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Abstract— An anisotropic surface wettability constituted substrates could vouchsafe the diverse intrigue applications from 
fluid management, smart textures, flowing control & water harvesting devices, self cleaning textiles to moisture management 
systems; in essence, a “Janus fabric” elucidated herein for unidirectional water transportation and breathability of the 
structure. Dual phase Janus fabric composite comprises, hydrophobic phase (CA 99.7º ± 1.7º) of Nylon-6/TiO2 nanofibrous 
nonwoven mat and hydrophilic phase (CA 30.86º ± 1.5º) of cotton fabric. Heterogeneous wettability is designed by the 
deposition of Nylon-6/TiO2 nano fibrous membrane on the cellulosic fabric by electrostatic jetting. Spinning solution 
concentration, voltage & flow rate of electrospinning were variegated to optimize the efficacy of nanofibres. The nanofibres 
about 150-200nm diameter strewed on cellulosic substrate, were scrutinized in FESEM.  Pristine & modified fabrics were 
characterized by HR-TEM & FTIR spectroscopy followed by water contact angle perusal. The nanofibrous coated facet of 
the cellulosic fabric reveals coherent hydrophobic wettability, at the same time the opposite hydrophilic facet of cotton 
conserves its superior moisture engrossing potential (7.4%). Compared to the pristine one, the fabric with hydrophobic face 
also shows significant air permeability which corroborated breathability of the substrate. Porous nanofibrous structured 
Nylon-6/TiO2 hydrophobic face permits water percolation across the fabric thickness, but when water droplets exposed to the 
reverse cellulosic phase, it does not exhibited the identical phenomenon. Instead of penetration, it spreading of water on the 
hydrophilic surface was observed. Special wettability incorporated functional surfaces are implicated in various researches, 
These substrates may offers many fascinating applications like smart textures, flowing control & water harvesting devices, 
self cleaning textiles. 
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I. INTRODUCTION 
 
Fabrication of smart textiles using commercially 
obtainable polymers has fascinated great intrigue for 
diverse applications, including biological/chemical 
sensors, electronic devices, implantable & non 
implantable medical devices, filter membranes1-8, 
chemical nano reactors, water harvesting devices9, 
protective clothing10 In above contest, unidirectional 
wettability is novel concept which can support 
various advanced applications like, textile, industrial 
& medical applications, such as smart textiles, 
microfluidic systems, functional membranes for 
water/oil separation and desalination of seawater. 
Wang et al.11 reported the unidirectional wettability 
gradient across the thickness of the cellulosic 
substrate. water was percolated across the fabric 
swiftly when it dribbled on the superhydrophobic 
face, but after reversing the fabric water 
transportation in the opposite facet was restricted. 
Jing et al.12   also elucidated the similar result in 
witch, water diode effect was observed from this dual 
layer fibrous membrane by the  electrospun 
nonwoven fibrous film composite of polyurethane 
and  crosslinked poly vinyl alcohol composite 
fabrication. Tianqi et al. 13 showed the fabrication of 
open pore honeycomb-structured composite 
composed of hydrophobic polyimide (PI) film & a 
hydrophilic anodic aluminum oxide (AAO) film, 
where as Kong et al.14 reported superhydrophobic 
fabric from light irradiation technique for directional 
water transport functionality.  Surface wettability can 

