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ABSTRACT 

This study aims to characterize and evaluate polyethylene oxide (PEO) and chitosan (CS) nanofibers 

produced by electrospinning method. Electrospinning solutions were used at three different 

concentrations (1, 2, 3 wt%) with five different PEO/CS mixing ratios (30/70, 40/60, 50/50, 60/40, 

100/0). FESEM, XRD and FTIR tests were applied for characterization of the nanofibers. 

Antibacterial activity of the nanofibers against Staphylococcus aureus and Klebsiella pneumoniae 

microorganisms was investigated using disk diffusion method. While 1 wt% of concentration was not 

suitable to obtain regular nanofibers, the nanofibers were uniform and largely free of beads at the 

other ones (2, 3 wt%). The average diameters of the nanofibers varied from 59 to 298 nm depending 

on the concentration and mixing ratio. Strong hydrogen bonds were formed between two polymers, 

while the crystal structure of PEO did not change significantly when mixed with chitosan. According 

to the study, whereas chitosan is resistant to a wide range of germs, PEO/CS nanofibers were not. The 

reason for this is because when chitosan is electrospun with PEO, the characteristics of the chitosan 

are altered by the concentrations and ratios used. 
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1. INTRODUCTION 

Nanotechnology plays an important role in human life as it 

offers advantages in various aspects of life. On the one hand, it 

is able to provide new physical properties to the polymers 

produced with nanotechnology; on the other hand, it is 

characterized by a high surface area compared to its size and 

its application in various industrial and medical fields [1]. 

Electrospinning technology is considered the simplest and 

least expensive technique for obtaining nanofibers. This 

technology is based on the production of nanofibers from the 

desired polymer contained in the extrusion needle, using a high 

electric field generated by applying a positive voltage to the 

polymer material, at the tip of the needle, and a negative 

voltage to the collector plate [2].  

The need to preserve nature leads mankind to constantly 

seek natural alternatives and use them in various aspects of 

their lives. This has led them to use natural polymers such 

as chitosan (CS), which is obtained by the deacetylation 

process of chitin found in the shells of marine animals and 

fungi [3]. Chitosan is characterized by the presence of 

amine groups in its molecular structure, which are 

positively charged when chitosan is dissolved in weak or 

concentrated acids and thus is able to interact with other 

groups found in other compounds to obtain various 

mixtures in the form of films, gels, molecules or nanofibers 

[4]. Chitosan is characterized by its biocompatibility and 

biodegradability, in addition to its large presence in nature, 

which allows it to be easily obtained and applied in various 

To cite this article: Yunus H, Sabır EC, İçoğlu Hİ, Yıldırım B, Gülnaz O, Topalbekiroğlu M. 2023. Characterization and antibacterial 

activity of electrospun polyethylene oxide/chitosan nanofibers. Tekstil ve Konfeksiyon 33(1), 1-8. 
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fields [5]. Because of the high viscosity of chitosan, it is 

very difficult to obtain it in the form of nanofibers by 

electrospinning method, so it must be mixed with other 

materials that help reduce its viscosity and facilitate the 

process of electrostatic spinning. Among the materials, 

there is polyethylene oxide (PEO), which is a non-toxic, 

water-soluble, synthetic polymer and stable in acidic media. 

It is characterized by biocompatibility and it becomes 

capable of being an electrospun nanofiber [6]. 

In a study by Singh, PEO was used to reduce the 

interlocking chitosan chains and obtain nanofibers. In this 

study, PEO/CS different mixing ratios and different 

concentrations of acetic acid were used. The study showed 

that increasing the acetic acid concentration and PEO 

content helped to obtain nanofibers with a larger diameter 

and a smaller number of beads [7]. To determine the effect 

of deacetylation degree of chitosan on its adhesion 

properties in mucous membranes, nanofibers were formed 

from the mixture of PEO/CS with different deacetylation 

degree of chitosan. It was found that the degree of 

deacetylation plays an important role in changing the 

physicochemical properties of chitosan. The higher the 

deacetylation degree of chitosan, the greater the stability of 

nanofibers in aqueous media and the degree of adhesion to 

mucous membranes increases [8]. In another study, the 

anti-inflammatory teicoplanin was coated with PEO/CS 

nanofibers, and this material showed a higher ability to 

resist bacteria when coated with PEO/CS nanofibers than 

when not coated, and the concentration of 4% teicoplanin 

was the best in resisting bacteria [9]. PEO/CS nanofibers 

were also used as a supporting membrane to which metal-

organic frameworks-5 (MOF-5) nanoparticles were added, 

and they were used as effective filters to clean the air from 

PM2.5 (particulate matters≤ 2.5 µm), which are harmful to 

the lungs and cause cancer [10]. In another study, the 

PEO/CS nanofibers showed resistance to S. aureus but no 

resistance to e.coli except when phenolic was added to the 

PEO/CS nanofibers [11]. Pomegranate peel extract solution 

was added to the PEO/CS mixture and showed antibacterial 

resistance against e.coli [12]. 

There have been many studies that have looked at the 

method of producing PEO/CS nanofibers with good 

specifications. Some studies discussed the effect of the type 

of solvent and the addition of sodium chloride on the 

morphology of PEO/CS nanofibers [13], other studies 

discussed the different mixing ratios and concentrations of 

the chitosan and PEO mixture [14, 15], and there were 

many studies about the applications of PEO/CS nanofibers 

as filters [16] and antibacterial membranes [17], as well as 

their role in controlling some diseases caused by bacteria 

infecting plants [18]. 

There was limited studies on the effect of the solution 

concentrations below 4 wt% and the CS ratios below 50 wt% 

on morphological and structural properties of PEO/CS 

electrospun nanofibers. In this study, eletrospun PEO/CS 

nanofibers were produced by using electrospinning solutions 

at three different concentrations (1, 2, 3 wt%) with five 

different PEO/CS mixing ratios (30/70, 40/60, 50/50, 60/40, 

100/0). Before electrospinning process, viscosity, surface 

tension and electrical conductivity of the solutions were 

measured. Morphology, chemical bonds and crystal structure 

of the nanofibers were investigated by using FESEM, FTIR 

and XRD, respectively. Lastly, the resistance of the 

nanofibers to some types of bacteria were tested. 

2. MATERIAL AND METHOD 

2.1 Material 

In this study, two polymers (CS and PEO) were used. Low 

molecular weight CS (Mw: 50-190 kDa), and medium 

molecular weight PEO (Mw: 900 kDa) obtained from 

Sigma-Aldrich, were dissolved with (50 wt%) acetic acid 

by magnetic stirring for 24 h at room temperature. The 

electrospinning solutions were obtained by mixing of CS 

and PEO solutions at three different PEO/CS concentrations 

with five different mixing ratios by stirring at room 

temperature for 5 h (Table 1).  

Table 1. The PEO/CS electrospinning solutions 

Solution concentration 

(wt%) 
PEO/CS ratio (wt/wt) 

1 30/70-40/60-50/50-60/40-100/0 

2 30/70-40/60-50/50-60/40-100/0 

3 30/70-40/60-50/50-60/40-100/0 

 

2.2 Nanofiber Production 

Electrospinning method was used to produce PEO/CS 

nanofibers. The electrospinning setup with two variable DC 

high voltage power supplies (+50 kV and -50 kV), 

consisted of a syringe with needle, a syringe pump and a 

flat plate collector. While the needle was connected to the 

positive voltage supply, the collector plate was connected to 

a negative voltage supply. The applied voltage, solution 

flow rate, tip to collector distance (TCD), and needle inner 

diameter were kept constant as 25 kV, 15 µL/min, 20 cm, 

and 0.8 mm, respectively. During the electrospinning 

process, the ambient temperature and relative humidity 

were also constant at 30 °C and 50%, respectively. 

2.3 Characterization 

Viscosity, surface tension and electrical conductivity of 

PEO/CS electrospinning solutions were determined using 

Brookfield DV-III Ultra Rheometer, Attention Theta optical 

tensiometer and Orion 4 Star Plus meter, respectively. 

These measurements were made under standard laboratory 

conditions at 23 ± 2 °C of ambient temperature and 45 ± 

5% of relative humidity. FTIR spectra were recorded in a 

frequency range of 4000-500 cm-1 with a resolution of 4 
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cm-1. The Jasco FTIR 6800 was used. QUANTA FEG 650 

scanning electron microscope (FESEM), was used to show 

the morphologies of the nanofibrous mats. The samples 

were coated with gold at 15 kV for 90 s before observing 

the fiber morphologies. Depending on the density of the 

nanofiber sample, between 20 and 40 nanofibers were 

randomly selected to determine the average diameters of 

the PEO/CS nanofibers. The Image J program was used to 

measure diameters of the nanofibers. A PANalytical X-ray 

diffractometer (model EMPYREAN XRD) was used for 

XRD measurements, with CuKα radiation (λ: 0.154059 nm) 

accelerated at a voltage and current of 45 kV and 40 mA, 

respectively. XRD patterns were recorded from 10° to 90° 

2θ with a step size of 0.013°. Statistical analyzes were 

performed using SPSS statistical program (latest trial 

version) to investigate the relationship between nanofiber 

diameters at different mixing ratios and different 

concentrations. ANOVA tests were used and the results are 

considered significant at p ≤ 0.05. The antibacterial activity 

of the PEO/CS nanofiber samples against the 

microorganisms Staphylococcus aureus ATCC25923 as 

Gram positive organism and Klebsiella pneumoniae 

ATCC43816 as Gram negative organism was investigated 

using the disk diffusion method. Two types of bacteria S. 

aureus and K. pneumoniae were distributed with sterile 

cotton swabs on the surface of Petri dishes filled with 

Mueller Hinton agar (LAB039, A Neogen company). 

Before spreading the bacteria in the Petri dishes, two types 

of bacteria were suspended in saline (0.85%wv-1) the day 

before the test to prepare them for the test. Samples 

containing only pure PEO nanofibers were used as control 

sample. After the different PEO/CS nanofiber samples were 

added to the Petri dishes with two types of bacteria, they 

were incubated at 37°C for 24h in the bacteriological 

incubator (Binder). In order to easily apply this assay, 

PEO/CS nanofibers were collected onto a nylon layer and 

these nylon layers loaded with PEO/CS nanofibers were cut 

as samples with the dimensions as 1×1 cm2. 

3. RESULTS AND DISCUSSION 

3.1 Solution Characterization 

The surface tension, viscosity, and electrical conductivity 

values of PEO/CS electrospinning solutions at different 

concentrations and mixing ratios were measured and given 

in Table 2. 

According to Table 2, slight changes in the surface 

tension values of the solutions can be observed, but 

these changes did not follow a certain rule. The highest 

value was reached at sample PEO/CS: 30/70-2%, while 

the lowest value was at the sample of PEO/CS:50/50-

3% with values 37.99, 36.43, respectively. However, 

significant changes occurred in the viscosity values 

with the increase in CS ratio, as well as with the 

increase in concentration of the solutions. The highest 

value of viscosity was obtained for the sample of 

PEO/CS:30/70-3%. Similarly, the cationic nature of 

chitosan causes the electrical conductivity of a PEO/CS 

mixture to increase by increasing the CS ratio and by 

increasing solution concentration [19, 20], so that the 

highest value of conductivity was also obtained for the 

sample of PEO/CS:30/70-3%. The high viscosity of 

this sample makes it difficult to increase the solution 

concentration to higher values, which makes it 

impossible to obtain nanofibers by electrospinning, so 

the concentration and CS ratio were not exceeded to 

higher values than in the sample of PEO/CS: 30/70-3%. 

 

Table 2. The surface tension, viscosity and electrical conductivity of PEO/CS electrospinning solutions 

PEO/CS solution 

concentration (wt%) 

PEO/CS ratio 

(wt/wt) 

Surface tension 

(mN/m) 

Viscosity 

(cP) 

Electrical conductivity 

(µS/cm) 

1 

30/70 36.84 121 860 

40/60 36.84 115 816 

50/50 37.04 112 783 

60/40 36.91 108 758 

100/0 36.76 54 730 

2 

30/70 37.99 947 1142 

40/60 36.93 895 1033 

50/50 36.62 713 945 

60/40 36.89 553 854 

100/0 36.62 401 702 

3 

30/70 37.45 4692 1463 

40/60 36.83 4613 1294 

50/50 36.43 4463 1151 

60/40 36.81 3630 986 

100/0 36.61 1695 675 
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3.2 FTIR Analysis of PEO/CS Nanofibers 

Due to the steady increase in chitosan ratio at each 

concentration in the PEO/CS polymeric combination, 

analyzing all samples will reveal minor differences in the 

test. Thus it was preferable to chose two samples with the 

same concentration and leave it at that (2 wt percent). One 

sample containing the highest ratio of CS (70%) while  the 

other containing chitosan free- pure PEO sample. To 

determine the effect of the incorporation of CS into the 

polymer blend with PEO. Figure 1 shows the relationship 

between the wavenumber of the functional groups present 

in both samples PEO/CS:30/70-2% and PEO 2% with the 

peak intensities of these groups. 

 
 

Figure 1. The FTIR spectra of PEO 2% and PEO/CS: 30/70-2% 

 

A broad range from 3100 cm-1 to 3600 cm-1 can be 

observed in the sample PEO/CS:30/70-2%, indicating the 

formation of hydrogen bonds between the CS and PEO. A 

peak appears at the wavenumber 3368.07 cm-1 which is due 

to the OH stretching vibration of the polysaccharide. While 

at the same broad range in the pure PEO 2% sample, no 

peak or extended bond is seen, indicating the presence of 

hydrogen bonds, confirming that hydrogen bonds were 

formed only when CS entered the PEO sample [7, 9, 21]. In 

PEO/CS nanofibers, the peaks at 2887.88, 1453.10, 

1281.47, 1077.05 cm-1 indicate the stretching of aliphatic 

C-H, pending of C-H, stretching vibration of C-OH and 

stretching vibration of C-O groups in glycoside bond of 

polysaccharide structure of chitosan, respectively.  Whereas 

these groups were observed in PEO sample at 

wavenumbers of 2884.99, 1468.53, 1281.47, 1063.55 cm-1, 

respectively [7-9, 21]. In the PEO/CS sample, pending of 

secondary amine group NH and stretching of CN group can 

be observed at wave numbers 1645.95 and 1379.82 cm-1, 

respectively [7, 8]. A peak at 1119.48 cm-1 is seen, 

indicating the presence of the C-O-C group in the PEO 

sample [9, 21]. 

3.3 XRD Analysis of PEO/Chitosan Nanofibers 

The highest CS ratio (70 wt%) was chosen for XRD 

analysis to see obvious differences on the crystalline 

structures according to neat PEO nanofibers at each 

concentration of 1, 2, 3 wt% (Figure 2). In PEO 1% sample, 

peaks were observed at angles 78.23°, 64.90°, 44.55°, while 

in PEO/CS:30/70-1% they were at angles 78.60°, 65.25°, 

45.25° (Figure 2a). Similarly, peaks in PEO 2% appear at 

angles 78.39°, 64.72°, and 44.49°, while in PEO/CS:30/70-

2% they were at angles 78.39°, 65.68°, and 45.24° (Figure 

2b). Peaks also appear in PEO 3% at angles 77.88°, 64.90°, 

44.90°, while in PEO/CS:30/70-3% they were at angles 

78.95°, 65.25°, 44.90° (Figure 2c). 

From the previous results, besides the fact that the 

incorporation of chitosan, even at its highest percentage, that 

there was a large congruence in the angles of refraction. 

However, as a result of the amorphous chitosan structure 

there was a decrease in the height of the peaks, so it can be 

said that chitosan had no effect on the crystal structure of 

PEO, also increasing the concentration of the polymer 

mixture from 1 wt% to 3 wt% did not lead to any significant 

effect on the crystal structure of the samples [7, 11, 22]. 

According to the results, the introduction of chitosan in the 

PEO sample did not lead to any significant change in the 

crystal structure, with a slight decrease in the peaks. 

3.4 Morphological Analyses 

By applying FESEM analysis to each of the samples, 

the average diameters of PEO/CS nanofibers were 

calculated according to different mixing ratios and 

concentrations (Table 3).    

 

   
 

Figure 2. XRD analysis for PEO 1% and PEO/CS:30/70-1% nanofibers (A), PEO 2% and PEO/CS:30/70-2% nanofibers (B), PEO 3% 

and PEO/CS:30/70-3% nanofibers (C) 
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Table 3. PEO/CS average nanofiber diameters [nm] according to different mixing ratios and concentrations 
 

PEO/CS 

concentration (wt%) 

PEO/CS (wt/wt) 

30/70 40/60 50/50 60/40 100/0 

1 59 ± 14 82 ± 17 89 ± 21 102 ± 18 97 ± 19 

2 137 ± 16 164 ± 28 191 ± 49 208 ± 56 225 ± 46 

3 138 ± 24 166 ± 26 216 ± 31 222 ± 30 298 ± 48 
 
 

 
 

 
 

 

 
 

 
 

 

 
 

 
 

 
 

 

 

The average diameters of the nanofibers increase with the 

increase of the concentration of the solution, which was 

statistically significant (p<0.05). Since the increase in the 

concentration of the solutions is accompanied by an 

increase in its viscosity, fibers with a thicker diameter and 

fewer beads can be obtained. 

The chitosan-free PEO sample should theoretically have a 

larger diameter than any other sample containing chitosan, 

but the concentration of 1 wt% was very low viscosity, 

which made it difficult to form nanofibers by 

electrospinning, so PEO 1% nanofibers appeared with small 

diameters filled with beads (Figure 3). For all of the 

concentrations, the diameters of PEO/CS nanofibers 

decreased with the increase of the ratio of chitosan. 

Although the presence of chitosan contributes to the high 

viscosity of the solution, this must be accompanied by an 

increase in the diameters of the nanofibers. However, the 

strong hydrogen bonds that chitosan forms with other 

polymers, in addition to its cationic nature, which increases 

the electrical conductivity of the solution, makes the 

diameters of the fibers decrease even if the viscosity of the 

solution increases [7, 11]. While the relationship between 

average diameter and mixing ratio is not statistically 

significant for 1 wt% (p>0.05), it is signicant for 2 wt% and 

3 wt% (p<0.05). 

As can be seen in (Figure 3), the 1 wt% of concentration 

was completely unsuitable for obtaining regular, bead-free 

nanofibers. The chitosan-free PEO nanofibers showed full 

of beads. The introduction of chitosan helped to improve 

the viscosity of the solution, but the beads still occurred, so 

the fibers resulting from the 1 wt% concentration cannot be 

considered as regular nanofibers. The PEO/CS:60/40 ratio 

can be considered the best in terms of small number of 

beads, but the nanofibers were like flat strips. Figure 4 

shows FESEM images of the nanofibers at 2 wt% of 

concentrations.   

 
 
 

 

    

    

  

Figure 3. The electrospun nanofibers at concentration of 1 wt%: PEO/CS:100/0 (A), PEO/CS:30/70 (B), PEO/CS:40/60 (C), 

PEO/CS:50/50 (D), PEO/CS:60/40 (E) 
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Figure 4. The electrospun nanofibers at concentration of 2 wt%: PEO/CS:100/0 (A), PEO/CS:30/70 (B), PEO/CS:40/60 (C), 

PEO/CS:50/50 (D), PEO/CS:60/40 (E) 
 

 
 
 

The nanofibers at concentration of 2 wt% were produced as 

more uniform and regular and bead-free. The nanofibers 

containing chitosan at different ratios compared to the neat 

PEO nanofibers have a more regular shape. When the 

histogram graphs of nanofibers were examined, the 

nanofiber diameter distribution of the PEO/CS:30/70 was 

more uniform than the others (Figure 4). FESEM images of 

PEO/CS nanofibers at 3 wt% of concentration were given 

in Figure 5. 

 

 

    

    

  
Figure 5. The electrospun nanofibers at concentration of 3 wt%: PEO/CS:100/0 (A), PEO/CS:30/70 (B), PEO/CS:40/60 (C), 

PEO/CS:50/50 (D), PEO/CS:60/40 (E) 
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The nanofibers at concentration of 3 wt% were genarally 

produced more uniformly and regularly than those of 1 wt% 

and 2 wt%. Similarly, the diameter distributions of the 

nanofibers at 3 wt% are more regular for all mixing ratios. 

Neat PEO nanofibers showed a wider range of nanofiber 

diameter distribution. The nanofibers at the highest CS ratio 

at 3 wt% of concentration were more regular and uniform. 

 

3.5 Evaluation of Antibacterial Activity 

 

Antibacterial activity of PEO and PEO/CS samples, against 

S. aureus and K. pneumoniae was given in Figure 6 and 

Figure 7, respectively. PEO sample was applied disk 

diffusion method for the determination of its antibacterial 

properties. Three disks were placed on agar and PEO 

prepared in different concentrations (1, 2 and 3 wt%) were 

poured onto the disk as a solution using a needle. As Figure 

6 shows, two types of bacteria completely surrounded the 

disks and areas of inhibition were not formed [23]. 

 

The PEO/CS nanofiber samples with different mixing ratios 

and concentrations showed no inhibition zone against S. 

aureus or K. pneumoniae bacteria in the surrounding area 

of PEO/CS samples. The nylon layer loaded with PEO/CS 

nanofibers appeared as an transparent area within the agar, 

with no space between it and the bacteria. Thus, it can be 

said that despite the antibacterial properties of chitosan as a 

cationic polymer, the process of electrospinning with other 

polymers prevented the occurrence of these properties 

because the PEO molecules were able to surround the 

chitosan molecules in the process of electrospinning and 

prevent the occurrence of the antibacterial properties [12]. 

At the same time, other studies indicate that the 

antibacterial property of chitosan does not occur 

continuously and is closely related to its physical 

properties, especially its molecular weight [24]. Therefore, 

this study tested the highest concentrations and the highest 

proportions of chitosan that can be obtained from this low 

molecular weight of chitosan in the form of nanofibers via 

electrospinning technique. 

At all the high concentrations and proportions of chitosan, 

the PEO molecules were able to prevent the occurrence of 

the antibacterial property of chitosan. Therefore, it is 

difficult to use these fibers in an application that depends 

on the antibacterial properties of chitosan, such as wound 

dressing or medical tissues, without adding other materials 

with antibacterial properties to support the property of 

chitosan. However, due to the uniformity of the fibers 

resulting from the concentrations (2, 3 wt%) and their 

absence of beads, it is recommended to use them as 

packaging fibers for different materials such as medicines, 

fertilizers or in the field of filtration. The identical results 

were seen in all tested samples, so just antibacterial tests of 

PEO/CS:30/70-3% sample was given as an example (Figure 

7). 

 

 

Figure 6. Antibacterial activity for PEO solution against S. aureus (A) and K. pneumoniae (B) 

 

 

Figure 7. Antibacterial activity of PEO/CS:30/70-3% sample against S. aureus (A) and K. pneumoniae (B) 
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4. CONCLUSION 

In this study, nanofibers were produced from a mixture of 

low molecular weight chitosan and medium molecular 

weight PEO at different concentrations and mixing ratios 

by electrospinning method. Increasing of CS ratio and 

soltion concentration caused to increase both viscosity and 

electrical conductivity of the solutions. While 1 wt% of 

concentration was not suitable to obtain regular nanofibers, 

the other concentrations are better to obtain more regular, 

uniform and bead-free nanofibers. The sample of 

PEO/CS:60/40 at 3 wt% has the largest diameter and the 

least amount of beads among CS containing nanofibers. 

The average diameters of the nanofibers increased with the 

increase of the concentration of the solution, which was 

statistically significant (p<0.05). The average diameters of 

PEO/CS nanofibers decreased with the increase of chitosan 

ratio at all concentrations. CS caused to increase of H bonds 

intensity of PEO nanofibers. Existance of CS in the PEO 

nanofibers did not lead to any significant change in the 

crystal structure. There was no antibacterial activity of the 

PEO/CS nanofibers to two types of bacteria S. aureus and 

K. pneumoniae. PEO/CS nanofibers can be used as 

packaging fibers for different materials such as medicines, 

fertilizers or in the field of filtration due to their small 

diameters, uniform and bead-free nanfiber formation. 
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ABSTRACT 

The final attenuation and twisting of fiber take place at ring spinning machine and hence its optimized 
performance is very crucial in terms of yarn quality. Drafting at ring spinning machine has a decisive 
effect on quality. There exist many influencing parameters in the spinning geometry that have to be 
optimized for manufacturing of quality yarn. The present research work was carried out to develop 
the Artificial neural networks (ANN) based prediction model for the polyester/cotton blended ring 
spun yarns by using these influencing parameters as inputs. ANN prediction model was developed 
using resilient backpropagation algorithm. Yarn quality parameters like yarn evenness, hairiness and 
tensile parameters were predicted. The low mean absolute error values for the yarn quality parameters 
proved that it is possible to predict the yarn quality on the basis of spinning geometry for 
cotton/polyester blended ring spun yarns using Resilient Back Propagation Neural Networks. 
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1. INTRODUCTION 
 

Ring spinning hold the top position among other spinning 
processes due to its excellent quality, high count range and 
flexibility of processing variety of materials. Draft zone is 
the heart of heading spinning machine. The quality of 
drafting procedure is directly associated with the quality of 
the yarn produced. During the movement of the fibres in the 
drafting zone the fibres have to change their speed from a 
lower level to a higher level so that the draft can be 
accomplished. However, this acceleration can be smooth or 
can be abrupt. The smooth acceleration of the fibres 
indicates that drafting process is being performed with 
minimum variations. On the other hand, abrupt acceleration 
can cause the high number of imperfections in the yarn. In 

this backdrop the drafting force must be kept as uniform as 
possible by overcoming the cohesive friction among the 
fibers. The acceleration of fibers inside the drafting zone is 
influenced by the cohesion between the fibers, the draft 
zone settings, amount of draft and the processing speeds. 
The draft quality as well as the ultimate yarn quality is the 
combined effect of the interaction of these influencing 
variables with the fibrous material. The optimization of 
draft zone settings using different modeling and 
optimization techniques has been the topic of research in 
last few decades [1-8]. Similar researches had been carried 
out for the rotor spun yarns [9, 10]. The aim of the 
presented research is to optimize these technological 
parameters for optimal yarn quality. 

To cite this article: Farooq A, Khan N, Irshad F, Nasir U. 2023. Predictive Modeling of Yarn Quality at Ring Spinning Machine using 
Resilient Back Propagation Neural Networks. Tekstil ve Konfeksiyon 33(1), 9-14. 
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By changing the total draft of ring frame, the yarn count 
range can be altered. However, the same yarn count can be 
manufactured by changing the amount of draft. This can be 
done by changing the hank roving along with changing the 
amount of draft to produce the same yarn count. However, 
it does not mean that characteristics of the yarn produced at 
various draft settings even having the same count would be 
same. This implies that influence of the amount of draft 
cannot be ignored at any stage of yarn formation, as it plays 
a key role in deciding the quality parameters of ring spun 
yarn.  
 
Top arm pressure is one of the significant draft zone setting 
at ring spinning machine and greatly influence the quality 
and performance of drafting. As the top arm pressure 
increased the fibre friction field increases, which lead to 
better control over the fibre flow in the drafting zone, but if 
the top arm pressure is too high it can obstruct the drafting 
process. Similarly, a lower top arm pressure is associated 
with poor fibre control. Hence, the amount of pressure 
exerted depends upon types of raw material and its volume 
and other process parameters and therefore, must be 
optimized accordingly [11-13].  
 
Another vital drafting parameter is the apron spacing. In the 
main drafting zone, the top aprons are forced by a spring 
pressure against the lower aprons.  The distance between 
the top and bottom apron is known as apron spacing and is 
set by the "spacer". The intensity of fibre clamping, and 
thus fibre guidance, depend upon the size of the spacer. 
Spacers exert major influence during drafting process, 
which can be exhibited from yarn evenness. Similarly, 
spacers are also associated with end breakages at ring 
spinning machine thus influencing the yarn production. 
Artificial neural network (ANN) is a powerful tool to model 
and simulate the non-linear processes where a large number 
of influencing variables are involved. The artificial neural 
networks are capable of understanding the complex 
relationship that exist between the input and output variable 
and can make accurate and precise prediction on the basis 
of the provided experimental data. The artificial neural 
networks have been applied to various areas of the textile 
and yarn spinning in past [14-17]. In this research work, 
keeping in view the power of ANN to predict the output 
parameters using the experimental data of input parameters, 
ANNs have been selected in order to establish a  
 
 

quantitative relationship of yarn properties and ring 
machine variables. The present research study will be 
useful for textile researchers as a tool for further 
investigation and optimization the quality of ring spun yarn 
by adjusting the different parameters of ring spinning 
machine. 

 

2. MATERIAL AND METHOD 

The presented research work was conducted on Polyester / 
Cotton blended yarns having blend ratio of (52:48). Both 
possibilities of producing PC blended yarns, i.e. blending of 
PES with carded cotton slivers and blending of PES with 
combed cotton slivers were taken into consideration. After 
processing from the blow room and card the slivers of 70 
grains/yards were produced for both cotton and polyester. 
For carded yarns the card slivers were blended at draw 
frame. The second passage was autolevelling draw frame. 
The resulted sliver were fed to roving frame and different 
hank rovings as mentioned in the table 1 were 
manufactured.  
 
For the preparation of combed yarns, the polyester slivers 
were drafted at a pre-drawing passage at Draw frame while 
cotton is fed to the Lap former (UNI-LAP) after pre-
drawing. Then the combing was performed and 14% waste 
(noil) was extracted at this stage. Then the combed cotton 
slivers were blended with the pre-drawn polyester slivers 
for two draw frame passages to produce the slivers of 70 
grains/yard. The drawing slivers were fed to roving 
machine to produce the desired rovings. 
The produced hank rovings were subjected to yarn 
manufacturing at the miniature ring spinning as per 
following plan.  
 

As four different counts were produced from three different 
kinds of hank rovings, therefore, the amount of draft in 
each case is different. The said situation for the 30S is 
depicted in the following figure1. 

The yarn samples were tested under Standard atmospheric 
conditions (20±2°C and 65% RH). Yarn uneveness U%, 
yarn imperfections and hairiness were measured using the 
Uster Evenness tester UT-3. The tensile strength parameters 
were determined by using the different tensile strength 
testers for single yarn and yarn skiens.  

Table 1 Experimental Plan 

Material Roving Hank Yarn Count Top arm 
pressure 

Spacer Spindle Speed 

H1= (carded) 
 
H2= (combed) 

0.8 
 
1.0 
 
1.2 

C1= 20s 
C2= 22s 
C3= 26s 
C4= 30s 

P1= 14 lb 
P2= 16 lb 
P3= 18 lb 

S1= 2.00mm 
S2= 2.5mm 
S3= 3.5mm 
S4= 4.00mm 

14500 rpm 
16000 rpm 
17000 rpm 
18000 rpm 
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Figure 1. Draft settings for experimental phase 

 
 
 
 
 
 
 
 

Artificial Neural Networks Modeling and Simulation 

In order to train the artificial neural networks for the 
present research work, a Graphic User Interface (GUI) is 
programmed using Matlab software. 

The precision in modeling of artificial neural networks is of 
prime importance which can only be achieved with correct 
input selection and correct choice of network parameters 
and training algorithm. The most commonly used training 
algorithm for predictive modeling is backpropagation. 
However, it has the problems like getting stuck in local 
minima and overfitting. By using the resilient 
backpropagation algorithm, the shortcomings of 
backpropagation can be compensated. In resilient 
backpropagation the sign of derivatives is used to find out 
the increase or decrease in weights whereas the magnitude 
of weights is updated by a separate value. Backpropagation 
being the conventional gradient descent method uses the 
partial derivatives. The magnitude of these partial 
derivatives is too small and hence the possibility of getting 
stuck in the local minima is higher. Moreover, it takes long 
time for training [18-22]. 

The weights are updated in backpropagation by using the 
following terms 

 

Where 

△w= Weight Change 

α  = Learning Rate 

= Error Gradient 

= Inputs propagation back at time step t. 

However, individual delta △ij are calculated for each 
connection to determine the direction & size of the weight 
update.  

 

 

,        else 

Where  

An evolution of  (updated value) takes place during the 
learning process, which is determined by the sign of error 

gradient of the  last cycle and error gradient of 

current cycle .  

The commonly used method for testing the performance of 
artificial neural networks on the unseen data is ‘Hold out 
Method’. This implies that 90% of data is used for training 
while randomly selected 10% data is used for the testing of 
the performance of trained networks. Another method is the 
cross-validation technique in which the data is divided into 
10 subsets and the network is trained 10 times using the 
same network architecture every time using one of the 
subsets for testing while remaining 9 for the training. The 
mean absolute error in each case was calculated and mean 
absolute error was determined by taking the average of 10 
values the law mean absolute error values resulted from 
cross validation ensure the good generalization ability of 
the train network [23]. After validation, the post-processed 
data was de-normalized to get the original values from the 
normalized data.   
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3. RESULTS AND DISCUSSION 

Yarn Unevenness (U%): 

The data regarding yarn unevenness is used for neural 
network training under the below mentioned parameters in 
the table 2. The accuracy in the prediction of the trained 
network is presented in the following figure 2. Mean 
absolute error on the test set as given in term of yarn 
unevenness values is 0.479. The little difference between 
the experimental and predicted values shows the aptness for 
the neural networks.  

Table 2. Neural Network Training Parameters for Yarn Unevenness 
(U%) 

Network Parameters Values NN_ 
Unevenness 

Number of Neurons in Input Layer 8 
Number of Neurons in First Hidden Layer 7 
Number of Neurons in Second Hidden Layer 8 
Number of Neurons in Output Layer 1 
Learning Rate 0.06 
Momentum 0.7 
Number of Epochs 2000 
Stopping Error  0.001 

 

 
Figure 2. Test Set Performance of U% 

The three levels in the figure 2 shows that the values of all 
blends were included in the unseen data used for the testing 
and simulation of the trained neural network for yarn 
unevenness (U%). The cross validation was also applied to 
the data which shows the results of 0.39 and 0.57 for 10% 
and 20% cross validations respectively.  

Yarn Lea Strength: 

The data relating to yarn lea strength is subjected to neural 
network training using the following training parameters 
mentioned in the table 3. It is worth to mention here that the 
network structure used for the training of the blended yarns 
is complex in comparison with that of used for cotton. This 
is because of more number of materials used and presence 
of more complex relationships among the influencing 
parameters.  

The accuracy of the prediction of trained network is showed 
in the following figure 3. The four levels of yarn lea 

strength shows that for the unseen data set all four 
materials; PES/CO 70:30, 50:50, 30:70 and 100:0 were 
used to observe the performance of the trained neural 
network. Mean absolute error on the test set as given in 
term of lea strength values is 9.84. The slight difference in 
the actual and predicted values indicates the suitability for 
the neural networks. 8.43 lbs and 10.15lbs mean absolute 
error was observed in case of 10% and 20% cross 
validation respectively.  

 

Table 3. Neural Network Training Parameters for Yarn Lea 
Strength 

Network Parameters Values NN_Lea 
Strength 

Number of Neurons in Input Layer 8 
Number of Neurons in First Hidden Layer 7 
Number of Neurons in Second Hidden Layer 6 
Number of Neurons in Output Layer 1 
Learning Rate 0.01 
Momentum 0.6 
Number of Epochs 2000 
Stopping Error  0.001 

 

 
Figure 3 Test Set Performance for Yarn Lea Strength 

  

Yarn Single End Strength 

The data pertaining to SES is subjected to the neural 
network training using the training parameters written in 
the table 4. The prediction accuracy of the trained network 
using the hold out method is depicted in the following 
Figure 4. Mean absolute error on the test set as given in 
term of SES values is 9.12. The Cross-validation analysis, 
i.e. 10%, 20% cross validations, is conducted on the data 
and the mean absolute error in terms of SES values is 8.3 
and 13.7 is reported respectively. The little difference 
between the experimental and predicted values indicates the 
goodness of fit for the neural networks.  

Table 4. Neural Network Training Parameters for Yarn Single 
End Strength 

Network Parameters Values Values 
Number of Neurons in Input Layer 8 
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Number of Neurons in First Hidden Layer 7 
Number of Neurons in Second Hidden Layer 5 
Number of Neurons in Output Layer 1 
Learning Rate 0.08 
Momentum 0.3 
Number of Epochs 2000 
Stopping Error  0.001 

 

Figure 4. Test Performance for SES 

Yarn Elongation: 

The data relating to the yarn elongation is subjected to 
neural network training using the training parameters 
mentioned in the table 5. The accuracy in the prediction of 
the trained network is demonstrated in the figure 5. Mean 
absolute error in the test set as given in term of yarn 
elongation values is 0.24. The minute differences between 
the experimental and estimated values illustrate the fitness 
for the neural networks. The cross validation was also 
applied to the data which shows the results of 0.29 and 0.42 
for 10% and 20% cross validations respectively.  

