
 

 

ABSTRACT 

 

KIM, EUNYOUNG. Fuzz Formation in Nonwovens. (Under the direction of Dr. Behnam 

Pourdeyhimi and Dr. Trevor J. Little). 

 

Fuzz formation in spunbond thermally bonded nonwovens depends on their processing 

conditions, polymer properties, and fiber configurations. In past research, those affecting factors 

have been investigated mainly in relation to mechanical properties and the perception of softness, 

including the impact of calender temperature, bond patterns, additives, and fiber configurations. 

Correlations and interpretation of fuzz formation have been assessed only to a very limited extent 

due to shortcomings with the standard methods of evaluating fuzz, which lacks an objective 

measurement system. 

This research first develops the methodology to quantify the volume of fuzz, which is a 

noncontact based three-dimensional image analysis using confocal laser microscopy. On this 

basis, the following findings and mechanisms in fuzz formation were made. Bonding 

temperatures control the degree of bonding (whether it is ‘under-bonded’ or ‘well/over-bonded’) 

which in turn impacts fuzz formation by adjusting the inter-fibers’ mobility. However, it has a 

negligible effect when no structural changes occur as different configurations (or fiber structures) 

are compared. Bond geometry, including bond area, bond shapes, bond-to-bond distance, and 

whether it has bond-free paths, correlates to the fuzz formation. The overall percentage of the 

bond area does not effectively control fuzz formation if it has bond-free paths. As such, a smaller 

bond area (7 %) forms a lower amount of fuzz than a larger bond area (14.6 %). The types of 

additives play a key role in fuzz control, even if they do not change the degree of bonding. This 

depends on whether they are eligible to be migrated into the polymer matrix as well as if they 

can improve elasticity of the fibers. In bicomponent configurations, the ratio between two 



 

 

components, such as the core/sheath in this research, contributes to fuzz control, preventing 

sheath peel-offs that can make the bond easily disintegrate, and once broken, fuzz can develop 

quickly. The developed test methodology can be used further for finding a balance between the 

mechanical properties, perception of softness, and fuzz formation. 
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 Fuzz in Spunbond-thermally bonded Nonwovens 

Fuzz is formed as a result of abrasion and is characterized by a hairy appearance due to 

protruding fibers or filaments as defined by the American Society for Testing Material (Latifi, 

Kim, & Pourdeyhimi, 2001; ASTM International. D3990). Fuzz has been widely understood as 

the initial stage of pilling formation that follows pill entanglement, growth, and wear-off (Gintis 

& Mead, 1959). Since the 1950s up to the present, piling on woven or knit fabrics have been 

studied in various ways to understand the influence of fibers and yarns on pilling, to develop 

measurement methods, and to make prediction modelling (Hajilari, Esfandiari, Dabiryan, & 

Gharbi, S. H. Mosavi Pour, 2009; Wang, & Wang, 2007; Mazzuchetti & Vineis, 2005; Göktepe, 

2002; Alston, 1994; Cooke & Arthur, 1981). This can be attributed to the advent of synthetic 

fibers which exhibit higher abrasion resistance compared to natural fibers (Brand & Bohmfalk, 

1967). Accordingly, experiments have been set to increase abrasion load, pressure, or number of 

cycles to test the maximum threshold of pilling formation and to make correlations between 

properties of yarns or fibers (Gintis & Mead, 1959). Most research has focused on the adverse 

perspective of pilling for consumer satisfaction regarding that can affect the appearance, hand 

feel, texture, and service life of a garment. 

On the contrary, the research about fuzz in nonwovens pales in comparison with pilling 

formation on woven or knit fabric. However, much more attention needs to be given to fuzz 

formation for nonwovens; particularly for the applications of hygiene or medical products that 

accounts for the largest share of nonwoven demand (Das & Pourdeyhimi, 2014). Fuzz caused by 

lower levels of abrasion can hamper he intended performance and customer satisfaction, in that 

these products are used for a relatively short period of time. Moreover, structural properties of 

these nonwovens primarily determined by web formation and bonding conditions should be 
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distinctly correlated to study fuzz formation. To be specific, low basis weight materials of around 

10-30 g/m2 are used for hygiene products such as the cover stock of diapers and incontinence 

products, which are commonly spunbond nonwovens typically followed by thermal bonding 

(Chapman, 2010).  However, far less research has been devoted to illustrating fuzz itself and in 

making a correlation between the process and properties for lightweight spunbond thermally 

bonded nonwovens. 

Meanwhile, efforts have been made to study the influence of structural variables on 

mechanical properties and softness due to a long-term industry trend to improve softness without 

sacrificing mechanical strength (Patel, Martin, Claasen, & Allgeuer, 2017). With this regard, 

structure-process-property relationships need to be thoroughly understood (Pourdeyhimi, Maze, 

Farukh, & Silberschmidt, 2019). It has been reported that the bonding conditions, such as 

temperature, pressure, and bonding geometry, determines the final properties of thermal bonded 

nonwovens, and generally causes trade-offs between softness and strength (Russell, 2007; Kim, 

Pourdeyhimi, Desai, & Abhiraman, 2001).  Many studies interpret fuzz as a kind of 

interpretation of mechanical properties, describing it as abrasion resistance (Ethiopia et al., 

2007).  

In terms of testing, the visual rating system along with the Martindale abrasion tester 

specified in ASTM 4970 are routinely used to determine the fuzz or pilling tendency (ASTM 

D4970, 2016). Thanks to the advancement of image analysis, the subjective nature of evaluation 

has become more objective, hence reducing the confusion led by different researchers. When it 

comes to the quantifying fuzz or pilling of materials, signal processing enables us to calculate the 

pilling area or density in a numerical way. A myriad of image processing techniques are well 
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established for woven or knit fabrics, where the principles focus on strengthening contrast 

between the featured area and smooth surface (Techniková, Tunák, & Janáček, 2017).   

In contrast to traditional textiles, image processing for nonwovens, typically point-

bonded fabrics, are less well developed, which stems from the fundamental research. For 

patterned fabric, it has been reported that making distinctions between pills and a smooth surface 

is laborious (Yao, Yu, Xu, & Xu, 2008). For that reason, there have been attempts to solve these 

problems without imaging, for example, measuring mass of protruded fibers by detaching it from 

the surface (Leucker, Amtmann, & Schubert, 2018). Nevertheless, it is inevitable to yield errors 

not just because it can contain additional fibers from abradant materials in the case of textiles. It 

also makes direct contact to the surface, which can possibly impact the surface, which in turn 

restrict us from making clear correlations and interrelationships between properties and structural 

variables. Likewise, the lack of understanding fuzz based on the relationships between process 

and property largely contribute to limitations of objective and reliable measurement methods. 

Therefore, a better fuzz measurement system must first be developed which can describe the 

initial formation of fuzz and its progress to get entangled in a numerical way, so that it can define 

critical factors and investigate cause and effect between them and fuzz formation. By doing so, 

the balance among mechanical properties, softness, and fuzz formation can be found.  

The goal of this research is to develop an objective measurement method of fuzz and to 

investigate the influence of bonding conditions such, as temperature and area, including the roles 

of various components and additives on fuzz formation.  The degree of bonding resulted from 

varying component additives on web formation and the mechanisms of fuzz formation are also 

investigated. A review of the relevant literature is included in the next chapter.  
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 Literature Review 

Nonwovens  

The definition of nonwoven fabrics has had a long history and numerous definitions have 

been suggested over the years as summarized chronologically by Batra and Pourdeyhimi (Batra 

& Pourdeyhimi, 2012). Even though nonwovens have been defined in various ways each time by 

author and organization, the following description by ISO 9092 has been widely accepted 

worldwide (Mao & Russell, 2015; Das, 2014): 

Nonwovens are structures of textile materials, such as fibres, continuous filaments, or chopped 

yarns of any nature or origin, that have been formed into webs by any means, and bonded 

together by any means, excluding the interlacing of yarns as in woven fabric, knitted fabric, 

laces, braided fabric, or tufted fabric. 

The commercial production of textiles of “bonded-fiber nonwoven webs” of a few thousand 

meters in the United States was followed by the advent of laboratory and pilot scale production 

of nonwovens in the 1930s (Batra & Pourdeyhimi, 2012; Krčma, 1971). One of the primary 

advantages that enables further advancement of nonwoven production is the continuously linked 

process in which raw materials are first made into a web and then into finished fabric (Gillies & 

MT, 1979; Smith & Russell, 2000). Compared to conventional fabrication systems such as 

weaving and knitting, this process naturally reduces the labor costs in manufacturing, so there is 

a high degree of automation. Most importantly, nonwoven fabrics address performance 

requirements in a multitude of different applications, governed by different price points, supply 

chain structures, and regulatory frameworks (Smith & Russell). The nonwoven industry has 

expanded to markets in applications of hygiene products, medical use, geotextiles, protective 

clothing, wipes, etc., in which products are diverse, from less than 10 g·m2 laminate to highly 
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durable over 1000 g·m2 geotextiles (Ashik, 2017; Batra & Pourdeyhimi, 2012; Morman, 

Kupelian, & Sudduth, 2005; Russell, 2007).  A wide range of applications of nonwoven 

materials, summarized in Table 2.1, was enabled by advances in raw materials, processing 

technologies, and final product design. Albrecht et al. (2003) and later Ugbolue (2017) pointed 

out that the following characteristics are adjustable in terms of physical properties, such as 

weight, strength, handle, drape, surface area, bulk, appearance, and price (Albrecht, Fuchs, & 

Kittelmann, 2003; Ugbolue, 2017). Specifically, Backer and Petterson show that the range of 

nonwovens includes structures that are stiff, dense, two-dimensional, and paper-like as well as 

materials that are thick, highly extensible, and highly porous (Backer & Petterson, 1960). 

The versatility of nonwoven fabrics is mainly determined by interactions between two 

factors: (1) the preparation of a web consisting of a sheet of fibers or filaments, and (2) the 

bonding of this web to make coherent fabric structures (Ericson & Baxter, 1973). Throughout 

various ways of web formation and bonding processes, which result in particular characteristics 

of final products, the main web forming processes are traditionally referred to as drylaid (carding 

and airlaid), wetlaid, and spunmelt (spunbond and meltblown), and the bonding processes as 

mechanical (hydroentangling, needlepunching, and stitchbonding), thermal, and chemical (Smith 

& Russell, 2000).   

Table 2.1.  List of nonwoven applications in different products (Das, Pradhan, Chattopadhyay, & 

Singh, 2012) 

Field of applications Products 

Medical 
Surgical gowns, face masks, caps, bandages, tapes, wound dressings, pads, sponges, 

cover stocks, sterile packaging, heat packs 

Hygiene Baby diapers, feminine sanitary napkins, adult incontinence pads, tampons 

Wipes Dry and moist wipes, cosmetic wipes, mops 

Filtration 
HVAC filter, HEPA filter, ULPA filter, oil filter, respiratory filter, teabags, vacuum 

cleaner filter bags, dry and liquid aerosol filter, odor control, activated carbon filter 
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Table 2.1.  (continued). 

Automobiles 
Side, front, and back liner; floor mat, sheet cover, wheelhouse cover, oil filter, 

engine air filter, sound absorbing panel 

Agriculture 
Root bags, weed control fabric, water retention fabric, crop cover or seed protector, 

soil separation, capillary mat, containers 

Geotextiles Pond and river liner for erosion control, soil stabilization, roadbed, drainage 

Construction and 

civil engineering 
Insulation nonwoven, pipe wrap, insulation ceilings or false ceilings, house wrap 

Household 
Cushion covers, blankets, bed sheets, quilt back, pillow covers, curtains, envelopes, 

aprons, dust cloth, CD case, wallpaper, carpet backings, bags 

Clothing 
Interlinings, pads, disposable underwear, shoe, belt and bag components, labels, 

handkerchiefs, towels, dust removal cloths 

Protection 
Fire protection fabrics, gas and chemical protection fabrics, thermal insulating 

gloves, lab coats, ballistic armor, bullet proof vest. 

Transportation Air bag, sunshade fabrics, car roof, silencer 

Electronics Cable insulation, semiconductor polishing pad, insulating tape 

Industrial 
Absorbent, lubricating pads, papermaking felts, conveyor belts, packaging, artificial 

leathers, battery separator, abrasives 

Spunbond Process 

Spunbond web production, which is classified as a polymer-laid system, involves 

extrusion of continuous filaments from polymer raw material, drawing of filaments, and 

depositing them as a web; it is continuously followed by a bonding process as shown in the 

Figure 2.1 (Lim, 2010; Midha & Dakuri, 2017). Using a one-step process from polymer to fabric, 

it increases production rate and reduces cost (Dutton, 2008). Also, most properties of spunbond 

thermally bonded nonwovens are determined by the characteristics of fibers in the web and 

bonding process; hence, comprehensive efforts have been made to understand how these are 

governed by polymer selection, web formation, and the nature of bonding (Michielsen, 

Pourdeyhimi, & Desai, 2005; Erel & Warner, 2001; Ericson & Baxter, 1973). 

 Both spunbond and meltblowing processes consist of the following steps: polymer melting, 

extrusion, filtration, quenching, drawing, deposition, collecting, bonding, and winding (Russell, 

2007). The difference between the spunbond and meltblowing processes is the existence of hot 
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air with extrusion and a significant amount of ambient air to produce fine microfiber (Tan et al., 

2010). On the other hand, the spunbond process generally uses a smaller volume of air close to 

ambient temperature to apply the attenuation force, resulting in fibers having cross-sectional 

diameters in the range of 10–35 μm in general (Kellie, 2016; Midha, Dakuri, & Midha, 2013). 

 

Figure 2.1  Schematic diagram of the spunbond process (Lim, 2010). 

Web formation  

The unique physical and chemical properties of polymers, and corresponding processing 

conditions, primarily affect spunbond technology (McCrum, Buckley, Bucknall, & Bucknall, 

1997). This is because the web formation process includes the fiber spinning process, as follows: 

(Ziabicki, 1976); 1) Preparation of polymer and spinning fluid (polymerization and chemical 

modification, polymer melt or solution), 2) Spinning (extrusion, solidification, and deformation 

of spinning line or filament), 3) Drawing (due to higher linear speed at take-up roll than that at 

die, drawing is used to increase the degree of molecular orientation and improve the tensile 

strength, modulus of elasticity, and elongation of fibers).  
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Raw materials have been developed to reduce manufacturing cost by producing more 

nonwoven fabrics on the same machine with faster processing. Basically, the physical-chemical 

properties of the raw materials, determined by the chemical structure and processing conditions 

of the melt, are responsible for processing variables such as minimum temperature, thermal 

stress in the molten state, or flow behavior of the melt (Albrecht, 2003). To be specific, fibers are 

formed between the extrusion temperature and the glass transition or crystallization temperature 

of the polymer (Tan, Zhou, Ellison, Kumar, Macosko, Bates 2010). With that, it is important to 

account for affecting parameters of molecular weight, molecular weight distribution, and melting 

properties of polymer. 

First, molecular weight, M, has a crucial impact on the rheological properties. At low 

molecular weight, that is, below some critical molecular weight (Mc), chain polymer η0 depends 

for flexibility on M, and on M to the 3.4 power above Mc (Bower, 2002):  

η0 ∝    M    (M < Mc)  

η0 ∝    M 3.4 (M > Mc)  

To assess differences in processability, measuring a certain rheological behavior of polymeric 

fluid, the melt flow rate (MFR, in the past MFI: melt flow index), can indicate a polymer’s flow 

behavior according to the German DIN 53735, which can provide a tool when most standard 

methods fail (Baird & Collias, 2014; Albrecht, 2003; DIN 53735, 1988). Practically, MFR is the 

amount of molten polymer in grams passing per 10 min through a fixed capillary under constant 

pressure and at a certain temperature, e.g. 230 °C (Cheng & Permentier, 1999). Since one of the 

primary requirements of a nonwoven resin is that the polymer should be capable of producing 

fine denier fiber at high spinning speed, the MFR of the polymer is relatively high (Cheng & 

Permentier, 2000). The higher the MFR, the lower the melt viscosity and the easier it is to draw 
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the material into a finer denier; conversely, lower MFR resin may be used when higher fiber 

strength is preferred. For the spunbond process, the MFR is recommended typically in a range 

between 20 and 40 (Cheng & Permentier, 2000; Cheng & Permentier, 1999).  

Second, the distribution of molar masses, or chain lengths, can have a profound influence 

on the physical properties of the polymer (Bower, 2002). In the polymer-laid process, in which 

the polymer melt is stretched and subsequently crystallized, narrow molecular weight 

distribution (MWD = Mw / Mn) is required, particularly less than 3.5 or preferably less than 3 

(Kaarto, Crown, Tau, & Claasen, 2017).  This is because more rapid decomposition of the stress 

in the fibers enables higher spinning speed and produces finer fibers (Maier, 2001).  Contrary to 

this, broad MWD increases melt elasticity and melt strength, which prohibit fiber drawing and, 

therefore, a broad MWD resin is likely to produce fiber breaks due to draw resonance (melt 

instability) phenomena (Russell, 2007, p. 147). 

Third, because they have low melting points, all thermoplastic polymers can be used for 

production of nonwovens, as shown in the Table 2.2 (Brandrup, Immergut, Grulke, Abe, & 

Bloch, 1999). Young and Lovell demonstrated several factors that determine melting points, as 

follows: the stiffness of the main polymer chain, the polar groups, the type and size of any side 

groups present on the polymer backbone, and copolymerization (Young & Lovell, 1991).  

Table 2.2.  Physical properties of the most important man-made polymers (Albrecht, 2003, p. 90) 

Polymer 
Glass transition 

temperature (°C) 
Melting point (°C) Moisture take-up (%) Specific heat (Jg-1K-1) 

PET 80-110 250-260 0.2-0.5 1.1-1.4 

PA6 80-85 215-220 3.5-4.5 1.5-2.0 

PA6.6 90-95 255-260 3.5-4.5  

PAC 30-75 >250 1-2 1.2-1.5 

PP -10 160-175 0 1.6-2.0 

PE -35 125-135 0 1.4-2.0 
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With this regard, Polyolefin, a generic name of polypropylene (PP) and polyethylene 

(PE) as defined in ISO 2706, is the most widely used material in polymer-laid nonwovens 

(Kotek, Afshari, Avci, & Najafi, 2017). It is cost effective and easy to use compared to other 

polymers like polyamides and polyester, which require drying due to their hygroscopic 

properties (Chen, Ghosa, Yarin & Pourdeyhimi, 2020). More importantly, the relatively lower 

melting point due to the weak interactions between polymer chains based on van-der-Waals 

forces is beneficial in processing (Chum & Swogger, 2008; Albrecht 2003, p. 92). The use of 

isotactic PP, having methyl groups always in the same configuration on the polymer backbone, 

results in a relatively high degree of crystallinity, ranging from 40-70% according to the 

conditions (Cheng & Permentier, 2000; Moore, 1996).  Fiber grade PP resins are mainly isotactic 

homopolymers. Since the presence of crystals in a polymer has a profound effect upon its 

mechanical behavior and thermal properties, the higher tacticity of PP causes greater fiber 

strength and requires higher bonding temperature (Cheng & Permentier, 2000; Young & Lovell, 

1991). When drawn or oriented, PP homopolymer gives a material with improved tensile, 

stiffness, and tear strength, as well as clarity, due to the alignment of polymers during the 

orientation step. In case of PE, Patel et al., showed that the lower flexural rigidity and coefficient 

of friction, and the abrasion resistance of PE due to its lower crystallinity than that of PP, 

consequently contribute to its better softness than that of PP (2017). There are three types of PE: 

PE: HDPE (High Density Polyethylene), LLDPE (Linear Low-Density Polyethylene), and LDPE 

(Low Density Polyethylene) (Malkan, 2017). The fiber grade PE resins are mainly HDPE and 

LLDPE, and LLDPE has been widely used in spunlaid processes because medium to high melt 

flow rate LLDPE resins are used to produce continuous fine denier filaments (Patel, Martin, 

Claasen, & Allgeuer, 2017). 
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Figure 2.2  Schematic of different types of PE (Malkan, 2017, p.303). 

With the advance of metallocene catalyst-based polymerization technologies in the early 

1990s, besides properties determined by the chemical structure, polyolefin resins can have a 

narrow MWD resin directly from the reactor, and post-metallocene technology is even available 

today to form unique ‘blockiness’ in control of comonomers (Chum & Swogger, 2008; Cheng & 

Permentier, 2000). For example, Maier presented fibers from metallocene polypropylene that 

form a more pronounced spinline profile and result in thinner filaments than those of 

conventional polypropylene fibers, as shown in the illustration in Figure 2.3 (Maier, 2001). The 

narrow molar mass distribution favors molecular orientation during stretching, which leads to 

enhanced tenacity of fibers (Maier, 2001).  

In fuzz formation and finding a balance or interrelation between mechanical properties, 

there can be difficulties in selecting a single polymer between PP and PE. To be specific, PP is 

effectively used to increase mechanical properties so that it can reduce the fuzz formation and 

increase strength; however, there is an inevitable lack of softness. On the other hand, PE retains 

softness, but the mechanical properties are weaker than those of products made of PP. Thus, 

there have been many studies to enhance one property that the other lacks by designing 

processing conditions and composition.  
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Process variables in extrusion and drawing can change filament properties; for example, 

decreases in throughput and primary air temperature lead to decreases in filament diameter, 

accompanied by increases in crystallinity, birefringence, tensile strength, initial modulus thermal 

stability, and density (Zhang, D., Bhat, Malkan, & Wadsworth, 1997; Zhang, Dong, Bhat, Sanjiv, 

& Wadsworth, 1998). Ugbolue (2017) showed that increasing the mass throughput per spinneret 

hole at constant take-up speed produced larger filament diameter and lowered the stress in the 

spinline, which can decrease molecular orientation and stress-induced crystallization; however, 

the reduction of the cooling rate can increase crystallinity and density due to the greater available 

time for crystallization (Ugbolue, 2017). This study indicates that the final crystallinity results 

from a balance between spinline stress and cooling process, which depends on the characteristics 

of the polymer and the nature of the cooling process.  

 

Figure 2.3  Predicted spinline profiles of i-PPs (melt flow index = 12 dg min-1, spinning 

temperature = 180 °C) obtained from (a) Ziegler-Natta catalysis and (b) metallocene catalysis  

(Maier, 2001). 

Nanjundappa and Bhat (2005) also showed changes of morphology and properties in PP 

filaments in accordance with throughput rate, with variations in basis weight as well. In this 

study, basis weight was increased by increasing calender pressure and airflow, but low basis 
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weight (17 g/m2) was not produced at higher throughputs (0.35, 0.42 g/hole/min) due to the 

speed limitation of the collector belt (Nanjundappa & Bhat, 2005). Also, fiber diameters of 

samples remained the same with increases of throughput achieved by adjusting draw force 

determined by air rate for each throughput. The results showed that higher draw ratio leads to 

different stages of development of filament morphology, causing increases in strength and 

reduction in extension of filaments with changes of molecular orientation as a result of the 

drawing stress.  

Table 2.3.  Properties of filament before bonding (Nanjundappa & Bhat, 2005) 

Throughput 

(g/hole/min) 

Filament 

diameter 

(10-6 m) 

Birefringence 

(10-3) 

Peak 

stress 

(g/tex)a 

Peak 

extension 

(%)a 

Crystallinity 

by DSC (%) 

Crystallite 

size (Å) 

0.15 19.3 16.6 
21.3 

(13.4) 

376 

(14.0) 
42.3 43 

0.25 17.4 22.3 
24.0 

(19.1) 

312 

(13.1) 
43.6 65 

0.35 17.7 23.0 
23.7 

(16.7) 

297 

(13.9) 
43.6 66 

0.43 18.4 22.0 
25.2 

(12.6) 

296 

(13.1) 
43.9 86 

a Percentage coefficients of variables are given in parenthesis. 

