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Abstract Functionality is of utmost importance for fabrics designed for military
purposes, where woven fabric structural parameters and finishing processes greatly
affect the definition and achievement of high set properties demands. Considering the
application conditions of military fabrics and the high exposure to microorganisms
from environment, as well as from the direct and indirect transfer between users,
the possibility of contamination is unavoidable. Therefore, the aim of this paper
is to determine whether and to what extent military fabrics have the properties of
microbial barrier permeability. Determination of microbial barrier permeability was
conducted according to the newly developed method. The most resistant forms of
microorganismswere used, the bacterial endospores of apatogenic species:Geobacil-
lus stearothermophilus and Bacillus atrophaeus. The analysis of the obtained results
and the analysis of correlations between some relevant fabric properties confirm
the extremely complex structural aspect of the woven fabrics. Tested woven fabrics
designed for military purposes show a very good microbial barrier permeability with
a different adhesion of microorganisms, conditioned by the complex woven fabric
structure, based on which can be approached to further targeted functional designing
of specific elements.

Keywords Microbial barrier permeability ·Military purposes ·Woven fabric
structures

1 Introduction

Military fabrics must meet a number of high set demands, and it is crucial that
clothing and related equipment are lightweight, compact and durable and have high
performance. The purpose of military camouflage fabrics is not only to assimilate
with the environment, but also to protect from various conditions and situations in
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which body protection is of vital importance. Functional criteria of military fabrics
should meet high camouflage and physical–mechanical and thermal requirements.
Camouflage properties are achieved by specific patterns and colours application onto
woven fabric, depending on the end-use conditions, with the aim of breaking the sil-
houette of the human body and achieving imperceptibility. Requirements of physical
and mechanical properties set for these fabrics have a direct impact on psychological
factors of individuals, which can cause psychological discomfort and instability that
interfere with motivation and readiness to perform high-risk tasks. Military fabrics
are produced in a combination of natural and synthetic fibres, which, with their spe-
cific properties and structural parameters, as well as additional chemical finishing
(resistance to UV, water, heat, flame, wind), meets a wide range of requirements,
all in order to achieve the needed properties [1–3]. Physiological (skin and temper-
ature) and environmental variables (conditions of temperature, humidity and wind)
are extremely important in achieving maximum comfort and safety while wearing a
fabric. Its insufficient properties can cause a variety of negative phenomena (discom-
fort, climate imbalance, heat stress, the emergence of a large amount of nuisance,
visual and cognitive disruption) affecting the person’s mental and physical stability
[4].

Another extremely important feature of the fabric for military clothing, regarding
the exposure to microbial influences, is the ability of body protection and control
of microorganisms. Therefore, the question is whether and to what extent military
fabrics have microbial barrier properties.

The subject of this research is fabrics designed for certain specific purposes, with
high requirements for the human body protection, in order to preserve mental and
physical health. The use of fabrics formilitary purposes in real application conditions
(in various areas of habitation and activity) represents indispensable exposure to a
possible microbial contaminated environment and thus a danger of microorganism’s
penetration and body contamination. The reason for this is the fabric ability to retain
moisture, which represents a possible cause of endangering the health of an individ-
ual. Textile materials are in constant contact withmicroorganisms, not only from skin
but also from the environment. Textile material is a media that supports the microor-
ganism’s growth and development, because it provides them an environment rich
in nutrients necessary for their survival (moist air or wet textile product). Microor-
ganisms are fed with skin cells and various substances used in chemical finishing
processes (and also dirt) [5–8]. The growth ofmicrobes implies increasing their cells,
but also increasing their number after multiplication, resulting in colony formation.
Microorganism’s growth and development depend on many factors, both physical
and chemical, as well as about the environment in which they are located. Meth-
ods of microbial transmission are different, through direct and indirect contact with
contaminated surfaces, contaminated environment (water) and even non-hygienic
conditions [9]. In order to provide maximum body protection from microorganism
penetration in real application conditions, the fabric should have sufficient microbial
barrier properties.
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2 Materials and Methods

