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In this paper, the influence of compressibility on the thermal contact conductivity of diamond-shaped quilted 

lining for special purpose clothing will be determined with the aim of obtaining the accurate data essential for 

the technical design of special purpose clothing, the required thermal properties. The tests were carried out 

on the basis of the newly established measurement method using a multipurpose differential conductometer, 

developed, patented, calibrated and installed in the Laboratory for thermal insulation properties of clothing 

at the Department of clothing technology. The materials mentioned are used for the production of thermal 

inserts and linings for special purpose clothing and have excellent thermal properties. Two specimens were 

oversewn using the sewing technique with square chamber segments, while the third specimen was joined 

using the ultrasonic welding technique with the so-called mirror-image trajectory of the ultrasonic welding, 

but in practice they are also called diamond-shaped quilted lining. The geometric parameters of the seam/weld 

and chamber segments, which also influence the thermal properties of the materials used, are determined with 

regard to the sewing or welding technique. 
 

Key Words: technical design of clothing; multipurpose differential conductometer; thermal contact 

conductivity; compressibility 

 

 

Izvorni znanstveni rad  
 

 

U radu je određen utjecaj stlačivosti na kontaktnu toplinsku vodljivost romboidno prošivenih materijala za 

namjensku odjeću, a u cilju određivanja egzaktnih podataka bitnih kod tehničkog projektiranja namjenske 

odjeće potrebnih toplinskih svojstava. Ispitivanja su izvodena na temelju novouspostavljene mjerne metode na 

višenamjenskom diferencijalnom konduktometru, koji je realiziran, patentiran, umjeren te instaliran u 

Laboratoriju za termoizolacijska svojstva odjeće u Zavodu za odjevnu tehnologiju. Navedeni materijali se 

koriste za izradu toplinskih umetaka i podstave namjenske odjeće, te imaju izvrsna toplinska svojstva. Dva 

mjerna uzorka su prošivena tehnikom šivanja s kvadratnim korakom komore, dok je treći mjerni uzorak spojen 

ultrazvučnom tehnikom s tzv. zrcalno protusmjernom putanjom ultrazvučnog spajanja, ali se također, u 

realnom sektoru, naziva romboidno prošivenim materijalom. S obzirom na tehniku izrade prošiva, odnosno 

spojeva i korak komore korištenih materijala određeni su geometrijski parametri prošiva / spoja, koji također 

utječu na toplinska svojstva namjenske odjeće. 

 

Ključne riječi: tehničko projektiranje odjeće; višenamjenski diferencijalni konduktometar; kontaktna 

toplinska vodljivost; stlačivost 
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1. Introduction 
 

Special purpose clothing is clothing designed for a 

specific purpose, e.g. for civil protection (police and 

firefighters, special forces, doctors, hospitals and 

rescue workers), for laboratory technicians and 

scientists, for the military (soldiers and pilots), for 

road workers and maintenance services, for postmen, 

for workers on platforms for the extraction of natural 

resources (gas, oil, water), for astronauts, sailors and 

divers, for the manufacturing industry, for the 

pharmaceutical industry and many other activities.  

The technical design of special purpose clothing is a 

complex process in which the influence of human 

anatomy and physiological characteristics, as well as 

the environment and activity in which the clothing is 

used, must be taken into account. In addition, the 

influence of the construction of the garment, the 

structure and properties of the embedded materials 

from which the garment is made, thermal and tactile 

comfort, etc. must be taken into account. 

In the technical design of special purpose clothing, 

the specific conditions under which this clothing is to 

be used must be examined. On this basis, the technical 

design process begins, focusing on functionality as 

the first and fundamental requirement that must be 

met. Although they are very important for the sub-

jective sense of physical and psychological comfort 

of the wearer, aesthetics and design become secon-

dary elements in the realisation of special purpose 

clothing. 

The thermal properties of clothing are influenced by 

the type and duration of the wearer's activity, their 

state of health, age, gender, etc., the environmental 

conditions (temperature, air flux, relative humidity) 

and the type and properties of the materials, the 

construction parameters of the clothing and layering. 

It is therefore necessary to select suitable embedding 

materials depending on the intended use of the 

clothing. 

 

 

2.  Embedding materials for the production of 

special purpose clothing 
 

The embedding materials used to produce thermal 

inserts and linings for special purpose clothing to 

protect against low temperatures are high-tech 

materials with specific properties adapted to the user's 

needs. Laminated materials are generally used for the 

outer shell. 

Laminated textile materials consist of one or two 

layers of textile material and a membrane layer that 

makes these materials breathable. In the production 

of textile laminates, the membrane can be applied to 

any layer of the materials that make up the laminate. 

So if it is attached to the back of the outer shell and 

the garment has no lining, it is in direct contact with 

the human body. In some versions, the membrane 

may be a separate layer from the outer material. It is 

placed on a layer of material between the lining and 

the outer shell of the garment, creating layers of 

trapped air. The membrane may also be placed over 

the lining fabric so that it is not in direct contact with 

the human body [1]. 

R. Plunkett, who worked for DuPont, developed 

polytetrafluoroethylene (PTFE) in 1938, which the 

company later trademarked under the name Teflon®. 

At the request of the US Army, this invention was 

protected as a military secret and used exclusively for 

military purposes during the Second World War, so 

that DuPont was unable to market its product. DuPont 

was only allowed one patent application in 1941 so 

that the company could continue to protect its right to 

use the invention and market it after the end of the 

war. However, the company continued to develop 

Teflon with improved properties for the needs of the 

army, which was completed after the end of the war. 

B. Gore, who worked on the development of PTFE at 

DuPont, did not find his superiors understanding of 

the further development and founded his own 

company W. L. Gore & Co. in 2008. His idea was to 

develop a PTFE that had improved properties in terms 

of porosity, air permeability and strength through the 

expansion process, and he called the newly developed 

membrane ePTFE. He continued the development 

and perfected the so-called expanded polytetrafluoro-

ethylene (ePTFE) and had it trademarked under the 

name Gore-Tex. ePTFE membranes are < 1 μm thick, 

and 1 cm2 contains over 1,4 billion pores. These pores 

are 20 000 times smaller than a drop of water and 700 

times larger than a water vapor molecule. This is 

exactly what makes the clothing waterproof and 

breathable at the same time.  

So-called micro-fleece materials are used as a thermal 

insulation materials that can be used as outerwear, 

linings or thermal inserts. Fleece materials are very 

comfortable, soft to the touch and provide good 

thermal properties. 

