speed of Production 

 

The Asselin needle machine was afterwards utilized for the study of punch frequency, which 

is one of the factors functionalizing the total punch density. Same needle type was used and 

was penetrated in the same penetration depth (9 mm) to have three acting barbs punch 

through fiber webs. Two experimental scenarios (in Figure 8.4) of 100 stitch/cm2 and 200 

stitch/cm2 were designed having punch frequencies from 100 rpm to 1000 rpm by again 

changing throughput speeds and maintaining needle board density as 5000 needles per meter. 

Since to get 100 stitches per minute frequency when 200 stitch/cm2 was applied, extremely 

low production speed was required, this was out of the applicable range of the Asselin 

machine, so the frequency in this scenario was starting from 200 rpm. 
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Figure 8.4 Punch Frequencies Achieved by Varying Throughput Speed at Two Punch 
Densities 

 

8.2.2 Visualization and analysis of needlepunched fabric structures 

In the needlepunch process, fibers on the surface of the top nylon layer are reoriented into the 

bulk of web to form tufts and to hold fibrous assemblies. The cross-sections of 

needlepunched samples were visualized with optical microscopy by coloring the nylon 

component out of the PET component. 

 

The needlepunched samples were dyed with Stylacyl Blue RP dye (C.I. Acid Blue 298) 

supplied by Du Pont De Nemours & Co (Wilminton, DE). The dyeing condition was 

carefully selected and the operation was carefully preceded to achieve clear visibility of fiber 

transfer and without changing web structures. The dye solution was prepared in a 3% (w/v) 

concentration at ambient temperature and operated in the dyeing process with material 
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weight to liquid volume ratio as 1:60.  Samples were immersed into the solution at 40°C. A 

few drops of acetic acid as a neutralizing agent were added into the solution until the 

temperature was raised on a hot plate to 100°C. After leaving the solution at this temperature 

for 10 minutes, the samples were washed and dried at room temperature for subsequent 

analysis.  Finally, the samples were sectioned along the cross direction to visualize the cross-

sectional structures with a stereomicroscope Nikon SMZ1000 StereoMicrozoom and Nikon 

DigitalSight DS-Fi1 camera. 

 

The cross-sectional images of the samples manufactured by the Asselin® needle loom were 

acquired for structure analysis. The actions of fiber transfer and web consolidation happening 

during needlepunch were schematically presented in Figure 8.5. A series of measurements of 

web thickness and nylon layer thickness before and after needlepunch were conducted under 

microscope for the assessment of fiber transfer volume ratio and fabric compression. 
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Figure 8.5 Schematics Showing (a) Nylon Component Laying on the PET Component before 
Needlepunching and (b) Nylon Tuft Created in the Thickness Direction during Needle 
Penetration 

 

The ratio of fiber volume transported was calculated as the volume loss happened in the 

Nylon layer over the initial Nylon layer volume after eliminating the effect of web 

compression, C. This method was based on two assumptions that (1) all transferred fibers 

were Nylon fibers; and (2) Nylon component and PET component shared the close enough 

web compressibility to neglect the difference. Noticing the fact that the horizontal area (MD 

and CD plane) of fabrics was dramatically vaster with negligible size changes than the 

variation occurred in the fabric thickness direction (TD), thus the calculation was simplified 

into the following equation, 
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Where T0 was the initial thickness of the Nylon component before needlepunch; T1 was the 

thickness of Nylon layer after needlepunching. Fabric compression was the measure from 

thickness reduction in the needling production, therefore, follows the following equation. 

 

 
C(%)  (1

T '

T
)100% (8.3) 

 

Where T and T’ are the web thickness consisting of nylon component and PET component 

before and after needlepunching, respectively. 

 

8.2.3 Fabric structure properties and consolidations 

The thickness, T’, and the basis weight, W, of the needlepunched felts were measured 

according to the corresponding ASTM standards.  A thickness gauge (Model BG1110-1-04, 

AMES-Masters of Measurements) was used in the measurement following ASTM D5729 

test method. A GSM Circular Cutter designed specifically with a precise 100 cm2 (diameter 

113 mm) circular area was utilized to cut samples, and with a high-precision weight balance 

for the measurement of mass per unit area based on the ASTM D3776 test standard. 

 

Solidity, µ, the function to characterize web consolidation, was obtained using the following 

equation, 
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m 
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V F


r f

rF


W

T '  r f

 (8.4) 

 

Where ρf is the density of solid fibers used in the felt. 

 

8.2.4 Measurement and characterization of fabric properties 

8.2.4.1 Mechanical properties: tensile properties and burst strength 

Tensile properties and burst strengths were measured following ASTM D5035-the strip 

tensile test and ASTM D6797 ball burst test. Tensile properties including tenacity, elongation 

at break and modulus were assessed in both machine direction (MD) and cross direction 

(CD). The moduli reported in the study were the secant modulus at 30% elongation 

calculated based on stress-strain curve of each test. 

 

Due to slight weight variation inevitably happened in the needlepunch trials, and to avoid the 

inaccurate comparison influenced by the weight difference, strengths were normalized to the 

initially designed 400 g/m2 (200 g/m2 nylon layer + 200 g/m2 PET layer) by utilizing the 

method in the following equation, 

 

 
Snorm  Sobs 

Wnorm

Wobs  
(8.5) 
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Where normalized property, Snorm, is the observed property, Sobs multiplying the ratio 

between nominal fabric weight, Wnorm and observed fabric weight, Wobs. 

 

By doing so, impact of area weight of needlepunched samples was eliminated, so that the 

comparison of the relative results was only made to disclose pure effects of needlepunch 

operation. 

 

8.2.4.2 Air-permeability 

Air-permeability is the property highly dependent on porous structure and pore volume. The 

property was measured with the TEXTEST FX3300 instrument in the Analytical Lab of the 

Nonwovens Institute. 12 repetitions were performed on each sample. 

 

8.3 Results and discussion 

8.3.1 Analysis of cross-sectional images and assessment of fiber transfer efficiency 

8.3.1.1 Fiber transfer mechanism of punch density 

During the needlepunch process, barbed needles capture large amount of nylon fibers and 

alter the location of these fibers from originally laying on surface to vertically protrude into 

the PET layers. Different punch densities change amount of fibers to be reoriented. 

Needlepunched samples by the Asselin needle machine were stained with the acid blue dye, 

and the cross-sections of these samples were visualized to illustrate fiber reorientation. The 

cross-sectional images in Figure 8.6 displayed the structures of two fabrics manufactured 
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with the extreme low punch density, 86 stitch/cm2, and the extreme high punch density, 300 

stitch/cm2. 

 

 

Figure 8.6 Images of Cross-sectional Structures of Samples Produced by 86stitch/cm2 and 
300stitch/cm2 Punch Densities 

 

It is obvious that the increase of punch density not only enhanced fiber transfer, but also 

compressed fabrics into a consolidated fiber assembly. Fiber transfer ratio was then evaluated 

by analyzing these cross-sectional images with the method described before. The results were 

plotted in Figure 8.7. There was an initial sharp growth of fiber transfer observed in the early 

stage of punch density increase. The growth started becoming smaller after the 240 stitch/cm2 
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punch density. The phenomenon is very likely because of highly consolidated web structures 

and significantly reduced fiber mobility, for both restrained further fiber reorientation. 

 

 

Figure 8.7 Fiber Transfer Ratio Calculated according to the Analysis of the Cross-sectional 
Images 

 

8.3.1.2 Fiber transfer mechanism of punch frequency 

Similarly, the cross-sectional images were acquired by utilizing optical stereomicroscope in 

the study of punch frequency. The images of the samples produced by the lowest frequency, 

100 rpm, and the maximum frequency, 1000 rpm, both with 100 stitch/cm2 punch density 

were presented in Figure 8.8. From the images, barely were any differences observed in 

terms of fiber transfer and fabric consolidation. Not only these two examples, but actually all 

the other fabrics were not showing observable variations. 

