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Abstract
This study comprised an experimental investigation to determine the thermal properties of 
socks manufactured using not only traditional cotton yarns but also yarns of new kinds of fibres 
such as bamboo and soybean protein fibres, as well as blended yarns such as cotton/seacells and 
bamboo/flax. The influence of different fibres of the socks mentioned on the thermal conductiv-
ity coefficient of plain knits and plated plane knits with textured polyamide (PA) or elastane 
(Lycra) wrapped with textured polyamide thread was investigated. It was determined that  
a higher thermal conductivity coefficient is characteristic for knits with textured polyamide 
(PA) thread: lower – for knits with Lycra thread and those from pure yarns. The variation in 
thermal conductivity depending on the area density, linear density and thickness of plain and 
plated plain knits was discused.
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placed next to the skin and in such a way 
produce a so-called cool feel or handle. 
This phenomenon occurs just for a mo-
ment because the skin adapts rapidly to 
mild stimulations. Fabrics from hairy 
yarns feel warm on contact with the skin 
due to the insulating air held between 
the fabric fibres and the skin [4].With 
the aim of making comfortable socks,  
we not only used cotton yarns but alsoa 
new industrial method of making yarns 
of soy, bamboo, seacells and their blends 
with traditional fibres such as as cotton 
and flax. These fibres have a good influ-
ence on humans because they are natu-
rally antibacterial and biodegradable, 
have a high moisture absorption capacity, 
softness, brightness  UV protective prop-
erties,  good mechanical and physical 
performances, and  antiphlogistic, antial-
lergic properties [5, - 7]. 

There have been some researches [8, 9] 
on the thermal comfort of various fab-
rics. They all noted that the wickability, 
air permeability and heat transfer influ-
ence the thermal comfort of a garment. 
Nida Oglakcioglu et al [1] compared the 
thermal comfort of single jersey, 1×1 
rib and interlock structures. The general 
conclusion of these studies was that 1×1 
rib and interlock fabrics, due to their 
high thermal insulation values, should be 
preferred for winter garments in order to 
protect from the cold. Comparing 1×1 rib 
and interlock fabrics, it would be better 
to use 1×1 rib fabrics for a warmer feel-
ing on first contact. On the other hand, 

single jersey structures should be chosen 
for active sports or summer garments.

The thermal properties of 1×1, 2×2 and 
3×3 rib knit fabrics were compared by 
Ucar and Yilmaz [10]. They noted that a 
decrease in the rib number leads to a de-
crease in heat loss, which may be due to 
an increase in  air entrapped in the fabric, 
i.e. a bulkier structure. If the structure be-
tween the rib knit stitches (front and back 
stitch) has a flat shape, the use of 1×1 rib 
and a tight structure would provide better 
thermal insulation against cold weather.

The thermal contact feeling of fleecy 
knitted fabrics in four different composi-
tions were investigated by S. Gunesoglu 
et al [11]. They found that the thermal 
contact feeling of fleecy fabrics is strong-
ly affected by the raising treatment, 
which is the final process of making typi-
cal fleecy fabrics. The yarn type and fibre 
blend (pure cotton and PET/cotton) is 
less important.

However, there have been no investiga-
tions on the thermal properties of plain 
or blended knits for socks from natu-
ral yarns and plated knitted socks with 
textured polyamide (PA) and elastane 
(Lycra) wrapped with textured polya-
mide thread in articles. In this paper,  not 
only knitted socks  from cotton yarns 
were investigated but also those from 
other new 21st century pure yarns such as 
bamboo and soybean protein fibres, and 
blended yarns such as cotton/seacells. 

n	 Introduction
Knitted fabrics not only posses stretch 
and provide freedom of movement, but 
they also have good handle and comfort. 
That is why knitted fabrics are common-
ly preferred for sportwear, casual wear, 
underwear and socks. The comfort pro-
vided by clothing depends on several fac-
tors, one of them being thermal comfort. 
It is known that fibre type, yarn proper-
ties, fabric structure, finishing treatments 
and clothing conditions are the main fac-
tors affecting thermo-physiological com-
fort [1].

