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Abstract: Fabrics with moisture management properties are strongly expected to benefit various
potential applications in daily life, industry, medical treatment and protection. Here, a bifacial fabric
with dual trans-planar and in-plane liquid moisture management properties was reported. This novel
fabric was fabricated to have a knitted structure on one face and a woven structure on the other,
contributing to the different in-plane water transfer properties of the fabric. A facile three-step plasma
treatment was used to enrich the bifacial fabric with asymmetric wettability and liquid absorbency.
The plasma treated bifacial fabric allowed forced water to transfer from the hydrophobic face to
hydrophilic face, while it prevented water to spread through the hydrophobic face when water drops
were placed on the hydrophilic face. This confirmed one-way water transport capacity of the bifacial
fabric. Through the three-step plasma treatment, the fabric surface was coated with a Si-containing
thin film. This film contributed to the hydrophobic property, while the physical properties of the
fabrics such as stiffness and color were not affected. This novel fabric can potentially be used to
design and manufacture functional and smart textiles with tunable moisture transport properties.

Keywords: directional water transport; bifacial fabrics; three-step plasma treatment; composite
structure; moisture management

1. Introduction

The biomimetic water transport property of materials has attracted great attention recently [1].
Examples may include the water harvesting materials and microfluidic devices inspired by Stenocara
beetle [2], spider silk [3] and cactus [4–6]. Recently, the ability of directional water transport in textile
materials has been reported and fabrics with multi dimension liquid moisture transport properties are
of great potential for technical and smart textiles. Such fabrics have a broad spectrum of end uses e.g.,
filters, desalination, composite and sportswear [7–10].

Until now, two main approaches, constructing the hydrophobicity-to-hydrophilicity gradients
of fibrous layers across fabric thickness and building asymmetric hydrophilicity of fabric surfaces,
have been developed to create surface energy gradients along the thickness of textile fabrics and to
achieve directional water transfer properties. In the case of the first method, Wang et al. [11] reported
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a special coating technique that formed a wettability gradient through the fabric thickness and created
a fabric with directional water-transport properties. Zhang et al. [12] used a phase segregation method
in the formation of a hydrophilic-to-hydrophobic gradient membrane to achieve directional water
transport. Wu et al. [13] also combined a hydrophobic film and a hydrophilic film seamlessly and
developed a unidirectional water-penetration nanofiber membrane. Fabric with asymmetric wettability
by surface modification also showed directional water transfer effect. In this case, the micro-processing
techniques used for producing rough surface, such as plasma etching [14–16], and chemical treatment
with fluoro-containing monomer or silicon polymers for reducing the surface free energy [17–19],
as well as other methods, such as sol-gel process [20,21], electrospinning [22,23], self-assembly [24] and
spray coating [25], were used to create a hydrophobic surface in textile fabrics, forming water pressure
differentials between two surfaces of the fabric. For example, Tian et al. [26] used a vapor-phase method
to deposit a fluoroalkylsilane on one side of cotton fabric to create directional gating of droplets in
air-water system. Zeng et al. [27] prepared a one-way water transport fabric by electro-spraying
a hydrophobic layer on one side of the fabric. However, most of the current studies only focused on
the trans-planar water transport of textile materials, and little research is reported on both trans-planar
and in-plane water transport properties.

Plasma treatment is gaining favor for its environment friendly and energy efficient
characteristics [28–30]. It has been found that plasma polymerization was the effective approach
for preparing directional moisture transfer fabrics. Recently, some works have shown that the fabrics
became hydrophobic after plasma polymerization of hexamethyldisiloxane (ppHMDSO) [31–33].
However, the studies only qualitatively analyzed the moisture transfer property, and quantitative
evaluation has received little attention. Therefore, it is difficult to evaluate the moisture transfer
performance of treated fabrics to determine their practical applications. In addition, in the past only
transplanar water transport properties of fabrics were analyzed and in-plane water transport properties
have not been the focus of these studies.

Our group has reported on the design and manufacturing a novel composite structured bifacial
fabric with a knitted structure on one face and a woven structure on the other [34]. The bifacial fabric
showed different in-plane moisture transfer properties on its two faces, indicating the potential of the
bifacial fabric as moisture management materials [35,36]. In this paper, a study was reported on the
use of a three-step plasma treatment to create asymmetric wettability on two faces of the fabric for
development of a directional water transport fabric. A quantitative investigation into the transplanar
and different in-plane moisture transfer properties of the treated samples was carried out by using
the Moisture Management Tester (MMT). Studies of the surface chemistry and morphology as well
as the stiffness and color of the treated fabrics were also conducted to analyze the mechanism and
characteristics of the water management ability of the bifacial fabric.