 

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0 100 200 300 400 500

Fi
b

e
r 

Tr
an

sf
e

r 
R

at
io

Punch Density (stitch/cm2)



 

268 

 

Figure 8.8 Cross-sectional Images of Fabrics Needlepunched by 100 rpm and 1000 rpm 
Punch Frequencies with 100 stitch/cm2 Punch Density 

 

Fiber transfer ratio was evaluated again to numerically compare effects of punch frequency, 

and with results shown in Figure 8.9. Likewise the observations from images, fiber transfer 

didn’t provide obvious difference at both production scenarios of punch densities, namely the 

100 stitch/cm2 and 200 stitch/cm2. 
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Figure 8.9 Fiber Transfer Ratio Calculated from Cross-sectional Images 

 

8.3.2 Web structural properties and fabric consolidation 

8.3.2.1 Effect of web consolidation by punch density 

Needlepunch highly reduces web thickness from its original pre-needled status due to fiber 

transfer and compression pressure applied by needle barbs while pushing fibers through 

fabric thickness. Needlepunch operation involved slight weight decline as demonstrated in 

Figure 8.10, higher punch density formed more and bigger fiber tufts may push surrounding 

fibers further away so the fibers remaining in unit area fewer than the results of relatively 

lower punch densities, particularly when two needling processes were employed, doubled 

drafting ratio, which is the ratio between the speeds of feed rolls and take-out rolls, was 

introduced in production and further reduced fabric weights. 
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The growth of punch density significantly fostered fabric compression pressure to compress 

fiber assemblies into thinner bulks, at the same time, possible doubled drafting reduced fabric 

thickness when multiple needlepunching processes were used to achieve the 480 stitch/cm2 

punch density. Thickness reduction was rapid at the early stage of punch density increase 

until the 240 stitch/cm2 following with an almost flat tendency with the subsequent increase. 

 

 

Figure 8.10 Basis Weight and Thickness of Samples Needlepunched at Various Punch 
Densities 

 

Due to the fact that web basis weight subtly changed and thickness obviously altered, 

following the increase of punch densities, web solidity, calculated by the measurements of 

thickness and basis weights, grew as a result. Therefore, web consolidation (Figure 8.11) was 

observed with very similar increasing tendency of fiber transfer ratio that was continuously 

improved consisting of a steep growth and a subsequent flattened enhancement as closely 
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enough packed fibers did not allow further structure consolidations. Same as the observations 

of fiber transfer, the yield point of the growth of web consolidation were at 240 stitch/cm2. 

 

 

Figure 8.11 Web Solidities of the Samples at Various Punch Densities 

 

8.3.2.2 Effect of web consolidation by punch frequency 

Structural properties were also measured and analyzed to investigate how punch frequency 

varying from 100 rpm to 1000 rpm impacted fabric structures. Within the range of specified 

frequencies, punch frequencies didn’t have observable effects on fabric area density and 

thickness (in Figure 8.12). 200 stitch/cm2 punch density slightly reduced fabric weight per 

unit area and thickness compared to the 100 stitch/cm2, the results of punch frequencies 

falling into the categories of individual punch density were almost flat lines. 
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Figure 8.12 Basis Weight and Fabric Thickness of Fabrics Produced by Various Punch 
Frequencies 

 

In the study of web consolidation, fabric solidity was converted by the measurements of basis 

weight and fabric thickness. Due to the phenomenon that punch frequency changed in the 

range of 100 rpm to 1000 rpm did not influence fabric area density and thickness, no impacts 

on fabric consolidation were observed as shown in the graph of Figure 8.13. 
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Figure 8.13 Web Solidities of the Samples from the Production with Various Punch 

Frequency 

 

Relatively higher fabric consolidation was observed when 200 stitch/cm2 punch density was 

applied in the production. Punch frequency is one of the variables popularly used to enhance 

punch densities, with given needle board density and production speed, frequent needle 

penetrations, more stitches will be ended up on unit area of fabric surface. Increase of punch 

density changes fabric structures including fiber transfer and fabric consolidation, however, 

punch frequency does not seem to be relevantly effective. Because of the fact that the punch 

frequencies used in the study was relatively slow comparing to the achievable speed of 

stitches at high-tech needlepunch machines, which is up to 2000 stitches per minute, further 

analysis was necessary with wider range of frequencies. 
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8.3.3 Mechanical properties of needlepunched samples 

8.3.3.1 Tensile properties 

8.3.3.1.1 Effect of punch density 

The strip tensile tests were performed with the measurements providing information of 

strengths required to break samples in both machine direction along the fiber flow (MD) and 

cross direction (CD). Secant moduli at 30% of structure deformation were derived from the 

stress-strain curve obtained from individual test. Due to the effect of fiber orientation, and 

that needlepunched fabrics after the carding and cross-lapping process have fibers aligned 

more in the cross direction than the machine direction, fabrics are usually stronger in CD  

than in MD (Figure 8.14). 

 

 

Figure 8.14 Tensile Strengths in MD and CD Required to Break Samples 
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Tensile strengths of the samples produced at various punch densities had very similar 

tendencies in both machine direction and cross direction, and the strengths in CD were higher 

than the ones in MD. Tensile strengths are strongly dependent on fiber transfer and fiber 

entanglement happened in fabric bulk during needle penetration, therefore, the observed 

tensile strengths followed the increasing trend of fiber transfer ratio. 

 

As the pre-needled fiber fleeces after carding and cross-lapping operations have higher 

amount of fibers oriented in cross-direction. Needlepunch process may change fiber 

orientation to balance the properties in MD and CD in dependence of production parameters 

applied. The ratios of MD and CD tensile strengths indicate in what degree fibers are 

oriented in machine direction or cross direction. All of the results in Figure 8.15 were lower 

but close to 1, meaning fibers in needlepunched bulks were slightly CD oriented. In the 

observations, increased punch densities slightly reoriented fibers into MD and balanced 

tensile strengths in MD and CD. This phenomenon was due to the approach to achieve such 

wide range of punch densities, which was the change of throughput speed. At significantly 

high punch densities, very slow production speeds were engaged, so did advance per stroke, 

meaning advancement of fabric in every single cycle of needle penetration, felting needle 

stayed longer in fabric bulk and dragging fibers into the fiber flow direction, i.e. machine 

direction. Therefore, slight change of fiber orientation distribution was observed. High punch 

density changed fiber orientation towards the machine direction, and for such reason, the gap 

between the MD and CD tensile strengths (Figure 8.14) were getting smaller with the 

increase of punch density. 
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Figure 8.15 MD/CD Ratios for Fiber Orientation Distribution 

 

The secant moduli at 30% elongation showed consistent tendencies in MD and CD in Figure 

8.16, though the moduli in CD were higher than the ones in MD due to fiber CD oriented. 