 

 

As mentioned earlier, it is known that the way filaments are arranged in the web has 

significant impact on the properties of a nonwovens as well (Michielsen, Pourdeyhimi, & Desai, 

2005; Ericson & Baxter, 1973). Lin et al. (2003) showed anisotropic behavior in deformation 

according to tensile and tear strength in spunbond thermally bonded nonwovens, making 

comparison between randomly arranged webs and unidirectional arrangements. However, later 

research from Gautier et al. (2007) claimed that advancements of production technology were 

making nonwoven fabrics more isotropic so that they exhibit almost the same properties in all 

directions; in other words, there is no preferential orientation (Gautier, Kocher, & Drean, 2007). 

In conjunction with that, experimental results from Kim et al., originally performed to 
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investigate the anisotropy, stressed that the mechanical properties are primarily governed by 

bonding conditions such as area and temperature within a typical window of processing 

conditions (Kim, Pourdeyhimi, Desai, & Abhiraman, 2001).  

Therefore, parameters that determine fabric structure, specifically the degree of bonding, 

can be regarded as more decisive factors than elements at the level of polymer, single fiber, or 

arrangement of fibers in web formation. Andreassen et al. also observed that the tensile 

properties of nonwoven fabrics seemed to be governed by the bonding properties of the 

constituent fibers and not by the fiber tensile properties (Andreassen, Myhre, Hinrichsen, Braathen, 

& Grøstad, 1995). The degree of bonding can also determine porosity, flexibility, softness, and 

density (loft and thickness), besides fabric mechanical properties (Russell, 2007, p.9).  

Thermal bonding  

Thermal bonding is a critical step in the spunbonding process, providing structural 

integrity and drape characteristics to the final product (Malkan, 2017). It also offers high 

production rate and energy conservation because no chemical or water needs to be evaporated 

after bonding (Warner, 1989). In spite of a variety of other hot bonding process available, such 

as area-bond calendering, point-bond calendering, through air bonding, ultrasonic bonding, and 

radiant bonding, point-bonding is the most widely used technique (Dharmadhikary, Gilmore, 

Davis, & Batra, 1995). In the point-bonding process, as presented schematically in Figure 2.4, 

webs are passed through heated calender rolls to partially melt the crystalline regions, and newly 

released chains segment across fiber-fiber interface to cause re-solidification and trap the 

diffused chain segments, which form bond points (Farukh et al., 2015; Fedorova, Verenich, & 

Pourdeyhimi, 2007). Depending on the size and density of the bond points and the conditions of 

temperature, pressure, and residence time in the nip, point bonding provides nonwoven webs 
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with a wide range of properties from thin and stiff to bulky and elastic, or soft. For that reason, it 

is beneficial for lightweight, i.e. 25-30 g/m2 spunbond nonwovens to control the mechanical 

properties for applications of medical or personal hygiene products (Dharmadhikary, Gilmore, 

Davis, & Batra, 1995). 

 

Figure 2.4  Schematic diagram of a thermal point-bonding process in which (a) a web of fibrous 

material is passed through (b) heated calender roll with nips. The nips melt and weld fibers 

together, forming (c) discrete bond points (Wijeratne, 2017). 

To investigate factors affecting degree of bonding and their impact on the mechanical 

properties, many efforts have been made in the physics of bonding, particularly looking at 

pressure and temperature. That is because bonding is achieved by fusing filaments in the web at 

their cross-over points through direct action of heat and pressure on contact points between 

calender rolls (Warner, 1989).  However, the effect of pressure is observed to be less significant 

than that of either calender speed or temperature (DeAngelis, DiGioacchino, & Olivieri, 1979). 

This was experimentally confirmed by Michielsen et al., as shown in the Figure 2.5, which 

indicates that only minimal pressure is required at the nip to bring about fiber-to-fiber contact 

(Michielsen, Pourdeyhimi, & Desai, 2005). 
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Figure 2.5  Angular mechanical properties as a function of nip pressure. Note that the behavior 

remains the same, indicating that, for these webs, the minimum pressure of 30 psi was adequate 

to achieve good bonding (Michielsen, Pourdeyhimi, & Desai, 2005). 

Instead of pressure, the literature has indicated two major factors as crucially impacting 

the mechanical properties of point-bonded nonwovens: bonding temperature and bond area. 

First, bonding temperature changes the morphology of fibers at bond points, which leads to 

different failure mechanisms. This has been investigated from a physics approach by calculating 

the thermal conduction at the bonding sites. DeAngelis et al. showed the impact of bonding 

temperature on breaking strength for polypropylene calender bonded nonwovens. The results 

shown in Figure 2.6 indicate that breaking length reaches a maximum at a critical bonding 

temperature for a given nip-line pressure (as cited in Dharmadhikary, Gilmore, Davis, & Batra, 

1995; DeAngelis, DiGioacchino, & Olivieri, 1979). Also, the critical temperature was found to 

be a function of the calendering speed when the nip pressure is constant. Meanwhile, Muller 

described that a sharp increase of strength in the machine direction was observed as the bonding 

temperature approached the fiber melting point (Muller, 1989). When the temperature exceeds 
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the melting temperature, poor load transfer between the bonding point and the bond-free area 

will greatly reduce the maximum strength (Imachi, 1986).    

 

Figure 2.6  Schematic diagram of breaking length in cross direction (LRt) vs. steel roll 

temperature (Ts) of a slower calender speed (V1) and faster calender speed (V2)  (DeAngelis, 

DiGioacchino, & Olivieri, 1979). 

More recent experimental research also confirmed that satisfactory bonds can be made up 

to a point, which means that there are optimum conditions, as in Bhat et al. and Kim et al., shown 

in Figure 2.7 and Figure 2.8, respectively. These results indicate that, for a given set of 

processing conditions, there is an acceptable bonding temperature window for optimal bonding. 

Temperatures below this window will lead to under-bonded structures and temperatures above 

this limit yield over-bonded, stiff structures (Michielsen, Pourdeyhimi, & Desai, 2005). The 

optimal point is characterized mainly by the strength, appearance, and extensibility 

characteristics of the bonded fabric (Dharmadhikary, Gilmore, Davis, & Batra, 1995). From the 

stress-strain curves of most point-bonded fabrics, it can be noted that failure mechanisms are 

different for under-bonded, over-bonded, and optimum-bonded nonwovens (Nanjundappa & 

Bhat, 2005). Also, at temperatures above the maximum optimal bonding temperature, failure 
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occurs by fiber breakage at the bond periphery, leaving bond sites almost as they were 

(Pourdeyhimi, Maze, Farukh, & Silberschmidt, 2019). 

 

Figure 2.7  Stress-strain curves of samples analyzed for mechanism of rupture (Bhat & 

Nanjundappa, 2013; Nanjundappa & Bhat, 2005). 

To examine the degree of bonding, SEM photographs prepared at different calender 

temperatures can be used to indicate types of failure mode, for example if it is due to 

disintegration of bond sites for specimens bonded specifically at lower temperatures (Chand, 

Bhat, Spruiell, & Malkan, 2002). However, there have been attempts to analyze failure mode in 

more physical ways. Given variables that can determine the final properties of thermally bonded 

nonwovens, including bonding temperature, bonding pressure, roll speed, roll diameter, engraved 

roll patterns, and kind of polymer used to produce fibers, there have been attempts to analyze the 

degree of bonding from the perspective of heat conduction (Smith, Ogale, Maugans, Walsh, & 

Patel, 2003). 
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Figure 2.8  Typical tensile load-extension curves along the machine direction for a series of 

different bonding temperatures (Kim, Pourdeyhimi, Desai, & Abhiraman, 2001). 

Based on literature in the paper science, time spent in the nip (𝑡) can be calculated 

according to the analysis of Kerekes (1979) in terms of thermal conduction: 

𝑡 = 𝐴𝐶0
1/2𝑅1/2𝑉−1 , 

where 𝑅 = radius of calender roll, 

𝑉 = speed in m/s, 

𝐶0= initial thickness in m,  

A= [(𝐶0 − 𝐶𝑁)/𝐶0]1/2-+[(𝐶𝑅 − 𝐶𝑁)/𝐶0]1/2, 

𝐶𝑁= thickness in the nip,  

𝐶𝑅=final thickness.  

Michielsen et al. simplified this equation and deduced the equation of maximum 

temperature at the fabric center in the nip (𝑇𝑚𝑝), assuming that the thickness is just the basis 

weight divided by the density of solid polymer (Michielsen, Pourdeyhimi, & Desai, 2005): 

𝑇𝑚𝑝 = 𝑇𝑟𝑜𝑙𝑙 + 1.2733(𝑇𝑖𝑛𝑖𝑡𝑖𝑎𝑙 − 𝑇𝑟𝑜𝑙𝑙)𝑒−𝜋2𝛼𝑡/4𝐿2
, 
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where 𝑇𝑚𝑝 = temperature of mid-plane of web at time 𝑡, 

𝑇𝑟𝑜𝑙𝑙= calender roll surface temperature,  

𝑇𝑖𝑛𝑖𝑡𝑖𝑎𝑙 = initial temperature,  

𝐿 = half thickness of nip,  

𝛼 = 𝑘/𝜌𝐶𝑝, thermal diffusivity, (see, e.g. for PP, 𝑘 ~ 0.12 W/mK, 𝜌 ~ 0.9g/cm3, 𝐶𝑝~ 1.9J/gK, 

consequently, 𝛼 ~ 7.0 × 10-8 m/s (Warner, 1989) 

𝑘=thermal conductivity,  

𝜌: polymer density,  

𝐶𝑝: specific heat, and 

1.2733: constant (see, inducement, Incropera, Lavine, Bergman, & DeWitt, 2007).  

Considering the mid-plane temperature, over-bonding and under-bonding can be 

predicted to some extent. The temperature of the mid-plane in the nip reaches the roll 

temperature, except at the highest speed, because the time needed to reach this temperature 

decreases as the roll speed increases (Michielsen, Pourdeyhimi, & Desai, 2005). In this case, the 

mid-plane temperature is different from the average, or surface, temperature of the roll, and the 

web is likely to become under-bonded. However, the author claimed that the roll temperature 

must be kept below the melting point of the fibers or the web will fuse to the rollers; this 

eventually defines the maximum roll temperature and accordingly the maximum speed 

(Michielsen, Pourdeyhimi, & Desai, 2005).  

However, based on an understanding of heat transfer, structural changes due to the 

bonding temperature seem not to be fully explained. Warner (1989) showed that the melting 

temperatures of bonded and unbounded areas are not significantly different but are higher than 

the melting point of the polymer used, enabling bonded fibrous integrity to be preserved (Figure 
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2.9). Also, as shown in Table 2.4, there might be other kinds of heat transfer, reflected by the fact 

that the crystallinity of the unbonded area also increased and, even on the bonded area, there 

appear to be few crystallinity differences between samples bonded at various temperatures 

(Nanjundappa & Bhat, 2005). Including another set of experimental results in Table 2.5, it is 

hard to use change in crystallinity to illustrate changes in the entire fabric because the results 

seem not to have a constant trend in this temperature series. Accordingly, rather than a physical 

approach led by the chemical structure of polymer, structural variables also need to be 

considered for further understanding of failure mechanisms. 

 

Figure 2.9  Results of differential scanning calorimetry on (a) bonded and (b) unbonded areas of 

polypropylene fabric (Warner, 1989).   

 

Table 2.4.  Crystalline sizes and crystallinity of selected fabrics (Nanjundappa & Bhat, 2005) 

Bonding temperature 

(°C) 

Crystallite size (Å) Crystallinity (%) 

Unbonded area of 

fabric 

Bonded area of 

fabric 

Unbonded area of 

fabric 

Bonded area of 

fabric 

120 121 164 41.6 46.0 

131 120 168 43.6 47.4 

140 135 169 43.8 47.3 

149 114 169 42.1 47.4 
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Table 2.5.  Bonding temperature effect on crystal size (Bhat, Jangala, & Spruiell, 2004) 

Bonding temperature (°C) 
Crystallite size (Å)  

(Unbonded area of fabric) 

Crystallite size (Å)  

(Bonded area of fabric) 

144 106 156 

148 107 171 

156 106 170 

160 102 171 

168 110 163 

172 108 179 

Bonding geometry is another significant variable such as bond pattern, bond area, and 

bond size and shape. It is known that these properties can contribute to the stiffness and 

mechanical properties of nonwoven fabrics, since bond spots are usually rigid (Bhat, Jangala, & 

Spruiell, 2004). However, the author also showed that changes of crystal size indicate that bond 

area does not affect morphological changes, as shown in Table 2.6. For this reason, increasing 

the overall bond area of a bonded fibrous web's bond pattern can improve the properties such as 

tensile strength, neckdown modulus, web modulus, toughness, tear resistance, etc., with 

sacrifices of properties such as flexibility, pliability, extensibility, softness, fluid-handling, 

and/or caliper etc. (LU, Isele, Turner, LOONEY, & Quresh, 2011; Kim, Pourdeyhimi, Desai, & 

Abhiraman, 2001). In attempts to design efficient patterns to reduce fuzz while maintaining 

desirable attributes such as softness, flexibility, integrity, and cost-effectiveness, many patents 

have registered different bond patterns and areas (Figure 2.10). For example, US 9993369B2 

(assigned to Procter and Gamble Co.) and US 5964742A (assigned to Kimberly Clark 

Worldwide Inc.) disclose nonwovens with extended sigmoid bonding configurations of 13 % and 

about 15 % to 20 %, respectively (Xu et al., 2018; McCormack, Fuqua, & Smith, 1997). Another 

bond shape that US2017/0151101A1 (assigned to Procter and Gamble Co.) claimed is an oval 

shape but oriented in different directions, having 17 % to about 30 % of bond area. 
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Table 2.6.  Bond area effect on the morphological parameters of spunbond fabrics (Bhat, Jangala, 

& Spruiell, 2004) 

Bond are 

 (%) 
Fiber diameter (μm) Birefringence 

Crystal size 

(A°) 

(unbonded) 

Crystal size 

(A°) 

(bonded) 

10.8 20.2 0.021 107 162 

15.2 20.1 0.020 112 162 

23.5 19.9 0.019 118 162 

However, although these findings reveal the relationship between bond geometry and 

mechanical properties such as softness, further understanding of these mechanisms is required to 

understand why these factors influence the properties and which parameters are the most critical. 

It is important to see how they developed, not just because they highlight trade-offs between 

softness and mechanical properties in nonwovens, regardless of the processing system, but 

because most lack any investigation of fuzz formation (Kumar Midha, 2011; Braun et al., 1988). 

 

Figure 2.10  Bond patterns developed to improve strength and softness: (a) (Xu et al., 2018), (b) 

(McCormack, Fuqua, & Smith, 1997), (c) (Isele, Kearney, & Reichardt, 2017). 
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Bicomponent and additives  

Bicomponent systems and additives have been used as effective ways to deal with 

conflicting properties of mechanical strength and softness. Bicomponent fiber is defined as a 

manufactured fiber having a combination or mixture of two chemically and/or physically 

different components combined at or prior to the time of extrusion (Collier, Bide, & Tortora, 

2009; Pizzuto, 1974). Unlike fibers of polymer blends, bicomponent fibers are composed of two 

constituent polymers separately arranged in a certain pattern along the fiber length; this allows 

webs to be easily tailored for better mechanical, chemical, and thermal properties (Li, Liu, Zhou, 

Mao, & Sun, 2018; Peng, Jiang, Seuß, Fery, Lang, Scheibel, & Agarwal; 2016). Bicomponent 

fibers are commonly classified by their arrangement of different polymers within cross-sectional 

areas; categories include core/sheath, segment-pie, and side-by-side, as shown in Figure 2.11 

(Dasdemir, Maze, Anantharamaiah, & Pourdeyhimi, 2012). 

 

Figure 2.11  Schematic view of the bicomponent fiber’s cross section: (a) core/sheath, (b) 

segmented pie, (c) side-by side. 

In spunbond thermal bonded nonwovens, bicomponent fibers are extensively used to 

incorporate the advantages of different melting temperature between two polymers; this is mostly 

done in core and sheath configuration (Bhat & Malkan, 2002; Kim, Ito, Kikutani, & Okui, 1997). 

The polymer that constitutes the sheath provides characteristics such as appearance and chemical 

and thermal resistance properties; that of the core provides tensile properties such as modulus 
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and strength or cost effectiveness by incorporation of low-cost resin (Krishnaswamy & Baird, 

2001, p. 403). Notably for current research, the low melting temperature of a sheath surrounding 

a higher melt temperature core can improve strength and softness at the same time (Srinivasan & 

Kathirvelu, 2006). 

Although there are several combinations available for core/sheath formation, Dasdemir et 

al. showed the most improved mechanical strength of a PP/ PE core/sheath bicomponent, 

compared to fibers produced using poly(ethylene terephthalate)/polyethylene (PET/PE), poly-

amide 6/polyethylene (PA6/PE) and polyamide 6/polypropylene (PA6/PP). As seen in Figure 

2.12, there are several experimental works using PP/PE bicomponent structures. The good 

mechanical strength was attributed to the better miscibility between PP and PE polymers as 

determined by calculation of solubility parameters under spinning conditions at 241 °C 

(Dasdemir, Maze, Anantharamaiah, & Pourdeyhimi, 2012). For the PP homocomponent, Wang 

et al. reported a better flexibility of PP/PE core/sheath bicomponent during fracture after 

examining failure mechanisms of 55, 60, and 65 g/m2 point-bonded spunbond fabrics during 

deformation in terms of micro-structural changes at the bond-point (Wang, Jin, Mao, & Russell, 

2010). Patel et al., also showed that softness and drapeability of PP/PE core/sheath bicomponent 

is likely to the result of spunbond polyethylene, while the abrasion and tensile strength are 

similar to those of spunbond polypropylene (Patel, Martin, Claasen, & Allgeuer, 2017, p. 174). 

There has been further investigation of PP/PE core/sheath bicomponent in terms of filtration 

efficiency. Liu et al., examined the impact of processing parameters such as quenching air 

temperature, drawing air pressure, and bonding method on PP/PE core/sheath bicomponents for 

air filtration with dust holding capacity (Liu et al., 2017). For fuzz formation, however, there 
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remain concerns about the poor mixability of PP and PE, which will have adverse impacts on 

fuzz formation and processibility (Abed, Roettger, & Webb, 2008). 

 

Figure 2.12  Scanning electron micrograph of the core/sheath PP/PE bicomponent filament 

cross-section; (a) (Dasdemir, Maze, Anantharamaiah, & Pourdeyhimi, 2012), (b) (Wang, Jin, 

Mao, & Russell, 2010) (c) (Liu et al., 2017). 

Another way to enhance the performance of spunbond nonwovens is to employ additives, 

because economic advantages can be achieved by dilution of resins with low-cost polymers, and 

potentially by recycling of industrial scrap (Krishnaswamy & Baird, 2001). Additives were 

originally used for a wide variety of purposes and may be classified as filters, antioxidants, 

stabilizers, plasticizers, fire retardants, pigments, and lubricants (Bower, 2002, p. 22). In the use 

of additives to strengthen mechanical properties with adequate softness and fuzziness for 

spunbond fabrics, thermodynamic immiscibility needs to be critically considered. Most of the 

time, different polymers are thermodynamically immiscible, which is definitely the case for PP 

and PE because the Gibbs free energy of the system is positive, resulting in the creation of an 

interface and weakening interfacial adhesion between the two polymers (Graziano, Jaffer, & 

Sain, 2019).  

With polypropylene, elastomeric random copolymers including propylene with a low-

level co-monomer (e.g. ethylene or a higher alpha-olefin ranging from C4 to C20) can be 

incorporated into the backbone (Mecl et al., 2018; Chand, Bhat, Spruiell, & Malkan, 2002). 

Other types of propylene copolymer, containing at least two different types of monomer units, 
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one of which is propylene, can be used as well; however, poor miscibility between PP and 

copolymer with different contents of olefin should be carefully considered when selecting 

modifiers (Klaska et al., 2019). Detailed examples of compositions of PP and additives are 

summarized in Table 2.7. Additionally, to maximize the softness of polyethylene and to broaden 

the bonding window of polyethylene, it is observed that ethylene/olefin copolymers or 

blockcopolymer can be used. McNally et al. (2002) showed that ethylene-octene copolymer 

(EOC) in particular provides a higher toughening contribution than either ethylene-propylene or 

ethylene-butene copolymer (McNally, McShane, Nally, Murphy, Cook, & Miller, 2002). Also, in 

the case of block copolymer, the blocky architecture imparts a substantially higher crystallization 

rate and higher melting temperature, while maintaining a lower glass transition temperature 

(Chum & Swogger, 2008). Patel et al. showed that blends of hPP with PP-based additives, 

resulted in improved drapeability and softness while maintaining the desired spinnability, 

abrasion resistance, and tensile strength (Patel, Martin, Claasen, & Allgeuer, 2017). 

Experimental results from the literature confirmed complementary effects of additives based on 

substituting one polymer for another one, among PP and PE, as seen in results from a handle-o-

meter, which measures the force necessary to push fabric of a given size, abrasion resistance, 

softness rating, and stress-strain curve (Wahit, Hassan, Mohd Ishak, & Czigány, 2009; Srinivas, 

Cheng, Dharmarajan, & Racine, 2005).  

Table 2.7.  Examples of additives used for spunbond nonwovens 

No 

Nonwoven Web formation and Composites 

Reference 

Resins 
Additives  

(Product #) 
Softness Enhancer (trade name) 

1 
82 wt % 

(PP) 

16 wt % (Random PP-

olefin copolymer) 

2 w t% (CESA PPA0050079      from 

Clariant) 
 (Xu et al., 2014) 

2 
88 wt % 

(PP) 

5 wt % (Random PP-

olefin copolymer) 

5 wt % (L-MODUTM S400 from 

Idemitsu), 2 wt % (Erucamide) 

(Kpelian, Huang, 

Conrad, Krueger, & 

Sterling, 2017) 



 

28 

Limitations of correlation and interpretation with fuzz formation 

Earlier studies have largely focused on the effects of polymers, bonding conditions, 

configurations, and additives on mechanical properties to indicate impact on softness. Fuzz 

formation cannot be fully explained by the mechanical properties, including the bending rigidity 

and tensile strength, which is usually represented as the stress-strain curve or the maximum 

strength or elongation at break. Some experimental publications address the role of tensile 

strength in fuzz formation, but most of them describe fuzz as a result of variables in the 

mechanical properties, depending on morphological changes in fibers, or the structural rigidity 

caused by bonding conditions. For evaluation of fuzz, it does not seem that the intention is to 

observe the progress in fuzz development. In one instance, Patel et al. assessed the amount of 

fuzz formed for spunbond samples of PP, PE, and PP/PE core/sheath bicomponents, and blends 

of PE and PE-based additives, measuring the weight of protruded or broken fibers. As another 

example, Kpelian et al. graded the appearance of fuzz to investigate the impact of additives for 

spunbond PP (Kpelian, Huang, Conrad, Krueger, & Sterling, 2017). There have been studies to 

analyze the unique structural properties of nonwovens to examine fuzz in nonwovens; it will be 

challenging to make correlations between these studies without proper measurement and 

experimental methods to indicate its growth (Kawabata, Niwa, & Wang, 1994; Harada, Saito, & 

Matsuo, 1971). Therefore, a better understanding of fuzz formation requires description of its 

mechanism, how fuzz is formed and developed in accordance with factors that affect the 

mechanical properties and exact illustrations of their appearance.  
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Fuzz Characterization 

Interrelationship with softness and mechanical properties    

Compared to the abundant research on structural variables and their roles in mechanical 

properties in nonwovens, limited studies can be found when it comes to the fuzz formation. If a 

researcher’s subject is the “fuzz” and “nonwovens”, many of them aim to develop an objective 

measurement method. Instead of assessing fuzz itself, there has been research to interpret fuzz 

resistance from tensile properties and softness is discussed in the same way. This also implies 

that there are correlated properties between strength, fuzz formation, and softness reflecting the 

long-standing interest in spunbond thermally bonded nonwovens that reduce fuzz but increase 

mechanical properties and softness (Patel, Martin, Claasen, & Allgeuer, 2017).  

Even though softness is a descriptive and subjective term that humans can detect in fabric 

quality, measures are available to describe the material’s softness in a more quantitative and 

reproducible scale (Dawes & Owen, 1971; Hoffman & Beste, 1951; Luca, 2014). The objective 

measurements of mechanical properties that correspond to the fundamentals of ‘hand’, a 

subjective assessment of a textile obtained from the sense of touch (Beech, 1988), or softness can 

be tracked back to the early 1930s by Pierce’s work on bending and compression (Pierce, 1930). 

