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Abstract: The main objective of this study is to describe the process of validation of the 

inquiry of subjective evaluation of the comfort of the popular jeans, through the 

accomplishment of a pre-test. Through this research, we intend to define the language 

corresponding to the understanding of the public participating in the research and to use the 

scale of responses in accordance with the interpreters' ability to infer the analysis of the parts in 

question based on the different comfort parameters. The group of evaluators consists of 10 

women consumers in the popular markets of Fortaleza, aged between 18 and 40 years. With 

this research it was possible to elaborate questions and answers focussed to the public 

understanding in order to choose the attributes of evaluation in analysis, to define the scale of 

answers and to validate the inquiry as instrument of data collection. 

1. Introduction 

The present paper consists in the study of Brazilian popular denim jeans comfort, specifically the 

process of elaboration and validation of the inquiry for subjective evaluation of comfort by the popular 

denim jeans wearer. 

The popular denim in question refers to jeans created, produced and consumed by the popular poor 

class of the region of the Brazilian Northeast, having as main focus the market of Fortaleza, in the 

state of Ceará, which has 47,8%[1] potential consumers, the equivalent of 623,790 women [1]. The 

female’s jeans are a symbol of popular fashion and as it is one of the most popular items in fairs and in 

popular shopping malls [2,3] it plays an important role in the aesthetic composition, describing a 

strong socio-cultural expression, by means of their different finishing[4]. 

Based on the concept of total comfort of clothing, including sensory, physiological and ergonomic 

components, that includes aspects related to style, size and ease of movement and psycho-aesthetic 

factors, which depend on multiple agents such as culture, religion, fashion, color and psychological 

state of mind by the wearer that may predominate over the functional aspects [5,6]. The subjective 

evaluation of the comfort of jeans sold in popular markets, using the techniques of subjective 

measurement of comfort, allows identifying the comfort conditions provided by these pieces and thus 

determining if the aesthetic expression is overestimated to the loss of comfort. 

In order to perform the subjective comfort assessment, following the literature recommendations of 

researchers on the subject, such as Slater[7] and Y Li [8], it is necessary to elaborate an inquiry as a 

data collection instrument. 



Therefore, the present paper consists of an experience report, which has as main objective to describe 

the process of elaboration and validation of the survey of subjective evaluation of the comfort of 

popular jeans, describing the following steps:  

1) process of elaboration of the inquiry with definition of the model;  

2) choice of attributes to be applied to the construction of the questions;  

3) determination of the type of answers; 

4) selection and training of the group of evaluators; 

5) description of the environment conditions for pretest application; 

6) process of applying the pretest. 

The purpose of this procedure was to elaborate an inquiry that uses the necessary attributes to analyse 

the comfort of the garment pieces in question, considering different comfort parameters: psycho-

aesthetic, sensory, thermal and ergonomic aspects, applying the appropriate language for the 

participants of the research; using the scale of responses according to the participants’ ability to 

interpret. 

With the accomplishment of this work it was possible to verify that to work with the poor public 

with low level of education for elaboration of the inquiry a combination of techniques is necessary; 

confirmed the importance of the pretest of the inquiry in order to identify the most reliable model and 

thus to devise an instrument that is capable of collecting the data that is closer to the reality. 

The relevance of this research lies in the importance of choosing the most appropriate vocabulary 

through the use of different attributes, questions and answers that are appropriate for the participants 

of the research validating the data collection instrument in order to assemble the information that is 

closest to reality. Analysing the type of jeans that are being offered in the popular markets, we 

determine the comfort conditions felt by the consumers regarding the use of the popular jeans in the 

scope of comfort and fashion in the Brazilian market and even worldwide. 

The present text is divided in introduction, materials and methods, results and conclusions, future 

perspectives and references. 

2. Materials and methods 

The realization of the pre-test of the subjective evaluation of the comfort of the popular jeans proceeds 

the following steps: 

1) process of elaboration of the inquiry, choice of attributes to be applied to the construction of the 

questions and determination of the type of answers; 

2) selection and training of the group of evaluators; 

3) description of the environment conditions for pretest application; 

4) process of applying the pretest. 

2.1 Process of elaboration of the inquiry 

The first stage of the pre-test began with the elaboration of the inquiry: it started with three different 

models, with the choice of attributes and the determination of three different answer models: 

2.1.1. Choice of attribute. The three models use the same question models, defined through previous 

interviews with popular consumers from Fortaleza [4,9], in which they presented preference factors 

that guided the definition of the used attributes. The attributes, or categories of descriptors of the 

characteristics of the evaluated product, follow the method of pairs of anonymous words separated by 

intensity scales[10] that describe an aspect of the jeans to evaluate. 

2.1.2. Answer models. Three different formats of response scales were applied, such as the models: 

smiles, numeric (-2, -1, 0, 1, 2) and categories (e.g. very ugly, ugly, indifferent, beautiful, very 

beautiful). 



The first inquiry model was applied only to the smile scale (Figure 1). In the second inquiry model the 

combination of numerical and category scales (Figure 2). And in the third inquiry used the scale model 

that combines the three scales of responses: smiles, numerical and categories as shown in figure 3. 
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Teste Sensorial ao uso das Calça Jeans com Consumidoras dos Mercados 

Populares de Fortaleza 

Nome ________________________________________Idade:_____ Data:____/____/____ 

Condições ambientais Temperatura: Humidade: 

Modelo 1(    ) 2(    ) 3(    ) 4(    ) 5 (    ) 

 

As perguntas a seguir são referentes quais as suas sensações ao estar vestida a essa calça 

jeans.  

1) Ao vestir essa calça me sinto:  

a)Feia                                                                       Bonita 

            

 
2)Os enfeites (acabamento, lavagem, adereços) desse modelo são: 

a)Feios 

 
 

b)Bonitos 
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Muito 
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Ao tocar e vestir sinto que a calça é : 

3)Áspera/Macia 

     

Muito 

Áspera 

Áspera Indiferente Macio Muito 

Macio 

- 2 -1 0 1 2 
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Figure 1. Inquiry with smile 

scales 

Figure 2. Inquiry with numerical 

and categories scale 

Figure 3. Inquiry with 

smile, numeric and 

categories scale 

2.2 Process of applying the validation, choice and formation of the group of evaluators 

The application of the validation and pre-test of the three inquiry models was carried out with 

consumers of the popular markets. This consists of the presentation of the research proposal, in order 

to justify the relevance of the study and explain the procedures necessary to perform the pre-test. 

With this, the participants were 10 female consumers from the popular markets of Fortaleza, aged 

between 18 and 40 years, of whom 5 (five) public university students, 3 (three) housemaid and 2 (two) 

hairdressers. The application of the pre-test occurred between April 8 and 12, 2016. 

2.3 Determination of the environment for application of survey validation 

Application of the survey follows the methodological criteria of ISO 11092 2014 [11] for the five 

levels of clothing assessment. In this stage the environmental parameters follow the recommendations 

of level 5 that concerns the subjective evaluation in real conditions. For the measurement of 

temperature and humidity, a digital thermo hygrometer was used. During the application of the pre-

tests the average values of temperature was 24.71ºC and 66.26% of relative humidity. 

To define the application environment of the pre-test of the surveys, the principle was chosen as the 

spaces and occasions where the popular consumers usually wear their jeans. Therefore, the pre-tests 

occurred in three different environments, corresponding to the participating evaluator’s real 

surroundings: in a laboratory room of the Federal University of Ceará, in the patron’s house and in a 

beauty salon, in Fortaleza, Ceará, Brazil. 

2.4 Application of the pre-test of inquiry models  

For the application of the pre-test were evaluated five models of jeans, these were previously selected 

based on indications presented in questionnaires with popular consumers, where they presented the 

five models most desired. 

Therefore, the ten female consumers evaluated the five models of jeans, in the three different inquiry 

models, fifteen responses per person and generating a total of one hundred and fifty responses (table1). 

Table 1 Pre-test application response numbers 

Number Evaluators Jeans Models Inquiry’s Model  Total Replies 

10 5 3 150 

3 Results and conclusions 

The results obtained through the treatment of the answers collected from the pretest show the 

following information: 

As far as the evaluation of the inquiry using the smile scale model the responses were, 20 very 

confused, 10 confused, 15 understood and 5 had good understanding, as demonstrated in figure 4 

which represents the graph of responses from the evaluation of smiles scale. 



 
Figure 4 Smile scale evaluation graphic (n=50) 

In the second inquiry model, with the combination of numeric and category scales the responses were 

as follows: 25 indifferent, 10 understood, and 15 good understanding. In Figure 5, shows the graph of 

the numerical and category scale rating responses. 

 

 
Figure 5 Numerical scale and category graphic (n=50)  

The third model of the inquiry, where the combination of the scales of smiles, numerical and of 

categories, the answers collected were: 5 confused, 5 indifferent, 5 understood and 35 good 

understanding. 

 
Figure 6 Smile, numeric, and category scale evaluation 

graphic 

 

When comparing the responses of the three inquiry models, it is possible to observe that among the 

three models, the smile scale model (Figure 4) were the most confusing, the inquiry model in which it 

presents the combination of the numerical and category scales obtained more answers to indicate as 

indifferent (Figure 5) and the inquiry in which the combination of the three scale models was 

presented was good understanding (Figure 6). Figure 7 shows the graphic of the evaluation responses 

of the three scale models. 



 
Figure 7 Evaluation of the three models of scales graphic. 

 

By analyzing the data of the pre-test with popular consumers it is possible to verify that the scale of 

smiles was evaluated as very confusing, therefore it´s not an adequate scale in surveys of subjective 

evaluation of clothing. 

It was observed that the numerical and category scale although it is a commonly applied model in 

surveys of subjective assessment of the comfort of clothing, the popular consumers, affirmed that the 

combination of these scales is indifferent. 

The model of the combination of the three scales was pointed out, with the largest number of 

responses to be indicated, as a scale of good understanding by the popular consumers. The smile scale 

reinforces the understanding of numeric and category scales. 

The collected responses indicate that only one scale model was not understandable, and therefore it 

was necessary to use a combination of the models for a clear understanding of the answers. Therefore, 

it is perceived that in order to work with the popular public, it must be taken into account that it is a 

heterogeneous group, with low levels of schooling, and it becomes necessary to adapt the methods, the 

tools and techniques for the elaboration of the inquiry, the composition of the questions and the 

combination of intensity scales for the subjective evaluation of the attributes and descriptors. 

It was identified the need to elaborate explanatory texts before each attribute of classification of the 

characteristics of the pieces, besides having to modify some words/attributes such as rough and 

smooth, because during the application, the participants questioned the meaning of these terms. 

Thus, as the realization of this investigation confirms the importance of the validation of the survey 

in order to identify the points to be improved, complemented and thus to elaborate an instrument 

capable of collecting the data closer to the real environment. 

And finally, it is concluded that the investigation of subjective evaluation of the comfort of popular 

clothing and specifically of jeans created, produced and sold by popular markets in Brazil is 

unprecedented. 

4 Future perspectives 

In further studies the purpose of this study is to apply the changes in the reformulation of the inquiry 

and thus to apply the new model as a subjective evaluation tool for popular fashion, specifically for 

female's jeans, and we will compare the results with data obtained through objective evaluation using 

a thermal manikin. This study has also a concern to present the collected information to the producers 

and traders of Fortaleza of this type of product in order to contribute to the development of the market. 
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Abstract. In this work, the special design of a pair of ski gloves has been assessed in terms of 

thermal comfort. The glove 2in1 Gore-Tex has a dual-chamber construction, with two possible 

wearing configurations: one called "grip" to maximize finger flexibility and one called "warm" 

to maximize thermal insulation in extremely cold conditions. The dual-chamber gloves has 

been compared with two regular ski gloves produced by the same company. An intermittent 

test on a treadmill was carried out in a climatic chamber: it was made of four intense activity 

phases, during which the volunteer ran at 9 km/h on a 5% slope for 4 minutes, spaced out by 5-

min resting phases. Finger temperature measurements were compared with the thermal 

sensations expressed by two volunteers during the test. 

Introduction 

 

Skin temperature is a nearly linear function of the perfusion of the hand, as it was demonstrated by 

Laser Doppler measurements. Due to vasoconstriction, blood flow decreases of about 30% at 15°C 

compared to 31°C [1]. Having small muscles, hands have a very low intrinsic heat production, which 

has been estimated merely as 0.25 W [2]. Therefore it is important that hands have continuous heat 

supply from the body core. A mean skin temperature of 15°C is said to be the lowest acceptable skin 

temperature for sufficient dexterity and thermal self-perceived comfort [3]; however, much lower 

temperatures of skin hands have been registered in cold environmental conditions. 

Although fabric thickness influences thermal and evaporative resistance of fabric assembly, the 

influence of air gaps under the clothing is more significant. Taking into account fit and thermal 

comfort, the local ease allowance for cold protective clothing is suggested to be within 10mm. Fit is 

extremely important also for gloves and it is plausible that both tight fit and loose fit are not ideal: in 

the first case, conductive heat loss plays a major role while in the second case convective heat loss due 

to air circulation in the glove can be relevant. Concerning gloves, specific norms such as EN 

420:2010+A1 are available for protective equipment only [4]. The size of the glove is given by a 

number between 6 and 11. The code is a conventional designation of hand size corresponding to the 

hand circumference expressed in inches. In Table 1, the size of the hand reported in the standard is 

shown.  

Tests in climatic chamber can be used to validate thermal insulation of garments in extreme conditions 

[5].  



 

 

 

 

 

 

 

 

Table 1. Hand and glove size, according to EN 420:2010 

Hand/ glove size Hand 

circumference 

(mm) 

Hand length 

(mm) 

6 152 160 

7 178 171 

8 203 182 

9 229 192 

10 254 204 

11 279 215 

 

In this work, the special design of a pair of ski gloves has been assessed in terms of thermal 

comfort. The glove 2-in-1 Gore-Tex has a dual-chamber construction, with two possible wearing 

configurations: (1) one called "grip" to maximize hand dexterity and (2) one called "warm" to 

maximize thermal insulation in extremely cold conditions. Both subjective and objective parameters 

related to thermal comfort have been monitored during the test. The final aim of the work was to 

compare the thermal performance of the dual chamber glove with respect to two single chamber glove 

models. 
 

Experimental 

 

The 2in1 Gore-Tex glove shown in Figure 1 was compared with two regular ski-gloves produced by 

the same company and classified as Thermoplus 3000 (that is a product certified for temperatures up 

to -15°C) and Thermoplus 4000 (that is a product certified for temperatures up to -20°C). 

 

 
 

Figure 1. Dual-chamber ski gloves 

 

The test in the climatic chamber was carried out by two healthy male volunteers of age 30 and 33, both 

fitting size 8.5 gloves. Each volunteer carried out the wear trial three times (once for each type of 

gloves) at the same hour to avoid the effect of circadian rhythms. Apart from the gloves, the outfit 

made of ski-pant & jacket, warm fleece and underwear was the same in each wear trial.  

The climatic chamber air temperature and humidity were respectively -10.46±0.33°C and 

66.44±3.17%.  

The physical activity test was made of two intense activity phases, during which the volunteer ran at 9 

km/h on a 5% slope for 4 minutes, spaced out by 5-min resting phases. The test was preceded by 15-

min acclimatization walk at 3.5 km/h and followed by 10-min rest in the climatic chamber.  

During the test, thumb, middle and little finger temperatures were measured by means of 

thermocouples (see Figure 2). 

 



 

 

 

 

 

 

 
Figure 2. Location of the thermocouples for the measurements of finger tips temperature. 

 

Thermal sensations experienced by the volunteers were collected through a questionnaire. During each 

test, the volunteer was asked to express his subjective assessment of finger temperature any two 

minutes. The bipolar scale used for subjective assessment of thermal environments as reported in UNI 

EN ISO 28802:2012 norm [6] was adopted, with the following thermal sensations, which were 

assigned a numerical value. 

 

Table 2 Numerical values associated with thermal sensations 
 

Subjective thermal 

sensation 

Associated 

numerical value 

Hot +3 

Warm +2 

Slightly warm +1 

Neutral 0 

Slightly cool -1 

Cool -2 

Cold -3 

 

Results and discussion 
 

The average temperature of the left and right hand fingers over the two volunteers is shown in Figure 

3. It can be observed that finger temperature dropped during the initial acclimatization phase with any 

gloves; however, the fall was steeper for 2-in-1-Grip than 2-in-1-Warm between 500 to 900 seconds, 

confirming that 2-in-1-Warm configuration is more insulating. At the end of the acclimatization phase, 

finger temperature was close to the acceptability limit of 15°C with 2-in-1-Grip and Thermoplus 3000 

while was inside the comfort limit for Thermoplus 4000 and 2-in-1-Warm.  

Due to metabolic heat production during the physical test, fingers temperature was restored to 

initial value in case of 2-in-1-Warm and Thermoplus 4000 while it remained well below initial 

temperature in case of Thermoplus 3000 and was only partially restored with 2-in-1-Grip.  

The weave trend of finger temperature during the activity phases (between 900 and 2100 sec) is the 

result of vasodilatation and vasoconstriction associated with intense activity and resting phase 

respectively. As expected, vasodilatation contributed tremendously to restoring comfortable finger 

temperature. The steepest increase in finger temperature was observed just after the end of the second 

high intense activity phase and it was prolonged in the recovery phase. This peak was the result of two 

combined effects: vasodilatation, which was maximum just before the end of the test, and convective 

heat loss. Convective heat loss was evidently greater during the activity phase as the volunteer was 

moving his hands while running. As the physical activity suddenly stopped, the hands were hanging 

down along the body with little movement and this change of posture reduced the effect of heat loss by 

air convection. 



 

 

 

 

 

 

However, some minutes after the end of the activity phase, the finger temperature reached a peak and 

started decreasing again, as heat flow was not longer supported by high metabolic rate. 

 

 
 

Figure 3 Average finger temperature of the dual-chamber gloves in comparison with the two reference 

gloves Themoplus 3000 and Thermopus 4000. 

 

The descending and ascending sections of the temperature curve were regressed with linear equations, 

whose slopes give an idea of the glove thermal insulation. In Table 3, the regression lines are shown. 

 

Table 3 Slopes of the linear regressions of temperature curves 

 

 Descending linear 

equation slope 

Ascending linear 

equation slope 

Thermoplus 4000 -0.012 +0.0051 

2-in-1 Grip -0.015 +0.0029 

2-in-1 Warm -0.012 +0.0059 

Thermoplus 3000 -0.014 +0.0007 

 

By comparing the slope values, it can be observed that the temperature drop was the steepest for 2-

in-1 Grip, followed by Thermoplus 3000, while Thermoplus 4000 and 2-in-1 Warm had the same 

slope, meaning that they provided approximately the same thermal insulation.  

For the ascending section, the steepest temperature increase was observed for 2-in-1 Warm, followed 

by Thermoplus 4000, 2-in-1 Grip and Themoplus 3000.  

Regarding the subjective assessments, the results of the questionnaire are shown in Figure 4. The four 

phases shown in the figure are the following: 

Phase 1: end of the acclimatization phase 

Phase 2: end of the first intense activity phase 

Phase 3: end of the second intense activity phase 

Phase 4: end of the recovery phase 
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Figure 4 Thermal subjective assessments. 

 

Wearing Themoplus 3000, Cold or Cool assessments were dominant throughout the duration of the 

test while Cold assessment was limited to the acclimatization phase with Thermoplus 4000 and was 

turned into Warm or Neutral assessments during and after the activity phase. 

2-in-1-Warm and 2-in-1-Grip were in the middle: negative Cold assessments were restricted to the 

acclimatization and first activity phase. 

Thermal subjective sensations (expressed in numerical values) can be plotted versus finger 

temperature as shown in Figure 5 for Thermoplus 4000 as example. 

 

 
Figure 5 Subjective thermal sensation vs. finger temperature. 

 

It can be observed that comfortable sensations (in blue) were associated with finger skin temperature 

between 15°C and 30°C. Above 30°C finger temperature was considered uncomfortably Warm and 

between 15°C and 20°C uncomfortably Cool or comfortably Slightly Cool. 
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Acceptability assessments are shown in Figure 6. All gloves showed a certain discomfort in the 

acclimatization and first activity phase while acceptability was achieved during the second activity 

phase and was maintained until the end of the test, with the exception of Thermoplus 3000 which was 

considered barely acceptable due to cold at the end of the test by one volunteer. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6 Acceptability of subjective assessments. 
 

