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ABSTRACT: In recent times, ﬂexible piezoresistive polymer nanocomposite-based
strain sensors are in high demand in wearable devices and various new age
applications. In the polymer nanocomposite-based strain sensor, the dispersion of
conductive nanoﬁller remains challenging due to the competing requirements of
homogenized dispersion of nanoﬁllers in the polymer matrix and retaining of the
inherent characteristics of nanoﬁllers. In the present work, waterproof and ﬂexible
poly(vinylidene diﬂuoride) (PVDF) with a polymer-functionalized hydrogenexfoliated graphene (HEG)-based piezoresistive strain sensor is developed and
demonstrated. The novelty of the work is the incorporation of polystyrene sulfonate
sodium salt (PSS) polymer-functionalized HEG in a PVDF-based ﬂexible
piezoresistive strain sensor. The PSS-HEG provides stable dispersion in the
hydrophobic PVDF polymer matrix without sacriﬁcing its inherent characteristics.
The electrical conductivity of the PVDF/PSS-HEG-based strain sensor is 0.3 S
cm−1, which is two orders of magnitude higher than the PVDF/HEG-based strain
sensor. Besides, near the percolation region, the PVDF/PSS-HEG shows a maximum gauge factor of 10, which is about two times
higher than the PVDF/HEG-based ﬂexible strain sensor and 5-fold higher than the commercially available metallic strain gauge. The
enhancement in the gauge factor is due to the stable dispersion of PSS-HEG in the PVDF matrix and electron conjugation caused by
the adherence of negatively charged sulfonate functional groups on the HEG. The developed waterproof ﬂexible strain sensor is
demonstrated using portable wireless interfacing device for various applications. This work shows that the waterproof ﬂexible PVDF/
PSS-HEG-based strain sensor can be a potential alternative to the commercially available metallic strain gauge.
along with the features like ﬂexibility, waterproofness, and
robustness.
To design such a sensor, polymer nanocomposite is one of
the ideal solutions. In this regard, researchers have explored
diﬀerent polymer matrixes and conductive nanoﬁllers. The
literature encompasses various polymer matrixes such as
poly(vinylidene diﬂuoride) (PVDF),4−6 poly(methyl methacrylate) (PMMA),7,8 polydimethylsiloxane (PDMS),9−11
epoxy,12 polyvinyl alcohol (PVA),13 polyaniline (PANI),14
and polyethylene terephthalate (PET)15 to cite a few. Among
the various polymers, PVDF is an inherent piezo material with
good mechanical strength and hydrophobic in nature.16
Similarly, researchers are exploring novel nanomaterials like

