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Abstract A flexible fabric strain sensor was prepared by
in situ chemical polymerization of aniline on knit polyester
fabric surface in aqueous acid solutions using ammonium
persulfate as an oxidant. Furthermore, the optimum addi-
tion ratio of titanium dioxide (TiO,) in polyaniline (PANI)
in the granular conductive network membrane was inves-
tigated. The morphological, structural, thermal, electrical,
strain-sensing, and water-repellent properties of the polyes-
ter knit fabrics modified with PANI and PANI/TiO, hybrid
were analyzed. The surface electrical resistance of PANI/
TiO, conductive films on the knit fabric was higher than
that of pristine PANI, which was due to the particle block-
ing the conduction path effect caused by TiO, embedded
in the PANI matrix. However, it was further found that the
addition of TiO, could improve the durability properties of
flexible fabric strain sensor against cycles of elongation,
though with a little loss in electrical conductivity and sensi-
tivity. Moreover, the water-repellent property was evaluated
by measuring water contact angles. The results showed that
for PANI/TiO, nanocomposites-coated flexible fabric strain
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sensor, a desirable level of contact angle (127.5° £ 1.7°)
was even preserved at 121.8° £ 2.6° after 100 cycles of
elongation. This indicated that the flexible fabric strain sen-
sor had rather high water-repellent efficiency and excellent
durability during the elongation cycles.

Keywords Polyaniline - Titanium dioxide - Flexible
fabric strain sensor - Electrical conductivity - Water
repellent

Introduction

Intelligent textile materials can sense and react to environ-
mental conditions and respond to or be activated to perform
a function by manual operation or in a pre-programmed man-
ner, which can be used for the preparation of wearable devices
for training, fitting, rehabilitation, etc. [1]. An important step
in this direction involves the development of flexible strain-
sensing fabric for the detection of strain to enable the measure-
ment and control of various movements of the human body.
For instance, Farringdon et al. [2] built a knit strain sensor
which was integrated into a jacket and used to measure human
body movements. Rossi et al. [3, 4] developed a strain-sensing
glove based on the fabrication of polypyrrole-coated Lycra/
cotton sensing fabric. Despite several promising advances in
the emerging research field of flexible strain sensor, a number
of obstacles still exist. For instance, the relatively low sensitiv-
ity and durability and weak resistance against water; thus, it
is urgent to develop flexible fabric strain sensors with excel-
lent water-repellent efficiency and durability against repeated
cycles of elongation. Consequently, great effort has been made
in the present work to prepare flexible fabric strain sensor with
sufficient electrical sensitivity, flexibility, water repellency,
and durability as well as intelligent functionality.
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Fig. 1 Schematic diagram
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Polyaniline (PANI) is one of the most promising con-
ductive polymers because of its environmental stability,
low cost, controllable electrical conductivity, and interest-
ing redox properties [5-8]. However, PANI is susceptible
to rapid degradation in properties upon repetitive cycles
(charge/discharge process), because of its swelling and
shrinkage. To alleviate this limitation, the combination of
PANI with fine-grade filler materials, such as carbon nano-
tube [9], graphene [10, 11], mesoporous carbon [12], ZnO
[13, 14], SiO, [15], NiO [16], and Fe;O, [17], has already
been reported. For instance, Kachoei et al. [18] prepared
graphene/emeraldine salt composites with sandwich-like
structures via in situ inverse microemulsion polymerization
of aniline monomers. It was further found that the compos-
ites exhibited enhanced electrical properties and thermal sta-
bility, which helped to evoke a novel electrical conductive
material for fabricating electrochemical devices. Organic
and inorganic hybrid materials are gaining much importance
and research attention due to their wide applications [19].

The existing and promising applications of TiO, nanoma-
terials include UV protection, photocatalysis, sensing, self-
cleaning, and electrochromics as well as water repellence
[20-23]. Furthermore, the properties of TiO,-based nano-
composites can be varied by introducing various amounts of
TiO,. It is reported that TiO, may act as a suitable template
for the formation of well-oriented polyaniline and electrical
conductivity can be enhanced by developing better orientated
defect-free conducting polymers [24, 25]. The excellent sta-
bility in electrical conductivity is given by virtue of electron
donor—acceptor interactions between polyaniline and TiO,
[26]. The increased amount of TiO, may hinder the carrier
transport between different molecular chains of polyaniline
and thus decrease the electrical conductivity of polyaniline—
TiO, hybrids [27]. These hybrids have better processibility
than the pristine inorganic component, as reported [28-30].
However, to the best of our knowledge, polyaniline-TiO,
coatings performed on knit fabric to fabricate water-repellent
flexible strain sensor have not been reported.