2. Experimental Details

2.1. Materials

The details of the bifacial fabric (combination of a plain weave and a single jersey) and the
corresponding woven (plain weave) and knitted (single jersey) fabrics have been described before [36],
and are briefly summarized in Table 1. The cross-section of bifacial fabric in the warp direction and
its appearances on the two faces are illustrated in Figure 1. The bifacial fabric was manufactured on
a purpose-built machine which incorporated a flat knitting bed into a sample rapier loom. The woven
and knitted fabrics as control samples were fabricated on a weaving machine (CCI, Taipei, Taiwan)
and a knitting machine (Shima Seiki SES, Wakayama, Japan), respectively. The warp yarns (set of yarn
running lengthwise—machine direction) in these fabrics were pure polyester staple yarns, while both
the weft yarns (transverse thread in a direction perpendicular to machine direction) and knitted loop
yarns were made of 65/35 wool/acrylic fibers. All the fabrics were cleaned with acetone and ethanol
and rinsed with deionized water, and then were dried under the fume hood before plasma treatment.
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Argon gas (purity 99.99%), O2 gas (purity 99.99%) and HMDSO (hexamethyldisiloxane; purity 99.5%;
Sigma Aldrich, St. Louis, MO, USA) were used as the plasma reactor reagents.

Table 1. The details of the fabric substrates.

Fabric
Warp Yarns Weft/Loop Yarns

Loop Length (mm) Weft Density
(Picks/cm)Material Count (tex) Material Count (tex)

Woven 100% polyester 56 35% acrylic/65% wool 65 N/A 22
Knitted N/A – 35% acrylic/65% wool 65 11 N/A
Bifacial 100% polyester 56 35% acrylic/65% wool 65 11 22
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2.2. Plasma Treatment

The three-step plasma treatment method used for surface modification of fabrics included
(Figure 2a) (1) argon plasma activation to form clean and activated fabric surface, (2) subsequent
oxygen plasma functionalization to introduce oxygen functional groups on the fabric surface [37,38],
and (3) then followed by plasma polymerization of HMDSO as the third and final step. The plasma
process was performed in a cylindrical glass reactor with an external antenna around the chamber
and a stainless steel as a sample holder in the middle of the reactor (Figure 2b). A radio frequency
generator was used to generate the plasma, which can be operated in a continuous wave mode or
a pulsed mode [39].

In the treating process, a 9 cm × 9 cm sample was placed on the sample holder with the treatment
surface up, while the base pressure lower than 1 × 10−3 mbar was achieved with a rotary pump.
Then the continuous wave argon plasma was used to pretreat the samples at a stable pressure of
2.8 × 10−2 mbar with a radio frequency power of 100 W for 2 min. After the activation process,
the oxygen plasma was applied (100 W, 3.5 × 10−2 mbar) at a pulsed mode of 20% duty cycle for 2 min.
Subsequently, the HMDSO vapor was supplied at a pulsed mode of 10% duty cycle with a power of
100 W for 3 min under the pressure of 1.0 × 10−1 mbar. The duty cycle is defined as ton/(ton + toff)
× 100% [38], where ton and toff are the time that the plasma is “on” and “off”, respectively.
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Figure 2. Schematic of (a) the three-step plasma treatment and (b) the plasma device.

2.3. Contact Angle and MMT Test

The treated fabrics were conditioned in the condition room (20 ± 2 ◦C and 65 ± 2% relative
humidity) for 24 h prior to the characterizations. The water contact angle (CA) and absorption time
were measured in the condition room by a KSV CAM 200 contact angle meter (KSV Instruments Ltd.,
Helsinki, Finland). Water droplets with a volume of 5 µL were placed on the surface of the sample that
was pasted on a slide glass and placed on the sample stage. The average of five measurements was
reported for each sample.