1. INTRODUCTION
Sensors play a crucial role in designing the smart electronic
devices and its demands are increasing enormously in the past
decade in a plethora of applications such as wearable devices,
internet of things, and virtual reality. The need of the strain
sensor is substantial in measuring the mechanical movement or
deformation of any system. There are various types of readout
mechanism for electromechanical strain sensors that are
explored such as capacitance,1 inductance,2 and piezoresistance.3 Even though electromechanical capacitance- and
inductance-based strain sensors are introduced, response to
vibration, complex integrated circuits, and requirements in
mounting the sensor limit their commercial usage. For that, the
commercially viable piezoresistive metallic strain gauge has
been introduced with a gauge factor of ∼2, and it is highly
functional in structural health monitoring (SHM) applications.
However, in SHM application, the bridges and megastructures
are prone to diﬀerent weather conditions, in particular
moisture. For such applications, a sensor with an inherent
waterproof feature is the most recognizable. Besides, new
applications like wearable devices demand a high gauge factor
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carbon nanotube (CNT),17,18 graphene,19 and silicon nanowires (SiNWs). 20,21 Due to the exemplary electrical,
mechanical, and thermal properties, graphene can be used as
a conductive nanoﬁller in the development of a ﬂexible strain
sensor. In PVDF-based polymer nanocomposite piezoresistive
strain sensors,22−25 PVDF with CNTs are explored in
detail,22,24,25 whereas PVDF with the graphene-based strain
sensor is less probed and also not comprehensive.23
The performance of the polymer nanocomposite-based
ﬂexible strain sensor depends upon many parameters such as
nanoﬁller’s dispersion, conductivity, and volume fraction in the
polymer matrix. Among these, dispersion of nanoﬁllers is a key
parameter, which inﬂuences the rest of the parameters, and it is
a challenging task to achieve the stable dispersion of nanoﬁllers
in the polymer matrix. Due to the high surface energy and π−π
interactions of graphene sheets, it tends to agglomerate in the
polymer matrix, which hinders the formation of the conducting
network, and thus, it aﬀects the enhancement of the electrical
conductivity of the polymer nanocomposite.26
Functionalization of graphene either with acid (covalent) or
polymer (noncovalent) prevents the restacking of graphene
sheets and hence the agglomeration in the polymer matrix.27
Although the conventional acid functionalization prevents the
agglomeration, the acid disrupts the π−π conjugation of
graphene sheets and causes the defects in the structure, which
aﬀects the electrical characteristics of the graphene,27,28
whereas the polymer functionalization prevents the agglomeration without sacriﬁcing the inherent electrical conductivity of
graphene.29−32 Functionalization of nanomaterials with positive, negative, and neutral polyelectrolytes is reported for
various applications such as the supercapacitor,33 metal-free
electrocatalyst,34,35 and exfoliation of graphite oxide,36 and it
showed enhanced performance. The choice of the functionalization charge depends upon on the requirement of the
application. To prevent the agglomeration of nanoﬁllers, the
functionalization charge should be the same as the intrinsic
surface charge of the nanoﬁllers. Since, in the present work, the
surface of the graphene nanoﬁller is accumulated with a
negative charge from the hydroxyl and carboxyl functional
groups, the anionic polyelectrolyte has to be chosen for the
functionalization. Among various anionic polyelectrolytes such
as carboxylate, phosphonate, and sulfonate, one of the strong
and common anionic polystyrene sulfonate sodium salt (PSS)
is used for the functionalization of graphene.37 PSS-functionalized carbon nanomaterials are used for enhancement of
dispersion in polymer solar cells38 and diﬀerent nanocomposites,26,39,40 which shows the enhanced performance.
Herein, we are the ﬁrst to report the inﬂuence of polymer
functionalization on the performance of the ﬂexible piezoresistive strain sensor.
In the present work, a waterproof ﬂexible PVDF with the
polymer-functionalized graphene-based piezoresistive strain
sensor is developed. PVDF polymer is used as the base matrix,
and polystyrene sulfonate sodium salt (PSS) is used for the
functionalization of nanoﬁllers. We have prepared the ﬂexible
polymer free-standing ﬁlm with varying weight percentages of
PSS-HEG nanoﬁllers in the PVDF matrix and tested for the
strain measurement. To understand the role of PSS
functionalization, strain measurement of HEG in the PVDF
polymer matrix is also carried out. When compared to the
pristine HEG, PSS-functionalized HEG (PSS-HEG) shows
better dispersion, which helps in the ﬁrm formation of the
electrical conducting network and thus increases the electrical
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conductivity of the strain sensor. The results show that
electrical conductivity of the PVDF/PSS-HEG is two orders of
magnitude higher than the PVDF/HEG-based ﬂexible strain
sensor. As a resultant, the gauge factor of PVDF/PSS-HEG is
about 2.3 times higher than the PVDF/HEG-based strain
sensor. Besides, the portable wireless interfacing device is
designed, and the potential of the PVDF/PSS-HEG-based
strain sensor is tested for diﬀerent applications.

2. RESULTS AND DISCUSSIONS
2.1. Physical Characterization. The crystalline nature of
the prepared sample is studied using the X-ray diﬀraction
(XRD) technique (Figure 1a). Transformation of graphite

Figure 1. (a) X-ray diﬀraction pattern of PVDF powder, HEG, PSSHEG, and solution-casted PVDF/PSS-HEG-1 wt % nanocomposite
ﬁlm and (b) FTIR spectrum of HEG, PSS, and PSS-HEG.

oxide (GO) to HEG reduces the number of layers, which make
the graphitic peak broader from 15 to 30°.41 It can be noted
that the d spacing of the HEG is reduced to 0.36 nm due to the
removal of oxygen content from the interlayers.41 When
compared to the pristine HEG, a left shift of 0.6° is observed in
PSS-HEG, which is attributed to the attachment of PSS
functional groups.40 The overlapped diﬀraction peaks of the
solution-casted PVDF/PSS-HEG nanocomposite ﬁlm at 18.5
and 20.6° correspond to the PVDF matrix.42 Since the PSSHEG nanoﬁller is 1 wt % in the nanocomposite ﬁlm, its peaks
are not prominent in the XRD.
Functional groups present in the HEG nanoﬁllers can be
conﬁrmed with the FTIR spectrum, and it is illustrated in
Figure 1b. The signals of −OH, CHx antisymmetric and
symmetric stretching, and CO carboxyl groups are observed
at 3440, 2920, and 1628 cm−1, respectively. The ﬁngerprint of
SO3H in sulfonic acids with SO stretch and SO3 symmetric
stretch is shown in the inset of Figure 1b at 1170 and 1040
cm−1, respectively, which conﬁrms the PSS functionalization of
HEG. The anionic sulfonate functional group on the HEG
helps in preventing the restacking of graphene, and implication
of this property has been explained later.
The dispersion of the HEG as well as PSS-HEG nanoﬁllers
in the solution is quantitatively analyzed using zeta potential
distribution. The analysis is carried out in DMF solvent, which
is used in the preparation of the ﬂexible strain sensor, with a
pH value of 6.5, and the results are shown in Figure 2a. The
zeta potential distribution values of the pristine HEG and PSSHEG are −35.9 and −46.6 mV, respectively. The increment in
magnitude of zeta potential conﬁrms that the PSS-HEG is a
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compared to the pristine PVDF ﬁlm, the heat resistance index
is increased by 3%, which is attributed to the interaction
between the nanoﬁller and the PVDF polymer matrix.43,44
Also, from the inset ﬁgure (Figure 2d), PVDF/PSS-HEG
shows relatively better thermal stability when compared to the
pristine PVDF and PVDF/HEG polymer nanocomposite ﬁlms.
The morphologies of the prepared samples are investigated
using the transmission electron microscopy (TEM) technique.
The TEM image of pristine HEG shown in Figure 3a illustrates

