
ABSTRACT 

HONGLU, HUANG. An Examination of the Possible Influence of Yarn Friction on Knitted 
Fabric Pilling Resistance. (Under Direction of Dr. William Oxenham). 
 

In textile manufacturing, the yarn is subjected to attrition as a result of the friction resistance 

caused by machine part or by the yarn itself. The friction of yarns varies with yarn properties 

such as the fiber component, number of fibers in the yarn, the yarn twist and the type of 

surfactant treatment, etc. Fabric pilling phenomenon is also greatly influenced by yarn 

properties. Since yarn friction and fabric pilling both involve contact and rubbing motion, 

there might be relations between yarn friction and fabric pilling. It is claimed that pilling 

problems are more severe for some of the knitted fabrics due to the fact that they are more 

open, elastic, resilient and soft.  

The object of the present study is to find out whether yarn friction and fabric pilling are 

related and to try predicting pilling resistance of fabrics by measuring its yarn frictional 

values.  

The friction levels of a group of sample yarns with similar parameters were measured by 

using apparatus consisting of a Lawson-Hemphill Constant Tension Transport (CTT) system, 

two Rothschild electronic tensiometers, a Labjack U6-Pro and necessary software. The terms 

“T2/T1” and “S” were used to improve the traditional way to describe yarn friction by 

including variations of input and output tensions which could indicate the unevenness of 

several yarn properties. Knitted fabrics were made by sample yarns and Martindale pilling 

tests were then carried out. The color of the various samples was included as a variable and 

this was assessed objectively and subjectively. The possible influence of color on friction and 



pilling is examined. The result showed a dependence of fabric pilling resistance on friction 

values and color parameters as well.  
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1 INTRODUCTION 

1.1 Introduction 

With the development of high technology, automatic operation in knitting industry is 

commonly adopted, which enables high productivity and great uniformity of products. Since 

modern knitting machines run at very high speed, it is essential to get control of yarn quality. 

Yarn properties that should be targeted include strength, linear density, elongation and the 

coefficient of yarn friction. 

One of the heated-debate issues is yarn friction, which is very critical for knit manufacturing. 

It involves the contact of interloping yarns with the machine parts such as knitting needles. 

Inappropriate friction can lead to many problems with knitting machines including lower 

efficiency rates and higher fabric defect levels. 

Another issue that is related to contact and friction is fabric pilling phenomenon. The pilling 

resistance is an essential property which is hard to control for knitted fabrics. 

 

1.2 The influence of yarn friction 

Yarn friction plays an important role in the yarn quality evaluation. A high friction level can 

be associated with many problems during knitting due to the factors such as yarn evenness, 

bending stiffness, modulus, surface structure, and the coefficient of friction. 

A major concern of knitting is the selection of yarn that is used to knit a particular fabric 

since the characters of yarn determine the hand, appearance, chemical resistance and 

mechanical properties of the fabric, etc.  
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The coefficient of yarn friction can affect the efficiency of a knitting operation since friction 

causes an increase in yarn tension, which can lead to high yarn breakage rates. Such an 

increase in yarn tension can also influence the size, appearance and hand of knitted products. 

To minimize the problem, it is vital that yarn tension levels be strictly controlled by 

maintaining consistent friction. Such control can be accomplished by maintaining an 

optimum level of lubricant and by using a positive feeding system during knitting.  

 

1.3 Fabric Pilling Phenomenon 

Fabric “quality” includes variables such as fabric hand, appearance, strength, chemical 

resistance and etc., and fabric pills can influence most of these properties. Therefore, fabric 

pilling is an important parameter when assessing fabric quality. Pilling resistance of a fabric 

can be influenced by many factors such as yarn type, fabric design and environment. Among 

all of them, the biggest parameter is yarn property. During the knitting process, straight yarns 

are knitted into loops of yarn by the action of needles. Subsequently, loops of yarn then are 

intermeshed with one another to form a knitted fabric on various types of knitting machines 

such as single cylinder, double cylinder machines. Pilling can be considered to be associated 

with multi-fiber friction in multiple-directions. Therefore, intuitively, yarn friction should 

have great impact on fabric pilling. 
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1.4 Objective of the study 

Pilling is a phenomenon of fiber moving out from the yarn and forming little balls with other 

fibers (fuzz). This usually happens on the fabric surface during abrasion and wear and the 

formation of pills on the fabric surface affect fabric appearance, hand and ultimate 

acceptance by customers [1]. Friction is a subject that has been studied in the last few 

decades. It is known to have influence on fabric pilling resistance, however, few studies have 

been focus on how it is related with fabric pilling. 

The objective of the present study is to find out whether yarn friction and fabric pilling are 

related and to try predicting pilling resistance of fabrics by measuring its yarn frictional 

values. Ultimately if the friction level of the yarn can be controlled, such as using adjustable 

pretension, then it may be possible to minimized fabric pilling. 
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2 LITERATURE REVIEW 

2.1 Introduction 

There is no doubt that, among the several properties which can be assessed for a yarn, 

friction is one of the most significant if the yarn is to be used for knitting. Indeed incorrect 

levels of yarn friction lead to lower efficiency and higher fabric defect levels, however the 

results from previous research are limited to certain test conditions and there is a lack of 

general relationships between friction and other properties [2]. 

 

2.2 Principles of yarn friction 

As previously indicated, in knitting, yarns are subjected to friction either against other yarns 

or against surfaces of machine parts, before being processed into a fabric. According to 

Knapton’s research [3], yarn friction plays an important part in knitting performance by 

affecting yarn tensions in loop formation.  

Basically, there are two current approaches to test yarn friction based on different object that 

are contacted, which are yarn-to-“solid”1 contact and yarn-to-yarn contact. The motion of 

yarn-to-“solid” simulates the motion when a yarn is moving over the components of a 

knitting machine and yarn-to-yarn simulates fabric formation. 

For yarn-to-“solid” test method, it can be subdivided by the tools used, such as rods, needles 

and discs. These tools can be stationary or rotated, which provide different degree of 

                                                
1	  Here	  “solid”	  implies	  any	  material	  surface	  other	  than	  another	  yarn,	  usually	  a	  hard	  solid	  surface.	  



5 
 
 

 

 

roughness when the yarn parts pass by. Generally, the coefficient of friction is calculated by 

using Capstan Equation [4], 

                                                        𝑇! = 𝑇!𝑒!"                                                                 (1) 

where µ is coefficient of friction; θ is wrap angle of yarn on surface; T2 is yarn tension force 

of the running-off part, also known as output tension; T1 is yarn tension force of the running-

on part, also known as input tension and it is usually held constant.  

For special case, when the friction surface is also moving, T2 and T1 may be regarded as the 

“higher” and “lower” tension value [5]. 

The apparatus set up of yarn-to-“solid” friction test is shown in Fig 2-1.  

 

 

Fig 2-1. Schematic diagram of yarn-to-“solid” friction measurement [6] 

 
The coefficient of friction of yarn tested in this method can be calculated by the classic 

Capstan Equation. The wrap angle θ in this case is the angle of contact sector of yarn and 
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friction pin. When choosing the friction pin, the tribo statics should be considered to avoid 

generating static electricity since the method is usually processed at a high speed. For the 

same reason, the friction pin should also be able to generate heat. 

The other type is the yarn-to-yarn friction test method that is basically an extension of simple 

yarn-to-metal method, which includes methods such as twisted strand method and capstan 

method. When the yarn is curved to twist around itself to form a friction surface, the 

coefficient of friction is calculated in forms of extensions of Capstan equation. 

For twisted strand method, the yarn passes over a guide roller and over a freely rotating 

pulley, before exiting over another guide roller. The yarn is curved to wrap around itself 

between the guide rollers and the rotatable pulley – as shown in Fig 2-2. 

 

 

Fig 2-2. Demonstration Of Twisted Strand Yarn Friction Test Method [7] 

 
The Capstan equation is modified to be  

                                                     µμ = !
!!"#

𝑙𝑛 !!!!!/!
!!!!!/!

                                                     (3) 
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where µ = coefficient of yarn-to-yarn friction, T1 = mean input tension, T2 = mean output 

tension, T0 = measured tension when there is no wrap, n = number of wraps, (with “one 

wrap” rendering a wrap angle of 360°), α = apex angle [8].  