The moisture transfer property was measured by the Moisture Management Tester (MMT;
SDL Atlas, Rock Hill, SC, USA) according to the AATCC Test Method 195-2011. The saline water
(0.22 cm3; containing 0.9% NaCl to simulate sweat) was introduced in 20 s onto the upper surface of
the fabric, and the spread and content (in the first 120 s since starting pumping the water) of the saline
water on both faces of the fabric sample were recorded by the sensors touching the upper and lower
surfaces of the fabric.

2.4. Scanning Electron Microscopy (SEM)

The surface morphology of the coated and uncoated face of fabrics was observed by environment
scanning electron microscopy (SEM, Quanta-250, FEI, Brno, Czech) operated at 5 kV accelerating voltage.

2.5. Fourier Transform Infrared Spectroscopy (FTIR)

FTIR-ATR spectroscopy was used to analyze the chemical composition and functional groups on
the surface of the fabrics. Infrared spectra were recorded with a NICOLET 5700 instrument (Thermo
Nicolet Instrument Company, Madison, WI, USA) in attenuated total reflectance (ATR) mode with
an accumulation of 64 scans at 4 cm−1 resolution. The spectra of treated and untreated samples were
recorded for comparison.

2.6. X-ray Photoelectron Spectroscopy (XPS)

XPS spectra was carried out on the HMDSO plasma polymer coated on a silicon slice by the
three-step plasma. XPS analysis used a K-Alpha X-ray photoelectron spectrometer from Thermo Fisher
Scientific, Waltham, MA, USA. A spot size of 400 µm was used to scan in the region of the C1s binding
energy as well as provide a broad survey spectrum to detect additional elements. Excessive charging
of the samples was minimized using a flood gun. The C1s binding energies of the poly(HMDSO) were
accurately established by charge shift correcting the lowest binding energy peak of the C1s to 284.6 eV.
The survey spectra were obtained at a pass energy of 100 eV while high resolution peak scans were
performed at a 20 eV pass energy. The peak scans were used to obtain the elemental composition of C,
Si and O. Triplicate samples were analyzed with atom percent uncertainties being of the order of 2%.
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2.7. Handle Characteristics and Appearance

Handle characteristic of fabrics was evaluated using a Comprehensive Handle Evaluation
System for Fabrics and Yarns (CHES-FY; see Figure 3) developed by Donghua University (Shanghai,
China) [40,41]. The CHES-FY simultaneously measures multiple low stress mechanical properties of
fabric by a pulling-out test and assesses fabric’s stiffness handle. During the testing, a hanging fabric
strip of 180 mm × 20 mm in warp × weft direction is pulled by a pulling pin with diameter of 2 mm
through a space distance between bi-U-shaped pins, constructing a complex deformation of the fabric.
The pulling-out force during the process is recorded by the force sensor connecting to the pulling pin.
The average of three pulling-out force—displacement curves and the corresponding stiffness handle
attribute were reported for each sample.

The effect of plasma treatment on fabric appearance was evaluated using colorimeter (SC-10 3NH,
Shenzhen, China). The fabric’s chromatic aberration (∆E) after treatment is expressed as,

∆E =

√
(∆L)2 + (∆a)2 + (∆b)2 (1)

where ∆L, ∆a and ∆b represent the changes of lightness/darkness, red/green chroma and yellow/blue
chroma after plasma, respectively.
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Figure 3. The schematic structure of the Comprehensive Handle Evaluation System for Fabrics and
Yarns (CHES-FY).

2.8. Statistical Analysis

To study the effect of the plasma treatment on the curve parameters and handle stiffness
characteristic of fabrics, the t-test was used to analyze the differences between the treated and untreated
samples based on a p-value = 0.05. The p-value is the estimated probability of rejecting the null
hypothesis when there is no difference between treatments.