The term comfort is a subjective concept 
which is only recognised by the person 
experiencing it. It can be defined as ‘the 
absence of displeasure or discomfort“ 
or ‘a neutral state compared to the more 
active state of pleasure“. A state of com-
fort can only be achieved when the most 
complex interactions between a range of 
physiological, psychological and physical 
factors have taken place in a satisfactory 
manner [2]. Hence, the comfort provided 
by clothing depends on such factors as 
softness, flexibility, moisture, diffusion, 
air permeability, thermal comfort, etc.

Human thermal comfort depends on a 
combination of clothing, climate, and 
physical activity [3]. The warmth of a 
fabric is due to  insulation provided by  
air trapped between  fibres and yarns. 
Fabrics from straight filament yarns re-
move heat rapidly by conduction when 
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The thermal properties of bamboo/flax 
were also studied.

n	 Object of investigation 
The objects of investigation were the 
same knits as those described in previous 
research [5], where the air permeabil-
ity of pure and plated cotton, bamboo, 
soy and blended yarns of cotton/seacell, 
bamboo/flax fibre and their structural 
parameters (area density, loop length 
and tightness factor) were reported. For 
plated knits,  textured polyamide PA and 
elastane (Lycra) wrapped with textured 
polyamide thread were used.  Table 1 
shows the linear density, thickness, and 
thermal conductivity coefficient of the 
knits, as well as the  relative error of the 
thermal conductivity coefficient.

All the variants of knits were produced 
with the same (cotton, bamboo, soy) 
yarns with a linear density of 14 tex. 
Combining  two or three yarns with PA 
and Lycra thread allows to obtain knits 
with the same linear density but of dif-
ferent fibres, and from the same fibre but 
with a different linear density. 

Knits from blended cotton/seacell fibre 
yarns (19 tex) and bamboo/flax fibre 
yarns (24 tex) were investigated. As was 
mentioned before, the same variants of 
knits from pure yarns, knits plated with 
elastane Lycra and knits plated with tex-
tured polyamide PA thread were manu-
factured.

	 Methods of testing 
and calculation

Thermal conductivity was determined 
with a measuring device described in 
[12]. A basic scheme of this device is 
presented in Figure 1. The principal ele-
ment of this device is glass tube 2, whose 
ends  are insulated with a thermo-insula-
tion material so that the temperature field   
created by the device would remain  un-
affected. Inside the glass tube  distilled 
water of 40 °C temperature flows . The 
temperature of the water is accurately 
maintained by an impulse thermostat. 
Sample 1 was wound on the glass tube 
in three layers. Temperature measure-
ments were then carried out with ther-
mocouples, which were located in five 
places – on the inside and outside of the 
glass tube and between every layer of the 
sample i.e. at  points  ts, t0, t1, t2, t3. The 
thermocouples were located according to 

Figure 1. Principle scheme of the temperature measurement device: 1 – multilayer fabric, 
2 - glass tube, 3 - distilled water, 4 - thermo insulation material, 5, 6 – incoming and 
outgoing water pipes, L - width of sample, Lc - part of constant temperature of glass tube, 
ts - temperature of inner layer of glass tube, t0 - temperature of inner layer of fabric, 
t1 - temperature of first layer of fabric, t2 - temperature of middle layer of fabric, 
t3 - temperature of outer layer of fabric, A-A – cross-section of glass tube and three layers 
of samples: ds - diameter of inner layer of glass tube, d0 - diameter of inner layer of fabric, 
d1 - diameter of first layer of fabric, d2 - diameter of middle layer of fabric , d3 - diameter 
of outer layer of fabric.

Table 1. Results of measurements.

Indication of knitted sample variant
Total 
linear 

density, 
tex

Thickness 
b, mm

Thermal 
conductivity 
coefficient λ, 

W/mK

Relative 
error, %

CL Cotton 14 tex + Lycra 10 tex 24 0.71 0.0344 13.2
BL Bamboo 14 tex + Lycra 10 tex 24 0.89 0.0390 12.1
SL Soy 14 tex + Lycra 10 tex 24 0.92 0.0229 4.8

CSL Cotton + Seacell 19 tex  + Lycra 10 tex 29 0.71 0.0232 8.1
BFL Bamboo + flax 24 tex + Lycra 10 tex 34 0.88 0.0255 9.4
CC Cotton 14 tex + Cotton 14 tex 28 0.39 0.0329 4.2
BB Bamboo 14 tex +  Bamboo 14 tex 28 0.38 0.0228 10.2
SS Soy 14 tex + Soy 14 tex 28 0.39 0.0269 5.1