The so-called Capstan method [7] provides a different way of rubbing yarns with each other, 

which is demonstrated in Fig 2-3. In this method, yarns are mounted as a tube, which can be 

rotated. The test yarn is attached to a force sensing device and laid over the rotating tube. 

When the tube is rotated, the friction causes an increase in the yarn tension, which is 

recorded on a suitable device. In this system, the yarns on the tube can be mounted parallel or 

perpendicular to the tube. 

 

 

Fig 2-3. Demonstration Of Capstan Yarn Friction Test Method [6] 

 
The average coefficient of yarn-to-yarn friction is calculated as: 

  𝜇 = !
!!
𝑙𝑛 !!

!!
                                                       (4) 
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where µ = coefficient of friction, T1 = mean input tension, T2 = mean output tension, and θ = 

wrap angle, 3.14 rad (180 °). 

2.3 Yarn friction test methods 

In addition to the systems mentioned above, there have been several publications relating to 

friction in textiles [9]. It was considered worthwhile to describe briefly the most commonly 

used techniques for assessing yarn friction, which are introduced in several papers that give 

details about friction test methods [10,11]. Table 2-1 lists some typical yarn friction test 

methods in practical use. 

 

Table 2-1. List of practical yarn friction test methods 

Test methods Yarn types Authors Results 

Yarn-to-solid (metal 

friction pin) 
Wool 

Knapton[12] 

(1968) 

When increasing the friction of wool, there 

was a tendency to improve the knitting 

performance.  

Yarn-to-solid (rough 

surface) 
Nylon 

Kaliski[13] 

(1958) 

There was dependence of the friction 

coefficient on surface roughness when 

plowing force was involved. 

Yarn-to-yarn (twisted 

strand) 
Wool 

Knapton[14] 

(1966) 

The dependence of friction force on normal 

load was not always applicable. 

Yarn-to-yarn (capstan 

method) 
PP/Glass 

Liu[8] 

(2006) 

Friction coefficient was found to be quite 

sensitive to sliding speed, increasing with 

higher speeds, but then leveling off. The 

value at which the sensitivity drops depends 

on the tension and other parameters. 
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According to the researches above, every method can show part of intrinsic characters of 

yarns. The researchers doubted and challenged the classic Capstan Equation and tried to 

modify the traditional methods. The benefits of each method in different aspects are indicated 

in their results. Yarn-to-“solid” friction test methods can be processed in a high sliding speed 

and an approximate coefficient of friction can be achieved from the calculation of Capstan 

equation. On the other hand, yarn-to-yarn friction test methods are more dependent on 

machine parameters, such as pretension, speed, number of wraps, etc. 

The other issue which is evident from these publications is that the “widely accepted Capstan 

equation may be a useful first approach to predicting tension (from known friction values) or 

for calculating a value for “friction” from measured values of tensions. However, it is clear 

that the simple Capstan equation does not fully explain all experimental observations and 

does not take into account factors such as yarn speed. This is further complicated by the fact 

that most yarns have some surface treatment (oil, anti-static agent, etc.), which also plays a 

significant role in measured values of “friction” and thus the resultant tension. For example, a 

scoured cotton yarn would give different values to a waxed cotton yarn even though the yarn 

specification may be the same. 

 

2.4 Pilling of knitted fabrics 

Pilling of fabrics is greatly influenced by both yarn and fiber specification and in general 

staple fiber yarns tend to create fabrics which pill more readily than filament yarn fabrics. 

Additionally, certain fibers are more prone to pilling than others and this is associated both 
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with the pilling propensity and the pill retention. Furthermore, fabric structure plays a role 

with knitted fabrics being typical worse than woven fabrics in terms of pilling. The common 

factors in pilling are associated with fiber mobility (related to yarn and fabric structure and 

friction; plus fiber strength can be a significant factor in pill retention). 

It is claimed that pilling problem is more severe for some of the knitted fabrics due to the 

characters of knitted fabrics of being elastic, resilient and soft. It was found in general, that 

rib knitted fabrics had good pilling resistance; interlock knitted fabrics were less resistant, 

and plain weave knitted fabrics tend to pilling more [15]. 

 

2.5 Mechanism of pilling 

Fabric pilling has long been regarded as a troublesome problem that greatly affected the hand 

and strength properties of clothing materials. Studies of pilling mechanism, which can trace 

back to as far as the 1950s, described the influence of selected fiber properties, e.g., tensile 

strength, elongation, bending rigidity, fiber count, shape of fiber cross sections, and friction, 

on the pilling phenomenon, showing people’s gradually deeper understanding of pilling [16].     

In general, three stages conclude the life span of a fabric pill [16]. First, fiber ends protrude 

from the inside of a yarn due to some mechanical actions. Second, these fiber ends entangle 

with those with similar configuration and form a pill. Thirdly, pills may be retained or pulled 

away. This is how a pill forms in a general way, or in some cases retained. However, there 

are more factors that influence the pilling resistance of a fabric in reality. There is more 

detailed research on this subject in Okubayashi’s [17] paper. 
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2.6 Pilling resistance test methods  

The general method to test pilling resistance is to use a certain surface to “rub” the surface of 

fabric with some specified object (brush, sponge, fabric, etc.) for a period of time (or number 

of rubs) and then assess the surface of the fabric for pilling.  

In order to evaluate pilling resistance of textile fabrics, many test methods have been 

developed, which are brush pilling method, Martindale method, elastomeric pad method, 

Random tumble method and ICI pilling box method [18,19,20,21]. It is worthwhile noting 

that pilling is often routinely assessed as part of a measurement of fabric abrasion. These 

methods apply to different fabrics and simulate different ways to produce pills. 

Numerous pilling testing machines are used in labs and are mostly include into two 

categories, which are abrading action and tumbling action. 

 

Table 2-2. Classification of pilling test methods base on mechanism 

 

 

For abrasion pilling testers if the abrasion is too heavy, the pills may be small and hard, and 

pills may be rubbed off during the test, but they are thought to better simulate actual wear. 
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On the other hand, the action of tumbling pilling testers is gentler; they better represent the 

pilling actions that happen in say a home type of tumble dryer.  

A significant factor associated with the assessment of pilling resistance is an understanding 

of pill formation and retention. Pills are formed and often several small pills may combine to 

form one bigger pill. Additionally, depending on the strength of the fiber and the structure of 

the yarn and fabric, some fabrics retain pills whereas others shed pills more easily.  

It is thus evident that when choosing pilling test methods, different factors such as fabric’s 

end use and its yarn properties should be taken into account. Göktepe’s [22] research showed 

a fact (see Table 2-3) that different test methods had different sensitivities for different 

factors, which should be taken into account in usage of the testers. It is thus clear that simply 

counting pills does not give a full picture of whether a fabric is actually better in terms of 

pilling resistance. 

 

Table 2-3. The sensitivities of pillbox, drum and Martindale methods [21] 
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3 YARN FRICTION STUDY 

3.1 Introduction 

The objective of the research was to determine why “similar” yarns created fabrics which 

were reported [23] to have different pilling behaviors. In particular, it was indicated that the 

issue related to knitted filament yarns which seemed to produce different pilling behavior 

dependent on the yarn color. The study was carried out verifying whether indeed color could 

be an significant factor in pilling behavior. It was thought that yarn friction could be a 

significant factor and thus preliminary trials were set up to determine the best way to assess 

friction. In this respect, there are several “standard tests”, however none of these were readily 

available in the College of Textile testing laboratory. 

 

3.2 Preliminary trial on yarn friction meter 

A preliminary trial was processed with Lawson-Hemphill Yarn Friction Meter (YFM), which 

is shown in Fig 3-1. This is a portable hand-held test instrument commonly used in 

manufacturing to measure the coefficient of friction on a running yarn.  

 
 

 

Fig 3-1. Demonstration of Lawson-Hephill Yarn Friction Meter [24] and measuring unit 
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The unit can be mounted to a base with a yarn transport system for testing yarns on a bench. 

It consists of three idler pulleys, two sensing arms and a calibration scale.  The unit works on 

a geometric principle based on the positioning of the idler pulleys changed by interaction 

between friction element and pulleys. The two “guide” pulleys (B&C in Fig 3-1 and Fig 3-2) 

rotate freely and are regarded as “frictionless”, whereas the middle pulley (D) does not rotate 

and is essentially the friction surface. 