The diamond-shaped quilted lining, Fig.1, is also 

used as a thermal insulation material, i.e. for the 

making of a thermal insert or lining. It consists of two 

layers of outer material (usually lining fabric) and 

polyester filler. This type of lining can also consist of 

five layers, whereby in addition to the layers already 

mentioned, there are two further layers, the so-called 

blocks, which are intended to prevent the polyester 

fibers of the filler material from escaping on the outer 

layer [2]. 
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Diamond-shaped quilted lining can be used in special 

purpose clothing as a non-removable thermal insert 

permanently attached to clothing, as a removable 

thermal insert in the form of a vest or jacket, and as a 

lining fabric in a vest, jacket, coat, etc., Fig.2. At the 

same time, they can be attached to outerwear with 

fasteners, buttons, metal clips, velcro fasteners, etc.  

 
 

3. Thermal properties of clothing 

 
According to ISO 7730:2008, thermal comfort is 

defined as a state of awareness that expresses 

satisfaction with the thermal conditions of the 

environment [6]. Thermal comfort is achieved when 

body temperature is within small fluctuations, skin 

moisture is low and only minimal physiological 

responses are required to regulate body temperature. 

The study of thermal comfort is based on the study of 

the state of thermal equilibrium of the environment 

and the ability of the human body to adapt to the 

thermal conditions of the environment, or the ability 

of humans to adapt to the environmental conditions, 

usually indoors, to achieve a sense of thermal comfort 

[7]. To maintain the thermal balance of the human 

body, the organism uses the system of thermo-

regulation to maintain a constant body temperature by 

constantly balancing the amount of heat produced and 

the amount of heat lost [8]. Thermoregulation loses 

efficiency at very low and very high ambient tem-

peratures, which can lead to heat stroke or freezing of 

the organism [8-10]. 

Heat transfer is a dynamic process in which heat is 

spontaneously transferred from a body at a higher 

temperature to a body at a lower temperature. Heat 

transfer takes place until thermal equilibrium is 

reached. Heat can be transferred in three ways [11, 

12]: 

 By conduction - thermal energy is transferred 

from places of higher temperature to places with a 

lower temperature by vibrations and collisions of 

neighboring atoms. Heat conduction is characte-

ristic of solids and liquids when they are at rest. 

 By flux or convection of heat - typical for fluids 

(liquids and gasses). The particles begin to move 

when they are heated and the hotter particles 

transfer their energy to the colder ones. 

 

 

 
a.  b. 

 

Fig.1 Diamond-shaped quilted lining with a. sewing machine and b. ultrasonic welding technique [3, 4] 

 

   
a. b. c. 

 

Fig.2  Examples of the use of diamond-shaped quilted lining s: a. protective vest, b. removable thermal insert that serves as a 

separate jacket, c. sewn-in jacket lining [5] 
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 By heat radiation or radiation - the only transfer of 

thermal energy that takes place without the 

mediation of matter. The thermal energy of the 

body is converted into electromagnetic radiation, 

which the body emits into the surrounding space. 

The radiated energy depends on the body 

temperature; there is no contact and the 

temperature changes. 

The heat transfer rate is defined as the heat flux per 

unit area. The amount of heat transferred, i.e. the total 

heat flux, can be calculated using the following 

expression [11, 13]: 
 

Q = q ∙  A     (1) 
 

where: 

Q  – heat flux [W] 

q  – heat flux density [W/m2] 

A – surface area [m2] 

Clothing has a considerable influence on thermal 

comfort. For this reason, clothing made of lighter and 

breathable materials with good thermal conductivity 

is worn in the warmer seasons and clothing made of 

bulkier and thicker materials with good thermal 

insulation is worn in the colder seasons. The clothing 

ensures the thermal comfort of the wearer in the 

environment in which they are located [14]. 

Heat transfer in textile materials shows that thermal 

energy is transferred between two media due to a 

temperature difference, whereby heat is transferred 

from a medium with a higher temperature to a 

medium with a lower temperature. The heat transfer 

continues until the two media have reached the same 

temperature. Heat can be transferred in textile 

materials by conduction, by air and fibers, by air 

convection within the fabric structure and by 

radiation, from fiber to fiber. Heat transfer by 

conduction takes place between two physical objects 

in contact, whereby the heat flux depends on the 

temperature differences. The greater the temperature 

difference, the faster the heat transfer between two 

surfaces [13]. In the heat transfer of clothing and 

clothing systems, heat is transferred by conduction 

between two materials or between a material and the 

human skin, whereby the heat is transferred from the 

human body to the clothing or clothing system and 

then to the environment. In this way, heat is 

transferred to the environment by conduction and 

radiation. Heat transfer can also occur by convection, 

but the stronger influence of convection occurs at a 

higher airflux velocity [11, 13]. 

Very important parameters of the thermal properties 

of a material are thermal resistance and thermal 

conductivity. These thermal properties are influenced 

by material properties such as material structure, 

density, moisture, material type and fiber properties, 

surface treatment, processing and compressibility, air 

permeability, ambient temperature and the like [14]. 

Thermal conductivity is a material property that 

expresses its ability to allow heat to flux, and thermal 

insulation is the property of clothing to retain heat. 

[15-17]. 

The heat transfer through the embedded material, the 

clothing composite or the clothing is influenced by 

the processes of heat transfer by conduction and 

radiation. Heat transfer by conduction is determined 

by the thickness of the material and its thermal 

conductivity, i.e. the transfer of heat from a body with 

a higher temperature to a body with a lower tem-

perature [18]. The rate of heat transfer by conduction 

through a given material of constant thickness is 

proportional to the temperature difference between 

the upper and lower surfaces of the material and the 

observed surface perpendicular to the direction of 

heat transfer and inversely proportional to the 

thickness of the material. According to Fourier's law 

of heat transfer by conduction, the heat is transferred 

in the direction of the lower temperature and the 

temperature difference becomes a negative amount, 

i.e. as the thickness of the material increases, the 

temperature decreases [19]: 
  

q =  
Q

t
= −λ ∙ A ∙  

ΔT

h 
   (2) 

 

where: 

q  – heat flux density [W/m2] 

Q  – heat flux rate [W] 

t  – heat conduction time [s] 

λ  – thermal conductivity coefficient [W/mK]  

A  – surface area [m2] 

ΔT – temperature difference between the two sides of 

the sample [K] 

h – material thickness [mm] 

The thermal conductivity coefficient defines the heat 

flux through the surface over a certain period of time, 

taking into account the thickness of the material and 

the temperature differences, and is defined by the 

expression [18, 20, 21]: 
 

λ =
Q∙h

A∙ t ∙ ΔT 
     (3) 

 

where: 

λ  – thermal conductivity coefficient [W/mK] 

Q  – heat flux rate [W] 

h – material thickness [m] 

A  – surface area [m2] 

t  – heat conduction time [h] 

T1 – T2 = ΔT – temperature difference between the 

two sides of the sample [K] 

The time parameter t in expression (3) is not used for 

measurement methods where the sample is exposed 
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to ambient conditions. For example, in the case of a 

hot plate, where there is no upper plate to compress 

the sample, but the heat of the sample is transferred 

directly to the environment by convection (air flux). 

The time parameter is used in the application of 

measurement methods where the measured parameter 

must be measured and observed over a certain period 

of time, which is usually defined by a standard. 

