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Abstract

Thermo-physiological properties are very much connected to water vapour and air per-
meability. There are multiple standards with different working principles to determine the
exact performance of any textile material. However, most of these tests are time-consuming
and work on the steady state principle, whereas few devices work on heat flux, where results
can be obtained much more quickly. The research article covers the testing of 8§ unique shirt
samples on these devices compared that on a novel device created by the author to see how
much the results differ from each other. Lastly, a theoretical approach was used to determine
any correlation between air permeability and water vapour permeability. The research work
helps in understanding the working of different devices used for water vapour permeability
and allows a reduction in time by using a predictive approach with just the results from the
air permeability machine.
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B Introduction

Clothing is one of the basic requirements
of human beings. It acts as a thermal bar-
rier between the human body and the sur-
rounding environment. One of the pivot-
al aspects of clothing is thermal comfort.
A lot of efforts have been made to define
comfort, but an agreeable definition is
yet to be devised [1]. Several scientists
have defined comfort in their own way
[2]. The simplest definition of comfort
is the “absence of discomfort”. Accord-
ing to Slater, comfort is the pleasant
condition of physical, psychological and
physiological harmony between the hu-
man being and the surrounding climate.
Clothing comfort can be segregated into
four different types i.e. sensorial or tac-
tile comfort, physiological comfort, fit-
ting comfort and thermo-physiological or
thermal comfort [1-4].

Sensorial or tactile comfort is linked to
the contact of human skin with clothing
i.e. sensations generated in a human be-
ing when clothing is worn next to the per-
son’s skin. These are feelings of fullness
or softness, the creation of static charge,
a warm cool feeling, pricking and itch-
ing. Physiological comfort is contingent
on aesthetic characteristics of the tex-
tile substrate, i.e. colour, pilling, drape
and luster. Fitting comfort is associated
with the size and fitting of the garment
[4]. Thermo-physiological comfort is re-
lated to the thermal balance of the human
body, which is affected by its metabolic
rate, physical actions, surrounding cli-
mate temperature, along with the thermal
and moisture transportation properties
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of the clothing worn [3]. Heat and mois-
ture transportation in the textile substrate
play a crucial role in managing its ther-
mal comfort [5-6]. In ahot climate, if
heat loss through conduction, convec-
tion and radiation is not sufficient, sweat
glands are activated by the human body
to release sweat. Accumulated sweat in
clothing evaporates slowly till heat lost
from the human body can be more than
required, and the human body starts to
feel cool [7]. Evaluation of water vapour
resistance is one of the most important
properties associated with thermophysi-
ological comfort. It is the gradient of wa-
ter vapour pressure across the two sides
of the fabric divided by the heat flux per
unit area, measured in m?Pa/W. For cold-
er environments, multilayered fabrics are
used to provide thermal comfort to the
human body. Under these circumstances,
two pivotal characteristics of fabrics are
heat and mass transmission [8-10]. Mass
transmission can take place in the form of
liquid water and water vapour.

Liquid water is transported through fabric
through the wetting and wicking process
[4]. In case of wetting, solid-air space
in the textile substrate is exchanged by
a solid-liquid interface. Wetting is evalu-
ated by the contact angle. Evaluation of
wicking shows how rapidly and broadly
liquid water spreads on the surface of
fabric. It is evidenced from literature that
heat and water vapour transport proper-
ties are contingent on factors like the
density, porosity, thickness and water va-
pour absorbability of fibres etc [11-13].
Fabrics which are breathable allow water
vapour to pass through them. However,
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these fabrics do not allow liquid water
to penetrate. For regulation of the hu-
man body temperature, it is essential for
skin to generate water vapour, and fab-
rics must allow the water vapour to pass
through them so that it can evaporate
from the surface of the fabric. The core
temperature of the normal body is almost
37 °C, and the skin temperature varies
between 33-35°C. If the temperature
reaches beyond the critical range of
27 °C and 45 °C, it might result in the
death of the human being [4]. If the range
of temperature of the human body is be-
tween 34 °C and 42 °C, it might result in
adverse effects such as disorientation and
convulsions [14].