Conclusions  

Thermal comfort of dual-chamber ski gloves has been assessed through wear trials in controlled 

conditions in a climatic chamber. In any configuration, finger temperatures did not drop below the 

comfortable limit of 15°C, suggesting that both configurations guarantee comfortable conditions 

during physical activity comparable with downhill skiing in terms of metabolic rate. 2-in-1-Grip was 

found to be more insulating than a reference glove certified for temperature as low as -15°C and 2-in-

1-Warm was slightly less insulating than a reference glove certified for -20°C. 
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Abstract. On the purpose of analysing the moisture management behaviour of Cupro blend 

knitted fabrics made of Ne 40/1 and Ne 56/1 cotton/Cupro blend yarns, which have single 

jersey, 1x1 rib and interlock knitting types were systematically produced. Multi-dimensional 

liquid transport properties of the produced fabric were measured on the Moisture Management 

Tester (MMT). The air permeability and some structural properties of the fabrics were also 

measured, and the results were evaluated taking into account moisture management properties. 

According to results, it is observed that moisture management capacity and permeability of 

Cupro blends produced from finer yarns were higher than those of fabrics from coarse count 

yarns. Generally, Cupro blend knitted fabrics showed good moisture management properties.  

Keywords: Cupro fabric, knitted fabric, moisture management, water transport, permeability. 

1.  Introduction 

The solvation of cellulose in a mixture of copper oxide and ammonia was discovered by Swiss chemist 

Matthias Eduard Schweizer in 1857, and this principle had been the basis in Germany for the 

production initially of incandescent bulbs (1891), then of cuprammonium fibres (1897) via the so-

called “Cupro” process, which was improved with the draw-spinning process (1891) and resulted in 

the production of Bemberg Cupro yarn in 1909 [1]. The process is still used today, but the relatively 

high costs associated with the need to use cotton cellulose and copper salts prevented it from reaching 

the large scale of manufacture achieved by the viscose rayon process [2]. Due to the bright and smooth 

fibre structure of cuprammonium rayon, it is mostly used to make fine filaments that are used in 

lightweight summer dresses and blouses, and sometimes Cupro fabrics used with cotton combination 

to make textured fabrics with clubbed, uneven surfaces. 

Although it is such an old fibres process, today there are a quite few research papers except for 

certain properties of Cupro fibres as pleasant hand, drapeability and biocompatibility [3-6]. In this 

case, the investigation of the comfort parameters of the Cupro, which calls “artificial silk” with its 

extreme fineness and softness, will be important. Cupro fabrics are commonly used in summer clothes, 

and so that sweat transfer from skin surface by clothing is an important requirement for these fabrics 

in hot weather. Moisture management properties of the fabrics are one of the most important comfort 

parameters that determine the person’s comfort perception. Even if researchers have studied the 

moisture management properties of some fabrics [7-11], there are no published papers which 

investigate the moisture management properties of Cupro fabrics experimentally. This research 

examined the moisture management and air permeability properties of the Cupro blend knitted fabrics 

made of Ne 40/1 and Ne 56/1 cotton/Cupro blend yarns, which have single jersey, 1x1 rib and 

interlock knitting types. 



 

 

 

 

 

 

2.  Materials and methods 

Six types of knitted fabrics, having two different linear densities of 50/50% cotton/Cupro yarn (Ne 

40/1 and Ne 56/1 ring spun) and three different knitting types (Single jersey, 1x1 rib and interlock) 

were systematically produced. All fabrics were produced on Mayer&Cie circular knitting machine 

with 28 gauge on 30“ diameter. The physical and structural properties determined according to related 

standards of knitted fabrics used in this study are presented in Table 1. 

 

Table 1. The physical and structural properties of the cotton/Cupro knitted fabrics 

Sample 

Code 
Raw Material 

Yarn Count 

(Ne) 
Knitting Type 

Weightiness 

(g/m2) 

Thickness 

(mm) 

Wales 

/cm 

Courses 

/cm 

1.1 Cotton/Cupro 40/1 Single Jersey 131.23 0.62 23.33 15.00 

1.2 Cotton/Cupro 40/1 1x1 Rib 170.18 0.74 19.00 12.00 

1.3 Cotton/Cupro 40/1 İnterlock 213.79 0.86 22.00 12.66 

2.1 Cotton/Cupro 56/1 Single Jersey 115.97 0.60 21.66 18.66 

2.2 Cotton/Cupro 56/1 1x1 Rib 111.20 0.54 18.33 12.33 

2.3 Cotton/Cupro 56/1 İnterlock 160.10 0.95 19.66 14.33 

 

The fabrics used in the study were preconditioned in a conditioning room at standard atmospheric 

conditions (20 ± 2°C, 65 ± 2% RH) for 24 hours. The air permeability tests of fabrics were performed 

with Textest FX 3300 Air Permeability Tester, and the measurements were repeated 10 times for each 

fabric at 20 cm2 applied test area under 100 Pa test pressure, which was determined for fabrics 

according to ASTM D737-04 test standards, and at l/m2/s as the measurement unit. By using Moisture 

Management Tester (MMT), the measurements of multi-directional liquid transmission properties 

were performed in accordance with AATCC Test Method 195-2009, and the measurements were 

repeated five times for each of the knitted fabrics. 

The obtained results were evaluated with a multivariate analysis, followed by a post hoc test (Student 

Newman, Kuel - SNK) by using SPSS for Windows 22.0 statistical package program. For all statistical 

analyses, p<0.05 (95% confidence interval) was considered to be significant. 

3.  Results and discussion 

Air permeability and moisture management results of the cotton/Cupro knitted fabrics are presented 

below. The results of variance analyses of the measurements and the differences between each group 

have been explained using the SNK post hoc test. The results of SNK test are given in Table 2.  

 

Table 2. SNK post hoc results of the cotton/Cupro knitted fabrics 

Main effects 
Air 

Permeability 
AOTI OMMC 

Yarn count  
Ne 40/1 1380 a 238.34 a 0.5348 a 

Ne 56/1 2979 b 472.50 b 0.6709 b 

Knitting Type 

Single Jersey 2359 b 319.73 a 0.6170 a 

1x1 Rib 2104 a 500.59 b 0.6702 a 

Interlock 2075 a 245.94 a 0.5215 a 
The average values are arranged such that the letter ‘a’ shows the lowest average value 

and the letter ‘b’ shows the highest average value. Any two average values not sharing a 

letter in common mean that they are significantly different from each other at 95 % level. 

3.1.  Air permeability 

The results of air permeability of the fabrics are shown in Figure 1. Air permeability values for Cupro 

blend knitted fabrics vary between 1215 and 3241 l/m2/s. Air permeability values for knitted fabrics 

made of Ne 56/1 yarns have tended to be higher than fabrics made of Ne 40/1 yarns. This condition is 

associated with the pore structure of fabrics. Finer yarns cause the increment of porosity in the fabric 



 

 

 

 

 

 

structure, and thus fabric permeability increases. Yarn count has statistically significant effects on air 

permeability (p<0.05).  Among knitting types, single jersey fabrics have the highest values in both 

yarn count. In fact, single jersey fabrics caused the statistical differences among the knitting types as 

seen in the SNK results (p<0.05).   

 

 

Figure 1. Air permeability results of the cotton/Cupro knitted fabrics used in the study. 

3.2.  Moisture management 

According to the AATCC Test Method 195-2009, wetting time (top-bottom), absorption rate (top-

bottom), maximum wetted radius (top-bottom), spreading speed (top-bottom), accumulative one-way 

transport capacity index (AOTI) and overall moisture management capability (OMMC) of fabrics 

were measured by MMT which were used to determine liquid moisture transport properties in multi 

dimensions. Among these indexes, AOTI, which shows the cumulative moisture difference between 

two surfaces of fabric, and OMMC, which shows all performance of liquid moisture obtained by 

calculating other indexes on fabric, give a general idea related to liquid moisture comfort [12]. The 

AOTI and OMMC results of fabrics are shown in Figure 2 and Figure 3, respectively. 

 

 

Figure 2. AOTI values of the cotton/Cupro knitted fabrics used in the study. 



 

 

 

 

 

 

According to the AOTI results, it is observed that the values of the fabrics produced from 56/1 

yarns are higher than those of the fabrics made of coarser yarns. Besides, yarn count parameter has 

statistically significant effect on the AOTI (p<0.05). For all types of knitted fabrics, the highest values 

are observed with the 1x1 rib knitted fabrics produced from Ne 56/1 yarns. At the same time, the 

measurement results of AOTI of 1x1 rib fabrics are the highest among the fabrics made of Ne 40/1 

yarns. According to SNK post hoc test, there are no significant differences between single jersey and 

interlock fabrics for the AOTI values, and these fabrics take place in the same subset group. The high 

AOTI values for 1x1 rib fabrics may be related to the low weightiness and thickness of these fabrics. 

Also, because of the even distribution of knit and purl stitches on the front and back side, 1x1 rib 

knitted fabrics show same characteristic on both sides, and this condition may provide an advantage to 

those fabrics in terms of one-way moisture transport between two surfaces. 

 

 

Figure 3. OMMC values of the cotton/Cupro knitted fabrics used in the study. 

 

OMMC values were measured in the range 0.54-0.70 for single jersey fabrics, 0.59-0.75 for 1x1 rib 

fabrics and 0.47-0.57 for interlock fabrics. This condition shows that liquid moisture management 

capacities of the cotton/Cupro fabrics take place between “good” and “very good” grades in the 

grading table of Yao et al., who invented MMT device, in terms of moisture management [13]. Fabrics 

made of finer yarns have higher values, and also single jersey and 1x1 rib fabrics produced from finer 

yarns have superior liquid moisture management capacity. Although yarn count has statistically 

significant effect on OMMC (p<0.05), there are no significant differences between knitting types for 

OMMC values according to SNK (p>0.05). Consequently, yarn fineness is the determining parameter 

in terms of multidirectional liquid moisture transport performance, and knitting type does not reveal a 

remarkable difference for its performance. 

4.  Conclusion 

Regenerated cellulose fibers are gaining importance in the textile industry with increasing demand for 

garment comfort and natural hand. There are many studies related to the comfort properties of 

regenerated fabrics. However, comfort characteristics of fabrics containing Cupro, which was found 

too early and has some important hand properties in the market, are yet to be investigated thoroughly. 

In light of this fact, this study focused at analyzing and determining the moisture management and 

permeability properties of Cupro blend knitted fabrics which have different yarn counts and knitting 

types.  



 

 

 

 

 

 

In the light of the results, it is observed that yarn count, thickness and mass per unit area values of 

the fabrics determine the moisture transport capacity of the fabrics. On the other hand, the use of finer 

yarns in the fabric structure provides high air permeability and water transport properties. On the basis 

of the results obtained, 1x1 rib knitting types have the highest moisture management capacity values in 

both yarn count. This finding indicates that the 1x1 rib Cupro blend fabrics have quick water transfer 

ability compared to others, and these fabrics may be used for activities where sweating occurred. It is 

also pointed out that, single jersey fabrics show outstanding air permeability results, and this Cupro 

blend fabrics may have some advantages in terms of comfort for mild activities where excessive 

sweating does not occur. Accordingly, it has been determined that Cupro blend knitted fabrics show 

good moisture management properties, generally. 

The findings of this study may be helpful for further approaches on the using of Cupro textiles and 

understanding their moisture management properties, and also the experimental results may provide 

useful information for researchers and producers. Further researches should focus on the investigation 

of the performance of Cupro fiber of different blend ratios with other fibers, performance of knitted 

and woven Cupro fabrics as well as their behavior in dyeing and finishing processes.  
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Abstract. Investigating the liquid moisture transport and thermal properties is essential for 
understanding physiological comfort of clothes. This study reports on an experimental 
investigation of moisture management transport and thermal transport on the physiological 
comfort of commercially available socks. There are subjective evaluation and objective 
measurements. Subjective evaluation of the physiological comfort of socks is based on 
individual sensory perception of probands during and after physical exertion. Objective 
measurements were performed according to standardized methods using Moisture Management 
tester for measuring the humidity parameters and C-term TCi analyzer for thermal conductivity 
and thermal effusivity. The obtained values of liquid moisture transport and thermal properties 
were related to the material composition and structure of the tested socks. In summary, these 
results show that objective measurement corresponds with probands feelings. 

1.  Introduction 
The most important feature of functional clothing is to create a stable microclimate next to the skin in 
order to support body’s thermoregulatory system, even if the external environment and physical 
activity change completely [1, 2]. Socks belong to group of first layer clothing products that should 
protect skin in warm or cold weather conditions and should safe good thermo-physiological comfort. 
Till date, a lot of research work has been devoted to comfort of socks. Van Amber et al. analysed 
effect of fabric thickness on thermal and moisture transfer properties of socks [3]. The study was 
aimed to determine the relative effects of fiber type, yarn type, and fabric structure on thermal 
resistance, water vapour resistance, thermal conductance, water vapour permeability, liquid absorption 
capacity, and regain of sock fabrics. In study of Čiukas the influence of different fibres of the socks on 
the thermal conductivity coefficient of plain knits and plated plane knits with textured polyamide or 
elastane wrapped with textured polyamide thread was investigated [4]. Bedek et al. found that the 
thermal comfort in steady state is mainly influenced by the relative porosity and moisture regain which 
affect the first thermal contact feeling and their thermal conductivities [5]. In the past few years, 
different advanced experimental techniques have been used to characterize liquid water transport and 
thermal transport in fabrics or socks. Leisen et al. applied magnetic resonance to study the moisture 
transport in different textiles [6]. Neutron radiography was used for measurement measurements of 
moisture distribution in multilayer clothing systems by Weder [7]. Rossi used X-ray tomography to 
analyse the transplanar and in-plane water transport in different sock materials when two defined 
pressures were applied [8]. This method enables quantify the three-dimensional water transport 
properties in textile structures, which is especially relevant for fabrics with asymmetrical capillary 
transport properties like the sock materials. Researchers have reached the conclusion that fibre type, 



 
 
 
 
 
 

yarn properties, fabric structure, finishing treatments and clothing conditions are the main factors 
affecting thermo-physiological comfort of socks wearing. But, it is very difficult to uncover how to set 
afore mentioned parameters of socks material to production suitable socks for winter or summer 
conditions. Till date, performance of socks was mainly determined by objective measurement. 
Therefore, our study is focus on analysation of results from both objective and subjective evaluation of 
physiological properties of socks. 

2.  Materials 
Commercially available sport and everyday wear socks differing in fiber content, structure, weight and 
thickness were selected for this research. (Table 1). Socks were divided in three characteristic classes 
according to material composition. Basic series comprises the socks from the nearly one hundred-
percent share of raw materials. Classic series includes socks for leisure activities from blended 
materials with nearly the same share of basic raw materials – cotton. And functional series is designed 
for sports activities and is made from yarns with functional properties.  

Table 1. Specification of tested socks.  

Sample 
code 

Fiber content Pattern 
Wearing purpose  

(by producer) 

Basic series 

B1 100% cotton 
Welt: turned welt with inlaid rubber 

thread, Leg: plain jersey 
Everyday wearing, 

No special treatment 

B2 
100% 

polypropylene 

Welt: turned welt, Leg: plain jersey 
Foot:  float fabric, single jersey jacquard 

Heel, toe: plating fabric 

Everyday wearing, Summer sport 
Instep part – good moisture 

transport, good air permeability 

B3 
98% polyester 

2% Lycra 

Welt: turned welt, Leg, foot: plain jersey 
with inlaid rubber thread (2:1), single 

jersey jacquard, Heel, toe: plating fabric 

Casual activity, 
combined structure for good close-

fitting (tight) 
Classic series 

C1 
65% cotton 

30% PP – Siltex 
5% Lycra 

Welt: turned welt, Leg: plain jersey with 
inlaid rubber thread (3:1),  
Heel, toe: plating fabric 

Antibacterial effect (Siltex), 
Instep part – fixing strip 

C2 
68% cotton 

30% polyester 
2% Lycra 

Welt: turned welt 
Leg, heel, toe: plating fabric 

Healing and soothing effects -
extract from the Aloe Vera 

C3 
67% cotton 

31% polyamide 
2% Lycra 

Welt: turned welt, Leg: plain jersey with 
inlaid rubber thread (3:1) 

Foot, bottom part – plush fabric 
Heel, toe: plating fabric 

Instep part – fixing strip, 
Bottom part - loop fabric for shock, 

absorption during walking 

Functional series 

F1 

50% CoolMax 
30% cotton 

10% PP – Siltex 
7% polyamide 

3% Lycra 

Welt: turned welt with inlaid rubber 
thread, Leg: plain jersey 

Foot: plain jersey with inlaid rubber 
thread (3:1), Heel, toe: plating fabric 

For outdoor sports, 
Wicking sweat away from the skin, 

Suppression of unpleasant odors 

F2 
75% Merino wool 
20% PP – Siltex 

5% Lycra 

Welt: turned welt, Leg: plain jersey 
Foot: float fabric, single jersey jacquard 

Heel, toe: plating fabric 

Pro outdoor and indoor sports,  
Instep part - special structure for 
ventilation,  Antibacterial effect 
(Siltex), No unpleasant odors, 

F3 
45% Outlast 

25% PP, 20% wool, 
5% Lycra 

Welt: turned welt 
Leg, foot, heel, toe: plush fabric 

Winter mountain hiking, padded No 
bruising zones, anatomically shaped 
for L/R, excellent thermoregulation  



 
 
 
 
 
 

3.  Methods 
The experiment was divided to two steps. In the first step the subjective physiological feelings of 
probands during wearing of socks were recorded. In second step the objective parameters of moisture 
management and thermal insulation properties of socks were tested. In the end the results from both 
part of experiment were compared. 

The performance of socks was investigated by two ways: subjective evaluation and objective 
measurements. Before being tested, the socks had been conditioned for 24 hours. The testing and 
measurement were carried out in an air-conditioned room under constant relative humidity of 55 % 
and the temperature of 21°C. 

3.1.  Subjective evaluation of physiological comfort.  
Subjective physiological feelings were tested by a group of 7 probands within their 30 minutes 
physical activity on stationary bike. A special questionnaire to collect information from probands was 
created. This questionnaire included physiological feelings of proband before physical activity, during 
(after 15 minutes from start of activity), immediately after and 15 minutes after physical activity. 
Proband were inquired about feelings of cold / heat, moist, fitting of socks, irritation of socks, overall 
comfort of socks. Questions had a closed character in the form of opposing terms (bipolar adjectives), 
divided into five-point scale (1 was the best and 5 the worst value). After physical activity the socks 
were weighted and compare with weigh before test in order to investigate the sweat over weight.  

3.2.  Objective evaluation of liquid moisture transport by Moisture management tester.   
Objective evaluation of liquid moisture transport was tested by standardized measurement with 
laboratory equipment Moisture management tester (MMT). MMT was developed to quantify dynamic 
liquid transport properties of knitted and woven fabrics through three dimensions: absorption rate – 
time for absorption of moisture on fabric's face and back surfaces, one-way transportation capability – 
one-way transfer from the fabric's back surface to its face surface, spreading/drying rate – the speed at 
which liquid moisture spreads across the fabric's back and face surfaces [9]. 

3.3.  Objective measurement of heat transport.  
Thermal conductivity analyser (TCi) was used for objective measurement of heat transport. TCi 
employs the Modified Transient Plane Source (MTPS) technique in characterizing the thermal 
conductivity and effusivity of materials. The socks were tested in both dry and wet condition. The 
quantity of synthetic sweat was based on the data from subjective evaluation. 

4.  Result and discussion 

4.1.  Subjective evaluation of physiological comfort 
Data from all probands for all socks were averaged and processed into graphs. 

  
Figure 1. Graph based on the average of seven 
tested probands for moist feeling on the skin. 

Figure 2. Graph based on the average of seven 
tested probands for total comfort feeling. 



 
 
 
 
 
 

Table 2. Location of places with the biggest wet. Visual evaluation. Weight over of sweat.  