A lower value of thermal conductivity by conduction 

means that the rate of heat transfer through the surface 

under consideration is lower and the material is 

therefore a better thermal insulator because it retains 

the heat [18, 21].  

The thermal resistance can be calculated using the 

following formula [20, 21]: 
 

R =
h

 λ
     (4) 

 

where: 

R  – thermal resistance [m2K/W] 

h  – material thickness [m] 

λ  – thermal conductivity coefficient [W/mK] 

The heat transfer coefficient indicates the amount of 

heat that the material loses per square meter of surface 

at a temperature difference of one degree per second. 
 

U =
λ∙A

Δh 
=  

λ∙A

h 
 [W/m2K]  (5) 

 

where: 

λ –  thermal conductivity coefficient [W/mK] 

A – material surface perpendicular to the direction of 

heat transfer [m2] 

h – material thickness [m] 

The thermal contact conductivity represents the heat 

transfer between the contact points of two materials. 

It is the heat flux density (qmax) at the contact surfaces 

and is expressed in units of W/m2. If two materials or, 

for example, two measuring plates and a specimen are 

placed so that they touch each other, complete surface 

contact between them is never achieved. The reason 

for this is the surface structure of solid materials, i.e. 

their roughness, which leads to a reduction in the 

contact points, their size and the appearance of air 

layers between the contact points. These air layers 

reduce the thermal conductivity of the material. The 

greater the number of contact points, the higher the 

thermal conductivity of the contact. The thermal 

contact conductivity is also influenced by the 

compressibility of the material, as the number of 

contact points between the materials increases when 

a certain force is applied. 

During the production of clothing, the materials are 

exposed to various stresses: stretching during the 

laying of the cut layers, compressive stress during 

cutting due to the vacuum that helps stabilize the cut 

layer, and their transformation from two-dimensional 

structures into three-dimensional clothing during the 

sewing process. Some parts of the ready-made 

garments are subjected to compression during use, 

such as the area of the shoulders, back, elbows, etc., 

caused by carrying a backpack or other load, tight 

belts, straps, etc., Fig.3.  

The strength of the force exerted on the body by the 

fabric, strap, etc. depends on the type and shape of the 

body, the type and structure of the fibers and the 

structure of the embedded materials, but also on the 

strength with which the load is pressed or the strap 

tightens. In order to achieve the desired properties of 

the garment, it is necessary to determine the compres-

sibility of the material [22]. 
 

 
 

 
 

Fig.3 Representation of compression points on clothing 

[23, 24] 
 

The compressibility of the material has a significant 

influence on the thermal conductivity of the clothing 

and therefore on the thermal comfort of the wearer. 

The higher the compressibility of the material, the 

higher the thermal conductivity, as the thickness of 

the material decreases. The compressibility of the 

material increases with the density of the fibers per 
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unit area, while at the same time the amount of air in 

the material structure decreases [22]. In addition to 

thermal comfort, compressibility also plays an impor-

tant role when it comes to the feel and comfort of the 

material. It influences the feeling of softness and 

fullness of the material and is an important property 

that should be considered when handling the material 

during clothing production. When automating the 

production of garments, the compressibility of the 

material affects the process of separating a layer of 

material from the bundle and placing it on the work 

surface using a machine or device [25].  

Various measuring devices have been developed to 

investigate the compressibility of materials. Several 

research groups have developed different methods to 

determine the compressibility of materials, such as a 

compressometer to evaluate the compressibility of 

thickness and the resistance of materials to compres-

sion or a thickness gauge. The FAST and KES 

measuring systems are among the most commonly 

used measuring devices for determining the compres-

sibility properties of materials. To determine the 

compressibility of the material according to the 

measurement method and test procedure specified in 

the standards (ISO 5084, DIN 53855/1,2,3, ASTM D 

1777), it is necessary to first define the thickness of 

flat products. The thickness of the material is defined 

as the distance between two flat, parallel metal plates 

separated by a flat product, where the upper plate is 

under the influence of a certain force and is called a 

presser [26]. The measurement result depends 

directly on the force applied to the material during the 

test, and compresses it. Therefore,information about 

the applied force must be given when presenting the 

test results. According to the DIN standard, it is 

necessary to calculate the relative compressibility 

using the expression in addition to the thickness 

information: 
 

sx =  
dx− d10x

dx
 ∙ 100 [%]  (6) 

 

where: 

sx –  relative compressibility of the material [%] 

dx – the thickness of the flat product measured with 

the pressure force of the upper plate according 

to the DIN 53855 standard [mm] 

d10x – thickness measured at 10 times higher pressure 

[mm] 

 
4. Overview of previous research 
 

Some authors investigate the influence of the struc-

ture and type of material as well as the surface 

treatment of the material on the thermal conductivity 

properties with the aim of defining the comfort 

perception of the material in relation to the sensation 

of heat/cold on contact with the human body [27-30]. 

In some studies, the authors ignore the thickness of 

the material, which has a very significant influence on 

the thermal properties. In a similar study, L. Hes 

investigated the properties of thermal conductivity, 

thermal resistance and tactile sensation on contact 

with 15 artificial furs and 16 animal furs [31]. Alam-

beta and Permetest measuring devices were used for 

the measurements. The author comes to the conclu-

sion that artificial furs have a lower thermal resistan-

ce, but provide a better feeling of warmth oncontact 

with the body. When comparing the water vapor 

permeability between natural and faux fur, natural 

furs have a lower permeability of 5% on average, but 

the author is of the opinion that their thermal proper-

ties are still very good due to another advantage, 

namely the high moisture absorption. 

Alambeta, textile measuring device that simulates 

human skin, is often used for the rapid measurement 

of transient and stable thermal insulation properties, 

i.e. for measuring thermal resistance and thermal 

contact properties. Alambeta works semi-automati-

cally and enables statistical evaluation of the mea-

surement results. It also has an auto-diagnostic func-

tion that reduces possible errors during the measure-

ment. With this measuring device it is possible to 

carry out measurements [14] of the thermal conduc-

tivity λ [W/mK], the thermal resistance R [m2K/W], 

the thermal diffusion a [m2s-1], the maximum con-   

tact conductivity qmax [W/m2], the heat absorption                 

b [W s½ m–2 K–1] and the material thickness h [m]. 

Alambeta consists of two measuring plates or heads, 

between which a fabric sample or a clothing compo-

site is placed. Both measuring plates are equipped 

with thermocouples and sensors that measure the heat 

flux. The measurement method refers to the measure-

ment of the heat flux (heat flux density) through the 

material sample. The upper plate is heated to a spe-

cific, constant temperature (the so-called hot plate), 

while the temperature of the lower measuring plate is 

maintained at the value of the ambient temperature 

(the so-called cold plate). The sensors for measuring 

the heat flux perform the measurement at the moment 

of contact between the measuring surfaces plate-sam-

ple-plate, i.e. they measure the contact conductivity 

of the sample. When the upper measuring plate is 

lowered onto the sample, it is possible to measure the 

heat flux on the upper surface of the sample as a 

function of time [31, 32]. 