Basics of moisture vapour
transmission

Moisture vapour is transported through
fibrous substrates by the following pro-
cess:

1) Water vapours pass through the air
spaces between fibres by diffusion;

2) Absorption and transmission followed
by desorption of the water vapour
through the fibres;

3) Water vapours are adsorbed and trans-
mitted along the surface of the fibres;

4) Water vapours are migrated by forced
convection [4].

The study of scientific literature high-
lighted that researchers have focused on
resolving the problems of reliable deter-
mination of the vapour permeability char-
acteristics of textile substrates [15-24].
The development of a textile substrate
with essential moisture transmission
properties is of urgent need. The selec-
tion of the experimental procedure is
very important during assessment of
the moisture transmission parameters of
a textile substrate or clothing assembly.
Heat and moisture transfer through fab-
ric is evaluated in two states i.e. a steady
state and transient state.

Steady state experimental outcomes pro-
vide reliable heat and mass transfer data

Relative water vapor permeability (%) =

for non-active cases. However, they are
not able to exhibit heat and moisture
transfer processes in actual wearing cir-
cumstances [5]. A number of test con-
ditions, the design of devices, and ap-
proaches facilitate extensive learning of
the vapour permeability process [25].

Determination of moisture vapour trans-

mission through fabric is a very sensi-

tive process and requires a lot of time.

However, it is a very effective process.

Several standard methods are employed

for determination of the moisture vapour

transmission of textile substrates. Some

of these methods are as follows [26-28]:

1) The sweating guarded hot plate meth-
od, skin model (ISO 11092);

2) Sweating manikins;

3) PERMETEST apparatus;

4) The evaporative dish method or con-
trol dish method (BS 7209);

5) The upright cup method,

6) The inverted cup method.

Sweating guarded hot plate

This equipment employs skin model for
evaluation of the thermo-physiological
comfort of clothing according to the ISO
11092 standard [30-31]. This methodolo-
gy imitates the transportation of moisture
through textile substrates and clothing
assemblies when worn next to the skin of
a human body. Determination of the wa-
ter vapour resistance of a textile substrate
is performed by evaporative heat loss in
a steady state condition. The temperature
of the guarded hot plate is kept at 35 °C at
standard atmospheric conditions for test-
ing in a chamber kept at 65% R.H. and
20 °C. The water vapour resistance (R,,)
of fabric is measured by Equation (1):

 (BaPDA 1
et = g _pH,  Rew (1
Where, A is the area of the test plate;
P,, the saturation water vapour’s partial
pressure at the surface of the measuring
unit; P, the water vapour’s partial pres-
sure of the air in the test chamber; / the

amount of heat supplied to the measuring
unit; AH, the correction factor, and R, is
the constant of equipment [4].

Thermal sweating manikins

The thermal manikin was first devel-
oped during World War II by America.
Afterwards, a number of manikins were
developed. For the last 20 years, Empa
has developed heated sweating body
parts and a whole body sweating thermal
manikin (Sweating Agile thermal Mani-
kin, SAM). These have been employed
in clothing research to evaluate water
vapour resistance and insulation proper-
ties under steady state conditions. On the
other hand, there has also been investi-
gation of the effects of clothing, posture,
wind and climate on local heat flux from
different parts of the body [39-42].

The first thermal manikin, “Walter”,
was made of water and high strength
breathable textile substrate to maintain
the thermal regulation system of the hu-
man body. Walter is not expensive and
achieves high accuracy.

The key systems of “Walter” are:
1) A water circulation system;
2) A control and measurement system;

3) A system for the imitation of a “walk-
ing” motion.