Table 5. Neural Network Training Parameters for Yarn Elongation 

Network Parameters Values Values 
Number of Neurons in Input Layer 8 
Number of Neurons in First Hidden Layer 5 
Number of Neurons in Second Hidden Layer 3 
Number of Neurons in Output Layer 1 
Learning Rate 0.02 
Momentum 0.5 
Number of Epochs 2000 
Stopping Error  0.001 

 

 

Figure 5 Test Performance for Elongation % 

Yarn Hairiness: 

The data regarding yarn hairiness is used for neural network 
training under the network parameters mentioned in the 
following table 6. In comparison with other yarn 
characteristics, the network structure for yarn hairiness is 
complex, because of the dependance of yarn hairiness on 
different material parameters. 

Table 6 Neural Network Training Parameters for Yarn 

Hairiness 

Network Parameters Values Values 
Number of Neurons in Input Layer 8 
Number of Neurons in First Hidden Layer 8 
Number of Neurons in Second Hidden Layer 7 
Number of Neurons in Output Layer 1 
Learning Rate 0.05 
Momentum 0.3 
Number of Epochs 2000 
Stopping Error  0.001 

 

The prediction accuracy of the trained network is portrayed 
in the figure 6. Mean absolute error in the test set as given 
in term of yarn hairiness values is 0.44. The difference 
between the experimental and predicted values depicts the 
aptness for the neural networks.  

 

Figure 6 Test Performance for Hairiness 

The 10% cross validation results in the MAE of 0.48 while 
20% cross validation results in MAE of 0.69 expressed in 
terms of yarn hairiness H value. However, here that the 
prediction accuracy is not as good as with the other yarn 
quality characteristics. This is due to the fact that yarn 
hairiness is not entirely dependent on the ring spinning 
parameters. The fiber control during the spinning is one of 
the major factors influencing the yarn hairiness, however, 
fibre characteristics are also very important in case of yarn 
hairiness. 

4. CONCLUSION 

The influence of yarn count, spacer size and top arm 
pressure and draft settings on the quality of ring spun cotton 
carded as well as combed yarn was studied. In each case, 
the optimum conditions within the industrially acceptable 
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limits of the process were established. The data of yarn 
quality thus obtained was used to train the artificial neural 
networks. The trained neural networks were tested using 
hold out method and cross validation methods.  

The results showed that neural networks have accurately 
predicted the cotton yarn quality, both with carded and 
combed rovings. Higher degree of prediction accuracy was 
found while predicting the all the vital characteristics like, 

yarn lea strength, single end strength and yarn unevenness. 
However, the prediction accuracy in case of IPI is relatively 
low which is mainly attributed to the amount of neps 
present in the rovings. In this backdrop it can be concluded 
that artificial neural networks have proved success for 
predicting the yarn properties using ring spinning frame 
settings as input.  
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ABSTRACT 

In the scope of the study, the effect of fiber blending ratio, yarn count and twist factor on fiber 
migration, packing density and diameter of the cotton/acrylic blended yarns were investigated. The 
yarn samples with 75/25%, 50/50%, 40/60% cotton/acrylic blending ratios were produced with three 
different yarn numbers; 20/1 Ne, 24/1 Ne, 30/1 Ne and three twist factors; 3.5 αe, 4 αe, 4.5 αe. Thus, 
totally 27 yarn samples were obtained. The yarn cross-sectional samples were sliced with microtome. 
The image frames of yarn cross-sections were acquired via digital microscope. The yarn packing 
density was calculated by using image processing algorithm and the fiber migration was determined 
via cross-section images. The results were evaluated statistically. When the results of the study were 
examined, it was seen that the yarn blend ratio, twist factor and yarn count have a significant effect on 
the yarn packing density and diameter properties. According to fiber migration analyze results, it was 
revealed that the acrylic fiber distributed toward the yarn surface with (+) sign index values and 
cotton fiber distributed to core of the yarn with (-) sign index values for all yarn counts and twist 
factors of 40/60 and 50/50 cotton/acrylic blend ratios. 
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1. INTRODUCTION 

The blended yarns are produced by combining two or more 
different fiber components in order to benefit their 
advantages and strength in the same final product. Since 
synthetic and natural fibers have different mechanical, 
chemical and comfort characteristics, they are blended 
within the same yarn structure according to the required 
yarn properties. The distribution and uniformity of the 
fibers in the blended yarns cross-sections are important for 
determining the structural, functional, mechanical and 
visual properties of the products. The outer fibers tend to 
show more tension as they travel a longer distance during 
the ring yarn production. However, the fibers in the yarn 
center have a lower tension because they follow a straighter 
path. The outer fibers try to move to the inner region 
because they tend to have low density, while the inner 
fibers tend to have the opposite direction. The tendency of 

the fibers to displace during yarn formation is called fiber 
migration. In other words, variations of the fiber placement 
in the yarn can be defined as fiber migration. The two most 
important parameters to be considered in terms of cohesion 
and rigidity are yarn twist and fiber migration [1-8]. The 
packing density that is the maximum amount of fiber in 
yarn cross-section is also very significant parameter 
because it determines the characteristics of the yarn such as 
feeling, dyeing, thermal conductivity and bulkiness. [5]. 
Properties of the fibers such as elasticity, rigidity, length, 
fineness and strength have considerable influence on yarn 
properties. The rigidity and cohesion properties of the fibers 
are significant in the spinning and twisting process. It has 
been stated that as the twist factor becomes higher, yarns 
will have a stiffer structure because of holding fibers more 
tightly. It has been mentioned that the covering ability is 
reduced due to the decrease in the yarn diameter [9-14].  

To cite this article: Çelik Hİ, Canlı G. 2023. Effect of yarn physical properties on fiber migration and packing density of cotton/ acrylic 
blended yarns. Tekstil ve Konfeksiyon. 33(1), 15-26. 
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The relationship between yarn structure and yarn properties 
has been investigated with many different previous studies. 
In the literature it was stated that the yarn hairiness has 
major effect on packing density of a yarn. The increase in 
hairiness leads to the increase in inter-fiber distance. As the 
hairiness increases, yarn diameter also increases which 
decreases the packing density of yarn [15, 16]. If the 
number of twists on the yarn structure is high, it ensures 
that the fibers are held firmly. Since the pores in fibrous 
assemblies determines displacement of a fiber-air interface 
with a fiber-liquid interface in a capillary system, the liquid 
transfer through the fiber assemblies is restricted with high 
twist level due to less pores between fibers. So, high 
twisted yarns are often preferred where good water 
resistance and less is desired. The twist factor has important 
effect on yarn diameter and softness. So, it can be stated 
that the twist factor affects the structural and appearance 
properties of the yarn. Wearing properties (abrasion and 
pilling) are improved with the increase in the twist factor. 
Raising the level of twist helps to endure abrasion since the 
fibers cannot be easily pulled out of the yarn [15-20]. The 
fiber intensity incorporated into the yarn structure 
determines the yarn structural integrity. The higher fiber 
intensity leads to higher fiber cohesion and increased yarn 
strength [18]. 

Most of the previous studies about the effect of yarn 
physical properties on structural properties have focused on 
yarn samples with single fiber type [21-30]. Especially, the 
fiber migration characteristics have been analyzed mostly 
for single fiber types. Furthermore, the distribution of 
cotton and acrylic fibers in yarn cross-section have not been 
investigated yet. Since each fiber component demonstrate 
different behavior during their individual movements in 
spinning process, the distribution of the fiber component in 
yarn cross-section and fiber clustering characteristics 

changes according to the fiber type. So, this study was 
conducted to analyze the fiber distribution attribute for 
different cotton/acrylic blend ratios. The effects of yarn 
twist factor and linear density on fiber distribution 
characteristics were also investigated. Thus, the relationship 
between yarn physical properties (fiber blending ratio, yarn 
count and twist factor) and fiber distribution attributes 
(fiber migration, yarn packing density and yarn diameter) 
was revealed.  

2. MATERIAL AND METHOD 

2.1 Material 

For the purpose of the study, ring spun yarns were produced 
with 3 different cotton/acrylic blend ratios and 3 different 
twist factors of each yarn count. The blend ratios were 
determined as 75/25%, 50/50%, 40/60% cotton/acrylic. 
Sample yarns were blended as fibers in the blowroom line. 
The twist factors were determined as αe=3.5, 4, 4.5 and the 
yarn counts were chosen as Ne 20/1, 24/1, 30/1. Thus, 
totally 27 yarn samples were produced by using 
conventional ring spinning machine (Zinser 351). The fiber 
properties used in yarn production are submitted in Table 1. 
The physical properties of yarn samples are given in Table 
2. 

All yarn samples were tested with Uster Tester 5-S800. The 
test device adjustment was determined as speed (v) = 5000 
mm/min, measurement length (Lh) = 500mm, pre-tension 
(Fv) = 12.3 cN/tex. The tests were performed on sample 
coils. For each yarn property, 10 measurement were taken 
from each sample. 

In the scope of the study, production was performed on the 
machine park shown in Figure 1. Yarns were produced via 
blowroom blend. The brand of blowroom, card machine, 
draw frame and regulated draw machine is Trützschler. The 
roving frame and ring machine brand is Zinser.   

 

Table 1. Fiber properties 

Fiber Properties Cotton (American) Acrylic  (Dralon) 
Fiber Fineness (dtex) 2.05 1.3 ± 0.2 
Fiber Length (mm) 28.72 37 

Strength 30.6 g/tex 26 cN/tex 
Breaking Elongation (%) 5.10 23 ± 5 % 

U.I. 81.8 - 
SFI  8.4 2.4 
CG 30-1 898 

Reflectance 76.6 Bright 
Moisture (%) 6.6  - 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 1. Ring spinning production line 
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Table 2. Yarn physical properties 

 Blend 
Ratio % 
(Cotton/ 
Acrylic) 

 
Ne 

Twist 
Factor, 

αe  

 
U% 

 
CVm 

% 

 
Thin      
-50% 

 
Thick 
+50% 

 
Neps 

+200% 

 
H. 

 
Strng. 

(cN/tex) 

 
Elong. 

(%) 

1 40/60 30/1 3.5 αe 11.99 15.53 16.30 268.80 580.00 8.86 13.18 8.80 
2 40/60 30/1 4.0 αe 12.13 15.59 11.30 303.80 665.00 7.86 12.59 7.31 
3 40/60 30/1 4.5 αe 11.96 15.33 10.00 245.00 617.50 7.02 13.86 7.74 
4 40/60 24/1 3.5 αe 10.99 14.08 1.30 176.30 246.30 9.19 13.69 8.62 
5 40/60 24/1 4.0 αe 10.50 13.45 1.30 120.00 227.50 8.36 13.70 8.62 
6 40/60 24/1 4.5 αe 10.91 13.95 1.30 121.30 232.50 10.62 12.38 8.98 
7 40/60 20/1 3.5 αe 9.86 12.57 0.00 58.80 168.80 9.58 14.62 9.31 
8 40/60 20/1 4.0 αe 9.72 12.47 0.00 78.80 206.30 8.48 14.50 9.00 
9 40/60 20/1 4.5 αe 9.92 12.67 2.50 91.30 211.30 10.74 13.10 9.70 

10 50/50 30/1 3.5 αe 11.20 14.35 2.50 168.80 372.50 8.29 5.77 13.32 
11 50/50 30/1 4.0 αe 11.07 14.12 2.50 146.30 385.00 7.19 13.45 6.85 
12 50/50 30/1 4.5 αe 12.01 15.40 8.80 278.80 518.80 6.66 13.69 7.29 
13 50/50 24/1 3.5 αe 10.14 12.92 1.30 88.80 202.50 7.30 13.90 7.55 
14 50/50 24/1 4.0 αe 9.90 12.67 0.00 95.00 142.50 8.29 13.39 7.47 
15 50/50 24/1 4.5 αe 10.05 12.82 0.00 100.00 148.80 10.35 13.16 7.62 
16 50/50 20/1 3.5 αe 9.40 12.00 0.00 38.80 135.00 9.64 13.63 7.70 
17 50/50 20/1 4.0 αe 9.29 11.83 0.00 47.50 132.50 8.14 14.88 8.17 
18 50/50 20/1 4.5 αe 9.14 11.65 0.00 46.30 168.80 7.74 15.84 8.95 
19 75/25 30/1 3.5 αe 13.12 17.03 12.50 475.00 738.80 8.95 9.99 5.68 
20 75/25 30/1 4.0 αe 13.52 17.41 11.30 470.00 792.50 8.13 13.30 6.50 
21 75/25 30/1 4.5 αe 13.42 17.31 23.80 515.00 833.80 7.18 14.03 6.28 
22 75/25 24/1 3.5 αe 12.21 15.64 2.50 258.80 283.80 9.19 12.35 5.93 
23 75/25 24/1 4.0 αe 11.74 15.15 1.30 260.00 262.50 8.91 13.40 6.27 
24 75/25 24/1 4.5 αe 12.05 15.48 2.50 271.30 246.30 7.90 14.97 6.58 
25 75/25 20/1 3.5 αe 11.61 14.83 0.00 157.50 165.00 10.56 11.58 6.10 
26 75/25 20/1 4.0 αe 10.65 13.63 0.00 96.30 142.50 9.16 14.66 7.30 
27 75/25 20/1 4.5 αe 11.22 14.39 0.00 160.00 203.80 7.83 15.60 7.64 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

2.2 Method 

2.2.1. Fiber Migration 

The distribution of fibers in the yarn cross-section has 
significant effect on yarn physical and performance 
properties. In order to determine the visual, mechanical and 
structural properties of the blended yarns, the fiber 
distribution and the fiber blend irregularity in the cross-
section are evaluated as vital parameters. Mathematical 
models were proposed to analyze the radial pattern in 
packing density [31] and fiber distribution irregularity [27].  
Most common method used for the fiber distribution 
analysis for blended yarns is Hamilton Fiber Migration 
Index [27]. Hamilton Migration Method (HMM) analyzes 
the fiber distribution and orientation in yarn cross-section 
and explains it as an index. This index is predicated on the 
specific first moments of the fibers around the center of the 
yarn cross-section. The migration index is attributed to 
specific first moments of a constituent about the center of 
yarn cross-section and relates the moment (FMa) 
corresponding to the actual distribution of moments that are 
three hypothetical distributions; uniform distribution 

(FMµ ), maximum inward migration (FMI) and maximum 
outward migration (FM ο ) respectively. Therefore, it can 
be said that the fiber migration index is an explanation of 
whether the migration is outward or inward. 

In accordance with HMM, first of all, the digital image of 
yarn cross-section is divided into 5 equal parts as shown in 
Figure 2. The different fibers in the mixture are identified 
by a separate letter. In this study, “a” was used for acrylic 
and “c” was used for cotton [8]. 
ai : Acrylic fibers quantity 
ci : Cotton fibers quantity 
i : Sectional ring number 

For all rings, the quantity of the fibers in the mixture are 
counted separately [8].  

Because the densities of the acrylic and cotton fibers are 
different, the fiber cross-section areas are not the same with 
the same linear densities [8]. So, the ratio of fiber numbers 
for each layer is converted into ratio of the fiber volume by 
means of Equation (1): 
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Figure 2. Dividing the yarn cross-section into 5 equal areas  

 

                                                    (1)   

Where;  

VA = the volume of acrylic fibers, 
VC = the volume of cotton fibers, 
TA = the linear density of the acrylic fiber (dtex) 
TC =the linear density of the cotton fiber (dtex) 
ρA = the density of the acrylic fiber (g/cm3), 
ρC = the density of the cotton fiber (g/cm3), 
C = ratio between the volume of the acrylic fibers and 
cotton fibers. 

 

The relative volume of the acrylic fibers, , is calculated 
by multiplying the number of acrylic fiber ( ) with 
coefficient C. Similarly, the relative volume of cotton 

fibers, , is determined by multiplying the number of 
cotton fibers ( ) with coefficient C. The relative volume 

of fibers at each layer, , is the sum of  and . 
The actual moment (FMa) and uniform moment (FMu) of 
acrylic fiber distribution in the yarn cross section is 
calculated with Equation (2) and Equation (3) respectively. 

     (2) 

                        (3) 

Where,  , . 

If FMa< FMu, the acrylic fibers are prior to transfer inward. 

Then the fiber migration index (Min) is calculated with 

following Equation (4).    

                                    (4) 

If FMa> FMu, the acrylic fibers are prior to transfer 

outward. The fiber migration index (Mout) is calculated with 

following Equation (5).    

                                  (5) 

Where; 

FMo is the maximum possible outward migration of the 
component and FMi is the maximum possible inward 
migration.  

The fiber migration index (M) has values between -100% 
and +100%. When the fiber migration index (M) takes a 
negative sign, it indicates that the fiber component migrates 
to inner layer. On the other hand, the positive sign of the 
fiber migration index value indicates that the fiber 
component migrates to the outer layer [27]. When the fiber 
migration index value is zero, it can be said that the fibers 
are uniformly distributed within the yarn cross-section. In 
this case, uniform and balanced distribution of fiber 
components on the core and the surface is obtained [6]. 

In order to analyze the fiber migration index, the cross-
section views of the yarn samples were taken under 
microscope. For this aim, the yarn cross-section slices were 
obtained with microtome device (Figure 3). Each yarn 
sample was inserted through a special mold and fixed by 
using solidification resin. The yarn molds were placed into 
a mold holder to fix them on the microtome device. For 
each sample, 10 slices were taken via microtome with an 
optimum section thickness value of 16µm. An image 
processing system that consists of digital microscope 
camera, computer and image processing software was 
constructed as given in Figure 4. After the slices were taken 
at the specified thickness, they were analyzed under a 
microscope and yarn cross-section image frames were 
acquired. The migration rings (Figure 2) were inserted 
precisely on the yarn cross-section image frame by using 
MATLAB Image processing toolbox and the fibers were 
counted manually in each ring. 

2.2.2. Yarn Diameter 

In this study, yarn diameter was measured by using Uster 
Tester 5-S800. The Uster Tester 5 is a modular laboratory 
system, which measures the yarn diameter, density and 
roundness with optical sensor. The system also determines 
yarn evenness based on 0.3 mm and 8 mm measuring zone. 
Short-term diameter variations were measured with 0.3 mm 
zones. The Uster Tester 5 uses two parallel light beams 
creating double illumination on the yarn to measure these 
parameters optically in a two-dimensional environment at a 
high degree of sensitivity and precision [32].  
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(a)                                                       (b)                                              (c) 

Figure 3. Microtome and yarn sample mold views; (a) Microtome (b) yarn sample mold front view  (c) yarn sample mold side view 
 

 
Figure 4. Schematic diagram of the image-processing system (A) Camera (Leica DM1000), (B) Optical microscope, (C) Yarn cross-

section sample, (D) Computer 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

2.2.3. Yarn Packing Density 

Packing density is accepted as an important feature for yarn 
structure because it has a significant effect on many 
properties such as yarn feel, thermal conductivity, 
bulkiness, dyeability etc. Besides this, it has been seen that 
the amount of maximum yarn that can be wound on a 
package is also affected [15]. Packing density was 
calculated by the ratio of total area of fibres in a given zone 
to the total area of zone in the yarn cross-section. The yarn 
packing density can be determined by using three different 
methods; direct method, secant method and tracer fiber 
method. In this study, direct method was used.  

The yarn packing density was determined by using image 
processing method that has also been proposed by Kılıç M. 
et al. [25]. For this aim, the cross-section image frames of 
the yarn samples acquired by using the system in Figure 4 
were also used for yarn packing density analysis. Cross-
sectional images were processed with the algorithm that is 
prepared in MATLAB environment. The flow chart of the 
developed image processing algorithm was given in Figure 
5. In yarn cross-section view, the space between fibers was 
detected in accordance with the light intensity differences 
between fibers and spaces.   

 
 
 
 

  
Figure 5. Yarn packing density algorithm 

 
 
 
 
 



 

20 TEKSTİL ve KONFEKSİYON 33(1), 2023 

The size adjustments were made on the yarn cross-section 
image frames. The image frame in RGB (Figure 6.a) form 
was converted to gray level. The noise removing operation 
was achieved by using Gaussian filter. The Gaussian filter 
was used for image smoothing as low-pass filter. Then, the 
image frame was converted to binary form (Figure 6.b) via 
Otsu's thresholding technique. In order to determine the 
yarn packing density exactly, morphological closing was 
applied to fill in the spaces in fiber lines (Figure 6.c). 
Closing is the name given to the morphological operation of 
dilation followed by erosion with the same structuring 
element. The yarn total cross-section area is calculated by 
selecting the maximum axis of the binary image size as the 
diameter of the yarn (Figure 6.c). Finally, the ratio of total 
black pixels to total pixels in yarn cross-section area was 
calculated as yarn packing density. 
 
3. RESULT AND DISCUSSION 

3.1. Fiber Migration Results 

In the yarn samples consist of two different fiber mixture, 
the migration index takes the same value for each fiber 
component but in the opposite sign. Therefore, the sum of 
the migration index of the two fibers is equal to zero. In 
case of yarns consisting of more than two fibers, calculating 
the migration index is not as simple as mentioned, but it is 
calculated in a more complex way [8]. As the number of 
fiber components increases, since the number of equations 
will increase, more difficult and complex calculation must 
be made for each fiber type separately. In accordance with 
HMM calculation, the migration index of cotton and acrylic 
fibers were given in Table 3. For each yarn sample, 10 
migration index calculation were performed and average 
migration index value was presented.   

The migration index and direction in term of (-) and (+) 
signs of both acrylic and cotton fibers was presented 
according to yarn count and twist factor groups in Figure 
7(a) and Figure 7(b) respectively. Migration values of 
acrylic and cotton fiber components are given separately for 
each sample. The (-) sign in the values (Table 3) indicates 
that the fiber is oriented towards the yarn core. Migration 
values with (+) sign (Table 3) indicate that the fiber is 
oriented towards the yarn surface. When the results were 
analyzed according to the blend ratio, it can be clearly seen 
that the acrylic fiber distributed toward the yarn surface 
with (+) sign index values and cotton fiber distributed to 
core of the yarn with (-) sign index values for all yarn 
counts and twist factors of 40/60 and 50/50 cotton/acrylic 
blend ratios. According to the theoretical and experimental 
findings, it was proved that the fibers with higher Young’s 
modulus move toward the inner side of the yarn structure. 
So, the mass percentage of the fibers with lower Young’s 
modulus increases on the external side of the yarn structure 
[1,5,27]. Since the acrylic fiber have lower Young’s 
modulus than that of cotton, the acrylic fibers located to the 

surface of the yarn and the cotton placed on the core. This 
result coincidence with the previous studies submitted by 
Ryklin D. and Silich T. [1] and Najar S.S. et all. [5]. This 
situation is different for 75/25 cotton/acrylic blended yarns. 
The acrylic fiber placed to the core of the yarn and the 
cotton fiber placed to the outer side of the yarn cross-
section for 75/25 cotton/acrylic yarn samples for all counts 
and twist factors. This result was attributed to the fact that 
the cotton fiber occupies the larger part of the yarn cross-
section and also cotton fiber component have higher length 
than acrylic fiber (Table 1). When the general trend of 
acrylic migration index with respect to the cotton blend 
ratio is investigated, it can be said that as the acrylic ratio 
increases, the cotton fibers migrate to the core and the 
acrylic fiber migrates to the outward of the yarn cross 
section. According to the yarn linear density, as the yarn 
becomes thicker, the migration indexes of components 
increase in all mixtures. This obtained result coincides with 
experimental and theoretical findings of the study achieved 
by Zheng, S.M. et all. [27]. It was proved that the migration 
index values are larger with courser yarns [27].     

 

Table 3. Fiber migration index (M) values (%) 
 

Cotton/Acrylic 
Blend Ratio  

(%) 

Twist 
Factor 

(αe) 

Yarn 
Count 
(Ne) 

M  
(Acrylic) 

M 
(Cotton) 

 
 
 
 

40/60 

 
3.5 

30/1 7 -7 
24/1 9 -9 
20/1 10 -10 

 
4 

30/1 8 -8 
24/1 10 -10 
20/1 8 -8 

 
4.5 

30/1 10 -10 
24/1 11 -11 
20/1 12 -12 

 
 
 
 
 
 
 

50/50  

 
3.5 

30/1 4 -4 
24/1 6 -6 
20/1 7 -7 

 
4 

30/1 6 -6 
24/1 7 -7 
20/1 9 -9 

 
4.5 

30/1 7 -7 
24/1 8 -8 
20/1 9 -9 

 
 
 
 

75/25  

 
3.5 

30/1 -10 10 
24/1 -11 11 
20/1 -12 12 

 
4 

30/1 -11 11 
24/1 -12 12 
20/1 -14 14 

 
4.5 

30/1 -12 12 
24/1 -13 13 
20/1 -14 14 
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                                                 (a)                                                (b)                                              (c) 

Figure 6. Packing density MATLAB views of yarn cross-sections, (a) Microscope view, (b) Binary view, (c) Closing morphological view 
 

    
a) Acrylic                                                                                      b) Cotton 

Figure 7. Fiber Migration Index (%) values representation 
 
Since the migration index values of the both fiber 
components differ only for their signs, ANOVA is made for 
only one component in order to determine the significance 
of the independent components; yarn count, twist factor and 
blend ratio. In this study, univariate analysis of variance test 
was used for ANOVA. According to ANOVA results in 
Table 4, among three yarn physical properties, only the 
fiber blend ratio has statistically significant (Sig = 0.000) 
effect at 95% confidence interval on fiber migration values. 

Tukey multiple comparison test was applied to compare the 
acrylic migration values of the blend ratios (Table 5). 

According to the results of Tukey analysis, it is seen that 
there is a significant difference between the values 75/25 
blend ratio and other two blend ratios of 40/60 and 50/50. 
However, there is no difference between the acrylic 
migration values of the yarn samples with 40/60 and 50/50 
blend ratios. The lowest acrylic migration value was obtained 
with 75/25 blend ratio, while the highest acrylic migration 
value was obtained with 50/50 blend ratio. As observed from 
the subsets, the acrylic fiber positioned to the core of the yarn 
cross-section with 75/25 cotton/acrylic blend ratio and they 
are placed to the outer surface of the yarn structure with 
50/50 and 40/60 cotton/acrylic blend ratios.   

 
Table 4. Acrylic fibers migration ANOVA result 

Tests of Between-Subjects Effects 

Dependent Variable:  Acrylic 
Migration           

Source Type III Sum of 
Squares df Mean Square F Sig. Partial Eta 

Squared 
Blend Ratio 63566.430 2 31783.215 862.894 .000 .688 
Twist Factor 71.207 2 35.604 .967 .381 .002 
Yarn Count 125.267 2 62.633 1.700 .183 .004 

Error 28840.467 783 36.833       
Total 100822.000 810         

Corrected Total 93459.822 809         
a. R Squared = .691 (Adjusted R Squared = .681) 

 



 

22 TEKSTİL ve KONFEKSİYON 33(1), 2023 

Table 5. Tukey multiple comparison test of blend ratio on acrylic fiber migration 

Blend Ratio %, (Cotton/Acrylic) N Subset 
1 2 

 75/25 270 -9.51   
 50/50 270   9.07 
 40/60 270   9.48 

 
 
 

3.2. Yarn Diameter Results 

The fibers are considered as the main factor in the yarn 
structure. More efficient estimation of the fabric properties 
is achieved by knowing the volume of fibers in the yarn 
formation. One of the parameters used in the analysis of 
fabric structural properties such as width, cover and 
comfort is the yarn diameter. The cover factor of the fabric 
can cause a large change even with a small change in the 
diameter of the yarns. As the twist factor increases, the yarn 
diameter decreases. Similarly, when the yarn count in Ne 
increases, that means the finer yarns, the yarn diameter 
decreases [12]. The yarn diameter measurements that were 
achieved with Uster Tester 5 are given in Table 6.   

 
Figure 8. Yarn diameter values  

 
Table 6. Yarn diameter values 

 Blend Ratio % (Cotton/Acrylic) Yarn Count, Ne Twist Factor, αe Diameter (mm) 
1 40/60 30/1 3.5  0.24 
2 40/60 30/1   4  0.23 
3 40/60 30/1 4.5 0.22 
4 40/60 24/1 3.5 0.27 
5 40/60 24/1   4 0.26 
6 40/60 24/1 4.5 0.25 
7 40/60 20/1 3.5  0.30 
8 40/60 20/1 4  0.28 
9 40/60 20/1 4.5  0.27 
10 50/50 30/1 3.5  0.24 
11 50/50 30/1 4 0.23 
12 50/50 30/1 4.5  0.22 
13 50/50 24/1 3.5  0.28 
14 50/50 24/1 4  0.26 
15 50/50 24/1 4.5  0.25 
16 50/50 20/1 3.5  0.30 
17 50/50 20/1 4  0.28 
18 50/50 20/1 4.5  0.27 
19 75/25 30/1 3.5  0.26 
20 75/25 30/1 4  0.24 
21 75/25 30/1 4.5  0.23 
22 75/25 24/1 3.5  0.29 
23 75/25 24/1 4  0.27 
24 75/25 24/1 4.5  0.26 
25 75/25 20/1 3.5  0.31 
26 75/25 20/1 4  0.30 
27 75/25 20/1 4.5  0.28 
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The diameters of the samples were compared according to 
the blend ratio, yarn count and twist factor in Figure 8. 
When the yarn sample diameters were analyzed according 
to yarn count, it is seen that with 40/60 cotton/acrylic blend 
ratio, yarn diameter value increases as the yarn gets courser. 
However, similar consistency was not obtained with other 
blend ratios;50/50 and 75/25 cotton/acrylic. As observed 
from Figure 8, the yarn diameter increases from Ne 20/1 to 
Ne 24/1 and it decreases from Ne 24/1 to Ne 30/1. When all 
the yarn samples are investigated, it can be observed that 
the yarn diameter decreases as the twist factor increases in 
the same blend ratio. For the yarn samples with 24 Ne 
count, the yarn diameter increases with the increase of 
cotton fiber content for all twist factor values.   

According to the variance analysis of yarn diameter results 
(Table 7), all yarn physical parameters; yarn count (Sig = 
0.000), twist factor (Sig = 0.000) and blend ratio (Sig = 
0.000) have significant effect on the yarn diameter results 
in 95% confidence interval. When F values are examined, it 
is seen that the highest effect comes from yarn count (F = 
185.444). Other two parameters; blend ratio and twist factor 
have fewer effects on the yarn diameter than yarn count.    

Tukey multiple comparison tests were applied to compare 
the yarn diameter values of the blend ratio, twist factor and 
yarn count groups. According to the Tukey analysis results 
for blend ratio (Table 8), it is seen that there is a significant 
difference between 75/25 blend ratio and other blend ratio 
groups. However, it is seen that there is no difference 
between the yarn diameter values of the yarn samples with 
the blend ratio of 40/60 and 50/50. The lowest yarn 
diameter values were obtained in the blend ratio of 40/60, 
while the highest yarn diameter values were obtained in the 
blend ratio of 75/25. According to Table 8, it can be 
analyzed that the yarn diameter increases, as the cotton 
ratio of yarn content increases.  

According to Tukey table given in Table 9, there is a 
significant difference between the yarn diameter values of 
the yarn samples with the twist factors; αe = 3.5, αe = 4 and 
αe = 4.5. The lowest yarn diameter value was obtained with 
αe = 4.5, and the highest yarn diameter was obtained in αe 
=3.5. Also, it is seen that the yarn diameter values decrease 
as the twist factor increases.  This finding can be explained 
by the fact that the twist effect has a higher radial force and 
thus results in a more compact and stiffer yarn structure. 

 
Table 7. Yarn diameter ANOVA result 

Tests of Between-Subjects Effects 
Dependent Variable:  Diameter           

Source Type IV Sum of 
Squares df Mean Square F Sig. Partial Eta 

Squared 
Blend Ratio .003 2 .002 17.444 .000 .392 
Twist Factor .011 2 .005 52.778 .000 .662 
Yarn Count .037 2 .019 185.444 .000 .873 

Error .005 54 .000    
Total 5.659 81     

Corrected Total .057 80     
a. R Squared = .906 (Adjusted R Squared = .861) 

 
 

Table 8. Tukey multiple comparison test of blend ratio on yarn diameter 

Blend Ratio % 
(Cotton/Acrylic) N Subset 

1 2 
40/60 270 .2578  
50/50 270 .2589  
75/25 270  .2722 

 
  

Table 9. Tukey multiple comparison test of twist factor on yarn diameter 

Twist Factor αe N Subset 
1 2 3 

4.5 270 .2500     
4.0 270   .2611   
3.5 270     .2778 

 
Table 10. Tukey multiple comparison test of yarn count on yarn diameter 

Yarn Count Ne N Subset 
1 2 3 

30  270 .2356     
24 270   .2656   
20 270     .2878 
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The diameter differences between yarn count groups were 
analyzed according to Tukey multiple comparison test 
(Table 10). It was obtained that there is a significant 
difference between the yarn diameter values of each yarn 
count. It is also seen that the yarn diameter value increases 
as the yarn count decreases that means courser yarns. This 
situation is expected because of yarn structure. When the 
yarn count decreases (gets courser), the higher number of 
fibers will be inserted in unit length and so greater yarn 
diameter will be obtained.   

3.3. Yarn Packing Density Results 

Table 11 shows the packing density values of the yarn 
samples. The yarn packing density were analyzed according 
to blend ratio, twist factor and yarn count in Figure 9. When 
all yarn samples were examined, it was clearly seen that the 
packaging density increase with increase in the twist factor. 
Similar relationship between twist factor and packing 
density was also revealed by Taheri M. et all. [10]. It was 
stated that for a given yarn count, assuming the yarn cross-
section is negligible, higher twist factor cause higher 
pressure from the surface to internal fibers, which results in 
a more packed cross-section and hence higher packing 
density [10]. According to the comparison of the yarn 
samples in terms of blend ratio, it can be revealed that yarn 
packing density generally increases as the cotton content 
increases. This finding can be attributed to the cross-section 
shape of cotton and acrylic fibers. The kidney shaped 
cotton fiber allows higher compression and packing in a 
unit area than that of dog bone shaped acrylic fiber. The 
study on the effect of constituent fibers on yarn packing 
density has also been investigated by Sinha et al. [30]. They 

also found a similar result and proved that cross-section 
shape and other factors deciding the compatibility of blend 
constituents influence the degree of packing.  

It was stated that the mixing of non-circular fibers with 
circular fibers is likely to disrupt the uniformity in the 
distribution of the masses and thus affect the packing of the 
fibers. The study [30] revealed that non circular cross 
section of PVA cause hindrance in close packing.    

 
Figure 9. Packing density of yarn samples 

According to the variance analysis (Table 12); all 
independent parameters; yarn count (Sig = 0.000), twist 
factor (Sig = 0.000) and blend ratio (Sig = 0.000) have 
significant effect on the yarn packing density values within 
95% confidence interval. When F values are examined, it is 
seen that the maximum effect was obtained with blend ratio 
(F = 17.840). 

 

Table 11. Packing density values of yarn samples according to fiber blend ratio 

40/60 % Cotton/Acrylic 
3.5 αe 4 αe 4.5 αe 

30/1 24/1 20/1 30/1 24/1 20/1 30/1 24/1 20/1 
0.61 0.60 0.58 0.63 0.61 0.60 0.65 0.64 0.63 

50/50 % Cotton/Acrylic 
3.5 αe 4 αe 4.5 αe 

30/1 24/1 20/1 30/1 24/1 20/1 30/1 24/1 20/1 
0.64 0.61 0.59 0.65 0.63 0.61 0.66 0.64 0.62 

75/25 % Cotton/Acrylic 
3.5 αe 4 αe 4.5 αe 

30/1 24/1 20/1 30/1 24/1 20/1 30/1 24/1 20/1 
0.66 0.64 0.63 0.67 0.65 0,64 0.69 0.66 0.65 

 
 

Table 12. Yarn packing density ANOVA result 

Tests of Between-Subjects Effects 
Dependent Variable:  Packing Density         

Source Type IV Sum of Squares df Mean Square F Sig. Partial Eta Squared 
Blend Ratio .195 2 .098 17.840 .000 .044 
Twist Factor .136 2 .068 12.400 .000 .031 
Yarn Count .176 2 .088 16.040 .000 .039 

Error 4.284 783 .005       
Total 329.189 810     

Corrected Total 4.820 809     
a. R Squared = .111 (Adjusted R Squared = .082) 
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According to the comparison analysis in terms of blend 
ratio groups (Table 13), it is seen that there is a significant 
difference between the packing density values of 75/25 
blend ratio and other two blend ratios of 40/60 and 50/50 
cotton/acrylic. There is no difference between the yarn 
packing density values of the yarn samples with the blend 
ratio of 40/60 and 50/50 cotton/acrylic. The lowest yarn 
packing density value was obtained in the blend ratio of 
40/60 cotton/acrylic, while the highest yarn packing density 
value was obtained in the blend ratio of 75/25 
cotton/acrylic. As proved from Table 13, higher cotton ratio 
leads to greater packing density in yarn cross-section. 