Sock 
Wet places 

map 
Over 
sweat [g] Sock 

Wet places 
map 

Over 
sweat [g] Sock 

Wet places 
map 

Over 
sweat [g] 

B1 1,236 C1 

 

0,406 F1 0,604 

B2 0,393 C2 

 

0,661 F2 0,747 

B3 0,776 C3 

 

0,616 F3 3,108 

 
Overall, these results indicate that the socks B1 (100% cotton) are evaluated as the worst from all 
tested socks. Questionnaires reported very bad fitting (shape adaption), very bad ability of drying out 
during and after sport activity. Socks F1 (Coolmax / cotton / polypropylene) were evaluated as the 
best. Questionnaires felt minimal amount of moisture, their feet were heated within sport activity and 
after activity provided optimal state of comfort. 

4.2.  Objective evaluation of liquid moisture transport by Moisture management tester 
Comparison of two important parameters between all tested socks is presented in Figure 3, Figure 4. 
Average values of moisture transport investigated by MMT are shown in Figure 5. 
 

 

Figure 3. The graphs of absorption rate of tested 
socks investigated by MMT. 

Figure 4. The graphs of maximal wetted radius 
investigated by MMT. 

 
Lower values of absorption rate in face side indicated small or none transport of moisture between 
sides (surfaces) of sock (moisture content in back side was significantly higher than in face side).  

The graph of maximal wetted radius shows that the 100% cotton sock B1 has the smallest wetted 
surface. This parameter is indicator of bad draying out ability. Speed of drying out is inversely 
depended on a wetted radius size. On the contrary the sample of 100% polypropylene sock had the 
large wetted surface. 

 
 

B1 B2 B3 C1 C2 C3 F1 F2 F3
Back 30,1 44,4 21,6 37,3 25,3 75,2 27,3 37,5 20,9
Face 0,0 54,5 58,6 43,0 39,8 18,0 44,9 39,6 31,2
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a OWTC - Cumulative one-way transport capacity 
b OMMC - Overall moisture management capacity 

Figure 5. The graphs of liquid moisture transport parameters investigated by MMT. 
 
Overall, the results from MMT do not confirmed the fact that the socks from “Functional Series” 
achieve the best transport of liquid moisture how the manufacturers declare. The results show slow or 
middle the wetting time for all samples of socks, absorption rate is very small in keys of sock B1 
(100% cotton) and spreading speed is the worst. This sock has the smallest max wetted radius too; it 
means that this sock has very bad drying ability. OWTC parameters shows negative values for socks 
B1, C1, C3 which demonstrate that water content of fabric´s face surface is lower than its back one. 
This indicates that the liquid introduced onto the back surface transfers to the face surface not so fast. 

4.3.  Objective evaluation of heat transport 
The results obtained from objective measurement of heat transport are summarised in Figure 6 and 
Figure 7. The presented values are average from measurement of four different places on the sock. 

  

Figure 6. The graph of thermal conductivity for 
dry and wet socks. 

Figure 7. The graph of thermal effusivity for dry 
and wet socks. 



 
 
 
 
 
 

The graphs show that knitted structure affects significantly both thermal effusivity and thermal 
conductivity. When sock becomes wet thermal effusivity and thermal conductivity increases and sock 
seems to be “colder”. Wearer can feel discomfort in this case. Polypropylene or wool/polypropylene 
blend (sock B2, F2) shows good ability of thermal and moisture transport front point of view of fiber 
content. Further, especially the plain jersey with bottom loom or plating supports moisture and heat 
transport in this sock in term of knitted structure.  

5.  Conclusion 
The results both subjective and objective evaluation have shown that the pattern of sock, porosity, and 
further fiber content and surface finishes have the greatest influence on transport of liquid moisture 
transport. It is ideal that the sock is quick-absorbing and quick-drying. Only one type from all tested 
socks reached this key idea parameter – namely B2 (100% polypropylene). These socks are knitted 
from several patterns (mainly plain jersey and plain jersey with bottom loom and insert thread). It is 
essential that the socks transport the sweat outside to the surrounding environment during physical 
activity. Subjective evaluation of probands confirms the results of MMT that socks B2 have good 
drying ability. 

From the results it is evident that the socks from 100% natural fibers e.g. cotton has good 
absorption properties, however the results of subjective evaluation probands mentioned that they felt 
discomfort after 30 minute of sport activity due to slow moisture transport. Knit fabrics produced from 
natural fibre reach equilibrium more slowly than knit fabrics composed of synthetic fibres.  

Thermal properties measurements confirm other studies in terms of increasing thermal conductivity 
and effusivity by increasing the volume of water (sweat) held by a socks. Polypropylene or 
wool/polypropylene blend in combination with plain jersey (with bottom loom) structure or plating 
indicate very good ability of thermal and moisture transport in order to ensure physiological comfort 
of wearer.  

Further research should be undertaken to investigate the influence of maintenance on physiological 
comfort of socks. It would be interesting to determine the 100% cotton sock behaviour after several 
cycles of maintenance. 
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Abstract. This paper investigated moisture related comfort properties of woven fabrics from 

natural cellulosic fibers, namely cotton, linen, and Crailar. The comfort properties of the 

fabrics were measured in accordance with the relevant standards, and the results were 

comparatively discussed. In addition to that, Technique for Order Preference by Similarity to 

Ideal Solution (TOPSIS) together with Analytic Hierarchy Process (AHP) was employed to 

determine the most preferable fabric based on comfort properties.  

1.  Introduction  

Three main aspects of clothing comfort are psychological, sensorial and thermo-physiological 

comfort. Psychological aspect of comfort is mainly related to the design of the clothing whereas 

sensorial comfort is related with the feeling of people when the dress touchs the skin.  The 

thermosphysiological (thermal) comfort properties, on the other hand, such as air permeability, water 

vapour permeability, thermal resistance, wickability, absorbency, the drying rate and water resistance 

are altered by the fiber properties, yarn structure, fabric construction, and chemical finishing 

treatments. For providing satisfactory thermal comfort, clothing should possess good moisture related 

properties [1-3]. Although synthetic fabrics have convincing properties, due to their hydrophobic 

nature they may not provide satisfactory comfort to the wearer compared to fabrics from natural fibers. 

Cotton is a cellulosic based, widely-used natural fiber thanks to its good comfort properties and 

versatility. Flax is another cellulosic based fiber having distinctive properties such as moisture 

absorbency and breathing capability. Crailar is a newly emerging flax based fiber produced by using 

the Crailar process. In the process, finer shorter-length fibers performing cotton characteristics, are 

seperated from bast of flax plant (with an enzymatic treatment which does not alter the chemical 

structure.) As a result of the process crailar shows similar characteristics with cotton in terms of 

comfort aspects, handle, look, wrinkle and moisture-related properties [4-5]. There are several studies 

in the literature that examined the comfort related properties of natural cellulosic fiber woven fabrics. 

[6-9]. The study discussed in this paper was conducted in an attempt to investigate some moisture 

related comfort properties of woven fabrics from natural cellulosic fibers, namely cotton, linen, and 

Crailar.  

2.  Experimental Study  

For the study, five different woven fabrics having 3/1 Z twill construction were produced using Cotton 

(Ne 14), 60/40 Cotton/Crailar (Ne 13) and Linen (Ne 12) yarns either in weft, warp or both directions. 



 

 

 

 

 

 

Natural cellulosic fibers are used for designing more environmental friendly fabrics which is one of 

the aim of this study. Physical properties of these yarns are shown in the Table 1.  

Table 1. Physical properties of Cotton (Co.), 60/40 Cotton/Crailar* (Cr.) and Linen (Li.) yarns. 

 Co. Cr. Li. 

Yarn Count (Ne) (TS 244 EN ISO 2060) 14 13 12 

Yarn Tensile Strength (CN/tex, CV%) (TS EN ISO 2062) 13.65;7.54 8.19;10.86 31.8;14.92 

Twist (t/m – Z; CV%) 451.6;0,07 366.2;0.27 369.6;0.07 

Twist factor : αₑ 3.06 2.58 2.71 
*For simplicity and clear understanding, 60/40 % Cotton/Crailar yarns were shown as Crailar (Cr.) only.  

 

Sw550 automatic warping machine and S1 8900 automatic rapier weaving machine (184 cm x, 111 cm 

x 140 cm ) and reed width of 51 cm, was used for the work. 18 heald frames out of 20 were used 

during the production. Five different types of fabrics in warp and weft wise (Warp/Weft) were 

designed to weave as Co.-Co.; Co.-Li.; Co.-Cr.; Cr.-Cr. and Li.-Li fabrics.  

 

Table 2. Parameters of the fabrics produced for the study 

Fabric 

Type 

Thickness 

(mm) 

Weight 

(g/m2) 

Warp density 

(ends/cm) 

Weft density 

(picks/cm) 

Porosity 

(%) 

Cover 

factor (%) 

Co.-Co. 1.78 224.02 29.2 24.4 91.82 88 

Co.-Li. 1.78 246.28 28.8 24.5 91.01 89 

Co.-Cr. 1.93 230.37 29.6 24.6 92.24 89 

Cr.-Cr. 1.81 230.21 29.2 23.8 91.74 89 

Li.-Li. 1.81 249.66 28 23 91.04 89 

 

Water Vapor Permeability, wicking, air permeability and rigidity tests were done according to BS 

7209: 1990, DIN 53924, ASTM D737 and ASTM D4032 429594 – 1 standards, respectively. Transfer 

wicking test was made according to the method of Zhuang [10] with the difference that the applied 

pressure is 154 g/m². Drying rate was measured based on Coplan’s research [11] with the difference 

that the sample size is 75 mm diameter. Drying rate is calculated at the end of the test [12]. 

2.1.  A General Introduction to Topsis (Technique for Order Preference by Similarity to Ideal 

Solution) and AHP (Analytic Hierarchy Process) 

Multi-criteria decision making (MCDM) methods deal with the process of making decisions in the 

presence of multiple objectives. Hwang and Yoon (1981) developed the Technique for Order 

Preference by Similarity to Ideal Solution (TOPSIS) based on the concept that the chosen alternative 

should have the shortest distance from the positive-ideal solution and the longest distance from the 

negative-ideal solution [13]. In TOPSIS method there are six steps which can be briefly listed as: 

(1) The normalized decision matrix is calculated.  

(2) The weighted normalized decision matrix is calculated.  

(3) The positive ideal and negative ideal solution are determined.  

(4) The separation measures using the n-dimensional Euclidean distance are calculated.  

(5) The relative closeness to the ideal solution is calculated.  

(6) The preference order is ranked.  

TOPSIS assumes that each attribute takes either monotonically increasing or monotonically decreasing 

utility. That is, the larger the attribute outcome, the greater the preference for benefit attributes and 

less the preference for cost attributes [14]. In AHP, firstly the alternatives and the significant attributes 

are identified. For each attribute and each pair of alternatives, the decision makers specify their 

preference in the form of a fraction between 1/9 and 9. Decision makers similarly indicate the relative 

significance of the attributes. Then, each matrix of preferences is evaluated by using eigen values to 

check the consistency of the responses. Finally, a score is calculated for each alternative [15].  Table 3 



 

 

 

 

 

 

shows the calculated weights for the six criteria, namely water vapour permeability, wicking, transfer 

wicking ratio, drying speed, air permeability and rigidity, of the woven structures. Determination of 

the criteria weights was worked out using Analytic Hierarchy Process (AHP).  

 

Table 3. The Criteria Weights. 

Criteria ( C ) Weights 

C1: Water vapour permeability  0.25 

C2: Wicking   0.20 

C3: Transfer wicking ratio  0.20 

C4: Drying speed   

C5: Air permeability                       

0.10 

0.10 

C6: Rigidity  0.15 

3.  Results and Discussion  

The results of the experimental study are given in Figures from 1 to 5.  

Co.- Co. Co.- Li. Co.- Cr. Cr.- Cr. Li.- Li.

Transfer Rate 751.08 784.09 787.99 839.89 795.50
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Figure 1. Water vapour permeability of fabrics.   

 

 

Figure 2. Wicking height in 5 minutes.  



 

 

 

 

 

 

From the results presented in Figure 1, it can be stated that the highest water vapour permeability 

value was obtained for Cr.-Cr. fabric; this was followed by Li.-Li., Co.-Cr., Co.-Li. Besides, Co.-Co. 

had the lowest value.  

Li.- Li. fabric had the highest wicking height in warp direction. This was followed by Co.-Co., Co.-

Cr., Co.-Li and finally Cr.-Cr. fabric, in turn (Figure 2). On the other hand, Co.- Li fabric had the 

highest value in weft direction, this was followed by Co.-Co., Cr.-Cr., Li.-Li. and Co.-Cr. fabric, in 

turn. Also, it was seen from the Figure 2 that, in the weft direction, Co.-Li fabric behaved substantially 

differently from the other types of fabrics. 

0 5 10 15 20 25 30

Co.- Co. 0 26.499 35.557 38.389 43.025 47.322 51.584

Co.- Li. 0 22.685 31.955 37.872 43.569 51.57 57.31

Co.- Cr. 0 18.861 27.232 34.016 38.481 46.997 54.581

Cr. - Cr. 0 35.806 41.746 47.095 50.498 54.428 57.001

Li.- Li. 0 39.722 45.706 49.999 54.651 60.293 63.569
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Figure 3. Transfer wicking ratio against time.  

Figure 3 shows that the transfer wicking of fabrics had the same trend, where there was a steep 

increase during the first 5 minutes followed by a slower increase thereafter. Li.-Li fabric had the 

highest transfer wicking ratio and this was followed by the Cr.-Cr, Li.-Li., Co.-Li., and finally Co.-Cr. 

fabric, in turn. The results concerning the drying test is presented in Figure 4. According to the results 

Li-Li. and Cr.-Cr. fabrics had the highest drying rates in terms of g/m²/hour. These were followed by 

the Co.-Li., Co.-Cr, and Co.-Co. fabric, in turn. 

Co.- Co. Co.- Li. Co.- Cr. Cr.- Cr. Li.- Li.

Drying rate 25.62 30.64 28.59 31.07 31.78
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Figure 4. Drying rates of fabrics. 



 

 

 

 

 

 

Co.- Co. Co.- Li. Co.- Cr. Cr.- Cr. Li.- Li.

Air permeability 98.6 151.87 82.17 64.03 206.83
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Figure 5. Air permeability of fabrics  

The results presented in Figure 5 showed that the air permeability of the Li.-Li. fabric was the highest, 

followed by the Co.-Li., Co.-Co., Co.-Cr. and Cr.-Cr. fabrics, in turn. The statistical analysis of the 

data revealed that Li.-Li. fabric behaved significantly differently from other types of fabrics in terms 

of air permeability.  

Co.- Co. Co.- Li. Co.- Cr. Cr.- Cr. Li.- Li.

Warp direction 0,39 0,96 0,41 0,38 1,23

Weft direction 0,38 1,30 0,33 0,57 0,92
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Figure 6. Rigidity of fabrics. 

The results presented in Figure 6 showed that the rigidity of Li.-Li. fabric was the highest in warp 

direction; followed by Co.-Li., Co.-Cr., Co.-Co., and Cr.-Cr. fabric, in turn. On the other hand, in weft 

direction, Co.-Li. had the highest value; this was followed by the Li.-Li., Cr.-Cr., Co.-Co., and finally 

Co.-Cr., in turn.  

3.1.  Application of TOPSIS Method  

Vector normalization was prepared and weighted normalized matrix was constituted. Accordingly, 

positive and negative ideal solutions were determined.  Distances from the ideal solutions, both 

positive and negative, were calculated. Ideal Solution based on the concept that the chosen alternative 

should have the shortest distance from the positive-ideal solution and the longest distance from the 

negative-ideal solution. In Table 4 preference order was ranked. 

Table 4. Preference Order 

Alternatives S* S- C*= Si- / (Si*+Si-) 

 Value Value Value Rank 

Co.-Co. 0.0459 0.0721 0.6112 1 

Co.-Li.  0.0727 0.0426 0.3696 5 

Co.-Cr. 0.0574 0.0674 0.5400 2 

Cr.-Cr. 0.0571 0.0636 0.5270 3 

Li.-Li. 0.0623 0.0627 0.5016 4 



 

 

 

 

 

 

Based on final ranking of TOPSIS method, Co.-Co. fabric seems to have the most preferable fabric 

based on comfort properties, and this was followed by Co.-Cr., Cr.-Cr., Li.-Li., and Co.-Li. fabric, in 

turn. The results of the experimental study together with TOPSIS evaluation revealed that employing 

Crailar yarns in the fabric structure together with cotton had a positive effect on comfort related 

properties. 

4.  Conclusion  

 

The results of the study showed that a fabric construction having Crailar yarn in the weft and cotton 

yarn in the warp can be a good choice for designing summer denim clothes. High physical properties 

and producibility are provided by cotton yarn as warp, and high comfort properties are achieved by 

both crailar and cotton yarn. In other words, Cotton yarn causes improvement of tactile comfort 

properties and Crailar yarn enhances the thermal comfort properties of the fabric. Both of them 

together, increase the psychlogical comfort properties of the fabric. Moreover, if the crailar percentage 

of cotton/crailar yarn is increased, higher comfort properties is achived in comparison to those 

properties of the 60/40 cotton/crailar yarn. When the all criteria are evaluated, Co.-Cr. fabric type is 

the best alternative for producing lightweight, comfort related properties improved, producible and 

productive fabric.  
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Abstract. The objective of the current study is designing a thermal waist-pad for people who
have backaches with a sandwich-like multi-layered structure. Two model is developed; one is
three-layered and second is five-layered with waterproof woven outer layer fabric, Thermolite®

knitted fabric (for five-layered structures), wool knitted, polyester nonwoven fabric,
polypropylene nonwoven fabric and viscose nonwoven fabric for mid-layer. 10 different
structures are designed and produced. All samples are tested for thermal comfort properties of
waist-pad. Multi-layer structures were tested, and according to their thermal performance and
thermal comfort criteria, all results are evaluated for identifying the best product. These three
factors are examined by analysis of thermal conductivity, thermal resistance, thermal
absorptivity, relative water vapour/air permeability, water absorption. Highest thermal
resistance test result, 150,42 mK/Wm2, is achieved in five-layered sandwich structure with
waterproof fabric, Thermolite® fabric, wool based knitted fabric, Thermolite® fabric and
waterproof fabric, respectively. Thermal conductivity result of this structure is 46,2 mW/mK,
which is one of the lowest results among the alternative structures. Structures with Thermolite®

fabric show higher thermal comfort when compared to others.

1. Introduction
It is generally agreed that textile industry has an endless development period with respect to changing
customer needs, which depend on not only related with fashionable products but also depend on the
technical textiles. On the basis of customer health issues, thermal waistpads are an excellent cure for
people who had a backache. With the presence of waistpad, temperature is increased on the aching
area locally in order to decrease the pain. Conventional thermal waistpads in the market are mainly
composed of neoprene based fabrics with knitted structure, that might not adequate in terms of thermal
comfort. Thermal comfort is one of the most important parameters of thermal waistpads. Thermal
comfort is examined under thermo-physiological comfort, that is related with heat transfer, air and
moisture [1-4].

In this study, a sandwich-like multilayer structure waistpad is aimed to design in terms of improved
thermal and comfort properties. It is a known fact that, there is a direct proportion between warm
retention and fabric layers. If the fabric is composed of many inner layers, warm retention capability is
increased [5]. Heat exchange between multilayer fabric and human skin occurs to resulting from
changing climate conditions. The most significant factor effecting multilayer fabric construction is
comfort property. Thermal comfort of human body is directly affected from the thickness of the
multilayer fabric. If the thickness of the fabric is increased, fabric thermal resistance increases [5].

For the objective of obtaining a multilayer thermal waistpad, fabrics with three different
constructions, namely knitted, woven and non-woven, are used and various multi-layered structures
are produced. For achieving better thermal insulation in multi-layered structures, it is necessary to use



nonwoven layers which provide a required thickness for thermal insulation with its fluffy structure in
both hot and cold environments [6-8]. This structure also allows transmission of air and water vapour
with pores, which means air permeability of nonwovens is effected by thickness of the mat [9].
Thermal conductivity of nonwoven is related with fiber volume fraction, orientation and single fiber
thermal conductivity capacity [10].  Besides, thermal comfort properties, nonwoven are widely used
due to fast production, low cost, versatility, etc.