The sweating heated TORSO [43] con-
sists of a cylinder with an external di-
ameter of 30 cm, divided into two guard
sections at the end and a determination
section in the centre. Each segment is
operated with either constant power or
temperature. Water is utilised for stimu-
lating heat at a controlled rate through
54 sweat outlets spread over the surface
of the evaluation section.

Fan and Chen [41] mentioned anew
perspiring fabric for a thermal manikin
replicating gaseous perspiration by mois-
ture transportation through “skin” made
of a breathable fabric. The manikin was

Loss of heat by placing fabric on measuring head

Water vapour permeability(WVP) = 24 M/A.T(gm?/day)

Relative water vapour permeability index(%) = (WVP)f x 100/ (WVP)r

Egquations (2), (3) and (4).
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utilised to measure the moisture vapour
resistances and thermal insulation of
clothing assemblies, and established high
reproducibility and accuracy.

PERMETEST apparatus

This instrument is the patent of Prof. Hes,
employed for determination of the water
vapour permeability of textile substrates,
soft polymer foils, non-woven webs and
garments. The principle of this equip-
ment is based on the sensing of heat flux
by calculation of the evaporative heat re-
sistance. In the case of isothermal condi-
tions, the temperature of the measuring
head is maintained at room temperature.
Heat provided to maintain a constant
temperature with and without fabric
mounted on the plate is evaluated (Equa-
tion (2)).

This method can be utilised according to
both the BS 7209 and ISO 11092 stan-
dards [4].

Evaporative dish method

It is also called the gravimetric method,
which is employed to measure water
the vapour transmission rate through
a textile substrate. The test specimen is
secured over the open mouth of a dish
containing water and placed in a stan-
dard atmosphere. After a certain period
of time, the total system retains its equi-
librium state. Then the weight of the dish
is recorded sequentially, and the rate of
water vapour transfer through the sample
is determined. Water vapour permeabil-
ity is measured in a steady state condi-
tion. The relative permeability of the
specimen is measured by comparing the
experimental test results with a reference
fabric (Equations (3) and (4)).

Where, M is the loss in mass (g) of wa-
ter vapour through the fabric specimen,
T the time between weighing (h), 4 the
internal area of the dish (m?), and (WVP)f
and (WVP)r are the water vapour perme-
ability of the test fabric and reference
fabric, respectively.

Upright cup method

In this method, the textile substrate is
positioned and sealed over a cup, 2/3%
of which is filled with water, and then
it is put in a wind tunnel at standard at-
mospheric conditions on a weighing bal-
ance, and the deviation in mass of the
fabric is calculated at time intervals [29].
Water vapour transmission is calculated
by Equation (5).
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Table 1. Specification of materials.

Sample shirts

(/2]
3+

0N OO O AWN S

94% Lyocell / 6% elastane
100% cotton

100% organic cotton
100% linen

Material composition

81% silk / 14% nylon / 5% elastane
95% viscose bamboo / 5% elastane

82% silver-plated polyamide / 18% elastane
74% Lyocell / 19% Smartcel sensitive (zinc) / 7% elastane

Table 2. Air permeability, thickness and surface density values of specimens

T-shirts
No. Material composition
94% Lyocell / 6% elastane
100% cotton
81% silk / 14% nylon / 5% elastane
95% viscose bamboo / 5% elastane
100% organic cotton
100% linen

82% silver-plated polyamide /
18% elastane

oo hwWw N =

~

8 74% Lyocell / 19% Smartcel sensitive
(zinc) / 7% elastane

24 XM
AXT

)

The water vapour transmission rate is
measured in (g/m?%day), M — change in
mass (g), T—testing time (h), and 4 — test
area (m?).

Water vapour transmission =

Inverted cup method

In this method, the cup is kept in an in-
verted position along with a super hydro-
phobic membrane employed to secure
the cup. The sample to be tested is kept
over this membrane. The inverted cup
method was invented for utilising wa-
terproof samples, as fabrics which allow
the passage of liquid water may not be
inverted because of leakage. The calcu-
lations used for this method are same as
those of the upright cup method [29].