With Alambeta it is possible to measure the ratio of 

maximum and stationary heat flux as well as the 

constant density of the heat flux on contact surfaces 

(thermal contact conductivity).  

The measurement of the thermal contact conductivity 

on the Alambeta is carried out after the establishment 

of thermal equilibrium, in contrast to the method 
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described above, in which the author measured the 

thermal contact conductivity when the measuring 

plate first came into contact with the material. The 

thermal contact conductivity is also influenced by the 

compressibility of the material, as the compressibility 

of the material increases the number of contact points 

between the materials. 

M. Matusiak and S. Kowalczyk used the Alambeta 

measuring device to investigate the relationship 

between the thermal properties of embedded mate-

rials and the clothing composites made from them 

[33]. They measured the thermal conductivity, ther-

mal resistance, heat absorption, material thickness 

and maximum heat flux during contact. The authors 

came to the conclusion that the thermal resistance of 

two-layer clothing composites corresponds approx. to 

the sum of the thermal resistances of the individual 

material layers. However, this is not the case for 

multi-layer clothing composites, as the difference in 

values increases with the number of material layers. 

The same was observed in the results of the thermal 

conductivity measurements. 

P. Lizak et al. investigated the influence of the knitted 

structure of the polypropylene fiber material on heat 

transfer, which was measured experimentally on six 

samples, each sample being tested with three 

measuring devices: Alambeta, Togmeter and PSM2 

meter [14, 34]. According to the authors, the results 

showed that the dependence between the observed 

properties of the material structure and the thermal 

resistance is not high. They concluded that the 

Alambeta device is the most objective method for 

measuring the thermal parameters of knitted fabrics 

due to the speed of measurement and the reproduci-

bility of the results. D. Atalie et al. investigate the 

influence of the twist of the weft yarn on the thermal 

conductivity of the woven material [35]. The 

measurements have shown that the thermal conduc-

tivity of the material increases with increasing twist 

of the weft yarn. S. Mohapatra et al. investigated the 

thermal conductivity of polyester materials [36] and 

came to the conclusion that the structure of the 

material, i.e. the type of fibers, the density of the 

material and the length of the stitches of the knitted 

material, significantly influence the thermal conduc-

tivity. The Permetest and Alambeta measuring de-

vices were used for the study. The authors found that 

the thermal conductivity of the material increased 

with decreasing material thickness. The same was 

observed with longer stitch lengths in the knitted 

material. Z. E. Kanat carried out similar investi-

gations and also came to similar conclusions [37]. 

D. Rogale et al. also investigated the thermal insula-

tion of the outer shell, thermal inserts and clothing 

systems as well as multilayer thermal inserts in 

special purpose clothing intended for use in cold 

conditions [38]. The measurements were carried out 

on a thermal manekin and the results showed that the 

thermal insulation increases with increasing mass of 

the clothing system and its thickness. 

Many authors investigate the influence of the com-

pressibility of materials on their thermal properties. 

For example, A. Begum and V. Subramanjam investi-

gated the compressibility of materials produced with 

different stitch lengths depending on the type of stitch 

formation in the base knit [39]. According to the 

authors, the compressibility of the material is influ-

enced by the length of the stitches and the surface 

density of the fibers. 

Alimaa et al. carry out similar studies on materials 

made of cashmere fibers and textured polyester mate-

rials [40]. According to the authors, the compres-

sibility of the material is influenced by the structure 

of the material, i.e. its mass, the type of fibers from 

which it is made, and the length of the stitches. A. 

Asayesh et al. conducted a similar study in which they 

investigated the influence of the weave type and the 

density of the weft on the compressibility of the 

material [41].  

K. A. Asanovic et al. researched the compressibility 

of woven materials [42]. According to the authors, the 

raw material composition of a blend of cotton and 

polyester in twill weave showed the best 

compressibility properties, while the raw material 

composition of cotton in linen weave showed the 

worst properties. A similar study was conducted by J. 

O. Ukponmwan, who investigated the effects of wear 

under wet and humid conditions on the compression 

behavior of materials [43]. 

Due to the widespread use of so-called spacer 

materials, many authors have investigated their 

compressibility [41, 44, 45]. They investigated the 

influence of their structure, their thickness, the 

layering of the clothing composite, which also 

includes the spacer material, the seams and quilt and 

other parameters on compressibility. In all studies, the 

authors came to the conclusion that the parameters 

mentioned have a pronounced influence on the 

compressibility of the so-called spacer material. 

M. Venkataraman stated that the thermal conductivity 

is approximately constant for the material and is 

inversely proportional to its thickness [46]. As the 

thickness of the material and the number of layers 

increases, the thermal conductivity decreases due to 

the increased amount of trapped air. 

L. Schacher et al. investigated the influence of com-

pressibility in determining the thermal conductivity 

of polyester microfiber fabrics [27]. The thickness 

measurement was carried out in the same way as the 

compressibility test using the KES-FB4 measuring 

device. The results showed a small difference in the 

value of thermal conductivity between the two 
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materials, which the authors explained by a small 

difference in the porosity of the structure of both 

materials. The results also showed that the microfiber 

polyester material gave a warmer sense on contact, 

depending on the pressure applied. 

G. Gnanauthayan et al. investigated the thermal 

resistance of multilayer nonwovens made of polyester 

fibers [47]. They investigated the influence of 

different fiber densities, the shape of the fiber cross-

section, the positioning within the layers and the 

compressibility on the thermal resistance. The tests 

were carried out on a hot plate. By controlling the 

thickness of the samples during the test, the authors 

wanted to avoid the influence of air on the results to 

focus on the influence of the fiber density and the 

positioning of the nonwovens, which is why they 

always measured with the same thickness. The 

measurements showed that three-layer nonwoven 

structures have a better thermal resistance than single-

layer structures. This is not due to the presence of an 

air layer between the material layers, which was 

eliminated in this study, but to lower heat loss by 

conduction, which occurs due to better air entrapment 

in the individual material layers, which also affects 

heat loss by radiation and convection. Based on the 

results, the authors concluded that a mixture of 

hollow and solid filled fibers achieved the best 

properties of the material in terms of thermal resis-

tance and behavior at different values of compressive 

force, i.e. load and compressibility of the material. A 

three-layer clothing composite is the subject of  inve- 

stigations by Shabaridharan Karunamoorthy and A. 

Das [48] on the influence of compressibility on ther-

mal resistance. The investigation was carried out with 

three measuring devices: Alambeta, a hot plate and a 

measuring  device  developed  by  the  authors  of  this  

 

article. The measurements with the newly developed 

device were carried out at three pressure loads of 100, 

1400 and 2100 Pa, after which the results were stati-

stically analysed. The comparison of the results 

showed that the thermal resistance decreases by 

68,82-89% compared to the results of the measure-

ment on a hot plate.  