CSCS Cotton+Seacell 19 tex + Cotton+Seacell 
19 tex 38 0.48 0.0293 2.7

BFBF Bamboo+flax 24 tex + Bamboo+flax  
24 tex 48 0.48 0.0296 4.2

CPA Cotton 14 tex + PA 20 34 0.81 0.0424 4.0

BPA Bamboo 14 tex + PA 20 tex 34 0.77 0.0559 2.6
SPA Soy 14 tex + PA 20 tex 34 0.75 0.0509 7.1

CSPA Cotton+Seacell 19 tex + PA 20 tex 39 0.85 0.0644 1.8
BFPA Bamboo+flax 24 tex + PA 20 tex 44 0.83 0.0545 7.6

CCL Cotton 14 tex + Cotton 14 tex + Lycra 
10 tex 38 0.79 0.0386 13.1

BBL Bamboo 14 tex + Bamboo 14 tex + Lycra 
10 tex 38 0.92 0.0429 3.3

SSL Soy 14 tex + Soy 14 tex + Lycra 10 tex 38 0.94 0.0309 2.8

CSCSL Cotton+Seacell 19 tex + Cotton+Seacell 
19 tex + Lycra 10 tex 48 0.97 0.0374 13.1

BFBFL Bamboo+flax 24 tex + Bamboo+flax  
24 tex + Lycra 10 tex 58 0.92 0.0370 4.5

CCC Cotton 14 tex + Cotton 14 tex + Cotton 
14 tex 42 0.55 0.0321 6.9

BBB Bamboo 14 tex + Bamboo 14 tex + 
Bamboo 14 tex 42 0.52 0.0336 2.8

SSS Soy 14 tex + Soy 14 tex + Soy14 tex 42 0.54 0.0277 3.8

CSCSCS Cotton+Seacell 19 tex + Cotton+Seacell 
19 tex + Cotton+Seacell 19 tex 57 0.69 0.0503 3.5

BFBFBF Bamboo+flax 24 tex + Bamboo+flax  
24 tex + Bamboo+flax 24 tex 72 0.68 0.0380 1.8

CCPA Cotton 14 tex + Cotton 14 tex + PA 20 tex 48 0.88 0.0604 4.1

BBPA Bamboo 14 tex + Bamboo 14 tex + PA 
20 tex 48 0.90 0.0591 2.3

SSPA Soy 14 tex + Soy 14 tex + PA 20 tex 48 0.89 0.0492 7.6

CSCSPA Cotton+Seacell 19 tex + Cotton+Seacell 
19 tex + PA 20 tex 58 0.91 0.0448 4.0

BFBFPA Bamboo+flax 24 tex + Bamboo+flax 24 
tex + PA 20 tex 68 0.94 0.0524 4.6
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methodology of temperature measure-
ment [13]. When the temperature became 
constant,  measurement was registered. 
Temperatures were registered using an 
ALMEMO 2590-9 device with micro-
processor data processing and accumula-
tion systems. The resolving power of the 
device is 0.1 °C. The variation coefficient 
of the temperature measurements did not 
exceed 3.68 %.

The thermal conductivity of the fabric (λ 
in W/mK) can be found using the follow-
ing equation [12]:
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where: 
λs	 - thermal conductivity coefficient of 

the glass tube,
ts	 - temperature of the inner layer of the 

glass tube in °C,
t0	 - temperature of the inner layer of the 

sample in °C,
t1	 - temperature of the first layer of the 

sample in °C,
t2	 - temperature of the middle layer of 

the sample in °C,
t3	 - temperature of the outer layer of the 

sample in °C,
ds	 - diameter of the inner layer of the 

glass tube in m,
d0	- diameter of the inner layer of the 

sample in m,
d1	- diameter of the first layer of the 

sample in m,
d2	- diameter of the middle layer of the 

sample in m,
d3	- diameter of the outer layer of the 

sample in m.

By using an indirect method of determin-
ing the thermal conductivity coefficient, 
it is possible to calculate the thermal 
conductivity coefficient of separate lay-
ers of multilayer fabric when the thermal 
conductivity coefficient of the first layer 
λi =  λs is known (determined by equa-
tion 1). In this case, the thermal conduc-
tivity coefficient of any layer of the fabric 
(λi) is found from the equation 2 [12]:
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where: 
i = 2, ..., n.