2. Materials and method

2.1. Materials
In this study, there are several types of fabrics in different constructions and compositions are used.
When they are sorted according to construction; it can be said that woven, knitted and nonwoven
fabrics are selected for study. Woven fabric is preferred as a waterproof woven fabric in plain 1/1
design, it is a polyester based and membrane coated fabric which avoiding permeability of water.
There are two types of knitted fabrics. First one is single jersey fabric that is knitted with Thermolite
Ne 30/1 yarn. Thermolite fabric is made of a special structured fiber; hollow polyester fiber [11]. Air
in this hollow structure provides a thermal insulation which makes this fiber proper for cold climates.
Moreover, hollow fibers have larger surface area than conventional others, so transportation of
evaporation is faster while perspiration [12]. Because of hollows in fibers, Thermolite fabric is
lightweight. Durability and softness are another most common properties of these fabrics. Thermolite
fabrics also provides good wear comfort for user. It is commonly used as a base layer of sportswears
such as skiing clothes, trekking socks, leggings, etc. [13]. Second one is wool on both sides of which
raising finishing is applied. Thermal characteristics of wool is the most appropriate among natural
fibers in cold climates, and specific weight of wool is lower than those of other natural fibers [14].
There are three nonwoven fabrics which are composed of polypropylene, polyester and viscose. Non-
absorbency of polypropylene fibers creates an advantage to transport moisture from body to
environment, that is necessary for removing perspiration and evaporation of human body. Moisture
absorption capability of viscose is high because of low crystallinity, that is increasing the
transportation of moisture from human body to ambient.

2.2. Method
Two different models are designed with abovementioned fabrics. First one is three-layered structure;
waterproof fabric, one of polyester based, viscose based, polypropylene based nonwoven fabrics or
wool based knitted fabric, and waterproof fabric, respectively. Modelling of first one is shown in
Figure 1.

Figure 1. Model I

Second model is five-layered structure; and it starts with waterproof fabric like first model, then a
Thermolite® fabric, one of polyester based, viscose based, polypropylene based nonwoven fabrics or
wool based knitted fabric, Thermolite® fabric and waterproof fabric, respectively. Modelling of second
one is shown in Figure 2.



Figure 2. Model II

List of three-layered and five-layered thermal waist-pad structures can be seen from Table 1.

Table 1. Waist-pad structures

Sample Code Order of fabrics

S1 Waterproof fabric – Thermolite® fabric – polyester based
nonwoven – Thermolite® fabric – waterproof fabric

S2 Waterproof fabric – Thermolite® fabric – polyester based
nonwoven x 2 – Thermolite® fabric – waterproof fabric

S3 Waterproof fabric – Thermolite® fabric – polypropylene
based nonwoven – Thermolite® fabric – waterproof fabric

S4 Waterproof fabric – Thermolite® fabric – viscose based
nonwoven – Thermolite® fabric – waterproof fabric

S5 Waterproof fabric – Thermolite® fabric – wool based
knitted – Thermolite® fabric – waterproof fabric

S6 Waterproof fabric – polyester based nonwoven –
waterproof fabric

S7 Waterproof fabric – polyester based nonwoven x 2 –
waterproof fabric

S8 Waterproof fabric – polypropylene based nonwoven –
waterproof fabric

S9 Waterproof fabric – viscose based nonwoven – waterproof
fabric

S10 Waterproof fabric – wool based knitted – waterproof
fabric

Multi-layer structures were tested, and according to their thermal performance and thermal comfort
criteria all results were evaluated for identifying the best product. These three factors are examined by
analysis of thermal conductivity, thermal resistance, thermal absorptivity, relative water vapour/air
permeability, water absorption. In this study, thermal comfort properties of waist pads are determined
and evaluated according to these parameters.

Water vapour permeability is tested according to BS 7209:1990 standard. Water permeability is
tested according to EN ISO 20811:1996 standard. Air permeability is tested according to EN ISO 7231
standard. For thermal conductivity resistance measurements ISO EN 31092 standard is used and



measurements are performed with Alembeta®. Permetest® instrument is used for measuring water
vapour resistance according to ISO 11092 standard.

3. Results and discussion
Water vapour permeability of waist-pad which is aimed to design in this study should have high water
vapour permeability for obtaining thermal comfort with respect to good comfort properties. According
to water vapour permeability test results, structures with wool knitted fabric in the middle shows
superior effect and gives the highest water vapour permeability values in both three-layered and five-
layered sandwich structures.

Water permeability test is applied only on waterproof outer layer fabric and it is found that fabric
does not permit water. Air permeability test is applied to all fabrics and it is resulted as all fabrics used
in this study is air permeable.

With Alambeta® instrument, all thermal properties of sandwich structures are performed. First of
all, thermal conductivity resistance of the samples is measured, that gives thermal resistance, thermal
absorption, thermal diffusion and thermal conductivity results of samples. Thermal conductivity
results are expected to have higher values for better thermal comfort. Best thermal resistance results of
samples in ascending order are S5 (150,42 mK/W.m2), S2 (142,6 mK/W.m2) and S10 (121,06
mK/W.m2) respectively, which is seen from Figure 3. The results show that wool fabric used in the
middle layer of sandwich structure improves thermal resistance of waist-pad. Also, using double
layers of polyester nonwoven fabric in waist-pad results better than one layer of polyester nonwoven
fabric as expected.

Figure 3. Thermal resistance test results

Thermal conductivity results of samples are shown in Figure 4. It is a known fact that for better
thermal comfort, thermal conductivity should be as low as possible. In S3 (57,13 mW/m.K) and S8
(58,86 mW/m.K) resulted in highest numbers, that shows polypropylene nonwoven in the middle of
the waist-pad cause worse thermal comfort in terms of thermal conductivity. S2 (44,93 mW/m.K) has
the lowest value among those including Thermolite® layer, followed by S5 (46,2 mW/m.K).
Moreover, S6 (41,6 mW/m.K) has the lowest value among those not including Thermolite® layer,
followed by S7 (42,16 mW/m.K).
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Figure 4. Thermal conductivity test results

Thermal diffusion of samples is shown in Figure 5. The highest thermal diffusion values
are gained from S5 (0,162 mm2s-1) and S10 (0,15 mm2s-1) which have a common mid-layer,
wool.

Figure 5. Thermal diffusion test results

With Permetest® instrument, water vapour resistance and water vapour permeability of
samples are examined. Absolute water vapour permeability results are shown in Figure 6.
First five samples (five-layered) with Thermolite® layer give higher water vapour
permeability results when compared with three-layered samples. It can be said that
Thermolite® layer between structure improves the water vapour permeability with hollow
fiber structure of fabric.
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Figure 6. Absolute water vapour permeability test results

All experimental data indicates that using Thermolite® layer in waist-pad improves the
thermal comfort properties of samples. While deciding the best option, it is found that wool
fabric in mid-layer enhance thermal properties of waist-pad. Best structure can be seen from
Figure 7. Thermolite® with the wool used provides better comfort properties. Wool knitted
fabric provides flexibility for ease of movement. Thermolite® fabric used provides
conservation of heat in between outer layers.

Figure 7. Five layered sandwich structure with highest thermal comfort (S5)

4. Conclusion

In this study, a thermal waist-pad is designed and produced. For this objective, it is decided to design a
sandwich-like structure with different layers for improving thermal comfort properties of waist-pad.
Water-proof outer layer fabric, Thermolite® fabric, wool fabric, polyester, polypropylene and viscose
nonwoven fabrics are selected and 10 different sandwich-like structures are achieved; in which three-
layered and five-layered structures are used. Samples are tested according to thermal performance and
thermal comfort to identify the best option. Highest thermal resistance test result, 150,42 mK/Wm2, is
achieved in five-layered sandwich structure with waterproof fabric, Thermolite® fabric, wool based
knitted fabric, Thermolite® fabric and waterproof fabric, respectively. Thermal conductivity result of
this structure is 46,2 mW/mK, which is one of the lowest results among the alternative structures.
Structures with Thermolite® fabric show higher thermal comfort when compared to other samples
without Thermolite® layer.
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Abstract. This study reports on the impact of textile properties on thermal comfort. 

The fabric weight, thickness, porosity, moisture regain, air permeability and density 

have been considered and correlated to the thermal and water vapour resistance, 

permeability index, thermal conductivity and effusivity, and moisture management 

capacity. Results suggest that moisture transfer is affected by thickness, density and 

moisture regain whereas thermal transfer by air permeability and density. 

 
 

1. INTRODUCTION 
 

The understanding of heat and moisture transfers through clothing is a major concern for engineering 

and scientific researchers, designers, developers, and manufacturers. A lot of scientific papers deal 

with this topic. The garment is defined as a barrier for heat and vapor transport between the skin and 

the environment. It is composed of fibers materials, air enclosed between skin and garment, and still 

air bounded to the outer surface of it [1].  

Considering sedentary activities, transport of water into fabric is governed by different mechanisms, 

i.e.: evaporation, sorption, desorption, diffusion, condensation [2-4]. For the transport of heat transfer 

through textile it can be considered others phenomenon such conduction, convection and radiation [2, 

5]. 

Heat and moisture transfers influence the comfort of the wearer. The comfort can be defined as a 

pleasant state of physiological, psychological, and physical harmony between a human and its 

environment. It depends of the activity of the wearer, the type of clothing, the climatic environment 

(humidity, temperature, and wind velocity) and the sensibility of each subject. 

Beside, different clothing properties affect also the thermal comfort like the design of fabric with its 

structure, fibers composition, porosity, i.e. The goal of this study is to analyze the influence of these 

factors on comfort. 

 

2. METHODS AND MATERIALS 
 

Fabrics tested are underwear composed of fibers sensible of moisture. The table 1 gives information 

about these samples. Fabric weight was calculated according to ISO 12127 and fabric thickness with 

ISO 5084 at a pressure of 0.1 kPa. Air permeability is determined with FX3300 Textest device 



according to ISO 9237 and it corresponds to an air flow passing perpendicularly through the fabric 

under a pressure of 196 Pa. Hot Disk device let us measuring thermal conductivity and diffusivity of 

fabrics according to ISO 22007-2. Thermal resistance (Rct) and water-vapour resistance (Ret) are 

measured thanks to a sweating guarded hot plate under conditions indicated in ISO 11092. 

The determination of Overall Moisture Management Capacity (OMMC) of fabrics is evaluated by a 

Moisture Management Tester (MMT) from Atlas.  

 

Table 1. Description of test sample. 

Sample 

code 

Fabric 

design 

Fabric 

weight 

(g/m²) 

Thickness 

(mm) 

Density 

(g/cm³) 

Relative 

porosity 

(%) 

Moisture 

regain 

Rct 

(m².K/W) 

Thermal 

conductivity 

λ (W/m.K) 

Thermal 

effusivity 

(mm²/s) 

Air 

permeability 

(l/m²/s) 

Ret 

(m².Pa/W) 
Imt OMMC 

A  
1×1 

interlock 
215.2 ± 2.4 1.31 ± 0.03 1.335 87.7 ± 2.9 1.75 0.0315 0,086 ± 0.002 0.348 ± 0.008 1740 ± 14 4.47 0.42 0.204 ± 0,019 

B 
1x1 

interlock 
155.8 ± 4.5 1.22 ± 0.08 1.2045 89.4 ± 8.5 5.18 0,039 0,083 ± 0.001 0.357 ± 0.050 2100 ± 29 3.87 0.60 0.325 ± 0,017 

C 
1x1 

interlock 
156.6 ± 2.3 1.096 ± 0.06 1.2386 88.5 ± 6.1 3.36 0,035 0,085 ± 0.004 0.344 ± 0.044 2107 ± 45 3.85 0.55 0.386 ± 0,020 

D  
1x1 

interlock 
177.0 ± 3.4 1.026 ± 0.05 1.5 88.5 ± 6.0 8.5 0,023 0,139 ± 0.005 0.410 ± 0.029 1477 ± 28 2.83 0.49 0.633 ± 0,027 

 

 

3. RESULTS AND DISCUSSION 
 

Pearson’s equation let us to determine the contribution of textile properties on the heat and moisture 

transfer through materials (table 2). 
 

Table 2. Pearson’s coefficient of textile properties. 

Textile properties Rct Thermal conductivity Thermal effusivity Ret Imt OMMC 

Fabric weight -0.401 0.054 -0.020 0.404 -0.929 -0.375 

Thickness 0.520 -0.711 -0.660 0.900 -0.236 -0.935 

Porosity 0.449 -0.041 0.128 -0.350 0.944 0.260 

Moisture regain -0.564 0.855 0.922 -0.963 0.251 0.921 

Air permeability 0.950 -0.845 -0.794 0.513 0.709 -0.528 

Density -0.990 0.924 0.859 -0.654 -0.618 0.680 

 

3.1 Influence of fabric design 

Thermal resistance is representative of heat insulation and it is calculated with the equation (1) from 

Skin Model measurement. 

Rct = 
(𝑇𝑚−𝑇𝑎);𝐴

𝐻−𝛥𝐻𝑐
 - Rct0 (1) 

With, Rct the thermal resistance (m².K/W), Tm the temperature of the measuring unit (K), Ta the air 

temperature in the test enclosure (K), A the area of the measuring unit (m2), H the heating power 

supplied to the measuring unit (W), while ΔHc is the correction term for heating power (W), and Rct0 

(m2.K/W) is the apparatus constant determined as the « bare plate » value (m².Pa/W).  

Also, the water vapour resistance is calculated according to ISO 11092 by the equation (2). 

Ret = 
(𝑃𝑚−𝑃𝑎);𝐴

𝐻−𝛥𝐻𝑒
 - Ret0 (2) 



With, Ret the water vapour resistance (m².Pa/W), Pm the water vapour partial pressure (Pa) at the 

surface of the measuring unit at temperature Tm, Pa the saturation water vapour pressure (Pa) of the air 

in the test enclosure at temperature Ta, A the area of the measuring unit (m2), H the heating power 

supplied to the measuring unit (W), while ΔHe is the correction term for heating power (W), and Ret0 

(m2.Pa/W) is the apparatus constant determined as the « bare plate » value (m².Pa/W).  
 

According to table 2, thermal resistance is affected by air permeability and density of fabrics. The 

density of fibers increases whereas the thermal resistance decreases and it is the opposite tendency 

between thermal resistance and air permeability. Thermal conductivity which is strongly related to 

thermal resistance is dependent of the clothing structure and more specifically of fiber density. 

Besides, water vapour is linked with the thickness and the moisture regain of materials.  

Water vapour permeability index (Imt) gives information about the breathability of fabrics; this 

parameter is calculated from thermal and water vapor resistance by equation (3). It varied between 0 

(impermeable fabric) and 1 (permeable fabric). 
 

Imt = 60×
𝑅𝑐𝑡

𝑅𝑒𝑡
 (3) 

With, Imt the water vapour permeability index (dimensionless), Rct the thermal resistance (m².K/W), Ret 

the water vapour resistance (m².Pa/W). 

Imt is influenced by fabric structure like fabric weight and porosity defined in equation (4). 
 

 P = (1-
𝑚

𝜌×𝑒
)  (4) 

With P the relative porosity (%), m the fabric weight (g/m²), ρ the fiber density (g/m³), and e the fabric 

thickness (m).  

 

Dependency of thermal and water vapour resistance to porosity and Imt is evaluated by the Figure 1.  A 

fabric provides an optimal comfort when Imt ≈ 0.3 [6]. For fabrics studied, any sample shows this 

value. Indeed, the sample A has the slowest value of Imt equal to 0.42 (Figure 1.b).  

 

 

 

 

 

 

 

 

 

 

 

 

 Figure 1. (a) Rct and Ret vs. porosity, (b) Rct and Ret vs. Imt. 

(a) (b) 



Sample B has the highest value of Rct and porosity (Figure 1.a), and the sample A, the highest value of 

Ret with the lowest porosity. On the contrary, the fabric D shows lowest values of Ret and Rct for 

middle porosity. In the Figure 1.b, Rct increases with the rise of Imt and the Ret decreases for low value 

of Imt. 

 

3.2 Thermophysiological properties 

Thermal effusivity, correlated to thermal conductivity by equation (5), is also named the first thermal 

contact feeling. The main factor explaining variations of thermal effusivity is the moisture regain 

according to table 2. The warmer feeling is obtained with a low value of thermal effusivity, and the 

coolest feeling with high moisture regain [7]. 

b=√𝜆. 𝜌. 𝐶𝑝   (5) 

With, b the thermal effusivity (mm²/s), ρ the density (g/cm³), Cp the specific heat capacity (J/kg/K), 

and λ the thermal conductivity (W/m.K). 
 

In general (Figure 2), fabrics presented low moisture regain and low thermal effusivity, provide a 

warmer feeling like sample A and C. In contrary, the fabric D has the highest moisture regain and 

thermal effusivity, so it gives a cooler feeling. With weak porosity, thermal diffusivity decreases, and 

with high porosity, its evolution is inverted. 

 

 

 

 

 

 

 

 

 

 
 

3.3 Mass transfer and moisture management properties 

The Overall Moisture Management Capacity (OMMC) index indicates the capacity of fabrics to 

manage the transport of liquid moisture. The table 3 summarizes index numbers obtained with the 

MMT device. 

Table 3: Index numbers of fabrics moisture management properties. 

Sample ode 
WTTop 

(s) 

WTBottom 

(s) 

ARTop 

(%/s) 

ARBottom 

(%/s) 

MWRTop 

(mm) 

MWRBottom 

(mm) 

SSTop 

(mm/s) 

SSBottom 

(mm/s) 
R (%) OMMC 

A 3 3 4 4 3 2.5 2.5 2 1 2 

B 3 3 3.5 4 4.5 4.5 2.5 3 2.5 2.5 

C 4 4 4 4 5 5 4 4 2 2.5 

D 3 3 3.5 3.5 2.5 2.5 2 2 5 4 

Figure 2. Thermal effusivity and moisture regain vs. porosity. 



Fabric D shows the highest liquid overall moisture management capacity (index of 4) and one-way 

transport capability (R). So, the sweat at the skin surface can be easily removed and quickly 

transferred to the outer surface of the fabric. Besides, the spreading rates (SS) and wetted radii index 

(MWR) are low, in this case, the liquid pass through the fabric without wetting it.  
 

In contrary, the sample A has the lowest OMMC. The one-way transport capability of this fabric is the 

smallest; the sweat cannot carry away from the skin to the upper surface easily. Besides, the wetting 

time (WT) and the absorption rate (AR) are significant, so this fabric dries slowly (R low) and absorbs 

a high quantity of water. 
 

The spreading rates, wetted radii, absorption rate, and wetting time of sample C are the most 

important. In contrary the one-way transport capability index is low. This fabric absorbs quickly the 

water and dries slowly. 

The sample B shows an intermediate behavior compare to others fabric, its OMMC is good (index of 

2.5). 

According to table 2 and figure 3, the moisture regain and thickness of fabric influence this parameter. 

When the OMMC increases, the moisture regain follows the same tendency and the thickness 

decreases. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

CONCLUSION  

The purpose of this study was to determine the relationship between textile properties and thermal 

comfort of four underwear fabrics. It was found that moisture transfer through textiles was mainly 

affected by thickness, density and moisture regain whereas thermal transfer by air permeability and 

density.  
 

 

Sample D presents the highest moisture management capability with a thin material composed of 

hygroscopic fibers, low water vapour permeability index (Imt) and a cooler feeling.  
 

Figure 3. Thickness and moisture regain vs. OMMC. 
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Abstract. This paper presents the first results of a PhD research on psychological comfort of 

clothing. In order to understand and conceptualize the psychological aspects of clothing 

comfort, a variation of the Delphi Method was used to seek opinions from experts. This 

method was chosen because of its consensus-building features. The results were obtained from 

a qualitative text analysis, conducted over the experts’ responses to the first round of questions. 

The analytic process shed some light on the formation of the psychological comfort concept as 

well as the potential attributes to be evaluated when assessing this comfort dimension.  

1. Introduction 

In the last few decades, the concept of comfort became crucial for marketing products and services. 

From food to fashion advertisement, constantly, people are exposed to commercial stimuli that link 

products to the idea of comfort. Despite the familiarity and the frequent occurrence of words related to 

comfort in daily life, it is difficult to describe what exactly is the meaning of comfort. Comfort has not 

a consensual definition, however, great part of the researchers agree that comfort is a multidimensional 

and subjective experience [1–4]. Slater [3,5], was one of the first authors to acknowledge the comfort 

of clothing as being a complex phenomenon that comprises at least 3 dimensions: the physical, the 

physiological and the psychological. In the context of clothing, there has been a focus mainly from a 

physical-mechanical and/or physiological point of view, with little consideration for the more 

subjective aspects, namely, the aesthetic and emotional ones, linked to individual needs or social 

contexts [1]. Still, some of the most important researchers in the science of comfort, recognize that the 

physiological properties are ‘not the whole story’, asserting that, between the most basic perception of 

suitability and the ostentatious conspicuous consumption, there is an ‘important component of self-

confidence and being at ease’ [6]. 

