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ABSTRACT 

Wool apparel and other textile products are of high value and popularity in the market 

all the time because of their aesthetic quality and comfort. With the increasing demand 

of light, thin and comfortable knitted fabrics, it is desirable to have wool yarns in 

medium to high counts with better yarn evenness, less hairiness, soft handle and 

reasonable tenacity, etc. By literature review, ring spinning continues to predominate 

in worsted yarn manufacturing industry because of its high quality of yarns and good 

flexibility in materials and yarn count. Many modifications have been conducted to 

enhance the control of fibers in spinning triangle and reduce yarn hairs, but nearly 

have no improvement on yarn soft handle and evenness. However, over ten years ago, 

a modified technology on the ring frame was developed by employing a false twisting 

device and a strand separator, which was named as Nu-torqueTM or low-torque or low-

twist spinning. Since then, the technology has evolved in five versions. The low-twist 

cotton yarns exceed other types of modified ring spun yarns with respect to softer 

handle, lower residual torque, and outweigh the conventional ring yarns in aspects of 

higher tenacity, lower hairiness, etc. Previous versions of low-twist worsted yarn 

technology have produced low-twist worsted yarns in median and coarse count, 

however, some problems were found such as worse yarn optical evenness, more neps 

and tight wrapper fibers, as well as  lower yarn tenacity, among which, the wrapper 

fibers give rise to obvious “bar effect” on the dyed knitted wool fabrics. Hence, this 

thesis is aimed at investigating these problems and exploring possible solutions from 

both theoretical and practical points of views. 

 

The surface structure of 24Nm low-twist worsted yarns are examined under 

Microscope Lecia M165 in details and classified into five types including three kinds 

of wrapping structures and two kinds of unwrapped structures. In particular, the tightly 

wrapping structures take up almost 60% on the low-twist yarns. These tightly 

wrapping structures not only bring about quite compact yarn structures resulting in 

harsh handle of yarns and fabrics, but also deteriorate yarn optical evenness resulted 

from obviously smaller diameters than conventional yarn structures and higher 

variations. Using high speed camera system, the formation of wrapper fibers on the 
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low-twist yarn surface has been investigated. It is found that the abrasion between 

yarns or the protruding fiber ends and the upper false-twister or the lower false-twister, 

the fiber security of yarns in A zone, as well as the false-twisting effects exerted by 

the two false-twisters, have effects on the wrapper fiber formation; more importantly, 

the wrapper fibers have roots in the long protruding fiber ends in A zone on the low-

twist spinning system, namely, the hairiness of 3mm and longer of the yarn segment 

between the spinning triangle and the false-twister. Besides, the bulked yarn segment 

resulted from excessive twists in A zone is reckoned as the reason for the formation 

of the curved yarns with tight wrapper fibers. 

 

Hypothesizing that the structure of yarn segment in A zone on the low-twist spinning 

system is similar to that of ring-spun yarns of a high twist without buckling, a hairiness 

model of such ring yarns is beneficial to understand the origin of hairiness and 

wrapper fibers as well as the formation of neps. The number of all  fiber ends in the 

out-most layer of ring-spun yarn cross-section, which are already or have potentials 

to become hairs, is first defined as maximum hairiness in unit length of yarn. Based 

on Brown and Ly’s work on the number of fiber ends in twist-less fiber assembly, a 

statistical model of the maximum hairiness of ring yarns has been established by 

considering yarn twist geometry and the contributing surface layer for hairs. In 

particular, fiber length, fiber cross-section and the number of fibers have been revised 

with the consideration of yarn twist. Moreover, Hairiness contribution factor ( 0h ) is 

proposed for model development as the ratio of the number of fiber ends having 

potentials for hairiness and the total number of fiber ends in yarn cross-section. From 

the developed model, it can be seen that the maximum hairiness of ring yarns, or the 

number of long protruding fiber ends in A zone of the low-twist spinning system, 

relates to fiber length distribution, fiber diameter, yarn count, yarn twist, measured 

hair length etc. Moreover, the present model provides the length of the predicted 

maximum hairiness, whereas previous related models fail to do so. The verification 

by experiments demonstrates that the predicted values of 1mm and longer are in the 

same order of magnitude as the measured values, which are more accurate than the 

predicted values from other related models. Whereas, the predicted maximum 

hairiness of 3mm and longer, that is, the long protruding fiber ends, is almost 1~2 

order of magnitude higher than the measured S3 values. 
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Alternatively, there are some other ways to further reduce the number of long 

protruding fiber ends in A zone, like combining Siro-spinning or Solo-spinning with 

low-twist spinning, because it is generally believed that surface fiber trapping between 

the two substrands in Siro-spinning triangle or among several substrands in Solo-

spinning triangle contributes to the significant decrease of yarn hairiness. Accordingly, 

the maximum hairiness model of ring yarns is revised for Siro-spun yarns and Solo-

spun yarns with respect to fiber trapping and yarn geometry, respectively. Also, 

experiments have been carried out to verify the developed hairiness models. 

 

As aforementioned before, the fiber security of the yarn segment in A zone also 

influence the wrapper fiber formation and the resultant yarn surface; and the degree 

of fiber ends being tucked into yarn bodies directly determines the number of 

protruding hair of yarns. Whereas, the existing related parameters only describe fiber 

ends already protruding out of yarns. Similar to the theoretical limit of yarn evenness 

CVlim, the real yarn hairiness can approach but is always lower than the maximum 

hairiness of ring yarns. A Relative Hairiness Index ( RHI ) is accordingly proposed, 

which has two forms:  the theoretical one and the actual one. The theoretical  RHI  is 

the ratio of maximum hairiness of certain type of yarn to the maximum hairiness of 

ring yarns, which can theoretically reveal the effectiveness of different spinning 

methods in tucking fiber ends into yarn bodies; and the so-called actual RHI is the 

ratio of the measured yarn hairiness and the maximum hairiness of ring yarns, which 

can actually demonstrate the degree of fiber ends potential for hairiness being tucked 

into yarns resulted from various spinning system or their spinning parameters. Both 

the theoretical RHI  and the actual RHI  demonstrate that Siro-spinning can most 

effectively tuck fiber ends into yarn bodies, therefore Siro-spun feeding will give rise 

to the least long protruding fiber ends. Additionally, winding is employed to mimic 

the abrasion that yarn will experience, and it is found that the hairiness of ring yarns 

obviously increases with the increasing winding times and reaches a plateau after the 

fourth winding, therefore the number of hairs of yarns after four-time winding, is 

termed as stable hairiness. By analyzing the increment rate of the actual RHI of 

various yarns in the states of cop, cone and stable, which are the yarns experience 
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zero-time, one-time and four-time winding, respectively, Siro-pun yarns also present 

the best fiber security. 

 

Hence, Siro-spun feeding with a normal roving gap of 14mm is combined with the 

lately 5th version of low-twist spinning system for further reducing the wrapper fibers 

and improving the surface of low-twist yarns. However, aiming at yarn evenness and 

tenacity, as well as proper twists in A zone to avoid bulking as described before, the 

spinning parameters of 36Nm low-twist yarns (36LT) is first systematically optimized 

by means of the combination of Fractional Factorial Methodology and Response 

Surface Methodology, respectively. With a twist multiplier reduced by around 15%, 

the optimized 36LT yarns show comparable tenacity and similar hairiness, but still a 

bit worse evenness and more neps than the conventional yarns. Actually, the number 

of neps (+140%) has been reduced about one order of magnitude on the present low-

twist yarns by comparing with that of yarns produced on the previous versions of low-

twist spinning system. The blackboard evenness of the optimized 36LT yarns exhibits 

half grade lower than the conventional yarns with a twist multiplier higher by about 

15%, but half grade higher than the counterparts with the same level of twist multiplier, 

respectively. Then, the spinning parameters of 36Nm low-twist yarns with double-

roving feeding (36LT+Siro) are also optimized by using Response Surface 

Methodology. The tightly wrapped structures on the optimized 36LT yarns only 

account for 8.9%, whereas the ones on the optimized 36LT+Siro yarns even reduce to 

5.8%. Moreover, nearly no tightly wrapped structures with a curved yarn body are 

found on the two optimized yarn surfaces. Therefore, the optimized spinning 

parameters of low-twist spinning system, as well as the incorporation of Siro-spinning 

not only facilitate the reduction of wrapper fibers on the resultant yarns, but also 

provide suitable twists in A zone to avoid producing buckling and curved yarn 

segments. Nevertheless, the optimized 36LT yarn has an obviously higher actual RHI  

than the conventional ring yarns, and it presents similar increment rate when enduring 

abrasion to that of  its counterpart, which indicates that the optimized 36LT yarns 

possess low fiber tucking and security, in other words, the fiber deformation resulted 

from false-twisting effect fails to be held in yarns. But the actual RHI  of the 

optimized 36LT+Siro yarn and its increment rate by abrasion are markedly lower than 

the ones of the conventional yarn, particularly, its increment rate is even similar to 
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that of Solo-spun yarns. It is demonstrated that the fiber tucking and security of low-

twist yarns can also be improved by integrating Siro-spinning system. 

 

Finally, using the Kawabata Evaluation System of Fabric (KES-F), the knitted fabrics 

made of the optimized 36LT yarns are examined in terms of fabric surface property, 

tensile and shear, as well as bending and compression. There are no statistically 

significant differences in surface property, tensile, shear, bending, compression and 

bursting strength between the low-twist fabrics and the conventional fabrics made of 

the worsted yarns with a higher twist multiplier by around 15% (at a significant level 

of 0.05). However, the low-twist fabric possesses better pilling performance and air 

permeability, but lower thermal conductivity than its counterpart. Besides, nearly no 

“bar effect” is found on the resultant fabrics made of the optimized 36LT yarns.  
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Chapter 1 Introduction  

 

 

1.1 Research background 

Within all kinds of fibers consumed around the globe, wool fibers account for as little 

as 2%. Nevertheless, wool fibers are of high value and popularity, which attributes to 

their aesthetic qualities and outstanding comfort, particularly in the market of top and 

luxury productions. Approximately, 56% of 1.2 ×109 kg wool for global production is 

used in producing apparel, 42% in household textiles and 2% in industrial applications. 

In various wool fibers, Merino wool is well-known as the best for fine apparel. Close 

to 80% of Merino wool is used to produce wool yarns on the worsted spinning system 

[1]. 

 

Spun yarns, which are widely used for making a variety of textiles, apparels and other 

products, satisfy more than half the needs of global textiles and clothing industry. It 

was forecasted that the market demand for spun yarns would increase by about 25% 

worldwide between 2000 and 2010 [2]. However, growth will shift towards increasing 

profit by improving old spinning systems and developing new spinning system, rather 

than increasing spinning capacity [2]. Since the spinning speed of ring frames is 

inherently limited by the rotating speed of spindle and the low wear resistance of 

travelers at high speed [3], there is no doubt that various unconventional spinning 

systems, including rotor [4,5], air-jet [6,7], vortex [8,9] and frictional [10-12] spinning 

have tremendously improved the production efficiency of yarn manufacturing. 

Among all current spinning methods, however, ring spinning has been and will remain 

attractive for making staple yarns of high tenacity and a large range of yarn count 

from various fibers in the textile industry. Over the past few decades, continuous 

developments in the ring spinning process have taken place to improve yarn quality 

and generate novel yarns with different features. So far, the most well-known 

modifications on the ring spinning system include two-strand Siro-spinning [13,14], 

low-pilling Solo-spinning [15,16] and low-hairiness compact spinning [17,18]. Most 

of these modifications concentrated on changing the spinning triangle with the aim to 
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better control the fibers in this zone and improve fiber arrangement or migration. 

Whereas, Siro-spun yarns have relatively slim body thus normal variation in yarn 

evenness causes streaks in worsted fabrics. Solo-spun technique produces a yarn with 

good pilling resistance. However its adaptation in the industry is rather limited 

because of a number of technical problems. The compact yarns have a relatively high 

rigidity, resulting from high packing density, which goes against the soft-handle and 

comfort of wool fabrics. 

 

Ten years ago, another modified technology on the ring spinning system, named as 

low-torque singles ring yarns, was developed at the Institute of Textiles and Clothing 

at the Hong Kong Polytechnic University [19, 20]. Figure 1-1 shows the schematic of 

the earlier versions of this technology with two types of apparatuses mounted on the 

ring spinning machine, which are known as false twisting devices (a rotor pin or a 

friction disk). Two or several strands of roving were fed into the spinning system.  

With this kind of arrangement, a low twist singles yarn with low residual torque and 

soft handle was produced.  

 

 

(a) A schematic view [21] 
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  (b)  A rotor-pin type [22]                              (c) A friction-disk type [22]                                                                     

Figure 1-1 Modified ring spinning system  

 

Structural analysis of the low-twist yarns [23,24] demonstrated permanent 

modification of yarn structures although then prevailing belief was that false twisting 

can only impart temporary twist thus increase the yarn strength in the spinning zone 

and reduce end breakdown. Most internal fibers in the modified cotton ring yarns have 

significantly lower inclination angles than those in the ring-spun yarns with the same 

twist, and some fiber segments even have the inclination angle with an opposite 

direction. Accordingly, this modified yarn structure yields reduced torque in the 

resultant yarn. Besides, compared with conventional ring spun cotton yarns, the 

modified cotton yarns have a more densely packed zone located in the center and low 

packing density near the surface of the modified yarn. Therefore, the yarn tightly holds 

cotton fibers together and has a higher tenacity than its counterpart with the same twist. 

The residual torque was significantly reduced and sometimes vanished entirely. Thus 

the yarn can be spun as reduced twists normally by 20 to 40% for knitting yarns, hence 

it was also called as low-twist yarn [25]. Moreover, by SEM observation, it was found 

that the low-twist cotton yarn presents two kinds of appearance characteristics. One 

is some surface fibers tightly wrapping around the yarn body in the opposite direction 

to the twist direction of the yarn body, as shown in Figure 1-2 (a); the other one seems 

like the conventional ring spun yarns with lower twist multiplier, as shown in Figure1-

2(b). The reversed wrapper fibers were firstly found in false-twist-textured yarns, 

which were resulted from the effect of false twisting [26], and were also illustrated in 
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some unconventional yarns, such as rotor yarns [27-30], air-jet yarns [6], vortex yarns 

[31], etc. However, little wrapping can be found in conventional ring-spun yarns. 

Wrapper fibers in low-twist yarns may have significant effects on yarn appearance, 

such as reducing hairiness compared with ring-spun yarns [32], one reason of which 

is possibly because the wrapper fibers wrap wild fibers on yarn surface together and 

even into yarn bodies so that these fibers fail to protrude out to become hairs. 

Additionally, tight wrapper fibers may bring about higher variations of yarn diameter 

and strength, and a possible detrimental effect on yarn optical evenness [23]. 

Therefore, it is necessary to probe the formation mechanism, the influencing factors 

as well as reduction methods of wrapper fibers on the modified low-twist yarns. 

 

   

(a) Type 1                                                (b) Type 2 

Figure 1-2 Typical appearance of Nu-torque cotton yarns[23]  

Until now, the low-twist spinning technology has generated five versions [19,33-34] 

and the previous four versions of spinning system were optimized.  Carded and 

combed cotton yarns with yarn count range of 7-100Ne were produced in mass 

quantity. The resultant yarns were used for producing woven and knitted fabrics as 

well as sweaters [21,35]. Comparative studies [36,37] demonstrated that the low-twist 

cotton yarns and fabrics not only exceed the conventional ones in terms of soft handle, 

and close to or higher yarn tenacity at reduced twist multipliers, but also have 

advantages in lower residual torque, as well as correspondingly lower spirality, less 

skewness change and better dimensional stability of knitted fabric after washing and 

tumble-dry cycles [38]. 
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Although the unique structure and positive performance of the modified cotton yarns 

were achieved, and experimental investigations of worsted and woollen knitting yarns 

conducted in the median and coarse count range have led to torque-balanced single 

jersey knitted fabrics without significant spirality [39,40], the low-twist spinning 

technology has yet to be thoroughly researched for median to high counts. This 

research needs to take into account the fact that the physical and mechanical 

characteristics of wool fibers are quite different from those of cotton fibers. For 

instance, the length of cotton fibers is approximately in the range of 23~33mm [41], 

whereas wool fibers are longer, and the length of fine wool is about 38~127mm [42]. 

Additionally, wool fibers and cotton fibers have diverse breaking tenacities, which are 

0.09~0.15cN/tex [42] and 0.18~0.31cN/tex [41], respectively. Lower breaking 

tenacity of wool fibers is not favorable for the tenacity of resultant yarns. Note that 

the elongation and elastic recovery of wool fibers are much higher than that of cotton 

fibers. Particularly, the excellent elastic recovery of wool fibers contributes to higher 

bulkiness of worsted yarns than combed cotton yarns [21], but also brings about 

difficulties in holding wool fiber deformation in resultant yarns caused by false-

twister. More importantly, wool fibers possess significantly higher rigidity of 

1.665~1.735 dynes/cm2 at 22.8℃ and 55% humidity [43], than cotton fibers, the 

rigidity of which is approximately 0.6~0.65 dynes/cm2 at 20℃ and 55% humidity 

[44]. For the same yarn count, the number of fibers in a wool yarn is much smaller 

than that of cotton fibers. The cotton has a tubular cross-section and wool is round 

thus much low inter-fiber friction is present. All of these factors contribute to the great 

difficulties in modification of wool ring spun yarns. Previous work of our  research 

group have produced low-twist wool yarns, but some problems were found, including 

worse yarn optical evenness, more neps, more tight wrapper fibers and not competitive 

yarn tenacity [45-48]. Particularly, the wrapper fibers gave rise to “bar effect” on dyed 

knitted fabrics, as presented in Figure 1-2. 
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Figure 1-3 Hank dyed fabric made of low-twist worsted yarns (24Nm, αm=44) [49] 

Therefore, the proposed research will focus on the wrapper fiber formation and 

reduction, and the optimization of low-twist yarn properties, particularly yarn 

evenness, neps and tenacity, in order to produce low-twist wool yarns with soft-handle, 

good evenness and reasonable tenacity, as well as fabrics presenting less or even no 

“bar effect”. 

 

 

1.2 Aims and objectives 

This research is concentrated on surface characteristics of the low-twist worsted yarns 

including wrapper fibers, yarn hairiness and evenness, as well as further improvement 

of low-twist yarn and fabric quality with the specific objectives as follows: 

 

(1) to qualitatively and quantitatively characterize the surface structures of low-

twist worsted yarns, as well as to investigate the formation mechanism, and 

identify  the critical factors of wrapper fibers; 

 

(2) to study the formation mechanism of wrapper fibers on low-twist worsted 

yarns and find their critical influencing factors in terms of experiments;  
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(3) to construct a theoretical models related to fiber ends or hairiness or wrapper 

fibers, and to simulate the relationships of  involved fiber or yarn properties 

with the theoretically predicted values; 

 

(4) to reduce the wrapper fibers on low-twist worsted yarns based on the 

experimental and theoretical studies;  

 

(5) to achieve the favorable surface characteristics and other properties of low-

twist yarns and fabrics such as yarn evenness, hairiness and tenacity, etc., by 

optimizing the spinning parameters and false-twisting effect. 

 

 

1.3 Significance and values 

Since wrapper fibers play a crucial role not only in low-twist yarn appearance such as 

reducing yarn hairiness, increasing variation of yarn diameter, etc., but also in yarn 

properties including deteriorating yarn evenness, increasing variation of yarn strength, 

etc., the qualitative and quantitative investigation on the  wrapping structure of low-

twist worsted yarns, and their formation as well as influencing factors, which have yet 

to be conducted in the previous research on low-twist spinning technology, will 

provide fundamental guidance on achieving the know-how to reduce the number of 

wrapper fibers on low-twist wool yarns, so as to improve the surface properties and 

even mechanical properties of low-twist yarns. Consequently, “bar effect” on the dyed 

low-twist wool fabrics would be minimized or even eliminated, which could further 

advance the quality of corresponding fabrics. 

 

Secondly, in retrospect of previous studies, the existing theoretical treatments related 

to fiber ends or yarn hairs would be compared, and the concept of yarn maximum 

hairiness is first clearly defined in this research.  On the basis of the proposed model 

of maximum hairiness, a robust theoretical foundation could be achieved for 

predicting the number of hairs on ring-spun yarns as well as on the yarn segment 

between the front nip line and the false-twister of the low-twist spinning system, 

namely A zone, which has a close relationship with the formation of wrapping 
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structures of low-twist yarns. Therefore, another significance of this study is to supply 

a theoretical guidance on controlling the number of wrapper fibers formed on resultant 

low-twist yarns according to end-use product demand. In addition, since the low fiber 

security of the yarn segment in A zone contributes to more fibers being pulled out of 

yarn body when the delivered yarn abrades with the false-twisting belts on the low-

twist spinning system, based on the developed maximum hairiness, which is similar 

to yarn limit evenness CVm%, a new hairiness index called as Relative Hairiness Index 

is generated to evaluate the effectiveness of spinning parameters or various spinning 

methods in tucking fiber ends into yarn bodies, which fail to be achieved from the 

existing related parameters. The increase rate of the Relative Hairiness Index with 

increasing winding times can reveal the stableness of fiber security resulted from 

varied spinning methods and parameters. Thus, Relative Hairiness Index would play 

quite a practical and meaningful role in the control of wrapper fiber and yarn quality 

in textile factories. 

 

Thirdly, considering the increasing demand on the appearance, comfortableness, as 

well as low thickness and weight of wool knitted fabrics, the systematic optimization 

of low-twist yarn properties, and the reduction of wrapper fibers, can bring about the 

low-twist yarns with a lower twist multiplier, improved surface and  better properties, 

which afford a great opportunity to produce wool fabrics with good appearance, soft 

handle, and other excellent properties, but without increasing production cost. This 

will significantly benefit the use of wool fibers in textile industry.  

 

Besides, from the perspective of production efficiency, it is known that ring spinning 

has a marked lower delivery speed than other unconventional spinning system 

including rotor spinning, air-jet spinning, friction spinning etc, but this conventional 

spinning technology has higher yarn quality and larger range of yarn counts. The 

reduction of twist multiplier adopted in the low-twist spinning could possibly elevate 

the productivity of worsted spinning (e.g. 20%~40% for cotton yarns) when it is 

compared with traditional ring spinning system. 

 

 

1.4 Research Methodology 
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In order to achieve the aims and objectives elaborated above, the following specific 

methodology were adopted in this study in the light of yarn appearance observation, 

mechanism studies, theoretical model development, yarn property optimization as 

well as fabric surface and property evaluation. 

 

1.4.1 Qualitative and quantitative analysis of wrapper fibers on low-twist 

worsted yarns 

Under electron microscope Lecia M165, the appearance of low-twist worsted yarns 

were carefully observed, particularly the wrapping structures. Referring to the 

classification of wrapper fibers on unconventional yarns, the wrapper fibers on low-

twist yarns were classified on the basis of different yarn configurations. The yarn 

diameter and percentage of each type of wrapping structure were accordingly 

measured and compared. Thus, quantitative description on yarn appearance, 

especially wrapping structures, could be obtained.   In addition, high speed camera 

system was set up and adopted in this research to investigate the formation of wrapper 

fibers on low-twist worsted yarns. The states of the moving fibers and the yarn body 

during the whole process of low-twist worsted yarn formation were observed, 

respectively. Through close observation and investigation, crucial influencing factors 

of wrapper fibers were qualitatively depicted and identified. Furthermore, some 

experiments were carried out to verify the proposed key factors of wrapper fibers on 

low-twist worsted yarns. 

 

1.4.2 Development of statistical models correlated to fiber ends or yarn hairiness 

Previous attempts to predict and model hairiness or fiber ends of ring-spun yarns were 

reviewed and compared. With considering the effects of twist on fiber distribution in 

yarns, an existing statistical model of fiber ends developed by other researchers was 

revised by means of twist correction of fiber length, fiber cross-section and the number 

of fibers in yarn cross-section. More importantly, yarn theoretical hairiness was 

clearly defined and differentiated from fiber ends in yarn cross-sections. Accordingly, 

a hairiness contribution factor was proposed and integrated to the revised model of 

fiber ends, thus, a new statistical model concerning yarn hairs was established, which 
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can reveal the influencing factors of yarn hairiness in terms of fiber and yarn 

parameters. The relationships of the fiber or yarn parameters with the proposed 

theoretical hairiness were simulated by using MATLAB programming. Then, some 

types of worsted yarns were prepared, and their actual hairiness values were measured 

by using Zweigle G566 and compared with the theoretical values generated from 

previous models, to verify and further evaluate the generated statistical model of yarn 

hairs. Furthermore, the established hairiness model of ring yarns was revised to predict 

the hairiness of Siro-spun yarns and Solo-spun yarns by adopting yarn geometry 

method or fiber trapping mechanism, respectively. Also, experimental verification 

was carried out to confirm the proposed theoretical hairiness models. 

 

1.4.3 Definition of Relative Hairiness Index and its application 

On the basis of the proposed hairiness model, the calculated theoretical hairiness of 

ring-spun yarns in a unit yarn length was termed as maximum hairiness, because it is 

a value impossible to be achieved for real yarns. Analogue to the yarn limit evenness 

CVm%, the maximum hairiness of conventional ring yarns was reckoned as a baseline, 

correspondingly, a theoretical Relative Hairiness Index (RHI) and an actual Relative 

Hairiness Index (RHI) were proposed, respectively. The theoretical Relative Hairiness 

Index is the ratio of the theoretical hairiness values of certain yarns, such as Siro-spun 

yarns, Solo-spun yarns, etc., to the maximum hairiness of ring yarns, which are 

calculated from the established hairiness model, respectively; the actual Relative 

Hairiness Index is the ratio of actually measured hairiness of certain yarns and the 

maximum hairiness of ring spun yarns. These two indexes will be used to evaluate the 

effectiveness of spinning methods in tucking fiber ends or hairs into yarn bodies. 

Additionally, winding was used to mimic the abrasion of yarns during subsequent 

processing or daily wear, so the increment speed of the actual Relative Hairiness Index 

with the increasing winding times could real the stableness of fiber security. 

 

1.4.4 Property optimization and surface evaluation of low-twist yarns 

Based on the evaluation of fiber tucking effectiveness and fiber security stableness by 

using Relative Hairiness Index, Siro-spun feeding was integrated into low-twist 
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spinning system to reduce the wrapping structures on resultant yarns. Besides, false-

twisting effect related parameters including speed ratio of upper false-twister (namely 

upper ratio), speed ratio of lower false-twister (namely lower ratio) and belt angle etc., 

which were achieved by analyzing the geometry of the low-twist spinning system, as 

well as other potential influencing factors on yarn properties such as twist multiplier 

were optimized by means of Fractional Factorial Methodology (FFM) and Response 

Surface Methodology (RSM). Yarn evenness, neps, hairiness and tenacity were 

selected as the aim properties of low-twist worsted yarns during the optimization of 

spinning parameters. Firstly, FFM was employed to investigate the effect significance 

of the potential influencing factors; then, the significant factors were optimized for 

favorable low-twist yarn properties by using RSM. With the complement of 

optimization, the relationship between processing variables and yarn properties could 

be explained and predicted by the obtained second-order polynomial models, which 

were verified by experiments. Additionally, the generated overlaid contour plot 

combined with RSM models provided the optimum spinning parameters and 

accordingly the desirable low-twist yarn properties. Also, the spinning parameters of 

low-twist spinning system with Siro-spun feeding were optimized by means of RSM. 

Finally, the surface characteristics including blackboard evenness, diameters and 

wrapping structures of the optimized low-twist yarns with single-roving feeding and 

Siro-spun feeding were evaluated, respectively. 

 

1.4.5 Evaluation of surface characteristics and properties of low-twist fabrics 

The optimized 36Nm low-twist yarns spun with single-end roving feeding, and 36Nm 

conventional worsted yarns were produced in a large quantity for producing knitted 

fabrics. Steaming and winding were also carried out before fabric knitting. Both of 

the two types of yarns were knitted into interlock fabrics with the same knitting 

parameters. The surface property, tensile and tear, bending and compression of the 

resultant knitted low-twist fabrics were examined by virtue of the Kawabata 

Evaluation System of Fabric (KES-F); also, the bursting strength, pilling resistance, 

air permeability and thermal property of the two kinds of fabrics were measured 

according to the specific standards and teasing methods, respectively. At the same 

time, all the measured properties of the low-twist knitted fabrics were compared with 
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the ones of the corresponding conventional knitted fabrics. Besides, in order to check 

if the “bar effect” was reduced on the knitted fabrics made of the optimized low-twist 

yarns, some of the prepared low-twist yarns were hank dyed, and knitted into single 

jersey fabrics due to limited time and small quantity of dyed yarns. Finally, the surface 

of the resultant dyed single jersey fabrics was observed by naked yarns. 

 

 

1.5 Structure of thesis 

This thesis is composed of night chapters. The background of the proposed research 

is first briefly introduced in Chapter 1. Then, the objectives of this thesis are 

accordingly put forward. With the completion of the described objectives, the 

contributions and significance achieved from this research are summarized. Also, the 

adopted methodology is elaborated. 

 

Chapter 2 provides an overall review on the literatures related to the studies in this 

thesis. It starts with summarizing the characteristics and properties of staple yarns 

produced from various spinning systems. Then, the wrapping structures on various 

yarns are reviewed in details, which is followed by the measurement methods of 

wrapper fibers, the effect of wrapping structures in yarn properties as well as the 

influencing factors of wrapper fiber formation on varied spinning systems. Next, the 

existing models and prediction methods of yarn hairiness are described; also the 

literature review on the influencing factors and measurement of yarn hairiness are 

carried out. Moreover, the research on the yarn property optimization are generally 

reviewed, particularly the optimization of the low-twist yarns.  Consequently, the 

research gap and problems to be solved are pointed out. 

 

Chapter 3 first observes the wrapping structures of low-twist yarns and classifies them 

according to different configurations. Then, the formation of wrapper fibers during 

spinning on the low-twist spinning system is investigated by means of high speed 

camera system. By observation, the number of long protruding fiber ends, which is 

actually the hairiness of 3mm and longer, on the yarn segment from the front nip line 

to the false-twister, namely A zone, is reckoned as the key factor for wrapper fiber 
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formation. Therefore, the Siro-spinning is combined with false-twisting to verify the 

effect of the long protruding fiber ends in A zone on the wrapping structures. 

 

Chapter 4 focuses on development, simulation and verification of the maximum 

hairiness model of ring staple yarns. Model establishment is conducted by improving 

a statistical equation of fiber ends proposed by other researchers in terms of twist 

correction of fiber length, fiber cross-section and the number of fibers in yarn cross-

section. A hairiness contribution factor is introduced and corrected for model 

development. The theoretical values calculated from the developed model is termed 

as maximum hairiness, which is the number of fiber ends with a certain length in the 

surface layer of a unit length of ring-spun yarn. Furthermore, the relationships of the 

involved fiber or yarn parameters with maximum hairiness are simulated by virtue of 

MATLAB programming. The last but not the least, several worsted yarn samples with 

different yarn counts and twist multipliers are prepared for verifying the maximum 

hairiness model of ring staple yarns, among which, the measured hairiness and the 

various theoretical values related to fiber ends or hairiness are compared to identify 

the improvement of the present model; also, the effect of winding times on yarn 

hairiness is studied, from which the stable hairiness is termed; then, the measured hair-

length distribution is compared with the theoretical one. 

 

In Chapter 5, based on the proposed maximum hairiness model of ring yarns, the 

maximum hairiness models of Siro-spun yarns and Solo-spun yarns are established 

according to yarn geometry mechanism and fiber trapping mechanism, respectively. 

Verifications of these developed models are also performed by experiments in turn. 

 

Chapter 6 brings forward a Relative Hairiness Index ( RHI ) to evaluate the 

effectiveness of tucking fiber ends into yarn body and the stableness of fiber security 

resulted from different spinning methods or spinning parameters, which is on  the 

basis of the maximum hairiness model of ring yarns developed in Chapter 4. The RHI 

includes a theoretical one and an actual one. The theoretical RHI is the ratio of the 

theoretical hairiness of certain yarns and the maximum hairiness of ring spun yarns; 

correspondingly, the actual RHI is the ratio of  the actually measured  hairiness of 

certain yarns and the maximum hairiness of ring yarns and . Then, the theoretical RHI 
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of Siro-spun yarns and Solo-spun yarns are calculated and compared in terms of the 

effect of spinning triangle on yarn hairiness. Regarding the study on the actual RHI, 

quantities of yarn samples with various specifications are first prepared on worsted 

spinning machine. The changes of the actual RHI with different twist multipliers and 

yarn counts are studied to evaluate the influences of spinning parameters on the 

effectiveness of fibers being tucked into yarn bodies. Moreover, various yarns such as 

ring, Siro-spun, Solo-spun, plied, and low-twist yarns are also produced, and their 

actual RHI are calculated and compared to evaluate the influence of spinning methods 

on fiber end tucking. Also, the actual RHI of different yarns in the states of cop, cone 

and stable are analyzed, respectively; the increment rate of the actual RHI of each kind 

of yarn can demonstrates the stableness of fiber security in yarns. 

 

In Chapter 7, aiming to improve yarn tenacity, evenness and reduce yarn neps, this 

chapter systematically investigates the relationships of spinning parameters and the 

physical properties of 36Nm low-twist yarns spun with single-end roving and double-

end roving, respectively. The potential influencing factors are first chosen by means 

of geometry analysis of the present low-twist spinning system. Then, Fractional 

Factorial Methodology, namely FFM, is used to evaluate the effect significance of 

each selected influencing factor, and belt angle is confirmed by means of single factor 

analysis. Next, the Response Surface Methodology, namely RSM, is adopted, and the 

second-order equations related to the relationships of each yarn property with the three 

significant spinning parameters including twist multiplier, upper ratio and lower ratio, 

are accordingly obtained. These equations are further verified by experiments. 

Moreover, the optimum ranges of the three spinning parameters are shown on the 

overlaid contour plots, in which one group of spinning parameters is randomly 

selected to produce yarns. In the end, the yarn physical properties, including mean 

tenacity, min tenacity, evenness, neps, hairiness and snarling, as well as the surface 

characteristics such as blackboard evenness, diameters and wrapping structures, are 

measured and compared with those of  corresponding conventional yarns, respectively. 

 

Chapter 8 mainly examines and compares the surface characteristics, mechanical 

properties and performances of low-twist fabrics with those of conventional fabrics. 

To balance the residual torque in yarns, quantities of the optimized low-twist yarns 

and conventional worsted yarns are knitted into interlock fabrics. The surface property, 
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tensile and tear properties, bending and compression properties are evaluated by the 

Kawabata Evaluation System of Fabric. Besides, the bursting strength, pilling 

performance, air permeability and thermal property of low-twist fabrics are also 

measured.  In addition, some of low-twist yarns are hank dyed into yellow colour and 

knitted into single jersey fabrics. The surface of the dyed fabrics are observed to check 

if the “bar effect” on the low-twist fabrics has been reduced.  

 

In the end, Chapter 9 offers a general conclusion of the present study. Also, the 

limitations and suggestions for the future work are provided. 
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Chapter 2 Literature Review 

 

 

2.1 Introduction 

There is a general belief that most required fabric properties depend on fiber types, 

yarn structures and properties, as well as fabric structures. Retrospect to the beginning 

of recorded history, wool fibers had been processed and produced to yarns and various 

textiles because of their aesthetic qualities and outstanding comfort. While yarns are 

the fundamental blocks for various fabrics other than fibers, the structure and 

properties of yarns play critical roles in the tactile and visual aesthetics of fabrics. 

Yarn structures include surface characteristics and geometry characteristics, and yarn 

properties are usually embodied as yarn tenacity, elongation, hairiness and evenness.  

Particularly, the yarn surface characteristics of staple yarns, which directly affect 

fabric surface characteristics and performance, can be generally classified as hairiness, 

optical evenness, wrapped structure as well as bulkiness [50]. Diverse spinning 

methods result in different yarn surface characteristics. Up to now, wool spinning 

technology has been improved significantly. Also, various spinning methods have 

been developed according to the ever-changing demands of consumers’ and 

manufacturers’.  In this chapter, the development of wool spinning technology was 

reviewed in details, with aims to figure out where the low-twist spinning technology 

stands in the whole progress of spinning technique improvement, to summarize the 

surface characteristics of each type of yarn, and to come up with the existing problems 

on surface characteristics of low-twist worsted yarns.  

 

In addition, since wrapper fibers were found as a unique characteristic of low-twist 

yarns, wrapped structures on some other kinds of spun yarns, mainly existing on 

unconventional yarns, were reviewed and summarized so as to provide guidance for 

researching the wrapper fibers of low-twist worsted yarns. Furthermore, aiming at 

better control of wrapper fiber formation, a series of references related to hairiness 

prediction and models, influencing factors and measurements etc. were looked 
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through and concluded.  Also, optimization methods of yarn properties were reviewed 

to pave the way for experimental improvement of low-twist yarn surface 

characteristics and properties in the following work. 

 

 

2.2 Yarn characteristics and properties from various spinning 

technologies 

Based on twisting and spinning principles, wool spinning technology could be divided 

into three types, including conventional ring spinning technique, unconventional 

spinning techniques, and modifications on ring spinning systems.  Among these 

technologies, unconventional spinning systems, primarily including rotor spinning 

[51], air-jet spinning [6,52,53], vortex spinning [54], friction spinning [55], etc., 

produced spun yarns with specific surface characteristics such as wrapped structures , 

bulky appearance, high hairiness and not good yarn regularity, but low tenacity 

[12,27,56-67]. However, most of unconventional spinning techniques had limitations 

of spinning fine yarns [65-67], which are nowadays the trend of textile and clothing 

market. Additionally, most of unconventional spinning methods failed to be widely 

applied to produce wool yarns, even though they had significantly high production 

efficiency [27,56,58,68]. Therefore, ring spinning system and modifications on ring 

frame as well as the characteristics of their resultant yarns were reviewed in details as 

follows. 

 

2.2.1 Ring spun yarns 

It is known that ring spinning is the initial spinning system developed to process staple 

fibers to produce spun yarns, including short staple fibers, e.g. cotton, as well as long 

staple fibers, e.g. wool. This spinning method continues to predominate in yarn 

manufacturing industry because of high quality of ring-spun yarns and good flexibility 

with respect to types of materials and the range of yarn count [69-71]. Compared with 

ring-spun cotton yarns, worsted yarns possessed higher specific volume, meaning that 

more air was enveloped in the space of wool yarns, and wool fibers in yarns contact 

with each other only at discrete points, which contributed to higher bulkiness of wool 
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yarns. Relatively bulkier yarns benefited the soft-hand and mitigation of the pricking 

feel caused by wool coarse fiber ends, as well as the production of warm and 

lightweight garments [72]. Nevertheless, single worsted yarn presented too hairy 

appearance to survive the abrasive forces on weaving or knitting machine [73]. 

Besides, the limitation of the spindle rotation speed which made ring spinning 

technology had a low productivity [3], and the relatively high residual torque [74], 

were still matter of concerns. Accordingly, varied modifications on ring spinning 

frame had been conducted to alleviate or even solve these defects. 

 

2.2.2 Modified ring spun yarns  

Siro-spinning [13,75], which is one of the most important innovations on ring 

spinning frame, was developed by CSIRO researchers in the end of 1970s and 1980s. 

Compared with ring staple yarns, Siro-spun yarns exhibited two-folded yarn structures, 

and had higher tenacity, smoother surface, better evenness and frictional property 

[73,76,77]. Since the two roving strands were fed and separately twisted in this 

spinning system, most protruding fiber ends can be trapped into yarn bodies to reduce 

yarn hairiness [78]. Therefore, the hairiness and extensibility of Siro-spun yarns even 

outweighed that of two-plied yarns. However, Siro-spun yarns displayed more 

compact structure and higher rigidity than conventional ring spun yarns, which were 

not favorable for obtaining bulky wool yarns and soft hand of wool fabrics [79]. 

Additionally, fabrics made of Siro-spun yarns presented more streakiness than 

conventional wool fabrics, which was resulted from larger variation of yarn thickness 

[75]. Also, a bit higher weaving cost due to slightly more end breakage, as well as 

limit applications of Siro-spun yarns in end uses, restricted Siro-spun system to 

substitute conventional ring spinning system. Then, in the year of 1995, WRONZ 

developed a ring-based spinning technology to produce high bulk and multi-

component yarns, which was known as Trio technology [80]. In this spinning system, 

two fine continuous filament yarns or pre-spun yarns were simultaneously fed with a 

staple fiber strand. The stable fiber strand became the core of resultant yarns, and the 

filaments or pre-spun yarns wrapped around the surface of final yarns. Whereas, some 

parts of staple fibers presented bulging loops resulting from the relatively higher speed 

of the staple fiber strand. Furthermore, for the same yarn count, the number of fibers 
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in each substrand for Siro-spinning was half of the one in the roving for ring spinning, 

which resulted in inadequate strength of the substrand of Siro-spinning, thus Xu et 

al.[3] described a new spinning method on the basis of Siro-spinning system, called 

Embeddable and locatable spinning, as shown in Figure 2-1. In this spinning system, 

two filaments were positioned in the outside of the two separated staple fiber 

substrands, respectively. Each filament formed a large triangle zone with its adjacent 

strand of staple fibers and reinforced this strand. This spinning method exerted more 

excellent ability of fiber trapping in the yarn formation zone than that of Siro-spinning 

[81], and can be used to produce super-fine yarns when a water-soluble filament was 

employed, as well as multi-colored yarns when the filament and staple fibers were in 

different colors. Even staple fibers with low quality could be spun into a fine yarn of 

high quality by use of this spinning method [3]. The resultant yarn properties, however, 

had yet shown brilliant advantages except for slightly lower hairiness [82], 

particularly in reducing yarn  

 

 

Figure 2-1 Schematic diagram of embeddable and locatable yarn formation zone (N1’: 

nip point for strand 1; N2’: nip point for strand 2; C: convergence point of composite 

spinning strands; C1: convergence point of staple strand 1 and filament 1; C2: 

convergence point of staple strand 2 and filament 2) [3] 

rigidity. Besides, both this spinning system and Trio spinning system may not be 

suitable for producing 100% wool knitted yarns. Recently, an air-jet nozzle was 

introduced into the short staple Siro-spinning system [83,84], which is named as Jet-

Siro spinning system. The experimental results presented that the adoption of air-jet 

nozzle further significantly reduced 40% of yarn hairs, but nearly did not affect the 
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evenness and tenacity of resultant yarns. The adoption of compressed air markedly 

increased production cost. 

 

Solo-spun technology adopted a slotted roller to divide a staple fiber strand into 

several substrands to produce weavable singles yarns, which was generated under the 

cooperation of CSIRO,WRONZ and The Woolmark Company [85,86]. Twists were 

individually passed onto those substrands before they left the solo-spun roller [87], 

and numerous fiber ends were incorporated within the yarn structure during the 

twisted substrands gradually converged together [88]. Consequently, the resultant 

solo-spun yarns presented higher strength, better abrasion resistance and less hairiness 

compared with the conventional ring-spun yarns [89,90], so that Solo-spun singles 

yarns could be woven without sizing or two-folding, which was rather cost effective. 

However, the leaner yarn structures on Solo-spun yarns, gave rise to streakier 

appearance on fabrics, but the lower twist inversion in Solo-spun yarns by comparing 

with Siro-spun yarns, led to decreased streakiness on resultant fabrics. Additionally, 

greater thin places could be found on Solo-spun yarns. Furthermore, the improved 

qualities of yarns outweighing those of ring yarns such as  yarn tenacity, higher mean 

fiber position and less hairiness [91,92], can be obtained by using combining Siro-

spinning with Solo-spinning, which is termed as Siro-Solo spinning [91], while Siro-

solo yarns also had more thin places [93,94]. Unfortunately, since more twists were 

inserted to Solo-spun yarns and Siro-solo yarns, the rigidity of these types of yarns 

was higher than that of conventional yarns, which detrimentally affected the bulkiness, 

comfort and soft hand of resultant wool fabrics.  