3. Results and Discussion

3.1. Fabrics with Asymmetric Wettability by Plasmas

Figure 4 shows the effect of coating time on the contact angle of the coated face and on absorption
time of the opposite face (uncoated face) when water droplets (5 µL) are placed on the surface of the
bifacial fabric. The optimum asymmetric wettability of the bifacial fabric takes place when the coating
time is around 3 min. The contact angle of the coated face has little increase when the coating time is
longer than 3 min, while water absorption time of uncoated face increases dramatically, which may due
to permeation of the HMDSO polymerization. An example of the asymmetric wetting performance of
bifacial fabrics with three-step plasma treatment of 3 min coating period is illustrated in Figure 4b.
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Since the optimum asymmetric wettability of the bifacial fabric was achieved with 3 min plasma
coating, further experiments and analysis were carried out using the 3 min coating. The contact angle
and absorption time results before and after plasma treatment of bifacial fabric and woven and knitted
fabrics (control samples) are summarized in Table 2. The contact angle and absorption time of the
bifacial, woven and knitted fabrics considerably increased after plasma treatment (p < 0.01 based on
a one-way analysis of variance), and the fabrics showed similar hydrophobicity on the coated face after
the treatment, as indicated by the contact angles of the coated face for all fabrics being close to 150◦ and
absorption time higher than 40 min. However, the uncoated face of all fabrics retained its wettability
and more interestingly showed a shorter absorption time after plasma treatment compared with the one
before treatment. This could be mainly attributed to the activation and partial oxidation of the plasma
treated surface using argon and then oxygen. It has been shown that plasma treatment using inorganic
gas (such as argon, helium and oxygen) introduced new active sites on the surface and etched the fibre
surface of the polyester and acrylic [42,43]. For wool fibres, partial removal of lipid layer and formation
of cysteic acid after plasma was reported, which confers surface wettability and enhances the wicking
properties of the fabrics [28,44,45]. Although sampling issues and visualisation of thin polymer films
deposited on fibres using scanning electron microscopy are problematic, there was some evidence to
suggest that silicon polymer is formed only on the fibre surface of the coated face (hydrophobic face).
An example is shown in Figure 5, where both uncoated and coated faces of the plasma treated bifacial
fabric can be observed. The images also show some physical modifications such as smoothening of the
scale edges on the wool fibres after plasma treatment. The results confirm the feasibility of three-step
plasma treatment to create asymmetric wettability of fabrics by the surface-specific coating.

The FTIR results in Figure 6A show bifacial fabric’s surface chemistry produced by the three-step
plasma treatment. The distinct absorption peak at 1110 cm−1 is attributed to the stretching vibration
of asymmetric Si–O–C bond in the HMDSO plasma polymer of the treated surface of bifacial fabrics,
and this peak is found to be much broad, which can be explained by the overlap of Si–O stretching in
Si–O–Si bond and Si–O–C stretching at 990–1090 cm−1 as well as the asymmetric stretching of S=O
(around 1120 cm−1) bond possibly resulting from oxidized disulphide bonds of wool fibre in the oxygen
plasma step [46–48]. Another new absorption peak in the FTIR spectra of the treated fabric emerged
at 810 cm−1 compared to that of the untreated fabric, corresponding to Si–C stretching. However,
inherent peaks of the wool/acrylic bifacial fabric were decreased after the plasma treatment. The peak
attributed to C–N–H bonding deformation around 1520 cm−1 observably decreased compared to
the untreated fabric [49], and the peak at 1690 cm−1 corresponding to C=O stretching in –COOH
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functional group also became flat after the treatment [50]. This can be attributed to the removal of the
covalently-bound fatty acid layer (F-layer) from the surface of the wool fibres, resulting in exposure of
the underlying, hydrophilic protein material [45]. To further determine surface atomic composition
after the treatment, XPS spectra was carried out on the HMDSO plasma polymer coated on a silicon
slice by the three-step plasma. From Figure 6B, it can be seen that plasma coatings contain carbon,
oxygen and silicon, which are the constituent elements of the Si-containing monomer. The Si2p spectra
of the plasma coatings can be decomposed into three components at 100.8 eV, 101.8 eV and 102.4 eV,
corresponding to Si–O–Si, Si–C and Si–O–C, respectively [51,52]. This reaffirms the generation of
Si-containing monomers that detected by the FTIR, and these silicon compounds contribute to the
hydrophobic surface of the samples [53].

Table 2. Comparisons of the contact angle (CA) and absorption time (AT) before and after 3 steps
plasma treatment.