Some authors have produced cotton materials in such 

a way that they improved their thermal conductivity 

by producing materials with different porosity and 

thickness. There have also been attempts to regulate 

the thermal conductivity of cotton materials by 

overlaying them with other materials or applying 

special coatings. In this way, it is possible to improve 

thermal conductivity as well as the absorption and 

release of moisture into the environment. In some 

studies, an increase in thermal conductivity of 151% 

was observed after the application of a coating of 

carbon nanotubes - MWCNT [49]. 
 

 
5. Experimental 
 

The influence of compressibility on the thermal con-

tact conductivity of diamond-shaped quilted lining 

for special purpose clothing was investigated using a 

multipurpose differential conductometer. Three types 

of diamond-shaped quilted lining were used (Fig.4), 

two of which were joined using the sewing technique 

and the third using the ultrasonic welding technique. 

The difference also lies in the appearance of the 

seams. The first two samples, Fig.4, have a square 

chamber segments, the third was produced using the 

so-called mirror-image trajectory of the ultrasonic 

welding. Fig.5 shows the geometric parameters of the 

materials used.  

 

   
a. b. c. 

Fig.4  Materials used in the experimental part of the work: a. Material M1; b. Material M2; c. Material M3 
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The thickness of the materials used was determined 

using a Dino-Lite digital microscope. The microscope 

was used to determine the thickness of the diamond-

shaped quilted lining at a magnification in the range 

of 50-200 times, depending on the thickness of the 

material and its properties. After a magnified image 

of the material was obtained with the microscope, the 

thickness of the material was measured five times 

with the Dino Capture program and the average thick-

ness of the material was determined by calculating the 

arithmetic mean of the measured values. The multi-

purpose thermal conductometer used in this paper 

[50] is shown in Fig.6. All measurements performed 

on the multipurpose differential conducto-meter are 

non-destructive [51, 52]. The steady state of the heat 

flux from the measuring cylinder to the measuring 

base is used to determine the thermal resistance. The 

thermal resistance is determined by the expression: 
 

Rct0 =
(Ts−Ta)∙A

H0
   (7) 

 
 

where:  

Rct0 – resultant total thermal resistance of the 

measuring device including the thermal insulation  

 
 

Fig.6 Multipurpose differential conductometer 
 

of the boundary air layer of the multipurpose 

differential conductometer  [m2K/W]  

A   – total surface area of  measuring bases [m2] 

Ts  – mean skin surface temperature of the measuring 

bases and measuring cylinder of the multipurpose 

differential conductometer [°C] 

Ta   – air temperature [°C] 

H0 – total heating power supplied to the multipurpose 

differential conductometer [W] 

  
a. 

 

b. 

 

 
c. 

 

Fig.5 Representation of the geometric parameters of the diamond-shaped quilted lining s: a. square chamber segments with the 

dimensions 52x52 mm, material M1; b. square chamber segments with the dimensions 54x54 mm, material M2; c. mirror-image 

trajectory of the ultrasonic welding of material M3 
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At the moment of establishing thermal equilibrium 

(steady state), the necessary power of the measuring 

cylinder to maintain the thermal equilibrium of the 

measuring cylinder, H0, is calculated using the 

expression: 

H0 =
Ug

2∙PPWM

Rg
    (8) 

where: 

Ug – the voltage of the stabilized source that supplies 

the non-inductive point heaters of the multi-

purpose differential conductometer [V] 

PPWM – the ratio of the PWM at the interface output 

Rg – the total electrical resistance of the non-inductive 

point heaters [Ω] 
 

The general expression for calculating the thermal 

resistance (Rct or Rct0) using the six necessary para-

meters shown, which are measured or determined by 

the design of the conductometer, takes the form of the 

expression: 
 

Rct =
(Ts−Ta)∙Rg

Ug
2∙PPWM

   (9) 

 

The measuring system regulates the electrical power 

while maintaining the parameters in the establishment 

of thermodynamic equilibrium, on the basis of which 

it is possible to measure the influence of compres-

sibility on thermal contact conductivity [52]. 

The properties of the materials are listed in the tab.1. 
 

 

6. Results 
 

The influence of compressibility on the thermal 

contact conductivity of diamond-shaped quilted  
 
 

lining for special purpose clothing was tested using a 

multipurpose differential conductometer.  

According to the measurement method for the test on 

the multipurpose differential conductometer, the 

force value on the dynamometer is determined acc. to 

DIN 53855/1,2,3 and ASTM D 1777, whereby the 

specific pressure of the conductometer is adjusted to 

the surface of the measuring base of the conducto-

meter. Based on this calculation, the pressure force of 

the conductometer roller was 0.95 N and 9.5 N. A  

statistical analysis of the results was carried out using 

a one-way analysis of variance (ANOVA) at a load of 

0.95 N and 9.5 N for all three diamond-shaped quilted 

lining, Fig.7. Statistical analysis confirmed that there 

is a significant difference between the observed re-

sults, indicating that compressibility has an influence 

on thermal contact conductivity. Reducing the thick-

ness of the material by applying a higher compression 

force, i.e. its compressibility property, affects the in-

crease in thermal contact conductivity in such a way 

that the number and surface area of the contact points 

between the fibers and the measuring plates increases, 

allowing a greater, i.e. faster, heat flux between the 

measuring base, material and measuring roller. 

The compression of the material increases the fiber 

density per unit area and the number of contact points, 

while at the same time reducing the amount of air in 

the material structure. 

The thermal contact conductivity at a force of 0.95 N 

is 2.05 W/m2K for M1, 21.55 W/m2K for M2 and 

12.61 W/m2K for M3, Fig.8.  

The contact conductivity in the compressed state, i.e. 

with a force of 9.5 N, is 12.41 W/m2K for M1, 27.27 

W/m2K for M2 and 24.70 W/m2K for M3, Fig.9. 

 

Tab.1  Properties of the used diamond-shaped quilted lining 
 

Sample Raw material composition 

Surface 

mass 

[g/m2] 

Material thickness, dm [mm] 

Force = 0 N Force = 0.95 N Force = 9.5 N 

M1 

Cover fabric: 100% polyester 

260 9.65 5.88 4.60 

Lining: 100% polyester 

Padding: 100% polyester 

Lining: 100% polyester 

Cover fabric: 100% polyester 

M2 

Cover fabric: 100% polyester 

316 1.43 1.31 0.37 
Membrane: 100% polypropylene 

Padding: 100% polypropylene 

Cover fabric: 100% polyester 

M3 

Cover fabric: 

100% polyester with 

square woven 

carbon threads 

368 3.41 1.90 0.87 

Membrane:  

100% polypropylene 

with dot 

aluminum 

coating 

Padding:  100% polyester 
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a. 

 
b. 

 
c. 