Figure 3. Thermal conductivity coefficient of knits manufactured from soy, cotton, bamboo 
(linear density XX-28 tex, XXX-42 tex) and their combination with Lycra (XL-24 tex, XXL-
38 tex) and textured PA (XPA-34tex, XXPA-48 tex) threads 

Figure 2. Thermal conductivity coefficient samples of knitted socks.

n	 Experimental results
In this work the thermal conductivity co-
efficient of socks manufactured from var-
ious yarns such as pure, blended and with 
a combination of textured polyamide or 
Lycra thread was investigated. Measure-
ments were repeated 6 times at radomly 
chosen parts of the samples, the average 
values of which are presented in Table 1 
and Figure 2. Relative error values of 
the thermal conductivity coefficient were 
calculated and  found to range from 1.8 
– 13.2 %. 

Regarding the thermal conductivity co-
efficient, the range of values obtained 
is significant, ranging from 0.0228 to 
0.0644 W/mK. As can seen from Fig-
ure  2, knits with textured polyamide 
thread PA have the highest values (rang-
ing from 0.0424 to 0.0644 W/mK). Low-
er values have knits manufactured from 

pure and blended yarns and their combi-
nation with  Lycra thread. 

Influence of natural fibre yarns on the 
thermal conductivity coefficient 
In Figure 3 we can see the results for 
knits from pure soy, cotton and bamboo  
yarns, which are the sixth group with the 
same linear density of yarns. The first 
group of knits is (XX – SS, CC, BB) from 
28 tex yarns, the second (XXX – SSS, 
CCC, BBB) – 42 tex, the third (XL – SL, 
CL, BL) – 24 tex, the fourth (XXL – 
SSL, CCL, BBL) – 38 tex, the fifth (XPA 
– SPA, CPA, BPA) – 34 tex, the sixth 
(XXPA – SSPA, CCPA, BBPA) – 48 tex. 
From Figure 3 we can see that samples 
from soy yarns have a lower thermal con-
ductivity coefficient than bamboo, except 
pure yarns from the first group,  where 
there is a converse variant, and the fifth 
group (SPA, CPA, BPA), where the ther-
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factured from three pure yarns. Besides 
this, no correlation was found between 
the thermal conductivity coefficient and 
factors mentioned  when  knits from pure 
yarns plated with Lycra or PA thread 
were used. This could be explained by 
the fact that Lycra or textured PA thread 
change the size and density of the loop.

n	 Conclusion
It was determined that  knits manufac-
tured from pure cotton, soy, bamboo 
yarns and plated knits with Lycra thread 
have a lower thermal conductivity coef-
ficient.  All knit variants with PA thread 
have the highest thermal conductivity 
coefficients. As a result, the maximum 
thermal conductivity coefficient is higher 
by about 200%, meaning that the ther-
mal conductivity coefficient increases 
by about 100% for one third of all knit 
variants with pure and plated with Lycra 
thread (BBL), whereas the remaining 
100% comprises knits plated with tex-
tured PA thread.

The thermal conductivity coefficient 
of blended yarns (CS, BF) changes dif-
ferently than that of knits from cotton, 
bamboo or soy yarns. The highest ther-
mal conductivity coefficient was found 
for knits plated with PA, the lowest – for 
knits from pure yarns and those plated 
with Lycra thread. There is a stable ten-
dency  of the thermal conductivity coef-
ficient of all variants to increase when  
there is more PA or Lycra thread in the 
sample.

The most important influence on the 
thermal conductivity coefficient is the 
structure of knits. PA thread increases the 
thickness of samples, but the area density 
does not rise; therefore, it is different with 
Lycra thread. Knits have little thickness, 
but the area density of the knitted sample 
increases more. Because of the reversible 
deformation of elastane, the course and 
wale density of samples decreases; there-
fore the knitted sock becomes thicker, 
and the thermal conductivity decreases 
as well. The thermal conductivity coef-
ficient could be controlled by changing 
the raw material composition and linear 
density of yarns.