According to the Tukey comparison for twist factor groups 
(Table 14), there is a significant difference between the 
yarn packing density values of all twist factor groups. It can 
be clearly seen that there is a direct proportion between 
packing density and twist factor. So, yarn packing density 
values increases as the twist factor increases. This result 
was attributed to the fact that the level of transverse 
pressure is influenced by the level of twist [30]. According 
to finding by Jiang et al. [13], the fibers are distributed in a 
less scattered way with increased twist factor, and this 
makes the whole yarn structure more compact.  

 
Table 13. Tukey multiple comparison test of blend ratio on packing density 

Blend Ratio % 
(Cotton/Acrylic) N 

Subset 
1 2 

40/60 270 .6173   
50/50 270 .6271   
75/25 270   .6540 

 
Table 14. Tukey multiple comparison test of twist factor on packing density 

Twist Factor αe N 
Subset 

1 2 3 
3.5 270 .6170     
4.0 270   .6328   
4.5 270     .6487 

 
Table 15. Tukey multiple comparison test of yarn count on packing density 

Yarn Count Ne N 
Subset 

1 2 3 
20  270 .6512     
24  270   .6321   
30  270     .6151 

 
 
The packing density values were statistically compared in 
terms of yarn count in Table 15. According to the Tukey 
table (Table 15), there is a significant difference between the 
yarn packing density values of each yarn count. There is a 
direct proportion between packing density and yarn count, so 
it can be said that as the yarn gets finer, the yarn packing 
density decreases vice versa. This result is similar to the 
previous studies performed by [10,13,24,27,28]. According 
to both theoretical and experimental measurements, it was 
found out that the courser yarns signify that they have more 
fibers in their cross sections and so the total compressive load 
acting on the yarn leading to increased packing density [13].  

4. CONCLUSION 

The most important challenge of the study is revealing 
effect of yarn physical properties such as yarn count, blend 
ratio and twist factor on yarn packing density, diameter and 
fiber migration properties for blend yarn. This study 
proposes a detailed analysis for yarn samples consists of 
two fiber components.  

In 40/60 and 50/50 cotton/acrylic blend ratios, the cotton 
fibers placed toward the inner part of the yarn and acrylic 
placed toward the yarn surface. In the blend ratio of 75/25 
cotton/acrylic, acrylic fibers move toward the inner part of 
the yarn and cotton fiber locates toward the yarn surface. It 
was proved that the blend ratio has significant effect on 
fiber migration property. It was revealed that the yarn 
structure can be designed according to the migration 
property of corresponding blend ratio. For example, the 
colored fiber constituent can be placed to the outer side and 
the gray fiber can be positioned in the core. On the other 
hand, the fiber with soft hand touch and higher moisture 
regain can be distributed to the outer surface and the stiffer 
and stronger fiber constituent can be located to the inner 
side of the yarn cross-section.  

It was revealed that three of yarn independent parameters; 
blend ratio, twist factor and yarn count have significant 
effect on yarn diameter. The most prominence property 
among all independent parameters was determined as yarn 
count. As it is expected from the spinning technology, the 
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yarn diameter decreases with the increase in yarn count 
(finer yarns). It was observed that the cotton content in the 
yarn structure leads to higher yarn diameters for finer 
counts. Since the higher twist factor causes higher radial 
force on the yarn structure, the diameter of the yarn 
decreases with increased twist factors.   

Direct proportion between cotton content and yarn packing 
density was determined. As, the cotton ratio increases, the 
yarn packing density value also increases. The higher twist 
factor leads to higher packing density. This result can be 
attributed to the higher radial forces caused by the higher 
twist factor and hence the higher compression effect on the 

fibers. There is an inverse proportion between yarn count 
and packing density. As the yarn count increases i.e., the 
yarn becomes finer, packing density decreases. It was found 
out that the courser yarns include higher amount of fiber in 
their cross sections and so the higher compressive load 
acting on the yarn leading to increased packing density.  
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ABSTRACT 

The abrasion behavior of denim fabrics could be affected by fabric surface properties (surface friction 

coefficient and roughness) depending on fabric structural parameters. This work aimed to investigated 

the friction coefficients and surface roughness properties of denim fabrics woven with different 

structural parameters after abrasion. In general, while the abrasion process reduced the fabric friction 

coefficients during the initial abrasion cycles, the surface's friction coefficient increased as the 

number of abrasion cycles increased. However, due to the increased abrasion cycles, there was a 

steady decline in the roughness values of the fabric surfaces. Denim fabrics were woven with a 3/1 

twill weave pattern. When the effect of the fabric structural parameters on fabric friction coefficient 

and roughness values were evaluated, the yarn count (Nm), yarn density, and fabric cover factor 

showed negative correlation coefficients. In contrast, the thickness, unit weight, and bulk density of 

fabric showed positive correlation coefficients. 

 

ARTICLE HISTORY 

Received: 17.08.2021 

Accepted: 20.09.2022 

 

 

 

 

 

KEYWORDS 

Denim fabric, friction 

coefficient, surface roughness, 

structural properties 

 
 

 
 

 

 
 

 
 

 

 
 

 
 

 
 

 

 
 

 
 

 
 

 

 
 

1. INTRODUCTION 
 

Denim fabrics are conventionally woven with a 3/1 twill 

weave structure using 100% cotton yarns. While indigo-

dyed cotton yarns are used in the warp yarns that make up 

the fabric structure, the weft yarns consist of undyed cotton 

yarns. As a result of denim fabrics woven with dyed warp 

yarns and undyed weft yarns using warp-faced twill weave 

structure, fabrics' front and back surfaces appear in different 

colors [1]. In addition, denim fabrics are woven in 2/2 twill 

or plain weave structures [2, 3]. Denim structures can be 

produced with yarns containing polyester, polyamide, and 

elastane to have ergonomically designed and the desired 

performance properties. [3, 4]. 
 

Surface roughness plays an important role in fabric 

handling properties. Fabric surfaces are not exactly smooth; 

they have geometric roughness at specific intervals 

according to their structural properties. Periodic variations 

of the fabric surface resulted from the regular crossings of 

the yarns in the weave structure. Each of the yarns 

intersecting with each other causes geometric roughness. 

The large repeating units in the structure form rough 

textures, while the smaller ones form fine textures. [5, 6]. 

 

The friction force is the force that resists moving relatively 

to each other between two materials' opposing surfaces. 

Frictional properties of fabrics are essential for determining 

roughness degree, smoothness, or other tactile properties. 

Moreover, fabric friction property is necessary for 

determining fabric features such as abrasion and wear. 

Fabric structures with a low friction coefficient are 

generally smooth. These fabric structures indicate little 

frictional resistance to movement applied to their surface. 

Some studies assume that fabric's low friction coefficient is 

less affected by the mechanical effects resulting of low 

abrasion [7-11].  

To cite this article: Kara G, Akgun M. 2023. Investigation of the friction coefficients and surface roughness properties of denim fabrics 

after abrasion. Tekstil ve Konfeksiyon 33(1), 27-36. 
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Friction properties of fabrics vary according to fiber content 

variations, yarn properties, fabric structure, and finishing 

processes [12]. In polyester blends made with cotton and 

viscose fibers, it was found that the friction force increased 

as the cellulose ratio increased in the blend [9]. Due to the 

variation of fabric surfaces, the friction resistance of fabrics 

is not always linearly proportional. A study on the effect of 

weave structure on the friction coefficient of cotton fabric 

surfaces found that the highest friction coefficient values 

were obtained in plain fabrics, and the lowest friction 

coefficient values were obtained in twill fabrics. Regarding 

the effect of weave structure on the friction coefficient of 

plain, twill, and satin weaves, it was concluded that the 

open contact area was the essential factor in fabric's 

frictional characteristics. [13-15]. Structurally, the yarn 

crowns and fiber ends that are formed as a result of the yarn 

intersections on the fabric surface affect the fabric 

smoothness [16] and friction properties [17-20].  

 

The balance of the fabric surface depends on the position of 

warp and weft yarns. In determining the surface 

characteristics of the fabric, yarn crimp values are 

significant, as well as the yarn densities and yarn counts. 

Yarn crimps are influenced by the yarn count, yarn density, 

and weave structure. If the crimp values of the warp and 

weft yarns are close to each other, the fabric appearance is 

more or less stable. When the yarn crimp values are quite 

different, an irregular fabric surface is formed where one of 

the yarn systems is dominant [5]. In the study carried out by 

Ukponmwan [21], it was observed that the systematic 

increase in yarn settlings changed the yarn crimps (surface 

boundaries) and thus the fabric smoothness, provided that 

the yarn counts were constant [18, 20]. When the yarn 

settlements are systematically increased in woven fabric 

constructions, for example, the friction resistance against 

movement on the fabric surface systematically increases in 

the case of an increase in weft yarn density. As a result, it 

was obtained that the friction on the weft-faced surface is 

greater than the friction on the warp-faced surface. This 

result is due to the "knuckle effect" [11] as a result of the 

high level of crimps in the warp yarns, although there is a 

reduction in the spacing between the weft yarns due to the 

increase in the weft density [17-20]. Although a systematic 

increase in fabric structures (such as the number of yarns in 

cm) increases frictional resistance, it makes the fabric 

surface smoother. This result is due to the tightening of the 

yarn settlements and the reduction of the peak heights of 

the yarns during yarn intersections. As the yarn thickness 

increases (yarn diameter increases), the friction resistance 

and surface roughness increase too. This result is due to the 

increase in the mechanical intersection heights of the yarn 

crowns [22, 23]. 

 

There are studies investigating the effects of abrasion on 

various mechanical performance properties of fabrics [24, 

25]. In a study examining the effects of abrasion on tensile 

and tear strength properties of newly developed structural 

denim fabrics [24], it was stated that the tensile strength 

properties of abraded large structural pattern denim fabrics 

were generally lower compared to small structural pattern 

and conventional denim fabrics. In addition, it was stated 

that the tensile and tear strength properties of all denim 

fabrics generally decreased as the abrasion cycles were 

increased [24]. 

 

In a study investigating the effects of abrasion on the 

strength, elasticity, and recovery properties of stretch-

denim fabrics stated that the comfort related to body 

movement and the shape retention properties of the stretch-

denim fabrics were affected by abrasion. In addition, it was 

stated that the fabric structure with a higher level of 

elastane content resulted in a more significant loss of shape-

retention properties due to abrasion [25]. 

 

Due to wearing, using, washing, and cleaning, abrasion 

damage occurs on the fabric structures. In addition to 

causing a loss of performance durability, such as strength in 

fabric structures, abrasion also affects properties such as 

fabric appearance, wearing comfort, and comfort durability 

[25].  

The extent to which abrasion affects the friction 

coefficients and fabric surface roughness of denim fabrics 

in terms of appearance and wearing comfort, especially in 

denim structures with a high usage lifetime in terms of 

durability, should be considered as a design parameter. For 

this purpose, it was investigated to what extent the fabric 

structural parameters and abrasion cycles affect the 

tribological properties of denim fabric structures, such as 

friction coefficients and fabric surface roughness. 

 

This study aimed to investigate the effect of surface 

roughness and friction coefficient values of denim fabrics 

woven with different structural properties on abrasion 

behaviors. Fabrics were abraded at different abrasion 

cycles. The friction coefficients and surface roughness 

values of the fabrics after each abrasion cycle were tested. 

The effects of abrasion cycles on the friction coefficients 

and roughness values of the fabric surfaces were evaluated 

depending on the fabric structural parameters. From the 

results, the effects of fabric structural parameters on 

abrasion, which should be taken into consideration in 

determining the structural parameters suitable for fabric 

usage performance in denim fabric designs, were analyzed. 

 

2. MATERIAL AND METHOD 

2.1 Material 

The denim fabrics used in the experimental study were 

woven with 100 % cotton open-end indigo dyed warp yarns 

and with undyed open-end weft yarns containing 97 % 

cotton - 3% elastane. Fabrics were woven with a 3/1 twill 

weave structure. The structural properties of denim fabrics 

are given in Table 1. 
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Table 1. Fabric structural properties  
 

Fabric 

Code 

Yarn Count 

[Nm] 

Yarn Density 

[thread/cm] 

Yarn Crimp 

[%] 
Cover Factor Fabric 

Thickness 

[mm] 

Fabric Unit 

Weight 

[g/m2] 

Fabric Bulk 

Density [g/cm3] 
Warp Weft Warp Weft Warp Weft 

Warp 

[Kwa] 

Weft 

[Kwe] 

Fabric 

[Kf] 

F1 14 12 26 18 18 19 22.93 17.15 26.04 0.78 423.5 0.54 

F2 14 17 30 20 17 30 26.46 16.01 27.34 0.73 412.1 0.56 

F3 14 18 29 20 15 28 25.58 15.56 26.92 0.75 411.5 0.55 

F4 14 18 31 19 20 18 27.34 14.78 27.69 0.76 388.6 0.51 

F5 20 25 39 22 10 40 28.78 14.52 28.38 0.68 342.0 0.50 

F6 22 33 37 22 10 40 26.03 12.64 26.92 0.55 284.0 0.52 
 
 

 
 

 

 
 

 
 

 
 

2.2 Method 

Measurement of thickness and unit weight of the fabric 
 

The thickness and unit weight of fabrics were measured 

according to ASTM D1777-96 (2007) [26] and ASTM 

D3776 (2011) [27], respectively.  

 

Calculation of fabric bulk density 
 

Fabric bulk density (FBD) was calculated according to 

Equation (1) [28, 29]: 
 

FBD (g/cm3) = Fabric unit weight (g/cm2) /  

Fabric thickness (cm)          (1) 

 

Calculation of fabric cover factor 
 

Warp cover factor (Kwa) and weft cover factor (Kwe) were 

calculated to Equations (2) and (3) [30]: 
 

          (2) 
 

          (3) 
 

where, n1 and n2 are warp and weft yarn density 

(thread/cm); Nm1 and Nm2 are warp and weft yarn count in 

Nm (metric count; length in meters of 1 g of yarn), 

respectively. 
 

Calculation of fabric cover factor (Kf) is presented by 

Equation (4) [30-32]: 
 

       (4) 
 

where ‘f’ stands for fabric, ‘wa’ stands for warp, and ‘we’ 

stands for weft. 
 

Abrasion test 
 

The abrasion tests of the fabrics were carried out under the 

load of 12 kPa, in the Nu-Martindale abrasion test device, 

by the standard of ASTM D 4966 [33], and four different 

abrasion cycles (2500, 5000, 10000, and 50000) were 

applied. Since denim fabrics were generally designed as 

structures with long-term use resistance and, simultaneously, 

considering the properties such as the high fabric unit 

weight of the denim samples used in the experimental 

study, it was aimed to obtain a higher abrasion effect. 

Therefore, the fabric samples were tested under a 12 kPa 

abrasive load. 

 

However, to obtain a measurement length of at least 50 mm 

for roughness and friction, the locations of standard 

abrasive wool fabric and denim fabric samples were 

changed in the test device. Standard abrasive wool fabric 

was used on the upper face (the face with 38 mm diameter) 

of the motion plate, while denim fabric under test was 

mounted on the stable plate (the face with 140 mm 

diameter). Surface friction and roughness values were 

measured after each abrasion cycle, and the same fabric 

samples were used in the continuing abrasion cycles. 

 

Friction coefficient test 
 

The ratio of friction force (F) to normal force (N) between 

two surfaces is defined as the friction coefficient (μ=F/N). 

Static friction coefficient (μs) is the ratio between the 

maximum value of the friction force and the normal force, 

and kinetic (dynamic) friction coefficient (μk) is the ratio 

between the friction force and the normal force in motion. 

In general, the static friction coefficient is higher than the 

kinetic friction coefficient for the same material. According 

to the adhesion theory, when the friction behavior of two 

surfaces is investigated microscopically, contact is occurred 

on touching roughs between two surfaces when a force is 

applied to two surfaces that touch each other. Strong 

asperities must be eliminated to overcome the object’s 

frictional force and slip from the surface. The smaller the 

actual contact area (the sum of the asperities), the less load 

required for the slip to occur, and the friction coefficient 

will decrease accordingly [7]. 

 

The static (μs) and kinetic (μk) friction coefficients used to 

evaluate the friction characteristics of the fabrics were 

measured according to ASTM D1894 [34] standard on a 

Labthink Param MXD-02 friction coefficient test device 

(Figure 1). Static and kinetic friction coefficients of the 

denim samples were measured by fabric-to-fabric (i.e., 

denim fabric-to-abrasive wool fabric) friction by using 

standard abrasive wool fabric (ASTM D 4966) [33]. The 
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denim fabric sample under test was mounted on the sled 

(mass of sled: 200 g), and the standard abrasive wool fabric 

was mounted on the moving plate (the test speed: 150 

mm/min; the measurement length: 150 mm) of the 

coefficient tester. Friction measurements of fabric samples 

were made in warp and weft directions, three measurements 

were recorded in each fabric direction, and mean values 

were calculated. 

 

 
 

Figure 1. Friction coefficient tester (Labthink Param MXD-02) 

 

Surface roughness test 
 

Surface roughness values of denim samples were measured 

by a roughness tester (Accretech Surfcom 130A) (Figure 2). 

Surface roughness values were recorded according to ISO 

4287-1997 standard [35]. The measurement was performed 

in a steady-state without causing any further tension on the 

sample. Three roughness measurements were made in each 

direction (warp and weft) with the selected measurement 

parameters of 50 mm evaluation length (0.8 mm cut-off 

value) and 1.5 mm/s measurement speed. Three 

measurements were recorded in each fabric direction, and 

mean values were calculated. 

 

 
 

Figure 2. Surface roughness tester (Surfcom 130 A) 

 

The arithmetic average height (Ra) parameter was measured 

to characterize the surface roughness properties of denim 

fabrics. Arithmetical average height is defined as the average 

absolute deviation of the roughness irregularities from the 

mean line in the evaluation length [36].  

 

Correlation coefficient analysis 
 

The effects of fabric structural parameters (yarn count, yarn 

density, yarn crimp, yarn cover factor, fabric thickness, 

fabric unit weight, fabric bulk density, and fabric cover 

factor) on fabric friction coefficient and surface roughness 

to abrasion were investigated by correlation analysis. 

The correlation coefficients (r-value) higher than 0.3 were 

considered related but with a weak relationship, and the 

correlation coefficients higher than 0.6 were considered to 

have moderate to strong relationship levels [37,38]. The 

correlation coefficient analysis results (r-value) are given in 

Tables 2 - 4. 

 

Microscopic Analysis 
 

Optical microscopic photographs of original (non-abraded) 

and 50000 cycles fabric samples, taken under a microscope 

coupled to a digital camera, were presented (15 times 

magnified) to observe the fabric surface appearance after 

the abrasion process according to the different 

constructional parameters. 

 

3. RESULTS AND DISCUSSION 

3.1 Friction coefficients of fabrics 

In Figures 3 and 4, the changes in the friction coefficients 

of denim fabrics in warp and weft directions depending on 

the abrasion cycles were presented. In Fig. 3, it was 

observed that as the number of abrasion cycles increases, 

the μs values of surface increase in the overall fabrics 

except for the F1 fabric. This increase appeared to occur in 

an almost linear form due to abrasion in F5 and F6. When 

the structural properties of F5 and F6 fabrics were 

examined (Table 1), it was observed that they have low 

fabric unit weight, low fabric thickness, and low fabric bulk 

density values. Also, in the F5 and F6 fabrics, the weft 

crimp values were significantly higher than that of the other 

fabric structures. Unlike other fabrics, the μs values of the 

F1 fabric, which had the highest fabric unit weight, 

decreased as the number of abrasion cycles increased, and it 

increased after 10000 abrasion cycles. When the changes in 

the μk values of the warp direction were examined, it was 

found that generally, in all fabrics (except for F3 fabric), 

there was a decrease in the μk with the increasing number 

of abrasion cycles, and a significant increase occurred after 

about 10000 abrasion cycles. 

When the warp direction friction behaviors of the fabrics in 

Fig.3 were examined, it could be observed that the 

tendencies of abrasion-related changes in the μs and μk 

were different from each other. It was observed that the 

deformation, which occurred on the surface (such as the 

fiber ends pulled out of the yarn structure in the fabric 

surface) of the fabric after the abrasion, increased the μs 

values (which occurs because of the resistant effect 

between the two surfaces during the start of the first 

movement) of the fabric surface, while it decreased the μk 

values obtained after the process started. It was seen that 

the decrease in the μk values might occur by the 

deformation of the twill diagonals due to the abrasion 

effect. And also, the fiber ends that were pulled through the 

yarn to the fabric surface after abrasion would decrease the 

μk, as they filled the gaps between twill diagonals within 

the fabric structure. 
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When the weft direction friction behaviors of the fabrics in 

Fig.4 were examined, it was observed that the μs and μk 

values decreased as the number of abrasion cycles 

increased at 10000 abrasion cycles. However, they 

increased after almost 10000 abrasion cycles. It was found 

that the diagonal peaks originating from the 3/1 twill weave 

structure forming the denim fabrics deformed due to the 

abrasion, and the friction coefficients decreased in the 

initial abrasion cycles. However, due to the continued 

abrasion process, it was found that the fiber piles and 

deformation on the fabric surface could have caused the 

increased friction coefficient between the two friction 

surfaces.  

 

Correlation analysis between the fabric structural properties 

and friction coefficients was presented in Tables 2 and 3 

depending on the different abrasion cycles in warp and weft 

directions. 

 

In Tables 2 and 3, it could be seen that there was a negative 

correlation between yarn count and fabric friction 

coefficient values. This result showed that as the yarn count 

increased (in Nm), in other words, as the yarn fineness 

increased, the friction coefficient values decreased. When 

the effects of the yarn densities on the fabric friction 

coefficients were examined, the correlation between them 

was found to be negative. This result showed that as the 

yarn densities increased, the friction coefficients of the 

denim fabrics decreased.  

 

When the effects of yarn crimps in the fabric structure on 

the friction coefficient of the fabric surface were examined, 

it was seen that the crimp effect of the yarns created a 

negative correlation in the weft direction while creating a 

positive correlation in the warp direction. This result 

showed that; as the crimps on the warp yarn increased, the 

values of the friction coefficients in the warp direction also 

increased; on the other hand, as the crimps on the weft yarn 

increased, the values of the friction coefficients in the weft 

direction decreased. This effect of the yarn crimps on the 

fabric friction coefficient values was because of their 

having a warp-dominant surface due to the 3/1 twill weave 

structure of the denim fabrics used in this study, and the 

increase in the friction coefficient in the warp direction with 

the rise in the amount of the crimps on the warp yarns, 

which were dominant on the fabric surface.  

 

In Tables 2 and 3, it was observed that there was a negative 

correlation between the warp cover factor and the fabric 

friction coefficient in the warp direction. At the same time, 

there was a positive correlation between the weft cover 

factor and the fabric friction coefficient in the weft 

direction. Here, as the warp cover factor increased, the 

warp direction friction coefficient decreased. This result 

showed that as the warp direction cover factors of the warp-

faced fabric surfaces (3/1 twill) increased, the friction 

coefficients of these surfaces would decrease. When the 

cover factor values of the weft yarns increased, their weft 

direction friction coefficient would also increase. This 

result was thought to be due to the fact that factors that 

increase the cover factor of the weft yarn system (such as 

increased weft density or increased thickness of the weft 

yarn) caused an increase in the distance between the 

diagonals formed by the twill structure on the warp faced 

fabric. Thus, the increase in the distance between the 

diagonals originating from the twill structure on the fabric 

surface also increases the friction coefficients in the weft 

direction. In denim structures, it was observed that the warp 

yarn cover factors' having higher values gave favorable 

results in reducing the friction coefficient in the warp 

direction. It could be also stated that keeping the weft yarn 

cover factor at low levels might be appropriate to reduce 

the friction coefficient in the weft direction. However, it 

was observed that negative correlation coefficients were 

obtained in both warp and weft directions between the 

fabric cover factor values and fabric friction coefficients.   
 

 
 

Figure 3. Change of fabric friction coefficient values in the warp direction 
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Figure 4. Change of fabric friction coefficient values in the weft direction 

 

Table 2. Correlation coefficients between the fabric structural properties and friction coefficients in the warp direction 
 

Coefficient of 

Friction 

Abrasion 

Cycle 

Warp Yarn 

Count 

Warp Yarn 

Density 

Warp Yarn 

Crimp 

Warp 

Cover 

Factor 

Fabric 

Thickness 

Fabric 

Unit 

Weight 

Fabric 

Bulk 

Density 

Fabric 

Cover 

Factor 

μs 

0 -0.53 -0.73 0.54 -0.78 0.54 0.62 0.54 -0.69 

2500 -0.65 -0.85 0.56 -0.78 0.41 0.58 0.75 -0.80 

5000 -0.75 -0.91 0.64 -0.81 0.42 0.61 0.61 -0.60 

10000 -0.77 -0.95 0.66 -0.84 0.67 0.77 0.67 -0.80 

50000 0.21 -0.13 -0.11 -0.55 -0.41 -0.20 0.41 -0.61 

μk 

0 -0.57 -0.77 0.67 -0.78 0.48 0.58 0.57 -0.72 

2500 -0.58 -0.72 0.66 -0.62 0.63 0.55 0.83 -0.66 

5000 -0.79 -0.66 0.67 -0.62 0.76 0.71 0.63 -0.62 

10000 -0.75 -0.95 0.79 -0.86 0.59 0.70 0.65 -0.82 

50000 -0.05 -0.35 0.29 -0.63 -0.09 0.02 0.29 -0.64 

 

 

Table 3. Correlation coefficients between the fabric structural properties and friction coefficients in the weft direction 

 

Coefficient of 

Friction 

Abrasion 

Cycle 

Weft Yarn 

Count 

Weft Yarn 

Density 

Weft Yarn 

Crimp 

Weft 

Cover 

Factor 

Fabric 

Thickness 

Fabric Unit 

Weight 

Fabric 

Bulk 

Density 

Fabric 

Cover 

Factor 

μs 

0 -0.77 -0.87 -0.75 0.79 0.63 0.64 0.58 -0.69 

2500 -0.64 -0.75 -0.60 0.76 0.57 0.56 0.65 -0.48 

5000 -0.58 -0.66 -0.49 0.68 0.41 0.54 0.61 -0.93 

10000 -0.22 -0.61 -0.63 0.52 0.43 0.48 0.69 -0.67 

50000 -0.57 -0.81 -0.81 0.48 0.50 0.40 -0.01 -0.47 

μk 

0 -0.78 -0.96 -0.90 0.72 0.67 0.67 0.39 -0.72 

2500 -0.45 -0.69 -0.70 0.60 0.30 0.47 0.67 -0.80 

5000 -0.53 -0.66 -0.53 0.56 0.37 0.53 0.68 -0.96 

10000 -0.50 -0.81 -0.87 0.31 0.45 0.40 0.63 -0.57 

50000 -0.51 -0.77 -0.83 0.35 0.46 0.36 -0.03 -0.33 
 
 

 
 

 

 
 

 
 

 
 

 

 
 

 
 

In Tables 2 and 3, it was observed that there was a positive 

correlation between the fabric thickness and the fabric 

friction coefficient in the warp and weft directions. In other 

words, the fabric friction coefficients increased as the fabric 

thickness increased. Because the diagonal peak heights 

would also increase as the fabric thickness increase in the 

twill fabric structures, the difference in height between the 

peak and the valley points of the fabric surface increased 

the friction coefficient between the two surfaces. Similar to 

fabric thickness, fabric unit weight and fabric bulk density 

was found to be positively correlated with the friction 

coefficients in the warp and weft directions. The friction 

coefficient of the fabric surfaces increased together with the 

increase in the fabric unit weight and fabric bulk density.  

 

In Tables 2 and 3, it was observed that the correlation 

between fabric structural properties and the friction 

coefficients of the fabrics was remarkable up to 50000 

abrasion cycles. Especially, it was observed that the fabric 

structural properties did not significantly affect the fabric 

friction coefficients in warp direction at 50000 abrasion 

cycles. It was seen that the correlation coefficients between 

the structural parameters and the friction coefficients were 

low in warp direction at 50000 abrasion cycles. This result 
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was because the warp-faced denim fabric surfaces were 

subjected to abrasion. 

 

3.2 Surface roughness of fabrics 
 

In Fig.5, the changes in arithmetic average roughness 

values (Ra) of denim fabrics depending on the abrasion 

were presented. It was observed that when the abrasion 

cycle increased, the roughness values in the warp and weft 

direction of the fabrics decreased. In Fig.5, it was also 

shown that the roughness values in the weft direction of the 

fabrics were higher than the roughness values in the warp 

direction. This result could be due to the 3/1 twill weave 

structure of the denim fabrics. During the roughness 

measurement in the warp direction, the stylus probe of the 

roughness measurement device moves on the warp yarn 

floating since it carries out the measurement on a warp yarn 

dominant surface. During the measurement of roughness in 

the weft direction, while the stylus probe of the instrument 

moves in the direction of the weft, it carries out its 

movements in the cross direction on each of the three 

floating yarn crowns of the warp yarn dominant surface. 

Therefore, since the measurement device moved in the weft 

direction and passed over each of the warp yarns one by 

one, it was considered that the indentation-protrusion zones 

between the yarns increased the roughness of the surface. 

 

Regression equations and R2 values of the changes in 

surface roughness of fabric samples after abrasion cycles 

were given in Figure 5. In Fig. 5, when the slopes of the 

changes in the surface roughness values that vary 

depending on the abrasion were examined, it was observed 

that the change in the warp direction roughness values was 

greater than in the weft direction. This result was because 

of the high deformation of the abraded warp yarn surface at 

the fabric surface where the warp yarns dominate due to the 

3/1 twill structure. Experimental results showed that surface 

roughness values of denim fabrics decreased as abrasion 

cycles increased.   

 
 
 
 

 

Figure 5. Change of fabric surface roughness values in warp and weft direction 

 

 

Table 4. Correlation coefficients between the fabric structural properties and surface roughness 
 

Surface 

Roughness 

Abrasion 

Cycle 
Yarn Count Yarn Density Yarn Crimp 

Warp Cover 

Factor 

Fabric 

Thickness 

Fabric Unit 

Weight 

Fabric Bulk 

Density 

Fabric 

Cover 

Factor 

Warp 

Direction 

0 -0.32 -0.61 0.46 -0.81 0.34 0.30 0.65 -0.77 

2500 -0.84 -0.97 0.76 -0.78 0.66 0.78 0.72 -0.75 

5000 -0.61 -0.87 0.59 -0.89 0.44 0.55 0.57 -0.90 

10000 -0.45 -0.71 0.61 -0.83 0.42 0.41 0.49 -0.79 

50000 -0.69 -0.87 0.77 -0.82 0.66 0.68 0.43 -0.74 

 
Abrasion 

Cycle 
Yarn Count Yarn Density Yarn Crimp 

Weft Cover 

Factor 

Fabric 

Thickness 

Fabric Unit 

Weight 

Fabric Bulk 

Density 

Fabric 

Cover 
Factor 

Weft 

Direction 

0 -0.58 -0.72 0.73 -0.64 0.60 0.51 0.06 -0.59 

2500 -0.64 -0.55 0.69 -0.20 0.68 0.54 -0.06 -0.15 

5000 -0.62 -0.52 0.59 -0.17 0.71 0.56 -0.05 -0.11 

10000 -0.64 -0.63 0.66 -0.36 0.62 0.53 0.06 -0.34 

50000 -0.42 -0.31 0.35 -0.01 0.41 0.30 -0.09 -0.02 
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In Table 4, the correlation between the yarn properties 

constituting the denim fabrics and the surface roughness 

(Ra) depending on different abrasion cycles was presented. 

It was observed that there was a negative correlation 

between the yarn counts and the roughness values of the 

fabric surface. As the yarn count was increased (in Nm), in 

other words, as the yarn became finer, the roughness values 

of the fabric surface decreased. When the correlation 

between yarn densities and fabric surface roughness was 

examined, it would be seen that there was a negative 

correlation between the yarn densities and the surface 

roughness values of the fabrics. As the yarn densities 

forming the fabric increased, the roughness values of the 

fabric surface decreased. A positive correlation was 

observed between the yarn crimps in the fabric structure 

and the roughness values of the fabrics, and the surface 

roughness increased as the yarn crimp increased. 

 

The literature stated that the fabric surface roughness 

decreased with increasing yarn density. This result could be 

due to the positioning of the yarns within the fabric 

structure. An increase in yarn density decreased the gaps 

between the yarn peaks, decreasing surface roughness [39-

41]. 

 

In Table 4, when the values of cover factor and the roughness 

values in warp and weft directions of fabrics were examined, 

a negative correlation was observed between them. This 

result indicates that when the cover factors were increased, 

the roughness values of the fabric surface would be reduced. 

Also it was seen that the correlation coefficients between 

cover factor and roughness values in the warp direction were 

higher than in the weft direction. This could be result the 

fabrics where the warp yarns dominate, due to the 3/1 twill 

structure. In general, it was observed that there was a positive 

correlation between the fabric thickness, fabric unit weight, 

fabric bulk density, and fabric surface roughness values. 

When the thickness, unit weight, and bulk density values of 

fabrics were increased, the surface roughness values of the 

fabrics were increased. 

 

Digital photographs of all fabric samples (F1 – F6) were 

presented in Figure 6 to consider the abrasion effect on the 

fabric surface appearance. 

 

4. CONCLUSION 

This study investigated the abrasion behaviors of denim 

fabrics woven with different structural parameters and the 

relation between surface friction coefficients and surface 

roughness values of fabrics depending on these parameters. 

While the abrasion process reduced the friction coefficients 

of the fabrics during the initial abrasion cycles, the surface's 

friction coefficient increased as the number of abrasion 

cycles increased. The changes occurring in the friction 

coefficient due to abrasion showed different tendencies for 

the warp and weft directions of the fabrics. However, due to 

the increased number of abrasion cycles, there was a steady 

decline in the roughness values of the fabric surfaces.  

 

Denim fabrics were woven with a 3/1 twill weave pattern. 

When the effect of the fabric structural parameters on fabric 

friction coefficient and roughness values were evaluated, 

the yarn count (Nm), yarn density, and fabric cover factor 

showed negative correlation coefficients. In contrast, the 

thickness, unit weight, and bulk density of fabric showed 

positive correlation coefficients. 

 

Results showed that the highest friction coefficient and 

roughness values were in fabrics woven with thick yarn and 

low yarn density values. And also the maximum variation on 

the fabric surface in terms of friction coefficient and 

roughness due to abrasion was in these types of fabrics. 

However, even though the non-abraded states of the fabrics 

woven with fine yarn and high density values have low 

roughness and friction coefficients, it was determined that the 

variations in surface roughness and friction coefficients of 

these structures were high with increasing abrasion cycles. 

 

The extent to which abrasion affects the friction 

coefficients and fabric surface roughness of denim fabrics 

in terms of appearance and wearing comfort, especially in 

denim structures with a high usage lifetime in terms of 

durability, should be considered as a design parameter. 

