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Abstract
The paper investigates the influence of fabric structure variations and finishing on the ther-
mal properties of woven fabrics for a tailored garment. Four distinctive pairs of fabrics 
were investigated, where the weft density, weft yarn count or type and finishing were varied 
within the fabrics in each pair. Several thermal properties such as conductivity, diffusiv-
ity, absorptivity, resistance, the ratio of maximal and stationary heat flow density and the 
stationary heat flow density were measured using an Alambeta device. The results obtained 
showed that variation of the weft yarn count and finishing have a significant effect on sev-
eral thermal properties. Increasing the weft count increased the thermal conductivity, ab-
sorptivity, resistance and the ratio of maximal and stationary heat flow density. The appli-
cation of oilproof and waterproof finishing affected thermal diffusivity, thermal absorptivity 
and thermal resistance. Milled finishing contributed to increasing the thermal resistance.  

Key words: thermal properties, woven fabric, waterproof finishing, oilproof finishing, 
milled finishing.

ity than similar fabrics with solid poly-
ester fibres, as well as which the fabric 
thermal properties are greatly affected 
by the dyeing process. Boguslawska-
Baczek and Hes [14] studied the impact 
of moisture on the thermal parameters of 
fabrics designed for special clothing. As 
follows from the original results, even 
a small content of  sodium chloride salt 
influences the thermal comfort proper-
ties of  wetted fabrics. Ahmad et al. [15] 
investigated the relationship between the 
fabric weave structure and its thermal re-
sistance. They studied  two basic weave 
structures and four derivatives for each 
weave structure selected. While the plain 
weave structure showed the highest ther-
mal resistance, the 2/2 matt weave had 
the lowest thermal resistance. Kakvan et 
al. [16] studied the thermal comfort prop-
erties of woven fabrics made of Kermel, 
cotton/nylon and cotton/nylon/Kermel-
blended yarns. The results showed that 
the thermal resistance increases along 
with the Kermel fibre blend ratio. Mah-
bub et al. [17] investigated the thermal 
comfort properties of woven Kevlar/
wool and woven Kevlar ballistic fabrics, 
where the thermal resistance of Kevlar/
wool fabric was higher than that of Kev-
lar. Özdemir [18] investigated the effects 
of weave and raw material on the thermal 
and water vapor resistance of some com-
monly used clothing 65/35 and 33/67% 
PES/CO blend woven fabrics, whose 
weaves were 2/2, twill, matt twill, cellu-
lar and diced weaves. The results indicate 
that both the fabric construction and con-
stituent fibre properties affect the thermal 
comfort properties of clothing woven 
fabrics.

a special thin sensor, whose thermal in-
ertia is similar to that of human skin [6, 
7]. Other thermal parameters are calcu-
lated based on the properties measured 
and suitable algorithms [8]. Matusiak 
[9] investigated the thermal insulation 
properties of  single and multilayer tex-
tile materials as well as the relationships 
between the thermal insulation properties 
of a set of materials and the parameters of 
the particular components of sets, includ-
ing the configuration of layers. Hes [10]  
described and analysed some non-de-
structive methods of testing the mechani-
cal and comfort properties of fabrics/
garments. He  investigated the possibility 
to characterise the sensorial and thermo-
physiological properties of fabrics/gar-
ments in their full complexity by means 
of the so-called “comfort matrix”. Rego 
et al. [11] showed that the weft stretch 
has a significant influence on tactile com-
fort as well as on mechanical properties 
and fabric thermal resistance. He found 
that polyester content and the applica-
tion of  functional treatment are the key 
design elements in controlling fabric 
performance. Bajzik and Hes [12] inves-
tigated the effect of moisture on the ther-
mal comfort properties of different cot-
ton fabrics which were subjected to dif-
ferent finishing treatments. It was found 
that the presence of moisture affected 
substantively all thermal insulation and 
thermal contact properties. Khoddami et 
al. [13] examined the effect of finishing 
on the thermal properties of hollow PES/
wool fibre fabric and proved that the fin-
ishing does not have a negative impact. 
They also found that hollow fibre fabrics 
always have lower thermal conductiv-
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n Introduction
Ensuring the thermal stability of the hu-
man body is one of the most important 
functions of clothing. The influence of 
clothing on the heat exchange between 
the human and its surroundings is very 
complex. It depends on many factors 
connected with the environment and 
the properties and structure of clothing 
[1]. The influence of clothing on human 
comfort is a complex phenomenon in-
fluenced by the material type and cloth-
ing structure [2]. Matusiak and Sikorski 
[3] investigated the relation between the 
weave and linear density of weft yarn and 
the thermal properties of woven fabrics. 
They found a strong and statistically sig-
nificant correlation between the thermal 
insulation properties of the fabrics and 
these structural parameters. Marmarali 
and Kretzschmar found that the transfer 
of heat and water vapour are affected by 
atmospheric conditions, activity of the 
human body and by the properties of 
the fabric, such as the type of fibre, yarn 
structure, weave and fabric thickness [4]. 
Das et al. [5] gave a detailed explanation 
of the heat and water vapour transmis-
sion of different types of multi-layered 
fabrics. They proved that regardless of 
the fibre type, an increase  in the density 
and fabric weight increases the thermal 
resistance and decreases the water va-
pour permeability of  fabrics. Some re-
cent studies include the implementation 
of a computer-controlled instrument, 
the Alambeta, to measure insulation and 
thermal contact properties of fabrics. 
The heat flow passing between the textile 
samples and the measuring head during 
thermal contact is measured directly by 
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The aim of this paper was to investigate 
the influence of modification of the fab-
ric structure, such as increasing the weft 
density and  weft yarn count, as well as 
the influence of waterproof and oilproof 
finishing on woven fabric thermal prop-
erties.