Fig.7 The range of mean values of the results of the 

determination of the thermal contact conductivity of 

diamond-shaped quilted lining at a load of 0,95 N and 9,50 N 

with indicated variations for: a) material M1, b) material M2, 

c) material M3 

 
The results of the calculating of compressibility of 

diamond-shaped quilted lining, Fig.9, show that the 

material with the highest compressibility is M1 with 

the greater thickness at compression force of 0 N 

(78,23%), then M3 (45,79%) and the lowest M2 

which has the lowest thickness at compression force 

of 0 N (28,24%). 

 
 

 
 

Fig.8 Results of measurements of thermal contact 

conductivity at loads of 0,95 N and 9,50 N carried out on 

diamond-shaped quilted lining 

 
 

 
Fig.9 Results of determining the compressibility of diamond-

shaped quilted lining 
 

 

From this it can be concluded that the greater the 

thickness of the material and the more quilting 

stitches, the more trapped air appears, which contri-

butes to lower thermal contact conductivity, etc., 

Fig.10a.  

 

 
 

Fig.10 Cross-section of a diamond quilted lining: a. with low 

compressibility; b. with higher compressibility 
 

However, the higher the compressibility, the lower 

the thickness of the material and the smaller the air 

pockets in the seams, the greater the contact 

conductivity, which contribute to the resistance to 

heat transfer, etc. Fig.10b. 
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7. Conclusion 
 

One of the most important parameters in the technical 

design of clothing is thermal comfort, and it is 

necessary to properly select the embedded materials 

that provide satisfactory thermal insulation. The 

paper investigates the influence of compressibility on 

the thermal contact conductivity of diamond-shaped 

quilted lining with different geometric parameters. 

Test were carried out on the thermal contact conduc-

tivity at certain degrees of compression. Based on the 

research on the influence of compressibility on the 

thermal contact conductivity of diamond-shaped 

quilted lining for special purpose clothing, it can be 

found that the diamond-shaped quilted lining with the 

most pronounced bulkiness (M1), imperated by the 

filler, has the highest compressibility because a large 

amount of air is trapped between the fibers. By 

applying force and compress the material, the fibers 

can fit into the free space between them. In addition, 

the amount of trapped air is reduced, which also leads 

to an increase in thermal contact conductivity, which 

increases significantly with a tenfold higher compres-

sion force. Diamond-shaped quilted linings, which 

have a less pronounced volume and thickness (M2 

and M3), have the lowest compressibility. The in-

crease in thermal contact conductivity when greater 

force is applied, i.e. when the material is compressed 

more, can be clearly seen for all materials and 

clothing composites. This confirms the influence of 

the contact area when measuring the thermal conduc-

tivity, the structure of the material, the amount of 

trapped air in the material as well as the thickness and 

compressibility of the material and the clothing com-

posite. The results obtained confirmed that compres-

sibility has a significant influence on the thermal 

contact conductivity of diamond-shaped quilted 

lining for special purpose clothing, i.e. on the thermal 

properties of the clothing. It was also found that the 

structure of the material and the amount of trapped air 

within the material has a major influence on the 

thermal properties of the clothing.  
 

 

 

Acknowledgment 

 

This research was funded by the 

Croatian Science Foundation through the project IP-

2018-01-6363 Development and thermal properties 

of intelligent clothing (ThermIC).  
 

 

Part of the results presented in this article come from 

the project “Testing of contact thermal conductivity 

and compressibility of diamond-shaped quilted lining 

in special clothing”, which was prepared as part of 

the doctoral study „Textile science and technology“ 

at the University of Zagreb Faculty of Textile 

Technology in the academic year 2022/2023 and was 

accepted by the Council of the Doctoral Study on July 

10, 2023. 

 

 
 

R e f e r e n c e s : 

 
[1] Sęk, J. GORE-TEX® Technical Garments for 

the Workplace. Techniczne Wyroby 

Włókiennicze 2009, 17, pp. 32-36. 

[2] de Silva, H.T. Development of thermal 

insulating textiles, Doctoral thesis, Hochschule 

Niederrhein, Germany, 2013. 

[3] Tkaniny Man. Available at: 

https://tkaninyman.pl/380,podszewka-

pikowana-czarny.html Accessed: 10/4/2023. 

[4] Ultrasonic. Available at: 

https://ultrasonicpik.pl/pl/p/PUMI-Pikowana-

7x7-zakonczona-podszewka-Tkanina-

odziezowa-Wierzchniowa-na-Kurtki-

Bezrekawniki-Kamizelki-Torebki-

Wodoodporna-Material-odziezowy/265 

Accessed: 3/6/2023. 

[5] Workwear as a Service. Available at: 

https://www.cws.com/en/workwear, 

Accessed: 11/11/2022. 

[6] ISO 7730:2005 Ergonomics of the thermal 

environment — Analytical determination and 

interpretation of thermal comfort using 

calculation of the PMV and PPD indices and 

local thermal comfort criteria, Geneva, 

Switzerland, 2005. 

[7] Epstein, Y.; Moran, D.S. Thermal comfort and 

the heat stress indices. Industrial Health 2006, 

44, pp. 388-398.  

https://doi.org/10.2486/indhealth.44.388  

[8] Termoregulacija. Available at: 

https://www.enciklopedija.hr/clanak/termoreg

ulacija Accessed: 15/02/2023. 

[9] Kenny, G.P.; Flouris, A.D. The human 

thermoregulatory system and its response to 

thermal stress. In Protective Clothing: 

Managing Thermal Stress, 1st ed.; Wang, F., 

Gao, C., Eds.; Woodhead Publishing Series in 

Textiles; Woodhead Publishing: Cambridge, 

UK, 2014, pp. 319–365.  

[10] Lim, CL. Fundamental concepts of human 

thermoregulation and adaptation to heat: a 

review in the context of global warming. Inter-

national Journal of Environmental Research 

and Public Health 2020, 17, pp. 77-95. 

https://doi.org/10.3390/ijerph17217795 

  

https://doi.org/10.2486/indhealth.44.388
https://doi.org/10.3390/ijerph17217795


N. JUKL et al: The influence of compressibility on the thermal contact conductivity of diamond-shaped quilted lining for 

special purpose clothing,  Tekstil 72 (3) on-line first (2023.)   

 

[11] Tannam, M. Human Thermoregulatory 

Response to Infrared Radiant Heating, 

Doctoral thesis, Trinity College Dublin, 

Dublin, Ireland, 2012. 

[12] Grodzinsky, E.; Sund Levander M. 

Thermoregulation of the Human Body, In 

Understanding Fever and Body Temperature, 

1st ed.; Grodzinsky, E., Sund Levander, M., 

Eds.; Springer International Publishing: 

Heidelberg, Germany, 2020, pp. 49-65. 

