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ABSTRACT 

The activity of rowing is majorly performed outside, namely on rivers or lakes, and the probability of 

getting the t-shirt wet due to splash or rain is high. In order to evaluate the impact of water repellent 

finishing on the thermal insulation, several rowing shirts made with different structures and raw 

material were tested and compared by means of a thermal manikin, before and after finishing. The 

shirts were treated with a 5% of a fluorocarbon-based product water repellent finishing. The heat loss 

values of rowing shirts were measured by using a thermal manikin and the effective clothing 

insulation values were calculated. Moreover, the effect of garment design on thermal insulation was 

investigated by comparing shirts with more than one knitted structure with single knitting structures 

shirts. Considering the results for the heat loss values, after WRF, the heat flux of rowing shirts was 

lower. Shirt B and shirt B-1 had higher effective thermal insulation value after WRF, where the other 

shirts had lower thermal insulation values. Moreover, not only the water repellent finishing, but also 

the structure of garment is also important in terms of heat loss and thermal insulation. 
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ABBREVIATIONS 

IT  The total thermal clothing insulation  

Icle  The effective thermal clothing insulation  

Ia  Thermal insulation of the boundary air layer 

fi  Relationship between the surface area of the segment i of 

the manikin (Ai)  

A  The total surface area of the manikin  

t0  The operative temperature [°C]   

tsi Skin surface temperature of the body segment of the 

manikin 

Ǭsi Sensible heat flux of the manikin obtained by area 

CST Constant skin temperature 

WRF Water Repellent Finishing 

 

 

1. INTRODUCTION 

 

Nowadays, clothing comfort is one of the most important 

aspects for consumers, designers and manufacturers. Slater 

(1985) defined comfort as "a pleasant state of physiological, 

psychological, neurophysiological and physical harmony 

between a human being and the environment" [1-3].  

Moreover, the term comfort is defined as either "the 

absence of unpleasantness or discomfort;' or "a neutral state 

compared to the more active state of pleasure.” Therefore, 

the clothing comfort is classified into four basic groups: 

psychological, sensory, ergonomic and thermo-

physiological comfort. Psychological comfort is mainly 

related to the fashion, colors and design features and 

acceptability in society which help people to feel confident. 

The sensory comfort is related with the sensations when a 

To cite this article: Tama D, Catarino A, Abreu MJ. 2019. Evaluating the effect of water-repellent finishing on thermal insulation 

properties of rowing shirts using a thermal manikin, Tekstil ve Konfeksiyon, 29 (4), 279-288. 
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fabric comes into contact with the skin e.g. cold, warm, soft 

or stiff. The ergonomic comfort is related with the shapes, 

forms and ease of body movement of the wearer. The 

thermo-physiological comfort, which is the most researched 

element for improving comfort in clothing, is about the 

transmission of heat and moisture through fabric [4].  

Different variables contribute for thermal comfort 

perception of a human being, such as air temperature and 

movement (speed, humidity, activity level, the environment 

mean radiant temperature), among others, resulting in a 

complex interaction between man and the environment. 

Thermal comfort relates body heat production and loss, and 

thermal manikins are a suitable mean for evaluating the 

thermal interface of the human body and the surrounding 

environment [5]. 

The thermal insulation of clothing has great significance in 

the thermoregulation process, which keeps body 

temperature within safe internal temperature boundaries. 

Clothing thermal insulation depend on factors such as 

specific design, dimensions and fabric characteristics, 

namely the air gap between skin and clothing [6]. The 

former is usually quantified by means of thermal manikins 

due to their experimental simplicity and repeatability 

procedures, and precision [7]. The thermal manikins now 

exist for more than 60 years [8] and provide a good 

estimate of the total dry heat loss from the body and the 

distribution of heat flow over the body surface. When in a 

standard environment, these measures can be used to 

describe the thermal characteristics of clothing [9]. 

Rowing is a competitive sport initiated in 1716 on the River 

Thames and depends on the speed of the shell [10]. Rowing 

is a highly repetitive action [11] and a periodic movement 

involving several phases such as catch, drive, finish and 

recovery [12]. In Northern Europe and Scandinavia, rowing 

is also a leisure sport practiced in riggers where oarlocks 

are on the side of the boat [13]. Since nowadays, many 

clubs developed an interest in the leisure-rowing scene and 

clothing for the rowing sport has become a subject for 

research and development.  

In long distance rowing tours, one of the cardiac output has 

to be directed to the skin for heat exchange. The 

temperature regulation affects the performance of athletes 

and also may limit the maximum performance in hot 

climates. When the core temperature reaches 40°C, cellular 

damage occurs rapidly, initiating a cascade of events that 

may lead to organ failure and possible fatality [14]. After 

the exercise, the high amount of heat produced during 

rowing needs to be unloaded. This puts an additional 

burden to the already stressed central nervous system and 

can lead in some case to collapse, loss of consciousness 

and, if untreated, to fatality [13].  

Rowing is an outdoor sport, being water the place where it 

is practiced, namely lakes and rivers. To protect the 

athletes, features like water-repellent and windproof are of 

paramount importance in rowing shirts. However, an 

exaggerated insulation and low absorbency may lead to a 

significant increase of skin temperature, leading to higher 

moisture accumulation between skin and clothing. In order 

to overcome this, sports clothing should comply with some 

requisites: they need to be breathable, well fit, maintain the 

athlete in fresh condition by allowing an adequate heat 

change between the body and the environment [15]. As a 

result, sportswear should be able to protect the wearer from 

external elements such as wind, sun, rain and snow, but also 

be capable of maintaining the heat balance between excess 

heat produced by the wearer due to increased metabolic 

rate. Subsequently, the wear comfort of sportswear is an 

important property for a sportsperson. If, for example, an 

active person wears a clothing system with poor 

breathability, heart rate and body temperatures will increase 

more rapidly compared to wearing breathable sportswear 

[5].  

Therefore, in order to prevent the high heat loss in 

thermoregulation using a high amount of energy due to the 

splashed water and the wind [16], a water-repellent finish 

can be applied to the rowing shirts. Moreover, water 

repellent finishing is an important factor to prevent health 

issues due to contaminated water. Awareness of 

environmental protection has increased during last decades 

and regarding to rowing sport, protecting the rower from all 

environmental impacts, namely contaminated water, which 

can result in skin problems [9], became one of the goals of 

manufacturers. Also, due to the possible exposure to splash 

water and rain, the body of the rower can easily get wet. 

When the shirt of the rower is getting wet, his body cools 

down. To avoid this, the shirt could be prepared with a 

water-repellent finish. If a water-repellent finish is applied, 

it is crucial that it will not deteriorate the breathability [5]. 

There are several repellents, which are currently used in 

water repellent finishing such as paraffin, stearic acid-

melamine, silicone and fluorocarbons. The paraffin 

repellents, which are one of the earliest water repellents, 

increase the adhesion of the finish to polar fibre surfaces by 

forming polar-non-polar junctions. The paraffin repellents 

are available at relatively low costs and they generate 

uniform waterproof effects. However, there are also 

disadvantages including an increase of flammability and the 

lack of durability to laundering and dry cleaning. 

Furthermore, they have low air and vapour permeability, 

which limits the use of paraffin-based repellents [18]. 

The other class of water-repellent materials are the 

compounds formed by reacting stearic acid and 

formaldehyde with melamine constitute. There are some 

disadvantages of stearic acid-melamine repellents such as a 

tendency to exhibit finish mark-off, decreased fabric tear 

strength and abrasion resistance, changes in shade of dyed 

fabric, and release of formaldehyde [18]. Due to the high 

water, oil and soil repellence of finished fabrics [19], 

fluorocarbons are the most used water repellent finishes. 

Moreover, fluorocarbon is appropriate to apply on fabrics 

based on synthetic fibres and their mixtures with cellulosic 

fibre [17]. 
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The main purpose of this study was to analyse the influence 

of water repellent finishing on thermal insulation properties 

of rowing shirts, which were manufactured in different 

materials and knitting structures. Some previous researches 

[5, 9, 20] were presented before such as the initial studies of 

this type of product, as parts of the conducted project. The 

optimal combination of base fabric constructions were 

discussed [20] as the part of the same project.  

1. MATERIAL AND METHOD 
 

2.1 Rowing shirts 
 

The Shirt B and Shirt D produced by the collaborating 

company for outdoor rowing were tested in the present 

research. Since the former shirts had three combined 

knitting structures each, shirts with single structures were 

manufactured and named as Shirt B-1, B-2 and B-3 of Shirt 

B and as Shirt D-1, D-2 and D-3 of Shirt D in order to also 

observe the influence of garment design on thermal 

insulation. In addition, a 100% Cotton shirt, which is a 

well-known product and usually used during rowing 

practice, was involved in the study to compare its behaviour 

with the tested rowing shirts. The compositions, knitted 

structures and the shirt codes are given in Table 1. All the 

shirts were produced in the same conditions, using seamless 

knitting machines.  
   

 

 

Table 1. The compositions, knitting structures and the codes of shirts 

Code Composition Knitting Structure The Stitch Diagram* 
Fabric 

Thickness 

Machine 

Gauge 

Shirt  A 100% Cotton Single jersey  1,096 E24 

Shirt  B 

60% Polyamide 

(black) 

35% Polyester 
(grey) 

5% Elastane 
(transparent) 

Composition of structures in 

different areas used in shirt B-1, B-2 
and B-3 

-  E26 

Shirt  B-1  False Rib 1 

 

1,317 E26 

Shirt  B-2 False Rib 2 

 

1,606 E26 

Shirt  B-3 Single Jersey Jacquard 1 

 

1,1 E26 

Shirt  D 

60% Polyamide 
(black) 

35% Polypropylene 

(grey) 

5% Elastane 
(transparent) 

Composition of structures in 

different areas used in shirt D-1, D-
2 and D-3 

-  E26 

Shirt  D-1 Single Jersey Jacquard 2 

 

0,956 E26 

Shirt  D-2 Single Jersey Jacquard 3  

 

0,993 E26 

Shirt  D-3 False Rib 3 

 

1,248 E26 

*Colour codes: Knit loops: Light grey and black; White: float loop; Light grey: polyester yarn or polypropylene yarn; black: polyamide yarn. 

 
The 100% cotton long sleeve basic shirt, which was coded as A, can be seen in Figure 1. The shirt was designed with conventionally 

sewed side seams and round-necked. 
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Figure 1. 100% cotton long sleeve basic shirt 

 

The shirt B, which was a turtleneck raglan sleeve tight-

fitting shirt, was a combination of shirts B-1, B-2 and B-3, 

located on particular regions of the garment (Figure 2). 

Structure B-1 was mostly located on upper and lower arms, 

as well as on the pelvis while structure B-2 was used on the 

shoulders, collar and the centre of the chest covering the 

body parts, where the lungs are located. Furthermore, 

structure B-3 was positioned as a vertical stripe of about 5 

cm on the back as well as near the armpits and on both 

sides of the shirt. 

Shirt D was a rounded-neck raglan sleeve tight-fitting shirt 

produced by combining shirts D-1, D-2 and D-3 (Figure 3). 

Structure D-1 covered the most parts of the chest as well as 

blade bones, lower back, upper and lower arms. Structure 

D-2 was located on the centre chest, armpits and as two 

stripes one above and the other one below of each sleeve.  

Structure D-3 was used on the back of the shirt and located 

at the shoulders and the top sides of the upper arms as well 

as at both sides of the pelvis.  

2.2 Water-Repellent Finishing 

 

All shirts were treated with 5% of a fluorocarbon-based 

product: Imofob FMU. The finishing was selected and 

applied by the collaborating company regarding to the 

market expectations and their knowledge. Moreover, not 

only the water-repellent finishing but also the fabric 

constructions and garment design were evaluated in this 

study. Therefore, the treatment was done by the chemicals 

that collaborating company recommended. 
 

 

    

    
B B-1 B-2 B-3 

Figure 2. The type B shirts and views of the knitted structures 

 

 

    

    
D D-1 D-2 D-3 

Figure 3. The type D shirts and views of the knitted structures 
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The characteristics of Imofob FMU are favourable for the 

usage on sports shirts, namely on rowing, because 

Fluorocarbon provides fibre surfaces with the lowest 

surface energies compared to other repellent finishes in use. 

It´s a product for water-repellent articles based on synthetic 

fibres and their mixtures with cellulosic fibres [17].  

The special properties of this product are good water and 

oil repellent characteristics, soft touch (even on printed 

items with pigments) and fastness in washing and dry 

cleaning. Furthermore, the product is suitable for 

applications with spray or in drum machines (on the 

fabricated article) [5]. 

2.3 Test Equipment 

In order to observe heat loss, a female model thermal 

manikin (PT-Teknik, Denmark) (Figure 4), which has 

similar size and configurations with an adult woman, was 

used in this study. The thermal manikin is installed in the 

research laboratory of the (2C2T- Centre for Textile 

Science and Technology) of the University of Minho in 

Portugal. It only senses dry heat transfer and is divided in 

20 thermally independent sections. The tests were 

conducted by placing the thermal manikin inside a climatic 

chamber which is able to achieve temperatures around 15 

°C to 35 °C and relative humidity around 35% to 85%. 

Throughout the period of analysis, the thermal manikin was 

placed around 0.1m above the floor with hanging arms and 

legs. 

 

   
Figure 4.Thermal manikin 

 

2.4 Experimental Procedure 

 

The tests were carried out according to “ISO 9920:2007: 

Ergonomics of the thermal environment - Estimation of 

thermal insulation and water vapour resistance of a clothing 

ensemble” standard [21]. The trials were performed with 

constant skin temperature mode and the skin temperature of 

thermal manikin was set to 33 ±0,2°C regarding to ISO 

9920. The thermal manikin was dressed with the rowing 

shirts and for the measurement of heat loss, the manikin 

was kept in a stationary standing position, with its legs 

hanging straight and the arms hanging straight at its sides. 

The tests were performed at constant ambient temperature 

of 23±1,5°C and relative humidity of 60±5%. The test time 

of each measurement was 60 minutes. The mean skin 

temperature, the heat flux of the manikin, and the room 

physical parameters were continuously monitored on 

computers. At the end of each measurement, the heat loss 

was obtained and recorded to the computer. Afterwards, the 

total thermal clothing insulation (IT) and the effective 

thermal clothing insulation Icle were calculated according to 

the obtained data. 

 

In order to calculate IT and Icle, the methods existing in 

literature were investigated. There are three thermal 

insulation calculation methods in literature; the serial, the 

global and the parallel methods. Due to the operation of 

thermal manikin was set with the constant skin temperature 

(CST) in this study, the global method was chosen with 

respect to the research conducted by Oliveira et al. (7) In 

their research, the thermal insulation of clothing was 

compared according to the three thermal insulation 

calculation methods and different manikin regulation 

modes in the body parts. Oliveira et al. obtained that, when 

the CST regulation mode is used, the general formula for 

defining the whole body resistance, i.e., the global method 

turns into a summation of local resistances according to a 

typical parallel model [7]. Moreover, in another research, 

Oliveira at al. found out that the serial and global methods 

always had statistically significant difference, while the 

global and parallel methods had not significant difference 

[22]. In this research, the insulation from skin surface to the 

environment, IT,, was determined by using the global 

method under static conditions. In this method, the sum of 

all heat losses weighted areas and skin temperatures of each 

body segment is calculated before IT is obtained, thus 

assuming the manikin has having only one segment. The 

general equation for defining the whole body resistance is: 

 

      (1) 

 

The Icle, consisting of the difference between IT and Ia 

(thermal insulation of the boundary air layer) is calculated 

by equation 2, considering Ia is measured by operating the 

manikin nude. 

 

     (2) 

 

Where: 

fi =  relationship between the surface area of the segment i 

of the manikin (Ai) and the total surface area of the manikin 

A (fi=Ai/A).  

t0 = the operative temperature (°C)   
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fi = re(°C) 

Ǭsi = sensible heat flux of the manikin obtained by area. 

 

2.5 Statistical Analysis 

 

In this study, statistical analysis was performed by using 

last version of SPSS statistical analysis package software. 

Independent-samples t-tests were conducted to compare 

heat loss and Icle values for tests conducted with the 

specimens before and after WRF. Post hoc least significant 

difference tests were also carried out by using Bonferroni 

correction. 

 

2. RESULTS AND DISCUSSION 

3.1 Heat loss  

The heat loss values for all rowing shirts were presented 

and comparisons were done graphically and statistically 

between the obtained data. Figure 5, 6 and 7 shows the heat 

loss from nine manikin body segments, which were related 

with upper garment conducted before and after WRF.  

When the heat loss from the skin to the environment is 

higher, the temperature will decrease and the freshness 

feeling will be more intense [23, 24]. While the material 

absorbs and conducts the heat well, the sensation of being a 

“coolest” garment emerges. Thus, heat loss is closely 

related to thermal insulation, where they are inversely 

proportional parameters. 

 
Figure 5. Heat loss values in W/m2 from the body segments of shirt A 

 
As it can be seen in Figure 5, the heat loss change was 

around 50% after water repellent finishing treatment. Shirt 

A was produced from 100% cotton fabric. Water repellent 

finishing treatment changes the features of cotton from 

hydrophilic to hydrophobic. Therefore, it can be said that, 

water repellent finishing had considerable influence on 

thermal insulation properties of rowing shirts that produced 

from 100% cotton fabrics, in positive way for outdoor 

sports if one considers cold environment.   

 
 

      

    

Figure 6. Heat loss values in W/m2 from the body segments of shirts B, B-1, B-2 and B-3 

 

Figure 6 shows the heat loss values for shirts B, B-1, B-2 and B-3. It can be said that, the heat loss values decreased after 

water repellent finishing treatment for each shirt. The heat loss changes for shirts B, B-1, B-2 and B-3 were 13%, 12%, 

10% and 16%, respectively.  
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Figure 7. Heat loss values in W/m2 from the body segments of shirts D, D-1, D-2 and D-3 

 
Figure 7 demonstrates the heat loss values for shirts D, D-1, D-2 and D-3. With respect to the graphs, it can be seen that, 

for each shirt the heat loss values decreased after water repellent finishing treatment as other specimens. The heat loss 

changes for shirts D, D-1, D-2 and D-3 were 4%, 11%, 11% and 16%, respectively.  

Table 2. The T-Test results for heat loss values (W/m2)  

    N Mean 
Std. 

Deviation 
t df p 

Shirt A 
 Before WRF  30.00 80.88 0.80 

258.02 37.50 0.000 
 After WRF 30.00 40.52 0.31 

Shirt B 
 Before WRF  30.00 81.32 1.37 

54.16 31.31 0.000 
 After WRF 30.00 67.48 0.27 

Shirt B-1 
 Before WRF  30.00 78.93 0.50 

124.63 35.58 0.000 
 After WRF 30.00 66.87 0.17 

Shirt B-2 
 Before WRF  30.00 78.19 1.61 

42.27 32.35 0.000 
 After WRF 30.00 65.39 0.39 

Shirt B-3 
 Before WRF  30.00 72.77 1.14 

70.85 35.48 0.000 
 After WRF 30.00 57.16 0.38 

Shirt D 
 Before WRF  30.00 86.72 1.15 

60.22 32.09 0.000 
 After WRF 30.00 73.69 0.27 

Shirt D-1 
 Before WRF  30.00 85.08 1.20 

50.58 31.84 0.000 
 After WRF 30.00 73.69 0.27 

Shirt D-2 
 Before WRF  30.00 83.99 0.79 

87.25 35.89 0.000 
 After WRF 30.00 70.75 0.27 

Shirt D-3 
 Before WRF  30.00 83.99 0.79 

100.89 33.74 0.000 
 After WRF 30.00 68.94 0.23 

 
Table 2 shows the t-test results of average heat loss values for each shirt. With respect to the obtained data, it was clear that, 

there was a significant difference in average heat loss scores for all shirts between the tests conducted before and after 

WRF.  

 

3.2 Clothing insulation  

 

The total thermal insulation and effective thermal insulation values were calculated regarding to global method and the 

minimum, maximum, mean and standard deviation values are given in Table 3.  
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Table 3. Total thermal insulation and effective thermal insulation values of all shirts. 

   IT [m2.K.W-1] Icle [m2.K.W-1] 

    Min. Max. Mean 
Std. 

Deviation 
Min. Max. Mean 

Std. 

Deviation 

Shirt A 
Before WRF 0.124 0.129 0.127 0.001 0.016 0.022 0.019 0.002 

After WRF 0.117 0.120 0.118 0.001 0.006 0.008 0.007 0.001 

Shirt B 
Before WRF 0.125 0.133 0.129 0.002 0.017 0.026 0.023 0.003 

After WRF 0.138 0.140 0.139 0.001 0.027 0.029 0.028 0.000 

Shirt B-1 
Before WRF 0.125 0.128 0.127 0.001 0.018 0.025 0.021 0.002 

After WRF 0.132 0.133 0.133 0.000 0.021 0.023 0.022 0.001 

Shirt B-2 
Before WRF 0.121 0.130 0.125 0.003 0.016 0.022 0.020 0.002 

After WRF 0.127 0.130 0.128 0.001 0.017 0.018 0.017 0.000 

Shirt B-3 
Before WRF 0.122 0.131 0.129 0.002 0.018 0.028 0.024 0.003 

After WRF 0.131 0.135 0.133 0.001 0.021 0.023 0.022 0.000 

Shirt D 
Before WRF 0.131 0.139 0.136 0.002 0.024 0.032 0.029 0.002 

After WRF 0.137 0.140 0.139 0.001 0.023 0.025 0.024 0.001 

Shirt D-1 
Before WRF 0.130 0.137 0.135 0.002 0.025 0.031 0.028 0.002 

After WRF 0.134 0.135 0.134 0.000 0.019 0.021 0.019 0.001 

Shirt D-2 
Before WRF 0.127 0.138 0.133 0.003 0.019 0.031 0.025 0.003 

After WRF 0.128 0.129 0.129 0.000 0.012 0.015 0.014 0.001 

Shirt D-3 
Before WRF 0.130 0.135 0.133 0.001 0.019 0.031 0.025 0.003 

After WRF 0.123 0.126 0.125 0.000 0.009 0.012 0.010 0.001 

 
 
 

 

The effective clothing insulation values were calculated and 

comparisons were done both graphically as well as 

statistically. Figure 8 shows the average values of the 

effective clothing insulation of all shirts obtained before 

and after WRF. The heat loss value of shirt A decreased 

after WRF treatment (Figure 5), however, the effective 

clothing insulation value of shirt A also decreased after 

WRF treatment. This result can be related to the air gap 

between the manikin’s body and the shirt. Shirt A was a 

loose fitting 100% cotton shirt and did not fit very tight to 

the thermal manikin and there was a higher air gap for shirt 

A than the other shirts. Therefore, it can be concluded that, 

the 180% decrease on effective clothing insulation might be 

caused by this air gap. Moreover, since the thermal manikin 

only senses dry heat transfer and all tests were conducted in 

dry state, the negative effect of poor moisture transportation 

and release of cotton fabric on thermal insulation is not 

considered.  

Since the testing conditions were 23±1,5°C constant 

ambient temperature and 60±5% relative humidity, which 

can be consider as a warm environment, lower thermal 

insulation will provide more heat flux and better 

thermoregulation. In this scope, it can be considered as 

more appropriate if the thermal insulation is the same or 

lower after WRF. The increase in effective clothing 

insulation of shirt B-1 was not statistically significant 

(p=0,158), where the increase in effective clothing 

insulation of shirt B was statistically significant (p=0,000). 

The decreases in effective clothing insulation of shirt B-2, 

B-3, D, D-1 D-2 and D-3 were 14%, 8%, 18%, 42%, 84% 

and 157%, respectively. Table 4 shows the t-test results of 

effective clothing insulation values of shirts regarding to 

water repellent finishing state. 

 

Figure 8. Average values of effective clothing insulation of all shirts 

 

As it can be seen in Table 4, in shirt B-1, there was no 

significant difference in effective clothing insulation scores 

between the test results obtained before WRF (M=0,02, 

SD=0,002) and after WRF (M=0,02, SD=0,001); t(32,93)=-

1,44, p=0,158. For shirts A, B, B-2, B-3, D, D-1, D-2 and 

D-3, it was observed that there was a significant difference 

in average effective clothing insulation scores between the 
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test results obtained before and after WRF. In order to 

determine the difference within groups and to perform 

pairwise comparisons, repeated measures ANOVA was 

used. According to the effective clothing insulation values 

obtained from the tests before WRF, there was a significant 

difference between all shirts (p=0,00). With regards to the 

test results obtained from the tests conducted after WRF, 

there was a significant difference between all shirts 

(p=0,03). Taking into consideration the pairwise tests, there 

were no significant differences between shirt B and shirt B-

2 (p=0,717), shirt B and shirt B-3 (p=0,313) and shirt D and 

shirt D-1 (p=0,099).  

Regarding to Figure 8 and statistical treatment, shirt B 

presented higher effective clothing insulation properties, in 

which the water repellent finishing treatment had an 

unexpected behaviour. Moreover, the change in effective 

clothing insulation of shirt B-1 was not statistically 

significant (Table 4) and this showed that, B-1 seemed to be 

the only structure that was not influenced from water 

repellent finishing treatment and it can be concluded the 

finishing does not affect the thermal comfort properties of 

shirt B-1.  