 

Compact spinning is recognized as another milestone in the development of spinning 

technology, which was first introduced at ITMA-Paris in the year of 1999. Compact 

spinning was suitable for both short-staple fibers and long-staple fibers [95]. In this 

spinning technology, the visual spinning triangle was eliminated by a mechanical or 

pneumatically condensing system installed in the main draft zone [74,96], so that 

compact spinning was alleged to provide yarns with superior quality and had a better 

utilization of raw materials [97]. Compact yarns showed extraordinarily less hairiness, 

higher yarn strength and elongation than conventional ring yarns at the same yarn 

twist [18,95,98-99]; Also, fabrics made of compact yarns were superior to 

conventional fabrics in terms of tensile strength, air permeability, pilling resistances, 
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abrasion resistances, etc. [100-104]. Nevertheless, because of relatively higher 

compact yarn structure than that of other types of yarns, fabrics made of compact 

yarns exhibited higher rigidity than fabrics made of ring spun yarns [100], and failed 

to utilize the appealing properties of wool fibers [71]. Moreover, there was still a 

critical concern that the cost of compact spinning was about 50% higher than that of 

conventional ring spinning [18,105]. 

 

Jet-ring spinning has attracted luminous attention in recent years, which introduced 

an air-jet nozzle in the ring frame, as shown in Figure2-2. Yarns were twisted by the 

air-jet in a reverse direction, so that the strand was first loosened in the jet and 

tightened up after got out of the jet, rendering some fiber ends being secured into yarn 

body [106-108]. Consequently, JetRing spinning outweighed the conventional ring 

spinning in the reduction of yarn hairiness, but presented similar yarn tenacity and 

evenness, and did not exhibit obvious advantages in enhancing other yarn properties 

[106,107,109]. The adoption of compressed air undoubtedly increased the  

 

 

Figure 2-2 Schematic diagram of conventional ring spinning and Jet-ring 

spinning [106]  

cost of yarn manufacturing. Therefore, the utilization of this spinning method in 

producing worsted yarn is questionable. 
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Ring spinning with a diagonal yarn path was first proposed in the year of 2003 by 

considering Narjar’s study on the asymmetry of ring spinning triangle [110], as 

displayed in Figure 2-3. Taking a Z-twist yarn for example, a left diagonal yarn path 

was adopted to offset the less control of fibers in the left side of the conventional 

spinning triangle by modifying the yarn path to its adjacent bobbin [111,112] as well 

as employing a modified bottom [113] or introducing a traverse guide [114,115]. 

Particularly, the latter two methods can achieve varied left diagonal yarn path, but 

Thilagavathi’s modification demanded much high cost. What’s more important, all 

modifications of yarn path on ring spinning system only improved yarn hairiness, 

especially long hairiness, but had no marked change on yarn tenacity and other 

properties [111,113,114,116]. 

 

  (a)                                  (b)                                                         (c) 

Figure 2-3 Schematic diagram of (a) conventional ring spinning; (b) ring spinning 

with modified left diagonal path to its adjacent bobbin [113]; (c) modified yarn path 

with a traverse guide [114] 

 

Most recently, a contact surface, as shown in Figure 2-4, was incorporated into ring 

spinning systems to increase fiber trapping in spinning triangle without extra energy 

consumption, so that the resultant yarn hairiness was markedly reduced [117,118]. 
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Yarn evenness and tenacity, however, were deteriorated for most yarns spun with the 

contact surface, which may result from fiber mass concentration [117]. 

 

Figure 2-4 Illustration of the contact spinning mechanism: (a) conventional yarn 

formation zone; (b) yarn formation zone with a contact surface [117] 

 

To sum up, all the modifications on ring spinning system were mainly focused on 

enhancing the control of fibers in spinning triangle and decreasing the hairs of 

resultant yarns. Nearly all the modified spinning systems, whereas, had little 

contribution to the bulkiness and soft handle of yarns as well as their fabrics. 

 

2.2.3 Low-twist spun yarns 

About ten years ago, another modification on the traditional ring spinning triangle was 

obtained by mounting a false twister between the front roller and the yarn guide. Five 

versions of the modified spinning technology, which is termed as Nu-torqueTM or 

Low torque or Low-twist spinning technique, has been developed [19,20,34]. The 

false-twisting technique, which is treated as a method to obtain temporary fiber 

deformation in yarns, was previously utilized for texturing continuous filament yarns 

to generate bulky appearance [119,120]. In this spinning system, the insertion of false-

twisting endowed the zone between the front roller and the false twister more twists 

than the one in the conventional ring spinning, so that fibers in yarn spinning triangle 

could be better controlled, and less protruding fiber ends may be formed as well as 

end breakdown was reduced [74]. In the downstream after a yarn passed through the 

false-twister, the twists in the reverse direction compared with the original yarn twists 

were inserted immediately due to the effect of false-twisting [121]; the false twists 
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generated in spinning zone, whereas, were not completely untwisted so as to form 

“permanent” and varied deformation of fibers in the modified yarns by comparing 

with conventional ring-spun yarns, which could be confirmed by the structure analysis 

of low-torque or low twist yarns [23-25].  

 

The predominant advantages of resultant low torque or low twist cotton yarns which 

depend on its unique yarn structure of relative dense core but loose surface, are lower 

twist, lower residue torque, comparable or even higher tenacity and less hairiness than 

ring-spun yarns with the same twist [24,25,122,123], which tremendously favors the 

smooth surface, comfort and soft handle of resultant fabrics and apparels [38,124,125]. 

Particularly, the reduction of yarn twist (about 20-40% lower than conventional twist) 

without decreasing yarn tenacity, significantly cut down the production cost of yarn 

manufacturing [37,126], which could compensated the shortcoming of low 

productivity of ring spinning and ring-based spinning systems caused by the inherent 

limitation of ring frames.  

 

Admittedly, low-twist cotton yarns possessed a plurality of merits, but these 

advantages may not be necessarily embodied in low-twist wool yarns because of the 

marked differences in physical and mechanical properties, as well as significantly 

differentiated structures of wool fibers and cotton fibers as introduced in Chapter 1. 

The previous work of our group had produced low-twist wool yarns with low to 

medium yarn count such as 14Nm [39], 24Nm and 36Nm [127]. The resultant low-

twist wool yarns presented improved tenacity, lower snarling and higher bulkiness, 

but worse evenness than ring spun worsted yarns. Wrapper fibers were also found in 

the low-twist wool yarns, which resulted in the defect of “bar effect” on dyed fabrics 

[127], and bad optical evenness of resultant yarns. However, most of the thorough 

experiments and studies were carried out on the previous three versions of low-twist 

spinning systems, and detailed research on wrapper fibers has not been investigated 

yet.  

 

In conclusion, the modified low-twist spinning method may outweigh other 

modifications of ring frame in more comprehensive improvement of worsted yarn 

properties, except for wrapper fibers on yarn surface. The comparison of the properties 
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and characteristics of spun yarns from various existing spinning techniques are 

summarized in Table 2-1. 
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Table 2-1 Yarn properties and characteristics from different kinds of spinning technologies 

Note: the properties and surface characteristics of yarns spun from different spinning systems were compared with that of yarns from ring spinning systems. 

Type Specific method Physical and mechanical properties                                   Surface characteristics 

Conventional  Ring spinning  

 Good yarn tenacity 

 Much residual torque 

 High rigidity 

 Low production efficiency 

 Too hairy  

 Good evenness 

 No wrapped structure 

 Reasonable bulkiness 

Unconventional 

Rotor spinning   Lower tenacity  

 Higher rigidity  

 High production efficiency  

 Not widely available for worsted 

spinning 

 More hairiness (Less hairs on Air-jet and Vortex spun 

yarns) 

 Worse evenness 

 Wrapped structure 

 Higher bulkiness 

Air-jet spinning  

Vortex spinning  

Friction spinning  

Ring-based 

 

Siro-spinning  

Tenacity: improved (e.g. Siro, Solo, e.g. 

Compact), lowered (e.g. Contact surface), 

similar (others) 

 Higher rigidity  

 Low productivity   

 High cost (e.g. Compact, Jet-ring, Jet-

Siro)  

 

 

 Reduced hairiness 

 Similar evenness (deteriorated evenness for contact 

surface) 

 No wrapped structure 

 Not improved or even worsen bulkiness 

    

 

Solo-spinning  

Compact spinning  

Siro-solo spinning  

Jet-ring spinning  

Jet-Siro spinning  

Diagonal ring spinning  

Embeddable and 

locatable spinning  

Contact surface 

spinning  

Low-twist spinning  

 Comparable tenacity  

 Less residual torque 

 Lower rigidity 

 Improved productivity 

 Lower hairiness  

 Wrapped structure 

 Worse evenness 

 Improved bulkiness 



 

 

 

 

Chapter 2                                                                                                                                                                                          Literature Review 

28 

 

 



 

Chapter2                                                                                           Literature Review 

                                                                                    

29 

 

2.3 Wrapper fibers on staple yarns 

In low-twist yarns and most unconventional spun yarns, there were some fibers 

wrapping around the surface of yarns at different angles, and even having an opposite 

twist direction at times, which were termed as wrapper fibers [128,129]. Wrapper 

fibers, which were seldom found on ring spun yarns, were the typical and inherent 

characteristic of these kinds of yarns, as shown in Figure 2-5. False-twisting effect 

existed in all these spinning systems, which was the critical origin of wrapper fibers 

[130]. The configuration of wrapper fibers was diversified according to various 

spinning systems. Different wrapped structures had different effects on yarn 

properties. This section will review the wrapper fibers of rotor, air-jet, vortex, friction 

and low-twist staple yarns, the effect of wrapper fibers on yarn properties, the 

influencing factors and the measurement methods of wrapper fibers or wrapped 

structures. 

 

(a) Yarn surface with wrapper fibers 

 

                                         (b) Conventional ring spun yarns 

Figure 2-5 Outer yarn surface[131] 

 

2.3.1 Wrapped structures of various staple yarns 

Generally, it is known that rotor-spun yarn structure consists of two parts, including a 

central core forming the bulk of the resultant yarn, in which most fibers were aligned 

with the twist helix resembling the ring-spun yarns, and an outer zone of wrapper 

fibers occurring irregularly along the core length on yarn surface [50,132], which was 

resulted from the inside on-wards twisting method of rotor spinning [27, 70]. The 

wrapper fibers on rotor-spun yarns were first called as belts. The number of belts 

within a given length of yarn, the separation of two sequential belts, and belt 
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Figure 2-6 Surface structures of rotor-

spun yarns [129] 

 

length were asserted to follow Poisson law, 

Gumbel distribution, and Lognormal distribution, respectively [133]. Some 

researchers had conducted studies on the appearance structures of rotor-spun yarns. 

One study directly classified wrapper fibers into three groups: Class A, a single fiber 

forming a loose belt; Class B, a group of fibers forming loose belts; Class C, a group 

of fibers forming tight belts [134]. Another detailed work classified rotor yarn surface 

into seven groups, such as ordered, loosely wrapped, hairy, multiple wrapped, 

(I) ordered (IV) multiple wrapped 

(V) opposingly wrapped 

(VI) tightly wrapped 
(III) hairy  (VII) belts wrapped 

(II) loosely wrapped (II) loosely wrapped 
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opposingly wrapped, tightly wrapped and belt wrapped structures, as shown in Figure 

2-6, the first three classes of which were pointed to dominate rotor yarn configurations 

[129].  

 

Similarly, air-jet spun yarns also had two parts, which were twisted yarn core and 

wrapper fibers, respectively, and their structures varied along the axial direction of 

yarn body. Grosberg et al. [130] had firstly divided air-jet spun yarn configuration 

into unwrapped structure (Class 2), and three types of wrapped structures, including 

corkscrew-like wrapped structure with crimped core and tensioned helical wrapper 

fibers (Class 1), wrapped structure with straight core and consistent wrapping angle  

(Class 3), as well as wrapped structure with straight core and varying wrapping angles 

(Class 4), as presented in Figure 2-7. The unwrapped yarn appearance of air-jet yarns 

seemed like that of twisted ring spun yarns. Most of the subsequent studies on air-jet 

spun yarn structures adopted this grouping [58,135].  

 

                                         

(a) Class 1                                        (b) Class 2 

                                       

                                    (c)  Class 3                                      (d) Class 4 

Figure 2-7 Classification of air-jet yarn structures [130] 
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In addition, experimental results revealed that over 90% of the air-jet yarn length 

could be wrapped by wrapper fibers. Particularly, the structure of class 2 possessed 

the weakest strength among four types of yarn structures. Thus, this type of structure 

should be minimized in order to obtain a stronger air-jet yarn. Whereas, the structure 

of Class 1 was reckoned as the strongest and took up the most in air-jet yarn surface 

which was up to 80% or more of the total yarn length [130]. 

 

Later on, Lawrence and Baqui [136] proposed another classification method of air-jet 

yarns according to the orderliness and distinctive appearance of wrapper fibers, which 

gave rise to three categories, as displayed in Figure 2-8. Class I presented a sometimes 

crimped core constantly wrapped by a group of fibers with a uniform direction and 

helix angle; Class II showed a yarn core randomly wrapped by a single fiber or a group 

of fibers with varying directions and helix angles; and Class III means unwrapped 

sections, whereas, wrapper fibers still can be found on Class III images. 

 

Additionally, by identifying a tracer fiber in air-jet yarn bodies and following its 

trajectory, fibers in yarn bodies were classified into five groups, which were core 

fibers, wrapper fibers, wild fibers, core-wild fibers, wrapper-wild fibers [57]. 

However, this grouping method is complicated and time-consuming.  

 

         

                            (a) Class I                                             (b) Class II 
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                 (c) Class III 

Figure 2-8 Appearance of air-jet yarns [136] 

 

Unlike air-jet yarns, which were spun with two jets working in the opposite directions, 

vortex yarns were produced by using only one modified air-jet. Since fiber separation 

occurs everywhere in the outer-side of the fiber bundle, more wrapper fibers were 

achieved from vortex spinning than air-jet spinning, as shown in Figure 2-9. 

 

Figure 2-9 Formation of wrapping fibers in air-jet spinning (MJS) and Vortex 

spinning (MVS) [9] 

The structure of vortex yarns had been classified into four types, which were Class 1 

tight wrappings, Class 2 long wrappings, Class 3 irregular wrappings and Class 4 

unwrapped sections, as displayed in Figure 2-10 [137]. 
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Figure 2-10 Four types of structural classes of MVS yarns: (a) Class 1, (b) Class 

2, (c) Class 3, (d) Class 4 [137]. 

All the four classes of vortex yarn structures were elaborated as follows: Class 1 

structure had a core with parallel fibers, which was tightly wrapped by a ribbon of 

fibers. The core was crimped in many segments, forming troughs and crests along 

yarn length; Class 2 structure seemed like Class 1, but with long regular wrappings, 

the wrapper fibers and core of which formed troughs and crests alternated; Class 3 

also had a core with parallel fibers wrapped by wrapper fibers at various angles, and 

there were some loose wrapped structures; Class 4 had no wrapper fibers [137]. This 

classification of yarn structure was similar to the aforementioned one conducted on 

air-jet yarns proposed by Grosberg et al. 

 

Moreover, another study classified fiber arrangement of vortex spun yarns as wild, 

wrapper-wild, wrapper, belly-band and core, as presented in Figure 2-11. In particular, 

wrapper fibers were the fibers wrapping around the yarn core in the same direction or 

with certain degree of inclination related to the yarn axis; while wrapper-wild fibers, 

which were different from wrapper fibers, were fibers wrapping the yarn core with a 

disordered degree of inclination with respect to the yarn axis; and belly-band fibers 

were fibers wrapping the main yarn body consisting of core fibers  and wrapper fibers 

in upright direction related to yarn axis [54]. This classification considered more 

diverse situations of the angles between wrapper fibers and yarn axis than the previous 

ones performed by Tyagi et al., but it failed to present the difference between loose 

wrapping and tight wrapping, which actually plays a critical role in yarn properties. 
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Figure 2-11 Schematic diagram of fiber types in vortex yarn [54] 

 

There were few studies on the wrapped structure of friction spun yarn. The fiber 

shapes in friction yarns, however, had been classified into three different categories: 

Type 1 fibers basically extended along yarn axis; Type 2 fibers repeatedly fold back 

over itself; and Type 3 fibers (only found for the 'direct-feed' method of fiber 

accumulation), which was similar to Type 2, but more tightly wrapped around itself 

so as to look like a small torpedo contained in the centre of the yarn. Accordingly, to 

obtain the maximum yarn strength, it was important to reduce the number of Type 2 

fibers [138]. 

 

As for Nu-torqueTM or low twist yarns, the yarn appearance had been simply 

classified into two types, as shown in Chapter 1. The first type was wrapped segment, 

in which wrapper fibers tightly wrapped the surface of the yarn body at the opposite 

direction to yarn twist; the second type was actually normal segment, which was 

similar to the structure of conventional ring spun yarns at a low twist. Nevertheless, 

more detailed investigation of the wrapped structures of low twist yarns has yet been 

done. 

 

Generally, different kinds of yarns have varied wrapped structures or wrapper fibers 

resulted from different spinning mechanisms, and they had been classified to several 

types mainly based on the tightness and the wrapping angle of wrapper fibers. 

2.3.2 Measurement of wrapper fibers  
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It is widely believed that yarn properties depend on yarn structures. To analyze the 

effect of wrapper fibers on yarn properties, quantitative measurement of wrapped 

structures has to be performed.  

 

Microscope or microscope-camera system [131,132,135,137,139] was the most 

popular examination method of wrapper fibers, which was used to observe and record 

the wrapped structures of yarns. Usually, yarns with wrapper fibers were wrapped and 

fixed on a strip of paper [133], or a glass slide [128,139], or a blackboard [140], and 

around one meter or longer of each yarn specimen would be studied under microscope. 

The parameters quantitatively describing wrapped structures, could be accordingly 

calculated and obtained such as the number of wrapped structures per unit length, 

distance between two successive belts, total length or percentage of wrapped 

structures, and frequency of wrapper fibers, etc. [128,132,133,136,140]. However, it 

was not clear that how much the specific pretension was used when preparing yarn 

specimens for observing wrapper fibers, but pretension has a vital influence on yarn 

diameter and packing density, particularly wool yarns. 

 

In addition, tracer fiber technology had been employed to observe the wrapper fibers 

on air-jet [57, 130], Vortex [137] and friction spun yarns [67,138]. In particular, the 

number of wrappings, average wrapping length (CV%), leading ends wrapping fibers, 

trailing ends wrapping fibers and wrapped in length were measured to quantify the 

wrapped structure of air-jet spun yarns [130]. 

 

The third way to examine wrapped structures was to untwist the resultant yarns until 

reached zero twist for wrapper fibers. Then, the untwisted wrapper fibers were 

separated from the twisted core fibers and were counted or weighed [54,141]. The 

proportion of wrapper fibers to core fibers could be then obtained. Moreover, wrapper 

fiber pitch, wrapper fiber crest width, wrapper fiber length for one-turn twist and 

wrapper fiber helix angle for vortex-spun yarns were also measured in this study [54]. 

However, it is found to be difficult to identify fiber arrangements in rotor-spun yarns, 

because rotor yarns had non-uniform appearances. 
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By comparison, microscope or microscope-camera measuring system could 

intuitively displayed wrapped structures of various spun yarns and record the specific 

images, and it was easy and time-saving to manipulate. Untwisting method was easy 

to be operated, whereas it was not accurate enough and not applicable for all yarn 

structures. Tracer fiber technique can provide more comprehensive and thorough 

information on wrapped structure, but it was relatively more complicated than the 

other two ways. Therefore, microscope or microscope-camera measurement system is 

more feasible to be adopted for analyzing the wrapped structure of low-twist spun 

yarns. The pre-tension used when prepare samples will remain controlled and 

consistent. 

 

2.3.3 Effect of wrapper fibers on yarn properties 

The typical structures of wrapper fibers, particularly the tight wrapped structure, 

affected yarn properties including yarn tenacity, elongation, hairiness and evenness, 

etc. Based on the measured and calculated parameters of wrapper fibers reviewed 

before, the relationship of wrapper fibers and resultant yarn properties can be sound 

analyzed. 

 

It was found that wrapper fibers influenced rotor-spun yarn tenacity, because the 

wrapper fibers axially extended and accordingly strengthened the yarn matrix to 

constrain fiber slippage [132,142]. Especially, belts, namely tightly-wound wrappers, 

contributed to improving rotor-spun yarn strength by means of increasing the lateral 

pressure on the yarn body when low twist multiplier was adopted [139]. The 

correlation coefficients of yarn tenacity with the incidence of wrapper formation per 

10cm, the average length of wrapped portion, and the average number of wraps in a 

wrapper zone, revealed that they were highly related [132,142]. Many studies 

demonstrated that there was a positive relationship between the number of wrapper 

fibers and the tenacity of rotor-spun yarns [128,131,132,142,143]. However, some 

studies reported that yarn strength had little relationship with, or even reversely 

correlated with wrapper fibers [139,140,144,145]. For air-jet yarns, wrapper fibers 

were reckoned to benefit yarn strength, and unwrapped yarn structure should be 

minimized or even eliminated so as to obtain relatively stronger air-jet yarns [130,136]. 
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Some researchers have increased wrapper fibers of air-jet spun yarns by modifying 

air-jet nozzle in order to enhance resultant yarn tenacity [153]. 

 

Concerning yarn hairs, it was believed that wrapper fibers were in favor of the 

reduction of hairiness. Because if more length of a yarn body was covered by wrapper 

fibers, more loose fiber ends would be held and  prevented from protruding out of 

yarn bodies, and the number of yarn hairs would accordingly decreased [54,132,142]. 

 

Nevertheless, wrapper fibers had a detrimental effect on yarn elongation resulted from 

the constraint of wrapper fibers on fiber slippage [146], as well as yarn evenness or 

regularity [128,131,136,140,144]. Also, wrapper fibers, especially the belt-type 

wrappers, could be considered as defects in yarn structure, namely “neps” in Uster 

evenness tester [50,133], but some researchers found that yarn regularity was 

improved with the increasing wrapper fibers [143], and the increasing tight belts 

seemed to contribute to the elongation at break of 100% PES rotor-spun yarns 

[128,131]. Besides, wrapper fibers, particularly tight wrapper fibers, were prone to 

cause unduly harsh in handle and limit suitability of knitted fabrics made of rotor-

spun yarns, air-jet or vortex yarns [129,147-149]. 

 

In conclusion, wrapped structures or wrapper fibers, that were the typical surface 

features of rotor, air-jet, vortex, friction and low-twist staple yarns, had closely 

correlated with yarn tenacity, elongation, hairiness, evenness and handle. These 

relationships, however, have not been defined with one accord, as they depend on 

many factors such as materials, spinning methods, yarn structures etc. 

 

2.3.4 Influencing factors of wrapper fibers  

Generally, the formation of wrapper fibers was primarily influenced by material 

properties, spinning mechanism and false-twist effect. Since wrapper fibers were of 

high importance in yarn properties such as yarn tenacity, hairiness, evenness, etc., 

many studies [130,137,150] have been conducted to investigate the influencing 

factors of wrapper fibers of rotor yarns, air-jet yarns and vortex yarns, which will be 

elaborated as follows. 
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For rotor yarns, rotor speed, rotor diameter, the length of yarn formation zone, twist 

level, fiber length etc. affected the formation of wrapper fibers. In particular, the 

number of wrapper fibers increased with the increasing rotor speed and spinning 

tension. Because higher rotor speed and spinning tension resulted in higher level of 

false twist and yarn rotation, wrapper fibers accordingly wrapped around the yarn core 

more often [128,150]. Whereas, there was a negative relationship between rotor 

diameter and wrapper fibers, that is, as the rotor diameter increased, both the length 

of wrapper fibers and the distance between successive wrappers were increased, and 

the amount of wrapper fibers and their tightness decreased [133,134,143,144]. In 

addition, wrapper fibers had a positive relationship with yarn twist level [139]. Higher 

twist increased the peripheral twist extent [151,152] and hence raised the number of 

wrapper fibers in a unit yarn length, as well as the length of yarn formation zone, 

which also played a decisive role in the incidence of wrapper fibers [128]. Moreover, 

longer fiber length went against the formation of wrapper fibers, but it was found that 

the longer fibers led to the production of higher number of tight wrapper fibers, 

particularly in finer yarns [139,143]. 

 

For air-jet yarns, the generation of wrapper fibers mainly depended on the formation 

of effective edge, free fibers, and the sufficient distance from the nip of front roller to 

the convergent position of fiber ends. The formation of free fiber ends could be 

controlled by changing the condensation of the fiber bundle before it arrived at the 

front roller. The convergent position was critically affected by the opposite twisting 

actions of two jets. With the increasing air pressure, the proportion of wrapped parts 

increased [130]. 

 

In vortex spinning system, the ratio of wrapper fibers correlated with raw material 

properties and wrapped fiber formation mechanism. Concerning the material 

properties, shorter fiber length, uneven fiber length distribution and higher bending 

rigidity of fibers did not benefit the formation of wrapper fibers [135]. In regard to 

spinning parameters, nozzle air pressure, yarn delivery speed, distance of the front 

roller nip and spindle, spindle speed and yarn count had close relationships with the 

formation of wrapper fibers on vortex spun yarns. According to Tyagi et al.’s [137] 
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and Zou et al.’s [154] studies, higher air pressure resulted in more wrapper fibers, 

especially tight wrapper fibers (Class 1), but the proportion of long wrapper fibers 

(Class 2) and unwrapped parts (Class 4) decreased with the increasing nozzle air 

pressure.  Yarn delivery speed determined the fiber residence time in yarn formation 

zone. It was demonstrated that higher delivery speed led to an increase of the number 

of irregular wrapper fibers (Class 3), unwrapped segments (Class4) and wild fibers, 

as well as an decrease of tight wrappings (Class 1) and long wrappings (Class 2) [137]. 

The distance between the front roller nip and the spindle influenced the number of 

wrapper fibers and fiber loss [155,156].  In the short distance, both ends of fibers were 

stably held, thus the resultant yarns were composed of more parallel core fibers and 

fewer wrapper fibers [156], which seemed like air-jet spun yarns. Spindle diameter in 

vortex spinning mainly affected the tightness of wrapped structures. Smaller spindle 

diameter brought higher friction between fibers and contributed to tighter wrapped 

structure and higher twist, hence more dense yarn structures [97,157]. With respect to 

the effect of yarn count on the wrapper fibers of vortex yarns, it was found that mean 

length of tight wrapped structure (Class 1) was longer in coarse yarns; the proportion 

and average length of long wrapping (Class 2) increased when the yarn got finer; while 

irregular wrapping and unwrapped segments were not affected by yarn count [137]. 

 

 

2.4 Hairiness on staple yarns  

Yarn hairiness, another characteristic of yarn surface, which is usually presented in 

three types, namely fiber ends, loops and wild fibers, is one of the vital properties of 

staple yarns. The hazardousness of yarn hairiness in textile production mainly lay in 

four facets: (1) High hairiness raised the air drag on rotating and ballooning yarns and 

hence increased power consumption of ring spinning [158-163]; (2) Entanglement of 

long hairiness would cause ends-down during weaving and knitting [164-166];  (3) 

More hairiness contributed to pilling formation on fabrics [167-170]; (4) The 

impedance of excessive hairiness on fabric dye uptake and the effect of hairiness 

scattering influenced the color properties of resultant dyed textiles [164, 171]. In order 

to better control yarn hairiness, many researchers had carried on multiples of studies 
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including theoretical models [172-175], prediction [176-181], influencing factors 

[107,111,182-184] and measurement [185-190], of staple yarn hairiness.  

 

2.4.1 Prediction and models of staple yarn hairiness    

Advancement in models and simulation of yarn hairiness provided the increasingly 

accurate and reasonable prediction of yarn properties from material and spinning 

parameters. Most of the developed models were based on neural networks, regression 

analysis, and statistical mathematics, etc. In particular, the prediction provided by 

neural models took multiples of spinning parameters and material specifications as 

inputs [177,178,180,191], and could present better agreement with actually measured 

values than the one by linear regression models, which attributed to neural network’s 

ability of predicting nonlinear relationships [177,192,193]. Whereas, artificial neural 

network only forecasted the relationships of input parameters and yarn hairiness on 

the basis of abundant experimental data, the size of which determined the accuracy of 

prediction [183], and had no physical explanation of the relationships it produced, 

thus it is not quite convincing. Oppositely, the regression model can statistically 

justify its results, but fails to model the nonlinear relations. 

 

With regard to mathematical models for yarn hairiness, in 1950s, Barella assumed a 

worsted yarn with a circular cross-section and divided it into a core layer and a 

peripheral layer. He advocated that the number of hairs had a direct proportional 

relationship with the number of fibers in the peripheral layer and the area of the layer. 

Also, he put forward a formula for calculating the number of protruding fibers along 

a yarn [172]. Barella was confused about the concepts of fibers with potentials for 

hairiness, and protruding fibers (real hairiness). What he actually proposed was the 

number of fibers potentially contributing to yarn hairiness, rather than the protruding 

fibers. Subsequently, Barella extended his earlier model by including the influence of 

yarn twist [173]. He also developed a formula to calculate the number of protruding 

fiber ends based on the assumption that each fiber in the yarn cross-section had at least 

one end protruding out of yarn surface. By physically, although arbitrarily, confining 

half of the fiber ends as protruding fiber ends, he actually defined the maximum 

number of protruding fiber ends or yarn hairiness exclusive of loops and wild fibers. 
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However, since Barella had reckoned the fibers on the peripheral layer as the source 

of yarn hairiness, his assumption that each fiber in the whole yarn cross-section would 

protrude at least one fiber end on the yarn surface is questionable. Pillay also found 

experimentally that some fibers protruded both their ends out of the yarn surface, 

whereas some fibers failed to protrude any end at all [194]. Therefore, the assumption 

that half of the fiber ends were protruding hairs was highly unreliable. In addition, 

Barella’s division of the core and the peripheral layer was not fully justified, because 

he simply assumed that there were five layers in all worsted yarn cross-sections, but 

the number of layers in a yarn cross-section had a close relationship with yarn count, 

the number of fibers in yarn cross-section, yarn packing density, etc. It is highly 

desirable to reconstruct the yarn cross-section layers by considering all the factors 

mentioned above. 

 

In 1985, Brown and Ly calculated the number of fiber ends in a unit yarn with the 

following assumptions: 1. yarns were constituted of aligned straight fibers with 

random distribution; 2. the position of one end of a fiber followed a uniform 

distribution; and 3. the number of fibers, whose position of one end met certain 

properties, followed a stationary point process [174]. This model took fiber length 

distribution and the number of fibers in yarn cross-section into consideration, which 

were not involved in Barella’s model. However, it did not consider the influence of 

yarn twist on the number of fiber ends. Additionally, what the model predicted was 

the total number of fiber ends in a unit yarn, rather than the number of fiber ends 

potentially contributing to yarn hairiness. Although this model can serve as a base, 

much further work is required, because what the current commercial and most popular 

hairiness measurement namely Zweigle yields is the number of protruding fiber ends 

per unit yarn length [183,188]. 

 

In addition, Morris et al. proposed a mathematical model of continuous filament yarn 

geometry by introducing a cylindrical polar coordinate system, dividing the yarn 

cross-section into numerous concentric shells from the center to the outside of yarns, 

and considering random fiber interchange between shells. They obtained a probability 

distribution of a fiber positioned at certain shell [195]. Then, they constructed a series 

of discrete cross-sections with predetermined intervals along the yarn axis to modify 
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the previous model for staple yarns [175]. Based on this, they extended the model to 

predict yarn hairiness, which was accordingly defined as a fiber with the first 3 mm 

or the final 3 mm of its length lying at the outer layer of a yarn, and the radial distance 

of this layer to the yarn center was greater than 85% of yarn radius. Whereas, the 

percentage of fibers contributing to yarn hairiness was not well-founded. Morris et al. 

also analyzed the relationships between yarn hairiness and each of the nine factors 

involved in the model while all the other factors remained constant, including the 

number of fibers in yarn, packing density, fiber length, fiber radius, yarn twist, the 

probability of fiber on yarn boundary, the weighting for fiber migration, the 

probability of any migration and the weighting for fiber starting, etc.[175]. The most 

apparent problem of this model lies in the arbitrary geometry factors, which are 

difficultly connected with any yarn properties. 

 

2.4.2 Influencing factors of yarn hairiness  

The number of hairs protruding out of staple yarn bodies was mainly influenced by 

material properties, spinning methods, and processing parameters [196,197]. Actually, 

the effect and improvement on yarn hairiness of various spinning systems as well as 

modifications of ring spinning system have been described in Chapter 2.  Generally 

speaking, the key factor of hairiness reduction by means of different spinning methods 

had roots in better trapping or securing fiber ends into yarn stem, so that fewer chances 

would be provided to fiber ends to protrude out of yarn surface [198]. In Siro- or Solo-

spinning, for example, the twist number of the substrands positively correlated with 

fiber trapping between substrands before the convergent point, thus affected the 

resultant yarn hairiness [78,199]. 

 

Regarding material properties, it was found that fiber length, fineness, torsional 

rigidity and flexural rigidity were significantly correlated with yarn hairiness [194]. 

Particularly, many researchers asserted that fiber length was a critical parameter 

influencing yarn hairiness, and the increase of fiber length resulted in a marked 

reduction of the number of hairs [194,197,200]. Fiber length distribution also 

influenced the yarn hairiness [184,197,201]. Fiber fineness was found to have an 

obvious effect on yarn hairiness, and some researchers even regarded fineness as the 



 

Chapter2                                                                                           Literature Review 

                                                                                    

44 

 

most important factor among all fiber properties for yarn hairiness [202,203], while 

other researchers considered that fiber fineness had only a slight influence on ring-

spun yarn hairiness [184]. Yarn count or yarn linear density, as one of the yarn 

properties, greatly impacted yarn hairiness. With the increasing yarn linear density, 

the number of hairs accordingly got higher attributing to the increasing number of 

fibers in yarn cross-section [178,179,184,189]. Actually, the number of fibers in yarn 

cross-section not only depended on fiber fineness but also yarn count. Advancing the 

number of fibers, which could be obtained by reducing fiber fineness or increasing 

yarn linear density, was found to raise yarn hairiness [204]. Moreover, some 

researchers investigated the influence of wool fiber curvature on hairiness, which 

indicated that a higher fiber curvature resulted in lower hairiness of worsted yarns 

[205]. 

 

With respect to processing parameters, many studies demonstrated that numerous 

spinning parameters had impacts on yarn hairiness, including yarn twist, spindle speed, 

traveler count etc. [181,206,207]. Particularly, it was found from experiments that 

yarn twist negatively correlated with yarn hairiness [178,208], Krupincovaa [184] 

applied correlation analysis in the relationships of cotton fiber quality and yarn 

parameters versus yarn hairiness, and demonstrated the effect of twist on yarn 

hairiness was not quite marked but agreed with empirical studies; whereas, a 

theoretical model provided a positive relationship between yarn twist and the count of 

hairs [204]. Besides, when spindle speed and traveler count increased, yarn hairiness 

also increased. The influence of traveler count on yarn hairiness outweighed spindle 

speed [178]. Also, Zulfiqar Khan et al. pointed out that there were nonlinear 

relationships between processing parameters and yarn hairiness. 

 

2.4.3 Measurement of yarn hairiness  

Studies on hairiness measurement had been launched since 1953 [171], and multiples 

of measuring methods had been developed [185,187,209-212], but only two testing 

systems, namely Zweigle hairiness tester and Uster tester with a testing module of 

yarn hairs, are popularly utilized in research laborites and textile industry in the world. 
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The principle of Zweigle system was based on scanning and calculating the individual 

fibers protruding out of yarn bodies, which can be realized by an array of sensors 

horizontally positioned in various specific distances [213], as shown in Figure 2-12. 

The position of a yarn profile is mechanically calibrated and adjusted by the position 

of yarn guide with respect to the sensor unit. Consequently, this system can provide 

the numbers of yarn hairs in varied lengths and a commercial hairiness parameter S3. 

Normally, the hairiness number begins with N1 which indicates the number of yarn 

hairs with a length between 1mm and 2mm; S3 value represents the sum of the number 

of protruding hairs with the length of 3mm and longer. 

 

Figure 2-12 Measurement principle of Zweigle hairiness tester [213] 

 

In USTER tester with hairiness module, a beam of light was shone on the surface of 

a moving yarn sample, and the light was scattered by the protruding fibers in the 

measuring zone of 1cm, whereas the yarn body was not transparent and appeared as a 

black line on the receiver board [91], as presented in Figure 2-13. The ratio of the light 

density scattered by protruding yarn hairs and the one obstructed by the yarn stem was 

derived as USTER Hairiness Index (H), which means the total length of protruding 

yarn hairs within 1cm of measured yarn.    
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Figure 2-13 Hairiness image on the receiver board of USTER hairiness tester 

[214] 

 

Admittedly, there are some limitations on these commercial hairiness measurement 

instruments. Firstly, hairiness results highly depended on the determination of yarn 

profile reference point, in that sensor array with lower resolution sometimes failed to 

explicitly distinguish the hairs entangled together or closely placed, which were 

possibly recognized as one hair in most cases [209]; Secondly, the sensors mounted 

in these testing systems were only able to scan two dimensions of a yarn body, so that 

the hairiness on the third dimension was neglected [188]; Also, the protruding yarn 

hairs were often irregularly oriented or entangled on yarn  surface, rather than straight 

and strictly perpendicular to  yarn axis. Therefore, it would be quite difficult to obtain 

the real length of all hairs, as well as impossible to examine the accurate number of 

hairs or hairiness index around the whole yarn circumference. Haleem and Wang [188] 

had revealed that there was a huge difference of hairiness results from the two 

commercial hairiness meters and manual test,  while manual test was mostly close to 

the real data of yarn protruding hairs. 

 

 

2.5 Optimization of yarn physical properties  

Yarn physical properties, such as tenacity and elongation at break, evenness, hairiness 

etc., were determined by material properties, spinning systems and spinning 

parameters. For given fiber material and spinning method, optimum yarn properties 
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could be achieved by investigating the relationships of yarn properties and spinning 

parameters including spindle speed, twist ratio, traveler weight, etc. , and finding out 

the optimal region of processing parameters based on certain optimization 

methodology. Generally, optimization methods were classified into three categories, 

namely arithmetic methods, numerical methods and estimation techniques. 

Particularly, Least Squares technique [215] belonging to estimation methods, was 

adopted in the response surface methodology which had been widely utilized in the 

optimization experiment design [216]. Usually, central composite design [217,218], 

central rotatable design [28], Taguchi method [59,219,220,221], VIKOR method for 

multi-criteria optimization [222], and the Box-Behnken method [223, 224], etc., were 

also used for experimental optimization design of yarn properties. In particularly, 

central composite response surface design was most popular. 

 

With regard to the low-twist spinning system aforementioned in Chapter 1, Hua [37], 

Yang [225] and Feng [226] had conducted multiples of experiments by means of 

Fractional Factorial Methodology to find the significant influencing factors of 

spinning parameters on yarn properties, as well as  the central composite response 

surface design, to study the interaction influences of spinning parameters on the 

properties of  coarser to finer low-twist cotton yarns, and finally to search the optimum 

range of involved processing parameters for the previous four versions of low-twist 

spinning systems, respectively. For coarser low-twist cotton yarns, it was revealed 

that false-twisting speed ratio and twist multiplier significantly affected resultant yarn 

properties [37, 225]; for finer low-twist cotton yarns,  Feng et al. [122] demonstrated 

that false-twisting speed ratio and traveler weight had marked effect on yarn tenacity 

and evenness, while twist multiplier closely correlated with yarn snarling and 

hairiness, and false-twisting speed ratio had a non-linear relationship with the number 

of hairs.  

 

 

2.6 Problem statement 

As aforementioned before, yarn surface characteristics, which by and large consist of 

hairiness, optical evenness, wrapped structures, and bulkiness, etc., played a critical 
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role in the surface characteristic and performance of resultant fabrics. By reviewing 

characteristics of various yarns made of different spinning systems in details, it is 

found that low-twist spun yarns, which belong to one of the modified ring-based spun 

yarns, could provide more comprehensive improvement of staple yarn properties, 

such as lower residual torque and rigidity, reasonable tenacity, as well as improved 

bulkiness, which significantly benefit exerting the appealing soft handle and aesthetics 

of wool fabrics. Whereas, the low-twist yarns also presented worse evenness than 

ring-spun yarns, and had wrapper fibers on yarn surface with the opposite wrapping 

direction to yarn twist direction. Therefore, the existing defects of surface 

characteristics on low-twist spun yarns need to be attenuated and the low-twist yarn 

properties need to be further optimized, so that more favorable low-twist worsted 

yarns can be obtained. 

 

According to literature review, it is demonstrated that wrapper fibers on various 

unconventional yarns had been classified into different types based on varied wrapped 

structures. Also, many studies revealed that wrapped structures, particularly tight 

wrapping, had influences on yarn properties, and even deteriorated fabric handle, 

although the relationships of wrapper fibers and yarn properties were not consistent, 

in that they were affected by many factors including materials, yarn types, spinning 

parameters etc.  Wrapper fibers on low-twist yarns, whereas, nearly have no detailed 

research. Thus, it is of high necessity to observe the specific wrapped structures on 

low-twist worsted yarns, and find out the critical influencing factors of the wrapper 

fibers, so as to better control their formation. 

 

By preliminary investigation, it is found that wrapper fibers on the low-twist worsted 

yarns were mainly affected by four factors, which were the abrasion between yarns or 

the protruding fiber ends and the upper false-twister or the lower false-twister, the 

fiber security of yarns in A zone, the false-twisting effects exerted by the two false-

twisters, and the long protruding fiber ends, on the yarns from the spinning triangle 

and false-twister, namely A zone, on the low-twist spinning system.  In particular, the 

long protruding fiber ends in A zone plays the most important role in wrapper fiber 

formation.  
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Hypothesizing the structure of yarn segment in A zone on the low-twist spinning 

system is similar to that of ring-spun yarns of a high twist without buckling, the 

accurate prediction of the long protruding fiber ends in A zone, that is, the hairiness 

of ring yarns, is necessary for better control the wrapper fibers on the low-twist yarns. 

Neural models, regression analysis and statistical mathematics had been widely used 

for predicting and modeling staple yarn hairiness. Neural models could predict 

nonlinear relationships which cannot be achieved by linear regression, so that the 

accuracy of the relationships of yarn hairiness with various influencing factors 

predicted by neural networks was higher than the one by linear regression, but neural 

models failed to explain the delivered relationship from the perspective of physics. In 

the studies of mathematical models of yarn hairiness, Barella’s, Brown and Ly’s, as 

well as Morris et al.’s models had been reviewed one by one in details. Barella 

proposed that yarn hairiness directly correlated with the number of fibers in the 

peripheral layer and the area of this layer, but he did not differentiate the concepts of 

fibers with potentials for hairiness, and protruding fibers (real hairiness); Brown and 

Ly’s model actually calculated the total number of fiber ends in a unit yarn by 

considering fiber length distribution, rather than yarn hairs; Morris et al. integrated 

nigh factors related to fiber properties and geometrical distribution into the developed 

model, and analyzed the relationships of yarn hairs with each specific parameter, but 

there seems impossible to connect the arbitrary geometry factors involved with any 

yarn properties. By comparison, a relatively reasonable statistical hairiness model 

could be developed by combing Barella’s model with Brown and Ly’s, and be further 

improved by considering some other significant factors. 

 

Besides, the integration of some other ring-based spinning systems, like Siro-spinning 

or Solo-spinning, etc., which were effective in reducing yarn hairiness, into the low-

twist spinning system, is another way to further decrease the number of long 

protruding fiber ends in A zone. Therefore, the theoretical hairiness models of Siro-

spun yarns or Solo-spun yarns are needed being developed, for predicting the number 

of long protruding fiber ends in A zone when these spinning systems are combined 

with the low-twist spinning system. 
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Regarding another influencing factor on wrapper fiber formation, which is the fiber 

security of the yarns in A zone of the low-twist spinning system, the existing related 

parameters or indexes failed to evaluate this property. Similar to the theoretical limit 

of yarn evenness CVlim, the proposed theoretical hairiness of ring yarns is the limit 

value which the real yarn hairiness can approach but is always lower than, accordingly, 

a hairiness index can be developed to evaluate the degree of fiber ends being tucked 

into yarn bodies, which directly determines the number of protruding hair on yarns. 

What is more, the changes of this hairiness index with the increasing abrasion that 

yarns are enduring, the stableness of fiber security in yarns can be revealed. 

Consequently, according to the proposed hairiness indexes of different types of yarns, 

or certain yarns spun with varied spinning parameters, the specific spinning method 

or spinning parameters can be directly selected to combine with the low-twist spinning 

system for decreasing wrapper fibers. 

 

Moreover, the significant influencing factors for low-twist yarn properties need to be 

optimized for obtaining the suitable false-twisting effect, and the optimum yarn 

properties, particularly yarn evenness, neps and tenacity. Finally, the “bar effect” on 

the resultant fabrics knitted with the optimized low-twist yarns need to be checked. 