Comparing socks knitted from different 
fibres (cotton, bamboo, soy), the most 
comfortable socks for a warm season 
would be those knitted from a combi-
nation of yarn with PA thread, as these 
are characterised by a higher thermal 

mal conductivity coefficient of soy and 
bamboo yarns are higher than that  of 
cotton yarns. An explanation could be 
that PA thread (in  the structure of pure 
yarns and those plated with PA thread) 
comprises more than 50% of all the linear 
density;  such a structure differs from the  
those of samples from pure thread and 
that plated with Lycra . The thickness of 
CPA (0.81 mm) differs from that of SPA 
(0.75 mm) and BPA (0.77 mm). Compar-
ing the average thickness of all the knit 
groups, we can see that there are differ-
ences betweeb them (I – 0.39 mm, II – 
0.54 mm, III – 0.84 mm, IV – 0.88 mm, 
V – 0.78 mm, VI – 0.88 mm).

In Figure 4 we can see the results for 
samples from blended cotton/seacell and 
bamboo/flax yarns and their combination 
with Lycra and PA thread. Comparing the 
thermal conductivity coefficient of knits 
manufactured from pure CSCS yarns, we 
can see that it is similar to that of pure 
CC yarns; however, it increases when 
the linear density rises. Knits with Lycra 
thread have a lower thermal conductivity 
coefficient than those from pure yarns. 
PA thread greatly increases the thermal 
conductivity coefficient. Moreover, knits 
with PA thread – CSPA have the highest 
thermal conductivity coefficient, which 
decreases when the linear density in-
creases (CSCSPA – 48 tex). The linear 
density does not have an influence on the 
thermal conductivity coefficient of knits 
from blended and pure yarns; mostly it 
depends on changes in structure when 
plated thread is used.

Knits manufactured from bamboo/flax 
yarns behave like knits from cotton/sea-

cell. The thermal conductivity coefficient 
of knits with Lycra is lower than that of 
knits from pure yarns. On the other hand, 
BFBF knits have a higher thermal con-
ductivity coefficient than those from BB; 
it increases for plated knits with PA and 
reaches the highest values in variants of 
knits from cotton/seacell yarns when the 
linear density is small (BFPA 34 tex). The 
thermal conductivity coefficient margin-
ally decreases when the linear density 
greatly increases (BFBFPA of 68 tex). 

On the other hand, the thermal conduc-
tivity coefficient does not depend on the 
linear density but on the structure of the 
knit, which is dependent on the plated 
yarns. Samples from pure yarns CSCS 
– 0.48 mm and BFBF – 0.48 mm have 
a very distinctive thickness compared 
with plated knits with a similar ther-
mal conductivity coefficient: CSCSPA 
– 0.91  mm, CSL – 0.71 mm, BFBFPA 
– 0.94 mm, and BFL – 0.88 mm, which 
means that Lycra and PA thread changes 
the thickness, area density, porosity and 
thermal conductivity coefficient of knit-
ted samples.

Verification of the correlation between 
the thermal conductivity coefficient 
of the samples from pure or blended 
yarns and their combination with Lycra 
and textured polyamide PA thread and 
the area density and thickness was per-
formed. The correlation coefficient for 
knits from natural yarns and plated knits 
with textured polyamide (PA) and Lycra 
thread was calculated. There is a corre-
lation only between the thermal conduc-
tivity coefficient,  area density (r = 0.88) 
and thickness (r = 0.83) of knits manu-

Figure 4. Thermal conductivity coefficient of knits manufactured from Cotton/seacell (CSCS-
38 tex, CSCSCS-57 tex), their comabination with Lycra (CSL-29 tex, CSCSL-48 tex) and 
textured PA (CSPA-39 tex, CSCSPA-58tex); Bamboo/flax (BFBF-48 tex, BFBFBF-72 tex), 
and their combination with Lycra (BFL-34 tex, BFBFL-58 tex) and textured PA (BFPA-
44 tex, BFBFPA-68 tex) threads.
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conductivity coefficient, and the person 
would feel more comfortable wearing 
such socks. Socks plated with (Lycra) 
should be used for a cold season, as these 
are characterised by a lower thermal con-
ductivity coefficient.

For summer,  socks knitted from pure 
yarns of cotton/seacell or bamboo/flax 
blends and their combination with tex-
tured polyamide could be used. For win-
ter the most comfortable would be socks 
knitted from a combination of cotton/
seacell or bamboo/flax blends with Lycra 
thread.

