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Article

Heat and moisture
transfer properties of
a firefighter clothing
with a new fire-resistant
underwear

SH Eryuruk1 , H Gidik2, V Koncar3,
F Kalaoglu1, X Tao3 and Y Saglam4

Abstract

Under dynamic wear conditions, moisture management and heat transfer behaviour of

clothing between the human body and its environment are very important attributes

for comfort and performance. Especially considering heavy works like firefighting, it is

important to analyse liquid moisture management and thermal comfort properties of

fabrics that influence moisture sensation and personnel comfort feeling significantly.

This study mainly investigates thermal comfort and moisture management properties of

a firefighter clothing with a new fire resistant underwear. Analysing single layer fabric

(underwear, outer shell, moisture barrier and thermal barrier) performance properties,

together with their three-layered and four-layered combinations gives a better under-

standing of comfort and protective performance. For characterizing the fabric struc-

tures, weight, thickness, FTIR analysis and SEM-EDX tests were conducted. Heat and

moisture transfer properties were measured with limited flame spread, thermal resis-

tance (skin model), water vapour transmission rate (dish method), thermal conductiv-

ity, air permeability, thermal diffusion, water vapour resistance, moisture management

transfer (MMT) and water vapour permeability tests.
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Introduction

Protective clothing is a fundamental equipment to work and survive in extreme
environments. Thermal protection from fire is the main aim considering thermal
protective clothing. On the other hand, heat stress generated in the high temper-
ature environment and increased metabolic activities must also be balanced. Heat
and moisture transfer from skin through the multi-layered textile structure have a
direct influence on the safety and performance of the workers so protection must
be combined with comfort.

Thermal protective garments and firefighter uniforms are produced using spe-
cial multi-layered fabric structures consisting of three layers of technical fabrics;
outer shell fabric, moisture barrier fabric and thermal barrier fabric that are bulky
and heavy. These heavy clothing together with high thermal conditions increases
the importance of heat and moisture transportation through the fabric layers
which are vital factors for human health and comfort [1–8]. Intense physical activ-
ities and extreme environmental conditions cause sensible perspiration, moderate
to heavy liquid sweating [9]. Sweat must be transferred away from the skin to
evaporate to the atmosphere. If the dissipation of sweat into the surrounding
atmosphere is not possible, the relative humidity (RH) of the microclimate
increases. Non-transfer of moisture has certain effects on the heat transfer mech-
anisms and leads to some inconveniences like heat stress, wet sensation, hyperther-
mia or hypothermia. For this reason, thermal protection from fire, metabolic heat
and moisture stress generated by the human body must be balanced [10,11].

Evaluation of thermal comfort performance of firefighters alone is not enough
without considering liquid moisture and moisture vapour management of the
clothing systems. Concerning the moisture distribution inside the textile layers,
there are some studies which have presented stunning results in the literature.
Keiser et.al. investigated the moisture transport properties of different layers
and concluded that more than 75% of moisture accumulated in the inner three
layers of the clothing system consisting of five and six layers [12]. M€akinen et al.
found that 50% – 80% of the sweat accumulated in the inner two layers. If the
liquid moisture level that get stuck between layers is high, it can cause discomfort
as well as steam burns on skin when the outside temperature is high [13]. Weder
et al. used X-ray tomography to study the distribution of moisture in different
multi-layered clothing structures [14]. They concluded that liquid moisture was
mainly collected in the two layers near the skin especially the underwear and the
inner liner of a garment. Mah and Song outlined factors affecting firefighting
clothing’s heat and moisture transfer capacity such as material properties, style,
fit, size and drape of garments [15]. Li et al. evaluated the effects of material
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components and design features on the heat transfer properties of firefighter turn-
out clothing [16]. By using a sweating manikin, heat and moisture transfer per-
formances of firefighter turnout clothing including the outer shell, moisture barrier
and thermal liner were evaluated considering clothing material, design, size, and
accessories (design details in clothing). Lawson and Vettori suggested that thermal
performance of firefighter clothing must be evaluated while dry, wet, in a full loft
and fully compressed [17]. He et. al. studied heat and moisture transfer in a mul-
tilayer protective fabric system under various ambient conditions [18]. Chung and
Lee studied comfort of protective clothing for fire fighters and suggested choosing
proper clothing designs and material layers to balance protection and comfort [19].

As stated previously, firefighter garments consist of outer shell, moisture bar-
rier, thermal barrier fabrics and also an underwear. Firefighters also wear different
types of underwear garments besides firefighter uniforms. In normal applications,
firefighters mainly use normal underwear made of cotton or blends of cotton/
synthetic fibers which holds moisture and creates an uncomfortable situation.
The effect of underwear on wearer comfort is also an important subject and
there are limited studies in the literature. Petrusic et. al. investigated moisture
management behaviour of different types of underwear fabrics developed for fire-
fighters and linings of firefighter intervention jackets [20]. They concluded that
combination of natural and synthetic fibres resulted in best performing fabrics
with regard to the moisture management. Polyester and poly-urethane can also
be selected as another fiber type for underwear considering moisture release.
Wakatsuki et.al. measured the heat transfer of four cases (1) wet station wear
and dry underwear, (2) wet station and wet underwear, (3) dry station wear and
wet underwear, and (4) dry station wear and dry underwear. They found that there
was a significant impact regarding the condition of station wear, but little impact
by underwear [21]. Wakatsuki et.al. focused on the moisture and metabolic heat
transfer properties of synthetic underwear within the fire fighter clothing and
found no positive contribution of any types of underwear according to heat and
moisture transfer [22]. Elena et. al. analysed the effect of moisture on the thermal
protective performance when the underwear is dry and wet with protective clothing
systems. They found that moisture had a positive effect on thermal protection [23].
Wanga et al. concluded that thermal and moisture comfort of firefighters’ ensem-
bles, when combined with the polyester inner clothing, wereworse than the other
types of inner clothing [24]. In our previous study, Eryuruk et. al. evaluated single
layer thermal comfort behaviour together with three and four layered combina-
tions. In this preliminary study, limited evaluations were conducted and a positive
effect of underwear on thermal comfort was found [25].