In this work, nano-TiO, was used as a filler to prepare
PANI/TiO, composites coated on PET knit fabric by an
in situ polymerization method. Also, the optimum addition
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amount of TiO, nanoparticles was investigated. Further-
more, the electrical conductivity, sensitivity, durability, and
water-repellent properties of the flexible fabric strain sen-
sor were investigated.

Experimental
Materials

Aniline (AN) was purchased from Tianjin Fine Chemi-
cal Research Institute, and fine-grade TiO, (about 25 nm
in diameter) was supplied by Shanghai Yuejiang Titanium
Chemical Manufacture Co., Ltd. All other reagents used in
this study were of analytical grade and used as such with-
out any further purification. Polyester knit fabric of 40s
count was obtained from Qingdao Jifa Group Co., Ltd.

Preparation of hybrid-coated knit fabric

The fabric coatings were prepared by in situ polymeriza-
tion process. In detail, 6 cm x 7 cm fabrics without crease
were immersed in a bottle containing 10 mL aniline
monomer and 40 mL anhydrous ethyl alcohol for 60 min.
Then, required amounts of ammonium persulfate (APS) at
1:1 molar ratio with aniline, hydrochloric acid (HCI) at
1:0.5 molar ratio with aniline and TiO, at 10 % weight
content of aniline were added. The polymerization was
performed at room temperature for another 120 min with
continuous ultrasound; thus, polyester knit fabric with
1:0.1 ratio of polyaniline-TiO, was obtained and desig-
nated as T ;.

Similarly, the coated polyester knit fabrics of T} ,, 73,
Ty4> Ty 5. and Ty without the incorporation of titanium diox-
ide were prepared, respectively. The schematic diagram of
the preparation is shown in Fig. 1.

Characterization and measurement

Nicolet 5700 FTIR spectrometer (Thermo Nicolet Corpo-
ration, USA) with a wavenumber range of 500—4000 cm™!
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was used to analyze the fabric specimens. The morphologi-
cal structures of coated polyester knit fabric were studied
with scanning electron microscopy (SEM, JSM-5600LV).
Thermal analysis was performed using an EXSTAR Model
6000 instrument. Abrasion test was carried out using fab-
ric abrasion tester YG (B) 401T (Wenzhou Darong Textile
Instrument Co., Ltd., China) according to ASTM D4966-
10. Fabric bursting strength test was performed using
DRO028-300 (Wenzhou Darong Textile Instrument Co.,
Ltd., China) following ASTM D3787-2001.

Electrical sensitivity measurement

The surface electrical resistance of the resulting compos-
ite fabric was investigated according to the AATCC Test
Method 76-2005.

The strain sensitivity of the prepared fabric was
simulated by our setup apparatus, and the samples
(6 cm x 2 cm) were located in YG-065 Electronic Fabric
Strength Tester (Laizhou Electronic Instrument Co., Ltd.,
China) under a series of fixed vertical and horizontal elon-
gations (10-60 %), respectively.

The electrical sensitivity coefficient of flexible fabric sen-
sor was called nominal sensitivity coefficient, designated as
“gauge factor” (GF). GF could be calculated from the electri-
cal resistance rate (AR/R,) and strain rate (AL/L,) as follows:

_ AR/Ry _ (R—Ro)/Ro

GF =
e AL/Ly

g ey

where R is the surface electrical resistance under con-
stant extension, R, the surface electrical resistance with-
out extension, and ¢ = AL/L, the fabric elongation under
mechanical loading.

Furthermore, a parameter ;& was introduced to indicate
the relationship between static surface electrical resistance
rate (AR/R;)) and extension number (&), and the formula
was as follows:

AR (R’ —Ry)
_ _ %

= — 100,
Ro Ro @

nw
where AR indicates the difference between the surface
electrical resistance R’ after elongation (60 %) for speci-
fied durations and the initial surface electrical resistance R,
without extension.