References
1.	 Oglakcioglu N., Marmarali A.; Fibres & 

Textiles in Eastern Europe, Vol. 15, No. 
5-6 (64-65), 2007, pp. 94-96.

2.	 Milenkovic L., Skundric P., Sokolovic 
R., Nikolic T.; Journ. Facta Universitatis, 
Vol.1, No. 4, 1999, pp. 101-106.

3.	 Ogulata R. T.; Fibres & Textiles in Eastern 
Europe, Vol.15, No.2 (61), 2007, pp. 
67-72.

4.	 Collier A. M.; „Handbook of Textiles“, 
A. Wheaton & Co. Ltd, Exeter (1980), 
pp. 234.

5.	 Abramavičiūtė J., Čiukas R.; Fibres & 
Textiles in Eastern Europe, Vol. 18, No. 
1 (78), 2010: pp. 84-88.

6.	 Erdumlu N., Ozipek O.; Fibres & Textiles 
in Eastern Europe, Vol.16, No.4 (69), 
2008, pp.43-47.

7.	 You L.Y.; Fibres & Textiles in Eastern 
Europe, Vol.12, No.2 (46), 2004: pp. 8-9.

8.	 Parthiban M., Kumar R. M.; Indian Journal 
of Fibre & Textile Research, Vol. 32, 2007, 
pp. 445-452.

9.	 Marmarali A., Kadoglu H., Oglakcioglu N., 
Celik P., Blaga M., Ursache M., Loghin, 
C.; „Thermal Comfort of Some New Yarns 
Generation Knitted Fabrics“, AUTEX 
World Textile Conference, May 26-28, 
Izmir, Turkey, 2009: pp. 75-81.

10.	Ucar N., Yilmaz T., Fibres & Textiles in 
Eastern Europe, Vol.12, No.3 (47), 2004, 
pp. 34-38.

11.	 Gunesoglu, S., Meric, B., Gunesoglu, C., 
„Thermal Contact Properties of 2-Yarn 
Fleece Knitted Fabrics“, Fibres & Textiles 
in Eastern Europe, Vol.14, No.5 (59), 
2006: pp.103-106.

12.	Nadzeikienė J., Influence of Environ-
mental Factors on Thermal Comfort of 
Working Person. Ph. D. Thesis, Kaunas 
University of Technology, Kaunas, (2005), 
116p.

13.	Sirvydas A., Kerpauskas P., Nadzeikienė 
J., Stepanas A., Tereščiuk V., „Tempera-
ture Measurements in Research of Ther-
mal Weed Extermination“. Development 
of agricultural technologies and techni-
cal means in ecological and energetic 
aspects: proseedings of the internetional 
conference, Raudondvaris, Lithuania. No. 
11. 2006: pp. 321-331.

Received 22.09.2008         Reviewed 06.10.2009

We take pleasure in inviting you to
 the next XIPS Conference,  

The 8th in a series of meetings on X-Ray Investigation 
of Polymer Structure

XIPS’2010
Is scheduled for the beginning of December, 2010

The  conference covers all topics concerning polymers structure  inves-
tigations with X-rays, including various fields such as X-ray crystallogra-
phy,  wide  angle (WAXS) and small angle (SAXS) X-ray scattering  as 
well as novel methods, and instrumentation related to these methods. 
Scientists  using the neutron scattering method (SANS) are also wel-
come. The previous conference  XIPS’07, organised in Cracow, was at-
tended by  75 distinguished scientists from European universities and 
scientific institutions.  

It is a great pleasure  to extend to you our  invitation to participate in this 
Conference

For further information please contact:

The Chairman of the Conference

   Prof. Jarosław Janicki, Ph.D., D.Sc.
tel. +48 33 8279 114, fax. +48 33 8279 100

e-mail: jjanicki@ath.bielsko.pl

 or

The Secretary of the Organizing Committee

 Prof. Stanisław Rabiej, Ph.D., D.Sc.
tel. +48 33 8279 159, fax. +48 33 8279 100

e-mail: stanislaw.rabiej@ath.bielsko.pl

University of Bielsko- Biała
Faculty of Materials and Environmental Sciences

Institute of Textile Engineering and Polymer Materials
ul. Willowa 2, 43-309 Bielsko-Biała, Poland