B Experimental work

In this research 8 knitted shirts with
different fibre content were selected.
The choice of the selection was based on
the common use of this garment in re-
search papers and by the general public.
Also, an important part of the research
was to compare the devices, but it was
not necessary to keep the same material,
structure or thickness. Details of all ma-
terial are listed below in Table 1.

Air permeability, Thickness, @ Surface density,
mm/s cm g/m?
31(x1.5) 0.069(+0.01) 179(x4.9)
30(x1.9) 0.128(+0.04) 210(£5.5)
85(+2.5) 0.121(+0.03) 182(+4.6)
7(x0.8) 0.075(+0.01) 234(17.2)
17(£1.2) 0.088(+0.04) 154(+5.9)
149(6.9) 0.085(+0.03) 195(+2.6)
83(+5.2) 0.056(+0.02) 131(¢4.5)
24(£3) 0.069(+0.01) 195(+6.5)

Initially all the samples were tested for
their thickness using Standard ASTM
D1777 — 96(2019), surface density using
Standard ASTM D3776, and air perme-
ability using FX3300 and Standard EN
ISO 9237. Values of the air permeability,
thickness and density of the fabrics are
given in Table 2.

For the water vapour permeability,

3 standard methods (listed below) and

one novel technique were used:

1) Evaporative dish method or control
dish method (BS 7209);

2) A sweating guarded hot plate, skin
model (ISO 11092);

3) Athermal manikin (ASTM F2730-
10);

4) A novel device, name: H-test.

Working principle of H-Test device

A portable device to analyse the comfort
performance of car seats has always been
the dream of car seat producers. The com-
plication of design and the testing method
makes it hard to have a portable device
which can measure the comfort perfor-
mance of a car seat even in uncontrolled
condition. Some factors like moisture per-
meability under different conditions, and
the negative heat of absorption of the ma-
terial affect the measurement. In this re-
search a first prototype design of a device
was made, and later in the future more
advances can be made in the technology.
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Figure 1. Schematic diagram of the new device.

For this experiment a special heat flux
sensor was embedded in a measuring
head insulated from the outside. The heat
transfer can be increasing or decreasing
and can be in the form of convective, ra-
diative or conductive heat transfer. Heat
flux through athermal resistance layer
will create a temperature gradient. Under
a temperature gradient, the two thermo-
pile junction layers will be at different
temperatures and will therefore register
voltage. The heat flux is proportional to
this differential voltage.

Distilled water was added from tubes
above the measuring head and heated to
35°C. A special microporous membrane
(Cellophane) is used on the measuring
head to restrict the water drops and allow
only water vapour to pass. The device was
connected to a computer through a USB

Measuring head

Figure 2. Measuring head of the new device.
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port, and values of the heat flux tempera-
ture of the water and temperature of the
surface were provided by the software.
Heat flux sensors measure heat transfer
through the surface, expressed in kW/m?.
A schematic diagram of the device is
shown in Figure 1, and the measuring
head and parts of the device are shown in
Figures 2 and 3, respectively.

The newly fabricated device is portable,
can be used to obtain thermal and com-
fort related properties, and can be applied
directly on any material. Also, the new
device takes much less time, is portable,
and can be used on any part of samples.
However, the device needs further test-
ing to compare results under different
ambient conditions. It is an initial proto-
type. Water vapour permeability obtained
through the gravimetric method, thermal

manikin, and sweat guarded hot plate,
and heat flux values from the H-Test are
mentioned in Table 3.

The difference in the unit is not a matter
of concern as different devices work on
completely different working principles,
and it is only important if the trend of
each sample is comparable to another de-
vice’s measurement.

To compare all results, including the air
permeability, in one table, it is necessary
to narrow down the values, for example
the results of the gravimetric method are
converted from g/m?/d to kg/m?/h and the
air permeability from mm/s to m/s.

Air permeability, water vapour perme-
ability and heat flux values from the H-
Test are displayed in Table 4.