Sample
Without Plasma [35]

After Plasma

Coated Face Uncoated Face

CA (◦ ± SD a) AT (s) CA (◦ ± SD) AT (s) CA (◦ ± SD) AT (s)

Bifacial fabric woven face 122.1 ± 2.9 >120 149.8 ± 4.5 >2400 wets <3
Bifacial fabric knitted face 125.8 ± 4.7 >120 149.3 ± 3.9 >2400 wets <3

Woven fabric 120.0 ± 9.0 30 150.0 ± 2.9 >2400 wets <4
Knitted fabric 124.3 ± 3.5 >120 147.1 ± 4.8 >2400 wets <3

a Standard deviation of five measurements.
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Figure 5. SEM images of the (a) uncoated face and (b) coated face of the bifacial fabrics after three-step
plasma treatment.
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Figure 6. (A) FTIR spectra of the bifacial fabric: (a) untreated and (b) plasma treated; (B) XPS Si2p
spectra of HMDSO plasma polymer.
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3.2. Moisture Management Properties

3.2.1. Typical Relative Water Content Curves of the Fabrics

The typical MMT relative water content curves of the upper and bottom surfaces for bifacial
fabrics are shown in Figure 7, where Figure 7a,b shows the water content on the bifacial fabrics with
poly(HMDSO) coated knitted and woven faces down on the MMT, respectively. Regardless of woven
or knitted structures, by just comparing the water content curves of the coated and uncoated faces in
Figure 7a,b, it was found that the water content of the uncoated faces increased dramatically and then
rapidly spreads; the content exceeded 600% in 20 s. However, the water content on the coated faces
slowly increased and then stayed at low percentage around 100%. By focusing on water content on the
reverse structures of the fabric placed on the MMT (Figure 7a,b), it was found that the water content of
the coated woven face took longer time to increase compared to than that of the coated knitted face.
This is probably due to the open structure of the knitted face providing more spaces between loop
yarns, resulting in a relatively high water-retaining capacity of the knitted face of bifacial fabrics than
woven face. Fabric porosity and distribution of pore connection also play key roles in water content
and water retain ability of fabric. Our previous investigation regarding the pore diameter distribution
of woven and knitted structure of bifacial fabrics has shown that while woven structure of bifacial
fabric has more pore connections, knitted structure has more pores that are larger in size compared to
woven structure [36]. It was found that there are more connections around the positions where there
are the least number of big pores and the most number of small pores [36]. More connections and
small pores in woven structure of bifacial fabric may tend to be blocked by silicone monomer quicker
and easier. Therefore, the penetration of water from coated woven side of bifacial fabric will be much
slower than the opposite side.

When water was dropped on the coated knitted face (see Figure 7c) and coated woven face
(see Figure 7d) of the bifacial fabric, the water content of the upper face coated with poly(HMDSO)
presented an small increase and then remained stable at a low level (around 50%), but the uncoated
face down showed a sharp increase to around 400%. This implies that the water from the coated face
penetrates through the fabric thickness and then spreads into the uncoated face, regardless of the
woven and knitted structures. This is not similar to the case when a small water droplet is dropped on
the coated face of a fabric in the CA test, because more saline water (0.22 cm3) was puffed onto fabric’s
surface, vividly simulating a forced water flow in the MMT test. In addition, unexpected high water
content on the coated face was measured by the MMT. This is due to the measurement method where
the sensor of MMT slightly penetrates into the fabric (depth around 60 µm [27]), therefore, the water
content measured actually reflects the water content in the surface layer around 60 µm.

For comparison purposes, the conventional woven and knitted fabrics (the plain weave and single
jersey, see Table 1) were also treated with three-step plasma treatment. Their typical water content
curves are illustrated in Figure 8. Unlike bifacial fabric, once the water was dropped on the surface of
woven fabric, the water content of both coated and uncoated faces of the fabric increased (Figure 8a,b),
and then remained stable with little change after reaching a maximum. This can be explained by the
relatively low water absorption and high water spreading property of the woven fabric [35]. Moreover,
the water content of the coated face of the woven fabric (Figure 8a) is higher than the coated face of
the bifacial fabric (see Figure 7) and it is almost half of the uncoated face, no matter which face is
down or up on the MMT (Figure 8a,b). The knitted fabric showed a similar trend to the woven fabric,
but presented lower water content on the coated face of the knitted fabric. The decrease of water
content after reaching the maximum is more similar to the bifacial fabrics and may be attributed to the
relatively high capacity of water conservation of knitted fabrics.
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Figure 7. Typical MMT water content curves of bifacial fabrics by dropping water on (a) the woven
face; (b) the knitted face with the coated face down on the MMT; (c) the knitted face; (d) the woven
face with the coated woven face up on the MMT.