Because of its subjective nature, psychological comfort is affected by personal idiosyncrasies and 

therefore is very difficult to assess. There are many models designed to explain clothing comfort that 

consider the psychological dimension as being one of its components. Some of them will be 

mentioned in this paper. Although they do not intend to present a clear set of attributes to be measured, 

nor to propose a specific method of evaluation, they have contributed to the clarification of the 

psychological comfort concept, as well as to the elucidation of the importance of the psychological 

role in the overall perception of clothing comfort. The understanding of which factors contribute to the 



 
 
 
 
 
 

perception of psychological comfort is fundamental for the establishment of a valid concept, as well as 

the definition of parameters to consider when evaluating this dimension of comfort.  

The psychological comfort is a hedonic judgment process, by which the brain forms a subjective 

perception of sensory sensations, influenced by many factors. Liu and Little [7], indicated some 

factors that interfere in the perception of psychological comfort, namely “the user's state of mind, 

cognitive and emotional processes, the environment, the cultural and social surroundings, and also, 

physical stimuli”. Fan [4], advocates that the psychological comfort happens, when someone is 

confident about its own appearance and therefore has a sense of well-being. Among factors such as 

flattering the person, aesthetics, cost and performance, the author demonstrates that the social aspects 

related to belonging to a group and feeling adequate among its peers (“allegiance to a specific culture, 

cause or groups and accordance with economic, functional and social” level), have a great impact on 

the perception of psychological comfort. 

For Kilinc-Balci [9], psychological factors are critical for the perception of comfort and are the 

primary determinants of consumer behaviour. Factors like price and brand, the psychological status of 

the wearer, beliefs, cultural and social elements, including past experiences, were signalized as 

components of the psychological aspect of comfort. Unlike the previous authors, Sontag [10], 

proposes a distinction between “psychological” and “social factors”, considering them as separate 

dimensions of the comfort concept. For the researcher, the psychological dimension is a “mental state 

of psychological well-being”, driven by a sense of dressing accordingly to one’s self-concept. The 

social dimension concerns the appropriateness to occasion, conformity, and satisfaction with the 

impression made on others. This approach understand clothing as a means of “identification and 

attracting oneself to others” [10]. 

According to Branson and Sweeney analysing the Sontag’s work [11], they defended that her 

identification and description of the comfort dimensions presents some discrepancies. They believe 

that there are no empirical data to support a clear distinction between psychological and social 

comfort. Thus, in Branson and Sweeney’s model, they used the term “social-psychological” to include 

the concepts proposed by Sontag of social and psychological comfort, as well as, cultural and 

historical concepts. From a vast literary reviewing, that included the works of Sontag, the authors have 

proposed a clothing comfort concept and a clothing comfort model [11]. For them, the clothing 

comfort is “a state of satisfaction indicating physiological, social-psychological and physical balance 

among a person, his/her clothing, and his/her environment.”. The definition presented by the authors 

encompasses the definitions suggested by Slater, Sontag, and the ASRAE Thermal Comfort definition, 

which characterize comfort as a “satisfied state of mind indicating balance, harmony or equilibrium 

between a person and his or her environment” [11]. 

The model proposed by Branson and Sweeney [11], contains a list of the attributes associated with 

the social-psychological dimension, that is divided according to the clothing comfort triad (person, 

clothing, environment): Person Attributes such as: “state of being”; “self-concept”; “personality”; 

“cathexis/body image”; “values”; “attitudes”; “interests”; “awareness”; “religious beliefs”; “political 

beliefs”. Clothing Attributes as: “fabric and clothing system”; “aesthetics”; “style”; “fashionability”; 

“appropriateness”; “design”; “colour”; “texture”; “body emphasis/de-emphasis”. Environment 

Attributes exemplified as:  “occasion/situation of wear”; “significant other”; “reference group”; “social 

norms”; “cultural patterns”; “historical precedence”; “geographic locale”. Despite believing that all 

three components of the triad have a social-psychological dimension, Branson and Sweeney clarify 

that all of these attributes, are not well agreed upon by researchers nor well-elucidated in the literature. 

The authors stated that these lists of attributes are to be discussed and refined over time. According to 

that discussion, this work intends to generate a discussion about the concept of psychological comfort 

by a group of experts composed by psychologists, sociologists, designers, semiologists, marketers, 

engineers, by thinkers or researchers of this areas of specialty. By people who somehow have their 

work associated with the textile, clothing and fashion areas. 

2. Methods 

This paper presents the first results of a PhD research on psychological comfort of clothing, guided by 

the Sensory Analysis methodologies [12], supported by the Science of Comfort. It develops from three 



 
 
 
 
 
 

steps: a) characterization of concepts and definition of the attributes (From a group of experts oriented 

by the Delphi Method), b) the creation of attributes scales and accomplishment of subjective 

assessments by sensory analysis techniques in “daily life conditions”. Finally in step c) it is 

contemplated the development of a tool that will guide designers, engineers and usability professionals 

to assess the comfort of garments. 

For the first phase (step (a)), to be presented in this paper, the Delphi Method was used to reach the 

concept of psychological comfort of clothing, and to specify the possible attributes to a posterior 

subjective assessment of psychological comfort. Originated at The Rand Corporation, the Delphi 

survey is a widely accepted and validated research method. Its objective is to obtain the most reliable 

consensus of opinion from a panel of experts [13–15]. This particular study was carried out using a 

variant of the Delphi method, commonly, the technique is normally applied presentially, however, to 

facilitate contact with specialists, many geographically distant (Portugal-Brazil), the questionnaires 

were sent by e-mail. Despite the limitations of performing the Delphi survey according to the original 

model, it is believed that even in an adapted version, this method was the most suitable to seek 

different opinions, that could potentially, contribute to the development of a concept that is still in 

evolution.  

The panel of experts was selected according to the following criteria: Portuguese-speaking 

researchers whose works are related to textile engineering, fashion design, comfort, ergonomics, 

psychology, sociology, etc. Initially, 57 potential experts were invited to take part in the study. A 

formal invitation was sent by email to the candidates, along with the questionnaire. Overall, 30 experts 

agreed to participate; with the remaining experts being non-respondents. At the end of the deadline, 26 

specialists responded, representing a response rate of 86,67%. The anonymity of all members of the 

group was maintained during the research process. The first questionnaire submitted to the group of 

experts, consisted of four questions related to the psychological comfort of clothing, although the 

questions served as a script, the experts were encouraged to respond as freely as possible. 

The answers to the first round were submitted to a qualitative text analysis, with the support of the 

QDA software, MAXQDA [16]. The aim was to identify, among the content of the answers, the 

notions regarding the psychological comfort of clothing that were more recurrent and that could 

potentially generate consensus. The analytic process took the following steps [16]: 

a. organization and coding of the documents containing the experts answers to make them anonymous 

(for each expert a code was assigned). 

b. importing the documents to MAXQDA. 

c. systematic reading of the answers. 

d. first word frequency count and outlining the first categories  

e. selecting segments of the text and assignment of codes. 

f. grouping similar codes (semantic proximity) into thematic categories. 

g. analysis and reviewing of the thematic categories in comparison to the integral text. 

h. building the final categories. 

i. counting the frequency of occurrence of the categories among the experts. 

At the beginning, the volume of text to be analysed consisted in 2565 words. A list of word 

frequency was generated after applying an exclusion list, which eliminates insignificant words as 

grammatical construction elements, and numbers; the words with the highest occurrence (like well-

being) served as the guiding thread for the creation of the first thematic categories. The next step was 

to reduce the large amount of data to a minimum, trying to grasp the most important and recurrent 

ideas, but without losing information. Firstly, transforming sentences into codes, and then grouping 

this codes into categories, by similarity of meaning. Then, the categories were revised in light of the 

reviewed literature and the nomenclature of some of the categories was altered to better suit the 

comfort theories. The final list of categories that summarize the experts’ responses is presented in 

Table 1 in the ‘Results and Discussion’ topic. 

3. Results and Discussion 

Table 1 shows the 13 categories originated by the analytic process. The first column represents the 

frequency of citations of every category. The second column, “referred by experts”, presents the 



 
 
 
 
 
 

percentage of experts that referred to each one of the categories. The third column shows the list of 

categories, ordered by frequency of citation. The fourth column presents the codes that were grouped 

to form the main categories. This list of categories presents a series of concepts that closely resemble 

the intervening factors of psychological comfort that were already proposed by the literature [7–10]. 

Analysing the results, we can verify that the first four categories are the most representative in terms 

of psychological comfort because they represent more than half of 50% of the cumulative frequency of 

citation (50,25%), those are: psychological state, aesthetics, social aspects and self-image/self-

confidence. In fact, more than 80% of the experts agree with this importance because they have 

mentioned it (at least 80,77%), in their contributions. The material properties, garment construction 

and fit, body (de)emphasis, environment, personality, culture, lifestyle, values/beliefs and past 

experiences, although they do not represent the majority, cannot be neglected in the analysis, and 

among these aspects, the most representativeness is closely related to the clothing and materials 

characteristics (19,46%). 

 

Table 1. List of categories generated from the experts’ responses 

Frequency 

of citation 

Referred 

by experts 
Categories Codes 

14,05% 100% psychological 

state 

emotion | affectivity | state of mind | anxiety | 

pleasure | tranquillity | stress | liveliness | feelings | 

mind | cognition | harmony | balance | well-being | 

12,97% 92,31% aesthetics beauty | aesthetics | fashion | trends | taste | style | 

design | colour | creativity | senses | 

11,89% 84,62% social aspects social norms | belonging | appropriateness | 

symbolic | expressive | language | communication | 

create-territory | image | appearance | status | 

appropriateness | respect | admiration | power |  

success | achievement | 

11,35% 80,77% self-image / self-

confidence 

self-esteem | self-assurance | being-at-ease | safety | 

confidence | protection | garment condition | 

garment type | boldness | image | appearance | 

appropriateness | elegance | age | 

11,35% 80,77% material 

properties 

material | fabric | composition | quality | lightness | 

fluidity | reliability | security | protection | 

 know the origin (sustainable issues) | performance | 

functional | psychophysiological | practical | 

physical | physiological | touch | texture | softness | 

cosiness | sensory | stimulus | 

8,11% 57,69% garment 

construction and 

fit | size | construction | ergonomics | movement | 

freedom | garment-as-a-body-extension | 



 
 
 
 
 
 

fit 

7,57% 53,85% body (de) 

emphasis 

tight | loose | length | sensuality | flattering | 

cleavage | transparency | conceal-reveal | 

5,95% 42,31% environment environment | space | occasion | situation | context | 

5,59% 42,31% personality sincerity | dress-for-yourself | identity | individual | 

individuality | personality | irreverence | stand out | 

differentiation | genuineness | 

3,78% 26,92% culture culture | education | 

3,24% 23,08% lifestyle lifestyle | consumer-profile | activities | price | 

social-economics | brands | 

2,16% 15,38% values / beliefs values | principles | beliefs | religion | consciousness| 

1,62% 11,54% past experiences experience | memory | 

4. Conclusion 

The model proposed by Branson and Sweeney is crucial to understanding the importance of the 

psychological aspect of comfort, however, because the authors came to this result by the literary 

revision they intended that those attributes must be discussed and refined. Therefore, the present work 

aims to be a step in the search for the debate and the development of the concepts and attributes of the 

psychological dimension of comfort. Although we recognize the contributions of the work of Branson 

and Sweeney, and we agree with the use of the term “social-psychological” dimension, in the 

meantime, we will maintain the term “psychological” dimension, as it is the most used in the 

literature. As the next step of this work is the validation of the attributes by the panel of experts, we 

will attempt to define the best terminology, since there is also the possibility to include the aesthetic 

aspects in the nomenclature. 

After the analytic process, it was observed that the categories outlined from the opinions of the 

group of experts, had a great correspondence with what is presented in the literature. The next step is 

to send the list of categories, that is the result of this paper, to the experts for further examination, 

discussion and improvements. We believe that the higher the level of consensus about the concept and 

the assessment parameters, the closer we will be to appropriately assess this dimension of comfort. 

The need for a deeper understanding of psychological comfort presents itself as a still vast field of 

research. 

Although there are theories that point to the importance of a theoretical deepening of this 

component of comfort, there are gaps to be filled, especially regarding methods of subjective 

evaluation of this dimension of comfort of clothing. The high frequency of specialists mentioning 

complex aspects that are very difficult to evaluate like: psychological state, social aspects and self-

image/self-confidence, signalize that is imperative to seek “creative” ways of assessing this aspect of 

comfort. A possible approach is to combine methods already in use, like the sensory analysis 

techniques, with the methods utilized by psychology, design and emotion, or user-experience, 

especially the ones that follow “real-life” protocols, and consider the many different responses that the 

user receives from the environment, mainly from the social standpoint. 
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Abstract. This work presents the preliminary results of our efforts that focused on the effect of
the flock coating on the bending rigidity of woven fabrics. For this objective, a laboratory scale
flocking unit is designed and flocked samples of controlled flock density are produced.
Bending rigidity of the samples with different flock densities are measured on both flocked and
unflocked sides. It is shown that the bending rigidity depends on both flock density and
whether the side to be measured is flocked or not. Adhesive layer thickness on the bending
rigidity is shown to be dramatic. And at higher basis weights, flock density gets less effective
on bending rigidity.

1. Introduction
Flock coating is a surface modification method performed on any surfaces such as metal, ceramic,
wood and textile. In this method, flock fibers of chosen length and diameter are placed over an
adhesive applied surface and flocked surfaces are produced. These surfaces possess a velvety structure
and are used as upholstery fabrics in case the basis material is a textile fabric, for their high abrasion
[1] and comfort [2] properties.
The possible applications of flocked fabrics such as upholstery and clothing materials require the
flocked fabric to be flexible. One of the techniques for measurement of fabric flexibility is Shirley
stiffness tester. Shirley stiffness tester measures the bending length of the fabric samples over a
surface inclined at an angle of 41.5°. Bending length of the samples depend on several material
properties such as fabric material (fiber type, fiber fineness, yarn count, fabric density and fabric basis
weight), adhesive type (acrylic, polyurethane) and adhesive thickness. The equation given below is
used to calculate bending rigidity at both weft (Gweft) and warp (Gwarp) directions of the woven samples
from their measured basis weights (W, g/m2) and bending lengths (X, cm).

G=0.1*W(X/2)3 (1)

Although abrasion [2], tensile and tearing [3] properties of flocked fabrics are investigated, bending
rigidity properties of flocked fabrics are not studied to the best of our knowledge. In this study the
effect of the flock coating on the bending rigidity of woven fabrics is investigated.

2. Materials and Methods
Basis material for flock application is a plain weave fabric woven from 100% cotton warp and weft
yarns at yarn count of Ne 30. Basis material is supplied from the industry as desized and washed.
Some properties of basis fabric are given in Table 1.

Table 1. Basis fabric properties



Basis weight
(g/m2)

Thickness
(mm)

Weft density
(yarn/cm)

Warp density
(yarn/cm)

108 0.33 23 30

3.3dtex, 1mm length Nylon 6.6 fibers are used as flock fiber. Water based acrylic adhesive (Eracryl
EMK 320) is supplied from ERKA Chemical Solutions Company and used without any other process.
Adhesive is applied to the surface of the sample to be flocked by a laboratory scale coating instrument
(Rapid auto coating). Since the thickness of the coating influences bending rigidity, thickness variation
due to the adhesive coating is minimized by this instrument.
Flocked surfaces are mainly characterized by flock type (length, diameter) and flock density. Flock
density (n) is the number of the flock fibers in millimeter square area of the sample. Since flock
density changes the basis weight of the flocked samples, which is important regarding the bending
rigidity, it is required to produce samples of different flock density. For that reason, a laboratory scale
electrostatic flocking instrument shown in Figure 1 is designed to produce flocked surfaces of
controlled flock density.

Figure 1. Electrostatic Flocking Unit. a) Flocking cabin, b) Control panel

In this instrument flock fibers stay at the bottom of flocking cabin shown in Figure 1.a, which is
negatively charged, and fly to the top of the flocking cabin when a positive voltage is applied to the
meshed electrode shown in Figure 1.a. From bottom to top movement of flock fibers guarantee the
perpendicular placement of the fibers on the adhesive applied surface.
Control panel shown in Figure 1.b consists of on/off button, flocking duration relay and voltage relay.
Flocking duration can be adjusted from 2 seconds to 12 seconds, and applied voltage can be adjusted
from 10 kV to 100 kV.
In order to study the effect of the flock density and adhesive thickness on bending rigidity of flocked
fabrics, two groups of samples were produced. In the first group, adhesive thickness was kept constant
and flock density was changed by flocking duration. In the second group, flocking duration was kept
constant at twelve seconds and adhesive thickness was changed. Sample numbers, flocking durations
and adhesive thickness values are given in Table 2 and Table 3 for the 1st and 2nd group samples
respectively.

Table 2. Production parameters of the 1st group samples

Group
#

Sample
#

Flocking
duration (sec.)

Adhesive applied sample
thickness (mm)

Sample
#

Flocking
duration (sec.)

Adhesive applied sample
thickness (mm)

1
1.1 2 0.38 1.4 8 0.4
1.2 4 0.4 1.5 10 0.41
1.3 6 0.39 1.6 12 0.41

Table 3. Production parameters of the 2nd group samples

a) b)



Group
#

Sample
#

Flocking
duration (sec.)

Adhesive applied sample
thickness (mm)

2
2.1 12 0.42
2.2 12 0.5
2.3 12 0.7

After adhesive application, half of the sample is flocked at the given duration and then both flocked
and unflocked samples are cured at 140°C for 20 minutes. All the samples are conditioned at 65±2 %
relative humidity and 21±1°C temperature for 5 hours before basis weight and thickness
measurements. Flock density is measured by gravimetric method. Basis weight of the unflocked
(adhesive applied) samples are subtracted from the flocked samples and the calculated weight
converted to flock number by using fiber count in dtex.

Bending length of the flocked samples are measured by Shirley stiffness tester along both warp and
weft directions and on both flocked side up (F) and unflocked side up (U) positions. Samples are cut in
the dimensions of 2.5×5 cm. Using equation 1 for the basis weights and bending lengths, bending
rigidity (G) of the samples are calculated.

3. Results and DiscussionIn Table 4, basis weights and calculated flock densities of the first group samples are given.
Table 4. Flock densities of the 1st group samples

Sample
#

Basis weight
(g/m2)

Flock density
(n)

Sample
#

Basis weight
(g/m2)

Flock density
(n)

1.1 308 203 1.4 376 404
1.2 331 301 1.5 397 402
1.3 374 387 1.6 407 425

It is shown that by changing flocking duration, different flock densities are obtained. The effect of the
flock density on the bending rigidity of the samples is given in Table 5.

Table 5. Bending rigidity of the 1st group samples

Sample
#

Gweft, F
(mg.cm)

Gweft, U
(mg.cm)

Gwarp, F
(mg.cm)

Gwarp, U
(mg.cm)

Basis
Fabric 65.73 123.17

1.1 202.81 274.88 374.34 425.32
1.2 254.94 328.89 376.95 471.93
1.3 298.86 345.97 469.52 583.72
1.4 360.69 519.63 587.33 623.28
1.5 498.87 601.79 566.05 620.21
1.6 350.51 463.43 545.04 616.82

Table 5 indicates that increasing flock density results higher bending rigidity. By analyzing
bending rigidity results of flocked side up (F) and unflocked side (U) measurements, it can be
concluded that the samples at unflocked side up position shows higher bending rigidity. This result
shows that during measurements on unflocked side up position, flock fibers resist to the bending of the
sample due to friction between adjacent fibers.