Yet, it is hard to compare each result, for
which opted for the approach that the air
permeability and water vapour perme-
ability are very much connected to clas-
sical textile material.

Different devices use different sets of
units, which makes the results look very
different, but eventually they are all con-
vertible to SI units.

Correlation of water vapour
permeability with air
permeability

Breathability/permeability ~ parameters
measure and evaluate the sample size
(m?) in terms of gas volume pressure in
cubic metres per second (m3/s). In ther-
modynamics this quantity is used for vol-
ume flow density m3/(m2.s) = m/s.

Insulation material

Measuring

Figure 3. Parts description of the new device.
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However, it is probably unnecessary to
introduce another name in the textile
field.

In order not to have to perform the above
recalculations of the volume flow accord-
ing to the state at the time of measure-
ment, we recommend using the mass
flow density because mass is an objective
reality, independent of the state of the gas
at the time of measurement. For this mass
unit “kg” can be used, which makes it
kg/(m?2.s)

Breathability to air

This is the breathability of fabrics to air
as the volume pressure of a uniform sur-
face. To compare the different results, it
is necessary to convert the data to a suit-
able standard. For unknown reasons, the
air permeability value of the sample is
usually given for only one pressure dif-
ference before and after the sample mea-
sured. For further use, it would be more
appropriate to set the so-called flow char-
acteristic, i.e. the dependence of the air
pressure on more set pressure drops “Ap
(Pa)”, with f being the force.

V (m3/s) = (Ap (Pa)).

From the results it is possible to deter-
mine the trend that requires dependence,
or two other parameters of breathability,
which can be further used for numerical
simulation of sample flow.

Resistance to water vapour flow

In contrast to the air flow through the
sample in the previous section, the re-
sistance to the passage of water vapour
of the sample was measured here. Water
of a given phase (35 °C) was separated
from the sample by cellophane, which
was not permeated by liquid water and
maintained it at the selected level; but
it allowed (saturated) water vapour to
permeate. Cellophane certainly put up
some resistance to the vapour, which was
considered constant under the given mea-
surement conditions. Thus, the resulting
resistance was measured for two resistors
in series (cellophane + sample). There-
fore, the resistance to the passage of pairs
was probably determined and not their
permeability; although the conversion
from resistance to permeability is simple,
see below.

The changed parameter is defined as the
steady heating power required to make
a steady passage of water vapour through
the fabric surface at a given pressure
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Table 3. Water vapour permeability and heat flux values of different specimens.

; Water vapour
T-shirt x -
smrs permeability- | Retthermal | g ggyp, | Heat flux
. - -gravimetric m?"'km’ m2.pa/W H-TESZT’
No. Material composition method, g/m2/d m?.pa/W Wim
1 | 94% Lyocell / 6% elastane 4333(28) 62.03(+2.4) | 3.1(x0.2) 14(£1.2)
2 | 100% cotton 3996(+31) 31.26(+3.1) | 4.4(x0.09) | 24(+2.4)
81% silk / 14% nylon /
3 | Eor elastano 4214(+17) 67.09(x4.2) | 1.9(+0.08) 9(x0.9)
95% viscose bamboo /
4 | o viastane 4090(+35) 62.55(x5.7) | 3.6(+0.14) 17(£1.4)
5 | 100% organic cotton 3967(+25) 61.06(+1.9) 3.3(+0.11) 15(x1.7)
6 | 100% linen 4669(+14) 114.72(x10.9) | 2.4(x0.17) 8(+1.1)
82% silver-plated polyamide
7 | 118% Elastane 4410(+28) 67.58(+5.4) 1.7(+0.5) 12(£1.4)
0, 0,
g | [4% Lyocell / 19% Smartcel 3937(+45) 54.85(7.5) | 2.75(x0.4) @ 11(x2.4)

sensitive (zinc) / 7% elastane

Table 4. Air permeability, water vapour permeability and heat flux values of specimens

from the H-Test.