[13] Zhang C.; Wang F. Comfort management of 

fibrous materials. In Handbook of fibrous 

materials, 1st ed.; Hu, J., Kumar, B., Lu, J. 

Eds.; Wiley-VCH: Weinheim, Germany, 2020, 

pp. 857-887. 

https://doi.org/10.1002/9783527342587.ch31 

[14] Lizák, P.; Mojumdar, SC. Thermal properties 

of textile fabrics. Journal of thermal analysis 

and calorimetry 2013, 112, pp. 1095-1100. 

https://doi.org/10.1007/s10973-013-3013-7 

[15] Lan, X.; Wang, Y.; Peng, J.; Si, Y.; Ren, J.; 

Ding, B.; Li.; B. Designing heat transfer 

pathways for advanced thermoregulatory 

textiles. Materials Today Physics 2021, 17, 

100342. 

https://doi.org/10.1016/j.mtphys.2021.10034 

[16] Kurazumi, Y.; Tsuchikawa, T.; Ishii, J.; 

Fukagawa, K.; Yamato, Y.; Matsubara, N. 

Radiative and convective heat transfer 

coefficients of the human body in natural 

convection. Building and Environment 2008, 

43, pp. 2142-2153. 

https://doi.org/10.1016/j.buildenv.2007.12.01

2 

[17] Oliveira, AV.; Quintela, D. Measurements of 

clothing insulation with a thermal manikin 

operating under the thermal comfort regulation 

mode: comparative analysis of the calculation 

methods. European journal of applied 

physiology 2008, 104, pp. 679-688. 

https://doi.org/10.1007/s00421-008-0824-5  

[18] Uttam, D. Objective measurement of heat 

transport through clothing. International 

Journal of Engineering Research and 

Development 2012, 12, pp. 43-47. 

[19] Skenderi, Z.; Mihelić-Bogdanić, A.; Mijović, 

B. Thermophysiological wear comfort of 

footwear. Koža & Obuća 2017, pp. 12-21. 

[20] Aboalasaad, A.; Skenderi, Z.; Kolčavová, B.; 

Khalil, A. Analysis of factors affecting thermal 

comfort properties of woven compression 

bandages, Autex Research Journal 2020, 20, 

pp. 178-185.  

https://doi.org/10.2478/aut-2019-0028 

[21] Ertekin, M.; Marmaralı, A. Analysis of thermal 

comfort properties of fabrics for protective 

applications. The Journal of The Textile 

Institute, 2018, 109, pp. 1091-1098. 

https://doi.org/10.1080/00405000.2017.14024

25 

[22] Murthyguru I. Novel approach to study 

compression properties in textile. Autex 

Research Journal 2005, 5, 176-193. 

https://doi.org/10.1515/aut-2005-050401  

[23] Direct Action. Available at: https://promotion. 

directactiongear.com/Halifax/3-days-patrol-

backpack-40-l.html Accessed: 15/02/2023. 

[24] Sve više posla: HGSS imao tri puta više 

intervencija nego lani. Available at: 

https://www.24sata.hr/news/sve-vise-posla-

hgss-imao-tri-puta-vise-intervencija-nego-

lani-482652/galerija-448217 Accessed: 

14/04/2022. 

[25] Zadekhast, R.; Asayesh, A. The effect of fabric 

structure on the compression behavior of rib 

weft knitted fabrics. Fibers and Polymers 

2021, 22 (10), pp. 2878-2884. 

https://doi.org/10.1007/s12221-021-0337-y  

[26] Čunko, R. Ispitivanje tekstila: fizikalne i 

instrumentale metode karakterizacije osnovnih 

svojstava tekstilija, 1st ed.; University of 

Zagreb Faculty of textile technology: Zagreb, 

Croatia, 1989.  

[27] Schacher, L.; Adolphe, D.; Drean, J. 

Comparison between thermal insulation and 

thermal properties of classical and microfibres 

polyester fabrics. International Journal of 

Clothing Science and Technology 2000, 12, pp. 

84-95. 

https://doi.org/10.1108/09556220010371711  

[28] Gunesoglu, S.; Meric Kaplangiray, B.; 

Gunesoglu, C. Thermal contact properties of 2-

yarn fleece knitted fabrics. Fibres and Textiles 

in Eastern Europe 2005, 13, pp. 46-50. 

[29] Akcagun, E., Baczek, M., Hes, L. Thermal 

insulation and thermal contact properties of 

wool and wool/PES fabrics in wet state. 

Journal of Natural Fibers 2019, 16, pp. 199-

208. 

https://doi.org/10.1080/15440478.2017.14146

50 

[30] Manasoglu, G.; Celen, R.; Kanik, M.; Ulcay, 

Y. An Investigation on the Thermal and Solar 

Properties of Graphene-Coated Polyester 

Fabrics. Coatings 2021, 11, pp. 1-15. 

https://doi.org/10.3390/coatings11020125  

[31] Hes, L. Analysing the thermal properties of 

animal furs for the production of artificial furs. 

In: Biologically inspired textiles, 1st ed.; 

Abbott, A., Ellison, M., Eds.; Woodhead Publi-

shing: Cambridge, UK, 2008, pp. 150-167. 

 

https://doi.org/10.1002/9783527342587.ch31
https://doi.org/10.1007/s10973-013-3013-7
https://doi.org/10.1016/j.mtphys.2021.10034
https://doi.org/10.1016/j.buildenv.2007.12.012
https://doi.org/10.1016/j.buildenv.2007.12.012
https://doi.org/10.1007/s00421-008-0824-5
https://doi.org/10.2478/aut-2019-0028
https://doi.org/10.1080/00405000.2017.1402425
https://doi.org/10.1080/00405000.2017.1402425
https://doi.org/10.1515/aut-2005-050401
https://doi.org/10.1007/s12221-021-0337-y
https://doi.org/10.1108/09556220010371711
https://doi.org/10.1080/15440478.2017.1414650
https://doi.org/10.1080/15440478.2017.1414650
https://doi.org/10.3390/coatings11020125


N. JUKL et al: The influence of compressibility on the thermal contact conductivity of diamond-shaped quilted lining for 

special purpose clothing,  Tekstil 72 (3) on-line first (2023.)   

 

[32] Kaziur, P.; Mikołajczyk, Z.; Kłonowska, M.; 

Woźniak, B. Design Methodology and Tech-

nology of Textile Footwear. Materials 2022, 

15, pp. 1-18.  

https://doi.org/10.3390/ma15165720 

[33] Matusiak, M.; Kowalczyk, S. Thermal-

insulation properties of multilayer textile 

packages. Autex Research Journal 2014, 14, 

pp. 299-307. 

https://doi.org/10.2478/aut-2014-0030 

[34] Lizák, P.; Murárová, A.; Mojumdar, S.C. Heat 

transfer through a textile layer composed of 

hollow fibres. J Therm Anal Calorim 2012, 

108, pp. 851–857. 

https://doi.org/10.1007/s10973-012-2391-6 

[35] Atalie, D.; Tesema, AF.; Rotich, GK. Effect of 

weft yarn twist level on thermal comfort of 100 

per cent cotton woven fabrics. Research 

Journal of Textile and Apparel 2018, 22, pp. 