3. CONCLUSION 

In the present study, evaluating the effect of water repellent 

finishing on thermal insulation properties of rowing shirts 

by using a thermal manikin was aimed. Regarding to the 

recommendations of the collaborating company, two 

rowing shirts were chosen, which have three combined 

knitting structures each. The shirts with these different 

knitting structures were manufactured as single structures 

and in addition, one 100% Cotton shirt was included to the 

study. The thermal manikin tests were conducted with all 

shirts and later the shirts were treated with a water-repellent 

finishing (5% of a fluorocarbon-based product). After 

WRF, the thermal manikin tests were repeated in same 

conditions.  

Regarding to the obtained data there was a statistically 

significant difference in average heat loss scores for all 

shirts between the tests conducted before and after WRF.  

100% Cotton shirt had 180% decrease in effective clothing 

insulation and this might be caused the lack of the negative 

effect of poor moisture transportation and release of cotton 

fabric on thermal insulation. In warmer temperatures, lower 

thermal insulation provides heat flux and as a conclusion, 

better thermoregulation. As obtained by the conducted 

ANOVA tests, shirt B and shirt B-1 had higher effective 

thermal insulation value after WRF, where the difference 

was statistically significant (p=0,000) for shirt B and the 

difference was not statistically significant (p=0,158) for 

shirt B-1. Regarding to literature, the thermal conductivity 

of cotton fibre is 11,85 (W/(m K)) while for polyester it is 

9,25 (W/(m K)), for polyamide it is 8,38 (W/(m K)), and for 

polypropylene it is 11,18 (W/(m K)) [25]. Comparing shirts 

group B with D, shirts group D had greater thermal 

insulation values although they have polypropylene in their 

combination instead of polyester. As exists in literature 

[26], this proves that, the fabric construction such as the 

channels on the fabric surface or the fibres placed intensely 

inside surface of the fabric as well as the fabric thickness 

have significant effect on thermal insulation value in 

combined materials. The shirts D, D-1 D-2 and D-3, which 

had 35% Polypropylene distinctly than the shirts B, B-1, B-

2 and B-3, had higher difference in effective thermal 

insulation. 

 

Table 4. The T-Test results for effective clothing insulation values for test series 1 and test series 2 

    N Mean 
Std. 

Deviation 
t df p 

Shirt A 
Before WRF 30.00 0.02 0.002 

40.49 37.96 0.000 
After WRF 30.00 0.01 0.001 

Shirt B 
Before WRF 30.00 0.02 0.003 

-11.02 30.36 0.000 
After WRF 30.00 0.03 0.000 

Shirt B-1 
Before WRF 30.00 0.02 0.002 

-1.44 32.93 0.158 
After WRF 30.00 0.02 0.001 

Shirt B-2 
Before WRF 30.00 0.02 0.002 

7.66 31.69 0.000 
After WRF 30.00 0.02 0.000 

Shirt B-3 
Before WRF 30.00 0.02 0.003 

3.45 30.87 0.020 
After WRF 30.00 0.02 0.000 

Shirt D 
Before WRF 30.00 0.03 0.002 

11.11 33.47 0.000 
After WRF 30.00 0.02 0.001 

Shirt D-1 
Before WRF 30.00 0.028 0.002 

27.49 38.03 0.000 
After WRF 30.00 0.019 0.001 

Shirt D-2 
Before WRF 30.00 0.025 0.003 

3.391 29.00 0.002 
After WRF 30.00 0.01 0.001 

Shirt D-3 
Before WRF 30.00 0.03 0.003 

26.26 32.13 0.000 
After WRF 30.00 0.01 0.001 
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The combined shirts had different effective clothing 

insulation values than the single structured shirts and it can 

be concluded that the garment design has an effect on 

thermal insulation of shirts. It can be suggested that, before 

designing process, the single structures should be tested and 

the results should be considered together with human body 

thermal and sweating responses during designing fabric-

body part combination.  

This study proves that, the thermal insulation of rowing 

shirts change according to the water repellent finishing 

treatment. Moreover, as it has been discussed in the 

previous researches [20], not only the water repellent 

finishing, but also the structure of garment is also important 

in terms of heat loss and thermal insulation. 

Further studies will be conducted by new eco-friendly 

water repellent finishing products. Moreover, in order to 

investigate the behaviour of climatic change on thermal 

insulation of rowing shirts, the thermal manikin tests will 

be conducted in different air temperature and humidity. In 

addition, the locked power mode of thermal manikin, which 

simulates the metabolism during exercise, will be used 

instead of constant skin temperature mode and the tests will 

be conducted again in the same climatic conditions. 
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ABSTRACT 

This paper presents a research work which investigates experimentally the performance of a tension 

control system realized by a controlled disc brake. An experimental set-up was established by using a 

creel with step motor-controlled disc brake, laser distance sensor, yarn tension sensor and a 2-unit 

winding machine. A software was developed in C programming language to read yarn tension and 

bobbin diameter data and then to control the disc brake by step motor drive. Experimental 

investigation was carried out with three different cotton yarn counts and unwinding speeds. It was 

shown that yarn tension changed from full to empty bobbin at a significant amount depending mainly 

on yarn number and unwinding speed. The feedback tension control system based on adjusting level 

of braking responded well to short, medium and long term tension variations and enabled unwinding 

tension control mostly within ±1 cN deviation from the adjusted value. 
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1. INTRODUCTION 

 

Warping is an important preparation process before 

weaving and directly affects the efficiency of weaving 

process and quality of woven fabrics. Sectional warping is 

most widely used warping method among the others and 

warping tension is a critical parameter for a good quality 

warp preparation especially with increasing warping 

speeds. As it is well known, yarn tension shows a 

significant increase with decreasing bobbin diameter 

especially at last one third part of full bobbin diameter 

during unwinding. This tension change becomes more 

severe and deteriorates the warping quality at increasing 

warping speeds. Warp is wound on a conical drum in 

sections side by side in sectional warping machine until the 

total number of warp yarn is wound. Any tension change 

between sections causes winding of warp sections at 

different diameters and therefore different lengths. During 

transfer of the warp from conical drum to warp beam     

(i.e., during beaming process), sections of different 

diameters are wound at different tension and this will 

produce irregular dyed sections in woven fabrics. 

At increasing warping speeds, tension-controlled creels are 

required to keep the warping tension at the adjusted value 

irrespective of bobbin diameter for a good quality warp 

preparation. Tension to yarn can be given by two methods. 

First method has long been used in textile machines and 

processes and applies tension to yarns by friction. Friction 

is applied to yarns either by drawing yarns between two 

metal plates (additive) or by wrapping around certain 

number of cylindrical rods (multiplying type) [1]. These 

mechanical elements are called yarn brakes or yarn 

tensioners. In many yarn brakes, a combination of additive 

and multiplying methods is used. Weigh or spring force is 

employed to adjust tension in additive type yarn tensioners 

and wrapping angle is adjusted to apply the desired yarn 

tension in multiplying type of tensioners. Second method 

To cite this article: Eren R, İhtiyar M, Çelik Ö. 2019. Experimental investigation of the performance of a feedback tension control system 
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for applying tension to a yarn is to adjust the yarn feeding 

speed. As yarn is drawn at certain speed in warping, its 

tension is determined by yarn feeding speed from a bobbin 

in the creel. Most of the tension-controlled creels employ 

yarn brakes or tensioners using the first method. Individual 

yarn tension-controlled creel uses the second tensioning 

method where tension of each individual warp yarn is 

measured and yarn feeding speed is adjusted by a feedback 

tension control system to keep yarn tension at the adjusted 

value during warping process irrespective of bobbin 

diameter. There are as many feedback tension control 

systems as the number of bobbins in the creel. As there are 

as many tension sensors and yarn feeding motors as number 

of bobbins in the creel, it is more expensive tension control 

method. But it minimizes tension differences between warp 

yarns in a section and provides more precise tension 

control. Individual tension control system is available in 

commercially [2]. 

When the literature is reviewed, there are mainly patents 

explaining warp tension control in warping creels and its 

effect on warping quality. There are also some researches 

related to yarn tension in warping creels and its effect on 

warping quality and warp properties. Fernando and 

Kuruppu analyzed theoretically warp yarn tension change 

in warping creel during unwinding from conical bobbins 

[3]. They expressed mathematical relationships for different 

regions of the creel and calculated yarn tension for 20 and 

40 tex warp yarns at 200 and 400 m/min speeds. 

Mathematical calculations showed that yarn tension 

changed significantly at different regions of warping creel 

from unwinding to warping drum. Yarn tension at yarn 

guide in unwinding region was calculated by the 

mathematical expression recommended by Isakov [4]. After 

evaluating the results, they recommended to use a tension 

controlled warping creel for a good quality and 

homogeneous warp preparation. Dorgham investigated 

experimentally the effect of warping speed and warp 

tension on warp yarn properties like breaking strength and 

breaking elongation [5]. Warps were prepared from 

polyester filaments with three yarn numbers (70, 150, 300 

denier) and each with three applied tensions (0.15, 0.22, 

0.29 cN/dtex) at 200, 400, 600 m/min warping speeds. 

Tensile strength and elongation at break were measured. 

The results of measurements showed optimum tensile 

strength at warping speed of 400m/min under a tension of 

0.22 cN/dtex. In addition, the optimum elongation 

percentage was obtained at warping speed of 200 m/min, 

under a tension of 0.22 cN/dtex for 70 denier yarns. For 150 

and 300 denier yarns, the optimum tensile strength and 

elongation percentage were measured at warping speed of 

600 m/min under a tension of 0.29 cN/dtex [5]. Beerli and 

Guntli explained an apparatus and a method to control yarn 

tension in the creel of a sectional warping machine. The 

creel had a central drive motor for adjusting amount of 

braking in yarn brakes. Section warp tension was measured 

in the measuring roller unit just before the winding on cone 

drum and compared with the desired value. Depending on 

the difference between them, yarn brakes of all units were 

adjusted by motor drive centrally to keep tension of warp 

sections constant [6]. Zeller et al explained a process for the 

operation of a bobbin creel. In addition to warp sheet 

tension measurement in each warp section, they measured 

tension of each individual warp end by a separate tension 

sensor. They also used an individual step motor drive for 

yarn brake of each bobbin. Yarn tension sensors were 

positioned at the front of creel in rows of 8 sensors. Before 

yarn brakes, yarn tensioners of rod and crepe type were 

used for pre-tensioning. Yarn tensioners were also able to 

be controlled by electric motors centrally or individually 

like yarn brakes. Yarn tensioners also prevented 

entanglements due to high yarn twist. According to 

invention in the patent, yarn tension of each individual 

warp was measured and the measured tension was 

compared with the desired tension. Pressure of yarn brake 

was adjusted by the step motor of each unit. In this way, 

irrespective of yarn length and bobbin position in the creel 

always the same yarn tension was obtained. Warp tension 

was also measured in sections and when there was a 

deviation between the set and the measured values, yarn 

brakes of all bobbins were adjusted. It was recommended in 

the patent that yarn tension would be measured at a position 

as close to winding unit as possible, for example between 

leasing reed and measuring rollers. Conventional controlled 

additive type of yarn brakes were used in the creel [7]. 

Kleiner and Jakop explained a method and a device for 

regulating and controlling warp yarn tension in warping 

creels. Brake unit or tensioning element of each bobbin was 

controlled by a separate motor. Apart from disc or rod type 

of brakes, a yarn wheel driven by a separate motor was 

used as a yarn tensioning element in which yarn was 

wrapped certain number of revolutions around the wheel 

and then taken to the winding unit after passing over a 

tension measurement sensor. A separate tension sensor was 

used for each warp yarn in the creel. In this way, as many 

feedback tension control systems as the number bobbins in 

the creel were formed and yarn tension was controlled and 

regulated during normal running in this way. The same 

control algorithms were not found sufficient for the start 

and stop periods of a warping machine. A different control 

method was explained in the patent based on winding speed 

of warp to drum for the start and stop periods. Based on 

winding speed change, acceleration of yarn, yarn tension, 

drive motor inertia and frictional forces affecting the motor 

were determined and total motor torque required during 

start and stop periods of a warping machine were 

calculated. By adjusting motor current during start and stop 

periods, yarn tension deviations from the set value were 

minimized. Individual yarn tension control also minimized 

tension differences between warp yarns of different lengths 

[8].  Baba explained a tension control method for warping 

machines in which he combined yarn speed control and 

breaking force adjustment. He conducted experiments at 

800 m/min unwinding speed with Ne 40/1 cotton yarn and 

measured bobbin diameter together with yarn tension. He 

did not mention any other parameter regarding his 

measurements. He showed that yarn tension decreased up to 
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certain diameter starting from full bobbin and then after a 

minimum it turned to increase. Towards the empty bobbin, 

yarn tension showed a very sharp increase. He also showed 

a linear increase in yarn tension with yarn winding speed 

between 500 and 800 m/min corresponding around to 5.5 gr 

tension change. Baba explained a tension control approach 

based on adjusting yarn braking force at bobbin diameters 

relatively larger. As yarn tension showed increase above the 

adjusted value even after yarn brake is put out of action, he 

decreased winding speed to keep yarn tension constant 

during winding [9]. 

Although there are patents in the literature related to tension 

control systems in warping creels, no published research 

has been found in the literature investigating theoretically 

or experimentally the performance and limitations of 

tension control systems in warping creels. This paper 

presents an experimental research explaining the 

performance and limitations of a creel tension control 

system using controlled disc brakes.   

2. MATERIAL AND METHOD 

A research stand was developed by using a single unit creel 

and a bobbin winding unit as shown in Figure 1.                 

A tensiometer of 200 cN measuring interval was included 

in the research stand to measure yarn tension. Disc type of 

yarn brake was employed in the system and spring pressure 

was adjusted by a stepper motor in the disc brake to 

regulate yarn tension. Second stepper motor was included 

in the system to drive continuously the bottom disc. Motion 

is transmitted to the pressure spring via a worm and worm 

wheel and a screw mechanism. Bobbin diameter was 

measured by a laser sensor. Two stepper motors, the tension 

and laser sensors were interfaced to a PC and a software 

was developed in C programming language to collect data 

from tension and laser diameter sensors and to implement 

feedback tension control algorithms.  

Figure 2 shows in more detail the pressure application 

mechanism in disc brake. The upper end of the spring is 

driven downwards by thee nut of screw mechanism in 

which the thread pitch is 0.8 mm. Force induced in the 

spring due to compression affects as normal force to the 

upper plate of the disc brake. The motion is transmitted 

from the stepper motor to the screwed shaft via 1:16 gear 

ratio.  Step motor used was able to run at maximum 300 

rpm. Hence a spring pressure application speed of 0.25 

mm/s was possible.   
   

 

 

 

Figure 1. Experimental research stand 
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Figure 2. Pressure application mechanism in disc brake unit 
 

 
 
 

To be able to develop and implement the feedback tension 

control system, yarn tension during unwinding needs to be 

analyzed. Figure 3 shows an example of typical yarn 

tension change during unwinding. As seen from the tension 

curve, yarn tension during unwinding fluctuates around its 

average value very significantly. There will always be 

tension fluctuations as in Figure 3 as the point of unwinding 

on bobbin surface shifts forward and backward during 

unwinding. Period of tension fluctuation is dependent on 

unwinding speed and bobbin and winding parameters. 

Therefore, it is difficult to determine a yarn length 

corresponding to one period of yarn tension chance. On the 

other hand, one period of tension change corresponding to 

around 1.25 meters of yarn in one type of bobbin takes 125 

msec for 600 m/min unwinding speeds. This period will be 

even shorter at speeds above 600 m/min. In warping 

machines, warp yarn is drawn from up to 800-1000 bobbins 

in sections. In this case, there will be a shift in tension 

curves due to different unwinding points on the different 

bobbins and total tension will be measured as the sum of all 

yarn tensions in a warp section. Therefore, total yarn 

tension change is expected to be different from single yarn 

tension change in both magnitude and shape and is not easy 

to predict. For this purpose, it will be a better strategy to 

apply a digital filter to the measured tension signal and 

obtain a stable tension value representing the average of 

tension change for automatic tension control purpose.      
 

Experiments were carried out with 3 different cotton yarn 

counts. Yarn, winding and unwinding parameters used in 

the experimental work are presented in Table 1. Feedback 

tension control was applied at 330, 660 and 880 m/min 

unwinding speeds with Ne 40/1, 20/1 and 10/1 cotton yarns 

from 200 mm full bobbin to 60 mm empty bobbin. Initially, 

all the bobbins were unwound at the specified speeds in 

Table 1 to determine warp tension variation from full to 

empty bobbin when braking was kept constant.  Then, 

feedback tension control algorithms were implemented to 

keep yarn tension constant within the defined limits from 

full to empty bobbin. In implementing feedback tension 

control algorithms, initial average yarn tension was 

calculated over 25 tension values measured at 1.5 msec 

intervals and then 10-values moving average tension was 

determined and compared with the desired yarn tension. A 

±0.5 cN deviation in tension was allowed. When the 

moving average yarn tension reached above the desired one 

more than 0.5 cN, the stepper motor was driven in such a 

way as to decrease spring compression and release braking. 

In the case of the moving average tension decreasing more 

than 0.5 cN compared to the desired yarn tension, the 

stepper motor was driven in opposite direction to increase 

the spring compression and therefore braking effect. 

Stepper motor of braking unit was not driven when the 

moving average tension stayed within ±0.5 cN of the 

desired tension. Stepper motor speed was not changed 

depending on the amount of deviation in tension; it was 

always driven at 2000 pulses/sec speed (around 300 rpm).   

Moving average approach was adopted in applying digital 

filtering to yarn tension data. For this purpose, yarn tension 

was measured at 1.5 msec intervals and 25 of them were 

initially averaged. The yarn length over which the initial 

average yarn tension was calculated corresponds to 0.5 

meter of yarn at 800 m/min unwinding speed. Moving 

average tension was then calculated by using last initially 

averaged 10 and 50 tension values. When a last initially 

averaged tension is added as the first tension value, 10th or 
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50th tension value is removed and all the other initially 

averaged tension values are shifted one position further and 

new moving average tension is calculated. Figure 4 shows 

initially averaged yarn tension (grey) and 10- and 50-values 

moving averaged tension (black) curves from full to empty 

bobbin for Ne10/1 cotton yarn unwound at 880 m/min 

speed. Comparison of Figure 4.a and 4.b shows clearly a 

better filtered tension curve with 50-values moving 

average. In this research, 10-values moving average was 

used in forming feedback tension control system as it can 

be more responsive to even relatively shorter period 

average tension changes.      
 

 

Figure 3. Yarn tension change during unwinding [10] 

 

 
a. 10-values moving average curve 

 

 
b. 50-values moving average curve 

Figure 4. Initial averaged and moving averaged tension curves 

for Ne 10/1 cotton yarn unwound at 880 m/min speed 

 

 

  

 

Table 1. Yarn, winding and unwinding parameters used in the experimental work 

Yarn type, 

Winding type, 

Bobbin shape 

Yarn count 
Unwinding speed 

(m/min) 

Full bobbin 

diameter 

 (mm) 

Empty bobbin 

diameter 

(mm) 

Cotton, 

 

 Random winding, 

 

 Cylindrical 

 

Ne 10/1 

330 200 60 

660 200 60 

880 200 60 

Ne 20/1 

 

330 200 60 

660 200 60 

880 200 60 

Ne 40/1 

330 200 60 

660 200 60 

880 200 60 

 

 

The method of the experimental study can be summarized as in Table 2.  
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Table 2. Summary of the experimental work 

 
 

 

 

 
 

 
3. RESULTS AND DISCUSSION 

Before implementing feedback tension control algorithms, 

experiments were conducted to determine yarn tension 

change with respect to amount of spring compression. 

Between 0 and 40 mm, yarn tension was measured with 

6000 successive readings of 1.5 msec intervals and average 

tension was calculated in 5 different spring compressions at 

400, 660 and 880 m/min speeds for Ne50/1, 30/1 and 10/1 

yarn counts. Figure 5.a, 5.b and 5.c show yarn tension 

change with respect to the amount of spring compression 

for Ne10/1, 30/1 and 50/1, respectively.  As seen from all 

figures, the average yarn tension increases almost linearly 

with the amount of compression. Slop of tension curves for 

different speeds is very close to each other which indicate 

very close amount of tension change with increasing spring 

compression irrespective of yarn unwinding speed. These 

results will be used in feedback tension control system to 

determine initial compression of spring for a desired yarn 

tension in warping.    
  



 

TEKSTİL ve KONFEKSİYON 29(4), 2019 295 

 
a. For Ne10/1 cotton yarn 

 

 
b. For Ne30/1 cotton yarn 

 

 
c. For Ne50/1 cotton yarn 

Figure 5. Yarn tension change with respect to amount of spring 

compression 

 
Figure 6.a, 6.b and 6.c show initial average (grey) and 

moving average (black) tension changes with respect to 

bobbin diameter for Ne10/1 cotton yarn at unwinding 

speeds of 330, 660 and 880 m/min, respectively. At 330 

m/min speed (Figure 6.a), there is around 8 cN deviation in 

yarn tension from full to empty bobbin.  Also, medium and 

relatively short-term tension variations are observed 

between 170 and 200 mm bobbin diameters. Relatively 

short term, medium term and long term (from full to empty 

bobbin) tension variations are significant from practical 

point of view and require a feedback tension control 

system. In the case of unwinding speeds of 660 and 880 

m/min speeds, yarn tension increases with few cN 

fluctuations (black curve) from full bobbin to 90 and 80 

mm diameters for 660 and 880 m/min speeds, respectively. 

From these diameters up to empty bobbin, there are large 

amount of tension fluctuations due to shift from to single to 

double balloon formation. Around 15 cN tension increases 

from full to empty bobbin at 660 m/min and 20 cN at 880 

m/min speeds can be seen from Figure 6.b and 6.c. Also, 

short and medium term tension fluctuations of 10-15 cN 

level occur towards the end of bobbins at both 660 and 880 

m/min speeds. Tension change and variations at this level 

can be very dangerous for both warping quality and 

efficiency and require control of tension.  

 
a. For 330 m/min unwinding speed 

 

 
b. For 660 m/min unwinding speed 

 

 

c. For 880 m/min unwinding speed 

Figure 6. Change of initial average (grey) and 10-values moving 

average (black) tensions with respect to bobbin 

diameter for Ne 10/1 cotton yarn 
 

Figure 7.a, 7.b and 7.c show yarn tension change during 

unwinding from full to empty bobbin at 330, 660 and 880 

m/min speeds, respectively for Ne20/1 cotton yarn. At all 

unwinding speeds, yarn tension increases around 5 cN at 

330 m/min, 9 cN at 660 m/min and 12 cN at 880 m/min 
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speeds from full to empty bobbin. In some bobbin 

diameters, yarn tension shows short and medium term 

fluctuations amounting up to 5 cN. Amount of short, 

medium and long term (from full to empty bobbin) tension 

fluctuations is at unacceptable levels from practical point of 

view and harms the quality of warping. Short and medium 

term tension fluctuations are thought to be due to lower 

quality bobbin winding.       

 
a. For 330 m/min unwinding speed 

 

 
b. For 660 m/min unwinding speed 

 

 

c. For 880 m/min unwinding speed 

Figure 7. Change of initial average (grey) and 10-values moving 

average (black) tensions with respect to bobbin diameter for       

Ne 20/1 cotton yarn 
 

In the case of Ne40/1 cotton yarn, practically no significant 

tension change occurs at 330 m/min unwinding speed 

(Figure 8.a). But, around 4 cN tension change at 660 m/min 

speed and 7 cN tension change at 880 m/min can be 

observed from Figure 8.b and Figure 8.c. Also, some 

tension fluctuations of short and medium term arise at 660 

and 880 m/min unwinding speeds.   

 
a. For 330 m/min unwinding speed 

 

b. For 660 m/min unwinding speed 

 

c. For 880 m/min unwinding speed 

Figure 8.  Change of initial average (grey) and 10-values moving 

average (black) tensions with respect to bobbin 

diameter for Ne 40/1 cotton yarn 
 

The yarn tension change curves of Ne10/1, 20/1 and 40/1 

yarns show that there are significant deviations from the 

initially adjusted yarn tension during unwinding at even 

lower speeds like 330 m/min. At speeds like 660 and 880 

m/min tension changes during unwinding are very 

significant and at harmfull level for both quality and 

efficiency of warping process. These results show the 

importance of using a feedback tension control system in 

warping creels. 

Feedback tension control system was applied in a single 

unit creel by using Ne 40/1, 20/1 and 10/1 cylindrical 

bobbins at 330, 660 and 880 m/min unwinding speeds and 

yarn tension change from full to empty bobbin was 

recorded in all cases. Feedback control system algorithms 

were applied as explained in “Material and Method” part.  
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Figure 9.a, 9.b and 9.c show tension change from full to 

empty bobbin for Ne10/1 cotton yarn at 330, 660 and 880 

m/min speeds with feedback control algorithms applied. 

Yarn tension change turned to horizontal with a small 

fluctuation remaining within ±1 cN at 330 and 660 m/min 

speeds (Figure 9.a and 9.b). At 880 m/min speed, yarn 

tension showed the same change as in 330 and 660 m/min 

speeds except the region corresponding last 90 mm bobbin 

diameter. In this region, yarn tension could be controlled 

with mostly ±2 cN fluctuation. This fluctuation is thought 

to be due to the higher tension fluctuations occurring 

without tension control presented in Figure 6.c.   