Modulus as the stiffness of needlepunched nonwovens does not only depend on fiber transfer 

but also related to web consolidation. More fiber transfer and higher fabric packing density, 

stiffer the fabrics are manufactured. That is how both MD and CD moduli linearly increased 

with the enhancement of punch densities. 
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Figure 8.16 Moduli in MD and CD of Samples Produced at Various Punch Densities 

 

8.3.3.1.2 Effect of punch frequency 

Strip tensile test was also performed to evaluate the fabrics needlepunched with various 

punch frequencies under constant punch densities. The results were presented in Figure 8.17 

in MD and CD separately. Fiber transfer ratio highly affects fabric tensile performances, so 

same tendency as fiber transfer ratio was observed at tensile strengths in both MD and CD, 

which the punch frequencies within the designed range did not influence the strengths. 
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Figure 8.17 Tensile Strengths in MD and CD of Samples Produced with Various Punch 
Frequencies 

 

The MD/CD ratio was calculated as well to investigate the effect of fiber reorientation in 

horizontal plane by the punch frequencies varying from 100 rpm to 1000 rpm. As disclosed 

in Figure 8.18, fiber orientation distribution was negligibly altered with the change of punch 

frequencies.  
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Figure 8.18 MD/CD Ratios for Fiber Orientation Distribution 

 

Secant moduli at 30% elongation were calculated based on the stress-strain curve obtained in 

the strip tensile test and presented in Figure 8.19. Fabrics produced with the relatively low 

punch frequencies were initially stiffer in CD than in MD, and since high punch frequency 

slightly altered fiber orientation distribution from CD to MD, the MD moduli became greater 

with the increase of punch frequencies, whereas CD moduli became lower. The differences 

was insignificant, since both fiber transfer and fabric consolidation happened in needlepunch 

were barely different to each other. 
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Figure 8.19 Moduli of the Samples with Diferent Punch Densities 

 

8.3.3.2 Tear strength 

8.3.3.2.1 Effect of punch density 

Tear strengths of needlepunched samples with punch densities varied from 86 stitch/cm2 to 

480 stitch/cm2 were measured and were shown in Figure 8.20. With the increase of punch 

density, tear strengths in both MD and CD initially slightly enhanced. The optimum strengths 

appeared at 240 stitch/cm2 and followed with a decline in both testing directions. 
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Figure 8.20 MD and CD Tear Strengths of Samples with Various Punch Densities 

 

Similar as tensile performances, tear strengths as well behave differently in MD and CD due 

to the fiber orientation distribution. Oppose to the tendencies of tensile strengths; tear 

resistance in MD normally performs better than the resistance in CD, as more fibers aligning 

in the cross direction easily to form a Del region with rip stop schematically illustrated in 

Figure 8.21 to stop failure propagating through the machine direction. Tear failure resistance 

was not only relying on fiber arrangement and interlocking, but also depending on the 

prerequisites of forming Del region (R.Witteveen, L.Adriaan, & A.Cooper). Adequate fiber 

length and fiber mobility are the key factors of creating this regions. Intensive needlepunch at 

high punch densities, even though transferred more fibers and potentially more fiber 

entanglement, reduced fiber mobility and broke fibers into smaller pieces, the rip stop was 

limited to form, so that the tear strengths observed were declining once the density exceeded 

the 240 stitch/cm2. 
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Figure 8.21 Schematic of a Del Region Formation during Tear Propagation 

 

Fiber reorientation from CD to MD because of larger drafting at high punch densities, 

reduced gap between MD tear strength and CD tear strength until they met at the same point.  

 

8.3.3.2.2 Effect of punch frequency 

Tongue tear test was also performed to compare the tear resistance in the study of punch 

frequency. Fabrics produced with various punch frequencies were tested and with tear 

strengths analyzed afterwards. Results were reported in Figure 8.22. They behaved similarly 

to each other that the increase of punch frequency from 100 rpm to 1000 rpm did not provide 

observable changes of tear strength in both of the testing directions. 
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Figure 8.22 Tear Strengths of Fabrics Produced by Various Punch Frequencies 

 

Mechanical performances of the fabrics needlepunched with various punch frequencies were 

universally similar to each other. Within the range of 100 rpm and 1000 rpm changing with 

the variation of throughput speed, the changes of frequencies did not influence both structure 

properties and physical properties. 

 

8.3.3.3 Burst strength affected by punch density 

Burst strengths of the needlepunched samples were measured, as the maximum pressure 

required rapturing sample fabrics by the plunger. The uniaxial load applied on the fabric 

surface was immediately spread into multi-directions to push fibers in the horizontal surface 

away. Therefore, the burst strength was not only influenced by structure bonding but also 

highly relied on the amount of fibers remained in the horizontal plane. The results of burst 

strength measurements were presented in Figure 8.23, with an exactly opposite trend 
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observed to the fiber transfer ratio and tensile strengths. The increase of punch density 

enhanced fiber transfer ratio, therefore, reduced burst performances of the samples. 

 

 

Figure 8.23 Burst Strengths of Samples Produced by Various Punch Densities 

 

8.3.3.4 Air-permeability and its correlation with web consolidation affected by punch density 

Permeability of liquid or gas medium through needlepunched products is highly related to the 

pore volume and pore distribution inside of the structure. Air-permeability, hence, was 

measured and with results reported in Figure 8.24. Due to the correlation between air-

permeability and fabric consolidation, the increase of punch density enhanced fabric solidity, 

therefore, continuously reduced air-permeability. 
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Figure 8.24 Air-permeability of Samples Produced at Various Punch Densities 

 

Since the porous structure of needlepunched nonwovens was the result of fiber packing and 

consolidation, therefore, the correlation between air-permeability and web solidity was valid 

as displayed in Figure 8.25. Under the circumstance of this trial, air-permeability and solidity 

linearly correlated to each other. The correlation can be used to predict air-permeability of 

samples as long as the solidity is holding in this range, regardless what production conditions 

were utilized in production. 
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Figure 8.25 Correlation between Air-permeability and Solidity 

 

8.4 Summary & conclusion 

The study was conducted to investigate effects of punch density on fabric properties and to 

construct the process-property relationship with the observations of web structures in terms 

of fiber transfer and web consolidation. In order for the thorough understanding of punch 

density, punch frequency as one of the factors changing total punch density was also studied 

following the same approach. 

 

In the study of punch density, eight densities from 86 stitch/cm2 to 480 stitch/cm2 were 

conducted with correspondingly varied throughput speed. All the other production 

parameters were consistently controlled. In the study of punch frequency, various frequencies 

were selected from 100 rpm to 1000 rpm which were the upper and bottom extremes of 

production capacity of the Asselin® needle machine in the Staple Lab of the Nonwovens 
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Institute (Raleigh, NC). 100 stitch/cm2 and 200 stitch/cm2 punch densities were achieved to 

have all the frequencies falling in each of the categories for reference. The specific frequency 

was achieved as well by changing production speed and controlling all the other production 

parameters consistent. 

 

The increase of punch density enhanced fiber transfer and fabric consolidation both with an 

initial sharp enhancement following a slowdown improvement. Therefore, most of 

mechanical performances were enhanced with the only exception of burst strength, which 

was oppositely developed with the fiber transfer ratio. Tensile modulus was affected by fiber 

transfer and web consolidation together. A linear growth in both MD and CD was observed 

with the increase of punch density. 

 

Punch frequency was an important machine configuration. Improving punch frequency is one 

of the approaches commonly utilized in practical productions to achieve high punch density 

and improve productivity. Within the range of 100 rpm and 1000 rpm, no obvious influence 

on fabric structures and properties was seen. A wider range of punch frequency was 

necessary in future studies to investigate the fundamental effects of this parameter.  

 

References 

Dilo. (2001). Dilo System Group at ITMA Asia 2001 Report. Dilo. 

Goswami, B. C., Beck, T., & Scardino, F. L. (1972). Influence of Fiber Geometry on the 

Punching-Force Characteristics of Webs During Needle Felting. Textile Research 

Journal, 605-612. 



 

288 

J.W.S.Hearle, & M.A.I.Sultan. (1968). A STUDY OF NEEDLED FABRICS. PART III: 

THE INFLUENCE OF FIBRE TYPE AND DIMENSIONS. Journal of the Textile 

Institute, 137-147. 