In physics and engineering, the most basic measurement is the material’s stiffness, which is the 

ratio of the force applied to the object and the amount of resulting deformation in the direction of 

the applied force. This is equivalent to the spring constant of a linear spring, which is usually 

indicated by the symbol k (Tiest & Kappers, 2014):  

𝐹 = 𝑘 ∙ ∆𝑙, 

where F is the force and ∆l is the change in length. This relationship is known as Hooke’s law, 

and the unit of stiffness is N/m (Luca, 2014, p.3). Thus, softness can be assessed in an objective 
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way based on a set of parameters obtained from the measurements of certain mechanical and 

surface properties of fabrics (Shishoo, 2000).  

Furthermore, it is known that inter-fiber friction and bending stiffness of fibers can be 

attributed to the fuzz formation (Latifi, Kim, & Pourdeyhimi 2001). To be specific, owing to 

slight differences in the surface or the asymmetry during rubbing, charges may easily be 

generated by inter-fiber contact between apparently identical fibers (Hearle & Morton, 2008).  

For that reason, fuzz formation can be correlated with the single fiber strength and consequent 

fabric strength; including the measurement of tensile strength (Neton & Ashraf, 2017; 

Ramaratnam et al., 2017; Patel et al., 2017; Kaarto et al., 2017), tear strength (Isoda et al, 2018)  

flexural rigidity (Patel et al., 2017), and coefficient of friction (COF) (Xiaoxin et al., 2017; Patel 

et al., 2017) as well as physical properties such as weight (Isoda et al., 2018; Ashraf & Rasch, 

2019) and thickness (Inokuma, Matsuo, & Yoshida, 2018). In regards to the weight, it is known 

that heavier fabrics will generally have higher fuzz levels with everything else being equal 

because they tend to have higher values for tenacity and flexural rigidity and lower values for 

softness (Peng, Claasen, Dun, & Allgeuer,  2009). However, there is still uncertainty due to one 

experiment that found the opposite (Wang, Gong, Dong, & Porat, 2007). On the other hand, 

there was an attempt to relate the results from subjective hand panel tests to mechanical 

properties (Patel et al., 2017; Peng, Claasen, Dun, & Allgeuer, 2009).  

Necessity to develop reliable test methods of fuzz formation  

Fuzz have been generally described as the abrasion resistance of the fabric. Brock and 

Meitner stated that the surface of materials does not tend to get fuzzy when they exhibit good 

abrasion resistance (Brock & Meitner, 1977). According to the ASTM standard test methods, 

abrasion resistance can be evaluated when applying 12 kilopascals (kPa) of pressure, which is 
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relatively higher than a pilling test (ASTM D4966-12, 2016; Everhart, Fischer, Radwanski, & 

Skoog, 1994). However, as ASTM D4966-12 demonstrated, abrasion resistance is more likely to 

be related to durability (2016).  Indeed, all objects that are rigid and stiff can be defined as 

having good abrasion resistance, but the terms cannot be used interchangeably with the tendency 

to form fuzz. For a better understanding of fuzz, the mechanisms of fuzz development should be 

depicted, detecting even a single protruded or broken fiber resulting from a much lower force of 

abrasion.   

In fact, Kim, Latifi, and Pourdeyhimi (2000) showed an experiment to investigate the 

mechanisms of fuzz formation in nonwovens with a low basis weight, i.e. 20 g/m2 (2000). In this 

study, the growth of fuzz formation was observed by having of up to 300 abrasion cycles every 

20 increments, which is a smaller range and less increments in comparison with earlier and even 

current research. Since staple fibers were used for this work, a higher number of abrasion cycles 

must be set up to be spunbond for further experiments. However, research with smaller 

increments to find the mechanisms of fuzz formation can barely be found outside of this work. 

Moreover, the role of structural variables on fuzz formation has not been fully discovered 

mainly due to the lack of suitable measurement methods to link correlations and interpretations 

of those parameters directly to fuzz formation in nonwovens. Presumably, this might be the 

reason why there is a greater number of studies in the development of measurement methods, 

rather than the examination of variables on fuzz formation as shown in Table 2.8. 

Table 2.8. Literature on fuzz for mation in nonwovens 

No Title 
Author and 

Year 

Testing Methods 

a) Fuzz generation, b) Fuzz evaluation  

1 

Evaluation of fabric pilling as an 

end-use quality and a performance 

measure for the fabrics 

(Eldessouki, 

2018) 

a) Multiple instruments; ICI pilling box, the 

Martindale tester, and the random tumble pilling 

tester 

b) Image analysis 
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Table 2.8. (continued). 

2 
Physical properties of nonwoven 

and woven felted fabrics 

(Kistamah, 

Hes, & 

Rajmun, 2017) 

a) ASTMD3512, Two Box Tumble Pilling Tester 

b) Subjective rating with a set of photographic 

standards  

3 

Adaptive neuro-fuzzy system for 

quantitative evaluation of woven 

fabrics’ pilling resistance 

(Eldessouki & 

Hassan, 2015) 

b) EMPA (SN 198525); rating gray-scale levels of 

that image with the W-series of photographs  

4 

An integrated method of feature 

extraction and objective evaluation 

of fabric pilling 

(Deng, Wang, 

& Wang, 

2011) 

b) Images analysis based on multi-scale two-

dimensional dualtree complex wavelet transform 

(CWT) 

5 
Objective pilling evaluation of 

nonwoven fabrics 

(Zhang, Wang, 

& Palmer, 

2010) 

b) image analysis based on two-dimensional dual-

tree complex wavelet transform (2DDTCWT) and 

supervised classification 

6 
Characterizing Fabric Pilling Due 

to Fabric-to-Fabric Abrasion 

(Latifi & Kim, 

2001) 

a) universal abrasion tester 

b) image analysis to describe pilling area and 

density  

As a matter of fact, a wide array of testing methods was standardized by organizations 

such as the International Standards Organization (ISO) and the American Society for Testing and 

Materials (ASTM) to qualify fuzziness. However, no matter how standardized, those methods 

rely on subjective visual assessment with reference images as shown in Figure 2.13, which can 

result in controversial within results (Yao, Yu, Xu, & Xu, 2008). Therefore, in order to control 

the fuzz formation in nonwovens, comprehensive understanding of parameters that affect to the 

mechanical properties of nonwovens along with the development of measurement methods are 

required to identify and determine mechanisms and contributing parameters.  

 

Figure 2.13  Standard picture for evaluating fuzz or pilling (Xiaoxin et al., 2017). 
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Currently available test methods of fuzz 

For laboratory testing, fuzz is intentionally generated using abrasion testers. Various 

instruments are used in accordance with appropriate standards to test for either fuzz or pilling, as 

summarized in Table 2.9. Even under the same testing instruments and conditions based on the 

standards, the results can be different depending on the sample preparation, such as the testing 

side of the fabric, number of abrasion cycles, abrading time and speed, abradant, abrasion 

motion, and/or pressure on the sample. For example, between the Martindale abrasion tester and 

Sutherland rub tester (Figure 2.14), the Martindale abrasion tester provides dynamic movement 

paths; abrasion (big lissajous), pilling (small lissajous) and rubbing (linear) (PT.SEKAWAN, 

2020 retrieved). The desired movement path variation can be selected by a simple shift of the 

drive pivot position, as shown on the panel graphic scheme in Figure 2.14(c), and it is also useful 

for explaining the differences between the pilling test and abrasion test under ASTM standards.  

Table 2.9.  Instruments for abrasion, fuzz, or pilling tests in the literature  

Instruments Standard Related reference  

Brush Pilling Tester • ASTM D3511 
(Ramaratnam, Parsons, & Zajaczkowski, 

2017) 

Random Tumble Pilling Tester 

• ASTM D3512  

• DIN 53867 

• JISI L 1076 

(Kistamah, Hes, & Rajmun, 2017) 

Fastness friction tester of JSPS (Japan 

Society for the Promotion of Science) 
• JIS L 0849 (Inokuma, Matsuo, & Yoshida, 2017) 

Sandpaper • ISO POR 01 106  

(Patel, Martin, Claasen, & Allgeuer, 

2017; Bonaboglia, Cordublas, Claasen, 

Larios, & Ruiz, 2015) 

Wear test 

• AATCC TM 135 

• ASTM D3512-05 

• ASTMD3884-01 

• ASTM D4966-98 

• ASTM D4970-05 

• ISO 4287: 1997  
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Table 2.9.  (continued). 

Martindale’s apparatus 

• ASTM D4966 

• ASTM 12947-1 

• EN ISO 12945-1  

• EN ISO 12945-2  

  

Neton & Ashraf, 2017; Techniková, 

Tunák, & Janáček, 2017; Jasinska & 

Stempien, 2014 

Sutherland rub tester 

• ASTM D-5264  

• ISO POR 01 106 

• WO 2011/088106 

 (Ashraf & Rasch, 2019; Patel et al., 

2017; Kaarto, Crown, Tau, & Claasen, 

2017; Bonaboglia, Cordublas, Claasen, 

Larios, &; Ruiz, 2015Chester et al., 2015; 

Lu, Newkirk, & Turner, 2014) 

 

 

 

Figure 2.14 Abrasion Testers; (a) Martindale Abrasion Tester (Iride Center, n.d.), (b) Sutherland 

Rub Tester (Danilee Co., LLC, n.d.), and  (c) Three types of test/movement paths 

(PT.SEKAWAN, n.d.). 

However, since standard methods cannot include all types of materials and their 

corresponding changes in appearance, experimental details need to be set properly for each 

material and their end-use (Izabela & Stempien, 2014). With that, researchers have designed 

their own experimental method based on the test methods and instruments used. For example, 

Chester et al. described the accumulation of fuzziness with the Sutherland Ink Rub Test Method 

by measuring both the bonding side and the smooth side of the fabric (Chester et al., 2015). 

Bonaboglia et al., used the Sutherland 2000 Rub Tester to determine the fuzz level and 

sandpaper for abrasion resistance both in 20 and 42 cycles according to the ISO POR 01 106 

with a nonwoven specimen size of 11.0 cm×4.0 cm (Bonaboglia, Cordublas, Claasen, Larios, & 

Ruiz, 2015). In terms of pressure on abrasion, Xiaoxin et al. described the fuzz level using the 

Martindale Abrasion tester onto samples of 38mm in diameter under 1.3 Psi to see the fuzz 
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formation. Wang et al. used 9 kPa (Wang, Gong, Dong, & Porat, 2007) and Leuker et al. 

demonstrated the effects of pressure and abradant on measuring fuzz, varying 3 kPa, 9 kPa, and 

12 kPa (Leucker, Amtmann, & Schubert, 2018; Xiaoxin et al., 2017).  In addition, abradant can 

be wool felt, silicon (Leucker, Amtmann, & Schubert, 2018), and stainless-steel plate (Ashraf & 

Rasch, 2019) as suggested in many standards. According to the abradant material, abrasion 

cycles can be adjusted to control the force of abrasion (Hsi, Bresee, & Annis, 1998). Thus, to 

capture the initial stage of fiber protrusion, or fuzz, testing conditions need to be properly 

designed to specifically ensure the lower force of abrasion in comparison with standard photos. 

The scales can be in the range from three to six: the higher the number, the more fuzz on the 

surface. Examples of classifications are summarized in Table 2.10. 

Table 2.10.  Fuzz pilling grading scale examples 

No Scale Reference 

1 

5 Excellent; very low to zero pilling/ fuzz 

(Ramaratnam, Parsons, & 

Zajaczkowski, 2017; Deng, 

Wang, & Wang, 2011) 

4 Very good; slight pilling/ fuzz 

3 Fair; moderate fuzz/pilling, medium levels of fibers  

2 Poor; severe fuzz/pilling, high levels of loose strings  

1 Very poor; very severe fuzz/pilling 

2 

Grade 4 No fuzz was observed 

(Inokuma, Matsuo, & 

Yoshida, 2017)  

Grade 3.5  A pill was not observed but fuzz was observed. 

Grade 3  A small pill was observed. 

Grade 2.5 A large pill was clearly observed, 

Grade 2  Fibers were ripped off to a significant extent of thinning  

Grade1 
Fibers were ripped off to an extent of damaging the test 

piece. 

3 

● No fuzz 
(Isoda et al., 2018; Isele, 

Kearney, & Reichardt, 

2017; Xiaoxin et al., 2017) 

 

▴ Little fuzz 

× Observable fuzz. 
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Subjective and objective assessment 

After the materials are abraded to generate fuzz, it can be evaluated subjectively or 

quantified in more objective ways. First, a subjective assessment is the most typical way, recited 

in almost all standard methods, and is commonly used in the industry for convenience. 

Generally, the abraded materials are visually observed and compared to photographic standards 

in order to be ranked in different levels. For instance, photographic standards are provided in 

Figure 2.15. It can also be graded just by visual assessment alone. 

However, since not all experiments and testers have the same criteria for their grading 

system, results from different tests can yield confusion and often become contentious due to the 

subjective nature based on visual comparison (Wang, Ouyang, Gao, & Xu, 2017). Due to this, 

many researchers agreed on the necessity to develop a more objective measurement method 

(Behera & Madan Mohan, 2005). 

 

Figure 2.15  Photographic standards of ASATM 3512 for pilling evaluation (Kim & Park, 2006). 

Gravimetric analysis 

In a more empirical measurement system, the amount of fuzz accumulated on the fabric 

can be weighed for evaluating the level of fuzz after fuzz generation (Patel, 2017; Ashraf & 

Rasch, 2019; Kaarto, Crown, Tau, & Claasen, 2017; Bonaboglia, Cordublas, Claasen, Larios, & 

Ruiz, 2015; Jasinska & Stempien, 2014; Deng, Wang, & Wang, 2011). For convenience in 

practice, a plethora of research and patents have employed this technique. In operation, the 

sample was weighed before and after fuzz removal using tapes such as 3M scotch tape (Figure 
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2.16) or fiber removal tape (Ashraf & Rasch, 2019), to determine the weight loss. This weight 

loss divided by the surface area was used to represent the abrasion resistance or fuzz level of the 

specimen (Ashraf & Rasch, 2019). It seems relatively objective and feasible, but possible 

deformation that might deform the fabric structure is inevitable, at least on the surface upon 

contacting for detachment, which can hamper further investigation on the relationship between 

structural variables and fuzz formation. 

 

 

Figure 2.16  Schematic diagram of the gravimetrical measurement of fuzz. 

Image analysis  

To overcome the problems caused by direct contact to the fabric, image analysis has been 

developed and advanced. Typically, it proceeds with four steps as Hsi et al. summarized (Hsi, 

Bresee, & Annis, 1998);  

1) Surface Digitization: converting the fabric surface to a digital form,  

2) Detection and Segmentation: separating the surface fuzz from the fabric background, 

3) Fuzz Quantization: extracting fuzz features for numerical representation, 

4) Classification and rating: using the extracted set of features as inputs to generate the 

final rating of the image. 
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The image is acquired with various instruments with different lighting sources and 

creating shadows can be considered the main idea of this method. It is assumed that the density 

of pills must be great enough for light not to pass through them so that they cast shadows (Hsi, 

Bresee, & Annis, 1998). To manipulate the image, lighting can be directed from two or four 

directions, or even recently, three-dimensional (3D) lighting systems are used. Then, the 

shadows of the object represent changes in the brightness of pixels in an object image while 

processing, which is called as the gradient field method (Techniková, Tunák, & Janáček, 2017).  

The fabric surface digitization from image acquisition is carried out by converting the 

fabric surface to a digital form that can be processed on computer systems. As shown in Figure 

2.17 and Table 2.11, many instruments along with the lighting systems are used; a digital scanner 

(Yun, Kim, & Park, 2013; Semnani & Ghayoor, 2009; Kim &  Kang, 2005; Palmer, Joud, & 

Wang, 2005; Palmer & Wang, 2003), a camera (Behera & Mohan, 2005; Xin, Hu, & Yan, 2002; 

Hsi, Bresee, & Annis, 1998; Torres & Navarro, 1998), a light projected onto a camera (Chen & 

Huang, 2004), a camera attached to a microscope (Jasińska, 2009), optical triangulation 

topographic reconstruction of the fabric surface (De Oliveira Mendes, Fiadeiro, & Miguel, 2010, 

2011; De Oliveira Mendes, Fiadeiro, Miguel, & Lucas, 2009), a laser line projected on the 

surface of the fabric specimen (Kim & Park, 2006), or a stereovision surface reconstruction with  

CCD cameras (Patel et al., 2017, Neton & Ashraf, 2017; Eldessouki & Hassan, 2015; Kang, 

Cho, & Kim, 2004), the dual-charge-coupled device CCD camera (Jasinska & Stempien, 2014), 

and 3-D surface measurement (Sul, Hong, Shim, & Kang, 2006). 
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Figure 2.17  Various image acquisition systems: (a) a fabric’s surface digitization using a CCD 

camera (Eldessouki, 2018), (b) schematic of the cylindrical lighting setup (Latifi & Kim, 2001), 

(c) three-dimensional surface measurement system (Sul, Hong, Shim, & Kang, 2006), (d)  

diagram and practical use of the 3-D measurement system (Kim & Park, 2006), (e) laser 

scanning system (Yao, Yu, Xu, & Xu, 2008), and (f) diagram of the CCD camera position for 

fuzz evaluation  (Jasinska & Stempien, 2014). 
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Table 2.11.  Lighting source and instruments used in image acquisition 

Light source Description    Reference: 

Laser light 

scattering  

• Single direction (parallel to the light)  

• A height threshold was applied to the profile to identify 

fibers (pills) elevated above the base fabric.   

• Hard to find in low density pilling 

• Special device to get cross-sectional images of the fabric 

sample with the pills  

(Kim & Park, 2006) 

Collimated light  

• Measured with laser probe, which scans pill depth 

information from a moving fabric, and a computer then 

generates the fabric image. 

• Slower than direct image capture with a digital camera and 

not show the true fabric surface characteristics. 

 (Deng, Wang, & 

Wang, 2011) 

Circular Fluorescent 

light  

• To illuminate fabrics from all sides (surrounding samples), 

so that objects elevated above the base-fabric surface such as 

fuzz and pills appeared bright and were differentiated from 

the base fabric by simple gray-level thresholding. 

(Hsi, Bresee, & 

Annis, 1998) 

Cylindrical lighting 

system  

• Cylindrical reflector illuminates the sample 

• by transmitting a narrow band of light at the desired 

• angle. The light angle and its distribution can be easily 

adjusted by changing the radius of the cylindrical reflector 

and/or the distance of the ring light to the sample. 

(Bonaboglia, 

Cordublas, Claasen, 

Larios, & Ruiz, 2015; 

Latifi, Kim, & 

Pourdeyhimi, 2001) 

CCD camera  
• CCD camera can capture color images and the direction and 

intensity of illumination can be adjusted to enhance the 

contrast between pills and background fabric. 

 (Jasinska & 

Stempien, 2014; Kim 

& Park, 2006) 

Optical microscope  
• Optical microscope with surface topography measurement 

capabilities was used to quantify the level of fuzz. 

(Ramaratnam, 

Parsons, & 

Zajaczkowski, 2017) 

Digital camera 

• Digital camera on a base in distance of 70 cm from the lens 

was used with four sides lighting sources placed in 10 cm 

from the edge of the sample and 2 cm over the base at an 

angle of approximately 45°.  

(Techniková, Tunák, 

& Janáček, 2017; 

Jasinska, 2009) 

Topography 

measurement 
• Topography of a surface can be represented by a dataset that 

contains the co-ordinates of points which lie on the surface. 

(Hutchings & 

Shipway, 2017) 

3D imaging from 

laser light  
• By Trigonometric calculation and stereovision techniques 

were performed to reconstruct the fabric shape in 3D 

(Kang, Cho, & Kim, 

2004) 

3D surface 

reconstruction   
• By two side-by-side images of a fabric with pills captured by 

regular cameras without special lighting  

(Xu, Yu, & Wang, 

2011) 

3D Orthogonal 

projection 

• 3D Orthogonal projection images of the fabrics are obtained 

through the reconstruction of the topography of the real 

textile fabrics, using dual scanning optical system 

(triangulation system).  

(Mendes, Fiadeiro, & 

Miguel, 2011) 



 

41 

Regardless of how the images are taken, whether in 2D or 3D, the key technology to 

extract fuzz in a numerical value is the way to separate the feature from the fabric background by 

signal processing after digitization. Typical steps for signal processing are de-noising, leveling, 

and thresholding as the example in Figure 2.18 shows. 

 

Figure 2.18 Image acquisition process. (a) The image is captured, (b) unnecessary pixels are 

erased, (c) surface contour is acquired, (d) the gray-level image is converted into a black and 

white image and e) pixels of the baseline of the fabric are erased and the final image for 

calculating fiber aggregate length is acquired (Kim, Yoo, & Kim, 2005). 

Although a plethora of signal processing technologies can be adopted as summarized in 

Table 2.12, all are meant to enhance the contrast between fuzzy and smooth regions, which is 

typically enabled by having binary images, even for 3D images. For example, image conversion 

to the binary is shown in Figure 2.19, so that it can quantify fuzz or a pilling area shape, height, 

and volume as presented in Table 2.13, enabled by the extraction of pilling information in Figure 

2.20.  
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Table 2.12.  Technologies for signal processing (Guan, Shi, & Qu, 2017) 

Techniques Description and types  

In the Spatial 

domain 

• Traditional technique, affected by noise and texture as fabric pilling of small area,  

• Support vector machine (SVM) data mining tool; depending on human experience  

• Two-dimensional Gaussian fit theory to calculate grades; depending on template 

• Stereovision to evaluate fabric pilling; not suitable hard and fine fabric because the surface 

floating point and uneven of hard and fine fabric are mistaken for pilling defect   

In the 

Transform 

domain 

• Spectrum analysis method using Fourier transform; a global method without any location 

information of spatial domain   

• Wavelet transform, having the ability of denoting local signal characteristics in the time and 

frequency domain, suitable for mutation signal detection 

• Two-dimensional discrete wavelet transforms  

• Two-dimensional dual-tree complex wavelet transform image reconstruction and nonlinear 

classification using a neural network  

• Wavelet transform and the local pattern 

• Wavelet: cannot suppress the singular signal information of normal texture that may affect 

the accuracy of the final evaluation 

 

 

 

Figure 2.19  (a) Pilling images of uneven illumination; (b) pilling segmentation effect of FTM; 

(c) pilling segmentation effect of TPM (Guan, Li, Wang, & Lei, 2018). 
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Table 2.13.  Summary of pill characteristics and pilling grades (Techniková, Tunák, & Janáček, 

2017) 

Pill Characteristics Value  

 
Figure 2.20  Fabric's 

pilling evaluation 

(Eldessouki & 

Hassan, 2015). 

Number of pills N [-] 188 

Average area of pills AA [mm2] 0.92 

Standard deviation of area of pills [mm2] 0.46 

Total area of pills AT [mm2] 172.05 

Average perimeter of pills PA [mm]  3.38 

Standard deviation of perimeter of pills [mm] 1.06 

Density of pills D [1/ mm2] 0.041 

Subjective pilling grade 1-2 

Objective pilling grade  2 

Yet, many more studies have the ultimate goal of this whole process, which is usually to 

find a suitable classification method, where a successful rating of images validates the method 

and suggests its possibility to replace the available subjective analysis (Guan, Shi, & Qi, 2017).  

This can also apply to nonwovens as shown in Table 2.14 and Figure 2.21. Also, classification 

models use the extracted set of features as inputs that can be used to generate the final rating of 

the image. It may also implement empirical and statistical methods, such as the multivariable 

linear regression, or may implement artificial intelligent methods, such as the application of 

different types of the artificial neural networks (ANNs) (Xu, Yu, & Wang, 2011).  

Table 2.14.  Image analysis of nonwoven fabrics with different pilling grades (Deng, Wang, & 

Wang, 2011). 