The fabrics used in this research are designed and produced formilitary purposes in tt.
Čateks, Croatia. The fabric samples contain equal ratios of natural and synthetic fibres
(cotton/PA 6.6 and cotton/PES), with mass per unit areas from 220 to 280 g/m2, and
woven in different weaves (Fig. 1). After weaving process, the fabrics were subjected
to dyeing process, using reductive dyes to print camouflage patterns (“forest” and
“desert” patterns) depending on the fabric end-use conditions. To achieve the needed
properties, the fabricswere treatedwith protective coatings ofwater andoil repellents,
which, together with the properties achieved by the fabric structural parameters,
provides exceptional characteristics of strength, durability, comfort and stability.

The relevant structural parameters of woven fabrics were determined in accor-
dance with the standardized testing methods, based on which further analysis was
carried out:

• mass per unit area—m (g/m2)—determination of mass per unit length and mass
per unit area, in accordance with the standard HRN ISO 3801:2003,

• fabric thickness—t (mm)—determination of thickness of textiles and textile prod-
ucts, in accordance with the standard HRN EN ISO 5084:2003,

• fabric density—d (threads/10 cm)—determination of the number of threads per
unit length, in accordance with the standard HRN EN 1049-2-2003.

The following tests were also performed:

• determination of fabric air permeability, according to the standard HRN EN ISO
9237:2003

Fabric I Fabric II Fabric III
Plain + rib Twill 2/2 Satin 1/4

Fig. 1 Woven fabric samples used in the research
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Fig. 2 Presentation of prepared samples for microbial barrier permeability testing

• determination of fabric breaking properties, according to the standard ISO 13934-
1:1999

• determination of fabric thermal resistance (“hot plate”), according to the standard
ISO 11092:1993

• determination of microbial barrier permeability according to the newly developed
method. Tests were performed according to the following procedure: A test spec-
imen of 22 cm × 22 cm is fixed to a ring-shaped device (Fig. 2) and placed into a
transparent sterilization pouch. It is sterilized in the steam sterilizer Selectomat PL
MMM (Münchener MedizinMechanik) at 134 °C for 5 min. After the sterilization
procedure under sterile conditions, the bacterial endospores of apatogenic species,
in this case Geobacillus stearothermophilus 105 and Bacillus atrophaeus 106, are
applied to the test area of the specimen. This is followed by incubation for 24 h.
Afterwards, a CT3P agar print plate is used to take prints, first from the face side
and afterwards from the back side. After taking prints, CT3P agar print plates are
placed into a thermostat at 35 °C in order to perform incubation for 72 h, after
which the number of bacterial colonies on the face and back sides of the fabric is
read [10, 11].

3 Experimental and Results

The materials used in this paper are woven fabrics which are mainly used for the
purpose of military clothing. The materials are composed of natural and synthetic
fibres blends (cotton and PA 6.6, cotton and PES, in equal proportions of 50%) with
a nominal yarn finesses (Tt) shown in Table 1. The natural fibre component provides
comfort and flexibility, while the synthetic fibre component provides strength and
resistance properties necessary for final application.

The basic structural parameters of tested woven fabric samples are shown in
Table 1.

The difference of PA 6.6 and PES fibre properties, in a certain part, affects the yarn
properties and thus the properties of finished woven fabrics. The values of standard
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Table 1 Fabric structural parameters

Properties Fabric I Fabric II Fabric III

Warp Weft Warp Weft Warp Weft

Raw material PA 6.6/cotton
50%/50%

PES/cotton 50%/50% PA 6.6/cotton
50%/50%

m (g/m2) 220 250 280

t (mm) 0.436 0.439 0.557

Tt (tex) 17 × 2 40 20 × 2 20 × 2 30 50

d (thread/10 cm) 360 207 362 210 467 291

m—fabric mass per unit area (g/m2), t—fabric thickness (mm), Tt—yarn finesses (tex), d—fabric
density (thread/10 cm)

Table 2 Tested results of fabric breaking properties, thermal resistance and air permeability