Moreover, the bulkiness, surface property, tensile and shear, as well as bending and 

compression, bursting strength, pilling performance, air permeability as well as 

thermal conductivity of the low-twist worsted knitted fabrics have to be examined in 

this study. 

 

 

2.7 Summary  

This Chapter retrospects the development of staple yarn spinning technology in details, 

and summarizes the characteristics and properties of staple yarns spun from various 

spinning systems, including conventional ring spinning system, modified ring-based 

spinning systems, unconventional spinning systems as well as low-twist spinning 

systems, which is also a kind of ring-based spinning method. Ring spinning system 

has its inherent limitation of spindle speed, and ring-spun yarns exhibit abundantly 

hairy appearance and high rigidity; various kinds of unconventional spinning 
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technologies largely advance the production efficiency, but most of these spinning 

systems cannot be widely utilized in worsted spinning, whereas most unconventional 

spun yarns possess favorable bulkiness but low tenacity, worse evenness, as well as 

wrapper fibers wrapping around yarn surface with distinguished wrapping angels 

from twist angle; multiples of modifications on ring spinning systems decrease yarn 

hairiness indeed, whereas have little contribution to the bulkiness and soft handle of 

yarns and fabrics. In particular, low-twist spinning technique, however, not only 

improves yarn productivity, but also produces yarns with comparable tenacity, lower 

snarling and higher bulkiness, therefore this modification on ring frame nay provide 

more comprehensive improvement of worsted yarn properties than other developed 

spinning methods.  The disadvantages of low-twist wool yarns lie in its bad optical 

evenness and wrapper fibers, which need to be alleviated and resolved in the proposed 

research. The central composite response surface design is appropriate to be adopted 

to design optimization experiments in order to achieve the optimum range of spinning 

parameters as well as the optimized low-twist worsted yarns.  

 

Wrapped structures on various staple yarns is reviewed and summarized. They are 

classified into numerous kinds mainly based on different configurations such as the 

tightness and wrapping angle of wrapper fibers. Microscope related systems, tracer 

fiber technology and untwist method are adopted to quantified wrapper fibers and 

varied wrapped structure. Particularly, microscope or microscope-camera system 

displays higher feasibility than the other two methods, because of its convenience 

operation as well as comprehensive information of wrapped structure. Many studies 

demonstrate that wrapped structures, particularly tight wrapping, significantly effect 

resultant yarn properties, while the relationships of wrapper fibers and yarn properties 

are not consistent, in that they are affected by many factors including materials, yarn 

types, etc. Also, the influencing factors of wrapper fibers on rotor-spun yarns, air-jet 

yarns and vortex yarns are summed up. 

 

Concerning yarn hairiness, multiples of prediction models related to yarn hairiness 

and fiber ends have been reviewed and compared. In particular, Barellar’s model 

about hairiness as well as Brown and Ly’s model related to fiber ends in yarns, could 

be incorporated together to establish a more reasonable model about fiber ends or 
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hairs with the consideration of some more meaningful factors. In addition, the 

influencing factors on yarn hairiness including material properties, spinning methods, 

and spinning parameters have been reviewed and summarized. Also, two commercial 

measurement devices of yarn hairiness, namely Zweigle hairiness tester and Uster 

tester with hairiness testing module, are compared. The examination principles of each 

tester, as well as the disadvantages of the instruments are also elaborated, respectively.  

 

Furthermore, the optimization methods adopted in other research were reviewed; 

Fractional Factorial Methodology and Response Surface Design are usually employed 

for yarn property optimization.  Finally, the problems needed being solved in this 

study have been put forward. 
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Chapter 3 Studies on Wrapper Fibers of Low-twist 

Worsted Yarn  

 

 

3.1 Introduction 

As discussed in Chapter 1, wrapper fibers were found on both low-twist cotton yarns 

and worsted yarns [23,227]. In particular, the “bar effect” on dyed knitted fabrics 

made of low-twist worsted yarns, may have roots in wrapper fibers on yarn surface 

[227]. Whereas, there is no more detailed information about wrapper fibers on the 

low-twist yarns, such as the specific structures, classification as well as quantitative 

description, etc. Accordingly, this chapter will conduct careful examination of 

wrapper fibers in low-twist worsted yarns. Referring to the classification of wrapper 

fibers in sorts of unconventional spun yarns, wrapper fibers of low-twist worsted yarns 

will also be divided into several categories, and each type of wrapper fibers will be 

quantified.  Moreover, yarn diameters of different kinds of wrapping structures are 

measured, which may affect yarn optical evenness. The distribution of wrapping 

segment diameter and wrapping segment length in a consecutive length of low-twist 

yarns will be examined and analyzed, respectively, in order to figure out if there are 

any trends or laws of these distributions.  

 

Furthermore, high speed camera system will be utilized to investigate the formation 

of wrapper fibers on low-twist spinning system. The behavior of yarns and protruding 

fibers at several critical positions during yarn spinning will be observed and analyzed. 

The vital and potential influencing factors will be accordingly come up with.  

Additionally, experiments of yarn spinning will be carried on, and wrapper fibers in 

the resultant low-twist yarns will be calculated and compared, so as to further confirm 

the determined critical factor of wrapper fibers in low-twist worsted yarns. 

 

3.2 Two-endless-belt-type low-twist spinning system 
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Five versions of low-twist spinning systems have been developed five versions 

[19,33,34,227], and the low-twist worsted yarns had been produced on the low-twist 

spinning systems with a rotor-pin type false-twisting device in our previous group 

work [39,127], but the rotor-pin false-twister not only brought high cost to the 

modification of ring spinning system, but also produced great spinning tension and 

abundant friction between spun yarns and the false-twister, which potentially 

influenced the stability of yarn spinning [228]. The latest 5th version of the low-twist 

spinning system, namely two endless-belt-type, coded as TEBT, false twisting device 

[34], was adopted in this section, as shown in Figure 3-1. The false twisting device 

was mounted on worsted spinning machine Zinser 451 and the false twisting was in 

the same direction with the ring spindle for spinning Z-twist yarns. The insertion of 

false-twist depended on the friction of the TEBT false-twister and spun yarns; and the 

magnitude of false-twisting closely related to the ratio of the surface linear speed of 

the endless belt and the yarn delivering speed, which was termed as speed ratio 

[228,229]. Since the two endless belts, namely the upper belt and the lower belt, were 

controlled by two motors, respectively, the speeds ratio of them can be individually 

adjusted, which were named as upper ratio and lower ratio, respectively. The 

efficiency of false-twisting is influenced by multiples of factors including spinning 

tension, yarn delivery speed, yarn nominal twist, traveller, the friction of yarns and 

the false-twisting belt, as well as the slippage of yarns on the belt, etc.  

 

By comparison with the rotor-pin type false-twister, the TEBT false-twister can 

provide relatively lower but more stable spinning tension, and produce low-twist 

staple yarns with fewer hairs, mildly better evenness, comparable tenacity and 

elongation, etc.[228]. Also, the belt type false-twister is cheaper than the rotor-pin 

type false-twister, so that the modification cost of ring spinning system by TEBT 

false-twister is low. Therefore, the TEBT low-twist spinning system was employed in 

this study. When a strand of drafted wool roving passed through a pair of front roller, 

fibers in the roving are highly twisted by the torques generated by the TEBT false 

twisting device. After the highly twisted yarn leaves the false-twisting belt, it is 

reversely twisted resulted from the combined effect of the false twist and the true twist 

propagated from the traveller, forming the resultant low-twist singles yarns. Even 

though there is a general belief that false twisting only result in temporary twist, 
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previous structure analysis [23] demonstrated that permanent deformation and 

modification of structures could be formed by using the low-twist spinning system. 

  

Figure 3-1 Schematic view of the two-endless-belt-type (TEBT) false-twisting 

system (Z-twist yarns) 

 

 

3.3 Wrapping structures of low-twist worsted yarns 

In this section, the surface of low-twist worsted yarns spun from the TEBT false-

twisting system was carefully examined under microscope, and classified into five 

types according to varied structures. Yarn diameter of every type of structure was also 

measured and compared. 

 

3.3.1 Experimental 

3.3.1.1 Material preparation 
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Re-combed and shrink-resist treated wool roving of 1.49Nm with two ends was 

utilized as raw materials. All the wool roving had been conducted conditioning for 

about 24 hours at the standard atmosphere of 20±2℃ and 65±2% RH before being 

spun to yarns. The wool fiber specifications are presented in Table 3-1 

 

Table 3-1 Wool fiber specification 

Specifications Values 

Fiber Hauteur length (mm) [CV%] 71.1 [CVH: 37.4%] 

Fiber diameter (microns) [CV%] 19.0 [CVD: 21.3%] 

Fibers over 30 microns (%) 1.2 

 

3.3.1.2 Yarn preparation 

24Nm low-twist worsted yarns with a constant multiplier of 65 (318tpm) were spun 

on Zinser 451 worsted spinning machine mounted with TEBT false-twisting device. 

Spinning parameters including spindle speed, traveler type, ring diameter, draft ratio, 

upper ratio and lower ratio of the false-twister are displayed in Table 3-2, respectively. 

For simplification, the upper ratio and the lower ratio were set the same in the 

preliminary experiment. Condenser was installed in front of the front rollers, which is 

conducive to better controlling the protruding fiber ends in spinning triangle. 

 

Table 3-2 Spinning parameters 

Parameters Values 

Spindle speed (rpm) 6500 

Traveler type RF0.35  

Ring diameter (mm) 51 

Draft ratio 16.1 

Upper ratio 1.22 

Lower ratio 1.22 

Belt type PU 
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3.3.1.3 Measurement 

The appearance characteristics of resultant 24Nm low-twist wool yarns were 

examined under Microscope Lecia M165. The magnification used in this 

measurement was 136.  About 2m yarns in one cop were randomly chosen and 

wrapped on to a scaled board without any untwisting, as shown in Figure 3-2, and 

unexpected extension of the selected yarns should try to be avoided during sample 

making. Three cops in all of yarns were examined and used to obtain mean values. 

Each time, 2mm yarn segment was observed and recorded under the microscope. 

Consequently, total 1000 segments of each yarn sample were continuously observed 

and measured.  All the achieved photos of yarn segments were classified into several 

categories depending on distinguished surface structures, and the total length of yarn 

segments with specific surface structure was summed up, respectively. The diameter 

of each yarn segment was randomly measured on every photo, and then the mean 

values of yarn diameters with varied surface structures could be calculated 

accordingly. Before measurement, all yarn samples were conditioned for at least one 

week under the standard environment of 20±2℃ and 65±2% RH. 

 

 

Figure 3-2 Scaled board with yarns for yarn surface observation 

 

3.3.2 Results and discussion 

3.3.2.1 Classification of low-twist worsted yarn surface 
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From the photos of low-twist yarn surfaces, as shown in Figure 3-3, the structures of 

low-twist worsted yarns can be classified into two types, which are wrapped structures, 

and unwrapped structures. In particular, the wrapped structures consist of three 

categories according to distinguished tightness and configurations of wrapper fibers, 

such as tightly wrapped structure with a straight yarn segment (W_T&S), tightly 

wrapped structure with a curved yarn segment (W_T&C), forming crests and troughs 

along yarn length, as well as loosely wrapped structure with a straight yarn segment 

(W_L&S); besides, the unwrapped structures have two kinds, including unwrapped 

normal structure (U_N), and unwrapped bulky structure (U_B). Consequently, there 

are five types of surface structures of low-twist worsted yarns in all.  

 

             

 (a) Tightly wrapped with a straight yarn       (b) Tightly wrapped with a curved yarn 

                (W_T&S)                                                             (W_T&C) 

            (c) 

Loosely wrapped with a straight yarn       (d) Unwrapped and normal structure 

                        (W_L&S)                                                           (U_N) 
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(e) Unwrapped and bulky structure  

 (U_B) 

Figure 3-3 Surface structures of low-twist worsted yarns (24Nm, αm=65) 

 

The two types of tightly wrapped structures seem similar to the ones in air-jet yarns 

[130,136], and vortex yarns [137]. Additionally, the wrapper fibers on low-twist 

worsted yarns also had wrapping angles in the opposite direction with yarn twist angle, 

like the wrapper fibers on low-twist cotton yarns, even though their wrapping angles 

varied along yarn axes.  

 

From Figure 3-3 (a) and (b), it can be apparently seen that tightly wrapped yarn 

segments brought about quite compact yarn structures, which would decrease yarn 

bulkiness and increase yarn rigidity, so that went against the soft handle of yarns and 

resultant fabrics. Admittedly, tight wrapper fibers could contribute to decreasing yarn 

hairiness by holding back fiber ends from protruding out of yarn bodies, as well as 

enhancing yarn strength resulted from the constraint of fiber slippage and the increase 

of lateral pressure on yarn bodies. In 24Nm low-twist worsted yarns, these kinds of 

wrapping structures took up to almost 60%, including 53% tightly wrapped structure 

with a straight yarn and 6.45% tightly wrapped with a curved yarn, as shown in Table 

3-3. Whereas, loose wrapper fibers seem to have little effect on yarn properties and 

surface configurations, and the length of yarns wrapped by loose wrapper fibers only 

accounted for 5.3% of the whole yarn length, therefore, this type of wrapping structure 

could be ignored.  
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Table 3-3 Percentages of different surface structures of low-twist worsted yarns 

(24Nm, αm=65, Upper ratio=1.22, Lower ratio=1.22) 

Types of yarn surface structures  Percentage (%) 

Tightly wrapped with a straight yarn (W_T&S) 53 

Tightly wrapped with a curved yarn (W_T&C) 6.4 

Loosely wrapped with a straight yarn (W_L&S) 5.3 

Unwrapped yarn structures (U) 35.3 

 

3.3.2.2 Diameters of the low-twist worsted yarns with various surface structures 

In order to investigate the effect of yarn segments with varied surface structures on 

yarn evenness, the yarn diameter of each type of structure was measured and 

compared, as shown in Figure 3-4. In particular, the diameter of yarn segments with 

loose wrapper fibers and straight core was similar to the one of unwrapped normal 

yarn segments. 

 

 

Figure 3-4 Diameters of low-twist worsted yarns with various structures    

(24Nm, αm=65) 

 

It can be seen from the measured results that there are distinct differences between the 

diameters of unwrapped yarn segments and the ones of tightly wrapped segments. The 
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diameter of W_T&S approximated to the one of W_T&C, whereas, both of the two 

diameters were probably 40% smaller than the diameter of U_B, and about 20% 

smaller than the diameter of U_N, which was similar to the diameter of W_L. 

Apparently, the tightly wrapped structures will detrimentally affect yarn evenness 

because of their much lower diameters than the normal yarn diameters, as well as their 

high percentage of yarn length.  

 

Moreover, Figure 3-3 displays that the tight wrapper fibers resulted in much 

compacter yarn structure than the normal yarn segments, which may give rise to the 

harsh handle of yarns and fabrics. Also, the tightly wrapped structure led to unevenly 

dyed fabrics because of the distinct dye absorptions of the tightly wrapped yarn 

segments from the unwrapped yarn segments [227]. Thus, the tight wrapper fibers 

should be decreased as more as possible, or be transferred into loose wrapper fibers. 

 

3.3.2.3 Length distributions of the tightly wrapped structures on low-twist worsted 

yarns 

Aiming to find if there is any regularity of the lengths of tightly wrapped yarn segment, 

the length of each yarn segment was measured, which continuously distributed on 2m 

low-twist worsted yarn length. Figure 3-5 exhibits the length distributions of W_T&S 

and W_T&C, respectively. Clearly, there were 21 W_T&S   and five W_T&C on the 

measured 2m low-twist yarn segments. There seems no marked regularity of the 

length distributions of the two types of tightly wrapped structures. However, the 

variation of the length of W_T&S was significantly large, which may further 

deteriorate the evenness of resultant yarns. Relatively, W_T&C showed lower 

variation. 

 

In short, the tightly wrapped yarn structures of low-twist worsted yarns reversely 

affected yarn evenness resulted from their large proportion, large diameter differences 

from normal yarn segments, and high length variation. Also, tight wrapper fibers 

contributed to compact yarn structures, which went against the bulkiness and soft 

handle of worsted yarns and fabrics, as well as brought about differentiated dye 

absorption rate from normal yarn segments so as to produce unevenly dyed fabrics. 
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Therefore, the tight wrapper fibers should be decreased as less as possible in order to 

acquire more favourable low-twist worsted yarns and fabrics. 
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    (a) Tightly wrapped structure with straight yarn body 

 

    

(b) Tightly wrapped structure with curved yarn body 

Figure 3-5 Length distribution of tightly wrapped yarn structures (24Nm, αm=65) 
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3.4 Investigations on wrapper fiber formation 

From the observation and analysis on wrapped structures of low-twist worsted yarns, 

there was a general belief that tight wrapper fibers would deteriorate yarn evenness, 

as well as fabric bulkiness, handle and dyeing evenness. In order to reduce or even 

eliminate the wrapper fibers on the low-twist worsted yarns, the formation of this kind 

of structure should be investigated. Thus, this session will utilize high speed camera 

system to study the fiber and yarn movement in the whole process of false-twisting 

on the low-twist spinning system, because it was prevalently reckoned that false-

twisting is the vital origin of wrapper fibers [130]. 

 

3.4.1 High speed camera system 

A high speed camera system was adopted to on-line monitor the motion of yarn and 

protruding fibers during the spinning process, which consists of a high speed camera, 

an adjustable tripod, a lighter and a computer connected with the camera, as shown in 

Figure 3-6. In particular, the tripod frame was used to adjust the shooting position of 

the camera tangent with spun yarn surface. Sampling frequency and resolution for 

capturing videos were set as 300 frames per second and 512×512, respectively. The 

magnification of the obtained images of yarns or fibers was about 10. The magnified 

moving yarns and fibers can be watched on the computer screen and record at any 

time. Then, the record video can be replayed slowly one frame by one frame and 

transferred into photos, so that the behavior of yarns and protruding fibers during yarn 

and wrapper fiber formation can be observed in details.  
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Figure 3-6 High speed camera system 

 

3.4.2 Fiber and yarn behavior in different positions 

Since false twisting is generally considered as the origin of wrapper fiber formation, 

seven positions around the TEBT false-twister, as shown in Figure 3-7, were chosen 

to observe the behaviors of moving yarns and fibers by using the aforementioned high 

speed camera system. In particular, position 1 was between the spinning triangle  and 

the upper endless-belt, which was named as A zone; position 2 and 5 were the points 

where the running yarn came into contacting with the upper endless belt and the lower 

endless belt, respectively, that are, the entrances of the upper-belt false-twister and the 

lower-belt false-twister, respectively; position 3 and 6 were the points where the 

moving yarn left the upper belt and the lower belt, respectively, that are, the exits of 

upper-belt false-twister and lower-belt false-twister, respectively; position 4 was 

between the upper belt and the lower belt; and position 7 was where the yarn 

completely left the false twister but had not been grabbed by the traveler. 

 

High speed camera 

Tripod 

Lighter 
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Figure 3-7 Observation positions on two-endless-belt-type low-twist spinning 

system 

 

By carefully observing the motion of spun yarns and fibers in the selected seven 

positions, Figure 3-8 (1) presents quantities of long protruding fiber ends were found 

in A zone, which is the region between the spinning triangle and the upper belt. Here, 

the long protruding fiber ends are defined as the fiber ends or hairs of 3mm or longer 

stretching out of yarn bodies, because the protruding hairs of 3mm can wrap the yarn 

body at least two circles at the largest wrapped structures, namely W_L&S, and the 

number of hairs with the length of 3mm and longer is a universal evaluation parameter 

for yarn hairiness in textile industries and institutions. When these fiber ends 

contacted the upper belt, the friction resistance and the relative movement among the 

belt, the yarn body, and the protruding fiber ends resulted in a big mass at the entrance 

of the upper-belt false-twister, as displayed in Figure 3-8(2). It is obvious that higher 

friction resistance may pull more fiber ends out of yarn bodies if there is a low fiber 

security in yarns and lead to more protruding fiber ends being entangled together on 

belts, and these fibers would finally wrap on yarn surface under the effect of false 

twisting effect. Actually, as shown in Figure 3-8(4), some neps also form after the 

yarn passed the upper belt. In addition, there were still some protruding fiber ends left 

on yarn surface being further rubbed with the lower belt to become wrapper fibers or 

not, as shown in Figure 3-8 (5). Clearly, the more the long protruding fiber ends in A 
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zone, the higher potential of wrapper fiber formation. Therefore, the number of long 

protruding fiber ends in A zone, the fiber security of yarns, the friction resistance of 

belt to yarn and fibers, as well as the effect of false twisting were the three key factors 

for wrapper fibers. Besides, it is shown in Figure 3-8 (1) that the buckled yarn 

segments first formed in A zone, which may attribute to excessively twisting. 

However, some of these buckled segments still existed even after the yarn passed the 

false-twister, as displayed in Figure 3-8 (6) (b) and 3-8 (7) (b), which may be the 

reason for the formation of the curved yarn in W_T&C. 

 

         

           (a) straight             (b) buckled                   (a) straight            (b) buckled    

      (1) Before the false-twister (A zone)                 (2) Entrance of the upper belt 

 

          

           (a) straight              (b) buckled                    (a) straight            (b) buckled 

              (3) Exit of the upper belt               (4) Between the upper belt and lower belt 
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           (a) straight & hairs                    (b) bulked                            (c) neps 

(5) Entrance of the lower belt 

 

            

             (a) straight           (b) buckled                   (a) straight             (b) buckled 

                 (6) Exit of the lower belt                          (7) under the false twister 

Figure 3-8 Motion of yarn and protruding fiber ends on two-endless-belt-type 

low-twist spinning system (24Nm, αm=65) 

 

 

3.5 The effect of long protruding fiber ends on wrapper fibers 

Based on the foregoing investigation and analysis, the number of long protruding fiber 

ends in A zone, e.g. the number of hairs of yarns between the spinning triangle and 

the false-twister, played a critical role in wrapper fiber formation on resultant low-

twist worsted yarns. In the year of 1982, Plate and Lappage [78] found that the surface 

protruding fibers can be trapped mutually between two twisted strands, and stably 
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restrained into the final two-fold structure. Siro-spinning, actually, was developed on 

the basis of this principle, that is why the resultant Siro-spun yarns exhibited 

significantly reduced hairiness. Furthermore, Emmanuel and Plate [13] also pointed 

out that the trapping times of surface fibers positively correlated with the number of 

twists on the single strand, that is, the more twists on the single strand, the more 

protruding fibers were trapped before the two strands converged together. Under the 

effect of false twisting, however, the strand in A zone of low-twist spinning system 

was endowed more twists than the one of conventional ring spinning system [228], 

which is conductive to fiber trapping of two single strands. Therefore, it is speculated 

that the long protruding fiber ends in A zone could be decreased by combining Siro-

spinning system with the present TEBT low-twisting spinning system, so that the 

wrapper fibers may also be reduced. This session will verify this speculation by 

experiments in order to further confirm the effect of long protruding fiber ends in A 

zone on wrapper fiber formation of low-twist worsted yarns. Here, the hairs of 3mm 

and longer are defined as the long protruding fiber ends, as described before. 

 

3.5.1 Materials and yarn preparation 

The specifications of the utilized wool roving after re-combing and shrink-resist 

treatment were the same as the ones displayed in Table 3-1. The roving count was 

1.49Nm, and it was composed of two ends. After 24-hour-conditioning at the standard 

atmosphere of 20±2℃ and 65±2% RH, wool fibers were spun into two kinds of 24Nm 

worsted yarns by means of low-twist spinning system with single-end roving feeding 

and double-end roving feeding, respectively. The specific spinning parameters are 

listed in Table 3-3.  

 

In order to directly reflect the effect of long protruding fiber ends on wrapper fibers, 

the spinning parameters of two spinning methods were almost the same except for 

roving gap and condenser. In particular, the roving gap was set as 8mm by considering 

the spinnability, although the usually optimized gap for worsted spinning was 14mm; 

additionally, the optimum twist multiplier for Siro-spinning should be 120 or above, 

but the twist multiplier of 65, the same as that of the low-twist spinning with single-
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end roving feeding, was used in the one with double-end roving feeding for fair 

comparison. 

 

Table 3-4 Spinning parameters 

Yarn type LT LT+Siro 

Twister multiplier 65 65 

Speed ratio 1.22 1.22 

Draft ratio 16 16 

Traveler type SBA 20 SBA 20 

Spindle speed (rpm) 6500 6500 

Ring diameter (mm) 51 51 

Roving gap (mm) --- 8 

Condenser Y N 

 Note: “24LT” represents low-twist yarns; “LT+Siro” represents the low-twist yarns 

spun with Siro-spun feeding. 

 

3.5.2 Measurement 

In this study, the number of long protruding fiber ends in A zone and the percentage 

of wrapper fibers on the resultant yarns were examined, respectively. High speed 

camera system was employed to capture the images of the moving yarns in A zone. 

The number of long protruding fiber ends per 10cm of yarn length, were counted on 

the obtained images. Leading fiber ends and tailing fiber ends were recognized and 

counted, respectively. The sampling frequency was 300 frames per second, and the 

resolution of images was 512×512 with a magnification of 10. Besides, the wrapping 

structures on the resultant two kinds of yarns were also measured by means of Lecia 

M165. The sample preparation and measurement parameters were the same as the 

aforementioned. All yarn samples had been conditioned for one week at the 

atmosphere of 20±2℃ and 65±2% RH before being tested. 

 

3.5.3 Results and discussion 
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3.5.4.1 Long protruding fiber ends in A zone 

Figure 3-9 presents the number of long protruding fiber ends per 10cm of yarn length 

in A zone including leading fiber ends and trailing fiber ends, on the low-twist 

spinning system with single-end roving feeding and double-end roving feeding, 

respectively. Apparently, the leading fiber ends in A zone on both of the two spinning 

systems were much more than the trailing fiber ends.  

 

 

(a) Leading fiber ends 

 

                (b) Trailing fiber ends 

 Figure 3-9 Number of long protruding fiber ends in A zone (24Nm, αm=65) 
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For leading fiber ends, it can be found in Figure 3-9 (a) that the number of leading 

fiber ends in A zone of low-twist spinning system with Siro-spun feeding was about 

40% less than that of low-twist spinning system. For trailing fiber ends, low-twist 

spinning system with Siro-spun feeding also exhibited significantly less trailing fiber 

ends in A zone, as shown in Figure 3-9 (b). It is indicated that the adoption of siro-

spun feeding can significantly decrease the number of long protruding fiber ends in A 

zone, especially the number of leading fiber ends.  

 

3.5.4.2 Wrapper fibers on resultant yarns 

As is shown in Figure 3-10, the proportion of each kind of yarn structure on the low-

twist worsted yarns spun with single-end roving feeding and double-end roving 

feeding are clearly displayed, respectively. In Figure 3-10 (a), the wrapped yarn 

structures of low-twist wool yarns with single-end roving feeding totally took up 

about 64.7%, almost as twice as the unwrapped structures. After integrating Siro-spun 

feeding, the wrapped structures on the resultant yarns almost decreased by half; and 

the percentage of the favourable yarn structures without wrapper fibers 

correspondingly increased from 35.3% on low-twist worsted yarns to 63.6%. 

 

Additionally, the previous study demonstrated that tightly wrapped structures had a 

detrimentally effect on yarn evenness, fabric handle and dyeing etc. On low-twist 

worsted yarns spun with single-end roving, these types of yarn structures including 

W_T&S and W_T&C, possessed almost 60% of the whole yarn length. Whereas, on 

low-twist worsted yarns spun with double-end roving feeding, the tightly wrapped 

structures decreased to about 20%. In particular, W_T&S was markedly cut down 

from 53.03% to 15.18%, and W_T&C slightly reduced, while W_L&S increased from 

6.4% to 15.32%, but loose wrapper fibers nearly had no influences on yarn properties 

as well as fabric dyeing and handle.  

 

Consequently, the measured data provide a full proof that combining Siro-spun 

feeding with low-twist spinning can effectively reduce the wrapper fibers on resultant 

yarns which may attribute to the significantly reduced long protruding fiber ends in A 

zone. It is apparently demonstrated that the number of long protruding fiber ends in A 
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zone plays a vital role in wrapper fiber formation. However, the present low-twist 

spinning parameters produced excessive twists in their A zones, so that the bulked 

yarn segments formed there, some of which were finally embodied as W_T&C.  Thus, 

the spinning parameters need to be optimized. 

 

 

(a) Spun with single-end roving feeding 

 

                                         (b) Spun with double-end roving feeding 

Figure 3-10 Percentages of various structures on Low-twist yarns 
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 3.6 Summary 

This chapter has carefully examined the surface characteristics of low-twist worsted 

yarns, and quantities of wrapper fibers were found on 24Nm low-twist worsted yarns 

with a twist multiplier of 65. Generally, the surface structures are classified into five 

types, including three types of wrapped structures and two types of unwrapped 

structures. In particular, the tightly wrapped structures account for almost 60%, and 

the diameters of these types of structures are about 40% smaller than that of 

unwrapped bulky structure and approximately 20% smaller than unwrapped normal 

structure, respectively. Therefore, the tightly wrapped structures would deteriorate 

yarn evenness. Also, fabric handle and dyeing will be adversely influenced because 

of the compact structures resulted from tight wrapper fibers. However, there is no 

apparent regularity of the length distribution of wrapped structures on a consecutive 

low-twist yarn segment. 

 

To decrease the wrapper fibers, the formation process of wrapper fibers on low-twist 

spinning system has been observed by virtue of high speed camera system. It is 

revealed that there are mainly four factors influencing wrapper fiber formation, which 

were long protruding fiber ends in A zone, namely the region between spinning 

triangle and false-twister, the fiber security in yarns, the friction resistance of false-

twisting belts to the delivering yarn and protruding fibers, as well as the effect of false 

twisting. Especially, the number of long protruding fiber ends in A zone, that is the 

hairs of 3mm and longer, plays a critical role in wrapper fiber formation, which has 

been further confirmed by combing Siro-spun feeding with low-twist spinning system. 

Besides, the bulked yarn segments resulted from excessive twists in A zone on the 

low-twist spinning system are reckoned as the reason for the formation of the curved 

yarns with tight wrapper fibers. 
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Chapter 4 Modeling of Maximum Hairiness of Ring Staple 

Yarns  

 

 

4.1 Introduction 

Fiber loops, wild fibers and fiber ends that protrude from the surface of yarn body are 

normally regarded and measured as yarn hairiness. In general, the first two terms are 

small thus in most studies they were ignored. Fiber ends that lie in the yarn surface 

layers have potentials to protrude from the yarn body and become hairs or stay in the 

yarn body. The number of these fiber ends in a unit yarn length is thus defined as the 

maximum number of yarn hairiness. That is, in real situations, not all these potential 

fiber ends will contribute to the measured yarn hairiness as some of them may be 

smoothly tucked in with adjacent fibers, even with mechanical abrasion in excessive 

processing. This important concept has not been well defined in a large number of the 

previous theoretical treatments thus much confusion occurred when using these 

models to predict yarn hairiness.  

 

The preliminary studies, however, demonstrated that there was a close relationship 

between wrapper fiber formation and the long protruding fiber ends in A zone on the 

low twist spinning system, therefore, it is necessary to construct a model to predict 

the number of long protruding fiber ends and accordingly probe the influencing factors 

of these protruding fiber ends, so that the formation of wrapper fibers could be better 

controlled. It is generally hypothesized that the structure of yarn segment in A zone 

on the low-twist spinning system is similar to that of ring-spun yarns of a high twist 

without buckling, which is generated by the false-twisting device [24]. Since the other 

two types of hairs including loops and wild fibers are small for ring spun yarns, they 

were ignored in most related studies. There are some questionable problems in the 

previous models related to yarn hairiness, as discussed in Chapter 2, thus this section 

will focus on developing a new model for predicting the maximum potential fiber ends 

of ring spun yarns, based on Brown and Ly’s model with an additional consideration 
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of yarn twist. Also, the relationships of maximum hairiness and the involved 

influencing factors in the newly developed model will be simulated by means of 

MATLAB software. Furthermore, the previous and present models are discussed, and 

the calculated values are compared with the measured hairiness values to verify the 

theoretical model for the maximum hairiness of conventional ring-spun yarns.  

 

 

4.2 Assumptions 

An idealized yarn structure is used in the study according to the following assumptions: 

 The yarn is a linear assembly with straight and incompressible fibers parallel 

aligned at random. 

 In any yarn cross-section, fiber length follows an identical distribution, 

without considering the variation of fiber diameter, and there is no fiber 

migration. 

 Yarn axis and fiber length are defined as the horizontal axis and the vertical 

axis, respectively; the vertical projection of the left-hand fiber end on yarn axis 

is nominated as the X point, the positioning of which with regard to the unit 

yarn segment is assumed to follow a uniform distribution, and be independent 

of fiber length L. 

 The number of fibers, whose position of left-hand end (namely X point) meets 

certain property is assumed to follow a stationary point process. 

 Yarn delivery direction is defined as right-hand, which is also the direction of 

the X  axis. 

 The structure of yarn cross-section is considered as open packing with one 

core fiber, where fibers are displayed in concentric annular shells [277, 278], 

and since the ideal yarn has the most dense structure which the real yarns are 

nearly impossible to achieve, the effect of yarn twist on yarn diameter is 

ignored in this model, and the width of each shell remains constant as fiber 

diameter. 

 The effect of fiber physical properties on yarn hairiness is ignored. 

 Fiber loops and wild fibers are excluded. 
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4.3 Model development 

According to the assumptions above, any fiber can be represented by a coordinate

 ,X L . Brown and Ly stated that the expectation of the number of fibers with certain 

property is given by the following Equation [174], 

   
S

N dXdF L 


                                      (4-1) 

   dF L f L dL                                             (4-2) 

where N is the number of fibers that lie in a specified position in a unit yarn; region

S  refers to the distribution region of the point  ,X L  for a fiber being located in a 

specific position in a unit yarn;   is the intensity of the stationary point process;  F L  

and  f L  are the accumulative function and the probability density function of fiber 

length distribution, respectively.  

 

4.3.1 Twist correction 

4.3.1.1 Twist correction of fiber length 

According to Brown and Ly’s work [174] there are four types of situations between a 

fiber and a unit yarn with the length of  , including a fiber leaving its right-hand end, 

or left-hand end, or neither end, or both ends in the unit yarn, which are denoted as 

1R , 1L , 0 and 2 , respectively (as shown in Figure 4-1). Since the projection of 

the left-hand end of a fiber on yarn axis is represented as X , the projection of the 

right-hand end could be calculated as cosX L  , where   is the fiber twist angle. 

However, Brown and Ly did not consider the negative values of X  in conditions of 

1R  and 0  if a fiber is long enough. 

 

For situation 1R , Figure 4-1(a) shows that a fiber intersects the left-hand boundary 

of the unit yarn, and contributes to a right-hand end in it. Accordingly, the two ends 

of the fiber should meet the following conditions, 
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cos cose

X

L X L



   




    
                                 (4-3) 

Concerning situation 1L , as shown in Figure 4-1(b), the fiber leaving its left-hand 

end in the unit yarn should follow, 

cos

cos

eX L

X L

  

 

  


  
                                          (4-4) 

 

 

 

  

Fiber 
Yarn 

 

 

Right-hand  Left-hand 

 

 

 

  

 

 

(a) 

 
  

 

Right-hand  Left-hand 

 

 

 

 

 

 

 

(b) 



 

Chapter 4                                Modeling of Maximum Hairiness of Ring Staple Yarns      

                                                                                    

79 

 

 

 

Figure 4-1 Four specified positions where a fiber lies with respect to a unit yarn with 

the length . (a) ΦR1: A fiber leaving its right-hand end in a unit yarn; (b) ΦL1: A fiber 

leaving its left-hand end in a unit yarn; (c) Φ0: A fiber stretching across a unit yarn ; 

and (d) Φ2: A fiber leaving its two ends in a unit yarn. 

Then, with regard to the situation 0 , it is shown in Figure 4-1(c) that the fiber that 

intersects the two boundaries of a randomly selected unit yarn should not allow either 

of its two ends to fall into the segment, which could be mathematically confined as 

cos

X

X L



 




  
                                        (4-5) 
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Finally, for the situation 2 , Figure 1(d) shows that a fiber is located in the unit yarn 

without intersecting either boundary; therefore the two fiber ends of this fiber should 

meet 

cos

e

X

X L

L L

 

  

   


    
 

                                   (4-6) 

 

According to the Inequalities (3), (4), (5), and (6), the probability distribution regions 

in coordinates  ,X L  of the four situations can be obtained, are presented in the 

shadow areas in Figures 2 (a), (b), (c) and (d), respectively. The number of fibers in 

each situation will be calculated in turn below. 
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Figure 4-2 Probability distribution regions of four situations that a fiber is positioned 

with respect to a unit yarn with the length  (a) ΦR1 ; (b) ΦL1 ; (c) Φ0 and (d) Φ2. 

 

In situation 1R , the expectation of the number of fibers leaving their right-hand ends 

in a unit yarn could be calculated as  

     
1

cos
cos

cos cos cos
cos

R
e e e

L

L L L L
N dXdF L dXdF L

  


    


  


 


  

      

        coscos cos cos
cose

e e e
L

LdF L L F L L F   


  
       

  
   (4-7)  

where      
0 0

e eL L

eF L dF L f L dL   ,
 eL  is the length of the fiber end in a unit 

yarn. 
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Similarly, the expectation of the number of fibers, which leave their left-hand ends 

in the unit yarn in situation 1L , is given as 

     
1

cos cos
cos

cos
cos

e e

L
e

L L

L L
N dXdF L dXdF L

   


  


  


  




      

   coscos cos cos
cose

e e e
L

LdF L L F L L F   


  
       

  
   (4-8) 

It is obvious that the number of fibers with their left-hand ends in a unit yarn equals 

to that of fibers with their right-hand ends in the unit yarn. This is because each fiber 

only has two fiber ends, which are the left-hand end and the right-hand fiber end, and 

since the abscissa of the left-hand end follows a uniform distribution independent of 

fiber length, the abscissa of the right-hand end on the same fiber will also follow 

uniform distribution. Correspondingly, each fiber end has the same probability to fall 

into the unit yarn segment.  

 

The expectation of the number of fibers contributing to no fiber end in a unit yarn in 

the third situation, 0 , is shown as follows,  

    
0 cos

cos
L

N dXdF L


 


 





    

 
cos

cos
cos

LdF L F


 






  
    

  
                                                     (4-9) 

 

For the last situation 2 , the average number of fibers with two ends in the unit yarn 

can be achieved from the following equation,  

   
2

cos
cos

e

L

L
N dXdF L

 



 




             

                coscos
cos e

e
L

F F L LdF L 


  
      

  
                                (4-10) 

 

Summing up the numbers of all kinds of fibers in a unit yarn segment, it is found that 

                                     
1 1 0 2R LfN N N N N                                (4-
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11) 

When 0 , the fiber will fail to leave either left-hand end or right-hand end in the 

yarn segment, namely  

                                  
2 1 1

0, 0, 0
R L

N N N                       (4-12) 

Therefore, 

                                                    
00 0lim limfN N                             (4-13) 

When the length of the unit yarn approached zero, namely 0 , the expectation of 

the number of fibers in this segment is actually the average number of fibers in yarn 

cross-section, that is 

                                                    0lim fN n                                    (4-14) 

Substituting Equations (4-9) and (4-14) to Equation (4-13) gives that, when 0 ,  

          
0

cos cosn LdF L L   


                        (4-15) 

where  
0

L LdF L


   is the average fiber length. 

Then, 

         
cos

n

L



                                             (4-16) 

Since the yarn delivery direction is defined as the direction of X  axis, the right-hand 

fiber ends are actually leading fiber ends, and the left-hand fiber ends are the 

corresponding tailing fiber ends. The two types of fiber ends are calculated, 

respectively, as follows,  

                                                     
1 2RELN N N                                     (4-17) 

                                                     
1 2LETN N N                                    (4-18) 

Substituting Equations (4-7) and (4-10) into Equation (4-17) and substituting 

Equations (4-8) and (4-10) into Equation (4-18) yields  

       cos 1
cos

EL ET e e

n
N N L F L

L
  


                  (4-19) 

As shown in Equation (4-19), the number of leading fiber ends is equal to the number 

of tailing fiber ends in a unit yarn, which is different from Barella’s experimental 

results  that the tailing fiber ends took up 56–64%, leading fiber ends 30–40%, and 
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another 2%–10% of fiber ends could not be determined [13]. In spinning process, 

some fiber ends may change their configuration as a result from some random factors, 

including fiber migration, air drag, mechanical abrasion, etc. Therefore, in order to 

exclude the effect of these uncontrollable factors on the direction of fiber ends, the 

total number of fiber ends, denoted as EN , is calculated as a theoretical value for 

further analysis,  

         E EL ETN N N                                     (4-20) 

Substitution of Equation (4-19) into Equation (4-20) gives the expectation of the 

number of fiber ends with and above the length of eL  in a unit yarn with the length of 

 , 

                                        
2

cos 1
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E e e

n
N L F L

L
 


                         (4-21) 

where 

fb

y

N
n

N
                                                         (4-22) 
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fbN
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                                               (4-23) 

where 
3( / )g cm  is the fiber volume density, e.g. 1.30 ~1.32wool   [13]. 

 

 4.3.1.2 Twist correction of fiber cross-section 

In a yarn cross-section, fibers with different distances to the center of the yarn exhibit 

different twist angles; thus the yarn cross-section is divided into several shells (or 

layers). The shells are numbered outwards from the center by i , so that the core fiber 

is denoted as 1i  , and the fibers in the successive layers are denoted as 

2,3,..., ,i m  respectively. Particularly, the outmost layer is numbered as m . When 

yarns are without twist, fiber axes are parallel with the yarn axis, and both the fiber 

cross-section and the yarn cross-section are circular; however, when twist is inserted 

to yarns, most of the fiber axes, except the core fiber, may have angles with the yarn 

axis, and all fibers but the core fiber display elliptical cross-sections in the yarn cross-

section, as shown in Figure 4-3. The major diameter and minor diameter of the 
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elliptical cross-section of a fiber are calculated, respectively, by the following 

Equations, 

                                                         
cos i

d
a


                                                    (4-24) 

                                                         b d                                                            (4-25) 

Additionally, 
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                                     (4-27) 

21 tan1 1

2 y

m
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                                                (4-28) 

where 1000 mH T , 
m m yT N . 

 

 

Figure 4-3 Yarn and fiber cross-sections when yarns are twisted (O,Of’ are the 

centers of a yarn and of a fiber, respectively). (a) yarn cross-section; and (b) fiber 

 

Yarn axis 
Fiber axis 

 

 

  

(b) 

 

 

 
 

(a) 



 

Chapter 4                                Modeling of Maximum Hairiness of Ring Staple Yarns      

                                                                                    

86 

 

cross-section. 

 

Substituting Equation (4-27) into Equation (4-26) yields 
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                   (4-29) 

As can be seen from Equation (4-29), this demonstrates that the twist angles of the 

fiber in various layers of ring-spun yarns are quite different, and they gradually 

increase from the center to the outer layers. 

 

 4.3.1.3 Twist correction of the number of fibers in yarn cross-section 

It is known that the number of fibers with identical circular cross-section in each layer 

of the open packing cross-section of yarns without twist could be approximately 

calculates by [279] 

0

1 1

6( 1) 2,3...
i
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n

i if i m


 

 
                              (4-30) 

Whereas, compared with the circular fiber cross-section, the elliptical fiber cross-

section will decrease the number of fibers in every shell, as shown in Figure 4-4. 

Consequently, it is necessary to modify 0in  when considering yarn. 

 

As Figure 4-4(b) displays, 
'tan 2i  is actually the slope of line

' '

1O M , which is the 

tangent with the fiber elliptical cross-section at 
'

1M . By integrating the Equation of 

ellipse and the Equation of tangent line
' '

1O M , one has 

                                

 

'

2

1
tan

2 cos 4 1 1

i

i i






 
   2,3,...,i m                         (4-31) 

where 
'

i  is the central angle of a fiber in the i th layer on the cross-section of a 

twisted ring-spun yarn. 

 

Therefore, the numbers of fibers in the i th layer of twisted yarns is presented as 

follows, 
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                (4-32) 

 

 

 

 

Figure 4-4 Cross-sections of yarns with and without twist. (a) cross-section of 

yarns without twist and;  (b) cross-section of twisted yarns. 