In the previous studies, many researchers have studied about the comfort prop-
erties of firefighter clothing but there are not enough studies about the effects
of underwear on the thermal and moisture comfort properties of firefighter cloth-
ing. In this study, a new fire resistant underwear was produced and analysed
considering thermal and moisture comfort level. This new knitted underwear
was specially developed for firefighters and produced using fire resistant viscose,
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para-aramid and antistatic materials. The main purpose of this study was to

evaluate the role of different fabric layers upon thermal comfort and moisture

management behaviour, with and without underwear fabric. Three-layered and

four-layered combinations were created to characterize and understand multi-

layered fabrics’ performance properties. This study also contains quite extensive

and detailed analyses to characterize and evaluate heat and moisture transfer

properties of firefighter clothing with the fire resistant underwear fabric. FTIR

analysis and SEM-EDX tests were used to characterize fabrics. MMT instrument

was used to measure, evaluate, and classify liquid management properties of fab-

rics. Moreover, limited flame spread, thermal resistance (skin model), water

vapour transmission rate (dish method), thermal conductivity, air permeability,

thermal diffusion, water vapour resistance and water vapour permeability tests

were used to measure comfort properties.

Materials and methods

Materials

Fabric properties of the firefighter garment and underwear are presented in

Table 1. All samples were supplied from a well-known fabric brand in the

world. One firefighter garment type was selected for this study. Fabrics were select-

ed from the standard materials that are mostly used for thermal protection.

A blend of meta-aramid and para aramid outer shell tough fabric, laminated

moisture barrier fabric and aramid felt quilted to aramid/viscose FR nonwoven

fabric were used in the three layered firefighter protective clothing. A new single

jersey knitted fabric was produced using 78% FR viscose, 20% para-aramid, 2%

Table 1. Fabric properties.

Fabric name Fabric type

Mass per

unit area

(g/m2)

Thickness

(mm)

Outer Shell Fabric 75% Meta Aramid, 23% Para-aramid, 2%

antistatic woven fabric

200 0.443

Moisture Barrier

Fabric

85% Metaaramid, 15% Para-aramid

Polyurethane PU membrane lami-

nated to fire resistant (FR) nonwo-

ven fabric

120 0.757

Thermal Liner

Fabric

Aramid felt quilted to Aramid/Viscose

FR nonwoven fabric

115 1.358

Fire Resistant

Underwear Fabric

78% FR Viscose, 20% Para-aramid, 2%

antistatic single jersey knitted fabric

220 0.682
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antistatic material and aimed to be used as an inner layer of firefighter clothing
(Figures 1 to 3). The underwear fabric was produced using LenzingTM FR fibers
and designed with the right blending ratios, fabric weight and structure to obtain
desired comfort and protective performances [26]. 5 washing cycles at 60 �C
according to ISO 6330:2012 standard, method 6N and a vertical drying were
applied to firefighter fabric samples [27]. 5 washing cycles at 40 �C according to
ISO 6330:2012 standard, method 4N and tumble drying were applied to the under-
wear fabric samples [27].

Figure 1. Schematic representation of firefighter clothing’s layers. (a) lateral view of fabric
structure, (b) Top view of the fabric structure.

Figure 2. Pictures of single layer fabrics.

Figure 3. Pictures of three and four layered fabrics.

Eryuruk et al. 5
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Methods

Characterization tests of fabrics were performed with FTIR and SEM-EDX tests

to analyse the structure of the fabrics. FTIR analysis was performed using Perkin

Elmer with UATR Accessory in the range between 400 cm�1 and 4000 cm�1.

A scanning electron microscope (SEM) (Phenom ProX, ThermoFischer

Scientific, US) was used to analyse samples. The identification of different chem-

ical elements in the samples was accomplished with the Energy Dispersive X-ray

(EDX) spectroscopy. Flammability tests were conducted according to EN 15,025

standard [28]. Thickness values of fabrics were measured using ISO 5084 standard

and five tests were conducted for each fabric sample [29].
Thermal and moisture management properties of the firefighter clothing and

underwear were evaluated considering some properties such as thermal resistance,

thermal conductivity, thermal diffusion, air permeability, water vapour resistance,

water vapour permeability and moisture management capacity that are explained

in detail below.