 

 

Fig 3-2. Principle demonstration of friction meter unit [23] 

 
As Fig 3-2 demonstrated, the difference of tension of yarn on two pulleys can be sensed 

through pivot, which causes the bottom pulley (D in Fig 3-1) (not rotating) to swing. The 

speed is controlled by the take-up system of YFM. The coefficient of friction is obtained 

consistently by direct-read of where the pointer attached to the idler pulley registered on a 

scale. 

This method is simple and efficient. However, there are problems that mechanical procedures 

and observations are subjective and difficult to use, especially if there is variation in the input 

tension and/or friction. Additionally, the unit has one friction surface (the bottom pulley in 

Fig 3-2), and this limits the applicability of the unit for research. 

B 
B 

C 
C 

D D 
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One polyester sample yarn (parameters shown in Table 3-1) was tested on the YFM. Input 

tension (T1) was set to 30 grams by adjusting a spring tensioner (A in Fig 3-1). Values of the 

friction coefficient were read every 30 seconds for 5 minutes with the handheld portable 

device.  

 

Table 3-1. Technical parameters of the yarn used in this trial 

 Yarn Color No. of Plies Yarn Count(d) No. of Filament 
Sample for 

the trial Grey 1 150 68 

 

At the same time, the corresponding input tensions were measured by a hand-held 

tensiometer during the test. The results of measured coefficient of friction and input tension 

are showed in Table 3-2.  

 

Table 3-2. Coefficient of Friction and input tension data tested on YFM 

Reads Input tension 
(g) 

Coefficient 
of Friction 

1 30 0.5 
2 31 0.4 
3 32 0.5 
4 28 0.8 
5 28 1.2 
6 30 1.5 
7 29 0.5 
8 31 0.3 
9 29 0.5 

10 31 0.3 
Average 29.9 0.62 

SD 1.37 0.76 
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It can be seen that there were slight variations in input tension due to the unwinding of the 

yarn package. It is however clear that there were significant variation in the value of the 

measured friction, and it is believed that some of this could be attributed to “operator’s error” 

due to the mechanical feature of YMF. Although the YMF was a convenient way to get a 

direct read of coefficient of friction, the pretest revealed the limitations of this method, and it 

was considered that it could not meet the needs of the present study. 

 

3.3 Description and design of apparatus used in main trial 

3.3.1 Introduction 

Use of the YMF indicated clearly that, the present study needs a more accurate and 

continuous assessment of friction values rather than a spot measure of the coefficient of 

friction of the yarn against contact. Therefore, a suitable set of apparatus for this study should 

be able to obtain values of yarn friction based on the Capstan equation and yield data over a 

reasonable length of yarn. 

According to the Capstan equation 𝑇! = 𝑇!𝑒!", the output tension T2 shows an important role 

when measuring the coefficient of friction since the input tension T1 and wrap angle θ can be 

almost rendered constant during the test. From the result of YMF, it was found there were 

slight variations in input tension T1. Therefore, both T1 and T2 values need to be “constantly” 

measured, and !!
!!

 values is used as a measure of the frictional interaction of the yarn. In this 
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way, it is assumed that because of the geometrical configuration, θ can be set to a constant 

value. 

The Rothschild electronic tensiometer is known to have a capability of measuring yarn 

tension [25]. Also, because it utilizes two tension meters so that both input and output tension 

can be measured simultaneously. While the Rothschild is a useful and sensitive tension meter, 

this is typically a self-contained unit which gives an indication of average running tension. 

Although, the tension values can be output as a chart record of Rothschild tension meter, it is 

hard to perform a statistical analysis on such an output.  

To solve this problem and realize a continuous output of tension values, a Labjack is used to 

connect with the output port of Rothschild. This interface is capable of transferring analog 

data from Rothschild to a digital input for the computer. 

In addition to the tension measuring units, a further need was needed as a “test bed” on which 

the tensiometers could be mounted was required. The “test bed” selected was a Lawson-

Hemphill Constant Tension Transport (CTT) which not only enable the tensiometer to be 

readily mounted but also offered flexibility in the yarn path. This flexibility meant that 

various configurations to assess yarn-to-solid and yarn-to-yarn frictional interaction, could be 

assessed. Furthermore, the CTT offered the potential of “controlling” the input tension 

coupled with the ability to transport the yarn through the friction test at a range of speeds. To 

produce a constant input tension, CTT was adopted as the yarn transport system. Based on 

the above factors, the apparatus therefore was design as  
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Fig 3-3. Sketch of the apparatus 

 
Detail set-up information of each instrument is discussed in the following sections. 

3.3.2 Rothschild 

The electronic-tensiometer (Rothschild R1192, Zurich) is different from the conventional 

yarn tensiometer, which contains mechanical elements for converting transient yarn tensions 

into pointer deflections. The Rothschild obtains a high resolution and this enables more 

accurate data collection, coupled with a higher frequency response [26], so that rapid changes 

in tension can be registered. It can process more accurate measurement by recording peak 

tension and short period variations. 

 

 

Fig 3-4. Rothschild electronic tensiometer 
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3.3.2.1 Range and tension measuring head selection  

The tension meter had several measuring heads, designed to operate in different tension 

ranges. A Measuring head with appropriate range was essential for this research. The range 

should be chosen with the variation and peak considered and more accuracy taken into 

account. The standard measuring heads had nominal values ranging from 4 to 200,000 grams 

[26]. In this study, considering the range of yarn tension, the 100-gram measuring heads were 

used and the sensitivity of measuring range was kept at 100%.  

3.3.2.2 Output setup 

The input tension and output tension were both monitored continuously by Rothschild 

tensiometer. While, indicated earlier, it is possible to export yarn tension data in the form of 

printed oscillograph chart, for the present study, in order to get thousands of data calculated 

and analyzed, a Labjack was connected into the output port to replace the recorder. With 

higher scan rate, more variation can be detected. The maximum scan rate of the tensiometer 

was 120Hz [26]. 

3.3.3 Labjack 

LabJacks are A/D (analog-to-digital) converters that provide multiple analog inputs and 

outputs to transfer data between computers and the physical world [27]. It is a USB based 

measurement and automation device, which can read, convert and output data. Basically, a 

Labjack can read the output of sensors which measure voltage, current, power, temperature, 

humidity, wind speed, force, pressure, strain, acceleration, RPM, light intensity, sound 

intensity, gas concentration, position, and many more. In this study, Labjack U6-Pro model 
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was adopted (shown in Fig 3-5) and this unit has 2 counters and 4 timers. Signals from the 

six channels signals can be captured and transferred to a computer in parallel. 

 

 

Fig 3-5. Picture of Labjack U6-pro integrated circuit 

 
In the measurement, the data are captured from Rothschild and sent from its output port to 

“ANI” sockets of Labjack as analog signals (voltage signals). The Labjack U6 provides gains 

of x1, x10, x100, and x1000 (corresponding to ranges of ±10V, ±1V, ±0.1V, and ±0.01V). In 

this case, the analog input range of U6 was set to ±10 Volts. When there was no input, the 

voltage should show as 0 volt. However, in real test condition, it showed voltage signals, 

which were lower than 0.1V. These signals were probably captured from electronic noise of 

internal Rothschild system. 

To obtain the mathematical relationship between voltage signals with yarn tensions, zero 

adjustment should be made before calibration by connecting the measuring head but without 

load. The calibration was deduced by applying several known weights to the test yarn as it 
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passed through the measuring head and comparing tension values with the shown voltages. 

The setup of tension-voltage calibration was shown as Fig 3-6. 

 

 

Fig 3-6. Calibration of measuring head [26] 

 
After the zero adjustment had been made and measuring heads had been fixed on a support 

frame, a section of about 80 cm of the yarn to be tested passed through the measuring head 

(see Fig 3-6) attached to the known weight, which could be moved vertically up and down by 

hand. 

To check the calibration of the 100-gram measuring head, 10-gram, 20-gram, 30-gram, 40-

gram and 50-gram weight was attached to the lower end of the yarn stepwise. Fig. 3-7 shows 

the calibration of Rothschild R-3192. 
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Fig 3-7. Voltage and weight data in calibration trial 

 

Since two models of Rothschild were used in this study, calibrations of voltage signal values 

to tension values for both Rothschild were calculated.  