Table 6. Flock densities of the 2nd group samples



Sample
#

Basis weight
(g/m2)

Flock density
(n)

2.1 446 452
2.2 537 423
2.3 680 420

In Table 6, basis weights and calculated flock densities of the second group samples are given. As
seen in Table 6, flock densities of second group samples, which are produced at twelve second
flocking duration, are close to each other. The difference in the basis weights results from adhesive
layer thickness. The effect of the adhesive layer thickness on the bending rigidity of the samples is
given in Table 7.

Table 7. Bending rigidity of the 2nd group samples

Sample
#

Gweft, F
(mg.cm)

Gweft, U
(mg.cm)

Gwarp, F
(mg.cm)

Gwarp, U
(mg.cm)

Basis
Fabric 65.73 123.17

2.1 428.36 543.14 656.49 740.2
2.2 632.62 719.76 890.88 999.85
2.3 1063.17 1128.24 1302.42 1302.42

As seen in Table 7, a small increase in the adhesive layer thickness (around 0.1-0.2 mm) results a
dramatic change in the bending rigidity. It is seen that direction of the measurement whether flock side
is up or not is effective at the results of samples 2.1 and 2.2. On the other hand, warp direction results
of sample 2.3 are identical. These results show that at higher basis weights due to thicker adhesive
layer, flock density becomes less effective on the bending rigidity.

4. Conclusion
In this study, the effect of the flock coating on the bending rigidity of the plain weave fabrics was
explained by changing flock density and adhesive layer thickness parameters. It was shown that by
changing flocking duration, a range of flock densities were obtained.
Bending rigidity measurement showed a dependency on the measurement side of the samples whether
it was flocked side up or down. Also, it was shown that the effect of the flock fibers on the rigidity
decreased at higher basis weight samples.
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Abstract. The comfort aspect in the vehicle interior is becoming increasingly important. A high 

comfort level offers the driver a good and secure feeling and has a strong influence on passive 

traffic safety. One important part of comfort is the climate aspect, especially the microclimate 

that emerges between passenger and seat. In this research, different combinations of typical seat 

materials are used. Fourteen woven and knitted fabrics and eight leathers and its substitutes for 

the face fabric layer, one foam, one non-woven and one 3D spacer for the plus pad layer and for 

the support layer three foam types with variations in structure and raw material as well as one 

rubber hair structure were investigated. To characterise this sample set by thermo-physiological 

aspects (e.g. water vapour resistance Ret, thermal resistance Rct, buffering capacity of water 

vapour Fd) regular and modified sweating guarded hotplates were used according to DIN EN 

ISO 11092. The results of the material characterisation confirm the common knowledge that seat 

covers out of textiles have better water vapour resistance values than leathers and its substitutes. 

Subject trials in a driving simulator were executed to rate the subjective sensation while driving 

in a vehicle seat. With a thermal, sweating Manikin (Newton Type, Thermetrics) objective 

product measurements were carried out on the same seat. Indeed the subject trials show that 

every test subject has his or her own subjective perception concerning the climate comfort. The 

results of the subject trials offered the parameters for the Newton measuring method. 

Respectively the sweating rate, sit-in procedure, ambient conditions and sensor positions on and 

between the seat layers must be comparable with the subject trials. By taking care of all these 

parameters it is possible to get repeatable and reliable results with the Newton Manikin. The 

subjective feelings of the test subjects, concerning the microclimate between seat and passenger, 

provide the evaluation of the Manikins output (Rc and Re values). 

1.  Background 

Vehicle seats have to meet and fulfill many requirements and customer needs. The safety aspect is of 

prime importance, especially in case of a crash. To operate a vehicle without restrictions it is necessary 

to be able to access all control instances. The seat position is also responsible for a sufficient visibility 

field. Last but not least a high comfort level offers the driver a good and secure feeling and has a strong 

influence on passive traffic safety [1]. One important part of comfort is the climate aspect, especially 

the microclimate which is generated between passenger and seat [2]. The heat and moisture management 

between different assembled materials and their layer construction can influence the passengers comfort 

feeling. Accordingly, for seat systems it is important to understand how moisture and heat will be 

transferred and accumulated through the different layers of a seat. So far there is no unified measurement 

scenario to determine the thermo-physiological behaviour of vehicle seats. 

  



 

 

 

 

 

 

2.  Aim of the research 

This research shall investigate whether standardized methods for measuring thermo-physiological 

comfort of clothing can be adapted for a characterisation of vehicle seats. By using a thermal sweating 

Manikin it should be possible to ascertain thermo-physiological parameters of seating systems. The aim 

of the research is to develop a measuring method that provides information about how to determine 

indicators which will be used to quantify the quality of the thermo-physiological behaviour of vehicle 

seats. In the end it should be possible to understand the comfort perception of vehicle passengers at the 

interface with the seat. 

 

3.  Materials and methods 

Vehicle seats consist of various components and individual materials. A seating system is usually made 

of the headrest, the backrest, the actual seating area (cushion) and the frame, plus additional equipment 

like various adjustment options, heating or cooling systems. The material specifications of these 

components are versatile and depend on the respective requirements. Textiles, leathers and its 

substitutes, plastics, metals and other materials are used. The seat cover is mostly a 2- or 3-layer 

laminated structure, consisting of face fabric, plus pad and if necessary a scrim layer. For face fabrics 

textiles and/or leathers and its substitutes are used. There are three kinds of common plus pad categories: 

foam, non-woven and 3D spacer. The scrim is a very thin and lightweight textile. It is used as the bottom 

layer of the seat cover to reduce the friction between the seat cover and the support layer. The support 

layer is made out of various foam types or alternatives like rubber hair out of natural or man-made fibers. 

 

 

Figure 1. Schematic seat construction with face fabric, plus pad and support layer 

 

In this investigation different combinations of typical materials were used without any additional 

equipment. Fourteen woven and knitted fabrics and eight leathers and its substitutes were used for the 

face fabric layer, one foam, one non-woven and one 3D spacer were used for the plus pad layer and for 

the support layer three foam types with variations in structure and raw material and one rubber hair 

structure were investigated. 

For the characterisation of the seats three different measuring methods were used and compared: 

sweating guarded-hotplate measurements for the characterisation of thermo-physiological parameters 

of the single and multilayer materials and human subject trials as well as Manikin measurements for the 

characterisation of thermo-physiological parameters of the complete seat. To characterise seat cover 

materials by thermo-physiological aspects (e.g. water vapour resistance Ret, thermal resistance Rct, 

buffering capacity of water vapour Fd) regular and modified sweating guarded hotplates will be used 

according to DIN EN ISO 11092 [3], methods which are current state of technology. Subject trials with 

six (five male, one female) test subjects in a driving simulator will be executed to rate the subjective 



 

 

 

 

 

 

thermo-physiological sensation while driving. To find correlations between the perception of the test 

subjects and the Manikin output it is necessary to conduct the subject trials and the Manikin 

measurements under controlled, similar conditions. Two climate scenarios will be carried out. The 

results of the warm climate conditions 32 ± 0.2 °C, 40 ± 2 %rh and 0.4 ± 0.1 m/s will deliver the 

parameters for the water vapour resistance measurements Re with the sweating Manikin under 

isothermal warm conditions e.g. in summer time. To investigate the driver’s behaviour in cold climate 

conditions, trials will be carried out under cold conditions 15 ± 0.2 °C, 50 ± 2 %rh and 0.4 ± 0,1 m/s. 

This scenario will be correlated with the thermal insulation Rc measurements of the none sweating 

Manikin. The Manikin measurements can take place during the whole year but for the human beings it 

is important to take into account the acclimatisation for cold and warm environments, to get comparable 

results. 

In the subject trials at first temperature and humidity sensors (MSR Electronics GmbH), will be 

placed on the back, buttocks and thighs of the test subject as well as forehead sensor (3M Deutschland 

GmbH) and heart rate sensor (Polar Electro GmbH Deutschland) to record physiological data like skin 

temperature and humidity, core temperature, heart rate etc. The seat is also prepared with temperature 

and humidity sensors on and under the seat cover. Then the test subject enters the climate chamber and 

gets used to the climate conditions prevailing there in sitting position. To stimulate the metabolism heat 

production the test subject has to walk on a treadmill. Afterwards the test subject sits in the seat and 

starts to drive in the simulator (see figure 2). 

 

 

Figure 2. Subject trial procedure: conditioning - walking – driving 

 

For an objective product measurement the thermal, sweating Manikin will be used (Newton Type by 

Thermetrics) to measure the thermal insulation Rc and water vapour resistance Re values of the seat. The 

thermal, sweating 34 segments Newton, corresponds in size and shape to the body of an adult, western 

standard man, clothing size 50. The Manikins´ body height is 1.75 m with a weight of 30 kg. In order to 

simulate the real weight load of a sitting standard man the thighs are loaded with a weight of 15 kg. The 

Manikin is dressed with the same clothing as the test subjects and the seat is prepared with the same 

sensor technique as in the subject trials. The Rc measurements take place in a climate chamber with  

15 ± 0.2 °C, 50 ± 2 %rh and 0.4 ± 0.1 m/s and the Manikin segments will adjust to 32 °C. The Re 

measurements will be carried out under isothermal conditions of 32 ± 0.2 °C, 40 ± 2 %rh and 

0.4 ± 0.1 m/s. The sweating rate for the Re measurements were taken from the test subjects data und are 

realized in a work cycle, starting with an high sweating impulse and followed by a slighter sweating 

rate. 

 

 



 

 

 

 

 

 

4.  Results and discussion 

Below the results of the material characterisation with the sweating guarded-hotplate are given for the 

selected samples listed in table 1. The results confirm textile seat covers have better water vapour 

resistance values than leathers and its substitutes (e.g. in figure 3). 

 

Table 1. Selected sample set for the material characterisation on the sweating guarded-hotplate 

Sample Face fabric Plus pad 

M1 Perforated artificial leather sewed with non-woven 

M2 Lacquered leather sewed with spacer 

M3 Natural leather sewed with non-woven 

M4 Woven (PES tetralobal yarn construction) laminated with spacer 

M5 Woven (99 % PES/ 1 % PUR) laminated with foam 

M6 Woven (75 % PES/ 25 % WO) laminated with non-woven 

 

 

Figure 3. Ret Water vapour resistance values measured with the sweating guarded-hotplate e.g. 

for Sample M1-M6 

 

In order to define a sweating rate set-point for the measuring procedure with the Manikin, the 

absolute humidity values of all test subjects measured on the seat cushion covers were taken. The aim 

was to re  ceive the same absolute humidity values with the sweating Manikin on the cushion cover. One 

example is given in figure 4. The two curves show that it is possible to receive the same absolute 

humidity values on the cushion cover measured by all test subjects and the Newton Manikin. Therefore 

the Manikin must be prewetted in hanging position with a high sweating impulse. Then the Manikin is 

placed in the seat, a slighter sweating rate is adjusted and the Re is measured until a steady state value is 

reached over a time period of 30 minutes. 



 

 

 

 

 

 

 

Figure 4. Absolute humidity on the cushion cover measured by 6 test subjects and the Manikin 

 

The Manikin measurements indicate that not only the seat cover (face fabric and plus pad) has an 

influence on the perception of temperature and humidity in the microclimate between passenger and 

seat. The support layer also has a great influence. The Re values on the complete seat are higher when a 

standard foam is used (full coloured bars in figure 5) in comparison to a structured foam with integrated 

holes and channels (hatched bars in figure 5). Figure 5 also shows that with M5 (foam is used for the 

plus pad layer) the influence of the support layer is not so significant in comparison to M6 (non-woven 

is used for the plus pad layer). 



 

 

 

 

 

 

 

Figure 5. Re Water vapour resistance values measured with the Newton Manikin on a complete seat 

e.g. for M5 with structured and standard foam and M6 with structured and standard foam 

5.  Conclusions 

It is possible to adapt standard measurement methods from the clothing physiology to determine the 

thermo-physiological behaviour of vehicle seats. This paper shows how the parameters from the subject 

trials deliver the parameters for the Manikin water vapour resistance measurements. Influenceable 

parameters like ambient conditions, sensor position, clothing etc. have to be set as similar as possible in 

the subject trials and Manikin measurements in order to get comparable results. The given example of 

the measuring procedure for the water vapour resistance measured by the Manikin demonstrates that 

different material combinations provoke different water vapour resistance values for the complete seat. 

The next step is to define a classification system for rating the seats in accordance to the subjective 

feeling for temperature and humidity. To hand out recommendations for further developments of vehicle 

seats with optimized climate comfort, thresholds for Re and Rc values have to be determined. 
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Abstract. In recent years the importance of clothing comfort became one of the most important
feature of the fabrics. The aim of this study is to characterize thermal comfort properties of
single jersey fabrics were knitted using 100% modal yarns which were spun in
various types of yarn spinning methods such as ring spinning, compact spinning, rotor spinning
and airjet spinning. Thermal comfort properties like air permeability, thermal resistance,
thermal absorptivity and water vapour permeability of fabrics were tested.  The results indicate
that compact spinning technology will be appropriate for the summer climate casual wear.

Key Words: Knitted fabric, Thermal comfort, Modal, Spinning methods

1. Introduction
Nowadays, there has been growing interest in knitted fabrics due to its simple production technique,
low cost, high levels of clothing comfort and wide product range. Consumers today, not only desire
aesthetic appeal of apparel, but also its comfort and performance attributes and knitted fabrics can
possess stretch, provide freedom of movement, have good handle and achieve higher permeability
properties. That’s why knitted structures are commonly preferred for sportswear, casual wear or
underwear.

Thermal comfort, the subject of this study, plays an important role on the comfort of wearer. It is
related to fabric’s ability to maintain skin temperature and allow transfer of perspiration. It is
depended upon the fibre properties, yarn structures, fabric geometry and finishing treatments. Of the
various yarn properties yarn bulk, packing coefficient and especially yarn hairiness are important
factors. There are many researches focused on comfort properties [1-7], whereas studies on spinning
methods including both conventional and modern technologies are rare [8-12].



Figure 1. Comparison of Spun Yarns Structure [14]

This research is focused on the effect of the yarn spinning methods on thermal comfort properties of
single jersey fabrics. Samples were produced by using modal fibres which are commonly used in
knitting industry because of well moisture absorption, high shrinkage resistance besides softness,
shiny nature and silky feeling properties.

2. Experimental
Single jersey fabrics were knitted using ring, rotor, compact and airjet yarns from 100 % Modal fibers
(Table 1).  Whole yarns were spun in the same yarn count (30 Ne). Characteristics of yarns are given
in Table 2. The knitting process of the single jersey fabrics was performed on the 28 gauge and
32”diameter circular knitting machine. The knitting process was completed with constant machine
settings and the samples were kept under the standard atmospheric conditions for 24 hours for the
relaxation.

Comfort properties (thermal conductivity, thermal resistance, thermal absorptivity, relative water
vapor permeability, air permeability) were measured besides the stitch densities, weight and thickness
of the fabrics.
Alambeta instrument was used to measure thermal conductivity, fabric thickness, thermal resistance
and thermal absorptivity values; relative water vapor permeability was measured on Permetest
instrument according to ISO 11092. Air permeability measurements were done according to TS 391
EN ISO 9237 using tester FX3300 (Table 3). All measurements were repeated five times and the
results were evaluated statistically.



Table 1. Characteristics of Modal fiber

Made in Trading Name
Fibre length

(mm)
Fibre fineness

(dtex) Type

 Austria Lenzing Modal 38-39 mm
1.30 dtex (3.3

micron)
 Bright

Table 2. Characteristics of yarns
Yarn
Type

Yarn
Count
(Ne)

Twist
Coeff.
(αe)

Um CVm
Thin
50%

Thick
+50%

Neps
+200% H

Ring 30 3.7 9,31 11,78 0.0 9,20 20,80 6,31
Rotor 30 3.7 11,53 14,57 19.0 35,80 198,30 4,84

Compact 30 3.7 9,52 12,03 0.0 7,50 13,30 4,88
Airjet 30 3.7 9,4 11,86 1.5 8,30 8,30 4,39

3. Results and Conclusion

The physical and thermal comfort values of the fabrics are given in Table 3.

Table 3. Fabric properties
Properties Ring Rotor Compact Airjet

Stitch
density

Course/cm 20 19 20 20
Wale/cm 14 13 14 14

Thickness (mm) 0,46 0,36 0,42 0,48
Weight (g/m2) 130 138 127 133
Air permeability (lt/m2s) 1924 1710 2020 1650
Thermal conductivity (W/mK) 0,04603 0,04559 0,04468 0,0451
Thermal resistance (m2 K/W) 0,01004 0,00795 0,00951 0,01055
Thermal absorptivity (Ws1/2/m2K) 165,97 185,73 156,03 153,8
Relative water vapor permeability 58,43 63,05 63,96 66,81

As it is known, the yarn structure is dependent primarily upon the raw material, spinning process,
spinning unit, machine settings, twist, etc. Length and frequency of fiber ends that are not integrated in
the yarn and therefore protrude from the yarn bundle causes hairiness. The fabric structure can be open
or closed; voluminous or compact; smooth or rough or hairy; soft or hard; round or flat; thin or thick,
etc. [14].

Yarn results showed that the maximum and minimum hairiness values belongs that ring-spun and
airjet-spun yarns respectively. In addition, modal fibers cannot be spun effectively in the compact
spinning.
The results revealed that difference of stitch density values in both course- and wale-direction of
samples are not important. On the other hand, the sample from rotor-spun yarn has the lowest
thickness but maximum weight values.

3.1. Air Permeability
Air permeability is the rate of air flow passing perpendicularly through a known area under a
prescribed air pressure differential between the two surfaces of a material [17]. The results indicate



that the air permeability values increase while the weights of the fabrics decrease. The highest air
permeability value belongs to the fabric produced from compact spun yarn which has the lowest
weight.

Figure 2. Air permeability values

3.2. Thermal Resistance and Thermal Absorptivity
Thermal resistance is an indication of how well a material insulates and thermal absorptivity
determines the contact temperature of two materials.

Figure 3. Thermal conductivity, thermal resistance and thickness

According to results, there was not significant difference in thermal conductivity values with different
yarn spinning methods.
Thermal resistance is a measure of the body's ability to prevent heat from flowing through it. Under a
certain condition of climate, if the thermal resistance of clothing is small, the heat energy will
gradually reduce with a sense of coolness [5].



The results showed that when the thickness of fabrics increases, the thermal resistance value increases
also. Fabric samples knitted using compact spun and rotor spun yarns had the lowest thermal
resistance values, whereas the highest values were obtained for the fabrics made from ring and airjet
spun yarns.

3.3. Thermal Absorptivity

Figure 4. Thermal absorptivity values of samples

Thermal absorptivity is the objective measurement of the warm-cool feeling of fabrics [5-13]. When a
human touches a garment that has a different temperature than the skin, heat exchange occurs between
the hand and the fabric. If the thermal absorptivity of clothing is high, it gives a cooler feeling at first
contact [5- 15].
The fabric sample is produced from rotor spun yarn has the coolest feeling at the first skin contact with
the highest thermal absorptivity value (Figure 4). The samples is knitted using compact and airjet spun
yarns have warmer feeling because of the lowest thermal absorptivity value.

3.4. Relative water vapour permeability



Figure 5. Water vapour permeability results

Relative water vapour permeability is the ability to transmit vapour from the body. If the moisture
resistance is too high to transmit heat, by the transport of mass and at the same time the thermal
resistance of the textile layers considered by us is high, the stored heat in the body cannot be
dissipated and causes an uncomfortable sensation [5-16].

The results are given in Figure 5. According to the results there are significant differences between
the relative water vapour permeability values of samples. were produced using different yarns
depending on yarn spinning processes. Samples were knitted with airjet spun yarn and ring spun yarn
have maximum and minimum water vapour permeability values respectively. This value is
approximately same for the samples were produced with rotor and compact spun yarns.
Difference is most probably a consequence of the hairiness of the yarns. As can be seen from the
results water vapour permeability value decreases while the hairiness of the yarn increases.