 

a. For 330 m/min unwinding speed 

 

b. For 660 m/min unwinding speed 

 

c. For 880 m/min unwinding speed 

Figure 9. Change of initial average (grey) and 10-values moving 

average (black) tensions with respect to bobbin diameter for Ne 

10/1 cotton yarn after applying feedback control algorithms 
 

Figure 10 and Figure 11 show tension change from full to 

empty bobbin for Ne 20/1 and 40/1 cotton yarn respectively at 

330, 660 and 880 m/min speeds with feedback control 

algorithms applied. As seen from all tension curves in 

Figure 10 and Figure 11, yarn tension control was carried 

out at worst within ±1 cN with both yarn counts. In many 

cases, control system performance was even better than ±1 

cN.  

 

a. For 330 m/min unwinding speed 

 

b. For 660 m/min unwinding speed 

 

c. For 880 m/min unwinding speed 

Figure 10. Change of initial average (grey) and 10-values moving 

average (black) tensions with respect to bobbin 

diameter for Ne 20/1 cotton yarn after applying 
feedback control algorithms 

 

It should be noted here that yarn tension was measured at 

the exit of yarn brake and yarn contacted to only the yarn 

guide and yarn brake in this study. Therefore, some 

pressure was applied to yarn brake to obtain the desired 

tension even for thin yarn of Ne 40/1. As there are certain 

number of contact points in creels and winding unit, yarn 

tension is increased due to frictional forces in contact points 

and there may not be any need for brake application in thin 

yarns to reach to the desired yarn tension for warping. At 

high speeds like over 500 m/min, practically significant 
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tension variations can occur even with yarns requiring 

tension control application. This limits the application of 

feedback tension control system in warping machines with 

disc brakes.  

 

 
a. For 330 m/min unwinding speed 

 

b. For 660 m/min unwinding speed 

 
c. For 880 m/min unwinding speed 

Figure 11. Change of initial average (grey) and 10-values moving 

average (black) tensions with respect to bobbin diameter for 

Ne40/1 cotton yarn after applying feedback control algorithms 
 
 

 
 

4. CONCLUSION 

An experimental set up was developed to analyze yarn 

tension variations during unwinding from bobbins for 

warping process. Short, medium and long term yarn tension 

variations were observed at the significant level during 

unwinding of especially thicker yarns at higher speeds. 

Depending on winding quality, relatively short or medium 

level tension variations were also recorded. At relatively 

high speeds for warping like 600 and 800 m/min, a 

significant yarn tension fluctuation occurred with thick 

yarns towards the empty bobbin (i.e., Ne 10/1) due to the 

shift from single to double balloon formation. Experimental 

results obtained with cotton yarns indicate the necessity for 

tension control in warping process at even moderate speeds 

like 300-400 m/min for good quality of warp preparation. 

A controlled disc brake was included in the single unit creel 

to form a feedback tension control system. Amount of 

brake was adjusted by increasing or decreasing the spring 

compression using a stepper motor. Stepper motor speed 

was not sufficient for quick response during stop period of 

warping machine. Therefore, it was focused mainly on 

controlling medium and long term tension variations. 

Feedback control algorithms were applied to Ne 40/1, 20/1 

and 10/1 cotton yarns at 330, 660 and 880 m/min speeds. It 

was shown that feedback tension control system 

successfully kept yarn tension at the adjusted value within 

±1 cN from full to empty bobbin for most of the 

experiments. Control system performance showed some 

deviations like ±2 cN in experiments conducted with Ne 

10/1 cotton yarn at 880 m/min unwinding speed in about 

last one third of full bobbin. Compared to tension 

fluctuations without feedback control, it can still be 

assessed as a good performance. In warp preparation with 

thicker yarns at high speeds, control system performance 

can be further improved by reducing unwinding speed 

towards empty bobbin. 

In controlled brakes, control action is generated by 

decreasing braking with an increase in unwinding tension. 

There are many contact points on the yarn path between 

bobbin in the creel and winding head like cone drum. 

Friction in these contact points adds tension to the yarn and 

no brake application can be required for thin yarns at high 

speeds. In this case, tension increase during unwinding may 

not be compensated. This puts limitation to the use of 

controlled disc brakes for relatively thin yarns at high 

speeds. For yarns other than thin ones, sufficient amount of 

initial braking might be required from disc brake to 

compensate for yarn tension increase from full to empty 

bobbin. 

Tension control system studied in this research does not 

include stop and start period of warping machines. As 

warping machines are suddenly stopped by applying a very 

strong brake yarn, tension of unwound yarns shows also a 

sudden decrease. Start period of a warping machine is much 

longer than stop period. Start and stop periods require 

application of the predetermined tension control algorithms 

to minimize tension variations for a short time interval and 

therefore necessitate a further study to develop the 

predetermined tension control algorithms. Research is in 

progress and will be the subject of another publication.     
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1. INTRODUCTION

Sewing is one of the most critical operations in garment 

production [1, 2]. Industrial sewing operations are usually 

carried out by using industrial sewing machines. There are 

many industrial sewing machine alternatives since various 

companies produce many different types of industrial 

sewing machines. Hence a textile company must evaluate 

those alternatives by considering multiple criteria including 

price, speed, weight and power consumption. 

Multi-criteria decision making techniques were commonly 

used in industrial sewing machine evaluation due to the 

above-mentioned multi-criteria nature of the problem. 

Ertuğrul and Öztaş, 2015 applied MOORA (multi-objective 

optimization on the basis of ratio analysis) and TOPSIS 

(Technique for Order Preference by Similarity to Ideal 

Solution) multi criteria decision making techniques to a 

sewing machine selection problem [3]. The rankings 

proposed by those two techniques were compared. Ulutaş, 

2017 employed EDAS (Evaluation based on Distance from 

Average Solution) for the evaluation of alternative sewing 

machines for a textile company [4].  

The weights for the evaluation criteria were assigned 

subjectively in both of the above-cited studies. In this study, 

the subjective weight assignment process is eliminated by 

using linear physical programming (LPP). In LPP, the 

decision maker expresses his/her preferences for each 

criterion in a flexible and natural way. Then a weight 

algorithm is used to determine the criteria weights based on 

the preferences of the decision maker.   

The rest of the paper is organized as follows. Section 2 

provides brief information on LPP. The details on the 

application of LPP to a sewing machine selection problem 

faced by a company are presented in section 3. Finally, 

conclusions and future research directions are presented in 

section 4. 

2. LINEAR PHYSICAL PROGRAMMING

Linear Physical Programming (LPP) was proposed by 

Messac et al., 1996 as an alternative to traditional 

optimization techniques [5]. LPP lets the decision maker 

define a multi objective decision making problem in a 

natural and flexible way. The decision maker can use one of 

To cite this article: Ilgın MA. 2019. Sewing machine selection using linear physical programming. Tekstil ve Konfeksiyon 29 (4), 300-

304. 
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the following four LPP classes for each criterion in the 

problem formulation [6, 7]: 1S (smaller is better), 2S (larger 

is better), 3S (value is better) and 4S (range is better). 

Figure 1 presents the LPP classes. The horizontal axis in 

this figure represents the preference ranges. These ranges 

can be presented for Class 2S as follows: 

 Unacceptable range  : 
5

k kc s  

 Highly undesirable range : 
5 4

  k k ks c s  

 Undesirable range  : 
4 3

  k k ks c s  

 Tolerable range  : 3 2

  k k ks c s  

 Desirable range  : 
2 1

  k k ks c s  

 Ideal range   :
1

k kc s  

The quantities 1

ks  through 5


ks  are specified by the 

decision maker for the kth generic criterion. Let us assume 

that the decision maker specifies the values of 1

ks  through 

5

ks  as 300, 250, 200, 150, 100, respectively. If the criterion 

value of an alternative is 280, it would locate in the 

desirable range. If the criterion value is 180, it would be in 

the undesirable range [8]. 

 

The class function fk is presented on the vertical axis. Criteria 

values are mapped into non-dimensional, strictly positive real 

numbers using this function. In other words, the class 

function creates a common scale with dimensionless values 

for each criterion. Considering Class 2S as an example, we 

can see that the value of the class function is very small if the 

criterion value is in the desirable range. If the criterion value 

is in the highly undesirable range, the value of the class 

function becomes too large.     

The application steps of LPP can be presented as follows: 

 

1. Appropriate class functions are determined for the 

criteria.  

2. The limits for the desirability ranges are determined. 

3. The following LPP weight algorithm [5] is employed 

for the calculation of the incremental weights:      
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Figure 1. Classes in LPP 
 
 

3.1. Initialize:  

β = 1.1, 1 0kw  , 1 0kw  ,
2f = small positive number 

(say, 0.01), k=0; j=1, NC: number of criteria.  

3.2. Set k = k + 1  

3.3. Set j = j+ 1  

Evaluate, in sequence,  
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min, , , , ,j

kj kj kj kjf s s w w w   

If minw is less than a small positive number (say, 0.01), then

increase


, and go to 3.2. 

3.4. If j 


 5, go to 3.3. 

3.5. If k 


NC, go to 3.2.

where k represents criterion, j represents range, 


 is a 

parameter of convexity (see [5]), fk is the class function for 

the criterion k, jf represents the change in
kf that occurs as 

one travels across the range j, 

kjs and 

kjs represent the widths 

of the jth ranges on the negative and positive sides of 

criterion k, 

kjw and 

kjw  are negative and positive weights, 

respectively, for the range j of criterion k and
minw  is the 

minimum of 

kjw and 

kjw .

In class function, the slope increments between different 

desirability ranges are represented with positive and 

negative weights [7]. The following equations can be used 

for the calculation of those weights:  

     (1) 






j

kj

kj

f
w

s
     (2) 

In those equations, jf , 

kjs and 

kjs are calculated as follows: 

1( 1)  j jf NC f        (3) 

( 1)

  

 kj kj k js s s      (4) 

( 1)

  

 kj kj k js s s       (5) 

4. A total score (T) for each alternative is calculated by

taking the weighted sum of deviations: 

5

,
1 2

min ( )
 

   





   
kj kj

NC

kj kj kj kj
d d

k

j

T w d w d       (6) 

where 

kjd and 

kjd represent the deviations from the 

corresponding target values for the kth criterion value of the 

alternative of interest. Alternatives are ranked using total scores. 

The best alternative is the one with the lowest total score value. 

LPP-based solution methodologies were developed in order 

solve various problems in different domains including 

production planning [9], reverse logistics [10] and robot 

selection [11]. The interested reader is referred to a 

comprehensive review by Ilgin and Gupta, 2012 for more 

information on LPP applications [6].   

3. INDUSTRIAL SEWING MACHINE SELECTION

USING LPP

 company tries to determine the most suitable single-needle 

lockstitch industrial sewing machine. The following five 

evaluation criteria were determined by interviewing the 

managers of the company: 

 Price: Average market price in dollars ($) was used.

Price must be minimized in order to minimize the total

cost of investment.

 Power Consumption: The company prefers industrial

sewing machines with low power consumption in order

to minimize its energy costs. The unit for power

consumption is Volt-Amperes (VA).

 Weight: The weight of machine head in kilogram (kg)

was considered as a criterion. The weight should be as

low as possible for ease of transportation.

 Maximum Speed: Maximum speed in stitches per minute

(spm) was considered as a criterion. Maximum speed of

the machine should be as high as possible.

 After-sale Support: The quality of the after-sale support

services offered by a sewing machine manufacturer is a

vital criterion. This criterion is evaluated using a 10-

point scale (10 being the highest after-sale support and 1

being the lowest after-sale support).

Table 1 presents the criteria values for the eight alternative 

industrial sewing machines (ISM) considered in this study. 

Target values for each criterion were presented in Table 2. 

Those values were determined by interviewing the 

managers of the company. The three criteria (Price, Power 

Consumption and Weight) were modeled as Class 1S while 

the other two criteria (Maximum Speed and After-sale 

Support) were modeled as Class 2S.  

C++ programming language was used to code the LPP 

weight algorithm and the criteria weights presented in 

Table 3 were obtained using this algorithm. A screenshot 

from this algorithm is presented in Figure 2. 

An LPP model for each ISM was constructed using Lingo 

(v17) mathematical programming software. Deviations 

from the target values for each ISM were determined using 

this model. As an example, deviations for ISM 1 are 

presented in Table 4. For instance, consider the first 

criterion (price - f1). The deviation for j=2 can be 

determined in two steps. First, the value of the criterion 

(i.e., 1495, see the bolded number in Table 1) is subtracted 

from the target value (i.e., 1250; see the bolded number in 

Table 2). Then the absolute value (i.e., 245, see the bolded 

number in Table 4) of this difference is taken.  

The total score for each ISM (see Table 5) was determined 

by solving the associated LPP model. For instance, the total 

score for ISM 1 is calculated by using the deviations from 

Table 4 and the criteria weights from Table 3: 

Total_ScoreISM1 = 245*0.04+100*0.2+50*0.138462+7*2+ 

2*2.4+500*0.01+5*1=65.5231 

A ranking of alternative ISMs is also presented in Table 5. 

ISM 1 with the lowest total score is the best ISM based on 

the preferences of the decision makers.   

This section presents the application of LPP to a sewing 

machine selection problem faced by a textile company. The 
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Table 1. Characteristics of alternative ISMs 

Machines 
Price 

($) 

Power 

Consumption (VA) 

Weight 

(kg) 
Maximum Speed (spm) 

After-sale  

Support 

ISM 1 1495 400 37 5000 8 

ISM 2 1800 415 46 5000 8 

ISM 3 2150 520 40.5 5000 6 

ISM 4 1300 250 36 4000 6 

ISM 5 2049 320 30 5000 6 

ISM 6 1825 450 34.5 5000 8 

ISM 7 2079 390 28 5500 6 

ISM 8 1850 320 38 5000 6 

 

 
Figure 2. A screenshot from the weight algorithm 

Table 2. Target values for the evaluation criteria 

Criterion 1 (k=1): Price Criterion 2 (k=2):Power Consumption 

Class 1S Class 1S 

Preference 
Preference 

Range 
Limit 

Limit  

Value 
Preference 

Preference 

Range 
Limit 

Limit  

Value 

I ≤ s-
11 s-

11 1250 I ≤ s-
21 s-

21 300 

D (s-
11, s-

12) s-
12 1500 D (s-

21, s-
22) s-

22 350 

T (s-
12, s-

13) s-
13 1800 T (s-

22, s-
23) s-

23 415 

UD (s-
13, s-

14) s-
14 2250 UD (s-

23, s-
24) s-

24 480 

HU (s-
14, s-

15) s-
15 2500 HU (s-

24, s-
25) s-

25 520 

UA ≥ s-
15   UA ≥ s-

25   

     

Criterion (k=3): Weight Criterion 4 (k=4): Maximum Speed 

Class 1S Class 2S 

Preference 
Preference 

Range 
Limit 

Limit  

Value 
Preference 

Preference 

Range 
Limit 

Limit  

Value 

I ≤ s-
31 s-

31 30 I ≥ s+
41 s+

41 5500 

D (s-
31, s-

32) s-
32 35 D (s+

41, s+
42) s+

42 5000 

T (s-
32, s-

33) s-
33 40 T (s+

42, s+
43) s+

43 4500 

UD (s-
33, s-

34) s-
34 45 UD (s+

43, s+
44) s+

44 4000 

HU (s-
34, s-

35) s-
35 50 HU (s+

44, s+
45) s+

45 3000 

UA ≥ s-
35   UA ≤  s+

45   

  

Criterion 5 (k=5): After-sale Support  

Class 2S 

Preference 
Preference 

Range 
Limit 

Limit  

Value 
I:       Ideal 

D:     Desirable 

T:     Tolerable 

UD:  Undesirable 

HU:  Highly Undesirable 

UA:  Unacceptable 

 

I ≥s+
51 s+

51 9 

D (s+
51, s+

52) s+
52 7 

T (s+
52, s+

53) s+
53 5 

UD (s+
53, s+

54) s+
54 3 

HU (s+
54, s+

55) s+
55 1 

UA ≤  s+
55   
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Table 3. Weights for each criterion 

Criteria 
 

2kw

 
3kw

 4kw
 5kw

 2kw
 3kw

 4kw
 5kw

 

Price (k=1) 0.04 0.033333 0.034222 0.318364 - - - - 

Power 

Consumption  

(k=2) 

0.2 0.138462 0.406154 1.917385 - - - - 

Weight (k=3) 2 2.4 5.28 11.616 - - - - 

Max. Speed 

(k=4) 
- - - - 0.01 0.017400 0.010138 0.013889 

After-sale 

Support (k=5) 
- - - - 5 1.85 2.5345 3.472265 

 

 
 

 

Table 4. Deviations for ISM 1 

Criteria j=2 j=3 j=4 j=5 

Price (k=1) 245 0 0 0 

Power Consumption  (k=2) 100 50 0 0 

Weight (k=3) 7 2 0 0 

Max. Speed (k=4) 500 0 0 0 

After-sale Support (k=5) 1 0 0 0 

 

Table 5. Total scores and ranks of alternative ISMs 

Alternatives Total Score Rank 

ISM 1 65.5231 1 

ISM 2 175.6959 7 

ISM 3 315.2143 8 

ISM 4 70.719 2 

ISM 5 84.63109 3 

ISM 6 111.7504 6 

ISM 7 102.3962 5 

ISM 8 86.42765 4 
 

4. CONCLUSION  

 

The use of the most suitable sewing machine has an utmost 

importance in the profitability and effectiveness of sewing 

operations. In this study, LPP was employed in order to 

solve the sewing machine selection problem faced by a 

textile company. A ranking of eight alternative industrial 

sewing machines was obtained based on the preferences of 

company managers. ISM 1 is proposed as the best sewing 

machine since it has the lowest total score.    

 

Although LPP allows the decision maker to express his/her 

preferences using physically meaningful values it cannot 

consider the uncertainty and vagueness associated with 

decision maker's preferences. That is why development of a 

sewing machine selection approach based on fuzzy linear 

physical programming can be an interesting future research 

topic.  
  

 
 
 

REFERENCES 

1. Silva LF, Lima M, Carvalho H, Rocha AM, Ferreira FN, Monteiro JL, 

Couto C. 2003. Actuation, monitoring and closed-loop control of 
sewing machine presser foot. Transactions of the Institute of 

Measurement and Control 25 (5), 419-432. 

2. Syduzzaman M, Golder AS, 2015. Apparel analysis for layout 

planning in sewing section. International Journal of Current 
Engineering and Technology 5 (3), 1736-1742. 

3. Ertuğrul I, Öztaş T. 2015. The application of sewing machine 

selection with the multi-objective optimızation on the basis of ratio 

analysis method (moora) in apparel sector. Tekstil ve Konfeksiyon 25 
(1), 80-85. 

4. Ulutaş A. 2017. Sewing machine selection for a textile workshop by 

using edas method. Journal of Business Research-Türk 9 (2), 169-183. 

5. Messac A, Gupta S, Akbulut B. 1996. Linear physical programming: a 

new approach to multiple objective optimization. Transactions on 
Operational Research 8 (2), 39-59. 

6.  Ilgin MA, Gupta SM, 2012. Physical programming: A review of the 

state of the art". Studies in Informatics and Control 21 (4), 349-366. 

7.  Messac A. 2015. Optimization in practice with matlab: for engineering 

students and professionals. Cambridge University Press, New York. 

8.  Ilgin MA, Gupta SM. 2012. Remanufacturing modeling and analysis. 
CRC Press, Boca Raton. 

9.  Gulsun B, Tuzkaya G, Tuzkaya UR, Onut S. 2009. An aggregate 

production planning strategy selection methodology based on linear 

physical programming. International Journal of Industrial 
Engineering 16 (2), 135-146. 

10. Pochampally KK, Gupta SM. 2012. Use of linear physical 

programming and bayesian updating for design issues in reverse 

logistics. International Journal of Production Research 50 (5), 1349-
1359. 

11. Ilgin MA. 2017. Integrating linear physical programming and fuzzy 

logic for robot selection. International Journal of Robotics 

Applications and Technologies  5 (2), 1-17. 

 

 
 

 
 

 
 

 

 



TEKSTİL ve KONFEKSİYON 29(4), 2019 305 

TEKSTİL VE KONFEKSİYON 

Vol: 29, No: 4 

DOI: 10.32710tekstilvekonfeksiyon.619397

Development of 3-D Hemispherical Biaxial 

Weft-Knitted Thermoset Composites

Özgür Demircan1, Tatsuya Kosui2, Shinsuke Ashibe2, Asami Nakai3 * 

1Metallurgical and Materials Engineering Department, Faculty of Engineering, Ondokuz Mayıs University, Samsun, Turkey 
2R&D New Technology Applications, Shima Seiki Mfg. Ltd., Wakayama, Japan 
3Department of Mechanical and Systems Engineering, Faculty of Engineering, Gifu University, Gifu City, Japan 

Corresponding Author: Özgür Demircan, ozgur.demircan@omu.edu.tr 

ABSTRACT 

The present work concentrates on the development of 3-D hemispherical biaxial weft-knitted (BWK) 

thermoset composites. The objective is to improve the quality of the 3-D composites with BWK 

preform. Two kinds of the 3-D hemispherical BWK composites with the flat surfaced and 3-D dome 

shaped biaxial weft-knitted preforms were produced by hand lay-up method. The quantitative analysis 

of wrinkles was done by measuring the locking angles between the fiber bundles in the composites. 

Small numbers of wrinkle heights (1 height/1 cm) were observed on the flange surface of the 3-D 

hemispherical BWK composite with the dome shaped preform compared to the 3-D hemispherical 

BWK composite with the flat surfaced preform (10 heights/1 cm). 
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1. INTRODUCTION

The architecture of the fiber reinforcement affects strongly 

the form ability of the composites. A material with good 

form ability will require low forming pressure and will 

demonstrates the lesser instability. Knitted fabrics have 

high drapeability and complex geometrical parts can be 

manufactured by knitting technology.  

Until now a lot of researches were done on the development 

of hemispherical 3-D composites [1-6]. The drapeability of 

dry textile fabrics for stampable thermoplastic preforms 

was investigated by Rozant et al. [7]. They studied the 

mechanical behaviour and drapeability of some woven and 

knitted fabrics. The preliminary studies on single point 

incremental forming for composite materials were reported 

by Fiorotto et al. [8]. They formed aluminum and 

composite by single point incremental forming technique 

and conducted a compression test in order to compare the 

mechanical properties of materials. The experimental 

device for the preforming step of the RTM process was 

reported by Soulat et al. [9]. They developed tetrahedral 

and square punches and analyzed the evolution of preform 

of woven process, such as wrinkles and bucklings. They 

showed that preforming quality can be affected from the 

punch geometry, the number and the position of blank 

holders and values of pressure punch strokes and speeds. 

Vanclooester et al. [10] optimized deep drawing of multi-

layered fabric composites and found out thicker preforms 

reduce the wrinkles of composites.  

Because, the fabrication method of the biaxial weft-knitted 

fabrics was comparatively very new compare to the 

traditional knitting fabrics, it was very necessary to 

fabricate the 3-D composites with the BWK fabric. 

Additionally, there was found no research about the 3-D 

hemispherical BWK thermoset composites, which was 

produced with the dome shaped BWK preform. Also, we 

found no study about the 3-D dome shaped BWK preform, 

which was produced by the knitting machine. In this study, 

we would like to show the shapeability of the biaxial weft-

knitted composites. The present work concentrates on the 

To cite this article: Demircan Ö, Kosui T, Ashibe S, Nakai A. 2019. Development of 3-D Hemispherical Biaxial Weft-Knitted 

Thermoset Composites. Tekstil ve Konfeksiyon 29(4), 305-310. 
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development of the 3-D hemispherical biaxial weft-knitted 

thermoset composites. 

 

2. MATERIAL AND METHOD 

 

2.1 Material 

330 tex and 44 tex aramid yarns (Kevlar 29, Toray Dupon 

Co. Ltd., Japan) were used as reinforcement and stitch 

yarns (Table 1). The wale density (wale/cm) was 2 end/cm, 

course density (course/cm) was 10 end/cm and machine 

gauge (needles/inch) was 18 needles/inch. Vinyl ester resin 

(Ripoxy R-806, Showa High Polymer Co. Ltd., Japan) was 

used as matrix. The curing agent (methyl ethyl ketone 

peroxide (PERMEK® N)) was obtained from NOF 

Corporation, Japan. Thin and flexible polypropylene (PP) 

film (Futamura Kogac Ltd., Japan) was used during 

fabrication of the composite panels. The biaxial plain weft-

knitted fabrics were produced on a flat bed knitting 

machine (Shima Seiki Mfg., Ltd., Japan). The schematic 

drawing of the BWK fabric is shown in Figure 1. The 

biaxial weft-knitted fabric structures had same plain knitted 

loop architecture. The flat surfaced and dome shaped BWK 

structures are shown in Figure 2a, b. There was ellipse 

shapes on the surface of the dome shaped biaxial weft-

knitted fabric. The ellipse shapes were given by a special 

knitting technique (short row knitting) during fabrication of 

the BWK fabric (Figure 2c, d). In knitting, a short row is a 

row that is not fully knitted; the work is turned before 

reaching the end of the row. Just before the work is turned, 

the yarn is generally passed around the next unknitted 

stitch. When dome shaped biaxial weft-knitted specimen 

was produced on the machine, it had a flat surface. The 

dome shape was given by hand in a second process (Figure 

3). The flat surfaced and dome shaped BWK materials were 

prepared by Shima Seiki Mfg. Ltd., Japan.    