Equations which show the mathematical relationship are as follow. 

The equation for R-3192 was T1=(V-0.0338)/0.109                                                         (5) 

(used to measure input tension),  

and for R-1192 was T2=(V-0.0864)/0.1122                                                                      (6) 

(used to measure output tension) 

where T represents the tested tension (gr),  

and V is the shown voltages (V) value from Labjack.  
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The value that represents input tension were set to show up on Channel One and the one for 

output tension were on Channel Two. 

3.3.4 CTT 

The CTT unit (Lawson-Hemphill®, Spartanburg, SC, USA) was calibrated and used for 

transporting yarn at the desired speed and input tension. The CTT unit transports yarn with a 

preset tension and controls the running speed at which the yarn is transported through the 

measuring units.  

3.3.4.1 setups of CTT 

The pulleys and guides installed on the CTT are frictionless so as to avoid increasing input 

tension and vibration. 

 

 

Fig 3-8. CTT set-up overview 
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Fig 3-8 shows the setup which was used for the current trial. In this case, the yarn was made 

to wrap around the yarn itself. So the yarn-to-yarn interaction could be measured. Obviously, 

the bottom pulley could be replaced with any friction surface, such as a guide or knitting 

needle, in which case the unit could measure yarn-to-solid friction.  

When setting up the wheels, it is important to keep all of them on the same plain to avoid 

additional friction and yarn breakages caused by vibrations. The setup of the pulleys is 

shown in Fig 3-9. 

 

 

Fig 3-9. Pulleys set-up on CTT 
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3.3.4.2 Parameters of CTT 

1) Running speed 

According to ASTM standard D3412[7], yarn friction test for yarn-to-yarn contact requires 

speed in the range of 20 to 100mm/min. The choice of running speed will depend on the 

result of pretest. 

2) Input tension 

According to ASTM standard D3108 [6], yarn friction test for yarn-to-solid contact requires 

an input tension 9.8±1 mN/tex, that is 0.1gf/den. And ASTM D3412 requires a means of 

controlling the yarn input tension to the nearest 5% for yarn-to-yarn friction test [7]. The 

input tension should be varied when it is less than 10 grams [28]. This is possibly because of 

the yarn pretension and unwinding. Therefore, the preset input tension should be more 

approximately 10 grams with a variation that less than 5%. This trial was carried out to have 

an actual view of how the yarn tension varies with different preset input tension. 

 

3.4 Preliminary Trial on Developing Yarn Friction Test on CTT 

3.4.1 Introduction 

The coefficient of friction is the most common parameter to judge the frictional properties of 

a typical yarn. However, it has some limitations. The test results can be highly dependent on 

the test conditions and a number of variables are hard to be determined exactly. In this 

experiment, the variation of output tension over testing time was taken into account. The rest 

of the variables were kept constant. The influence of input tension and other factors should 
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be reduced or excluded so that the result only showed the variations of output tension created 

by yarn friction. The object of this preliminary trial was to come to an ideal test condition by 

controlling variables of test parameters so that all the sample yarns could be tested under the 

same condition. This also indicated a condition of the test parameters that could readily 

assess variations of output tension (T2) and minimized the influence of variations in input 

tension (T1) on the measured values. A series of trials were carried out where the values of 

specific parameters of the equipment and test conditions were changed to determine which 

settings could yield the most reliable results.  

A constant input tension was maintained for each test by utilizing the input tension device of 

CTT, which were made by spring sets [29]. Every guide and pulley on the CTT could rotate 

freely and would be regarded as “frictionless”. Each package of yarn should unwind freely. 

The input tension was tested several times during the trial to ensure that it was constant. 

2000 readings were captured for each test. The scan rate was 120Hz. The sample yarn was 

run on the apparatus from one to five minutes until the tension level became “steady” and 

then it ran for 30 sec for measurement. The tension data were detected by the measuring head 

and sent through Labjack U6 to the computer. The actual tension values were converted from 

voltage signals by calibration calculated before. The interface of Labjack stream was shown 

in Fig 3-10. 
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Fig 3-10. Interface of Labjack stream panel 

 

This chart was drawn synchronously as the test was proceeding. The upper curve represents 

output tension signals and the lower one is input tension signals. 

Input tension, the number of intertwisting wraps of the sample yarn and yarn running speed 

were the controlled parameters adapted for comparison of output tension and its coefficient 

of variation.  

3.4.2 About T2/T1 and S 

3.4.2.1 𝑻𝟐
𝑻𝟏

 

As previously mentioned, !!
!!

 was a good way to show the value representing yarn friction 

level. The term !!
!!

 has been frequently used in industry. Knapton[30] defined this term 

!!
!!
= 𝐶!𝜇!  as a performance factor in knitting manufacturing. !!

!!
 value was used in his 

research to determined the effects of different yarn physical properties on knitting 
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performance. According to the Capstan Equation !!
!!
= 𝑒!", for a fixed value of θ, a higher 

value of !!
!!

 indicates a higher yarn coefficient of friction. It is also applicable to the modified 

Capstan Equation, which represents yarn-to-yarn friction. 

The !!
!!

 value has its advantages in this study, which are: (1) since test conditions are kept 

constant, wrap angle is not a variable; (2) it is applicable for either yarn-to-solid or yarn-to-

yarn circumstances; (3) it simplifies the calculation. 

3.4.2.3 S 

Generally, input tension T1 is assumed to be constant in yarn friction researches. Therefore, 

only the variation of output tension T2 needs to be studied. However, from the result of YMF, 

there was clear evidence of variation of T1 during the test, even though it was small. To get 

better values of !!
!!

, variations of both T1 and T2 should be studied in this study.  

In this study, S value is defined as followed, and represents a value of the variation in tension 

introduced due to the yarn-to-yarn interaction.  

𝑆 = 𝐶𝑉!!! − 𝐶𝑉!!!                                                         (7) 

where CVT2 means coefficient of variation of output tension and CVT1 is coefficient of 

variation of input tension.  A higher value of S implies a more variable interaction which 

could reflect variations in surface properties, including uniformity of yarn surface. 

From the result of Labjack calibration trial, it was clear that even though the average running 

tension was set to constant, there were still some variations in the individual value recorded. 
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Therefore, CVT1 also include the variation a very small component thought to be associated 

with electric noise. 

3.4.3 Pretest Results and discussions 

Preset input tension, the number of wraps and running speed was altered respectively. S 

values regarding the variation of output tension were calculated and demonstrated for 

comparison of each test condition. When testing yarn-to-solid tensions, two upper guide 

pulleys were mounted horizontally on the CTT and a non-moving friction pin was set at the 

bottom. The yarn tension measuring heads were mounted as shown in Fig 3-11. 

 

 

Fig 3-11. Setup of yarn-to-solid test method [6] 

 

On the other hand, when testing yarn-to-yarn, the yarn wrapped with itself, and the pulleys 

were arranged as shown in Fig 3-12.  
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Fig 3-12. Setup of yarn-to-yarn test method [6] 

 

The yarn used in this trial was the same textured polyester package used in YMF trials, 

whose parameters are shown as Table 3-1. The yarn for this trial has similar parameters with 

the yarns to be used in the main trial, which makes the test conditions concluded from this 

trial suitable for the sample yarns.  

3.4.3.1 Preset input tension 

In this section, yarn-to-“solid” tensions were measured. The yarn was rubbed against a non-

moving steel rod. The yarn running speed was set to 100m/min. 10,20 and 30-gram preset 

input tensions were set separately on CTT. The input and output tensions were measured 

with Rothschild tensiometer. From the result, the input tension measured was found not be 

steady enough (CV>5%) when it was set to less than 10 grams.  This was possibly because of 

the yarn pretension and unwinding. When preset input tension was greater than 10 grams, the 

input tensions measured was relatively steady. The resulting input and output tensions and 

Coefficient of Variations (CV) of tension data are shown in Table 3-3.  