4. Conclusion
In this study the effect of yarn spinning methods on thermal comfort properties of single jersey fabrics
were produced by using modal fibres which are commonly used in knitting industry because of well
moisture absorption, high shrinkage resistance besides softness, shiny nature and silky feeling
properties.
According to the results, yarn spinning method generally had a significant effect on the physical and
thermal comfort properties of samples. For example;

 the air permeability value of sample from compact spun yarn was higher because of less fabric
weight,

 thermal resistance value of sample from rotor spun yarn were minimum because of the less
fabric thickness,

 thermal conductivity values of whole samples were approximately same,
 thermal absorptivity value of sample from rotor spun yarn had the maximum value and it gave

cooler feeling at the initial contact,
 a higher water vapour permeability was provided for the samples from compact and airjet

spun yarns,



Ultimately, the results indicated that compact spinning technology for modal fibers will be appropriate
for the summer climate casual wear with higher air permeability, higher relative water vapour
permeability, sufficient thermal resistance, and also lower weight and thickness values.
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Abstract. We investigated the effect of air gap on the apparent temperature. Using the
developed thermocouple fabric and a thermal manikin, we measured temperature distribution
of the measuring garments due to the change of T-shirt sizes. We were able to measure the
apparent temperature distribution at points near a body while wearing different sizes of T-
shirts. It was observed that the temperature distribution depending on different air gap between
clothing and body. The apparent temperature depends on garment size and place. The effect of
air gap on apparent temperature of body was experimentally confirmed.

1. Introduction
From the body surface to environment, heat transfer is mainly caused by conduction, convection,
emission, and evaporation. Using a thermography, those influences on clothing are indirectly
measured with the surface temperature of garment worn on a human [1]. There are also airgaps
between garment and human body because of ease allowance. Li et al. [3] investigated the relationship
between air gap sizes and clothing heat transfer performance by measuring 35 shirts. They showed that
the thermal insulation of experimental shirts increased with air gap sizes. Zhang et al. [4] investigated
the combined effects of the properties of clothing materials and wind on the physiological parameters
of human wearers. Nielsen et al. [5] measured mean skin temperature of clothed persons in cool
environments using thermal manikin. However, it is difficult to measure the temperature of body
surface in wearing state of clothes due to the large influence of the insertion of sensors and cables [2].

The thermal insulation of clothing is affected by the air gap between skin and material and the air
gap differs depending on places especially in wearing state of clothes. To measure the temperature
distribution of body surface in wearing state of clothes, we used a smart textile which incorporated
thermocouple temperature sensors [6], and then made a measuring garment with the textile. In this
study, we investigated the effect of air gap on the apparent temperature. To change air gap, we used
different sizes of T-shirts.



2. Experimental
A polyester double weave fabric was made by interweaving copper and constantan wires of 0.1mm in
diameters constituting thermocouple temperature sensors. We made a measuring garment using the
fabric with 12 measuring points for the back body to measure temperature distribution as shown in
Figure 1. We put the measuring garment on a thermal manikin (THM, Kyoto Electronics
Manufacturing Co., Ltd. Japan) and measured temperature distribution of the measuring garments due
to the change of T-shirt sizes. We put four sizes of T-shirt (cotton 100%, S, M, L, LL sizes) over the
measuring garment and measured the temperatures as shown in Figure 2. We recorded the
temperatures every 20 seconds and measured for 20 minutes. Three-dimensional shape of a body
(Nanasai Co. Ltd., MD-20A), which is similar size of the thermal manikin, and one of wearing a t-shirt
were scanned. Air gap of each cross section was calculated. The environmental temperature was 10°C
and the relative humidity was 65%. The electric power of the thermal mannequin was set to 58 W/m2.

Figure 1.Measuring garment and measurement points

Figure 2. T-shirt on the measuring garment

3. Results and discussion
The measured temperatures distribution in wearing state of different sizes of T-shirt are shown in
Figure 3. The increased temperatures by wearing T-shirt were calculated by subtracting the
temperatures of wearing the measuring garment from the temperatures of wearing T-shirt on
measuring garment. The increased temperatures are shown in Figure 4. As the sizes of the T-shirt



increases, the temperatures also increases. This is due to the heat retention effect which was enhanced
by increasing the air gap between the T-shirt and the manikin. The measured temperatures of M and L
sizes were similar. This is due to the small dimensional difference between the two T-shirts. The air
gap on the back side was different depending on places. The temperature increases of measurement
points from 5 to 12, where the air gap were larger, were higher than ones of measurement points from
1 to 4, where there are almost no air gap. However, the temperature increases of measurement points 7
and 8 were larger than ones of measurement points 11 and 12, where the air gap are the largest. This is
due to the decreases of heat retention efficiency when the air gap exceeds a certain size [7].

Figure 3. Measured temperatures distribution in wearing state of different sizes of T-shirt.

Figure 4. Increased temperatures distribution in wearing state of different sizes of T-shirt.
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4. Conclusion
Using the developed thermocouple fabric, we were able to measure the apparent temperature
distribution at points near a body while wearing different sizes of T-shirts. It was observed that the
temperature distribution depending on different air gap between clothing and body. The apparent
temperature depends on garment size and place. Therefore, the effect of air gap on apparent
temperature of body [7] was experimentally confirmed.
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Abstract. Denim jeans are preferred because of durability  and easy washing
properties. Nowadays the expectations of consumers from denim fabrics are changed
towards design and comfort properties. Fort this reason,  thermal and moisture comfort
properties of denim fabrics should be examined. This paper aims to investigate
thermal, air permeability  and moisture management properties of 3/1 Z twill weaved
denim fabrics. These fabrics  are produced mainly from cotton with different yarn
count and  cover factors are close to each other.

Key Words: denim fabrics, thermal comfort, moisture management.

Introduction

Denim is a sturdy cotton warp-faced textile in which the weft passes under two or more warp threads.
This twill weaving produces a diagonal ribbing that distinguishes it from cotton duck. The most
common denim is indigo denim, in which the warp thread is dyed, while the weft thread is left white.
As a result of the warp-faced twill weaving, one side of the textile is dominated by the blue warp
threads and the other side is dominated by the white weft threads. This causes blue jeans to be white
on the inside[1].
Denim garment is one of the most important and highly used textile clothing, regarding its exclusive
features including color, versatile appearance and high strength that are widely used by young people.
To create diversity in denim garment it is necessary to apply special techniques and new substances to
respond the huge market demand[2]. For this reason thermal and moisture management properties of
denim fabrics have been examined. Thermal comfort features of fabrics like thermal resistance,
thermal absorptivity and thermal conductivity affects clothing comfort. Comfort is a pleasant state of
physiological, psychological, neurophysiological and physical harmony between a human being and
environment[3].
Moisture management properties of fabrics  relevant with removal of sweat in liquid form from body
surface. It is important for especially performance and technical fabrics, ensuring the comfort and
protection that consumers demand.

Material and Method

Eight different 3/1 Z twill weaved denim fabrics is used in the experiments. Fabrics are  made mainly
from cotton yarn. The properties of fabrics measured by standard methods are presented in Table 1.



All the measurements were conducted after conditioning of the fabrics for 24 hours under the standard
atmosphere conditions 20ºC±2 temperature and  65±2 % relative humidity. The moisture management
instrument (MMT) is used to measure dynamic liquid transport properties of knitted fabrics in three
dimensions according to AATCC 195-2009. Alambeta test device is used for measurements of
thermal conductivity, thermal resistance, thermal absorptivity and thermal diffusivity properties of
fabrics. Also Air permeability measurements are made SDL Atlas Air permeability instrument
according to EN ISO 9237 standarts with 100 Pa air pressure and 20 mm2  test area.

Table 1. Properties of tested 3/1 Z twill weaved denim fabrics.

Composition Weft Yarn
No. (Ne)

WarpYarn
No.  (Ne)

Weave Weight
(g/m2)

Thickness
(mm)

Weft
Sett

(thread/
cm)

Warp
Sett

(thread/
cm)

Cover
Faktor

%100 Cotton 6.8 Cotton 5.7 Cotton Twill
3/1 (Z) 502

0,92 26 18 27,15

%60 Cotton,
%40 CLY 8.1 Cotton/Cly 9.1

Cotton/Cly
Twill

3/1 (Z) 430
0,81 27 21 26,56

%100 Cotton 8.0 Cotton 7.2 Cotton Twill
3/1 (Z) 378

0,67 27 18,5 26,58

%95 Cotton, %4
PES %1 Elastan 7.5 Cotton

12.0
Cotton/

Polyester+
Elastan

Twill
3/1 (Z) 362

0,82 29 19 26,32

%100 Cotton 8.9 Cotton 12.2 Cotton Twill
3/1 (Z) 343

0,74 30 22 26,93

%100 Cotton 6.8 Cotton 7.2 Cotton Twill
3/1 (Z) 450

0,83 28 19 26,68

%98 Cotton %2
Elastan 9.0 Cotton 10.0

Corespun
Twill

3/1 (Z) 367
0,69 30 22 27,04

%100 Cotton 14.0 Cotton 18.1 Cotton Twill
3/1 (Z) 251

0,5 33 27 25,63

Cover factor measurement of fabrics are made according to pierce’s  cover factor formulations .K1

warp cover factor , K2 weft cover factor and Fc total fabric cover factor value[4].
Fc = K1+K2- ( K1xK2)/28  (1)

Results and Discussions
Thermal Properties of Fabrics

Thermal resistance values of fabrics are shown in Figure 1.The highest thermal resistance value was
seen in Type 1, the highest cover factor and weight fabric. The lowest thermal resistance value was
seen Type 8, the lowest cover factor value and weight fabric. So we can say for  same yarn weaved
fabrics, If cover factor of fabric increase ,thermal resistance will increase. When we compare Type 4
and Type 7 elastan weft yarn used fabrics, thermal resistance of Type 4 is higher than Type 7. This is
most probably due to polyester yarn composition in the weft yarn and thickness difference.



Figure 1. Thermal resistance values of fabrics.

The thermal absorptivity values of fabrics are shown in Figure 2.The highest thermal absorptivity
value were seen  Type 2, %60 cotton, %40 cly fabric. This is most probably due to content of cly
fabric. The lowest thermal absorptivity value were seen Type 8, which is the lowest thermal
resistance value fabric.

Figure 2. Thermal absorptivity values of fabrics.

Generally, there was a strong relationship between the thickness and the thermal resistance of the
fabric. The most important factor affecting the thermal resistance was the thickness of the fabric. The
relationship thermal resistance and thickness values of measured fabrics were given in Figure 3.The
correlation coefficient is 0,8595. So we can say there is strong relationship between thermal
resistance and thickness of measured fabrics.



Figure 3. The relationship between thermal resistance and thickness

Moisture Management Properties of Fabrics

Wetting time are the time period in which the top and bottom surfaces of the fabric just start to get
wetted respectively. The wetting time values of tested fabrics are given in Figure 4. Type 6 fabric
showed highest wetting time values. This means sweat solution slowly absorbed by top and bottom
surfaces of fabric. On the other hand, Type 8 fabric showed lowest wetting time values in top and
bottom surfaces, indicating that sweat solution more rapidly absorbed than the other fabrics. This is
most probably due to yarn count of this fabric, with finer yarn, the thickness of the fabric decreases.
Although the thin fabrics were treated with equal amounts of water, the wetting time was lower [5,6].

Figure 4. Wetting time values of fabrics.



Accumulative one-way transport index (OWTC) is the difference of the accumulative moisture
content between the two surfaces of the fabric. OWTC values of tested fabrics are given in Figure 5.
As can be seen from the figure, Type 5 fabric showed highest OWTC value. Also the OMMC value
of this fabric is highest. This means sweat can be thrown away one side of fabric to other side easily
than  other tested fabrics. The lowest OWTC value were seen Type 1, the highest cover factor value
and thicker yarn count number fabric.

Figure 5. OWTC values of fabrics.

Overall Moisture Management Capacity (OMMC) is an index to indicate the overall capability of the
fabric to manage the transport of liquid moisture. Overall moisture management properties of tested
fabrics are given in Figure 6. Type 4, cotton polyester and elastan  weft yarn weaved fabric showed
poor OMMC value according to MMT scale. On the other hand, OMMC value of   Type 7, %98
cotton and %2 elastan weaved fabric were good This is most  probably due to elastan yarn
composition and yarn count. The highest OMMC value was seen in Type 5, %100 Cotton weaved
fabric. Additionally,  this fabric has very good OWTC value according to MMT grading scale.

Figure 6. OMMC values of fabrics.

Air Permeability Values of Fabrics

Air permeability values of fabrics are shown in Figure 7. The highest air permeability value were seen
in Type 5,  %100 Cotton twill weaved fabric. Type 2, Cotton/Cly weaved fabric were showed second
highest air permeability value. The lowest air permeability value were seen in Type 7, corespun warp
yarn weaved fabric. Air permeability values of Type 1 , Type 3 and Type 6,  %100 cotton yarn weaved
fabrics are close to each other . Because these fabrics has similar warp and weft setting value.



Conclusion

Consequently, the highest cover factor and thickness value fabric showed highest thermal resistance
and lowest cover factor and thickness value  fabric showed the lowest thermal resistance value. This
supports previous studies that the thermal resistance of the fabrics depends on the thickness of fabrics
[7]. Type 8 fabric showed lowest wetting time values in top and bottom surfaces, indicating that sweat
solution more rapidly absorbed than the other fabrics. This is most probably due to yarn count of this
fabric, with finer yarn, the thickness of the fabric decreases. Although the thin fabrics were treated
with equal amounts of water, the wetting time was lower.A larger OMMC indicates a higher overall
moisture management capability of the fabric [8]. The highest OMMC value was seen Type 5, %100
Cotton weaved fabric and the lowest OMMC value was seen  Cotton/Polyester with elastan weft yarn
weaved fabric. On the other hand, OMMC value of   Type 7, %98 cotton and %2 elastan weaved
fabric were good  This is most  probably due to elastan yarn composition and yarn count.
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Abstract. This study presents an investigation of the effect of different structural parameters of
cotton woven fabrics on their air permeability. For this purpose, 24 fabric samples having
different structural properties were obtained by using three different weave types (plain, 1/3
twill and 1/7 sateen), two different weft yarn counts (Ne 20/2 and Ne 70/2) and four different
yarn twist levels (120, 360, 600, and 840 turns/m). Cotton Ne 50/1; 150 turns/m warp yarns
and 40 threads/cm warp density were used in all fabric samples. The relationship between the
fabrics structural parameters like weft yarn count, weave type, yarn twist number and air
permeability behavior are investigated.
It has been shown that the increase of yarn counts and yarn twist led to an increase in air
permeability values of cotton woven fabrics. Also, cotton woven fabrics with 1/7 sateen weave
have the maximum air permeability value; these fabrics are followed by the fabrics having
weave types of plain and 1/3 twill in spite of high weft density.

1.Introduction

In recent years, a cotton fabric often finds its application in producing work wear with high hygienic
requirements and for protection against low temperatures. Also cotton fabric has very good breathable
characteristics. It has low thermal conductivity, therefore it is an ideal material for both summer and
winter clothes, in summer it prevents skin from heat and in winter it preserves warmth of body [1].
The most important parameters effecting thermophysiological comfort of cloths are thermal resistance,
water vapour permeability and air permeability.

The resistance of a fabric to air permeability will depend upon the fabric construction, especially
density, thickness and the yarn properties [2]. The differences in structural parameters of fabrics cause
different permeability behaviors at the same environmental conditions [3,4]. For woven fabric, yarn
twist also important. As twist increases, the circularity and density of the yarn increase, thus reducing
the yarn diameter and the cover factor and increasing air permeability. Increasing yarn twist also may
allow the more circular, high-density yarns to be packed closely together in a tightly woven structure
with reduced air permeability [5].
Yarn twist factor has remarkable influence on air permeability of fabrics. Most of the fabrics showed
increased air permeability as the yarn twist factor increased. Twist is the measure of the spiral turns
given to a yarn in order to hold the constituent fibers or threads together. It is necessary to give a yarn
coherence and strength. When a large twist is given to a yarn, it becomes compact and spaces in it are
increased making the fabric more air permeable [6].

The resistance of a traditional textile fabric and garment to air permeability will largely depend
upon the fabric construction, notably density, porosity and thickness, and to a lesser extent on the fibre
properties [7,8]. The woven fabrics have a porous structure. The porosity is defined by the ratio of
free space to fiber in a given volume of fabric. The air passes through the pores from the surface of the
fabric [9].
The purpose of this study to investigate the relationship between the fabrics structural parameters like
weft yarn count, weave type and yarn twist number and air permeability behavior.



2. Material and Methods

2.1. Material

24 types of different woven fabrics in plain, 1/3 twill and 1/7 sateen weave designs were measured.
The structural properties of fabrics used can be seen in Table 1.

Table 1. Structural properties of fabric samples

2.2. Method

In this study, air permeability test was done to the fabric samples. Air permeability tests were
conducted using SDL Atlas M021A model Air Permeability Tester at a test pressure drop of 100 Pa
for 20 cm2 test area. (EN ISO 9237)

3. Results and Discussion

The relationship between air permeability and structural parameters of fabric samples was presented in
Figure 1.When the effect of the yarn twist level on the air permeability of the fabric samples was
examined, it was seen that the air permeability values increased as the yarn twist increased. It has been
observed that air permeability is increased in fabric samples using fine yarn, even though the fabric
weft density is increasing.
Weave type and yarn density are important factors affecting air permeability as shown in Figure 1, too.
The highest air permeability values were obtained in sateen fabrics (F6 samples) with the finest weft
yarn (Ne 70/2) and the highest weft yarn density (38 threads/cm). The lowest air permeability values
were obtained in twill and sateen fabrics (F3 and F5 samples) with the coarsest weft yarn (Ne 20/2)
and the lowest weft yarn density.

Fabric Weave Weft Density Weft Yarn Count Weft Yarn Twist Fabric Unit Weight
Code Pattern [threads/cm] [Ne] [turns/m] [g/m2]

F1 Plain 18 20/2 120 189,14
360 189,02
600 189,02
840 189,47

F2 Plain 24 70/2 120 189,04
360 188,92
600 189,08
840 188,69

F3 1/3 Twill 22 20/2 120 189,58
360 188,35
600 189,50
840 189,61

F4 1/3 Twill 32 70/2 120 188,90
360 189,23
600 189,28
840 189,21

F5 1/7 Sateen 26 20/2 120 189,63
360 188,73
600 188,76
840 189,67

F6 1/7 Sateen 38 70/2 120 189,24
360 188,94
600 189,06
840 188,96



Figure 1. Air permeability test results of cotton fabric samples

It can be observed in test results that longer the weave float, greater will be the air permeability,
because longer weave float means less number of interlacements per unit area and where there are less
number of interlacements which allow the air to pass through more freely. It can be concluded that by
increasing the weave float like 1/7 sateen fabric samples, air permeability of the fabric was increased.
The plain woven fabrics are dense and firm as compared to the 1/3 twill and 1/7 sateen, making air
passage more difficult. So 1/3 twill and 1/7 sateen weave design showed more air permeability as
compared to the plain weave design. But in this study plain fabric samples showed high air
permeability because of low weft density.
Although the F4 (1/3 twill) and F6 (1/7 sateen) fabrics have high weft yarn density values (32
threads/cm and 38 threads/cm, respectively), the use of fine yarns (Ne 70/2) has increased the air
permeability of these fabrics.

4. Conclusions

Cotton fabric has low thermal conductivity, therefore it is ideal material for both summer and winter
clothes. It prevents skin from heat in summer and preserves warmth of body in winter. Air
permeability is very important for thermophysiological comfort of cloths.The resistance of a
traditional textile fabric and garment to air permeability will largely depend upon the fabric
construction especially density, porosity, thickness and yarn twist factor.

It can be observed in test results that longer the weave float, greater will be the air permeability,
because longer weave float means less number of interlacements per unit area and where there are less
number of interlacements which allow the air to pass through more freely
Yarn twist factor has an important influence on air permeability of fabrics. Most of the fabrics showed
increased air permeability as the yarn twist factor increased. Twist is the measure of the spiral turns
given to a yarn in order to hold the constituent fibers or threads together. It is necessary to give a yarn
coherence and strength. When a large twist is given to a yarn, it becomes compact and spaces in it are
increased making the fabric more air permeable

In this study, it has been shown that the increase of yarn counts and yarn twist led to an increase in
air permeability values of cotton woven fabrics. Also, cotton woven fabrics with 1/7 sateen weave
have the maximum air permeability value; these fabrics are followed by the fabrics having weave
types of plain and 1/3 twill in spite of increase weft density.
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Abstract. Materials for outdoor activities are produced in various combinations and lamination 

helps to combine two or more components for gaining high comfort properties and lighten the 

structure. Producers can choose exact suitable material for construction of part or set of so 

called layered clothing for expected activity. Decreasing the weight of materials when 

preserving of high quality of water-vapour permeability, wind resistivity and hydrostatic 

resistivity and other comfort and usage properties is a big task nowadays. This paper is focused 

on thermal properties as an important parameter for being comfort during outdoor activities. 