 

 

Table 1. Parameters of the BWK fabric 

 

 

Sample name 

 

Biaxial 

(warp and 

weft) yarns 

 

Stitch yarn 

 

Density of warp 

yarn in fabric 

(end/cm) 

 

Density of weft yarn 

in fabric 

(end/cm) 

 

Biaxial weft-

knitted,  aramid 

AR 

330 Tex 

AR 

44Tex 
2 10 

AR: Aramid   

 

 

Warp yarns

Weft yarn Stitch yarn

Biaxial weft-knitted (BWK) fabric 

 
 

Figure 1. Schematic drawing of biaxial weft-knitted (BWK) preform 

 

2.2 Method 

In order to fabricate the 3-D composites, at first, the one 

layer BWK fabrics were impregnated with resin on a flat 

space of a table; the bottom and top surfaces of the resin 

impregnated BWK fabrics were covered with a film. After 

a few seconds, they were put into the PU molds. 

Polyurethane (PU) foam was used for the lower and upper 

molds. A special (thin and flexible) polypropylene (PP) 

film, Futamura Kogac Ltd., Japan, with 0.03 mm thickness 

was used during impregnation of the resin into the BWK 

fabric. Two kinds of the one ply composite panels were 

fabricated by hand lay-up lamination method: (i) 3-D 

hemispherical BWK composite with flat surfaced fabric, 

(ii) 3-D hemispherical BWK composite with dome shaped 

fabric. The average thickness and the fiber volume fraction 

of the 3-D composite panels were about 2.0 mm and 35% 

respectively. 

 

 

https://en.wikipedia.org/wiki/Knitting
http://www.zapmeta.de/Polypropylene+Film
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a) b)

Flat surfaced BWK fabric Dome shaped BWK fabric

c) d)

Short row knitting Plain knitting

Surface of dome shaped BWK fabric Enlarged part of surface of dome shaped BWK fabric

Enlarged part

Ellipse shape 

 
 

Figure 2. Biaxial weft-knitted (BWK) preforms a) flat surfaced, b) dome shaped, c) ellipse shapes on the surface of dome shaped BWK, 

d) enlarged part of the ellipse shape (short row knitting and plain knitting) 

 

a) b)

 
 

Figure 3. Photographs of preparation of 3-D dome shaped preforms 
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2.3 Locking Angle 

The states of the fibres before and after deformation can be 

seen in Figure 4a, b. Before starting deformation of the 

fabric, the initial angle between the warp and weft biaxial 

fiber bundles was 90o. As the fabric deformed, the density 

of the warp and weft biaxial fiber bundles per unit area 

increased. After the first deformation, when we continued 

to further deformation, the critical shearing angle (locking 

angle) was reached. Thus, this angle can be used as a 

characteristic value for describing of the initial point of the 

wrinkles on the fabric surface. 

3. RESULTS AND DISCUSSION 

3.1 Effect of Locking Angle 

In this part, the wrinkles on the surfaces of the composites 

were analyzed by quantitatively. Figure 5a, b demonstrates 

positions of the locking angles between the fiber bundles in 

the 3-D hemispherical BWK composite with dome shaped 

preform. Due to the wrinkles occurred on the surface of the 

3-D composites with the BWK preforms, we understood 

that the locking angles were reached for all the 

measurements. In Figure 5a, b, the locking angles were 

measured in 12 different positions from 0o to 45.1o in the 3-

D hemispherical BWK composites. 

A comparison of the locking angle versus is shown in 

Figure 6. During deformation without wrinkling is required 

for the forming into the complex shapes of the BWK 

composites, low locking angles are desired. The measured 

locking angles were agreed with amount of the wrinkle 

heights. The locking angles were reduced in both 

composites in positions from 0o to 45.1o.   

At the same measured points, the composites with the dome 

shaped BWK preforms had lower locking angles, than the 

composites with the flat shaped BWK preforms. For 

example, the locking angles were 45o (flat shaped) and 20o 

(dome shaped) in positions at 33o. The ellipse shapes on the 

surface of the dome shaped BWK preforms in the dome 

shaped BWK composites would be reason of the lower 

locking angle compared to that was with the flat surfaced 

BWK preforms.  

 

θinitial= 90o

θinitialθ <

a) b)

BWK before

shearing

BWK after

shearing
 

 

Figure 4. a and b states of the fibres before and after deformation 
 

b)a)

4.1o

8.2o

45.1o
0o

45.1o

0o 4.1o 8.2o

 
Figure 5. a and b positions of the locking angles between the fiber bundles in the 3-D hemispherical BWK composite 
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Figure 6. Comparison of locking angles of specimens 
 

 

3.2 Surface Characteristics of the 3-D Composites 

Two kinds of the composites, (i) 3-D hemispherical BWK 

composite with flat surfaced fabric (Figure 7a, b), (ii) 3-D 

hemispherical BWK composite with dome shaped fabric (Figure 

7c, d), were produced with the same processing conditions, such 

as same weight pressure, PP film, curing conditions and etc. After 

fabricating of two kinds of the composite panels, amount of the 

wrinkles were analyzed by taking the digital photographs. The 

enlarged parts of the composites are shown in Figure 7b and 7d. 

Large numbers of wrinkle heights (10 heights/1 cm) were 

observed on the flange of the 3-D hemispherical BWK composites 

with the flat surfaced preform (Figure 7b). However, small 

numbers of wrinkle heights (1 height/1 cm) were observed on the 

flange surface of the 3-D hemispherical BWK composites with the 

dome shaped preform, which is shown in Figure 7d. The pre-

shaped BWK fabric can easier takes the hemispherical dome 

shape than the initially flat fabric which was stabilized by the 

knitted yarns.  Therefore, pre-shaped BWK fabrics could be used 

to fabricate complex 3-D composite materials with a high quality.  

  

a) b)

Enlarged part Large numbers of wrinkle heights (10 heights/1 cm)

3-D BWK composite with flat surfaced BWK fabric

c) d)

Enlarged part
Small numbers of wrinkle heights (1 height/1 cm)

3-D BWK composite with dome shaped BWK fabric  
 

Figure 7. a) 3-D hemispherical BWK composite with flat surfaced preform, b) enlarged part of 3-D hemispherical BWK composite with 

flat surfaced preform, c) 3-D hemispherical BWK composite with dome shaped preform, d) enlarged part of 3-D hemispherical 

BWK composite with dome shaped preform 
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4. CONCLUSION 

The hand lay-up technique was applied to fabricate the 3-D 

hemispherical composites. Two kinds of the 3-D 

composites were produced with same processing 

conditions. The wrinkles characteristics of the composites 

were analyzed and found out the 3-D hemispherical BWK 

composites with the dome shaped preform had small 

numbers of wrinkle heights compared to the 3-D 

hemispherical BWK composites with the flat surfaced 

preform. This study showed that the complex 3-D structures 

can be produced by the biaxial weft-knitting technique and 

the quality of the composite materials, such as small 

numbers of wrinkle heights on the surface of the 

composites, could be improved using 3-D preforms. In 

future study, thermoplastic biaxial weft-knitted 

hemispherical composites will be produced by hot 

compressing method and the influence of the different 

preform styles on the mechanical properties of the 

composites will be to investigated. 
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ABSTRACT 

The present paper investigates the capability of MCC and TGA methods by testing the thermal 

performance of commercially available flame-retardant chemical called Fire-off on polyethylene 

terephthalate (PET) and cotton (Co) fabrics and their corresponding blends (Co/PET). Fire-off was 

applied to the fabric through impregnation method and the resulting properties of these fabrics were 

assessed in terms of combustion behavior by use of micro combustion calorimeter (MCC) and 

thermogravimetric analysis (TGA). TGA results revealed that Fire-off could greatly enhance char 

residues of cotton, PET and Co/PET fabrics at high temperature region. MCC results indicated that 

Fire-off treatment could significantly decrease the heat release capacity (HRC), heat release rate 

(HRR), total heat release rate (THR) and peak heat release rate (pHRR) of cotton, PET and Co/PET 

fabrics. According to comparison results, a near-perfect agreement between MCC and TGA data were 

found in terms of degradation temperatures and mass loss rates of fabric samples 
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1. INTRODUCTION 

 

With the development of science and technology and the 

improvement of people’s living standard, the textile 

products show diversity in terms of application areas from 

the medical, military, home textiles to the common 

apparels. However, most of the textile products are 

composed of C, H, O, which are flammable and ignitable 

[1].  Especially, as we all know that the beddings and 

interior decoration of curtains with feature of flammability 

and ignitibility are the most of the fire hazard products 

worldwide [2]. Therefore, manufacturers are enforced by 

strict standards to look for new solutions [3]. Currently, it is 

evidently clear that flammable textile materials need to be 

tested by various independent thermal testing methods to 

assess the effectiveness of the FR formulations properly [4]. 

As a new and convenient thermal analysis technique for 

characterizing flammability properties of combustible 

materials developed in the early 2000’s by the U.S. 

Department of Transportation Federal Aviation 

Administration, the micro combustion calorimeter (MCC) 

test is a small-scale flammability testing method based on 

the principle of oxygen consumption [5–7]. The test is 

conducted in a laboratory environment in which milligram-

scale specimen are heated at a controlled rate in an 

oxidizing atmosphere to achieve total material 

decomposition. Heat release rates associated with the 

combustion are then calculated by means of oxygen 

consumption. The temperatures over which combustion 

heat is released are also measured.  

It serves as an alternative analytical test to verify material 

combustion consistency in end product. It is usually 

conducted in conjunction with the typical analytical tests 

such as fourier transform infrared spectrophotometer 

(FTIR), thermogravimetric analysis (TGA) or differential 

scanning calorimetry (DSC) used to validate formulation 

consistency in the most of research articles to achieve 

comprehensive evaluation of all kind of materials such as 
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polymers, fillers, composites, fabrics, nanocomposites etc.  

[2,3,8–23]. 

It offers some benefits over other thermal tests of textile 

materials such as providing a quantitative comparison of 

combustion characteristics of textile materials such as peak 

heat release rate, the most significant parameter related to 

fire hazard of textile materials. This analysis is more 

difficult using cone calorimeter because of low thickness of 

textile fabrics [24]. Because, the experimental results of 

cone calorimeter are highly depended on the sample 

material thickness, ignition sources, orientations, 

ventilation and edge conditions. The cone calorimeter test 

requires repeated sampling of larger specimens (e.g., 10x 

10 cm). Textile fabrics as thermally thin samples show 

larger heat release rate (HRR) values than thick samples. 

MCC test also provides quantitative information to 

correlate flammability behavior of new formulations during 

product development.  It uses a fast cycle-time to obtain 

results in minutes [25], and it is capable of differentiating 

small differences amongst samples, which show similar 

flammability. In addition, fire growth index (FGI) of fabric 

samples can be calculated from the thermal combustion 

parameters measured by MCC in order to assess their 

burning hazard potentials. [26].  

In the area of flame retardancy of textiles, the phosphorous 

based Flame Retardants (FRs) demonstrate lower toxicity 

profiles than the halogen-based compounds [27,28]. There 

have been ongoing attempts on synthesis and application of 

P-N containing eco-friendly FR systems, which are also 

more sustainable [1,29–31] For instance, in a current study 

[32], P–N–Si synergistic flame retardant was synthesized 

with combining cyclodiphosphazane derivatives with 

silicon-containing compounds and applied to cotton fabrics. 

Effective FR properties were achieved with increased LOI 

values (from 18.2 to 52.9) and decreased total heat release 

(THR) and effective heat combustion (EHC) values. In 

another innovative study [33], casein-based, P-N containing 

FRs with –COO−NH4
+ and –P=O(O−NH4

+)2 reactive 

groups, were synthesized based on a casein hydrolysis 

solution for cotton fabrics. Cotton fabrics, after the 

treatment, exhibited highly efficient flame retardancy by 

achieving 39.5% LOI value. The study also showed that the 

biomacromolecules can be flame retardant alternatives for 

textiles to synthetic chemicals as an environmentally 

friendly approach. 

In our previous study [34], P-N synergetic FR agent (PVP 

(PR)-P-DCDA) was synthesized using polyvinyl alcohol, 

phosphoric acid, hydrophilic PET resin (PR), and 

dicyandiamide (DCDA). FR treated cotton, PET and 

Co/PET fabrics demonstrated no ignition with LOI values 

of +26 %. 100% PET fabric showed increased LOI values 

(from 22.5% to 33%) at very low add-ons (8–9%). In 

addition, investigation of mechanical properties of this FR, 

called Fire-off, treated fabrics exhibited an increase in 

abrasion, pilling, strength and elongation properties [35].  

In this study, thermal properties and flame retardancy of 

Fire-off treated cotton, PET and Co/PET fabric samples 

were characterized by TGA and MCC in order to complete 

all thermal behaviors and product assessment of Fire-off. 

The capability of MCC and TGA was compared for 

analyzing FR performance of samples. In addition, FGI 

values of treated various samples were calculated using the 

combustion parameters of MCC in order to detect their fire 

risks. 

2. MATERIAL AND METHOD 

2.1 Material 

Scoured 100% cotton (plain weave, 133 g/m2), 100% PET 

(plain weave, 172 g/m2) and 50/50% Co/PET fabrics (plain 

weave, 120 g/m2), which represent apparel and home textile 

fabrics were supplied from Zorlu Mensucat/ Turkey for 

experiments. P-N synergetic FR chemical Fire-off was 

supplied from Eksoy Chemical/Turkey. 

2.2 Fabric Treatment Process  

Each new section and subsection should have a heading 

consisting of an Arabic numeral followed by a period. 

Please a single space before and after the section title (see 

this template). Scoured fabrics were padded in Fire-off (400 

g/L) solutions in three dips and nips using a two-roll 

laboratory padder (ATAÇ F-350 model) at room 

temperature, and squeezed to a wet pick-up of 85±2%. The 

padded fabrics were dried at 100°C for 3 min in an oven 

(ATAÇ EV 250 model) and subsequently cured using a 

mini ram (ATAÇ GK 40 model) at 180°C for 3 min. The 

add-on values of cotton, PET and Co/PET fabrics were 

obtained as 21-22%, 16-17% and 19-20%. 

2.3 Thermal Characterization Tests 

Thermogravimetric measurements were run on SEIKO 

Exstar 6200 TG/DTA instrument under a dry nitrogen 

atmosphere (purging rate 20 mL/min) and 10°C/min 

heating rate from 30 to 800°C using 4–5 mg sample 

amounts in open platinum pans. 

The combustion performance of samples was measured by 

a MCC instrument (MCC, Turkey) equipped with a 40/L 

alumina pan in accordance with ASTM D7309, Method A. 

The samples ( ̴ 5 mg) were first heated from room 

temperature to 750°C in an 80 cm3/min nitrogen stream 

with at a linear heating rate of 1°C. Then the thermal 

degradation products of the sample in nitrogen were mixed 

with a 20 cm3/min oxygen stream flow and combustion in a 

furnace at 900°C for 10 s. The heat of combustion of the 

pyrolysis products were measured by oxygen consumption 

principle. Each sample was run in three replicates and the 

averages of MCC parameters were calculated from the 

three measurements. The key fire parameters including heat 

release rate (HRR), total heat release (THR in kJ/g), heat 

release capacity (HRC in J/g K), peak heat release rate 

(pHRR in W/g) and temperature at maximum heat release 

rate (Tmax) were measured. The mass of specimen 
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remaining after the test was also measured to evaluate char 

yield. The fire growth index (FGI) was also calculated 

using the ratio of pHRR of the material and Tmax 

(FGI=pHRR/ Tmax). The bigger the value of FGI, the 

greater the fire hazard. 

3. RESULTS AND DISCUSSION 

TGA is the most used method to rapidly evaluate the 

thermal stability of different materials, composites etc. It 

also exhibits the decomposition of polymers at various 

temperatures. 

The thermal degradation and decomposition processes of 

untreated and treated fabrics were monitored by TGA.  

Subsequently, TGA measurement was compared with the 

MCC test in order to confirm the catalytic charring effect of 

the Fire-off treatments on cotton, PET and Co/PET fabrics. 

Both TG and MCC curves of untreated and treated samples 

are depicted in Figure 1, and the corresponding data of 

TGA and MCC are listed in Table 1 and 2, respectively.   

 

 

100% Cotton  

  
 

100% PET 

 

  
 

50/50% Co/PET 

 

  
 

Figure 1. TG and HRR curves of untreated and treated fabrics. 
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Table 1. TGA data of untreated and treated fabrics. 

Fabric Type T1*(°C) T2* (°C) Residue at 750°C (%) 

100% Cotton 342 373 3.6 

100% Cotton- treated 273 310 21.04 

100% PET 414 455 13.12 

100% PET - treated 406 456 11.92 

50/50% CO/PET 345-381 403-450 9.01 

50/50% CO/PET- treated 272-311 395-456 13.69 

 

Table 2. MCC data of untreated and treated fabrics. 

Fabric Type  
HR Capacity 

(J/g K) 

pHRR 

(W/g) 
Tmax (ºC) 

THR 

(kJ/g) 

Mass Loss at 

750°C (%) 

Residue at 

750°C (%) 
FGI 

100 % Cotton 315.33 287.4 377.6 14.57 94.94 5.06 0.76 

100 % Cotton-treated 221.33 201.97 303.03 10.37 79.74 20.26 0.66 

100 % PET 465.67 426.67 455.27 18.37 87.86 12.14 0.93 

100 % PET -treated 333.33 305.13 451.93 19.2 90.45 9.55 0.67 

50/50% Co/PET 219 202.03- 377.73- 16.57 91.48 8.52 0.53 

50/50% Co/PET-treated 143.67 132.93- 442.23- 15.1 87.86 12.14 0.30 

 

 
 

Phosphorous and nitrogen (P-N) containing FR systems can 

form a cross-linked network within the cellulose. Hence, 

they inhibit the release of volatile combustible fragments 

and enhance the formation of char. These systems are able 

to reduce cellulose inflammability by the mechanisms of 

dehydration, phosphorylation, and phosphate- ester 

decomposition. Generally,  FR agents is supposed to 

decompose before the decomposition temperature of the 

textile substrates to interfere with the burning process 

[36,37]. 

As shown from TG curves in Figure 1, cotton begins to 

break down at 342°C (T1) and performs a one-step thermal 

degradation behavior because of the glycosyl units to char. 

The degradation is maximum at around 373°C (T2). 

Cellulose degradation involves the decomposition of the 

glycosyl units to an aliphatic char at lower temperatures and 

the depolymerisation of such units to volatile products 

containing levoglucosan at higher temperature [34,38]. 

Fire-off treatment leads to a strong reduction of the 

cellulose decomposition temperature, which is indicated by 

the initial decomposition (T1) value (342 to 273°C) for 

treated sample. While the char residue of untreated cotton 

was 3.60 %, around 21% char residue at 750°C was 

measured by TGA for treated cotton, which indicates high 

thermal stability due to the interaction of cellulose and Fire-

off during combustion. This trend prevents cotton fabrics to 

further degradation. In parallel to TG curves, as clearly seen 

from HRR curves in Figure 1, cotton fabric goes through a 

one-step pyrolysis process due to the glycosyl units to char. 

The degradation of untreated cotton is maximum at 377°C 

(Tmax) and it presents the peak heat release rate (pHRR) of 

287.4 W/g. On the other hand, degradation of treated cotton 

starts earlier, is maximum at around 303 °C (Tmax), 

representing a lower pHRR value (201 W/g). The residue 

(%) obtained by MCC is 5.06, which is very close the one 

of TGA (3.6). 

TG curve of untreated PET can be suitably fitted by a single 

stage reaction in nitrogen similar to cotton fabric. 

According to TGA data in Table 1, treated PET fabrics, 

demonstrated a slight decrease in maximum decomposition 

temperature (414 to 406°C). The char residue at 750°C 

were the approximately same percentage (13 to ~12%) for 

untreated and treated samples. MCC data confirms that the 

thermal decomposition started at around 375°C for the 

untreated PET fabric. The decomposition intensified as the 

temperature was increased, as indicated by rising HRR. It 

reached to maximum at 455°C with the HRR at 426 W/g 

(pHRR). The decomposition ended at 518°C, the char 

residue was measured as 12.14% at 750°C. On the other 

hand, some significant changes in the MCC parameters 

were observed after Fire-off treatment of on PET fabrics. 

For instance, the initial decomposition temperature was 

decreased to 300°C and a lowered pHRR of 305 W/g was 

obtained at 451°C (Tmax). The decomposition ended at 

518°C same as the untreated one. The char residues were 

calculated around 12% and %10 for untreated and treated 

samples, respectively. 

In case of Co/PET fabrics, as seen in TG curves, the 

pyrolysis proceeds in two independent steps, which exhibit 

a thermal degradation typical of a polymer blend: the 

former was attributable to cotton (345°C for untreated, 

272°C for treated fabrics) and the latter to PET (403°C for 

untreated, 395°C for treated fabrics). The char residue at 

750°C leads an increase from approximately 9 % to 13% 
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for treated Co/PET. HRR curves for Co/PET fabrics versus 

temperature exhibit two major degradation steps as same as 

the TG curves of Co/PET. For untreated Co/PET, the first 

peak (HRR1) is around 193 W/g and the second peak 

(HRR2) is around 132 W/g. Fire-off treatment demonstrate 

higher effectiveness in decreasing heat release rate after 

HRR1 (from 193 to 120 W/g) than HRR2 (from 132 to 130 

W/g). It is obviously seen that Co/PET fabrics start 

degradation process earlier after FR treatments, at around 

305°C, whereas untreated sample starts to degrade at 

around 380°C. 

Additionally, as seen in Table 2, some other prominent 

changes in the MCC parameters were observed when all 

fabric types were treated with Fire-off. A strong reduction 

in HRC and THR was obtained for treated samples. 

Decreased THR values, which refer to the total available 

energy in the material in a fire situation, which suggest that 

more volatile products are catalytically carbonized to 

participate in the charring process, rather than transfer into 

the MCC combustor.  

When compared FGI values of all fabrics, it should be 

noted that untreated PET fabric has the most burning hazard 

potential with the highest FGI value of 0.93, cotton fabric 

has 0.76 value and Co/PET has the lowest potential with a 

0.53 FGI value. After Fire-off finishing treatment, FGI 

values of fabrics decreased (PET: from 0.93 to 0.67, cotton: 

from 0.76 to 0.66, Co/PET: from 0.53 to 0.30), thus fabrics 

became safer. 

4. CONCLUSION 

In this study, a comparative assessment of MCC and TGA 

characterization techniques on the thermal and fire behavior 

of cotton, PET and Co/PET blends treated with FR agent- 

Fire-off- has been presented. The use of these techniques, 

TGA and MCC, allowed for the creation of small batch of 

materials and corresponding formulation as compared to the 

kilogram sample needed for cone calorimeter testing. 

Results revealed that both TGA and MCC test methods 

provide very close data related to degradation behaviors 

and mass loss rates of textile fabrics, which was confirmed 

by cotton, PET and Co/PET blended fabrics in this study. 

TGA results indicate that FR treatment with Fire-off leads 

the decrease of degradation time of the treated samples than 

the untreated ones. This is in agreement with the MCC 

results, which also show the FR properties are improving 

with the decreasing HRR values. 

As known very well, TGA data reflect the characteristics of 

thermal decomposition and degradation of all types of 

materials with changing temperatures, but not combustion. 

However, MCC technique covers TGA providing additional 

combustion characteristics such as HRC, THR and pHRR, 

which are the most prominent parameters related to fire 

hazard of textile materials in a shorter heating cycle and 

time. In addition, MCC data also enable to calculate the 

FGI of fabric samples. Therefore, the results of this study 

highlighted that thermal characteristics and combustion 

behaviors of FR textile materials can be assessed by MCC 

alone, without performing TGA. TGA could be used for 

more detailed mass loss assessment of the textile materials 

in terms of degradation steps with slow linear heating rate. 

However, both test technique should be conducted for 

comprehensive thermal evaluation. 
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ABSTRACT 

In this study, silk and lyocell fibers were blended in the ratio of 50:50 and woven into a plain weave 

fabric. Aloe vera based microcapsules were used to impart antibacterial finish on silk/lyocell blended 

fabrics and assessed by SEM, EDX, FTIR, agar diffusion test, bacterial reduction test, and wash 

durability test. SEM analysis showed aloe vera capsules impregnated in the fabric. EDX also showed 

the presence of aloe vera in the fabric by showing the presence of chemical elements like Mg, Ca, K, 

Al and Fe which were not present in the untreated fabric. FTIR spectra of aloe vera treated samples 

showed an ether group, a secondary alcohol group, an aromatic group and a nitro group that reveal the 

probable chromophoric groups likely to be present in the aloe vera gel. The results of agar diffusion 

test clearly show that aloe vera treated fabrics have very good antibacterial properties and do not 

allow the growth of bacteria in the treated fabric. The zone of inhibition was found to be very good 

and ranged from 28 mm to 30 mm. Bacterial reduction test showed the percentage reduction values of 

both the microorganisms S. aureus and E. coli to be more than 97%. The wash durability of aloe vera 

treated fabrics lasted up to 25 washes. 
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1. INTRODUCTION 

 

Silk is a natural fiber priced for its vanity, versatility, 

wearability and comfort. In spite of all the wonderful 

properties silk possesses, it is extremely costly [1]. Lyocell 

is a regenerated cellulosic fiber which offers luxury, less 

cost and surpasses all other cellulosic fibers in terms of 

properties, aesthetics and importantly ecofriendliness in 

manufacturing [2]. Lyocell is 100% natural in origin, has 

better dyeability than other cellulosics, softness and drape, 

luxurious handle, good moisture retention and hence 

wearing comfort, and good dimensional stability. Notably, 

lyocell fiber blends well with various natural and synthetic 

fibers, like cotton, linen, rayon, polyester, lycra, nylon, silk 

and wool. The stress-strain characteristics of lyocell make it 

an ideal partner with the various textile fibers [2]. 