get distinctly affected by chemical composition & 
surface topology 15 In recent years, researchers 
perceived that insect wings & rice leaf comprise with 
aligned surface hierarchic micro/ nanostructures, 
these structures purvey captivated planar asymmetric 
wettability(i.e. despite penetrate in the parallel 
direction of the orientation, water droplets can roll in 
the perpendicular direction of the functional 
wettability surfaces).16-18 Various  chemical or 
physical techniques have been anticipated for the 
fabricating asymmetric wettability surfaces by 
refurbishing the surfaces. Conventional methods for 
contriving functional wettability facets comprise 
lithography, spin coating, spray deposition, electro-
deposition, plasma technique etc.19 Balasubramanian 
et al.20 in our group reported the idiosyncratic 
gelation technique which is  prodigiously effective in 
constructing microspheres with an irregular surface, 
without any supplementary treatment.  
Electrospinning is one of the facile, cost effective, 
protean routes to erect a desired surface roughness for 
acquiring the functional wetting phenomenon on the 
variegated surfaces.21 Nano to micro-pores of 
electrospun nanoweb provides, excellent moisture 
and vapor transport phenomenon which can be 
applicable in breathable textiles. Nylon-6 is 
preferable as a matrix for its ultrathin fibers 
producing ability, high abrasion resistance, light 
weight, good toughness & resilience, easy 
processability.22 N.A.M. Barakat et al. and A. Abdal-
hay et al. synthesized Nylon-6 nanofibres acquiring 
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remarkable hydrophobic wettability.23-24 Though 
Nylon-6 is hydrophobic, do not acquire moisture in it, 
but its moisture transport abilities grab the attention 
towards the breathable substrates like sportswear.25 
TiO2 has unique physical characteristics of 
photocatalyst & photoinduced which are associable 
for its superhydrophobicity26, self cleaning, and 
antibacterial property.27 TiO2/Polystyrene composite 
was constructed to alter the surface from hydrophilic 
to hydrophobic has been epitomized by Xu et al.28 
Cotton is one of the most preferable fibre in textiles 
for its  soft, breathable, non allergic, comfortable and 
biodegradable characteristics.29 Superior moisture 
absorbent, porous structured cotton is wildly 
implicated as an absorbent material in medical and 
clinical sectors. However, the presence of O-H bonds 
in the cotton results rapid preoccupation of impurities 
on it therefore, an advanced technological research is 
going on for the upgradation of cellulosic substrate, 
such as addition of hydrophobicity, stain-repellency 
and self-cleaning properties.30 Notwithstanding the 
vast application prospective, effectual techniques to 
construct fine permeable and porous  membrane 
consist of directional fluid transport capacity with 
cellulosic substrates are rarely chronicled. In present 
study, superficial concoction of a dual phase Janus 
fabric composite, consist of heterogeneous wettability 
is designed by seamless coupling of electrospun 
Nylon-6/TiO2 nanofibrous mat & cotton fabric.  The 
Janus fabric characterizes a hydrophobic Nylon-
6/TiO2 nonwoven nano fibrous surface which restricts 
water at one phase and a hydrophilic cotton fabric 
surface that captivate water at the opposite facet. 
Distinct surface energy between the porous cellulosic 
materials and polymer nonwoven membrane 
comprises of nanofibres, ensures the unique 
characteristic of anisotropic wettability of the 
substrates with significant air permeability. 
 
II. EXPERIMENTAL DETAILS 
 
2.1 Materials 
Nylon-6 (Molecular weight–1.88x104g/mol, melting 
point-220ºC, density-1.13-1.15g/cm3) was obtained 
from, GSFC Ltd, India. TiO2 (Aeroxide P25, 80% 
anatase, 20% rutile, particle size >100nm & a specific 
surface area >14.0 m2/g) and formic acid (CH2O2) 
(≥95%) were purchased from Sigma-Aldrich, Plain 
woven cotton fabric was procured from local market. 
All reagents were processed without further 
refinement.  
 
2.2. Preparation of Nylon6/TiO2 solution  
Two different solutions, with and without TiO2 
inclusion were formulated. Initially, 20W/W% 
Nylon-6 solution was prepared by using formic acid 
as a solvent with stirring (Magnetic stirring 
at100rpm) at room temperature then; addition of 
2W/W% TiO2 NPs was done followed by10min bath 
sonication, 2W/W% of TiO2 is set with respect to 

Nylon-6, to avoid precipitation & augmentation of the 
nano particles. Sonicated solution then stirred again 
to obtaining homogeneous dispersion of the TiO2 
NPs. For smooth spinning, air extraction from the 
solution was done by degassing the solution prior to 
electrospinning.  
 
2.3 Electrospinning Process 
The composite Nylon-6 and Nylon6/TiO2 Nano 
fibrous membranes were contrived by a facile one 
step electrospinning technique. Spinning solution was 
loaded into syringe and placed on syringe pump of 
electrospinning machine. Metallic needle for the 
electrospinning process was arrayed at the tip of the 
syringe. High-voltage producer anode with steel wire 
probe attached to the metallic needle, and cathode 
was connected to the collector plate. Syringe tip–
collector distance, Voltage supply and flow rate were 
optimized up to 20cm 15kV and 5µl/min 
respectively. For fabrication of Janus fabric, a cotton 
fabric was placed on the collector plate then, a 
hydrophobic layer of nanofibrous membrane was 
covered onto the cotton fabric (Fig.1) by horizontal 
electrospinning the Nylon-6/TiO2 precursor solution. 
After drying for 24hr, the nanofibres composite mat 
was exposed for further assay. A schematic structure 
of the Nylon- 6/TiO2 nanocomposite fibrous 
membrane deposited cotton fabric composite is 
outlined in Fig. 2. 
 