Thermal resistance (skin model). The sweating guarded hot plate apparatus (Figure 4),

also called Skin Model, was used to measure the thermal resistance values (Rct)

(m2K W�1) under steady-state conditions according to ISO 11,092 (ISO, 1993)

[30]. The temperature of the guarded hot plate was kept at 35 �C (i.e. the temper-

ature of the human skin) and for the determination of Rct of the fabrics, the

standard atmospheric conditions (65% RH and 20 �C) were set. The test apparatus
was enclosed in a climatic chamber, and the airspeed, generated by the airflow

hood, was set to 1.1� 0.05m/s. The test section was in the centre of the plate,

surrounded by the guard and lateral heater that prevented heat leakage. For

the Rct test, the fabric sample was placed on the porous metal plate surface

and the heat flux from the plate to the environment was measured. After the

Figure 4. The sweating guarded hot plate apparatus (Skin model).
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system reached steady state, the total thermal resistance of the fabric was calcu-

lated using equation (1).

Rct¼ Tm � Tað Þ:A
H� DHc

� �
�Rctð0Þ (1)

where Tm is the temperature of the measuring unit (�C), Ta is the air temperature in

the test enclosure (�C), A is the area of the measuring unit (m2), H is the heating

power supplied to the measuring unit (W), Hc is the correction term for heating

power (W), Rct(0) is the thermal resistance without sample.

Thermal conductivity and thermal diffusion (Alambeta). Alambeta instrument was also

used to test thermal conductivity and thermal diffusion properties of fabrics.

Alambeta is a computer-controlled instrument designed for the measurement of

the basic static and dynamic thermal characteristics of textiles [31].

Water vapour resistance. Water vapour permeability is the ability of a material to

allow water vapour to pass through it. Permetest instrument was used to measure

water vapour resistance and water vapour permeability according to ISO

11092:2014 (sweating guarded-hotplate test) standard [30,31].

Water vapour permeability (dish method). The water vapour permeability values of the

samples were measured using the Dish Method (Figure 5), according to BS7209

test standard [32]. This method determines the weight loss of water (with the

evaporation time 24 h) contained in a dish, the top of which was covered by

the cover ring. In this method, the test fabric was placed in an airtight manner

over the top of a dish. Another dish containing the reference fabric was secured in

the same airtight manner. The experiment was performed with eight dishes. Three

dishes with the first type of fabric, three with the second type of fabric and two

with the reference fabric were tested. The size of the test specimen was not critical

as long as it was slightly larger than the diameter of the cover ring (83mm). 46ml

of distilled water was required for each dish under standard conditions. The

weights of dishes were measured after 1 hour by the balance with a resolution of

Figure 5. Scheme of the evaporative dish method.

Eryuruk et al. 7
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0.01 g. The samples were re-weighted after 16 hours, as it is recommended by the

standard. The difference in water loss between a dish covered with the reference

fabric and one with the test fabric enabled to study the relative rates of

moisture movement through the test fabrics. Then the moisture vapour permeabil-

ity of the test specimen could be calculated. The water vapour permeability (WVP,

g m� 2day� 1) is given by the equation (2).

WVP ¼ 24:M

A:t
(2)

M is the loss in mass of the assembly over the time period t (g),t is the time

between successive weightings of the assembly in hours,
A is the area of exposed test specimen (equal to the internal area of the test

dish) (m2).
The water vapour permeability index (L) is given by means of equation (3).

L¼ WVPtest

WVPref
� 100 (3)

where WVP test is the mean water vapour permeability of the fabric under test,

WVPref is the water vapour permeability of the reference fabric.

Air permeability. Air permeability of fabrics was tested using Prowhite AirTest II air

permeability tester according to EN ISO 9237 test standard [33]. Air permeability

tests were conducted using a fabric area of 20 cm2 and an air pressure of 200 Pa.

Moisture management properties (MMT). Moisture management tester (MMT) was

used to evaluate moisture management properties (Figure 6) [34]. This method

quantitatively measured the liquid moisture transfer in one step for a fabric in

multi directions according to the AATCC 195-2017 test standard, where liquid

moisture spreads on both surfaces of the fabric and transfers from one surface to

the opposite [35]. Definitions of these terms are given below [36–38];
Wetting time WTt (top surface) and WTb (bottom surface) (seconds): WTt and

WTb are the time periods in which the top and bottom surfaces of the fabric just

start to be wetted. Defined as the time in seconds when the slopes of total water

contents on the top and bottom surfaces become greater than tan (15�).
Maximum absorption rates MARt and MARb (%/second) are the maximum

moisture absorption rates of the fabric top and bottom surfaces.
Maximum wetted radii MWRt and MWRb (mm) are defined as the maximum

wetted ring.
Spreading speeds SSt and SSb (mm/sec) are the speeds of the moisture spreading

on the top and bottom fabric surfaces to reach the maximum wetted radius.

8 Journal of Industrial Textiles 0(0)
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Cumulative one-way transport capacity OWTC: OWTC is the difference in the
cumulative moisture content between the two surfaces of the fabric in the unit
testing time period.

Overall moisture management capacity (OMMC): This is an index to indicate the
overall ability of a fabric to manage the transport of liquid moisture, which
includes three aspects of performance: moisture absorption rate of the bottom
side, one-way liquid transport ability, and moisture drying speed of the bottom
side, which is represented by the maximum spreading speed.