Coatings 2017, 7, 131  9 of 16 

 

 
(a)  (b) 

 
(c)  (d) 

Figure 7. Typical MMT water content curves of bifacial fabrics by dropping water on (a) the woven 

face; (b) the knitted face with the coated face down on the MMT; (c) the knitted face; (d) the woven 

face with the coated woven face up on the MMT. 

 
(a)  (b) 

 
(c)  (d) 

Figure 8. Typical MMT water content curves of (a,b) knitted fabrics and (c,d) woven fabrics with the 

red line presenting the coated face. 

   

0 20 40 60 80 100 120
0

100

200

300

400

500

600

700
 

W
a

te
r 

co
n

te
nt

 (
%

)

Time (s)

 Woven face

Coated knitted side down 

 Knitted face

Woven face
Knitted face

Coating

water

0 20 40 60 80 100 120
0

100

200

300

400

500

600

700

W
at

er
 c

o
nt

e
nt

 (
%

)

Time (s)

 Knitted face

Coated woven side down 

Woven face
Knitted face

Coating

 Woven face

0 20 40 60 80 100 120
0

100

200

300

400

500

600

700

 

 

W
at

er
 c

o
nt

en
t 

(%
)

Time (s)

 Knitted face

Coated knitted side up 

 Woven face

Woven face
Knitted face

Coating

0 20 40 60 80 100 120
0

100

200

300

400

500

600

700

W
at

er
 c

on
te

nt
 (

%
)

Time (s)

 Woven face

Coated woven side up 

Woven face
Knitted face

Coating

 Knitted face

0 20 40 60 80 100 120
0

100

200

300

400

500

600

700

 

 

W
at

er
 c

on
te

nt
 (

%
)

Time (s)

 Uncoated face

Woven fabric, coated face down 

Woven fabric

Coating

 Coated face

0 20 40 60 80 100 120
0

100

200

300

400

500

600

700

W
at

er
 c

on
te

nt
 (

%
)

Time (s)

 Uncoated face

Woven fabric, coated face up

Woven fabric

Coating

 Coated face

0 20 40 60 80 100 120
0

100

200

300

400

500

600

700

W
a

te
r 

co
n

te
nt

 (
%

)

Time (s)

 Uncoated face

Knitted fabric, coated face down 

Knitted fabric
Coating

 Coated face

0 20 40 60 80 100 120
0

100

200

300

400

500

600

700

W
at

er
 c

on
te

nt
 (

%
)

Time (s)

 Coated face

Knitted fabric, coated face up 

Knitted fabric

Coating

 Uncoated face

Figure 8. Typical MMT water content curves of (a,b) knitted fabrics and (c,d) woven fabrics with the
red line presenting the coated face.
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3.2.2. Analysis of the Indices from the MMT

A series of indices, including wetting time (WT), maximum absorption rate (MAR), spreading
speed (SS) and cumulative one-way transport capacity (OWTC), for evaluating the moisture
management properties was derived from MMT (see the definitions of the indices in reference [54]).
For convenience, we denoted the fabric samples treated and measured in different conditions by
“variety-coated face-direction of coated face”. For example, “bi-wc-cd” represents a bifacial fabric
(bi) for which the woven face is coated (wc) and the coated face is placed down (cd) in the MMT;
“k-cu” means a knitted fabric is tested with the coated face up in the MMT, and so on.

Figure 9a shows the WT (the time period in which fabric surface starts to be wetted) of bifacial,
knitted and woven fabrics with the coated face down in the MMT. The WTs of top and bottom faces
for bifacial fabrics were all higher than those of conventional knitted and woven fabrics. The WT of
the bottom for bi-wc-cd fabric showed a significantly high value, indicating a hydrophobic surface of
the coated woven face of the bifacial fabric with low wetting time. This also implies that the knitted
face has better water-retaining capacity than woven face of the bifacial fabrics. Figure 9b illustrates the
WT with the coated face up in the MMT. It is seen that the bifacial fabric with either coated knitted
face up or with coated woven face up and knitted and woven fabrics with the coated face up have
similar WT, respectively. However, the WTs of both faces of the bifacial fabric are higher than that of
both knitted and woven fabrics, which is due to the larger inter-yarn spaces inside the bifacial fabric
absorbing a large amount of water [55,56].