 Image Process 

 

Fabric 

Original  Texture Pilling Binary  

Nonwoven,  

Grade = 3 

 

    

Nonwoven, 

Grade = 1.5 
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When it comes to point-bonded nonwovens, however, a problem occurs regardless of 

evaluation method, whether it is quantified or rated. This is because fuzz on the patterned fabric 

cannot be detected based on these systems (Yao, Yu, Xu, & Xu, 2008). Since fuzz detection 

relies on the contrast between fuzzy and smooth regions, bonding points deteriorate in 

identifying fuzz and separating them from the fabric surface. Highly textured fabric surfaces 

exhibit shadows that cannot be easily distinguished from pill shadows, and more errors are 

observed (Hsi, Bresee, & Annis, 1998). Thus, more suitable measurement methods must be 

developed to eliminate the restriction from the bond sites. 

 

Figure 2.21  Pilling test images of 512 × 512 pixels with a difference in grading (Zhang, Wang, 

& Palmer, 2007). 

 

Summary of Findings  

Fuzz formation in spunbond thermally bonded nonwovens can be discussed in 

overlapping areas of mechanical properties and softness. In order to find a balance and 

interrelations between those properties, a quantification method must first be developed. Even 

though there have been efforts to measure the amount of fuzz in objective ways, there is 

currently inadequate test methods and experimental setups. A better measurement method needs 

to be developed in order to: 1) capture initial stages of fuzz formations, 2) depict the growth of 

fuzz formation, 3) understand the mechanisms regarding the structural properties, and 4) 

eliminate the hindrance caused by bonding sites on the nonwovens in terms of image analysis.   
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Once it is established, the factors that highly affect the mechanical properties can be 

evaluated and correlated to find the most crucial causes in fuzz formation. Questions from the 

literature include:  

1. Establish methods for measurement of fuzz 

2. Investigate the role of structure and process (including bonding) on fuzz 

formation 

3. Investigate the role of composition, particularly the role of chemical additives, on 

the formation of fuzz.  Identify controls to manage or reduce fuzz 
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 Research Proposal 

Development of Test Methods 

There will be two concurrent approaches.  The first will be based on some earlier work 

involving image analysis and the second will be based on mechanical tests to determine the 

availability and the amount of fuzz on the surface.    

The image analysis system will require the use of a single-point laser confocal 

microscope, Keyence VK-X1100, which obtains images with a large depth of field that are in 

focus across the entire screen and detects the finest details in the sample shape data, and is 

utilized for developing a fuzz measurement system. Inspired by previous measurement systems, I 

believe an advanced procedure can be developed through 3D scanned images.  

Samples will be abraded by a Martindale abrasion tester multi-directionally to form 

surface fuzz. To determine the fuzzing mechanism, the abrasion cycles will be varied from 0 to 

300 at 20 cycle increments, but it can reach out to a thousand to find the thresholds.  

Role of Structure, Bonding and Materials on Fuzz Formation 

To create a portfolio of structures with varying softness and mechanical properties, PP 

and PP/PE spunbond will be produced in various weights, followed by bonding with different 

patterns and conditions such as temperatures. These samples will be subjected to various levels 

of abrasion and then evaluated by the methods developed at the previous phase. 

The samples will also be examined by Scanning Electron Microscopy to establish the 

mechanism responsible for fuzz formation.  
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Investigating the Role of Composition on the Formation of Fuzz and Identification of 

Methods to reduce Fuzz Formation  

The impact of composition on the formation or the potential for the formation of fuzz will 

be investigated.  The use of soft additives like polyolefin copolymers or combinations of such in 

polypropylene is growing in spunmelt nonwovens.  Softness can also be improved with 

bicomponent structure such as PP/PE core/sheath.  The representative compositions for additives 

in PP and representative compatibilizer for PE to PP will be selected for study.  Spunbond will 

be produced with selected compositions (additive + PP, compatibilizers with PE bicomponent) in 

various weights and levels of additives or compatibilizers. Then, these will be bonded by using a 

standard bond pattern and will be subjected to various levels of abrasion and then evaluated by 

the methods developed before.  

Recommendations will be made with respect methods for evaluating fuzz and also for 

ways to reduce fuzz formation.    
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 Development of a Test Method of Fuzz for Spunbond Thermally 

Point-bonded Nonwovens 

Abstract 

Quantitative evaluation of fuzz in nonwovens is of significant interest as nonwoven products are 

typically subjected to abrasion during service. In this work, the initial level of fuzz and its growth were 

quantified for 11.75, 15, and 20 g/m2 polypropylene (PP) spunbond thermally point-bonded nonwovens.  

We use a noncontact confocal laser microscopy coupled with three-dimensional image analysis to 

quantify the volume of fuzz. Fuzz data generated by using this novel test set-up was verified by statistical 

analysis, resulting in repeatable and reproducible results.  

Introduction  

Fuzz is formed as a result of abrasion and is characterized by a hairy appearance due to 

protruding fibers or filaments as defined by the American Society for Testing Material (ASTM 

D3990, 2016). Fuzz has been widely understood as the initial stage of pilling formation that 

follows pill entanglement, growth, and wear-off (Latifi, Kim, & Pourdeyhimi, 2001; Gintis & 

Mead, 1959. Since the 1950s up to the present, piling on woven or knit fabrics have been studied 

in various ways to understand the influence of fibers and yarns on pilling, to develop 

measurement methods, and to make prediction modelling (Guan, Shi, & Qui, 2017; Hajilari, 

Esfandiari, Dabiryan, & Mosavi Pour Gharbi, 2009; Cooke & Arthur, 1981). This can be 

attributed to the advent of synthetic fibers which exhibit higher abrasion resistance compared to 

natural fibers (Brand & Bohmfalk, 1967). Accordingly, experiments have been set to increase 

abrasion load, pressure, or number of cycles to test the maximum threshold of pilling formation 

and to make correlations between properties of yarns or fibers. Most research has focused on the 

adverse perspective of pilling for consumer satisfaction regarding that can affect the appearance, 
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hand feel, texture, and service life of a garment. However, this is mostly the case of conventional 

textiles; in contrast to them, much more attention needs to be given to fuzz formation for 

nonwovens. Because lightweight nonwovens are used for a much shorter period of time, these 

will be significantly impacted even by a lower level of abrasion, resulting in fuzz formation. It 

can not only have negative effects on hand feel, but also impair the intended performance in 

terms of strength with structures in the lightweight nonwovens distorted.  

Moreover, structural properties of these nonwovens primarily determined by web 

formation and bonding conditions should be distinctly correlated to study fuzz formation. In such 

applications that requires a lightweight disposable fabric, spunbond thermally point-bonded 

nonwovens are widely used (Das & Pourdeyhimi, 2014). It involves extrusion of continuous 

filaments from polymer raw materials, drawing of filaments, and depositing them as a web, 

followed by a bonding process (Pourdeyhimi, Fedorova, & Sharp, 2011). As the needs for softer 

materials have grown, considerable efforts have been made to improve softness while 

maintaining desirable mechanical properties, (Patel, Martin, Claasen, & Allgeuer, 2017). It has 

been reported that there are trade-offs between those softness and strength in spunbond thermally 

bonded nonwovens because bond spots usually rigid (Bhat, Jangala, & Spruiell, 2004). Based on 

that, fuzz has been understood in terms of the mechanical properties, interchangeably called 

abrasion resistance.  In general, it has been believed that the surface of materials does not tend to 

get fuzzy when they exhibit good abrasion resistance (Brock & Meitner, 1977). Although it is 

likely to be true, abrasion is closer to durability in its meaning as the standard methods have 

pointed out (ASTM D4966, 2007).  Therefore, independent investigation of fuzz is required not 

just to understand it but also to find the interrelationships between the structure variables with 

related properties.  
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Although there have been attempts to study fuzz in nonwovens, objective measurement 

methods to quantify fuzz in point-bonded nonwovens have been limited up to date. A wide array 

of testing methods was standardized by organizations such as ISO and ASTM, mostly it relies on 

subjective visual assessment (Yao, Yu, Xu, & Xu, 2008). Thanks to the advancement of image 

analysis, more objective measurement methods have been proposed, which reduce possible 

confusions due to different experimental environments (Techniková, Tunák, & Janáček, 2017). 

This is mostly in case of piling tests, which a circular shape of pills enables them to measure 

areas, numbers, or density of pills (Eldessouki & Hassan, 2015). Furthermore, in most common 

signal processing techniques, the working principles have been primarily developed in a way to 

strengthen the contrast between protruded fibers and smooth fabric structures, creating binary 

images not just for a two-dimensional (2D) system but even for three-dimensional (3D) analysis 

(Guan, Li, Wang, & Lei, 2018). In these systems, however, point-bonded structures are strikingly 

unfavorable to extract fuzz from the original surface not just because of their randomness in 

appearance but also because it has an additional feature, which is the bonding points.   

For this reason, the ‘loss of mass’ or gravimetrical test method has been used for point-

bonded nonwovens for objective measurements of fuzz. The sample was weighed before and 

after fuzz removal, using stationery tapes to determine the weight loss (Leucker, Amtmann, & 

Schubert, 2018; Ashraf & Rasch, 2019). Despite the convenience of the test, it inevitably causes 

errors because it can contain some irrelevant fibers from abradant fabrics, and sensitive detection 

of fuzz from very lightweight nonwovens or between small increments of abrasion cycles might 

be restricted. Furthermore, direct contact somehow deforms the original structure, so further 

investigation on structural changes might not be reliable.   
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Likewise, an accurate measurement of fuzz formed on the lightweight point-bonded 

nonwovens has remained a challenging task over the years. For a better understanding of fuzz 

formation, measurement methods need to be developed to capture the initial stages of fuzz 

formations, depict the hairiness with the growth of fuzz formation, and understand the 

mechanisms in regard to the structural properties, which eliminates the hindrance caused by the 

bonding sites on nonwovens during image analysis.   

On this basis, the research in this paper proposes a measurement method for quantifying 

fuzz on lightweight point-bonded nonwovens. A set of quantification techniques were developed 

to (1) acquire suitable images without making contact with the surface, using a confocal laser 

scanning microscope, (2) detect initial stages of fuzz formation and capture its growth with 

three-dimensional (3D) image processing, eliminating the disruption caused by the bonding sites, 

and (3) make better correlations and interpretations with other properties such as the mechanical 

properties and perception of softness. 

Experimental 

Materials 

PP spunbonds of 11, 15, and 20 g/m2 were prepared in the Nonwovens Institute at North 

Carolina State University (NC State University, Raleigh, NC, USA) with the Pilot Spunbond 

line. The melt flow index (MFI) of the PP (PP 3155, ExxonMobil) was 36 g/10 min (230 ℃, 

2.16 kg). Materials were consolidated (pre-bonded) in some manner immediately as they were 

produced, and then, finally, thermal point bonding proceeded with a diamond bond pattern with 

14.6 % of the bond area at 138 ℃ at Fiber Visions, Inc. (Covington, CA). 
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Fuzz Quantification  

Laboratory fuzz formation  

The fuzz was generated according to ASTM D4970 using the Martindale 2000 Abrasion Tester 

(ASTM D4970, 2016). Specimens 38.0 mm in diameter were placed on the sample holder, and 

the face sides were abraded multidirectionally onto the standard felt abradant. To evaluate the 

mechanisms, the test was conducted for a given number of cycles of 20, 100, 200, 500, and 1000 

under controlled weight and pressure at standard atmosphere conditions. 

Image acquisition  

A single-point laser confocal microscope, the Keyence VK-X1100, which obtains images 

with a large depth of field that are in focus across the entire screen and detects the finest details 

in the sample shape data, was utilized to acquire the images and develop a new fuzz 

measurement system through the Multi-File Analyzer software. The sensor uses a violet 

semiconductor laser as a light source with a wavelength of 404 nm, and no light other than that 

passes through the focal point reaching the photoreceptor (KEYENCE CORPORATION OF 

AMERICA). The vertical resolution of the sensor is 0.5 nm, and its width is 0.001 μm. Images 

were acquired both from a conventional optimal system and from the laser scanning, for which 

the light emitted from the laser source was focused onto the sample, and the area was scanned 

within the field of view (3 mm x 3 mm). By dividing this field into 1024 × 768 pixels (in total, 

786,432 data points), the photoreceptor detects the reflected light at each pixel, and then, the 

device reads the intensity of each Z position for each pixel to determine the maximum intensity 

shown in Figure 4.1.  In this way, three types of image data are constructed including a deep 

field colored image, a laser intensity image, and a height profile.  Two sets of results were 

obtained to determine the repeatability and reproducibility. Under the repeatability condition, 
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five independent results were acquired with the same method on the same images by repeating 

the entire test procedure. Under the reproducibility conditions, measurements were obtained 

utilizing the same process but on five different spots, taking independent images of the right 

upper, left upper, left bottom, and right bottom of each specimen.   

 

Figure 4.1  Schematic view of the data acquisition process using 3D laser confocal microscopy: 

1) laser light from a semiconductor laser first scans with a horizontal scanner, 2) the light then 

scans with a vertical scanner, 3) the laser light that reflects off of the sample passes through a 

polarized beam splitter, 4) light that has passed through the focusing lens and is focused at the 

pinhole only passes through the pinhole, 5) the electrical signal is transformed into an image, 6) 

once image area scanning has completed, the lens moves one step in the Z direction, where one 

step is equal to the pitch, and repeats the scan.  (KEYENCE CORPORATION, 2018, p.1-5). 
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Image processing and fuzz detection 

New image processing for quantifying the fuzz goes through two simple steps: (1) 

leveling and reference plane set-up and (2) volume measurement above the thresholding plane. 

First, by connecting the height of each bonding point in the acquired image, the reference plane 

is setup, and possible contortions that may come from an uneven surface at the bottom are 

flattened. This is the most important point that compensates for the shortcoming of point-bonded 

nonwovens in image analysis. Rather, it uses the bond sites to have a constant thresholding plane 

throughout the specimens having different abrasion numbers. Then, the volume of each fiber 

above the thresholding plane is calculated for each testing sample, averaging volume of fuzz of 

five spots’ specimens. To make a visual comparison, a flatbed scanner was also used to observe 

the overall changes in the appearance of each specimen. 

 

Figure 4.2  Schematic view of the fuzz measurment process using a 3D laser scanning 

microscopy: (a) original image, (b) levelled image, (c) volume measurement after area 

thresholding.   

Physical, mechanical, and optical properties  

Mass per unit area was measured according to ASTM D 3776M-09a, the Standard Test 

Method for Mass per Unit Area (Weight) of Fabric, Option C, Small Swatch of Fabric. 

Measurements were taken for five randomly selected samples (ASTM D3776, 2017).  



 

55 

Tensile tests were performed using the MTS Criterion both in the machine direction 

(MD) and cross direction (CD) according to ASTM D 5035 (ASTAM D5035, 2015). Sample 

strips 25 ± 1 mm in width were prepared and tested at a gauge length of 75 ± 1 mm and at 300 ± 

1 mm/min, and five specimens were tested per sample. The strain at the failure was measured as 

percent elongation, and the tensile strength was recorded, and the maximum force was 

normalized by the actual basis weight for each one. 

The Handle-O-Meter is a commercially available apparatus from the Thwing-Albert 

Company. The Handle-O-Meter measures “handle,” which considers the combined effects of 

stiffness or bendability and surface friction of sheeted materials like nonwovens (Degroot et al., 

2018). Conditions for the evaluation was according to ASTM D6828-02: a single piece of 

sample 4 inch by 4 inch was evaluated using a 100 g beam assembly and a 5 mm slot width 

(ASTM D6828, 2015). The fabric is pushed into the slot by the beam, and the “handle” is the 

resistance that the fabric exerts on the beam as it is pushed into the slot. Lower handle values 

indicate softer and more drapable fabrics.   

Scanning electron microscopy (SEM) with the Phenom Pro X was used to look at 

bonding sites and to measure the fiber diameter, averaging values from twenty different fibers of 

each nonwoven. 

Statistical Analysis  

A two-way analysis of variance (ANOVA) was performed to investigate the relations 

between the dependent variable (volume of fuzz) with the independent variables (basis weight 

and abrasion cycles). Two groups of data resulted under the repeatable conditions, and the 

reproducible conditions were prepared and assessed, respectively, by the following a two-way 

ANOVA model (Narayanan, Tekbudak, Caydamli, Dong, & Krause, 2017):   
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𝑌𝑖𝑗𝑘 = 𝜇 + 𝛼𝑖 + 𝐵𝑗 + (𝛼𝐵)𝑖𝑗 + 𝜀𝑖𝑗𝑘      

𝑖 = 1, 2 

 𝑗 = 1, 2, 3, 4  

𝑘 = 1, 2, . . . , 𝑛𝑖𝑗 , 

where 𝑌𝑖𝑗𝑘 is the 𝑘th volume of the fuzz for the combination of the 𝑖th level of the basis weights 

and the 𝑗th number of the abrasion cycles; 𝑛𝑖𝑗 is the size of each factor combination; 𝜇 is the 

overall mean; 𝛼𝑖 represents the main effect of the 𝑖th level of the basis weights (with the 

assumption ∑ 𝛼𝑖 = 0𝑖 ); 𝐵𝑗 represents the main effect of the 𝑗th abrasion cycles; (𝛼𝐵)𝑖𝑗 is the 

interaction effect, and 𝜀𝑖𝑗𝑘 are the random errors assumed to be independently and  identically 

distributed 𝑖𝑖𝑑 𝑁(0, 𝜎2).  

Besides, the coefficient of variation (CV) of the measure obtained from the proposed 

methods was also calculated to describe the variations within a group of data in detail. 

Results and Discussions 

Volume of fuzz measured by the proposed method 

Representative images of fuzz formation and its growth for 20 g/m2 after 100, 500, and 

1000 abrasion cyclers are shown in Figure 3 as (a), (b), and (c), respectively. With that, three 

types of views are presented from the flatbed scanned images (i), corresponding 3D images 

acquired from the confocal laser scanning microscope as the 3D laser view (ii) and a colored 

map (iii). As seen in the flatbed scanned images, the location of the fuzz formation and its shape 

at the lower level of abrasion cycles are very random. This was compared to the pilling test, 

which recommends that fabric samples should be discarded if pilling is not uniform, mostly in a 
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circular shape (Hsi, Bresee, & Annis, 1998). For spunbond nonwovens, it can have a regular 

round shape as well when the abrasion cycles are increased over 1000 and has enough fibers with 

a higher basis weight, which measures the fuzz by gravimetrical analysis (Leucker, Amtmann, & 

Schubert, 2018). As mentioned earlier, however, investigating the initial level of fuzz is more 

crucial in describing and understanding fuzz formation in lighter weight spunbond nonwovens to 

see how it develops. Therefore, it is clearly necessary to use an alternative measurement method 

to include the randomness and irregular forms of fuzz, which are especially encountered during 

the initial level of abrasion.  

 

Figure 4.3  Images of 20 g/m2 nonwovens after abrasion: (i) the flatbed scanned, (ii) the laser 

confocal microscope, (iii) colored map, with abrasion number of (a) 100, (b) 500, and (3) 1000. 

From this point of view, a 3D view and color map were used to observe the shape and 

formation of the fuzz. In a qualitative manner, first, we noted that there are three distinct regions 
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in fuzz formation that were commonly observed throughout all the samples: bond-free regions. 

In point-bonded nonwovens, there are slight differences in the surface thickness caused by 

pressure on the nip, which in turn are expected to result in fuzz formation. A bond-free area, 

somewhat thicker than bond sites, is primarily exposed to abrasion, generating more inter-fiber 

contacts between fibers. And then, fibers located at the periphery of the bond sites are tangled, 

reaching out to the inside of the bond as the abrasion cycles are increased.  

This growth of fuzz is well quantified by the proposed measurement system shown in 

Figure 4.4. As expected, it presents the average volume of the fuzz as a function of each abrasion 

cycle, which gradually, as the abrasion numbers, are increased. In fact, one of the difficulties 

from the conventional measurement methods was that the fuzz at the lower abrasion cycles is 

barely detected. The proposed method, however, can detect and quantify those insignificant 

differences of fuzz at the lower abrasion numbers such as 20, 100, or 200. These increments 

between 20 and 100 or 100 and 200 are relatively lower than that for other current experimental 

designs to test fuzz in the literature. Moreover, in terms of the effect of the basis weight, the 

largest amount of fuzz is seen at 20 g/m2 and 500 abrasion cycles, but more has been found with 

basis weights of 11 and 15 g/m2. It might be perceived as confusion, but opposite trends 

depending on the basis weights have been reported already in the literature. One work stated that 

heavier fabrics will generate a higher amount of fuzz when everything else is equal because they 

will tend to have higher values for tenacity and flexural rigidity and lower values for softness 

(Peng, Claasen, Van Dun, & Allgeuer, 2009). In contrast, another study reported the opposite 

conclusion (Wang, Gong, Dong, & Porat, 2007). Thus, it is reasonable to have conflicting results 

in this work, and these quantified values from the proposed method will help, in turn, other 

detailed investigations on how fuzz develops according to the physical properties.  
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Figure 4.4  Volume of fuzz for each sample of 11 g/m2, 15 g/m2, and 20 g/m2. 

Most importantly, this method overcomes the critical shortcoming of two-dimensional 

(2D) image analysis in point-bonded nonwovens. As mentioned earlier, extracting fuzz or pilling 

from a smooth original surface has been strikingly restricted in point-bonded materials, but with 

this novel methodology, those bonding points are turned into key factors making a thresholding 

plane by connecting them. It enables different independent specimens to have a constant baseline 

within the same sample, which is beneficial to reliably examine repetitions and reproductions of 

data.  In addition, because no complex signal processing is required and the procedures are very 

simple, it reduces the time that was required for two-dimensional image processing but retains 

the advantage of gravimetric analysis for testing convenience. 

 

0 200 400 600 800 1000

0.0

0.5

1.0

1.5

2.0

2.5

3.0
 11.75 g/m2

 15 g/m2

 20 g/m2
V

o
lu

m
e 

o
f 

F
u

zz
 (

m
m

3
)

Number of Abrasion



 

60 

Statistical validity of the proposed measurement methods   

Because the measured and experimentally calculated results by this proposed test method 

stem from alternative concepts of existing measurement methodologies, immediate comparison 

cannot be made with them. Accordingly, validation tests were carried out through statistical 

analysis using two-way ANOVA. The purpose of ANOVA was to ensure the statistical 

significance of the average volume of fuzz from the data acquired both under the repeatable and 

reproducible conditions. Basis weights and abrasion cycles are the most apparent variables that 

affect fuzz formation, for which the observations are expected to be independent from each 

other, rejecting the null hypothesis. The results are shown in Table 4.1. For the basis weight 

effect, an F-value of 307.4256 under the repeatable condition with a p-value < 0.0001 and 

3.6957 under the reproducible condition with a p-value of 0.0314 at the 5 % level of significance 

indicates that the null hypothesis 𝐻0: 𝜇1 = 𝜇2 can be rejected. We can therefore infer that at 

least one level of the basis weight is different from each other. In the same way, for the abrasion 

cycle effect, an F-value of 2778.308 under the repeatable condition with a p-value < 0.0001 and 

98.8352 under the reproducible condition with a p-value < 0.0001 indicates that the null 

hypothesis 𝐻0 = 𝜎2
𝛽 can be rejected at the 5 % level of significance. Thus, there is enough 

evidence to claim that the variability between the abrasion numbers is found to be statistically 

significant. In other words, it is obvious that this developed measurement system can identify 

fuzz reliably even with the lower abrasion cycles (i.e., 20 and100), quantifying fuzz in a more 

precise fashion.  

On the other hand, the interaction has an F-value of 309.1499 under the repeatable 

condition and 1.7943 under the reproducible condition, corresponding to a p-value < 0.0001 for 

the former only at the 5% level of significance. It can be attributed to the randomness of the fuzz 



 

61 

formation under the lower abrasion cycles as observed from the flatbed scanned images. Percent 

Coefficient of Variation (CV %), which is the ratio of the standard deviation to the mean, 

complements how the fuzz formation is scattered by taking the extent of the variability into 

account (Everitt, 1998). As shown in Table 4.2, the volume of fuzz was averaged for each group 

of abrasion numbers for each basis weight, showing a much higher CV % under the reproducible 

conditions in a range from 8% to 63%. It indicates how the measurement methods clearly depict 

the fuzz exactly in the same way it is as presented in the flatbed scanned images in Figure 4.3. 