Woven fabric
properties

Fabric I Fabric II Fabric III

x̄ CV (%) x̄ CV (%) x̄ CV (%)

F (N) Warp 691.37 3.55 774.73 2.19 777.99 2.55

Weft 441.30 2.22 500.14 1.96 845.01 5.00

ε (%) Warp 43.17 5.47 18.67 5.58 32.33 6.25

Weft 22.50 3.71 17.00 2.94 35.67 5.67

Ret (m2 kW−1) 0.0185 3.9 0.0203 2.0 0.0127 1.3

R (mm/s) 22.244 4.2 35.972 6.3 10.220 4.6

F—breaking force (N), ε—elongation at break (%), Ret—thermal resistance (m2 kW−1), R—air
permeability (mm/s), x̄—mean value, CV—coefficient of variation (%)

strength range from 30 to 68 cN/tex for PA 6.6 and from 25 to 55 cN/tex for PES
fibres. Apart from the raw material that carries the basic characteristics of the yarn,
many other parameters, such as yarn structure and the fabric construction (density
and weave), have an influence on the final woven fabric properties. The results of
breaking properties, as well as thermal resistance and air permeability properties of
tested fabric, are shown in Table 2.

Thermal resistance property ofwoven fabric used formilitary clothing is of utmost
importance, regarding the extreme application conditions, where the influence of the
environment (coldness in the winter and the heat in the summer days) affects the
psychophysical condition of a person wearing a certain fabric. The results of tested
woven fabrics show that the highest thermal resistance has Fabric II, with value of
0.0203m2 KW−1, which is woven in a twill 2/2 weave with two-ply yarns (with more
closed structure), preventing heat transfer through the yarn (Table 2). This means that
such fabric has better properties of heat retention near the body, which is suitable for
application during colder periods. Conversely, Fabric III shows the lowest thermal
resistance with 0.0127 m2 KW−1, despite the fabric highest mass per unit area. The
reason for this can be found in the structural characteristics of the fabric, which is
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wovenwith one-ply yarns, whose structure is more open and thusmore susceptible to
heat penetration. Furthermore, this Fabric III is woven in satin weave characterized
by strong flotation, which additionally provides easier heat penetration between the
threads.

Analysing the results of the air permeability tests (Table 2), it can be concluded
that the structural parameters of the fabric, aswell as the applied apertures, have influ-
enced the low air permeability of the tested samples. The obtained results diametri-
cally follow the thermal resistance values, where Fabric II provides the highest values
of air permeability (35.972 mm/s) and Fabric III the lowest values (10.220 mm/s).
This can be explained by structural parameters of Fabric III, i.e. in highest density of
the warp and weft threads, which with its compactness affects the fabric cover and
porosity, thus making the air transfer through such woven structure difficult.

The results of microorganism permeability through the fabric structure testing,
carried out according to the newly developed method, are shown in Table 3. It is
important to note that all tested samples were equally contaminated, with the same
number of microorganisms (105 Geobacillus stearothermophilus and 106 Bacillus
atrophaeus) applied on the face side of the fabrics. An interesting indication is that
the number of microorganisms transmitted from the biological indicator to the face
of the fabric differs significantly between the tested samples. This is caused by
the fabric surface, conditioned by the fabric structural parameters and the applied
apertures. Fabric III, woven in Satin weave (with a large flotations and a rare thread
interlacing) retain on face side 992 CFU, Fabric II 540 CFU (45.6% less than Fabric
III) and Fabric I (with the most frequent threads interlacing) even 82.5% less than
Fabric III, only 174 CFUs. Despite the largest number of bacterial colonies on the
face side of Fabric III, not one microorganism has passed through fabric to the back
side, which shows its exceptional microbial barrier properties (Fig. 3). Furthermore,
the remaining two samples, Fabric I and Fabric II, with a minimum number of only
1 CFU on the back side of fabrics, prove good fabric properties of microbial barrier
permeability.

