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and therefore it is especially important 
for them to achieve a good comfort sen-
sation. Owning to their looped structure, 
knitted fabrics have good stretchabil-
ity, which is an important element in the 
achievement of optimal sensorial com-
fort. At a given activity level and defined 
environmental conditions, the ranges in 
which the knitted ensemble will be de-
fined as comfortable depends on the rate 
at which the fabric allows water vapour 
to pass through it. 

A considerable amount of work has 
been done on water vapour mechanisms 
and heat transfer trough different textile 
structures [1 - 3]. Regarding the setting 
of conditions, most authors defined the 
controlled conditions as the following: 
an air temperature of 20 °C,and a relative 
humidity of 65% for the investigation of 
heat resistance, or 35 °C and 40% during 
the investigation of water vapour resist-
ance. Investigations have also been car-
ried out to compare conditions defined in 
different standards [4], like ISO [5] and 

ASTM [6]. Some of the authors conduct-
ed investigations under specific climate 
conditions, such as in extreme cold or 
in a hot and humid environment [7 - 11]. 
In order to provide an objective criterion 
for thermal comfort that includes com-
binations of different factors influencing 
comfort, laboratory experiments with 
human participants were carried on. Dur-
ing the experiments, the Predicted Mean 
Vote (PMV) was determined, as an index 
that expresses the quality of a thermal en-
vironment as a mean value of the votes 
of a large group of persons that give their 
rates according to the seven-point ther-
mal sensation scale (+3 hot, +2 warm, +1 
slightly warm, 0 neutral, -1 slightly cool, 
-2 cool, -3 cold) [12 - 15]. A psychromet-
ric chart for the typical summer assem-
bly of 0.5 clo determined using the PMV 
model is shown in Figure 1. The limita-
tions of the model are the fact that it is 
applicable to indoor environments only, 
and for limited situations where metabol-
ic rates are between 1.0 - 1.3 met and the 
air speed is less than 0.20 m/s [16].
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n Introduction
The comfort of textile materials has been 
the focus of many investigations since 
the concern for personal well-being and 
improving the quality of life started to 
become more significant. The comfort of 
textile materials is mostly related to the 
transfer of heat and water vapour through 
textile structures and investigations are 
basically related to the mechanisms of 
transfer during normal wear or in tran-
sient conditions. During normal wear, 
the flux of heat and moisture vapour has 
to maintain the thermoregulation of the 
human body and to establish a feeling 
of thermal comfort. In other words, the 
clothing has the role of a thermoregula-
tory system. In transient wear conditions, 
where sweating is caused by different 
levels of activity or different climatic 
conditions, the sweat must be rapidly 
managed by the clothing. In such condi-
tions, the ability of clothing ensembles 
to transport water vapour is an important 
determinant of physiological comfort. If 
it is not possible to avoid sweat accumu-
lation in the clothing, the sweat should be 
removed from the skin surface to the sur-
face of the underwear/next-to-skin wear, 
or to fabric layers further out in the cloth-
ing ensemble. After the body has stopped 
sweating, the textile fabric should release 
the vapour held to the atmosphere in or-
der to reduce the humidity on the surface 
of the skin. The textile fabrics that block 
the passage of water vapour allow the 
condensation of water vapour and forma-
tion of liquid moisture, which directly 
causes the sensation of discomfort. 

The knitted fabrics used for the produc-
tion of underwear or any kind of next-to 
skin wear are in contact with human skin, 

Figure 1. Limits of 
thermal comfort.
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The aim of this paper is to simulate water 
vapour transfer through knitted fabrics 
under different environmental condi-
tions. For the investigation four fabrics 
were knitted from cotton, cotton/modal, 
viscose and Tencel® yarn of 20 tex. The 
fabrics were designed to have the same 
knit construction and similar construc-
tional parameters but to differ only in the 
raw material. By selecting fabrics with 
no more than one difference, the group of 
test materials should allow to examine the 
effect of the raw material on water vapour 
resistance. The range of knitted fabrics 
produced was intended to be used for the 
construction of next-to-skin wear (either 
lightwear or underwear). Such assemblies 
are mostly worn in hot environments i.e., 
during the summer period. The results 
indicate the influence of environmental 
conditions (temperature and relative hu-
midity) on the transfer of water vapour that 
occurs due to the above-mentioned condi-
tions. They were also used to investigate 
the influence of the raw material on the 
rate of water vapour transfer under each 
pair of environmental conditions defined.

n Materials and methods
The single cotton, cotton/modal, viscose 
and Tencel® yarns were used to knit sin-
gle jersey knitted fabrics on a circular 
knitting machine of count E28. In the 
process of knitting, the input tension was 
set at 3-4 cN. The knitted fabric designa-
tion is shown in Table 1.

For all the knitted fabrics, the following 
parameters were measured: horizontal 
density, vertical density, loop length, loop 
module, density coefficient, area density, 
tightness factor and fabric weight.