ROTATABLE PULLEY 
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Table 3-3. Data of average input and output tensions 

Preset T1 (g) 𝑇!(g) CVT1 𝑇! (g) CVT2 

10.0 11.2 4.16% 18.6 9.21% 

20.0 20.7 2.57% 33.9 6.07% 

30.0 30.2 1.80% 47.4 5.48% 
 
 

The Average input and output tensions and the trend lines are demonstrated in Fig 3-13. 

According to the Capstan Equation !!
!!
= 𝑒!", the output tension is proportional to input 

tension theoretically as the trend lines in Fig 3-13 indicate. However, in real practice, the 

wrap angle θ can have variations due to the vibration of the running yarn.  

 

 

Fig 3-13. Average Input And Output Tensions And Estimations 
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The coefficient of variation of input and output tensions shown in Table 3-4 were calculated 

from 2000 sets of tension data transferred from voltage data of Labjack U6.  

 

Table 3-4. Coefficients Of Variation and S values 

 

 

 
 
 

 

The result showed that when the preset input tension was 10 grams, the variation of input 

tension was acceptable [28]. It was believed that using a lower value of input tension was 

favorable since in the sequence test, yarn-to-yarn friction was to be assessed and this was 

assume to give much higher T2/T1 value, which might lead to yarn breakage with a high input 

tension. 

3.4.3.2 No. of intertwisting wraps 

The aim of this section was to decide an appropriate number of intertwisting wraps of the test 

yarn. An intertwisting wrap means a yarn twist with itself with an angle of 360° and guide 

with a pulley. The number of wraps was added by half wrap each test until it was added to 

3.5 wraps in total as some of the test yarn broke at this stage. It should be noticed that when 

there was no wrap, a non-moving friction pin was used on CTT instead of a rotating 

Preset T1 (g) 10 20 30 

CV of T1 4.15% 2.57% 1.80% 

CV of T2 9.22% 6.07% 5.48% 

S 8.23% 5.50% 5.17% 
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frictionless pulleys. The preset tension was set to 10 grams and the yarn running speed was 

100m/min. The resulting tension values and their variations are described in Fig 3-14. 

 

 

Fig 3-14. Input and output tension when No. of intertwisting wraps were 0 to 3 

 
From Fig 3-14, the standard deviation of output tension (shown in error bars) increased when 

increasing the number of intertwisting wraps. As the wraps increase, so did output tension 

and at 3 wraps, the tension was found to exceed the range (0-100g) on the measuring system. 

Then the calculated values of average output tension would not be correct. 3 wraps will not 

be taken into consideration in the following discussion. The coefficients of variations of input 

and output tensions are shown as Table 3-5. 
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Table 3-5. Coefficients of T1, T2 and S value when No of intertwisting wraps were 0 to 3  

No. of wraps CVT1 CVT2 S 

0 4.16% 9.22% 8.23% 

0.5 4.02% 9.05% 8.11% 

1 3.78% 7.27% 6.21% 

1.5 8.67% 11.75% 7.93% 

2 4.32% 7.62% 6.28% 

2.5 8.72% 15.74% 13.10% 

 
 

From the results in Table 3-5, when the number of intertwisting wraps was 0.5, 1.5 and 2.5, 

both CV of T1 and T2 were higher. This was believed to be associated with the rotation 

direction of the bottom pulley. Thus, coupled with torque in the twisted yarn was thought to 

increase the friction in the lower pulley. When the number of intertwisting wraps, it met all 

the requirements mentioned in 3.3.4.2 and it could be adapted for the main trial. 

3.4.3.3 Running speed 

The yarn running speed was varied during this test while the preset tension was kept as 10 

grams and there was no wrap added on the yarn. Data are shown in Fig 3-15.  
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Fig 3-15. Input and output tensions when adding no wraps, running speeds were 20,50,100 

m/min 

 

It showed that when running speed was 50m/min, the variation of output tension as can be 

seen from the error bars was the most and input tension measured under each running speed 

were almost equally steady.  

To prove the test conditions discussed above would work well when they were combined, 2 

wraps were added on the yarn when the preset input tension was 10 grams and the yarn 

running speed was set to 20, 50 and 100 m/min. 
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Fig 3-16. Input and output tension when adding 2 wraps on yarn branches and machine 

running speeds were 20,50,100 m/min 

 

3.4.3.4 Combining test conditions of preset tension, intertwisting wraps and running 

speed 

From Fig 3-16, it can be observed that similar to the yarn-to-“solid” test, measured values 

increased with increasing running speed when using the same preset tension and the number 

of wraps.  
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Table 3-6. CV of T1, T2 and S value when running speeds were 20,50 and 100m/min and No. of wraps was 2 

Running Speed 

(m/min) 

CVT1 CVT2 S 

20 5.60% 11.99% 10.49% 

50 4.82% 8.77% 7.33% 

100 4.22% 7.59% 6.31% 

 

Table 3-6 shows that for the 2-wrap setup, the variation in all tension decreased as the 

running speed increased, indicating more stable running at the higher speed. 

3.4.3.5 Conclusion 

Based on the above observations, it was determined that for future trials, the test condition 

would be set for all yarns to be: 1) yarn-to-yarn contact; 2) 50m/min of CTT running speed; 

3) 2 intertwisting wraps of yarn and 4) 10 grams of preset input tensions. Based on the above 

observations 

3.5 Experimental Procedure 

3.5.1 Preparation of samples 

This experiment involved eleven packages of Polyester yarn samples supplied by Unifi, Inc, 

details of yarns are shown in Table 3-7. These sample packages were placed in a stable 

temperature and humidity to precondition. Before testing, sufficient yarn from the test 

packages was discarded to avoid testing non-representative samples, following the 

recommendation of ASTM D3412-07 [6].  
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Table 3-7. Technical data of yarn samples 

Sample No. Yarn Color No. of Plies 
Yarn Count 

(d) 
No. of Filament 

1 
Orange 

Tracer 
1 70 36 

2 Wolf Grey 1 150 100 

3 String 1 300 96 

4 Light Grey 1 170 136 

5 Khaki 1 150 68 

6 Astro Orange 1 150 34 

7 Flax 2 150 68 

8 Espresso 1 150 34 

9 DK Brown 1 50 36 

10 Beige 1 150 34 

11 Purple 1 70 36 

 

3.5.2 Test details 

All specimens were tested in the standard atmosphere, which is a relative humidity 65±2 % 

and temperature 20±1°C. The test condition was controlled at the values that were concluded 

to be the optimum test condition in the preliminary CTT trials. They were:  

1) yarn running speed = 50m/min;  2)the number of intertwisting wrap = two;  3)the preset 

input tension = 10 grams. 

T2/T1 was introduced in this study as a value to represent the yarn friction properties2. The 

Labjack captured voltage signals every 1/120 second for 30 seconds, and the input tensions 

were converted from measured signals by the equation T=(V-0.0338)/0.109 and the output 

                                                
2 It is possible to calculate a value for coefficient of friction from the equation !!

!!
= 𝑒!". However, since this 

would require the assumption that θ is constant, and the capstan equation is valid. 
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tensions were calculated by T=(V-0.0864)/0.1122. The average value of input and output 

tensions and T2/T1 values are showed in Table 3-8.  

 

Table 3-8. Average input and output tension and the ratio of them 

Sample 𝑇!(g) 𝑇!(g) 𝑇!/𝑇! 

1 9.0 35.8 3.98 

2 10.4 51.8 4.99 

3 10.7 54.8 5.12 

4 10.3 48.2 4.67 

5 10.8 50.7 4.71 

6 9.7 34.1 3.51 

7 10.9 51.6 4.73 

8 10.0 39.7 3.97 

9 10.0 35.4 3.54 

10 10.8 74.6 6.93 

11 10.0 44.5 4.44 

 

It can be noticed that T2/T1 values ranged from 3.54 to 6.93, which indicated great 

differences in the surface friction properties among the yarn samples.  