n Experimental
Materials and methods
The object of investigations were four 
distinctive pairs of fabrics, where every 
second fabric in the pair is produced with 
variation of fabric structure parameters, 
or by varying the finishing treatment. 
The variation of fabric structure param-
eters imposed was such that it can be eas-
ily set in the course of everyday indus-
trial production: variation of weft density 
or variation of weft yarn count. 

Details of fabric structure parameters are 
shown in Table 1.  

n Fabrics of the first pair, A and A1, dif-
fer in weft density; namely, A1 has 
higher weft density than A. The mag-
nitude of the increase in weft density 
is 5.6%. All other parameters, includ-
ing fibre composition, yarn count, 
warp density and finishing treatment 
are identical. 

n The second pair of fabrics designated, 
B and B1, have all structure param-
eters identical, except the weft yarn 
count. The first fabric of pair B has 
single ply weft yarn of lower count, 
while the second fabric B1 has double 
ply weft yarn of higher count.

n The third pair of fabrics, C and C1, 
also have all the fabric structural pa-
rameters identical, except weft den-
sity. Fabric C has lower weft density, 
while C1 has 10.2% higher weft den-
sity.  

n The fourth pair of fabrics, D and D1, 
also have all structural parameters 
identical, except the type of finishing. 
Here also the first fabric in the pair has 
standard clear cut finishing, while D1 
has an additional waterproof and oil-
proof finish. Waterproof and oilproof 
finishing was carried out by teflon im-
pregnation on a foulard, with an 80% 
degree of sizing, 25 g/l of Tubiguard 
66, 3 g/l of Tubiguard fix and 5 g/l of 
Collosal FD, followed by drying or 
thermal fixation at a temperature from 
130 to 150 °C.

Regarding fibre composition, the first 
three pairs of fabric have 100% wool or 

100% wool with Lycra. Concerning the 
weave, they are similar, and have a twill 
2/1 or twill 2/2 weave.
 
The fibre composition in the fourth pair 
of fabrics is a blend of wool, PES and 
Lycra. Also the fabrics of this pair have 
identical warp and weft counts.

Regarding the purpose of the fabrics, 
pairs A-A1 and B-B1 are designed for 
summer clothing, while C-C1 and D-D1 
for winter clothing.

Measurements of the thermal insulation 
parameters were performed on fabric 
using the Alambeta device, constructed 
by Hes [19]. Six parameters were deter-
mined : thermal conductivity - λ, thermal 
diffusivity - a, thermal absorptivity - b, 
thermal resistance - R,  ratio of maximal 
to stationary heat flow density - p , and 
stationary heat flow density - q. 

n Thermal conductivity, λ, is based on 
Equation 1:

11, −−

∆
= KWmTF

Q

σ
τ

λ Wm-1K-1           (1)

where, Q - amount of conducted heat in 
Ј, F - area through which the heat is con-
ducted in m2, τ - time of thermal conduc-
tivity in s, ∆T - drop in temperature in K, 
σ - fabric thickness in m.

n  Thermal diffusivity, a, is de-
fined by Equation 2:  12, −= sm

c
a

ρ
λ                   

(2)

where, λ - thermal conductivity in  
Wm-1K-1, ρ - fabric density in kgm-3,  
c - specific heat of fabric in J kg-1K-1. 

n Thermal absorptivity, b, can be ex-
pressed as Equation 3:

122/1, −−⋅= KmWscb ρλ  Ws1/2m-2K-1          (3)

where, λ - thermal conductivity in  
Wm-1K-1, ρ - fabric density in kg m-3,  
c - specific heat of fabric in J kg-1K-1.

n Thermal resistance, R, is connected 
with fabric thickness by means of  
Equation 4:

12, −= WKmR
λ
σ  Km2W-1           (4)

where, σ - fabric thickness in m, λ - ther-
mal conductivity in Wm-1K-1.

n	The maximum heat flow density, p, 
from the skin to the fabric appears 
at the moment of contact of the cold 
fabric with human skin. With time, 
the heat flow stabilised itself at a de-
termined level q, which is called the 
stationary heat flow density.

n Stationary heat flow density is defined 
by Equation 5:

2, −= Wm
F
Qq
τ

   Wm-2           (5)

where, Q - amount of heat in J, F - area 
through which the heat is conducted in 
m2, τ - time to flow in s.

n Results and discussion 
Results of the thermal properties inves-
tigated, such as average values and the 
coefficient of variation (CV) are given 
in Table 2. The effects of fabric structure 
variation and finishing on thermal prop-
erties was evaluated by analysis of vari-
ance (ANOVA), the results of which are 
shown in Table 3.

The results of thermal conductivity (λ) 
measurements show an increase in ther-
mal conductivity in every second fabric 
in the pairs investigated. 

Table 1. Fabric properties investigated.

Fabric A A1 B B1 C C1 D D1

Fibre composition 98% wool
2% lycra 100%  wool 100%  wool

44% wool
54% PES
2% lycra

Yarn count, warp, Tex 17x2 17x2 15x2 15x2 17x2 17x2 18x2 18x2
Yarn count, weft, Tex 17x2 17x2 24 15x2 17x2 17x2 18x2 18x2
Warp density, cm-1 32 32 31.2 31.2 30.8 30.8 35.4 35.4
Weft 
density, cm-1 24.80 26.2 27.6 28 25.6 28.2 24.4 24.4

Fabric thickness, mm 0.36 0.41 0.29 0.34 0.39 0.41 0.45 0.45
Fabric 
weight,  g/m2 213 227 167 187 213 227 250 250

Finishing standard standard milled standard oilproof
waterproof

Weave 2x1
twill

2x1
twill

2x1
twill

2x1
twill

2x2
twill

2x2
twill

2x2
twill

2x2
twill
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This means that an increase in weft den-
sity (A to A1 and C to C1) and weft yarn 
count (B to B1) and the application of 
oilproof and waterproof finishing (D to 
D1)  result in an increase in thermal con-
ductivity (Figure 1). Increasing the weft 
density or weft count increases the thick-
ness of the fabric (Table 1), which, in 
turn, increases the thermal conductivity. 
The fabric with oilproof and waterproof 
finishing in the fourth pair has a higher 
thermal conductivity compared to stand-
ard fabric due to the finishing, which 
makes the fabric more covered.

With respect to the effect of the factors 
investigated on thermal conductivity, it 
appears that only an increase in the weft 
thread count has a significant effect on the 
thermal conductivity (Table 3). Thermal 
diffusivity (a) is a property concerning 
the transport of thermal flow through the 
fabric structure‘s air. For the first (A-A1) 
and third (C-C1) pair of fabrics, where 
the weft density is increased, and for the 
second pair (B-B1), where the weft count 
is increased, there are small differences 
in thermal diffusivity. However, regard-
ing the fourth pair, the standard fabric 

has higher thermal diffusivity than the 
finished one (Figure 2). The application 
of special finishing decreased the thermal 
diffusivity of the fabric by 6.9%. 

The analysis of variance (Table 3) also 
confirms finishiing to be a statistically 
significant factor for thermal diffusiv-
ity. It can be seen that thermal diffusiv-
ity is substantially greater in the third 
and fourth pairs than in the first two. 
The reason for this is the milled finishing 
of the third pair and greater thickness of 
the fourth. 

The first (A-A1) and third (C-C1) pairs 
have identical warp and weft counts 
and weight, and differ only in finishing. 
As a  esult of milled finishing, the third 
pair have 56 - 57% higher thermal dif-
fusivity than the first. Also we can see 
that the thermal diffusivity values clearly 
distinguish fabrics for summer clothing 
(A-A1 and B-B1) and for winter clothing 
(C-C1 and D-D1). 

The thermal diffusivity is almost doubled 
for winter clothing fabrics.
 