 

In addition, since yarn packing density is normally recognized as the ratio of the total 

area of fiber cross-sections to the area of yarn cross-section, with the assumption that 

the width of each layer remains constant as fiber diameter, in could also be calculated 

from any known yarn packing density of a layer and the fiber cross-section area in 

this layer, 
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      2,3,...,i m                            (4-33) 

where 
'

fiP is the packing density of the i th layer in actual yarns, which is the ratio of 

the total cross-sectional area of the fibers in the i th layer to the cross-sectional area 
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of this layer in a twisted ring-spun yarn.
'

fiS  is the cross-sectional area of a fiber in the 

i th layer of a twisted ring spun yarn. 

 

Finally, Equation (4-21) for calculating the total number of fiber ends with certain 

length in a unit yarn segment is modified as 

       
1 1

2
cos 1

cos

m m
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E Ei e i e
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n
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              (4-34) 

 

4.3.2 Correction of hairiness contribution factor 

Most of measured hairs on yarn surface are actually protruding fiber ends, which are 

part of the total fiber ends in the yarn. Additionally, the fiber ends that lie in the yarn 

outmost layer and not protrude out of yarn surface also have potentials to protrude 

from the yarn body. Thus, it is necessary to introduce a contribution ratio which is 

denoted as 0h  to calculate the number of fiber ends contributing to and potentially 

contributing to hairiness. 

 

Barella [172] put forward that there was a proportional relationship between the 

number of protruding fibers, which are actually the potentially protruding fibers, and 

the number of fibers in the peripheral layer of yarn cross-section, as well as the area 

of this layer, but he simply used the area of the outmost layer multiplying a constant 

K  to represent the number of fibers in this layer, which is questionable. Therefore, 

based on the assumption of yarn cross-section being circular, the contribution ratio 

0h  is supposed as the ratio between the area of the outmost layer and the area of the 

whole yarn cross-section. Consequently, 0h
 
is calculated as 

 
0 2

4
m

d D dS
h

S D


                                        (4-35) 

Barella [172] supposed that a worsted yarn had five layers, and accordingly 10D d ,3 

so that 0h  is a constant, and has no relationship with yarn properties such as yarn 

count, twist multiplier etc. However, it is known that higher metric yarn counts will 

result in thinner yarns if the twist multiplier remains constant. Moreover, in real 
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situations, increasing yarn twist will lead to an increment of yarn density and reduction 

in the yarn diameter. Thus, the equation for yarn diameter, shown in Equation (4-36), 

which was developed by Barella [16] with considering the effect of yarn twist and 

yarn count, was adopted to calculate the contribution factor. 

              
21 tan

2
y

D
N



 


                                          (4-36) 

where, for worsted yarns 

      0.58 0.0025 m                                           (4-37) 

and                                               

21 cos
tan

cos







                                          (4-38) 

In particular, Barella [16] supposed that mean twist angle   was the twist angle of 

the fiber at the half of yarn diameter. This is not sufficiently accurate, so the mean 

twist angle is recalculated as, 

        1
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i ii

m
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                                      (4-39) 

In addition, since the linear equation of yarn density and twist multiplier had been 

built up many years ago, and spinning parameters as well as machine conditions have 

experienced significant changes, it is necessary to reconfirm the relationship of yarn 

density and twist multiplier, which will be examined later by experiments. 

 

Consequently, the hairiness contribution ratio is presented as 
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1 tan
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                           (4-

40) 

 

The contribution ratio has a close relationship with yarn structure and the definition 

of the surface layers in which fibers contribute to hairiness in yarn cross-section. In 

this paper, it is simply defined as the top surface layer of yarn cross-section similar to 

other’s work [13,85]. However, there is nearly no study on how to scientifically define 
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the contributing surface layers and thoroughly investigation on the relationship of the 

contribution factor and yarn structure. This work will be reported in the successive 

sessions. 

 

The number of fiber ends potentially contributing to hairiness with and above the 

length of eL  or longer in unit yarn is calculated by 

     0

1

2
cos 1

cose

m
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H L e i e
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n
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                    (4-41) 

The improved model shows that fiber length distribution, fiber diameter, yarn count, 

yarn twist, yarn packing density, measurement length etc. will influence the maximum 

hairiness. Moreover, this model provides the numbers of potential hairs with different 

lengths, which has not been achieved in the previous studies associated with hairiness 

or fiber ends.  

 

 

4.4 Simulation 

After model development, the specific relationship of the maximum hairiness and 

each factor involved, including fiber diameter, fiber length, yarn count etc., as shown 

in Equation (41), can be simulated on the basis of the improved model. These 

relationships are of high significance for the control of resultant yarn hairiness, the 

number of protruding fiber ends in A zone, as well as the formation of wrapper fibers 

on the low-twist spinning system. Also, the relationships of fiber and yarn properties 

with the number of fiber layers calculated from Equation (4-28) and the hairiness 

contribution factor delivered by Equation (4-40), which have not been studied by 

Barella and other researchers, are simulated and analyzed in this research.  

 

 4.4.1 Parameters 

Among the parameters of fiber and yarn properties integrated into the developed 

model of maximum hairiness, as presented in Equation (4-41), the number of fibers 

in yarn cross-section fails to be obtained directly, and it is affected by yarn count and 

fiber diameter, therefore the relationships of the maximum hairiness with yarn count 
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and fiber diameter were analyzed instead. Similarly, twist angle was replaced by twist 

multiplier in the simulation. The boundary of every factor had been reasonably chosen, 

as displayed in Table 4-1. Each factor was altered in turn in its range with all other 

factors being constant. The constant values or normal values are also presented in 

Table 4-1, which were actually adopted in the following experimental verification. In 

every simulated curve, about several hundred points were produced by means of 

programming in MATLAB software. Here, the unit yarn length   was set as 1cm.  

 

Table 4-1 Factors employed in the simulation 

Factor Min Max Normal values 

Yarn count (Nm) 10 100 24 

Fiber diameter (mm) 0.01 0.030 0.0195 

Twist multiplier m  40 240 75 

Mean fiber length (mm) 20 140 58.7 

Length of hairiness (mm) 0 10 3 

 

 

4.4.2 Results and discussion 

4.4.2.1 Effects of fiber and yarn properties on fiber layers 

Figure 4-5 simulates the influences of yarn count, fiber diameter and twist multiplier 

with the number of fiber layers. It demonstrates that yarn count and fiber diameter 

played dominant roles in the number of fiber layers in yarn cross-section, both of 

which negatively correlated with fiber layer number, because higher metric yarn count 

and larger fiber diameter would result in fewer fibers in yarn cross-section, the number 

of fiber layers accordingly decreased. Twist multiplier, whereas, seems to have no 

influence on the number of fiber layers. Besides, the simulated curves exhibits 

sawtooth-like shape, and with the increasing yarn count and fiber diameter, the jump 

cycle of the sawtooth-like curves were lengthened. A possible explanation for the 

plateau existing on the curves related to fiber layers is that when the number of fibers 

increases, which is resulted from the decreasing fiber diameter or metric yarn count, 
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but has not, reaches the number of fibers to add another layer, the number of fiber 

layers remains unchanged. 

 

 

(a) Effect of yarn count and fiber             (b) Effect of fiber diameter and twist 

                 diameter on fiber layers                           factor on fiber layers 

Figure 4-5 Relationships of fiber and yarn properties with the number of fiber layers 

in yarn cross-section (“d” represents mean fiber diameter; “TF” means twist multiplier) 

 

4.4.2.2 Effects of fiber and yarn properties on hairiness contribution factor 

As shown in Figure 4-6, hairiness contribution factor smoothly increased when fiber 

diameter, yarn count and twist multiplier were raised, that is, coarser fiber diameter, 

thinner yarn and more twists, would lead to higher ratio of fibers in yarn cross-section, 

which have potentials for advancing yarn hairs. In particular, fiber diameter and yarn 

count presented marked influences on hairiness contribution factor, and fiber diameter 

displayed linear relationship with the proposed hairiness contribution factor, which 

can be seen in Figure 4-6 (b). Twist multiplier, however, had a slightly positive effect 

on the hairiness contribution factor. 
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(a) Effect of yarn count and fiber diameter    (b) Effect of fiber diameter and twist  

     on hairiness contribution factor                 factor on hairiness contribution factor 

Figure 4-6 Relationship of fiber or yarn properties with hairiness contribution factor 

(“d” represents mean fiber diameter; “TF” means twist multiplier) 

 

In addition, Figure 4-7 simulates the effects of the total number of fiber layers in yarn 

cross-section and the number of fiber layers having potentials for yarn hairs on 

hairiness contribution factor. Obviously, hairiness contribution factor presented lower 

values when there were more fiber layers in yarn cross-section. Particularly, the 

hairiness contribution factor sharply reduced before the number of fiber layers in yarn 

cross-section reached 10 layers, but later on, the hairiness contribution factor 

gradually decreases with the increasing fiber layers. Furthermore, when the fibers in 

the outmost two fiber layers were reckoned as having potentials to form yarn hairiness, 

the calculated hairiness contribution factor became higher than the one when the 

outmost one fiber layer was chosen as the potential layer for hairiness, no matter how 

many fiber layers are in the yarn cross-section. In the following simulation, only the 

outmost one layer is used to calculate hairiness contribution factor. 
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Figure 4-7 Relationship of hairiness contribution factor and the number of fiber 

layers in yarn cross-section 

 

4.4.2.3 Effects of fiber and yarn properties on maximum hairiness 

(1) Effects of fiber length and the number of fibers in the yarn cross-section on the 

maximum hairiness  

The correlations of maximum hairiness with the number of fibers in yarn cross-section, 

and mean fiber length are simulated, respectively, as presented in Figure 4-8. The 

trends of the curves exhibiting the relationships between the number of fibers and 

mean fiber length with the maximum hairs of 1mm and longer seem similar to the 

ones presenting the correlations of the above fiber and yarn properties with the 

maximum hairs 3mm and longer, except the values of the former curves were 

somewhat higher than the corresponding ones of the latter curves. 

 

In the simulation, mean fiber length increased from 20mm to 140mm, and the number 

of fibers in yarn cross-section was varied in the range of 0 to 200. As shown in Figure 
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4-8, increasing fiber length and decreasing the number of fibers resulted in the 

reduction of the theoretical numbers of hairs in a unit yarn length. In the range of mean 

fiber length from 20mm to 50mm, the predicted maximum hairiness sharply decreased 

with the increment of fiber length; then the theoretical values gradually dropped and 

almost reached a plateau. Additionally, the number of fibers in yarn cross-section had 

an apparent positive relationship with the maximum yarn hairiness. 

 

 

(a) Maximum hairiness of 1mm and longer  

 

(b) Maximum hairiness of 3mm and longer  

Figure 4-8 Combined effect of fiber length and number of fibers in the yarn 

cross-section on the maximum hairiness per 1cm of staple ring yarns 

 

(2) Effects of fiber diameter and yarn count on the maximum hairiness  
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As discussed before, both yarn count and fiber diameter played crucial roles in the 

number of fibers in yarn cross-section, accordingly maximum hairiness would also be 

significantly affected by these two factors. However, both yarn count and fiber 

diameter were influencing factors for maximum hairiness in the proposed model, in 

other words, they correlated with each other. The combined effects of these two 

parameters on the number of maximum hairs of 1mm and longer as well as 3mm and 

longer are presented in Figure 4-9 (a) and (b), respectively. It is indicated that the 

maximum hairiness gradually reduced with the increasing fiber diameter and metric 

yarn count. Besides, the number of simulated maximum hairiness of 1mm and above 

seemed higher than the one of 3mm and longer. 

 

 

(a) Maximum hairiness of 1mm and longer  

 

(b) Maximum hairiness of 3mm and longer 

Figure 4-9 Combined effects of fiber diameter and yarn count on the maximum 

hairiness per 1cm of staple ring yarns 
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(3) Effect of yarn twist multiplier on the maximum hairiness 

Figure 4-10 presents the simulated influences of metric twist multiplier on the 

maximum hairiness. In this simulation, the twist multiplier was set in the range of 40 

to 240, while other factors remained constant. It can be seen that the maximum 

hairiness had a low sensitivity to yarn twist, but there was a linear relationship 

between yarn twist multiplier and the maximum hairiness. Nevertheless, it is 

complicated that in practice yarn twist related to yarn packing density [232], and 

packing density also affected the number of the maximum hairs. Yarns with higher 

twist multiplier have more dense structure; the number of fiber ends in the surface 

layer would be correspondingly less. Therefore, in this study, yarn packing density 

remained constant when simulating the relationship of yarn twist multiplier and 

theoretical maximum hairiness. 

 

 

Figure 4-10 Effect of yarn twist multiplier on the maximum hairiness per 1cm of 

staple ring yarns 

 

Moreover, the simulated relationship of the maximum hairiness and yarn twist 

multiplier is on the contrary with the observed results [13,194]. This is because that 

the present model has been developed on the basis of the most compact yarn structure, 

and there is nearly no more space for fibers getting closer with each other with 
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increasing twist, except for changing the configuration of fiber cross-section. This 

trend accords with what Morris et al.’s model predicted [175], which was also 

developed on the most compact yarn structure. Consequently, the predicted 

correlation of the maximum yarn hairiness and twist multiplier of quite dense yarns 

differentiates with that of normal yarns. 

 

 

4.5 Verification 

In order to confirm the effectiveness of the proposed model and simulated 

relationships of maximum hairiness with the involved parameters, several kinds of 

worsted yarns were spun,  the  hairiness values of which were measured in turn and 

compared with the theoretical values calculated from the maximum hairiness model. 

Besides, the theoretical values related to fiber ends or hairiness generated by the 

present model were compared with the ones from previous models put forward by 

other researchers, so that the improvement of the newly developed model can be 

apparently indentified. 

 

4.5.1 Experimental 

4.5.1.1 Material specifications  

Wool fibers of 19.5 microns and 58.7 mm in Haunter length were used in this study. 

About 500 fibers were drawn from a roving, and the fiber length was tested according 

to Standard ISO 2646. The prepared fiber sample is shown in Figure 4-11, and the 

measured data of fiber length were grouped in 10mm intervals, as presented in Table 

4-2.  
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Figure 4-11 Prepared sample for wool fiber length measurement (ISO 2646) 

 

Table 4-2 Tested Haunter length of wool fibers 

Group (mm) 0~10 10~20 20~30 30~40 40~50 50~60 60~70 70~80 

Percentage (%) 3 2 9 13 14 14 12 10 

Group (mm) 80~90 90~100 100~110 110~120 >120 

Percentage (%) 8 7 5 2 1 

 

Based on the measured histograms of fiber length, the non-parametric kernel 

estimation was determined to simulate the probability density function of fiber length, 

as shown in Figure 4-12. The kernel function of standard normal distribution, which 

was found to result in better estimation on fiber length probability density function 

than the other two kernel functions including uniform kernel function and polynomial 

kernel function [234], was employed in this study. MATLAB was used to conduct all 

the calculations. 
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Figure 4-12 Kernel estimation of the probability density function of wool fiber 

length 

 

4.5.1.2 Yarn preparation 

Using the same roving measured before with the roving count of 1.72Nm, total 15 

kinds of yarn samples and three cops for each sample were spun on Zinser 451 with 

the following details, which were presented in Table 4-3. 

 

All the 14 types of resultant yarn samples spun with condensers underwent once 

winding by use of Savio winding machine. The tension exerted on yarns during 

winding was the lowest value of Savio winding machine by considering some yarn 

samples with low strength may fail to endure high tension. The winding speed was 

about 300m/min. The 24Nm yarns with the twist multiplier of 75, which were spun 

without condensers, were wound four times at most so as to verify how much potential 

fiber ends could be pulled out of yarn bodies to the greatest extent and become 

hairiness. 
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Table 4-3 Spinning parameters 

Yarn count 

(Nm) 

Twist 

multiplier 

Draft 

ratio 
Traveler 

Spindle 

speed 

 (rpm) 

Ring 

diameter 

(mm) 

Condenser 

24 
75,85,95,105,115

,125,135 
13.95 SBA20 8000 51 Y 

36 
75,85,95,105,115

,125,135 
20.95 SBA26 8000 51 Y 

24 75 13.95 SBA20 8000 51 N 

Note: “Y” means condenser was used; “N” means condenser was not used. 

 

4.5.1.3 Measurement 

To reexamine the relationship between yarn density and twist multiplier, the diameters 

of worsted yarns were measured under a projection microscope with a magnification 

of 50×; each cop of yarn was randomly tested 30 times, and for each kind of yarn 

sample, all three cops were tested, that is, a total of 90 measurements were conducted 

to obtain the mean value of yarn diameter and its variance for each type of yarn sample. 

 

Zweigle hairiness tester and Uster Hairiness tester are the most widely used 

instruments for hairiness measurement, but they worked on the basis of different 

principles which have been illustrated in Chapter 2. In particular, Zweigle testers 

could provide more detailed information on the hairiness of yarns. More importantly, 

the measured hairiness values by Zweigle hairiness tester, which were the numbers of 

protruding fiber ends with certain length and longer such as 1mm, 2mm, 3mm, 4mm, 

etc.,  up to 25mm, respectively [235,183], were similar to the values simulated from 

the proposed maximum hairiness model. Therefore, Zweigle G566 was adopted for 

hairiness testing. Yarn samples of 100m were measured for each test, three tests were 

conducted for each cop and three cops were tested for each type of yarn. Additionally, 

the hairiness of yarns was measured before and after winding. The numbers of yarn 

hairs in 12 kinds of length groups were obtained simultaneously, and the total number 

of hairs with the length of 1mm or longer per 1cm of yarns was accordingly calculated.  
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All yarn samples underwent conditioning for more than one week in a standard 

atmosphere of 20±2℃ and 65±2% RH in a laboratory before testing. All the testing 

was also performed in the standard atmosphere described above. 

 

4.5.2 Results and Discussion 

4.5.2.1 Corrected relationship between yarn density and twist multiplier 

As shown in Figure 4-13, there is a linear relationship between yarn densities and 

twist multipliers of worsted yarns spun under the present spinning conditions. The 

new linear regression Equation of the two parameters is obviously different from the 

old one generated by Barella [80]. Concerning yarns with the same multiplier, the 

density of current worsted yarns is significantly lower than that of previous worsted 

yarns. Consequently, the newly developed Equation has been employed to calculate 

the maximum fiber ends and hairiness of ring-spun yarns, i.e. 

     0.0034 0.2845.m                                           (4-42) 

 

 

Figure 4-13 Relationship between yarn density and twist multiplier 

Corrected: δ = 0.0034αm + 0.2845

R² = 0.9596

Barella's: δ = 0.0025αm + 0.58
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By substituting Equation (4-42) into Equations (4-40) and (4-41), the hairiness 

contribution ratio 0h is calculated and accordingly the theoretical maximum hairiness 

values can be obtained. 

 

4.5.2.2 Comparison of measured hairiness with various theoretical values 

To verify the present hairiness model, the theoretical values calculated from this model, 

including the number of fiber ends and the maximum number of hairs in a unit yarn 

length, were compared with other theoretical values, respectively. All the theoretical 

maximum numbers of hairs were compared with the actual yarn hairiness values 

measured by the hairiness tester. The Equations of the previous models associated with 

yarn hairiness or fiber ends will be introduced as follows. 

 

Barella’s first model actually calculated the number of potentially protruding fibers 

per millimeter [172], namely the fibers have potentials to contribute to yarn hairiness.  

( )
f

Kd D d
n

L

 
                                          (4-43) 

where K  is a coefficient which is associated with the shape of fiber cross-section and 

should be obtained by experiments. For a fiber with almost circular cross-section, such 

as wool and spun rayon, K  is approximately 0.05, and for cotton, K  is about 

0.03~0.05.  

 

Then, Barella [173] further improved this model by considering the influence of yarn 

twist 

, 

( )
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(0.06536 0.000123 )
f

t

Kd D d
n

L

 


 
                            (4-44) 

where t m y tN N   . 

 

Furthermore, Barella [173] assumed that each fiber had at least one end protruding on 

yarn surface and generated an equation for the number of protruding fiber ends on 

ring spun yarn surface. If both fiber ends of a fiber are counted in this equation, this 

actually gives the total theoretical number of fiber ends in yarns per mm, rather than 
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protruding fiber ends, 

0

2

(1 /100)
e

n
n

L C


 
                                   (4-45) 

where 0C  represents the yarn contraction resulted from twist insertion  % , which 

was set at 10% for normally twisted yarn, 15% for more than normally twisted yarns, 

20% for highly twisted yarn. 

 

Brown and Ly’s equation was also used for comparison [234], which aimed to 

calculate the total theoretical number of fiber ends in unit yarn with the length of  , 

2
E

n
N

L


                                               (4-46) 

The various theoretical numbers of fibers or fiber ends or hairiness in a unit yarn are 

displayed in Table 4-4. The length of unit yarn segment was set as 1cm . The measured 

numbers yarn hairiness of 1mm or longer before and after winding was presented in 

Column 7 and 8, respectively. The theoretical numbers of fibers in the outmost layer 

of yarns in Column 1 and 2 were calculated from Barella’s models according to 

Equation (4-43) without considering yarn twist and Equation (4-44) with twist 

correction, respectively. For the 3rd column, the number of total fiber ends in Barella’s 

model was calculated from Equation (4-45). Brown and Ly’s model, namely Equation 

(4-46), was used to derive the values of total fiber ends in Column 4. Additionally, as 

shown in Column 5 and 6, the total number of fiber ends and the maximum hairiness 

from the present model were obtained from Equation (4-34) and (4-41), respectively. 
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       Table 4-4 Calculated and measured values related to yarn hairs and fiber ends 

Column 

No. 
1 2 3 4 5 6 7 8 

Yarn 

code 

Calculated values Measured hairiness 

By Barella 

without twist 

By Barella with twist 

correction 

By 

Brown 

and Ly 

without 

twist 

By the present 

model with twist 

correction 

 

 

Number 

of hairs 

of 1mm 

or longer 

 

 

 

cop yarn 

 

 

(×1/cm) 

 

 

Number 

of hairs 

of 1mm 

or longer 

 

 

 

cone 

yarn 

 

 

(×1/cm) 

Calculated 

number of 

fibers in the 

yarn surface 

layer  

(fiber ends+ 

loops + wild 

fibers) 

(×102/cm) 

Calculated 

number of 

fibers in the 

yarn surface 

layer 

(fiber ends+ 

loops+ wild 

fibers) 

(×102/cm) 

 

 

Total 

fiber 

ends 

 

 

(×10 

/cm) 

 

 

Total 

fiber 

ends 

 

 

(×10/ 

cm) 

 

 

Total 

fiber 

ends 

 

 

(×10/ 

cm) 

 

 

Maximu

-m hairs 

of 1mm 

or 

longer 

 

(×1/cm) 

24A-75 1.556 1.646 4.032 

3.646 

3.319 7.684 1.875 2.788 

24A-85 1.510 1.534 4.032 3.335 7.930 1.688 2.521 

24A-95 1.469 1.436 4.269 3.355 8.173 1.659 2.416 

24A-105 1.431 1.348 4.269 3.376 8.414 1.632 2.207 

24A-115 1.397 1.269 4.269 3.400 8.653 1.610 2.131 

24A-125 1.366 1.199 4.536 3.427 8.893 1.712 2.116 

24A-135 1.338 1.135 4.536 3.456 9.133 1.684 2.032 

36A-75 1.255 1.328 2.688 

2.419 

2.208 6.174 1.456 2.212 

36A-85 1.218 1.237 2.688 2.218 6.366 1.393 2.067 

36A-95 1.184 1.157 2.846 2.230 6.556 1.325 1.933 

36A-105 1.153 1.086 2.846 2.243 6.744 1.328 1.807 

36A-115 1.125 1.022 2.846 2.258 6.931 1.299 1.784 

36A-125 1.100 0.965 3.024 2.274 7.118 1.263 1.644 

36A-135 1.077 0.914 3.024 2.293 7.305 1.161 1.585 
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Note: 24A-75 means 24Nm worsted yarns with twist multiplier of 75; 36A-75 means 36Nm 

worsted yarn with twist multiplier of 75. 

 

Among all the theoretical treatments, the present model was the only one that can 

provide predictions of the numbers of yarn hairs with and above a certain length per 

unit yarn length. Barella’s models in the 1st and 2nd column described the theoretical 

numbers of fibers in the outmost layer per 1 cm of ring spun yarns, including fiber 

ends, loops, and wild fibers, which were not directly related to the parameters of yarn 

hairiness measured by the existing measurement system. The assumption that all 

surface fibers, not fiber ends, participated in hairiness formation was not really sound. 

The data calculated from Barella’s third model in the 3rd column and from Brown and 

Ly’s model in the 4th column provided the total number of fiber ends in a unit length 

of ring spun yarns, which did not consider at all the outmost layer where fiber ends 

had potentials to protrude from the yarn surface. Moreover, all the four previous 

models did not contain any information on the length of hairs or fiber ends. 

 

The numbers of total fiber ends, as shown in Column 3 to 5, calculated from three 

models were in fact not the yarn hairiness because they did not differentiate fiber ends 

in the surface layer or not. Barella’s third model had a yarn contraction ratio 0C , the 

values of which were arbitrarily assigned by him for three levels of yarn twist. Brown 

and Ly’s model did not consider the effect of twist at all. However, the present model 

took consideration of yarn twist when calculating the total number of fiber ends, and 

the calculated values related to fiber ends from this model increased with increasing 

yarn twist and decreasing yarn count. By comparison, the numbers of total fiber ends 

from the present model were lower than those from Barella’s model, and slightly 

higher than the values from Brown and Ly’s model. The reason why the present model 

gave relatively less calculated fiber ends than Barella’s model, was that Barell’s model 

generally used the mean number of fibers in yarn cross-section dividing yarn 

contraction and mean fiber length as the number of fiber ends in a unit yarn, as shown 

in Equation (4-45); whereas, the present model considered the difference of yarn twist 

angles in different layers and their effect on the number of fiber ends in each layer, as 

displayed in Equations (4-28), (4-32) and (4-34). This consideration contributed to 

more accurate theoretical results. In addition, the reason for the present model with 
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twist correction presenting slightly more fiber ends than Brown and Ly’s model 

without twist correction, was that when twist is not inserted into yarns, all fibers in 

yarn parallel with the yarn axis, but when yarn is twisted, fibers in it will incline with 

the yarn axis, and the projection of each fiber end on the yarn axis will be 

correspondingly shorter, thus in the same unit yarn length, the number of fiber ends 

would increase, let alone take yarn contraction into consideration. The measured 

numbers of yarn hairs of 1 mm and longer per 1 cm of cop yarns were smaller than 

those of cone yarns. Increasing yarn twist or metric yarn count brought the measured 

yarn hairiness down, but they were all in the same order of magnitude. These 

observations were consistent with previous studies [13,214,]. The maximum yarn 

hairiness of 1 mm and longer per 1 cm as shown in Column 6 was in the same order 

of magnitude as the measured values, even though over three times higher. However, 

the trend of maximum hairiness changing with the raised twist multiplier, which had 

been also simulated before, was on the contrary to the real situation of measured yarn 

hairs. The reason for this phenomenon was that the present model used an area ratio 

of the peripheral layer and the whole yarn cross-section as hairiness contribution 

factor, and the simulated curves in Figure 4-6 showed that this factor gradually 

increased with reducing yarn diameter when the fiber diameter remained unchanged. 

In Equation (4-42), with yarn twist multiplier getting higher, yarn packing density 

increased, and yarn diameter accordingly reduced as shown in Equation (4-36). 

Consequently, the hairiness contribution factor increased with the increasing twist 

multiplier. However, Equation (4-34) and the values in the 5th column in Table 4-4 

demonstrated that the total number of theoretical fiber ends would also rises with the 

increasing yarn twist. As a result, the maximum hairiness calculated from Equation 

(4-41) positively correlated with yarn twist multiplier, which accorded with what the 

hairiness model by Morris et al. predicted [204]. Since both of the present model and 

Morris et al.’s model were developed on the basis of ring spun yarns with ideally 

packed structure, which was already compact reaching the maximum packing density. 

Therefore, it was indicated that the relationship of yarn hairs and twist multiplier in 

ideal ring spun yarns was different from that in actual ring spun yarns. 

 

4.5.2.3 Influence of winding times on yarn hairiness 
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Figure 4-14 illustrates that yarn hairiness gradually rises with the increasing winding 

times, and after three times of winding, the rate of increment in hairiness slows down. 

Compared with the predicted maximum hairiness, the number of hairs with the length 

of 1mm and longer after four times of winding reaches about 60% of the theoretical 

value, whereas the one of 3mm and longer after four times of winding only takes up 

to no more than 17% of the corresponding maximum value. It was found that some 

fiber ends in yarn surfaces, which may had contributed to hairiness, were steadily 

secured in yarn bodies, even with excessive abrasion from winding. In addition, since 

the whole length of fibers was considered as the length of fiber ends in the improved 

model, the theoretical number of potential fiber ends for yarn hairiness would be 

unavoidably higher than the actual number of hairs. Another reason for the large gap 

between the measured number of hairs and the maximum hairiness was that the times 

of winding were not enough to pull out more potential fiber ends out of yarn bodies. 

Moreover, some yarn hairs being broken or ripped from yarn stem during repeatedly 

winding could also result in the lower number of measured hairs than the maximum 

hairiness [235].  

 

The number of measured hairs on cop yarns only accounted for no more than 25% of 

the theoretical maximum value, which indicated that the spinning process was 

effective in tucking fiber ends into yarn bodies without considering the inherent 

problem of the proposed model. The number of measured hairs of 1mm and longer 

and the one of 3mm and longer after four times of winding were approximately twice 

and a half, as well as over four times of the hairiness of cop yarns, respectively. It was 

demonstrated that there were quantities of potential fiber ends not stably secured in 

yarn bodies after spinning, which would be pulled out of yarn surface when yarns 

underwent abrasion. Therefore, the difference between the measured hairiness of cop 

yarns and the theoretical maximum values preliminarily revealed how many fiber ends 

had been tucked in thus not participated in hairiness formation. The slope of the curves 

of measured number of hairs against the increasing winding times correlated with the 

structure of yarn surface layers, and illustrated the effect of mechanical abrasion such 

as the successive processes and daily wearing on yarn hairiness. Moreover, the 

measured hairiness seemed to reach a plateau value after about four times of winding, 

therefore the number of hairs of yarns after four times of winding is termed as stable 
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hairiness in this research. The difference between this stable hairiness and the 

maximum hairiness demonstrated the approximate quantity of fiber ends in the surface 

layer of yarn cross-section which had been secured in yarn bodies.  
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Figure 4-14 Numbers of hairs with the length of 1mm
 
or longer and 3mm or longer 

before and after several times of winding (24Nm, αm=75) (S1 and S3 represent the 

measured values of yarn hairiness with the length of 1mm and above, as well as 3mm 

and above, respectively; NH≥1 and NH≥3 represent the predicted maximum hairiness of 

yarn hairiness with the length of 1mm and above, and 3mm and above, respectively.) 

  

4.5.2.4 Comparison on the measured and theoretical hair-length distribution 

As is shown in Figure 4-15, all hairiness values decreased with the increasing hair 

length. Clearly, maximum hairiness exhibited a negative linear relationship with the 

length of yarn hairs. Whereas, Wang and Chang [205] advocated that the hair-length 

distribution  of  worsted yarns followed a single exponential decay curve. The 

difference between the findings in this study with Wang and Chang’s may be 

explained by the proposed Equation (4-41) of maximum hairiness. For the measured 

hairiness, the number hairs of 2mm and longer sharply dropped by comparing with 

the number of hairs with the length of 1mm and longer. Then, the measured yarn 
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hairiness values gradually reduced with the raised hair length. Also, the difference of 

hair numbers among cop yarns, cone yarns, and stable yarns which represents the 

yarns after 4 times of winding, seemed apparently when hair length was shorter than 

2mm, but it became  smaller and smaller when yarn hairs got longer. 
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Figure 4-15 Measured and theoretical yarn hairiness with various lengths and 

longer (24Nm worsted yarns) 

 

 

4.6 Summary 

This chapter has developed a maximum hairiness model of ring yarns on the basis of 

Brwon and Ly’s model related to fiber ends in yarn cross-section, aiming to better 

predict and control the protruding fiber ends in low-twist spinning system as well as 

the formation of wrapper fibers on low-twist yarns. 

 

Before model development, however, the definition of maximum hairiness has been 

first introduced as the number of fiber ends in the outmost layer of ring-spun yarns, 

which is generally recognized as the fiber ends already being hairs or having potentials 
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to become protruding hairs. Extending Brown and Ly’s work on the number of fiber 

ends in twist-less fiber assembly, a new theoretical model has been proposed for 

predicting the maximum yarn hairiness by considering yarn twist geometry and the 

contributing surface layer for hairs. Fiber length, fiber cross-section and the number 

of fibers have been revised with the consideration of yarn twist. Moreover, Hairiness 

contribution factor ( 0h ) is proposed for model development as the ratio between the 

area of the outmost layer and the area of the whole yarn cross-section, in other words, 

it is also the ratio of the number of fiber ends potential for hairiness and the total 

number of fiber ends in yarn cross-section. This model not only provides the 

maximum number of potential fiber ends or hairs but also gives their lengths, which 

fails to be obtained from other related models. The maximum hairiness of ring-spun 

yarns has relationships with fiber length distribution, fiber diameter, yarn count, yarn 

twist, yarn packing density, measurement length, etc. 

 

After the model of maximum hairiness is developed, the relationships of the integrated 

fiber and yarn properties with maximum hairiness have been simulated by means of 

MATLAB programming. The results demonstrate that fiber length, fiber diameter and 

metric yarn count have negative relationships with maximum hairiness, whereas both 

the number of fibers in yarn cross-section and twist multiplier positively correlate with 

maximum hairiness. In particular, the number of fiber ends in yarn cross-section is 

affected by fiber diameter and yarn count, which are not independent variables. 

Besides, the trend that the maximum hairiness increases with the increasing twist 

multiplier is opposite to the usual observation, which attributes to the most compact 

yarn structure adopted in the present model. But this trend seems consistent with what 

Morris et al.’s model predicted. Also, the relationships of fiber and yarn properties 

with the number of fiber layers in yarn cross-section as well as the proposed hairiness 

contribution factor have been simulated, respectively, which have not been studied in 

previous research.  It is indicated that both yarn count and fiber diameter display 

negative relationships with the number of fibers in yarn cross-section, but positively 

correlate with hairiness contribution factor. Twist multiplier, however, nearly has no 

influence on the number of fiber layers in yarn cross-section, but has a slightly positive 

relationship with hairiness contribution factor. In addition, the more fiber layers in 

yarn cross-section, the lower hairiness contribution factor would be obtained, and 
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hairiness contribution factor apparently drops before yarn cross-section is enlarged to 

ten fiber layers. 

 

To verify the proposed model of maximum hairiness, the theoretical values related to 

fiber ends or yarn hairs have been compared with the measurement results achieved 

from a commercial yarn hairiness tester Zweigle G566, and compared with the ones 

calculated from other models. For 24Nm and 36Nm worsteds yarns, both the predicted 

values and the measured values are in the same order of magnitude, which are more 

accurate than the predicted values from other related models, even though the 

measured hairiness of 1mm and longer of cop yarns takes up no more than one quarter 

of maximum hairiness. Whereas, the predicted maximum hairiness of 3mm and longer, 

that is, the long protruding fiber ends, is almost 1~2 order of magnitude higher than 

the measured S3 values. 

 

In addition, maximum hairiness negatively correlates with yarn count, which is the 

same as measured number of yarn hairs; whereas the positive relationship between 

maximum hairiness and twist multiplier is on the contrary to the actual situation of 

measured hairiness and twist multiplier, which can be possibly explained that the 

maximum hairiness model has been developed on the basis of ideal compact yarn 

structure. Besides, the study on the effect of winding times on yarn hairs reveals that 

yarn hairiness after four times of winding almost reached a plateau, which is termed 

as stable hairiness. However, there is still a large difference between measured stable 

hairiness and maximum hairiness, which manifests that there are some fiber ends in 

yarn surfaces, which should have been tugged out and become hairiness when yarns 

endure abrasion, have been steadily tucked in yarn bodies.  

 

In short, the present model can predict a more practical maximum hairiness of ring 

yarns, which benefits to understand the origin of hairiness and wrapper fibers, and to 

find the quantitative relationships between maximum hairiness of yarns or the number 

of long protruding fiber ends in A zone of the low-twist spinning system  and the fiber 

or yarn properties. Thus, the wrapper fiber formation could be better controlled. 
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Chapter 5 Improvement of Maximum Hairiness Model 

 

 

5.1 Introduction 

As aforementioned in Chapter 3, the number of long protruding fiber ends in A zone 

can be markedly reduced when low-twist spinning system was combined with Siro-

spinning system. The fundamental reason for the hairiness reduction, which had been 

put forward and analyzed by Plate etc. [13,14,78,234,239], is that the surface fibers 

can be trapped between the two twisted single strands and stably restrained into the 

final two-fold structure. Similarly, fiber trapping also exists in Solo-spinning system, 

because the drafted roving is divided into several substrands by a slotted roller, so that 

the surface fibers on each substrand were captured frequently. Whereas, there is no 

fiber trapping in ring spinning system for the reason that only one fiber strand is 

twisted in the whole process of yarn formation. Besides, some researchers proposed a 

hairiness ratio between Siro-spun yarns or Solo-spun yarns and ring spun yarns from 

the perspective of yarn geometry [230, 239]. Accordingly, the maximum hairiness 

model of ring yarns developed in Chapter 4 needs to be revised when Siro-spinning 

or Solo-spinning is integrated with low-twist spinning system, so that the number of 

long protruding fiber ends in A zone can be more actually predicted.  This chapter 

will focus on the correction of maximum hairiness model for Siro-spun yarns and 

Solo-spun yarns based on the geometry principle and fiber trapping mechanism, 

respectively. Also, experimental verification will be further conducted. 

 

 

5.2 Hairiness model for Siro-spun yarns 

5.2.1 Model correction by yarn geometry theory 

In terms of yarn geometry, a hairiness ratio of Siro-spun yarns to ring-spun yarns, 

which is a constant 0.78, was established by Liang [232] without considering the 
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effect of a single strand inclination angle in its cross-section at the convergent point. 

Then, even though the strand cross-section variation was taken account of, there was 

still an error  of the calculation of a plied yarn diameter [91]. Thus, this session will 

recalculate the hairiness ratio of Siro-spun yarns to ring-spun yarns, coded as siro , 

and verify this theoretical value from the perspective of experiments. If this ratio is 

effective, the maximum hairiness of Siro-spun yarns can be expressed in the following 

equation, 

                                                  
e e

siro

sH L Lo HirN N                                            (5-1) 

where, 
eH LN   is the maximum hairiness of ring-spun yarns with the length of eL

and longer. 

 

5.2.1.1 Model development 

Based on Liang’s study, the following assumptions were made before the model 

development: 

 The cross-section area of a single strand remains constant even after two single 

strands converge together, that is, the total area of two single strand cross-

section is equal to the area of the resultant Siro-spun yarn cross-section; 

 Yarn hairs evenly distribute on the surface of each single strand as well as the 

resultant Siro-spun yarns; 

 The cross-section of Siro-spun yarns  remains circular; 

 The two single strands remain symmetrical during spinning, and the variation 

of the angle of two strands in Siro-spinning triangle is neglected. 

 The diameters of ring-spun yarns and Siro-spun yarns in the same yarn count 

are supposed to be the same. 

 

Neglecting the inclination of a single strand at the Siro-spinning triangle, the cross-

section of the strand is close to circular. When the two single strands converge  

together, a part of each strand surface is twisted into the inside of the resultant Siro-

spun yarns, and mutually superposes on the line PQ, as shown in Figure 5-1 (a).  
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Figure 5-1 Schematics of Siro-spun yarns (a) ideal Siro-spun yarn structure; (b) Siro-

spun yarn triangle region; (c) altered Siro-spun yarn structure at the convergent point 

(r and R are the diameters of a single strand and a Siro-spun yarn in the ideal Siro-

spun yarns structure, respectively; r’ and R’ are the diameters of a single strand and a 

Siro-spun yarn in the altered Siro-spun yarn structure, respectively; O1 and O2 are the 

central points of each single strand respectively; O is the central point of Siro-spun 

yarn; PQ and P’Q’ are the superposed line of two single strands at the convergent 

point in the ideal and the altered Siro-spun yarn structure, respectively; L is the length 

of each single strand from the front nip line to the convergent point; 2 is the angle 

of two single strand at the convergent point.) 

 

Therefore, the length of the arc of each single strand left on the outside of the 

corresponding Siro-spun yarn cross-section is deemed to contribute to the hairiness 

on resultant yarns [232]. Whereas, since there is an angle (2 )  between two strands, 

R 
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the cross-section of each strand displayed at the convergent point should be elliptical, 

rather than circular, as presented in Figure 5-1(b) and (c). According to the assumption 

that the total area of two single strand cross-sections equals to the area of resultant 

Siro-spun yarn cross-section, it gives that  

                                                   
2' 2 'R rr                                                       (5-2) 

where,                                          ' cosr r   

Then, the revised diameter of the Siro-spun yarn can be calculated as  

                                                   ' 2cosR r                                                   (5-3) 

The total length of the arcs of the two single strands contributing to Siro-spun yarn 

hairiness is derived as follows,  

                                       
1 1

' 2 '=2C ' '

4 ( cos 2cos 2cos 2)

s o oL L P Q

r    

 

   
                   (5-4) 

Since the diameter of the ring-spun yarn was assumed to be equal to the one of the 

Siro-spun yarn in the same yarn count, the arc length contributing to ring-spun yarn 

hairiness is actually the perimeter of ring-spun yarn cross-section, which is  

                                      
'' 2 2 2cosrL R r                                              (5-5) 

Finally, the hairiness ratio of Siro-spun yarn to ring-spun yarn gives that, 

                  
' ' 2( cos 2cos 2cos 2)

' 2cos

s
siro

r

L

L

   


 

  
                         (5-6) 

In particular, some studies have demonstrated that the strand spacing affected the 

properties and structures of Siro-spun yarns [230,231], as well as the angle α. 

However, the optimized strand spacing on worsted Siro-spinning system is generally 

reckoned as 14mm [16,91], as shown in Figure 5-1(b). Then, one can derive the 

following equation, 

                                    
2 2 2L -(14/2) -49

cos = =
L

L L
                                            (5-7) 

 

5.2.1.2 Experimental verification 

1) Experimental details  

A wool roving of 1.38Nm with two ends was used to spin Siro-spun worsted yarns. 

Mean values of wool fiber length and diameter were 73.7mm and 18.8 microns, 
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respectively. Both Siro-spun yarns and ring spun yarns of 24Nm and 36Nm were 

produced. Each kind of yarn was spun with three levels of twist multipliers including 

105, 120 and 135 were produced. The spinning parameters were displayed in Table 

5-1.  

 

   Table 5-1 Spinning parameters of Siro-spun worsted yarns 

Parameters Values 

Spindle speed (rpm) 7800 

Traveler type SBA20 (24Nm), SBA 25(36Nm) 

Draft ratio 17.4 (24Nm), 26.1 (36Nm) 

Ring diameter (mm) 51 

Strand spacing 14mm (Siro-spun), 0 (Ring-spun) 

 

The length of Siro-spinning triangle under varied spinning parameters, coded as L  

in Equation (7), was measured directly, as shown in Figure 5-2. Considering the 

variation of Siro-spinning triangle resulted from the vibration of convergent point, the 

mean value of L  was calculated from its measured maximum and minimum values. 

Substituting the calculated L  into Equation (6), the corresponding theoretical 

hairiness ratio was obtained. The hairiness of all yarn samples were examined by 

means of Zweigle G566 hairiness tester, including the total number of hairs with the 

length of 1mm and above, as well as the one of 3mm and above, namely S3. 