180-194.  

https://doi.org/10.1108/RJTA-11-2017-0049 

[36] Shradhanjali M.; Thangavelu, V.; Vasanth 

Kumar, D.; Jebastin Rajwin, A.; Ramesh Babu, 

V.; Prakash, C.; Shah, A.; Reetuparna, R. 

Study of Thermal Comfort Properties of 

Different Kinds of Polyester Knitted Fabrics. 

Fibres & Textiles in Eastern Europe 2021, 5, 

pp. 50-55.  

https://doi.org/10.5604/01.3001.0014.9297  

[37] Kanat, E.; Özdil, N.; Marmaralı, A. Prediction 

of thermal resistance of the knitted fabrics in 

wet state by using multiple regression analysis. 

Textile and Apparel, 2014, 24, 291-297. 

[38] Rogale, D.; Majstorović, G.; Firšt Rogale, S. 

Comparative analysis of the thermal insulation 

of multi-layer thermal inserts in a protective 

jacket. Materials 2020, 13, pp. 1-13. 

https://doi.org/10.3390/ma13122672  

[39] Begum, A.; Subramaniam, V. Compressibility 

of plain weft knitted fabrics. Indian Journal of 

Fibre & Textile Research 1994, 19, 158-188. 

[40] Alimaa, D.; Matsuo, T.; Nakajima, M.; 

Takahashi, M.; Yamada, EY. Pressure-

thickness relation and compression mechanism 

of plain and rib knitted fabrics. Journal of 

textile engineering 2000, 46, pp. 7-10. 

https://doi.org/10.4188/jte.46.7  

[41] Asayesh, A.; Mirgoli, F.; Gholamhosseini, A. 

An investigation into the effect of fabric 

structure on the compressional properties of 

woven fabrics. The Journal of The Textile 

Institute 2017, 109, pp. 32-38. 

https://doi.org/10.1080/00405000.2017.13208

17  

 

[42] Asanović, K.A.; Mihailović, T.V.; Cerović, 

D.D. Evaluation of the quality of clothing 

fabrics in terms of their compression behaviour 

before and after abrasion. Fibers and Polymers 

2017, 17, pp. 1393-1400.  

https://doi.org/10.1007/s12221-017-5536-1   

[43] Ukponmwan, J.O. Compressibility analysis of 

dry abraded woven fabrics. Textile Research 

Journal 1994, 64, pp. 756-760. 

https://doi.org/10.1177/0040517594064012 

[44] Datta, M.K.; Behera, B.K.; Goyal, A. 

Prediction and analysis of compression 

behaviour of warp-knitted spacer fabric with 

cylindrical surface. Journal of Industrial 

Textiles 2019, 48, pp. 1489-1504. 

https://doi.org/10.1177/1528083718769936 

[45] Lou, G.; Chen, S. Investigation of the 

Mechanical Properties of Three-Dimensional 

Polyurethane Composites Reinforced with 

Warp-Knitted Spacer Fabrics. AATCC Journal 

of Research 2022, 5, pp. 231-239. 

https://doi.org/i.org/10.1177/24723444221118

980 

[46] Venkataraman, M.; Mishra, R.; Militky, J. 

Comparative Analysis of High Performance 

Thermal Insulation Materials. Journal of 

Textile Engineering & Fashion Technology 

2017, 2, pp. 401-409. 

https://doi.org/10.15406/jteft.2017.02.00062 

[47] Gnanauthayan, G.; Rengasamy, RS.; Kothari, 

V. Heat insulation characteristics of multi-

layer nonwovens. Research Journal of Textile 

and Apparel 2018, 22, pp. 94-108. 

https://doi.org/10.1108/RJTA-06-2017-0028 

[48] Karunamoorthy, Shabaridharan; Das, A. Study 

on thermal resistance of multilayered fabrics 

under different compressional loads. The 

Journal of the Textile Institute 2014, 105, pp. 

538-546. 

https://doi.org/10.1080/00405000.2013.82738

8 

[49] Abbas, A.; Zhao, Y.; Zhou, J.; Wang, X.; Lin, 

T. Improving thermal conductivity of cotton 

fabrics using composite coatings containing 

graphene, multiwall carbon nanotube or boron 

nitride fine particles. Fibers and Polymers 

2013, 14, pp. 1641-1649. 

https://doi.org/10.1007/s12221-013-1641-y  

[50] Rogale, D.; Firšt Rogale, S.; Knezić, Ž.; 

Vujasinović, E.; Čubrić, G.; Špelić, I. Multi-

purpose differential conductometer for textile 

composites and clothing. State Intellectual 

Property Office, approved consensus patent 

from the State Intellectual Property Office on 

08/03/2020, PK2017164. 

 

https://doi.org/10.3390/ma15165720
https://doi.org/10.2478/aut-2014-0030
https://doi.org/10.1007/s10973-012-2391-6
https://doi.org/10.1108/RJTA-11-2017-0049
https://doi.org/10.5604/01.3001.0014.9297
https://doi.org/10.3390/ma13122672
https://doi.org/10.4188/jte.46.7
https://doi.org/10.1080/00405000.2017.1320817
https://doi.org/10.1080/00405000.2017.1320817
https://doi.org/10.1007/s12221-017-5536-1
https://doi.org/10.1177/0040517594064012
https://doi.org/10.1177/1528083718769936
https://doi.org/i.org/10.1177/24723444221118980
https://doi.org/i.org/10.1177/24723444221118980
https://doi.org/10.1108/RJTA-06-2017-0028
https://doi.org/10.1080/00405000.2013.827388
https://doi.org/10.1080/00405000.2013.827388
https://doi.org/10.1007/s12221-013-1641-y


N. JUKL et al: The influence of compressibility on the thermal contact conductivity of diamond-shaped quilted lining for 

special purpose clothing,  Tekstil 72 (3) on-line first (2023.)   

 

[51] Rogale, D.; Firšt Rogale, S.; Knezić, Ž.; 

Vujasinović, E.; Čubrić, G.; Špelić, I. Multi-

purpose differential conductometer for textile 

composites and clothing. In Annual 2018, 1st 

ed.; Rogale, D., Žiljak, V., Eds.; Croatian 

Academy of Engineering; Zagreb, Croatia, 

2018, pp. 184-189. 

[52] Rogale, D.; Firšt Rogale, S.; Knezić, Ž.; Jukl, 

N.; Majstorović, G. Measurement Methods of 

the Thermal Resistance of Materials Used in 

Clothing. Materials 2023, 16(10), 3842. 

https://doi.org/10.3390/ma16103842 
 

https://doi.org/10.3390/ma16103842