T-shirts Air
permeability,
No. Material composition mm/s
1 | 94% Lyocell / 6% elastane 31(x1.5)
2 1 100% cotton 30(x1.9)
81% silk / 14% nylon /
3 5% elastane 85(x2.5)
95% viscose bamboo /
4 5% elastane 7(x0.8)
5 | 100% organic cotton 17(x1.2)
6 | 100% linen 149(+6.9)
82% silver-plated polyamide
7 /18% Elastane 83(#5.2)
0, 0,
8 74% Lyocell / 19% Smartcel 24(£3)

sensitive (zinc) / 7% elastane

drop. After setting the basic SI units into
the following breakthrough units and the
result is simple — it is the inverse of the
flow velocity

m2.Pa/W = m2.N/m?/(N.m/s) = s/m.

Where, m? is the area of the sample, Pa
the water vapour pressure, W the energy
used in J/s, and N is the SI unit of force
in Newtons.

It is logical that the breathability of the
monitored layer for the medium and the
pressure resistance of the same layer are
inverse values. If the same/converted
values of the same quantities are reported
in the same units, it would be possible to
compare the breathability of the sample
monitored for moisture and air.

B Conclusions

It can be concluded from our research
that water vapour permeability from dif-
ferent devices/standards are comparable,
especially in terms of behavioral trends,

Water vapour

ermeability- Ret-thermal | Heat flux-
ﬁgravimetri‘é manikin, | H-TEST,
2 2
method, kg/m2id |~ ™ -Pa/W Wim
4.333 62.03(x2.4) | 14(1.2)
3.996 31.26(x3.1) | 24(2.4)
4.214 67.09(+4.2) | 9(0.9)
4.09 62.55(x5.7) | 17(1.4)
3.967 61.06(x1.9) | 15(x1.7)
4.669 114.72(+10.9) | 8(1.1)
4.41 67.58(x5.4) | 12(1.4)
3.937 54.85(x7.5) | 11(x2.4)

but the absolute values are very differ-
ent. The novel device also shows very
promising results; the device measures
the heat flux, which is directly related
to the moisture trying to escape through
the textile material. The correlation be-
tween air and water vapour permeability
is very good and just by knowing the air
permeability, it is possible to predict the
water vapour permeability of material.
The breathability units in textile mea-
surements must be standardised to meet
international thermodynamics SI units.
In the future, the research will continue
with extreme ambient conditions. Also, it
is derived that water vapour resistance is
the inverse of air permeability in terms of
standard units.

Acknowledgements

This work was supported by the Minis-
try of Education, Youth and Sports of the
Czech Republic and the European Un-
ion — European Structural and Investment

63



funds within the Framework of Operation-
al Program Research, Development and
Education — Project: Hybrid Materials for
Hierarchical Structures (HyHi, Reg. No.
CZ.02.1.01/0.0/16_019/0000843), as well
as by “Micro-structural imaging as a Tool for
modeling fibrous materials (u-CT GOALS)”
(registration number LTAUSA18135).

References

1

2.

10.

1.

12.

13.

14.

15.

64

. Slater K. Comfort Properties of Textiles.

Text. Prog 1977; 9: 1-42.
Slater K. The Assessment of Comfort. J.
Text. Inst 1986; 77: 157-171.

. Kothari VK. Thermo-Physiological Com-

fort Characteristics and Blended Yarn Wo-
ven Fabrics. Indian Journal of Fibre and
Textile Research 2006; 31(1): 177-186.

. Das A, Alagirusamy R. Moisture Trans-

mission, Chapter in Science in Clothing
Comfort. Woodhead Publishing 2010;
124-130.

. Li Y. The Science of Clothing Comfort.

Textile Progress 2001; 31: 1-135.

. Zhang P, Watanabe Y, Kim SH, Tokura

H, Gong RH. Thermoregulatory Respon-
ses to Different Moisture-Transfer Rates
of Clothing Materials During Exercise. J.
Text. Inst 2001; 92: 372-378.