Consequently, the ratio of measured hairiness of Siro-spun yarns and ring-spun yarns 

can be calculated and compared with the theoretical hairiness ratios. Before hairiness 

measurement, all yarn samples were conditioned for at least one week under the 

standard environment of 20±2℃ and 65±2% RH. 
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Figure 5-2 Measurement of the length of Siro-spinning triangle  

 

2) Results and discussion  

Table 5-2 displays the theoretical and actual hairiness ratio of Siro-spun yarns to ring-

spun yarns, respectively. Particularly, the theoretical value remained around 0.8, 

which seems to be slightly affected by yarn count and twist multiplier, but independent 

of the length of yarn hairs. The measured ratios of yarn hairiness of 1mm and longer 

approximates to 0.6; the ones of 3mm and longer falls into the range of 0.3~0.5, but 

presented relatively higher variation.  In order to further refine the developed equation 

of Siro-spun hairiness ratio by experimental results, a coefficient  
siro

Lek , which is the 

ratio of the actual hairiness ratio to the theoretical hairiness ratio for the hairiness with 

the length of Le and above, is integrated as follows, 

                                               
' 'siro

siro Le Le sirok                                               (5-

8) 

where,  
'

siro Le  is revised hairiness ratio of Siro-spun yarns to ring yarns for the 

hairiness with the length of eL  and above; the coefficient factor for the hairiness of 

1mm and longer (coded as 1

siro

mmk )  as well as the ones of 3mm and longer (coded as

3

siro

mmk )  were 0.7877 and 0.5486, respectively, as shown in Table 5-3. 

 

Table 5-2 Comparison on the theoretical and measured hairiness ratios of Siro-spun 
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yarns and ring-spun yarns 

Yarn code 

Theoretical hairiness ratio Measured ratio 

L (mm) siro  1

siro

mm  3

siro

mm  

24Nm-105 20.0 0.7910 0.6005 0.3328 

24Nm-120 17.5 0.7958 0.6219 0.3777 

24Nm-135 14.0 0.8091 0.6224 0.4256 

36Nm-105 22.0 0.7884 0.6682 0.5276 

36Nm-120 19.0 0.7926 0.5976 0.4679 

36Nm-135 16.0 0.8001 0.6520 0.4881 

Note: 24Nm-105 means that the yarn count of the sample is 24Nm, and twist 

multiplier is 105. 

 

Table 5-3 Coefficient values of Siro-spun hairiness ratio 

Yarn count 

T.F. 

24Nm-

105 

24Nm-

120 

24Nm-

135 

36Nm-

105 

36Nm-

120 

36Nm-

135  
Mean CV% 

1

siro

mmk   0.7592 0.7815 0.7693 0.8475 0.7539 0.8149 0.7877 4.63 

3

siro

mmk  0.4207 0.4746 0.5260 0.6692 0.5903 0.6100 0.5486 16.78 

 

Finally, the hairiness model for Siro-spun yarns corrected by geometry principle could 

be calculated in the following equation, 

                                             
'

e e

sirosiro

H L r HL o Le sikN N                                          (5-

9) 

where, 1

siro

mmk  =0.8113,  3

siro

mmk =0.5330. 

 

Admittedly, the data for deriving coefficient factor of Siro-spun hairiness ratio were 

not sufficient to ensure reliable values of coefficient factor. Besides, it will be better 

if the length of Siro-spun triangle can be derived from equations, rather than be 

obtained from direct measurement on the spinning system, because the data error can 

be generated by the low measurement accuracy resulted from the vibration of 

convergent point and the shorter spinning triangle at high twist multiplier. 
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5.2.2 Model correction by fiber trapping mechanism 

In the year of 1982, Plate and Lappage [78] first put forward a mechanism of surface 

fiber trapping in two-fold yarns, and they found that the surface fibers could be 

trapped between two twisted single strands at regular intervals, rather than two single 

strands without twists. In Siro-spinning, twists are exerted on yarns by a rotating 

traveler and can propagate to each single strand in the spinning triangle. Therefore, if 

the number of trapped fibers can be achieved, the number of protruding hairs on 

resultant Siro-spun yarns will be achieved. 

 

5.2.2.1 Model development 

Plate and Lappage [78] reckoned that the times of the surface fibers being trapped was 

equal to the number of twist of the single strand before two strands combined together,  

but was irrelevant to the number or the direction of twofold twist, namely the twist or 

its direction  on resultant  Siro-spun yarns. Whereas, once trapping does not 

necessarily trap one protruding fiber or fiber end into yarn bodies, particularly, the 

long protruding fiber ends, which may need being trapped several times to be firmly 

restrained into yarn structure, or may be trapped but left on yarn surface as short hairs; 

and it is also possible that once trapping secures more than one fiber ends into yarn 

bodies, particularly short fiber ends. Therefore, a trapping coefficient λT is proposed 

here to indicate the relationship between trapping times and the number of trapped 

fibers. For a given Siro-spun yarn, that is, yarn count and twist multiplier are known, 

if the twist of each single strand in spinning triangle is obtained, the maximum 

hairiness of the single strand can be calculated from the maximum hairiness model of 

ring-spun yarns described in Chapter 4 with the assumption that the structure of the 

single strand is the same as or similar to that of ring-spun yarns. Then, by subtracting 

the number of trapped surface fibers of single strands, the theoretical number of hairs 

on resultant Siro-spun yarns will be achieved, which is presented as follows, 

                                        2( /100)
e e

Siro s

H L H L T sN N T                                     (5-10) 
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where, 
e

Siro

H LN   and 
e

s

H LN   are the maximum hairiness of Siro-psun yarns and the single 

strand in Siro-spinning triangle, respectively (/cm); sT  is the number of strand twist 

(turns/m). 

 

Based on a force-and-torque balance of the convergent point, Plate and Emmanuel 

[13] deduced an Equation to quantitatively describe the relationship between single 

strand twist and two folded or Siro-spun yarn twist,  

                                                 
 

22 2
=

1+4 /1000

p

s

s p

T
T

R T
                                   (5-11) 

where,  
p m yT N  

pT  is the number of plied yarn or Siro-spun yarn twist; sR  is the helix radius of single 

strand, here, assuming to be equal to the single strand radius. 

 

According to the previous Equation (4-36) used in Chapter 4 for the maximum 

hairiness model, the ring-spun yarn radius could be calculated as follows, 

                                                   
21 tan

p

y

R
N



 


                                             (5-12) 

where, yarn density 0.0034 0.2845m   ; m  is the twist multiplier of final yarns; 

  is the mean twist angle of resultant yarns; yN  is the metric yarn count (Nm). 

 

Supposed that the diameter of Siro-spun yarns is equal to the one of ring-spun yarn 

when they are in the same yarn count, from the geometry relationship as shown in 

Equation (5-3), the radius of single strand simply gives that, 

                                                         r=
2cos

pR


                                                  (5-13) 

where 2α is the angle of the two single strands in Siro-spinning triangle before 

convergent point. 

 

Then, the hairiness contribution factor of a single strand can be directly calculated on 

the basis of Equation (4-35) in Chapter 4, 
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0 2 2

4 2 2

(2 )

d r d d r d
h

r r

 
                                            (5-14) 

where d  is the fiber diameter; r is the single strand radius. 

 

Integrating Equation (5-14) to Equation (4-41), the theoretical hairiness of each single 

strand will be gained. Finally, the theoretical number of Siro-spun yarn hairs can be 

calculated after the trapping coefficient is confirmed. 

 

5.2.2.2 Experimental verification  

Although Emmanuel and Plate [237] verified the equation of strand twist, but they 

adopted rubber monofilaments, so it is necessary to further verify this equation on 

Siro-spun yarns produced by using wool fibers and the present spinning machine. The 

actual hairiness of the prepared Siro-spun yarns were measured for verification. Since 

the preparation of Siro-spun yarn samples and their hairiness measurement had been 

described in the last section when the geometrical model of Siro-spun yarns hairiness 

was verified. The details of experiments on twist measurement were be elaborated as 

follows. 

 

1) Experimental details  

To clearly observe and examine the twist distribution on the single strand in Siro-

spinning triangle, the two feeding rovings were substituted by two groups of single-

ended wool rovings, respectively. Each group was made of a 2.93Nm black wool 

roving and a 2.76Nm white wool roving. All spinning parameters were similar to the 

ones presented in Table 5-1, except for the draft ratios, which were 33.8 for 24Nm 

Siro-spun yarns and 50.7 for 36Nm Siro-spun yarns. Furthermore, a high speed 

camera system was used to acquire the images of the twist distribution on the fast 

moving single strand. The sampling frequency was 300fps with a frame resolution of 

256×256. The presented image of single strand twist is shown in Figure 5-3. The twist 

pitch on each image was measured by means of software Image-Pro Plus. Total 50 

images for each yarn sample was examined, and their mean value can be accordingly 

calculated. Since the test of single strand twist was arduous and tedious, only six yarn 

samples had been chosen with the consideration of limited time.  
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     Figure 5-3 Captured image of the single strand twist on Siro-spinning system  

 

2) Results and discussion  

It is apparently indicated in Table 5-4 that the tested strand twists were about 80% of 

the theoretical values calculated from Equation (5-11), and the difference of 

theoretical values and actual values seems irrelevant to yarn count and twist multiplier 

of Siro-spun yarns. Therefore, Equation (5-10) is revised as follows, 

                                     2( 0.8 /100)
e e

Siro s

H L H L T sN N T                                    (5-

15) 

 

Table 5-4 Comparison on measured and calculated strand twist 

Yarn code Theoretical Measured P% 

24Nm-105 460 367 [12.35] 20.1 

24Nm-120 512 411 [11.43] 19.7 

24Nm-135 557 444 [10.32] 20.3 

36Nm-105 564 454 [10.78] 19.5 

36Nm-120 628 491 [11.55] 21.8 

36Nm-135 686 546[11.32] 20.4 

Note: 24Nm-105 means Siro-spun yarns with yarn count of 24Nm and twist multiplier of 

105; P%=100× (theoretical value-tested value) / theoretical value.  
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Furthermore, as shown in Table 5-5, integrating theoretical maximum hairiness of 

single strand and measured hairiness of Siro-spun yarns into Equation (5-15), it gives 

the corresponding trapping coefficient T . The results demonstrate that the trapping 

coefficient seems to be lightly influenced by twist multiplier and hair length, but to be 

markedly affected by yarn count. Finally, the mean values of T  can be gained in the 

following two situations,  

For 24Nm Siro-spun yarns,     T =1.0014  

For 36Nm Siro-spun yarns,      T =0.6562  

 

Table 5-5 Calculated trapping coefficient 

Yarn code 

Maximum hairiness 

of single strand (/cm) 

Measured hairiness of Siro-

spun yarns (/cm) 

Calculated trapping 

coefficient  λT 

NH≥1mm NH≥3mm NH≥1mm[CV%] NH≥3mm[CV%] NH≥1mm NH≥3mm 

24Nm-105 4.5511 3.5401 1.1124[7.47] 0.0763[7.62] 1.0865 0.9524 

24Nm-120 4.6618 3.6299 1.1748[2.17] 0.0911[5.90] 0.9953 0.8756 

24Nm-135 4.6814 3.6486 1.1451[3.76] 0.0986[9.69] 0.9224 0.8080 

Mean     0.9400 

CV%     10.26 

36Nm-105 3.6165 2.8034 0.8453[3.36] 0.0785[6.15] 0.7081 0.6128 

36Nm-120 3.6957 2.8666 0.8145[5.85] 0.0729[8.62] 0.6544 0.5632 

36Nm-135 3.7469 2.9074 0.8397[4.21] 0.0737[8.75] 0.6060 0.5228 

Mean     0.6112 

CV%     10.70 

 

 

5.3 Hairiness model for Solo-spun yarns   

As aforementioned in Chapter 2, a drafted roving can be separated into two or three 

substrands by a slotted roller in Solo-spinning system, which acted like an intermittent 

strand separator that facilitated periodic twist propagation or blockage in the divided 

substrands. The primary twist gradually propagated to the substrands before they left 
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the solo-roller. Consequently, the surface fiber ends on each twisted substrand was 

trapped frequently before the convergent points. However, the division of substrands 

is random and intermittently changing; also, the convergent point was varied at times 

[16]. It is complicated to apply the fiber trapping mechanism to hairiness model 

correction.  Thus, due to time constraint, this section mainly discusses the correction 

of maximum hairiness model for Solo-spun yarns from the perspective of yarn 

geometry. 

 

5.3.1 Model correction by yarn geometry theory 

Similar to the geometrical correction of Siro-spun yarn hairiness, Cheng et al. [239] 

assumed that there were three substrands in Solo-spun yarns, which are represented 

by three broken circles in Figure 5-4.  The arcs of three broken circles outside the 

Solo-spun yarn perimeter presented as the solid circle, were supposed to contribute to 

the hairs on resultant Solo-spun yarns. Then, the ratio of the total length of the above 

arcs and the length of the solo-spun yarn perimeter was reckoned as the hairiness ratio 

of Solo-spun yarns and ring-spun yarns, which was a constant 0.71.  In addition, 

considering the situation that sometimes the roving is divided into two substrands by 

solo-roller, the theoretical hairiness ratio of Solo-spun yarns was reckoned the same 

as that of Siro-spun yarns, which had been proposed  as 0.78 [232]. Therefore, the 

hariness ratio of Solo-spun yarns to ring-spun yarns was revised accordingly by 

assuming that the probability of two substrands is equal to the one of three substrands 

in Solo-spinning triangle, which gives that  

                                          32 2 0.745
ss

solo solo solo                                     (5-16)  

where, 2s

solo  and 3s

solo  are the hairiness ratios of Solo-spun yarns to ring-spun yarns 

when the roving is divided into two substands and three substrands, respectively. 

 

Since the convergent point at Solo-spinning system is frequently changing, the angles 

among the substrands are unstable, and the strand cross-section at the convergent point 

fails to be corrected like the hairiness model development of Siro-spun yarns. 

Therefore, the hairiness model of Solo-spun yarns developed on the basis of ring-spun 

yarn maximum hairiness model are simply deduced as, 
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                                        0.745
e e e

solo

H L solo H L H LN N N                                 (5-17) 

where, 
eH LN   is the maximum hairiness of ring-spun yarns with the length of eL  and 

longer.  

 

                                                                               

       Figure 5-4 Schematic of the ideal Solo-spun yarn structure with three 

substrands 

 

5.3.2 Experimental verification 

To verify the developed hairiness model of Solo-spun yarns, the type of solo-roller 

and spinning parameters need to be optimized first. The regular Solo-spun yarn 

properties including yarn tenacity, evenness and hairiness, were regarded as the 

optimization objects. 

 

5.3.2.1 Materials and yarn specifications 

To maintain the comparableness of yarn properties, particularly yarn hairiness, the 

same roving was used in the experiment, the specifications of which have been 

presented in the section 5.2.1.2. By means of single factor analysis, the optimization 

trials of Solo-spun roller for 36Nm knitting and weaving yarns were conducted on 

worsted spinning machine Zinser 451.  Referring to the patent of Solo-spinning [85] 

and spinnability, three types of Teflon Solo-spun rollers including one with straight 

slots and two with crossed slots, were adopted, which were denoted as S-S0.7/SP0.8, 

Solo-spun yarn 

Substrand 
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C-S0.7/U2.5 and C-S0.7/U3.3, respectively, as shown in Figure 5-5.  Since 75~95 and 

105~135 had been commonly believed as the typical twist multiplier range for Solo-

spun knitting yarns and weaving yarns, respectively [16], the middle values of twist 

multiplier, that is 85 for knitting yarns, and 120 for weaving yarns, were employed 

when confirming the optimum Solo-spun roller. Then, to verify the theoretical 

hairiness ratio of Solo-spun yarns, three levels of twist multipliers, including 75, 85, 

95 for knitting yarns, as well as 105, 120, 135 for weaving yarns, were adopted to 

prepare Solo-spun yarn samples by using the confirmed optimum Solo-spun roller. 

Other spinning parameters were the same as the ones listed in Table 5-1 with the 

consideration of the comparableness among various yarns, which included the spindle 

speed of 7800 rpm, the Traveler of SBA 25, the draft ratio of 26.1 and the ring 

diameter of 51mm, etc. 

 

          

(a) S-S0.7/SP0.8  

           

(b) C-S0.7/U2.5           

                       

(c) C-S0.7/U3.3 

Figure 5-5 Three types of Solo-roller used in the optimization of Solo-spun yarn 

properties (S-S0.7/SP0.8 represents straight slots divided to 4 sessions with the slot 

width of 0.7mm and the separation width of 0.8mm between two adjacent slots; C-

S0.7/U2.5 represents crossed slots with the slot width of 0.7mm and the width of 

2.5mm of a unit crossed slot; C-S0.7/U3.3 represents crossed slots with the slot width 

of 0.7mm and the width of 3.3mm of a unit crossed slot.)  
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5.3.2.2 Measurement 

Total three kinds of yarns, and three samples for each kind of yarn were prepared and 

measured. Yarn tenacity, evenness and hairiness were the most critical properties. 

According to the Standard ISO 2062, yarn tenacity was examined by the use of 

USTER tensorapid tester, the testing speed of which was 5000m/min; and each yarn 

sample was measured 50 times with a testing length of 500mm. Yarn evenness 

measurement was implemented on USTER III tester, the testing speed of which was 

400m/min within 2.5mins, that is, total 1000m of each yarn sample was tested. As for 

hairiness measurement, Zweigle hairiness tester was also used. Referring to the 

standard D5647-07, the testing speed was 100 m/min, and three readings of each yarn 

sample were achieved with a testing length of 100m per reading. All yarn samples 

were conditioned for at least one week under the environment of 20±2℃ and 65±2% 

RH before examination. 

 

5.3.2.3 Results and discussion 

1) Selection of appropriate Solo-roller  

The measured results in Table 5-6 demonstrate that the second type of roller, as 

displayed in Figure 5-5 (b), can produce a 36Nm Solo-spun knitting yarn with higher 

tenacity, better evenness, and less hairiness of cop yarns, as well as slightly less 

hairiness of cone yarns, than the other two kinds of Solo-rollers; for 36Nm Solo-spun 

weaving yarns, the yarn samples spun with the third type of Solo-roller, as shown in 

Figure 5-5(c), exhibited higher tenacity, better yarn regularity, and slightly lower 

hairiness of cop yarns and cone yarns, than the ones spun with the other two types of 

Solo-rollers. Therefore, the crossed Solo-spun rollers, coded as C-S0.7/U2.5 and C-

S0.7/U3.3, are the relatively better rollers for the production of Solo-spun knitting 

yarns and weaving yarns, respectively. 

 

Table 5-6 Solo-spun yarn properties produced from varied Solo-rollers 

Yarn code Tenacity (cN/tex) Hairiness (cop) Hairiness (cone) 
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Mean 

[CV%] 

Min 

[CV%] 

Evenness 

(/1000m) 

CVm  [CV%]  

NH≥1mm 

[CV%] 

NH≥3mm 

[CV%] 

NH≥1mm 

[CV%] 

NH≥3mm 

[CV%] 

36Solo-85-R(a) 7.16 
5.23 

[4.60] 

15.03 

[0.33] 

12380 

[3.04] 

1701 

[5.53] 

16111 

[3.74] 

2563 

[7.01] 

36Solo-85-R(b) 7.80 
6.44 

[3.41] 

14.10 

[0.80] 

11270 

[3.83] 

1541 

[3.21] 

15071 

[0.18] 

2539 

[0.64] 

36Solo-85-R(c) 7.27 
5.62 

[0.63] 

14.73 

[1.49] 

12194 

[0.20] 

1645 

[2.11] 

15767 

[3.66] 

2517 

[6.07] 

36Solo-120-R(a) 7.54 
5.58 

[6.84] 

14.51 

[1.66] 

11386 

[1.25] 

1393 

[4.06] 

14943 

[0.04] 

2245 

[1.26] 

36Solo-120-R(b) 7.68 
5.28 

[6.03] 

14.14 

[2.40] 

10689 

[4.75] 

1398 

[1.42] 

13948 

[0.82] 

2212 

[2.08] 

36Solo-120-R(c) 7.82 
5.86 

[3.38] 

13.98 

[0.15] 

11122 

[0.71] 

1278 

[0.00] 

13645 

[0.78] 

2007 

[1.62] 

Note: In the yarn code of 36Solo-85-R(a), “36Solo” represents 36Nm Solo-spun yarns, “85”  

is the yarn twist multiplier, and “R(a)” means that the type of adopted Solo-roller is the one 

shown in Figure 5-5(a). 

 

2) Verification of the hairiness ratio of Solo-spun yarns 

Table 5-7 illustrates that the hairiness ratio of Solo-spun and ring spun cop yarns 

approached to 1.000, that is, there were few differences in the hairiness of Solo-spun 

cop yarns and ring cop yarns.  For cone yarns, however, the hairiness ratio of Solo-

spun yarns and conventional ring-spun yarns was about 0.7~0.9. Since the intermitted 

change of substrands increased the fiber migration and security in yarn bodies, when 

enduring friction such as winding, fiber ends secured in Solo-spun yarns seem more 

difficultly to be tugged out of yarns and become protruding hairs than the fiber ends 

in ring yarns. In addition, it can be observed that some fibers fell into and stuck to the 

slots of Solo-rollers while spinning yarns, so that these fiber ends failed to be trapped 

among substrands, consequently the yarn hairiness was not been apparently reduced. 

This phenomenon may be attributed to the static accumulated by the friction of wool 

fibers and Teflon Solo-rollers during yarn spinning. The relative permittivity ( r ) of 

wool, which is about 5.5 at 65% RH [233], is higher than the one of Teflon, which is 

about 2.1 [234]. When these two kinds of materials rubs each other, positive charges 

accumulated on wool fibers which resulted in mutual exclusion of wool fibers so that 

surface fiber trapping became difficult among substrands; correspondingly, negative 

charges accumulated on Teflon roller, then the roller with negative charges attracted 

the wool fibers with positive charges, that is why some wool fibers were found to 
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adhere to the slots of Solo-rollers and failed to be trapped. Therefore, a coefficient 

relating to the effect of friction static on resultant Solo-spun yarn hairiness, coded as 

f

Le , is integrated and gives the revised hairiness ratio of solo-spun yarns for the 

hairiness with the length of eL  and above in the following equation,  

                                                       
e

solo f

L Le solo                                            (5-

18) 

where 
e

solo

L  is the actual hairiness ratio of Solo-spun yarns and ring yarns for the 

hairs with the length of eL  and longer. 

 

From the data in Table 5-7, it seems that both the measured hairiness ratios with the 

length of 1mm and longer as well as the ones with the length of 3mm and longer were 

around 1.0000, so the introduced coefficient  
f

Le  can be generally calculated as 

1.3396.  Finally, the revised hairiness model for Solo-spun yarns is presented as 

follows, 

                                                
e e

f

Le solo

solo

H L H LN N                                (5-19) 

where, for 36Nm Solo-spun worsted yarns, 
f

Le =1.3396, solo =0.745. 

 

Admittedly, the present experimental data were not enough for calculating the 

coefficient 
f

Le  and revising hairiness ratio of Solo-spun yarns, which will be 

studied in the future work. 

 

 

Table 5-7 Comparison on the theoretical and measured hairiness ratios of Solo-spun 

yarns and ring-spun yarns 

Yarn code 

Theoretical  Measured (Cop) Measured(Cone) 

solo  1

solo

mm  3

solo

mm  1

solo

mm  3

solo

mm  
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36Solo-75-R(b) 

0.745 

1.0040 1.0754 0.8037 0.7820 

36Solo-85-R(b) 0.9273 0.9704 0.8140 0.8295 

36Solo-95-R(b) 1.0352 1.0936 0.8135 0.7546 

36Solo-105-R(c) 1.0448 1.0598 0.8343 0.7604 

36Solo-120-R(c) 0.9225 0.8759 0.8968 0.8132 

36Solo-135-R(c) 0.9538 1.0132 0.8625 0.7642 

f

Le    

[CV%] 

 1.3396  

 6.83  

 

 

5.4 Summary 

This chapter has attempted to improve the maximum hairiness model of ring yarns for 

Siro-spun yarns and Solo-spun yarns, with the aim of providing prediction of the 

number of long protruding fiber ends in A zone when the low-twist spinning system 

is combined with Siro-spinning system or Solo-spinning system.  

 

For Siro-spun yarns, both geometry principle and fiber trapping mechanism have been 

adopted to develop the hairiness model. In particular, the hairiness model of Siro-spun 

yarns developed on the basis of yarn geometry is shown as follows, 

'

e e

sirosiro

H L r HL o Le sikN N   

Where, 
e

siro

H LN  and 
eH LN   are the theoretical hairiness of Siro-spun yarns and ring-spun 

yarns for the hairs with the length of eL and longer, respectively; 
siro

Lek  is a coefficient 

derived from experimental data, 1

siro

mmk  =0.8113, 3

siro

mmk =0.5330; 
'

siro  is the 

theoretical hairiness ratio of Siro-spun yarn and ring yarns. 

 

However, this model is not quite accurate because experimental data set for 

calculating the coefficient  
siro

Lek   is not sufficient, and the measured length is not 
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satisfactory for the single strand from the front nip line to the convergent point in Siro-

spinning triangle. Moreover, the hairiness model of Siro-spun yarns based on fiber 

trapping mechanism has been obtained, 

                                          2( 0.8 /100)
e e

Siro s

H L H L T sN N T    

For 24Nm Siro-spun yarns,     T =1.0014  

For 36Nm Siro-spun yarns,      T =0.6562  

where, 
e

Siro

H LN   and 
e

s

H LN   are the theoretical hairiness of Siro-spun yarns and a single 

strand in Siro-spinning triangle for the hairs with length of eL  and above, respectively; 

sT is the twist of the single strand in Siro-spinning triangle; T  is a coefficient related 

to fiber trapping, which is achieved from experimental results. 

 

Similarly, the hairiness model of Solo-spun yarns has been developed according to 

yarn geometry principle with the consideration of two situations, which are two 

substrands and three substrands in Solo-spinning triangle, respectively. Besides, a 

coefficient, coded as 
f

Le ,  about the effect of friction static on yarn hairiness has been 

introduced and calculated from experimental data. Finally, the theoretical model of 

Solo-spun yarns gives that, 

           
e e

f

Le solo

solo

H L H LN N                               

for 36Nm Solo-spun worsted yarns, 
f

Le =1.3396, solo =0.745. 

where, 
e

Solo

H LN   and 
eH LN   are the theoretical hairiness of Solo-spun yarns and ring 

yarns for the hairs with length of eL  and above, respectively; solo  is the theoretical 

hairiness ratio of Solo-spun yarns to ring yarns. 

 

Whereas, the fiber trapping mechanism is not appropriate to be used for the Solo-spun 

yarn hairiness model, due to the frequently changing substrands and variations in 

convergent points in Solo-spinning triangle. 

 

Generally speaking, the developed models could provide the prediction of the 

maximum hairiness of Siro-spun yarns and Solo-spun yarns, as well as the number of 
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the long protruding fiber ends in A zone in the low-twist spinning system when Siro-

spinning system or Solo-spinning system is integrated. Consequently, the formation 

of wrapper fibers in the two combined spinning systems can also be controlled. 

However, the experimental data for verifying the developed hairiness models and 

deducing of introduced coefficients are not enough, which needs to be further 

investigated in the future work. 
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Chapter 6 Studies on Relative Hairiness Index 

 

 

6.1 Introduction 

Since 1950s, multiplies of instruments, methods and the corresponding indexes have 

been developed to characterize yarn hairiness, which is one of important yarn surface 

characteristics [185-188,240,241]. Notwithstanding this, only two methods, Uster 

hairiness tester and Zweigle hairiness tester, are universally accepted and 

commercially utilized in textile industrials and institutions. The detailed information 

of these two measurement devices have been described in Chapter 2. In particular, 

Uster tester has a total hairiness index, namely the ratio between the light density 

scattered by the protruding hairs and the one sheltered by the yarn body, but this 

hairiness index lacks of hair length information. However, there is a general belief 

that short fiber ends protruding out of yarn bodies gave rise to a pleasant tactile 

sensation of resultant fabrics; whereas fiber ends over 2mm may bring about 

disturbance in the successive processes and affect the surface characteristics and 

performance of final fabrics [240]. Therefore, hair length should be included when 

describing the hairiness of certain yarns. The hairiness tester Zweigle G566 can 

provide the number of yarn hairs with certain distances from yarn core including 1mm, 

2mm, 3mm, etc, as well as S3 value indicating the total number of hairs with the length 

of 3mm and longer. Additionally, hair density distribution profile was proposed by 

several researchers to evaluate yarn hairs, which was achieved by means of a CCD 

camera system [240]. Nevertheless, all the above parameters only describe the 

existing hairiness on yarn surface. In fact, there are some fiber ends in yarns having 

potentials to protrude out of yarn bodies, and theses fiber ends will be pulled out of 

yarn bodies to become hairs when yarns endure abrasion with their adjacent yarns or 

machine parts in subsequent processing, such as winding, warping, weaving or 

knitting, etc. Abundant potential fiber ends in yarns will result in difficulties in the 

successive processes and unfavorable fabric surface. Besides, the abrasion between 

the yarn and the false-twister will pull more fiber ends temporarily tucked into yarns 
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out of yarn bodies and result in more protruding hairs, wrapper fibers and bad yarn 

surface, if there is a low stableness of fiber security on the yarn segment in A zone of 

low-twist spinning system. Thus, it is highly necessary to develop a hairiness index to 

evaluate the quantities or degree of potential fiber ends or hairs tucked or secured in 

yarns. As discussed in Chapter 4, fiber ends in the yarn surface layer have potentials 

to become yarn hairiness or always stay in yarn bodies when yarns are being abraded, 

and the number of these fiber ends with certain length in a unit yarn length was defined 

as maximum hairiness (
eH LN  ). Since the maximum hairiness model was established 

on the basis of an ideal open-packing compact yarn structure, the maximum hairiness 

of ring yarns can be deemed as the maximum limit of hairs for ring spun yarns and 

even for other kinds of yarns. Analogue to the theoretical limit of yarn evenness CVlim 

[242], the real yarn hairiness could be approaching but always lower than the limit 

value, namely the maximum hairiness; and the difference of the measured number of 

yarn hairs and its corresponding maximum hairiness can reveal the effectiveness of 

spinning parameters or various spinning methods in tucking fiber ends into yarn 

bodies. Therefore, based on the maximum hairiness, a Relative Hairiness Index 

(coded as RHI ), is proposed in this chapter. Also, the effects of twist multiplier, yarn 

count, fiber specifications, as well as spinning systems on RHI  will be analyzed in 

turn.  

 

 

6.2 Definition of Relative Hairiness Index 

In this section, two types of relative hairiness indexes are proposed, including the 

theoretical one and the actual one, respectively. Particularly, the theoretical RHI is 

built on the maximum hairiness of ring spun yarns and the one of Siro-spun yarns or 

Solo-spun yarns. Correspondingly, the actual RHI is obtained from the maximum 

hairiness of ring yarns and the actually measured yarn hairiness. 

 

6.2.1 Theoretical Relative Hairiness Index  

The theoretical RHI is the ratio of maximum hairiness of certain type of yarn to the 

maximum hairiness of ring yarns. It is known that one of the distinct differences 
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among ring spinning system, Siro-spinning system and Solo-spinning system lies in 

their spinning triangles. For ring spinning, only one spinning triangle exists in the 

whole process of yarn formation; whereas, for Siro-spinning, two spinning triangles 

are formed by means of parallel feeding two roving with certain space; and for Solo-

spinning, even though one roving is fed like ring spinning, two or three or even more 

spinning triangles are formed by virtue of a slotted roller. As aforementioned in 

Chapter 5, according to the fiber trapping mechanism proposed by Plate etc. [78], fiber 

ends on the surface of each substrand in the Siro-spinning or Solo-spinning triangle 

can be trapped mutually and frequently, so that the resultant yarn hairiness can be 

decreased. Since the theoretical models of Siro-spun yarn hairiness and Solo-spun 

yarn hairiness have been tentatively generated, the theoretical RHI of Siro-spun 

yarns and Solo-spun yarns could be accordingly defined as follows, RHI for Siro-spun 

yarns with two spinning triangles, 

                                                    
2 e

e

e

siro

H L

L

H L

N
RHI

N







                                                  (6-1) 

RHI for Solo-spun yarns with several spinning triangles, 

                                                   
e

e

e

Solo

H Ls

L

H L

N
RHI

N







                                                   (6-2) 

where, 
e

siro

H LN   and 
e

Solo

H LN  are the theoretical maximum hairiness with the length of eL

and longer of Siro-spun yarns and Solo-spun yarns per 1cm, respectively; 
eH LN   is the 

maximum hairiness with the length of eL and longer of conventional ring-spun yarns 

per 1cm. 

 

In particular, 
eH LN   can be calculated from Equation (4-41) proposed in Chapter 4; 

and 
e

Solo

H LN   can be achieved from Equation (5-19) developed on the basis of geometry 

theory. Moreover, the maximum hairiness of Siro-spun yarns can be obtained from 

two Equations in Chapter 5, which are Equation (5-9) derived from geometry theory, 

and Equation (5-15) put forward based on fiber trapping mechanism, respectively. 

However, there are more unreliable factors introduced into the hairiness model 

formulated from fiber trapping theory than the one based on geometry theory, 
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including the measurement of single strand twist, the verification of the trapping 

coefficient, and the measurement of single-strand length in Siro-spinning triangle. 

Thus, the geometrical equation is adopted for calculating
e

siro

H LN  .   

 

As shown in Equation (6-1) and (6-2), the value of 
2

eLRHI 

  and 
e

s

LRHI 

  fall into the 

range of 0~1. It is indicated that the lower their values, the more fiber ends are tucked 

into yarn bodies on the resultant yarns.  Therefore, the theoretical RHI can 

theoretically reveal the effectiveness of different spinning methods in tucking fiber 

ends into yarn bodies. Additionally, it is worth noting that the maximum hairiness of 

Siro-spun yarns, Solo-spun yarns and ring yarns for calculating one specific 

theoretical RHI should be generated from the same twist multiplier, yarn count, hair 

length, and material specifications, etc. 

 

6.2.2 Actual Relative Hairiness Index 

As discussed in Chapter 4, the maximum hairiness of ring staple yarns is actually the 

highest number of hairs possibly forming on yarn surface even though enduring many 

times abrasion. However, there is always a gap between the theoretical values and the 

measured values. The gap may be narrowed or enlarged by varied spinning methods, 

different spinning parameters, subsequent processing and other influences. It is of 

high significance to compare the measured number of yarn hairs with the maximum 

hairiness, so that the effectiveness of tucking fiber ends into yarn bodies of different 

spinning systems and spinning parameters can be directly presented, and some 

inspiration may be provided to the textile technicians to exploit some innovative 

products. Therefore, treating the maximum hairiness of ring-spun yarns as the baseline, 

the actual RHI for the hairs with the length of eL and above gives that,  

                                                      
e

e

e

t

H L

L

H L

N
RHI

N







                                              (6-3)
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where, 
e

t

H LN   is the mean of the tested number of hairs with the length of eL or 

longer per 1cm,  and 
eH LN   is the maximum hairiness of ring yarns with the length of 

eL or   longer per 1cm.

 
 

Equation (6-3) demonstrates that the lower the RHI is, the less the protruding fiber 

ends are on yarn surface, and the more potential fiber ends are left in yarn surface 

layers which may be pulled out of yarn bodies to become hairiness when yarns 

experience abrasion. The maximum of RHI is 1.00, which means that the practically 

measured number of hairs is equal to the theoretical maximum value, that is, all the 

fiber ends in the yarn surface layer potentially contributing to yarn hairs, protrude out 

of yarn bodies. This is nearly impossible, because there must be some fibers being 

steadily secured in yarns by adjacent fibers after spinning process; and since the 

present model reckoned the fiber length as the length of fiber ends, the theoretical 

maximum yarn hairs are much higher than the actual values; additionally, the 

maximum hairiness model was generated on the basis of an ideal open-packing 

compact yarn structure, that is, the actual yarn structures fail to reach that compactness. 

When the minimum of RHI is zero, no fiber ends in the yarn surface layer are pulled 

out of yarn body, which represents filament yarns. Besides, similar to the theoretical 

RHI, 
eH LN   is calculated from the same twist multiplier, yarn count, hair length, and 

material specifications of real yarns.  

 

 

6.3 Experimental 

6.3.1 Materials  

Two types of re-combed and shrink-resist treated wool rovings were utilized to 

prepare multiples of 24Nm and 36Nm wool yarns. The two kinds of rovings were 

numbered as F1 and F2, respectively. Before yarn spinning, all wool rovings were 

conditioned for about 24 hours at the standard environment of 20±2℃ and 65±2% 

RH. Table 6-1 presents the specifications of two roving. 
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Table 6-1 Wool roving specifications 

Roving type F1 F2 

Roving count (Nm) 1.38 (2 ends) 1.72 (2 ends) 

Roving evenness (CVm%) 5.03  6.5 

Fiber Hauteur length (mm)  72.0 (CVH: 42.0%) 58.7 (CVH: 46.0%) 

Fiber diameter (microns)  18.8 (CVD: 21.8%) 19.5 (CVD: 23.4%) 

Fibers over 30 microns (%) 1.3 1.4 

 

6.3.2 Yarn preparation 

To analyze the influences of twist multiplier, yarn count and fiber specifications on

RHI  and to compare the RHI of diverse yarns, a large number of yarn samples were 

prepared on wool spinning machine Zinser 451. Main yarn counts of 24Nm and 36Nm 

were selected to produce worsted yarns, Siro-spun yarns, Solo-spun yarns, LT yarns, 

and LT+Siro yarns etc. In particular, LT yarns means the low-twist yarns spun with 

single-end roving feeding, and LT+Siro yarns represents the low-twist yarns spun 

with double-end roving feeding, as described in Chapter 3. Table 6-2 exhibits the 

spinning parameters of worsted yarns spun with different roving, varied yarn counts 

or distinct levels of twist multipliers. In order to study the effect of yarn count on 

RHI , the other 28Nm and 32Nm worsted yarns with the twist multiplier of 120 were 

also prepared. For all worsted yarns, the condenser was used during spinning.  

 

Roving F2 was mainly utilized to spin varied 24Nm yarns. Particularly, the twist 

multipliers of 24Nm Siro-spun yarns included 115, 120, 125, 130 and 135; the 48Nm 

single yarns of 48/2Nm plied yarns were produced with the same levels of the twist 

multipliers of worsted yarns, and the corresponding plying twist multipliers were 

65,74,83,90,100,110 and 119, as displayed in Table 6-2. Besides, the traveller type, 

draft ratio, spindle speed and ring diameter were the same as the ones of 24Nm 

worsted yarns; and the gap of two single roving in Siro-spinning system was 14mm, 

which is a generally optimized width. The plying of 48Nm single yarn was carried out 

on the plying machine Saurer Allmat EES-X. 
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Then, Roving F1, was used to prepare a variety of 36Nm knitting and weaving wool 

yarns, respectively. For knitting yarns, 36Nm worsted yarns with the twist multiplier 

of 85, 36Nm LT yarns with the optimized twist multiplier of 72 and 36Nm Solo-spun 

yarns with the twist multiplier of 85 were spun in turn; For weaving yarns, 36Nm 

worsted yarns with the twist multiplier of 90, 36Nm Siro-spun yarns with the twist 

multiplier of 135, 36Nm LT+Siro yarns with the optimized twist multiplier of 115 and 

36Nm Solo-spun yarns with the twist multiplier of 120 were prepared. The twist 

multipliers of the above knitting and weaving worsted yarns as well as the Siro-spun 

yarns were set according to the advice of a wool spinning factory. The optimum twist 

multipliers and the adopted Solo-rollers for producing Solo-spun knitting and weaving 

yarns had been confirmed from Table 5-6 and Table 5-7 in Chapter 5. The spinning 

parameters of the optimized 36LT yarns and 36LT+Siro yarns were presented in Table 

7-18 of Chapter 7.  

 

Moreover, all the above yarns were spun at the same spindle speed of 7800rpm, and 

all spun yarn samples were conducted winding at a speed of 300m/min on Savio 

winding machine. The tension of winding was set at the lowest level to avoid high 

end-breakage of some weaker yarns during winding. Some yarns were wound four 

times to obtain the stable hairiness, which was defined from Figure 4-14 in Chapter 4. 
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Table 6-2 Spinning parameters of worsted yarns 

Yarn count 

(Nm) 
24 36 28 32 2/48 

Fiber type F1 F2 F1 F2 F1 F1 
F2 

single Plied 

Twist 

multiplier 

75,85,95,105,115, 

125,135,120 

75,85,95,105, 

115,125,135 

75,85,95,105,115, 

125,135,120 

75,85,95,105,115, 

125,135 
120 120 

75,85,95,105,115, 

125,135 

65,74,83,90, 

100,110,119 

Traveler type SBA 20 SBA 25 SBA22 
SBA 

23 
SBA28 SBA22 

Draft ratio 17.39 13.95 26.09 20.93 20.29 23.19 27.91 --- 

Spindle speed 

(rpm) 
7800 7800 3400 

Ring 

diameter 

(mm) 

51 51 115 

Condenser Y Y N 

Note: “Y” means condenser was used during yarn spinning; “N” means condenser was not used during yarn spinning 
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6.3.3 Measurement 

Zweigle G566 was used to examine yarn hairiness. 100m yarns were measured for 

each test, three tests were performed for each yarn sample, and three samples of each 

kind of yarn were tested in turn. S3, which is the number of yarn hairs with the length 

of 3mm and above, can be directly obtained. The numbers of hairs in 12 length groups 

such as 1mm, 2mm, 3mm, etc., were achieved, respectively. The total number of yarn 

hairs with the length of 1mm and longer per 1cm was accordingly calculated. 

Furthermore, the actual RHI≥1mm and RHI≥3mm of each type of yarn were calculated 

from Equation (6-3). 

. 

All yarn samples were conditioned for over seven days in a standard atmosphere of 

20±2℃ and 65±2% RH before examination. All the examination was performed in 

the same standard atmosphere. 

 

 

6.4 Results and discussion 

6.4.1 Theoretical Relative Hairiness Index of yarns spun with different spinning 

triangles 

Table 6-3 presents the theoretical values of RHI of 36Nm Siro-spun yarns which were 

spun with two minor spinning triangles, and 36Nm Solo-spun yarns which were 

formed from several even minor spinning triangles, respectively. The specifications 

of Roving F1, which is exhibited in Table 6-1, were used for calculating the maximum 

hairiness of Siro-spun yarns and Solo-spun yarns. By comparing, RHI≥1mm and 

RHI≥3mm of yarns spun with two spinning triangles were around 0.6 and 0.4, 

respectively; whereas, both the RHI≥1mm and RHI≥3mm of yarns produced with several 

tiny spinning triangles were 0.998, approaching 1.0. It is indicated that two spinning 

triangles can effectively tuck more fiber ends into yarn bodies resulted from the 

mutually trapping of surface fibers on the two single strands in Siro-spinning triangle, 

but more tiny spinning triangles do not necessarily contribute to higher constraint of 

the fiber ends in yarn surface layers from protruding out of yarn bodies to become 
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hairiness. Additionally, the theoretical RHI of Siro-spun yarns was slightly increased 

with the increasing twist multiplier, but the theoretical RHI of Solo-spun yarns was 

independent of twist multiplier, which is caused by the theoretical hairiness models 

of Siro-spun yarns and Solo-spun yarns established in Chapter 5. 

 

Table 6-3 Theoretical RHI of yarns spun with varied spinning triangles             

(36Nm, Roving F1) 

Twist 

multiplier 

1mmRHI  3mmRHI  

2

1mmRHI 

  1

s

mmRHI 

  
2

3mmRHI 

  3

s

mmRHI 

  

75 0.6341 

0.9980 

0.4166 

0.9980 

85 0.6357 0.4176 

95 0.6370 0.4185 

105 0.6396 0.4202 

120 0.6431 0.4225 

135 0.6491 0.4265 

 

6.4.2 Effect of twist multiplier on actual Relative Hairiness Index 

As shown in Figure 6-1, the RHI of 36Nm worsted yarns gradually decreased with 

increasing twist multipliers, and after once winding, the reduction of RHI  became 

more obvious, particularly RHI≥1mm. It is demonstrated that raising yarn twist is 

conductive to tucking fiber ends into yarn bodies. 

 

Whereas, the RHI≥3mm of worsted yarns seems to be slightly affected by twist 

multiplier, that is, the change of RHI≥3mm was tiny when twist multiplier was raised, 

as shown in Figure 6-1. Besides, the RHI≥1mm of cone yarns is almost 50% higher than 

that of cop yarns, and the RHI≥3mm of cone yarns reaches about 75% larger than the 

one of cop yarns, even though the value of RHI≥3mm is small, which illustrates that 

there were still many potential fiber ends not stably secured in worsted yarn bodies 

after spinning process, thus these fiber ends are liable to being pulled out of yarn 



 

Chapter 6                                                               Studies on Relative Hairiness Index   

                                                                                    

148 

 

surface to become hairiness when they experience abrasion in the subsequent 

processes. 