Figure 1 Electrospinning Process 
       

 
Figure 2 A schematic diagram of Nylon 6/TiO2  Nanocomposite 

fibrous membrane deposited cotton fabric 
 
III. CHARACTERIZATIONS 
 
Pristine cotton fabric was apprised for its aboriginal 
structural parameters which are (Ends pr inch) EPI, 
(Picks per inch) PPI, weave, warp count, weft count 
& grams per square meter (GSM). The surface 
morphology of the electrospun cellulosic substrate 
was scrutinized by a field-emission scanning electron 
microscope (FESEM) (Carl Zeiss AG, Germany). 
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Sputtering on samples was done by using Au–Pd for 
75 seconds time duration in 10 mA under the pressure 
of 0.6 x 10 Pa and samples were tested with a 
FESEM at 5 kV. The FTIR spectrum was examined 
and juxtaposed for pristine cotton fabric as well as for 
Nano composite film. Between 500 and 4000 cm-1, 
FTIR spectra were transcript at room temperature on 
a Perkin Elmer Spectrum BX FTIR system, USA. 
Spectrum outcomes were recorded in the 
transmittance manner as a function of the 
wavenumber. Nano fibre diameter authenticated in 
the HR-TEM (FEI Tecnai TF 20 operated at 200kV). 
The HR-TEM samples were prepared by depositing 
sample membrane on a 200 mesh carbon coated 
copper grid. Image metrology software SPIP 6.2.8, 
Denmark, was used for the 3D analysis and 
determination of the surface roughness of the 
nanocomposite sheet. The Contact angle mensuration 
was done by a Kruss Easy drop contact angle system. 
Pristine cotton fabric and nanocomposite cotton 
fabric both subjected for air permeability test 
according to IS standard 11056 to assess the change 
in breathability of the structure by Textest FX 3300 
Air permeability tester III with 5cm2 test area at 
100Pa pressure. Moisture regain of the pristine and 
Janus fabric vetted by oven dry test method. All 
fabric testing carried out in standard atmospheric 
conditions (27ºC ±2ºC & 65% RH).  
 
IV. RESULTS & DISCUSSIONS  
 
4.1 Structural parameters of pristine cotton fabric  
 

 
Figure 3 Pristine Cotton Fabric 

 
100 % cotton corroboration was done by the chemical 
test, with dissolving the cotton fabric in 75% H2SO4 
solution. 
 

Table -1 Specifications of the cotton fabric used for 
the nano fibrous composite mat production 

 

4.2 Morphological analysis 
 

 
Figure 4: FESEM images (a) Nylon-6 Nanofibers, (b) Cotton 

Fabric (c) nanocomposite mat of Nylon-6 / TiO2 on cotton 
fabric 

 

 
Figure: 5 3D representations of (a) Nylon-6 Nanofibers, (b) 
Cotton Fabric (c) nanocomposite mat of Nylon-6 / TiO2 on 

cotton fabric 
 
Figure 4 shows the FESEM images, of Nylon-6 
Nanofibers, Cotton Fabric and Nylon-6 / TiO2 
nanofibres mat coated cotton fabric Nylon-6 and 
Nylon-6/TiO2 nanofibres were randomly deposited to 
form a nonwoven mat, this erratic fashion of the 
fibres distribution augment the chances to  block the 
liquid with its intricate structure. FESEM images 
figure 4(a) and (c) showed each individual nano fibre 
was regular in cross section, with average diameter of 
the fibres is 200nm. In, It can perceived from Nylon-
6/TiO2 figure 4(c) composite, continuous networks of 
randomly distributed Nylon-6/TiO2 strings were able 
to formulate the nanofibrous nonwoven mat . Figure 
4(b) depicted the plain woven cotton fabric with 
convoluted cotton fibers and alternately interlaced 
yarn structures.  
Topographical analyses from FESEM images of the 
hydrophilic, virgin cotton fabric and hydrophobic 
facet of the electrospun substrate gives major focus 
on the surface roughness which was scrutinized by 
using Image Metrology Software (SPIP). Fig. 5(a) 
manifest the topography of the Hydrophilic side of 
the electrospun fabric composite which shows the an 
augmented surface area of 5.48 x104 nm2 where & 
Nylon-6 nanofibres mat and pristine cotton fabric are 
showing 3.87 x 105 nm2 and 7.13 x107 nm2 