In this study, silk and lyocell were blended so that one can 

enjoy the richness of silk and excellent softness of lyocell. 

Since, silk and lyocell belong to the category of protein and 

cellulosic fibers respectively; they are prone to microbial 

attack and can be damaged easily. Therefore, their 

protection against microbes becomes imperative to preserve 

their individual properties and widen its spectrum of 

applications [1, 2]. 

The use of natural agents such as chitosan, neem and 

natural dyes for antimicrobial finishing of textiles has been 

widely reported [3]. Aloe vera (Aloe barbadensis) is known 

‘Lily of the desert’ and belongs to the family Liliaceae. The 

aloe leaf consists of two major parts, the outer green rind 

and the inner colourless parenchyma containing the aloe gel 

[4]. Polysaccharides in aloe gel are mainly responsible for 

their antimicrobial activity. There are different 

polysaccahrides in aloe vera such as glucoga, glucomannan, 

galactogalacturan and lactomannan with different 

composition as well as acetylated acemannan. Acemannan 

is a long chain polymer consisting of randomly acetylated 

linear D-mannopyranosyl units having antibacterial and 

antifungal properties [5]. 
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Jayakumari et al [6] found some important bioactive 

constituents such as P-methyl benzoic acid, 2-thiophene 

carboxylic acid and dimethyl 4-chlorophenyl thiophosphate 

having antibacterial activities were found by subjecting the 

aloe vera extract to the Gas Chromatography Mass 

Spectroscopy (GC-MS). This study highlights the use of 

aloe vera as an effective antibacterial agent. 

Irshad et al [7] studied the antibacterial activity of aloe vera 

which showed that aloe vera extract of methanol gave the 

maximum antibacterial activity as compared to other 

solvent extracts. A major limitation in antimicrobial 

finishing with natural agents is the non-durability of the 

finish. Finishing by microencapsulation method can 

increase the durability of antimicrobial finish on textiles as 

it offers many advantages compared to conventional 

process, in terms of economy, eco-friendliness and 

controlled release of substance [8-10]. 

Kamble et al [11] tested the antimicrobial activity of aloe 

vera extract against bacteria and found that methanol 

extract showed maximum inhibitory activity against E. coli 

and Candida. Fatemeh [12] identified, quantified, and 

compared the phytochemical contents, antioxidant 

properties, and antibacterial activities of Aloe vera 

lyophilized leaf gel and 95% ethanol leaf gel extracts. 

Although considerable research work has been carried out 

in the past on the medical uses of aloe vera, its antibacterial 

activity on textile substrate is not widely reported. The 

present work aims at developing a natural antibacterial 

finish on silk/lyocell blended fabric using aloe vera 

microcapsules. 

2. MATERIAL AND METHOD 

2.1 Material 

A blended yarn containing silk/lyocell in the ratio of 50:50 

(S/L 50:50) was manufactured in a spinning unit in 

Coimbatore, Tamil Nadu, India and processed to produce 

60s Ne (9.84 tex) yarn. The blended yarn was constructed 

into a plain woven fabric with the specifications of warp 

density 30 ends/cm, weft density 25 picks/cm, and fabric 

density of 71.8 g/m2. Aloe vera (Aloe barbadensis) was 

collected from the forest department, Coimbatore, Tamil 

Nadu, India. Acacia gum, citric acid, methanol and sodium 

sulphate were purchased from a chemical factory in 

Tirupur, Tamil Nadu, India. 

2.2 Method 

2.2.1 Aloe vera extraction 

The leaves of aloe vera were washed with lukewarm water. 

The aloe vera gel was then extracted from the leaves and 

stored in a clean glass vessel, dried in hot air oven at 75° C 

for two days and then powdered. 20 g of powdered aloe 

vera was dispersed in 100 ml of methanol (1: 5 ratio of aloe 

vera: solvent) and extracted after 24 hours. Methanol was 

removed, by exposing it to open air. This aloe vera extract 

was used as an antibacterial finishing agent [13-15].  

2.2.2 Microencapsulation finish 

Microcapsules were done using aloe vera extract as core 

material (75% w / w) and gum acacia as wall material (25% 

w / w). 10g of gum acacia was allowed to swell for thirty 

minutes by mixing with 100ml of hot water. This mixture 

was stirred well for 15 min at 50°C by adding another 50 

ml of hot water. 1.5% (owf) methanol extracts of aloe vera 

was then added slowly, stirred at 300-500 rpm for further 

15 min followed by drop wise addition of 20% (owf) 

sodium sulphate solution. The stirrer speed was reduced 

and 6% (owf) citric acid was added as a binding agent. The 

stirrer was stopped and mixture was then kept in a freezer 

overnight to develop the microcapsules. The S/L 50:50 

fabric was immersed in the microcapsule solution for one 

hour using pneumatic padding mangle with a wet pick up of 

80%, dried at 80°C for 3 min and cured at 110°C for 2 min 

on a lab model curing chamber [8]. 

 

2.2.3 Characterization of treated fabrics 

Surface morphology of the untreated and aloe vera treated 

fabric samples were examined by scanning electron 

microscope (SEM) JEOL JSM 6396, Japan. Energy 

dispersive X-ray (EDX) was carried out using a system 

fitted on the SEM which allowed identification of the 

elements present in the surface of the S/L 50:50 blended 

fabrics. The Fourier transform infrared (FTIR) spectrum for 

the untreated and aloe vera treated samples was obtained 

using Shimadzu FTIR - 8400S, Kyoto, Japan.  

 

2.2.4 Assessment of antibacterial activity 

The antibacterial activity of untreated and aloe vera treated 

fabrics by microencapsulation method were evaluated 

qualitatively using the AGAR diffusion method according 

to AATCC 147-2004 and quantitatively using the Shake 

Flask method according to AATCC 100-2004. The 

bacterial species Staphylococcus aureus (S. aureus) and 

Escherichia coli (E. coli) were used as a representative 

gram positive and gram negative bacteria respectively. 

 

2.2.5 Wash durability 

The wash fastness of the aloe vera treated S/L 50:50 

blended fabrics in terms of percentage reduction of bacteria 

was evaluated quantitatively by shake flask method 

(AATCC 100-2004) after subjecting the samples to 1, 5, 10, 

15, 20 and 25 home launderings as per the AATCC 135-

2004 method. The samples were washed using a standard 

detergent (2% owf) at 40°C for 10 min [13]. 

3. RESULTS AND DISCUSSION 

3.1 Characterization 

3.1.1 SEM analysis 

The SEM photographs of untreated and aloe vera treated 

S/L 50:50 blended fabrics are shown in Figures 1(a) and 

1(b) respectively. The treated fabric clearly shows a heavy 
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deposition of aloe vera microcapsules on the fiber surface 

as seen from the Figure 1(b) when compared to the 

untreated fabric in Figure 1(a). It is in correlation to the 

earlier results that the microcapsules are fixed firmly on the 

fiber assembly of the fabric [13, 16]. 

3.1.2 EDX analysis 

An elemental analysis of the particles was carried out by 

scanning electron microscope equipped with energy 

disperse X-ray spectrum (EDS), which provides a rapid 

qualitative and quantitative analysis of the elemental 

composition. Figure 2 shows the EDX graphs of untreated 

and aloe vera treated fabrics. Figure 2(b) reveals the 

presence of aloe vera in the treated fabric when compared 

to the untreated fabric (Figure 2a). The aloe vera treated 

fabric shows the presence of inorganic elements such as 

calcium, chlorine, iron, magnesium, potassium, 

phosphorous and sodium which are not present in the 

untreated fabric [1].    

 

 

(a)     

(b)     

Figure 1. SEM images of (a) Untreated and (b) Aloe Vera Treated S/L 50:50 blended fabrics 

 

      
          (a)       (b) 

Figure 2. EDX Graphs of (a) Untreated (b) Aloe Vera Treated S/L 50:50 Blended Fabrics 
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3.1.3 FTIR analysis 

FTIR analysis was carried out using FTIR 

spectrophotometer. Figure 3 shows the FTIR spectra of 

both untreated and aloe vera treated S/L 50:50 blended 

fabric. In comparison with the FTIR spectra of untreated 

S/L 50:50, the spectrum of aloe vera treated S/L 50:50 

samples show bands of ether R-OR group at 1047 cm-1 and 

secondary alcohol R-OH group at 1158 cm-1. An ether 

ROOR group is seen at 1230 cm-1 and an aromatic group is 

seen at 1443 cm-1. A band of nitro NO2 group is also seen 

at 1516 cm-1. These bands show the probable chromophoric 

groups likely to be present in the gel of aloe vera [17]. The 

strong absorption band at 1620-1610 cm-1 is due to C = C 

stretching which indicates the presence of vinyl ether and 

aloin compound [18].  

 

Figure 3. FTIR Spectra of Untreated and Aloe Vera Treated S/L 

50:50 Blended Fabrics  

3.2 Antibacterial efficacy of aloe vera treated fabrics 

3.2.1 Qualitative evaluation 

Antibacterial activities of aloe vera were determined qualitatively 

using Agar Diffusion Test on S/L 50:50 blended fabrics. The 

results are shown in Table 1. 

Table 1. Qualitative Evaluation of Antibacterial Activity on 

Untreated and Aloe Vera Treated S/L 50:50 Blended 

Fabrics 

Silk/Lyocell Fabrics 
Zone of inhibition (mm) 

S. aureus E. coli 

Untreated S/L 50:50 Nil Nil 

Aloe Vera Treated S/L 50:50 30 ± 0.2 28 ± 0.2 

The results of qualitative analysis by microencapsulation 

method clearly show that the aloe vera treated S/L 50:50 

blended fabrics have very good antibacterial properties to 

both gram positive (S. aureus) and gram negative (E. coli) 

bacteria. The aloe vera treatments do not allow the growth 

of bacteria on the treated fabric. The microencapsulation 

treated fabrics reveal a zone of inhibition of 30 mm for S. 

aureus (Figure 4a) and 28 mm for E. coli (Figure 4b). The 

antibacterial efficacy of aloe vera is found to be better 

against S. aureus than E. coli. 

  
                         (a)                (b) 

Figure 4. Antibacterial Activity of Untreated (UT) and Aloe Vera 

Treated (T) S/L 50:50 Blended Fabrics for (a) S. aureus 

and (b) E. coli 

3.2.2 Quantitative evaluation 

Antibacterial activities of aloe vera were determined 

quantitatively using Shake Flask Method by bacterial 

reduction percentage on S/L 50:50 blended fabrics. The 

results are shown in Table 2. 

Table 2. Quantitative Evaluation of Antibacterial Activity on 

Untreated and Aloe Vera Treated S/L 50:50 Blended 

Fabrics 

Silk/Lyocell Fabrics 
Bacterial reduction (%) 

S. aureus E. coli 

Untreated S/L 50:50 0 0 

Aloe Vera Treated S/L 50:50 97.8 97.5 

Quantitative results indicate that the percentage reduction 

value of both the microorganisms S. aureus and E. coli 

were found to be more than 97% as seen from Table 2. The 

untreated S/L 50:50 blended fabric showed 0% reduction to 

both the microorganisms. The zone of inhibition values as 

seen in Table 1 indicates that the aloe vera treatment not 

only prevents the growth of bacteria in the S/L 50:50 fabric, 

but also leaches out and reduces the growth of bacteria. 

This is in agreement with the test results of % reduction 

values. Similar results were obtained by Sathianarayanan et 

al [16, 19] in an earlier study.  

3.3 Wash durability 

The wash durability of aloe vera finishes by 

microencapsulation method on S/L 50:50 blended fabric is 

tested quantitatively by shake flask method in terms of 

bacterial reduction % and are shown in Table 3. 

Table 3. Wash Durability of Aloe Vera Treated S/L 50:50 

Blended Fabrics by Quantitative Method 

Number of Washes S. aureus E. coli 

0 97.8 97.5 

1 92.2 90.4 

5 89.2 85.3 

10 79.6 76.1 

15 67.1 55.3 

20 50.7 42.6 

25 42.1 39.3 
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It is seen from Table 3 that the aloe vera 

microencapsulation treated fabrics are found to be excellent 

in the initial stage, and after subsequent washing up to 25 

cycles also the effect is not reduced much. After every wash 

cycle, the antibacterial activity gradually decreases and at 

the end of 25th wash cycle the percentage reduction goes 

down to 42.1% and 39.3% for S. aureus and E. coli 

respectively. The reason of good durability to washing may 

be attributed to the sustained release of aloe vera 

microcapsules over repeated laundering from the aloe vera 

extract because of the microencapsulation technique [20, 

21]. These results were similar to reports of 

microencapsulation of neem, Mexican daisy, tulsi, 

pomegranate and ajwain applied on cellulosic materials in 

an earlier study [16, 19]. 

4. CONCLUSION 

Following conclusions were drawn from the study 

conducted to evaluate the efficacy of antibacterial finish 

using aloe vera. Aloe vera microcapsules were found to 

have good antibacterial properties on silk/lyocell 50:50 

blended fabrics to gram positive S. aureus as well as gram 

negative E. coli bacteria. S/L 50:50 fabrics treated with 

microcapsules of aloe vera were also found to have good 

wash durability up to 25 washes. SEM study revealed a 

better penetration of finish and bondage between the fibre 

molecules. EDX and FTIR analysis confirm the presence of 

aloe vera on silk/lyocell 50:50 blended fabrics by exhibiting 

compounds present in aloe vera gel. Also, both silk/lyocell 

bended fabric as well as aloe vera is 100% natural, having 

eco-friendly properties thereby giving economic, social and 

environmental benefits and can very well serve as a suitable 

alternative to conventional harmful chemicals. 
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ABSTRACT 

In industrial textiles, knowing the exact characteristics and behaviour of materials is important. For 

car seats, industrial textiles not just cover the underlying foam but also increase rigidity of the seat 

cushion and influence viscoelastic behaviours of foams. Moreover, strength of sewn seams is one of 

the main quality parameters. Herein, four polyester and polyamide threads were sewn on a material 

used for car seat covers through lockstitch sewing. Combinations of these materials were studied 

using static tests in the unidirectional and multiaxial variants. The experimental measurements 

recorded using a high-speed camera and computer tomography were used to create CAD models. 

Numerical simulations were conducted using these models and the obtained material models. These 

model studies help predict and describe the stresses emerging within various types of textile and the 

threads in their connections. The simulation results agree well with the experimental results. 
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1. INTRODUCTION 

 

Automotive textiles represent the most valuable market 

worldwide for technical textiles. Within this segment, a 

broad spectrum of products having novel textile structures 

with performance properties and attractive design is 

available [1]. Car seat covers are perhaps the most familiar 

automotive textiles. Considerable technical input is 

necessary to develop materials that must withstand rigorous 

use (and abuse) and yet last for the lifetime of the car seat 

[2]. 

The exact knowledge about mechanical properties of the 

used materials is the basic prerequisite for successful 

product construction. The mechanical properties of 

materials play a crucial role in the control of production 

technology, quality control and development of new 

materials. In addition, in a few cases, human life may be 

placed in danger owing due to a malfunction of these 

products (such as parachutes, airbags, and safety belts). 

Therefore, it is necessary to understand not only the 

strength characteristics of textile materials and threads but 

also the performance of seams. 

The seam characteristics include strength, elasticity, 

durability, safety, and appearance. Inconsistencies in these 

characteristics can lead to significant differences in seam 

behavior and can affect seam deformation characteristics. 

These characteristics originate from four principal sources: 

speed, needle, thread, and fabric. It has been found that 

fundamental interactions among these factors exist [3].  

Mazari et. al. [4] confirmed that the friction between the 

needle and sewing thread is one of the major sources of  
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needle heating. High needle temperature during sewing 

weakens the thread because thread tensile strength is a 

function of temperature as well, and this leads to decreased 

production. In addition, the strength of the final stitched 

thread is 30–40 % lower than that of the parent threads. A 

very high needle temperature can damage the materials as 

well, for example, a few synthetic fabrics or plastics that 

come into direct contact with the needle during sewing. Zak 

[5] described the principles of mutual fabric interaction by 

using Pierce’s model and numerically by using the finite 

element method (FEM). 

According to Midha [6], during high-speed sewing, the 

strength of sewing threads decreases substantially. Any 

change in thread strength is closely connected to the 

thread’s passage over the guiding elements of the sewing 

machine and, consequently, the friction and bending 

originating between the needle’s thread and the touching 

areas, as well as friction with the bobbin thread [7]. These 

pressure and friction forces result from internal tension.  

One of the major quality factor associated with seams is 

fabric type. At present, different types of materials are used 

for upholstering car seats. These include technical textiles 

for car seat covers, such as woven, knitted, and nonwoven 

fabrics; natural and artificial leather from synthetic 

polymers such as polyester, polyamide, and viscose; and 

blends of wool and cotton with synthetic fibres. Woven and 

knitted structures are two main fabric forming methods 

used for manufacturing car seat upholstery manufacturer 

[8]. Ujevic et al. [9] studied the influence of fabric type on 

the mechanical properties of the seam, and they found that 

technical woven fabrics have higher breaking force and 

penetration resistance than knitted fabric, but knitted fabric 

is softer and more elastic. Sewing thread accounts for a 

small percentage of the final product cost but accounts for 

50% of the seam strength. Hence, thread plays an important 

role in seam quality, especially in car seat covers, where it 

is necessary to consider the following factors: thread fiber 

type, thread construction, thread finish, and thread size.  

For creating a high-quality seam it is necessary to consider 

all abovementioned parameters. This is a fairly time-

consuming process because of the wide variety of existing 

materials. Therefore, the aim of this study is to develop a 

numerical model of sewing seams considering all necessary 

parameters. When studying literature and the latest world 

research, it is possible to find some numerical models that 

relate to the textiles connections, however they are 

simplified by local homogenization of the entire seam as 

one local area with usually orthotropic properties or some 

studies of just small segment of the yarn. No model that 

interprets the thread in its entirety, including individual 

yarn twists and holes in the fabric has been found.  

There are many types of fabric constructions used in 

automobiles as seat cover fabrics. One type of twill fabric 

and four types of sewing threads were used for 

determination of the mechanical properties with using 

different measuring methods. Together with that, twill 

fabric type and one type of polyamide sewing thread were 

used for creating numerical model of sewing seam. The 

twill fabric used is the most common fabric used by 

researchers and its possible to compare with the findings of 

the previous researchers. In future the numerical model can 

be tested for multiple textile fabrics. 

The required material properties have been measured using 

a designed multiaxial apparatus. Seam strength was 

determined by conducting the standard uniaxial static 

experiments. However, because automobile seat covers are 

subjected to various loadings, especially, multi-axis load, a 

special testing device was designed and constructed [3,10]. 

This device operates on the principle of extrusion of a 

spherical cap into a cylindrically clamped sample. Each 

type of test was recorded on a high-speed camera and the 

samples before and after testing were screened using 

computer tomography to obtain precise geometric 

parameters of the created CAD model. Based on this CAD 

geometry and by using the commercial software ANSYS, 

several nonlinear contact numerical simulations were 

conducted to predict the behaviour of the stitched seams 

instead of the classical experiments [11]. Therefore, the 

main aim of this article is to thoroughly describe the 

behaviour of stitched seams for various textile materials 

and various loading conditions, as well as to develop the 

corresponding simulation model that can predict the real 

behaviour of a selected combination of threads and fibres 

instead of having to conduct expensive experiments. 

 

2. MATERIAL AND METHOD 

 

2.1 Material 

 

During the process of product usage, sewn seams and 

materials are subjected to variable loads, leading to various 

deformations. For textile materials, which show 

considerable anisotropy or orthotropy, testing along one 

axis is generally insufficient, and it is necessary to load two 

axes simultaneously. According to Quaglini [12], because 

of the small thickness of fabric, it is usually a neglected 

component of strain along the thickness direction of the 

material, and technical textiles are mainly thought to be 

affected by plane stress [13,14]. 

 

2.1.1 Threads 

To investigate the effect of different sewing threads on 

seam strength, four different threads were used for 

specimen preparation (Table 1). Threads of Type B, Type 

C, Type H, and Type M1 were used to investigate seam 

strength under multiaxial loading. Other types of threads 

were used for static measurements. These threads are 

commonly used in the industry to sew car seat covers. 

According to ISO 2060 [15] and ISO 2061 [16], the values 

of fineness and twist of the sewing threads were 

investigated experimentally. 
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For preparing all samples tested in this study, seam 

parameters were selected precisely, and the sewing machine 

was set up accordingly. A Dürkop Adler sewing machine 

with an upper thread tension of 4 N and lower thread 

tension of 1 N was used. Classes of seams and stitching are 

defined in the international standards ISO 4916 and ISO 

4915 respectively. The parameters of the sewing process 

were as follows: superimposed seam with width of 10 mm 

and 301 Lockstitch with a density of 3.3 mm. These 

parameters of stitches and seams are most commonly used 

for sewing car seat covers. 

 

2.1.2 Fabric 

Sandwich-type fabrics are used for preparing samples to 

test the mechanical properties of sewing seams under 

different type of loading. The material consists of the PES 

face fabric, foam core and the weft knit fabric as the back. 

Material thickness was defined using the method given in 

the standard ISO 5084 [17]. The exact parameters of the 

fabric are listed in Table 2. 

 

2.1.3 Experimental samples for unidirectional 

and multiaxial loading 

The samples for uniaxial loading were prepared according 

to the norm CSN EN ISO 13935-1 [18]. Laboratory 

samples of size 700 mm × 350 mm were prepared of the 

material used to industrial manufacturing of car seat covers 

(Figure 1a). The samples were folded, such that the edge of 

the fold was parallel to the shorter side of the sample. The 

samples were prepared in the warp and the weft directions. 

Finally, the real width of the sample was 50 mm, and the 

length of the sample used for investigation was 330 mm 

(Figure 1b).  
 

The production of experimental samples for measuring 

seam strength under multiaxial stress begins in the same 

way as that for uniaxial stress. Parts of the fabric are sewn 

together, and the remaining parts are prepared for each set 

of experiment on the test samples by cutting out the desired 

shapes (Figure 1b). The shaded area in Figure 1b shows the 

portion of the test sample on which the spherical cup is 

pushed [19]. 

 

 

Figure 1. Laboratory specimens: a) The UD sample and b) 

experimental sample 

 

2.2 Experimental Devices and Methods 
 

As Reinhardt pointed out [20], in terms of textile testing, 

the materials are almost always loaded and should be tested 

biaxially. According to Novak and Hanus [21], anisotropic 

materials such as the tested coating materials show 

noticeable hysteresis and different deformations according 

along different loading directions owing to specific 

mechanical properties. In tensile tests of textiles along one 

axis in the longitudinal direction, the main stress 

concentrators are formed, and the fabric subsequently 

ruptures near the clamping jaws. By contrast, the tension 

along the transverse direction is more uniformly 

concentrated at the sample centre. 

According to Escárpita [22], testing of multiaxial loaded 

samples is necessary to ensure that the test device meets the 

basic requirements. There must be strictly tension or 

compression, and spurious shear or bending loads must be 

avoided. Generally, the use of a hydraulic or mechanical 

system comprising linear motors, cable system, pulleys, and 

bearings is recommended.    

 

 

Table 1. Properties of threads used in this study 

Property Type B Type C Type H Type M1 

Tread content PA6.6 PA6.6 PES PES 

Actual thread density T [Tex] 107.8 79.0 94.8 78.7 

Twist [t/m] 347 409 375 416 

 

Table 2. The fabric specifications 

Parameter Value Weave type 

Width [mm] 1800 ± 20 

 
              Weft 

Twill (2/1) weave 

Weight [g/m2] 490 ± 50 

Thickness [mm] 4.5 ± 0.5 

Face [g/m2] 330 ± 30 (100% PES) 

Lamination  Polyester foam 

Backing [g/m2] 38 (100% PES) 
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In the tests, a sample of certain dimensions with the seam in 

the middle is stretched in a direction perpendicular to the 

seam at a constant rate until seam breakage. 

2.2.1 Unidirectional tests 

The most common tests applied to automotive seat 

upholstery were specified by the Society of Automotive 

Engineers (SAE) and the American Society for Testing 

Material (ASTM) [23]. For determining the mechanical 

properties associated with seam sewing, the Strip tests [18] 

are used. For these experiments, it was necessary to select 

and condition the samples according to the standard ISO 

139 [24]. 