Thermal absorptivity (b) is a parameter 
indicating the warm-cool feeling at the 
first brief contact of the fabric with hu-
man body skin [20]. Fabrics of lower 
thermal absorptivity provide a “warm” 
feeling and are not suitable for summer 
clothing, whereas those with a high  val-
ue  of   thermal absorptivity give a “cool” 
feeling. Increasing the weft density and 
weft count (which, in turn, increases the 
fabric weight, fabric thickness and cover 
factor)  results  in an increase in  thermal 
absorptivity (Figure 3) i.e. a decrease 
in  warm feeling (pairs A-A1 and C-C1). 
Also the standard fabric (D) has lower 
values of  thermal absorptivity and there-
fore provides greater warm feeling com-
pared to the finished one (D1). 

Table 2. Thermal properties of fabric tested.

Fabric A A1 B B1 C C1 D D1
λ, Wm-1Κ-1x10-3 53.24 53.54 46.00 47.92 49.72 50.50 58.42 60.62
CV, %   1.53   1.54   2.26   1.92   1.02   1.73   3.51   1.52
a, m2s-1x10-6 0.048 0.047 0.043 0.042 0.075 0.074 0.073 0.068
CV,  % 3.94 2.82 4.74 3.58 4.81 4.76 3.21 3.81
b,  Ws1/2m-2K-1 241.4 249.6 221.0 232.0 184.8 188.4 219.6 230.4
CV, % 2.99 3.61 1.60 2.40 4.83 4.59 2.08 3.21
R, Km2W-1x10-3 7.30 7.22 7.00 7.30 8.72 8.50 8.20 7.94
CV, % 2.93 2.40 2.02 2.17 2.20 1.86 2.11 1.91
p 1.43 1.44 1.36 1.40 1.38 1.36 1.42 1.42
CV, % 1.69 1.91 0.81 1.85 2.37 5.12 1.11 2.24
q, Wm-2 1.23 1.24 1.19 1.19 1.05 1.05 1.14 1.15
CV, % 2.29 3.02 1.94 2.43 3.12 4.80 1.72 1.56

Table 3. F-test and p-values for thermal properties of fabrics.

Samples A/A1 B/B1 C/C1 D/D1
Factor Weft density Weft thread count Weft density Finishing

λ - thermal conductivity 0.53 9.74* 2.99 4.77
p - value 0.49 0.01 0.12 0.06
a - thermal diffusivity 2.18 0.49 1.38 8.60*
p - value 0.18 0.50 0.27 0.02
b - thermal absorptivity 2.57 13.94* 0.42 7.71*
p - value 0.15 0.01 0.53 0.02
R - thermal resistance 0.61 10.00* 3.90 6.38*
p - value 0.45 0.13 0.08 0.04
p - ratio of max. and          

stationary heat flow density 0.11 10.13* 0.41 0.02

p - value 0.75 0.01 0.54 0.90
q - stationary heat flow 0.23 0 0 1.03
p-value 0.64 1 0.98 0.34
* F-values and p-values marked with an asterisk indicate the significant influence of the factors  
investigated on the properties measured

Figure 1. Thermal conductivity of fabrics.
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In the second pair, the introduction of 
higher count weft yarn (B1) increases 
the thermal absorptivity, leading to the 
improved performance of the fabric as  
summer clothing. 

The fabrics in the third pair (C-C1) 
have substantially lower values of ther-
mal conductivity, which is as a result 
of milled finishing intended for winter 
clothing,  providing a warm touch feeling 
for these fabrics and favouring them for 
winter clothing (Figure 3). Compared to 
the first pair, (which have the same thread 
count, weight and density, but standard 
finishing), the third  have  about 30% 
lower thermal absoprtivity. 

Analysis of variance (Table 3) confirms 
that statisticaly significant factors affect-
ing thermal condictivity are  changes in 
the weft yarn count (B-B1) and applica-
tion of oilproof and waterproof finishing 
(D-D1). 

Thermal resistance (R) is an important 
parameter from the point of view of 
thermal insulation. This feature is con-
nected with the structure and thickness 
of the fabric [4, 5]. Figure 4 shows that 
the thermal resistance decreases with in-
creasing weft density (A-A1 and C-C1). 
Opposite to increasing the weft density, 
the introduction of a higher double ply 

weft count results in an increasing in 
thermal resistance (B-B1). It was con-
firmed by the F-test that increasing the 
weft count has a significant influence on 
the increase in thermal resistance (F-test, 
Table 3). The third pair of fabrics, with 
milled finishing, obtained the highest 
value of  thermal resistance compared to 
all other fabrics, which again favors this 
fabric for use in winter clothing. The oil-
proof finishing  proved to have a signifi-
cant influence on decreasing the thermal 
resistance (F-test, Table 3). The higher 
values of thermal resistance are clearly 
shown by fabric pairs intended for winter 
clothing (C-C1 and D-D1). 

