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Abstract In this paper, the effects of oxygen and atmospheric plasma on air and water-
vapor permeability properties of single jersey bamboo fabric have been investigated.
The changes in these properties are believed to be related closely to the inter-fiber and
inter-yarn friction force induced by the plasma treatments. The outcomes showed that
the water-vapor permeability increased, although the air permeability decreased along
with the plasma treatments. The SEM images clearly showed that the plasma modified
the fiber surface outwardly. The results showed that the atmospheric plasma has an
etching effect and increases the functionality of a bamboo surface, which is evident
from SEM and FTIR–ATR analysis. These results reveal that atmospheric pressure
plasma treatment is an effective method to improve the performance of bamboo fabric.
Statistical analysis also indicates that the results are significant for air permeability
and water-vapor permeability of the plasma-treated bamboo fabric.
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1 Introduction

With the increasing importance of ecological and economical restrictions imposed
on the textile industry, environment friendly and economical process developments
have become more important. The plasma method has become an alternative for the
textile industry. Plasma treatments are environmentally benign and energy efficient
processes for modifying the surface chemistry of materials. Plasma treatment is a
physical method used for surface modification, as it affects the surface both physically
and chemically without altering the material bulk properties [1]. Plasma treatment is
essentially a surface treatment and does not affect the bulk properties of the fiber which
allows the fabrics to retain strength after treatment. Plasma treatment causes ablation
of the fiber surface by introducing different kinds of surface roughness such as cracks
and fissures. In general, the main advantages of plasma technology are the extremely
short treatment time and the low application temperature, along with the fact that it
is regarded as an environmentally friendly process, since no or fewer chemicals are
involved, and water and solvents can be avoided [2–6].

Wong et al. [7] found that the fabric strength of plasma-treated linen fabrics treated
with oxygen and argon decreased at a longer exposure time. Abidi and Hequet [8]
has treated cotton fabrics in plasma using N2, O2, and Ar gases. The results show
excellent water repellency of the fabrics. Rashidi et al. [9] found that the surface
resistivity of cotton and polyester is reduced after plasma treatment. Malek and Holme
[10] stated that plasma treatments lead to surface erosion of the cotton fibers, which
generates a weight loss. Yasuda et al. [11] studied the effect of air plasma treatment
on fiber and fabrics using non-polymerizable gases. It was found that the weight loss
increased with an increase of exposure time. Kale et al. [12] observed that plasma
process parameters play a key role in determining properties of the plasma-treated
fabric.

Yu et al. [13] concluded that the polypropylene tensile strength and the rate of
elongation decreased with a prolonged plasma treatment time. Kwon et al. [14]
stated that surface modification of a polypropylene film by atmospheric pressure
plasma is more lucrative in a relatively short plasma-treatment time. Raslan et
al. [15] found that exposure of polyamide 6 fabric to low-temperature oxygen
plasma caused changes in the surface roughness, density, and crystallinity % of
fabric.

Yaman et al. [16] studied the thermal, low-stress mechanical, and air permeability
properties of argon, air, and nitrogen plasma-treated polyamide fabrics. They con-
cluded that wearability and comfort properties of the polyamide fabrics were better
after plasma treatments. Bhat et al. [17] found that atmospheric pressure air plasma
alters the surface morphology and enhances the wettability and wicking action of cot-
ton fabrics. Karahan et al. [18] pointed out that the thermal resistance, water-vapor
permeability, and surface friction coefficient of cotton fabrics were increased, although
the thermal conductivity and air permeability value decreased with the atmospheric
plasma treatments.

In this study, the effects of atmospheric and oxygen plasma treatments on the air
permeability, water-vapor permeability, and surface properties of gray bamboo fabrics
were investigated.
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2 Experimental