 

Due to the fact that the abrasion effect on the fabric surface 

could be measured precisely and objectively with the 

friction coefficient and surface roughness measurements; it 

could be envisaged that the friction coefficient and surface 

roughness parameters might be the parameters to be 

considered in the stages of determining the appropriate 

structural parameters in the fabric design process and 

determining various performance properties in the 

production and usage process. 
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Figure 6. Digital photographs of all fabric samples 
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ABSTRACT 

In this study, the influence of knitting structure and metal wire amount on the electromagnetic 
shielding effectiveness (EMSE) of knitted fabrics were investigated comparatively. Single jersey, 
single pique, weft locknit, and cross miss fabrics involving stainless steel or copper wires were 
produced on a flat knitting machine. In order to measure the EMSE, a free space measurement 
method was used in an anechoic chamber because of its high reproducibility and accuracy.  The 
variance analysis results of the EMSE values showed that knitting structure, metal wire type, metal 
wire amount, and incident wave frequency is highly significant. It was observed that fabrics with tuck 
and miss loop structures had higher EMSE values than single jersey fabrics. Also, single pique fabrics 
had higher EMSE than single jersey fabrics that contain twice as much metal wire. It indicates that the 
knitting structure has a great effect on EMSE rather than the amount of the conductive material. 
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1. INTRODUCTION 

The proliferation of electricity demand, ever-advancing 
technologies such as AM and FM radio, television, cordless 
and mobile phones, base station transmitters, wireless 
networks, cordless baby monitors, garage door openers, global 
positioning systems, microwave ovens, radar, etc. and changes 
in social behavior have dramatically increased our exposure to 
electromagnetic radiation (EMR), or electromagnetic fields 
(EMF) in the last two decades. Therefore, everyone is exposed 
to a complex mix of weak electric and magnetic fields, both at 
home and at work[1]. While the health impacts of this form of 
radiation are inconclusive[2–4], many people are concerned 
about how long-term exposure to excessive EMR may impact 
human health and nature. As a result, a need to develop textile 
products that implement electromagnetic shielding has 
occurred[5]. 

The electromagnetic shielding effectiveness (EMSE) of a 
shielding material is related to the residual traveling energy 
after applying the shield. The residual energy is the energy 

that is neither reflected nor absorbed by the shield, but that 
emerges out of the shielding material[6]. EMSE can be 
measured with different methods as reported by the 
standards [7–10]. 

Conductive fabrics have been used to shield electromagnetic 
fields in the defense, electrical, and electronic industries[6]. 
Metallic coated yarns, metal wires, metallic fibers, 
conductive polymers, or composite yarns are used for 
producing electromagnetic shielding textile materials. 
Electromagnetic shielding fabrics are produced via various 
types of fabric production techniques, including knitting, 
weaving, or nonwoven. Conductive fabric reinforced 
composites and conductive material coated fabrics are also 
used as electromagnetic shielding textile materials. [11]. 

There have been some researches about the EMSE 
properties of knitted fabrics in literature. Researchers used 
the free space measurement technique, the shielded box 
shielding efficiency measurement technique, and the 
coaxial transmission line technique. Palamutçu et al.[12] 

To cite this article: Tezel S, Kavuşturan Y, Vandenbosch GA, Volski V. 2023. Influence of Knitting Structure and Metal Wire Amount 
on Electromagnetic Shielding Effectiveness of Knitted Fabrics. Tekstil ve Konfeksiyon 33(1), 37-44. 
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designed a new setup to measure EMSE based on the free 
space technique. They investigated the EMSE of four kinds 
of single jersey knitted fabrics (860 - 960 MHz, 1.750 - 
1.850 GHz). Çeken et al.[13–15] and Kayacan[16] also 
designed an EMSE setup based on the free space technique 
as well. In their study, they investigated the EMSE of 
knitted fabrics (750 MHz - 3 GHz) under room conditions. 
Çeken et al. investigated the EMSE of plain, rib, full 
cardigan, plain knitted fabrics with one and two miss stitch 
rows [13], cross-miss 1x1 plain knit, single pique, interlock, 
double pique [14] and six types of knitted fabrics with their 
backside covered with conductive yarns [15]. Kayacan [16] 
also investigated the EMSE of single jersey and interlock 
knitted fabrics before and after washing cycles. Ciesielska-
Wróbel and Grabowska[17] examined the EMSE of three 
kinds of knitted fabric samples, namely single -left-right 
stitch, double - a sleeve type - left-right stitch, and double - 
left-right stitch - layer exchange. The EMSE values were 
measured for the electric field (30 Hz - 6 GHz) and for the 
magnetic field (10 Hz - 1 GHz) using isotropic E-field and 
H-field probes. Özkan studied the antimicrobial and EMSE 
properties of metal composite single jersey[18] and 1x1 rib 
fabrics[19, 20]. EMSE of samples was measured according 
to the free space test method (0.8 - 5.2 GHz). Tezel et 
al.[11] investigated the EMSE with both the coaxial 
transmission line (100 MHz - 1.5 GHz) and free space 
measurement (1 GHz - 18 GHz) techniques on single jersey 
fabrics. Mühl and Obelenski[21] investigated the EMSE of 
jersey fabrics which consist of cotton yarns including silver 
coated polyamide fibers and warp-knitted fabrics produced 
with a weft lapping technique. A shielded box shielding 
efficiency measurement set-up (800 MHz - 3 GHz) was 
used to measure the EMSE. Stegmaier et al.[22] designed a 
shielded box EMSE test device. The researchers measured 
the EMSE of knitted fabrics including silver coated 
filaments (250 MHz - 3 GHz). Perumalraj and 
Dasaradan[23] examined the EMSE of rib, interlock, and 
single jersey samples produced with Cu wire/cotton fiber 
core yarns. They used shielded box shielding efficiency 
measurement method (800 MHz - 3 GHz). Örtlek et al.[24] 
examined the EMSE of pique, plain (E28), and double-knit 
structures (E18) with the shielded box shielding efficiency 
measurement method (30 MHz - 9.93 GHz). Apart from the 
studies performed with the free space measurement 
technique[11–20] and the shielded box shielding efficiency 
measurement technique[21–24], there are also studies on 
EMSE of knitted fabrics performed with the coaxial 
transmission line technique[11, 25–44]. Knitted fabrics give 
different EMSE values for each frequency when measured 
with different measurement techniques and / or different 
polarizations[11]. In other words, the results of the coaxial 
transmission line technique are not directly comparable 
with shielded box and free space measurement techniques. 

The main point of EMSE measurement is to minimize the 
electromagnetic noise caused by electrical devices, mobile 
phones, base stations, and Wi-Fi transmitters. In other words, 

the electromagnetic noise caused by the environment affects 
the test accuracy. In this study the free space measurement 
technique by using an anechoic chamber was preferred for 
the EMSE measurements because of its high reproducibility 
and accuracy[45–48]. Therefore, the noise caused by the 
environment was eliminated. In addition to this, a 
mathematical-based software solution to remove the 
contribution due to scattering, namely the time-gating 
technique was applied. As a result of using a professional 
EMSE test operation system, we could able to measure the 
EMSE results with high accuracy.  

In this study the effects of the knitting structure and metal 
wire amount on the EMSE of knitted fabrics comparatively. 
Therefore, four knitting fabric structures (single jersey, single 
pique, weft locknit, cross miss) were produced. For the 
comparison of metal wire amount and knitting structures, 
single jersey fabrics were knitted with three different 
amounts of stainless steel (SS) and copper (Cu) wires.  

2. MATERIAL AND METHOD 

2.1 Material 

A hollow spindle twisting machine was used to produce 
conductive composite yarns (CCYs). Same machine 
settings were applied for all productions. In order to 
investigate the metal wire type effects, AISI 316L type 50 
μm SS and 50 μm Cu conductive metal wires were doubled 
with Ne 60/2 count cotton yarns (Co). The linear resistance 
of SS and Cu wires were 400 Ω/m and 14 Ω/m respectively. 
In Table 1, linear density of the Co and CCYs are given. 

Single jersey, single pique (lacoste), weft locknit and cross 
miss knitting structures were produced to investigate the 
influence of plain, tuck and miss loop structures on the 
EMSE of the knitted fabrics. While single jersey fabrics 
have only loop structure, single pique fabrics have loop and 
tuck structures. Both, weft locknit and cross miss fabrics 
have loop and miss loop structures. In Figure 1, the knitting 
structures and schematic views of the fabrics that were 
investigated in the study are given.  

Fabrics were knitted with the same machine settings on an 
E12 Stoll CMS 411.6 flat knitting machine. Tezel et al.[49] 
reported that while spandex yarn usage improves the 
residual extension properties of the knitted fabrics with 
CCYs, they do not have an effect on the EMSE of the 
fabrics. In this respect, for having better fabric quality, 
three yarns and a 70 denier spandex yarn (EL) were not 
wrapped, but they were fed together during the knitting 
process. Each single jersey, single pique, weft locknit and 
cross miss fabric sample was produced with one CCY, two 
cotton yarns, and a spandex yarn. In order to understand the 
metal wire amount effects on EMSE, Single Jersey fabrics 
involving a spandex yarn were also produced with 3 
different composite yarn amounts. In Table 2, yarn 
composition and fabrics’ dimensional properties are given. 
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2.2 Method 

The fabrics were subjected to dry-relaxation. The samples 
were laid on a flat and smooth surface and kept in 
atmospheric conditions for one week (20±2°C and 65±4% 
relative humidity). The fabric properties were measured 
according to ISO 7211-2 (course and wale per cm) and ISO 
3801 (fabric weight) standards. The yarn loop length values 
were determined by using a Hatra-like tester. The test was 
conducted as suggested in the literature [50, 51]. Loop length 
values of the single pique and weft locknit fabrics that have 

different knitting structures for alternating courses such as 
knit and tuck or miss loop structures were also measured and 
calculated separately for each alternating course.  

EMSE Measurements 

EMSE measurements were conducted in an anechoic 
chamber by using the free space measurement technique 
because of its high reproducibility and accuracy[45–48]. 
Measurements were performed at 200 different frequencies 
(1 GHz- 18 GHz) with 85 MHz intervals by positioning two 
horn type directive antennas (Figure 2).    

 

Table 1. Linear density of the cotton yarn and CCYs 

Yarn Composition  Linear Density 
Metal Wire  Cotton Yarn  Ne Nm 
50 μm SS + Ne 60/2 Co  Ne 17,28 Nm 29,26 
50 μm Cu + Ne 60/2 Co  Ne 15,30 Nm 25,91 

- + Ne 60/2 Co  Ne 30,76 Nm 52,08 
 

              
(a) (b) (c) (d) 

Figure 1. Knitting notations and schematic views of the fabric samples, (a) Single Jersey, (b) Single Pique, (c) Weft Locknit, (d) Cross Miss 

Table 2. Yarn composition and dimensional properties of the fabrics 

Knit 
Structure 

Fabric 
Code Yarn Composition 

Courses 
per cm 

Wales 
per cm 

Stitches 
per cm2 

Weight 
(g/m2) 

Loop Length 
(mm) 

Single 
Jersey 

RL-CO (Ne60/2Co)+(Ne60/2Co)+(Ne60/2Co)+70DenEL 13,7 8,9 121,9 358,2 4,76 

RL-SS (50μmSS+Ne60/2Co)+(Ne60/2Co)+(Ne60/2Co)+70DenEL 14,0 7,9 110,6 381,3 4,68 
RL-SSx2 (50μmSS+Ne60/2Co)+(50μmSS+Ne60/2Co)+(Ne60/2Co)+70DenEL 15,7 6,1 95,8 416,7 4,69 
RL-SSx3 (50μmSS+Ne60/2Co)+(50μmSS+Ne60/2Co)+(50μmSS+Ne60/2Co)+70DenEL 15,0 5,8 87,0 444,6 4,65 

RL-CU (50μmCu+Ne60/2Co)+(Ne60/2Co)+(Ne60/2Co)+70DenEL 13,2 8,4 110,9 432,6 4,71 
RL-CUx2 (50μmCu+Ne60/2Co)+(50μmCu+Ne60/2Co)+(Ne60/2Co)+70DenEL 13,7 7,8 106,9 515,6 4,71 
RL-CUx3 (50μmCu+Ne60/2Co)+(50μmCu+Ne60/2Co)+(50μmCu+Ne60/2Co)+70DenEL 15,0 6,7 100,5 564,9 4,65 

Single 
Pique 

PIQ-CO (Ne60/2Co)+(Ne60/2Co)+(Ne60/2Co)+70DenEL 22,3 7,3 162,8 392,6 Knit:4,51 
Tuck:4,15 

PIQ-SS (50μmSS+Ne60/2Co)+(Ne60/2Co)+(Ne60/2Co)+70DenEL 22,3 5,9 131,6 392,0 Knit:4,38 
Tuck:4,08 

PIQ-CU (50μmCu+Ne60/2Co)+(Ne60/2Co)+(Ne60/2Co)+70DenEL 21,7 6,6 143,2 485,3 Knit:4,43 
Tuck:4,15 

Weft 
Locknit 

MIS-CO (Ne60/2Co)+(Ne60/2Co)+(Ne60/2Co)+70DenEL 17,7 9,0 159,3 389,7 Knit:4,78 
Miss:3,37 

MIS-SS (50μmSS+Ne60/2Co)+(Ne60/2Co)+(Ne60/2Co)+70DenEL 18,3 7,1 129,9 424,1 Knit:4,68 
Miss:3,32 

MIS-CU (50μmCu+Ne60/2Co)+(Ne60/2Co)+(Ne60/2Co)+70DenEL 18,0 8,0 144,0 471,6 Knit:4,72 
Miss:3,33 

Cross 
Miss 

MISS-CO (Ne60/2Co)+(Ne60/2Co)+(Ne60/2Co)+70DenEL 19,3 10,6 204,6 413,4 3,51 
MISS-SS (50μmSS+Ne60/2Co)+(Ne60/2Co)+(Ne60/2Co)+70DenEL 23,3 8,2 191,1 468,2 3,04 
MISS-CU (50μmCu+Ne60/2Co)+(Ne60/2Co)+(Ne60/2Co)+70DenEL 23,3 8,8 205,0 500,1 3,42 

Co: cotton yarn, SS: stainless steel wire, Cu: copper wire, EL: spandex yarn 
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Figure 2. Free space measurement: (a) anechoic chamber, illustration of fabric positions: horn antennas and the fabric sample, in (b) 

horizontal, and (c) vertical direction. 
 
 
 

A dedicated mathematical algorithm was applied to remove 
the contribution due to scattering. More information can be 
found in [11, 45–48, 52]. EMSE properties of fabrics were 
measured in both horizontal, and vertical directions (Figure 2) 
related to the electric field polarization of the antennas. The 
test was repeated three times for each direction. However, the 
EMSE test of horizontal positioned cross miss knitted fabric 
with SS wire (MISS-SS) could not be performed because of an 
insufficient sample size. EMSE is defined as the ratio of the 
field before and after applying the shield. EMSE is 
logarithmically expressed in decibels (dB). The percentage of 
electromagnetic shielding efficiency (%) represents the 
material’s ability to block waves in terms of percentage. 
EMSE [dB] is converted into percentage of electromagnetic 
shielding (%) using the Equation (1) as in [53]: 

(1) 
In order to show the significance of the knitting structure or 
the amount of metal and the frequency on the EMSE of 
horizontally positioned knitted fabrics with SS and Cu wire 
content, a two factor completely randomized ANOVA 
analysis was carried out with a significance level of %5. 
“Student Newman Keuls” (SNK) method was used to 
compare the means for a rejected hypothesis. The levels of 
the treatment were noted in accordance with the mean 
values. The levels with the same letters indicate 
insignificant differences. 

3. RESULTS AND DISCUSSION 

Consistent with former studies [11, 21, 24, 38], the free 
space measurement technique EMSE results indicate that 
the knitted fabrics with CCYs that are investigated in the 
study have an EMSE ability in the main direction where the 
conductive materials are running. It was found that all 
horizontally positioned knitted fabrics with metal wire have 
14 dB or more EMSE in the frequency range from 1 GHz to 
3 GHz, 10 dB, or more EMSE up to 6.695 GHz and 5 dB or 
more EMSE up to 11.710 GHz (Figure 3). Vertically 
positioned fabrics and 100% cotton fabrics did not show 
any EMSE. 

The resistance of the knitted fabrics involving conductive 
materials differs according to the direction of the 
measurement procedure [54]. In weft knitted fabrics, the 

conductive material runs in the horizontal direction by 
forming loops. For this reason, weft-knitted fabrics have 
very low resistance in the horizontal direction. The 
resistance of the fabric in the vertical direction is higher 
than in the horizontal direction. The resistance in the 
vertical direction is realized by the contact of the 
conductive material with each other. If the fabric contains 
both the conductive material and insulating material (for 
instance in this study we have both metal wires and cotton 
yarns), the resistance in the vertical direction will be very 
high because of the limited contact points. Since the contact 
points are excessive in fabrics produced with pure 
conductive threads/wires, conductivity is also high in the 
vertical direction. The contact resistance property of the 
conductive material (Silver coated PA, Cu wire, SS wire, 
etc.) and the tightness of the fabric structure also affect the 
resistance in the vertical direction. Thus, course per cm 
values directly affect the EMSE values whereas wales per 
cm values have limited effect on the EMSE. 

3.1. The Effect of Knitting Structure on the EMSE of Fabrics 
Figure 3 shows the EMSE test results for the horizontally 
positioned diverse knit structures that are investigated in the 
study. Test results reveal that single pique fabrics have the 
highest EMSE values, and single jersey fabrics have the 
lowest EMSE values. 100% cotton fabrics (RL-CO, PIQ-
CO, MIS-CO, and MISS-CO) do not have any EMSE 
ability. 

According to variance analysis, the effect of knitting 
structure and frequency is highly significant and SNK tests 
showed that each fabric have different EMSE for each 
frequency value. 

While single pique fabrics have the highest EMSE values, 
cross miss fabrics have higher EMSE values than weft 
locknit fabrics and single jersey fabrics have the lowest 
EMSE values according to SNK test results (Table 3). 
There are two criteria that affect the EMSE of the knitted 
fabric mainly resistance of the fabric and the apertures in 
the fabric. Liu et al. [55, 56] produced knitted fabrics with 
tuck and miss loop structures as well as RL fabrics. They 
demonstrated that, the fabrics with miss loops had lower 
resistance values than RL fabrics, while the fabrics with 
tuck loops had the lowest resistance values. In addition to 
this, Basyigit et al. [57, 58] also showed that aperture shape 
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and the aperture length/width ratio in the conductive 
material are effective on the EMSE values. The tuck and 
miss loop structures reduce the gaps between the metal 
wires in the fabric structure, also with the help of increasing 
the course density. This is also consistent with former 
studies [14, 24]. 

3.2. The Effect of Metal Wire Amount on the                    
EMSE of Fabrics 

EMSE test results showed that single jersey fabrics 
involving three CCYs have the highest EMSE values and 
single jersey fabrics involving one CCY have the lowest 
EMSE values, as expected (Figure 4). 

 

Figure 3. EMSE test results of diverse knit structures 

 

Figure 4. EMSE results of single jersey knitted fabrics with 
diverse metal wire amounts 

Variance analysis results of the EMSE values indicate that 
the metal wire type and the amount is highly significant in 
single jersey knitted fabrics as well as the frequency. 

The fabrics with SS wire have higher EMSE values than the 
fabrics with Cu wire (Table 4). This is also consistent with 
the former study of Tezel et al.[11] Resistance of the 
conductive metal wire affects the EMSE of the fabric. It is 
clear that, the decrease in the loop length value leads to a 
decrease in the resistance. However, with the decrease of the 
loop length value, the deformation of the metal wire 
increases. This deformation increases the resistance [23, 59]. 
The Cu wires used in this study have a resistance value of 14 
Ω/m, and the SS wires have a resistance of 400 Ω/m. 
However, the fabrics with SS wire have higher EMSE values 
than the fabrics with Cu wire (for the same knitting 
structures). Thus, it is thought that the increase in the 
resistance caused by the deformation is much higher for Cu 
wires than SS wires. 100% cotton fabrics did not show any 
EMSE. SNK test results also reveal that fabrics involving 
three CCYs have the highest EMSE values. Fabrics 
involving two CCYs and one cotton yarn have higher EMSE 
values than fabrics involving one CCY and two cotton yarns. 
For instance, while RL-SS have 9,65 dB EMSE, RL-SSx2 
fabrics have 15,96 dB EMSE and RL-SSx3 fabrics have 
17,73 dB EMSE. This result is very interesting and 
unexpected: the EMSE values of the fabrics containing 3 
times more metal wires are not as high as expected.  

3.3. The Effect of Knitting Structure and Metal Wire 
Amount on the EMSE of Fabrics 

Figure 5 shows the EMSE test results of the horizontally 
positioned knitted fabrics with diverse knitting structures and 
metal wire amounts that are investigated in the study. Single 
jersey fabrics with three CCYs involving SS wire have the 
highest EMSE values, and single jersey fabrics with one CCY 
involving Cu wire have the lowest EMSE values. 

 
 

Table 3. SNK ranking for the EMSE of diverse knitting structures with SS and Cu wire content 

Knitting Structure EMSE (1 GHz - 18 GHz) 
RL 9.12903 a    

MIS  13.33747 b   
MISS   13.79144 c  
PIQ    16.03103 d 

*Lower cases indicate significant differences between the values.  
 

Table 4. SNK ranking for the EMSE of single jersey fabrics with diverse metal wire amounts 

Metal Wire EMSE (1 GHz - 18 GHz) 
RL-CO 0.02998 a       
RL-CU  8.60867 b      
RL-SS   9.64939 c     
RL-CUx2    12.66529 d    
RL-SSx2     15.95900 e   
RL-CUx3      16.72949 f  
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RL-SSx3       17.72974 g 
*Lower cases indicate significant differences between the values.  

 

Table 5. SNK ranking for the EMSE of fabrics with diverse knitting structures and metal wire amounts  

Fabric Code EMSE (1 GHz - 18 GHz) 
RL-CU 8,61 a           
RL-SS  9,65 b          
MIS-CU   12,32 c         
RL-CUx2    12,67 d        
MISS-CU     13,79 e       
MIS-SS      14,36 f      
PIQ-CU       14,75 g     
RL-SSx2        15,96 h    
RL-CUx3         16,73 i   
PIQ-SS          17,31 j  
RL-SSx3           17,73 k 
*Lower cases indicate significant differences between the values.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

Figure 5. EMSE of the fabrics with diverse knitting structure and 
metal wire amounts 

According to variance analysis the wave frequency and 
fabric type highly affect the EMSE results. Single jersey 
fabrics with three CCYs involving SS wire have the highest 
EMSE values (Table 5). Single pique knitted fabrics 
involving SS wire have the second highest EMSE values. 
For a better understanding, EMSE values (dB) of the 
fabrics and percentage of electromagnetic shielding (%) are 
shown in Figure 6. 

 
Figure 6. Comparison of EMSE values (dB) and percentage of 

electromagnetic shielding (%) of the fabrics according 
to SNK test results 

4. CONCLUSION 

In this study, the influence of knitting structure and metal 
wire amount on the EMSE of knitted fabrics via the free 
space measurement technique were investigated 
comparatively. 

The parameters affecting the EMSE can be summarised as 
follows: 

• Course per cm value 
• Loop length value 
• Increase in the resistance caused by the deformation of 

the metal wire 
• Resistance change caused by the knitting structure and 

the metal wire amount 
• Change in the aperture shape and the aperture 

length/width ratio caused by the knitting structure and 
the metal wire amount 

The primary result of this study is that knitted fabrics with 
CCYs have an EMSE ability in the main direction in which 
the metal wires are running. Weft knitted fabrics have very 
low resistance in the horizontal direction due to the 
conductive material running in the horizontal direction by 
forming loops. The resistance in the vertical direction is 
realized by the contact of the conductive material with each 
other. In this study, we have both metal wires and cotton 
yarns in the fabric structure. EMSE results show that the 
knitted fabrics are not conductive in the vertical direction 
indicating that course per cm values directly affect the 
EMSE values whereas wales per cm values have limited 
effect on the EMSE. 

Variance analysis for the EMSE indicate that the effect of 
knitting structure, metal wire type, metal wire amount, and 
incident wave frequency is highly significant. Also, the 
fabrics with SS wire have higher EMSE values than fabrics 
with Cu wire for all knitting structure types. The Cu wires 
have lower resistance value than the SS wires. However, 
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the results showed that the fabrics with SS wire have higher 
EMSE values than the fabrics with Cu wire for the same 
knitting structures. This might be due to the higher increase 
in the resistance caused by the deformation of Cu wires 
than SS wires.  

EMSE values increase as the metal wire amount in the 
fabric increases, as expected. However, it was also found 
that EMSE values do not increase as much as the metal 
wire amount in the fabric increases as it was expected. The 
resistance of the fabric and the apertures in the fabric affect 
the EMSE of the knitted fabric. Therefore, both the metal 
wire amount and knitting structure change the resistance of 
the fabric and the apertures in the fabric structure, resulting 
in the change of the EMSE values. EMSE test results of 
diverse knit structures show that fabrics with tuck and miss 
loop structures have higher EMSE values than single jersey 
fabrics. While single pique fabrics with tuck loop structures 
have the highest EMSE values, cross miss and weft locknit 
fabrics, that both have miss loop structures, have higher 
EMSE values than single jersey fabrics. Since cross miss 
fabrics have more miss loop structures, they have higher 
EMSE values than weft locknit fabrics.  

In our study, single jersey fabrics with three CCYs 
involving SS wire (RL-SSx3) have the highest EMSE 
values (17,73 dB), and single pique knitted fabrics also 
involving SS wire (PIQ-SS) have the second highest EMSE 
values (17,31 dB). Although RL-SSx3 fabrics have three 
times as much SS wires as PIQ-SS single pique fabrics, the 
difference in EMSE between these two fabrics is not as 
high as it was expected. Although RL-SSx2 Single Jersey 

fabrics have twice as much SS wires as PIQ-SS single 
pique fabrics, they have lower (15,96 dB) EMSE values 
than PIQ-SS single pique fabrics. This result can be 
considered as the most interesting and the most important 
result of the study. The study shows that the knitting 
structure has a great impact on the EMSE of knitted fabrics. 
It can be concluded that single pique knitted fabrics 
involving SS wire combine a high EMSE with a lower 
production cost. 

The aim of this research is to investigate the influence of 
the basic knitting structure and the metal wire amount on 
the electromagnetic shielding effectiveness of knitted 
fabrics experimentally. A detailed study on observing the 
complex knitting structures’ EMSE properties via 
experimental investigations and/or full-wave 
electromagnetic modelling of the fabrics is recommended 
as follow-up research. 
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ABSTRACT 

This study investigates the effects of fabric properties and ultrasonic welding on the performance of 
surgical gowns. For this purpose, eight spunlace fabrics with different structural properties were 
provided. 100% polyester, 100% viscose, and their blends were used as test materials. First, the 
fabrics’ thickness, breaking force, elongation at break, air permeability, drape behavior, and surface 
friction properties were investigated. Then the fabrics were sewn with the ultrasonic sewing machine. 
Afterward, the sewn fabrics’ seam strength, air permeability, and drape behavior were tested. The 
results were statistically evaluated. A detailed comparison was made based on the data obtained. The 
higher the polyester content in the fabric, the higher the fabric strength, seam strength, and air 
permeability. However, viscose-rich fabrics have a softer feel and are easier to drape compared to 
polyester fabrics. Moreover, the sewing process leads to a reduction in the air permeability of the 
fabrics. 
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1. INTRODUCTION 
 

Surgical gowns are the most important part of the surgical 
clothing system that covers a large part of the body. They 
have been used for more than a century by doctors and 
nurses, as protective clothing in the operating room to 
prevent the transmission of bacteria from patients to 
surgical staff, thereby reducing the incidence of hospital-
acquired infections. In addition to providing protection, it 
also affects the comfort level of the healthcare personnel 
and, thus the success of the surgery [1].  

The clothing comfort of surgical gowns is an important 
parameter for the surgical team, which often has to wear the 
surgical gown for several hours while performing 
complicated operations in the operating room.  

Surgical gowns must have some protective properties. They 
must be resistant to penetration by blood and other body fluids, 
depending on their intended use. They should be designed 
considering liquid repellency, liquid impermeability, air 

permeability, and similar properties in mind. They should be 
tear, puncture, and abrasion-resistant. They should not 
generate dust or flies or allow them to pass through. They 
should be soft and flexible, lightweight, and should not cause 
discomfort during use [1]. They should repel liquids but 
ventilate the surgeon’s extreme body heat. And all of this must 
be achieved in a cost-effective manner [2]. 

Surgical gowns are classified as “disposable/single-use” or 
“reusable/multi-use/multiple.” Disposable surgical gowns 
and drapes are usually made from nonwoven alone or in 
combination with materials that provide greater protection 
against liquid penetration (e.g., plastic films). Nonwoven 
fabrics are made from various forms of natural fibers (wood 
pulp, cotton) and synthetic fibers (polyester, polyolefin) 
that can be adjusted to desired properties by specific fiber 
types, bonding processes, and fabric finishes. There are a 
variety of nonwoven fabrics of all types, including 
hydroentangled, bonded, stitched, and laminated 
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nonwovens, which vary in quality depending on the 
manufacturer’s intended use [3, 4]. Nonwoven fabrics are 
preferred for surgical gowns due to their low cost, 
lightweight, durability, breathability, low hairiness, and 
disposability [5]. Moreover, nonwoven fabrics can prevent 
almost all possible strike-through of blood and body fluids. 

It is well known that cellulose-based garments also provide 
the best fit on human skin. For this reason, spunlace fabric 
is the most preferred nonwoven structure due to its softness 
and surface properties. 

Spunlace nonwoven fabric, also known as hydroentangled 
nonwoven fabric, is produced using high-pressure water 
jets to entangle loose assemblies of fibers and impart 
strength to the final nonwoven fabric [6]. The essential 
steps in the production of hydroentangled spunlace 
nonwoven fabric include [7]: Formation of the precursor 
web, web entanglement through water jet application, 
dewatering, drying of the web, and winding. 

Hydroentangled fabrics are often used in medical 
applications due to their relatively high absorbency. 
Another important criterion for the large-scale use of 
hydroentangled fabrics in medical applications is the 
absence of a binder in the fabric, which allows the fabric to 
be sterilized at high temperatures [7]. Since no binder is 
required for its production, it also provides a high degree of 
softness, a flexible handle, a high drape, and volume. These 
fabrics exhibit good physical and mechanical properties and 
are therefore considered a promising alternative fabric for 
the apparel sector. It is reported that the flexural rigidity 
and surface properties of spunlace fabrics are superior to 
those of other nonwovens, while the structural rigidity is 
comparable to these products. Due to these properties, 
spunlace fabrics are used as bacteria-proof garments, 
cleanroom garments, wet wipes, and interlinings [8]. 

The most common and conventional method of joining 
these functional garments is sewing with needle and thread. 
However, conventional seams have small needle holes, and 
the perforations caused by a conventional seam 
compromise the integrity and performance of the garment 
[9]. Ultrasonic sewing is preferred over other conventional 
sewing methods in the manufacture of nonwoven-based 
products. The main reason is that the structure of nonwoven 
fabrics is more suitable for ultrasonic sewing [10]. 

Ultrasonic is defined as sound waves that cannot be heard 
by the human ear or at frequencies above about 20 kHz. 
The ultrasonic bonding mechanism is a physical process 
that uses mechanical vibrations to soften or melt a 
thermoplastic material at the joint line [11, 12]. It is an 
advanced technique for joining synthetic materials and 
blends to produce continuous and impermeable seams. 
Fabrics may be 100% synthetic (thermoplastic) or blends 
with up to 40% natural fiber content [13]. This process can 
be used to weld materials such as nylon, polyester, 
polyethylene, polypropylene, urethanes, and 

polyvinylchloride producing continuous, smooth, durable, 
and impermeable seams. Welding takes place as a result of 
the high-frequency mechanical motion of the vibrating horn 
and compression between the horn and the anvil [14].  

Ultrasonic welding has the advantage of low energy 
consumption, eliminating the costs associated with the 
needles and threads as in conventional sewing methods. 
Worldwide usage of welding is still increasing, and its use 
is expected to grow further due to its economic advantages, 
as well as environmentally friendly, fast, and clean process 
conditions. Moreover, variable seam widths and welding of 
several layers can be achieved and the needle holes in 
conventional stitched seams are eliminated in the ultrasonic 
welding method [14].  

The mechanical, physical, and comfort properties of spunlace 
fabrics have been investigated by various researchers. Zhou 
and Zhang (2012) compared the absorbency rate, water-
vapor transmission rate, and diffusion area in a solution of 
three different polyester/viscose spunlaced nonwoven fabrics 
[15]. Jain et al. (2019) studied the effect of fiber type, mass 
per unit area, and the number of cycles on the compressional 
and recovery behavior of spunlace fabrics [8]. Maiti et al. 
(2020) investigated the effects of the type of fiber, blend 
ratio, and process parameters like jet pressure on air 
permeability, mass per unit area, thickness, liquid absorbency 
time, liquid absorptive capacity, and tensile strength [16]. 

The effects of ultrasonic welding parameters on the 
performance of nonwoven fabrics have been studied by 
various researchers. Kayar (2014) discussed the ultrasonic 
seam strength and elongation at the break of thermally 
bonded nonwoven fabrics. Also, the effects of fiber type, 
fabric area density, and roller type on the tensile properties 
of nonwovens were reported [10]. Seram and Cabon (2013) 
investigated the possibility of constructing different types 
of seams for apparel using ultrasonic technology [17]. 
Jevsnik et al. (2017) studied the effects of ultrasonic 
welding parameters on bond strength, seam, and thickness 
of the inner part of sports shoes [11]. Boz and Küçük 
(2021) analyzed the performance of ultrasonic welding in 
terms of air permeability, water resistance, and bursting 
strength. For this purpose, nonwoven fabrics with different 
production methods and masses were compared [18]. Yildiz 
et al. (2017) investigated the seam tensile properties of 
ultrasonically bonded nonwoven fabrics and studied the 
effects of the fabric type, roller type, and sewing speed on 
the seam tensile properties of the samples [19]. Eryürük et 
al. (2017) analyzed the bond strength and permeability 
properties of ultrasonically welded nonwoven fabrics and 
compare them with traditional sewing techniques [14]. 
Nguyen et al. (2020) considered the influence of the roller 
type on the formation of welding joints and their 
mechanical properties, different roller profiles were 
designed, fabricated, and tested [20].  
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This study investigates the effects of fabric properties and 
ultrasonic welding on the performance of surgical gowns. 
For this purpose, spunlace fabrics with different materials, 
blend ratios and masses, commonly used for surgical 
gowns, are investigated for their mechanical properties and 
comfort properties before and after ultrasonic welding. 

2. MATERIAL AND METHOD 

2.1 Material 

Eight spunlace fabrics with different materials, blend ratios 
(100% polyester, 100% viscose, and their blends), and  
masses, commonly used for manufacturing surgical gowns, 
were used to investigate the performance, as listed in Table 1.  

Spunlace nonwoven samples were supplied from Mogul 
Tekstil. The fabrics were produced from polyester (PES) 
with a fineness of 1.5 denier and a fiber length of 38 mm, 
and viscose (CV) with a fineness of 1.5 denier and a fiber 

length of 38 mm. All specimens were produced in parallel 
directions and had the same flat pattern. 

2.2 Method 

Fabrics were sewn using Pfaff 8310 Seamsonic ultrasonic 
sewing machine (Figure 1a), and ultrasonic sewing was 
performed using 4 mm pointed engraving roller (Figure 1b). 
The amplitude and the distance between the horn and the 
roller were kept constant. The specimens were joined at a 
speed of 20 dm/min in the machine direction (MD) and cross 
direction (CD). CD refers to the widthwise of the machine, 
while MD refers to the lengthwise direction of the produced 
fabric [21]. The sewn fabric images were given in Figure 2.  

As mentioned above, the ultrasonic sewing machine can 
join fabrics made of 100% synthetics (thermoplastic) or 
blended fabrics with up to 40% natural fiber content. For 
this reason, ultrasonic sewing was not applied to fabrics S4, 
S5, and S6.  

 

 
Table 1. Properties of spunlace fabrics 

 S1 S2 S3 S4 S5 S6 S7 S8 

Material 100% PES 70% PES - 
30% CV 

50% PES - 
50% CV 

30% PES - 
70% CV 100% CV 100% CV 100% PES 100% PES 

Fabric 
weight 
(g/m2) 

50 50 50 50 50 70 70 100 

Thickness 
(mm) 37,20 49,00 37,60 40,80 36,00 41,80 49,80 63,60 

Microscopic 
images 

(machine 
direction)a         

Microscopic 
images 
(cross 

direction)a         
 

Note: a Images of the fabrics were taken at 6.4× magnification using a Leica light microscope 
 

 
 

Figure 1. (a) Pfaff 8310 Seamsonic Ultrasonic Sewing Machine, (b) The roller 
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Figure 2. The images of sewn samples (S7) (a) parallel to MD, (b) vertical to MD 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

The thickness, breaking strength, air permeability, drape 
behavior, and surface friction properties of the unsewn 
fabrics and the seam strength, air permeability, and drape 
behavior of the sewn fabrics were tested. The specimens 
with and without seams were conditioned for 24 hours 
under standard atmosphere conditions (20°C ± 2°C 
temperature, 65% ± 4% RH) before testing.  