The ratio of maximal and stationary heat 
flow density (p) from the human skin to 
the fabric occurs in the moment of con-
tact of the cool fabric with human skin. 
Maximum heat flow is one of the param-
eters characterising the thermal insula-
tion and thermal absorptivity of fabrics, 
which are surface features. The results 
(Figure 5) show that the introduction of 
double ply weft yarn (B-B1) increases 
the ratio of maximal and stationary heat 
flow density, which is statisticaly con-
firmed by the F-test (Table 3). 

Increasing the weft density as well as 
waterproof and oliproof finishing has no 
significant effect on this feature.

When the heat flow gets stabilised after a 
certain amount of time, it does so at the 
level q, which is called stationary heat 
flow density. The values obtained for sta-
tionary heat flow (Figure 6) suggest that 
the structural changes and finishing of 
the fabric do not affect the stationary heat 
flow. It can be seen that the first pair of 
fabrics have the greatest stationary heat 
flow (summer clothing), while the third 
pair of fabrics, with milled finishing (C-
C1), have the smallest, which again fa-
vors this pair for winter clothing.

n Conclusions
The influence of fabric structure variation 
and oilproof and waterproof finishing on 
thermal properties for a range of fabrics 
for a tailored garment was investigated. 

It was shown that  fabric structure vari-
ation and finishing have a specific effect 
on various thermal properties. Neverthe-
less, on the basis of the investigation car-
ried out, the following conclusions can 
be drawn:
n The introduction of double ply weft 

yarn of higner count has a significant 
influence on thermal conductivity, 
thermal absorptivity, thermal resist-
ance and the ratio of maximal and sta-
tionary heat flow density. 
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Figure 5. Ratio of max. and stationary heat flow density of fabrics. Figure 6. Stationary heat flow of fabrics.

1.28
1.30
1.32
1.34
1.36
1.38
1.40
1.42
1.44
1.46

A A1 B B1 C C1 D D1

FabricsR
at

io
of

 m
ax

. a
nd

 st
ac

io
na

ry
 h

ea
d 

flo
w

 d
en

sit
y,

  p

0,95
1,00
1,05
1,10
1,15
1,20
1,25
1,30

A A1 B B1 C C1 D D1

Fabrics

St
at

io
na

ry
he

at
 fl

ow
, q

[W
m

−2
]

         A      A1      B      B1    C      C1     D      D1

   Fabrics

Th
er

m
al

 a
bs

or
pt

iv
ity

b,
  W

s1
/2

m
-2

K-
1

260 

240 

220 

200

180

         A      A1      B      B1    C      C1     D      D1

   Fabrics

Th
er

m
al

 re
si

st
an

ce
R

, K
m

2W
-1

x1
0-

3

9.00 
8.50 
8.00 
7.50
7.00
6.50
6.00

           A      A1      B      B1    C      C1     D      D1

   Fabrics

R
at

io
 o

f m
ax

. a
nd

 s
ta

tio
na

ry
  

he
at

 fl
ow

 d
en

si
ty

 p
, -

1.44

1.40 

1.36

1.32

1.28
         A       A1      B      B1      C      C1     D      D1

   Fabrics

st
at

io
na

ry
 h

ea
t fl

ow
 

q,
 W

m
-2

1.30
1.25
1.20 
1.15
1.10
1.05
1.00
0.95



FIBRES & TEXTILES in Eastern Europe  2018, Vol. 26,  1(127)124

n The introduction of higher weft yarn 
count significantly increased the ther-
mal resistance and, consequently, con-
tributed to the improved performance 
of this fabric for summer clothing.

n	The results confirmed that waterproof 
and oilproof finishing significantly 
affect thermal diffusivity, thermal ab-
sorptivity and thermal resistance.

n	Oilproof and waterproof finishing in-
creased the values of thermal absorp-
tivity, which consequently lowered 
the warm feeling of the fabric and 
decreased its performance for winter 
clothing. It was found that  oilproof 
and waterproof finishing decreased 
the thermal diffusivity of the fabric by 
6.9%.

n The fabric with milled finishing ob-
tained the highest value of thermal re-
sistance, which favours itm for appli-
cation in winter clothing. Compared 
to similar standard finished fabrics, 
the milled finished fabrics obtained 
56-57% higher thermal diffusivity and 
30% lower thermal absoprtivity. 
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