2.1 Material

The bamboo fibers that were chosen for this study have the following quality char-
acteristics: fiberber length of 36 mm, linear density of 155 mtex, moisture regain of
11.42 %, and elongation of 21.2 %. Yarn of 100 % bamboo was produced with a linear
density of 23.6 tex. The yarn was converted to single jersey knitted fabric on a Meyer
and Cie knitting machine; the details are as follows: single jersey machine, Model
MV4, gauge 24 GG, diameter of 58 cm, speed of 30 rpm, 74 feeders, and 1728 nee-
dles; the ambient knitting-room atmosphere had a humidity of 65 % and a temperature
of (30 ± 2) ◦C. The loop length of the knitted fabric is 3.1 mm. The knitting process
was achieved with constant machine settings, and the samples were kept in a standard
atmosphere for 24 h to allow for dry relaxation and followed by wet relaxation. For dry
relaxation, the sample was left lying on a smooth flat surface in a standard atmosphere
for three days. Then, the sample was wet relaxed and bleached using hydrogen perox-
ide and dried in accordance with current manufacturing practices. The mass per unit
area of the knitted fabric was measured by cutting a sample size of 10 × 10 cm2. The
sample was weighed on an electronic balance and the value was multiplied by 100.
The fabric was measured for their fabric thickness at different places with the help of
a Shirley thickness gauge.

2.2 Plasma Treatment

In this study, experiments were performed on bamboo fabric with a Diener vacuum
plasma device. The distance between the electrodes is 0.2 cm. The sample were placed
between the electrodes and treated at different time intervals. In all the treatments, a
uniform glow discharge plasma system operating under atmospheric conditions with
oxygen used as a process gas under powers of (400, 450, and 500) W with different
time intervals of (30, 60, and 90) s was employed.

The fabric was prepared in dimensions of 60 mm × 120 mm for plasma treat-
ments and other subsequent processes. The plasma reactor requires this length,
and further larger sizes cannot be treated due to the limitations imposed by the
machine design. Due to the interactions between air and the activated surface, plasma-
treated fabric was subjected to conditioning for 24 h at 25 ◦C at a relative humidity
of 65 %.

The water-vapor permeability of the samples has been measured using the cup
method (dish method), according to the ASTM E96 testing standard. The air perme-
ability of the treated samples was measured by the method of Standard EN ISO 9237
using an FX 3300 air permeability tester. Ten readings were taken for each of the
knitted fabrics and then the averages were calculated.

For surface observation, the changes in the fabric surface were evaluated using scan-
ning electron microscopy (SEM, Phillips XL-30S FEG). Fourier-transform infrared
(attenuated total reflectance) spectra analyses of the untreated and treated bamboo
fabric were investigated by a Thermo Nicolet 6700 device in a wave number range
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of 525 cm−1 to 4000 cm−1. The results were analyzed using analysis of the variance
(ANOVA) with an individual error rate of 0.05.

3 Results and Discussion

3.1 Geometrical Properties of the Knitted Fabric

It may be gleaned from the data in Table 1 that the fabric thickness shows an increasing
trend and the fabric weight shows a decreasing trend for the longer exposure time of
plasma treatment. The observed increase in thickness could be ascribed to the electro-
static charge induced in the electric field of the plasma [19], which may rearrange the
yarn and the fiber structure in a more voluminous texture. One of the important aspects
of plasma processing is that the electron and ion bombardment on the sample gives
rise to an etching phenomenon. It occurs by direct removal of a very thin layer, as well
as by the indirect method of interaction of ions with the molecules of the material. It
has been reported that the weight loss of the plasma-treated fabric is essentially due to
the cleaning of the surface contaminants and the etching of the fiber [20]. So the results
give the indirect evidence that the plasma cleaning and etching effects become more
intense with longer treatment times or larger plasma powers. The longer the treatment
time or the larger the power, the more was the weight loss of the bamboo fabric.

3.2 Statistical Data Analysis

The study of plasma treatment (air permeability and water-vapor permeability) was
examined by two-way analysis of the variance (ANOVA) with a confidence level
of 95 %. Evaluation of the test results was made using SPSS 10.0 for Windows
statistical software. In this part, the statistical significance of fabric characteristics
were explained (Table 1). To realize whether the parameters were significant or not,

Table 1 Construction
characteristics of the
atmospheric and oxygen
plasma-treated bamboo knitted
fabric

Treatments Thickness
(mm)

Mass per unit
area (g · m−2)

Atmospheric Oxygen Atmospheric Oxygen

Untreated 0.540 80

400 W, 30 s 0.594 0.648 79.6 78

400 W, 60 s 0.60 1 0.654 79.36 77.68

400 W, 90 s 0.60 5 0.65 7 78.96 77.2

450 W, 30 s 0.608 0.65 9 78.48 77

450 W, 60 s 0.610 0.667 78.24 76.38

450 W, 90 s 0.618 0.67 3 78 76.2

500 W, 30 s 0.621 0.678 77.68 76

500 W, 60 s 0.626 0.680 77.28 75.74

500 W, 90 s 0.632 0.691 76.8 75.44
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Table 2 ANOVA multivariable data analysis