During the experiments, MMT tests were conducted for both sides of each fabric,
front and back sides; front means the face side of the fabric, back means the reverse
side of the fabric. In the daily life the front side of the fabric interacts with the outer
environment and the backside of the fabric is getting in touch with the skin. Vapour
and liquid sweat passage from the skin to the outer surface of the clothing is espe-
cially important in cases where the physical effort and sweating rate are high.
Normally, the test specimen is placed so as to have its top surface looking at the
upper sensors that represent the inner surface of a clothing fabric which is touching
to the skin surface. In this study, both sides of the fabrics were tested to see and
analyse the liquid moisture transfer properties from face to reverse and from reverse
to face sides since both behaviours are very important for human comfort and also
for protection from fire. First of all, face sides were placed to the instrument looking
at the upper moisture sensors to test the liquid moisture transfer properties from
outside to inside. Then the reverse sides of the same fabrics were placed to look at
the upper sensors to see the liquid moisture transfer behaviour from the skin side to
the outer layer of the fabric. Table 2 shows the grading levels of MMT indices.

Experimental results

FTIR, SEM-EDX, limited flame spread, thermal resistance, thermal conductivity,
thermal diffusion, air permeability, water vapour resistance, water vapour perme-
ability and MMT results are presented below.

Figure 6. Scheme of MMT instrument.

Eryuruk et al. 9
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Fourier transform infrared spectroscopy (FTIR) analysis

FT-IR analysis was performed using Perkin Elmer with UATR Accessory in the
range between 400 cm�1 and 4000 cm�1. IR spectrum of outer shell composed of
aramid fibers was presented in Figure 7. The absorption peak at 3303 cm�1 is
assigned to the stretching vibration of the N-H bonds. The stretching vibration
peak at around 2917 cm�1 is originated from the-CH2 and -CH3 groups and peaks
at 1600–1700 cm�1 (Amide I bands) (1643 cm�1, 1734 cm�1) are attributed to the
carbonyl (C¼O) stretching vibrations. The peak at 1643 cm�1 shows the clusters
of C¼O groups and signals at 1603 cm�1 correspond to C¼C stretching of an
aromatic ring. The peaks observed at 1475 cm�1 and 1530 cm�1 (Amide II bands)
are attributed to the N-H rocking and C-N stretching vibrations and the peaks at
1237 cm�1 and 1407 cm�1 (Amide III bands) are attributed to the asymmetrical
C-N stretching and C¼O bending vibrations . The peak at 1080 cm�1 confirmed
C-O-C bond stretching while peaks observed from 570 to 856 cm�1 correspond
to C-H out of plane bending [40–44].

Underwear was composed of viscose and para-aramid fibers. The peaks at
3315 cm�1, which is assigned as the -NH- stretching; 1638 cm�1 indicating the
stretching of -C¼O bond; and 1539 cm�1, which is the characteristic peak of
the -NH- bending, show the characteristic peaks of para-aramid (Figure 8). The
peaks appeared around 1200–1400 cm�1 are due to amide III band while peaks
around 1000–1150 cm�1 correspond to C-O-C asymmetric stretching and C-O
stretching. The absorption peaks around 2900 cm�1, associated with aliphatic
C–H stretching vibrations and O–H stretching vibrations, are due to viscose
which also causes broadening of the peak around 3315 cm�1. The peaks observed
from around 510 to 900 cm�1 correspond to C-H out of plane bending
[40–43,45,46].

Table 2. Grading of MMT indices [38, 39].

Index

Grade

1 2 3 4 5

Wetting

Time (s)

Top/Bottom �120 20–119 5–19 3–5 <3
No wetting Slow Medium Fast Very Fast

Absorption

Rate (%)

Top/Bottom 0–10 10–30 30–50 50–100 >100
Very Slow Slow Medium Fast Very Fast

Max. Wetted

Radius (mm)

Top/Bottom 0–7 7–12 12–17 17–22 >22
No wetting Small Medium Large Very Large

Spreading

Speed (mm/s)

Top/Bottom 0–1 1–2 2–3 3–4 >4
Very Slow Slow Medium Fast Very Fast

AOTI Top <250 250 to 100 100–200 200–400 >400
Poor Fair Good Very Good Excellent

OMMC Bottom 0–0.2 0.2–0.4 0.4–0.6 0.6–0.8 >0.8
Poor Fair Good Very Good Excellent

10 Journal of Industrial Textiles 0(0)
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FTIR spectrum of inner part of the moisture barrier given in Figure 9 has
similar characteristic peaks with outer shell composed of aramid fibers (as repre-
sented in Figure 1) (REF-1, REF-2, REF-3, REF-4). In Figure 10, spectrum of the
outer part of the moisture barrier composed of polyurethane (PU) shows the
absorption band at 3313 cm�1 corresponding to the N–H stretching. The weak
peaks at 2916 and 2849 cm�1 are associated with the asymmetrical and symmetri-
cal stretch of -CH, -CH2, and -CH3. Peaks appeared around 1500–1600 cm�1

(1539 cm�1, 1513 cm�1) are assigned to -C-N and -C¼C-. Peaks ranging from
1600–1750 cm�1 belong to the carbonyl stretching region for PU. Other modes
of -CH2 vibrations are identified by the bands at 1,40,41,47,21,305 coupled C-N
and C-O stretching vibrations at 1174, and ester C-O-C symmetric stretching
vibrations at 1062 cm�1. Absorptions peaks below 900 cm�1 are attributed to
-C-H out of plane bending [47–50].