Water-repellent measurement

In this work, the water contact angle was used to charac-
terize the water-repellent property of flexible fabric strain
sensor. The wetting of the nanocomposite-coated fab-
ric samples was studied by the sessile drop-contact angle
measurement according to the method described in the
reported literature [28, 31, 32].

Results and discussion
Characterization

The microstructure morphology of PANI and PANI/TiO,
hybrid-coated PET knit fabric was studied by SEM, and
the morphology of uncoated PET knit fabric was inves-
tigated for comparison. The typical results are shown in
Fig. 2. Compared with uncoated PET knit fabric in Fig. 2a,
the PANI granular film was uniformly deposited on PET
knit fabric substrate under timely in situ polymerization
conditions as in Fig. 2b. It can be seen from Fig. 2c that
under the same polymerization condition, the PANI/TiO,
hybrid film obtained is evenly distributed over the surface
of the fabric. Moreover, it is reported that the morphology
of polyaniline consists of a large number of honeycombed
clews [33]. The honeycombed clews composed of inter-
connected network are favorable to increase the electrical
conductivity. However, the existence of TiO, may hinder
the carrier transport between different molecular chains of
polyaniline which is prone to weaken the electrical con-
ductivity of the hybrid-coated PET knit fabric. The dense
hybrid film of PANI/TiO, is shown in Fig. 2c.

The FTIR spectra of hybrid-coated PET knit fabric and
uncoated PET knit fabric are given in Fig. 3. The peak at
1575 cm™! indicates the C=C stretching frequency of
the quinoid ring of the PANI unit, whereas the peak at
1462 cm™! indicates the C=C stretching of the benzenoid
ring that shifts to 1485 cm™' for both PANI-coated PET
knit fabric (Fig. 3b) and PANI/TiO,-coated PET knit fabric
(Fig. 3c), respectively [34]. The bands at about 1298 cm™!
are attributed to C-N stretching mode for the benzenoid
ring, and the band at 1109 cm™' is assigned to a plane
bending vibration of the C—-H mode which is found during
protonation; other peaks observed in the spectrum are due
to the PET backbone [35, 36]. All these FTIR data show
the formation of PANI for both composites. The peak at
615 cm~! illustrates the Ti-O stretching frequency of the
TiO, unit, thus confirming the formation of TiO, in PANI/
TiO,-coated PET knit fabric. It has been reported that when
an oxidant is added to the reaction system, the polymeriza-
tion starts initially on the surface of TiO, nanoparticles, and
with the reaction proceeding the PANI is gradually depos-
ited and forms a shell on the surface of TiO, nanoparticles.
This may result from the adhesion of PANI to TiO, nano-
particles [37, 38].

The thermal properties of nanocomposites-coated PET
knit fabric were analyzed using the thermogram shown in
Fig. 4. As can be seen from the TG curves, there is weight
loss due to moisture at the early stage and fiber and poly-
aniline degradation which occurs approximately between
400 and 500 °C. Furthermore, the weight gain of hybrid
and TiO, content in hybrid-coated PET knit fabric has also

gslppl @ Springer
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Fig.2 SEM images of a uncoated PET knit fabric, b PANI-coated
PET knit fabric and ¢ PANI/TiO, hybrid-coated PET knit fabric

been revealed. The amount of hybrid present on the fab-
ric calculated from the measurement of weight increasing
experiment for 7, was about 12.6 %, while it was 13.8 %
weight increase for 7, ;. Moreover, the amount of TiO,
content in 7,3 PANI/TiO, nanocomposites-coated PET
knit fabric was 4.65 % which can be calculated by the TG
curve of Fig. 4a, c. This revealed that TiO, content in hybrid

%IPPI @ Springer

Transmittance (%)

T T T T T T T T v T T T T
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™)

Fig. 3 FTIR spectra of a pure PET knit fabric, b PANI-coated PET
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Fig. 4 Temperature-programmed TGA analysis curves of a control
PET knit fabric, b pristine PANI-coated PET knit fabric and ¢ PANI/
TiO, hybrid-coated PET knit fabric of T4

was approximately the same as that in the feed ratio in the
polymerization process.