Yet, in the repeated values from the same image, the CV% ranged from 1 % to 14 % still proving 

the credibility of the measurement method. It is the same for all the samples; thus, the overall 

tendency to increase or decrease is not affected significantly.  

Table 4.1.  ANOVA results of overall data 

 Same image (Repeatable condition) 
Different images 

(Reproducible condition) 

Source DF 
Sum of 

Squares 
F Ratio Prob > F DF 

Sum of 

Squares 
F Ratio Prob > F 

Basis weight 2 1.964609 307.4256 <.0001* 2 0.611027 3.6957 0.0314* 

Abrasion number 4 35.50966 2778.308 <.0001* 4 32.68212 98.8352 <.0001* 

Basis weight*Abrasion 

number 
8 7.902513 309.1499 <.0001* 8 1.186678 1.7943 0.0989 

Error 60 0.191716 0.0032  53 4.381415 0.08267  

Corrected Total 74 45.5685   67 40.27432   

*The test is statistically significant at the significance level of 5%. 

 

Table 4.2.  Mean and Coefficients of Variation for five Images independently acquired 

Number 

of 

Abrasion 

Same image (Repeatable condition) Different images (Reproducible condition) 

 11 g/m2 15 g/m2 20 g/m2 11 g/m2 15 g/m2 20 g/m2 

 Mean CV Mean CV Mean CV Mean CV Mean CV Mean CV 

20 0.12 4% 0.26 4% 0.26 9% 0.15 47% 0.19 28% 0.22 8% 

100 0.18 2% 0.30 4% 0.22 5% 0.28 63% 0.31 26% 0.38 59% 

200 0.46 13% 0.60 5% 0.40 14% 0.42 10% 0.63 14% 0.65 37% 

500 0.96 7% 1.40 4% 1.16 6% 0.84 19% 1.15 17% 1.23 17% 

1000 1.45 4% 1.47 1% 3.12 5% 1.72 19% 1.79 16% 2.54 26% 
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Finding a balance between properties 

A possible extension of this study would be to assess the optimal properties and 

corresponding processing conditions. As mentioned above, increasing strength has negative 

impacts on improving softness in the point-bonding process. With this proposed measurement 

method of fuzz, it can correlate fuzz as well, which can help to optimize the process to better 

understand the driving mechanisms. For instance, Figure 4.5 plots the tensile strength at the 

break, the average stiffness value from the Handle-O-Meter, and the volume of fuzz after 500 

abrasion cycles that was measured with our novel test method. It is obvious to expect that 

materials with a higher basis weight will require more force to break and bend and those will 

form more fuzz due to more available fibers under the same conditions. As expected, it 

demonstrates an increase as the areal weight is increased. In this way, the driving mechanisms 

depending on the bonding temperatures, or the bond geometry can be specifically investigated in 

terms of those properties including the fuzz.  

 

Figure 4.5 Volume of fuzz after 500 abrasion cycles, tensile strength in MD, and Handle-O-

Meter value of 11.75 g/m2, 15 g/m2, and 20 g/m2. 
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Conclusions  

Experimental and statistical investigations for quantifying the fuzz in point-bonded 

nonwovens were carried out using a confocal laser microscope with 3D image analysis. Three 

stages of fuzz formation were identified from the high-resolution 3D images, and it was 

concluded that fiber pullout initiates first at the bridging fibers and then expands to the bond sites 

due to the slight difference in thickness from the calendering process. 

An alternative 3D image processing system was developed and used, which avoids the 

unfavorable deterioration of the bonding points in conventional 2D image processing. 

Furthermore, it clearly identifies the lower level of fuzz, its growth, and randomness of shape in 

the fuzz at the lower level of abrasion. Statistical analyses were then carried out to verify its 

reliability, showing statistical significance in the data acquired from the novel test method for the 

variables basis weight and abrasion numbers.  

It would be desirable to study the correlations between the strength, softness, and 

tendency to form fuzz, including the driving mechanism that accompanies the processing 

conditions, such as the bonding temperature and bond geometry. 

The proposed 3D measurement setup was shown to be a reliable test method and thus, 

should be introduced as a method of quantifying fuzz measurements of low basis weight point-

bonded nonwovens. 
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 Effect of Bonding Temperature on Fuzz Formation in Spunbond 

Thermally Point-bonded Nonwovens 

Abstract 

The influence of calender temperature on fuzz formation of lightweight spunbond 

thermally-bonded nonwovens has been studied with a polypropylene (PP) homocomponent and a 

polypropylene/polyethylene (PP/PE) core/sheath bicomponent. Fuzz formation tendency was 

found to be associated with the structural integration led by bonding temperature due to the 

degree of polymer melt at the bond regions. Bonding temperature was found to have a negligible 

effect when no structural changes occur. The applicability of three-dimensional image analysis 

showed that the effect of calender temperature on mechanical strength and perception of softness 

gave a reasonably good determination to find a balance with experimental fuzz data. 

Introduction 

Spunbond thermally bonded nonwovens are widely used in the personal care or hygiene 

industry for applications such as cover stock in feminine care or diapers with low areal weight 

(i.e. less than 30 g/m2), consisting of the largest share of demand (Das & Pourdeyhimi, 2014). A 

good understanding of mechanisms involved in fuzz formation is of great significance for 

interpreting the mechanical properties and perception of softness, given that the needs for softer 

but durable materials has grown. Fuzz is defined as hairy fibers that is pulled out from the fabric 

surfaces (ASATM D3990, 2016). It has been widely known as the initial stage of pilling 

formation (Latifi, Kim, & Pourdeyhimi, 2001), which indicates that the understanding of fuzz 

has been in the context of pilling formation. Since the advent of synthetic fibers, an experimental 

method to evaluate pilling has been designed to increase the level of abrasion due to their higher 

abrasion resistance than that of natural fibers (Brand & Bohmfalk, 1967). This is mostly the case 
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of conventional textiles; contrarily, lightweight nonwovens that are used for a much shorter 

period of time will be significantly impacted by a lower level of abrasion, resulting in fuzz 

formation. This not only has negative effects on hand feel, but also impairs the intended 

performance in terms of strength, having distorted structures. However, research about fuzz itself 

on nonwovens pales in comparison with that about pilling on woven or knit fabrics.  

Meanwhile, considerable efforts have been made to study mechanical properties and 

softness in nonwovens, relating it to the process (Pourdeyhimi, Maze, Farukh, & Silberschmidt, 

2019). For thermal point-bonded nonwovens, it has been reported that the bonding conditions, 

such as temperature and pressure and bonding geometry, determines the final properties of 

thermal bonded nonwovens (Russell, 2007; Kim, Pourdeyhimi, Desai, & Abhiraman, 2001). 

However, the trade-offs between strength and softness have been widely observed in point-

bonded nonwovens, because the bond spots are usually rigid (Bhat, Jangala, & Spruiell, 2004). 

Experimental results show that bonding temperature primarily affects the final properties, while 

there is no significant impact of pressure. This is especially true for the low basis weight in that 

minimal pressure at the nip to bring about fiber-to-fiber contact is enough (Michielsen, 

Pourdeyhimi, & Desai, 2005). In general thermal bonding passes through three steps: 1) heating 

the web to partially meet the crystalline regions, 2) diffusion of chain segments across the fiber-

fiber interface, and 3) subsequent cooling of the web (Wang & Michielsen, 2002). There are 

optimal bonding temperature windows for a given set of processing conditions. Temperatures 

below this window will lead to an under-bonded structure, while temperatures above yield over-

bonded, stiff nonwovens (Bhat & Nanjundappa, 2013). The optimal point is characterized mainly 

by the strength, appearance, and extensibility characteristics of the bonded fabric 

(Dharmadhikary, Gilmore, Davis, & Batra, 1995).  
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In addition, bicomponent fibers are extensively used to incorporate the advantages of 

different melting temperatures between two polymers, mostly as core and sheath (Bhat & 

Malkan, 2002; Kim, Ito, Kikutani, & Okui, 1997). The polymer that constitutes the sheath can 

provide characteristics such as appearance and chemical and thermal resistance properties, while 

that of the core can provide tensile properties such as modulus and strength or cost-savings via 

incorporation of a low-cost resin (Krishnaswamy & Baird, 2001, p. 403). Notably, if a low 

melting temperature sheath surrounds a higher melt temperature core, it can improve strength 

and softness at the same time (Srinivasan & Kathirvelu, 2006). 

Nevertheless, correlations and interpretation to fuzz formation have not been fully 

discovered yet. Even though there have been attempts to study fuzz in nonwovens, an accurate 

measurement of fuzz formed on the lightweight point-bonded nonwovens has remained a 

challenging task over the years. This is because of their randomness in appearance compared to 

regular round shaped pilling and the existence of bonding points that hamper precise extraction 

of fuzz information from the surface of fabrics. Previously, we reported the three-dimensional 

(3D) image processing system that quantifies fuzz reliably with images acquired from a confocal 

laser scanning microscope. In this study, the same measurement system has been applied to 

evaluate the impact of calender temperature on fuzz formation.   

Experimental  

Materials  

For this experiment, polypropylene (PP 3155, ExxonMobil) and polyethylene 

(ASPUNTM 6850A, Dow Chemical Company) were used. Some of the basic properties of these 

polymers are listed in Table 5.1. 
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Table 5.1.  Properties and suppliers of polymers 

Polymer 

(Abbreviation) 

Trade Name/ 

Grade 
Supplier 

Melting 

Point a 

(°C) 

Melt Flow Rate 

(g/10 min) a 

Density 

(g/cm3) a 

polypropylene 

(PP) 
PP3155 ExxonMobil 140-170 36 (230 °C/2.16 kg) 0.900 

polyethylene 

(PE) 
ASPUN 6850A Dow Chemical 131 30 (190 °C/2.16 kg) 0.955 

a Values were obtained from corresponding polymer data sheets supplied by the producer. 

Web Formation and Thermal Bonding Process 

A bicomponent core/sheath (90/10) PP/PE spunbond and polypropylene (PP) 

homocomponent spunbond of 11.75 g/m2, 15 g/m2, and 20 g/m2 were prepared at the Nonwovens 

Institute at North Carolina State University (NC State University, Raleigh, NC, USA) with the 

Pilot Spunbond line.  Overall, throughput was adjusted to 180 kg/hr both for the PP 

homocomponent and the bicomponent. Fibers were quenched with quenchers on either side, and 

the quench air temperature was 20 °C Screw pressures for both extruders were adjusted to 7.6 

MPa. Processing temperatures for each formed webs are listed in Table 5.2. Webs were 

consolidated (pre-bonded) in some manner immediately as they were produced. Then, finally, 

thermal point bonding proceeded at the Fiber Visions, Inc. (Covington, CA).  A diamond bond 

pattern was used, having 24.5 % of the bond area at different temperature ranges from 130 °C to 

142 °C for the homocomponent and 122 °C to 134 °C for the bicomponent.  

The sample abbreviation in the Result section will be followed by the bond pattern name 

and bond temperature. For example, a 20 g/m2 homocomponent bonded at 134 °C will be shown 

as ‘H20-b134’.  
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Table 5.2.  Processing conditions for the production of nonwoven samples 

No 
Web 

ID  

Target 

Basis 

Weight 

(g/m2) 

Polymer C/S Ratio Processing and Bonding Conditions 

Core Sheath Core Sheath 
Target Cabin 

Pressure (Pa) 

Throughput 

total 

(kg/hr) 

Line 

Speed 

(m/min.) 

Initial 

Bonding 

temp 

(°C) 

Final 

Bonding 

temp 

(°C) 

1 H11 11.75 PP - 100 - 2000 180 240 110 130,  

134,  

138, 

142 

2 H15 15 PP - 100 - 2000 180 188 110 

3 H20 20 PP - 100 - 2000 180 141 110 

4 B11 11.75 PP PE 90 10 2000 180 220 110 122, 

126, 

130, 

134 

5 B15 15 PP PE 90 10 2000 180 186 110 

6 B20 20 PP PE 90 10 2000 180 143 110 

Fuzz quantification 

Laboratory fuzz formation. Fuzz was generated according to ASTM D4970 using a 

Martindale 2000 Abrasion Tester (ASTM D4970, 2016). Specimens with a 38.0mm diameter 

were placed on a sample holder, and the face sides were abraded multidirectionally onto the 

standard felt abradant. To evaluate the mechanisms, the test was conducted for a given number 

of cycles (20, 100, 200, 500, and 1000) under a controlled weight and pressure at standard 

atmosphere conditions of 21 ± 1 °C and 65 ± 2 % RH. 

Image acquisition. A single-point laser confocal microscope, Keyence VK-X1100, was 

utilized to acquire the images and to develop a new fuzz measurement system with the Multi-File 

Analyzer software. This microscope obtains images with a large depth of field that is in focus 

across the entire screen and detects the finest details in the sample shape data. Images were 

acquired from both a conventional optimal system and from laser scanning, in which light 

emitted from the laser source is focused onto the sample and scans the area within the field of 

view (3 mm x 3 mm). By dividing this field into 1024 × 768 pixels (786,432 data points in total), 

the photoreceptor detects the reflected light at each pixel. Then, the device reads the intensity of 

each Z position for each of them to determine the maximum intensity.  Five independent images 
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of the right upper, left upper, left bottom, and right bottom were acquired utilizing the same 

process for each specimen. 

Image processing and fuzz detection. The new image processing for quantifying the fuzz 

consists of two simple steps: (1) leveling and reference plane set-up and (2) volume 

measurement above the thresholding plane First, by connecting the height of each bonding point 

in the acquired image, the reference plane is setup, and possible contortions that may come from 

an uneven surface at the bottom are flattened. This is the most important point that compensates 

for the shortcoming of point-bonded nonwovens in the image analysis. Rather, it uses the bond 

sites to have a constant thresholding plane throughout the specimens with different abrasion 

numbers. Then, the volume of each fiber above the thresholding plane is calculated for each test 

sample, averaging the volume of fuzz from five spots on each specimen. To make a visual 

comparison, a flatbed scanner was also used to observe the overall changes in the appearance of 

each specimen. 

Physical, mechanical, and optical properties  

The mass per unit area was measured according to ASTM D 3776M-09a, a standard test 

method for mass per unit area (weight) of fabric, option C, using a small swatch of fabric. 

Measurements were taken for five randomly selected samples (ASTM D 3776, 2017).  

Tensile tests were performed using MTS criterion both in the machine direction (MD) 

and cross direction (CD) according to the ASTM D 5035 (ASTAM D5035, 2015). Sample strips 

of 25 ± 1 mm width were prepared and tested at a gauge length of 75 ± 1 mm and at 300 ± 1 

mm/min and five specimens were tested per sample. The strain at failure was measured as 

percent elongation, the tensile strength was recorded, and the maximum force was normalized by 

the actual basis weight for each one. 
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The Handle-O-Meter is a commercially available apparatus from the Thwing-Albert 

Company. The Handle-O-Meter measures “handle” which considers the combined effects of 

stiffness or bendability and surface friction of sheeted materials like nonwovens (Degroot et al., 

2018). Conditions for evaluation were according to the ASTM D 6828 -02: a single piece 4 inch 

by 4 inch sample was evaluated using a 100 g beam assembly and a 5 mm slot width (ASTM D 

6828, 2015). The fabric is pushed into the slot by the beam and the “handle” is the resistance that 

the fabric exerts on the beam as it is pushed into the slot. Lower handles values indicate softer 

and more drapable fabrics.   

Scanning electron microscopy (SEM), Phenom Pro X, was used to look at bonding sites, 

averaging values from twenty different fibers of each nonwoven. Also, confocal laser 

microscopy was used to find the fracture point after tensile tests. 

Results and Discussion 

Volume of fuzz 

The measured and experimentally determined amount of fuzz for the PP homocomponent 

are presented in Figure 5.1. The volume of fuzz for each abrasion number is plotted as a function 

of bonding temperature, and each bar in different shades present the respective abrasion cycles 

within the same bonding temperature. Regardless of basis weight, the maximum amount of fuzz 

at 1000 abrasion cycles is the greatest at the lowest temperature, 130 °C, which decreases as the 

bonding temperature increases. At the lowest temperature, the most rapid increase rate is also 

observed reaching out to 1000 abrasion cycles, gradually decreasing as bonding temperatures 

increase. These trends correspond visually well with the scanned images in Table 5.3, showing 

representative images of 20 g/m2 nonwovens. 
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Figure 5.1  Volume of fuzz on a PP homocomponent for (a) 11.75 g/m2, (b) 15 g/m2, and (c) 20 

g/m2, showing an increase as the abrasion numbers increase and a decrease as the bonding 

temperature increases. 

 

Table 5.3.  Flatbed scanned images after abrasion numbers of 100, 200 500, and 1000 for 20 

g/m2  PP homocomponent bonded at 130 °C (H20-b130), 134 °C (H20-b134), 138 °C (H20-

b138), and 142 °C (H120-b142). 

 Abrasion No.  

 

Sample ID 

100 200 500 1000 

H20-b130 

    

H20-b134 

    

H20-b138 

    

H20-b142 
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For the composite of the PP/PE bicomponent, the volume of fuzz from the novel test 

method and representative accompanied flatbed scanned images are shown in Figure 5.2 and 

Table 5.4. 

 

Figure 5.2  Volume of fuzz on a PP/PE bicomponent for (a) 11.75 g/m2 , (b) 15 g/m2, and (c) 20 

g/m2. 

 

Table 5.4.  Flatbed scanned images after abrasion cycles of 100, 200 500, and 1000 for 20 g/m2  

PP/PE bicomponent bonded at 122 °C (B20-b122), 126 °C (B20-b126), 130 °C (B20-b130), and 

134 °C (B20-b134). 

 Abrasion No.  

 

Sample ID 

100 200 500 1000 

B20-b122 

    

B20-b126 

    

B20-b130 

    

B20-b134 
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Contrary to the PP homocomponent, no significant differences were observed either 

depending on bonding temperatures or abrasion cycles. The volume of fuzz of the bicomponent 

structures are somewhat greater compared with that of PP homocomponent. For example, the 

average value of fuzz of 11.75 g/m2 at 130 °C for the PP homocomponent is approximately 50 % 

larger than that of the PP/PE bicomponent bonded at 122 °C. This is likely because of stiffness 

that can reduce inter-fiber friction and bending rigidity, resulting in an increased tendency to 

form fuzz (Latifi & Kim, 2001).   

Handle-O-Meter values  

The average stiffness values in gram resulting from the Handle-O-Meter tests are 

presented in Figure 5.3, which implies the perception of softness. Even though softness is a 

descriptive and subjective term that humans can detect in fabric quality, measures are available 

to describe the material’s softness it in a more quantitative and reproducible scale (Luca, 2014). 

In physics and engineering, the most basic measure is the material’s stiffness, which is the ratio 

of the force applied to the object and the amount of resulting deformation in the direction of the 

applied force (Tiest & Kappers, 2014). In both cases of the PP homocomponent and PP/PE 

bicomponent in this experiment, overall stiffness values gradually increase as presented in Figure 

5.3. A reduction in fuzz values in the PP homocomponent versus the constant high level of fuzz 

in the PP/PE bicomponent in turn requires further explanation for mechanisms of fuzz formation 

since both reveal the same behavior in stiffness.  
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Figure 5.3  Aaverage stiffness value results from the Handle-O-Meter test for the PP 

homocomponent (solid line), and PP/PE bicomponent (dotted line). 

The under-bonded vs. well/over-bonded structures 

Stress-strain curves and SEM images provide valuable information about the structural 

changes led by bonding temperature, which plays a critical role in determining the under-bonded 

or the well/over-bonded. First, from 130 °C to 134 °C (Figure 5.4), the load transfer of the PP 

homocomponent continuously takes place after the maximum strength, which indicates an under-

bonded structure (Michielsen, Pourdeyhimi, & Desai, 2005). Beyond this, the clear breaking 

point is observed from 138 °C to 142 °C, indicating no further load transfer is made through 

fibers after breakage. 
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Figure 5.4  Stress-strain curve in machine direction for PP homocomponent bonded at four 

different temperatures: (a) 11 g/m2,  (b) 15 g/m2, (c) 20 g/m2, and (d) maximum stress in machine 

direction for 11, 15, and 20 g/m2. 

Moreover, fracture points after tensile tests were captured using a confocal laser scanning 

microscope, which confirms the degree of bonding as shown in Figure 5.5 with the 

representative image of a 15 g/m2 homocomponent. In the case of fabrics bonded at 130 °C, 

disintegration of bond sites occurs inside the individual bond spots due to a lack of strength in 
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the bond area. On the contrary, if the nonwovens are well bonded, more strength will be required 

to break the bond sites. Consequently, fractures happen throughout bridging fibers, or clear 

breakage is observed when the bond spots are engaged to the failure rather than fiber separation 

on the bond area. These well visualized phenomena corresponded to many experimental results 

(Chand, Bhat, Spruiell, & Malkan, 2002).  

 

Figure 5.5  SEM images of brocken specimen’s fracture bond points marked in red after tentsile 

test for a 15 g/m2 PP homocomponent bonded at (a) 130 °C and at (b) 142 °C. 

Finally, SEM results complement these findings concerning the status of bonding to see if 

there is enough polymer melt on the bond sites. When the webs are bonded at lower than optimal 

temperature conditions, fiber edges remain obvious due to insufficient polymer melt between the 

fibers, while the well-bonded structure shows more integrated edge-less fibers at the bond point 

(Warner, 1989). Representative bond areas for PP fabric are shown Figure 5.6, which confirms 

under-bonding at 130 °C and well/over-bonding at 142 °C. Likewise, the degree of fiber-to-fiber 

fusion in the bonding spots determine the final strength of the bond and ultimate properties of the 

fabric. 
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Figure 5.6  SEM images of bond spots for a 15 g/m2 PP homocomponent bonded at (a) 130 °C 

and at (b) 142 °C. 

 

On the contrary, upon incorporating a PE sheath, no significant changes in tensile 

strength and failure behaviors are observed for those PP/PE biocomponent configurations 

(Figure 5.7). Although, still a hypothesis, such results observed in our 10 wt % of PE sheath 

samples point out that the lack of polymer melt plays a key role in making integration on the 

bond spots compared to those reported in the literature. A PE sheath is extensively used, not only 

to improve softness, but also to incorporate the advantages of different melting temperatures, but 

it is found to have about 30 %, or more than 50 % (Wang, Jin, Mao, & Russell, 2010). Therefore, 

although the nonwoven structures are getting stiffer, it cannot be directly linked to fuzz 

formation. Instead, the degree that bonding has been changed can reasonably provide us with 

more explanation to understand the tendency to form fuzz.  
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Figure 5.7  Stress-strain curve of PP/PE bicomponent in the machine direction: (a) 11 g/m2, (b) 

15 g/m2, (c) 20 g/m2, and (d) maximum stress in machine direction of 11, 15, 20 g/m2 

bicomponent. 

It is obvious that a PP homocomponent is largely affected by the changing calender 

temperatures, which plays role in their status of bonding. Given that the regions where the 

debonding occurs can infer structural property, two distinctive mechanisms depending on the 

bonding temperature can also be found to graph fuzz formation. Representative images from the 

confocal laser microscope of PP 20 g/m2 bonded at 130 °C and 142 °C after abrasion are shown 

in Figure 10. Nonwovens, being under-bonded, exhibited disintegration on bond sites even after 
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200 cycles of abrasion (Figure 5.8a). Severe fiber pull-outs across the surface, removing the 

boundary between individual bond sites, are observed. Based on the degree of bonding, this rapid 

pullout of fibers is attributed to the weak integration on bond spots, having a lack of ability to 

hold the nonwoven structure and endure against abrasion. However, no critical structural 

deformation is observed at 142 °C (Figure 5.8b). As abrasion numbers increase up to a 1000, the 

tight integration of fibers is preserved at the bond sites despite the fiber entanglements. In this 

case, fibers are pulled out from the bridging fibers and accumulated, which also are confirmed by 

the separation in the bond-free area.  