As expected from Figure 11, IR spectra of thermal liner, which is an aramid
felt quilted to Aramid/Viscose FR nonwoven fabric show characteristic

Figure 7. FTIR spectrum of outer shell.

Figure 8. FTIR spectrum of underwear fabric.

Eryuruk et al. 11
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Figure 9. FTIR spectrum of nonwoven side of the moisture barrier fabric.

Figure 10. FTIR spectrum of membrane side of the moisture barrier fabric.

Figure 11. FTIR spectrum of thermal barrier fabric.

12 Journal of Industrial Textiles 0(0)
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peaks originated from the aramid and viscose fibers as explained in Figures 7 and

8 [40–43,45].

SEM-EDX results

A scanning electron microscope (Phenom ProX, ThermoFischer Scientific, US)

was used. The identification of different chemical elements in the samples was

accomplished with the Energy Dispersive X-ray (EDX) spectroscopy. The

Figure 12 presents the images obtained with SEM. These images show the struc-

ture used for each layer. The knitted structure of underwear is shown in Figure 12

(a). A fire-resistant nonwoven fabric (Figure 12(b)), made of aramid fibers, is put

together with a woven fabric (Figure 12(c)) or a PU membrane (Figure 12(d)) to

produce thermal barrier and moisture barrier, respectively. As presented previous-

ly (Table 1), the nonwoven fabric is combined with PU membrane and woven

fabric by lamination and quilting, respectively. The Figure 12(e) presents the

woven structure of outer shell.
The Table 3 presents the EDX results obtained for different layers.
The EDX results show that all the layers contain C and O elements however

differences are obtained regarding to other atoms (N, S, Ti, . . .) for different layers.

The underwear shows the presence of P and S elements which can come from the

Figure 12. SEM images for (a) underwear, (b) fire resistant nonwoven fabric (thermal liner back
side), (c) woven thermal barrier (thermal liner front side), (d) PU membrane, (e) outer shell.

Eryuruk et al. 13
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chemical finishing process. As the underwear is made of viscose fibers, a special

chemical finishing process based on phosphorus was applied in order to increase

the fire resistance properties of these fibers. The fire-resistant nonwoven fabric and

outer shell are made of aramid fibers thus they contain N element which come

from the chemical structure of aramid. The PU membrane, which is used into

moisture barrier, contains Br and Ti elements which can come from its chemical

structure. It should be noted that, this membrane has a white color and it may be

possible to use TiO2 as a whitener. The woven thermal barrier, which is quilted

with fire-resistant nonwoven, is made of 50 aramid/50 fire-resistant viscose fibers.

Thus, N element which come from the chemical structure of aramid is obtained. In

addition, P and S elements can come from the chemical process applied to viscose

fiber to increase the fire resistance properties.

Limited flame spread test results

The limited flame spread test is the basic test for all kind of heat protective clothing.

The EN standard for firefighters’ protective clothing refers to ISO 15,025 procedure

is applied [51,52]. Table 4 shows the test results of firefighter clothing. Fabric layers

are numbered from outside to inside; 1 is outer fabric, 2 is moisture barrier and 3 is

thermal liner. According to this method, test results of firefighter clothing are given

in Table 4 and test results of underwear fabricare given in Table 5. According to

UNE-EN ISO 14,116: 2015, performance level was found as index 3 which is the

best performance level for firefighter fabrics and underwear fabric.

Thermal comfort test results

Higher thermal resistance means higher thermal insulation capacity so thermal

resistance gives thermal insulation property of a fabric. According to the test

results, as the number of fabric layers increased, the thermal resistance of fabrics

increased (Figure 13). Thermal resistance of firefighter clothing is very important

Table 4. Limited flame spread test results of firefighter clothing fabrics.

Specimen 1 2 3 4 5 6

Direction Warp Weft

Flamming to top or

either side edge No No No No No No

After flame time (s) 0 0 0 0 0 0

After glow time (s) 0 0 0 0 0 0

Loose waste No No No No No No

Inflammation of the filter paper

detached from waste

No No No No No No

Hole formation No No No No No No

Eryuruk et al. 15
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to protect a firefighter from thermal stress and hazard. As it is seen in Figure 13,
thermal liner fabric has a very high thermal resistance value alone. Moreover, three
and four-layered fabrics have bigger thermal resistance values than single layered
fabrics. High thermal resistance is not enough to protect firefighters during work-
ing under very hot environmental conditions because the high level of sweating can
cause discomfort on the body. As a result of statistical analysis, high R2 value was
found between thermal resistance and fabric thickness (0.978) and moderately high
R2 value was found between thermal resistance and fabric weight (0.724). It can be
concluded that, thermal insulation property increases because of more air layer
inside the fabric structure when the number of fabric layers and fabric thickness
increase [53].

Thermal conductivity and thermal diffusion values are obtained using Alambeta
instrument (Figure 14). Thermal conductivity is the quantity of heat that passes

Figure 13. Thermal resistance results.

Table 5. Limited flame spread test results of underwear fabric.