It is observed (Figure 9c,d) that the uncoated woven face of the bifacial fabric has the highest
MAR (the initial slope of water content curve), indicating a rapid water spreading on the woven
face, in agreement with previous studies [35], but the knitted face reflected a lower MAR than the
woven face by comparing the first and third columns of Figure 9c, which actually implies that more
water is absorbed by the knitted structure instead of spreading on the knitted surface according to
the measurement principle of the MMT [52,57]. Therefore, the knitted surface can be more suitable to
improve the transportation of liquids by rapid absorption of water into the fabric, whereas the woven
face shows outstanding water spreading behavior along its in-plane direction. Figure 9e,f shows the
SS (speed of water spreading on the surface) of the moisture on the top and bottom surfaces of fabrics.
The SS of the bifacial fabric is lower than that of the woven and knitted fabric. The greater thickness
and larger inter-yarn spaces inside the bifacial fabric absorbing a large amount of water could be
a reason for this result. This also can be explained by OWTC, a cumulative moisture content difference
between the two surfaces of the fabric (i.e., one-way transport capacity) calculated by the equation [54].

OWTC =

∫ T
0 Ubdt −

∫ T
0 Utdt

T
(2)

where Ub and Ut are the relative water content (%) of the bottom and top layers of the fabric in the
MMT, respectively, and T is the total testing time (s).

For common fabrics with isotropic wettability, the water content is similar on two fabric surfaces
leading to near zero value of the OWTC, and the OWTC value is similar when the water is dropped
on any face of the fabrics. However, the bifacial fabric with coated face up showed the values higher
than 173 and 115 for the case of knitted and woven face up in the MMT, respectively, while the OWTC
values were about −216 and −289 by placing the coated knitted face down and coated woven face
down, respectively (see Table 3). The much greater value than zero and such a large difference between
the conditions of coated face up and coated face down in the MMT testing further demonstrated
that water tends to transfer from the coated face to uncoated face no matter on which face water is
dropped on. This property can be used for different applications; e.g., in clothing the bifacial fabric
with coated knitted face next to skin may show a better capacity to transfer the sweat away from the
body, as indicated by the high OWTC as 173, whereas the bifacial fabric with coated woven face at the
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outer layer would lead to a high resistance to water transport (OWTC = −289), creating dampness
discomfort for wearers.Coatings 2017, 7, 131  11 of 16 
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Figure 9. Comparisons of different fabrics by the MMT indices: (a,b) wetting time; (c,d) maximum
absorption rate; (e,f) spreading speed. The ‘Top’ means the upper face of the sample in the MMT,
and the ‘Bottom’ means the lower face of the sample in the MMT.

Table 3. The one-way transport capacity (OWTC, %) results in value of fabric samples.

Fabric Sample Dropping from Coated Face Dropping from Uncoated Face

Bifacial fabric with woven face up 115.2 −216.1
Bifacial fabric with knitted face up 173.4 −289.4

Combining the results from MMT, the possible water transfer mechanism of the treated bifacial
fabrics is shown in Figure 10. When dropped on the uncoated face, water is absorbed by the hydrophilic
matrix and then is blocked when it reaches the coated hydrophobic layer. However, water can permeate
across the hydrophobic matrix then into the hydrophilic matrix when it is dropped on the coated face.
Also the open structure of the knitted face allows more water to be absorbed, while capillary effect
along the warp and weft yarns in the woven structure may provide a shortcut for liquids to spread
along the woven face.
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3.2.3. Handle Stiffness and Color Evaluation

The stiffness of bifacial, woven and knitted fabrics before and after plasma treatment
were evaluated by the CHES-FY. The schematic structure of the CHES-FY and the pulling-out
force—displacement curves corresponding to fabric’s bending deformation stage are illustrated in
Figure 11. The curve parameters, including maximum bending force (P), bending work (Ab), bending
slope (Kb), friction work (Af) and average friction force (U), extracted from the testing curves (see the
definition of the curve parameters in [49]) and the grading values of the stiffness handle calculated by
the built-in fuzzy comprehensive prediction models of the CHES-FY were also reported [58], and the
results are listed in Table 4. The differences of the curve parameters and stiffness handle between the
treated and untreated samples were determined using t-test based on a p-value > 0.05 for rejecting the
null hypothesis when there is no difference between treatments, which is also included in Table 4.