J.W.S.Hearle, A.T.Purdy, & J.T.Jones. (1973). A STUDY OF NEEDLE ACTION DURING 

NEEDLE-PUNCHING. Journal of the Textile Institute, 617-623. 

J.W.S.Hearle, M.A.I.Sultan, & T.N.Choudhari. (1968). A STUDY OF NEEDLED 

FABRICS. PART II:EFFECTS OF THE NEEDLING PROCESS. Journal of the 

Textile Institute, 103-116. 

Kapusta, H. (2003). Analysis of Values of Punching Forces in the Process of Web Needling 

in Dynamic Conditions. Fibers & Textiles in Eastern Eruope, 11(1), 28-32. 

M., V., & F., F. (1990). Needlepunching Textile Technology. Textile Science and 

Technology. 

Purdy, T. (1980). Needle-punching. the Textile Institute. 

R.Witteveen, C., L.Adriaan, L., & A.Cooper. (n.d.). To Tear or not To Tear. 

Roy, A. N., & Ray, P. (2009). Optimization of Jute Needle-Punched Nonwoven Fabric 

Properties: Part II—Some Mechanical and Functional Properties. Journal of Natural 

Fibers, 303-318. 

Rupp, J. (2009, September/October). Needlepunched Nonwovens. Textile World, 37. 

 

  



 

289 

Chapter 9 Studying the Impact of Needle Board Density on Web Structure 

and Properties 

9.1 Introduction 

Needlepunch is one of the mechanical nonwoven bonding techniques with fibers on web 

surface repeatedly transferred into fabric thickness direction by penetrations of barbed 

needles. The formation of fiber tufts secures fabric structures after needlepunch. Contributed 

to the continuous improvement and evolution, this bonding technique has been developed 

into a flexible, versatile and highly productive process. Needlepunched nonwovens have 

taken up to 30% of global nonwoven market share (Rupp, 2009), and are widely utilized in 

various applications from industrial products to household materials, such as advanced 

composites, insulation felts, medical textiles, filter bags, upholstery, automotive applications 

and so on.  

 

Needlepunch is a complex production process with various processing parameters involved. 

Any changes of the parameters might alter fabric structures in terms of fiber relocation and 

fabric consolidation, further affect mechanical performances. Punch density, recognized as 

one of the most important production parameters, is defined as the number of needlepunch 

stitches applied on unit area of fiber fleeces. The main drive of needle machines guides 

needle boards installed with thousands of barbed felting needles doing repeated up and down 

motions to reorient fiber bundles and for potential fiber entanglements.  
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Punch density (stitch/cm2), Np, (Purdy, 1980; Rupp, 2009) is functioned by machine 

configurations including needle board density (needle/meter), d, punch frequency 

(stitch/minute), f, web feed rate (meter/minute), v, and the number needling passes, p, 

employed in an entire production process. Calculation can be done with the following 

equation, 

 

 

 
N

p


d  f  p

v
 (9.1) 

 

The industrial understanding of needle board density is the amount of felting needles which 

are installed on needle board per unit working width in the transverse direction of needle 

loom. The density is normally controlled by two means (Rupp, 2009; Purdy, 1980): 1) the 

length of needle board along fiber flow direction; 2) needle spacing, i.e. needle to needle 

distance/needle concentration. Longer the needle board is manufactured; more space on 

board to locate needles, thus, greater the density will be resulted. The second approach is 

mostly used by machine builders to narrow down needle spacing and place as many needles 

on board as possible. High needle density, as an influencing factor of total punch density, 

achieves high punch density and advanced productivity. Dilo  (Dilo, 2001; Purdy, 1980; 

Rupp, 2009) invented the Hyperpunch needlepunch system with the elliptical kinematical 

movement system engaged. Needle boards of the system employ a needle density as high as 

20,000 needle/meter. The boards guide the needles to travel synchronously with fiber flow. 
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Comparing to the conventional density in a range of 3000 needle/meter to 10,000 

needle/meter, it is a significant improvement. 

 

However, effects of needle density, or needle concentration, have barely investigated, so the 

mechanism of interaction between felting needles and fibers and interferences of needling 

actions between neighboring needles in a high density needle board has never been 

understood. The only similar study was found in Venu et al.’s research (Venu, Shim, 

Anantharamaiah, & Behnam Pourdeyhimi, 2013). The study was to discover effects of 

orifice-to-orifice distance on jet strips in hydroentangling process: closer orifice arrangement 

limited sufficient fiber reorientation than the designs with wider spacing. Needle 

performances have similarities but also differences to hydroentanglement. 

 

This study is to observe effects of needle board density on structural and mechanical 

performances of needlepunched nonwovens. Many decades ago, the importance of structure 

characterization had been noticed (Purdy, 1980; J.W.S.Hearle & M.A.I.Sultan, 1968; 

J.W.S.Hearle, A.T.Purdy, & J.T.Jones, 1973; J.W.S.Hearle, M.A.I.Sultan, & T.N.Choudhari, 

1968), however, never been effectively associated with process and properties. Structure 

analysis and punching force measurement were conducted in the investigation. Various fabric 

properties were measured for comparison for fundamental understanding of process-

structure-property relationship. 
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9.2 Materials and experimental 

9.2.1 Material preparation and production of needlepunched nonwoven 

To facilitate the visualization of the structural changes caused by needlepunch operation, a 

two-layer structure was designed consisting of a nylon top layer (200 g/m2) and a PET 

bottom layer (200 g/m2). Both nylon and PET fibers from Invista™ were 6 denier in fineness 

and 2 inches in length with a round fiber cross-section. Each layer was individually prepared 

through fiber opening, carding, cross-lapping and slightly pre-needling with the commercial 

staple fiber processing line manufactured by Truetzschler Nonwovens in the Staple Lab of 

the Nonwovens Institute (Raleigh, North Carolina).  

 

The two-layer structure was subsequently needlepunched by two different needlepunch 

devices: (1) a lab scale miniature model needlepunch loom, and (2) the Asselin® needle 

machine in the Nonwovens Institute (Raleigh, NC). The type of felting needles installed in 

both of the machines was 15x18x36x3 R222 G3017, supplied from Groz-Beckert KG. This is 

an equilateral triangular shaped felting needle. The needle has a 0.075 mm barb opening 

consisting of a 0.07 mm barb depth and a 0.005 mm kick-up as important needle dimensions 

illustrated in Figure 9.1. There are totally 6 barbs evenly distributed on the three edges of the 

needle working blade. The distance from needle point to the first barb is 3.18 mm; and the 

spacing between the two adjacent barbs on same edge is 6.36 mm and 2.12 mm on different 

barbs. To have all the 6 barbs being actively penetrated through fiber webs in production, at 

least 13.78 mm penetration depth is needed for the specific needle type. 
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Figure 9.1 Schematic Illustration of Felting Needle Configurations 

 

The schematic diagram of the miniature loom was displayed in Figure 9.2. The machine was 

primarily used to investigate the mechanism of fiber transfer with different needle 

arrangements. The loom is of ease to handle through easily adjustable needle board 

configurations and very low needle density, so it enabled to produce fiber bundles by single 

needle point without interference of other needle points. Meanwhile, as there are load cells 

equipped at the machine, it made available to acquire the kinematic profiles of punching 

forces encountered by felting needles in motion.  
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Figure 9.2 Diagram of the Miniature Needle Model Machine 

 

The use of model needle stand was separately designed for the investigation of 1) fiber 

transfers of 5 setups with different amount of needles inserted in same area of needle board; 

and 2) punching forces of 3 needle arrangements with same amount of needles placed in 

different areas of needle board, i.e. different needle spacing/needle concentrations. 