 

Figure 5.8  Confocal laser scanned images of 200, 1000 abrasion cycles for a 20 g/m2 PP 

homocomponent bonded at (a) 130 °C and at (b) 142 °C. 

Two points need to be made here: firstly, the well-bonded structure typically hinders fuzz 

formation and, secondly, one of the key driving forces for successful control of fuzz formation is 

to achieve suitable structures with proper processing conditions like calender temperature. 

Optimal bonding temperature makes the nonwoven structures more ‘well-bonded’, which in turn 

is expected to result in enhanced fiber adhesion and reduce fuzz generation. Furthermore, as far 
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as the PP/PE bicomponent in this paper, the effective control of structures should be preceded. 

To maximize the advantage of PE for softness, bonding temperature needs to be carefully 

considered.  

Finding a balance between properties 

From the understanding of fuzz formation in a quantitative manner with the driving 

mechanism depending on the structural changes, a balance between other properties such as 

softness and strength can be found. To be specific, unlike the well-controlled fuzz formation for 

a PP homocomponent at 142 °C, the maximum strength at break is lower than that of 138 °C as 

presented in the Figure 5.4. This not only emphasizes that the simple correlations between 

properties need to be avoided, but also points out the significance of finding optimal conditions 

to achieve required performance. For instance, proper bonding conditions to improve softness 

and retain mechanical strength, while minimizing fuzz, can be determined to be 138 °C by using 

the graph in Figure 5.9.  

 
Figure 5.9  Volume of fuzz after 500 abrasion cycles, tensile strength in MD, and Handle-O-

Meter value of 15 gsm as a function of bonding temperature in a range from 130 °C to 142 °C. 
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Conclusion 

PP homocomponent and PP/PE (90/10, c/s) bicomponent spunbond webs followed by 

thermally point-bonded nonwovens were prepared. Fuzz formation and growth in the lightweight 

nonwovens were quantified using a confocal laser scanning microscope with 3D image analysis 

set-up, and its mechanisms are verified with further understanding of the structure dominantly 

determined by the bonding process. Average amount of fuzz of a PP homocomponent was found 

to be reduced as the structures are well/over-bonded, while that of the bicomponent composite 

nonwovens were found to be insignificant for having no structural changes caused by the 

bonding process. This result was further confirmed by the tensile properties, observed by the 

failure mode and polymer melt at the bond spot.  

The tendency to form fuzz for lightweight spunbond thermally point-bonded nonwovens 

is determined by the structural integration achieved by the bonding conditions of temperature in 

this paper. Although, the degree of bonding affects other properties such as mechanical strength 

and softness, those properties cannot be used to explain fuzz formation. Moreover, if the 

composition is not favorable to be optimally bonded, the control of fuzz formation would not be 

possible, as seen in the case of the 90/10 core/sheath PP/PE bicomponent in this report. 

It would be desirable to study the impact of bond geometry, such as bond area and bond 

pattern, using the proposed measurement methods. From our observations of optimal bonding 

temperature and composite, we could expect to improve the control of fuzz formation, breaking 

strength, and softness.  
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 Effect of Bond Patterns on Fuzz Formation in Spunbond 

Thermally Point-bonded Nonwovens  

Abstract 

The influence of bond pattern on fuzz formation of lightweight spunbond thermally-

bonded nonwovens has been studied with a polypropylene (PP) homocomponent and a 

polypropylene/polyethylene (PP/PE) core/sheath bicomponent. Engraved calender patterns 

varied in percent bond area, bond point concentration, and their shape and pattern. The fuzz 

formation tendency was found to be more associated with the arrangement of single bond 

patterns rather than the overall surface bond area. In the 90/10 PP/PE core/sheath bicomponent, 

the calender pattern was found to have a negligible effect because no satisfactory bond is 

achieved. The applicability of three-dimensional image analysis showed that the effect of 

calender patterns on the mechanical strength and perception of softness gave a reasonably good 

determination to find a balance with experimental fuzz data. 

Introduction 

Fuzz is defined as tangled fiber ends that protrude from the surface of a yarn or fabric 

(ASATM D4850, 2017). Because it is regarded as the preliminary stage of pilling formation 

(Latifi, Kim, & Pourdeyhimi, 2001), fuzz initiates from the lower abrasion level including the 

number of rotations and applied forces. In spunbond thermally bonded nonwovens, which are the 

most widely used in the personal care or hygiene industry for applications such as cover stock in 

feminine care or diapers representing the largest share of end-use, a good understanding of the 

mechanisms involved in fuzz formation is of great importance for interpreting the mechanical 

properties and perception of softness.  
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Because the need for a softer hand feel has been driving down the weight of the 

nonwovens’ structure, often the fabric tends to be under-bonded. It is well established that the 

thermal bonding process can control the degree of strength and stiffness depending on the degree 

of bonding. For thermal point-bonded nonwovens, it has been reported that the bonding 

conditions, such as the temperature and pressure, and the bonding geometry determines the final 

properties of thermal bonded nonwovens (Russell, 2007; Kim, Pourdeyhimi, Desai, & 

Abhiraman, 2001). However, the trade-offs between strength and softness have been widely 

observed in point-bonded nonwovens, because the bond spots are usually rigid (Bhat, Jangala, & 

Spruiell, 2004).  

Bond patterns are expected to contribute to conflicting properties between softness, 

strength, and fuzz formation since the bond sites are usually rigid. Although some attempts have 

been made to address the impact of bond patterns, many works in the literature have focused on 

the overall bond area as a major factor. Also, many studies addressed the effect of bond area on 

the mechanical properties such as breaking stress, elongation at break, and/or flexural rigidity 

(Smith, Ogale, Maugans, Walsh, & Patel, 2003). However, understanding the effect of bond 

areas is crucial not only for the ascertaining the mechanical properties but also for the fuzz 

formation. Our previous work revealed two key findings, as shown in the Figure 6.1: 1) fuzz 

initiates on the bond-free area due to the height difference between the bond sites and the bond 

free area, and 2) once individual bond sites are broken, it accelerates. This is due to the height 

difference caused by the point-bonding process. As seen in Figure 6.2, when the unbonded webs 

are passed through the engraved calender pattern, bonding points pressurized the webs, making 

the bond area much thinner than the bond-free area even at micron-level scale. 
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Figure 6.1  Schematic cross-section of spunbond point-bonded nonwovens, specifying (a) bond 

area and (b) bond-free area. (1) Fuzz initiates on the bond-free area and (2) it expands to the 

region between the bond and bond-free areas, (3) which finally gets inside the bond sites.      

 

 
Figure 6.2  Height differences between bond area and bond-free areas. 

Therefore, a better understanding of bond patterns with more detailed parameters such as 

bond shape and size is required to correlate and interpret how they affect fuzz formation. In this 

study, the same measurement system has been applied to evaluate the impact of bond patterns on 

fuzz formation, which is related to the mechanical properties and stiffness value.  
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Experimental  

Materials  

For this experiment, polypropylene (PP 3155, ExxonMobil) and polyethylene 

(ASPUNTM 6850A, Dow Chemical Company) were used. Some of the basic properties of these 

polymers are listed in Table 6.1. 

Table 6.1.  Properties and suppliers of polymers used 

Polymer 

(Abbreviation) 

Trade Name/ 

Grade 
Supplier 

Melting 

Point a 

(°C) 

Melt Flow Rate 

(g/10 min) a 

Density 

(g/cm3) a 

polypropylene 

(PP) 
PP3155 ExxonMobil 140-170 36 (230 °C/2.16 kg) 0.900 

polyethylene 

(PE) 
ASPUN 6850A Dow Chemical 131 30 (190 °C/2.16 kg) 0.955 

a Values were obtained from corresponding polymer data sheets supplied by the producer. 

Web Formation  

A bicomponent core/sheath (90/10) PP/PE spunbond and polypropylene (PP) 

homocomponent spunbond of 11.75 g/m2, 15 g/m2, and 20 g/m2 were prepared at the Nonwovens 

Institute at North Carolina State University (NC State University, Raleigh, NC, USA) with the 

Pilot Spunbond line.  Overall, throughput was adjusted to 180 kg/hr both for the PP 

homocomponent and the bicomponent.  

Thermal Bonding Process 

Thermal point bonding proceeded under controlled temperature and pressure at the Fiber 

Visions, Inc. (Covington, CA) with four different bond areas, as summarized in Table 6.2. Under 

the pressure of 27 N/m and speed of 13 m/min, bonding temperatures were set as 138 °C and 130 

°C for homocomponent and bicomponent, respectively.  
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The sample abbreviation in the Result section will be followed by the bond pattern name 

and bond temperature. For example, a 20 g/m2 homocomponent bonded at 134 °C will be shown 

as ‘H20-b134’. Processing temperatures for each formed webs are listed in Table 6.3. 

Table 6.2.  Characteristics of bond patterns used 

 Bond Patterns   

Bond Pattern Abbreviation a b  c d 

 

    

% bond area  28.7 24.5 14.6 7 

Shape Diamond Diamond Diamond Circular 

Number of Protrusions per sq.cm   57 134 58 32 

 

Table 6.3.  Processing conditions for the production of nonwoven samples 

No 
Web 

ID  

Target 

Basis 

Weight 

(g/m 
2) 

Polymer C/S Ratio Processing and Bonding Conditions 

Core Sheath Core Sheath 

Target 

Cabin 

Pressure 

(Pa) 

Line 

Speed 

(m/min.) 

Initial 

Bonding 

temp (°C) 

Final 

Bonding 

temp 

(°C) 

Bond 

Pattern 

1 H11 11.75 PP - 100 - 2000 240 110 

138 

a, 

b, 

c, 

d 

2 H15 15 PP - 100 - 2000 188 110 

3 H20 20 PP - 100 - 2000 141 110 

4 B11 11.75 PP PE 90 10 2000 220 110 

130 5 B15 15 PP PE 90 10 2000 186 110 

6 B20 20 PP PE 90 10 2000 143 110 

Fuzz quantification 

Laboratory fuzz formation. Fuzz was generated according to ASTM D4970 using a 

Martindale 2000 Abrasion Tester (ASTM D4970, 2016). Specimens with a 38.0mm diameter 

were placed on a sample holder, and the face sides were abraded multidirectionally onto the 
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standard felt abradant. To evaluate the mechanisms, the test was conducted for a given number 

of cycles (20, 100, 200, 500, and 1000) under a controlled weight and pressure at standard 

atmosphere conditions of 21 ± 1 °C and 65 ± 2 % RH. 

Image acquisition. A single-point laser confocal microscope, Keyence VK-X1100, was 

utilized to acquire the images and to develop a new fuzz measurement system with the Multi-File 

Analyzer software. This microscope obtains images with a large depth of field that is in focus 

across the entire screen and detects the finest details in the sample shape data. Images were 

acquired from both a conventional optimal system and from laser scanning, in which light 

emitted from the laser source is focused onto the sample and scans the area within the field of 

view (3 mm x 3 mm). By dividing this field into 1024 × 768 pixels (786,432 data points in total), 

the photoreceptor detects the reflected light at each pixel. Then, the device reads the intensity of 

each Z position for each of them to determine the maximum intensity.  Five independent images 

of the right upper, left upper, left bottom, and right bottom were acquired utilizing the same 

process for each specimen. 

Image processing and fuzz detection. The new image processing for quantifying the fuzz 

consists of two simple steps: (1) leveling and reference plane set-up and (2) volume 

measurement above the thresholding plane First, by connecting the height of each bonding point 

in the acquired image, the reference plane is setup, and possible contortions that may come from 

an uneven surface at the bottom are flattened. This is the most important point that compensates 

for the shortcoming of point-bonded nonwovens in the image analysis. Rather, it uses the bond 

sites to have a constant thresholding plane throughout the specimens with different abrasion 

numbers. Then, the volume of each fiber above the thresholding plane is calculated for each test 

sample, averaging the volume of fuzz from five spots on each specimen. To make a visual 
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comparison, a flatbed scanner was also used to observe the overall changes in the appearance of 

each specimen. 

Physical, mechanical, and optical properties  

The mass per unit area was measured according to ASTM D3776M-09a, a standard test 

method for mass per unit area (weight) of fabric, option C, using a small swatch of fabric. 

Measurements were taken for five randomly selected samples (ASTM D3776, 2017).  

Tensile tests were performed using MTS criterion both in the machine direction (MD) 

and cross direction (CD) according to the ASTM D 5035 (ASTAM D5035, 2015). Sample strips 

of 25 ± 1 mm width were prepared and tested at a gauge length of 75 ± 1 mm and at 300 ± 1 

mm/min and five specimens were tested per sample. The strain at failure was measured as 

percent elongation, the tensile strength was recorded, and the maximum force was normalized by 

the actual basis weight for each one. 

The Handle-O-Meter is a commercially available apparatus from the Thwing-Albert 

Company. The Handle-O-Meter measures “handle” which considers the combined effects of 

stiffness or bendability and surface friction of sheeted materials like nonwovens (Degroot et al., 

2018). Conditions for evaluation were according to the ASTM D 6828 -02: a single piece 4 inch 

by 4 inch sample was evaluated using a 100 g beam assembly and a 5 mm slot width (ASTM D 

6828, 2015). The fabric is pushed into the slot by the beam and the “handle” is the resistance that 

the fabric exerts on the beam as it is pushed into the slot. Lower handles values indicate softer 

and more drapable fabrics.   

Scanning electron microscopy (SEM), Phenom Pro X, was used to look at bonding sites, 

averaging values from twenty different fibers of each nonwoven. Also, confocal laser 

microscopy was used to measure the bond-to-bond distance.  
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Results and Discussion 

Effect of Bond Area on fuzz formation 

The measured and experimentally determined amounts of fuzz for the PP 

homocomponent are presented in Figure 6.3. The volume of fuzz for each abrasion number is 

plotted as a function of bonding area, or pattern, and each bar in different shades presents the 

respective abrasion cycles within the same bonding temperature. Regardless of basis weight, 

samples bonded with pattern c showed the largest amount of fuzz at 1000 abrasion cycles as well 

as the rapidest fuzz growth rate. That was even higher than pattern d, which has the smallest 

bond area. On the other hand, we found that bond pattern b f all basis weights most effectively 

controlled the fuzz formation both in terms of the maximum amount of fuzz and the fuzz growth 

rate. The results showed better fuzz resistance than that of pattern a. These trends correspond 

visually well with the scanned images in Figure 6.4, showing representative images of 20 gsm 

nonwovens. 

 

Figure 6.3  Volume of fuzz on a PP homocomponent for (a) 11.75 gsm, (b) 15 gsm, and (c) 20 

gsm, grouped by bond area. 
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Figure 6.4  Flatbed scanned images after abrasion cycles of 500 and 1000 for the 20 gsm PP 

homocomponent with bond pattern of a, b, c, and d.  

In fact, nonwovens having higher bond area were expected to form the least amount of 

fuzz when other processing conditions remained the same. This is because it is known that the 

fabric strength is determined by the extent of fiber diffusion on the bond sites. When more fibers 

are physically entangled through the calendering, the fabric strength is increased and, 

accordingly, fuzz levels can be reduced. These mechanisms were confirmed from our previous 

work exploring the impact of bonding temperature.   

However, the finding that the largest bond area ‘a’ series (28.7 %) was observed to form 

a greater amount of fuzz than that of bond pattern ‘b’ (24.5 %) was contrary to our prediction. In 

addition, stiffness value of pattern a was also approximated to have the highest results, but 

pattern b exhibits higher values in HOM for 15 gsm and 20 gsm, as shown in Figure 6.5. More 

intriguingly, although pattern d (7 % bond area) has a somewhat smaller stiffness value than that 

of pattern c (14.7 %), it restricts fuzz formation better than pattern c. Thus, a better 
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understanding of the bond patterns with proper parameters besides the percentage bond area is 

required to address their impact on fuzz formation and related properties.  

 

Figure 6.5  Handle-O-Meter (HOM) values of homocomponent samples. 

 

Based on previous works that correlate the fuzz formation and the degree of bonding, we 

assumed that whether the structure is under-bonded or well/over-bonded can give us a clue to 

understand underlying mechanisms. Although this assumption turns out to be valid for the 

bonding temperature, this may not be the case with the bond pattern. To be specific, from the 

stress-strain curves shown in Figure 6.6, H11-c138, H20-c138, and H20-d138 are regarded as the 

under-bonded, showing a long tail in the stress-strain curve. Except for those four cases, other 

samples were found to be all well/over-bonded. Accordingly, the tensile behavior does not show 

a clear trend to understand the fuzz formation with bond patterns.  
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Figure 6.6  Stress-strain curves for PP homocomponent samples; (a) 11.75, (b) 15, and (c) 20 

gsm. 

Focusing on how the fuzz is formed, an important parameter to take into account is the 

fiber-fiber friction, which primarily occurs on the bond-free area, as discussed earlier. In terms of 

where the abrasion is first applied upon fuzz formation, a more detailed description of bond 

patterns was made. As far as we know, no previous research has investigated the bond-to-bond 

distance in detail, and we tried to consider all possible parameters to elaborate those areas. 

Distance between individual bond sites  

Table 6.4 summarizes the measured specifications for each bond area. Using images 

acquired from SEM and laser confocal scanning microscopy, the distance between individual 

bond spots has been measured in multi-directions. We observe that bond area ‘a’ has greater 

distance between each bond spot in every direction compared to ‘b’. In this case, this larger 

bond-free area accelerates the fuzz formation, allowing the fibers to have enough space to abrade 

each other, which leads to the largest amount of fuzz at the highest abrasion cycles. However, we 

may not be able to explain how bond pattern ‘c’ performed worse than pattern ‘d’ in fuzz 

formation. For example, the center-to-center distance is longer in pattern ‘d’ than in pattern ‘c’, 

which might provide more space to be abraded, as speculated in bond pattern ‘a’.   
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Table 6.4.  Measured bond-to-bond distance of four patterns 

Bond Pattern 

 

Measured Values  

a b  c d 

Schematic view of bond sites  
    

% bond area  28.7 24.5 14.6 7 

Shape Diamond Diamond Diamond Circular 

Number of protrusions per sq.cm   57 134 58 32 

Protrusion greatest measurable length L in mm  0.7 0.53 0.45 0.7 

Protrusion greatest measurable width W in mm 1.18 0.53 0.92 0.7 

Area of individual bond (mm2) 0.41 0.14 0.21 0.38 

MD, center-to-center distance (mm) 1.28 1.18 2.18 2.59 

CD, center-to-center distance (mm) 1.91 1.16 1.52 2.53 

Neighboring, center-to-center distance,  

diagonal right (mm) 
1.25 0.84 1.33 1.81 

Neighboring, center-to-center distance,  

diagonal left (mm)  
1.25 0.80 1.32 1.82 

‘Bond-free tunnels’ 

This phenomenon cannot be simply interpreted using the distance between two bond 

spots. In addition to the distance between single bond sites, it would be important to examine 

how effectively those bonds prevent fuzz formation in the nonwovens at the fabric level. From 

this point of view, it is suspected that this may be due to the arrangement of bond patterns. 

Inspired by the finding that ‘b’ pattern showed the largest modulus in the cross direction (CD), as 

shown in the stress-strain curve, we found that individual bond pattern b is the most effectively 

packed in the CD. Given that the abrasion applied to the fuzz formation has no preferred 

directions between the MD and CD, the finding that bond pattern b controls fuzz formation very 

effectively can also be attributed to it having the most condensed arrangement of the bond 

pattern in line with the CD. Bond pattern d also has a zig-zag bond site arrangement, which 

could contribute to fuzz control even with it having the lowest bond area. 
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 On the contrary, as shown in Figure 6.7, complete bond-free paths were found in bond 

patterns ‘a’ and ‘c’, in line with the CD. We refer to these paths as ‘bond-free tunnels, which are 

exposed to the non-bond area across a particular direction. This open space was found for pattern 

‘c’ with wider area, followed by pattern ‘a’. Therefore, in addition to the bond area and bond-to-

bond distance, whether the bond patterns have ‘bond-free tunnels’ or not can significantly 

contribute to the fuzz formation. 

 

Figure 6.7  Confocal laser microscopy images with markups of bond pattern ‘a’, and ‘c’ that 

presents a ‘bond-free tunnel’ (bond-free paths), which contributes to a higher amount of fuzz 

compared to pattern ‘c’ and ‘d’, respectively. 
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Balance between mechanical properties and HOM values 

From the understanding of fuzz formation in a quantitative manner with the underlying 

mechanism depending on the bond area and the arrangements of bond spots, the balance among 

other properties such as softness and strength can be examined. In Figure 6.8, the volume of fuzz 

at 100 abrasion cycles, the maximum stress in the machine direction, and Handle-O-Meter 

(HOM) values are denoted with black square symbols, red triangles, and blue round shapes, 

respectively. To be specific, the PP homocomponent with pattern b can be a good option, 

showing well-controlled fuzz formation and the highest tensile strength. However, considering 

the stiffness value, which is higher than others, bond pattern c, or pattern d, can be possible 

options as well.  This not only emphasizes that simple correlations between properties should be 

avoided, but also points out the significance of finding optimal conditions to achieve intended 

performance.  

 

Figure 6.8  Volume of fuzz after 100 abrasion cycles, tensile strength in MD, and Handle-O-

Meter (HOM) value of 20 gsm as a function of four different bond patterns and area. 
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Bicomponent  

For the composite of the 90/10 core/sheath PP/PE bicomponent, the volume of fuzz from 

the novel test method of three basis weights are shown in Figure 6.9. Contrary to the PP 

homocomponent, no significant differences were observed either depending on bond patterns and 

abrasion cycles. Regardless of basis weights and bond patters, it can be attributed to low ratio of 

PE. Enough bonding strength has not been achieved with the composition of 90 PP and 10 PE as 

observed from the stress-strain curves in Figure 6.9. In the same manner of our previous work 

(Chapter 5), it needs to increase the ratio of PE sheath that involves in polymer diffusion to 

achieve proper bonding.   

 

Figure 6.9  Volume of Fuzz (a, b,c) and the stress-strain curves in the machine direction (i, ii, iii) 

of 11.75, 15, and 20 gsm 90/10 PP/PE core/sheath bicomponents. 
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Conclusion 

Our study of the impacts of various calender patterns on fuzz formation demonstrates that 

the measured fuzz amount on the nonwovens is affected by various factors.  The average amount 

of fuzz of a PP homocomponent was found to be reduced when the bond patterns are well 

organized without entire bond-free paths, having minimum bond-to-bond distance and proper 

bond area. Although the degree of bonding, which is reflected by the maximum stress at break 

and the stress-strain curves, is known to play a key role in fuzz resistance in general, a more 

thorough investigation is required to understand the role of bond patterns in fuzz formation. 

From the calculated amount of fuzz, we could also expect to find optimum processing 

conditions, balanced among fuzz formation, breaking strength, and softness.  
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 The Effect of Additives on Fuzz Formation and Bonding Quality 

of Spunbond Thermally Point-bonded Nonwovens  

Abstract 

The influence of the softener temperature on the fuzz formation of lightweight spunbond 

thermally-bonded nonwovens was investigated with a polypropylene (PP) homocomponent: a 

blend of PP with propylene-ethylene random copolymers (RCPs) and polyalphaolefin (PAO). 

The tendency for fuzz formation was found to be associated with the elasticity of the fibers from 

the RCP content. Despite the higher breaking strength of PAO modified nonwovens which 

implies a better polymer melt on the bond spot, the degree of bonding was found to have a 

negligible effect when no covalent bonds with the matrix are possible. Three-dimensional image 

analysis to calculate the volume of fuzz gave a reasonably good determination to help find a 

balance between fuzz, mechanical strength, and perception of softness. 

Introduction 

Fuzz is defined as tangled fiber ends that protrude from the surface of a yarn or fabric 

(ASATM D4850, 2017). Because it is regarded as the preliminary stage of pilling formation 

(Latifi, Kim, & Pourdeyhimi, 2001), fuzz initiates from the lower abrasion level including the 

number of rotations and applied forces. In spunbond thermally bonded nonwovens, which are the 

most widely used in the personal care or hygiene industry for applications such as cover stock in 

feminine care or diapers representing the largest share of end-use, a good understanding of the 

mechanisms involved in fuzz formation is of great importance for interpreting the mechanical 

properties and perception of softness.  