 

 

Figure 6-1 Actual RHI of worsted yarns with the increasing twist multiplier (36Nm, 

Roving F1) 

 

6.4.3 Effects of yarn count on actual Relative Hairiness Index  

It is explicitly illustrated in Figure 6-2 that the RHI of 24Nm and 36Nm worsted yarns 

were almost the same for both cop yarns and cone yarns, even though the twist 

multiplier was being increased. Therefore, it can be inferred that RHI is possibly 

independent of yarn count, but depends on yarn structure.  

 

To further verify the above inference, the RHI of worsted yarns in different yarn 

counts such as 24Nm, 28Nm, 32Nm and 36Nm, but with the same twist multiplier of 

120, are presented in Figure 6-3. With the increment of yarn count, there was mild 

variation of RHI for both cop and cone worsted yarns, which could be neglected. 

Hence, it can be reckoned that yarn count nearly has no influences on RHI.  
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(a) RHI≥1mm  

 

(b) RHI≥3mm 

Figure 6-2 Actual RHI of 24Nm and 36Nm worsted yarns with the increasing 

twist multipliers (Roving F2) 
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Figure 6-3 Actual RHI of worsted yarns in different yarn counts (αm=120, Roving F1) 

 

Additionally, the relationships of actual RHI with the structures of spun yarns 

produced from different spinning systems will be discussed later. 

 

6.4.4 Comparison of actual Relative Hairiness Index of worsted yarns spun with 

different materials 

The RHI of worsted yarns made of Roving F1 and Roving F2 with the increasing twist 

multiplier are presented in Figure 6-4. Wool fibers of Roving F1 were generally longer 

and finer than the ones of Roving F2 as shown in Table 6-1. When the twist multiplier 

was lower than 105, the RHI≥1mm and RHI≥3mm of worsted yarns spun with two kinds 

of materials seem similar; whereas when the twist multiplier was higher than 105, the 

RHI≥1mm and RHI≥3mm of worsted yarns made of Roving F1 got higher than the ones 

of worsted yarns made of Roving F2. With the increasing twist multiplier, the 

difference between the RHI  of yarns produced from two types of roving became 

larger, which indicates that at higher twist level, Roving F2 gave rise to the resultant 

yarns with more fiber ends being tucked into yarn bodies. 
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(a) 1mmRHI   

 

(c) RHI≥3mm  

Figure 6-4 Actual RHI of worsted yarns spun with different wool roving (36Nm) 

Then, after winding, the RHI of worsted yarns spun with Roving F1 was apparently 

higher than the RHI of yarns produced from Roving F2, both RHI≥1mm and RHI≥3mm. 

It is demonstrated that Roving F2 could bring about yarns with relatively more fiber 

tucked than Roving F1. 
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6.4.5 Comparison of actual Relative Hairiness Index of various wool yarns  

6.4.5.1 Actual Relative Hairiness Index of ring, Siro-spun, Solo-spun and plied yarns  

As displayed in Figure 6-5, the RHI of all three kinds of wool yarns, which are 

conventional ring yarns, Siro-spun yarns and plied yarns, gradually reduced with the 

increment of twist multiplier. Among these yarns, worsted yarns, namely ring-spun 

yarns, had the highest RHI≥1mm and RHI≥3mm, then followed by plied yarns, and Siro-

spun yarns had the lowest values of RHI , which manifests that Siro-spinning can 

most effectively tuck fiber ends into yarn bodies. 

 

However, for cop yarns, there were no marked differences in the RHI of worsted yarns 

and plied yarns; but after winding, the RHI of plied yarns was significantly lower than 

that of conventional ring-spun yarns. It is demonstrated that even though both ring 

yarns and plied yarns were produced on ring spinning system, plying facilitated fiber 

ends to be secured in yarn bodies. 
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(b) RHI≥3mm  

Figure 6-5 Actual RHI of various wool yarns spun with the increasing twist 

multipliers (24Nm, Roving F2) 

 

6.5.4.2 Actual Relative Hairiness Indexes of various yarns in different situations 

Figure 6-6 and Figure 6-7 describe the RHI of several types of 36Nm knitting yarns 

and weaving yarns in three situations, respectively. The three situations were cop 

yarns, cone yarns and stable yarns which were the yarns after four times winding. The 

changes of the RHI of each kind of yarn at three situations can actually reveal the 

increment rate of yarn hairs when yarns endure abrasion, so as to evaluate the 

stableness of fiber security in yarns. 

 

For knitting yarns, as shown in Figure 6-6, the RHIs of conventional ring-spun yarns 

and low-twist yarns sharply increased after once winding and four times winding, 

respectively, and were almost linearly correlated with the three states of yarns. For 

Solo-spun yarns, the RHI of cone yarns was higher than that of cop yarns, but the RHI 

of stable yarns was similar to the one of cone yarns, which illustrates that Solo-

spinning can more stably secure fiber ends in yarns. In addition, both the RHI≥1mm and 

RHI≥3mm of 36LT yarns were generally higher than that of conventional ring 
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yarns and Solo-spun yarns in all three situations, and the Solo-spun yarns had the 

lowest RHI  values. Admittedly, for cop yarns, the RHI of three kinds of yarns were 

similar, particularly RHI≥3mm, but with the increasing winding times, that is, when 

yarns experienced more abrasion, the differences of their RHI got enlarged. The 

increasing rates of the RHI≥1mm, of 36LT yarns and conventional ring yarns were 

higher than the one of Solo-spun yarns, and the RHI≥3mm of 36LT yarns advanced 

fastest among the three types of knitting yarns as presented in Figure 6-6 (b), which 

was followed by ring-spun yarns; however, the solo-spun yarns has the relatively 

slowest increment of RHI≥1mm and RHI≥3mm after once winding and four times winding, 

respectively.  The high RHI of the optimized 36LT yarn and its fast increment with 

the increasing abrasion indicates that the optimized 36LT yarn possesses low fiber 

tucking and security, in other words, the fiber deformation resulted from the false-

twisting fails to be held in yarns. 

 

It can be definitely referred that low-twist spinning fails to hold more fiber ends in 

yarn bodies, and gives rise to relatively unstable fiber security, which may result in 

more blurred surface during the daily wear of wool knitwear made of low-twist yarns. 

This finding, however, differentiates from that of low-twist cotton yarns. The 

comparisons on the packing density and fiber migration of low-twist and conventional 

cotton yarns revealed that low-twist yarns had a better fiber security resulted from 

more complicated fiber migration with a larger amplitude, as well as relatively larger 

packing density [23-25]. The difference in the fiber security of low-twist wool yarns 

and cotton yarns may possibly attribute to higher resilience and rigidity of wool fibers 

than cotton fibers as described in Chapter 1, which bring about the difficulties in 

holding wool fiber deformation in yarns produced by the false-twisting in low-twist 

spinning system. Besides, the RHI changes of Solo-spun yarns in three different 

situations demonstrate that although the several tiny spinning triangles fail to facilitate 

more fiber ends to be trapped on the surface of each substrand and decrease the 

hairiness of resultant yarns, the intermittently changing substrands and their 

corresponding spinning triangles enhance the fiber migration, so that the Solo-spun 

yarns exhibit the most stable fiber security among the three kinds of prepared knitting 

yarns. 
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Figure 6-6 Actual RHI of various optimized knitting yarns in different situations 

(36Nm, Roving F1) 

(“36CONV” means 36Nm conventional ring yarns, “36LT” means 36Nm low-

twist yarns spun with single-end roving, “36Solo” means 36Nm Solo-spun yarns.) 
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For weaving yarns, Figure 6-7 (a) and (b) exhibit that the RHIs of 36Nm ring yarns, 

Siro-spun yarns, LT+Siro yarns, and Solo-spun yarns at the three situations. In general, 

conventional ring yarns possessed the highest RHI, then followed by Solo-spun yarns 

and 36LT+Siro yarns, and Siro-spun yarns had the lowest values. The RHI of 36 

LT+Siro cop yarns was almost the same as that of Siro-spun yarns. Besides, the RHI 

of conventional cone and stable yarns were markedly raised by comparing with that 

of ring-spun cop yarns, which was similar to conventional knitting yarns. Also, both 

the RHI≥1mm and RHI≥3mm of weaving worsted yarns seem to have a linear relationship 

with the three situations of yarns. However, the RHI of the other three kinds of yarns 

increased not quite significantly with the increasing winding times.  

 

It is illustrated that all of Siro-spinning, Solo-spinning and low-twist spinning with 

double-end roving feeding can promote fiber ends in the yarn surface layer to be 

tucked in yarn bodies, and improve the stableness of fiber security. As presented in 

Figure 6-7, Siro-spinning was most effective in fiber tucking and security for weaving 

yarns among the selected four kinds of spinning methods. Additionally, similar to 

Solo-spun knitting yarns, there was nearly no apparent increment of the RHI of Solo-

spun yarns after four times winding compared with that of cone yarns.  

 

Moreover, by comparing the values and the changes of the actual RHI of 36LT yarns 

and 36LT+Siro yarns with increasing winding times, the value of the actual RHI and 

its changes of low-twist yarns were obviously reduced when integrating double-end 

roving feeding, which may be resulted from the improved fiber security of the yarns 

in A zone. 
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Figure 6-7 Actual RHI of various optimized weaving yarns in different situations 

(36Nm, Roving F1)  
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(“36CONV” means 36Nm conventional ring yarns, “36Siro” means 36Nm Siro-

spun yarns; “36LT+Siro” means 36Nm low-twist yarns spun with double-end roving 

feeding, “36Solo” means 36Nm Solo-spun yarns.) 

 

6.5 Summary 

By considering an analogue to CVlim, maximum hairiness of ring yarns proposed in 

Chapter 4 has been treated as the baseline, and a Relative Hairiness Index (RHI) has 

been proposed here for evaluating fiber tucking or fiber security resulted from certain 

spinning method or spinning parameters. Two kinds of RHI are generated, which are 

theoretical RHI and actual RHI. In particular, theoretical RHI relating to the number 

of spinning triangles, is the ratio between the theoretical maximum hairiness of certain 

yarns and the maximum hairiness of ring yarns, which can theoretically reveal the 

effectiveness of different spinning methods in tucking fiber ends into yarn bodies; 

correspondingly, actual RHI is the ratio of the measured yarn hairiness and the 

maximum hairiness of ring-spun yarns, which can actually demonstrate the degree of 

fiber ends potential for hairiness being tucked into yarns resulted from various 

spinning system or their spinning parameters. Besides, the changes of the actual RHI 

with the increasing abrasion of yarns which was mimicked by winding in this chapter, 

can reveal the stableness of fiber security in yarns, which can be affected by different 

spinning parameters, varied spinning methods, etc. 

 

Comparing the theoretical RHI of Siro-spun yarns to that of Solo-spun yarns, it can 

be seen that two spinning triangles formed in the Siro-spinning system facilitate to the 

reduction of resultant cop yarn hairiness, but more than two spinning triangles which 

can be found in Solo-spun spinning system, fail to significantly decrease the number 

of hairs of resultant yarns. However, the low increase of the actual RHI of Solo-spun 

yarns with the raised winding times demonstrates that Solo-spinning can more stably 

secure the surface fiber ends into yarn bodies than ring spinning and  low-twist 

spinning. In addition, the experimental results show that the actual RHI seems 

independent of yarn count, but to be correlated with yarn structures which are 

influenced by twist multiplier, spinning methods, etc. In particular, the actual RHI  
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decreases with the increasing twist multiplier, which indicates that advancing yarn 

twist is favorable for tucking fiber ends into yarn bodies. 

 

According to the comparison of the actual RHI of 24Nm worsted yarns, Siro-spun 

yarns and 48/2 plied yarns made of roving F2, Siro-spinning can most effectively tuck 

fiber ends into yarn bodies, and plying is conductive to further tucking fiber ends of 

the singles ring yarns into yarn bodies. Moreover, for the 36Nm knitting yarns spun 

with Roving F1, low-twist spinning not only presents less effectiveness of fiber 

tucking, but also lower stableness of secured fiber ends than conventional ring 

spinning and Solo-spinning, which indicates that the fiber deformation resulted from 

the false-twist fails to be held in yarns; and for 36Nm weaving yarns produced with 

the same Roving F1, ring spinning system tucked the least fiber ends into yarns, and 

has the lowest stableness of fiber security; whereas, Siro-spinning system brings about 

the most fiber ends being tucked and the most stable fiber security; additionally, low-

twist spinning system with double-end roving feeding and Solo-spinning system have 

the similar degree of fiber tucking and stableness of fiber security for weaving yarn. 

Finally, by comparing the changes of the actual RHI of 36LT yarns and 36LT+Siro 

yarns with increasing winding times, the values of the actual RHI and its changes of 

low-twist yarns are obviously decreased when integrating Siro-spun feeding into low-

twist spinning. 
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Chapter 7 Optimization and Surface Characteristics of 

Low-twist Yarns 

 

 

7.1 Introduction 

Generally, yarn properties such as tenacity, evenness, hairiness and snarling are 

influenced by fiber properties, spinning methods and spinning parameters. For low-

twist yarns, the main spinning parameters include twist multiplier, speed ratio of false-

twister, traveler weight, etc. As described in Chapter 3, the false-twisting effect and 

fiber security of the yarn segment in A zone also affect the formation of wrapper fibers 

and even neps, besides the number of long protruding fiber ends in A zone. With 

regard to the false-twisting effect, since the 5th version of low-twist spinning system 

[34], coded as TEBT, is made of two independent endless false-twisting belts, that it, 

the upper ratio and the lower ratio can be adjusted, respectively. The favorable false-

twisting effect can be achieved by optimizing the combination of the upper ratio and 

lower ratio so as to provide proper twists in A zone to avoid the buckling of yarns 

there, consequently, the curved yarns segments with tightly wrapper fibers (W_T&C), 

as presented in Figure 3-3 (b) in Chapter 3 may be decreased and even eliminated. 

Additionally, to decrease the long protruding fiber ends in A zone, and improve the 

fiber security of yarn segment in A zone, Siro-spun feeding is combined with the 

present low-twist spinning system by considering its good ability in fiber tucking and 

fiber security, as described in Chapter 6, so that the wrapper fibers on the resultant 

yarns could be significantly reduced.  

 

As described in Chapter 1, uncompetitive yarn tenacity and deteriorated evenness 

were main concerns for the low-twist yarns produced on the first four versions of low-

twist spinning systems. Therefore, a systematic study will be performed in this chapter 

to completely investigate the quantitative relationships of the significant spinning 

parameters and the physical properties of 36Nm low-twist yarns spun with single-end 

roving feeding (36LT) and double-end roving feeding (36LT+Siro), respectively, 
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particularly yarn tenacity and evenness. Firstly, the analysis of the low-twist spinning 

system is carried out to find the potential influencing factors on yarn evenness and 

other properties. Then, the Fractional Factorial Methodology, FFM for short, is 

adopted to quantitatively evaluate the effect significances of the selected potential 

factors on yarn properties. Furthermore, the second-order polynomial equations are 

developed for formulating the quantitative relationships between the selected spinning 

parameters and yarn properties by means of Response Surface Methodology, RSM 

for short. Fourthly, deviation between the experimental results and the estimated 

results are verified to check the accuracy of the established statistical equations. 

Finally, the optimal spinning parameters can be obtained from the Overlaid Contour 

Plots, and the properties of 36LT yarns and 36LT+Siro yarns spun with the optimized 

spinning parameters are assessed and compared with that of conventional yarns, 

respectively. Also, the surface characteristics of the optimized yarns will be examined 

and compared, including blackboard evenness, yarn diameter, and wrapper fibers.  

 

 

7.2 Experimental preparation 

7.2.1 Geometry of low-twist spinning system 

Figure 7-1 displays the geometry of the 5th low-twist spinning system, which was 

installed on a Zinser 451 wool spinning machine, as described in Chapter 3. Since the 

two endless belts of the TEBT low-twist spinning system, namely the upper belt and 

the lower belt, were controlled by two motors, respectively, both the speeds and 

running directions of the upper belt and the lower belt can be adjusted. Whereas, from 

the preliminary trial [243], it was found that low-twist wool yarns failed to be spun 

when the upper belt and the lower belt were running in the opposite directions; 

additionally, for Z-twist yarns, the two belt-type false twisters exerting Z twists on 

running yarns produced resultant yarns with obviously higher tenacity and lower 

hairiness than the ones endowing S twists on running yarns. Accordingly, both the 

upper belt and the lower belt will be set to run in a clock-wise direction to exert Z 

twists on the running Z-twist yarns in the experiments of this Chapter. The level of 

false twists generated on yarns by the TEBT false-twister, which significantly affects 
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the structures and properties of the resultant yarns, closely correlated with the speed 

ratios of the upper belt and the lower belt, as well as the friction between the yarns 

and belts, because it was found that both of the above two factors determine the twist 

efficiency of the belt-type false-twister [228]. The speed ratios of the upper belt and 

lower belts, namely upper ratio and lower ratio, were selected as the influencing 

factors for yarn properties. 

 

Additionally, the friction between belts and yarns depends on their friction coefficient, 

contact surface area, namely the wrapping angles of yarns on the upper belt and the 

lower belt, which were coded as 1 , 2 , respectively, as well as the yarn spinning 

tension. By comparing several kinds of belts, the PU belt with a nylon core was 

adopted in the light of high friction coefficient between the belt and yarns, as well as 

low deformation during spinning. The belt radius r  was 3mm and the spacing of two 

belts was 24mm, which was coded as s  and shown as MN  in Figure 7-1. These 

parameters were set according to the spinnability and previous studies [228,244,245]. 

The angle   , as shown in Figure 7-1, was named as belt angle; the sum of 1  and 2

which was called as total wrapping angle  . Feng [228] developed an equation to 

calculate the theoretical value of the total wrapping angle from the geometry of the 

low-twist spinning system, but some errors in the equation were found and revised as 

follows, 
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                                                                                                                                (7-1) 

where, 1 1( , )X Y ,  2 2,X Y and  ,G GX Y  are the coordinates of the upper belt center, the 

lower belt center, and the point G , respectively. 
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Figure 7-1 Geometry of the low-twist spinning system 

 

Simulation of the relationships of the wrapping angle 1 , 2  and the total wrapping 

angle   with the belt angle  , which is presented as Figure 7-2, illustrates that all of 

the three kinds of wrapping angles had a linear relationship with the belt angle, and 

decreased with the increasing belt angle. Since the wrapping angle is not convenient 

to be obtained, the belt angle   was treated as a crucial influencing factor on the total 

wrapping angle , and reckoned as another potential influencing factor for low-twist 

yarn properties. Besides, the spinning parameters related to yarn spinning tension, 

which was the 3rd factor for the friction between the delivered yarn and belts on the 

low-twist spinning system, will be discussed later. 

 

O 

O1 

O2 

θ1 

θ2 

θ 

r 
M 

N 

G(XG,YG) 

(X1,Y1) 

(X2,Y2) 

Upper ratio 

Lower ratio 

Front bottom 

 roller 

Front top 

 roller 

Yarn 



 

Chapter 7                      Optimization and Surface Characteristics of Low-twist yarns   

                                                                                    

164 

 

 

Figure 7-2 Simulated relationships of the belt angle with the total wrapping 

angles as well as the wrapping angles of yarns on the upper belt and the lower belt  

 

7.2.2 Material specifications 

In Chapter 6, two kinds of roving, which are Roving F1 and Roving F2, were used to 

prepare yarn samples. By comparing the RHI of 36Nm worsted yarns made of these 

two types of materials, as presented in Figure 6-4, it was illustrated that Roving F2 

can generally produce yarns with more fiber tucked in than Roving F1, but no apparent 

difference was found in the RHI of resultant cop yarns with the twist multipliers of 

lower than 105. However, the wool fibers in Roving F2 were shorter and thicker than 

the ones in Roving F1; consequently, Roving F1 can provide yarns with higher 

comprehensive quality. Additionally, considering the spinnability of 36LT yarns and 

36LT+Siro yarns, Roving F1 was adopted for yarn optimization experiments in this 

chapter. The specifications of the combed Roving F1 with shrink-resistant treatment 

are referred to Table 6-1 in Chapter 6. 

 

7.2.3 Yarn preparation  

Yarn samples for optimization were prepared on the TEBT low-twist spinning 

systems with single-end roving feeding (36LT) and double-end roving feeding 
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(36LT+Siro), respectively. One was TEBT low-twist spinning system, and the other 

one was a combination of TEBT low-twist spinning and Siro-spinning. Besides, the 

benchmark yarns for 36LT yarns and 36LT+Siro yarns were spun on the conventional 

ring spinning system and Siro-spinning system, respectively. According to the textile 

industrial advice, the twist multiplier of worsted yarns fell into 80~85 for knitting 

yarns, and 85~90 for weaving yarns; and the widely used twist multiplier of Siro-spun 

yarns for weaving was in the range of 135~175. Therefore, 36Nm worsted yarns with 

the twist multiplier of 85 and 90 were prepared for the benchmark for 36Nm knitting 

yarns and weaving yarns, respectively; and 36Nm Siro-spun yarns with the multiplier 

of 135 were spun as the benchmark for 36LT+Siro weaving yarns. No matter which 

kind of spinning system was used, spindle speed and traveler were important spinning 

parameters for yarn properties, because both of them have critical influences on yarn 

spinning tension, while spinning tension affects the degree of fiber migration in the 

spinning triangle and consequently influences the structure of resultant yarns [228].  

 

In order to fairly compare the properties of various yarns spun on the Zinser 451 

spinning machine, the same spindle speed of 7800rpm was employed. The traveler 

type of 36Nm conventional yarns and Siro-spun yarns was set according to the 

industrial recommendation [246]. With regard to the traveler type for 36LT yarns and 

36LT+Siro yarns, since there were difficulties in holding the fiber deformation 

resulted from the false-twister in low-twist spinning system which attribute to the high 

resilience and rigidity of wool fibers as introduced in Chapter 1, higher spinning 

tension is necessary for low-twist wool yarn spinning; whereas, too heavy travelers 

will bring about high end-breakage during spinning. Therefore, by comprehensively 

considering the above reasons and according to the preliminary trial [247], SBA 22 

was adopted for spinning 36LT and 36LT+Siro yarns. Besides, condenser was used 

for better controlling the free fibers in the spinning triangles when spinning worsted 

yarns and 36LT yarns; and the generally accepted strand spacing of 14mm was 

utilized while feeding double-end roving to low-twist spinning system. All the general 

spinning parameters were displayed in Table 7-1. 
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Table 7-1 General spinning parameters used in optimization experiments 

Yarn type 36LT 36CONV 36LT+Siro 36Siro 

Spindle speed (rpm) 7800 7800 7800 7800 

Traveler type SBA22 SBA 25 SBA22 SBA 25 

Draft ratio 24.3 24.3 24.3 24.3 

Ring diameter (mm) 51 51 51 51 

Condenser √ √ --- --- 

Strand spacing (mm) --- --- 14 14 

Note: 36CONV means 36Nm worsted yarns; 36Siro means 36Nm Siro-spun wool yarns; and 

“√” means condenser was used during spinning. 

 

7.2.4 Yarn measurement  

Three samples were chosen for each testing. All yarn samples were conducted 

conditioning for around seven days under 20±2℃ and 65±2% RH before examination. 

All the measurement was performed in the same standard atmosphere. Yarn tenacity, 

evenness, hairiness and snarling were the critical properties of knitting yarns; whereas, 

for weaving yarns, yarn tenacity, evenness and hairiness were most concerned. In 

particular, the wet snarling test was used to evaluate the degree of residual torque of 

resultant yarns [248-250]. The higher the number of wet snarls per 25cm of yarns, the 

more residual torque was left in yarns. The specific measurement parameters, the 

device and the referred standard for each yarn property were listed in Table 7-2.  

 

Besides, the optimized yarn surface characteristics were also examined in terms of 

blackboard evenness, yarn diameter, and wrapping structures. The blackboard 

evenness was generally used to evaluate the optical evenness of yarns. The yarn 

blackboard samples were prepared by use of Zweigle yarn board winder. The 

wrapping density of each yarn sample on the blackboard was 20 turns per inch. The 

prepared yarn blackboard was compared with the photos of standard yarn blackboards 

representing varied levels, and the level of the blackboard evenness of each yarn 

sample could be given by three expertise. There are total eight grade levels including 

A, B+, B, C+, C, D+ and D, in which, A means the best blackboard evenness, and D 
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is the worst. Yarn diameter was examined by means of a projection microscope with 

a magnification of 50×. Each cop of yarn was randomly tested 30 times, and three 

cops per kind of yarn sample were measured. Totally, 90 measured values were 

acquired to calculate the mean yarn diameter and its variation for each type of yarn. 

In addition, to observe the wrapper fibers on resultant yarns, 1m of yarns were evenly 

wrapped on a scaled board, as shown in Figure 3-2 in Chapter 3. The number of 

wrapping structures and their total length on 1m of the optimized 36LT yarns and 

36LT+Siro yarns were counted under Microscope Lecia M165, respectively. Total 

three cops of each kind of yarn were examined and their mean values were accordingly 

calculated. Since tightly wrapping structures including W_T&S and W_T&C, as 

shown in Figure 3-3, had a detrimental effect on yarn evenness according to the 

studies in Chapter 3, the percentage in length of the tightly wrapping structures of the 

two types of optimized yarns were calculated, and compared. 

 

Table 7-2 Measurement parameters of yarn properties 

Properties Standard Apparatus  Parameters  

Tenacity  ISO 2062  
Uster III 

Tensorapid 

-Test speed:5000mm/min 

- Pretension: 0.5cN/tex  

- Test length: 500mm 

- Test within: 50 times 

Evenness  Uster Standard  Uster Tester III 

-Test speed: 400m/min 

- Testing time: 2.5 mins 

- Test within: 1 time 

Hairiness  ASTM D1423 Zweigle G566  

- Test speed: 100m/min 

- Evaluation time: 1min 

- Test within: 3 times 

Wet snarling 
ISO 03343-1987 

(revised) 

Snarling testing 

apparatus 

- Test length: 250mm 

-Test within: 10 times 

 

 

7.3 Fractional factorial design 
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7.3.1 Experimental design 

According to the previous discussion in this chapter, the speed ratio of the upper belt 

(upper ratio for short), the speed ratio of the lower belt (lower ratio for short), and the 

belt angle were considered as the potential factors for 36LT and 36LT+Siro yarn 

properties. Besides, twist multiplier was also selected, because it was generally 

reckoned as a critical spinning parameter for staple yarns. Aiming to identify the 

significant influencing factors among the selected four independent spinning 

parameters, the Fractional Factorial methodology was first employed according to the 

reviewed methods for optimizing yarn properties as discussed in Chapter 2.  The range 

of each factor was set on the basis of feasibility and spinnability, which is presented 

in Table 7-3. In particular, the upper bound of twist multiplier was set as 90, which is 

the same as that of conventional worsted yarns for weaving, as discussed before, 

because the larger the  range of a factor is, the high significance of the factor can be 

gained. With the help of Minitab software, total eight orders of experimental variable 

combinations were generated, as shown in Table 7-4. The physical properties of 36LT 

yarns, including yarn tenacity, evenness CVm%, neps (+140%), hairiness, and 

snarling were treated as dependent output response variables.  To simplify the 

experimental runs, FFM experiments were only carried out for 36LT yarns. 

 

Table 7-3 Experimental design by FFM  

Level 

Experimental variables 

X1 

Twist multiplier 

(A) 

X2 

Upper ratio 

(B) 

X3 

Lower ratio 

(C) 

X4 

Belt angle (°) 

(D) 

-1 60 0.9 0.9 50 

1 90 2.8 2.8 90 

 

 

 

Table 7-4 Experimental FFM design with natural values 

Natural variables 
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Run 

order 
X1 X2 X3 X4 

1 90 2.8 2.8 90 

2 90 2.8 0.9 50 

3 90 0.9 2.8 50 

4 60 2.8 2.8 50 

5 60 0.9 0.9 50 

6 90 0.9 0.9 90 

7 60 0.9 2.8 90 

8 60 2.8 0.9 90 

 

7.3.2 Results and discussion 

Table 7-5 exhibits the tested physical properties of 36LT yarns from the FFM 

experiments. 

 

Table 7-5 Measured yarn properties of FFM experiments 

Run 

order 

Tenacity Evenness 
Hairiness 

(S3/100m) 

Snarling 

(turns/25cm) 
Mean 

(cN/tex) 

Min 

(cN/tex) 
CVm% 

Neps 

(+140%) 

1 7.42 5.67 14.12 16 1914 78 

2 7.24 5.37 14.42 54 1725 75 

3 7.44 5.74 14.13 53 1587 72 

4 6.19 5.05 14.92 105 2438 51 

5 5.04 3.31 15.49 80 2583 49 

6 7.13 5.45 14.43 28 1761 80 

7 5.58 3.84 14.89 77 2583 53 

8 5.67 4.47 14.44 28 2602 52 

 

The significances of the effect of twist multiplier, upper ratio, lower ratio and belt 

angle on the 36LT yarn properties at a significant level of 0.1, are displayed in Figure 

7-3.  It can be seen that there were no significant influences of the selected four 



 

Chapter 7                      Optimization and Surface Characteristics of Low-twist yarns   

                                                                                    

170 

 

spinning parameters on yarn min tenacity, CVm% and neps, as shown in Figure 7-3 

(b), (c), (d). However, Figure 7-3 (a), (e) and (f) illustrate that twist multiplier had the 

most significant influence on yarn mean tenacity, hairiness and wet snarling by 

comparing with other selected parameters. Besides, the effect significances of twist 

multiplier on yarn mean tenacity was followed by lower ratio and upper ratio; then 

the belt angle was the second importance in yarn hairiness and snarling; and the 

interaction between the twist multiplier and the upper ratio also had an effect on yarn 

hairiness, as well as the interaction of the twist multiplier and the lower ratio 

influenced the snarling on the resultant low-twist yarns.  

 

       

(a) Mean tenacity                                                (b) Min tenacity 

 

       

                   (c) CVm%                                                          (d) Neps (+140%)  
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                 (e) Hairiness S3                                                  (f) Snarling 

Figure 7-3 Significance of influences of the four selected spinning parameters on 36LT 

yarn properties (A=Twist multiplier, B= Upper ratio, C=Lower ratio, D=belt angle) 

 

Figure 7-4 presents the changes of 36LT yarn properties with the increasing twist 

multiplier, upper ratio, lower ratio, and belt angle.  Apparently, twist multiplier 

markedly and positively correlated with yarn tenacity and snarling, whereas 

significantly and negatively related to yarn evenness CVm%, neps and hairiness S3. 

Both upper ratio and lower ratio had positive relationships with yarn tenacity, and 

prominently negative relationships with yarn evenness CVm%; however, neither the 

upper ratio nor the lower ratio seems to have an evident influence on yarn hairiness 

and snarling, but they had different effects on neps, that is, the increasing upper ratio 

but the decreasing lower ratio contributed to more neps on resultant yarns. In addition, 

belt angle nearly had no relationship with yarn tenacity; but with the raised belt angle, 

the total wrapping angle was actually reduced, the yarn evenness CVm% was 

distinctly improved and the number of neps (+140%) is significantly reduced; while 

larger belt angle resulted in more yarn hairs and high snarling of the resultant 36LT 

yarns. 
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(a) Yarn mean tenacity 

      

(b) Yarn min tenacity 

 

          (c) Yarn evenness CVm% 

 

(d) Neps (+140%) 
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(e) Yarn hairiness S3  

 

(f) Yarn snarling 

Figure 7-4 Trend of the influences of the four selected spinning parameters on 36LT 

yarn properties (A=Twist multiplier, B= Upper ratio, C=Lower ratio, D=belt angle) 

 

In general, all the four potential influencing factors had close relationships with low-

twist yarn properties. However, four factors will generate 31 runs of experiments for 

sampling yarn properties by RSM [251]; and the adjustment of belt angle will bring 

about the changes of wrapping angles on the upper belt and lower belt, then the false-

twisting effects generated by upper belt and lower belt will be accordingly altered, 

respectively, even though the respective speed ratios of them remains constant. 

Therefore, the belt angle cannot be treated as an independent influencing factor, and 

a proper belt angle will be first confirmed in the following experiment. 

 

 

7.4 Selection of belt angle 
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7.4.1 Experimental  

To further verify the effect of belt angle on low-twist yarn properties, five levels of 

belt angles including 50°, 60°, 70°, 80° and 90° were chosen, and used for preparing 

yarn samples. Also, the total wrapping angles of yarns on the upper belt and the lower 

belt for each kind of belt angle were measured, respectively. Accordingly, the total 

wrapping angles in the five situations were calculated in turn, as shown in Table 7-6. 

 

Table 7-6 Wrapping angles in five levels of belt angles 

Belt angle (°) 50 60 70 80 90 

Upper wrapping angle (°) 85 75 62 53 45 

Lower wrapping angle (°) 65 60 47 37 25 

Total wrapping angle 145 135 109 90 70 

 

The specifications of the utilized roving are exhibited in Table 6-1 in Chapter 6. The 

general spinning parameters including spindle speed, traveler, draft ratio etc. are listed 

in the first column of Table 7-1 for 36LT yarns. The middle value of the confirmed 

range of twist multiplier was employed here. The upper ratio and the lower ratio were 

preliminarily set as 1.5 and 2.0, respectively, with the consideration of the spinnability 

and the compensation of the lower wrapping angles of yarns on the lower belt. The 

measurement of yarn properties was the same as what were described in 7.2.4. 

 

7.4.2 Results and discussion 

Table 7-7 clearly shows that the belt angle of 70° gave rise to the 36LT yarns with the 

highest yarn tenacity and the best yarn evenness among the five kinds of belt angles, 

as well as the relatively fewer neps and yarn hairs. Additionally, there seems to be no 

relationship between belt angles and yarn snarling. Therefore, with the comprehensive 

consideration, the belt angle of 70° was employed for spinning 36Nm low-twist yarns 

in the following experiments. 

Table 7-7 Measured properties of 36LT-75 yarns produced from different belt angles 

Belt angle (°) 50 60 70 80 90 
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Mean tenacity (cN/tex) 

[CV%] 

7.03 

[8.34] 

6.85 

[9.40] 

7.22 

[8.33] 

6.93 

[7.82] 

6.83 

[9.10] 

Min tenacity (cN/tex) 

[CV%] 

5.58 

[3.78] 

5.34 

[4.58] 

5.57 

[3.97] 

5.57 

[2.59] 

5.54 

[0.42] 

CVm% 

[CV%] 

14.32 

[1.26] 

14.31 

[1.96] 

14.22 

[3.15] 

14.46 

[1.60] 

14.58 

[1.66] 

Neps (+140%) 

[CV%] 

85 

[37.97] 

48 

[31.60] 

58 

[48.25] 

52 

[79.48] 

43 

[34.02] 

Hairiness (S3) 

[CV%] 

1918 

[4.79] 

1845 

[3.78] 

1903 

[8.61]] 

1993 

[3.06] 

2452 

[2.46] 

Snarling 

[CV%] 

64 

[1.43] 

67 

[2.12] 

67 

[0.75] 

65 

[0.47] 

66 

[1.17] 

Note: “36LT-75” means 36Nm low-twist yarns with the twist multiplier of 75. 

 

 

7.5 Response surface design 

After the significant influencing factors were confirmed, which are twist multiplier, 

upper ratio and lower ratio, the quantitative relationships of these factors and yarn 

properties are further explored by means of Response Surface Methodology, namely 

RSM, in this session. Both the 3D surfaces and second-order equations are generated 

to describe the above relationships. 

 

7.5.1 Experimental design 

To design the RSM experiments, a Central Composite Design, namely CCD, was 

adopted, in that CCD can provide a prediction of yarn properties in high quality over 

a wide range of involved parameters according to the literature review on the 

optimization method of yarn properties in Chapter 2. The range of each spinning 

parameter was arranged on the basis of spinnability. Particularly, the upper limit of 

twist multiplier of 36LT yarns was set the same as the one of conventional worsted 

woven yarns aiming to achieve the optimization of 36LT knitting yarns and weaving 

yarns at the same time, because there are no other differences in spinning parameters 
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between knitting and weaving worsted yarns except for twist multiplier. With the help 

of Minitab software, a three-factor-five-level experiment design was achieved, and 

the corresponding 20 arrangements of the three variables for 36LT yarns and 

36LT+Siro yarns were generated, as displayed in Table 7-8 to 7-11. 

 

Table 7-8 RSM experimental design for 36LT yarns 

 

Table 7-9 Experimental levels and variables in natural values for 36LT yarns 

Run order 

Natural variables 

Twist factor 

(X1) 

Upper Ratio 

(X2) 

Lower ratio 

(X3) 

1 66 1.285 1.285 

2 84 1.285 2.415 

3 75 1.850 0.900 

4 75 2.800 1.850 

5 66 2.415 2.415 

6 66 1.285 2.415 

7 84 2.415 2.415 

8 75 1.850 2.800 

9 75 1.850 1.850 

10 75 1.850 1.850 

11 75 1.850 1.850 

12 84 1.285 1.285 

13 90 1.850 1.850 

14 75 1.850 1.850 

15 75 1.850 1.850 

16 75 0.900 1.850 

17 66 2.415 1.285 

18 84 2.415 1.285 

19 75 1.850 1.850 

20 60 1.850 1.850 

 

Table 7-10 RSM experimental design for 36LT+Siro yarns 

Experimental variables 
Levels 

-1.682 -1 0 +1 +1.682 

Twist multiplier (X1) 60 66 75 84 90 

Upper ratio (X2) 0.900 1.285 1.850 2.415 2.8 

Lower ratio (X3) 0.900 1.285 1.850 2.415 4.0 

Experimental variables Levels 



 

Chapter 7                      Optimization and Surface Characteristics of Low-twist yarns   

                                                                                    

177 

 

 

Table 

7-11 

Experimental levels and variables in natural values for 36LT+Siro yarns 

Run order 

Natural variables 

Twist factor 

(X1) 

Upper Ratio 

(X2) 

Lower ratio 

(X3) 

1 110 1.850 0.900 

2 95 2.415 1.285 

3 110 1.850 1.850 

4 95 1.285 2.415 

5 125 1.285 2.415 

6 110 1.850 1.850 

7 110 1.850 1.850 

8 110 1.850 1.850 

9 110 2.800 1.850 

10 110 1.850 2.800 

11 110 1.850 1.850 

12 125 2.415 2.415 

13 85 1.850 1.850 

14 95 1.285 1.285 

15 125 2.415 1.285 

16 135 1.850 1.850 

17 95 2.415 2.415 

18 110 0.900 1.850 

19 110 1.850 1.850 

20 125 1.285 1.285 

 

7.5.2 Results and discussion 

7.5.2.1 Measured results of yarn properties 

Table 7-12 and Table 7-13 shows the measured physical properties of 36LT yarns and 

36LT+Siro yarns spun with the 20 arrangements of spinning parameters, respectively, 

as well as their corresponding conventional yarns, such as 36Nm worsted knitting 

yarns with the twist multiplier of 85, as well as the 36Nm Siro-spun weaving yarns 

with the twist multiplier of 135. 

 

-1.682 -1 0 +1 +1.682 

Twist multiplier (X1) 85 95 110 125 135 

Upper ratio (X2) 0.900 1.285 1.850 2.415 2.8 

Lower ratio (X3) 0.900 1.285 1.850 2.415 2.8 
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   Table 7-12 Measured 36LT yarn properties of RSM experiments 

Run 

order 
Yarn code 

Tenacity(cN/tex) 
Evenness  

(/1000m) 
Hairiness 

S3 

/100m 

Snarling 

(turns/25

cm) Mean Min 
CVm 

(%) 

Neps 

(+140%) 

1 36LT-66-1.285/1.285 6.52 5.29 14.48 53 2211 55 

2 36LT-84-1.285/2.415 7.25 5.81 14.06 48 1751 71 

3 36LT-75-1.85/0.9 7.39 6.03 14.59 44 1823 65 

4 36LT-75-2.8/1.85 7.10 5.68 14.44 69 1731 62 

5 36LT-66-2.415/2.415 6.61 5.27 14.84 128 2233 54 

6 36LT-66-1.285/2.415 6.33 4.72 15.45 124 2273 55 

7 36LT-84-2.415/2.415 7.46 5.81 14.07 55 2042 71 

8 36LT-75-1.85/2.8 7.50 5.80 14.39 88 2193 64 

9 36LT-75-1.85/1.85(1) 7.21 5.98 14.45 77 2053 64 

10 36LT-75-1.85/1.85(2) 7.20 5.68 14.77 110 2185 65 

11 36LT-75-1.85/1.85(3) 7.08 5.68 14.28 33 2094 65 

12 36LT-84-1.285/1.285 7.27 5.70 14.19 39 1947 74 

13 36LT-90-1.85/1.85 7.47 5.99 13.87 39 1724 77 

14 36LT-75-1.85/1.85(4) 7.13 5.82 14.23 41 2306 64 

15 36LT-75-1.85/1.85(5) 7.31 5.65 14.33 86 2206 63 

16 36LT-75-0.9/1.85 6.95 5.62 14.48 62 2244 65 

17 36LT-66-2.415/1.285 6.52 4.84 14.43 47 2287 51 

18 36LT-84-2.415/1.285 7.50 5.83 14.16 36 2008 72 

19 36LT-75-1.85/1.85(6) 7.05 5.69 14.06 65 2175 64 

20 36LT-60-1.85/1.85 5.95 4.77 14.60 90 2631 56 

 36CONV-85 7.19 5.57 14.09 7 2209 73 
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Table 7-13 Measured 36LT+Siro yarn properties of RSM experiments 

Run 

order 
Yarn code 

Tenacity(cN/tex) Evenness(/1000m) Hairiness 

S3(Cop) 

/100m 
Mean Min 

CVm 

(%) 

Neps 

(+140%) 

1 36LT+Siro-110-1.85/0.9 8.16 6 14.15 24 732 

2 36LT+Siro-95-2.415/1.285 7.5 5.6 14.24 14 931 

3 36LT+Siro-110-1.85/1.85(1) 8.02 6.07 14.11 14 752 

4 36LT+Siro-95-1.285/2.415 8.03 6.04 14.15 39 760 

5 36LT+Siro-125-1.285/2.415 7.63 5.33 14.03 33 700 

6 36LT+Siro-110-1.82/1.85(2) 7.94 6.1 13.89 15 796 

7 36LT+Siro-110-1.85/1.85(3) 8.11 5.99 13.91 27 822 

8 36LT+Siro-110-1.85/1.85(4) 7.98 6.17 13.8 15 789 

9 36LT+Siro-110-2.8/1.85 8.07 5.84 13.79 17 930 

10 36LT+Siro-110-1.85/2.8 7.74 6.1 13.73 24 862 

11 36LT+Siro-110-1.85/1.85(5) 7.94 6.27 13.91 14 788 

12 36LT+Siro-125-2.415/2.415 8.04 6.16 13.62 16 811 

13 36LT+Siro-85-1.85/1.85 7.87 5.82 14.18 25 982 

14 36LT+Siro-95-1.285/1.285 8.00 6.24 14.09 31 786 

15 36LT+Siro-125-2.415/1.285 8.19 5.85 13.71 14 832 

16 36LT+Siro-135-1.85/1.85 7.86 5.41 13.83 14 811 

17 36LT+Siro-95-2.415/2.415 7.92 6.09 14.17 20 1011 

18 36LT+Siro-110-0.9/1.85 7.95 5.87 14.54 32 633 

19 36LT+Siro-110-1.85/1.85(6) 8.03 6.27 14 17 873 

20 36LT+Siro-125-1.285/1.285 8.2 5.96 13.95 25 675 

 36Siro-135 8.06 5.9 13.62  4  825 

 

7.5.2.2 Fitted equations   

Based on the experimental results obtained by means of RSM, the second-order 

equations related to the relationships of  each yarn property with the three significant 

spinning parameters such as twist multiplier ( 1X ), upper ratio ( 2X ) and lower ratio 

( 3X ) for 36LT yarns and 36LT+Siro yarns, as displayed in Table 7-14 and Table 7-
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15, respectively. The value of R2 indicates the fitting goodness of each equation for 

each yarn property.  The R2 of all equations were above 0.75, except for the equations 

for neps (+140%) and hairiness of 36LT yarns, which were only 0.716 and 0.704, 

respectively, that is, all developed equations fit well with the experimental results and 

can provide an accuracy predictions of yarn properties from the involved three 

spinning parameters, but the predicted number of neps (+140%) and hairs on 36LT 

yarns may show relatively larger differences with the actually measured values. 