S value was adapted to define the “real” variation of output tension, where 

𝑆 = 𝐶𝑉!!! − 𝐶𝑉!!!  and CVT1 and CVT2 represent coefficients of variations of input and 

output tensions. Table 3-9 showed the data of CVT1, CVT2 and S of each sample. 
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Table 3-9. List of CV and S values of all samples 

Sample CVT1 CVT2 S 

1 5.80% 19.76% 18.89% 

2 3.95% 13.42% 12.82% 

3 5.49% 18.97% 18.16% 

4 4.06% 16.04% 15.52% 

5 3.76% 14.39% 13.89% 

6 4.50% 20.52% 20.03% 

7 4.31% 18.65% 18.14% 

8 5.39% 20.01% 19.27% 

9 5.31% 19.64% 18.91% 

10 6.05% 14.69% 13.38% 

11 4.60% 16.47% 15.82% 

 

S value demonstrated the variations of tension measured in output yarns excluding the 

variation of input tension. It may also refer to the variation of yarn friction properties, which 

may be a factor influencing fabric pilling resistance. A low S value could indicate a good 

evenness of yarn package.  

3.5.3 Results and Discussions 

It should be noted that variations of input and output tensions influenced each other as the 

variations could be transferred when the yarn passed over the pulley. Therefore, it was 

important to measure the variation of input tension even though the variation could be low.   

Fig 3-17 shows the relations of CVT2 to CVT1. It was found that in general, CVT1 had a 

positive influence on CVT2.   
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Fig 3-17. CVT1 vs CVT2 
3

 

 

The trendline and correlation value in Fig 3-17 demonstrated the extent of the influence of 

variation of input tension on the variation of output tension. 

The ranking of CVT2 and S values of the sample yarns are slightly different because of the 

influence of variations of the input tension. Fig 3-18 demonstrates the relation of S and CVT2. 

It was found that the relation was linear as the trendline showed. 

                                                
3The data for #10 sample was excluded in this discussion because it seems to be an outlier. 
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Fig 3-18. S vs CVT2 

 

This relation shows that the term S can be a good representation of variation of output 

tension without the influence of input tension, indeed the variation of input tension seems to 

only plays a minor role as indicated by the low correlation in Fig 3-17 and the small intercept 

in Fig 3-18. 

Sample #6, 8 and 10 had the same yarn parameters (No. of plies, yarn count and number of 

filament), apart from color and Fig 3-12 shows the possible influence of color on yarn 

friction. 
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Fig 3-19. T2/T1 And S Value of Sample #6,8 And 10 

 

The results showed that #10 sample had the highest value of T2/T1 while had the lowest value 

of S among the three sample yarns. The difference in T2/T1 and S values might indicate that 

different dyes could influence the frictional properties of yarns. 

Speakman [33] in his research tried to find out the influence of dyes on yarn friction by using 

the capstan method to compare the friction of polyester, nylon-6,6 and PAN yarns on metal, 

undyed and with different types of dyes. He found out that it was possible to change the 

friction of a yarn by the addition of pigment particles. According to his results, in general 

dyes could increase the yarn friction, especially for the white color dye TiO2. But for dyed 

yarns with omitted from the bath, their friction were relatively low. 

His research indicates a possibility of influence of different color dyes on frictional 

properties and it may be also possible that dyes can alter the pilling resistance of fabrics. 

0.0	  

5.0	  

10.0	  

15.0	  

20.0	  

25.0	  

#6	   #8	   #10	  

T2/T1	  

S(%)	  



44 
 
 

 

 

Therefore, all the samples were compared with color, indicating their different dyes. Table 3-

10 shows the relative ranking of T2/T1 and S for the various yarns. The order is sorted by 

ascending numerical values. 

 

Table 3-10. Ranking of T2/T1 and S value 

 

 

 

 

By subjective observation of sample yarn colors, it could be noticed that dark color yarns 

seemed to have lower values of T2/T1 and light color yarns were likely to obtain lower S. An 

objective color test was subsequently performed and these results are discussed in the 

following chapter. 

  

Values Ranking of each sample 

T2/T1 10>3>2>7>5>4>11>1>8>9>6 

S 2<10<5<4<11<7<3<1<9<8<6 
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4 FABRIC PILLING STUDY 

4.1 Introduction 

There are many factors that influence pilling resistance of fabrics. Among them, the 

dominant factor is the properties of yarns. While it would be reasonable to assume that yarn 

friction plays a big role in fabric pilling behavior, there is no general agreement of a 

relationship between these properties. The resent study was aimed at determining whether 

there is indeed any simple relationship between yarn friction and pilling behavior by 

calculating the pilling of knitted fabrics made from yarns for which the frictional properties 

had been determined. Knitted fabrics were selected since these are acknowledged to pill more 

readily than woven fabrics and furthermore, the use of filament yarns minimized possible 

variation introduced by factors such as yarn structure and surface hair. 

 

4.2 Preparation of samples 

Eleven fabrics were knitted from the sample yarns. The knitting machine used in this study 

was Lawson-Hemphill Fiber Analysis Knitter Sampler (FAK-S) (shown in Fig 4-1) [41], 

which is a simple and fast method to do sample trial tests. The needle gauge used in this case 

was 54 and the number of needles per inch was 24, which was suitable for knitting the 

sample yarns range from 50d-300d. 

 



46 
 
 

 

 

 

Fig 4-1. Fiber Analysis Knitter Sampler (FAK-S) of Lawson-Hemphill [29] 

 
Fabric thickness is regarded to have influence on pilling resistance [14]. To achieve a 

uniform thickness of each sample fabric, some finer yarns were knitted with multi-plies and 

the numbers of plies used is shown in Table 4-1. The filament counts are calculated by 

dividing yarn count with the number of filament. 

 

Table 4-1. Technical parameters of sample yarns 

Sample# No. of Plies Yarn count 
(denier) 

No. of 
Filament 

No. of yarns 
for kintting  

Calculated 
filament 
count (d) 

1 1 70 36 4 1.94 

2 1 150 100 2 1.50 

3 1 300 96 1 3.13 

4 1 170 136 2 1.25 

5 1 150 68 2 2.21 

6 1 150 34 2 4.41 

7 2 150 68 1 2.21 

8 1 150 34 1 4.41 

9 1 50 36 6 1.39 

10 1 150 34 2 4.41 

11 1 70 36 3 1.94 
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The fabric samples used in the Martindale Pilling test were cut from knitted fabrics shown in 

Fig 4-2. Each sample is knitted approximately 1-yard long for enough samples used in 

Martindale Pilling test. Four round samples in 38 mm and 140 mm diameter each were 

needed in for the Martindale Pilling test. 

 

 

Fig 4-2. Sample fabrics knitted from FAK 

 

4.3 Experimental Procedures  

4.3.1 Martindale pilling tester 

After viewing available options, Martindale pilling test method was used in this experiment. 

The adoption of this method was based on the availability of multi-position pilling testers. 

Filament fabrics are believed to have no free ends to migrate, so that it is hard to form pills. 
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Though the sample fabrics were made from PET, which generally indicated a strong pilling 

resistance, random tumble method and brush pilling test method were not suitable for this 

experiment. The crimpling character of knit fabrics was a disadvantage to the random tumble 

method. The rough surface might cause snagging and end with wear-out. Therefore, 

Martindale method was more practicable compared to other methods. AS ASTM D4970 

standard [20] suggested, conditioning treatment was done before the pilling test. Each type of 

fabrics was cut into four round shapes of both 38mm and 140mm in diameter. The samples 

were placed in a standard environment 21±1°C [70±20°F] and 65 % RH±2 % relative 

humidity for at least 4 hours prior to testing. 

Martindale pilling tester is one of the most common test methods to evaluate pilling 

resistance of a fabric. The Martindale tester is shown as Fig 4-3. 

 

 

Fig 4-3. Picture of Martindale pilling tester 
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The mechanism of this method is that the face of the fabric is rubbed against another 

specimen mounted on the standard felt. According to ASTM D4970, the fabric is first rubbed 

in the form of a straight line. And then, it will gradually become an ellipse, which will keep 

widening. The test will keep going on until another straight line in the opposite direction 

starts to form. The fabric should also be tested under light pressure [20]. 

4.3.2 Test details 

After conditioning, the standard felt and fabric specimen were mounted on the holders 

according to the instructions of ASTM D4970. The pressure added was 3 kPa [0.44 psi] for 

pilling tests, which did not include any other additional weights [20]. 

It was found that no pills formed on the sample fabrics before 25,000 rubbings. The number 

of rubbing movements of Martindale tester was set as 30,000 times based on a subjective 

prediction of pilling resistance of polyester fabrics. The rubbed samples were then graded 

under standard lights. 