Specimen 1 2 3 4 5 6

Direction Wale Course

Flamming to top or either side edge No No No No No No

After flame time (s) 0 0 0 0 0 0

After glow time (s) 0 0 0 0 0 0

Loose waste No No No No No No

Inflammation of the filter paper

detached from waste

No No No No No No

Hole formation No No No No No No

16 Journal of Industrial Textiles 0(0)
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through the unit area of unit thickness in unit time. Multi-layered fabric structures
have higher thickness values and this increases the amount of fibre in a specific unit
area of the fabric and also the thermal conductivity values. Underwear fabric has
the highest thermal conductivity value, because of its lowest thickness value com-
pared to other fabrics. Also it is seen that, underwear fabric has an increasing effect
on the thermal conductivity of four layered fabric combination.

Thermal diffusion is an ability related to the heat flow through the air inside the
fabric structure (Figure 15). Higher thermal diffusion value is mainly related to the
bulky fabric structure because of a large amount of air inside the fabric structure.
As seen in the results, outer shell, underwear, three and four layered thermal pro-
tective fabrics have lower thermal diffusion values compared to moisture barrier

Figure 14. Thermal Conductivity Results.

Figure 15. Thermal diffusion values.

Eryuruk et al. 17
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and thermal liner fabrics. Moisture barrier and thermal liner fabrics have higher

thermal diffusion values. This is resulted because of a fire-resistant nonwoven

fabric, that was put together with a PU membrane and thermal woven fabric to

produce moisture barrier and thermal barrier. Four-layered fabric structure have
slightly higher thermal diffusion value than three-layered one because of its more

bulky fabric structure.
As written in Table 1, moisture barrier membrane composed of 85%meta-

ramid,15%paraaramid PU which is laminated to FR nonwoven layer. Because

of this structure, the moisture barrier membrane component doesn’t allow air

passage through it. Thus the multilayer material combination with 3 or 4 layers’

air permeability values are measured zero. This is an undesirable property for the

comfort level of wearer because it is known that evaporation of liquid and sweat
vapour inside the fabric layers will improve with the help of air permeability.

(Figure 16). On the other hand underwear and thermal liner farbric have higher

air permeability values when compared with outer shell fabric.
Water vapour resistance, in other words breathability, is another

important parameter that is the ability of a fabric to allow moisture transmission

through it, Figure 17 presents the water vapour resistance values of fabrics. As it is

shown in the Figure, Ret values increase as the number of layers increase in cloth-
ing. This means that, the ability of the layered fabric structure to transmit

moisture through the clothing is low, as a result comfort level of the clothing

decreases.
The ability of a textile material to transmit vapour from the body is also very

important to feel comfortable. As it is seen from the Figure 18, underwear and

outer shell fabrics have the highest water vapour permeability values. However,

moisture barrier fabric has the lowest water vapour permeability value as it is a

barrier for humidity. The number of fabric layers plays a significant role in water
vapours permeability values, when the number of fabric layers increase, water

vapour permeability values decrease, increasing the level of discomfort A negative

Figure 16. Air Permeability values.
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correlation between water vapour permeability index and fabric thicknessis found,

as the thickness increases, water vapour permeability decreases (R2¼ 0.786).

MMT results

Liquid moisture transfer in clothing significantly influences the wearer’s

perception of moisture comfort sensations. Dynamic liquid transfer values of

clothing materials are measured using the MMT test instrument. MMT device

gives all the measured results in a water content vs. time graphics for each

Figure 17. Water vapour resistance values.

Figure 18. Water vapour permeability index of fabrics.
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sample and measurement. An example of this figure is presented in Figure 19 for
underwear fabric.

Wetting Time (WT) (sec): Wetting times (WT) of top surfaces are obtained
between 6.209 and 14.040 seconds for all fabric types. A wetting time between
5–19 seconds is classified as medium wetting according to the MMT grading

table meaning moisture cannot remain longer at the top of the fabric surface
and transferred to the bottom surface in a medium rate. Underwear fabric has

values between 5 and 6 seconds that can be defined as a fast wetting. Underwear
fabric includes 78% FR viscose, that is responsible for hydrophilicity and increases

the liquid water absorbency. The maximum top wetting time is obtained for outer
shell front fabric which is a desired property to protect a firefighter from fast heat
dissipation inside wetted garments. The maximum bottom wetting times are

obtained for outer shell fabric and moisture barrier fabrics, the same tendency is
observed for three and four-layered fabric structures. The outer shell, moisture

barrier fabrics and layered fabric structures do not permit the passage of water
from outside to inside so wetting times are 120 seconds which means no wetting

was observed on the reverse side of the fabrics.
Absorption Rates (AR) (%/sec): Absorption rate (AR) is the average moisture

absorption rates of the samples during the rise of water content [39]. Considering
top absorption rates, all fabrics have fast and very fast rates except the three-layer

and four-layer back fabrics. Only underwear and thermal barrier fabrics have the
fast bottom absorption rates, whereas other fabrics have slow and very slow rates
causing discomfort and damp feeling on the skin surface. In other words, under-

wear and thermal barrier fabrics can transmit liquid moisture to the other side of
the fabric which is crucial for comfort feeling.