Softshell materials were chosen for testing and computation of clo. Results compared with 

standardised clo table helps us to classify thermal insulation of the set of fabrics when defining 

proper clothing category.  

1. Introduction 
The most accurate methods for determining clothing insulation are measurements on heated manikins 

and measurements on active subjects. Thermal manikins can measure the sensible heat loss from the 

artificial skin in a given environment. Thermal properties can be represented by Total thermal 

insulation of clothing plus air layer clo value which is standardised and tightly related to the thermal 

resistivity. clo value is calculated from the well known relation where I=1 clo is equal to the thermal 

resistivity 0,155 [m2.K.W-1] and raised from total value of classical men suit [1,2,3]. Another source 

defines it as a the amount of clothing needed by an inactive person to feel comfortable at a room 

temperature of 21°C in a light breeze having a 10 [cm.s-1] air flow rate with a relative humidity less 

than 50% [4]. Naked person clo is equal to zero [1,2,3].  

The surface area for heat transfer is increased when clothing layer and dependent on the clothing 

thickness. For example McCullough and Jones define clo from 0.2 to 1.7 for indoor ensembles as 

mentioned in [5,6].  

Table 1. Clo ranges for selected types of clothes [4,5,6,7] 

 Clo Body surface area covered [%] 

Shirts (long-short sleeves) 0.18-0.33 30-52 

Sweaters, (long-short sleeves, thin-thick knit) 0.20-0.41 28-47 

Suit jackets (denim-tweed) 0.42-0.56 50 

Trousers (long, denim-tweed) 0.21-0.40 45 

Shoes 0.03-0.06 5-7 

550-800+ fill Down 0.7-1.68 Sleeping bag 



 

2. Materials 

Softshells are composed from three layers at least. Upper material needs to provide protection against 

rain and wind in preserving surface abrasion resistance and required design. Middle membrane layer is 

designed for two-sided comfort. Membrane characteristic both for hydrophilic and hydrophobic is 

major in penetration of water-vapour/sweat from the inside out while liquid water/rain remain at the 

upper surface. Lining material provides protection of membrane from the inner surface. Types of 

lining vary according to the season from the light-weight "half" layers or printed layers over warp 

knitted materials to the relatively thick fleece for thermal insulation. Composition of softshells should 

provide better properties in one fabric and offer an effective option for outdoor clothing. 

 

Table 2. Expected range of the selected properties for outdoor softshell 

 Range of property  Notes 

Water-vapour 

permeability 

resistance 

6-20 Pa.m2.W-1 Values below 6 Pa.m2.W-1 only with special 

construction, values around 20 Pa.m2.W-1 are 

mostly with thermal insulated lining 

Hydrostatic 

resistance 

5-20 [m.H2O] Leisure activities from 8 m.H2O, sports activities 

at least 10 m.H2O, the highest value not limited 

20 m.H2O 

Air permeability Below 5 [mm.s-1] Windproofness in required 

 

Thermal absorptivity b [W.s1/2.m-2.K-1] of sports materials from fine fibres mostly in infinite state from 

PES which can be used for the first layer should be from 20 to 40 [W.s1/2.m-2.K-1]. Light brushed and 

fleecy synthetic knitted materials has got absorptivity generally from 30 to 50 [W.s1/2.m-2.K-1]. Light 

synthetic PAN knitted materials from shaped cross-section has got absorptivity from 40 to 90 

[W.s1/2.m-2.K-1]. Woven fabrics and PES knitted materials has got thermal absorptivity generally from 

70 to 120 [W.s1/2.m-2.K-1] how written at [8]. 

Set of 17 samples was chosen as representatives of nowadays production in softshells with membrane 

incorporated and with use of jackets and other clothing parts for leisure activities and outdoor staying. 

Tested samples are in wide range with woven or knitted upper material mostly made from 100% PES 

as often in commercial materials supplemented with 100% PAD examples for comparison. Materials 

for combination with softshells were made from synthetic fibres in today´s production. 

 

         

Figure 1. Examples of tested materials. 

  



3. Methods 
It is presented results of thermal properties with the simple calculation to clo. Thermal properties was 

measured on instrument Alambeta which is suitable to measure various thermal properties, see more in 

Instruction manual [9]. Upper sensor has got skin temperature where inner side of material is and 

thermal flow goes to the upper surface of material and to the lower sensor. Samples were dry in 

standard conditions of air temperature and humidity. Optimal thickness of samples for Alambeta 

device is formally 0.5 – 8.0 mm and all samples match this requirement with few exceptions but 

measurement was tested without detected errors for all of data in statistic process. 

 

 

Figure 2. Scheme of thermal measurement at Alambeta. 

4. Results and Discussion 

Dependency of thermal properties on the thickness is confirmed from the theoretical expectations. Our 

data show correlation of thermal resistivity on the thickness in 0.933 when on areal density is lower at 

value 0.599. 

 

 

Figure 3. Thermal resistivity to thickness and to areal density 

 

Results are discussed according to the standards which material setting is suited to the defined type of 

clothing. Results confirmed that lighter softshells embody thermal insulation and lower clo. Those 

materials are still suitable for outdoor use while user needs to be informed to get extra infilling for 

activities with lower movements or when decrease of temperature is expected. Testing confirmed also 

that softshells are well defined as a light jackets. 
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Figure 4. Clo value for tested softshells as a single layer 

Because softshell is used for layered clothing we tested also their combinations with second and first 

layers to find benefiting layer set for optimal protection with comfort of user. The best combinations 

of the first, second and third layers were chosen from tested variations. Two layer combination was 

found as effective with woven upper material, membrane and insulating lining in softshell and knitted 

first layer. This combination can be enough effective for winter purpose during exercising activities. 

The combination of light jacket is theoretically with 0.262 clo and three layer combination at 0,426 clo 

for clothing at the upper part of the body when ideal 1 clo means covering whole body. 

 

 

Figure 5. Thermal conductivity to areal density 

Determination of correct use of materials can be discussed also by the exercise load. The optimal 

layering of clothes can vary from person to person, we can just recommend expected thermal comfort 

in general from the experimental data.  

Weather conditions for the first winter case are low wind and no freezing. Human activity is stronger 

exercising like long distance skiing. Recommended material for upper layer is windproof material and 

all tested softshells can be used. They also satisfy with the good water-vapour permeability values. 

Combination with moisture management underwear is of course important. Relatively thin materials 



of softshells provide also good movement in clothes. Thermal insulation is necessary only to the level 

of generator - moving body - is not enough or stops. 

Climatic unfavourable conditions require more thermal insulation layering same as low physical load 

like downhill skiing and standing in winter conditions. Three layer combinations are necessary to 

reach sufficient thermal insulation at least for some time. Softshells can be recommended in limited 

exposition times or with indispensable insulation second layer adjusted by weather conditions. 

Nowadays practice allow us also using four layer set. The first layer is without discussion the same, 

moisture management material is the best. Second layer is classical insulation part when fleece fabrics 

are used to absorb moisture from the first layer. Third layer is jacket with fill down or similar kind of 

insulation materials in light weight. Fourth layer is softshell with excellent windproofness, water 

repellence and sufficient water-vapour properties. 

5. Conclusions 

Today´s trend is light weight and thin clothing. Softshells offer it with good comfort properties with 

their flexibility of construction. It was chosen the best combination of two layers set for active 

behaving and three layers set  for passive or worse weather in winter season for outdoor activities 

when softshell is one from them as a surface layer protecting human skin and under materials. It was 

expected more increase of thermal insulation when combination of softshell and thermal isolative 

second layer not that visible from thermal resistivity but clo. Clo value should be good informative 

parameter for customers before buying clothes for exact activity together with the rest of comfort 

properties. 
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Abstract. The Fabric Touch Tester (FTT) is a relatively new instrument that
simultaneously measures several fabric indices and subsequently compute from
them primary and global comfort indices (fabric total touch and total feel). The
main aim of this research was to investigate the ability of the FTT to
discriminate between primary comfort indices of fabrics differentiated by yarn
type (i.e. ring-spun yarns and air-jet yarns) and finishing treatments.
Polyester-cotton knitted fabrics were produced and their FTT-predicted primary
comfort indices (i.e. smoothness, softness and warmth) were compared with those of
the finished knits (i.e. dyed and dyed with softening treatments). For the considered
fabrics, it was fond that the type of yarn did not lead to statistically significant
different comfort indices. Nevertheless, significant differences were found between
the comfort indices of the untreated fabrics and the fabrics dyed and treated with a
softener regardless the type of yarn. The findings are in line with similar findings from
literature where other instruments were used. These first results suggest that FTT is a
promising tool that is able to distinguish between samples with small differences
induced by finishing treatments.

1. Introduction
Hand-related properties of fabrics have been extensively investigated [1] by both subjective and
objective methods. The objective methods (i.e. KES-F, SiroFAST, PhabrOmeter®, Handle-O-Meter,
etc.) characterize the fabric hand indirectly by measuring certain mechanical fabric parameters.
Subjective methods (e.g. panel of experts) are used to assess fabric tactile comfort properties (i.e.
smoothness, softness, etc.) and the results are correlated with those of the objective methods. The
Fabric Touch Tester (FTT) [2] is a relatively recent instrument which simultaneously measures
thirteen physical fabric properties (i.e. bending, compression, friction, roughness and thermal
properties) and uses them to predict some comfort indices amongst which softness, smoothness and
warmth. Fabrics for clothing have been investigated by means of FTT [3] and satisfactory prediction
models were found between the fabric indices and several tactile properties (i.e. smoothness, softness,
prickliness, warmth and dampness) subjectively evaluated by a panel. Information about the
mechanical design of the instrument, its reliability and repeatability was described elsewhere [4]. The
authors have employed FTT [5] and found that this instrument could successfully discriminate
between several protective clothing fabrics subjectively indistinguishable [6], as well as between
fabrics containing various cellulosic fibers [7] or fabrics differentiated by small-changes in the
production parameters.
Various studies about the effect of wet processing, chemical finishing, mechanical finishing and
refurbishment on fabric hand are presented by Behery [1]. Shakyawar and Behera [8] also studied the
influence of the softening treatments on hand value of woven fabrics produced from Indian wool and



their blends. A KES-F equipment was employed to assess hand-related mechanical properties of the
fabrics and it was found that extensibility, tensile resilience and coefficient of friction significantly
increased after softening treatments, whereas the bending and shear rigidities and their hysteresis and
compressional resilience reduced. The fabrics treated with cationic and amino silicone softeners
showed total hand value THV higher than those of untreated fabrics and the amino silicone softener
was more effective than cationic softener. Yee [9] studied the effect of anti-wrinkle finishing on hand
value of 100% light-weight cotton woven fabrics. Two instruments (i.e. KES-F and a PhabrOmeter)
were used for assessment of fabric hand and the results were not in agreement: KES-F showed an
improvement of hand after anti-wrinkle treatment and PhabrOmeter revealed a poor hand after
treatment. Variation of the smoothness and softness after a treatment was also investigated in other
studies [10, 11, 12]. Decrease of fabric warmth and an increase of its smoothness after repeated
washing was also reported [13].

Variation of the fabric hand due to various finishing treatments can be detected by some testing
equipment but the expert panels may have difficulties to catch it, when the difference is very small.
Bernard [14] investigated the influence of various laundering methods on the hand of woven cotton
fabrics assessed by a KES-F instrument and by a hand panel of 26 females. Treatments included
washing methods using detergents and softeners, as wells as after treatments with selected starch
applications. The objective assessment showed significant differences between the treatments which
were not detectable by the human subjects. Our previous studies [5] also indicated that the panels
could correctly classify fabrics differentiated by 5-6 % detergent but they failed in catching low
differences in detergent concentration (i.e. 1.5 %).

2. Aim of the research
FTT is a relatively new instrument for the assessment of fabric hand and the main FTT-related studies
[3, 4] discussed the FTT fabric parameters and their correlation with the results of hand panels. In both
studies, the predicted FTT comfort indices were not disserted and the influence of fabric finishes on
FTT fabric parameters or comfort indices had never been investigated. Therefore, the main aim of this
research was to investigate the ability of the FTT to discriminate between fabrics with different
treatments.
The influence of dyeing and finishing on three fabric comfort indices predicted by FTT was studied.
For this purpose raw knitted fabrics were produced and their FTT-predicted comfort indices (i.e.
smoothness, softness and warmth) were compared with those of finished knits (i.e. dyed and dyed and
finished with softeners). The fabrics were also differentiated by yarn type (i.e. ring-spun yarns and air-
jet yarns) and the second aim of the research was to study the variation of the FTT comfort indices
with the type of yarns used. The results were compared with the results from literature to assess the
reliability of the FTT comfort indices.

3. Materials and methods
 Materials

Polyester-cotton (40/60) ring-spun yarns (A) and air-jet yarns (B) Ne20, were used to produce knitted
fabrics with similar structure and weight. The fabrics A and B were afterwards dyed (i.e. A1, B1) or
dyed and treated with a softener (i.e. A2, B2). In total twenty specimens were used for each fabric
quality of which ten were used to assess the face-side of the fabric and the rest for the back-side. No
standards currently exist for the FTT, therefore the fabrics were tested according to the testing protocol
of the equipment manufacturer. The specimens were conditioned prior testing for a period of 24 h, at
20±2° C and 65% ±4 % relative humidity.

 Fabric Touch tester FTT
Unlike other instruments, FTT is able to assess, during one test, several fabric physical indices (as
displayed in Table 1) for the inside (I) and outside (O) of the fabric. Fabric indices (e.g. except
compression and thermal properties) are simultaneously measured in two fabric directions (e.g. wale



and course) due to an L-form of the specimens. Details about the modules of the instrument and
calculation of these indices are given elsewhere [3, 4]. The FTT fabric indices are subsequently used
by the FTT software to predict three primary comfort indices (i.e. smoothness, softness, warmth) and
two global comfort indices (i.e. total hand and total feel). These primary comfort indices are calculated
based on statistical models developed by the FTT manufacturer after correlating the fabric indices with
the comfort indices assessed by a hand panel. FTT distinguishes between active and passive comfort
indices which refers to the sensation the fabric will give when assessed with the fingers and during
wear respectively. These indices are also computed separately for the inside and the outside of the
fabric. In this study the active FTT primary comfort indices are considered both for outside and inside
of the fabrics.

Table 1. FTT fabric indices
Fabric

Property
FTT

Fabric
Index

Description Unit
given by FTT

software

SI unit

Bending BAR Bending Average Rigidity: force needed
to bend per radian

gf mm/rad N m rad-1

BW Bending Work: work needed to bend the
specimen

gf mm rad N m rad

Friction SFC Surface Friction Coefficient: friction
coefficient on surface with ribbed metal
plate

- -

Roughness SRA Surface Roughness Amplitude:
roughness irregular wave amplitude

µm m

SRW Surface Roughness: Wavelength:
roughness irregular wave wavelength

mm m

Compression CW Compression Work: work needed to
compress the specimen

gf mm N m

CRR Compression Recovery Rate: percentage
of thickness changes after compressed

- -

CAR Compression Average Rigidity: forces
needed to compress per mm

gf/mm3 N m-3

RAR Recovery Average Rigidity: forces
reflected when recovery per mm

gf/mm3 N m-3

T Thickness: depth of the materials mm m
Thermal

properties
TCC Thermal conductivity when compression:

energy transmitted per degree per mm
when compresses the specimen

10-3 W/m C W m-1 °C-1

TCR Thermal Conductivity when Recovery:
energy transmitted per degree per mm
when the specimen recovers

10-3 W/m C W m-1 °C-1

Qmax Thermal Maximum Flux: maximum
energy transmitted during compression

W/m2 W m-2

4. Results and discussion
The average values of the FTT softness, smoothness and warmth indices for the ring-spun knits A and
air-jet yarns knits B are displayed in Figures 1 a-c both for inside and outside of the fabrics. Moreover
the FTT indices of the dyed fabrics (A1, B1) and fabrics with softening treatments (A2, B2) are
showed.



a. b. c.

Figure 1. FTT indices softness (a), smoothness (b) and warmth (c)

 Softness
FTT softness indices of the greige knits A with ring-spun yarns decreased after dyeing and again
slightly increased after the treatment with a softener, as can be seen in Figure 1a. An Anova analysis
(alfa=0.05) was performed which showed that the differences were only significant for the outside of
the fabrics (p<0.05). A post-hoc Tukey HSD test showed that the softness of the untreated knits A was
significantly higher than the softness of the A1 and A2 knits, graphically indicated by bars that are not
overlapping (Figure 2). A significant difference was also noticed between the softness of A1 and A2,
with A2 being the softest. Similarly, the untreated knits B were significantly softer than the knits B1
and B2 but no significant difference was noticed between B1 and B2. Comparable values were found
for the average FTT softness indices of untreated fabrics with ring-spun yarns A and air-jet yarns B.

Figure 2 Statistical significant differences between the softness for outside of the fabrics

 Smoothness
FTT smoothness indices of untreated knits A and B increased after dyeing as it can be seen in Figure
1b. Significant differences were noticed between the inside and outside of some samples (both p<0.05)
but not between the smoothness of the dyed knits (A1/ B1) and finished knits (A2/ B2), as shown in
Figure 3. The Tukey test however showed that the untreated knits A and B were significantly rougher
than the dyed A1/B1 and finished knits A2/B2. Some differences were noticed between the average
FTT smoothness indices of untreated fabrics A (0.13) and B (0.21) suggesting that air-jet yarns fabrics
lead to slightly smoother fabrics, at the inside. These findings were not consistent for the fabric outside
(0.23 for knit A versus 0.21 for knit B) and the Tukey test found no significant differences between the
smoothness of the knits with air-jet yarns and ring-spun yarns, neither inside nor outside.



a) b)
Figure 3 Statistical significant differences between the smoothness of the fabrics for inside (a) and outside (b)

 Warmth
FTT warmth indices of greige knits A and B decreased after the applied treatments as shown in Figure
1c and this is in agreement with other studies [13] that reported a decrease of fabric warmth and an
increase of its smoothness after repeated washing. The untreated knits A and B were significantly
warmer than the dyed knits and the dyed knits treated with softener but the Tukey test found no
significant differences between the warmth of two treated knits (A1/A2 and respectively B1/B2). The
average FTT warmth indices of the (outside) greige fabrics with ring-spun yarns A was slightly higher
(0.87) as compared with air-jet yarns B (0.81) and similar trends were found for the fabric outside
(0.84 for knit A and 0.82 for knit B). Nevertheless, none of these differences were found statistically
significant, as shown in Figure 4.

a) b)

Figure 4 Statistical significant differences between the FTT warmth indices of the fabrics for inside (a) and
outside (b)

5. Conclusions
The FTT softness indices of dyed fabrics A1 and B1 increased after the treatment with a softener, as
expected. The increase of the FTT smoothness indices and decrease of FTT softness indices after a
treatment (i.e. dyeing) is in line with similar findings in literature [8, 10-12 ]. The decrease of the
fabric warmth after a finishing treatment (i.e. dyeing) is in line with another study [13] that reported a
positive influence of repeated washing treatments (i.e. including a final wash with a softener) on the
cool feeling of the fabric.



The type of yarn didn’t lead to statistically significant different comfort indices. Nevertheless, the type
of yarn seems to mostly affect the smoothness (i.e. air-jet yarns contributing to slightly smoother
knits). This can be due to a lower hairiness of the airjet yarns as compared with ring-spun yarns [15]
and could also explain the slightly warmer fabrics with ring-spun yarns.

The trends found suggest that the three FTT comfort indices are correct for this particular type of
knits. Expert panels can be further employed to confirm the results. Based on our previous results [6]
and results reported by Bernard [14], we expect that the panels will correctly distinguish between the
knits A and B with ring-spun and air-jet yarns respectively and probably also between the untreated
knits (A, B) and the knits treated with softener (A2, B2) respectively. We assume however that the
panel will have difficulties in catching the very small differences between the comfort indices of the
finished fabrics A1-A2 and B1-B2 respectively. These first results suggest that FTT is a promising
tool that is able to distinguish between samples with small differences induced by finishing treatments.
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