Each fabric sample was graded by subjectively rating the appearance of the fabric face using 

the following scale. 

 

5—no pilling 

4—slight pilling 

3—moderate pilling 

2—severe pilling 

1—very severe pilling 
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In this evaluation system, the grade can have a precision of 0.5. The pilling grades of four 

measurements of each sample were shown in Table 4-2. The overall grade of each sample 

was obtained by calculating the average pilling grade.  

 

Table 4-2. Pilling evaluation of fabric samples 

Sample No. Test #1 Test #2 Test #3 Test #4 

1 2 

(Excluded)4 

4 4.5 4 

2 4.5 4 4 4.5 

3 3 3 2 2 

4 5 4 4.5 4.5 

5 4.5 4.5 4.5 4.5 

6 4 5 5 3.5 

7 4.5 4.5 4 4.5 

8 4 4.5 3 4 

9 3 3 4 3 

10 2 2 2.5 3 

11 4 4 3.5 4 

 

4 sets of pilling tests were believed to be enough for Martindale pilling test according to 

ASTM D4970 standard [20].  

The picture of pilling results and average rates are shown as Table 4-3. 

 

 

 

                                                
4This	  data	  was	  excluded	  since	  the	  result	  appeared	  to	  be	  an	  outlier.	  
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Table 4-3. Average pilling rates and photos of each sample 

Sample No. Yarn color Average grade Photo 

1 Orange tracer 4.2 

 

2 Wolf grey 4.3 

 

3 String 2.5 

 

4 Light grey 4.5 

 

5 Khaki 4.5 

 

6 Astro orange 4.4 
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Table 4-3 continued 

7 Flax 4.4 

 

8 Espresso 3.9 

 

9 Dark brown 3.3 

 

10 Beige 2.4 

 

11 Purple 3.9 
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4.4 Results and Discussions  

4.4.1 Overall Rating 

The average distribution of pilling grades of all the samples is shown as Table 4-4. 

 

Table 4-4. Grades of pilling resistance of sample yarn fabrics 

Overall grades Sample No. 

4.0-5.0 1,2,4,5,6,7 

3.0-3.9 8,9,11 

2.0-2.9 3,10 

1.0-1.9 None 

 

The overall trend of pilling evaluation results seemed to be similar to the ranking of T2/T1, 

which could indicated that yarn friction was an influencing factor in the pilling resistance of 

the knitted fabrics. To get a deeper understanding, the results of fabric pilling rates were 

studied with associated yarn properties such as friction value, yarn count and color dye. 

4.4.2 Surface friction properties 

It was believed possible that yarn friction properties had an influence on fabric pilling 

resistance and thus the previous result of T2/T1 and S values were compared separately with 

pilling grades of the knitted fabrics. 

The diagram showing the relationship of yarn friction to fabric pilling is shown as Fig 4-4. 
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Fig 4-4. Pilling grades of sample fabrics and T2/T1 value of their yarns 

 

The dashline in Fig 4-4 represents the average pilling grades of all the sample fabrics.From 

this diagram, it seems that there is not a very clear relationships between T2/T1 value and 

pilling grades. This was possibly because of differences in yarn parameters such as yarn 

count, filament diameter and color. In general, high T2/T1 value (#3 and #10) might be the 

reason to for poorer fabric pilling resistance while moderate and low T2/T1 value could 

present a good pilling resistance. 
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Fig 4-5. Pilling grades of sample fabrics and S value of their yarns 

 

The horizontal line indicates the average value of pilling grades of all the fabric samples.The 

data in Fig 4-5 shows pilling grades of the sample fabrics compared to values of S while it is 

possible to select data to argue individual trend. It is apparent that overall there does not 

seem to be any general correlation between these parameters. 

4.4.3 Filament diameter 

It might be concluded that high T2/T1 value weakens pilling resistance and low S value 

improves pilling resistance. To prove these inferences, other parameters such as yarn count 

and filament diameter that were different among the samples were taken into consideration.  

Filament denier can be calculated from the yarn linear density divided by number of 

filaments as Table 5-1 shows. 
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Fig 4-6 showed the result of comparing denier of filaments and pilling grades. 

 

 

Fig 4-6. Filament diameter and pilling grade of each sample 

 
It could be conclude from Fig 4-6 that fabrics made with finer filaments have higher average 

pilling rates while pilling rates of fabric made with coarser filament are in a wide range. The 

result seems convincing, however, a research by DuPont suggest that “linear density has little 

to do with pilling and the presence of any polyester staple will contribute to pilling” [32]. 

Therefore, further research is needed to verify the results here presented.  

4.4.4 Lightness 

Speakman[33] indicated that color could have an influence on yarn friction. To better 

understand the relationship between yarn friction and fabric pilling, the color effect was 
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studied since the sample yarns were in varying colors and other properties were similar. A 

better approach than the previously used subjective categorization is to use a 

spectrophotometer to obtain the key values of color for each sample. 

The color test was carried out to rank the lightness of each sample fabric on SF 600X 

Spectraflash running with the software “Color iControl”. It works by the mechanism of 

reflectance. The knitted fabrics were tested under its flashlight.  

 

 

Fig 4-7. SF 600X Spectraflash 

 

Each sample fabric (without pills) was measured by the spectrophotometer to get an average 

lightness value L*.  L*a*b* model is a three-dimensional color appearance model. The L* 



58 
 
 

 

 

coordinate in this model represents the lightness of the color, L* = 0 yields black and L* = 

100 indicates diffuse white [34]. The results of fabric lightness are shown in Table 4-5. 

 

Table 4-5. Lightness of each sample 

Sample 

No. 
Color L* 

1 orange tracer 56.2 

2 wolf grey 64.68 

3 string 91.71 

4 light grey 58.76 

5 khaki 34.83 

6 astro orange 45.33 

7 flax 64.15 

8 espresso 18.29 

9 dk brown 20.82 

10 beige 68.7 

11 purple 24.89 

 

According to the result, the sample yarns were classified into 2 kinds by lightness shown as 

Fig 4-8. If L*>50, the samples were regarded as dark color and the samples with L* value 

higher than 50 were regarded as light color. The lightness values were ranked as shown in 

Fig 4-8. 

 

 

Fig 4-8. Lightness ranking of sample fabrics 
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The influence of lightness on yarn properties was studied first and the results of lightness 

were compared with T2/T1 and S.  

 

 

Fig 4-9. Lightness and T2/T1 value 

 
The average value of T2/T1 values is shown as a horizontal line in Fig 4-9. According to the 

result, overall, T2/T1 value had a positive dependency on lightness. In other word, with the 

color of dye becoming lighter, the T2/T1 value might become higher.  
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Fig 4-10. Lightness and S value 

 

The data of pilling grades and lightness of each sample fabrics are plotted in Fig 4-10. The 

horizontal dashline represents the average S value of all the yarn samples. From the data, 

there was no obvious relations between lightness and S values.  

 

 

Fig 4-11. Pilling grades and lightness of each sample fabrics 
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It can be noticed that sample fabrics with simlar pilling rates also have simlar lightness, and 

the samples can be divided into 3 group based the pilling grades mentioned in Table 4-4. It 

seems that the pilling rates of the sample fabrics are associated with lightness L*.  

As Fig 4-11 shows, fabrics made with dark color yarns have pilling grades rangeing from 

3.0-3.9 while fabrics made with light color yarns have worse pilling rates ranging from 2.0-

2.5. Fabrics with moderate color have good pilling resistance ranging from 4.2-4.5. 
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5 CONCLUSIONS AND FUTURE WORK 

5.1 Conclusions 

1. It was found that in general a higher yarn friction which could be more affected by light-

color dyes led to a bad pilling resistance. Therefore, a knitted fabric dyed with darker color 

pigment and made with yarns of low friction tends to obtain good pilling resistance.  

2. On the other hand, it could be concluded that a lower S value, the variation introduced due 

to the interaction of the yarn/yarn, led to a good pilling grade. However, it seemed that S and 

lightness was non-relevant. 

3. The results seem to indicate that fabrics made with finer filaments have higher average 

pilling grades while pilling grades of fabric made with coarser filament are worse and in a 

wide range. This seems counter intuitive but could be a result of the higher strength of the 

coarse filaments resulting in high pilling retention, but similar effects (finer fibers gaining 

less abrasion and pilling) have been shown [35]. 