Underwear fabric shows stable AR rates from top to bottom faces regarding the
front and back sides of fabrics. Underwear fabric’s transmission rate is faster at the

Figure 19. Water content vs. time graphic underwear front fabric type.
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bottom side compared to the top side that means it removes liquid moisture (and
heat) from your skin, leaving you cool, dry and comfortable. Outer shell front
fabric has less absorption rate than the back fabric side which is a desired property
not to permit the passage of liquid from outside to inside but to transmit the inner
vapour and liquid from skin surface to outside. Top absorption rates for moisture
front and back fabrics are 58.024 (%/sec) and 90.892 (%/sec) whereas bottom
absorption rates are zero. This means that there is no moisture transfer from
top to bottom surfaces that indicates exactly the behavior that should be expected
from the moisture barrier fabrics. However, moisture remains more on the back
side due to the water insulation layer coated on the back side of the fabric. The
thermal liner fabric has a steady absorption level in the medium level for face and
reverse sides and top and bottom absorption levels. Especially three-layered fabric
structure has the biggest AR rate which is 338.727 for top and 0.000 for bottom
meaning that all the liquid moisture distributed on the top surface. For four-
layered fabric structure, this value decreased to 136.764 which is still very fast
but lower than the three-layered fabric structure due to the positive effect of the
underwear fabric.

Table 6 shows all test results of fabrics obtained from the MMT test device.
Maximum Wetted Radius (MWR) (mm): Maximum wetted radius (MWR) of

underwear and thermal fabrics are between 17 and 22mm for top and bottom
fabric faces that are large in grade. Especially underwear fabric has the same
wetted radius of 20mm for top and bottom faces implying that it transmits all
liquid moisture to the other surface of the fabric directly and decreases the wet
feeling on the skin surface. This also implies that liquid spreads in a large area and
causes faster evaporation of sweat from fabrics. Regarding the outer shell, mois-
ture barrier, three-layered and four-layered front fabrics, top wetted radius have a
small value of 5mm and bottom max. wetted values are mainly zero. This result
shows that because of the hydrophobic character of the fabrics, the liquid can not
wet the top face and doesn’t transfer to the bottom side. Regarding three layered
back fabric structure, the thermal fabric is in touch with the skin whereas in the
four-layered back fabric structure underwear fabric is in touch with the skin. It is
observed a significant reduction in the maximum wetted radius for 4 layered back
fabric structure since the underwear fabric transmits liquid moisture directly to the
other surface and creates a less clammy touch, less chilly sensation and
better comfort.

Spreading Speed (SS) (mm/s): Spreading speed (SS) is defined as the accumu-
lative SS from the center to the MWR [54]. Underwear fabric’s front face has
medium SS whereas the back side has faster SS because of the hydrophilic char-
acter of viscose. As noted by earlier, spreading speed is higher due to the high
porosity inside the thicker fabrics [55]. Since thermal barrier fabric has a high
thickness, it has a fast top and bottom SS in the front face and a medium top
and bottom SS for the back face. Outer shell and moisture barrier fabrics have very
slow top and bottom SS values. Three-layered backside fabrics have a very fast top
SS, but four-layered backside fabric structure has a medium top SS.

Eryuruk et al. 21
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Accumulative One Way Transport Index (AOTI): Accumulative one-way trans-
port index (AOTI) gives the moisture transportability of fabric from conducting
surface to the other surface. Underwear fabric has 97% and 114% AOTI which are
good levels according to the MMT test grading table. Three-layered and

four-layered fabric structures have negative accumulative one-way transport
index values. Backsides of the layered fabrics have lower one-way transport
index values which are nearly half of the front sides. According to the MMT
results, these fabrics are named as waterproof fabrics. Underwear fabric has also

a positive effect by increasing the accumulative one-way transport index on the
back side of four layered fabrics.

Overall moisture management capacity(OMMC): A comparison of OMMC
values clearly reveals that, underwear fabric and thermal barrier fabric show the
highest liquid moisture management capacities (OMMC) meaning that liquid
sweat can be transferred from the skin to the outer surface to keep the skin dry.

Moisture barrier and outer shell fabrics’ face sides have poor liquid moisture
management properties and negative one-way transport capacities indicating
that the liquid (sweat) cannot diffuse easily from the next-to-skin surface to the
opposite side and it will accumulate on the top surface of the fabric. These fabrics

are classified as water repellent fabrics according to MMT results. As the numbers
of layers are increased, fabrics are getting more waterproof. Three-layered and
four-layered fabric structures have zero OMMC values.

Overall evaluation and fabric classification according the test results

Depending on the grading of indices, the grades are summarized in a figure, called
as a fingerprint of the liquid moisture transfer behaviour. This figure gives a direct
overall evaluation for moisture management performance of the tested fabrics.
Figure 20 shows the finger print result of the underwear fabric given as an exam-

ple. The first four scales give the liquid moisture transfer behaviour of top surface,
while the four grading scale in the middle section show the bottom surface prop-
erties. The last two scales indicate one-way transport index and OMM properties.