Variance
analysis

Degrees of
freedom (df)

Sum of
squares
value (SS)

Mean square
value (MS)

Factual Fcritical p value

Air permeability of atmospheric plasma-treated fabric

Between time duration 2 499.5 249.75 7.12 5.14 0.03a

Between power 3 930.25 310.08 8.84 4.76 0.01a

Air permeability of oxygen plasma-treated fabric

Between time duration 2 970.67 485.33 6.47 5.14 0.03a

Between power 3 3568.25 1189.42 15.86 4.76 0.003a

Water-vapor permeability of atmospheric plasma-treated fabric

Between time duration 2 87 207.54 43 603.77 7.57 5.14 0.02a

Between power 3 106 353.10 35 451.03 615.23 4.76 7.4 × 10−8a

Water-vapor permeability of oxygen plasma-treated fabric

Between time duration 2 46 824.92 23 412.46 7.10 5.14 0.03 a

Between power 3 30 597.26 10 199.09 309.35 4.76 5.78×10−7a

a Significant for α = 0.05

p values were examined. Ergun [21] emphasized that if the “p” value of a para-
meter is greater than 0.05 (p > 0.05), the parameter would not be important and
should be ignored. Statistical analysis also indicates that the results are significant for
air permeability and water-vapor permeability of the plasma-treated bamboo knitted
fabric (Table 2).

3.3 Air Permeability

In this study, the air permeability of the plasma-treated samples was investigated
and the results are summarized in Fig. 1. The air permeability depends on the con-
struction characteristics of the yarns and fibers in which a large proportion is occu-
pied by air space. There are some factors affecting the air permeability of the fab-
ric, e.g., the fabric structure, thickness, and surface characteristics, etc. The results
show that the fabric thickness has a significant effect on the air permeability values
of the bamboo fabric [22], as the air permeability tended to decrease as the thick-
ness increased independent of the plasma treatment. It is possible to say that the
plasma treatment induces a certain degree of roughness on the fiber surface which
increases the fabric thickness and changes the fabric surface characteristics. The out-
comes related to the air permeability indicated that the atmospheric plasma-treated
fabric had poorer air permeability. Etched fiber changes act as a boundary to hinder
the air flow through the fabric, thus resulting in a reduction of the air permeability of
the fabric. Air is kept inside the plasma-treated fabric and cannot escape easily. As
shown in Fig. 1, the air permeability of oxygen plasma-treated bamboo fabric was
higher than for atmospheric plasma. This is probably caused by the higher etching
tendency of atmospheric plasma. All these factors contribute towards the lower air
permeability.
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Fig. 1 Air permeability test results of atmospheric- and oxygen-treated bamboo fabric
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Fig. 2 Water vapor permeability test results of atmospheric and oxygen treated bamboo fabric

3.4 Relative Water-Vapor Permeability

As can be seen from Fig. 2, atmospheric and oxygen plasma treatments improved
the water-vapor permeability of bamboo fabric. These outcomes are probably caused
from the increased wettability of the bamboo fabric. In other words, a feeling of better
comfort can be provided by increased vapor permeability with the help of plasma
treatment. The improvement in the water-vapor permeability of the plasma-treated
bamboo fabric was found to be significant. In the case of fibrous materials, the surface
properties and pore structure of the materials are important in terms of vapor transfer
properties. These results probably stemmed from the grooves formed and the cracks
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(a) Untreated (b) Atmospheric plasma-treated (c) Oxygen plasma-treated 

Fig. 3 SEM images of (a) untreated, (b) 500 W, 90 s atmospheric plasma-treated, and (c) 500 W, 90 s
oxygen plasma-treated bamboo fabric

over the surface. The formed grooves on the surface may cause a reduction in the
capillary pressure, which probably causes higher water-vapor permeability. In other
words, increased vapor transfer provides better comfort feeling.