 

A needle board with needle concentration as 4 needle/cm2 was equipped in the model needle 

stand for the entire use of the machine. If the concentration was converted into the 

assessment-needle board density that usually used in needlepunch industry, it was about 

11,600 needles per meter of the board with a 29 mm needle board length (Figure 9.3), which 

is the length of the Asselin machine to be used later in the Nonwovens Institute. This needle 

board arrangement represents the top densities available in practical productions. 200 rpm 

punch density and 1.4 meter per minute throughput speed was maintained in the two trials. 9 
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mm penetration depth corresponding to 3 acting barbs, which are the needle barbs fully 

penetrated through fiber webs, was also used for both studies. 

 

 

Figure 9.3 Schematic Diagram of Needle Board with Needle Holes on It 

 

Initially, to investigate the dimensions of fiber bundles generated by the designs with 

different amount of needles being put in same area of needle board, 5 needle arrangements 

were designed to put in the red area of the needle board in Figure 9.3. As described in Figure 

9.4, the 5 arrangements were 1) single needle placed at position 1; 2) two (2) needles at 

position 1 and 2; 3) three (3) needles at the three positions in the first row; 4) six (6) needles 

in the first and second rows; and 5) nine (9) needles placed at all the needle positions.  
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Figure 9.4 Experimental Setups of Needle Board Density Study with the Model Loom 

 

Subsequently, three needle arrangements were designed for measurement of punching force, 

where 125 needles were evenly inserted in three areas of the needle board, namely 1) 

12*8=96 cm2; 2) 8*8=64 cm2 and 3) 4*8=32 cm2. The needle concentrations correspondingly 

to the three operations were respectively 1.3 needle/cm2, 2 needle/cm2 and 4 needle/cm2. To 

design needle board, higher needle concentration, closer needles were arranged. 

 

The Asselin® needle machine were used to produce fabrics under the processing conditions 

that resemble industrial scale needle punching to investigate structural characteristics and 

properties of the fabrics processed with four (4) needle board densities, namely 2500 

needle/meter, 5000 needle/meter, 6000 needle/meter and 7000 needle/meter. Densities in the 

range of 5000 needle/meter to 7000 needle/meter provide sufficient fiber transfer and fabric 
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consolidation and, therefore, are mostly utilized in industrial productions. 2500 needle/meter 

is too low to provide desirable productivity, and has to be compensated by extremely high 

punch frequencies to achieve a given punch density. In the study, 100 stitch/cm2 and 200 

stitch/cm2 punch densities were conducted and engaged in each of the four needle densities 

by only adjusting throughput speed and remaining punch frequency constant at 400 rpm. 9 

mm needle penetration depth was as well applied to have 3 barbs on needle working blades 

entirely went through the two-layer fiber fleeces. 

 

Limited by the production capacity of the Asselin® machine, the 2500 needle/meter was the 

needle density too low to reach 200 stitch/cm2 in single needle pass according to the 

correlation between punch density and machine configurations showed previously. Two (2) 

identical needling passes with 100 stitch/cm2/needle pass were applied on the surface of 

nylon layer.  

 

9.2.2 Punching force measurements 

The measurement stand of punching force during needlepunching was primarily shown in 

Figure 9.2 and detailed in Figure 9.5. There are four Z8 model force transducers (HBM, 

Germany), shear force strain gauge load cells, attached underneath each of the four corners of 

the frame for holding the bed plate. Shear strains occurred at the transducers due to 

needlepunch compression were converted into voltage signals and amplified by a four 

channel data acquisition station by means of a HBM DQ430 strain gauge bridge module, 

which is then connected to a PC with a specialized software package to acquire and analyze 
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data from the measurements. The package is a “Catman” standard set provided by HBM 

together with the amplifier module. The transducer model was selected from the database, so 

that the readings were automatically converted into forces (N) from the original voltage 

signal.  

 

 

Figure 9.5 Schematic of the Punching Force Measurement System 

 

The punching forces of needlepunch with 125 needles distributed on the three different areas 

of the needle board were acquired from each of the load cells and then were averaged for 

comparison. A typical punching force profile (in Figure 9.6) represents the entire motion of 

felting needles from top to the bottom position in each of the needling cycles. The peak force 

occurs when needles reach the lowest position; therefore, the reoccurrence frequency of peak 

force follows exactly to the punch frequency in production. For ease of comparing results, 
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peak values in each profile with adequate amount of time was averaged and reported with 

standard deviation. 

 

 

Figure 9.6 a Typical Punching Force Profile 

 

9.2.3 Visualization and analysis of needlepunched fabric structures 

In the needlepunch process, fibers on the surface of top nylon layer are reoriented into the 

bulk of fiber webs to form tufts and to hold fibrous assemblies. To observe fiber reorientation 

inside of web structures, the cross-sections of needlepunched samples were visualized under 

optical microscopy by coloring the nylon component out of the PET component. 

 

Needlepunched samples were dyed with Stylacyl Blue RP dye (C.I. Acid Blue 298) supplied 

by Du Pont De Nemours & Co (Wilminton, DE). The dyeing condition was carefully 

selected and the operation was carefully preceded to achieve clear visibility of fiber transfer 
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and without changing web structures. The dye solution was prepared in a 3% (w/v) 

concentration at ambient temperature and operated in the dyeing process with material 

weight to liquid volume ratio as 1:60.  Samples were immersed into the solution at 40°C. A 

few drops of acetic acid as a neutralizing agent were added into the solution until the 

temperature was raised on a hot plate to 100°C. After leaving the solution at this temperature 

for 10 minutes, the samples were washed and dried at room temperature for subsequent 

analysis.  Finally, the samples were sectioned along the cross direction to visualize the cross-

sectional structures with a stereomicroscope Nikon SMZ1000 StereoMicrozoom and Nikon 

DigitalSight DS-Fi1 camera. 

 

9.2.3.1 Volume of fiber bundles produced by single needle penetration with the miniature 

loom 

In cross-sectional images of the fabrics processed by the miniature needle machine, 

individual fiber tuft generated in needlepunch operation was visualized referring to the blue 

area occupied by nylon component under the initial nylon/PET interface as schematically 

shown in Figure 9.7 (b). Fiber bundle length, L, (Figure 9.7 (b)) and width, d, (Figure 9.7 (b)) 

were measured and the bundle volumes were converted by assuming the bundles cylindrical. 

For statistical accuracy, more than 20 individual bundles of each needle scenarios were 

measured and counted. 
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Figure 9.7 Schematics Showing (a) Nylon Component Laying on the PET Component before 
Needlepunching and (b) Nylon Tuft Created in the Thickness Direction during Needle 
Penetration 

 

9.2.3.2 Fiber volume transfer ratio and fabric compression by needlepunch with the 

Asselin® machine 

Cross-sectional images of the samples manufactured by the Asselin® needle loom were also 

acquired for structure analysis. The actions of fiber transfer and web consolidation happening 

during needlepunch were schematically presented in Figure 9.7. A series of measurements of 

web thickness and nylon layer thickness before and after needlepunch were conducted under 

the optical microscope for the evaluations of fiber transfer volume ratio and fabric 

compression. 

 

The ratio of transported fiber volume was calculated as the volume loss happened in nylon 

component over the initial nylon layer volume after eliminating the effect of web 

compression, C. This method was based on two assumptions that (1) all transferred fibers 

were nylon fibers; and (2) the nylon component and PET component shared the close enough 
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web compressibility to neglect the difference. Noticing the fact that the horizontal area (MD 

& CD plane) of fabrics was dramatically vaster comparing to the variation occurred in fabric 

thickness (TD), the changes on horizontal surface were negligible, thus the calculation was 

simplified into the following equation, 
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0
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 (9.2) 

 

Where T0 was the initial thickness of the Nylon component before needlepunch; T1 was the 

thickness of Nylon layer after needlepunching. Fabric compression was the measure from 

thickness reduction in the needling production, therefore, follows the following equation. 