Discussion and overall evaluation

As a result of thermal and moisture management analyses of single fabric layers
and layered fabric structures, it is clearly seen that layered fabric structures have

high thermal resistance, low thermal conductivity and low air permeability values.
Moreover, water vapour permeability values decrease and water vapour resistance
values increase. This means that the ability of fabrics to permit heat and moisture
transfer decreases as a result human comfort feeling level decreases. This condition

was proved also by the previous studies. As conducted by a previous study at least
75% of the moisture remained in the clothing layers and especially placed in the
underwear and inner layer [12]. In another study a similar result was obtained,
between 50% – 80% of the sweat was accumulated in the inner two layers [13].
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In this study, regarding the liquid moisture management results, firefighter
fabrics can be classified into four categories. As a result of MMT measurements,
obtained grades are summarized in Table 7a and 7b. Underwear fabric can be
classified as “Fast absorbing and quick-drying fabric” which shows medium to fast
wetting and absorption, large spreading area, fast spreading properties. These
properties increase the comfort level of the wearer by increasing the liquid moisture
transmission and faster drying rates of fabric. Outer shell and moisture barrier
fabrics are “water repellent fabrics” that have no wetting absorption and spreading,
no penetration properties. Thermal barrier fabric can be classified as “moisture
management fabric” that shows fast absorption, large spreading area, fast spread-
ing at the top surface, good one-way transport properties. Layered fabric struc-
tures are classified as “waterproof fabric” with very slow absorption and slow
spreading, no penetration and no one-way transport property which causes the
uncomfortable feeling to the end-user.

This results showed that, single layer thermal comfort and moisture manage-
ment properties are needed to be understand at first and then the behaviour of
layered structure must be analysed as a whole. Moreover, another important point

Figure 20. Finger print of the evaluation indices and the classification results for underwear
front fabric type.
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is that the front and back fabric sides that are in contact with skin or with envi-
ronment, must be evaluated separately. If the neighbouring layers don’t transmit
moisture, liquid moisture will get stuck in the inner layers and influence the whole
character of the layered structure. Moisture is mainly accumulated in the inner
fabric layer that have a direct contact with the skin. For this reason inner clothing
need to take the liquid moisture and transfer it to the adjacent layers not to create
wetness and discomfort in the skin.

According to the MMT results, it is seen that negative accumulative one-way
transport index values are obtained for three-layered and four-layered fabric.
However, it is also clearly seen from the results that underwear fabric has a positive
effect by increasing the accumulative one-way transport index value for four-
layered fabric structure. A comparison of overall moisture management capacity
values presents that, underwear fabric and thermal barrier fabric show the highest
liquid moisture management capacities meaning that liquid sweat can be trans-
ferred from the skin through the outer surface to keep the skin dry. When the
three-layered structure is considered, thermal fabric is directly in contact with the
liquid moisture and the neighbouring fabric is moisture barrier which is water-
repellent fabric. On the other hand, regarding four-layered back fabric structure,
underwear fabric is in touch with the skin, it transmits liquid moisture directly to
the other surface which is thermal barrier fabric that take moisture and creates a
less clammy touch, less chilly sensation.

Conclusions

In this study, thermal comfort and moisture management properties of firefighter
clothing assemblies and a new developed fire-resistant underwear fabric were evaluated.
Single fabric layers, and their three and four-layered combinations were constructed for
the analyses using MMT instrument, sweating guarded hot plate instrument,
Alambeta, Permetest, evaporative dish method and air permeability instrument.

The scientific and original findings of the study can be listed as below:

1. As a result of the analyses, it is concluded that as the number of fabric layers
increase, thermal protection level gets better whereas thermal comfort proper-
ties get worse. As the number of fabric layers increased, thermal resistance,
water vapour resistance values of fabrics increased while water vapour perme-
ability, thermal diffusion values decreased meaning that uncomfortable sensa-
tion increases.

2. Especially fabric thickness and the number of layers have a decisive role in
thermal resistance and water vapour permeability results.

3. Regarding MMT results, it is found that, layered fabric structures are classified
as waterproof fabric with very slow absorption and slow spreading causing
uncomfortable feeling to the end-user.
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4. Especially underwear fabric structure has the highest liquid moisture manage-

ment capacity and one-way transfer capacity so it can be classified as “fast

absorbing and quick-drying fabric”.
5. Considering multi-layered fabric structures, it was found that inner layers, espe-

cially underwear fabric plays a significant role in comfort feeling. This means

that liquid sweat is transferred from the skin to the outer surface, as a result, it

increases liquid moisture transmission, keeps the skin dry and increases the

comfort level of the wearer.
6. Thermal barrier fabric can be classified as moisture management fabric with

good one-way transport properties with its bulky structure and it is similar to a

bridge for transferring moisture from underwear to outer environment. Outer

shell and moisture barrier fabrics are classified as water repellent fabrics.
7. As a general conclusion, as the number of fabric layers increase, heat and mois-

ture transfer properties of fabrics decrease. On the other hand, the use of new

fire resistant underwear fabric has a positive effect by increasing heat and mois-

ture transfer properties of the layered fabric structure.

Results of this study could be used by students, researchers and industry to

understand the effects of different fabric layers on the thermal comfort and mois-

ture management properties of thermal protective garments. It should be noted

that, the results of this study may only apply to the fabric samples used in this

study. Future studies are needed to be undertaken to verify these results with

different fabric structures considering different fiber contents and fiber ratios of

firefighter and underwear fabrics. Moreover, different functional underwear fab-

rics can be compared with the regular underwear fabrics containing whole cotton

or blends of cotton with the same construction parameters.
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