During the static tests, the maximum force for seam rupture 

is determined using the strip method when the applied force 

is perpendicular to the seam. In the tensile test that is a part 

of this method, the entire width of the test specimen is 

gripped in the jaws of the testing machine (Figure 2). The 

feed speed of the jaws was set to 100 mm/min [18]. 

 

Figure 2. Experimental device for unidirectional texting 

 

2.2.2 Multiaxial testing 

A device that can be used to measure sewing seam strength 

under multiaxial stress has been developed (Figure 3a, 3b). 

The device consists of a spherical cup (1), an upper jaw (2), 

a lower jaw (3), screws (4), a hook clamp (5), light source 

(6), and cylindrical frame (7). In this case, the essential 

requirement is applied pressure at seam sample, and 

therefore, it is necessary to choose appropriate settings of 

the tensile machine. A laboratory-made seam sample was 

clamped between the two circular jaws and fixed using 

hook clamps. Then, during the tests, the indenter was 

moved vertically downward toward the seam connection at 

a constant velocity of 100 mm/min. 

 

Figure 3. Laboratory instrument for measuring seam strength 

under multiaxial stress: a) Schematic view of the 

created device and b) photograph of constructed device 

 

2.3 Model Creation 
 

Given the fact that using conventional imaging devices, it is 

not possible to simply show the mutual thread connections, 

the computer tomography (Figure 4a, Figure 4b) was used. 

However, it is not possible to simply convert the obtained 

graphical data into a CAD-compatible format. Therefore, 

the images were used mainly as shape templates. 

Simultaneously pictures obtained using a macro camera 

was used to measure the fundamental dimensions of the 

seam. 

2.3.1 CAD model 

For creating the models, the Creo software application was 

used. Creo is the one of the only few CAD modellers that 

allows supports direct manual and parametric input for 

creating 3D curves, including their transition parameters 

and enhanced control of their base polygons [25]. 

For creating so complex CAD models, it is important to 

find the most appropriate forming and carrier curves that 

can respond to sudden changes in the direction vectors and 

radius of curvature. Generally, it is possible to express a 

curve in space by using the explicit expression z = f (x, y) 

or implicitly by using F (x, y, z) = 0. In computer graphics, 

the parametric curves are expressed by using the point 

equation ( ) [ ( ); ( ); ( )]P t x t y t z t  or with the steering 

vectors ( ) [ ( ); ( ); ( )]p t x t y t z t [26]. 

The design concept was compiled using B-splines and the 

Bezier curve (Figure 5). A B-Spline is a generally 

controlled modification of piecewise polynomial functions 

and their approximations. It is in fact a curve that passes 
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through the specified points, while seeking to achieve the 

lowest values of the radii of curvature in each part. By 

contrast, the Bezier curve is firmly defined by the end and 

start points, which create the so-called control polygon and 

other (internal) points that indicate and allow for direct 

control of the internal curvature. Currently, the Bezier plate 

is one of the most popular curves used, for example, in 

various font styles [26, 27]. By changing the magnitudes of 

the Bezier curve parameters, it is possible to obtain and 

check, for example, the main characteristics of lines, 

ellipses, parabolas, and hyperbolas. The common feature of 

the two curves is that by changing any one point, the entire 

curve can be varied.  

 

 

 

Figure 4. Example of CT scan of seam: a) Internal and b) external view of seam 
 

 

 

Figure 5. Same points interlayered using a) a spline and b) the Bezier curve 

 
 

 

The spline curve has been found to be unsuitable for the 

thread model, Possible because during model creation, the 

individual parts are connected together, and the curve is 

sensitive to any local change. This could cause unwanted 

changes to the entire geometry, even when only a tiny local 

variation occurs. This leads to interference among the 

assembly parts and possibly to errors during FEM 

computation. The Bezier curve was found to be suitable 

because of firmly specified start/finish points and because 

the curvature is independent of the adjacent connected 

segments. For a required connection, it is possible to simply 

use the adjustable parameters of normality, tangentiality, or 

parametric settings of the transitions. A very important 

parameter of the model is the setting of the parametric 

classes of the continuity transitions between individual 

segments that define the continuous derivatives in the three 

classes. Connection C0 refers to a common point with two 

arbitrarily passing vectors and two curves of different radii 

of curvature. Continuity C1 is characterized by one 

common tangential vector 1t  at the transition point, but 

two curves having different radii of curvature. Completely 

analogously, class C2 is characterized by a common tangent 

vector and constant value of the curvature at the transition 

point. 

At first, the yarns (Figure 6a) were interconnected. For 

connection of the yarns, the merged surfaces were used, and 

the whole geometry was formed using the assembly cut-off 

with the offset surfaces (Figure 6b). The CAD model of the 

entire assembly was verified by tracking global 

interferences of all parts, where any intersections could not 

occur. Checking the geometry of the entire assembly this 

way was necessary, especially for solving the future 

numerical contact model. The assembly of mutual thread 

connections and implementation on fabric are shown in 

Figure 7c.  
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Figure 6. Model of a) thread and  b) binding point of upper and lower thread c) assembly of mutual threads connection and implementation on fabric 

 

 
 

2.4 Numerical Model Theory 

An appropriate choice of a material model is very 

important. For the materials used in this study, it was 

necessary to determine the elastic and shear moduli [GPa], 

tensile strength [GPa], and set the Poisson ratio [-] by 

conducting various experiments. For creating the numerical 

model of the fabrics, the spatial ten square node tetrahedron 

SOLID 187, which is suited for modelling irregular 

structures (created, e.g., in CAD systems), was used. It is 

defined by eight nodes having three degrees of freedom at 

each node and the orthotropic material properties. The 

default element coordinate system is along global 

directions. The element is usually used for modelling 

plastic elastic deformation, shrinkage, creep and initial 

stress, initial deformation, and large deformation. The truss 

element was selected for modelling the yarns, which are 

subjected to tensile loads only and do not transfer any type 

of moment [28, 29]. As the truss element the Link 180 – 3D 

finite strain spar was used. This element is similar to link8 

but with improved nonlinear capabilities. The curved truss 

element in 3D space has six deformation parameters in each 

node. The element's deformation parameter matrix has a 

total of twelve elements. This element transmits only the 

axial force, but it is deformed by bending and torsion. In 

technical practice, an uniform distribution of shear 

deformation on the cross-section originates is assumed for 

the truss element, but according to the Midlin hypothesis 

with possible deviation of the perpendicularity to the 

centerline of the element. Therefore, unlike for the straight 

bar (Link8), it was necessary to consider the curved truss 

element (Link180), which is based on the decomposition 

principle of the centerline elongation and the change of 

curvature. 

For the static analysis, owing to the duration of the entire 

process, an automatic step control scheme was used. 

Generally, because of the small thickness of the fabric 

component, the stress in the thickness direction of the 

material can be neglected. Therefore, technical textiles are 

thought to be affected by plane stress. 

2.4.1 UD model 

Unidirectional loading was modelled using FEM in 

ANSYS. Owing to the complexity of the geometry and the 

lengthy calculation, the model was divided and solved in 

half axial symmetry. Gradually, the material properties of 

the fabric, structural steel, and PA fibre were introduced 

into the model (Table 3). For such a complicated geometry, 

it was necessary to create a mesh by using a combination of 

triangular polygons, geometric smoothing, and sweep 

methods. 

In the critical parts of the geometry, the mesh of the thread 

was optimized using the Body Size function in the marked 

areas of the model. For body sizing, the definition of type 

element sizing 0.23 mm with coarse behaviour was 

introduced. In addition, the hex dominant method was used 

to generate the final mesh of the labelled geometry [30].  

With regard to the same textile materials for all 

experiments, the same material model for multi axis 

simulation was used. 

The FEM mesh was optimized so that individual elements 

did not overlap with the optimized meshes that were 

already created (Figure 7). In the Table 4 there is a 

specification of the optimized mesh. 

 

Table 3. Material models used in unidirectional model 

 

Material Density [kg.m-3] 

Elastic modulus 

[GPa] 

Shear modulus 

[GPa] 
Poisson ratio [-] Tensile 

strength 

[Gpa] 
,

11

f mF
 

,

22

f mF
 

,

12

f mG  
,

23

f mG  
,

12

f mV  
,

23

f mV  

Uniaxial 

Fabric 1250 4.9 4.4 1.96 1.1 0.32 0.35 2.1 

Structural steel 7850 200 76.9 0.3 0.25 

PA fibre 1140 1.8 0.74 0.21 0.23 
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Figure 7. The mesh of the unidirectional model 

 
Table 4. Specification of the created mesh in the UD model 

 

The UD 1st fabric 2nd fabric 1st thread 2nd thread 

Nr of nodes 22 797 27 454 24 864 16 465 

Nr of elements 101 620 128 000 17 595 10 637 

 

When two separate faces touch each other, they become 

tangential to each other and should therefore be considered 

in contact (Figure 8). They can transmit pressure normal 

forces and tangential friction. The higher the contact 

stiffness K [N m-1], the lower is the mutual penetration x 

[m]. The ideal case for infinite stiffness would have been 

zero penetration. However, when using Penalty Methods, 

this is numerically impossible [31]. In the real case, 

however, when the penetration x is very small, the result 

will still be sufficiently accurate. The frictional contacts 

with the coefficient f = 0.3 [32] was used for the modelled 

yarn (Figure 9a) and assembly completely (Figure 9b). The 

main difference, however, is the introduction of variable 

lambda, in which the Lagrangian method adds low 

sensitivity to the contact stiffness and this way provides an 

easier solution in the case of such complicated contacts. 

Another advantage of minor penetration is that when the 

penetration is not allowed, the contact is either opened or 

closed, that is, it can be represented using a step function. 

This can lead to problems in convergence or the solution 

oscillates between the open and closed statuses. Therefore, 

the basic Penalty Method was employed in the UD models. 

Normal stiffness is another essential contact parameter. In 

general, the higher the stiffness, the better is the accuracy. 

However, solution convergence becomes difficult [29]. 

Concerning the definition of a contact pair, it is necessary 

to determine the distribution of stress in the two parts of the 

fibre. Therefore, for representing the mutual interactions of 

the fibres, symmetrical behaviour of the contact pair was 

selected. In a comparison of the interaction of yarn and 

fabric, it is possible to use automatic or asymmetric 

expressions. In the end, for derivation of integration points, 

the nodal-normal definition has been used [30]. The value 

of the maximum tensile stress depends on the displacement 

(Figure 17), as was observed in the results. 

2.4.2 Multiaxial model 

A smooth uniform mesh should be sought in the regions of 

interest for the analysis. Elsewhere, coarsening of the 

ambient mesh may help reduce the overall size of the 

problem to be solved [31]. The rigid and flexible parts of 

the model were meshed sequentially by using the sweep 

method in combination with triangular polygons. To 

optimize it, the mapping features were inserted. The input 

value of an element was set to 0.18 mm. The mesh was 

optimized to the values specified in the Table 5. 

 

 

 

Figure 8. Scheme of solved numerical contact for uniaxial (a and b) and multiaxial (c) models 
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Figure 9. The mesh of the: a) sewing seam in detail b) whole multidirectional model 

 

Table 5. Specification of the created mesh in the multiaxial model 
 

The multiaxial Indentor Jaw 1st fabric 2nd fabric 1st thread 2nd thread 

Nr of nodes 12 281 800 3 650 3 715 25 402 13 661 

Nr of elements 2 763 1 275 1 902 1 915 8 986 8 913 

 

 

 

Between the rigid and flexible parts of the model, the 

friction was set. Selected contact surfaces were defined 

using the friction coefficient f = 0.3 and Normal Lagrange 

formulation (Figure 8c) [32]. After optimization of the 

contacts, the indenter, which was in contact with the tested 

fabric, was set to undergo remote displacement in one 

direction. The value of the maximum tensile stress depends 

on the displacement (Figure 22), as was observed in the 

results. 

2.4.3 The introduction of models boundary conditions 

For simulation of the both models (unidirectional and 

multiaxial), different boundary conditions were introduced. 

In the case of uniaxial loading modelling of at the bottom of 

the surface, the model was fixed in all movements and 

rotations. On the opposite side of the surface the 

displacement in uniaxial direction was set. This boundary 

condition has been defined to the maximum length in the 

displacement u → depends on time. In the other directions, 

the displacements have been fixed to avoid some 

undesirable shift. The feed value u → corresponds to the 

maximum elongation achieved during the real tests of the 

uniaxial fabric. 

In case of the modelling of uniaxial loading at the bottom of 

the surface, the model was fixed for all movements and 

rotations. On the opposite side of the surface, the 

displacement along the uniaxial direction was set. This 

boundary condition was defined such that the maximum 

length along the displacement u → depended on time. 

Along the other directions, the displacements were fixed to 

avoid any undesirable shift (Figure 10a). The feed value u 

→ corresponds to the maximum elongation achieved during 

real tests of the uniaxial fabric. 

In the case of multiaxial loading modelling, the model was 

divided into two parts, namely, rigid and flexible. The rigid 

part of the model formed a jaw and indenter, into which the 

material properties of the structural steel were introduced. 

In the flexible parts of the model, the material properties of 

the fabric and PA 30 sewing threads were inserted (Figure 

10b). 

  

 

 

Figure 10. Defined boundary conditions: a) uniaxial measurements and b) multiaxial measurements 
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To improve the efficiency of analyses involving large 

number of bodies, is advantageous to suppress the default 

frictionless interaction that is scoped to all bodies, and 

insert additional body interaction objects, which limit 

interactions to specific bodies instead. The value of the 

displacement u  was the maximal value of displacement, 

equal to the on measured when the yarn was broken during 

the experiments. The determined value corresponds to 

mean values of the measured displacements during which 

breach of threads in real samples occurred. The observed 

results were the values of maximum tensile stress in 

dependency on the displacement (Figure 20). Two kinds of 

stepping control of the static analysis have been used. The 

first one with a constant time step size and the second with 

substeps adjustments. As could be seen in the Figure 11, the 

chosen approach has little bit changed the convergence of 

solution, however there was no impact to the duration or 

precision of the results. 

The most important step to the successful convergence in 

the studied case were not any very precise mesh neither the 

setting of the solver, but definition of the contact, especially 

the detection of the integration points on the contact 

surfaces. This could be caused by the fact, that as could be 

seen in Figure 12 the contact is mostly sliding and the 

integration contact points varying for the each step.  

 

 
 

 

 

Figure 11. Convergence of the model solver for the a) Constant b) Variable step control 

 

 

Figure 12. The status of the mutual threads contact 
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3. RESULTS AND DISCUSSION 
 

In this work, the mechanical characteristics of seams were 

analysed experimentally for various types of stresses. The 

device that can be used to test seam strength and monitor 

the mechanical characteristics of seams under multi-axial 

loading was developed. Then also the experimental analysis 

of the dynamic characteristics of the seam was performed to 

compare the strength of sewed seams under static and 

dynamic stresses. 

 

3.1 Experimental Results 

3.1.1 Unidirectional tests 

The ultimate strength tests under different types of loading 

are summarized in Figure 13, where the loading curves are 

shown (as an example for seams with PA 30 thread). The 

fiber strength was determined based on the known cross 

section area, normal stress and the ultimate strength known 

from the experiments. 

A correlation can be observed between the results of static 

loading in warp and weft directions. However, based on the 

experimental results it was found that for static loading in the 

warp direction, the maximal forces were approximately 10% 

higher than in the weft direction (Figure 14). In all seams with 

the various sewing threads were used. The material is strongest 

when the seam is perpendicular to the warp direction and 

weakest when the seam is perpendicular to the weft direction. 

This is probably related to the fact that the density expressed 

by the number of threads per unit length is higher in warp 

direction (28 ends per cm and 22 picks per cm). 

 

Figure 13. Force–elongation curves of seams with PA 30 threads 

in warp and weft directions (unidirectional static test) 
 

3.1.2 Multiaxial tests 

Four types of polyester and polyamide sewing threads were 

used for sewing the sandwich material, which is used 

directly for sewing car seat covers. The axial stress and 

elongation of seams under multiaxial stress were measured. 

The test results in the form of stress-strain curves for seams 

using PA 30 threads, as an example, are shown in Figures 

15 and 16. 

 

  

Figure 14. Changes in seam breaking forces and elongation depending on thread type and test direction 

 

    
 

Figure 15. Axial stress to seam break under multiaxial load Figure 16. Experimentally determined value of axial stress to 

seam break with dependency on thread type under 

multiaxial stress (red lines are averages of axial stress 

to seam break) 
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3.2 Static Uniaxial Loading 

The first step before the main modelling was exploring how 

real seam rupture occurs. For better comprehension, seam 

rupture was monitored using high-speed cameras i-SPEED 

3 over the course of the experiments. Examples of seam 

rupture observed sewed with PA30 thread type under 

uniaxial static loading are shown in Figure 17. In the image, 

locations of seam rupture are visible clearly at the recording 

speed of 10,000 fps for static loading. 

The solution of this model was the maximum tensile stress 

observed in the added fabric yarns (Figure 18) and the 

resultant computed force compare with the experiment in 

the Figure 19. 

 

 

 

Figure 17. Moment of rupture under static uniaxial loading (384th frame, 386th frame, and 388th frame) 

 

 

Figure 18. Normal stress in uniaxial model 

 
 

 

 
Figure 19. Results of for static loading 

3.3 Static Multiaxial Loading 

The location of rupture of the seam with PA30 thread type 

during multiaxial loading was monitored using a high-speed 

camera with a recording speed of 10,000 fps. Examples of 

seam rupture are shown in the Figure 20. 

The maximum tensile stress observed in the added fabric 

yarns (Figure 21) together with the position of the indenter 

and the resultant computed forces are shown in Figure 22. 

The results of the conducted experiment and the 

simulations under static unidirectional loading with PA 30 

sewing thread in a seam were compared to each other 

(Figure 22).  
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Figure 20. Moment of growing rupture under dynamic uniaxial loading 

 

 

Figure 21. Normal stress in uniaxial model 

 

 

Figure 22. Results of model and experiment under multiaxial 

static loading 

The outputs of the experiment for determining the strength 

of sewing seams in car seat covers revealed that seams with 

PA 30 threads have the highest strength and elongation, and 

they are the most suitable for sewing covers compared to 

other threads. In the simulation results, the maximum 

normal stress in the seam area could be observed. The 

simulated values correspond to the experimental values 

with a deviation of 8% in force and 10% in displacement. 

4. CONCLUSION 

In this study, a method of measuring the strength of sewing 

seams was proposed. The device for seam strength 

measurement under unidirectional and multiaxial stress in 

static and dynamic loading was developed. This is useful 

because of the anisotropy of sandwich structures in the 

technical textiles used, for example, in car seat covers. 

Based on the experimental measurements, the mechanical 

properties of several combinations of yarns and fabrics 

were determined. To predict behaviour of the seam in real 

conditions and to verify the experimental results, the 

unidirectional and multiaxial tensile tests were simulated 

numerically. At first, the CAD model based on the real 

microstructure obtained by CT and micro capture, with the 

lockstitch threads connections, was designed and imported 

to ANSYS 18.0, where the model was subjected to real 

loading and boundary conditions. Based on the 

experiments, the material models of the yarns and fabric 

used herein were determined. The simulation results agree 

well with the results of the real tensile test. Based on these 

results, it can be said that the given sewing seams exceeded 

the limit of proportionality of 680 N in the in static mode, 

respectively, in the model of unidirectional loading, and 

this led to their rupture, as shown in Figure 18. 

Furthermore, the maximum tensile stress in the threads and 

the textile materials was investigated. The model of 

multiaxial stress of the seam yielded the maximum normal 

stress of 28 MPa, which corresponds approximately to 3500 

N, as shown in Figure 22.  

Every model and technique has default estimations. In the 

unidirectional test the simulation overestimates the strength 
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and on the multidirectional it underestimates it as seen on 

Figures 19 and 22. Additionally it differentiates more in the 

multidirectional test, what is primarily associated with a 

large number of parameters and contacts in multidirectional 

modeling. The predictability of mode is in the reasonably 

good, but it is necessary to find ways to improve the 

models. The solution of the problem of optimization of a 

mathematical models of sewing seam under different 

loadings is consist the following stages: the choice of an 

optimization method, a directed search for a combination of 

the values of the parameters of a mathematical model 

ensuring the achievement of the desired goals, the accuracy 

of the models in particular. 

This work provides new insights into the physical and 

mechanical properties of sewing seams, which are 

especially useful for the production and testing of technical 

textiles. Actuality of work is due to the high demands on 

the quality of technical textile products especially the 

demands on the strength of the seams, as one of the most 

important properties. The high cost of testing already 

finished products necessitates determining the sewing seam 

strength theoretically or testing appropriate samples by 

using a convenient device. In the future, research is needed 

to improve the developed apparatus for measuring the 

strength of a seam under multiaxial strain, correcting the 

seam numerical model to shorten the development cycle, 

which consists of preparing sample prototypes, testing the 

prototypes, and re-sampling. Another task will be 

modification of the materials used, which consist of 

composite parts. The newly created material models will be 

subjected to testing to improve the parameters and strength 

of the existing seams. 
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ABSTRACT 

This research aims to determine the influence of heat and printing substrate type on the colorimetric 

properties of the thermochromic ink printed on various textile materials while subjected to heating 

simulating realistic conditions of usage. The results of the research can be used as a recommendations 

for the development of a smart temperature indicators for textile packaging. Four specific groups of 

textile materials were used as printing substrates and magenta leuco thermochromic water-based 

screen printing ink (activation temperature 31°C) in order to analize resulting colorimetric properties. 

Experiment based on analysis of resulting color differences confirmed that the screen thread count 

influences the rate of the material color change. Namely, the higher the thread count the faster the 

color change i.e. the sample returns faster from the discolored to the colored state. It was also 

confirmed that the lower the fabric weight of the material is, the sample returns faster from discolored 

to the colored state. In addition, this article presents a comparison of the contact and contactless 

method of sample heating at the same temperature. It was shown that the samples were cooled slower 

and consequently changed the colorimetric values after the contact method. 
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1. INTRODUCTION 

The most commonly accepted definition of smart materials 

is that such materials can be activated by physical, chemical 

or mechanical environmental influences and react to their 

surroundings predictably and beneficially. Some of the 

most important smart materials are piezoelectric, shape 

memory, chromatic and magnetic-rheological [1]. 

Chromatic materials are materials that change color under 

the influence of external factors (temperature, light, the 

presence of solvents, pressure, electricity, friction, etc.) [2]. 

Material that changes color due to the temperature change 

is called thermochromic material. Thermochromism founds 

its application in the textile industry, but textiles produced 

from thermochromic fibers have not appeared on the 

market yet. So far the thermochromic effect on textiles is 

mainly achieved by screen printing with thermochromic 

inks [3]. 

In this article, the term activation temperature will be used 

to define the temperature at which the 

coloration/discoloration process occurs. Leuco dye-based 

thermochromic ink is a thermochromic composite that 

consists a color-former and a color-developer dissolved in a 

solvent. The composite is microencapsulated in a protective 

coating to protect the content from the environment [4]. 

The color-former has two forms in dependence of the 

temperature – colored and colorless form. In a non-heated 

state, the composite remains in solid form, and the color-

former adopts its colored form. In heated state, the solvent 

melts and the interaction between the solvent and the color-

former destroy the composite, thus causing the color-former 

to adopt its colorless form. The activation temperature is 

defined by the temperature at which the solvent changes 

from solid to liquid state [5]. 

To cite this article: Durdevic S, Novakovic D, Adamovic S, Kasikovic N, Milic N, Strbac B, Hadzistevic M. 2019. Colorimetric 

changes of thermochromic ink printed on smart textile materials exposed to different heat transfer methods. Tekstil ve Konfeksiyon 
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Thermochromic leuco dyes are available with different 

activation temperatures, from -15 to 65 °C. However, the 

majority of applications are limited to the three standard 

temperature ranges, cold (~ 10 °C), human body 

temperature (~ 31 °C) and warm (~ 43 °C) [6]. Usually, the 

leuco dyes are colored beneath activation temperatures and 

become discolored or transparent above the activation 

temperature. All the main types of inks, both water-based 

and UV-based, are available for paper, plastic and textile 

applications [7].  

Although the colorimetric characteristics of thermochromic 

inks on textiles are significant from the perspective of the 

application, the influence of temperature on colorimetric 

values of thermochromic inks has not been studied to a 

great extent. Friškovec et al. [8] confirmed that 

thermochromic inks have poor stability against light and 

high temperatures. They used the white inked aluminum 

plate as a substrate for heating at the high temperatures and 

paper substrate for exposure to light. The stability tests 

showed that the thermochromic prints were affected by UV 

light and the temperatures well above 150 °C. Kulčar et al. 

[9] after tests on paper samples, noted that the discoloration 

process was not completelly finished at the highest 

temperatures, even far beyond the activation temperature. 

The samples retained a bright pastel color from the ink on 

the sample, and this effect increased with the increase of the 

ink layer thickness. Kulčar et al. [10] also shown that the 

color values of thermochromic samples are the function of 

the temperature. They concluded that the thermochromic 

samples does not depend only on temperature, but also on 

its thermal history, so the thermochromic materials belong 

to several physical systems with a hysteresis. In all this 

research samples were printed with screen printing 

technique. Chowdhury et al. [11] applied thermochromic 

inks to a conductive cotton fabric made of nichrome/cotton 

core-spun yarn and show the temperature dependence of 

colorimetric properties on the thermochromic inks. The 

heat generation and the temperature rise were controlled by 

the voltage applied. The research related to colorimetric 

characteristics of thermochromic inks were normally 

carried out in a controlled manner by precisely varying 

temperature through specially designed heating and cooling 

systems. Generally, the samples were heated and cooled on 

plate materials [6,8,9,10].  