Electrical conductivity

The surface electrical resistance of PANI and PANI/TiO,
hybrid-coated PET knit fabric, prepared under differ-
ent polymerization conditions, was studied. Especially,
the influence of TiO, concentration on the surface elec-
trical resistance in the hydrothermal solution containing
APS and hydrochloric acid (HCI) and the polymerization
bath was investigated. The results are displayed in Fig. 5.
The average electrical resistance of each sample is in the
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range of 427-926 2 cm. The electrical resistance of pris-
tine PANI-coated PET knit fabric (7)) was lower than that
of PANI/TiO, hybrid-coated knit fabric. Furthermore, it
can be inferred that the electrical resistance of the hybrid-
coated knit fabric is in the order of Tj); > T, > T3 < T4
< T,s; this initial decrease in electrical resistance down
to T}, ; and subsequent increase are in agreement with previ-
ous reports. The decrease in surface electrical resistance by
increasing the weight percent of TiO, in PANI for T} ; may
be due to the particle blocking the conduction path by TiO,
embedded in the PANI matrix [39]. Similarly, continuous
increases in the weight percent of TiO, leads to a large num-
ber of polarons, where the inter-polaron coupling becomes
progressively stronger even though there is disorderliness.
This may lead to severe pinning of polarons and, there-
fore, restriction of the contribution at higher frequencies,
hence reducing the electrical conductivity [40]. Moreover,
the enhanced surface electrical conductivity of 7}, ; may be
attributed to TiO, acting as suitable template for the forma-
tion of well-oriented polyaniline which is formed over the
TiO, surface. However, the lower electrical conductivity of
hybrid-coated fabrics with higher TiO, content may be due
to the increased amount of TiO, which hinders the carrier
transport trail between different molecular chains of poly-
aniline [41].

Electrical conductivity sensitivity

It can be concluded from Fig. 6 that the average gauge
factor (GF) of vertical elongation may be arrived at 21.71
and 20.26, respectively, for 7,, and 7|, ;, whereas the GF
of horizontal elongation is just 2.25 and 2.06. The strain
sensor of the electrical signal is obviously better vertically
than horizontally, which may be in relation to the con-
nection and slippage of knit loops. The yarn elongation is
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Fig. 5 The surface electrical resistance of pristine PET fabric (PET),
pristine PANI-coated PET knit fabric (7)) and hybrid-coated knit fab-
ric with different TiO, contents (T, — T} 5)

closely varied with fabric extension in the vertical direc-
tion, while the yarn elongation may be backward com-
pared with fabric extension in the horizontal direction,
considering the slippage and deformation of loops; thus
the electrical sensitivity shows a lower value in the hori-
zontal direction.

To evaluate the stability and strain sensitivity of sur-
face electrical conductivity, recycled extension experi-
ment was carried out under the condition of different
numbers of stretching. As seen in the results in Fig. 7,
the surface electrical resistance is increased with repeated
number of elongations and changes slightly after 100
cycles of elongation. Also, the strain sensitivity of T 5 is
better than that of 7|, in both the vertical and horizontal
directions. Moreover, the excellent conductivity of PANI
improves the charge carriers transfer rate in the compos-
ite; thus there is an increase in the separation efficiency
of electron-hole pairs generated from TiO,. Therefore,
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Fig. 6 Surface electrical conductivity sensitivity of PANI and PANI/
TiO,-coated PET knit fabric, a vertical elongation and b horizontal
elongation
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the lifetime of charge carrier generated from the photo-
catalyst is prolonged, and the stability of electrical strain
sensitivity is also enhanced [42, 43].
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Fig. 7 Stability of electrical conductivity sensitivity (x) of PANI and
PANI/TiO,-coated PET knit fabric, a vertical elongation and b hori-
zontal elongation

Water-repellent properties

Flexible fabric strain sensor treated with polyaniline/TiO,
nanocomposites could obtain excellent water-repellent
properties as seen in Fig. 8. It is also obvious that the dark
green polyaniline is changed to lighter color due to the pres-
ence of TiO, nanoparticles as shown in Fig. 8b, c. The corre-
sponding water contact angle shown in Table 1 could reach
a desirable level (127.5° 4+ 1.7°), as the fabric was modified
and it could also preserve reasonable water-repellent proper-
ties (121.8° £ 2.6°) even after 100 cycles of elongation. As
mentioned in the reported literature [44—46], the presence
of TiO, nanoparticles and surface roughness ensure excel-
lent water-repellent efficiency. With the water contact angles
higher than 120°, measured for PANI/TiO, nanocomposites
deposited on fabric surface even after 100 cycles of elonga-
tion, the flexible fabric strain sensor can be considered as a
fabric with excellent water-repellent properties.