The measurement of water vapour resist-
ance was firstly carried out on the sweat-
ing guarded hotplate (SGHP), according 
to the ISO standard [5]. The Standard 
defines the setting up of the following 
conditions: an air temperature of 35 °C 
and a relative humidity of 40%. The hot-
plate is covered with a semi-porous cel-
lophane sheet during the measurement, 

and water is supplied to the surface of a 
porous metal plate by a dosing device, as 
in Figure 2. The water vapour resistance 
measured on the SGHP was determined 
according to the following equation:

Ret = (ps - pa)/(H/T) - Ret0, in m2 Pa W-1  (1),

where:
Ret - evaporative resistance of sample 

only, 
ps  - saturation vapour pressure at 

hotplate surface,
pa  - ambient partial vapour pressure,
H  - heating power supplied to the 

measuring unit,

Table 1. Knitted fabric designation.

Fabric 
designation

Fabric 
description

C 100% cotton
CM 50/50% cotton/modal
V 100% viscose
T 100% Tencel®

Figure 2. Scheme 
of sweating guard-
ed hotplate.

Table 3. Knitted fabric parameters.

Fabric parameter C CM V T
Horizontal density, cm-1 12.8 13.0 13.0 13.1
Vertical density, cm-1 18.0 19.5 20.1 20.1
Wale spacing, mm 0.78 0.77 0.77 0.76
Course spacing, mm 0.56 0.52 0.50 0.50
Loop length, mm 2.9 2.7 2.7 2.6
Density coefficient 0.71 0.67 0.65 0.65
Area density, cm-2 230.4 253.5 261.3 263.3
Tightness factor, tex1/2 cm-1 1.54 1.66 1.66 1.72
Fabric weigth, g m-2 145 126 125 120

Table 2. Average values of temperature and humidity [12].

Athens Zagreb Helsinki

Mean temperature, ºC 27 20 16
Max temperature, ºC 36 33 28
Min temperature, ºC 17 8 4

Average humidity, % 43 58 65
Max humidity, % 83 94 99
Min humidity, % 13 23 26

Table 4. Water vapour permeability and permeability index.

Fabric designation C CM V T
Water vapour permeability,  g m-2 h-1 Pa-1 0.37 0.37 0.39 0.40
Water vapour permeability index 0.34 0.34 0.33 0.34

A  - area of measuring unit,
Ret0  - bare plate evaporation resistance.

The thermal resistance (Rct) was meas-
ured in order to calculate the water-va-
pour permeability index (imt). Calcula-
tions of the water-vapour permeability 
(Wd) and water-vapour permeability in-
dex (imt) were carried out according to 
the following equations:

Wd = 1/(Ret . F . Tm), in g m-2 h-1 Pa-1    (2)

  imt = S . Rct/Ret               (3),
where:
ΦTm - latent heat of vaporisation of water 
at temperature Tm of the measuring unit,
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Results of the water vapour resistance 
measured at standard conditions are giv-
en in Figure 3, while results of the water 
vapour permeability and permeability in-
dex are shown in Table 4.

Results of the water vapour resistance 
measured in different environmental con-
ditions, as defined in the previous chap-
ter, are shown in Figure 4.

n Conclusions
The purpose of the experiments was to 
clarify and investigate the transfer of wa-
ter vapour in different conditions through 
knitted fabrics produced from different 
raw material (cotton, cotton/modal, vis-
cose and Tencel®). 

 The following conclusions can be drawn 
according to the results obtained: 

1. The water vapour transfer through tex-
tile structures is basically governed by 
the vapour pressure difference. There-
fore, the water vapour resistances of 
the knitted fabrics investigated under 
different conditions differ due to the 
vapour pressure difference between 
the plate (skin) and ambient air. The 
pressure difference is bigger in cli-
mate conditions with a lower tempera-
ture and higher humidity (16 °C and 
65% RH). In such conditions, textile 
fabrics allow the passage of a higher 
amount of water vapour. 

2. The fabrics investigated are basically 
used for the production of light wear, 
which is mostly worn during the sum-
mer period throughout Europe regard-
less of geographic latitude. If the con-
ditions in the cities chosen are com-
pared to the psychrometric chart for 
assemblies of 0.5 clo, it can be con-

cluded that the assemblies are optimal 
for conditions in Athens. On the other 
hand, wearing a 0.5 clo assembly in 
Helsinki could result in a feeling of 
discomfort.

3. The fabrics were designed to have 
the same knit construction and simi-
lar constructional parameters but to 
differ in raw material. Therefore, 
the group of test materials should al-
low to examine the effect of the raw 
material on water vapour resistance. 
When comparing the cotton and cot-
ton/modal fabrics, it can be observed 
that there is not much difference be-
tween their water vapour resistances. 
The same could be concluded when 
comparing the fabrics from viscose 
and Tencel®. There is an obvious dif-
ference between the resistances of the 
two groups, where cotton and cotton/
modal fabrics provide bigger resist-
ance to water vapour transfer.

4. The findings imply that viscose and 
Tencel® assemblies pose a minor bar-
rier to water vapour transfer. There-
fore, they would result in a drier feel-
ing than in the case of cotton or cotton/
modal assembly. By contrast, a cotton 
and cotton/modal assembly might be 
perceived as wetter. Considering the 
climatic conditions, viscose and Ten-
cel® assemblies should be prefered in 
hot climates, such as Athens, where 
the body sweats intensively. 
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