In this article, we developed a system for testing the 

temperature dependence of colorimetric properties based on 

multipurpose universal devices without specially designed 

heating and cooling systems. Since textile materials in real 

use may or may not have be in a direct contact with the 

heated body, the tests on the samples are carried out after 

the air heating process under controlled conditions without 

direct contact between the fabric and the heating surface. In 

this way, the real conditions in which the product finds 

itself in practical application are emulated. In this article, 

the thermochromic sample property will be examined as a 

function of the temperature in the cooling process, to show 

the dependence of the material type and the screen mesh 

selection during printing to achieve a quality print with 

desired characteristics.  

2. MATERIAL AND METHOD 
 

2.1 Materials 
 

Four types of textile materials with dimensions 250 x 350 

mm were used in this study. For each of the material 

samples, the following are determined: fabric weight (ISO 

3801:1977) [12], number of threads per unit length (EN 

1049-2:1993) [13], linear density of yarn removed from 

fabric (ISO 7211-5:1984) [14] and material composition 

(EN ISO 1833-1:2010) [15]. The characteristics of the 

samples are given in Table 1. In the printing process, 

commercial SFXC magenta ink (activation temperature 

31°C) and acrylic based binder were used [16].  The ratio of 

the dye and binder was 1:1. 

2.2 Color Measurement 
 

Using the diffuse geometry colorimeter HP200 (D65/10°, 

measurement geometry d/8°), CIELAB values of 

thermochromic ink were determined over time. Figure 1 

shows the experimental setup with the position of devices 

during the measurements. Color measurement was done in 

two experiments. In the first experiment samples were 

heated in laboratory drying oven COLO DRYS53A, while 

in another experiment the samples were heated using the 

heating press. After heating, the samples were placed on the 

Styrofoam. A temperature change of the material was 

recorded with a thermal imaging camera, and during the 

cooling process, the color change was measured with the 

HP200 spectrophotometer.   

 

 

 
Table 1. Fabric weight, number of threads per unit length, the linear density of yarn removed from fabric and material composition of the samples 

Textile 

material 

Fabric weight 

[g/m2] 

Number of threads per 

unit length [threads/cm] 

The linear density of yarn 

removed from fabric [tex] 
Material composition 

Warp Weft Warp Weft Type [%] 

Sample 1 208 44 21 27.00 x 1 26.40 x 1 Cotton 100 

Sample 2 123 23 16 30.20 x 1 29.20 x 1 Cotton, Polyester 98.60, 1.40 

Sample 3 81 39 25 8.10 x 1 18.20 x 1 Cotton 100 

Sample 4 120 52 28 13.60 x 1 12.60 x 1 Cotton, Polyester 14.40, 85.60 

Standard ISO 3801:1977 EN 1049-2:1993 ISO 7211-5:1984 EN ISO 1833-1:2010 
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Figure 1. Experimental setup 

 

 
 

2.3 Test Chart 

The test chart (164 x 100 mm) consists of two 26 x 100 mm 

surfaces for color measurement, and 100 x 100 mm field for 

temperature analysis (Figure 1). It was developed on a 

glossy positive film ColorGate Screenfilm with 

photosensitive layer Sericol Dirasol 915, 50 lpi, at the angle 

of 90°. The film was illuminated using the Linotype Hell 

Linotronic 300 Red laser at its working temperature for 120 

s, developed on the Esco Fot Gluns & Jensen machine with 

a process bath temperature of 32 °C for 30 s and fixed at 25 

°C for 30 s. The shape of the raster dot on the film was 

ellipse. The concentration of the process bath was 

satisfactory as the regeneration was carried out on time. 

Minimum and maximum density values were measured on 

the film using the Viptronic Vipdens 150 densitometer. 

Obtained values of Dmin = 0.06 and Dmax = 2.70 

confirmed that the film was well developed. 

2.4 Screen Development 

For the fabrication of the screen, silk net finishes (thick 

fibers), dimensions 500 x 700 mm and two different 

monofilament weave weights of 54 threads/cm and 120 

threads/cm were used. The fabric was attached to the 

measuring aluminium frame size of 580 x 840 mm. The 

tensile force of the screen on the frame was 21 N/cm2 

during the making of the screen. After screen mesh 

tightening, the tensile force was 18 N/cm2. The emulsion 

thickness was 0.30 mm for 54 threads/cm and 0.10 mm for 

120 threads/cm, and it was exposed on a screen mesh 

through an indirect screening process and a drying time of 2 

hours at 35 °C.  

2.5 Printing Process 

The samples were printed on screen printing machine S550. 

For the printing process, a neoprene-shaped squeegee edged 

at an angle of 45° was used, hardness 80A. The thickness of 

the squeegee was 5 mm, and the length 25 mm. The weight 

of the squeegee was 180 g every 100 mm in length, the total 

length of the blade was 255 mm. The printing speed was 

150 mm/s, the return speed of the squeegee and the ink 

carrier was 150 mm/s, the distance of the exposed emulsion 

from the substrate was 4 mm, the distance of the ink 

application from the substrate 2 mm and the distance of the 

squeegee from the substrate was 2 mm. The ink (50 ml) and 

the binder (50 ml) were homogenized using the IKA KS 

130 basic orbital shaker at a mixing rate of 400 rpm for 5 

min. During the homogenization, printing and measuring 

process, the following ambient conditions were measured: 

temperature 22 ± 2 °C, pressure 101 ± 1 kPa and relative 

humidity 40 ± 2%. For these measurements, we used 

Extech RH520A. 

2.6 Temperature Measurement 

In order to measure the temperature values during the 

cooling of analyzed samples the IR ThermoPro TP8S 

camera was used. Selected camera has a microbolometric 

sensor with a resolution of 640 x 840 pixels and generates 

wavelengths in the range of 8 to 14 μm with a sensitivity of 

0.08 at 30°C. The temperature measurement process takes 

place in such a way that the infrared sensors integrate 

electromagnetic IR radiation in the wavelength range of 

operation, and then generate the corresponding electrical 

signal [17]. The application of IR cameras in this 

experimental study is particularly useful because the 

emissivity coefficient of the tested materials, which is 

determined experimentally, is quite significant and ranges 

from 0.89 to 0.95. In order to increase the accuracy of the 

temperature measurement, the values of the relative air 

humidity, the ambient temperature and the distance 

between the IR sensor and the object of measurement 

should be entered as the input parameters in the IR camera. 

The distance between the IR sensor and the samples was 

100 cm (Figure 1). 

2.7 Ambient Conditions Measurement 

In order to reduce the radiation from the additional sources 

in the surroundings, the temperature measurement should 

be performed in the dark environment [18]. Using the Eye-

One Pro device (D65/10°, measuring geometry 45°/0°), the 

spectral curves and ambient lighting characteristics were 

measured (Figure 2). The intensity of light was 5.4 lux 

while the color temperature was 4594.50 K (corresponds to 

standard illuminant D50). In the visible spectrum, the light 
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is almost uniform, which confirms that the conditions in 

which the measurement was performed were favourable 

and controlled. 

 

Figure 2. The spectral curve and ambient characteristics 

3. RESULTS AND DISCUSSION 

3.1 Thermovision Measurements 

After heating the samples inside the COLO DRYS53A for 

3 minutes at the temperature of 50 °C, the samples were 

pulled out and left to cool. It was noticed that after one 

minute of the cooling process, all the samples reached the 

ambient temperature. The surface temperature of the 

analyzed material was measured every 10 seconds, and the 

temperature was measured at the same time as color 

characteristics. Figure 3 gives an example of the thermal 

image. 

 
Figure 3. Thermal image of sample 3 printed using 54 threads/cm screen, 

second measurement, after 40s cooling 

 

Figure 4 shows the dependence of time and temperature for 

the samples used in the study printed with different screens 

(differed by screen thread counts). The obtained results 

show that the cooling process of the printed samples is 

influenced by choice of a screen thread count, in such a 

way that the smaller screen thread count leads to the greater 

samples temperature retention time and, consequently, 

slower cooling. The cooling rate was slowing down when 

the screen mesh value decreases because of the larger 

openings that allow more ink to flow through. [19]. The 

selection of the screen thread count had the smallest effect 

on sample 3, where the temperature did not change 

significantly over time (Figure 4). 

 

3.2 Spectrophotometric Measurements During Cooling 

of Heated Samples 

After heating the samples for 3 minutes in a multi-purpose 

device, COLO DRYS53A at a temperature of 50 °C, the 

samples were cooled to ambient temperature (24 °C). 

During the cooling process, the samples were measured 

every 10 seconds. In order to minimize the effect of heat 

transfer from the sample to the measuring surface, the 

samples were placed on Styrofoam (10 cm thick). During 

the cooling, CIELAB values for all samples were measured. 

The results are shown in Figure 5. The same figure also 

showss color differences. The color difference was 

calculated using the CIEDE2000 formula [20]. In addition 

to the color coordinate values and color differences, the 

relationship between colorimetric values (lightness and 

chroma) and the cooling time was investigated using 

Pearson correlation (correlation coefficients (r) and the 

corresponding degrees of determination (r2) are presented 

in Table 2). 

There was a strong, negative correlation between lightness 

and cooling time and a strong positive correlation between 

chroma and cooling time in cases of all four materials and 

both screen thread counts. This means that the color is 

gradually getting darker and more saturated with enhancing 

time interval after exposing samples to the heat. The high 

coefficients indicate that colorimetric values can be used 

with a high level of confidence to determine the time 

elapsed from the beginning of the cooling process. The 

higher correlation coefficients in the case of lightness 

indicate that the lightness value is a more precise parameter 

for the cooling time prediction than chroma. Furthermore, 

the extremely high correlation coefficient values in the case 

of sample 1 indicate that the confidence degree of 

prediction depends on the choice of material. The influence 

of material and screen thread count on lightness value was 

investigated with ANOVA analysis with repeated measures 

for intervals 10, 20, 30, 40, 50, 60 and 70 seconds after 

exposure to the heat source. Besides determined significant 

effect of time interval on lightness, F= 319.34, p<0.0005, 

multivariate partial eta squared = 0.99, it was confirmed 

that there a significant influence of the material type on 

behavior of lightness (F= 319.34, p<0.0005, multivariate 

partial eta squared = 0.99), and also of screen thread count 

(F= 42.17, p<0.05, multivariate partial eta squared = 0.79). 

The influence of the textile material type on the color 

difference change in relation to the first measured value 

during the cooling process for the tested screen thread count 

of 54 and 120 threads/cm are shown in Figure 6. 
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Table 2. Pearson's correlation coefficient (r) and the corresponding degree of determination (r2) between the lightness and time, as well 

as the chroma and time for all samples 

 Sample 1 Sample 2 Sample 3 Sample 4 Sample 1 Sample 2 Sample 3 Sample 4 

Screen thread 

count 

(threads/cm) 

r(r2) correlation L i T r(r2) correlation C i T 

54 -0.95 (0.90) -0.87 (0.75) -0.93 (0.86) -0.89 (0.79) 0.92 (0.85) 0.84 (0.70) 0.82 (0.68) 0.77 (0.60) 

120 -0.94 (0.88) -0.91 (0.83) -0.86 (0.73) -0.83 (0.69) 0.92 (0.84) 0.88 (0.77) 0.74 (0.54) 0.75 (0.57) 

 

 
Figure 4. Time and temperature comparison of the samples printed with two different screens 

 

 

Figure 5.  CIELAB values of the a) Sample 1, b) Sample 2, c) Sample 3, d) Sample 4 during the cooling process 
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After color differences analyzing, it was observed that 

sample 4 (54 threads/cm) and sample 2 (120 threads/cm) 

had the most significant color difference change compared 

to the first measured value. These fabrics are distinguished 

by the non-linearity of the color difference value between 

each subsequent measurement. In terms of the linearity of 

the changes over time, the lowest color difference between 

each subsequent measurement is characterized by sample 1 

(54 threads/cm and 120 threads/cm), and at the same time 

these samples are characterized by the slightest change in 

the color difference and the smallest effect of the screen 

thread count on the color difference. With reducing the 

screen thread count, the color difference between each 

subsequent measurement is lower, but the color difference 

in relation to the first measured value is higher. Thus, for 

each fabric type, the color difference change in relation to 

the first measured value is higher for the screen thread 

count of 54 threads/cm.  

 

 

Figure 6. The color difference in relation to the first measured 

value for screens of 54 threads/cm and 120 threads/cm 

 

In the analysis of color differences between each 

subsequent measurement, it was determined at which 

moment the most significant color change occurred, and 

then this change was slightly reduced until the ambient 

temperature was reached. For samples printed with a screen 

of 54 threads/cm, it was noted that the most significant 

change occurred in the first 30 seconds of measurement, 

excluding the cotton material with the smallest fabric 

weight at which the most significant color change occurred 

in the first 20 seconds of measuring. On samples with a 

screen 120 threads/cm, this change took place at 20 seconds 

of measurement, excluding the cotton material with the 

most significant fabric weight at which this change took 

place for 30 seconds of measurement. Compared to 

materials with polyester additives, cotton materials are 

characterized by higher absorption, resulting in a higher 

amount of thermochromic ink in the material and longer 

temperature retention. To determine how the type of 

material influences the change of thermochromic ink, four 

specific groups of materials applicable to various textile 

packaging were used in the experiment. In this way, we 

created the basis for precise temperature identification via 

thermochromic ink printed on various textile packaging 

materials. Based on this analysis, it has been confirmed that 

the screen thread count influences the change of the 

thermochromic ink on the material in such a way that the 

higher the screen thread count is, the faster the color 

change, meaning that the sample returns faster from the 

discolored to the colored state. The screen with the higher 

thread count transfers less ink, and therefore the material, 

will release the heat faster. With the higher screen thread 

count, screen the ink will return faster from the colored to 

the discolored state [21]. It has also been confirmed that the 

smaller the fabric weight of the material, the faster is the 

return from the discolored to the colored state. It was shown 

that depending on the fabric weight of the material, the heat 

changes was different. The material with a greater fabric 

weight had the ability to absorb a larger amount of ink, so it 

kept the heat for a longer period of time [22]. Higher 

volume of thermochromic ink absorbed in the fabric causes 

higher color changes in thermochromic effect as a result of 

higher concetration of thermochromic pigments inside the 

material. The liquid absorption of fabrics decreases with 

increasing warp and weft densities as the fabric structure 

become very compact and dense. The effect of fabric 

constructions without any hydrophilic finish on liquid or 

water absorption was studied by researchers [23, 24, 25]. 

To compare the contact and contactless heating method, the 

measurements were repeated under the same conditions on 

samples that were cooled after heating using the heating 

press. Color differences were estimated between the first 

measured color value and the consequent measurements. 

The relation between color difference and temperature for 

the samples printed with different screens and dried within 

the drying oven and using heat press are shown in Figure 7a 

and 7b, respectively. 

By analyzing the relation of color difference and 

temperature, it is noticeable that the samples measured after 

heating with heat press linearly increased the color 

difference with decreasing the temperature because they 

maintain the heat within the material for a longer time. 

These results show that the heating method influences the 

samples’ cooling time. Hence, in order to create real 

conditions in which the smart textile packaging material 

could be found, it is necessary to use a device for 

contactless heating.  
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Figure 7. The color difference in relation to the first measured value for screens of 54 threads/cm and 120 threads/cm: a) samples dried 

within the drying oven, b) samples dried using heat press 
 
 
 

 

4. CONCLUSION 

In this article we assessed the change of the colorimetric 

values of leuco thermochromic ink in screen printing with 

the change of the temperature during cooling. The printed 

samples were heated by contact and contactless method. 

The color measurement was done after the heating, during 

the cooling of the samples. The samples changed from 

achromatic to the chromatic after lowering the temperature 

below the activation temperature. During the cooling, the 

colors changed significantly in the first 30 s of the 

measurement. After that time and until the ambient 

temperature was reached the color difference was very 

small. It was also noticed that in almost all the samples 

(excluding cotton fabric with the small fabric weight) the 

influence of the screen thread count on the material 

temperature is noticeable. It is observed that using the 

lower screen counts in screen printing led to higher 

temperature retention within the printed material, and vice 

versa. The choice of screen thread counts in printing did not 

have a significant influence on the temperature change 

during cooling in case of the cotton sample with small 

fabric weight.  

In addition, it was shown that the heating method 

influences the cooling time. Although the samples were 

heated to the same temperature in both methods, the 

samples were cooled more slowly and therefore slowly 

changed the colorimetric values after the contact heating. 
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ABSTRACT 

Selecting the right supplier in supply chain is of great importance for firms. Because, when the 

supplier is a piece of a well-organized supply chain, this relationship may affect the competition 

power across the entire supply chain. Supplier selection is so critical process that it requires to 

evaluate many factors likequality, delivery time, cost, technology, payment due, flexibility 

andcorporate reputation. Decision makers must consider these factors to select ideal suppliers. At this 

point, multi-criteria decision making methods (MCDM) help them to solve supplier selection 

problems. In this paper, considering the fuzziness in group decision making process, fuzzy set theory 

is used to deal with supplier selection problem of textile manufacturing firm. Ratings and weights of 

the criteria are expressed by linguistic variables. According to the proposed method fuzzyTechnique 

for Order Preference by Similarity to Ideal Solution (TOPSIS), a closeness coefficient is calculated 

for obtaining supplier performance rankings. 
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1. INTRODUCTION 
 

The meaning of being a supplier for firms has changed in 

today's market conditionswhere competition takes place 

among the supply chains. Firms desire to construct 

longterm relations based on mutual trustwith their 

stakeholders like suppliers. Since, to work with the right 

supplier can reduce purchasing costs for the firm and can 

increase customer satisfaction. In this way, the firm is able 

to gain a chance to strength it’s competitiveness and 

performance [1, 2]. Therefore, supplier selection process is 

of great importance for firms in today's global market 

conditions and firms must achieve this processeffectively 

for their future. Firms also must be flexible against 

changing market conditions and customer demands. A well-

organized supply chain management helps firms to realize 

these goals. Because, supply chain management controls 

whole products and information flowing through the supply 

chain of the firm. It is a process which involves the firm’s 

selection of a supplier for its’ production operations. In 

other words, supplier selection targets to select the supplier 

with the highest potential for meetingdemands of a firm at 

an acceptable cost. The most important topic here is to 

construct the closeness and long term reliable relations with 

the optimal supplier among a number of suppliers [3-5]. To 

select a supplier is one of most difficult and critical 

decisions forthe buyer because it has some factors in it. 

Also, these factors may differ according to firm’s needs. If 

the firm wants to complete this selection in an effective 

way, so it evaluates many criteria [6]. Among those criteria 

considered by decisionmakers in supplier selection, quality, 

delivery time, cost, production capability, service 

management, technology, research and development, 

finance, flexibility, reputation and risk are the most popular 

ones. As it is seen, it may involve different types of criteria, 

various decision models to select a supplier so it is a multi-

criteria decision problem for the firm [7].   
 

The supplier selection process covers different steps. First 

of all, the firm requires a new supplier so it is very 

important for the firm to expose exactly what it wants to 

achieve in supplier selection problem. Secondly, the firm 

should decide on selection criteria in accordance with its 

own needs and also it has adequate knowledge about 

alternatives. Third, the firm should select the one that meets 

the needs at the maximum level among the alternatives [8]. 

Briefly, it is very difficult to find the best way for the firm 

to eliminate alternatives and select supplier because it is 

required to use a variety of different methods forachieving 
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it. So, the main issue in this process is to find the most 

appropriate method among many selection methods to 

select the ideal supplier.   

 

Actually, the supplier selection problem is the process of 

finding the best option among all suitable alternatives. 

When firms make an effort to find the ideal option, they 

should be cared forthe number of alternatives and decision 

makers, the degree of uncertainty and enviromental 

conditions effecting criteria [9]. By means of MCDM 

methods, decision makerscanreach the ideal solution. For 

instance, MAXMIN, MAXMAX, AHP, TOPSIS, SMART, 

ELECTRE are the most known methods among these 

methods. While information technologies are developing 

rapidly, the usage of computers have become widespread so 

these methods have found great acceptance in selecting 

suppliers [10]. But, there may exist some differences 

between methods in solving problems. The ratings and the 

weights of criteria are measured exactly in classical MCDM 

models. In other words, those kind of models assume 

precise data [11, 12]. However, human judgments cannot be 

predicted with precise numerical values. Also, they are 

often uncertain. For this reason, the exact data will not be 

sufficient to model real life conditions under many 

circumstances [13, 14]. For example, decision makers set to 

decide under time pressure or limited knowledge capacity. 

In this situation, the use of linguistic variables instead of 

numerical values can be a more realistic approach. The 

ratings and weights of the criteria may be expressed by 

linguistic variables [15, 16]. According to Zadeh [17], a 

linguistic variable isa variable that is expressed in words or 

sentences in natural or artificial language. Language 

variables are also expressed statements like very high, very 

good, high, good, normal, very low, very bad [18]. 

According to Saghafian and Hejazi (2005) [19], this kind of 

linguistic expressions are a natural representation of human 

judgments. These characteristics represent the feasibility of 

fuzzy set theory of Zadeh in constructing the decision 

maker’s preferred structures. The fuzzy set theory is related 

with the human’s ability to understand and analyze 

inaccurate information. Zadeh developed it based on the 

idea that the key elements of human thought are linguistic 

expressions rather than numbers [16, 17].  

 

Fuzzy set theory helps to measure the uncertainty in 

concepts through the subjective judgments of human beings 

[19, 20]. To Bellman and Zadeh [21], a fuzzy set is a class 

of objects in which there is no sharp boundary between 

those objects in terms of being member or non-member. 

From this point, the classes of objects can be characterized 

by some adjectives that are commonly used as large, small, 

important, serious, simple, accurate, approximate. The 

theory models linguistic uncertainty related to human 

perception and subjective judgment. It provides the 

interpretation of qualitative parameters and mathematical 

expression of linguistic uncertainty with fuzzy numbers 

[22]. 

 

Fuzzy set theory applications are increasing day by day in 

the solution of uncertain fuzzy problems by means of 

Zadeh's fuzzy set theory in 1975 and also Bellman and 

Zadeh's decision-making methods in fuzzy environments in 

1970 [18].  

 

Supplier selection process have received great attention in 

the supply chain management literature recently. When the 

literature is examined, it is seen that there are various 

studies on both supplier selection and fuzzy TOPSIS 

method. Chen, Lin and Huang (2006) [9] developed a 

model to cope with the supplier selection problem of a high 

technology manufacturing company based on the concept 

of fuzzy TOPSIS method. They used the linguistic variables 

in order to assess the ratings and weights for the supplier 

evaluating factors. These linguistic variables were 

expressed in both trapezoidal and triangular fuzzy numbers. 

By applying the fuzzy TOPSIS, they calculated closeness 

coefficient of each supplier and selected the suitable 

supplier for the company. 

 

Zouggari and Benyoucef’s (2012) [23], study is conducted 

by using both supplier selection and fuzzy TOPSIS method. 

The criteria required is quantitatively evaluated for order 

allocation among the selected suppliers in the study. Fuzzy 

TOPSIS is applied to determine the weights for order 

allocation. Singh and Benyoucef (2012) [24], proposed the 

use of fuzzy TOPSIS for group decision making method to 

select the best supplier among several alternatives. 

 

Orji and Wei (2014) [25], considered the importance of 

sustainability in supplier selection process to improve 

organizational performance in one of Chinese gear 

manufacturing company. In the study, the researchers 

developed a model based on integrated MCDM methods to 

solve supplier selection problem. TOPSIS methodology 

which is the most preferred for capturing all objective and 

subjective criteria is applied to choose the best possible 

sustainable supplier in fuzzy environment. Then, they 

analyzed the interdependencies between some sustainability 

factors including social, economic and environmental 

factors. And then, they tried to select the best sustainable 

supplier in fuzzy environment effectively. The findings 

demonstrated that the company considered frequently on 

work safety and quality factors of the respective suppliers. 

 

Kannan, Jabbour, and Jabbour (2014) [26], used fuzzy 

TOPSIS method to select the most suitable supplier among 

a set of potential green suppliers for a Brazilian electronic 

company. They ranked the suppliers. The results of the 

proposed framework are compared with the ranks obtained 

by both the geometric mean and the fuzzy TOPSIS 

methodology. In order to examine the influence of 

preferences given by stakeholders as decision makers about 

selecting various suppliers a sensitivity analysis has been 

performed. 

 

Igoulalene, Benyoucef and Tiwari (2015) [27], addressed 

the strategic supplier selection problem. They formulated 

the supplier selection problem as a fuzzy multi criteria 

decision making problem and solved it by using one of two 

approaches including fuzzy TOPSIS methodology. They 

computed the weights of the criteria for fuzzy TOPSIS. To 

show the applicability of this methodology, they presented 
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a simple supplier selection problem and analyzed numerical 

results. Finally, they listed the advantages and 

disadvantages of each approach they used in the study. 