 

 
C(%)  (1

T '

T
)100% (9.3) 

 

Where T and T’ are the web thickness consisting of nylon component and PET component 

before and after needlepunching, respectively. 

 

9.2.4 Fabric structural characteristics and consolidations 

The thickness, T’, and the basis weight, W, of the needlepunched felts were measured 

according to the corresponding ASTM standards.  A thickness gauge (Model BG1110-1-04, 
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AMES-Masters of Measurements) was used in the measurement following ASTM D5729 

test method. A GSM Circular Cutter designed specifically with a precise 100 cm2 (diameter 

113 mm) circular area was utilized to cut samples, and with a high-precision weight balance 

for the measurement of mass per unit area based on the ASTM D3776 test standard. 

 

Solidity, µ, the function to characterize web consolidation, was obtained using the following 

equation, 

 

 
m 
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W
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 (9.4) 

 

Where ρf is the density of solid fibers used in the felt. 

 

9.2.5 Measurement and characterization of fabric properties 

9.2.5.1 Mechanical properties: tensile properties and burst strength 

Tensile properties and burst strengths were measured following ASTM D5035-the strip 

tensile test and ASTM D6797 ball burst test. Tensile properties including tenacity, elongation 

at break and modulus were assessed in both machine direction (MD) and cross direction 

(CD). The moduli reported in the study were the secant modulus at 30% elongation 

calculated based on stress-strain curve of each test.  
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Due to slight weight variation inevitably happened in the needlepunch trials, and to avoid the 

inaccurate comparison influenced by the weight difference, strengths were normalized to the 

initially designed 400 g/m2 (200 g/m2 nylon layer + 200 g/m2 PET layer) by utilizing the 

method in the following equation, 

 

 
Snorm  Sobs 

Wnorm

Wobs  
(9.5) 

 

Where normalized property, Snorm, is the observed property, Sobs multiplying the ratio 

between nominal fabric weight, Wnorm and observed fabric weight, Wobs. 

 

By doing so, impact of area weight of needlepunched samples was eliminated, so that the 

comparison of the relative results was only made to disclose pure effects of needlepunch 

operation. 

 

9.2.5.2 Air-permeability 

Air-permeability is the property highly dependent on porous structure and pore volume. The 

property was measured with the TEXTEST FX3300 instrument in the Analytical Lab of the 

Nonwovens Institute. 12 repetitions were performed on each sample. 
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9.3 Results and discussion 

9.3.1 Structure characterization of needlepunched samples 

9.3.1.1 Volume of fiber bundles produced by single needle penetration with the miniature 

machine 

The five different needle setups with growing amount of needles inserted in same area of 

needle board generated fiber bundles with different dimensions. Fiber tufts produced by 

single needle penetration without interference by multiple needling points were visualized 

from acquired 2D images of fabrics’ cross-section under optical microscope. In these images 

shown in Figure 9.8, the nylon component was identified by the blue dye out of the PET 

substrate. Apparently, by only visually comparing these fiber bundles, the ones produced 

with fewer needles were similarly thick but longer in vertical direction than the ones with 

more needles. Longer fiber bundles underneath the PET component largely improved fiber 

entanglement. 
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Figure 9.8 Fiber Bundles Needlepunched by Five Different Needle Arrangements 

 

The volumes of fiber tufts, which were the part of blue fiber bundles underneath the interface 

of the nylon layer and the PET layer, were calculated based on the analysis of the images in 

Figure 9.8. The results were presented in the Figure 9.9. Fiber bundles produced with single 

needle had the largest volume, and with the increase of needle numbers, the size of fiber 

bundles is getting smaller. Same amount of fibers were supposed to be captured through the 

fabrics by every of the needles, which resulted in similar bundle thickness. However, since 

very likely more needles were simultaneously dragging same fibers, the interaction restrained 

fibers from being pushed deep. Therefore, relatively sallower fiber penetration or possibly 

more fiber breakage, both limited fiber transfer efficiency, were observed. 
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Figure 9.9 Fiber Bundle Volumes Calculated by Five Different Needle Amount 
Arrangements 

 

9.3.1.2 Fiber transfer ratio of the samples produced by the Asselin needle machine 

Different to the web structures made with the model needle machine, the Asselin needle 

loom provided intensive needlepunch to produce fabrics with amply of relocated fibers 

bundles and fiber entanglement. It became very likely that multiple needlepoints were 

applied at same positions on needlepunched nonwovens. The cross-sectional images shown 

in Figure 9.10 were the structures of the samples produced by the four needle densities with 

100 stitch/cm2 punch density, as the 200 stitch/cm2 scenario was showing the similar results. 

The lowest needle density with smallest needle concentration per unit area of needle board 

made relatively more fiber transfer and more fiber entanglement, therefore, the nylon layer 

remaining on top of the PET component was thinner. The increase of needle board density 
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reduced fiber transfer efficiency, so the structure with the 7000 needle/meter was observed 

the least fiber reorientation. 

 

 

Figure 9.10 Samples Needlepunched by the Four Needle Board Densities 

 

The fiber transfer ratio was calculated based on the analysis of visualized cross-sectional 

images. The results were shown in Figure 9.11. It was to verify the observations from the 

images, the increase of needle board density from 2500 needle/meter to 7000 needle/meter 

reduced fiber transfer efficiency, and the phenomena happened in both 100 stitch/cm2 and 

200 stitch/cm2. Due to the production capacity limited to achieve the higher punch density in 

single needling pass in the scenario of 2500 needle/meter, the two needling passes used in 

trials varied fiber transfer efficiency to expectations, and surely, different production 

conditions would impact web structures and properties as a result. The results of this sample 
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were not taken into account in the following discussion, and a study of multiple needling 

operations is necessary to be conducted in future. 

 

 

Figure 9.11 Fiber Transfer Ratios Calculated according to Cross-sectional Images 

 

Coherently to the observations of the sizes of fiber bundles produced with the model 

machine, fiber transfer efficiency was affected by needle concentration once all the other 

production parameters were controlled. High needle concentration, i.e. close needle-to-needle 

arrangement, limited sufficient fiber reorientation into deep positions through fabric 

thickness. 

 

9.3.1.3 Punching force analysis with the miniature model needle machine 

The punching forces were measured at each of the three needle concentrations, namely 1.3 

needle/cm2, 2 needle/cm2 and 4 needle/cm2. The averaged peak forces were presented in 
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Figure 9.12. The forces required to finish every needle penetration cycle appeared to be 

significantly different from each other. Higher needle concentration consumed higher energy, 

therefore, greater punching force detected, to achieve the preset penetration depth. 

 

 

Figure 9.12 Averaged Peak Forces of the Three Needle Concentrations Required to Penetrate 
Through Fabrics 

 

Exactly same needle type, same penetration depth and production condition, should have 

reoriented same amount of fibers through the fabric thickness. With same amount of fibers 

grabbed on needle barbs while transport, punching force was supposed to be similar, 

however, a significant difference was observed. The phenomena strongly indicated the 

existence of intensive interaction between needle and fiber, when needles were arranged too 

close to each other, multiple needles were simultaneously pulling same fibers and demanding 
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heavy forces to transfer fibers or break fibers. The needle and fiber interaction limited fiber 

transfer efficiency, hence, lower fiber transfer ratios as observed. 