The thickness values were measured with the SDL ATLAS 
Digital Thickness Gauge according to TS 7128 EN ISO 5084 
standard. Breaking force and elongation at break tests were 
performed using a Zwick Roell ZO10 tensile tester in 
accordance with the standard TS EN ISO 13934-1. The test 
speed was 100 mm/min, and the gauge length was 20 mm. 
Specimens were tested in the machine and the cross 
directions for each fabric type. Seam strength tests were 
performed in accordance with the standard ISO 13935-2 
using a Zwick Z010 tester. The fabrics were cut to a size of 
350×100 mm, then folded and ultrasonically bonded from 1 
cm of the fabric edge. The speed of the instrument was set at 
50 mm/min. Air permeability was measured using the 
FX3300 tester according to TS EN ISO 9237 standard. The 
air pressure during the tests was 100 Pa, and the test area was 
20 cm2. Ten measurements were taken for each specimen. 

The fabric drapability test was performed using the Cusick 
Drape Tester according to TS EN ISO 9073-9. In the drape 
test, a circular specimen is held concentrically between two 
smaller horizontal discs and allowed to fold under its 
weight. A light is shined from underneath the specimen, 

and the shadow cast by the fabric is observed [22]. The 
draped image of the mounted fabric sample is captured by a 
digital camera mounted above the drape meter. The 
captured image is transferred to a computer, and the area is 
calculated in pixel values by the software. The drape 
coefficient was calculated according to Equation (1). Three 
measurements were taken for each specimen. The air 
permeability and drape coefficient of the specimens with 
seams were measured, as shown in Figure 3. 

The surface friction properties of the investigated fabrics 
were measured using the FricTorq instrument with three 
repetitions and indicated as “friction coefficient (μkin)”. 
Frictorq is based on a method for measuring the coefficient 
of friction of the fabrics using a rotational principle and 
thus measures the torque [23-25]. 

The statistical software SPSS was used to analyze the test 
results. ANOVA and Student-Newman-Keuls tests were 
performed to determine whether the effect of material type, 
blend ratio, and weight on the measured properties was 
statistically significant at the 95% confidence level (p<0,05). 

 

3. RESULTS AND DISCUSSION 

The statistical results in terms of p-values are shown in 
Table 2. For the Student-Newman-Keuls test, the mean 
values are indicated by letters. All values marked with the 
same letter are not significantly different (“a” represents the 
lowest value and “f” the highest value).   
 

                (1) 
 

  
Figure 3. The measurement of welded specimens (a) The air permeability measurement (b) The drape coefficient measurement  
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Table 2. Statistical analysis results  

Parameters p-value Value Parameters p-value Value 

Breaking force - 
MD  

S5 

0,000* 

53,7597 a 

Breaking force - 
CD 

S5 

0,000* 

15,3800 a 
S4 69,6367 ab S4 17,0633 a 
S3 84,7433 b S3 20,1100 a 
S2 85,6467 b S2 27,2733 b 
S6 120,9567 c S6 32,0667 bc 
S1 152,5900 d S7 36,1967 c 
S7 219,6333 e S1 38,2600 c 
S8 513,0867 f S8 76,8200 d 

Elongation at 
break - MD 

5 

0,000* 
 

15,5867 a 

Elongation at 
break - CD 

6 

0,000* 

54,7633 a 
6 18,3100 a 4 57,3000 a 
4 22,0167 b 5 58,0867 a 
8 26,1700 c 3 84,3300 b 
3 27,3633 c 2 85,8067 b 
2 35,8200 d 8 90,6200 bc 
1 44,2567 e 7 102,1200 c 
7 46,3633 e 1 104,1733 c 

Air permeability - 
fabric 

8 

0,000* 
 

715,20 a 

Drape coefficient 
 

4 

0,000* 
 

22,9699 a 
6 751,80 a 5 23,5526 a 
7 1174,00 b 3 32,4105 b 
5 1464,00 c 2 34,2138 bc 
4 1668,00 d 1 34,8256 bc 
3 1742,00 d 6 35,4638 bc 
1 1840,00 e 7 36,4096 c 
2 1990,00 f 8 46,6210 d 

Drape coefficient – 
sewn parallel to 

MD 

3 

0,000* 

34,88 a 
Drape coefficient - 

sewn parallel to 
CD 

3 

0,000* 

27,80 a 
2 36,06 ab 2 29,89 b 
1 37,70 b 1 30,09 b 
7 38,04 b 7 31,30 b 
8 47,90 c 8 42,24 c 

Seam strength – 
sewn parallel to 

MD 

3 

0,000* 

22,5100 a 
Seam strength - 
sewn parallel to 

CD 

3 

0,000* 

26,9900 a 
2 30,6167 b 2 45,1600 b 
1 45,1500 c 1 56,3200 c 
7 59,7267 d 7 99,8900 d 
8 114,7467 e 8 142,7400 e 

Coefficient of 
friction 

 

6 

0,000* 
 

0,3834 a 

Air permeability - 
sewn samples 

8 

0,000* 

514,40 a 
4 0,4190 ab 7 992,80 b 
5 0,4209 ab 3 1224,00 c 
8 0,4455 b 2 1306,00 c 
3 0,4998 c 1 1450,00 d 
7 0,5055 c 

*Statistically significant (p<0,05).  2 0,5264 c 
1 0,5355 c 

 
 
 
 
 
 
 
 
 
 
 

 

3.1 Breaking Force and Elongation at Break 

The average breaking force values against the blend ratio in 
the machine and the cross directions of the fabric specimens 
are shown in Figure 4.  

The breaking force of MD is always higher than that of CD 
for all samples, and the difference between the values is 
statistically significant (p=0,000). It agrees with earlier 
work by other researchers [26-28]. This is because the 
fabrics are composed of staple fibers and the fibers are 
aligned in MD so because of less number of fibers in the 
cross direction region, the developed fabric exhibited lower 
tensile strength in CD [29]. Also, Zhao et al. (2020) found 
that this is a typical effect caused by the carding process, in 
which most of the fibers are laid parallel at MD [30].  

Moreover, it is also noticeable that the fabric strength 
increases in both directions as the blend ratio of polyester 

fibers increases in the range of 0 to 100%. On the contrary, 
as the proportion of viscose fibers increases, the fabric 
strength decreases. This is due to the higher breaking 
strength of polyester fibers compared to viscose fibers used 
in sample preparation. 
The effects of the blend ratio on the elongation at break are 
shown in Figure 5. The figure clearly shows that the 
elongation at break is higher for CD than for MD, and the 
difference between the values is statistically significant 
(p=0,000). Since the webs were laid in parallel, the low 
elongation in MD and the higher elongation in CD are due 
to the predominant orientation of the MD fiber segment 
orientations in the parallel-laid web [31]. The figure also 
shows that the elongation at break increases with increasing 
polyester fiber content in both directions. 
The effects of fabric weight on the breaking force and 
elongation at break are shown in Figures 6 and 7. 
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Figure 4. Effect of blend ratio on breaking force in machine and 

cross directions 

 
Figure 5. Effect of blend ratio on elongation at break in machine 

and cross directions 
 

 
Figure 6. Effect of fabric weight on breaking force in machine 

and cross directions 
 

 
Figure 6 shows that the breaking force values increase with 
increasing fabric weight for both fiber types. Polyester-
containing fabrics have higher values than viscose-
containing fabrics for the same weight. Moreover, the 
breaking force values in MD are always higher than those 
of CD for all samples, as explained above. 

As shown in Figure 7, the elongation at break in MD 
increases as the weight increases from 50 to 70 g/m2. 
However, as it increases further from 70 to 100 g/m2, it 
begins to decrease. For CD, the elongation at break 
decreases with increasing weight.  

 
Figure 7. Effect of fabric weight on elongation at break in 

machine and cross directions 
 

3.2 Seam Strength 

The average seam strength values in the machine and the 
cross directions of the fabric samples are shown in Figure 8.  

 

 
Figure 8. Effects of blend ratio and fabric weight on seam 

strength 
 

As shown in Figure 8, the highest seam strength value is 
measured at S8 and the lowest at S3 in both directions. The 
analysis shows that there is a statistically significant 
difference between the seam strength of fabrics. The seam 
strength of fabrics increases as the ratio of polyester in a 
blend increases, indicating that polyester-rich fabrics have a 
more durable structure than viscose-rich fabrics. It can also 
be noted that seam strength is directly proportional to the 
fabric weight in both directions. That is, the heavier the 
fabric, the greater the seam strength. A higher fabric weight 
provides more resistance to seam breakage, resulting in 
higher seam strength. 

In general, seam strength is higher for specimens sewn 
parallel to the cross direction than for specimens sewn 
parallel to the machine direction. The term seam parallel to 
the machine and cross directions refers to the condition that 
the seam is formed in the corresponding direction and the 
load is applied perpendicular to the seam line. The 
extensibility of nonwoven fabrics is lower in the MD and 
higher in the CD. Since the extensibility is higher in the 
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CD, the seam zone reaches the elongation limit in a shorter 
time and results in lower strength values. 

3.3 Air Permeability 

Air permeability is a measure of the airflow that can be 
maintained through a material at a specified pressure. It 
provides information about the breathability and comfort of 
the fabric [32]. The effects of blend ratio and fabric weight 
on the air permeability of unsewn samples are shown 
in Figures 9 and 10.  

 
Figure 9. Effect of blend ratio on air permeability of unsewn 

samples 
 

Increasing the polyester content leads to an increase in the 
air permeability of spunlace samples, while the trend is 
reversed for viscose-rich fabrics. Polyester-containing 
fabrics have higher values than those with viscose for the 
same weight (Figure 9). This phenomenon can be attributed 
to the crimp factor of the fibers, as found by Maiti et al. 
(2021). It can be concluded that polyester fibers with higher 
crimp, compared to 100% viscose fibers, result in more 
voluminous webs, thus increasing air permeability [33]. 
Moreover, due to the high bending rigidity and low packing 
density of polyester, viscose-rich fabrics also have a more 
compact structure than polyester fabrics with the same 
density [34].  

 
Figure 10. Effect of fabric weight on air permeability of unsewn 

samples 
 

As shown in Figure 10, the air permeability of polyester or 
viscose nonwoven fabrics decreases with increasing weight. 
As the weight increases, the number of pores increases with 
the number of fibers, while the pore size decreases. A 
higher number of fibers leads to an increase in thickness. 

Higher fabric thickness and the greater number of fibers per 
unit area provide more resistance to airflow, which in turn 
leads to a decrease in air permeability as the weight of the 
fabric increases [34-36]. As noted by Zhao et al. (2020), 
when the weight of the spunlace fabric decreases, the fiber 
web is thinner, and the pores between the fibers are larger, 
resulting in high air permeability [37]. This is also 
consistent with the results of Midha and Mukhopadhyay 
(2005), and Maduna (2018) [38-39]. As a result, lower air 
permeability with higher fabric weight makes the garment 
uncomfortable [36]. 

 
Figure 11. Effects of blend ratio and fabric weigth on air 

permeability of sewn samples 
 

According to Figures 9-11, the comparison of the sewn and 
unsewn samples shows that ultrasonic sewing has a 
significant effect on the air permeability values and reduces 
the air permeability of the samples compared to the unsewn 
samples, as indicated by Daukantiene and Vadeike (2018) 
[40]. The reason for this is the increase in fabric thickness 
in the seam area. As mentioned in the literature, air 
permeability decreases with increasing thickness, weight, 
and fabric density. Thus, the ultrasonic sewing method 
increases the thickness of the seam area, resulting in lower 
air permeability. 

3.4 Drape Behavior 

Drape is an important component of the esthetic appearance 
of a garment and plays a critical role in the comfort and fit 
of the garment [11]. Drape behavior is determined by the 
drape coefficient. The drape coefficient is the ratio between 
the projected area of the fabric sample and its undraped 
area, from which the area of the supporting disk is 
derived. The higher the drape coefficient, the lower the 
drapeability of the fabric and the stiffer the fabric [41, 42].  

The effects of blend ratio and fabric weight on the drape 
behavior of unsewn samples are shown in Figures 12 and 
13.  

As shown in Figure 12, the drape coefficient of the fabrics 
increased with the increase in the ratio of polyester in a 
blend, indicating that polyester-rich fabrics have a stiffer 
structure than viscose-rich fabrics. This can be explained by 

https://www.tandfonline.com/reader/content/17b116d107f/10.1080/00405000.2020.1791398/format/epub/EPUB/xhtml/f0001.xhtml
https://www.tandfonline.com/reader/content/17b116d107f/10.1080/00405000.2020.1791398/format/epub/EPUB/xhtml/f0001.xhtml
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the high bending rigidity of polyester fibers compared to 
viscose fibers. 

 
Figure 12. Effect of blend ratio on drape coefficient of unsewn 

samples 
 

 
Figure 13. Effect of fabric weight on drape coefficient of unsewn 

samples 

 
As shown in Figure 13, the drape coefficient value of 
polyester and viscose nonwoven fabrics increases with 
increasing weight. This is due to the rise in fabric tightness, 
as stated by Eryürük et al. (2019) [43]. 

To investigate the effects of sewing and sewing direction, 
the fabric samples were sewn parallel and perpendicular to 
the machine direction. The effects of blend ratio and fabric 
weight on the drape coefficient of the sewn pieces are 
shown in Figure 14. Also, Figure 15 shows the comparison 
between drape coefficients of draped samples with and 
without seams. 

 
Figure 14. Effects of blend ratio and fabric weight on drape 

coefficient of sewn samples 

While the highest drape coefficient results were obtained 
for the seams parallel to MD, the values for the unsewn 
fabrics were lower than MD and above CD. A sewn fabric 
is not a single piece of fabric but consists of two joined 
pieces of the same fabric. Due to the greater mass 
concentration in the seam area, sewing leads to an increase 
in fabric stiffness [11, 44]. As a result, sewing operations 
increase the drape coefficient of fabrics. This means that 
sewing operations lead to a reduction in the drape of 
fabrics.

 

 Without seam Parallel to MD Parallel to CD 

S1 
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S7 

   
Figure 15. The comparison between drape coefficients of draped samples with and without seams 

 
 
 
 
 
 
 
 
 

Moreover, the drape coefficient of the samples sewn 
parallel to MD is higher than the drape coefficient of the 
fabrics sewn parallel to CD. This is because the fibers are 
more aligned and more tightly entangled in the machine 
direction. This restricts the movement of fibers in the 
machine direction, resulting in a higher drape coefficient in 
this direction. 

3.5 Coefficient of Friction 

The physical properties of fabrics directly affect the 
handling properties of the garments made from them. 
Therefore, fabrics with a lower coefficient of kinetic 
friction have better handling properties [45]. The 
coefficient of friction results against the blend ratio is 
shown in Figure 16.  

 
Figure 16. Effect of blend ratio on coefficient of kinetic friction 

 
According to the test results shown in Figure 16, the kinetic 
friction coefficients of blended fabrics with higher viscose 
content are lower than those of fabrics with higher polyester 
fiber content. It can be concluded that viscose fabrics have 
a softer handle when compared to polyester fabrics. 

 

 
Figure 17. Effect of fabric weight on coefficient of kinetic friction 

 
As can be seen from Figure 17, it is found that the 
coefficient of friction values decreases with increasing 
weight. As stated by Babaarslan and Avcioglu Kalebek, this 
can be explained by the fact that the fibers are not 
uniformly distributed in the low-weight specimens [46]. 
The test results show that, with increasing weight, the fiber 
orientation of the nonwovens becomes more stable, and 
nonwoven fabrics with a more stable structure have a lower 
coefficient of friction. This result shows that viscose-
containing fabrics and heavier fabrics have smoother 
surfaces and provide a softer feel.  
 

4. CONCLUSION 

This study investigates the effects of fabric properties and 
ultrasonic welding on the performance of disposable 
surgical gowns. For this purpose, eight spunlace fabrics 
with different structural properties (material and weight) 
were provided. First, the thickness, breaking force, 
elongation at break, air permeability, drape behavior, and 
surface friction properties of the fabrics were investigated. 
Then the fabrics were sewn with the ultrasonic sewing 
machine and the seam strength, air permeability, and drape 
behavior of the sewn fabrics were tested. The main results 
of these analyses are summarized below. 
 
• Specimens cut in the machine direction are 

significantly stronger and less extensible than 
specimens cut in the cross direction because of the 
predominance of fiber orientation in that direction.  
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• The fabric strength and the seam strength increase in 
both directions as the blend ratio of polyester fibers 
and the weight of the fabric increase.  

• The higher the polyester content in the fabric, the 
higher the fabric strength, seam strength, and air 
permeability. However, polyester-rich fabrics have a 
stiffer structure than viscose-rich fabrics, and viscose-
rich fabrics have a softer handle and are more 
drapeable compared to polyester-rich fabrics. 

• Sewing operations result in a reduction in air 
permeability of fabrics as fabric thickness increases in 
the seam area. 

• Heavier fabrics are stronger, more durable, have a 
smoother surface, and provide a softer feel. 

Nevertheless, their air permeability values are lower, 
which can worsen the comfort properties. 

• It is recommended to use heavy polyester fabrics in 
areas where strength is more important, and viscose-
containing fabrics in areas where handling is important. 
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ABSTRACT 

Surgical gowns are used as protective clothing in operating room for medical personnel and patients 
to minimize the transmission of viruses and pathogens, and are designed to serve as a barrier against 
non-sterile area and to reduce the risk of infections. In this study, since disposable gowns provide 
better barrier effect compared to reusable ones, surgical gowns designed using nonwoven fabric and 
membrane-nonwoven combination were investigated in terms of their performance characteristics and 
thermal comfort properties. Functional properties of produced disposable surgical gowns such as 
tensile strength, tear strength, resistance to water penetration, air permeability, thermal properties, 
water vapor permeability and water vapor resistance were tested and statistically evaluated. Results 
show that SMS fabrics have higher tear strength than that of PP and PE fabrics, and welding method 
provides higher seam strength than that of ultrasonic one. Membrane reinforcement was found to be 
required for both PP and SMS fabrics, especially in areas that may be exposed to fluid passage. SMS 
fabrics have higher air permeability values than that of PP fabrics leading to improved comfort of the 
wearer. Membrane reinforcement caused an increase in thermal conductivity, thermal resistance, 
thermal diffusion, thermal absorption and water vapor resistance values. Considering the performance 
and comfort requirements of the wearer, SMS nonwoven fabric, and membrane reinforcement in 
areas where there is a possibility of exposure to body fluids was the most suitable model. 
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1. INTRODUCTION 

Surgical gowns are used in the operating room to prevent 
transfer of microorganisms and body fluids from medical 
personnel to patient and also from patient to personnel. These 
gowns should be impervious to blood, liquids, and other 
infectious material. Current surgical gowns can be 
categorized as either reusable or disposable. The disposable 
surgical gowns are generally produced from nonwoven 
fabric. They should provide protection against body liquids 
and microorganisms with adequate level of comfort. Triple 
layer fabrics are generally used for surgical gown to meet 
desired requirements. Triple layer covers an outer layer 
resisting abrasion and tearing, middle layer providing barrier 
resistance to fluid penetration, soft bottom layer improving 

comfort. However, surgical gown usually has a chemical 
finish to further protective properties, and most likely areas 
to be exposed to body fluids should be reinforced with an 
extra layer. However, medical personnel feel less 
comfortable when wearing reinforced gown due to the less 
heat transfer leading to more sweating [1-6]. 

Thermal comfort is a critical product requirement, 
especially for prolonged operations. Thermophysiological 
comfort is associated with thermal balance of the human 
body and the body internal temperature must be kept 
constant at 37 °C. Any minor deficiency of comfort may 
have an adverse effect on the quality of work and safety. 
Even 5 °C changes in body temperature may result in fatal 
consequences such as hypothermia or hyperthermia [7]. 
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Since thermophysiological comfort is directly related to 
human physiology, its analysis is of great importance in 
textile applications, where there is an interaction between 
the textile material and human body. Therefore, the comfort 
of the person is a vital factor in evaluating the performance 
of the garment, as well as its protective performance. 
Thermophysiological clothing comfort depends on the 
heat and moisture transport properties of the garment that 
provide the body's heat balance [8-9]. In the literature, 
parameters affecting thermophysiological comfort are given 
as personal features, environmental features and clothing 
features [10-17]. Major clothing properties affecting 
thermal comfort include thermal conductivity, water vapor 
permeability, air permeability and water impermeability 
[2]. In addition, surgical gowns should allow freedom of 
movement, be lightweight and have adequate tensile 
strength. 

To date, there is limited number of studies on the thermal 
comfort properties of nonwoven surgical gowns [18-22]. 
Pamuk et al. evaluated thermal comfort properties of 
different disposable surgical gowns (Spunlace normal, 
Spunlace reinforced and SMS normal) using the thermal 
manikin [18]. Woo et al. developed a theoretical model that 
provides thermal conductivity estimation for nonwoven 
fabrics. They measured the thermal conductivity of various 
nonwoven barrier fabrics for the designed model [19]. Issa et 
al. analyzed some of the thermal properties of disposable 
surgical gowns before and after different sterilization 
methods by evaluating the effects of sterilization on thermal 
comfort [20]. They concluded that disposable materials 
(laminate, nonwoven, PE) used in the hospital are affected 
by the sterilization process. Bogdan et al. examined the 
thermal insulation of modern materials used in the 
production of medical clothing and the thermal comfort 
properties of surgical clothing [21]. They stated that 
medical clothes made of modern materials lead to the risk 
of thermal stress. Aslan et al. investigated the comfort and 
microbial protection performances of two types of 
disposable and two types of reusable surgical gowns [22]. 
They found that the microfiber polyester woven gown has 
good thermal comfort performance. 

The aim of this paper is to present comprehensive research 
to design a surgical gown considering the constructional 
and technological requirements of wearer. Three different 
types of polypropylene-based nonwoven fabric (a 
spunbond, a spunbond/meltblown/spunbond and a 
polyethylene coated nonwoven fabric) with different unit 
weights were used for surgical gown design. Differently 
from current literature, the regions that may be exposed to 
fluid passage were determined and their resistance to fluid 
transmission was improved by membrane integration. 
Secondly, nonwoven fabrics and nonwoven-membrane 
combinations were joined using new welding techniques 
including ultrasonic and hot air welding method. The 
performance of nonwoven fabrics and nonwoven-
membrane combinations were extensively investigated in 

terms of thermal comfort, water vapor permeability, water 
permeability resistance, air permeability, and tensile 
strength. The findings of this study will provide a number 
of practical implications for designing a surgical gown 
considering wearer’s comfort as well as protection. 

2. MATRERIALS AND METHODS 

2.1 Material 

Since disposable gowns provide better barrier effect 
compared to reusable gowns, surgical gowns produced 
using polypropylene-based nonwoven fabrics were 
investigated. The nonwoven fabrics used in this study were 
supplied from Mogul Tekstil (Turkey), which is a key 
supplier of meltblown and meltblown/spunbond fabrics 
globally. Since fabric unit weight is one of the most 
important factors determining thermal comfort [23], three 
different types of polypropylene-based nonwoven fabric 
with different unit weights were used for surgical gown 
design. Polyurethane membrane (85 g/m2) was used as a 
reinforcement for resistance to fluid transmission and 
integrated to nonwoven fabrics. The nonwoven fabrics 
used are as following: 

1. 100% polypropylene based spunbond nonwoven fabric 
(PP) 

2. 100% polypropylene based spunbond/meltblown/ 
spunbond nonwoven fabric (SMS) 

3. Polyethylene coated 100% polypropylene based 
spunbond nonwoven fabric (PE-coated nonwoven)  

The technical properties of the fabrics were given in 
Table 1. 

2.2 Methods 

Production of the samples 

Ultrasonic and hot air welding methods were used for the 
production of surgical gown. High frequency vibrations are 
used to bond two or more material layers in the ultrasonic 
welding method by means of a rapid heat increase inside 
the material. Ultrasonic welding machine parameters have 
a critical importance on the joint strength of fabric layers. 
Teksmak ultrasonic welding machine was used at a pressure 
of 2.2 bar, 2 m/min and 10 mm distance. Pfaff hot air 
welding sewing machine was used as an alternative method 
to the ultrasonic one in the regions where liquid 
impermeability is required and cannot be joined with 
ultrasonic welding method. Pfaff hot air welding sewing 
machine parameters are used as 355 °C temperature, 3 
m/min velocity and 3.3 bar pressure. The parameters were 
kept constant for all samples. 
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Table 1. Properties of nonwoven fabrics used in this study 
 

Sample codes Mass per unit area (g/cm2) Thickness (mm) 
SMS 35 35 0.33 
SMS 50 50 0.37 
SMS 60 60 0.42 
SMS 80 80 0.45 
SMS 90 90 0.50 
PP 30 30 0.28 
PP 50 50 0.38 
PP 60 60 0.44 
PP 70 70 0.48 
PP 80 80 0.51 
PP105 105 0.61 
PP110 110 0.63 

PE-coated nonwoven 35 0.15 
PE-coated nonwoven 80 0.28 
PE-coated nonwoven 100 0.38 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

In order to improve the resistance to fluid transmission, 
polyurethane membrane (85 g/m2) was used as a 
reinforcement and integrated to nonwoven fabrics. PE-
coated nonwoven fabric covers an absorbent inner layer 
made from spunbond and an outer layer made from a 
polyethylene material with a barrier effect against 
bacteria and fluid transmission. Since it is impervious to 
water, no membrane reinforcement is required for this 
type of fabrics. For this reason, membrane integration was 
only applied for PP and SMS fabrics. Two nonwoven 
fabrics were joined at the side seams using ultrasonic 
welding while hot air welding was used to join membrane-
nonwoven combinations. 

Performance evaluation of the samples 

All nonwoven samples were tested for tensile and tear 
strength, water permeability resistance (hydrostatic pressure 
tester), air permeability tests. Tensile and tear strength tests 
were carried out using Titan James Heal Universal Strength 
Tester in accordance with the standard of TS EN ISO 
13934-1 and TS EN ISO 13937-2, respectively. The 
hydrostatic pressure tester (M023B) was used to evaluate 
the seam’s resistance to water penetration and resistance 
of the samples to water penetration according to TS 257 

EN 20811 and ISO 811:2018, respectively. Air 
permeability test was carried out using Prowhite air 
permeability tester according to the standards of TS 391 
EN ISO 9237. Seam strength of the samples was 
measured for both ultrasonic and hot air welding techniques 
using Titan James Heal Universal Strength Tester 
according to the standard of TS 1619-2 EN ISO 13935-2. 

Nonwoven samples (SMS, PP and PE coated fabrics) and 
nonwoven samples reinforced with membrane (SMS + 
Membrane and PP + Membrane fabric) were evaluated in 
terms of thermal comfort properties, water vapor 
permeability and water vapor resistance. Thermal 
properties of the samples including thermal conductivity 
(λ), thermal absorptivity (b), thermal diffusion (a), thermal 
resistance (R) were measured by using Alambeta device 
according to standard of TS EN ISO 11092. Water vapor 
permeability and water vapour resistance of the samples 
were tested using Permetest tester (Skin model) according to 
TS EN ISO 11092. 

Relative thermal comfort index (RTCI) of the samples was 
calculated to evaluate their capability to ensure comfort for 
winter clothing using the following formula [24]:  

 

 
 
RTCI – Relative thermal comfort index 
Xi    – The value of ith parameter, which results in an improvement of thermal comfort when increased, where i = 1, 2, …, n, 
ximinIG – minimum value of ith parameter needed to ensure thermal comfort, 
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zj – the value of jth parameter, which results in a deterioration in thermal comfort when increased, where j = 1, 2, …, m, 
zjmaxIG – maximum value of jth parameter, which is acceptable from the point of view of thermal comfort 
 
Experimental design for all tests has ben given in Table 2. All tests have been repeated for five times and the average was 
taken as a result. 
 

Table 2. Experimental design of all tests 
 
Independent variables for all tests 
Tear Strenght Seam strength Thermal comfort  tests,  water  vapor 

permeability 
Air permeability, Water 
permeability resistance 

SMS (in all unit weights) Hot air welding method SMS (in all unit weights) 
SMS (in all unit weights) + membrane 

SMS 
(in all unit weights) 

PP (in all unit weights) Ultrosonic welding PP (in all unit weights) 
PP (in all unit weights) + membrane 

PP (in all unit weights) 

PE-coated nonwoven (in all unit 
weights) 

 PE-coated nonwoven (in all unit weights) PE-coated nonwoven (in 
all unit weights) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

3. RESULTS AND DISCUSSIONS 

3.1 Evaluation of tensile, tear and seam strength 

The tensile and tear strength of nonwoven fabrics are presented 
in Figure 1. It is seen that tensile strength of nonwoven fabrics 
for both direction was quite high and suitable for use as a 
surgical grown [25]. Tear strength along warp direction was 
found to be higher than weft direction. In addition, SMS 
fabrics were observed to have higher tear strength than 
polypropylene and PE-coated nonwoven fabrics. 

Seam strength of the samples was evaluated for both 
ultrasonic and hot air welding techniques. Table 3&4 show 
the seam strength of the samples for ultrasonic and hot air 
welding method, respectively. From Table 3, it is seen that 
samples sewed by ultrasonic method exhibited very high 
seam strength while some of them ruptured without allowing 
seam to open. Welding method was applied for fusing the 
membrane and nonwoven samples to each other. Table 4 
shows that higher seam strength was obtained for welding 
method as compared to ultrasonic one. 

 

  

  
Figure 1. Tensile and tear strength of nonwoven fabrics 
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3.2 Evaluation of thermal properties 

Thermal properties of the nonwoven (SMS, PP, PE-
coated nonwoven fabric) and combined membrane-
nonwoven samples (SMS+membrane, PP+membrane) 
were assessed in terms of thermal conductivity, thermal 
resistance, thermal absorption and thermal diffusion. 
Thermal results of nonwoven samples were presented in 
Figure 2, 3, 4 and 5. 

Thermal conductivity is an important factor affecting heat 
transfer from the body to the garment. Thermal 
conductivity is the amount of heat transferred from the 

unit thickness of the material to the unit surface area under 
steady state conditions and when the heat transfer is only 
dependent on the temperature difference. The higher the 
thermal conductivity, the faster the heat transfer from the 
skin to the fabric, resulting in colder feeling [7, 9]. As 
shown in Figure 2, thermal conductivity of the samples is 
in the range of 27-43 mW/m.K. Combined membrane-
nonwoven samples (SMS+membrane, PP+ membrane) 
have higher thermal conductivity as compared to SMS and 
PP samples without membrane. Heat conduction increases 
with increase in mass per unit area.  

 

    
 

 
 

Figure 2. Thermal conductivity of the samples in (mW/m.K) 

Table 3. Seam strength for ultrasonic welding method 
 

 WARP WEFT 
Sample FORCE AT SEAM OPENING OF 6 MM UNSEAMED WEFT SEAMED 
 Mean Std deviaton Mean Std deviation Mean Std deviation 
SMS 35 74.87 24.91 105.92 12.74 83.85 18.33 
SMS 50 BREAKDOWN 148.91 14.56 66.39 15.75 
SMS60 77.5 6.65 >200  98.69 6.76 
SMS 80 85.2 2.04 >200  104.3 4.3 
SMS 90 105.25 3.64 >200  114.97 3.47 
       
PP30 76.35 3.89 91.58 3.31 81.17 6.14 
PP50 87.46 17.56 157.42 12.87 159.06 14.4 
PP60 119.5 6.42 169.94 8.25 128.17 10.12 
PP70 166.44 18.03 >200  193.63 5.54 
PP80 157.9 14.57 >200  >200  
PP105 BREAKDOWN >200  145.83 27.3 
PP110 BREAKDOWN >200  145.34 32.37 
       
PE 35 100.53 22 >200  116.82 17.51 
PE100 154.43 18.33 >200  116.84 25.98 
PE105 BREAKDOWN >200  175.21 10.06 
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Table 4. Seam strength for hot air welding method 

Sample FORCE AT SEAM OPENING OF 6 
MM 

UNSEAMED WEFT SEAMED 

 Mean Std deviaton Mean Std deviation Mean Std deviation 
SMS 35 BREAKDOWN NA 140.04 10.39 >200  
SMS 50 142.2 BREAKDOWN 162.33 18.37 184.92 19.34 
SMS60 169.65 33.87 >200  >200  
SMS 80 >200  >200  >200  
SMS 90 >200  >200  >200  
       
PP30 >200  >200  >200  
PP50 >200  >200  >200  
PP60 >200  >200  >200  
PP70 >200  >200  >200  
PP80 >200  >200  >200  
PP105 >200  >200  >200  
PP110 >200  >200  >200  

 
 
 

Thermal comfort is greatly dependent on the insulating 
properties of clothing.  Thermal resistance determines 
thermal insulation property of a textile material. Since the 
thermal insulation is to insulate the body against the heat 
loss by trapping the heat into the air spaces inside the 
garment, an increase in thermal insulation reduces the 
comfort of medical clothes. Thermal resistance is related to 
thickness and thermal conductivity coefficient. By adding a 
membrane to the garment, the thickness of the fabric 

increases leading to an increase in the thermal 
insulation/resistance properties of the fabrics. Thermal 
resistance is observed to increase with increase in mass per 
unit area, which could be due to the increased quantity of 
enclosed air. The minimum thermal insulation values were 
obtained as 9.80, 10.98, 7.38 W-1.K. m2 ×10-3 for SMS 
35, PP 30 and PE 35, respectively (Figure 3). It is thought 
that with the increase in thermal resistance value, the 
feeling of comfort is adversely affected. 

 
 

  
 

 

                                                     Figure 3. Thermal resistance of the samples (W-1.K. m2 ×10-3) 
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Thermal diffusivity is the rate of the heat transfer of a 
material. The higher the thermal diffusivity, the faster the 
heat dissipation [7, 9]. It is seen from Figure 4 that 
membrane caused an increase in thermal diffusion of fabrics. 
The higher thermal diffusion is mainly related to bulky 
structure of the fabric due to air entrapped inside its structure. 
The thermal diffusion value of the fabrics increases up to a 
certain mass per unit area, and then it begins to decrease. 
This could be attributed to the formation of very tight 
structure with reduced air gap inside the fabric due to the 
increased mass per unit area. For polypropylene fabrics, 
thermal diffusion of nonwoven fabrics with a unit weight 
higher than 80 gr/m2 and membrane reinforced ones with a 
unit weight higher than 70 gr/m2 are observed to decrease. 
This leads to increased thermal stress of the body of wearer 
and uncomfortable microclimate. For SMS nonwoven 
fabrics, thermal diffusion showed a reduction in fabrics with 
a unit weight greater than 50 g/m2, while no significant 
changes were observed in membrane-integrated ones with a 
unit weight above 50 g/m. 

Thermal absorptivity can be defined as the sensation of 
warmth and coolness during wearing and depends on the 
skin contact area of the fabric surface. If the contact area 
between the fabric and the skin is increased, the thermal 
absorbance value increases, leading to cooler feeling. 
Fabrics with low thermal absorptivity give a warm 
feeling while those with high thermal absorptivity give a 
cold feeling. As shown in Figure 5, polypropylene 
fabrics with a unit weight of 70 g/m2 and higher have higher 
thermal absorptivity as compared to other PP fabrics. In PP 
fabrics with a unit weight of 60 g/m2 and higher, 

membrane integration caused to decrease thermal 
absorptivity. In SMS fabrics, thermal absorptivity was not 
significantly affected by unit weight and membrane 
reinforcement. SMS 80 has a maximum thermal 
absorptivity value of 204.04 W.s 1/2/m2.K. In PE-coated 
fabrics, the increase in unit weight from 80 to 100 g/m2 
caused a decrase in thermal absorptivity value. Fabrics such 
as PE 80, PP 105, PP 110, SMS 80, SMS 60 and SMS 90 
have higher thermal absorptivity (150 W.s 1/2/m2.K and 
higher), giving a more comfortable feeling to wearer. It is 
seen that thermal absorption values did not change 
proportionally to weight or thickness of the nonwoven 
samples, which may be caused by the large variation/non-
uniformity in the surface smoothness/roughness of the 
fabrics. Because the surface property of a fabric 
(roughness/smoothness) greatly affects this sensation 
(thermal absorptivity), which is related to the contact area 
between the fabric and the skin [26-28]. Nonwoven fabrics 
have non-homogeneous structure because they have uneven 
thickness caused by the uneven spread of fiber. In order to 
alleviate this constraint, all the tests have been repeated for 
five times from different areas of the nonwoven samples. 