. Das A, Ishtiaque SM. Comfort Charac-

teristics of Fabrics Containing Twist-
Less and Hollow Fibrous Assemblies in
Weft. The Journal of Textile and Appa-
rel, Technology and Management 2004;
3(4): 1-7.

. Ozdemir H. Thermal Comfort Properties

of Clothing Fabrics Woven with Poly-
ester/Cotton Blend Yarns. AUTEX Rese-
arch Journal 2017; 17(2): 135-141, DOI:
10.1515/aut-2016-0012.

. Holcombe BV, Hoschke BN. Dry Heat

Transfer Characteristics of Underwe-
ar Fabrics. Textile Res. J 1983; 53:
368-374.

Dias T. Delkumburewatte GB. The Influ-
ence of Moisture Content on the Ther-
mal Conductivity of a Knitted Structure.
Meas Sci Technol 2007; 18: 1304-1314.
Monego CJ, Golub SJ. Insulating Values
of Fabrics, Foams and Laminates. Am.
Dyest.Rep 1963; 52: 21-32.

Kyunghoon M, Yangsoo S, Chongyoup
K, Yejin L, Kyunghi H. Heat and Moistu-
re Transfer from Skin to Environment
through Fabrics: A Mathematical Mo-
del. Int J Heat Mass Transfer 2007; 50:
5292-5304.

Geraldes MJ, Hes L, Araujo M. Mathe-
matical Modelization of Thermal Proper-
ties in Functional Knit Structures.
In: Proceedings of the 83rd Textile-Insti-
tute World Conference, Shanghai, Chi-
na, 23-27 May 2004.

Haghi AK. Heat and Mass transfer in
textiles. WSEAS press Montreal 2011;
296-97.

Oglakcioglu N, Marmarali A. Thermal
Comfort Properties of Some Knitted

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Structures. FIBRES & TEXTILES in
Eastern Europe 2007; 15, 5-6 (64-65):
94-96.

Gibson PW. Effect of Temperature on
Water Vapor Transport through Polymer
Laminates. Journal of Polymer Testing
2000; 19: 673-691.

Qu J, Ruckman J. A New Calculation
Method of Water Vapour Permeability at
Unsteady States. Journal of the Textile
Institute 2006; 97: 449-453.

Das B, Das A, Kothari V, Fanguiero R,
Araujo M. Moisture Transmission thro-
ugh Textiles, Part 1: Process Involved in
Moisture Transmission and the Factors
at Play. AUTEX Research Journal 2007,
7:100-109.

Das B, Das A, Kothari V, Fanguiero R,
Araujo M. Moisture Transmission thro-
ugh Textiles, Part II: Evaluation Methods
and Mathematical Modeling. AUTEX
Research Journal 2007; 7: 194-216.
Skenderi Z, Cubric |, Srdjak M. Water
Vapour Resistance of Knitted Fabrics
Under Different Environmental Con-
ditions. FIBERS & TEXTILES in Eastern
Europe 2009; 17, 2(73): 72-75.
Ramkumar S, Purushothaman A, Hake
K, McAlister D. Relationship between
Cotton Varieties and Moisture Vapor
Transport of Knitted Fabrics. Journal of
Engineered Fibers and Fabrics 2007; 2:
10-18.

Huang J. Sweating guarded hot plate
test method. Journal of Polymer testing
2006; 25: 709-716.

Matusiak M. Investigation of the ther-
mal insulation properties of multilayer
textiles. Fibr Textil East Eur 2004; 14:
98-102.

Hes L. Effect of planar conduction of mo-
isture on measured water vapor perme-
ability of thin woven Fabrics. The Fiber
Society Fall Technical Meeting, Natick,
Massachusetts, 2007; 9.

Lay L, Fan J, Siu T and Siu LYC. Com-
fort Sensations of Polo Shirts With and
Without Wrinkle-free Treatment , Textile
Res. J. 72(11), 949-953 (2002).