respectively.  Enhanced average roughness reduces 
the interfacial adhesion (between water and 
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membrane) which is 106.228 nm for hydrophilic side 
of the electrospun fabric composite and102.896 nm 
for Nylon-6 nanofibres mat & 93.228 nm for cotton 
fabric.  
 

 
Figure 6 a) HR-TEM image of Nylon-6/ TiO2 nano fibre. b) 

Enlarge weave of the image a 
 

Figure 6 Shows the HR-TEM image of nano fibre 
that was electrospun from a solution containing 
Nylon-6 and TiO2. The uniformity in the fibre length 
indicates that TiO2 was uniformly dispersed in the 
Polyamide-6 matrix. Image reveals the random 
distribution of TiO2 Nano particles not only inside 
fibre but on surface of the fibre also, this may 
contribute for the self-cleaning effect to the 
membrane.  
 
4.3 Fourier Transform IR Spectroscopy (FT-IR) 
FT-IR spectra was employed to investigate the 
structural formation of, pristine Cotton fabric, Nylon-
6 electrospun nanofibres mat, TiO2   nanoparticles 
and Nylon-6/TiO2 nanofibres nonwoven membrane 
coated cotton fabric. (Figure 7) 
 

 

 
Figure 7: FT-IR spectra for Nylon-6, cotton fabric, TiO2 and 

Nylon-6/ TiO2 nano fibre composite cotton fabric 
 
A typical characteristic peaks for pure cellulose 
exhibited by pristine cotton fabric. From 2800 to 
3500 cm-1 broad C–H stretching band was noticed. 
The virgin cotton fabric also exhibits the 
characteristic peaks for  cellulose which were 
attributed to the C–H in-plane bending and 
deformation stretching  at around  1400cm-1, wagging 
at around 1311cm-1  and C–O–C asymmetry 
stretching at 1109 cm-1 32  The FTIR spectrum of 
Nylon-6 nanofibres web showed  C=O stretching at 
1651 cm-1 & N-H bend  which confirmed the  
presence of  carboxylic acid and also the amide I, 
secondary aliphatic amines depicted by C–N stretch  
at 1261cm-1  and  N-H wag at 600-555cm-1, peaks at 
1160 cm-1, C-H stretch at 2873 cm-1, and C-H rock 
vibration at 1375 cm-1  gave the assertion of  alkane 
chain  in the  Nylon 6 nanofibrous web.TiO2  
exploited for this research work is mixture of anatase 
(80%) and rutile (20%) phase which reflected in the 
FTIR spectrums, broad band in the range of 3,000–
3,600 cm-1 was ascribed to the stretching hydroxyl 
group (O–H), revels the occurrence of water at 
surface of  nanoparticles as moisture. The Ti–O 
stretching bands were observed between 500 and 800 
cm-1 are depicted with characteristic absorption peak 
at around 534 cm-1. 
In the Nylon-6/ TiO2 nano fibre composite cotton 
fabric sample it has been observed that the amide I 
band (at1651 cm-1) became acute and slightly shifted 
to higher wavelength when TiO2 is integrated with 
Nylon-6. This signified that interaction of TiO2 with 
Nylon-6 by hydrogen bonding. The result showed 
that well- dispersion of TiO2 nanoparticles in the 
nanofibres could disrupt the intermolecular hydrogen 
bonds of Nylon-6 chain and also formulated new 
hydrogen bonds between TiO2 and Nylon-6.  
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4.4 Air Permeability & Moisture Regain 