Table 4. The curve parameters and stiffness handle (ST) of the treated and untreated fabrics, as well as
the p-values for judging the differences between the treatments.

Treatment Sample Ab
(cN·mm)

Af
(cN·mm)

Kb
(cN/mm)

Kf
(cN/mm)

P
(cN)

U
(cN) ST

Treated

Woven fabric 20.7 30.4 0.94 −0.51 5.8 0.69 0.00

Knitted fabric 31.2 33.5 0.91 −0.57 7.0 1.20 0.01

Bifacial fabric knitted face 174.2 213.9 5.20 −3.21 39.5 7.34 0.97

Bifacial fabric woven face 156.2 211.4 5.12 −2.20 37.2 8.50 0.95

Untreated

Woven fabric 16.5 25.5 0.75 −0.37 4.6 0.60 0.00

Knitted fabric 23.0 32.4 0.91 −0.47 6.0 1.00 0.00

Bifacial fabric knitted face 144.4 190.7 5.21 −1.97 36.2 7.29 0.93

Bifacial fabric woven face 150.4 166.4 4.36 −2.39 33.7 6.50 0.89

Untreated—Treated
Mean difference p-value 0.83 0.92 0.90 0.78 0.86 0.88 0.94

Note: Ab, bending work; Af, friction work; Kb, bending slope; Kf, friction slope; P, maximum bending force;
U, average friction force.

Combining the results from Figure 11 and Table 4, it can be concluded that the plasma treatment
did not have significant effects on the curve parameters and the stiffness handle of woven, knitted and
bifacial fabrics as assessed by the CHES-FY (p-value higher than 0.78), although the curve parameters
and the stiffness handle of the treated fabrics in general were slightly higher than that untreated fabrics.
This can be due to the etching effect of Ar and O2 plasma on the surface of the fabrics (Figure 5) [59],
while the short exposure time of Ar and O2 plasma (2 min) and gentle O2 plasma treatments (pulsed
mode of 20% duty) did not result in large impairment of fabric handle. In addition, while HMDSO
coating provides a very thin spotted polymer on the surface of the fabric, the polymerization step
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may cover some of the surface flaws of the fabrics (Figure 5), results in insignificant changes of the
handle attribute.Coatings 2017, 7, 131  13 of 16 
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Figure 11. The pulling-out force—displacement curves when the fabrics are bending and sliding on
the surface of the bi-U-shaped pins under the pulling action of the pulling pin.

The effect of plasma on fabric’s appearance was evaluated by comparing fabric’s color before
and after plasma treatment. The photos of the fabrics are given in Figure 12A, and the chromatic
aberrations (∆E) of the fabrics before and after treatment are illustrated in Figure 12B. It can be seen
that there is no significant differences between untreated and plasma treated fabrics. The relatively
small ∆E with the maximum value less than 2.5 indicates that three-step plasma treatment does not
change the fabric’s color. This confirms that the three-step plasma treatment is gentle and thus has
little effect on the surface macro stiffness and appearance of the fabrics.
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Figure 12. (A) Photos of the (a) knitted face of the bifacial fabric, (b) woven face of the bifacial fabric,
(c) woven fabric and (d) knitted fabric with the treated samples at the top and untreated samples at the
bottom; (B) the colour variations (∆E) of the fabrics before and after plasma treatment.

4. Conclusions

A composite structured bifacial fabric of symmetric wettability, transplanar liquid moisture
transfer property and different in-plane water transfer property on two faces was created in this study.
It also proved that the three-step plasma treatment was an effective method to induce directional
moisture transfer property across thickness of fabrics by combining hydrophobic and hydrophilic faces,
while the treated bifacial fabrics still maintained the good water-retaining property on the knitted
face, and rapid water spreading performance along the warp and weft direction of the woven face.
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Comparing the treated and untreated fabric samples, the gentle and moderate three-step plasma
treatment showed little effect on the stiffness and color of fabrics. As confirmed by FTIR-ATR and
XPS results and SEM observation, the Si-containing plasma coating contributed to the hydrophobic
surface of the samples. Such a novel fabric of directional transplanar moisture transport properties
and different in-plane water transfer properties on two faces can be used to engineer the performance
of textiles with tunable multifunctional properties. Further studies of the vapour transfer properties of
the bifacial fabric would be meaningful and beneficial for the application in clothing.
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