Pac MJ, Bueno MA, Renner M. War-
m-cool feeling relative to tribological
properties of fabrics. Textil Res J 2001;
71: 806-812.

Wong ASW, Li Y, Yeung PKW and Lee
PWH. Neural Network Predictions of
Human Psychological Perceptions of
Clothing Sensory Comfort , Textile Res.
J. 73(1), 31-37 (2003).

Ren YJ and Ruckman JE. Condensation
in three-layer waterproof breathable fa-
brics for clothing. Int J Clothing Sci and
Tech 2004; 16: 335-347.

McCullogh EA, Kwon M and Shim HA.
Comparison of standard methods for
measuring water vapor permeability of
fabrics. Meas. Sci. Technol 2003; 14:
1402-1408.

Havenith G, Holmer I, Hartog EAD,
Pasrons KC. Clothing evaporative heat

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

resistance — proposal for improved re-
presentation in standards and models,
Ann OccupHyg43, 1999, 339-346.
Congalton D. Heat and moisture trans-
port through textiles and clothing en-
sembles utilizing the “Hohenstein” skin
model. J Coated Fabrics 1999; 28:
183-196.

Fan J, Chen Y. Measurement of Clothing
Thermal Insulation and Moisture Vapor
Resistance Using a Novel Perspiring
Fabric Thermal Manikin. J. Meas. Sci.
Technol. 2002; 13(7), 1115-1123.
Gibson P, Kendrick C, Rivin D, Sicu-
ranza L. An Automated Water Vapor
Diffusion Test Method for Fabrics Lami-
nates and Films. J Coated Fabrics 1995;
24: 322-345.

Berger X, Sari H. A New Dynamic
Clothing Model. Part 1: Heat and Mass
Transfers. Int J Therm Sci 2000; 39:
673-683.

Huang J, Qian X. A New Test Method for
Measuring the Water Vapor Permeabili-
ty of Fabrics. Measurement Science and
Technology 2007; 18: 3043-3047.
Zhang C, Wang X, Lv Y, Ma J, Huang J.
A New Method for Evaluating Heat and
Water Vapor Transfer Properties of Po-
rous Polymeric Materials. Polymer Te-
sting 2010; 29: 553-557.

Wilson CA, Laing RM, Niven BE. Multi
-Layer Bedding Materials and the Effect
of Air Spaces on ‘Wet’ Thermal Resistan-
ce of Dry Materials. J Hum Environ Syst
2000; 4: 2000, 23-32.

Rossi RM, Gross R, May H. Water Va-
por Transfer and Condensation Effects
in Multilayer Textile Combinations. Text
Res J 2004; 74: 1-6.

Holmer |. Thermal Manikin History and
Application. European Journal of Ap-
plied Physiology 2004; 92: 614-618.
Richards MGM, Psikuta A, Fiala D. Cu-
rrent Development of Thermal Sweating
Manikins at Empa, Sixth International
Thermal Manikin and Modeling Meeting
(6i3m 2006; Hong Kong Polytechnic
University: 173-179.

Fan J, Chen YS. Measurement of
Clothing Thermal Insulation and Mo-
isture Vapor Permeability Using a No-
vel Perspiring Fabric Thermal Manikin.
Measurement Science and Technology
2002; 13: 1115-1123.

Fan J. Recent Developments and Ap-
plications of Sweating Fabric Manikin
— “Walter”, Sixth International Thermal
Manikin and Modelling Meeting (6i3m)
2006; Hong Kong Polytechnic Universi-
ty: 202-209.

Fan J, Qian X. New Functions and Ap-
plications of Walter, the Sweating Fabric
Manikin, Eur. J. Appl. Physiol. 2004;
92(6), 641-644.

Received 07.04.2021 Reviewed 23.06.2021

FIBRES & TEXTILES in Eastem Eurgpe 2021, Vol. 29, 6(150)