3.3 Water vapour permeability results 

Water vapour permeability, one of the most important 
factors determining wearer comfort, is the ability of a fabric 
to allow moisture vapor to pass through it. Lower water 
vapour permeability values reduce the moisture transport 
through the fabric, resulted in increased vapour resistance. 
The higher the water vapour resistance, the lower the 
'breathability' of the fabric. 

  

 
Figure 4. Thermal diffusivity of the samples (mm2/s) 
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Figure 5. Thermal absorption of the samples (W.s 1/2/m2.K) 
 

Water vapor resistance also affects the comfort feeling in 
determining the comfort level of a fabric. High water vapor 
resistance reduces the excretion of sweat in the body, which 
causes moisture to accumulate on the skin, creating an 
uncomfortable feeling. Figure 6 and 7 show the RET values 
(water vapour resistance) and relative water vapour 
permeability of nonwoven and combined membrane-
nonwoven fabrics, respectively. SMS 90, PP 105 and PP 110 
fabrics were found to have higher Ret values among non-
membrane fabrics. Increase in Ret value, which means high 
resistance to moisture transfer, reduced water vapour 

permeability and impaired comfort, was clearly observed 
with the addition of membrane. All SMS and PP samples 
have a RET valaue lower than 6.0 Pa. m2/ W, indicating that 
they are extremely breathable and comfortable at higher 
activity rate [2]. Results revealed that SMS 35, 50, 60, 80, 90 
and PP 30, 50, 60, 70, 80, 105 fabrics have a water vapour 
permeability value higher than 70% and greater comfort for 
wearers. No meaningful result was obtained for PE-coated 
samples, which could be attributed to the high water vapour 
resistance owing to the coated structure. 

 

 

  
Figure 6. Water vapour resistance (RET) of the samples (Pa. m2/ W) 
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Figure 7. Relative water vapour permeability of the samples (%) 

 
 
 

3.4 Air permeability results 

Air permeability is a feature that increases the comfort 
properties of garments in terms of breathability of fabrics. 
Figure 8 shows the air permeability of non-membrane 
fabrics since the membrane-integrated ones have an air 
permeability of zero. It is observed that SMS 35, 50 and 
PP 105 samples are found to have higher air permeability 
than others. Since SMS spunbond consists of two layers of 
spunbond, which sandwich a layer of meltblown, its air 
permeability decreased with an increase in mass per unit 
area. However, in polypropylene samples, air permeability 
increased with increasing mass per unit area due to the 
increased surface porosity. The air permeability of PE-

coated fabrics was found to be zero due to the PE coating, 
leading to uncomfortable feeling for the wearer. 

3.5 Water permeability resistance (hyrostatic  
pressure test) 

Resistance of samples against water penetration was 
measured from both their back and front side under 
hydrostatic pressure. The mean of the pressures recorded 
for the specimens are shown in Figure 9 and 10. Water 
permeability resistance of the front and back sides of the 
fabrics is found to be very low in polypropylene fabrics. 
This indicates that SMS fabrics would be a better choice 
for protection as compared to polypropylene fabrics.  

 

 

Figure 8. Air permeability test results (L/m2/sec) 
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Figure 9. Water penetration resistance results for front side of SMS and PP samples (Pa) 

 

 
 

Figure 10. Water penetration resistance results for back side of SMS and PP samples (Pa) 
 
 
 
 
 

Figure 11 shows the water permeability resistance of the 
front and back sides of PE-coated fabrics. As can be seen 
from Figure 11, both front and back sides of PE fabrics 
have very high water pressure, providing high protection 
against water penetration. 

3.6 Statistical analysis 

The relationship between variables was tested using IBM 
SPSS 25 statistics program. As can be seen from Table 5, 
water vapor permeability and air permeability values are 
directly related to fabric thickness and fabric unit weight. 

As can be seen from one-way anova test results presented in 
Table 6, there is a significant relationship between fabric 
type (PP, SMS, PE) on fabric thermal conductivity, 
thermal resistance, thermal diffusion, thermal absorption, 
water vapor resistance, water vapor permeability and air 
permeability. 

Paired Sample T-test was used to evaluate whether there is 
a significant relationship between membrane reinforcement 
and fabric thermal and water vapour properties. Table 7 
indicates that there is a significant relationship between 
membrane integration and functional properties of fabric. 

 

Figure 11. Water penetration resistance results for PE-coated sample 
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Table 5. Correlation values 

Variables N Pearson Correlation Sig. (2-tailed) 
Fabric unit weight & water vapor permeability 27 0.881 0.000 
Fabric unit weight & air permeability 27 -0.650 0.000 
Fabric thickness& water vapor permeability 27 0.893 0.000 
Fabric thickness& air permeability 27 -0.499 0.008 
Fabric thickness & termal absorption 27 0.402 0.038 
 

Table 6. One way ANOVA test results 

ANOVA 
  Sum of Squares df Mean Square F Sig. 
Thermal conductivity Between Groups 8693.692 2 4346.846 387.899 .000 
 Within Groups 268.947 24 11.206   
 Total 8962.639 26    
Thermal resistance Between Groups .037 2 .018 52.605 .000 
 Within Groups .008 24 .000   
 Total .045 26    
Thermal diffusion Between Groups 86833.933 2 43416.967 159.576 .000 
 Within Groups 6529.852 24 272.077   
 Total 93363.785 26    
Thermal absorption Between Groups 1413.843 2 706.922 108.414 .000 
 Within Groups 156.495 24 6.521   
 Total 1570.338 26    
Water vapor resistance Between Groups 22.251 2 11.125 5.607 .010 
 Within Groups 47.616 24 1.984   
 Total 69.867 26    
Water vapor permeability Between Groups 13681.575 2 6840.787 70.682 .000 
 Within Groups 2322.777 24 96.782   
 Total 16004.352 26    
Air permeability Between Groups 116740.859 2 58370.430 1.143 .336 
 Within Groups 1225446.690 24 51060.279   
 Total 1342187.550 26    

 
 

Table 7. Paired sample t-test results 

Paired Samples Correlations 
  N Correlation Sig. 
Pair 1 Thermal conductivity without membrane & Thermal conductivity with membrane 12 .996 .000 
Pair 2 Thermal resistance without membrane & Thermal resistance with membrane 12 .913 .000 
Pair 3 Thermal diffusion without membrane & Thermal diffusion with membrane 12 .979 .000 
Pair 4 Thermal absorption without membrane & Thermal absorption with membrane 12 .997 .000 
Pair 5 Water vapour resistance without membrane & Water vapour resistance with membrane 12 .583 .047 
Pair 6 Water vapour permeability without membrane & Water vapour permeability with membrane 12 .877 .000 
 

The relative thermal comfort index (RTCI) of the samples 
were calculated using related formula and given in Table 8 
and 9. Based on the RTCI results, it was found that the 
most comfortable fabrics were 35, 80 and 90 for SMS 
fabrics whereas 70, 60 and 30 for PP fabrics. It is seen 

from the results that integration of membrane to the fabrics 
reduces the comfort properties of the fabric. 

 
 
 

Table 8. RTCI indexes of SMS fabrics 
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Samples RTCI 
SMS 35 0.676 
SMS 80 0.675 
SMS 90 0.652 
SMS 50 0.554 
SMS 60 0.526 

SMS 35 + Membrane 0.457 
SMS 90 + Membrane 0.426 
SMS 60 + Membrane 0.396 
SMS 80 + Membrane 0.336 
SMS 50 + Membrane 0.284 

 
Table 9. RTCI indexes of PP fabrics 

 

Samples RTCI 
PP 70 0.474 
PP 60 0.452 
PP 30 0.433 
PP 50 0.422 
PP 80 0.392 

PP 105 0.348 
PP 110 0.336 

PP 30 + Membrane 0.257 
PP 60 + Membrane 0.248 
PP 50 + Membrane 0.244 
PP 80 + Membrane 0.218 
PP 70 + Membrane 0.187 
PP 110 + Membrane 0.169 
PP 105 + Membrane 0.146 

 
4. CONCLUSION 

In this study, it is aimed to investigate the comfort and 
protection properties of three different nonwoven fabrics, 
SMS, PP and PE-coated, and membrane-nonwoven 
combinations for the production of newly designed 
functional disposable surgical gown. 

Results revealed that tear strength of the SMS fabrics is 
higher than that of PP and PE fabrics. Tensile strength of 
the all fabrics along both directions was found to be very 
close to each other. Samples joined by welding method have 
higher seam strength than that of ultrasonic one. 
Hydrostatic pressure test results indicated that water 
pressure at which the water penetrates into the fabric is 
higher in SMS fabric than PP fabrics. However, since 
water penetration is observed over a certain pressure for 
both fabric types, membrane reinforcement is required for 
both PP and SMS fabrics, especially in areas that may be 
exposed to fluid passage. It was found that the air 
permeability values of SMS fabrics were higher than that 
of PP fabrics, and the air permeability of PE fabrics was 

zero due to PE coating. Considering the comfort 
performance, the lack of air permeability has a negative 
effect on the comfort of the wearer. Thermal comfort 
properties of SMS, PP and PE coated fabrics and SMS + 
membrane and PP + membrane fabrics were examined. 
Membrane reinforcement caused an increase in thermal 
conductivity, thermal resistance, thermal diffusion, thermal 
absorption and water vapor resistance values. All SMS and 
PP samples have a RET valaue lower than 6.0 Pa. m2/ W, 
indicating that they are extremely breathable and providing 
greater comfort to wearers. Based on the RTCI results for 
membrane reinforced and non-membrane fabric types, 
RTCI values of SMS and SMS+membrane fabrics were 
found to be higher than that of PP fabrics, providing 
higher comfort feeling. The comfort values of 35, 80 and 
90 for SMS fabrics and 70, 60 and 30 fabrics for PP 
fabrics were found to be higher compared to others. 

As a result of the statistical evaluations, it was found that 
the fabric thickness and unit weight had a great effect 
especially on the water vapor resistance. SMS nonwoven 
fabrics consist of three thermally or adhesively bonded 
layers. The lower and upper layers are made of spunbond 
and the middle layer is made of meltblown material. PP 
nonwoven fabrics, on the other hand, are single-layer 
fabrics produced using spunbond, and their comfort and 
protection properties are lower compared to SMS fabrics. 
Although PE coated fabrics have great waterproof and 
impervious performance, their comfort properties are low 
due to the lack of water vapor and air permeability. 

According to findings obtained in this study, it was 
concluded that the disposable surgical gown produced from 
SMS nonwoven fabric, and membrane reinforcement in 
areas where there is a likelihood of exposure to body 
fluids was the most suitable model that meets the 
performance and comfort requirements of the wearer. It is 
expected that this study will provide a better understanding 
of the effect of fabric selection, sewing method and 
membrane integration on the wearer’s comfort and tensile 
properties in surgical gown design and contribute to the 
current literature on medical textiles. 
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ABSTRACT 

In this study, the use of synthetic stones and peach kernels in the denim stone washing process instead 

of pumice stone was investigated. The performance of each alternative was identified with different 

washing methods, i.e. conventional, low liquor, and spraying methods. The stone washing effects of 

each alternative were compared. Moreover, energy and water consumption and equivalent carbon 

dioxide emission of each method were analyzed. The results indicated that although pumice stone led 

to the best aging effect in the conventional method, synthetic stones and peach kernels showed better 

performance when the low liquor method was used. Additionally, the energy consumption and carbon 

dioxide emission of the low liquor method was shown to be lower. Therefore, it was concluded that 

synthetic stones or peach kernels could be a sustainable alternative to pumice stone and the selection 

of low liquor method for this application would be advantageous. 
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1. INTRODUCTION 
 

The concepts of sustainability, product life cycle, and 

ecological production are of great importance considering 

the environmental impacts of the textile and apparel 

industry. Therefore, many countries, companies, and 

organizations around the world have started to implement 

innovative initiatives and technologies in order to re-

evaluate their activities and produce their products both 

using less water, less energy, and causing low carbon 

emissions [1]. Within the very complex structure of the 

textile supply chain that includes a wide variety of raw 

materials, processes, and therefore products, denim washing 

emerges as an important production route capable of 

responding quickly to the needs of the fashion market [2]. 

However, although denim washing provides added value to 

the product, it also has the potential to harm the 

environment [3] due to water and energy consumption and 

the production of waste emissions and effluents [4, 5]. 

In order to create a desired aged effect on the denim 

garments; whiskers, laser, stone wash, spray, bleach, etc. 

processes are implemented which are called dry and wet 

processes [6]. The conventional stone washing process is 

carried out with pumice stone or similar volcanic stones in 

order to achieve the desired worn, aging effect on denim 

products. The desired appearance is obtained by abrading 

the dyestuffs on the product with the mechanical effect 

created by rubbing the stones on the clothes in the drum 

washing machine. The use of pumice stones has problems 

such as the difficulty of removing the stones from the 

products, hairiness in the products, decreasing the strength 

of the fabric and tearing problems, clogging of the machine 

pipes [7, 8]. In addition, pumice stone is the biggest waste 

load for waste treatment plants since it decomposes over 

time after each wash and becomes completely unusable 

after a certain number of washings [9].  

In order to reduce or eliminate the disadvantages of denim 

washing, some applications such as use of enzymes, use of 

bleaching agents with pumice, ozone applications, laser 

treatment, ultrasonic treatment and low temperature plasma 

have been the subject of denim research [7, 10-16]. In 

example, to reduce the usage of pumice stone, Telli and 

Babaarslan [17] combined stone washing with neutral 

cellulase enzymes in their research. Another application for 

sustainable denim washing is the total elimination of the 

To cite this article: İvedi İ, Çay A.. 2023. Use of Natural and Synthetic Materials in Denim Washing Process as an Alternative to 

Pumice Stone. Tekstil ve Konfeksiyon 33(1), 68-76. 
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pumic stone by the use of a stainless-steel rough drum in 

the machine [18]. An effective measure for sustainable 

denim washing against stone washing with pumice might 

be the investigation of the use of synthetic and natural 

stones, while only a few studies appeared in the literature 

on the use of alternative materials for stone washing. Alam 

et al. [19] used post-used shoe soles for stone washing of 

denim garments instead of pumice stone. Chattopadhyay 

and Pachauri [20] produced a series of synthetic stones 

composed of different amounts of calcium carbonate as 

filler material and silicon dioxide and aluminum as abrasive 

materials. Cement and sand were used as bonding agents. It 

was reported that the use of synthesized stone with certain 

composition in stone washing was found to be a better 

substitute for conventional pumice stones in terms of 

strength, wetting time, and fading of denim garments. In the 

study of Hoque et al. [21], in which waste wood and wood 

composite was investigated for the use in acid washing as 

an alternative to pumice stone, it was reported that pumice 

stone and wood composite led to higher fading compared to 

waste wood. Maryan and Montazer [22] investigated the 

use of organo-montmorillonite in denim washing and 

indicated that an old-look of fabric could be produced. 

They concluded that the best concentration is the use of 

30% of organo-montmorillonite per 1 kg of denim product. 

In this study, the potential use of peach kernels and 

polyethylene-based synthetic materials for stone washing 

processes alternative to pumice stone was investigated for 

the first time in the literature.  

One of the ways to reduce water and energy consumption in 

denim washing processes is to make improvements in drum 

washing machines. The conventional stone washing process 

is carried out in drum washing machines with a liquor ratio 

of around 1:10. The denim products are tumbled with 

pumice stones and auxiliary chemicals at 30-60°C for a 

certain period of time. A faded look and soft hand is 

obtained due to the physical abrasion force created by the 

pumice stones on the denim garments. In the low liquor 

method, the washing principle is the same; however, the 

liquor ratio can be reduced to 1:5. In low liquor denim 

washing machines, the distance between the drum and the 

wall of the washing machine is lower compared to 

conventional machines, therefore the desired washing effect 

can be achieved by using less water and chemicals. There is 

also a spraying method using an improved version of the 

classical drum washing machine, which includes spray 

nozzles as well as a drum. The diameter of the nozzles of 

the spray nozzles is between 0.1-0.4 mm. In this method, 

the denim products and pumice stones are loaded into the 

drum and the liquor including bleaching and auxiliary 

chemicals is sprayed inside the drum onto the products by 

the spraying nozzles placed on the drum cover. Therefore, 

the liquor ratio can be reduced to very low values, such as 

1:2, which leads to a very low water consumption. In this 

study, the comparison of this three types of drum machines 

(conventional, low liquor and spray-type machines) was 

also investigated. The appearance and strength of the 

resultant materials were examined considering the stones 

and machines used. Furthermore, energy and water 

consumption and equivalent CO2 emissions of each 

application were identified.  

2. MATERIAL AND METHOD 

2.1 Material and Machines 

Indigo dyed denim fabric (98/2 CO/EL, 3/1 Z twill weave, 

12 oz/yd2, 24% elasticity) was purchased from Matesa 

Denim AŞ., Turkey. The amylase enzyme and dispersing 

agent for the desizing process were supplied from Dystar, 

Singapore. Cellulase enzyme obtained from Fourkim San. 

Tic. A.Ş., Turkey. It was used to provide a chemical stone 

washing effect to denim garments.  

Natural and synthetic materials that can replace pumice 

stone and aging processes were carried out by conventional 

drum washing, spraying, and low liquor ratio methods. 

Synthetic stones were first developed with a 3D printer in 

different constructions. After creating the mold according 

to the specified design, it was produced in multiple 

quantities. As a natural material, peach kernels were used. 

Figure 1 shows the stones used for the alternative stone 

washing processes. 

Drum-type washing machines (Tolkar, model 3700) were 

used for pre-washing and stone washing processes both in 

conventional and low liquor methods. Both drum-type 

washing machines and spray systems (Method Makine, 

Turkey) were used for the spraying method. 

 
Figure 1. Synthetic stone and peach kernel used in the study 

 

 

2.2 Method 

In all methods, pre-treatments were carried out at 60°C 

degrees. Stone-washing processes are carried out at 40 °C 

for both conventional and low liquor methods while room 

temperature was used for the spraying method.  

The general process flow and the energy sources used for 

each process are shown in Figure 2. Each trial was carried 

out for 50 pairs of trousers. Fixed recipes for laser 

pretreatment, rinsing, centrifuging, and drying was applied 

for each trial (laser pretreatment for 50 min; centrifuging 

for 20 min for conventional and low-liquor washing and 30 

min for spraying, drying at 70 °C for 50 min, rinsing at 

room temperature). The parametric study plan applied for 
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different methods and stones in washing processes (shown 

as Rinse washing, RW; Stone washing, SW) is shown in 

Table 1. The industrially applied general processing time of 

stone washing process with a pumice stone in conventional 

and low-liquor ratio is 30 min, however, in the preliminary 

trials, it was observed that 30 min process with synthetic 

stones and peach kernels was found to be inadequate for the 

desired stone wash effect. Therefore, the processing time of 

stone washing with synthetic stones and peach kernel was 

extended to 60 minutes.  

 

Figure 2. General process flow with energy inputs 

 

 

 
Table 1. Washing process parameters 

Machine Stone type Process Temperature, °C 
Time, 

min 

Stone 

amount, kg 

Water 

consumption, 

litres 

Notation 

Conventional 

Pumice 
RW 60 5 - 250 

C-P 
SW 40 30 50 200 

Synthetic 
RW 60 5 - 250 

C-S-50 
SW 40 60 50 200 

Synthetic 
RW 60 5 - 250 

C-S-75 
SW 40 60 75 200 

Peach kernel 
RW 60 5 - 250 

C-PK-50 
SW 40 60 50 200 

Peach kernel 
RW 60 5 - 250 

C-PK-75 
SW 40 60 75 200 

Spray 

Pumice 
RW 60 5 - 250 

S-P 
SW Room temp. 55 50 18 

Synthetic 
RW 60 5 - 250 

S-S-50 
SW Room temp. 55 50 18 

Synthetic 
RW 60 5 - 250 

S-S-100 
SW Room temp. 55 100 18 

Peach kernel 
RW 60 5 - 250 

S-PK-50 
SW Room temp. 55 50 18 

Peach kernel 
RW 60 5 - 250 

S-PK-100 
SW Room temp. 55 100 18 

Low-liquor  

Pumice 
RW 60 5 - 125 

L-P 
SW 40 30 50 125 

Synthetic 
RW 60 5 - 125 

L-S-50 
SW 40 60 50 125 

Synthetic 
RW 60 5 - 125 

L-S-75 
SW 40 60 75 125 

Peach kernel 
RW 60 5 - 125 

L-PK-50 
SW 40 60 50 125 

Peach kernel 
RW 60 5 - 125 

L-PK-75 
SW 40 60 75 125 

 
 

 

 
 

 
 

 

 
 

 
 

 
 

In order to evaluate the differences between the application 

methods, light cabinet analysis to evaluate the aging effect 

(according to ISO 3664:2009 standard), elasticity and 

recovery test (according to ASTM D3107-07 standard), tear 
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strength test (according to ISO 13937-2:2000 standard) 

were applied to the resultant products. Physical testing data 

were analyzed statistically by one-way ANOVA followed 

by Duncan post-hoc test SPSS 2015 programme. 

Differences of p < 0.05 were considered statistically 

significant. 

In addition to the effect and quality parameters, energy and 

water consumption, and greenhouse gas emissions were 

also examined. For analysis, electricity consumption is 

calculated using machine data. In wet processes and drying 

processes, heating is carried out with steam (saturated 

steam at 6 bar gauge pressure). The amount of steam (ms) 

required for heating up to the process temperature was 

calculated by Equation (1). Here, mm is the amount of 

material (water, fabric, and stones), T is the process 

temperature, T0 is the ambient temperature, and hfg is the 

enthalpy of evaporation. It is assumed that the steam 

condenses during heating and turns into saturated water at 

the same pressure. 

          (1) 

In order to calculate the amount of steam used due to the 

heat losses from the machine surfaces, the heat losses from 

the surface ( , kJ/h) were calculated according to Equation 

(2), where hc and hr are the convective and radiative heat 

transfer coefficient, Ts machine surface temperature and T0 

ambient temperature, respectively [23]. 

 

         (2) 

        (2a) 

       (2b) 

The amount of natural gas (mng) required to produce the 

steam used was calculated using Equation (3), where hs is 

the enthalpy of the steam, hw is the enthalpy of the feed 

water, η is the boiler efficiency and LHV is the heating 

value of the fuel. 

 

            (3) 

As well as energy consumption investigation, equivalent 

CO2 emissions (CO2e) due to energy use of each process 

were calculated. CO2e emission due to fuels (Scope 1) and 

purchased electricity (Scope 2) were calculated based on 

Intergovernmental Panel of Climate Change (IPCC) 

guidelines using GHG protocol calculation tools [24] with 

Equation (4), where, CE is the CO2e emission (kg), FC the 

activity data (amount of fuel or electricity consumption, 

kWh for electricity and m3 for natural gas) and EF the CO2e 

emission factor (kgCO2e/kWh for electricity, kgCO2e/m3 

for natural gas).  

 

          (4) 

Specific energy consumption (kWh/piece), specific 

equivalent carbon dioxide emissions (kgCO2e/piece), and 

specific water consumption values (liter/piece) were 

calculated by dividing consumption and emission values by 

the number of trousers processed. Thus, the energy and 

water used and the equivalent carbon dioxide emissions due 

to the energy consumption released to nature for the 

processing of 1 piece of trousers were reported and 

compared.  

 

3. RESULTS AND DISCUSSION 

3.1 Light Cabinet Analyses 

Stone washing trials were carried out according to three 

different techniques and compared each other using a 

pumice stone, synthetic stone and peach kernel and the 

resultant aging effects were visually investigated. Figure 3 

shows the resultant samples after each trial.  

In the conventional method (Figure 3-a), it was observed 

that similar aging effects were obtained in the trials using a 

pumice stone and peach kernels. For synthetic stones lower 

aging effects were obtained, however, it was investigated 

that the aging effect was improved as the number of 

synthetic stones increased.  

In the trials conducted with the low liquor method, it was 

observed that the use of pumice stone and peach kernels 

gave similar results, as in the conventional system. On the 

other hand, it was indicated that better aging effects can be 

achieved compared to the standard pumice stone 

application when the amount of peach kernel was increased. 

A lower aging effect was achieved with synthetic stones, 

and it was shown that the increase in the number of 

synthetic stones led to an increase in the aging effect, which 

was close to those of pumice stones.  

In the spraying method, the increase in the amount of 

material in the experiments with alternative materials 

provided a better aging effect. However, a paler and greener 

effect was obtained compared to pumice stone. It could be 

concluded that peach kernels showed better results 

compared to synthetic stones possibly due to the rougher 

surface structure. The low liquor method was found to be 

appropriate for the use of alternative materials in denim 

stone washing processes.  
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(a) (b) 

 

(c) 

Figure 3. Stone washed denim trousers with  pumice stones, synthetic stones and peach kernels in (a) conventional method, (b) low liquor method and (c) 

spraying method (Figure sequence for conventional method from left to right; C-P, C-PK-50, C-PK-75, C-S-50, C-S-75; Low liquor method 

from left ro right; L-P, L-PK-50, L-PK-75, L-S-50, L-S-75; Spraying method from left to right; S-P, S-PK-50, S-PK-100, S-S-50, S-S-100) 
 

 
 

 

 
 

 
 

 
 

 

 
 

 
 

3.2 Physical Analyses 

Table 2 shows the tear strength, elasticity and recovery 

analysis results. When the tear strength values were 

statistically examined, it was observed that the type of 

machine used in stone washing process is important in 

terms of tear strength. Accordingly, it was observed that the 

tear strength in both weft and warp directions was 

statistically significantly lower than the others in the 

spraying method. Since the liquor ratio is lower compared 

to other methods, there is less water in the drum in this 

method. Thus, the denim products have a high direct 

physical contact with both the stones and the machine 

surfaces. The elasticity analysis results of the processes 

were found to be statistically insignificant according to the 

machine used.  

It was investigated that the effect of the stone type (pumice, 

synthetic and peach kernel) on the tear strength varies 

according to the machine type. It was seen that the effect of 

both stone type and amount on the tear strength in the weft 

and warp direction was insignificant in the spraying and 

low liquor methods. On the other hand, in the conventional 

method, it was indicated that the stone type has an effect on 

the tear strength results. Accordingly, the highest tear 

strength was provided by the peach kernel, followed by the 

synthetic stone and the pumice stone, and the difference 

between them was found to be statistically significant. This 
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result was attributed to the lower density of the peach 

kernel compared to the pumice stone and the synthetic 

stone. On the other hand, the amount of stone was found to 

be statistically insignificant. Statistical analyses on 

elasticity values showed that the effect of the stone type and 

amount was statistically insignificant for both methods. 

3.3 Energy and Water Consumption and CO2e 

Emissions 

In the preliminary studies, it was observed that the 

processing time should be extended in order to achieve the 

desired effect when synthetic materials and peach kernels 

were used as an alternative to pumice stone in the stone 

washing process.  Prolonging the processing time leads to 

both an increase in energy consumption and an increase in 

greenhouse gas emissions. For this reason, energy and 

carbon dioxide emission analysis was carried out to 

determine to what extent the use of synthetic stone and 

peach kernel affected the energy consumption and carbon 

dioxide emission of the total process in different types of 

machines. 

In Figure 4, the energy consumption of each step of the 

denim washing process by the use of pumice stone, synthetic 

stone or peach kernels in different devices (conventional, 

spray and low liquor machines) were illustrated. As can be 

seen, more than half of the energy consumption of the total 

process was used for the drying process.  

When the conventional system was examined, it was 

observed that both electricity and natural gas consumption 

increased with the use of synthetic stones or peach kernels 

as the processing time increased compared to the use of 

pumice stone. This increase was at the range of 33-36% 

when only the washing processes are considered and 7.8-

8.6% for the entire process. The energy consumption of 

using synthetic stone or peach kernel for the conventional 

system is similar. The increase in the amount of stone 

increased energy consumption to a certain extent. 

In the spraying system in which pumice stone is used, 

although the processing time is shorter and the natural gas 

consumption is lower due to the processing at room 

temperature, the total process energy consumption was 

found to be higher than the conventional system, due to the 

higher electricity use. On the other hand, in the case of 

using synthetic stone or peach kernels in the spraying 

system, there is no difference in energy consumption 

compared to the use of pumice stone. Moreover, 

considering the use of alternative stones, it was observed 

that the energy consumption in the spraying system was 

lower than in the conventional application.  

The lowest energy consumption was achieved with low 

liquor device and using pumice stone. When synthetic 

stones or peach kernels were used, although the processing 

time is longer, the energy consumption was similar to the 

conventional system with pumice stone, due to the lower 

natural gas consumption for heating since less water is used 

in the low liquor system.  Therefore, from the energy 

consumption point of view, it was shown that spraying or 

short liquor devices are more suitable for the use of 

synthetic stones or peach kernels.    

 
 
 
 

Table 2. Tear strength, elasticity and recovery of the samples 

Method Process 
Tear Strength (N) 

Elasticity (%) Recovery (%) 
Warp Weft 

Conventional 

C-PK-50 19.7 31.1 20.7 4.0 

C-PK-75 22.7 27.9 19.7 4.0 

C-P 8.2 27.2 18.3 4.0 

C-S-50 16.2 22.8 18.5 3.8 

C-S-75 14.8 25.4 18.8 3.8 

Low-Liquor 

L-PK-50 10.4 28.6 19.6 2.8 

L-PK-75 10.8 26.4 19.4 2.5 

L-P 8.3 30.0 19.5 2.5 

L-S-50 11.6 32.2 19.3 3.3 

L-S-75 12.4 33.0 18.4 2.8 

Spraying 

S-PK-50 9.8 23.4 21.3 3.8 

S-PK-100 10.9 21.9 19.7 3.5 

S-P 10.3 21.5 19.5 3.5 

S-S-50 8.8 19.0 18.1 4.3 

S-S-100 9.4 22.1 22.9 3.8 
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Figure 4. Energy use in each step of the denim washing process 

 
 
 

Figure 5 shows the equivalent carbon dioxide emissions 

originating from energy consumption of each step of the 

denim washing process by the use of using pumice stone, 

synthetic stone or peach kernels in different devices 

(conventional, spray and low liquor). Depending on the 

type of machine and stone used, it has been observed that 

carbon dioxide emissions are in the range of 44-50 kg 

CO2e. Similar to energy consumption, the highest emission 

source was the drying step. This was followed by washing 

processes.  

The lowest emission was achieved with the low liquor 

device and the use of pumice stone. This is followed by the 

conventional device using pumice stones. The use of 

alternative stones in these systems led to an increase in 

carbon dioxide emissions. These increases are about 52-

54% in the conventional system and 63-66% in the low 

liquor system for washing steps. On the other hand, 

considering the entire process, it was calculated that the use 

of alternative stone instead of pumice stone showed an 

emission increase of approximately 13% in the 

conventional system and 14% in the low-liquor system. In 

the spray system, it has been observed that the use of 

pumice stone or alternative stones was not different in 

terms of emissions, since the electricity consumption of the 

system was high. For alternative stones, spraying and low 

liquor systems were found to result in similar values and 

lower carbon dioxide emissions than the conventional 

system. In terms of greenhouse gas emissions caused by 

energy consumption in the denim washing process, it was 

revealed that it would be advantageous to choose one of the 

spraying or low liquor systems when synthetic stones or 

peach kernels are used as an alternative to pumice stone. 

 

 
 

Figure 5. Equivalent carbon dioxide emissions in each step of the denim washing process 
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Specific energy use (kWh/piece) and water use (liter/piece), 

and specific equivalent carbon dioxide emission 

(kgCO2e/piece) of the entire denim washing process were 

given in Table 4. Water consumption was not affected by 

the type of stone used. The specific water consumption of 

the spraying and low liquor systems (10 liters/piece and 11 

liters/piece, respectively) is half the water consumption of 

the conventional system. Specific energy consumption 

varies between 2.73-3.17 kWh/piece depending on the 

process parameters. It was investigated that the low liquor 

system has lower specific energy consumption compared to 

other systems for all types of stones. The specific 

equivalent carbon dioxide emission originating from energy 

consumption was in the range of 0.84-0.98 kgCO2e/unit. 

Therefore, similar to energy consumption, the selection of a 

low liquor system will be advantageous for the use of 

alternative stones in denim washing.  

4. CONCLUSION 

In this study, the potential of using synthetic stones and 

peach kernels in the denim washing process alternative to 

pumice stone was investigated. Additionally, the 

performance of each material was investigated in three 

different stone washing methods, which are conventional, 

spraying and low liquor washing. With the advantage of 

using less water and chemicals in spraying and low liquor 

methods, the specific water consumption in the stone-

washing process is reduced from 22 liters/piece to 10-11 

liters/piece. The pumice stone melts within an average of 2 

washes. However, synthetic and natural materials can be 

used more than 100 times. Therefore, compared to pumice 

stone in conventional, low liquor and spraying methods, the 

cost of stone used per unit product was reduced by 45% by 

the use of natural and synthetic materials. 

For the conventional method, the best aging effects were 

obtained by pumice stone. On the other hand, when the low 

liquor method was used, synthetic stones and peach kernels 

showed better effects compared to pumice stone. The 

reason for this was interpreted as the peach kernel and 

synthetic stones are less affected by the high rib effect 

caused by low liquor machine drums. However, the pumice 

stone was easily broken down by the rib effect. Energy 

consumption and carbon dioxide emission of the processes 

were found to be lower in the low liquor method compared 

to the conventional method. Therefore, the selection of the 

low liquor method for the use of alternative stones was 

revealed to be appropriate due to both higher effecting 

performance, and reduced energy consumption and carbon 

dioxide emission.  
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Table 3. Specific energy and water consumption and specific carbon dioxide emission in denim washing processes 

 

Machine Process 
Specific energy consumption 

kWh/piece 

Specific water consumption 

liter/piece 

Specific carbon dioxide emission 

kgCO2e/piece 

Conventional 

C-P 2.93 22 0.88 

C-S-50 3.16 22 1.00 

C-S-75 3.18 22 1.00 

C-PK-50 3.16 22 1.00 

C-PK-75 3.17 22 1.00 

Spraying 

S-P 3.03 10 0.98 

S-S-50 3.04 10 0.98 

S-S-75 3.06 10 0.98 

S-PK-50 3.04 10 0.98 

S-PK-75 3.06 10 0.98 

Low liquor 

L-P 2.73 11 0.84 

L-S-50 2.97 11 0.96 

L-S-75 2.99 11 0.97 

L-PK-50 2.96 11 0.96 

L-PK-75 2.98 11 0.96 
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ABSTRACT 

Pilling is one of the most important problems in the textile industry still not confidently solved. The 
problem is a kind of mechanically caused fabric defect consisting by a series of roughly spherical masses 
of entangled fibers called pills. Many studies have been carried out to define this problem in detail, 
determine the pilling intensity by different methods and improve the pilling grades of fabrics. One of the 
most beneficial methods to improve values is chemical finishing by applying specific polymers. In this 
study, a specific synthesized anti-pilling polymer was used for chemical finishing by padding method. A 
specific polymer based on polyvinylcaprolactam (PVCL) was synthesized and applied on the fabrics. The 
polymer has been characterized with FT-IR, NMR, DSC, elemental analysis devices also to optimize 
application-parameters. Especially pilling grades of blended fabrics of natural and synthetic staple fibres 
are often worser then other non blended fabrics, PVCL polymer was applied on a selection of different 
polyester cotton blends or polyester viscose blend, which have pilling values between 2-3. PVCL-Polymer 
applications were carried out by using these 7 different fabrics. As a result, approximately 1.5-2 pilling 
degree improvement was achieved. Anti-pilling polymers applied on the fabrics used to improve pilling 
values often decrease hydrophilicity values of the fabrics and worsen touch. However, the specific PVCL-
polymer does not lead to a loss of smooth hand neighter to a loss of smooth fabric touch. On the contrary, 
it improves both hydrophilicity and smooth touch not causing fabric yellowing. PCVL is distinguished 
from other products used for pilling improvement in the textile industry. 
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1. INTRODUCTION 
 

For sustainable textiles, quality must be increased in order to 

use the garment for a long time without losing its properties. 

If the clothes used are long-lasting, the user's need for new 

clothes decreases and the quality increased textiles can be 

used as second-life clothes by other consumers. In addition, 

the production of quality products indirectly reduces the 

product environmental footprint [1]. One of the most 

important quality problems in the textile industry which 

shortens the life-time of garments is pilling. Pilling is a 

crucial parameter for fabric’s quality and sustainable textiles. 

Pilling is a surface defect of textiles caused by intensive wear 

and care of textiles, like washing and tumble drying. This 

problem is especially important for fabrics that appeal to the 

human senses, such as top clothing and upholstery [2]. 