Because the need for a softer hand feel has been driving down the weight of the 

nonwovens’ structure, often the fabric tends to be under-bonded. It is well established that the 
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thermal bonding process can control the degree of strength and stiffness depending on the degree 

of bonding. For thermal point-bonded nonwovens, it has been reported that the bonding 

conditions, such as the temperature and pressure, and the bonding geometry determines the final 

properties of thermal bonded nonwovens (Russell, 2007; Kim, Pourdeyhimi, Desai, & 

Abhiraman, 2001). However, the trade-offs between strength and softness have been widely 

observed in point-bonded nonwovens, because the bond spots are usually rigid (Bhat, Jangala, & 

Spruiell, 2004).  

The use of soft additives including polyolefin copolymers or the combinations of such in 

polypropylene has increased to overcome the conflicting properties. Considering that 

polypropylene comprises a substantial portion of the resins used for spunbond because of its 

good mechanical properties and spinnability, its low drapability, stiffness, and low elongation 

rate are in opposition to the demand for softness (Patel, Martin, Claasen, & Allgeuer, 2017). 

Thus, there have been several previous attempts to blend PP with the proper additives. One of the 

common approaches is to lower the polymer crystallinity by the addition of comonomer 

containing PP, and another way is to blend PP with softer polymers such as amorphous 

elastomers (Li, Tse, Iyer, & Chapman, 2009). 

However, previous research typically only investigated the impact of additives on the 

strength or drapability, and there is a lack of correlations and interpretations for the mechanisms 

of fuzz formation. Even though there have been attempts to study fuzz in nonwovens, an 

accurate measurement of fuzz formed on lightweight point-bonded nonwovens has remained a 

challenging task over the years. It is mainly because of the shortcomings with the standard 

methods to evaluate fuzz, which lack an objective quantification system. However, an alternative 

method has been introduced to overcome the inherent subjective nature of the standard methods. 
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In our previous work, we proposed a measurement system to calculate the volume of fuzz using 

3D confocal laser scanning microscopy. The developed methodology, which is a noncontact 

based three-dimensional image analysis using confocal laser microscopy, was adopted to 

quantify the volume of fuzz. In this study, the same measurement system was used to address 

how modifiers affect fuzz formation with increasing softness while maintaining comparable 

mechanical properties at the same time.  

This study investigated the impact of additives on fuzz formation and bonding quality 

using the most representative modifiers intended to improve softness while maintaining strength 

of PP spunbond. One was the propylene-ethylene random copolymer (RCP) elastomers, and 

polyalphaolefin (PAO) oil was the other.   

Experimental  

Materials 

For this experiment, polypropylene (PP 3155, ExxonMobil), propylene-ethylene random 

copolymer (RCP), and polyalphaolefin (PAO) oil were used. Some of the basic properties of 

these polymers are listed in Table 7.1.  

Table 7.1.  Properties of the polymer resins useda 

Polymer 

(abbreviation)  

Trade Name/ 

Grade 
Supplier Melting Point 

Melt Flow Rate a 

(g/10min) 

Density 

(g/cm3) 

polypropylene 

(PP) 
PP3155 ExxonMobil 

158 (on-set) 

163 (peak) 
36 (230 °C/2.16 kg) 0.900 

propylene-ethylene 

random copolymer  

(RCP) 

Vistamaxx 

7020 BF 
ExxonMobil - 9 (190 °C/2.16 kg) 0.863 

 polyalphaolefin 

(PAO) 
SpectraSyn 10 ExxonMobil - - 0.835 

a Values were obtained from the corresponding polymer data sheets supplied by the manufacturer. 
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Web formation and Thermal bonding 

The polypropylene homocomponent and the modified in melt compound with either the 

RCP or PAO additive were respectively spun under the same processing conditions with the Pilot 

Spunbond line in the Nonwovens Institute at North Carolina State University (NC State 

University, Raleigh, NC, USA). The ratio of the modifiers ranged from 2 % to 10 % for the RCP 

with 98% to 90% of PP and that of the PAO was from 10 % to 20 % with 90% to 80 % of PP.  

Overall, the throughput was adjusted to 180 kg/hr, and the fibers were quenched at 20 °C.  

Webs were thermally point-bonded immediately because they were produced on the same 

line. The thermal bonding embossed calender roll had an 18.1% bond area with 49.9 bond 

figures per cm2 of the ellipse pattern. Both the engraved and smooth rolls were heated up at 130 

°C, and the nip pressure was maintained at 60 N/mm for all webs. In addition, to explore the 

impact of the bonding temperature, the samples with 10 % RCP and PAO were bonded at two 

additional temperatures – one lower (127 °C) and one higher (135 °C). Table 7.2 summarizes the 

sample ID and corresponding composite, processing conditions, and bonding temperatures. 

Table 7.2.  Processing conditions for the production of nonwoven samples 

Sample ID Basis 

Weight       

(gsm) 

Polymer Amount of polymer (wt. %) Bonding 

temp 

(°C) No Abbreviation  Additive Resins  Additive Core 

1 PP 20 - PP - 100 130 

2 PP-RCP2 20 RCP PP 2 98 130 

3 PP-RCP4 20 RCP PP 4 96 130 

4 PP-RCP10-L 20 RCP PP 10 90 127 

5 PP-RCP10 20 RCP PP 10 90 130 

6 PP-RCP10-H 20 RCP PP 10 90 135 

7 PP-PAO10-L 20 PAO PP 10 90 127 

8 PP-PAO10 20 PAO PP 10 90 130 

9 PP-PAO10-H 20 PAO PP 10 90 135 

10 PP-PAO15 20 PAO PP 15 85 130 

11 PP-PAO20 20 PAO PP 20 80 130 
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Fuzz quantification 

Laboratory fuzz formation. Fuzz was generated according to ASTM D4970 using a 

Martindale 2000 Abrasion Tester (ASTM D4970, 2016). Specimens with a 38.0mm diameter 

were placed on a sample holder, and the face sides were abraded multidirectionally onto the 

standard felt abradant. To evaluate the mechanisms, the test was conducted for a given number 

of cycles (20, 100, 200, 500, and 1000) under a controlled weight and pressure at standard 

atmosphere conditions of 21 ± 1 °C and 65 ± 2 % RH. 

Image acquisition. A single-point laser confocal microscope, Keyence VK-X1100, was 

utilized to acquire the images and to develop a new fuzz measurement system with the Multi-File 

Analyzer software. This microscope obtains images with a large depth of field that is in focus 

across the entire screen and detects the finest details in the sample shape data. Images were 

acquired from both a conventional optimal system and from laser scanning, in which light 

emitted from the laser source is focused onto the sample and scans the area within the field of 

view (3 mm x 3 mm). By dividing this field into 1024 × 768 pixels (786,432 data points in total), 

the photoreceptor detects the reflected light at each pixel. Then, the device reads the intensity of 

each Z position for each of them to determine the maximum intensity.  Five independent images 

of the right upper, left upper, left bottom, and right bottom were acquired utilizing the same 

process for each specimen. 

Image processing and fuzz detection. The new image processing for quantifying the fuzz 

consists of two simple steps: (1) leveling and reference plane set-up and (2) volume 

measurement above the thresholding plane First, by connecting the height of each bonding point 

in the acquired image, the reference plane is setup, and possible contortions that may come from 

an uneven surface at the bottom are flattened. This is the most important point that compensates 
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for the shortcoming of point-bonded nonwovens in the image analysis. Rather, it uses the bond 

sites to have a constant thresholding plane throughout the specimens with different abrasion 

numbers. Then, the volume of each fiber above the thresholding plane is calculated for each test 

sample, averaging the volume of fuzz from five spots on each specimen. To make a visual 

comparison, a flatbed scanner was also used to observe the overall changes in the appearance of 

each specimen. 

Physical, mechanical, and optical properties  

The mass per unit area was measured according to ASTM D 3776M-09a, a standard test 

method for the mass per unit area (weight) of a fabric, option C, using a small swatch of the 

fabric. Measurements were taken for five randomly selected samples (ASTM D 3776, 2017).  

Tensile tests were performed using the MTS criterion both in the machine direction (MD) 

and cross direction (CD) according to ASTM D 5035 (ASTAM D5035, 2015). Sample strips 25 

± 1 mm in width were prepared and tested at a gauge length of 75 ± 1 mm and at 300 ± 1 

mm/min, and five specimens were tested per sample. The strain at failure was measured as 

percent elongation. The tensile strength was recorded, and the load-strain data points of all the 

specimens under the same sample were averaged to form the load-strain curve for each sample. 

The Handle-O-Meter is a commercially available apparatus from the Thwing-Albert 

Company. The Handle-O-Meter measures “handle” which considers the combined effects of 

stiffness or bendability and surface friction of sheeted materials like nonwovens (Degroot et al., 

2018). It measures the force that is required to fold a fabric of a given size. It is known that the 

lower the force,the softer and more drapable the fabric (Srinivas, Cheng, Dharmarajan, & 

Racine, 2005). Conditions for the evaluation were according to e ASTM D 6828 -02: a single 
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piece of the sample 4 in by 4 in was evaluated using a 100 g beam assembly and a 5 mm slot 

width (ASTM D 6828, 2015).   

Scanning electron microscopy (SEM), Phenom XL, was used to look at the bonding sites, 

averaging values from twenty different fibers of each nonwoven. Moreover, confocal laser 

microscopy was used to find the fracture point after the tensile tests. 

Results and Discussion  

Volume of Fuzz: PP and PP with additives 

Figure 7.1 shows the volumes of fuzz for 20 gsm homocomponent spunbond nonwovens 

made from the blend of PP with RCP (98/2, 96/4 and 90/10 blend ratios) and PP with PAO 

(90/10, 85/15 and 80/20 blend ratios). The volumes of fuzz are illustrated as bar graphs in which 

the different brightnesses represents different abrasion numbers of 20, 100, 200, 500, and 1000. 

These bars are grouped by each sample ID. In contrast to the overall fuzz growth rate from 20 to 

1000 seen in the PP homocomponent group, the modified samples control the fuzz formation in a 

more relieved manner, showing a gradual increase of fuzz in general.  

A closer look at the maximum amount of fuzz revealed that the 4 wt % and 10 wt % of 

RCP effectively reduced the fuzz formation. Although it seems that the PP-PAO blends had the 

highest amount of fuzz at 100 cycles, the fuzz at an abrasion number of 500 should be considered 

for PP and PP-RCP2. The highest values for PP and PP-RCP2 were found at an abrasion number 

of 500 not at 1000, which is primarily due to the pressure after it already reached the maximum 

fiber pull-outs in the structure. Taking those behaviors into account, the blends of PP with PAO 

also achieved a better fuzz resistance than that of the PP homocomponent. In addition, the RCP 

content causes the structure to form fuzz at a more gradual rate. For example, PP-RCP4 has the 
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most linear growth rate of fuzz when the abrasion cycles were increased, and PP-RCP10 showed 

the least amount of fuzz at an abrasion number of 500 compared to all the other samples. When it 

comes to the PAO modified nonwovens, although these seem to be susceptible after 100 abrasion 

cycles forming a higher amount of fuzz compared to the others, the PP-PAO10 and PP-PAO15 

had less variations in the fuzz amount after 100, 200, and 500 abrasion cycles. These trends 

correspond visually well with the scanned images in Table 7.3. 

 

Figure 7.1  Volume of fuzz, maximum load in the machine direction (MD), and Handle-O-Meter 

values for the 20 gsm PP homocomponent, PP-RCP, and PP-PAO blends. 
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Table 7.3.  Flatbed scanned images after abrasion cycles of 100, 200, 500, and 1000 for the 20 

gsm PP homocomponent and blends of PP with RCP or PAO 

Abrasion No.  

 

 

Sample ID 

20 100 200 500 1000 

PP    

 

 

PP-RCP02      

PP-RCP04      

PP-RCP10      

PP-PAO10      

PP-PAO15      

PP-PAO20      

Blends of PP with RCP 

The good fuzz resistance of PP-RCP4 and PP-RCP10 can be presumably attributed to the 

better structural integrity based on our previous works. Prior works showed that the fuzz 

formation can be accelerated when the structure is under-bonded, making the structure easily 

disintegrated and coiled due to the fracture of the bond sites. Whether the structure is under 
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bonded or well- or over-abounded is usually examined by the maximum load, elongation rate, 

and/or the load-strain curve (Michielsen, Pourdeyhimi, & Desai, 2005). Figure 7.1 shows the 

maximum loads denoted by the triangle symbols. The peak in the plot of the blends with RCP 

shows that satisfactory bonds can be made up to a point, which means there is an optimum 

amount for the modifiers. In the PP homocomponent, this behavior corresponded to the change 

in bonding quality. For example, when the bonding temperature was decreased below the 

optimal point leading to an under-bonded structure, long tails appeared in the load-strain curves 

indicating a continuous load transfer. In contrast, bonding temperatures above the optimal point 

make the structure over-bonded, which shows clear breaking points from the fractures of the 

bond sites (Bhat & Nanjundappa, 2013; Kim, Pourdeyhimi, Desai, & Abhiraman, 2001). 

Accordingly, well- or over-bonded nonwoven structures are more resistant to fuzz formation 

because it will require more force than that applied to the abrasion to break the bond area. 

However, all the observed tensile behaviors of the PP-RCP group was found more likely to be 

under-bonded like the PP control (Figure 7.2), and there were no significant changes because the 

ratio of the RCP content is increased despite the increased maximum stress compared to the PP 

homocomponent. This is surprising given that the well-controlled fuzz formation was possibly 

attributed to the well-bonded structural integrity.  

The major advantage of the propylene-ethylene random copolymer is a slower 

crystallization rate and reduced crystallinity. The ethylene units in this copolymer act as 

disturbances that hinders the crystal growth and enforces chain folding (Gahleitner et al., 2005). 

The stereoregularity of a RCP, thus, will decrease the melting point and crystalline temperature 

(Iyer, 2006), which might act as the counter effect in bonding, reducing the bonding window. 

Moreover, because of the slower crystallization rate of the RCP compared to that of the PP 
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homopolymer, webs can have more integrity via more fiber fusion during the calendering than 

that of the fabric made from the PP homopolymer (Srinivas, Cheng, Dharmarajan, & Racine, 

2005). Thus, the propylene-ethylene random copolymer showed a better maximum load than that 

of the PP but remained under-bonded.  

 

Figure 7.2  Load-extension curves of PP, PP-RCP2, PP-RCP4, and PP-RCP10. 

Nevertheless, such modification can improve the extensibility or elongation rate of RCP 

modified filaments (Autran & Arora, 2007), which accordingly improves the overall toughness 

of the materials. Possibly due to the better toughness at the fiber level, fuzz formation is 

effectively controlled.   

When examining the results of different bond temperatures, this behavior is relatively 

consistent throughout the PP-RCP10 bonded at 127 °C and 135 °C, showing marginal changes in 

strength and overall under-bonded behavior but with efficient fuzz control (Figure 7.3, Figure 

7.4).  
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Figure 7.3  Load-extension curves of PP, PP-RCP10-L, PP-RCP10, and PP-RCP10-H. 

 

Figure 7.4  Volume of fuzz, maximum loads in the machine direction, and Handle-O-Meter 

(HOM) values of the PP composites with 10 % RCP and PAO, bonded at 127, 130, and 135 °C. 
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Blends of PP with PAO oil 

Compared to the blends of PP with RCP, an interesting pattern emerged when 

investigating the results of the PP-PAO group. Because a higher fuzz amount at the maximum 

number of abrasions is observed when the ratio of PAO is increased as shown in Figure 7.1, the 

under-bonded behavior in the load-strain curves was expected. Surprisingly, the tensile behavior 

shown in the load-strain curves demonstrates that there is a noticeable structural change due to 

the PAO content (Figure 7.5).  In terms of the maximum load at the break, it has the peak same 

as in the PP-RCP group, indicating there is an optimal bonding window based on the PAO 

content. However, this higher strength is highly dependent on the structural changes, which are 

associated to the well-bonded behavior.  

 

Figure 7.5  Load-exntension curves of (a) PP, PP-PAO10, PP-PAO15, PP-PAO20; (b) PP, PP-

PAO10-L, PP-PAO10, and PP-PAO10-H. 

Modification by non-crystalline PAO enables the composites to preserve the crystalline 

regions, making the polymer crystallinity nearly constant.  This is advantageous upon calender 

bonding according to the ‘bonding hypothesis’ summarized by Patel et al., “better thermal 

bonding can be achieved by resins exhibiting 1) slower crystallization rates and 2) a broader 
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melting endotherm” (Patel, Martin, Claasen, & Allgeuer, 2017). Through the amorphous regions, 

more fiber-fiber fusions can be available, and it results in a better bonding status. In the same 

manner, when the bonding temperature is increased with 10 wt % of PAO, it improves the peak 

loads shown in Figure 7.4, and accordingly, the bonding quality becomes well-bonded (Figure 

7.5).  

The major difficulty with use of PAO oil could be the surface migration because PAO oil 

is not covalently bonded to the matrix polymer (PP). Thus, it is possible that the PAO could 

migrate from the PP matrix (Reddy, Mohan, Varaprasad, Ravindra, Vimala, & Raju, 2010). 

Although there was no correlation found between the surface migration and the PAO content, it 

is assumed to have different fracture modes of the fibers depending on where the modifiers are 

located. Figure 7.6 shows some examples of breaking points after tensile tests. In blends of PAO 

with PP in Figure 7.6 (d) and Figure 7.6 (e), the outer side of the fibers are first broken, making 

the fractured fiber cross-section shrink inside towards the center of the fibers. In contrast, 

however, in the case of the PP-RCP blends in (b) and (c), the fiber itself seems to be stretched 

from the core part, and this led to more stretchiness in the PP-RCP10 compared to the PP-RCP2, 

and the PP-RCP2 had a better stretchiness than that of the PP. In the PP-RCP, it looks more to 

spew out from the core. These failure modes can support the possibilities of the elasticity of RCP 

and the surface migration of PAO.   

 

Figure 7.6  Scanning electron microscope (SEM) images that show the fracture point of the 

spunbond fibers of (a) PP, (b) PP-RCP2, (c) PP-RCP10, (d) PP-PAO10, and (e) PP-PAO15. 
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Balance between fuzz formation, maximum load, and HOM  

Handle-O-Meter (HOM) is one of the tests commercially available for qualitative 

comparison of fabric softness.  It measures the force that is required to fold a fabric of a given 

size. It is known that the lower the force is, the softer and more drapable the fabric is. Figure 7.1 

and Figure 7.4 show comparable or slightly higher HOM values under a certain processing 

condition. It might be regarded that at 130 °C, PP is the most drapable and therefore, desirable 

material. However, one thing to note is that the PP homocomponent in this sample set has the 

lowest strength and the highest fuzz formation. From the understanding of fuzz formation in a 

quantitative manner with the driving mechanism depending on the structural changes, a balance 

between other properties such as the softness and strength can be considered.  

Conclusion  

PP homocomponent and blends with RCP and PAO spunbond webs followed by 

thermally-point bonded nonwovens were prepared. Fuzz formation and growth in the lightweight 

nonwovens were quantified using a confocal laser scanning microscope with 3D image analysis, 

and its mechanisms were explored with the content of additives along with the relevant 

properties such as the mechanical properties and perception of softness. The average amount of 

fuzz of the PP homocomponent was found to be reduced when the additives, either of RCP or 

PAO, were added. The PP blends with RCP were found to be more effective to control fuzz 

formation. Although the PAO modified spunbond exhibited better mechanical properties 

presumably because it was ‘well-bonded,’ the better mechanical properties are because of the 

elasticity of the fibers that are modified by the ethylene content and the better miscibility in the 

matrix due to the propylene base. The bonding behavior was observed as under-bonded 
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confirmed by the tensile properties, the observed failure mode and the polymer melt at the bond 

spot. In conclusion, mechanisms under fuzz formation can be affected by different factors 

simultaneously. Therefore, to control the fuzz formation, a highly extensible nonwoven from 

modified PP with propylene-based elastomers with increased softness and drapability while 

maintaining its mechanical properties for which the tensile strength is critical.  

It would be desirable to study the single fiber properties to clearly show if these factors 

are responsible for the fuzz resistance and to what extent. Additionally, broader investigation of 

the surface friction like surface roughness or the coefficient of friction (COF) would be helpful 

to better understand the relationship between the nonwoven surface properties and fuzz 

formation.  
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 The Effect of Bicomponent on Fuzz Formation and Degree of 

Bonding of Spunbond Thermally Point-bonded Nonwovens  

Abstract 

In this study, the influence of cores/sheath type bicomponent on fuzz formation of 

lightweight spunbond thermally-bonded nonwovens has been analyzed. Theses fibers were 

produced using polypropylene/polyethylene (PP/PE) polymer configurations at varying 

compositions. Fuzz formation tendency was found to be associated with the ratio of the PE 

sheath that leads to an improved degree of bonding compared to that of a single component fiber 

and hinders the PE shear-off. Despite the marginal differences of tensile behavior shown in load-

strain curves, fuzz is well controlled as the PE ratio is increased and the Handle-O-Meter value 

shows the optimal point in stiffness. The applicability of three-dimensional image analysis to 

calculate the volume of fuzz gave a reasonably good determination to find a balance between 

fuzz, mechanical strength, and perception of softness. 

Introduction 

Fuzz is defined as tangled fiber ends that protrude from the surface of yarn or fabric 

(ASATM D4850, 2017). As it is regarded as the preliminary stage of pilling formation (Latifi, 

Kim, & Pourdeyhimi, 2001), fuzz initiates from the lower abrasion level such as number of 

rotation and applied forces. In spunbond thermally bonded nonwovens, which is the most widely 

used in the personal care and hygiene industry for applications such as cover stock in feminine 

care or diapers, a good understanding of mechanisms involved in fuzz formation is of great 

importance for interpreting the mechanical properties and perception of softness.  

As the need for softer hand feel has been driving down the weight of the nonwovens’ 

structure, often the fabric tends to be under-bonded. It is well established that the thermal 
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bonding process can control the degree of strength and stiffness depending on the degree of 

bonding. For thermal point-bonded nonwovens, it has been reported that bonding conditions, 

such as temperature and pressure and bonding geometry, determine the final properties of 

thermal bonded nonwovens (Russell, 2007; Kim, Pourdeyhimi, Desai, & Abhiraman, 2001). 

However, trade-offs between strength and softness have been widely observed in point-bonded 

nonwovens, since the bond spots are usually rigid (Bhat, Jangala, & Spruiell, 2004).  

The use of a soft bicomponent system, incorporating the advantage of having different 

melting temperatures between two polymers, has increased to deal with these conflicting 

properties (Bhat & Malkan, 2002; Kim, Ito, Kikutani, & Okui, 1997). This system incorporates 

the advantages of different melting temperatures between two polymers, mostly as the core and 

sheath (Bhat & Malkan, 2002; Kim, Ito, Kikutani, & Okui, 1997). The polymer that constitutes 

the sheath can provide characteristics such as appearance and chemical and thermal resistance 

properties, while that of the core could provide tensile properties such as modulus and strength or 

cost effectiveness (Krishnaswamy & Baird, 2001, p. 403). In a single fiber, considering that 

polypropylene comprises a substantial portion of the resins used for spunbond because of its 

good mechanical properties and spinnability, its low drapability, stiffness, and low elongation 

rate are in opposition to the demand for softness (Patel, Martin, Claasen, & Allgeuer, 2017). 

With that, there have been several attempts to utilize PP as a core material, incorporating with 

other polyolefin as a sheath. Although there are several combinations available for core/sheath 

combinations, Dasdemir et al. showed the most improved mechanical strength of a PP/ PE 

core/sheath bicomponent, compared to fibers produced using poly(ethylene 

terephthalate)/polyethylene (PET/PE), poly-amide 6/polyethylene (PA6/PE), or polyamide 

6/polypropylene (PA6/PP) (2012). In addition, Patel et al., emphasized that the PE sheath layer 
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imparts the desired softness, hand feel, and improved elongation, while the PP core helped the 

structure to retain its physical properties such as tensile strength and abrasion resistance.  