 

Table 7-14 Second-order equations of 36LT yarns by RSM in coded values 

Yarn 

properties 
Fitted equations R2  

Mean Tenacity  

2

1 1 2 3 1

2 2

2 3 1 2 1 3 2 3

159.860 14.908 2.393 +0.062 6.418

2.572 +2.556 +0.515 +0.129 +0.836

Y X X X X

X X X X X X X X

   


 0.966 

Min Tenacity  

2

2 1 2 3 1

2 2

2 3 1 2 1 3 2 3

68.168 6.640 +0.432 -0.571 3.301

1.551 +0.166 +0.051 +0.393 +1.485

Y X X X X

X X X X X X X X

  


 0.857 

CVm (%) 

2

3 1 2 3 1

2 2

2 3 1 2 1 3 2 3

149.507 4.539 0.859 0.947 0.462

0.821 0.992 0.961 2.403 0.781

Y X X X X

X X X X X X X X

    

    
 0.759 

Neps (+140%)  

2

4 1 2 3 1

2 2

2 3 1 2 1 3 2 3

7.861 3.284 0.174 3.211 0.219

0.157 0.125 0.099 2.048 0.330

Y X X X X

X X X X X X X X

    

    
 0.718 

Hairiness S3  

2

5 1 2 3 1

2 2

2 3 1 2 1 3 2 3

31.129 4.407 0.752 0.742 0.263

1.230 1.069 0.654 0.352 0.236

Y X X X X

X X X X X X X X

    

    
 0.704 

Snarling  

2

6 1 2 3 1

2 2

2 3 1 2 1 3 2 3

75.654 14.080 1.566 0.349 0.735

1.199 0.554 0.510 1.189 0.849

Y X X X X

X X X X X X X X

    

    
 0.954 

 

Table 7-15 Second-order equations of 36LT+Siro yarns by RSM in coded values 

Yarn 

properties 
Fitted equations R2  

Mean Tenacity  

2

1 1 2 3 1

2 2

2 3 1 2 1 3 2 3

8.0033+0.0434 -0.0006 -0.0715 0.0487

+0.0025 -0.0187 +0.1262 -0.1462 +0.1012

Y X X X X

X X X X X X X X

 
 0. 862 

Min Tenacity  

2

2 1 2 3 1

2 2

2 3 1 2 1 3 2 3

6.1422-0.0995 +0.0058 +0.0101 -0.1690

-0.0841 -0.0152 +0.1638 -0.0762 +0.2038

Y X X X X

X X X X X X X X


 0.919 

CVm (%) 

2

3 1 2 3 1

2 2

2 3 1 2 2 3

13.9382-0.1412 -0.1275 -0.0532 +0.0141

+0.0707 -0.0089 -0.1025 -0.0375

Y X X X X

X X X X X X


 0.766 

Neps (+140%)  

2

4 1 2 3 1

2 2

2 3 1 2 1 3 2 3

16.968-2.526 -6.533 +1.757 +1.093

+2.860 +2.684 1.000 -0.5000 -1.000

Y X X X X

X X X X X X X X




 0.818 
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Hairiness S3  

2

5 1 2 3 1

2 2

2 3 1 2 1 3 2 3

803.76-55.47 +85.19 +20.26 +30.18

-10.48 -5.00 -16.00 6.25 +7.50

Y X X X X

X X X X X X X X




 0.915 

 

7.5.2.3 Verification 

Aiming to verify the validity of the formulated equations in Table 7-14 and 7-15, some 

verification experiments were carried out in this session. Totally, nine sets of spinning 

parameters including twist multiplier, upper ratio and lower ratio, were randomly 

chosen to spin 36LT and 36LT+Siro yarns. The properties of these resultant yarns 

were examined and compared with the correspondingly estimated results from the 

above second-order equations, as presented in Table 7-16 and 7-17. 

 

Generally, all the estimated yarn properties agreed well with the measured values, 

except for the neps (+140%) of 36LT yarns and 36LT+Siro yarns. The high errors of 

the neps (+140%) between the estimated and measured data may be resulted from the 

high variation of the actual neps (+140%) on the resultant yarn samples, which can be 

found in the measured values in Table 7-16 and Table 7-17. It is indicated that the 

mathematical equations provide predictions of the neps (+140%) for 36LT yarns and 

36LT+Siro yarns with a limited accuracy.  

 

In Table 7-16, it can be seen that the errors between the predicted yarn evenness CVm% 

and the measured values were the least compared with other properties of 36LT yarns, 

which ranged from -3.62%~2.6%; then, they were followed by the ones of yarn 

snarling. The errors between the predicted hairiness and the actually examined data 

seem similar to the ones between the ones of yarn mean tenacity and min tenacity, 

except for two abnormal values, such as the error of the hairiness for the 36LT yarn 

spun with the twist multiplier of 72, the upper ratio of 1.6 and the lower ratio of 2.0, 

as well as the error of min tenacity for the 36LT yarn produced with the twist 

multiplier of 60, the upper ratio and the lower ratio of 1.1, which may attribute to the 

subjective or objective measurement errors.  

 

For 36LT+Siro yarns, Table 7-17 exhibits that the errors of the estimated CVm% and 

the measured results were also the least among all yarn properties with the range of -

2.48% ~0.29%; and they were followed by the ones of yarn mean tenacity and min 
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tenacity, except for the errors of min tenacity between the measured results and the 

estimated values for the 36LT+Siro yarns spun with the multiplier of 128, the upper 

ratio of 2.8 and the lower ratio of 1.8, which may also be attributed to measurement 

errors. The predicted yarn hairiness seems to relatively deviate more from the tested 

results, and in two of nine cases, the estimated values were higher than their 

corresponding measured data.  

 

In a word, the proposed equations can offer reasonable estimations of yarn properties 

from the three significant spinning parameters for 36LT and 36LT+Siro yarns, as well 

as provide relatively accurate descriptions of the relationships of yarn properties with 

twist multiplier, upper ratio and lower ratio. 
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Table 7-16 Errors between the estimated values and the experimental results of 36LT yarn properties 

Parameters 

Y1 

Mean Tenacity 

(cN/tex) 

Y2 

Min Tenacity 

(cN/tex) 

Y3 

Evenness 

(CVm%) 

Y4 

Neps (+140%) 

(/1000m) 

Y5 

Hairiness 

(S3/100m) 

Y6 

Snarling 

(turns/25cm) 

X1 

Twist 

multiplier 

X2 

Upper 

Ratio 

X3 

Lower 

ratio 

E A 
P 

(%) 
E A 

P 

(%) 
E A 

P 

(%) 
E A 

P 

(%) 
E A 

P 

(%) 
E A P (%) 

60 1.1 1.1 5.92 
5.74 

[ 10.87] 
3.09 4.77 

4.22 

[4.10] 
11.61 14.56 14.98 -2.85 40 

79 

[70.11] 
-98.38 2425 

2466 

[7.39] 
-1.67 52 

53 

[0.80] 
-2.24 

64 0.9 1.6 6.10 
6.31 

[9.29] 
-3.48 4.87 

4.61 

[8.11] 
5.40 14.89 14.87 0.14 73 

171 

[68.70] 
-135.86 2393 

2251 

[4.28] 
5.93 56 

56 

[0.57] 
-0.82 

68 1.4 0.9 6.88 
6.59 

[7.83] 
4.15 5.55 

5.48 

[6.60] 
1.30 14.41 14.93 -3.62 32 

91 

[54.20] 
-188.02 2148 

2212 

[2.42] 
-2.96 58 

59 

[1.84] 
-1.73 

72 1.6 2.0 6.96 
6.88 

[8.62] 
1.14 5.57 

5.63 

[2.25] 
-1.16 14.53 14.51 0.17 80 

71 

[7.26] 
11.48 2253 

1976 

[6.58] 
12.30 62 

61 

[1.33] 
1.46 

76 2.3 2.3 7.30 
7.27 

[7.96] 
0.38 5.82 

5.72 

[2.71] 
1.66 14.34 14.16 1.26 81 

69 

[47.91] 
15.02 2089 

2059 

[7.42] 
1.46 

64 

 

66 

[0.69] 
-3.05 

80 1.9 1.4 7.41 
7.18 

[8.25] 
3.05 5.92 

5.97 

[2.44] 
-0.80 14.26 14.03 1.64 49 

38 

[37.65] 
22.69 2006 

2005 

[5.47] 
0.07 69 

67 

[2.47] 
3.02 

84 2.0 2.5 7.56 
7.55 

[7.87] 
0.14 5.99 

6.11 

[6.61] 
-1.95 13.94 14.03 -0.66 52 

29 

[98.92] 
43.94 1927 

1927 

[4.62] 
0.02 71 

67 

[3.54] 
5.67 

88 2.8 1.8 7.37 
7.64 

[10.0] 
-3.64 5.71 

6.06 

[3.66] 
-6.11 14.15 

13.78 

[2.79] 
2.60 39 

18 

[42.48] 
54.17 1776 

1682 

[2.79] 
5.28 74 

71 

[1.57] 
4.40 

90 2.5 2.8 7.70 
7.65 

[9.11] 
0.63 6.06 

5.55 

[4.62] 
8.43 13.53 

13.67 

[0.22] 
-1.05 25 

33 

[48.12] 
-32.67 1712 

1732 

[1.50] 
-1.19 75 

74 

[1.60] 
1.46 

Note: “E” represents estimated values calculated from the equations displayed in Table 7-14; “A” represents actual experimental results; “P” 

represents percentage error, P=D/E*100%; “D” represents the difference between the estimated value and the experimental results, D=E-A. 
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Table 7-17 Errors between the estimated values and the experimental results of 36LT+Siro yarn properties 

Parameters 

Y1 

Mean Tenacity 

(cN/tex) 

Y2 

Min Tenacity 

(cN/tex) 

Y3 

Evenness 

(CVm%) 

Y4 

Neps (+140%) 

(/1000m) 

Y5 

Hairiness 

(S3/100m) 

X1 

Twist 

multiplier 

X2 

Upper 

ratio 

X3 

Lower 

ratio 

E 
A 

[CV%] 
P (%) E 

A 

[CV%] 

P 

(%) 
E 

A 

[CV%] 
P (%) E 

A 

[CV%] 

P 

(%) 
E 

A 

[CV%] 

P 

(%) 

85  1.10  1.10  8.00  
8.03 

[8.99] 
-0.37  6.20  

6.32 

[3.03] 
-1.94  14.27  

14.36 

[2.40] 
-0.63  40 

16 

[60.09] 
60.00  777  

821 

[6.93] 
-5.69 

91  0.90  1.60  8.17  
7.90 

[9.07] 
3.30  6.20  

6.18 

[8.27] 
0.32  14.33  

14.48 

[1.09] 
-1.05  42 

23 

[12.37] 
45.24  708  

740 

[4.41] 
-4.57  

97  1.40  0.90  8.01  
7.96 

[9.45] 
0.62  6.26  

6.47 

[3.51] 
-3.35  14.16  

14.23 

[2.61] 
-0.49  30 

20 

[78.10] 
33.33  742  

805 

[3.14] 
-8.53 

103  1.60  2.00  7.99  
8.04 

[9.28] 
-0.63  6.15  

6.39 

[3.16] 
-3.90  14.05  

14.09 

[2.54] 
-0.28  23 

25 

[20.00] 
-8.70  798  

870 

[6.42] 
-9.01 

109  2.30  2.30  8.00  
8.06 

[10.41] 
-0.75  6.22  

6.30 

[1.91] 
-1.29  13.82  

13.8 

[1.85] 
0.14  16 

16 

[25.80] 
0.00  888  

917 

[4.16] 
-3.30 

116  1.80  1.40  8.11  
7.91 

[9.31] 
2.47  6.09  

6.10 

[5.71] 
-0.16  13.93  

14.01 

[1.53] 
-0.57  17 

17 

[62.23] 
0.00  763  

830 

[5.16] 
 -8.85 

122  2.00  2.50  7.82  
7.90 

[10.86] 
-1.02  5.97  

6.16 

[2.94] 
-3.18  13.70  

13.66 

[1.62] 
0.29  19 

19 

[18.98] 
0.00  810  

805 

[2.31] 
0.67 

128  2.80  1.80  8.25  
7.74 

[11.39] 
6.18  5.86  

5.64 

[1.53] 
3.75  13.58  

13.54 

[1.75] 
0.29  15 

15 

[66.67] 
0.00  860  

846 

[5.11] 
1.59  

135  2.50  2.80  7.80  
8.10 

[11.67] 
-3.85  5.87  

5.77 

[2.35] 
1.70  13.31  

13.64 

[13.64] 
-2.48  21 

15 

[57.74] 
28.57  866  

901 

[5.37] 
-4.10  

Note: “E” represents estimated values calculated from the equations displayed in Table 7-15; “A” represents actual experimental results; “P” 

represents percentage error, P=D/E*100%; “D” represents the difference between the estimated value and the experimental results, D=E-A. 
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7.5.2.4 Effects on 36LT yarn properties 

(1) Effects on yarn tenacity 

Figure 7-5 presents that twist multiplier has a greater influence on yarn mean tenacity 

than upper ratio and lower ratio. It can be seen from Figure 7-4(a) that yarn tenacity 

sharply increased with the increasing twist multiplier at the lower ratio of 1.85, but 

when twist multiplier was higher than 80, the increment of yarn tenacity with the 

raised twist multiplier seems to be slight. Figure 7-4 (b) clearly shows that at the twist 

multiplier of 75, yarn tenacity first went up and then dropped down with the advanced 

upper ratio; whereas, for the increasing lower ratio, yarn tenacity first decreased and 

then rose. The turning points of yarn tenacity with the changing upper ratio and lower 

ratio were both at about 1.75. 

 

  

Figure 7-5 Influences of three variables on mean tenacity of 36LT yarns (a) influences 

of twist multiplier and upper ratio at the lower ratio of 1.85; (b) influences of upper 

ratio and lower ratio at the twist multiplier of 75. 

 

As shown in Figure 7-6, yarn min tenacity was markedly affected by the three 

significant influencing factors including twist multiplier, upper ratio and lower ratio. 

In Figure 7-6 (a), twist multiplier seems to have a similar effect on yarn min tenacity 

to yarn mean tenacity as displayed in Figure 7-5 (a). In Figure 7-6 (b), yarn min 

tenacity lightly ascended with the raised upper ratio when the upper ratio was lower 

than around 1.70 at the twist multiplier of 75, but it sharply reduced if the upper ratio 

continued to increase; besides, the lower ratio presented a positive and linear 

relationship with yarn min tenacity. 

(a) (b) 
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Figure 7-6 Influences of three variables on min tenacity of 36LT yarns (a) influences 

of twist multiplier and upper ratio at the lower ratio of 1.85; (b) influences of upper 

ratio and lower ratio at the twist multiplier of 75. 

 

(2) Effects on yarn evenness 

It is illustrated from Figure 7-7 (a) that yarn evenness CVm% significantly and 

linearly decreased with the increased twist multiplier, which indicates that high twist 

is favorable for improving yarn evenness. Figure 7-7 (b) presents that at the twist 

multiplier of 75, the effect of upper ratio on yarn evenness CVm% was enlarged with 

the raised lower ratio, whereas the influence of lower ratio on CVm% was shrinked 

with the increasing upper ratio. When the lower ratio approaches to 3.0, yarn evenness 

CVm% significantly reduced with the increment of upper ratio. When the upper ratio 

was lower than 1.0, CVm% steeply went up with the increasing lower ratio. 

 

As displayed in Figure 7-8, the number of neps (+140%) on 36LT yarns linearly 

correlated with twist multiplier and lower ratio, but was slightly influenced by upper 

ratio. When twist multiplier was getting higher, the neps (+140%) tremendously 

decreased at the lower ratio of 1.85, which can be seen in Figure 7-8 (a); however, the 

neps (+140%) obviously got more with the increased lower ratio at the twist multiplier 

of 75 , as shown in Figure 7-8 (b). Generally, high twist and low lower ratio benefit 

to produce low-twist yarns with better yarn evenness. 

 

(a) (b) 
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Figure 7-7 Influences of three variables on CVm% of 36LT yarns (a) influences of 

twist multiplier and upper ratio at the lower ratio of 1.85; (b) influences of upper ratio 

and lower ratio at the twist multiplier of 75. 

 

Figure 7-8 Influences of three variables on neps (+140%) of 36LT yarns (a) influences 

of twist multiplier and upper ratio at the lower ratio of 1.85; (b) influences of upper 

ratio and lower ratio at the twist multiplier of 75. 

 

(3) Effects on yarn hairiness 

Figure 7-9 exhibits that yarn hairiness was more greatly influenced by twist multiplier 

than upper ratio and lower ratio. From Figure 7-9 (a), there seems to be a linear and 

negative relationship between twist multiplier and yarn hairiness, that is, with the 

increase of twist multiplier, the number of hairs sharply and linearly reduced when 

the lower ratio was set as 1.85. In Figure 7-9 (b), at the twist multiplier of 75, yarn 

hairiness first slightly increased with the raised upper ratio, and then it markedly 

decreased when the upper ratio was higher than 1.7; additionally, the number of hairs 

(a) (b) 

(a) (b) 
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on 36LT yarns apparently got higher when the lower ratio gradually rose to around 

2.0, and then yarn hairiness reduced if the lower ratio continued to be enhanced.  

 

 

Figure 7-9 Influences of three variables on hairiness of 36LT yarns (a) influences of 

twist multiplier and upper ratio at the lower ratio of 1.85; (b) influences of upper ratio 

and lower ratio at the twist multiplier of 75. 

 

(4) Effects on yarn snarling 

From Figure 7-10, it can be seen that twist multiplier and upper ratio had larger 

influences on snarling than lower ratio. In particular, yarn snarling seems to linearly 

relate to twist multiplier, and went up with the increase of twist multiplier at the lower 

ratio of 1.85, as presented in Figure 7-10 (a). When the lower ratio was less than 1.0, 

Figure 7-10 (b) displays that the decreasing upper ratio resulted in a significant 

reduction of yarn snarling at the twist multiplier of 75. Additionally, yarn snarling 

gradually got higher with the increasing lower ratio when the upper ratio approached 

to 3.0.  Thus, low twist multiplier, low lower ratio and high upper ratio contribute to 

less snarling of 36LT yarns. 

 

 

 

 

(a) (b) 
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Figure 7-10 Influences of three variables on snarling of 36LT yarns (a) influences of 

twist multiplier and upper ratio at the lower ratio of 1.85; (b) influences of upper ratio 

and lower ratio at the twist multiplier of 75. 

 

7.5.2.5 Effects on 36LT+Siro yarn properties 

(1) Effects on yarn tenacity 

Figure 7-11 illustrates the relationships between the mean tenacity of 36LT+Siro 

yarns and the significant three spinning parameters.  At the lower ratio of 1.85, yarn 

mean tenacity gradually reduced with the increased twist multiplier when the upper 

ratio was lower, whereas it was enhanced with the raised twist multiplier when the 

upper ratio was higher; besides, the increment of upper ratio resulted in a decrease of 

yarn mean tenacity when the twist multiplier was low, but the increasing upper ratio 

raised yarn mean tenacity when the twist multiplier was high, as presented in Figure 

7-11 (a).  In general, high mean tenacity existed on the yarns spun with low twist 

multiplier and low upper ratio, or high twist multiplier and high upper ratio when the 

lower ratio was set as 1.85.  Figure 7-11 (b) exhibits that at the twist multiplier of 110, 

the upper ratio seems to linearly drop down with the increment of upper ratio when 

the lower ratio was at a low level, but to increase when the lower ratio was at a high 

level; additionally, the raised lower ratio led to a decrease of yarn mean tenacity at a 

low level of upper ratio, whereas contributed to an increase of yarn mean tenacity at 

a high level of upper ratio. Therefore, it is indicated that for the twist multiplier of 110, 

low upper ratio and low lower ratio, or high upper ratio and high lower ratio are 

favorable for producing yarns with high mean tenacity. 

 

(a) (b) 
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As exhibited in Figure 7-12, min tenacity of 36LT+Siro yarns reduced with the 

increasing twist multiplier from 90 to 135. However, 36LT+Siro yarns could obtain 

higher min tenacity when upper ratio and lower ratio were similar, that is, smaller 

upper ratio and smaller lower ratio, or larger upper ratio and larger lower ratio, could 

lead to higher yarn min tenacity. 

 

 

Figure 7-11 Influences of three variables on mean tenacity of 36LT+Siro yarns (a) 

influences of twist multiplier and upper ratio at the lower ratio of 1.85; (b) influences 

of upper ratio and lower ratio at the twist multiplier of 110. 

 

Figure 7-12 Influences of three variables on min tenacity of 36LT+Siro yarns (a) 

influences of twist multiplier and upper ratio at the lower ratio of 1.85; (b) influences 

of upper ratio and lower ratio at the twist multiplier of 110. 

 

(2) Effects on yarn evenness 

(a) (b) 

(a) (b) 
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As exhibited in Figure 7-13, twist multiplier nearly had no influences on the evenness 

of 36LT+Siro yarns, and lower ratio slightly affected yarn CVm%, but upper ratio 

remarkably influenced yarn evenness. It can be seen from Figure 7-13 (a) that for the 

lower ratio of 1.85, yarn CVm% sharply decreased with the increasing upper ratio 

when the twist multiplier was close to 135; while, the upper ratio had a mild effect on 

yarn evenness at a low level of twist multiplier. In Figure 7-13 (b), yarn evenness got 

better with the raised upper ratio at the twist multiplier of 110. 

 

From Figure 7-14, it can be seen that the number of neps (+140%) slightly reduced 

with the increment of twist multiplier at the lower ratio of 1.85, and obviously 

decreased with the increasing upper ratio at the twist multiplier of 110. The lower ratio 

and neps (+140%) were presented as a quadratic relationship as shown in Figure 7-14 

(b), that is, when the lower ratio rose, the neps (+140%) on 36LT+Siro yarns first got 

more and then became less, and the change point seems to be at the lower ratio of 2.0. 

 

 

Figure 7-13 Influences of three variables on CVm% of 36LT+Siro yarns (a) influences 

of twist multiplier and upper ratio at the lower ratio of 1.85; (b) influences of upper 

ratio and lower ratio at the twist multiplier of 110. 

(a) (b) 
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Figure 7-14 Influences of three variables on neps (+140%) of 36LT+Siro yarns (a) 

influences of twist multiplier and upper ratio at the lower ratio of 1.85; (b) influences 

of upper ratio and lower ratio at the twist multiplier of 110. 

 

(3) Effects on yarn hairiness 

Figure 7-15 presents the relationships of the hairiness of 36LT+Siro yarns with twist 

multiplier, upper ratio and lower ratio. Among these parameters, upper ratio seems to 

have the most significant influence on yarn hairiness. In Figure 7-15 (a), at the lower 

ratio of 1.85, there was a negative relationship between twist multiplier and the 

number of hairs on 36LT+Siro yarns, as well as a positive relationship of upper ratio 

and yarn hairiness. 

 

 

Figure 7-15 Influences of three variables on hairiness of 36LT+Siro yarns (a) 

influences of twist multiplier and upper ratio at the lower ratio of 1.85; (b) influences 

of upper ratio and lower ratio at the twist multiplier of 110. 

(a) (b) 

(a) (b) 
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Moreover, at the twist multiplier of 110, yarn hairiness sharply went up with the raised 

upper ratio, and the lower ratio displayed a mildly positive correlation with the number 

of hairs, as shown in Figure 7-15 (b). 

 

 

7.6 Optimization of yarn properties 

Based on the above studies on FFM and RSM experiments, an optimized range of the 

three significant spinning parameters were generated by means of overlaid contour 

plots with the aims of yarn properties, particularly yarn tenacity and evenness.  Then, 

one set of the optimized spinning parameters was chosen to produce 36LT yarns and 

36LT+Siro yarns, respectively. The properties of  the prepared yarn samples were 

measured and compared with their corresponding conventional yarns in terms of yarn 

physical properties and yarn surface characteristics including blackboard evenness, 

wrapper fibers and yarn diameters, etc. 

 

7.6.1 Optimization by means of overlaid contour plots 

The over laid contour plots of 36LT yarns and 36LT+Siro yarns were achieved via 

Minitab software. However, the upper and lower boundaries of each objective yarn 

property need to be set before analyze the data from RSM experiments and generate 

the overlaid contour plots. Considering the constraint time, the optimization of 36LT 

knitting yarns was only considered, and the weaving yarn optimization was ignored 

here.  

 

As shown in Figure 7-16, the mean tenacity of 36LT yarns was set in the range of 

7cN/tex to 8cN/tex; and the min yarn tenacity should fall into 5.7cN/tex to 6.5cN/tex. 

For yarn evenness, the objective CVm% was higher than 13.87 and lower than 14.50; 

and the neps (+140%) were no more than 38 in 1000m of yarns. The bound of yarn 

hairiness was 1800 to 2100, and the snarling of yarns should be less than 65.  For 

36LT+Siro yarns, Figure 7-17 presents the boundaries of yarn mean tenacity and min 

tenacity were from 8cN/tex to 10cN/tex, and 5.9 cN/tex to 7.0 cN/tex, respectively. 

Yarn evenness CVm% was set in the range of 13.62 to 14.00, and the neps (+140%) 
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were required to be less than 16. Then, the desirable hairiness of 36LT+Siro yarns 

should be less than 850 and more than 600. Snarling was usually not concerned for 

weaving yarns.  

 

The white zones in Figure 7-16 and 7-17 were the desired optimization regions, in 

which any arrangement of three significant spinning parameters can provide the 36LT 

yarns and 36LT+Siro yarns with the defined objective properties, respectively. 

 

 

Figure 7-16 Overlaid contour plot of 36LT yarn properties (lower ratio=0.9) 

 

 

Figure 7-17 Overlaid contour plot of 36LT+Siro yarn properties (lower ratio=1.85) 
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From the above optimized regions, a set of spinning parameters was chosen to obtain 

the favorable yarn properties for 36LT yarns and 36LT+Siro yarns, respectively. 

Table 7-18 lists the optimized spinning parameters including twist multiplier, upper 

ratio and lower ratio. Other spinning parameters have been presented in Table 7-2. It 

can be seen from Table 7-18 that for both 36LT yarns and 36LT+Siro yarns, the 

optimized upper ratio were higher than the lower ratio. 

 

Table 7-18 Optimized spinning parameters for 36LT and 36LT+Siro yarns 

Yarn type Twist multiplier Upper ratio Lower ratio 

36LT 72 1.7 1.0 

36LT+Sir

o 
115 2.1 1.7 

 

7.6.2 Comparison with conventional yarns  

7.6.2.1 Comparison of measured yarn properties 

The examined and predicted properties of 36LT yarns and 36LT+Siro yarns are 

presented in Table 7-19 and 7-20, respectively.  

 

From Table 7-19, it can be seen that the estimated yarn properties of the optimized 

36LT yarns approach to the actually measured ones except for yarn neps (+140%), 

the error of which was up to -28.6%. The reason for this has been discussed before. 

The predicted mean tenacity, CVm%, and snarling were higher than the measured 

results; whereas, the estimated values of min tenacity and yarn hairiness were lower 

than the actual values.  

 

Additionally, by comparing the properties of the optimized 36LT yarns with that of 

36Nm conventional ring yarns, as shown in Table 7-19, for the worsted yarns with the 

same twist multiplier of 72, the 36LT yarn apparently outweighed the conventional 

yarn in mean tenacity, min tenacity and CVm%; and has slight improvements in yarn 
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hairiness and snarling; while, the neps (+140%) of the optimized 36LT yarn were 

almost twice as more as the ones of the corresponding ring yarns.  

 

Then, compared with the conventional knitting yarns with the multiplier of 85, the 

36LT yarn can provide markedly higher min tenacity, lower snarling and slightly 

improved hairiness even though with a reduction of twist multiplier of 15.29%. 

However, the mean tenacity and hairiness of the optimized 36LT yarn were slightly 

lower than conventional knitting worsted yarns. Furthermore, the evenness of 36LT 

yarns was obviously worse. Particularly, the neps (+140%) were about one order of 

magnitude more than that of 36Nm knitting worsted yarns with the multiplier of 85, 

but is already reduced by one order of magnitude comparing with the ones on the 

previous group reports [244]. 

 

Table 7-19 Properties of the optimized 36LT yarns and conventional ring yarns 

Yarn 

code 

Value 

type 

Tenacity(cN/tex) Evenness(/1000m) 

Hairiness 

(S3/100m) 

Snarling 

(turns/25cm) 
Mean 

[CV%] 

Min 

[CV%] 

CVm (%) 

[CV%] 

Neps 

(+140%) 

[CV%] 

36LT-72-

1.7/1.0 

A 
6.98 

[7.71] 

5.84 

[2.15] 

14.20 

[1.03] 

49 

[20.40] 

2137 

[3.5] 

60 

[0.77] 

E 7.16 5.73 14.39 38 2080 61 

P (%) 2.50 -1.93 1.33 -28.16 -2.73 2.13 

36CONV

-72 
A 

6.36 

[8.45] 

5.29 

[3.75] 

14.50 

[0.86] 

26 

[39.97] 

2291 

[5.88] 

62 

[1.61] 

36CONV

-85 
A 

7.19 

[9.34] 

5.57 

[3.59] 

14.09 

[1.41] 

7 

[68.63] 

2209 

[0.62] 

73 

[2.20] 

 

Note: “36LT-72-1.7/1.0” means 36LT yarns spun with the twist multiplier of 72, the upper ratio of 1.7 

and the lower ratio of 1.0; “36CONV-72” means 36Nm worsted yarns spun with the twist multiplier of 

72. 

 

After integrating Siro-spun feeding into low-twist spinning system, the neps (+140%) 

on resultant yarns significantly decreased by comparing with that on low-twist yarns, 
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as exhibited in Table 7-20. The optimized 36LT+Siro yarns had the neps (+140%) in 

the same order of magnitude as and even the similar to the conventional Siro-spun 

yarns. However, the estimated value almost doubled the actual data, which ascribes 

to the high variation of the neps (+140%) and the low accuracy of its prediction from 

the developed second-order equation. Besides, the estimated mean tenacity, min 

tenacity and hairiness were lower than the measured ones. The errors of those 

properties between the predicted data and the tested data were -0.37%, -2.47% and -

6.37%, respectively. In particular, the error of yarn hairiness seems high, which was 

also found in the verification of yarn hairiness equation for 36LT+Siro yarns. The 

predicted CVm% was slightly higher than the examined results.  

 

Compared with the conventional Siro-spun yarns with the same twist multiplier of 

115, the mean and min tenacity of the optimized 36LT+Siro yarns were higher, 

particularly the min tenacity; the CVm% was slightly worse, but the number of neps 

(+140%) per 1000m of yarn was quite similar to that of Siro-spun yarns with the 

multiplier of 115; whereas, the S3 value of the optimized 36LT+Siro yarns was about 

14% higher, which demonstrates that the low-twist spinning system with double-end 

roving feeding failed to improve yarn hairiness. The reason for this is that the quite 

high twist in A zone resulted from the false-twisting effect of low-twist spinning 

system, shrunk the spinning triangle and reduced the lengths of the two single strands 

in the spinning triangle, so that the opportunity of surface fiber trapping between two 

single strands decreased, and led to the resultant yarns with more hairs.   

 

Moreover, the optimized 36LT+siro yarn also presented higher mean and min tenacity, 

as well as comparable evenness and neps (+140%) than Siro-spun weaving yarns, 

even though with about 14.81% lower twist multiplier. However, the 36LT+Siro yarn 

also had slightly more hairiness than the Siro-spun yarns with the multiplier of 135, 

the reason for which was described before. 

 

 

 

 

Table 7-20 Properties of the optimized 36LT+Siro yarns and conventional Siro-spun 
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yarns 

Yarn code 
Value 

type 

Tenacity(cN/tex) Evenness(/1000m) 

Hairiness 

(S3/100m) 
Mean 

[CV%] 

Min 

[CV%] 

CVm (%) 

[CV%] 

Neps 

(+140%) 

[CV%] 

36LT+Siro-

115-2.1/1.7 

A 
8.08 

[9.63] 

6.23 

[3.54] 

13.70 

[1.01] 

7 

[62.45] 

868 

[7.46] 

E 8.05 6.08 13.85 14 816 

P (%) -0.37 -2.47 1.08 50 -6.37 

36Siro-115  A 
8.03 

[10.76] 

5.91 

[1.67] 

13.58 

[2.46] 

6 

 [71.32] 

747 

[3.87] 

36Siro-135 A 
8.06 

[10.13] 

5.90 

[3.69] 

13.62 

[1.40] 

4 

 [93.26] 

825 

 [3.64] 

Note: “36LT+Siro-72-2.1/1.7” means 36LT+Siro yarns spun with the twist multiplier of 115, the upper 

ratio of 2.1 and the lower ratio of 1.7; “36Siro-115” means 36Nm Siro-spun yarns produced with the 

twist multiplier of 115. 

 

7.6.2.2 Comparison of yarn surface characteristics 

(1) Yarn blackboard evenness 

Table 7-21 and Figure 7-18 apparently illustrate that the blackboard evenness of the 

optimized 36LT yarn with the twist multiplier of 72 was half grade lower than that of 

the conventional worsted yarns with the normal twist multiplier of 85, but half grade 

higher than that of the worsted yarns with the same twist multiplier. 

 

Table 7-21 Blackboard evenness of the optimized 36LT yarns and conventional 

worsted yarns for knitting 

Yarn 

code 

36LT-72-1.7/1.0 

[CV%] 

36CONV-72 

[CV%] 

36CONV-85 

[CV%] 

Levels B+ [4.95] B [5.09] A [0] 

 



 

Chapter 7                      Optimization and Surface Characteristics of Low-twist yarns   

                                                                                    

200 

 

                

      (a) 36LT-72-1.7/1.0                 (b)   36CONV-72                   (c) 36CONV-85                                                    

Figure 7-18 Scanned images of blackboard evenness of the optimized 36LT yarn 

and conventional worsted yarns for knitting 

 

Similarly, it can be seen from Table 7-22 and Figure 7-19 that the blackboard evenness 

of the optimized 36LT+Siro yarns presented half grade higher than that of Siro-spun 

yarns with the same twist multiplier, but half grade lower than the conventional Siro-

spun yarns with the common twist multiplier of 135. 

 

To conclude, the low-twist spinning system and the integration of double-end roving 

feeding improved yarn evenness to some extent, but still not as good as the 

conventional yarns. 

 

Table 7-22 Blackboard evenness of the optimized 36LT+Siro yarns and conventional 

Siro-spun yarns for weaving 

Yarn 

code 

36LT+Siro-115-2.1/1.7 

[CV%] 

36Siro-115 

[CV%] 

36Siro-135 

[CV%] 

Level

s 
B+ [4.95] B [5.09] A [0] 
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(a) 36LT+Siro-115-2.1/1.7              (b) 36Siro-115                       (c) 36Siro-135                                                   

Figure 7-19 Scanned images of blackboard evenness of the 36LT+Siro yarn and 

Siro-spun yarns for weaving 

 

(2) Yarn diameters 

As displayed in Figure 7-20 and 7-21, both the 36LT yarns and 36LT+Siro yarns had 

a slight reduction in yarn diameter by comparing with their corresponding ring yarns 

and Siro-spun yarns with the same twist multiplier, respectively, which may 

contribute to the increase of yarn compactness resulted from false-twisting effect. 

  

 

Figure 7-20 Comparison of the diameters of the optimized 36LT yarn and 

conventional worsted yarns for knitting 
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Figure 7-21 Comparison of the diameters of the 36LT+Siro yarn and Siro-spun yarns 

for weaving 

Above the false-twister, the insertion of false-twisting operation endowed the yarn 

with a high twist, so that the yarn had a compact structure before untwisting. Then, 

even though untwisting effect was exerted after the yarn passed the false-twisting 

point, the relatively more complicated fiber migration impeded the completely 

untwisting of the low-twist yarns. Thus the yarn compactness was preserved to some 

extent.  

 

In addition, the conventional ring yarns with the normal twist multiplier of 85 and the 

Siro-spun yarns with the usual twist multiplier of 135 had markedly larger diameters 

than the corresponding 36LT yarns with the twist multiplier of 72 and 36LT+Siro 

yarns with the twist multiplier of 115, respectively. The reason for the higher 

diameters of the conventional worsted yarns and Siro-spun yarns lies in the yarn 

contraction caused by the high twist. 

 

 (3) Wrapping structures 

Figure 7-22 illustrates that the percentage of tightly wrapped structures on the 

optimized 36LT yarns was 8.9%. Whereas, the tightly wrapped structures on 24Nm 

the low twist yarns spun with the spinning parameters without optimization in Chapter 
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3, took up almost 60% including W_T&S and W_T&C. Apparently, the optimization 

of the low-twist spinning parameters is favorable for reducing tightly wrapped 

structures, even though the higher yarn count of 36LT yarns by comparing with 24Nm 

low twist yarns is another reason for less wrapper fibers, because fewer fibers can be 

found in the cross-section of 36LT yarns, and accordingly the fewer protruding fiber 

ends in A zone will be formed. 

 

Similar to the findings in Chapter 3, integrating double-end roving feeding to low-

twist spinning system can significantly cut down the wrapper fibers formed on the 

resultant yarns. As shown in Figure 7-22, there were only 5.8% tightly wrapped 

structures on the optimized 36LT+Siro yarn, which were obviously less than that on 

the optimized 36LT yarns.   

 

Moreover, neither the 36LT yarn nor the 36LT+Siro yarn presented the structure of 

W_T&C. It is indicated that the optimized spinning parameters on the present low-

twist spinning system can provide a reasonable false-twisting effect so as not to cause 

the bulking of yarns in A zone. 
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Figure 7-22 Percentages of tightly wrapped structures on the optimized 36LT 

yarn and the 36LT+Siro yarn 
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7.7 Summary 

In this chapter, by using Fractional Factorial Methodology and Response Surface 

Methodology, a systematic investigation on the relationships between yarn properties 

and the related spinning parameters has been carried out on the newly installed low-

twist spinning system for 36Nm low-twist yarns spun with single-end roving feeding 

(36LT) and double-end roving feeding (36LT+Siro), respectively; and the optimized 

spinning parameters have been achieved with the aim of improving the tenacity and 

evenness of low-twist yarns. The physical properties and surface characteristics of the 

optimized yarns have been measured and compared with their corresponding 

conventional yarns. 

 

According to the geometry analysis of the 5th version of low-twist spinning system, it 

is found that wrapping angle, which correlates with the false-twisting effect but 

difficult to be tested, can be represented by belt angle. Twist multiplier, upper ratio, 

lower ratio and belt angle are confirmed as the potential influencing factors. However, 

the results of the fractional factorial experiments fail to differentiate the above four 

factors in terms of their effect significances on yarn properties. Then, a series of 

experiments have been conducted to study the effect of belt angle on yarn properties, 

and accordingly the belt angle is confirmed as 70°. Thus, twist multiplier, upper ratio 

and lower ratio are finally confirmed as the significant factors for yarn properties. 

 

With the help of Minitab software, the RSM experiments have been designed and 

conducted. The second-order equations have been formulated to quantitatively 

describe the relationships of yarn properties with the significant spinning parameters. 

The R2 of all equations are above 0.75, except for the equations for neps (+140%) and 

hairiness of 36LT yarns, which are only 0.716 and 0.704, respectively. By verification 

experiments, the proposed equations can generally provide a reasonable prediction of 

yarn properties. Accordingly, the relationships between the three significant spinning 

parameters and the physical properties of 36LT yarns and 36LT+Siro yarns are 

obtained. For 36LT yarns, twist multiplier has the most significant effect on yarn 

properties, particularly yarn tenacity and evenness; higher twist multiplier brings 

about larger tenacity, better evenness, less neps (+140%), lower hairiness, but higher 

snarling. Whereas, upper ratio and lower ratio present more complicated influences 
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on the properties of 36LT yarns; generally, high upper ratio and low lower ratio can 

give rise to better yarn properties. For 36LT+Siro yarns, twist multiplier has an 

apparent negative relationship with yarn tenacity, but slightly affects yarn evenness 

and hairiness; higher upper ratio contributes to better yarn evenness and less neps 

(+140%), but more hairs.  

 

Finally, the optimum regions of spinning parameters for 36LT yarns and 36LT+Siro 

yarns have achieved by virtue of overlaid contour plots, respectively.  With a 15% 

lower twist multiplier than conventional yarns, the optimized 36LT yarns and 

36LT+Siro yarns show comparable yarn tenacity, relatively higher min tenacity, 

similar hairiness, but still a bit worse yarn evenness and more neps. However, the 

number of neps (+140%) has been reduced about one order of magnitude on the 

present low-twist yarns than that of yarns produced on the previous versions of low-

twist spinning system. In particular, the optimized 36LT+Siro yarn with the twist 

multiplier of 115 almost has the similar number of neps (+140%) to the Siro-spun 

yarns with the normal twist multiplier of 135. Additionally, the studies on the surface 

characteristics of the optimized yarns demonstrate that the blackboard evenness of 

36LT yarns and 36LT+Siro yarns are both half grade lower than their corresponding 

conventional yarns with the usual twist multiplier, but half grade higher than their 

conventional yarns with the same level of twist multiplier, respectively. The 36LT 

yarns and 36LT+Siro yarns have the lowest yarn diameters compared with their 

conventional yarns with the same twists and the ones with higher twist multipliers by 

about 15%, which indicates that low-twist yarns possess relatively higher 

compactness of structures. With regard to wrapper fibers, only 8.9% and 5.8% of 

tightly wrapped structures are found on the optimized 36LT yarns and 36LT+Siro 

yarns, respectively. Furthermore, there seem no tightly wrapped structures with a 

curved yarn body on the two optimized yarn surfaces. It is demonstrated that the 

optimized spinning parameters of low-twist spinning system, as well as the 

incorporation of double-end roving feeding not only conduce to reduce the wrapper 

fibers on the resultant yarns, but also provide suitable twists in A zone to avoid 

producing bulking and curved yarn segments.   
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Chapter 8 Surface Characteristics, Properties and 

Performances of Knitted Fabrics Made of Low-twist Yarns 

 

 

8.1 Introduction 

As illustrated in Chapter 7, the optimized 36Nm low-twist yarns possessed higher 

tenacity, improved evenness and less hairiness than the worsted yarns with the same 

multiplier, as well as presented comparable tenacity, evenness, hairiness and lower 

snarling by comparing with the conventional yarns spun with twist multiplier that is 

about 15% higher. Moreover, the number of wrapper fibers has been significantly cut 

down on the low-twist yarns via the optimization of spinning parameters. All of the 

above characteristics will bring about distinct properties and performances of the 

resultant knitted fabrics made of low-twist yarns. Also, the “bar effect” on the fabrics 

made of the low-twist wool yarns produced by the previous versions of low-twist 

spinning system, may be alleviated on the fabrics made of the low-twist yarns 

optimized in the study. 

 

For preparing fabric samples, quantities of the optimized 36LT yarns and the 

conventional worsted yarns are spun, respectively. Then, the prepared cop yarns will 

be conducted winding and steaming in turn before knitting. Considering the time 

constraint, the single yarns are directly used to knit interlock fabrics to avoid fabric 

spirality after washing. Properties and performances of the resultant low-twist wool 

fabrics and conventional wool fabrics will be examined and compared, including 

fabric tensile, shear, bending, compression, bursting strength, pilling, air permeability, 

thermal property as well surface property, etc. Besides, in order to examine the “bar 

effect” on the resultant low-twist fabrics, some of the prepared yarns are hank dyed, 

and then knitted to single jersey fabrics. The surfaces of the dyed fabrics will be 

observed, and their K/S sum will be examined.  
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8.2 Experimental 

8.2.1 Yarn preparation 

8.2.1.1 Yarn spinning and processing 

Two types of yarns, which were the optimized 36Nm low-twist yarns with the twist 

multiplier of 72, and the 36Nm conventional yarns with the twist multiplier of 85 were 

spun on the wool spinning machine Zinser 451, respectively. The same wool roving 

F1 adopted in Chapter 7 was also used here for preparing all yarns, the specifications 

of which were shown in Table 6-1 in Chapter 6. The spinning parameters are listed as 

follows in Table 8-1. 