Mainly, pilling is seen in garment areas near pockets and 

collars, so pills are mostly found in these areas [3].  

A lot of parameters influence pilling in knitted and woven 

fabrics, like type of fibres, shape of fibres, fibre staple length, 

spinning technology used to produce the yarn, fabric 

construction, finishing technology, etc. All these parameters 

influence the pilling tendency of a garment [4]. Knitted 

fabrics tend to pill more readily than woven fabrics. Since 

knitted constructions are composed of a series of loops, a 

greater amount of yam surface area is exposed, making them 

more susceptible to abrasion in wear. Moreover, knitted 

fabrics are more often constructed of low-twist yarns made of 

staple fibres to give a soft, bulky feel and appearance [5].   

The pilling mechanism complex and many factors affect 

pilling during the use of the fabric. Pilling problems may 

occur in addition as a result of misuse and very often wrong 

washing of clothes. One of the main reasons that 

accelerates the formation of pilling is the unnecessarily 

long and intensive wash cycles which increase mechanical 

rubbing on the fabric surface creating even more pilling.  

To cite this article: Büyükkoru B, Kara A. 2023. Investigation of Anti-Pilling Properties of Different Fabrics Applied with 

Polyvinylcaprolactam. Tekstil ve Konfeksiyon 33(1), 77-87. 

 



 

78 TEKSTİL ve KONFEKSİYON 33(1), 2023 

With the increase use of synthetic fibers and their blends in 

recent decades, the importance of pilling has increased even 

more [4]. In example polyester fabrics have excellent 

properties such as high strength, attractive hand, dimensional 

stability and easy-care properties. Out of these reasons 

polyester fibers are the most frequently fibres used in the 

textile industry including outdoor, sports and active wear, as 

well as protective clothing, medical textiles, automotive parts 

and in many other technical textile applications. However, 

the pilling of polyester staple fibre-fabrics and snagging of 

polyester filament fabrics are still not totally solved problems 

[7]. As the polyester content increases in e.g. polyester 

(PES)/cotton (CO) blend fabric, pilling almost increases [8]. 

Increased pilling occurs on the fabric surface because 

polyester acts as a kind of anchor fiber for the pill [9]. 

Because of polyester-fibers do not fracture easily and 

therefore their pills do not easily wear off [10].  

To determine fabric's pilling tendency, various methods 

have been used and reported in literature [11-15], 

Martindale is the most common pilling test in textile 

industry. The PVCL-polymer treated fabrics were exposed 

to 2000 cycles by using Martindale pilling tester device 

according to the ISO-12945-2 method.  

Some methods used to improve the pilling degrees of 

fabrics have been reported in the literature [17-19]. One of 

the most useful of these methods is chemical finish [20, 

21]. Endo or exo-cellulases are generally used as an anti-

pilling agent in textile finishing [22, 23]. Sufficient pilling 

improvement in PES/CV, PES/CO, CO/CV blended fabrics 

could be obtained except viscose (CV) fabrics with these 

chemicals. The impact of cellulose waste on cellulosic 

fabrics were studied by Körlü et al. Cellulase enzymes are 

less effective in viscose fabrics in comparison to cotton 

fabrics [24]. Anti-pilling compounds, in addition to 

enzymes, have been utilized. All of today's anti-pilling 

chemicals have the disadvantage of being pricey or giving 

fabrics a rough hand. Despite the fact that several different 

compounds have been claimed to be anti-pilling chemicals 

[25], the textile industry requires more than only anti-

pilling properties. The cloth treated with anti-pilling 

chemicals should also have other desirable characteristics 

[26]. It should keep its hydrophilicity, be non-yellowing, 

and have a nice hand. As a result, an alternate anti-pilling 

chemical is needed to address the pilling issue. The anti-

pilling polymer developed by the researchers in this study 

differs in that it minimizes the likelihood for pilling while 

having no negative impact on fabrics' hydrophilicity, hand, 

or brightness. Polyvinylcaprolactam is the name of the anti-

pilling polymer that has been synthesized and studied. 

PVCL was applied and tested on a variety of fabrics to 

establish its effectiveness as an anti-pilling agent. PVCL 

was also tested to see if it had any detrimental effects on the 

fabrics' hydrophilicity and brightness. PVCL is a functional 

polymer that has been shown to work as an anti-pilling 

agent for a variety of fabrics with no negative side effects. 

As a result, the pilling problem in fabrics is eradicated, 

allowing for higher-quality products while also lowering 

energy, production, and operating expenses [27]. 

2.  MATERIAL AND METHOD 
 

2.1. Material 

2.1.1 Chemicals  

Vinylcaprolactam (VCL) (BASF) was used as a monomer 

and was supplied from BASF. 2M Azobisisobutyronitrile 

(AIBN) in toluene is the an initiator for polymerization of 

VCL. These chemicals were supplied from Merck. 

2.1.2 Fabrics  

In order to demonstrate the improvement of pilling values, it 

was purposefully worked with fabrics where improvement is 

hardest to achieve. For this purpose, fabrics are generally 

chosen from blended fabrics containing polyester and viscose 

fibers. The pilling value of the fabrics used should be 

maximum level 3 in Martindale testing to understand 

whether the specially modified Polyvinylcaprolactam 

(PVCL) improves pilling values in the fabrics. While 

selecting fabrics with a maximum pilling value of 3, 

untreated fabrics were exposed to Martindale test method. 

Seven fabrics with a pilling degree of 3 or less were used 

throughout the study, and they are listed in the Table 1 from 

F-1 to F-7. A microscopic approach was utilized to 

qualitatively determine which fibers are present in fabrics. 

The microscope's brand is Olympus, and the model is BX51. 

Following the microscopic identification of the fibers in the 

fabrics, their percentages in the fabrics were determined 

using a chemical method according to ISO-1833-11. Table 1 

lists the fibers in the fabrics as well as their percentages. For 

F-1, PES and CO fibers were found under the light 

microscope. The percentages of these fibers were determined 

as 68% PES, 22% CO by chemical method. CV and PES 

fibers were observed for F-2. The percentages of these fibers 

were discovered to be 64% PES, 32% CV and 4% EA., F-3 

consists of CV and PES fibers. The percentages of these 

fibers were determined as 77% CV and 23% PES. F-4 is 

made up of CV and PES fibers, as shown in Table 1. 78 

percent CV and 22 percent PES were determined to be the 

percentages of these fibers. Only CO fibers were found in F-

5, indicating that it is totally made up of CO textiles. Under a 

light microscope, PES and EL fibers were visible in F-6. By 

using a chemical approach, the percentages of these fibers 

were discovered to be 66 percent PES, 32 percent CV, and 2 

percent EL. F-7 fibers were discovered to be CV, PES, and 

EL. The percentages of PES, CV, and EA were discovered to 

be 64 percent, 32 percent, and 4 percent, respectively. Fabric 

surfaces were photographed at x44 magnification using a 

digital surface microscope (LEICA brand, DVM6 model). 

Table 1 contains images. 
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Table 1. Properties of fabrics 

Article Colour Fabric type Fiber composition Surface image of fabric under digital surface microscope 

F-1 White Woven 
68% PES,    32% 

CO 

 

F-2 White Woven 
55% CV,         45% 

PES 

 

F-3 light pink Woven 
77% CV,         23 % 

PES 

 

F-4 dark pink Woven 
78% CV,         22 % 

PES 
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Table 1. Continued 

Article Colour Fabric type Fiber composition Surface image of fabric under digital surface microscope 

F-5 Orange Knitted 100% CO 

 

F-6 

green 

plaid 
pattern 

Woven 
66% PES,    32% 

CV,        2% EA 

 

F-7 Black Woven 
64% PES,     32% 

CV,         4% EA 

 
 
 

 

 
 

 
 

 
 

 

 
 

 
 

 

 
 

 
 

 
 

 

 
 

 
 

 

 

2.2 Method 

2.2.1 Synthesis of PVCL 

Vinylcaprolactam (VCL) and the initiator 2 M AIBN in 

toluene were used for synthesis. PVCL was synthesized by 

free radical polymerization method [28,29]. 50 ml of VCL 

(0.37 mmol) and 3.25 g of 2 M AIBN in toluene (0.017 

mmol) were added. Reaction was carried out at 65 °C under 

nitrogen atmosphere. The reaction was completed after 3 

hours, PVCL was obtained as slight yellowish liquid. The 

chemical structure of the VCL monomer (Figure 1) and 

reaction scheme (Figure 2) are given below.  

CH2

ON

CH

 

Figure 1. Structure of VCL  

 

Figure 2. Polymerization reaction of PVCL 
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2.2.2 Polymer Characterization 

PVCL was characterized by FT-IR (Shimadzu, IR-Prestige-

21), NMR (JEOL-ECZ500R), UV-Visible 

Spectrophotometer (Shimadzu, UV-1700, PharmaSpec), 

DSC (Perkin–Elmer DSC 4000 equipment), and elemental 

analysis (Perkin Elmer 2400 Series II). 

2.2.3 Finishing process 

Continous impregantion by padding method was used for the 

application process. PVCL solutions with concentrations of 

10, 20, 30, 40 and 50 g/l were prepared by using soft water 

adjusted to pH value 5.5 by using acetic acid. These solutions 

applied to fabrics using the padding method. The foulard 

machine used in the applications is made by Ataç and is type 

F-350. The fabrics were then dried on the Mathis-stenter 

frame at 130°C after this process (Mathis brand, PTC 96 

model). PVCL was applied on white treated fabric to observe 

the yellowing impact. Fabric was subjected to 170°C after 

the application process. By impregnating the seven different 

reference fabrics at individual squeeze roller pressures of 2-3 

bar to obtain a pick-up value on of 70% on all fabrics was 

achieved. The fabrics were dried at different temperatures on 

the Mathis-stenter frame. In order to define the optimum 

temperature for PVCL, the temperature range during drying 

of the fabrics was studied with different temperature values 

between 120°C and 170°C. In addition, 170°C was used to 

understand the yellowing effect of PVCL on white fabrics by 

Datacolor degree of whiteness detection method. Parallel 

studies were carried out for all fabrics, first for the touch and 

hydrophilicity and the second for the pilling test. 

2.2.4 Measuring pilling values of fabrics  

treated with PVCL 

Martindale pilling tester device was used to determine 

pilling values of the fabrics. PVCL treated fabrics were 

exposed to 2000 cycles by this device according to the ISO-

12945-2 method. 

2.2.5 Determination of pilling values of fabrics treated 

with PVCL 

The pilling potential of treated fabrics was predicted using a 

subjective method. PVCL-treated fabrics achieved a perfect 

score of 5 out of 5. There will be no piling in the fabric as a 

result of this. A score of 4 indicates very minimal pilling, 

whereas a score of 3 indicates moderate pilling. Pilling is 

plainly noticeable in a fabric with a pilling score of 2. 

Fabrics with a lot of pilling get a score of 1. 

2.2.6 Determination of hydrophilicity values of fabrics 

treated with PVCL 

The water absorption capacity of the fabrics is examined 

when obtaining their hydrophilicity values. The AATC 79 

standard procedure is utilized for this. A stopwatch is used to 

measure time in this method. The stopwatch begins when 

water is sprayed onto the fabric with a pipette and ends when 

the fabric absorbs the water drop. The fabric's hydrophilicity 

value is calculated using the elapsed time. This method was 

used to measure the hydrophilicity of all treated textiles. As a 

result, the influence of anti-pilling chemicals on the fabric's 

water absorbency values was evaluated. 

2.2.7 Evaluation of hand of fabrics treated with PVCL 

The hand of PVCL-treated fabrics was compared to that of 

untreated materials. As a result, the impact of anti-pilling 

polymer on fabric hand was explored. The hand is assessed 

based on the sensation it gives the user as they take the 

fabric between their fingertips. The cloth might be 

described as silky, slippery, thick, or thin as a result of this 

sensation. The favored hand is usually the same, despite the 

fact that the hand is relative and varies from person to 

person from time to time. When the treated fabrics' hand 

was compared to their untreated counterparts, the hand 

effect of PVCL was found to be identical. 

2.2.8 Evaluation of whiteness values of fabrics treated 

with PVCL  

The whiteness test was carried out with the Datacolor 

600TM equipment. White cloth was treated with 50 g/l 

PVCL to evaluate the yellowing effect of PVCL on treated 

fabrics. In a Mathis-stenter frame, the fabric was exposed to 

170°C for 1 minute after application. Using a Datacolor 

equipment, the whiteness value of this cloth was measured in 

Berger units. In the Berger unit, the whiteness value of the 

untreated fabric was also assessed. Untreated cloth and fabric 

treated with 50 g/l PVCL had their whiteness values 

compared. 

3. RESULTS AND DISCUSSION 

N-vinylcaprolactam was polymerized by free radical 

polymerization. 2 M AIBN in toluene was used as a cataylst 

and VCL was used as a monomer. Therefore, PVCL was 

synthesized successfully. 

3.1 Determination of polymerization  

with FT-IR analysis 

The FT-IR spectra of VCL and PVCL are given in Figure 3 

and Figure 4. Their spectrums are compared in Figure 5. 

Also, the peak assignments are tabulated in Table 2. Firstly, 

FT-IR spectrum of VCL is observed and it is shown in the 

following figure. 

In the FT-IR spectrum of VCL, the characteristic carbonyl 

peak (C=O) is at 1622 cm-1. The peaks for the C=C were 

observed at 1661 cm-1 and at 943 cm-1. The peaks in the 

2932 and 2851 cm-1 correspond to the aliphatic C-H 

stretching. The -CH2- peaks are at 1439–1305 cm-1. C-N 

stretching vibrations are at 1266–1046 cm-1. 
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Figure 3. FT-IR spectrum for VCL 

 

 

Figure 4. FT-IR spectrum for PVCL 

 

In the spectrum of PVCL, C=O bond stretching at 1622 cm-

1 becomes broader and peak of double bond (-C=C-) near 

C=O peak disappeared. The aliphatic C-H stretching was 

observed at 2924 and 2865 cm-1. The vinyl, CH2=CH- peak 

in the spectrum of monomer at 943 cm-1 is not observed in 

the spectrum of PVCL. The other vinyl peak at 1622 cm-1 is 

replaced with shifted C=O peak. The CH2 peaks are at 

about 1440 cm-1. Peaks belong to double bond disappeared 

completely. The peaks of C-N stretching vibration at 1261–

1161 cm-1 in the monomer spectrum showed changes in 

intensity and position in the spectrum of polymer. This 

might be due to changes in conformation of side group and 

resonance structures. This can also be observed in the range 

of 3700–3150 cm-1 where new peaks corresponding to the 

OH and N-H are observed in the spectrum of polymer. The 

sharpness of the peaks in polymer spectrum showed 

regularity in polymer molecular chain. 

 

Figure 5. FT-IR spectrum for VCL and PVCL samples 

FT-IR spectra of monomer and polymer is compared and it is 

proved that polymer was successfully obtained and the 

polymerization proceeds by carbon-carbon double bond 

opening. Shift values of monomer and polymer are given 

below. 

Table 2. Shift values of VCL and PVCL 

Functional group 
VCL, 

shift (cm-1) 

PVCL 

shift (cm-1) 

N-H 3150 3150 

Aliphatic C-H 2924, 2864 2924, 2864 

C=O 1622 1622 

C-N 1477 1477 

-CH2 1440 1440 

C=C 1661 - 

=CH and CH2 2924, 943 - 

O-H - 3450 

 

These results are very similar to those reported in the 

literature [30]. The FT-IR spectrum of PVCL, with results 

consistent with the literature, clearly showed that the 

polymer was successfully synthesized. 

3.2 Determination of polymerization with NMR analysis 

H atoms in PVCL structure are numbered and illustrated in 

Figure 6. In the 1H-NMR spectrum of PVCL, four different 

peaks were observed.  

 

Figure 6. Numbered representation of H atoms in PVCL structure 
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The 1H NMR spectrum of the polymer is provided in Figure 

7. 1H-NMR spectrum of PVCL taken in DMSO-d6 is 

examined, peaks are obtained as below. In the 1H-NMR 

spectrum, the protons (Ha) for methylene group, (6 H, -

CH2- of the caprolactam ring and 2H, −CH2− of the 

backbone) appear at 1.524 ppm. The peaks for CH2 groups 

close to C=O (2H, −COCH2−), (Hb) are observed at 2.293 

ppm and the peaks for −CH2 groups close to N 

(2H,−NCH2−), (Hc) are seen at 3.040 ppm. The peaks for 

CH group (1H,−NCH−of the α position), (Hd) are exhibited 

at 4.341 ppm.  

 

 

Figure 7. NMR spectrum for PVCL  

These characteristic peaks are similar to articles reported in 

the literature [31]. Thus, it has been proved that 

homopolymerization takes place and PVCL is successfully 

synthesized.  

3.3 Determination of polymerization with differential 

scanning calorimetry (DSC) analysis 

By using Perkin–Elmer DSC 4000 equipment, differential 

scanning calorimetry was performed. Measurements were 

taken by using 3 mg PVCL sample. The DSC thermogram 

of the polymer are given in Figure 8. In the thermogram of 

the polymer, there is a broad peak at about 67°C and a less 

probable peak at about 137°C, which can be the glass 

transition temperature (Tg) value. 

Values are similar to results reported in the literature [30]. 

Hence, it is proven that PVCL was synthesized in success. 

3.4 Determination of polymerization with  

elemental analysis 

Elemental analysis results of PVCL are given in Table 3. 

 

Figure 8. DSC results for PVCL 

 

Table 3. Elemental analysis results of PVCL 

Composition of the initial 

reaction mixture (mol%) 
Elemental analysis (%) 

VCL 
2 M AIBN in 

toluene 
Carbon Hydrogen Nitrogen 

95.61 4.39 65.39 9.37 10.09 

 

3.5 The impact of the polymer on pilling efficiency 

Foulard process was applied to fabrics (F1 to F7) with 

PCVL polymer synthesized and characterized. Pilling 

performance of treated fabrics which dried in the stenter 

machine and rested in condition was tested with the 

Martindale pilling device. Pilling values of the fabrics were 

determined with the subjective method and pillgrade 

machine. The data obtained are given in the Table 4. As can 

be seen from table, when the pilling values of untreated 

fabrics are between 2 and 3, treated fabrics have better 

pilling values. Also improvement of the values are higher 

when application quantity of PVCL increases.  

It is clearly demonstrated that PVCL contributes anti-pilling 

properties of fabrics. 40 g/l PVCL application is enough for 

all fabrics in order to achieve acceptable pilling degrees. It 

is obsersed that nearly 1.5 pilling grades of improvement 

was achieved after 40 g/l PCVL application.  

 

Surface images of PVCL treated (40 g/l) and untreated 

fabrics after the pilling test were also compared to 

demonstrate PVCL decreases pilling tendency of the 

fabrics. Photographs including the surface images of the 

fabrics are shown in Figure: 9-15. There are almost no pills 

on the surface of all treated fabrics with 40 g/l PVCL when 

a lot of pills are seen on the surface of untreated ones. 
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Table 4. Pilling results of fabrics treated with different concentrations of PVCL 

Artical 
Pilling degrees of 

untreated fabric 

Pilling degrees of 

treated fabric with 

20 g/l PVCL 

Pilling degrees of 

treated fabric with 

30 g/l PVCL 

Pilling degrees of 

treated fabric with 40 

g/l PVCL 

Pilling degrees of 

treated fabric with 50 

g/l PVCL 

F-1 3 4 4-4.5 4-5 4.5-5 

F-2 3 3.5-4 3.5-4 4 4 

F-3 2 2.5-3 2.5-3 3 3-3.5 

F-4 2-3 3 3 3-4 3.5-4 

F-5 2-3 3 3 3.5 3.5 

F-6 3 4-4.5 4.5 4.5-5 4.5-5 

F-7 2-3 3.5 4 4.5-5 4.5-5 
 

⃰ Degree of pilling 5: means no pilling; 1 means very severe pilling 

              

A                                                                                                B 

Figure 9. Surface images of F-1 A) Untreated B) 40 g/l PVCL treated 

 

              

A                                                                                                 B 

Figure 10. Surface images of F-2 A) Untreated B) 40 g/l PVCL treated 

 

             

     A                                                                                            B 

Figure 11. Surface images of F-3 A) Untreated B) 40 g/l PVCL treated 
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     A                                                                                           B  

Figure 12. Surface images of F-4 A) Untreated B) 40 g/l PVCL treated 

 

             

                                                                 A                                                                                             B 

Figure 13. Surface images of F-5 A) Untreated B) 40 g/l PVCL treated 

 

            

                                                                A                                                                                            B 

Figure 14. Surface images of F-6 A) Untreated B) 40 g/l PVCL treated 

 

             

                                                              A                                                                                              B 

Figure 15. Surface images of F-7 A) Untreated B) 40 g/l PVCL treated 
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3.6 The impact of polymer on fabric hydrophilicity 

Hydrophilicity values of untreated and PVCL-treated 

fabrics were demonstrated in Table 5. Hydrophilicity of F-1 

and F-7 untreated fabrics was not good enough and their 

values were recorded as 10 and 50 second. When PVCL 

applied to these fabrics their hydrophilicity values were 

measured as 1 second, means they absorbs water 

immediately. For other treated fabrics, hydrophilicity 

values were recorded better than untreated ones or remains 

same if they absorbs water in 1 second. In short, it is clearly 

demonstrated that PVCL contributes hydrophilicity. 

 

3.7 The impact of polymer on fabrics hand 

A hand with a rating of 5 out of 5 is very soft, while one 

with a value of 1 is quite hard. Fabrics that have not been 

treated have a hand of 2-3.5, whereas fabrics that have been 

treated with PVCL have a hand of 3-4. This is proof that 

PVCL has no negative effects on the hand. Hand is 

preferable to untreated materials for some treated fabrics. 

Some treated fabrics, on the other hand, aren't soft enough 

and are too slippery. Softener can be added to the solution 

in this scenario. Combinations of polymer and softener 

were developed and applied to the fabrics. As a result, the 

hand value of these textiles was 4-5, and the softener had 

no effect on the materials' pilling values. It can be said that 

using appropriate softeners as additives to improve the hand 

of the applied fabrics has no disadvantages. 

3.8 The impact of polymer on fabric whiteness values 

White fabrics (F1 and F2) were treated with 50 g/l PVCL 

and subjected to 130°C and 170°C for 1 minute in a 

Mathis-stenter frame to study the yellowing effect of  

 

PVCL. The Datacolor 600TM equipment was used to 

determine the whiteness value of these fabrics and results 

(in Berger unit) are shown in Table 6. The whiteness degree 

for untreated F-1 is a Berger value of 54.8. At 130°C 

fabric's whiteness value was likewise assessed and recorded 

as 55.6 Berger. However, it is clearly demonstrated that F-1 

turn yellow at 170°C and the whiteness value is measured 

as 59.8 Berger, means F-1 is negatively affected at this 

temperature.  The results are similar for F-2 fabric. When 

the findings were examined, it was evident that there was 

no significant change, indicating that PVCL has no 

influence on fabric whiteness at 130°C. 

4. CONCLUSION 

 PVCL was synthesized and characterized successfully. 

Fabrics (F1-F7) were treated with different 

concentrations of PVCL. Pilling values of treated 

fabrics were measured and it is proved that PVCL is 

beneficial in increasing the pilling values of fabrics with 

approximately 1.5 degrees of pilling.  
 

 Pilling values of treated fabrics with 40 g/l PVCL were 

recorded as 4.5-5, means almost no pills on the fabric 

surface.  
 

 The hydrophilicity values of treated fabrics and 

untreated fabrics were also compared. It was found that 

PVCL improves hydrophilicity of the fabrics. 

 PVCL gives good handle to fabrics and do not cause 

yellowing on fabrics at 130°C. 

 The PVCL functional polymer was named as "RUCO-

PLAST EPG 19041" to market it as an anti-pilling 

chemical on Rudolf-Duraner's product list.   

Table 5. Hydrophilicity values of fabrics treated with different concentrations of PVCL 

Artical 

Hydrophilicity 

values of 

untreated 

fabrics 

Hydrophilicity 

values of treated 

fabrics with 20 g/l 

PVCL 

Hydrophilicity 

values of treated 

fabric with 30 g/l 

PVCL 

Hydrophilicity 

values of treated 

fabric with 40 g/l 

PVCL 

Hydrophilicity 

values of treated 

fabric with 50 g/l 

PVCL 

F-1 10 s 3 s 2 s 1 s 1 s 

F-2 6 s 3 s 3 s 2 s 2 s 

F-3 1 s 1 s 1 s 1 s 1 s 

F-4 1 s 1 s 1 s 1 s 1 s 

F-5 1 s 1 s 1 s 1 s 1 s 

F-6 4 min 1.5 min 40 s 8 s 6 s 

F-7 50 s 7 s 4 s. 1 s 1 s 

 

Table 6. Comparing the degree of whiteness of the white fabrics treated with different temperatures and untreated ones 

Artical 
Whiteness degree of untreated 

fabric 

Whiteness degree of treated 

fabric at 130°C 

Whiteness degree of treated 

fabric at 170°C 

F1 54.8 55.6 59.8 

F2 52.7 53.2 60.4 
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ABSTRACT 

Nowadays, evaluating fabric touch can be a great interest of industries to match the quality needs of 

consumers and parameters for the manufacturing process. Modeling helps to determine how structural 

parameters of fabric affect the surface of a fabric and also identify the way they influence fabric 

properties. Moreover, it helps estimate and evaluates without the complexity and time-consuming 

experimental procedures. In this research paper, the linear regression model was developed that was 

utilized for the prediction and evaluation of surface roughness of plain-woven fabric. The model was 

developed based on nine different half-bleached plain-woven fabrics with three weft Yarn counts 42 

tex, 29.5 tex & 14.76 tex, and three weft thread densities (18 picks per cm, 21 picks per cm & 24 

picks per cm) and then the surface roughness of plain-woven fabric was tested by using Kawabata 

(KES-FB4) testing instrument. The findings reveal that the effects of count and density on the 

roughness of plain-woven fabric were found statistically significant at the confidence interval of 95%. 

The weft yarn count has a positive correlation with surface roughness values of plain-woven fabrics. 

On the other hand, pick density has a negative correlation with the surface roughness values of plain-

woven fabrics.  The correlation between measured surface roughness by KES-FB4 and calculated 

surface roughness by the model equation show how they are strongly correlated at 95% (R² of 0.97). 
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1. INTRODUCTION 
 

The properties of fabrics depend on their physical, 

chemical, and structural characteristics. Fiber type, yarn 

type, yarn smoothness, fabric structure, fabric thickness, 

and the presence of additional materials like membranes 

influence the comfort of clothing. In addition, the dyeing, 

finishing, and coating processes can also influence a 

material’s properties [1,5].   

Nowadays, consumers demand fabrics and clothing which 

not only look good but also feel comfortable and follow 

easy care. Consumers choose comfort as the most important 

attribute that they seek apparel products, which is followed 

by easy care and durability. As comfort is an individualistic 

sense it is very difficult to define, design, or determine it [2, 

3]. Measuring and evaluating fabric surface properties can 

be of great interest in the industry nowadays to match the 

quality requirements for the consumer and the parameters 

for the manufacturing process purpose [3]. The most 

important properties of the fabrics which affect the 

sensorial comfort properties of fabric and cloth are the 

constructional parameters during manufacturing. The most 

effective parameters that can be counted on the surface 

properties of fabrics and cloths are such as thickness, 

weight per square meter, the pattern of weave, thread 

density, crimp%, yarn count, etc. [3, 5]. 

The surface of the textile fabrics is not absolutely flat and 

smooth. Its geometrical roughness to certain extents is 

considerable. The roughness was defined as irregularities in 

the surface that can be described geometrically as the size 

of roughness elements or mechanically by the friction 

coefficients. Roughness is a descriptive term for a fabric 

surface that has the feel of sandpaper as per ASTM-D123–

09. Smoothness and roughness of fabric and cloth materials 

are important sensorial properties for the design of many 

textile fabrics including plain bed-sheet, medical textiles, 

hygiene and healthcare products, sportswear, underwear, 

To cite this article: Beyene KA, Muhammed N. 2023. Linear Model Equation for Prediction and Evaluation of Surface Roughness of 
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lingerie, and other consumer products that needs to have 

special sensitive surface tactile properties [6, 7]. The 

surface roughness influences the fabric hand and it plays a 

significant role in the end use of the fabric. A factor having 

an important role in the configuration of the surface 

characteristics of the fabric is the crimp of the yarns, under 

the consideration that the yarn densities of warp and weft 

are of the same class. If the crimp values of the weft and 

warp yarns are close to each other, the fabric produced is 

balanced in terms of appearance. The geometrical 

roughness characteristics of the fabrics provide information 

on their structural characteristics. The surface of the textile 

fabrics is not absolutely flat and smooth. Its geometrical 

roughness to certain extents is considerable. The surface 

roughness influences the fabric hand and it plays a 

significant role in the end-use of the fabric. A factor having 

an important role in the configuration of the surface 

characteristics of the fabric is the crimp of the yarns, under 

the consideration that the yarn densities of warp and weft 

are of the same class. If the crimp values of the weft and 

warp yarns are close to each other, the fabric produced is 

more or less balanced in terms of appearance [8-11]  

Modeling is the process of perception of textiles by the skin 

fills the gap between two contemporary existing solutions: 

objective and subjective assessment of handling properties 

of fabrics [12-16].  The different number of mathematical 

models concerning the human body, clothing, and 

environment offer useful equations and tools. This is used 

in identifying important parameters in material design and 

for predicting fabrics and clothing performance under some 

environmental conditions [4, 16].  

The measurement and evaluation of fabric surface 

roughness are assessed by using either contact or non-

contact methods. In this regard, many devices and 

techniques have been developed and employed. The 

Kawabata Evaluation System for Fabrics (KESF), Fabrics 

Analysis by Simple Tests (FAST), and Fabric Touch Tester 

(FTT) systems are available for measuring the fabric 

handle-related characteristics under the contact methods. 

But, as far as the tactile responses are concerned, all the 

low-stress mechanical characteristics directly or indirectly 

stimulate the touch pressure roughness and other 

mechanoreceptors of human skin [10-16].    

The measurement, quantification, and analysis of surface 

roughness have been the subject of many kinds of research 

works, due to the difficult part of these parameters in the 

selection of suitable fabric for diverse technical and 

clothing end-uses fabrics. Many types of research have 

focused on the measurement of fabric surface properties by 

objective and subjective methods. In recent years, there is 

technological advancement in the realism, accuracy, and 

predictive capabilities of equations and tools for the theory 

and simulation of materials or products. Predictive 

modeling has now become a powerful tool that can also 

deliver real value through application and innovation to 

different industries. It forms an essential part of the 

research and development effort of many of the world’s 

leading organizations and can be incredibly valuable for 

businesses. Using modeling, it is possible to identify the 

effective aspects of plain-woven fabric structure on surface 

roughness and also discover the way that they influence the 

property of surface roughness of plain-woven fabrics. Used 

in a combination of good analysis and experimentation, 

materials modeling can drive progress, saving time, cost, 

effort, and resources. The results obtained from the model 

are tangible, available quickly, and have project relevance.  

Most of the researchers were focused on experimental 

methods for characterizing the surface roughness of fabrics 

but, their focus on modeling the roughness of a commonly 

used plain-woven fabric is limited, and hence most 

industries are suffering from knowing the level of surface 

roughness of their product. In this research, a linear 

regression model was developed based on the geometrical 

parameter of fabrics. Thereby the designers in the weaving 

looms can design plain-woven and various types of woven 

fabrics with specific surface roughness; simply by applying 

changes in fabric structural parameters “(such as weft yarn 

density and weft yarn linear density)” and laboratory 

personnel can simply calculate the surface roughness of 

given fabrics by identifying structural parameter and using 

the regression model equations. The model is a guide to 

selecting a suitable fabric for various end uses and a way to 

test and predict the surface roughness of any kind of woven 

fabric. 

2. MATERIAL AND METHOD 

2.1 Material 

A. Fiber 

The fiber which was used in this research work was 100% 

cotton and the fiber-specific characteristics properties from 

USTER HVI 1000 were mentioned in tabular form as 

shown in Table 1. 

B. Fabrics 

Plain-woven fabrics, nine 100% cotton, were produced with 

different yarn and fabric structural parameters by Picanol 

air-jet loom. As indicated in Table 2, the fabric properties 

were modified by using three different weft densities (PPC) 

and three different weft yarn linear densities (weft count), 

while the other factors such as warp density, warp count, 

tension, speed, and relative humidity (RH%) percent 

remained constant. The warp tension force is 1.58KN and 

the speed of the loom is 550 RPM. The fabrics were then  
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Table 1. Properties of cotton fiber 

Fiber source SCI Mst [%] Mic Mat UHML [mm] SF [%] Str [g/tex] Elg [%] 

Metema 102 8.0 4.65 0.86 28.8 10.5 23.8 7.3 

Awash 110 8.9 4.72 0.87 28.65 8.0 23.1 6.4 

Metema 93 8.8 4.21 0.85 28.76 8.9 21.9 6.6 

Awash 110 8.7 4.49 0.86 28.59 8.2 22.2 7.0 

Metema 88 7.8 4.60 0.86 28.57 11.1 20.5 6.9 

Awash 105 7.8 4.50 0.86 27.33 7.4 22.8 7.0 

 102 8.4 4.53 0.86 28.45 9.0 22.4 6.9 

 

Table 2. Constructional parameters of plain-woven fabric 

Fabric code Weave type Warp density (Ends/cm) Warp count (tex) Weft density (Picks/cm) Weft count (tex) 

 Plain 24 29.5 18 14.76 

 Plain 24 29.5 21 14.76 

 Plain 24 29.5 24 14.76 

 Plain 24 29.5 18 29.5 

 Plain 24 29.5 21 29.5 

 Plain 24 29.5 24 29.5 

 Plain 24 29.5 18 42 

 Plain 24 29.5 21 42 

 Plain 24 29.5 24 42 
 

 
 

 
 

 

 
 

 
 

 
 

 

 
 

 
 

 
 

 

 
 

 
 

 

 
 

 
 

 
 

 

 
 

 
 

subjected to a combination pretreatment process. The 

chemicals used were sodium hydroxide 3%, hydrogen 

peroxide 4%, sodium silicate 2%, wetting agent 0.5%, 

EDTA 0.5 (% owf), and 10:1 liquor ratio. The fabric is 

treated at 90 0C temperature for 1:30 hr. at a machine speed 

of 40 m/min jigger machine (Mesdan-Lab model) was used. 

2.2 Experimental design 

Central composite design (CCD) is an efficient technique 

for experimentally exploring relationships between 

investigated factors and system response. Central composite 

design experiments need a minimum number of trials for 

estimating the main effect, require a smaller number of 

runs, and allow sequential experimentation, which provides 

flexibility and time-saving in running the experiment and 

analysis [17, 18]. The experiment has 8 non-center and 5 

center points and the total run is 13 with five replications as 

shown in Table. 3. 

2.3 Experimental procedure 

Five test specimens 20.0 × 20.0 cm are prepared for 

measuring surface roughness by Kawabata Evaluation 

System (KES-FB4) from each produced sample and 

conditioned at 65 ± 2% relative humidity and 20 ± 2°C for 

a minimum of 24 hr. before testing according to ASTM-

D1776 practice for conditioning and testing textile 

materials. The data were statistically analyzed and 

evaluated using the Design-Expert software analysis of 

variance (ANOVA) was done.   

 

Table 3. The experimental design with two factors and three levels. 

Code Run Factor 1 Factor 2 Response 1 

Count (tex) Density (Picks/cm) SMD 

 1 14.76 21 1.315 

 2 29.5 21 1.906 

 3 42 21 2.321 

 4 14.76 18 1.389 

 5 29.5 21 1.906 

 6 29.5 21 1.906 

 7 42 24 2.321 

 8 29.5 21 1.906 

 9 29.5 18 2.137 

 10 29.5 21 1.906 

 11 14.76 24 1.113 

 12 29.5 24 1.520 

 13 42 18 2.566 
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2.4 Developing an empirical model 

There are several statistical approaches are available 

nowadays to researchers to analyze multiple outcomes or 

informants. With multiple informants, researchers can 

jointly model the associations between factors (count and 

density) and response (surface roughness) using a linear 

regression modeling approach available in standard 

software packages [18, 19] The actual equations are derived 

from the coded equations after the coded equations have 

been determined. The coded equations are determined first, 

and the actual equations are derived from the coded 

equations. The actual equation for each term (factors) was 

obtained from the coded equation by being replaced with its 

coding formula as shown in Equation (1) [17-19]. 