 

5.2 Future work 

Due to the limitation of providing samples and apparatus, there are some imperfections in 

this study and more researches are needed to ensure the conclusions. 

First, the apparatus can be modified. A more stable tension transport system can be used to 

provide a constant tension and reduce the influences of environment. 

Second, all the parameters of sample yarns except for the variable should be controlled to 

make sure accurate comparisons. For studying the influence of yarn lightness, a* and b* 
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values in the color space should be constant. In other word, the “color” of each sample 

should be the same and the only variable is lightness. For studying the influence on filament 

diameter, more work is needed to prove the influences of filament diameter on pilling 

resistance. One type of yarns with the same parameters such as yarn count and color but with 

different filament diameter should be prepared and undergo all the measurements to get the 

results.  

Third, different patterns of fabrics should be knitted and compare to ensure if the relations 

are true in all circumstances. Literature showed that fabrics in different patterns could have 

different degree of pilling resistance [14]; therefore, the results on different fabric patterns 

may vary. 

Fourth, different rubbing times should be tried on the Martindale pilling tests. 30,000 cycles 

are used in this study. However, the number of rubbing cycles may be inadequate to generate 

sufficient pills on the sample, or it may be too many causing the pills to have been worn off. 

Therefore, the samples may have different evaluation rates. A camera can be helpful to 

record the course of pill formation so as to get a deeper understanding of pilling resistance of 

a fabric. 

  



64 
 
 

 

 

REFERENCES 

[1] Shen, Gang, and Xiong Huang (2011). Advanced Research on Electronic Commerce, 

Web Application, and Communication, Part 1. London: Springer Heidelberg Dordrecht. p. 80. 

ISBN 978-3-642-20366-4. 

[2] West, David Leon. “The effect of yarn friction on hosiery properties”, Master Thesis, 

North Carolina State University, 1988 

[3] Knapton, James J. F., Munden, Dennis L. "A Study of the Mechanism of Loop Formation 

on Weft-Knitting Machinery Part II: the Effect of Yarn Friction on Yam Tensions in Knitting 

and Loop Formation." Textile Research Journal 36.12 (1966): 1081-1091.  

[4] Morton, W.E., Hearle, J.W.S. "Chapter 24 Yarn Friciton." Physical Properties of Textile 

Fibres. New York: Wiley, 1975 p.559-590. 

[5] Liu, Lu. “Electrostatic Generation and Control on Textiles.” Dissertation, North Carolina 

State University, 6-Aug-2010 

[6] ASTM D3108 Standard Test Method for Coefficient of Friction, Yarn to Solid Material 

[7] ASTM D3412 Standard Test Method for Coefficient of Friction, Yarn to Yarn 

[8] Liu, L., J. Chen, B. Zhu, T. X. Yu, X. M. Tao, and J. Cao. "The Yarn-to-yarn Friction of 

Woven Fabrics." Journal of Composite Materials 

[9] Gupta, B.S. (2008). Friction in textile materials. London:Woodhead. 

[10] Gralén, Nils, and Bertil Olofsson. "Measurement of Friction Between Single Fibers." 

Textile Research Journal 17(1947): 488-496.  



65 
 
 

 

 

[11] Thomson, Helen M.S, and J.B Speakman. "Friction Properties of Wool." Nature 

157(1946): 804. 

[12] Knapton, James J. F. "Knitting Performance of Wool Yarns: Effects of Yarn/Metal 

Friction, Loop Length, and Cover Factor on Knitting Performance." Textile Research Journal 

38(1968): 22-28.  

[13] Kaliski, E. J. "A Plowing Theory of Yarn Surface Friction." Textile Research Journal 

28(1958): 325-329.  

[14] Knatpon, James J. F. "Kinetic Friction of Textile Yarns: Improved Measuring 

Instrument." The Review OF Scientific Instruments 37.2 (1966): 325-329.  

[15] Gita BUSILIENĖ ∗, Kęstutis LEKECKAS, Virginijus URBELIS. "Pilling Resistance of 

Knitted Fabrics." MATERIALS SCIENCE (MEDŽIAGOTYRA) 17.3 (2011): 297-301. 

[16] "The Mechanism of Pilling." Textile Research Journal 29(1959): 578-585.  

[17] S. Okubayashi And T. Bechtold. "A Pilling Mechanism of Man-Made Cellulosic 

Fabrics--Effects of Fibrillation."MATERIALS SCIENCE (MEDŽIAGOTYRA) 75(2005): 

288.  

[18] ASTM D3511 Pilling Resistance and Other Related Surface Changes of Textile Fabrics: 

Brush Pilling Tester 

[19] ASTM D3512 Standard Test Method for Pilling Resistance and Other Related Surface 

Changes of Textile Fabrics: Random Tumble Pilling Tester 

[20] ASTM D 3514 Standard Test Method for Pilling Resistance and Other Related Surface 

Changes of Textile Fabrics: Elastomeric Pad 



66 
 
 

 

 

[21] ASTM D4970 Standard Test Method for Pilling Resistance and Other Related Surface 

Changes of Textile Fabrics: Martindale Tester 

[22] Özer Göktepe. "Fabric Pilling Performance and Sensitivity of Several Pilling Testers." 

MATERIALS SCIENCE (MEDŽIAGOTYRA) 72(2002): 625.  

[23] Private communication with Chad Bolick from Unifi Inc. 

[24] Lawson-Hemphill. "Yarn Friction Meter." LH 603. Testing Machines Inc., 2013. Web. 

<http://www.lawsonhemphill.com/LH-603-yarn-friction-meter.html>. 

[25] Vickers, A.D., D.G. Beale, Y.T. Wang, and S. Adanur. "Analyzing Yarn-to-Surface 

Friction with Data Acquisition and Digital Imaging Techniques." Textile Research Journal 

70.1 (2000): 36-43.  

[26] Rothschild Electronic-Tensiometer R1192 operation manual 

[27] Labjack U6-Pro User’s Guide 

[28] Svetnickienė,V.,  Čiukas.,R. "Technical and Classical Yarns Friction Properties 

Investigation." MECHANIKA 4.60 (2006): 54-58. 

[29] Jaganathan, Sudhakar, Characterization Methods and Physical Properties of Novelty 

Yarn, (Master's thesis), 26-Apr-2005. 

[30] Knapton, James J. F., and Dennis L. Munden. "A Study of the Mechanism of Loop 

Formation on Weft-Knitting Machinery Part II: the Effect of Yarn Friction on Yam Tensions 

in Knitting and Loop Formation." Textile Research Jounal 36(1966): 1081. 

[31] Lawson-Hemphill. " Fiber Analysis Knitter Sampler (FAK)" LH 122. Testing Machines 

Inc., 2013.  



67 
 
 

 

 

[32] Coolmax Alta. "Understanding the Science of Pilling: the Untold Story." Dupont, n.d. 

Web. <http://home.comcast.net/~roadska/alta.pdf>. 

[33] Hepworth, K., A Hewa-Kapuge, D.L. Munden, and P.T. Speakman. "Dyeing Increases 

the Friction of Synthetic Polymer Yarns." Nature 276.16 (1978): 250-252 

[34] Wei-De Jeng ; Ting-Wei Huang ; Ou-Yang Mang ; Tsang-Hsing Lee ; Yao-Fang Hsieh ; 

Yi-Ting Kuo; Research of color distribution index in CIE L*a*b* color space. Proc. SPIE 

7798, Applications of Digital Image Processing XXXIII, 77981H (September 07, 2010). 

[35] Sahbaee Bagherzadeh, Arash, “Abrasion and pilling resistance of nonwoven fabrics 

made from bicomponent fibers”, Dissertation, North Carolina State University, 2007 

  



68 
 
 

 

 

APPENDIX 

  



69 
 
 

 

 

 

Appendix A  

Photo Images Of Fabric Pilling 

 
#1 orange tracer 

 
#2 wolf grey 

 
#3 string 
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#4 light grey 

 
 
#5 khaki 

 
 
#6 astro orange 

 
 
#7 flax 
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#8 espresso 

 
#9 DK brown 

 
 
#10 beige 

 
#12 purple 

 

 

 