 

9.3.2 Fabric consolidation of samples produced by the Asselin® machine 

Needlepunch process results sufficient thickness reduction in fabrics with fiber packing 

highly compacted due to needle compression and fiber transfer. Results from the 

measurements of sample thickness and basis weight were listed in Table 9.1. The four needle 

densities did not make any obvious changes to these structural properties, so the 

compression, which was the loss of thickness, and solidity, the bulk density, were not 

affected at all. 
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Table 9.1 Structural Properties of the Samples Produced by the Four Needle Densities 

Needle 

Density 

Punch Density 

(stitch/cm2) 

Basis Weight 

(g/m2) 

Thickness 

(mm) 

Compression 

(%) 

Solidity 

2500 

needle/m 

100 401 4.73 40.35 0.071 

200 430 4.33 45.81 0.078 

5000 

needle/m 

100 428 5.09 38.64 0.067 

200 402 4.04 47.35 0.079 

6000 

needle/m 

100 415 4.91 36.45 0.067 

200 421 4.21 49.51 0.079 

7000 

needle/m 

100 425 4.77 40.87 0.067 

200 427 4.33 45.87 0.079 

 

9.3.3 Properties of needlepunched samples 

9.3.3.1 Tensile properties 

The strip tensile tests were performed with the measurements providing information of 

strengths required to break samples in both machine direction along the fiber flow (MD) and 

cross direction (CD), and elongations at break. Secant moduli at 30% of structure 

deformation were derived from the stress-strain curve obtained from the test. Due to the 

influencing effect of fiber orientation, and that needlepunched fabrics after the carding and 

cross-lapping process have fibers aligned more in the cross direction than the machine 

direction, the tensile strengths in MD and CD (Figure 9.13) usually behaved differently. In 

the graphs, strengths in MD and CD basically followed same tendency that with the increase 
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of needle density, strengths were going up, and CD strengths was significantly greater than 

the those in MD. 

 

 

Figure 9.13 MD and CD Tensile Strength of Samples Produced by the Four Needle Densities 

 

Tensile strength was measured as the maximum pressure that samples could withstand at 

defects inside of structures. There were two possible reasons to make the structures produced 

by the low needle board densities more defects. First, lower needle densities created larger 

fiber bundles in production, these deeper and thorough needling marks very likely generated 

deteriorations on structures, so lowered the strengths. Secondly, small needle densities were 

found in difficulties to distribute needles evenly on needle boards. Enlarged needle amount 

improves the randomness of needle distribution on board. Based on these two reasons, 

therefore, larger needle densities in close needle arrangement processed fiber webs with 
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relatively shallow fiber bundles but very concentrated and uniformly distributed, so the 

catastrophic flaws in structures were eliminated.  

 

The fact that CD performance was advanced than the MD strength is due to the nature of 

fiber arrangement in nonwovens with carding and cross-lapping operations involved. Fibers, 

which had been separated and combed by a series of cards, were separately parallel to each 

other along the fiber flow direction. Cross-lapper transversely folded fiber fleeces in a zigzag 

pattern until given thickness and weight reached, so that the fibers became diagonally 

oriented along the transverse direction. The folding angle depended on the layers of folding 

as well as the speed of web delivery. Drafting occurred because of speed difference between 

feed rolls and takeout rolls in the subsequent needling processes might slightly balance fiber 

orientation distribution by changing some fiber orientation from CD to MD, however, hardly 

to completely eliminate the fact that more fibers were still CD oriented. Hence, CD strengths 

were observed superior than MD strengths. 

 

With given punch densities, 100 stitch/cm2 and 200 stitch/cm2, as shown in Figure 9.14, 

needle board density did not necessarily change fiber orientation. The sample produced by 

two needling passes (2500 needle/meter-200 stitch/cm2) was exception: the two passes 

doubled drafting ratio during production. So the fiber orientation distribution balanced in MD 

and CD, and the MD:CD ratio was superiorly higher than the others. 
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Figure 9.14 MD/CD Ratios for Fiber Orientation Distribution 

 

The secant moduli at 30% elongation showed coherent tendencies in MD and CD (Figure 

9.15). Different to tensile strengths, modulus was highly affected by web structures including 

fiber packing and fiber arrangement, i.e. fiber transfer and web consolidation. Since web 

solidity did not have any obvious differences among the four needle densities scenarios, 

fabric stiffness was directly dependent on fiber transfer ratios observed from cross-sectional 

images. Therefore, the increase of needle density, lowered fiber transfer and so reduced 

fabric moduli in both MD and CD.  
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Figure 9.15 Moduli of Needlepunched Samples Produced by the Four Needle Densities 

 

9.3.3.2 Burst strength 

In burst test, bursting damage to samples has different failure mechanism of tensile strength. 

Oppose to tensile performances, which are superior when more fibers are reoriented into the 

thickness direction to hold structures against being pulled apart, outstanding resistance of 

fabrics against bursting is due to sufficient amount of fibers aligning in the horizontal plane. 

Large fiber surface area enhances frictions; therefore, fabrics are strong in burst tests. 

 

The samples manufactured by the four needle densities were presented in Figure 9.16. 

Clearly, the increase of needle density enhanced burst performances, which was opposite to 

the effects of fiber transfer efficiency. The sample with two needling pass to achieve the high 

punch density- 200 stitch/cm2 had stronger burst failure resistance than expected if single 

needling operation had been conducted. The employment of multiple needling passes has 
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superiorities on productivity and to achieve high punch densities. The fundamental study of 

how it affects structural and mechanical properties should be conducted in future. 

 

 

Figure 9.16 Burst Strengths of Samples Produced by the Four Needle Densities 

 

9.3.3.3 Air-permeability 

Air-permeability is one of the properties popularly used to evaluate the performances of 

nownovens as filtration medium or wipes. This property is highly dependent on the pore 

structure and pore volume. So it was assessed, and the results were displayed in Figure 9.17. 

The lowest needle density produced the fabrics the most air-permeable, except the 200 

stitch/cm2 scenario, which was again achieved by two needling passes with different fiber 

transfer mechanisms. The declining tendency with the increase of needle density indicated 

slightly structure consolidation. At high needle density, the interaction between needle and 

fiber was intensive causing stronger compression pressure, therefore, closer fiber packing. 
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Figure 9.17 Air-Permeability of Samples Produced by the Four Needle Densities 

 

9.4 Summary and conclusion 

The study was focused on the effects of needle board density. Different needle arrangements 

on needle board make needles positioned in different spacing and so change mechanisms of 

interactions between needles and fibers, therefore, influence fiber bundle dimensions and 

fiber transfer. 

 

Initially, the model needle machine was utilized with low amount of needle insertions to 

compare sizes of fiber tufts generated by different amount of needles in a fixed area on 

needle board. And it was also used to measure punching force required in the operations with 

three different needle concentrations. Both of the observations showed that close needle 

arrangement, i.e. shorter need-to-needle distance, intensify the interactions between needles 

and fibers, meaning high possibility of multiple needles simultaneously dragging same fibers. 
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Intensive needle-fiber interaction restrained effective fiber transport with shorter fiber 

bundles created, and also boosted processing pressure required to reorient same amount of 

fibers. 

 

The Assellin® machine was subsequently used to manufacture needlepunched samples at 

four different needle board densities to compare their structures and performances when 

punch density was consistent at 100 stitch/cm2 and 200 stitch/cm2. High needle density with 

close needle arrangement limited as much fiber transfer as low needle density due to 

intensive needle-fiber interaction. The high fiber transfer did not improve tensile strength this 

time, since low needle density is not advantageous for uniform needle distribution on needle 

board, and the large and thoroughly penetrated fiber bundles correspondingly created defeats 

inside of fabric structures. The tensile modulus and burst strength were directly affected by 

fiber transfer: the former followed the tendency of fiber transfer ratio due to the negligible 

effect on web consolidation and the latter was the opposite. Lower air-permeability with high 

needle density indicated slightly better fabric consolidation than the lower needle densities. 
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Chapter 10 Conclusions and Recommendations 

10.1 Conclusions 

This section summarizes the overall findings and conclusions from doing this study. The 

current research is focused on investigating the mechanisms of needlepunch process, and 

effects of various production parameters on fabric structures and properties. The investigated 

parameters include felting needle parameters - needle barb size, cross-sectional shape and the 

geometry of needle working blade; and processing parameters - punch density, punch 

frequency, needle board density and penetration depth, as well as fiber fineness effect. 