 
Figure: 8Air Permeability           Figure: 9 Moisture Regain 

 
To inspect change in the thermal comfort properties 
of cotton fabric after electrospinning, air permeability 
and moisture regain rate were assessed for the Nylon-
6/TiO2 coated nonwoven nanofibres composite and 
pristine cotton fabric. Air permeability test carried out 
keeping same air pressure (100Pa) for all the samples. 
Pristine cotton fabric sample revealed 173cm3/cm2/s 
air permeability, while nanofibres coated composite 
cotton fabric showed air permeability average 
upto102cm3/cm2/s which is significant value for the 
comfort characteristics32.   Porous nature of the 
nanofibrous mat is responsible for this attribute. 
Moisture regain value affects the comfort aspect of 
the textiles, Moisture regain value of the Janus fabric 
(3.8%) reveals near about half of the pristine cotton 
fabric (7.6%). It was calculated from above equation. 

 
 
This evinces the breathability and moisture 
absorption of the coated membrane and also enhances 
the prospects of the membrane utilization in next to 
skin application as well as in medical textile field.  
 
4.4 Proposed Mechanism of unidirectional water 
penetration in the Janus Fabric  

 
 
Figure10: Mechanism of unidirectional water 
penetration in the Janus Fabric. (a) Water droplet 
penetration from hydrophobic side to hydrophilic 
side. (b) Water droplet blockage from hydrophilic 
side to hydrophobic side (c) CA-hydrophobic phase 
(c) CA-hydrophilic phase 
Wettability of the composite mat investigated by the 
water contact angle (CA) measurement, Nanofibrous 

mat phase reveals hydrophobicity with CA 99.7º ± 
1.7º (0.5s) (Figure 10c) where, cellulosic substrate 
phase showing the  hydrophilicity with a contact 
angle of (CA) 30.86 ± 1.5º (0.1s) (Figure 10d,). 
Dissimulation in the contact angles of the duel 
structures bespeak an anisotropic wettability of the 
nanocomposite janus fabric. 
Figure 10 is showing the unidirectional water 
penetration mechanism in the Janus fabric. A) 
Basically there are two type of opposite forces acts on 
the nanofibres coated surface, hydrophobic force and 
hydrostatic force. When water comes in the contact of 
upper hydrophobic surface, because of increasing 
water volume, hydrostatic force overcomes the 
hydrophobic  force (as hydrophobic area is constant) 
of the water & it tends to penetrate it in to the 
hydrophobic face with the help capillary action 
subsequently the hydrophilic phase shows the water 
percolation effect . In this case, a water droplet 
penetrates impulsively from the hydrophobic face to 
the hydrophilic face. Figure 10(B) Whereas at the 
reverse phase of the composite, when water droplets 
comes in the contact of hydrophilic surface first, 
water get spread because of highly absorbent 
hydrophilic cellulosic substrate. This time 
hydrophobic force works and block the water entry at 
nanofibres coated phase of the composite (as the 
speeding decreases the water volume for the same 
surface). Hence hydrophobic facet restricts the entry 
and penetration of the droplets.12  
 
CONCLUSION   
 
In summary, we have effectively fabricated 
heterogeneous wettability nanocomposite-‘Janus 
Fabric’; equipped with smart unidirectional water 
penetration characteristic. Nylon-6/TiO2 nanofibres 
hydrophobic (CA 99.7º ± 1.7º) nonwoven membrane 
was constructed on the hydrophilic (CA 30.86º ± 
1.5º) woven cotton fabric by the facile 
electrospinning technique. Water can percolate from 
the electrospun nanofibres coated hydrophobic facet 
to the hydrophilic phase promptly, but the reverse 
side does not exhibited the same phenomenon it 
manifested the anisotropic wettability by blocking the 
water droplets in to the nanofibrous intricate structure 
as well as by forming the thin water film. Membrane 
also showed the significant air permeability 
(102cm3/cm2/s) and moisture regain (3.8%), which 
conferred its breathability, thermal comfort, and 
potential in next to skin applications. This 
multifaceted technique instigate a novel avenue for 
the fabrication and development of utilitarian, robust, 
duel wettability, breathable textiles from an 
economical, commercially obtainable cellulosic 
substrates & polymers which will  exhibits the 
immense importance in textile, industrial & medical 
applications, such as ‘‘smart’’ textiles, microfluidic 
systems, functional membranes, transdermal drug 
delivery systems (TDDS), sea water desalination. 
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