The previous research typically only investigated the impact of additives on the strength 

or drapability and there is a lack of correlations and interpretation to the mechanisms of fuzz 

formation. Even though there have been attempts to study fuzz in nonwovens, an accurate 

measurement of fuzz formed on the lightweight point-bonded nonwovens has remained a 

challenging task over the years. This is mainly due to shortcomings with the standard methods of 

evaluating fuzz, which lacks an objective quantification system. However, an alternative method 

has been introduced to overcome some of the inherent subjective nature of standard methods. In 

the previous work, we proposed a measurement system to calculate the volume of fuzz using 3D 

confocal laser scanning microscopy. The developed methodology, which is a noncontact based 

three-dimensional image analysis using confocal laser microscopy, was adopted to quantify the 

volume of fuzz. In this study, the same measurement system has been applied to address how the 

core/sheath PP/PE bicomponent configurations affect fuzz formation in relations with increasing 

softness while maintaining comparable mechanical properties at the same time.   

Experimental  

Materials  

For this experiment, polypropylene (PP 3155, ExxonMobil) and polyethylene (ASPUNTM 

6850A, Dow Chemical Company) were used. Some of the basic properties of these polymers are 

listed in Table 8.1. 
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Table 8.1.  Properties and suppliers of polymers used 

Polymer 

(abbreviation) 

Trade 

Name 
Supplier 

Density a 

(g/cm3) 

Melting 

Temperature a, (°C) 
Melt Mass-Flow Rate a  

Polypropylene 

(PP) 
PP3155 ExxonMobil 0.900 140-170 

36g/10min (230°C/ 2.16 

kg) 

Polyethylene 

(PE) 

ASPUN 

6850A 

Dow 

Chemical 
0.955 131 

30g/10min (190°C/ 2.16 

kg) 
a Values were obtained from corresponding polymer data sheets supplied by the producer. 

Web formation and Thermal bonding  

Preliminary trial.  As a preliminary trial, a bicomponent core/sheath (90/10) PP/PE 

spunbond and PP homocomponent spunbond of 20 gsm (grams per square meter) were prepared 

at the Nonwovens Institute at North Carolina State University (NC State University, Raleigh, 

NC, USA) with the Pilot Spunbond line. Overall throughput was adjusted to 180 kg/hr and the 

cabin pressure was adjusted to 2000 Pa. Webs were consolidated (pre-bonded) in some manner 

immediately as they were produced. Then, finally, thermal point bonding proceeded at Fiber 

Visions, Inc. (Covington, CA). A diamond bond pattern named ‘b’ was used, having 24.5 % of 

the bond area at different temperature ranges from 130 °C to 142 °C for the homocomponent and 

122 °C to 134 °C for the bicomponent. Table 8.2 summarizes the sample ID and corresponding 

composite, processing conditions, and bonding temperatures. The sample abbreviation in the 

Result section will be followed by the ‘b’ and bond temperature. For example, a 20 gsm 

homocomponent bonded at 134 °C will be shown as ‘H20-b134’, and 20 gsm bicomponent 

bonded at 122 °C will be ‘B20-b122’.  

Table 8.2.  Description of the PP/PE 90/10 sample with processing conditions 

No 

Web 

Abbrevi-

ation 

Target 

Basis 

Weight  

(gsm) 

Polymer C/S Ratio Processing and Bonding Conditions 

Core 
Sheat

h 

Cor

e 

Sheat

h 

Target 

Cabin 

Pressur

e (Pa) 

Throughpu

t total 

(kg/hr) 

Line 

Speed 

(m/min.

) 

Initial 

Bondin

g temp 

(°C) 

Final 

Bondin

g temp 

(°C) 

1 H11 11.75 PP - 100 - 2000 180 240 110 
130,  

134, 

138,  

142 
2 H15 15 PP - 100 - 2000 180 188 110 
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Table 8.2.  (continued). 

3 H20 20 PP - 100 - 2000 180 141 110  

4 B11 11.75 PP PE 90 10 2000 180 220 110 
122, 

126, 

130, 

134 

5 B15 15 PP PE 90 10 2000 180 186 110 

6 B20 20 PP PE 90 10 2000 180 143 110 

PP homocomponent, PP/PE20, PP/PE30, PP/PE40 bicomponent. A bicomponent 

core/sheath PP/PE spunbond and PP homocomponent spunbond of 20 gsm were prepared at the 

Nonwovens Institute at North Carolina State University (NC State University, Raleigh, NC, 

USA) with the Pilot Spunbond line. Overall, throughput was adjusted to 180 kg/hr both for the 

PP homocomponent and the bicomponent. A bicomponent structure with a PP core and PE 

sheath was chosen with a core/sheath ratio of 80/20, 70/30, and 60/40. Both web structures were 

thermally point-bonded immediately as they were produced with an ellipse pattern, having 

18.1% of the bond area at 130 °C.  

Table 8.3.  Description of the PP, PP/PE20, PP/PE30, and PP/PE40 samples with processing and 

conditions 

Sample ID Target 

Basis 

Weight       

(gsm) 

Polymer 
Amount of polymer 

(wt. %) 
Bonding 

No Abbreviation PP Core PE Sheath  

Cabin 

Pressure 

(Pa) 

Throughput 

Total 

(kg/hr) 

Temp. 

(°C) 

Area 

(%) 

1 PP 20 100 - 2000 180 130 18.1 

2 PP/PE20 20 80 20 2000 180 130 18.1 

3 PP/PE30 20 70 30 2000 180 130 18.1 

4 PP/PE40 20 60 40 2000 180 130 18.1 

The thermal bonding embossed calender roll had an 18.1% surface bond area with 49.9 

bond figures per cm2 of an ellipse pattern. Both engraved and smooth rolls were heated up to the 

same temperature, and the nip pressure was maintained at 60 N/mm for all resins. Table 8.3 



 

119 

summarizes the sample ID and corresponding composite, processing conditions, and bonding 

temperatures. The sample abbreviation in the Result section will be PP, PP/PE10, PP/PE20, 

PP/PE30, and PP/PE40, of which the numbers present each ratio of PE content in the sheath. 

Laboratory Fuzz formation  

Fuzz is generated according to the ASTM D4970 using a Martindale 2000 Abrasion 

Tester (ASTM D4970, 2016). Specimens with a 38.0mm diameter are placed on the sample 

holder and the face sides were abraded multidirectionally onto the standard felt abradant. To 

evaluate the mechanisms, the test was conducted for a given number of cycles of 20, 100, 200, 

500, and 1000 under controlled weight and pressure at standard atmosphere conditions of 21 ± 1 

°C and 65 ± 2 % RH. 

Fuzz quantification 

Image acquisition. A single-point laser confocal microscope, Keyence VK-X1100, is 

utilized to acquire images and develop a new fuzz measurement system through Multi-File 

Analyzer software. This microscope obtains images with a large depth of field that are in focus 

across the entire screen and detects the finest details in the sample shape data. Images were 

acquired from both a conventional optimal system and from laser scanning, where light emitted 

from the laser source is focused onto the sample and scans the area within the field of view (3 

mm x 3 mm). By dividing this field into 1024 × 768 pixels (786,432 data points in total), the 

photoreceptor detects the reflected light at each pixel. Then the device reads the intensity of each 

Z position for each pixel to determine the maximum intensity.  Five independent images of the 

right upper, left upper, left bottom, and right bottom are acquired utilizing the same process per 

each specimen. 
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Image processing and fuzz detection. New image processing for quantifying fuzz passes 

through two simple steps: (1) leveling and reference plane set-up, (2) volume measurement 

above the thresholding plane. First, by connecting the height of each bonding point in the 

acquired image, the reference plane is setup, and possible contortions that may come from an 

uneven surface at the bottom are flattened. This is the most important point that compensates for 

the shortcoming of point-bonded nonwovens in image analysis. Rather, it uses the bond sites to 

have a constant thresholding plane throughout the specimens that have different abrasion 

numbers. Then, the volume of each fiber above the thresholding plane is calculated for each 

testing sample, averaging the volume of fuzz from fives spot of each specimen. To make a visual 

comparison, a flatbed scanner was also used to observe the overall changes in the appearance of 

each specimen. 

Physical, mechanical, and optical properties  

The mass per unit area was measured according to ASTM D 3776M-09a, a standard test 

method for mass per unit area (weight) of fabric, using Option C to test a small swatch of fabric. 

Measurements were taken for five randomly selected samples (ASTM D 3776, 2017).  

Tensile tests were performed using MTS criterion both in the machine direction (MD) 

and cross direction (CD) according to the ASTM D 5035 (ASTAM D5035, 2015). Sample strips 

of 25 ± 1 mm width were prepared and tested at a gauge length of 75 ± 1 mm and at 300 ± 1 

mm/min, and five specimens were tested per sample. The strain at failure was measured as 

percent elongation, the tensile strength was recorded, and the load-strain data points of all 

specimens under the same sample were averaged to the drive load-strain curve for each sample. 

The Handle-O-Meter is a commercially available apparatus from the Thwing-Albert 

Company. The Handle-O-Meter measures “handle” which considers the combined effects of 



 

121 

stiffness or bendability and surface friction of sheeted materials like nonwovens (Degroot et al., 

2018). It measures the force that is required to fold the fabric of a given size. It is known that the 

lower the force, the softer and more drapable the fabric (Srinivas, Cheng, Dharmarajan, & 

Racine, 2005). Conditions for evaluation were according to the ASTM D 6828-02: a single piece 

of 4 inch by 4 inch sample was evaluated using a 100 g beam assembly and a 5 mm slot width 

(ASTM D 6828, 2015).   

A scanning electron microscopy (SEM), Phenom XL, was used to look at bonding sites, 

averaging values from twenty different fibers of each nonwoven. Also, a confocal laser 

microscopy was used to find the fracture point after tensile tests. 

Results and Discussion  

Preliminary results: PP homocomponent and PP/PE10 bicomponent  

The measured and experimentally determined amount of fuzz and the maximum stress for 

the PP homocomponent are presented in Figure 8.1.  

 

Figure 8.1  Volume of fuzz and the maximum stress of the PP homocomponent. 
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The volume of fuzz is illustrated as bar graphs of which different brightness presents 

different abrasion numbers of 20, 100, 200, 500, and 1000. These bars are grouped by each 

bonding temperature. Also, the maximum stress at break is plotted in the same figure in the solid 

line. In the homocomponent, the overall fuzz growth rate from 20 to 1000 is substantially 

decreased as the bond temperature is increased. The maximum amount of fuzz at 100 abrasion 

numbers is also reaching a minimum at 142 °C.  

As discussed in our previous chapter, this is contributed to the change of structural 

integrity led by the proper bonding temperature. Fuzz is formed with pulled out fibers that were 

originally integrated through a calendering process. When the structure is under-bonded, 

disintegration occurs very easily, which accelarates fuzz formation. To be specific, the ultimate 

fracture point of the under-bonded structure is found inside the bond spots, which is shown with 

a continuous load transfer in the stress-strain curves (Figure 8.2). 

The same mechanisms were found during fuzz formation as shown in Figure 8.2, right. 

As fuzz initiates, it starts separating, comprising fibers on the individual bond spot due to the 

weakness of bond strength, which looks like a ‘hole’. Then, as the abrasion number reaches to 

1000, the disintegration of bond spots intensifies, which results in the complete disassembling of 

each bond spot, of which constituting fibers are involved in further fuzz formation (Figure 8.3). 
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Figure 8.2  Stress-strain curve in the machine direction and SEM image of a broken specimen 

after a tensile test for H15-130. 

 

Figure 8.3  The change of appearance upon fuzz formation for H15-b130. 

Comparatively, as shown in the Figure 8.4 when the nonwoven structures are well-

bonding, which typically presents a clear breaking point in the stress-strain curve, a fracture 

occurs on the bridging fibers because each bond spot is too durable to break. Accordingly, these 
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bonding sites remain solid, even when the fuzz is formed, which distorts the bridging fibers 

when the abrasion number is reaching closer to 1000 (Figure 8.5).  

 

Figure 8.4  Stress-strain curve and SEM image of a broken specimen after a tensile test for H15-

b142 in machine direction. 

 

Figure 8.5  The change of appearance upon fuzz formation for H15-b142. 

On the contrary, in the case of the 90/10 PP/PE bicomponent, no reliable pattern of 

behavior was found. As those stress-strain curves in Figure 8.6  show, this composition seems 
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unfavorable to be optimally bonded. Because of this insignificant change in bonding status as 

well as the maximum stress, fuzz was not able to be controlled. This was true, even when these 

are bonded in different bond patterns as previously reported (Chapter 6).   

 

Figure 8.6  (a) Volume of fuzz and (b) stress-strain curves for a 20 gsm PP/PE 90/10 core/sheath 

bicomponent bonded at four different bonding temperatures; 122, 126, 130, and 134 °C. 

Previously, as a hypothesis, such observed results were presumably attributed to the lack 

of polymer melt that plays a crucial role in making integration on the bond sites. To address 

whether this is due to the lack of sheath ratio and analyze the effect of insufficient ‘glue’ to make 

fiber-fiber fusion, fracture mechanisms are explored with the SEM images. As shown in Figure 

8.7 and Figure 8.8. In Figure 8.8   (a): Stress-Strain curve of B20-b134 in the machine direction, 

(b) and (c): SEM images of the fracture point after tensile tests for B20-b134.Figure 8.8, SEM 

images of 90/10 bicomponent samples bonded at 122 °C and 134 °C accentuate the unique 

failure mode. Regardless of calender temperature, it was discovered that PE sheath peels off, 

especially onto and around the bond spots.  
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Figure 8.7  (a): Stress-Strain curve of B20-b122 in the machine direction, (b) and (c): SEM 

images of the fracture point after tensile tests for B20-b122.  

 

Figure 8.8   (a): Stress-Strain curve of B20-b134 in the machine direction, (b) and (c): SEM 

images of the fracture point after tensile tests for B20-b134. 

Moreover, in the cross-sectional view the broken fiber in Figure 8.9, the outer sheath is 

shown to be rolled into the center of the fiber after the fracture, which also supports the weakness 

of sheath materials. This behavior is opposite to what happened in the PP homocomponent, 

where the entire fiber matrix is stretched out from the core to the maximum until it is broken. 

Interestingly, these underlying mechanisms are consistent with what have been involved 

in fuzz formation. From images acquired by the laser confocal microscopy, sharp fiber-ends are 

observed that are broken and detached from the fiber matrix. In other words, even the abrasion 

force that causes local tensile force at the fiber levels can peel-off PE sheath, expediting fuzz 
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formation. Therefore, it raises the need to increase the ratio of polyethylene. It is inevitable to 

have poor tensile strength and severe fuzz formation due to shear-offs in the same 10 wt % of the 

PE sheath even when it has different processing conditions, unless it incorporates a higher 

amount of PE ratio improve bonding.  

 

Figure 8.9  Fiber fracture behavior of the (a) PP homocomponent and (b) PP/PE 90/10 

bicomponent after tensile test of fabrics. 

 

Figure 8.10  Confocal laser scanning microscopy images after fuzz formation at 500 abrasion 

cycles of 11 gsm 90/10 PP/PE core/sheath bicomponent bonded at (a) 122 °C and (b) 134 °C that 

have peel-offs of PE sheath.  
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PP, PP/PE20, PP/PE30, PP/PE40 

The volume of fuzz for another set of homocomponent and bicomponent having a PE 

sheath ratio up to 40 % is shown in Figure 8.11. There was less growth rate in fuzz and a 

decrease in the maximum amount of fuzz at 1000 abrasions, as the PE ratio increased. These 

results demonstrate the adequacy of incorporating a higher amount of PE in the sheath. The 

measured fuzz amount of the PP homocomponent in this sample set can be quantitatively 

compared with that in the H20-b130, which turns out to be similar. 

 

Figure 8.11  Volume of fuzz, maximum load in the machine direction, and Handle-O-Meter 

(HOM) values of PP, PP/PE20, PP/PE30, and PP/PE40. 

In terms of the bicomponent, the results of the 20 wt % of PE sheath in this section 

showed some improvements in fuzz resistance over the B20-b130 Figure 8.6. Still, maximum 
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amount of fuzz is recorded at 500 abrasion numbers just like the PP homocomponent, indicating 

that the fiber pull-outs already reached the critical point. Therefore, additional abrasion beyond 

the peak pressurized the hairiness of the protruded fibers which is why the volume of fuzz seems 

to decrease at 1000 abrasion cycles.  However, it was found that fuzz is well controlled in 

PP/PE30 and PP/PE40, having an overall slow fuzz growth rate. These trends correspond 

visually well with the scanned images in Table 8.4. 

Table 8.4.  Flatbed scanned images after abrasion cycles of 100, 200, 500, and 1000 for 20 gsm 

of the PP homocomponent, PP/PE20, PP/PE30, and PP/PE40. 

Abrasion no.  

 

 

Sample ID 

20 100 200 500 1000 

PP    

 

 

PP/PE20 

 

    

PP/PE30   

 

  

PP/PE40 
  

 

  

The good fuzz resistance of PP/PE30 and PP/PE40 can be primarily attributed to the 

improved structural integrity led by calender bonding based on our previous works. Prior works 

show that fuzz formation can accelerate when the structure is under-bonded, making the structure 

disintegrate easily and, accordingly, make the fibers pull out easily due to the fracture of the 

bond sites. To determine whether the structure is under bonded or well/over bonded, tensile 
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behavior, such as maximum load, elongation rate, and/or the load-strain curve is examined 

(Michielsen, Pourdeyhimi, & Desai, 2005). The maximum load in the machine direction, 

denoted by solid red lines with triangle symbols in Figure 8.11, shows that the tensile strength is 

largely increased even from incorporating 20 wt % of PE sheath in comparison with the PP 

homocomponent. The strength increases more in PP/PE30 by about 28 % from PP/PE20. Also, 

although the differences observed between PP/PE30 and PP/PE40 were marginal, the average 

stress was found to slightly decrease in PP/PE40. 

Furthermore, this pattern corresponds to the structural change indicated by the load-strain 

curves. In general, when the structure is under-bonded, long tails in load-strain curves are found 

that indicate continuous load transfer throughout the bridging fibers after the fracture of 

individual bond sites. On the contrary, a clear breaking point after reaching out to the maximum 

stress at break is observed in the case of the well/over-bonded structure, making the bridging 

fibers fail and maintaining bond sites as they are (Bhat & Nanjundappa, 2013; Kim, 

Pourdeyhimi, Desai, & Abhiraman, 2001). In this experiment, load-strain curves illustrated in 

Figure 8.12 indicate that only the PP is under-bonded. Right after incorporating the 20 % PE 

sheath, it becomes more likely to be well-bonded, of which the differences among components 

are marginal. This could be related to the minimize peels-offs of the PE sheath during the tensile 

tests as suggested by previous results shown above. As observed in the SEM images in  

Figure 8.13, shear-offs are gradually disappearing as the ratio of PE is increased. Thus, 

we can postulate that the better structural integrity led by having enough PE involved in polymer 

diffusion upon calendering can effectively control fuzz formation.  
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Figure 8.12   Load-strain curves in the machine directions of PP, PP/PE20, PP/PE30, and 

PP/PE40. 

 

 

 

Figure 8.13  Scanning electron microscope (SEM) images that present specimens after tensile 

tests of (a) PP/PE20 (b) PP/PE30, and (c) PP/PE40. 

 

However, it should be noted that the PP/PE30 was found to be the most optimal 

composition when finding a balance between the volume of fuzz, stiffness values in the Handle-

O-Meter, and mechanical properties. Although PP/PE30 and PP/PE40 were found to effectively 
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control fuzz formation, the stiffness value and the maximum stress were shown to be the best in 

PP/PE30. The HOM is a commercially available test for qualitative comparison of fabric 

softness.  It measures the force that is required to fold fabric of a given size. It is known that the 

lower the force, the softer and more drapable the fabric. Because of this, PP/PE30 can be 

regarded as the most drapable and flexible material. In general, the fabric exhibiting lower HOM 

values is known to have the poor tensile strength. Despite the lower HOM value in PP/PE30, 

which is denoted by a solid blue line in Figure 8.11,  a relatively higher tensile strength was 

found both in terms maximum load in red line and expected toughness under load-strain curves 

(Figure 8.12). Moreover, even though there were no significant differences between PP/PE30 

and PP/PE20 in terms of the failure behavior and the maximum stress at break, the maximum 

amount of fuzz was about two times larger in PP/PE20 than that of PP/PE30. Therefore, these 

results obtained here have implications for working principals of fuzz formation in relation with 

the core/sheath PP/PE compositions. Future research should seek a better understanding of the 

balance between relevant properties.  

Conclusion  

The influence of polymer compositions on fuzz formation and the structural and 

mechanical properties of the PP homocomponent and the bicomponent configurations were 

studied in varying ratios of the PE sheath from 10 to 40 % with a PP core from 90 to 60 %. Fuzz 

formation and growth in lightweight nonwovens were quantified using a confocal laser scanning 

microscope with 3D image analysis set-up, and its mechanisms are explored with the content of 

the PE sheath. Fuzz formation tendency was shown to depend on the ratio of the PE sheath 

because the higher amount of PE sheath plays a significant role in preventing shear-offs from the 

sheath to the core. The average amount of fuzz of a PP homocomponent was found to be reduced 
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when the 20 wt % PE sheath is added. It was shown that PP/PE30 was the most effective pairing 

ratio with the highest load at break and the lowest HOM value. Although PP/PE20 spunbond 

exhibited good mechanical properties as it becomes ‘well-bonded’, it forms as much fuzz as the 

under-bonded PP homocomponent. These interesting aspects remain unaddressed, and a future 

extension is suggested to explore the bicomponent configuration in detail. It would be desirable 

to study the single fiber properties to clearly show if these factors are responsible for the fuzz 

resistance and to what extent. Also, broader investigation on surface friction, such as surface 

roughness, or the coefficient of friction (COF) would be helpful to better understand the 

relationship between nonwoven surface properties and fuzz formation.  

Overall, these results emphasize the importance of considering the composition ratio 

between two components in the bicomponent fiber when finding a balance between fuzz 

resistance, mechanical properties, and the perception of softness. Since the underlying 

mechanisms in fuzz formation can be affected by different factors simultaneously, a more 

complex approach to control fuzz formation is required in spunbond thermally-bonded 

nonwovens.  
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 Conclusions and Future Work  

A novel quantification system for fuzz is developed and used, employing 3D image 

processing. It clearly identifies the level of fuzz, its growth, and the random shape of hairiness in 

reliable ways, which contributes to the objective analysis of process-structure-property 

relationships in spunbond thermally point-bonded nonwovens. Mechanisms of fuzz formation 

are highly affected by the structural integrity, which is achieved by the optimum bonding 

temperature, efficient arrangement of bond patterns, additives that increases the fiber elasticity, 

and an adequate component ratio in bicomponent configurations. Moreover, an objective 

measurement system enables further investigations to find a balance between mechanical 

properties and the perception of softness.  

Future research could explore the characteristics of single fibers and polymer properties 

for a better understanding of mechanisms involved in fuzz formation when the processing 

conditions are varied. Characterizing single fibers could include 1) the impact of additives on the 

tensile properties of a single fiber such as the elongation rate and breaking strength, 2) the effect 

of surface friction on fiber-fiber abrasion as well as on skin contact, and 3) the influence of 

different polymer compositions and fiber configurations on those properties, i.e. the use of PE 

together with polyethylene terephthalate (PET) in sheath-core structures. Polymer property 

future work could include 1) the role of compatibilizers in the PP/PE core/sheath bicomponent 

such as elastomeric random copolymers or block copolymers including propylene with a low-

level co-monomer of ethylene as a compatibilizer between PP and PE, and 2) their impact in 

bonding quality with further examinations of the thermal properties of each polymer. 

Additionally, in terms of the bonding process, the impact of stress concentration led by each 

bond shape can be investigated using Digital Image Correlation (DIC), a full-field image analysis 
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methodology, when it has the same arrangements and surface bond area. Besides, how the 

amount of fuzz may affect the perception of softness could be addressed with a broader 

assessment of softness, including the bulky softness, surface friction of nonwoven fabric, and a 

subjective assessment with various group of subjects.    
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