 

Table 8-1 Yarn spinning parameters 

Yarn 

code 

Yarn 

count 

(Nm) 

Twist 

multiplier 

(αm) 

Upper 

ratio 

Lower 

ratio 

Traveller 

type 

Spindle 

speed 

(rpm) 

Draft 

ratio 

36LT 36/1 72 1.7 1.0 SBA22 7800 24.3 

36CONV 36/1 85 --- --- SBA25 7800 24.3 

 

After spinning, the cop yarns were steamed to obtain a temporary relaxation of the 

residual torque in yarns.  All yarns experienced steaming for 15 mins at 90℃, as 

shown in Figure 8-1. Then, all the steamed yarns were conditioned in the standard 

atmosphere of 20±2℃ and 65±2% RH for about two weeks. After that, the cop yarns 

were wound at a speed of 550 m/min by Savio winding machine with a LOEPFE 80 

electronic clearer. 
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Figure 8-1 Yarn steaming 

 

8.2.1.2 Hank dyeing 

Considering that the quantity of the prepared yarns was limited, only about 110g of 

the produced 36LT yarns and 36CONV yarns each were hank dyed, respectively. 

Firstly, each kind of yarn was wound to a hank at a speed of 300m/min on the Savio 

winding machine, and each hank was tied into 5~6 sessions with cotton yarns in case 

that the yarns in the hank would be entangled together during dyeing. Secondly, the 

hanks were immersed into non-ionic water for 10mins to become wet, and then was 

spun to dry by employing Nybord dryer. Thirdly, both hanks of yarns were dyed into 

yellow colour by using an active dye Polar Yellow 4G. The dyeing recipe and curve 

are displayed in Table 8-2 and Figure 8-2, respectively. When dyeing was finished, 

the dyed hank yarns were laid flat to dry at the standard atmosphere. Later on, with 

the same Savio winding machine, hanks were converted into cone yarns at the speed 

of 300m/min for knitting. 
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Table 8-2 Recipe for hank dyeing 

Yarns (g) 217.6g 

Liquor to goods ratio 50:1 (10.88 L) 

Dyebath 

Dye  4% (8.7g) 

Acetic acid 4% (8.7g) 

Glauber’s Salt 

(10%) 

21.76g 

(2g/L) 

 

             

 

Figure 8-2 Hank dyeing curve 

 

8.2.2 Fabric preparation 

The majority of the prepared yarns without dyeing were knitted into interlock fabrics. 

Single yarns were directly used to knit fabrics, and the interlock structure can balance 

the residual torque thus avoid spirality on the resultant fabrics. The interlock knitted 

fabrics were produced on FUKUHARA interlock machine. The detailed spinning 

parameters are displayed in Table 8-3. Additionally, since there was only a small 

amount of dyed yarns, and the interlock machine required 16 cones of yarns at least 

for knitting, the dyed single yarns were used to knit single jersey fabrics on 

TRICOLAB Cylinder Hosiery machine. The knitting parameters of single jersey 

fabrics were also presented in Table 8-3. Totally, four types of fabrics were prepared 

such as interlock fabrics made of the 36LT yarns and the 36CONV yarns, respectively, 

as well as single jersey fabrics made of the dyed 36LT yarns and 36CONV yarns, 

respectively. 

 

40℃ 

Dye 

Acid 

Salt 

 

Yarns 

30mins 

90℃ 

60mins 
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According to the standard IWS TM31, the prepared knitting fabrics were first washed 

by using Wascator washing machine. Detergent IEC B and 7A wash cycle were 

employed. The washed fabrics were laid flat to dry for one week at 20±2℃ and 65±2% 

RH.  

 

Table 8-3 Knitting parameters 

Fabric 

code 

Yarn 

type 
Fabric type Machine 

Speed 

(rpm) 
Gauge 

Tensio

n 

(gf) 

IL-L 36LT Interlock FUKUHARA 

Interlock 

1000 20 2 

IL-C 36CONV Interlock 1000 20 2 

SJ-L 36LT-D Single jersey TRICOLAB 

Cylinder Hosiery 

200 30 4 

SJ-C 36CONV-D Single jersey 200 30 4 

 

Then, open steaming was performed to achieve a temporary setting of the knitted 

fabrics. All the fabrics were first steamed on the both sides for 30 seconds and then 

vacuumed for 10 seconds on Tokyo Yuki steam pressing machine, as shown in Figure 

8-3. The steam pressure was fixed at 3kg/sq.cm. 

 

 

Figure 8-3 Open steaming 
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8.3 Measurement 

8.3.1 Yarn measurement 

All yarn samples were conditioned under the standard conditions of 20±2℃ and 65±2% 

RH before testing. Yarn tenacity, elongation, hairiness and snarling were measured in 

turn according to their specific standards and testing methods described in Table 7-2 

in Chapter 7. In addition, the surface characteristics of yarns were evaluated as 

blackboard appearance. Using Zweigle yarn board winder, each kind of yarn was 

wrapped onto a blackboard at a density of 20 turns per inch. Then, three yarn experts 

were invited to grade each blackboard, and the mean grade of the blackboard evenness 

of each yarn sample was obtained. Also, the appearances of the dyed hanks of the 

36LT yarns and the 36CONV yarns were compared. 

 

8.3.2 Fabric measurement 

After 24-hour conditioning at 20±2℃and 65±2% RH, the specifications of the 

prepared interlock fabrics and single jersey fabrics were first examined including 

fabric density, loop length, weight and thickness. The fabric course-wise and wale-

wise densities were obtained from ten readings of the numbers of loops per 10cm 

under a magnifying lens, respectively; the loop length and fabric thickness were tested 

according to their specific standards, and the apparatus employed for each testing are 

presented in Table 8-4. 

 

Secondly, the surface characteristics of the dyed single jersey fabrics were evaluated 

in terms of fabric appearance and K/S sum. The appearances of the dyed single jersey 

fabrics made of the 36LT yarns and the 36CONV fabrics were observed and compared 

by naked eyes. The colours of the two kinds of single jersey fabrics were assessed on 

the instrument Macbeth Color-Eye 7000A. The measurement conditions were: 

illuminant D65, seculars excluded and large aperture with 10°observer. Each fabric 

sample was folded fourth to ensure opacity, and each specimen was tested four times 

on different parts. The K/S values in different wavelength were achieved in this 

measurement. By summing up the K/S values of each fabric sample, K/S sum was 
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obtained to identify the influences of yarn type on the colour yield of the dyed knitting 

fabrics. 

 

Then, the surface property, mechanical properties and performances of the two kinds 

of interlock fabrics were examined and compared one by one. Using the Kawabata 

Evaluation System of Fabric (KES-F), the surface property and mechanical properties 

which include tensile, shear, bending and compression etc. were measured, as shown 

in Table 8-4.  

 

Table 8-4 Testing standards and apparatus of fabric properties and performances 

Properties/Performances Standards Apparatus 

Loop length BS EN 14970:2006 TAUTEX Digital Crimp Tester 

Weight ASTMD3776:2013 
Textile Testing and Quality 

Control Equipment 

Thickness BS EN ISO5084:1997 
FEATHER TOUCH Digital 

Thickness Tester 

K/S value --- Macbeth Color-Eye 7000A 

Surface property KES 
KES FB4-AUTO-A Automatic 

Surface Tester 

Tensile and shear KES 
KES FB1-AU-A Automatic  

Tensile &Shear Tester 

Bending  KES KES FB2 Pure bending 

Compression KES 
KES FB3-AUTO-A Automatic 

Compression Tester 

Bursting strength ISO 13938-2 (1999) 
TRUBURST Bursting Strength 

Tester 

Pilling property TM 152 ICI Pilling Tester (M227) 

Air permeability KES KES-FB-AP1 tester 

Thermal property KES  KES-F7 THERMO LABO II 
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For each type of fabric, four samples with the size of 20cm×20cm were prepared and 

examined. The fabric surface friction and roughness were evaluated on KES-FB4; and 

KES-FB1 was used to examine the tensile and shear properties of fabrics; additionally, 

the fabric bending and compression behaviours were measured by virtue of KES-FB2 

and KES-FB3, respectively. Besides, fabric bursting strength and pilling performance 

were tested according to the Standard ISO 13938-2 and TM 152, respectively; the air 

permeability and thermal conductivity were also tested by means of KES devices. The 

specific standards and apparatus employed in the testing are shown in Table 8-4. 

 

 

8.4 Results and discussion 

8.4.1 Yarn properties and surface characteristics 

8.4.1.1Yarn mechanical properties 

Table 8-5 exhibits the physical properties of four types of the prepared yarns. For the 

first two kinds of yarns without dyeing, but being processed by steaming and winding, 

the 36LT yarns with about 15% lower twist multiplier possessed slightly lower 

tenacity, elongation and higher hairiness than the 36CONV yarns. Additionally, it is 

found that the 36LT yarns presented better evenness than the conventional yarns after 

steaming and winding, although the evenness of the optimized 36LT cops yarns was 

worse than that of the 36CONV cop yarns, as shown in Table 7-19 in Chapter 7. Also, 

the snarling of the 36LT yarns was significantly lower, which is almost the half of the 

one of the 36CONV yarns. The low snarling could bring about relatively softer handle 

of the interlock fabric samples made of low-twist yarns. 

 

 

 

 

  Table 8-5 Measured physical properties of yarns after different processing 

Yarn  

type 
Processing 

Tenacity 

(cN/tex) 

Elongation 

(%) 

Evenness 

(CVm%) 

Hairiness 

(S3/100m) 

Snarling 

(turns/25cm) 
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36LT  S,W 
7.01 

[7.40] 

13.68 

[33.30] 

14.63 

[0.78] 

1700 

[1.90] 

27.4 

[16.79] 

36CONV  S,W 
7.15 

[10.3] 

14.36 

[35.00] 

14.89 

[1.39] 

1634 

[2.50] 

47.8 

[9.19] 

36LT-D 
S,W, H1, 

D, H2 

6.42 

[8.70] 

14.05 

[29.90] 

15.78 

[0.13] 

4126 

[4.80] 

23.2 

[12.16] 

36CONV-D 
S,W, H1, 

D, H2 

6.43 

[9.20] 

15.13 

[31.80] 

16.14 

[0.47] 

3798 

[1.90] 

33.5 

[6.33] 

Note: “36LT-D” means 36LT yarns after dyeing; for processing, “S” means yarn steaming; “W” 

represents winding; “H1” and “H2” means converting yarns from cone to hank and winding yarns from 

hank to cone, respectively; “D” represents hank dyeing. 

 

Furthermore, as presented in Table 8-5, the tenacity, evenness and hairiness of 36LT 

yarns and 36CONV yarns were deteriorated after dyeing, particularly yarn hairiness 

of dyed low-twist yarns were over two times as much as that of yarns without dyeing. 

Besides, it can be seen from Table 8-4 that dyeing can further reduce yarn snarling. 

By comparing the properties of 36LT-D yarns and 36CONV-D yarns, 36LT-D yarns 

have similar tenacity, better evenness, obviously lower snarling, but smaller 

elongation and more hairs, although the 36LT-D yarns were spun with a twist 

multiplier of around 15% less than the 36CONV-D yarns. 

 

8.4.1.2Yarn surface characteristics 

(1) Blackboard evenness 

As illustrated in Table 8-6 and Figure 8-4, no matter without dyeing, or with dyeing, 

the blackboard evenness of low-twist yarns presents half grade lower than that of 

conventional worsted yarns, which is opposite to the measured yarn evenness by 

USTERIII. Because the senor used in USTERIII for yarn evenness testing was 

capacitive, the measured yarn evenness were actually the variation of yarn linear 

density, which relates to yarn quality or volume [252]; whereas, the blackboard 

evenness represents yarn optical evenness. The low optical evenness of low-twist 

yarns may result in unfavorable appearance of knitted fabrics. 
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Table 8-6 Blackboard evenness of 36LT and 36CONV knitting yarns with and 

without dyeing 

Yarn 

code 

36LT 

[CV%] 
36CONV [CV%] 

36LT-D 

[CV%] 

36CONV-D 

[CV%] 

Levels 
B 

[9.90] 

B+ 

[5.41] 

B 

[14.32] 

B+ 

[5.41] 

 

                           

(a) 36LT                                                  (b) 36CONV 

                           

                         (c) 36LT-D                                               (d) 36CONV-D 

Figure 8-4 Scanned images of blackboard evenness of 36LT and 36 CONV 

knitting yarns with and without dyeing 

(2) Dyed hank yarns 
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By comparing Figure 8-5 (a) and (b), it is apparent that the conventional worsted yarns 

after dyeing have much more snarls than the low-twist yarns, which could contribute 

to high spirality of resultant fabrics made of conventional yarns. Besides, there was 

nearly no apparent colour variation on the dyed yarns which may be ascribed to the 

significantly reduction of wrapper fibers on the optimized low-twist yarns. 

 

                             

(a) 36LT-D                                             (b) 36CONV-D 

 

 

            (c) Hanks of 36LT-D and 36CONV-D yarns 

Figure 8-5 36LT-D and 36 CONV-D hank yarns after dyeing 
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Furthermore, Figure 8-5(c) shows that the hank of the 36CONV-D yarns shrinked 

about 30% more compared with that of the 36LT-D yarns after dyeing because of the 

numerous snarls produced on the dyed conventional worsted yarns. 

  

8.4.2 Fabric properties and performances 

8.4.2.1 Fabric specifications 

The specifications of four types of the prepared fabric samples are displayed in Table 

8-7, such as fabric density, loop length, weight, thickness and bulkiness. Particularly, 

the bulkiness of fabrics was calculated from the following equation[253], 

                                                         310
T

B
W

                                                      (8-1)       

where, B  is fabric bulkiness (cm3/g), T is fabric thickness (mm), and W is fabric 

weight (g/m2). 

Table 8-7 Fabric specifications 

Fabric 

code 

Density (/inch) Loop length 

(mm) 

Weight 

(g/m2) 

Thickness 

(mm) 

Bulkines

s 

Course-wise Wale-wise (cm3/g) 

IL-L 
36.83 

[0.79] 

38.83 

[0.74] 

3.39 

[0.32] 

388.87 

[0.76] 

1.35 

[1.80] 
3.47 

IL-C 
37.00 

[0.00] 

39.17 

[0.74] 

3.33 

[0.60] 

404.47 

[0.48] 

1.33 

[0.82] 
3.29 

t-test 

(p-value) 
0.4226 0.2302 7.905×10-7 0.0027 0.1687  

SJ-L 
25.67 

[1.12] 

31.33 

[1.84] 

4.68 

[2.82] 

139.01 

[2.49] 

0.48 

[4.17] 
3.44 

SJ-C 
26.50 

[0.00] 

31.00 

[3.22] 

4.07 

[2.40] 

138.19 

[3.27] 

0.44 

[7.54] 
3.18 

t-test 

(P-value) 
0.0378 0.6495 3.447×10-9 0.8598 0.0396  
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Generally, fabrics made of 36LT yarns (IL-L&SJ-L) possessed a bit higher bulkiness 

than the one of conventional worsted yarns (IL-C&SJ-C). It is demonstrated that low-

twist yarns can improve the bulkiness of knitted fabrics. 

 

In addition, no matter interlock fabrics or single jersey fabrics, the density, loop length, 

weight and thickness of fabrics knitted with low-twist yarns were similar to those of 

conventional fabrics, as shown in Table 8-7. However, for interlock fabrics, there 

seems be to some statistical differences in the course-wise and wale-wise density as 

well as thickness of low-twist fabrics and conventional fabrics (at a significant level 

of 0.05); moreover, for the two types of single jersey fabrics, there were some 

differences in the wale-wise density and fabric weight (at a significant level of 0.05). 

These differences may be ascribed to the distinct diameters of low-twist yarns and the 

conventional yarns, or systematic errors by knitting machines and measurement. 

 

8.4.2.2 Appearance of dyed fabrics 

Figure 8-6 clearly presents that nearly no “bar effect” was found on the dyed single 

jersey fabrics, which attributes to the apparent reduction of wrapper fibers on the low-

twist yarns by the use of 5th version of low-twist spinning system and the optimization 

of the spinning parameters, whereas the fabric sample made of the 3rd version of low-

twist spinning system presented obvious “bar effect” on the surface, as shown in 

Figure 1-2 in Chapter 1. 

 

                      

(a) SJ-L                                                          (b) SJ-C 

            Figure 8-6 Fabrics made of 36LT yarns and 36CONV yarns after dyeing 
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Additionally, Figure 8-7 illustrates the colour yields of two types of the single jersey 

fabrics including SJ-L and SJ-C, respectively. According to Kubelka-Munk theory, 

the higher the K/S sum value is, the more dyes are absorbed, resulting in better colour 

yield. By comparison, the fabric SJ-L had a higher colour yield than the fabric SJ-C. 

The main reason may be that the low-twist yarns have a 15% lower twist multiplier  

than conventional yarns, so that the dye is able to penetrate into yarn bodies, leading 

to a higher dye uptake [254].  

 

 

Figure 8-7 K/S sum of the dyed fabrics made of 36LT yarns and 36CONV yarns 

 

8.2.2.3 Fabric surface property 

It is known that fabric appearance and handle have a close relationship with fabric 

surface property. Therefore, the surface properties of two types of the interlock fabrics 

were evaluated by KES-F4 in the light of coefficient of friction (MIU), mean deviation 

of friction (MMD) and geometrical roughness (SMD). According to the measured 

results displayed in Table 8-8, there were no significant statistical differences of the 

measured values between the low-twist fabrics and the conventional fabrics (at a 

significant level of 0.05). Whereas, the coefficient of friction (MIU) of the low-twist 

fabrics (IL-L) was slightly higher than that of conventional fabrics (IL-C), which 

indicates that the fabrics made of low-twist yarns may be not as smoother as the ones 
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made of conventional yarns. Moreover, the low-twist fabrics (IL-L) presented lightly 

higher geometrical roughness (SMD) than the conventional fabrics, which may be 

ascribed to the worse optical evenness of the 36LT yarns, as discussed before. 

 

8.4.2.4 Fabric tensile and shear properties 

As shown in Table 8-8, the tensile property such as tensile strain (EM), tensile energy 

(WT) and resilience (RT), as well as shear property including shear stiffness (G) and 

hysteresis at Φ=0.5° (2HG) of the interlock fabric samples were measured by the use 

of KES FB1. Regarding to the tensile property, the values of EM, WT and RT of low-

twist fabrics (IL-L) had no statistical difference with those of conventional fabrics 

(IL-C), even though slightly lower (at a significant level of 0.05). Besides, the low-

twist fabrics (IL-L) also possessed similar shear property to conventional fabrics (IL-

C) (at a significant level of 0.05), which can be seen in Table 8-6.  However, the low-

twist fabric specimens (IL-L) were made of the optimized 36LT yarns with a 15% 

lower twist multiplier than the conventional worsted yarns. 

 

8.4.2.5 Fabric bending and compression properties 

Generally, bending rigidity (B) plays a crucial role in fabric handle, which can be 

obtained from KES FB2. Fabrics with lower bending had better softness. However, 

the tested bending rigidity (B) of low-twist fabrics (IL-L) was the same as that of 

conventional fabrics (IL-C), as exhibited in Table 8-8. 

 

Also, the fabric compression property was of high importance for fabric handle in 

terms of softness, fullness and smoothness, which was measured by means of KES 

FB3. Table 8-8 displays that the compression energy (WC) of the fabric samples (IL-

L) made of low-twist yarns was slightly lower than that of fabrics (IL-C) made of 

conventional worsted yarns, but the low-twist fabrics had a mildly higher resilience, 

which could be attributed to the relatively higher bulkiness of the low-twist fabrics as 

described in Table 8-7. However, from the perspective of statistics, the compression 

property of low-twist fabrics did not significantly differentiate from that of 

conventional fabrics (at a significant level of 0.05). 
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Table 8-8 Performances of the prepared interlock fabric samples evaluated by KES 

 

 

  

Fabric 

code 

Surface Tensile Shear Bending Compression 

MIU MMD 
SMD 

(µm) 

EM 

(%) 
LT 

WT 

(g·cm/

cm2) 

RT 

(%) 

G 

(g/cm· 

degree 

2HG 

(g/cm) 

B 

(g·cm2

/cm) 

2HB 

(gf·cm

2/cm) 

LC 

WC 

(g·cm/

cm2) 

RC 

(%) 

IL-L 0.215 0.0079 3.93 
25.4

3 
0.835 5.10 53.43 1.00 3.60 0.110 0.1587 0.405 0.505 48.67 

IL-C 0.205 0.0075 3.13 
26.0

5 
0.825 5.18 54.58 1.02 3.56 0.110 0.1375 0.404 0.521 48.57 

t-test (P-

value) 
0.192 0.628 0.294 

0.94

5 
0.786 0.963 0.803 0.107 0.918 0.987 0.645 0.761 0.223 0.876 



 

Chapter 8                                                          Surface Characteristics, Properties and Performances of Knitting Fabrics Made of Low-twist Yarns 

                                                                                    

222 

 

 

  



 

Chapter 8 Surface Characteristics, Properties and Performances of Knitting Fabrics    

                 Made of Low-twist Yarns 

                                                                                    

223 

 

8.4.2.6 Fabric bursting strength 

There is a general belief that bursting strength is a momentous parameter to evaluate 

the mechanical strength of knitting fabrics. Table 8-9 shows the measured bursting 

strength and distension of the interlock fabric samples IL-L and IL-C. In particular, 

the bursting distension represents the height of the fabric specimen elevated by the 

bursting ball when the specimen is broken. It can be seen that the low-twist fabrics 

failed to present statistical differences of bursting strength and distension (at a 

significant level of 0.05), even though slightly higher in bursting strength and a little 

lower in bursting distension. Whereas, the twist multiplier of the yarns in low-twist 

fabrics was approximately 15% lower than that of the yarns in conventional fabrics. 

 

Table 8-9 Busting strength of interlock fabrics made of 36LT and 36CONV yarns 

Fabric code Busting strength  (psi) Busting distension (mm) 

IL-L 104.3 

[5.24] 

16.2 

[7.35] 

IL-C 102.1 

[1.78] 

16.6 

[2.46] 

t-test (P-value) 0.4331 0.5307 

 

8.4.2.7 Fabric pilling performance 

For the same material and fabric structure, the pilling property is largely influenced 

by yarn structure and twist. ICI Pilling box was used to measure the pilling property 

of the interlock fabric samples.  As illustrated in Figure 8-8, both of the pilling grades 

of two kinds of the interlock fabrics were lower than 2.0, which demonstrates that 

both the low-twist fabrics (IL-L) and the conventional fabrics (IL-C) will produce 

many pills when endure abrasion. However, the fabrics made of low-twist yarns (IL-

L) possessed a better pilling performance than the ones made of conventional worsted 

yarns (IL-C) in terms of statistics (at a significant level of 0.05), which may attribute 

to the relatively higher yarn compactness, as described in Figure 7-19 in Chapter 7, 

even though the twist multiplier of the optimized low-twist yarns was around 15% 

lower than that of conventional worsted yarns. 
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Figure 8-8 ICI pilling grade of interlock fabrics made of 36LT yarns and 

36CONV yarns (t-test P-value: 0.0085) 

 

8.4.2.8 Fabric air permeability  

Fabric air permeability correlates with fabric weight, thickness and density when the 

fabric structure is the same. KES-F8 is actually designed to measure the permeating 

resistance to air (coded as R) of a fabric sample. The lower the permeating resistance, 

the better the air permeability of the tested sample. Figure 8-9 exhibits that the 

permeating resistance of the fabric made of low-twist yarns (IL-L) was significantly 

lower than the ones made of conventional worsted yarns (IL-C) (at a significant level 

of 0.05), therefore the low-twist fabrics had relatively better air permeability. The 

reason for this may be that the slightly lower density and weight, but similar thickness 

of the low-twist fabrics result in a lower resistance for air to go through the fabric.  
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Figure 8-9 Permeating resistance of interlock fabrics made of 36LT yarns and 

36CONV yarns (t-test P-value:  5.516×10-6) 

 

8.4.2.9 Fabric thermal property 

The thermal property of the prepared two types of interlock fabrics were measured in 

terms of thermal conductivity (K) and q-max. By comparing the measured results in 

Table 8-10, there were statistically significant differences in thermal conductivity and 

q-max of low-twist fabrics and conventional fabrics.  

 

In particular, the low-twist fabrics seem to have slightly lower thermal conductivity 

than the conventional fabrics, which implies that the fabrics made of low-twist yarns 

possess a better capability of thermal insulation. 

 

Besides, q-max is actually the peak value of heat current tested shortly after the heat 

transferred onto the measured specimen when the heated plate touches the specimen 

surface. In other words, the measurement of q-max mimics the cool or warm feeling 

that a person experiences when his finger touches the tested specimen. The higher the 

q-max, the cooler or warmer feeling. As presented in Table 8-8, the q-max of fabric 

samples made of low-twist yarns (IL-L) was a little smaller than that of fabrics knitted 

0.00

0.05

0.10

0.15

0.20

0.25

IL-L IL-C

R
 (

K
p
a·

S
/m

)



 

Chapter 8 Surface Characteristics, Properties and Performances of Knitting Fabrics    

                 Made of Low-twist Yarns 

                                                                                    

226 

 

with conventional yarns (IL-C). It is indicated that low-twist fabrics are not felt as 

warm as the conventional fabrics. 

 

Table 8-10 Thermal conductivity of interlock fabrics made of 36LT yarns and 

36CONV yarns 

Fabric code K  (W/m·℃) q-max (W/cm2) 

IL-L 
0.0576 

 [1.13] 

0.0882 

[1.48] 

IL-C 
0.0605 

[0.79] 

0.0920 

[2.03] 

t-test (P-value) 6.14×10-5 0.0071 

 

 

8.5 Summary 

This chapter focuses on the investigation of the surface characteristics, mechanical 

properties and performances of the fabrics made of low-twist yarns and conventional 

worsted yarns. In order to observe the “bar effect” on the low-twist fabrics, some low-

twist and conventional yarns have been hank dyed, and knitted into single jersey 

fabrics; whereas, the other yarn samples without dyeing have been used to produce 

interlock fabrics. 

 

Before knitting fabrics, the mechanical properties of the prepared low-twist yarns and 

conventional yarns after steaming and winding have been measured and compared. 

The results show that low-twist yarns have a bit lower tenacity, elongation and slightly 

higher hairiness, but improved yarn evenness and significantly reduced snarling than 

conventional yarns, even though with an approximately 15% lower twist multiplier. 

The differences of the properties between the dyed low-twist yarns and conventional 

yarns are similar to the ones of yarns without dyeing. Regarding yarn surface 

characteristics, low-twist yarns with or without dyeing present half grade lower of 

blackboard evenness than their corresponding conventional worsted yarns. Moreover, 
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the dyed conventional hank yarns shrink around 30% more than dyed low-twist hank 

yarns, which attributes to much more snarls still existing in the conventional yarns 

after dyeing. 

 

For the knitting fabric samples, the specifications of low-twist fabrics are similar to 

those of conventional fabrics, such as fabric density, loop length, weight, thickness 

and bulkiness. In particular, the fabrics made of low-twist yarns show slightly higher 

bulkiness than the ones knitted with conventional yarns. With regard to yarn surface 

characteristics, nearly no “bar effect” is found on the dyed yarns, and the dyed low-

twist fabrics show higher colour yield than the dyed conventional fabrics. However, 

the measured results of surface property by KES-F4 reveal that the prepared low-twist 

fabric samples are not as smooth as the conventional ones, but not significantly 

different. Concerning the mechanical properties and performances of the prepared 

interlock fabrics, the interlock low-twist fabrics possess similar tensile, shear, bending, 

compression and bursting strength to the conventional fabrics made of the yarns with 

a 15% higher twist multiplier; besides, the pilling performance and air permeability 

of the low-twist interlock fabrics are better than those of conventional fabrics; 

however, the lower thermal conductivity and q-max are found on the low-twist fabrics 

by comparing with the conventional. Particularly, the lower conductivity could endow 

low-twist fabrics with better thermal insulation.  
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Chapter 9 Conclusion and Future Work 

 

 

9.1 Conclusion 

Several conclusions with their contributions to the relevant scientific and industrial 

field are drawn up in the following six facets.  

 

9.1.1 Wrapped structures on low-twist yarns 

Various wrapped structures on the unconventional yarns have been first reviewed, 

including their measurement, influencing factors and their effect on yarn properties. 

The surface characteristics of the low-twist worsted yarn have been carefully 

examined under Microscope Lecia M165. The surface structures of this yarn are 

categorized into five types such as three kinds of wrapped structures and two kinds of 

unwrapped structures. Specially, the tightly wrapped structures including the tightly 

wrapping with straight yarn and the tightly wrapping with curved yarn, account for 

more than 60% of the total surface structures of the prepared low-twist yarns. What’s 

more, these tightly wrapped fibers not only result in compact yarn structures so as to 

go against soft handle and evenly dyeing, but also deteriorate yarn optical evenness, 

because the diameters of these structures are about 20~40% smaller than that of 

unwrapped yarn segments. 

 

By means of high speed camera system, the formation process of wrapped structures 

has been observed on the low twist spinning system. Mainly four factors are found to 

influence the formation of wrapper fibers, such as the abrasion between yarns or the 

protruding fiber ends and the upper false-twister or the lower false-twister, the fiber 

security of yarns in A zone, the false-twisting effects exerted by the two false-twisters, 

as well as the long protruding fiber ends in A zone, namely the region between the 

spinning triangle and the false-twister. In particular, the long protruding fiber ends, 

namely the hairiness of 3mm and longer of the yarn segment in A zone, has been 
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confirmed as the critical factor for wrapper fibers by experiments, that is, the less the 

long protruding fiber ends in A zone, the less wrapped structures will be formed on 

the low-twist yarns. Besides, the buckling of yarns found in A zone, which may 

attribute to the excessive twists there, leads to the formation of curved yarn segment 

in the tightly wrapped structures with a curved yarn. 

 

9.1.2 Maximum hairiness model of ring yarns 

It is hypothesized that the structure of yarn segment in A zone on the low-twist 

spinning system is similar to that of ring-spun yarns of a high twist without buckling.  

In order to understand the origin of hairiness and wrapper fibers as well as the 

formation of neps, maximum hairiness is introduced as the number of fiber ends in 

the outmost layer of ring yarns, which are already hairs or have potentials to become 

hairs. Accordingly, a statistical model of maximum hairiness of ring-spun yarns has 

been established on the basis of Brown and Ly’s work by considering yarn twist 

geometry and the contributing surface layer of hairs. In particular, fiber length, fiber 

cross-section and the number of fibers have been revised with the consideration of 

yarn twist. Moreover, Hairiness contribution factor ( 0h ) is proposed for model 

development as the ratio between the area of the outmost layer and the area of the 

whole yarn cross-section, that is, the ratio of the number of fiber ends having 

potentials for hairiness and the total number of fiber ends in yarn cross-section. The 

established maximum hairiness model is shown as follows, 

                                    0
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The meaning of each letter in the above equation has been described in Chapter 4 or 

Symbol list. From the developed model, this model can provide the length of the 

predicted number of yarn hairs which fails to be achieved from other related models; 

additionally, the maximum hairiness of ring yarns, or the number of long protruding 

fiber ends in A zone, is influenced by fiber diameter, fiber length distribution, yarn 

count, yarn twist multiplier, measured hair length, etc. 

 

The relationships between maximum hairiness and the above influencing factors have 

been simulated by using MATLAB programming. The results reveal that fiber length, 
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fiber diameter and metric yarn count negatively correlate with the maximum hairiness; 

whereas, both the number of fibers in yarn cross-section and twist multiplier have 

positive relationships with maximum hairiness. Especially, the number of fibers in 

yarn cross-section is affected by two dependent factors, which are fiber diameter and 

yarn count. Additionally, the relationships of the number of fiber layers or the 

hairiness contribution factor with fiber and yarn properties have also been simulated, 

which have not been studied in previous studies. It is illustrated that both yarn count 

and fiber diameter negatively relate to the number of fibers in yarn cross-section, but 

positively correlate with hairiness contribution factor. Twist multiplier, however, 

nearly has no influence on the number of fiber layers in yarn cross-section, but has a 

slightly positive relationship with hairiness contribution factor. 

 

Furthermore, the maximum hairiness of ring yarns has been verified by experiments. 

By comparison, it is demonstrated that the predicted values from the maximum 

hairiness model are in the same order of magnitude with the measured hairiness of 

1mm and longer, and significantly lower than the other related theoretical values, even 

though almost four times of the measured hairiness. Whereas, the predicted maximum 

hairiness of 3mm and longer, that is, the long protruding fiber ends, is almost 1~2 

order of magnitude higher than the measured S3 values. Besides, the effect of winding 

times on yarn hairiness is investigated. It can be seen that yarn hairiness apparently 

increases with the increasing winding times, but after four times winding, the number 

of yarn hairs almost reaches a plateau, which is termed as stable hairiness. 

 

In a word, the proposed model can predict a more practical maximum hairiness of ring 

yarns, and present the quantitative relationships between maximum hairiness of yarns 

or the number of long protruding fiber ends in A zone of the low-twist spinning system 

and the fiber or yarn properties, so that the wrapper fiber formation could be better 

controlled. 

 

9.1.3 Hairiness model of Siro-spun yarns and Solo-spun yarns 

Aiming to predict the number of long protruding fiber ends in A zone when Siro-

spinning or Solo-spinning is combined with the low-twist spinning system, the 
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hairiness model of Siro-spun yarns and Solo-spun yarns have been developed on the 

basis of the present maximum hairiness model of ring yarns.  

 

Yarn geometry principle and fiber trapping mechanism have been employed to 

develop the hairiness model of Siro-spun yarns. In particular, the model established 

according to the geometry principle gives that, 

            
'

e e

sirosiro

H L r HL o Le sikN N   

where, 1

siro

mmk  =0.8113, 3

siro

mmk =0.5330. Moreover, the hairiness model of Siro-spun 

yarns on the basis of fiber trapping mechanism is presented as follows, 

          2( 0.8 /100)
e e

Siro s

H L H L T sN N T    

For 24Nm Siro-spun yarns, T =1.0014; for 36Nm Siro-spun yarns, T =0.6562. With 

regard to Solo-spun yarns, the hairiness model is established by assuming there are 

two or three substrands in the Solo-spinning triangle, and given in the following 

equation from the perspective of yarn geometry, 

         
e e

f

Le solo

solo

H L H LN N                               

for 36Nm Solo-spun worsted yarns, 
f

Le =1.3396, solo =0.745. Nevertheless, fiber 

trapping mechanism fails to be used to develop the Solo-spun yarn hairiness model 

because of the frequently changing substrands and variations in convergent points in 

Solo-spinning triangle.  

 

Note: The letters in the above equations have been described in Chapter 5. 

 

9.1.4 Relative Hairiness Index 

Since the fiber security of the yarn segment in A zone also influence the wrapper fiber 

formation and the resultant yarn surface; and the degree of fiber ends being tucked 

into yarn bodies directly determines the number of protruding hair of yarns, a Relative 

Hairiness Index (RHI), has been defined by analogizing the maximum hairiness of 

ring yarns to the limit yarn evenness CVlim. The RHI includes a theoretical one and an 

actual one. The theoretical RHI  is the ratio of the theoretical hairiness of certain type 
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of yarns and the maximum hairiness of ring yarns, which can theoretically reveal the 

effectiveness of different spinning methods in tucking fiber ends into yarn bodies; and 

the actual RHI is the ratio of the tested yarn hairiness and the maximum hairiness of 

ring yarns, which can actually demonstrate the degree of fiber ends being tucked into 

yarns resulted from various spinning system or their spinning parameters.  

 

The theoretical and experimental results show that Siro-spinning has the highest 

effectiveness in tucking fiber ends into yarn bodies among several ring-based spinning 

methods. Moreover, some experimental results display that yarn count has nearly no 

influence on the actual RHI, but increasing twist multiplier is favorable for reducing 

the value of actual RHI, that is, high twist facilitates tucking more fiber ends into yarn 

bodies. 

 

Additionally, the increment speed of the actual RHI with increasing winding times 

indicates the stableness of fiber security, which is also crucial for wrapper fiber 

formation and yarn quality control. By comparing the actual RHI of various yarns in 

three states such as cop, cone and stable, namely various yarns with different times 

winding, it is indicated that Siro-spun yarns possess the best fiber security, which is 

followed by the Solo-spun yarns and low-twist yarns spun with double-end roving 

feeding, although Solo-spun cop yarns present low degree of fiber tucking. 

 

9.1.5 Optimization of low-twist yarns 

Since Siro-spun yarns have the highest degree of fiber tucking and the best fiber 

security among several ring-based spinning systems, Siro-spinning feeding is 

combined with the low-twist spinning system for further reducing the long protruding 

fiber ends in A zone, so as to decrease the wrapper fibers and improve the surface of 

low-twist yarns on the resultant yarns. Nevertheless, aiming at yarn evenness and 

tenacity, as well as proper twists in A zone to avoid buckling aforementioned in 

Chapter 3, the properties of 36Nm low-twist yarns spun with single-end roving 

feeding (36LT) and double-end roving feeding (36LT+Siro) have been optimized by 

using Fractional Factorial Methodology (FFM) and Response Surface methodology 

(RSM), respectively.   
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From the geometry analysis of the low-twist spinning system, twist multiplier, upper 

ratio, lower ratio and belt angle are selected as the potential influencing factors. 

Whereas, fractional factorial experiments fail to differentiate the four factors in the 

light of their effect significances on yarn properties. Considering the complicate 

influences on the false-twisting effect brought about by the adjustment of belt angle, 

the belt angle is first set as 70° according to the experimental results. 

 

Then, the RSM experimental results give rise to several second-order statistical 

equations to quantitatively describe the relationships of the predicted yarn properties 

and the three significant spinning parameters such as twist multiplier, upper ratio and 

lower ratio. By verification experiments, the proposed equations can generally 

provide a reasonable prediction of yarn properties. Additionally, the simulated 

relationships of each yarn property and three spinning parameters have been achieved. 

For 36LT yarns, twist multiplier most significantly influences yarn properties, 

particularly yarn tenacity and evenness; higher twist multiplier results in larger 

tenacity, better evenness, less neps (+140%), lower hairiness, but higher snarling; 

whereas, high upper ratio and low lower ratio can generally lead to better yarn 

properties. For 36LT+Siro yarns, twist multiplier negatively relates to yarn tenacity, 

and slightly affect yarn evenness and hairiness; higher upper ratio contributes to better 

yarn evenness and less neps (+140%), but more hairs. Finally, the optimum regions 

of spinning parameters for 36LT and 36LT+Siro yarns are displayed in overlaid 

contour plots, respectively. 

 

9.1.6 Surface characteristics and properties of the optimized low-twist yarns and 

fabrics 

By comparing with the conventional yarns with a 15% higher twist multiplier, the 

optimized 36LT yarns and 36LT+Siro yarns have comparable yarn tenacity, relatively 

higher min tenacity, similar hairiness, but still a bit worse yarn evenness and more 

neps. Notwithstanding this, the neps (+140%) of the present low-twist yarn is about 

one order of magnitude lower than that of yarns spun with the previous versions of 

low-twist spinning systems. With regard to the surface characteristics, both the 
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optimized 36LT yarns and 36LT+Siro yarns present half grade higher of blackboard 

evenness than the conventional yarns in the same level of twist, but half grade lower 

than their counterparts with the normal twist multiplier, which is around 15% higher 

than that of the optimized yarns. In addition, the diameters of the optimized low-twist 

yarns are smaller than the ones of conventional yarns, which indicates that low-twist 

yarns have relatively higher compactness. More importantly, the tightly wrapping 

structures of the optimized 36LT yarns and 36LT+Siro yarns only account for 8.9% 

and 5.8%, respectively, which are significantly less than that of low-twist yarns 

produced with the spinning parameters without optimization. Moreover, nearly no 

tightly wrapped structures with a curved yarn are found on the two optimized yarn 

surfaces. Therefore, the optimized spinning parameters of low-twist spinning system, 

as well as the incorporation of double-end roving feeding not only facilitate the 

reduction of wrapper fibers on the resultant yarns, but also provide suitable twists in 

A zone to avoid producing buckling and curved yarn segments.   

 

However, the actual RHI of the optimized 36LT yarns obviously higher than that of 

conventional ring yarns, and it increases fast when the 36LT yarn experiences 

increasing abrasion, which indicates that the optimized 36LT yarn possesses low fiber 

tucking and security, in other words, the fiber deformation resulted from the false-

twisting fails to be held in yarns. But the actual RHI of the optimized 36Nm low-twist 

yarn spun with double-end roving feeding and its increment rate by abrasion are 

significantly lower than the ones of conventional yarns; in particular, its increment 

rate is even similar to that of Solo-spun yarns. It is demonstrated that the fiber tucking 

and security of low-twist yarns can also be improved by integrating Siro-spinning 

system. 

 

Furthermore, the properties and surface characteristics of the knitted interlock fabrics 

made of the optimized 36LT yarns have been measured, and compared with the fabrics 

knitted with the conventional ring yarns with a higher twist multiplier by about 15%. 

The measurement results show that, at a significant level of 0.05, the surface property, 

tensile, shear, bending, compression and bursting strength of low-twist fabrics are 

significantly different from those of conventional fabrics; however, the low-twist 

fabrics have better pilling performance and air permeability, but lower thermal 
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conductivity and q-max. Regarding the surface of the dyed single jersey fabrics, there 

is nearly no “bar effect” on the low-twist knitted fabrics, and the dyed low-twist 

fabrics present higher colour yield than the dyed conventional fabrics.  

 

 

9.2 Limitations and future work 

Even though the proposed objectives of this study have been generally achieved, there 

are still some limitations need to be resolved in the future work, which are concluded 

as follows. 

 

Although the formation process of the wrapper fibers has been observed, the 

relationships of the number of wrapper fibers with the spinning parameters of the low-

twist spinning system, have not been quantitatively described, which is meaningful 

for the better control of yarn quality, and even provide a guidance for developing yarns 

with specific appearance such as more wrapped structures but evenly distributing on 

yarn surfaces. 

 

The theoretical number of hairs with  the length of 3mm and longer calculated from 

the established maximum hairiness model of ring yarns, was almost 1~2 order of 

magnitude higher than the measured S3 values by Zweigle G566, which significantly 

influences the accuracy of hairiness prediction of the present model. The reason for 

this is that the examination of wool fiber length distribution failed to differentiate the 

fibers shorter than 3mm. Therefore, manual test of the fiber length distribution needs 

to be conducted in the future work to obtain more detailed information of fiber length. 

 

The developed hairiness models of Siro-spun yarns and Solo-spun yarns are not quite 

accuracy, because of limited time, the experimental data is not sufficiently large, and 

the measured length is not satisfactory for the single strand from the front nip line to 

the convergent point in Siro-spinning triangle, which is better to be calculated from 

certain theoretical equation. Thus, an equation for the single strand length from the 

front nip line to the convergent point in Siro-spinning system will be developed in the 
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future work. Besides, the experimental data for the verification of the developed 

hairiness models also needs to be further enlarged in the future.  

 

Regarding the study on Relative Hairiness Index, there are two limitations. Firstly, the 

specific parameter for evaluating fiber security has not been well defined, which is 

only qualitatively described as the increment rate or speed of the actual Relative 

Hairiness Index with the increasing times winding in the present study. In the future 

work, this parameter could be investigated in terms of the total increment of the actual 

Relative Hairiness Index from cop yarn hairiness to stable hairiness, or the slope of 

the line of the actual Relative Hairiness with the increasing winding times, etc. 

Secondly, some of the yarn samples used for comparing the actual Relative Hairiness 

Index of various yarns shown in Figure 6-6 and 6-7 in Chapter 6, are not the ones can 

be directly used for knitting or weaving, such as the conventional single ring yarns, 

which have to be plied before fabrics production. Therefore, it is not fair to put it 

together with Siro-spun yarns and other types of yarns for comparison. 

 

The evenness and neps (+140%) of the optimized 36LT and 36LT+Siro yarns are still 

worse than the conventional yarns with the normal twist level, although they are 

already better than those of the low-twist yarns spun with the previous versions of 

low-twist spinning system, which need to be further improved in the future work. 

Besides, the tenacity and hairiness of the low-twist worsted yarns do not present 

significant improvement like low-twist cotton yarns, the reasons for which have to be 

investigated, and accordingly, some effective measures need to be taken for 

improvement.  Furthermore, the low fiber security of the optimized 36LT yarns 

displayed in Figure 6-6 in Chapter 6 indicates that the deformation of fibers in the 

low-twist yarns resulted from the false-twisting effect fails to be held, which may be 

ascribed to the high rigidity and resilience of wool fibers. High false-twisting effect 

obtained by using heavier traveler or faster spindle speed to increase the spinning 

tension or employing the belt-false-twister with a high friction resistance with 

delivered yarns, benefit to remain the fiber deformation. However, the increase of the 

false-twisting effect will bring about the increment of wrapper fibers and yarn neps 

according to the previous experiments. Therefore, some innovative ideas need to be 

exploited to solve this problem. 
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