Fibrous web structures were visualized and analyzed to understand mechanisms of fiber 

transfer and structure consolidation occurred in needlepunch operation. The findings of web 

structure were then used to construct the connections between production parameters and 

fabric properties. Each chapter solely discussed one of the parameters with the others well 

controlled. Notable findings of this study are summarized below: 

 

1. Penetration depth: penetration depth is the parameter that determines the amount of 

acting barbs according to the barb spacing of the needles being used. With deeper 

needle penetration, there are more barbs penetrated through web thickness, more 

fibers are potentially captured and transferred, as well as better fabric consolidated. 

However, the increasing effect does not necessarily continue, especially the effect on 

fiber transfer. When the needles are protruded extremely deep, the upper needle barbs 

are not capable of capturing as many fibers as the lower needle barbs due to the 

significant reduction of mobile fibers. Effects on web structures reflect on fabric 
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properties. Tensile properties continued growing from 4 mm penetration depth until 

the optimum achieved at 9 mm penetration depth, the subsequent increase of 

penetration depth had very subtle impact. And as in tear test, it has different failure 

mechanism to tensile strength, the optimum value of tear strength appeared even 

earlier at 6 mm penetration depth. 

 

2. A needle barb as the component that touches fibers determines the amount of fibers 

that are potentially captured in needle penetrations. When two needle types with 

slightly difference at barb size are processing same fiber type/fineness, in the 

production conditions with relatively low needlepunch intensity, meaning lower 

penetration depths and lower punch densities, the larger barb transfer more fibers and 

compress fabrics harder associated with significantly greater punching forces. Once 

the production is intensified with increased penetration depths and punch densities, 

the needles with smaller barbs, which match the size of fibers, have the better 

productivity in terms of fiber transfer and fabric consolidation than the bigger one. 

Web properties follow the tendencies of structural characteristics. 

 

3. Fiber size effect: fiber properties dominate the performances of needlepunched 

nonwovens. Particularly, fiber diameters, to which fiber bending rigidity is 

proportional to the fourth power of the diameters, control the potentials of fibers to be 

reoriented and entangled, and therefore, impact fabric properties. The 15 denier fiber 

with larger fiber diameter is more rigid against fiber transfer and structure 
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consolidation than the 6 denier fiber. With similar fiber transfer ratio as on purposely 

designed, the 15 denier samples were less bonded and condensed with lower tensile 

performances and tear strengths. 

 

4. Needle cross-sectional shapes: various cross-sectional shapes are designed at the 

working blade of felting needles. The cross-sectional shape affects the mechanism of 

fiber transfer and entanglement. The Tri-Star® needle and the Eco-Star® needle have 

smaller cross-sectional shapes and shaper edge angle at working blade than those of 

the Triangular needles. The three types of needles with exactly same barb size 

transferred same amount of fibers into the thickness direction and also provided same 

level of web consolidation. So the mechanical properties including tensile 

performances and burst strengths of the samples with the three needle types were 

close to each other, even though the samples needlepunched by the Triangular needle 

performed slightly better. The difference is that the needle types with a smaller cross-

sectional area and shaper edges consumed more energy with greater punching force 

encountered in needlepunch operation, and the energy was used to secure fiber 

bundles more stably in position for advanced compression resistance and capability of 

recovery. 

 

5. Straight working blade vs. Twist working blade: not only are cross-sectional shapes 

different, there are two geometries available at needle working blade. They are the 

straight working blade and the twist working blade. The straight working blade was 
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found having superior grip of fiber bundles for reorientation and web consolidation 

than that of the twist working blade. That is why better mechanical performances 

were observed with the webs needlepunched by the straight working blade. However, 

the twist working blade improves fiber entanglement by the rotating fiber bundle 

geometry, and enhances the stability of fabrics in the thickness direction with 

comparable compression resistance. 

 

6. Punch density and punch frequency: punch density is a combined factor as a function 

of needle board density, punch frequency, throughput speed, advance per needle 

stroke and multiple needling pass. Noticing that the parameter is not a simple 

parameter, it was decoupled into individual variables to study the fundamental 

mechanism. The increase of punch density caused more fiber transfer and a 

continuous web consolidation. The growth of both properties was initially sharp and 

then flattened,. Mechanical properties follow exactly the tendencies of changes in 

structures, which more fiber transfer resulted in better tensile properties and lower 

burst resistance. 

 

Punch frequency, as one of the variables, was studied individually. Within the range 

of 100 rpm to 1000 rpm, which are the lowest and highest achievable frequencies of 

the Asselin® machine in the Staple Lab of the Nonwovens Institute, no obvious 

impacts was observed in terms of fiber transfer, structure consolidation and fabric 

properties. 
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7. Needle board density: needle board density as another variable functioning punch 

density changes the mechanism of interactions of needle to fiber and needle to needle. 

With high needle concentration, i.e. high needle density, multiple needles catch same 

fibers and dragging them into the thickness direction of fabrics at the same time, and 

the needles interfere each other, so the fiber transfer efficiency was lowered with fiber 

bundles placed in a shallow depth. Since the total punch densities are same in 

different needle board density scenarios, web consolidations observed were similar. 

Tensile modulus and burst strength follow exactly or inversely to fiber transfer. The 

high needle concentration avoided non-uniform needle distribution and reduced 

defects caused in production, so with higher tensile strengths observed.  

 

10.2 Recommendations for future work 

 Punch frequency, the investigation of punch frequency was only conducted in a 

relatively small range from 100 rpm to 1000 rpm due to the limited speed of the 

Asselin® machine in the Staple Lab of the Nonwovens Institute. Modern 

needlepunch technology allows this parameter going as high as 2000 rpm (Dilo, 

2001). According to the literature (Kapusta, 2003) and the findings in the study, the 

subjected range of frequency is not large enough to show significant effects on either 

web structures or properties. In future studies, punch frequencies higher than 1000 

rpm, which represents the speed of modern needlepunch looms, should be 

investigated. 
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 Multiple needling operations: using multiple-needle looms equipped with more than 

one needling zones is commonly seen in practical productions. The benefits of 

employing more than one machine are many, especially for the manufactories of 

heavy and intensively needlepunched nonwovens. The operation highly improved 

production speed and web structure uniformity. It was considered to provide ideal 

fiber protection and sufficient fabric bonding. 

 

However, impacts on fabric structure and properties have never been systematically 

investigated and proved. A primary investigation was conducted in the study: two and 

four needlepunch operations were applied on the surface of nylon layer. What was 

found is multiple needling operations spread a total high punch density into small 

portions and assigned at each operation, there is a time gap allowing transferred fibers 

to recover and consolidated structures to bounce back, therefore, the entire fiber 

transfer efficiency was observed lower than the process with the high total punch 

density achieved in single pass. But the multiple-operation significantly preserved 

fibers against fatigue to break and provided soft hand and uniform surface quality. 

 

The initial investigation is not enough to disclose the comprehensive mechanism of 

applying multiple needling operations. Further study is necessary with more needling 

passes and higher total punch density engaged in trials. Furthermore, as in practical 

production, multiple needling passes are popularly applying alternative operational 

directions with equal amount of needle penetrations on both surfaces. This process 
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has very different fiber transfer mechanism to the one with all operations applied on 

same web surface. 
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