3.5 Surface Characterization Techniques

To better understand the air and water-vapor permeability properties of the bam-
boo fabric, ATR–FTIR and SEM analyses were applied to investigate changes in
bamboo surfaces after atmospheric and oxygen plasma treatment. SEM was used to
analyze the change of the surface morphology of the fibers treated by atmospheric
and oxygen plasma for various exposure times and powers. An SEM image of an
untreated sample is shown in Fig. 3a, another for a Bamboo sample treated with
atmospheric plasma treated (500 W, 90 s) appears in Fig. 3b, and a third for a
bamboo sample treated with oxygen plasma (500 W, 90 s) is shown in Fig. 3c. It
is clearly apparent in the pictures that the untreated bamboo fiber has a smoother
surface.

Some cracks and grooves, which occurred because of the etching effect of plasma
treatment, can be clearly seen. However, the surface changes appear more pronounced
with increased exposure time and power, resulting in increased surface etching. At
high energy (500 W, 90 s) doses, atmospheric plasma seems more effective than
all other selected parameters. After the atmospheric plasma treatment, the surface
became rougher, and abrasions can clearly be seen on the surface of the fibers,
as shown in Fig. 3. Some cracks and grooves were formed on the fiber surface
after plasma treatment. Such cracks and grooves showed that the plasma treatment
could physically change the surface morphology of the bamboo fiber. This alteration
might provide a pathway for water-vapor permeability properties of bamboo fiber
which is better than that of the untreated one. If the nature of the plasma gas is
taken into consideration, atmospheric plasma can be found to be more effective than
oxygen plasma at higher powers and longer exposure times. Atmospheric plasma-
treated bamboo fiber has more grooves than air plasma because of the higher etching
tendency.
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Fig. 4 FTIR–ATR analysis for wave numbers between 400 cm−1 and 4000 cm−1 of the (a) untreated
bamboo knitted fabric, (b) oxygen plasma-treated bamboo knitted fabric, (c) atmospheric plasma-treated
bamboo knitted fabric

3.6 Fourier Transform Infrared Analysis

FTIR–ATR is a method which is widely utilized to characterize the surface proper-
ties of textile fibers. FTIR–TR spectroscopy was performed on the untreated bam-
boo fabric and the fabric after plasma treatment. FTIR–ATR spectra of untreated,
oxygen and atmospheric plasma-treated fabric at 500 W, 90 s are given in Fig. 4a–
c. The spectra show that oxygen-containing functional groups were generated by
the plasma treatment. After plasma treatment, the intensity of the 3963.50 cm−1
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band was increased which represents an increase in functionality of hydroxyl groups
and illustrates that the substrate is more hydrophilic after oxygen plasma treatment.
The most important changes were observed in the region of hydroxylated products
(3100 cm−1 to 4000 cm−1). This peak belongs to hydroxyl groups which are at the
end of the linkages of the bamboo. The spectrum of the untreated fabric has a peak
at a wave number of 1214.55 cm−1. The bands at 1260 cm−1 and 1120 cm−1 were
due to stretching of carbon-oxygen bonds in aromatic groups. The OH band of oxygen
containing functional groups occurs between 3500 cm−1 to 3200 cm−1. As seen in the
FTIR–ATR spectra, which show that a higher increase has occurred in the hydroxyl
groups, it is thought that these groups improve the hydrophilicity of bamboo fabric
more than the others. A moderate surface oxidation occurs during plasma process-
ing as evidenced by the increase in the O/C atom ratio when compared to untreated
bamboo fabric. Furthermore, after plasma treatment, the N/C atom ratio increases a
little because of nitrogen-containing functional groups or contamination. The appear-
ance of hydrophilic groups on the surface might well impact the air and water-vapor
permeability properties of bamboo fabric.

4 Conclusions

Plasma treatments were found to have profound effects on the surface properties of
bamboo fabric. As the SEM outcomes suggested, the atmospheric plasma treatment
made the surface structure into a rough state because of the etching effect. The surface
roughness of bamboo fabric increased with increasing plasma power and treatment
time. The change in the air permeability of the plasma-treated fabric was found which
is probably due to the plasma action changing the fiber surface morphology. The key
factor for interpreting the change of the air permeability is the increase in thickness
observed after the plasma treatment. This thickening could be one of the reasons for
the decrease of air permeability. Atmospheric plasma treatments improved the water-
vapor permeability of bamboo fabric. The increase in surface friction is probably
caused from the etching effect of atmospheric plasma treatment.
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