 
Other studies using TOPSIS, which is a frequently used 
model in supplier selection, can be listed as Wang, Cheng 
and Cheng (2009) [28]; Razmi, Songhori and Khakbaz 
(2009) (29); Shahanaghi and Yazdian (2009) [30]; Liao and 
Kao (2011) [31]; Li and Zabinsky (2011) [32]; Rouyendegh 
and Saputro (2014) [33]. All of these studies cope with the 
supplier selection problem to make a judgment about 
optimum supplier among the other alternatives by applying 
fuzzy TOPSIS methodology. The ideal supplier selection is 
obtained by integrating the closeness coefficients to the 
fuzzy TOPSIS model. In the end, the supplier who received 
the top ranking is defined as the optimum supplier. 
 

TOPSIS method is one of the most frequently used method 
to select appropriate supplier the literature. But, the 
uncertainty effect upon decision criteria is the main 
problem for this method. In this paper, considering the 
fuzziness in group decision making process, we used fuzzy 
set theory.  
 

The paper aims to evaluate the supplier selection problem 
of a textile manufacturing firm by using the fuzzy TOPSIS 
method. The paper is formed four sections. Next section 
gives some details about the fuzzy decisionmakingmethod 
to deal with the supplier selectionproblem in the study. In 
section 3, the proposed method isillustrated with an 
example. Finally, some conclusionsare pointed out at the 
end of the paper. 

2. MATERIAL AND METHOD 
 

TOPSIS method proposed by Hwang and Yoon (1981) [12] 
is one of the well known methods in the literature for 
MCDM. This method was later developed by some authors 
like Chen (2000) [15], Zavadskas, Turskis and 
Tamosaitiene (2008) [34], Hung and Chen (2009) [35]. The 
main point of TOPSIS is to identify the ideal solution 
which consists of all of best values accessible of criteria 
and the negative ideal solution which is composed of all 
worst values accessible of criteria [36]. In other words, 
unlike other methods, TOPSIS is based on logical thinking 
which gives the most appropriate results for both the 
positive ideal solution and the negative ideal solution. 
According to Hung and Chen (2009) [35]; Bottani and 
Rizzi (2006) [37], compared to other MCDM methods, 
TOPSIS has some advantages. Some of these advantages 
can be explained as being rational and simple, efficiency in 
computation, flexibility in ranking of alternatives and to 
calculate the best and worst alternatives ability for 
measuring the relative performance of alternatives in a 
simple mathematical form. 
 

In addition to these aforementioned positive aspects of 
TOPSIS method, a different method called the Fuzzy 
TOPSIS is used in order to prevent the negative conditions 
caused by the changes in the decision criteria against some 
changes in environmental conditions and uncertainty 
especially. The basis of the fuzzy TOPSIS method is that 
the decision criteria used by decision makers to evaluate 

alternatives have different weights. Using the fuzzy 
TOPSIS method, the decision coefficients and their 
evaluations about alternatives are converted into triangular 
or trapezoidal fuzzy numbers. Then the proximity 
coefficient of each alternative is calculated [9]. In classical 
TOPSIS, the rating and weight of the criteria are known 
precisely. In fuzzy TOPSIS, all the ratings and weights are 
defined by means of linguistic variables [10, 38, 39]. If it is 
decided to use fuzzy TOPSIS instead of TOPSIS, a number 
of weaknesses can be eliminated. Firstly, results may fail to 
comply with basic considerations sometimes. In this case, 
the best solution is the closest option to the positive ideal 
solution and the uttermost option to the negative ideal 
solution. Secondly, in fuzzy TOPSIS method, it is required 
for each criterion to assign initial weight for calculation. 
Finally, when fuzzy numbers are 1 and 0, it is directly 
assumed that they are both positive ideal solution and 
negative ideal solution. When the weights of criteria are 
extremely small, the closeness between the criteria and 
fuzzy positive and negative ideal solutions increase [38].  
 

It is understood from the aforementioned statements that 

fuzzy TOPSIS is suitable for decision making in fuzzy 

environments where uncertainty prevails. Membership 

functions are given to linguistic expressions by using fuzzy 

numbers, thus uncertainty is eliminated. Theselinguistic 

expressions are most commonly expressed in triangular or 

trapezoidal fuzzy numbers [9]. The degree of membership for 

a continuous variable is expressed by the membership 

function and it is determined subjectively [38]. The 

membership function grade approaches 1 as the degree to 

which an element belongs to a certain set increases, 

otherwise it approaches 0 in the fuzzy set theory [3]. Because 

of the linear simple membership function, Hanns (2005) [40] 

stated thatthe use of triangular fuzzy numbers is generally 

preferred. Sanchez and Gomez (2003) [41] expressed that 

triangular fuzzy numbers are most commonly used fuzzy 

numbers because they provide ease of operation and also 

they can be created intuitively. Therefore, to avoid 

complexity of operations, the calculations were made using 

triangular fuzzy numbers in the study. 
 

For example, if in a trapezoidal fuzzy numbern = 

( , , then the new number n is occured 

and called triangular fuzzy number. Given any two positive 

fuzzy numbers called m and n and a positive real number r,  

and is the lower limit of range, and is the 

upper limit of range, the α-cut of two fuzzy numbers are 

and ] (α Є[0; 1]), 

respectively. Some main operations made using triangular 

fuzzy numbers m and n can be summarized as follows [9, 

15, 42]:  
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The fuzzy TOPSIS method has some computational steps 

which is summarized as follows [9, 15, 43, 44]: 

Step 1. Determine the objectives, form decision makers 

group and then identify the evaluation criteria. 

Step 2. Choose the linguistic variables according to the 

importance of the criteria and the linguistic ratings for 

alternatives. 

Step 3. Weights of criterion are aggregated to obtain 

aggregated fuzzy weight Wj of Cj criterion. Get aggregated 

fuzzy ratings xij of alternative Ai under criterion Cij in the 

opinion of decision makers. 

Step 4. Construct the fuzzy decision matrix and calculate 

the normalized fuzzy decision matrix for each decision 

maker. Linguistic variables in the fuzzy decision matrix are 

defined as triangular fuzzy numbers 

1 2 3( , , ) ( , , )ij ijij ij ij j j jx a b c w w w w    .  

Here, the various criteria scales transform into comparable 

scales for avoiding complexity of mathematical operations 

in decision process. For this reason, the set of criteria can 

be divided into benefit (B) and cost (C) criteria. Therefore, 

the normalized fuzzy decision matrix can be represented 

under B and C criteria as: 

 
 

Step 5. Construct weighted fuzzy decision matrix as: 
 

 
 

Step 6. Determine the positive ideal and negative ideal 

solutions for each decision maker. 
 

 
 

Step 7. Calculate the distance of each alternative from the 

positive ideal solution and thenegative ideal solution. 
 

 
 

where (.,.)vd is the measurement of distance between two 

fuzzy numbers. 
 

Step 8. Calculate the closeness coefficient of each alternative. 
 

This coefficient shows the distances to the fuzzy positive 

ideal solution (A*) and fuzzy negative ideal solution (A-) 

synchronously by taking therelative closeness to the fuzzy 

positive ideal solution [9]. In other words, it is defined to 

set the ranking order of whole alternatives. The coefficient 

(CCi) is calculated for each alternative as follows:  
 

*
, 1,2,.......,i

i

i i

d
CC i m

d d




 


  (19) 

 

Step 9. Rank the preference order for each alternative 

according to the closeness coefficient. 
 

This empirical study evaluates the supplier selection 

problem of a textile manufacturing firm operating in 

Denizli by using the fuzzy TOPSIS method at first. 

Secondly, some advices are given to the managers about the 

results of this selection process. Four companies 

(alternatives) which are supplying knitted fabric and sewing 

yarn to the company in the study were evaluated. Two 

meetings were realized with procurement, production and 

marketing managers of the company. In the first meeting, 

managers were provided information on the supplier 

selection criteria in the literature. Company managers 

indicated cost (C1), payment due (C2), discount (C3), 

quality (C4), healthy product (C5), having quality 

certificate (C6), delivery time (C7), flexibility for changing 

in orders (C8), flexibility for delivery time (C9), easy 

contact (C10) and problem solving capability(C11) as the 

importance criteria in supplier selection process as a result 

of the first meeting. In the second meeting, managers were 

informed about the scales used in the evaluation of the 

criteria and alternatives. Then, they were asked to fill in the 

prepared questionnaire. Seven-point Likert scale (1= “very 

low (very poor)” to 7= “very high (very good))” was used 

to measure all items in the questionnaire. In this study, the 

questionnaires were sent through e-mail to the procurement 

manager, production manager and marketing manager of 

the surveyed textile firm. These three managers who are 

directly responsible for supply chain management of the 

firm evaluated the four suppliers separately. The 

questionnaire was administered in Turkish. The responses 
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were collected from March to April in 2018. Finally, 

Microsoft Excel2007 was used for evaluating data.  

3. RESULTS AND DISCUSSION 

TOPSIS is widely used in many different areas in MCDM 

problems. In this paper, TOPSIS method proposed by Chen 

(2000) [15] was used to assist the top management of the 

firm to solve the supplier selection problem under a fuzzy 

environment. 
 

The importance weights of each criteria presented in Table 

1 as linguistic variables are assessed by three department 

managers as decision makers. The decision makers also use 

the linguistic rating variables, which is presented in Table 2 

to assess ratings of alternatives with respect to each criteria. 

 
Table 1. Linguistic variables for the importance weight of each 

criteria 

Very low (0,0,0.1) 

Low (0,0.1,0.3) 

Medium low (0.1,0.3,0.5) 

Medium (0.3,0.5,0.7) 

Medium high (0.5,0.7,0.9) 

High (0.7,0.9,1.0) 

Very high (0.9,1.0,1.0) 
 

Table 2. Linguistic variables for ratings 

Very poor (0,0,1) 

Poor (0,1,3) 

Medium poor (1,3,5) 

Fair (3,5,7) 

Medium good (5,7,9) 

Good (7,9,10) 

Very good (9,10,10) 

 

As stated in previous part, a supplierselection problem 

discussed in this study in other words a MCDM problem 

can be expressed briefly in matrix format as follows [15]: 

 

   

D = , 

 

W = , 
 

Where  (  and  are linguistic 

variables,  are possible alternatives, 

 are decision criteria,  is the weight of 

criterion  and  is the rating of alternative  with 

respect to criterion . These linguistic variables can be 

expressed by triangular fuzzy numbers as 

 and . Dmatrix is 

called fuzzy decision matrix and W matrixis called fuzzy 

weights matrix. As a result of the questionnaire forms 

answered by decision makers, the fuzzy decision matrix in 

Table 3 and the fuzzy weight of each criterion in Table 5 

have been constructed.   

 

Table 3. The fuzzy decision matrix 

  C1 C2 C3 C4 C5 C6 C7 C8 C9 C10 C11 

Alternative 

1 

 

2,6667 7,6667 6,0000 2,6667 3,3333 7,6667 6,6667 3,0000 2,6667 7,3333 2,0000 

3,6667 8,6667 7,0000 3,6667 4,3333 8,6667 7,6667 4,0000 3,6667 8,3333 3,0000 

3,6667 8,6667 7,6667 3,6667 4,6667 8,6667 8,0000 4,0000 3,6667 8,3333 3,3333 

4,6667 9,6667 8,6667 4,6667 5,6667 9,6667 9,0000 5,0000 4,6667 9,3333 4,3333 

Alternative 

2 

 

7,6667 6,0000 2,6667 3,3333 7,6667 6,6667 3,0000 2,6667 7,3333 2,0000 3,0000 

8,6667 7,0000 3,6667 4,3333 8,6667 7,6667 4,0000 3,6667 8,3333 3,0000 4,0000 

8,6667 7,6667 3,6667 4,6667 8,6667 8,0000 4,0000 3,6667 8,3333 3,3333 4,0000 

9,6667 8,6667 4,6667 5,6667 9,6667 9,0000 5,0000 4,6667 9,3333 4,3333 5,0000 

Alternative 

3 

 

6,0000 2,6667 3,3333 7,6667 6,6667 3,0000 2,6667 7,3333 2,0000 3,0000 3,0000 

7,0000 3,6667 4,3333 8,6667 7,6667 4,0000 3,6667 8,3333 3,0000 4,0000 4,0000 

7,6667 3,6667 4,6667 8,6667 8,0000 4,0000 3,6667 8,3333 3,3333 4,0000 4,3333 

8,6667 4,6667 5,6667 9,6667 9,0000 5,0000 4,6667 9,3333 4,3333 5,0000 5,3333 

Alternative 

4 

 

2,6667 3,3333 7,6667 6,6667 3,0000 2,6667 7,3333 2,0000 3,0000 3,0000 7,3333 

3,6667 4,3333 8,6667 7,6667 4,0000 3,6667 8,3333 3,0000 4,0000 4,0000 8,3333 

3,6667 4,6667 8,6667 8,0000 4,0000 3,6667 8,3333 3,3333 4,0000 4,3333 8,3333 

4,6667 5,6667 9,6667 9,0000 5,0000 4,6667 9,3333 4,3333 5,0000 5,3333 9,3333 

 

The normalized fuzzy decision matrix is constructed as Table 4. 
 

Table 4. Normalized fuzzy decision matrix 

  C1 C2 C3 C4 C5 C6 C7 C8 C9 C10 C11 

 

Alternative 

1 

 

0,2759 0,7931 0,6207 0,2759 0,3448 0,7931 0,7143 0,3214 0,2857 0,7857 0,2143 

0,3793 0,8966 0,7241 0,3793 0,4483 0,8966 0,8214 0,4286 0,3929 0,8929 0,3214 

0,3793 0,8966 0,7931 0,3793 0,4828 0,8966 0,8571 0,4286 0,3929 0,8929 0,3571 

0,4828 1,0000 0,8966 0,4828 0,5862 1,0000 0,9643 0,5357 0,5000 1,0000 0,4643 

Alternative 

2 

 

0,7931 0,6207 0,2759 0,3448 0,7931 0,6897 0,3214 0,2857 0,7857 0,2143 0,3214 

0,8966 0,7241 0,3793 0,4483 0,8966 0,7931 0,4286 0,3929 0,8929 0,3214 0,4286 

0,8966 0,7931 0,3793 0,4828 0,8966 0,8276 0,4286 0,3929 0,8929 0,3571 0,4286 
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1,0000 0,8966 0,4828 0,5862 1,0000 0,9310 0,5357 0,5000 1,0000 0,4643 0,5357 

Alternative 

3 

 

0,6207 0,2759 0,3448 0,7931 0,6897 0,3103 0,2857 0,7857 0,2143 0,3214 0,3214 

0,7241 0,3793 0,4483 0,8966 0,7931 0,4138 0,3929 0,8929 0,3214 0,4286 0,4286 

0,7931 0,3793 0,4828 0,8966 0,8276 0,4138 0,3929 0,8929 0,3571 0,4286 0,4643 

0,8966 0,4828 0,5862 1,0000 0,9310 0,5172 0,5000 1,0000 0,4643 0,5357 0,5714 

Alternative 

4 

 

0,2759 0,3448 0,7931 0,6897 0,3103 0,2759 0,7857 0,2143 0,3214 0,3214 0,7857 

0,3793 0,4483 0,8966 0,7931 0,4138 0,3793 0,8929 0,3214 0,4286 0,4286 0,8929 

0,3793 0,4828 0,8966 0,8276 0,4138 0,3793 0,8929 0,3571 0,4286 0,4643 0,8929 

0,4828 0,5862 1,0000 0,9310 0,5172 0,4828 1,0000 0,4643 0,5357 0,5714 1,0000 

 

Table 5. Fuzzy weights of alternatives 

 Alternative  

1 

Alternative 

 2 

Alternative  

3 

Alternative  

4 

C1 0,1000 0,2000 0,2333 0,3333 

C2 0,4333 0,5000 0,5667 0,6667 

C3 0,4000 0,5000 0,5000 0,6000 

C4 0,7333 0,8333 0,8333 0,9333 

C5 0,7333 0,8333 0,8333 0,9333 

C6 0,5333 0,6333 0,6667 0,7667 

C7 0,7333 0,8333 0,8333 0,9333 

C8 0,7333 0,8333 0,8333 0,9333 

C9 0,7000 0,8000 0,8000 0,9000 

C10 0,7333 0,8333 0,8333 0,9333 

C11 0,7333 0,8333 0,8333 0,9333 

 

 

Then, the weighted normalized fuzzy decision matrix is obtained by multiplying the values in the normalized fuzzy 

decision matrix by the weight of each alternative. 
 

Table 6. Weighted normalized fuzzy decision matrix 

  C1 C2 C3 C4 C5 C6 C7 C8 C9 C10 C11 

Alternative 

1 

0,0276 0,3437 0,2483 0,2023 0,2529 0,4230 0,5238 0,2357 0,2000 0,5762 0,1571 

0,0759 0,4483 0,3621 0,3161 0,3736 0,5678 0,6845 0,3571 0,3143 0,7440 0,2679 

0,0885 0,5080 0,3966 0,3161 0,4023 0,5977 0,7143 0,3571 0,3143 0,7440 0,2976 

0,1609 0,6667 0,5379 0,4506 0,5471 0,7667 0,9000 0,5000 0,4500 0,9333 0,4333 

Alternative 

2 

0,0793 0,2690 0,1103 0,2529 0,5816 0,3678 0,2357 0,2095 0,5500 0,1571 0,2357 

0,1793 0,3621 0,1897 0,3736 0,7471 0,5023 0,3571 0,3274 0,7143 0,2679 0,3571 

0,2092 0,4494 0,1897 0,4023 0,7471 0,5517 0,3571 0,3274 0,7143 0,2976 0,3571 

0,3333 0,5977 0,2897 0,5471 0,9333 0,7138 0,5000 0,4667 0,9000 0,4333 0,5000 

Alternative 

3 

0,0621 0,1195 0,1379 0,5816 0,5057 0,1655 0,2095 0,5762 0,1500 0,2357 0,2357 

0,1448 0,1897 0,2241 0,7471 0,6609 0,2621 0,3274 0,7440 0,2571 0,3571 0,3571 

0,1851 0,2149 0,2414 0,7471 0,6897 0,2759 0,3274 0,7440 0,2857 0,3571 0,3869 

0,2989 0,3218 0,3517 0,9333 0,8690 0,3966 0,4667 0,9333 0,4179 0,5000 0,5333 

Alternative 

4 

0,0276 0,1494 0,3172 0,5057 0,2276 0,1471 0,5762 0,1571 0,2250 0,2357 0,5762 

0,0759 0,2241 0,4483 0,6609 0,3448 0,2402 0,7440 0,2679 0,3429 0,3571 0,7440 

0,0885 0,2736 0,4483 0,6897 0,3448 0,2529 0,7440 0,2976 0,3429 0,3869 0,7440 

0,1609 0,3908 0,6000 0,8690 0,4828 0,3701 0,9333 0,4333 0,4821 0,5333 0,9333 

 

 

 
 

 

After constructing the weighted normalized fuzzy decision 

matrix, the fuzzy positive ideal solution (FPIS) and fuzzy 

negative ideal solution (FNIS) values are determined as 

follows; 
 

A* = [(1,1,1), (1,1,1), (1,1,1), (1,1,1), (1,1,1), (1,1,1), 

(1,1,1), (1,1,1), (1,1,1), (1,1,1), (1,1,1)] 
 

A-= [(0,0,0), (0,0,0), (0,0,0), (0,0,0), (0,0,0), (0,0,0), (0,0,0), 

(0,0,0), (0,0,0), (0,0,0), (0,0,0)]  
 

To determine the distance between FPIS and FNIS, vertex 

method is usedfor calculation. After the same procedure is 

realized for other alternatives and criteria, the distances of 

the alternatives to FPIS and FNIS according to the criteria 

are determined as in Table 7 and 8. 
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Table 7. Distance between Ai (i=1, …,4) and A*respect toeach 

criterion 

 d(A1, A*) d(A2, A*) d(A3, A*) d(A4, A*) 

C1 0,9130 0,8048 0,8317 0,9130 

C2 0,5216 0,5929 0,7918 0,7457 

C3 0,6224 0,8077 0,7650 0,5556 

C4 0,6844 0,6150 0,2772 0,3438 

C5 0,6150 0,2772 0,3438 0,6563 

C6 0,4290 0,4822 0,7296 0,7516 

C7 0,3232 0,6443 0,6734 0,2807 

C8 0,6443 0,6734 0,2807 0,7178 

C9 0,6861 0,3065 0,7286 0,6581 

C10 0,2807 0,7178 0,6443 0,6307 

C11 0,7178 0,6443 0,6307 0,2807 

 

 
Table 8. Distance between Ai (i=1, …,4) and A- respect toeach 

criterion 

 d(A1, A-) d(A2, A-) d(A3, A-) d(A4, A-) 

C1 0,1003 0,2198 0,1926 0,1003 

C2 0,5054 0,4367 0,2236 0,2739 

C3 0,3998 0,2049 0,2506 0,4644 

C4 0,3331 0,4076 0,7625 0,6934 

C5 0,4076 0,7625 0,6934 0,3615 

C6 0,6013 0,5481 0,2870 0,2647 

C7 0,7182 0,3744 0,3450 0,7600 

C8 0,3744 0,3450 0,7600 0,3053 

C9 0,3317 0,7302 0,2936 0,3599 

C10 0,7600 0,3053 0,3744 0,3928 

C11 0,3053 0,3744 0,3928 0,7600 

 
After these calculations, di

*and di
- values are attained then 

closeness values are calculated for each alternative and then 

supplier performance rankings are obtained by fuzzy 

TOPSIS method. 

 
Table 9. Distance coefficients of alternatives and ranking table 

 Alternative 

1 

Alternative 

2 

Alternative 

3 

Alternative 

4 

di
* 6,4376 6,5663 6,6969 6,5339 

di
- 4,8371 4,7089 4,5756 4,7362 

di
* + di

- 11,2746 11,2753 11,2725 11,2701 

CCi 0,4290 0,4176 0,4059 0,4202 

 

When the closeness coefficients of four alternatives are 

ranked from the largest to the smallest, it is seen that 

Alternative 1 is 0.4290, Alternative 4 is 0.4202, Alternative 

2 is 0.4176 and Alternative 3 is 0.4059. Under these 

circumstances, the firm must work with the Alternative 1 

that has the highest coefficient. 

4. CONCLUSION 
 

During recent years, supply chain management is an 

integral part of business life. It is mostly accepted that a 

well-organized and managed supply chain is essential to 

company success and customer satisfaction. Many studies 

talk about the advantages of it. To construct long term solid 

relations with their suppliers can decrease purchasing costs, 

production costs for the firm and also boost customer 

services and financial position. In this way, firms 

strengthen their competitiveness. Therefore, supplier 

selection becomes significant issue for firms in today's 

global market conditions.  
 

Supplier selection is a difficult and critical process because 

it includes many factors to determine the right supplier. If 

decision makers want to complete this selection process in 

an effective way, they should consider these factors for 

example, quality, delivery time, costs, flexibility, etc. In 

order to consider multiple factors, the system to be 

established for supplier selection should be a multi-criteria 

system. Thus, multi-criteria selection and evaluation 

systems have the opportunity to provide long-term 

competitive advantage. Generally, decision making process 

often contains uncertain conditions. Especially, the 

competition and uncertainty are intense in textile sector. 

The demand structure, fashion, market conditions are 

constantly unsteady. Under these conditions, to select the 

right supplier becomes a necessity in the sector. Assessing 

of possible suppliers under these circumstances is possible 

with fuzzy set theory. The use of linguistic variables in 

selecting supplier is beneficial when performance indicators 

of firms cannot be expressed by numerical values. Due to 

the fuzziness in group decision making process, fuzzy 

TOPSIS method, which is one of the multi-criteria 

decision-making models is used in the paper to deal with 

supplier selection problem of a textile manufacturing firm 

in Denizli. 
 

In the paper, according to cost, payment due, discount, 

quality, healthy product, having quality certificate, delivery 

time, flexibility for changing in orders and delivery time, 

easy contact and problem solving capability criteria, the 

four firms supplying knitted fabric and sewing yarn to the 

company are evaluated by fuzzy TOPSIS method. The 

ratings and weights of the criteria are expressed by 

linguistic variables. Closeness coefficients are calculated 

for each supplier and then the supplier rankings are 

obtained. The supplier placed on the top at ranking list is 

considered as optimum supplier. 
 

There are many suppliers in the textile sector with similar 

characteristics. To select a supplier for a order based 

manufacturing textile company requires precise evaluation. 

Minor differences in this process affect the company in 

different aspects, especially cost and quality. Therefore, the 

fuzzy TOPSIS method provides more accurate 

measurements in cases where similar scores occured like in 

this study.  
 

Previous researches consider fuzzy TOPSIS method as a 

tool that can be used in supplier selection process. 

However, literature lacks empirical evidence when the 

suppliers perform very close to each other as in this study 

about selection in textile sector. At this point, decision 

makers can make very sensitive selection by means of 

fuzzy TOPSIS model. This study therefore fills that gap.  
 

The main target of the study is to provide decision support 

in terms of firm managers. The method used in the paper 

assures more effective solution for supplier selection 

process in a fuzzy environment. Also, the study samples 
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only one firm’s supplier selection problem. For further 

studies, different methods can be used in not only the 

supplier selection problem but also other management 

decision problems for more firms.  
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