                                            (1) 

Where  coded values of Surface Roughness, 

 is the actual value of Surface Roughness,  

the mean values of Surface Roughness,  the 

maximum values of Surface Roughness, and  the 

minimum value of Surface Roughness. 

There should be some assumptions made in order to obtain 

a valid and trustworthy model for the prediction and 

evaluation of the surface roughness of plain-woven fabrics, 

even though various parameters affect the surface 

roughness of woven fabrics. 

Assumptions 

The characteristics of all fibers are the same. 

The fabric is produced with a constant tension force. 

The fabric is produced with the same warp count and 

density. 

The experimental results of surface roughness from the 

forming trials performed according to the matrix by central 

composite are tabulated in Table 3 by Response 1. These 

values are fed to the Design-Expert software for developing 

the surface roughness of the fabric by only considering the 

count and density of the plain-woven fabric as shown in 

Equation (2). 

 .......................(2) 

2.5 Model validity test 

It is necessary to check the fitness of the linear regression 

model to ensure that it gives an acceptable approximation to 

the true values and verifies that none of the least-squares 

regression assumptions are violated. Proceeding with the 

exploration and optimization of a fitted response surface 

will likely give poor or misleading results unless the model 

provides an adequate fit [17, 18]. 

2.6 Model test 

A plain fabric consisting of different structural parameter 

which has different weft densities and weft counts were 

used for the model test against surface roughness measured 

values by KES-FB4. Structural parameter analysis (density 

and count) was done for the fabrics which are used for 

model validation purposes. The count of weft yarn from the 

fabric is measured according to ISO 7211-5; the density of 

weft yarn will be measured by using ISO 7211-2 standard. 

Finally, the average value of each measurement was used 

for calculating the surface roughness of the fabrics by 

developing the SMD model equation by Equation (2). The 

surface roughness of the fabrics was also measured by the 

Kawabata KES-FB4 instrument. Finally, the calculated and 

the measured value were checked for their correlations by 

plotting graphs. 

3. RESULTS AND DISCUSSION 

3.1 Effects of count and density on the  

surface roughness 

Surface roughness data sets are normally distributed, as 

illustrated in Figure 1, and were obtained from the KES-fb4 

in Table 2 under the response column. From the box plot in 

Figure 2, it is observed that the collected data have no out 

layers either an upper limit or lower limit. This implies that 

the collected data are normal and can be used for further 

statistical analysis. 

 

Figure 1. The quantile-quantile plot of the input data Vs. standard 

normal 
 

 
 

Figure 2. The box plot of the collected data set 
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ANOVA results of the linear models presented in Table 4 

indicate that the model can adequately be used to describe the 

surface roughness of the fabrics based on the fabric 

parameters such as count and density of weft yarn. The F-

value is 166.83 (P < 0.0001) which implies that the model is 

significant for surface roughness. An F- value this large 

could occur due to noise only 0.01 percent of the time. A P-

value is a measure of the test's significance [19, 20].  If the P-

value is less than 0.05 (P 0.05), the model terms in the linear 

model equation are significant. Both the model terms weft 

count and weft density and their interactions (count X 

density) are statistically significant at 95% of the confidence 

interval since they have a P-value of 0.0001, 0.0002, and 

0.0331 respectively. The Predicted R² of 0.9407 is in 

reasonable agreement with the Adjusted R² of 0.9651; i.e., 

the difference is less than 0.2, which ensures a satisfactory 

adjustment of the model to the experimental data. 

A smooth fabric surface provides a bigger contact area with 

the human body, while a rougher fabric surface has less 

contact area when it gets in contact with the human body [4, 

16]. The effect of weft yarn count on surface roughness 

values of fabrics was observed in that surface roughness 

values increase with weft yarn count (coarser), while it 

decreases as the weft yarn gets finer and finer as shown in 

Figure 3. Also, the surface smoothness of the fabrics 

increases as the pick density of the fabrics increases, and the 

surface roughness of the fabric increases as the weft thread 

density decreases as shown in Figure 3. This was because as 

the thread density of weft yarn increases the pick and valley 

on the fabric surface decreased which resulted in the 

interlacement of warp and weft yarns [10, 22, 23]. 

 
 

Figure 3. The effects of both density and count on the surface 

roughness of the fabric 

 

3.2 Model equation for surface roughness  

The actual model equation was developed by using surface 

roughness values of the nine samples which were measured 

by the KES-FB4 instrument. The equation in terms of 

actual factors (count and density) can be used to make 

predictions about the response (surface roughness) for 

given levels of each factor. Here, the levels of each factor 

should be stated in the original units for each factor in the 

linear model equations. This equation can be used to 

determine the relative impact of each factor because the 

coefficients are scaled to accommodate the units of each 

factor and the intercept is at the center of the design space 

as shown in Equation (3). 

          (3) 

 

3.3 Model validity test 

The model validation test was done by checking the 

correlation between the measured data obtained from the 

experimental method (KES-FB4) and the calculated 

(estimated) data obtained from the developed actual model 

equations SMD as shown in Equation (3). As it is shown in 

Figure 4, the proposed model equation can properly correlate 

the experimentally measured data from (KES-FB4) at the 

confidence interval of 95% (R² of 0.97). The model 

efficiency was tested by using three different fabrics which 

are not used for the model equation extraction. The fabric's 

properties were studied and identified the weft density and 

count by using the ISO 7211-5 and ISO 7211-2 standard. 

 
 

Figure 4. The correlation between the measured SMD values by 

KES-FB4 and the calculated SMD value by the model 

equation 

 

3.4 Model test 

The fabric properties which were used for the model test 

which was 100% cotton half-bleached and the parameter of 

construction were shown in Table 5.  The correlation 

between the surface roughness values from KES-FB4 and 

the surface roughness values from the developed model 

equation were found to strongly correlate at the 95% degree 

of freedom as shown in Figure 5. The model can be used 

for the prediction and evaluation of plain-woven and other 

woven fabrics which are hundred percent cotton fabrics. 

 

Figure 5. The correlation between the measured SMD values by 

KES-FB4 in X-direction and calculated SMD value by 

model equation in Y-direction for model testing 
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Table 4. ANOVA table for the linear model 

Source Sum of  

Squares 

df Mean 

Square 

F-value p-value Decision 

Model 2.14 3 1.07 166.83 P < 0.0001 Significant 

Count 1.92 1 1.92 299.98 P < 0.0001 Significant 

Density 0.2160 1 0.2160 33.69 P < 0.0002 Significant 

Count*Density 0.0004 1 0.0004 6.35 P < 0.0331 Significant 

Residual 0.0641 10 0.0064    

Lack of Fit 0.0641 6 0.0107   Not-significant 

Pure Error 0.0000 4 0.0000    

Cor Total 2.20 12     

 

Table 5. Fabrics parameters for model test 

Fabric 

code 

Weave type Warp  Density 

(Ends/cm) 

Warp 

count 

(tex) 

Weft density 

(Picks/cm) 

Weft 

count 

(tex) 

Measured 

(SMD) 

Calculated 

(SMD) 

 Plain 32 28 32 28 1.25 1.1264 

 Plain 20 20 20 20 1.437 1.5533 

 Plain 21 36 21 36 2.277 2.1540 

 Plain 28 18.5 28 18.5 1.023 0.9859 

 

 
 

 

4. CONCLUSION  

Even though different structural parameters affect the 

surface properties of the fabrics, it is possible to control the 

surface behavior of the fabric with the developed model 

equations. The surface roughness of plain-woven fabric was 

mainly affected by weave type, thread density, weft, and 

warp linear density. The weft count and density were used 

for the model equation which can be used for the prediction 

and evaluation of the surface roughness of plain-woven 

fabric. The model is statistically significant and can 

adequately be used to describe the surface roughness of the 

fabrics. The surface roughness increases with count 

increases and the surface roughness decrease as the density 

of the weft thread increases. To produce fabrics with 

smooth surface qualities, both yarn density and weft yarn 

fineness should be increased. The model was validated and 

tested the correlation between measured by KES-FB4 and 

calculated by the developed model equation revealed that 

the model was strongly correlated with the confidence 

interval of 95% (R² of 0.95). This study needs further 

research and investigation since it does not only count and 

density affect the surface properties of woven fabrics there 

are many factors even in both the warp and weft direction 

of the woven fabrics. 
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ABSTRACT 

As technology advances and people's needs rise, the amount of waste produced rises in tandem with 

increased productivity in every industry. Aside from the fact that clothing is one of the most basic 

human necessities, the unstoppable growth of the fast fashion trend in recent years has boosted both 

the textile industry's production and waste. The goal of this research is to recycle these textile industry 

wastes and use them in a different sector. In this context, the mechanical properties (Charpy impact 

strength, drop-weight impact strength, tensile strength, and flexural strength) of hybrid composite 

structures composed of recycled textile wastes (denim waste, human hair waste, and pantyhose waste) 

and E-glass plain woven fabric are compared to those of E-glass plain woven fabric reinforced 

composite structures. While the vacuum assisted resin transfer method is used for production, epoxy 

resin is employed as the matrix material. The mechanical results reveal that, aside from tensile 

strength, the mechanical properties of the testile waste (denim, human hair, and pantyhose) and E-

glass fabric reinforced hybrid composite constructions can compete with those of the pure E-glass 

fabric reinforced sample. In both impact strength tests, the hybrid samples reinforced with human hair 

outperform the other samples, whereas the denim waste hybridized samples get the highest flexural 

strength values. Besides that, the statistical significance of all results is evidenced by a 2-sample t-

test. 
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1. INTRODUCTION 
 

The need of recycling waste materials is becoming more 

widely recognized in light of climate change and gradual 

depletion of natural resources [1]. The textile industry is the 

world's second most polluting industry, accounting for 10% 

of total global carbon emissions [2]. The spread of the 

concept of fast fashion caused a large number of textile 

materials to go to landfills [3, 4]. While the amount of 

textile waste produced is increasing on a daily basis, a study 

found that in 2030, an individual will generate 

approximately 17.5 kg of textile waste per year [3]. This 

demonstrates how crucial the recycling of textile materials 

with varied life cycles (short-life textiles - disposable 

textiles, etc., medium-life textiles - garments, carpets, etc., 

long-lasting textiles - construction textiles, etc.) is as an 

environmental concern. The textile wastes are divided into 

three main categories as; production waste, preconsumer 

waste, and postconsumer waste. Production waste includes 

waste from various textile manufacturing procedures, while 

preconsumer waste covers unsold/damaged products in 

retailers, and postconsumer waste comprises products that 

the owners no longer desire to use. These waste groups can 

be recycled using mechanical, chemical, or thermal 

processes. The most popular process is mechanical 

recycling, which is based on a technique that converts 

textile materials to smaller pieces such as yarns or fibers 

[1]. 

Textile materials are manufactured from both synthetic and 

natural materials. Non-renewable petroleum-based 

polymers are the raw material source for synthetic-based 

To cite this article: Sezgin H. 2023. The Effect of Various Textile Wastes (Human Hair, Denim and Pantyhose) on the Mechanical 

Properties of Composite Materials. Tekstil ve Konfeksiyon 33(1), 95-103. 
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fibers, which account for the vast bulk of textile fibers. 

Fibers made from these polymers by industrial chemical 

synthesis procedures withstand environmental degradation 

and require many years to disappear in nature due to their 

hydrophobic and extremely crystalline characteristics [5, 6]. 

Natural fibers, which appear more innocent than synthetics 

and are supposed to be harmless to nature, require a huge 

amount of fertilizers and pesticides that can harm the 

environment and human health, as well as a large amount of 

energy and water to manufacture [5, 7]. Given the 

environmental damage caused by both natural and synthetic 

fibers, the need of recycling these materials is obvious. 

Textile materials are recycled for reuse in the textile 

industry as well as in other sectors. Recycled textile 

materials can be utilized to produce garments, filler 

materials, insulation materials, and as reinforcement 

materials in composite structures [8-10]. Waste textile 

materials can be used in a variety of ways in composite 

materials. Fabric, yarn, fiber, and nano/micro particle fillers 

are examples of these forms [3]. Textile materials are 

preferred as reinforcement materials in composite structures 

because they offer excellent strength, stiffness, and fatigue 

resistance [11]. 

The primary goal of producing textile-based composite 

materials is to achieve good performance qualities while 

reducing material weight and cost [12]. Glass fiber, which 

has one of the best combinations of these three qualities, 

accounts for more than 87% of the reinforcement material 

in textile-reinforced composite constructions [13]. There 

are various types of glass fibers, and E-glass fibers are most 

commonly employed in composite structures due to their 

moderate modulus, low cost, and high strength values [14].  

E-glass fiber-reinforced composites are commonly used in 

automobiles, boats, pipes, water tanks, and aircraft [15]. 

Despite its great performance, glass fiber is now being 

substituted with natural and/or recycled materials due to a 

decline in raw material resources and an increase in 

sustainability awareness [13]. 

Three distinct textile wastes (denim, pantyhose, and human 

hair) are applied as reinforcement material in composite 

structures in the scope of this investigation. The first waste 

category is discarded denim fabrics. Denim manufacture is 

one of the most environmentally destructive textile 

processes. For denim finishing operations such as 

sandblasting and aging, several toxic chemicals are 

employed, and these chemicals are intermingled with water 

resources [16]. Furthermore, considering the environmental 

damage caused by the manufacture of cotton fiber utilized 

in denim production, the relevance of recycling this waste 

group is widely understood. Cotton is the most common 

natural fiber in the textile industry, with denim being the 

most popular application [17-19]. The textile sector is 

growing at a rapid pace, and demand is rising. Many 

cotton-producing countries, however, have had to restrict 

their cotton planting areas due to dwindling water resources 

[17]. While cotton cultivation is estimated to use 1-6% of 

the world's total fresh water, producing 1 kg of cotton lint 

requires 10000-17000 L of water [20]. In many countries, 

recycling cotton waste is one of the key options to address 

this issue and ensure cotton self-sufficiency [17]. Cotton 

fiber's elastic recovery property, high strength, elongation at 

break in the dry condition, and resistance to thermal 

deterioration all contribute to its use as a reinforcement 

material in composites. These composites are commonly 

utilized in the interior panels of automobiles [21].  

Waste pantyhose is the second type of waste. It is a waste 

product of the textile industry, having a short lifespan and a 

thin and flexible construction that renders it unsuitable for 

reuse. As pantyhose slip away after a few wears, 

consumption and waste are fairly considerable. According 

to a 2016 UK survey, a woman spent £3,000 on pantyhose 

throughout her lifetime [22].  Because they contain coal and 

petroleum-based raw materials, these polyamide-based 

textile products, which may contain elastane at particular 

ratios, disintegrate in nature for a long period [22]. Due to 

its elastic modulus, abrasion resistance, hardness, tensile 

strength, low friction coefficient, impact absorption 

capacity, thermal stability, and low density, polyamide 

fibers are favoured as a reinforcing material in composite 

materials, notably for use in armors [23-26]. Polyamide 

fibers with hydrophilic features offer high toughness and 

very good elastic properties due to the crystalline region 

composition of 65-85% [2].   

Human hair is the final waste group examined in this study. 

It is not used in the manufacture of textiles but it is an 

animal fiber. It is regarded as a useless material nearly 

everywhere in the world and is disposed of in municipal 

landfills [27]. Many harmful gases, such as ammonia, sulfur 

dioxide, and hydrogen sulphides, are generated when 

attempting to eliminate this waste group by burning [28]. 

Although plant fibers are the most commonly utilized 

reinforcement material in composite structures, animal 

fibers, including human hair, are also used [29]. Superior 

tensile strength, moderate degradation rate, hydrophilic 

qualities, low cost, unique chemical composition, and 

elastic recovery properties are some of the properties of 

human hair fiber that make it a promising reinforcement 

material [13, 29-31]. 

Looking through the literature, it is obvious that there are 

studies that investigate the use of denim wastes [32-41] in 

polymer composite constructions. There are, however, only 

a few investigations on polymer composites reinforced with 

human hair [42-47], and none on waste pantyhose-

reinforced composite structures. In one of these studies, 

Zonatti et al. (2015) produced various composites using 

different thermoset resins (epoxy, polyester orthophthalic, 

and polyurethane) and recycled denim wastes. The fiber 

ratios of the composites were kept constant at 30%. The 

obtained results showed that the tenacity and Young's 
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modulus values of denim waste-reinforced epoxy-based 

composites increased by two times when compared to pure 

epoxy resin, whereas the tenacity and Young's modulus 

values of denim waste-reinforced orthophthalic polyester 

resin-based composites increased by two and three times, 

respectively, when compared to pure orthophthalic 

polyester resin. There were no substantial changes in these 

parameters in polyurethane resin composites [40]. In the 

study conducted by Baccouch et al. (2022), cotton, 

polyester, and cotton/polyester wastes were brought into 

nonwoven surface form and composite panels were 

produced by vacuum infusion technique. The mechanical, 

thermal, and acoustic properties of nonwovens and 

composite samples were investigated in this study, which 

utilized cotton wastes obtained from discarded denim 

fabrics. The results showed that nonwoven samples 

produced with 100% denim waste had the highest specific 

Young’s modulus, specific tensile strength, and elongation 

values, whereas 100% denim waste reinforced composite 

structures had the highest specific Young’s modulus, 

specific tensile strength, and impact strength values [41]. 

Senthilnathan et al. (2014) constructed hybrid composite 

structures employing several reinforcement materials 

(coconut fiber, human hair fiber, and glass fiber) in an 

epoxy resin matrix. Six different composite designs were 

produced by hand lay-up method, including glass fiber 

reinforced plastic (GFRP), coconut coir reinforced plastic 

(CCRP), human hair reinforced plastic (HHRP), glass - 

coconut coir - human hair- glass hybrid composite 

(GCHGRP), coconut coir-glass-human hair-coconut coir 

hybrid composite (CGHCRP), and human hair-coconut 

coir-glass-human hair hybrid composite (HCGHRP). The 

results showed that, whereas CCRP had the highest tensile 

load capacity, HCGHRP had the best flexural strength. 

Furthermore, when compared to other composites, 

HCGHRP exhibited significant impact strength values [46]. 

In another study, Selvan et al. used the hand lay-up 

technique to produce five different composite designs 

reinforced with jute fiber and human hair fiber with varying 

ratios. As a matrix material, epoxy resin was used. The 

mechanical properties were investigated, and the results 

showed that increasing the human hair content enhanced 

the tensile, flexural, double shear, and impact properties 

[47]. 

As a consequence of reviewing the literature on these 

investigations, the goal of this research is to develop hybrid 

composite materials reinforced with waste textile materials 

that can be used in substitute of the most commonly used E-

glass reinforced composite materials. When considering the 

used waste groups, the fact that a study in which 

polyamide-based pantyhose waste was evaluated as a 

reinforcement material had not been done before reveals the 

study's originality, while utilizing cotton, a fiber that 

consumes a high amount of chemicals, water, and energy 

during its production, and the use of human hair which is 

sent from barber shops to landfills in almost every country, 

despite having very high mechanical properties, shows the 

contribution of the study to sustainability. 

2. MATERIAL AND METHOD 

2.1 Material 

In this study, four diverse textile materials (E-glass fabric, 

waste denim, waste pantyhose and human hair) are used as 

reinforcement materials. E-glass (supplied by Omnis 

Kompozit) is in the form of plain-woven fabric and 

technical properties are given in Table 1. Preconsumer 

waste denim fabric (supplied by Calik Denim) and 

postconsumer waste pantyhose (supplied by consumers) are 

used in fiber form. Undyed human hair obtained from a 

male barber is cut into 10-30 mm lengths and used. A 

microscope (Zeiss, Primo Star) is used to measure the 

diameter and length of the waste fibers used. The average 

diameters of waste cotton, polyamide, and human hair are 

18.7 ± 1 µm, 19.7 ± 0.7 µm, and 70 ± 5 µm, respectively, 

while the average lengths of cotton and polyamide fibers 

are 20-40 mm and 30-50 mm, respectively. Denim is 

comprised entirely of cotton fibers, whereas pantyhose is 

made up of 85% polyamide and 15% elastane. The matrix 

system consists of an epoxy resin (F-1564, Fibermak) and a 

hardener (F-3486, Fibermak). The technical properties of 

the resin system are given in Table 2. They are mixed in a 

ratio of 3:1.   

 

Table 1. Technical properties of E-glass fabric 
 

Basis Weight 

(g/m2) 

Warp x Weft Densities  

(epc x ppc)* 

Thickness  

(mm) 

Warp Yarn Count 

(Tex) 

Weft Yarn Count 

(Tex) 

300 4 x 3 0.37 600 850 

* epc: ends per cm and ppc: picks per cm 

 

Table 2. Technical properties of resin system. 
 

 Density (25 °C) [g/cm3] Viscosity (25 °C) [cps] Epoxide value [Eq/kg] Amine value [Eq/kg] 
Epoxy resin 1.1-1.2 1250–1450 5.80 ‐ 6.05 - 

Hardener 1.0 10–20                  - 8.55 ‐ 9.30 
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Figure 1. (a) Feeding and (b) output unit of rag pulling machine, (c) feeding and (d) output unit of carding machine 
 
 

 
 

 

 
 

 
 

 

2.2 Method 

Preparation of waste reinforcement materials 

Waste denim fabrics and waste polyamide pantyhose are 

turned into fiber form by going through a rag pulling 

machine (Balkan Machine – Type: DT 10) (Figure 1(a) - 

(b)) separately before composite material production. After 

that, these fiberized materials are put into the carding 

machine (Mesdan – Type: 337A) (Figure 1(c) - (d)), which 

produces an aligned web form. In addition, the other waste 

reinforcement material human hair is washed, dried and 

after that cut into lengths of 1 to 3 cm and then fed to the 

carding machine to form an oriented web form. 

Production of composite materials 

Composite fabrication is realized by vacuum-assisted resin 

transfer method (Figure 2) at 90°C and structures are cured 

for 3 hours under 1 atm pressure. Following the application 

of a PVA-based releasing agent to the vacuum table, the 

reinforcing materials are spread onto the table and covered 

with peel-ply fabric, a resin-flow mesh, and a vacuum bag. 

The vacuum pump is used to remove surplus air before 

production. The produced resin is then infused into the 

reinforcement material, and the surplus resin is vacuumed 

out with the help of a vacuum pump.  

Three layers of reinforcement material are used to create 

the composite structures. While the E-glass reinforced 

structure has three layers of E-glass woven fabric, the same 

weight of denim waste, pantyhose waste, or human hair 

waste is placed between two layers of E-glass fabric in 

hybrid composite structures (Figure 3). Table 3 shows 

sample codes and reinforcement types. 

 

Physical analysis 
 

The weights of the samples cut in specified sizes are 

measured with a precision balance to calculate the fiber 

weight ratios of the composite samples. The weights of the 

reinforcement materials in those dimensions are computed 

using the areal densities of the reinforcement materials, and 

the fiber weight ratio for each sample group is determined. 

A caliper is used to measure the thickness of the samples. 

By dividing the weights by the volumes of test samples 

whose dimensions and weights have been measured, 

density values are calculated. 

 

 

Figure 2. Production of the composite sample by vacuum-

assisted resin transfer method 

 

 

Figure 3. Produced samples   

 

Table 3. Sample codes and reinforcement types 

Sample Code Reinforcement layer I Reinforcement layer II Reinforcement layer III 

GGG E-glass fabric E-glass fabric E-glass fabric 

GDG E-glass fabric Denim waste E-glass fabric 

GPG E-glass fabric Pantyhose waste E-glass fabric 

GHG E-glass fabric Human hair waste E-glass fabric 
 

 
 

 
 

 
 

 

  b   a   c   d 
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Mechanical Analysis 

Charpy impact resistance 

The Charpy impact test is carried out using the Devotrans 

impact tester (Model: DVT CD OK) in compliance with BS 

EN ISO 179: 1997 (Sample dimensions: 127×12.7 mm). The 

samples have a notch cut out in the center, and 12 joule 

impact energy is applied to the notched samples. Three 

specimens in the 0° direction and three specimens in the 90° 

direction are tested from each sample group, and the mean 

values are presented along with standard deviation values. 

Drop-weight impact resistance 

The drop-weight impact test performed with the BESMAK 

impact tester (custom-made) is carried out following the 

ASTM D7136 standard (sample dimensions: 89×55 mm). 

According to the potential energy law, the impact is 

adjusted to 20 joules by altering the height of the striker 

(diameter: 16 mm, weight: 41 kg).  Each sample group is 

given five measurements, and the mean results are given by 

standard deviation values. 

Flexural strength 

The ASTM D790-10 standard (sample dimensions: 136x20 

mm) is used to conduct the flexural strength test with the 

Shimadzu universal testing machine (AG-IS Series). The 

crosshead speed is set at 6 mm/min. Three specimens in the 

0° direction and three specimens in the 90° direction are 

tested from each sample group, and the mean values are 

presented along with standard deviation values. 

Tensile strength 

Tensile testing is carried out with the use of a Shimadzu 

universal testing machine (AG-IS Series), in accordance with 

the ASTM D638 standard (sample overall length: 115 mm, 

the width of narrow section: 6mm). Six measurements are 

taken for each sample group (3 specimens at 0° direction and 

3 specimens at 90° direction), with the crosshead speed set to 

3 mm/min. The standard deviation values are included 

alongside the tensile strength mean values. 

 

 

Statistical Analysis 

The statistical significance of the physical and mechanical 

test results comparisons is investigated using the Minitab 

16 software program and the 2-sample t-test method at a 

95% confidence interval. The results are evaluated 

according to the p-value and those below 0.05 are 

expressed as statistically significant. 

3. RESULTS AND DISCUSSION 

3.1 Physical Analysis 

Table 4 shows the thickness, density, and fiber weight 

ratios of composite samples. The fiber weight ratios of the 

waste-reinforced samples are comparable (38-44%), while 

the fiber weight ratio of the 3-ply E-glass fabric-reinforced 

sample (65%) is significantly higher than the others. When 

the fiber weight ratios of the GGG sample are compared to 

those of the GDG, GPG, and GHG hybrid samples 

statistically, it is discovered that the differences are all 

statistically significant (p values are 0.014, 0.000, and 

0.017, respectively), whereas the differences in the fiber 

weight ratios of the hybrid samples (except for the GDG-

GHG comparison) are not. This scenario is hypothesized to 

be caused by two factors. E-glass has a hydrophobic surface 

and this reduces its liquid affinity [48]. In addition, since 

the middle layer is a fiber layer in waste-reinforced 

sandwich structures, it has much more gaps than the E-glass 

woven fabric reinforced sample. These gaps allow the 

material to absorb more resin and reduce the fiber weight 

ratio. When the waste-reinforced samples are compared, it 

is discovered that the fiber weight ratio of the structure with 

the human hair inter layer (GHG) is greater than the others. 

The reason is that, whereas the inside section of human hair 

is hydrophilic, the surface is hydrophobic [49].  

The GGG sample has a much lower thickness (p values of 

GGG-GDG, GGG-GPG and GGG-GHG thickness 

comparisons are 0.034, 0.017 and 0.001, respectively) than 

the others because the E-glass fiber absorbs less resin than 

the reinforcement materials in the other samples. 

Furthermore, the high density of the E-glass fiber (2.56 

g/cm3) and the higher fiber weight ratio in the GGG sample 

compared to the other samples resulted in a higher density. 
 

 
 
 
 

Table 4. Physical properties of composite samples 
 

Sample Code Thickness ± SD (mm) Density ± SD (g/cm3) Fiber Weight Ratio ± SD (%) 

GGG 0.93 ± 0.06 1.47 ± 0.08 0.65 ± 0.03 

GDG 1.95 ± 0.19 1.21 ± 0.08 0.39 ± 0.03 

GPG 1.69 ± 0.14 1.24 ± 0.05 0.40 ± 0.02 

GHG 1.70 ± 0.08 1.16 ± 0.09 0.44 ± 0.02 
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3.2 Mechanical Analysis 

Charpy impact resistance 

Figure 4 shows the Charpy impact resistance values of 

composite samples taken at 0° and 90° directions. The 

excellent impact resistance of the E-glass fiber is one of its 

most distinguishing characteristics [50]. The impact 

resistance of the composite sample with a human hair layer 

between two E-glass fabrics (GHG) is higher than that of 

the E-glass fabric reinforced sample (GGG), according to 

the results. It has been observed in several research in the 

literature that hybridizing glass fiber with natural fibers at 

particular rates increases the material's impact resistance. 

The high elongation value of the additional natural fiber 

was cited as the cause of this condition [21, 51]. The high 

impact resistance obtained in the hybrid sample with the 

human hair interlayer can be explained by the high 

elongation value of human hair (dry: 20-30%, wet: up to 

50%) [52], which is a form of wool. Additionally, in a 

study conducted by Saiman et al. (2013), the mechanical 

properties of composites reinforced with yarns of varying 

yarn counts were investigated, and it was revealed that 

increasing yarn diameter resulted in a significant increase in 

the impact strength of the composite material. One of the 

reasons for the high impact resistance obtained from the 

GHG sample may be that the diameter of the human hair 

used in this study is approximately three times that of the 

other waste fibers [53]. 

 
 

Figure 4. Charpy impact resistance results  

 

Waste denim (GDG) and waste pantyhose (GPG) 

reinforced composite samples have fairly similar and lowest 

impact resistance values at 0° direction (p-value for 0° and 

90° directions are 0.085 > 0.05 and 0.015, respectively). 

Furthermore, the impact resistance values of samples 

collected from 0° direction are higher than those of samples 

taken from 90° direction. The 0° direction corresponds to 

the plain-woven E-glass fabric's warp direction and the 

oriented directions of the waste fiber webs, therefore this is 

an expected result. The statistical significance of this 

situation is also investigated using the 2-sample t test, and 

the results obtained from the 0° and 90° directions of each 

of the GGG, GDG, GPG, and GHG samples are compared 

with each other, yielding p values of 0.005, 0.025, 0.009, 

and 0.012, respectively. 

Drop-weight impact resistance 

Structures having stiff surfaces in their outer layers and 

more hollow and shock-absorbing layers in their inner 

layers are known to withstand mechanical loads better [54, 

55]. In the drop-weight impact test, the load is applied to 

the fabric layer first, then to the fiber layer in between, 

resulting in an increase in the amount of energy absorbed. 

Consistent with this information, the samples containing 

waste textile fiber webs absorb more energy than the GGG 

sample, as shown in Table 5. 

The acquired results are similar to the Charpy impact test 

results and show that the GHG sample absorbs more energy 

than the others. This is thought to be due to the fact that the 

elongation value of human hair is quite high compared to 

other fibers [52]. It has also been statistically proven by a 2-

sample t test, except for the GDG sample. The p-value in the 

analysis examining the differences in the absorbed energies 

of the GHG and GDG samples is found as 0.106, indicating 

that there is no statistically significant difference between 

them and the p values of other comparisons (GHG-GGG and 

GHG-GPG) are found as 0.014 and 0.049, respectively. 

Furthermore, in a study examining the mechanical properties 

of hybrid composite structures made of coconut fiber, human 

hair fiber, and glass fiber, it was discovered that the impact 

resistance of the hybrid composite structure made up of a 

high percentage of human hair fiber was greater than the 

others, supporting the result [46].   

 

 

 

Table 5. The drop-weight impact strength test results 
 

Sample Code Maximum load  ± SD (kN) Absorbed energy ± SD (J) Maximum load  ± SD (kN) 

GGG 2.54 ± 0.08 9.88 ± 0.62 11.73 ± 1.07 

GDG 2.64 ±0.09 13.67 ± 1.01 17.00 ± 1.73 

GPG 2.38 ± 0.08 12.61 ± 1.83 14.93 ± 1.28 

GHG 2.46 ± 0.11 15.52 ± 1.79 22.17 ± 2.01 
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Flexural strength 

Figure 5 shows the flexural strength of the samples taken in 

the 0° and 90° directions. Higher values are obtained with 

samples taken from the 0° direction, as is the case with 

impact strength. The statistical significance of this situation 

is also reviewed using the 2-sample t test, and the results 

from the 0° and 90° directions of each of the GGG, GDG, 

GPG, and GHG samples are compared, achieving p values 

of 0.001, 0.020, 0.000, and 0.000, respectively. When the 

strength values are examined, it is discovered that the three 

layers of E-glass fabric reinforced sample (GGG) has the 

lowest value, while the denim waste (GDG) and pantyhose 

waste (GPG) reinforced structures have the greatest values. 

 
 

Figure 5. Flexural strength test results  
 

The fiber weight ratio of the GGG sample is much higher 

than that of the other samples, as shown in Table 3, 

indicating that the epoxy resin ratios of the hybrid 

composite samples are higher than that of the GGG sample. 

Brittle materials have greater flexural strength [53]. As it is 

known that increasing the cured epoxy ratio increases the 

brittleness of the material, higher flexural strength values of 

hybrid composites are expected. Besides this, Shibata et al. 

(2015) noted that increasing the length of the fiber used in 

fiber-reinforced polymer composites enhanced the flexural 

strength of the composite material. The fibers obtained 

from the denim and pantyhose wastes used in this study are 

known to be longer than the length of human hair. This is 

assumed to be the reason the GDG and GPG samples have 

higher bending strength values than the GHG sample [56]. 

Tensile strength 

Figure 6 shows the tensile strength values of composite 

samples. The samples reinforced with three layers of E-

glass fabric (GGG) show the highest tensile strength values 

in both directions when compared to the hybrid samples 

reinforced with waste materials. This circumstance is also 

statistically analyzed, and it is demonstrated that there is a 

significant difference (p: 0.000 < 0.05) between the tensile 

strength values of the GGG samples and the tensile strength 

values of the hybrid samples obtained from both directions.  

The GGG sample’s middle layer is made of E-glass plain-

woven fabric, whereas the other three samples are in the 

shape of fiber webs. The tensile strength of woven 

constructions is increased because the intersection of the 

yarns generates a stable situation in the structure [55]. Plain 

woven textiles, which have the most warp/weft interlaces 

per unit area, are more resistant to in-plane shear 

movements, making them good reinforcing materials [57].  

 

Figure 6. Tensile strength test results  
 

According to the literature, the tensile strength of composite 

materials is mostly related to the tensile strength of the fiber 

utilized and increases as the number of glass layers 

increases [50]. This could explain why the GGG sample has 

such a high tensile strength value. Besides that, in a study 

comparing the mechanical properties of coconut, human 

hair, and glass fiber-reinforced hybrid composite structures 

with those of glass fiber-reinforced composite structures, it 

was discovered that glass fiber-reinforced composite has 

the highest tensile strength [46]. This information from the 

literature corroborates the outcome. 

4. CONCLUSION 

Textile-reinforced composite materials hybridized with 

various textile wastes (denim, pantyhose, and human hair) 

are produced in this study, and their mechanical properties 

are compared to those of E-glass fabric-reinforced 

composite. Because E-glass is the most commonly used 

fiber in composite production, it is chosen as the control 

sample. Pantyhose, which has a very short lifespan and 

cannot be given to someone else for reuse, denim, which 

has a large environmental impact both during cotton 

cultivation and fabric production, and human hair, which is 

sent to landfills every day by hairdressers and barbers, are 

chosen as textile wastes to be evaluated for this purpose. 

The key findings are listed below. 

 Textile waste-reinforced hybrid composite samples have 

much lower densities than E-glass fabric-reinforced 

sample. 

 The impact (Charpy and drop-weight) strength values of 

the hybrid composite samples reinforced with human 

hair are higher than those of the other samples, which 

could be attributed to the larger diameter of human hair 

compared to other waste fibers. 
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 The flexural strength values of the textile waste-

reinforced hybrid composite samples are significantly 

greater than those of the E-glass fabric-reinforced 

samples; additionally, the highest strength values are 

obtained with the samples reinforced with denim and 

pantyhose wastes, which could be credited to the longer 

length of these fibers. 

 The strength of samples taken from the 0° direction is 

higher in all mechanical tests. 

 However, the tensile strength values of textile waste-

reinforced hybrid composites are significantly lower 

than those of the E-glass reinforced sample. 

These findings indicate that waste textile-reinforced hybrid 

composite materials can be used as an alternative to E-glass 

reinforced composites when tensile strength is not required 

and bending and impact strength are important. The 

significance of various waste groups is revealed by assessing 

the waste of pantyhose, which has never been used as a 

reinforcement material in the literature, as well as human 

hair, which is not commonly used in polymer-based 

composites. In our world of diminishing natural resources, it 

is expected that the findings of this study will serve as a 

guide for future research and shed light on the recycling 

studies of many waste groups that are currently not recycled. 
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