Mechanical properties

The mechanical properties of polyester knit fabric before
and after polymerization are shown in Table 2. Surface
abrasion test was performed to investigate the service dura-
bility and interface bonding strength of hybrids on fabric
substrate. Furthermore, bursting strength measurement was
carried out to evaluate the mechanical strength. Pristine
polyaniline-coated polyester knit fabric (7)) could with-
stand just for 100 abrasions and then torn off. This proves
that pristine polyaniline-coated fabric becomes physically
weak due to the damage made by acid-based medium in the
polymerization solution. However, the abrasion resistance
of the prepared fabric increases with the increase of TiO,,
and the hybrid-coated fabrics (7} 5, T, 4 and T} 5) are strong
enough to withstand more than 160 cycles. This demon-
strates that there is only little loss in service durability for

Fig. 8 Distilled water droplet on the flexible fabric strain sensor, a control fabric, b pristine polyaniline-coated fabric and ¢ polyaniline/TiO,-

coated fabric (T, ;)
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Table 1 Water contact angles
during the cycles of elongation

Cycles of elongation

Water contact angle (°)

Control fabric

Pristine PANI-coated fabric

PANI-TiO,-coated fabric (7} 3)

0 82.1+£2.1
10 81.6£20
20 81.8£22
30 81.5+2.0
40 802 £2.8
50 81.0+24
60 80.5£2.0
70 79.8 £2.3
80 796+ 1.9
90 804 £2.5
100 79.5+£2.6

83.5£22 1275+ 1.8
83.1 £2.7 128.1 £2.8
81.6 £2.8 1272+ 2.6
82.6 £2.4 1264 +£2.8
82.1£1.8 1252+ 2.1
81.5+29 1255+£2.0
82.0£3.1 1233+ 24
819 £2.7 123.9 £2.7
81.8£23 1221 +£1.9
81.6 £2.8 121.5+£22
81.2£21 121.8 £ 2.6

Table 2 Mechanical strength before and after polymerization

Sample Number of abrasion cycles Bursting strength/N
withstand
Untreated fabric 226 586
T, 98 352
Ty, 105 396
Ty 128 456
Tos 167 461
To4 171 450
Tys 163 462

hybrid-coated fabric when compared to uncoated poly-
ester knit fabric which withstands 226 cycles. The results
of bursting strength testing are also shown in Table 2; in
general, the polymerization process decreases the strength
of the prepared flexible fabric strain sensor. Similar to the
abrasion resistance, bursting strength improved with the
incorporation of TiO,. The bursting strength of hybrid-
coated fabrics (T} ,, T3, Ty 4 and T 5) is higher than 450 N,
which is just slightly decreased compared with untreated
polyester knit fabric (bursting strength of 586 N). This
suggests that the TiO, part acts as a binding material to
improve the physical properties of the prepared fabric,
which is in accordance with the literature [27, 41]. Thus,
the prepared flexible fabric strain sensor containing poly-
aniline/TiO, hybrid coating has better service durability
and strength than pristine polyaniline-coated fabric.

Conclusion
In conclusion, flexible fabric strain sensor based on PANI/

TiO, nanocomposites-coated knit polyester fabric could
be successfully fabricated via an in situ polymerization

method. The prepared flexible fabric strain sensor per-
formed better sensitivity than pristine PANI-based flexible
fabric strain sensor, although the surface electrical conduc-
tivity did decrease slightly. According to the experiments,
PANI/TiO, nanocomposites-coated flexible fabric strain
sensor exhibited excellent water-repellent efficiency and
good durability during the cycles of elongation. The PANI/
TiO, nanocomposite-coated polyester knit fabrics as prom-
ising flexible fabric strain sensors are expected to find wide
applications in sensing garment, wearable hardware and
intelligent materials for the preparation of smart wearable
devices.
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