By analysing the ratio of applied and passed through CFUs from face to back
sides of the fabrics, it can be concluded that there is a significant difference between
Fabric I and Fabric II. The ratio of CFU on the face side and back side of Fabric II
is 540:1, whereas this ratio in Fabric I is 174:1. Above mentioned shows that for the
transition of 1 CFU on the back side of the Fabric I is required 174 CFU applied

Table 3 Results of microbial barrier permeability of tested fabrics after extreme contamination

Sample The average number of bacterial
colonies on the fabric face side
(CFU)

The average number of bacterial
colonies on the fabric back side
(CFU)

Ratio
(CFU)

Fabric I 174 1 174:1

Fabric II 540 1 540:1

Fabric III 992 0 –

CFU Colony-forming unit
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Fig. 3 Display of CT3P agar plate on the face and back sides of tested sample Fabric III

Table 4 Values of correlation coefficient of some significant fabric parameters

dwarp
(thread/10 cm)

dweft
(thread/10 cm)

t (mm) R
(mm/s)

Ret (m2

KW−1)
CPU

CPU −0.75819 −0.76798 −0.76170 0.27867 0.57745 1

Ret (m2

KW−1)
−0.97015 −0.96637 −0.96883 0.94500 1

R (mm/s) −0.83749 −0.82912 −0.83453 1

t (mm) 0.99999 0.99995 1

on face side; while in Fabric II, the required amount of applied bacterial colonies is
three times higher. This points to the conclusion that Fabric II has a better microbial
barrier property, which can, once again, be explained by the fabric weave, regarding
the approximately uniform structural fabric parameters. The twill 2/2 weave does not
have abrupt or irregular thread interlacing, but the warp and weft threads are lined
in identical proportions, with slight gradual shift, without any major bending. In
contrast, the weaves with the most frequent interlacing and transitions from the face
to the back sides of the fabric in a specific pattern (plain, rib) definemore pronounced
pores, allowing easier penetration of microorganisms through the fabric.

Correlation analysis was used to discover the degree of correlation between tested
parameters, and the most interesting correlations, based on which significant con-
clusions were drawn, are presented in Table 4.

The air permeability property shows a very good correlation with the fabric thick-
ness parameter (r = −0.83453), which is directly influenced by the fabric density,
i.e. the density of warp and weft threads.

Statistical analysis of correlation indicators shows a strong dependent relation
of thermal resistance property with the fabric thickness parameter (r = −0.96883).
The results also show a strong correlation of thermal resistance with air permeability
property (r = 0.94500), where the increase of air permeability (caused by decrease
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of fabric thickness) affects the increase of fabric thermal resistance, i.e. the ability
of fabric heat retaining near the body.

Placing into correlation relations, the microbial barrier fabric properties with the
fabric structural parameters indicate weaker correlation connections, which are still
classified as good correlation (r = −0.76170). This is understandable considering
that the microbe penetration is performed in a dry state, i.e. by mechanical penetra-
tion, which is affected by the fabric thickness parameter and thus the fabric density.
Air permeability and thermal resistance properties are in poor correlation with the
fabric microbial barrier property. The reason for this is, already mentioned, com-
plex structural aspect of woven fabric, i.e. the constructional parameters and specific
weave. The way of interlacing of warp and weft threads, which affects the fabric
cover and compactness, as well as the pores structure, greatly influences the ability
of adhesion and transition of microorganisms through the fabric.

All of the above findings are of utmost importance for the design process of woven
fabric for specific purposes, which enable defining and achievement of the desired
fabric properties depending on the end use, i.e. application conditions.

4 Conclusion

Based on the conducted research, it can be concluded that all of the relevant mili-
tary fabric properties, including the microbial barrier property, are greatly affected,
besides finishing processes, by the fabric structural parameters. The analysis of the
obtained results and the analysis of correlations between some relevant properties
confirm the extremely complex structural aspect of the woven fabrics. Tested fabrics
for military purposes show very good microbial barrier properties, with the indi-
cated differences, based on which can be approached to further targeted functional
designing of specific elements.
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