Figure 2. (a) Zeta potential distribution of pristine HEG and PSS
HEG. Dispersion of pristine HEG and PSS-HEG on (b) day 0 and (c)
day 30. (d) Thermogravimetric analysis of pristine PVDF, PVDF/
HEG-1 wt %, and PVDF/PSS-HEG-1 wt %.

more stable solution than the pristine HEG. The higher
magnitude of the zeta potential with the same negative sign
attributes to the accumulation of a more negative charge over
the nanoﬁllers, and it also conﬁrms the anionic PSS
functionalization over the HEG. The stability of the solution
has been tested by keeping the solution undisturbed over 30
days, and the results shown in Figure 2b,c conﬁrm that PSSHEG is more stable than the pristine HEG. This is due to the
prevention of restacking of the HEG, which is caused by the
adherence of negatively charged sulfonate functional groups on
the HEG. This PSS-HEG dispersion stability helps in the ﬁrm
formation of the electrical conduction network in the polymer
matrix, and thus, it enhances the electrical conductivity and the
performance of the ﬂexible strain sensor.
The eﬀect of temperature on the stability of PVDF with the
graphene polymer nanocomposite ﬁlm is studied using
thermogravimetric analysis (TGA). Figure 2d shows the
weight loss proﬁle of pristine PVDF-, PVDF/HEG-, and
PVDF/PSS-HEG-based strain sensor ﬁlms. All the threesolution-casted PVDF nanocomposite ﬁlms are observed to be
decomposed at diﬀerent temperatures. To understand the
eﬀect of addition of the HEG nanoﬁller on thermal stability of
the PVDF nanocomposite, their heat resistance index (THRI) is
calculated and illustrated in Table 1. When adding 1 wt % PSSHEG nanoﬁllers in the PVDF matrix, it is evident that

Figure 3. TEM images of (a) pristine HEG and (b) PSS-HEG. SEM
image of PVDF/PSS-HEG (c) top view, (d) cross sectional view, and
(e) zoomed-in version of the cross-sectional view.

that layers of the pristine HEG are highly wrinkled and
disordered in nature. The TEM image of PSS-HEG (Figure
3b) conﬁrms that exfoliated graphene sheets and the process of
functionalization do not aﬀect the morphology of hydrogenexfoliated graphene.26 The prepared polymer nanocomposite
ﬁlm is analyzed using a scanning electron microscope (SEM).
Figure 3c−e) shows top view and cross-sectional view of the
PVDF/PSS-HEG-based ﬁlm, and it illustrates the homogenized mixture of the PSS-HEG nanoﬁller in the PVDF base
matrix. The small pore appears in the top view of the PVDF/
PSS-HEG (Figure 3c) due to the evaporation of the DMF
solvent during the solution casting process. From the crosssectional view (Figure 3d) of the sensor, it is apparent that the
thickness of the sensor is uniform and its average thickness is
145 ± 4 μm. Figure 3e shows the zoomed-in version of the
cross-sectional view, and the homogenized dispersion of the
HEG nanoﬁller in the PVDF matrix is evident.
2.2. Mechanical Measurement. The mechanical characteristics of the developed ﬂexible strain sensors are tested by
using a microtensile measurement unit. The as-prepared PVDF
nanocomposites are cut into rectangular ﬁlms with a
dimension of 30 mm × 10 mm. The ﬁlms are ﬁxed at edges
with a gripping area of 6 × 10 mm2 using ﬁne sandpaper. The
axial tensile force is applied to the as-prepared ﬁlm with a
strain rate of 0.1 mm min−1, and the corresponding stress is
measured by the load cell connected in the machine. The strain
experienced by the ﬁlm is measured from the crosshead
displacement normalized with the gauge length of the test
specimen. The stress−strain characteristics of both PVDF/
HEG- and PVDF/PSS-HEG-based strain sensors with diﬀerent
concentrations from 0.5 to 7 wt % are shown in Figure 4a,b,

Table 1. Thermal Decomposition of the PVDF
Nanocomposite-Based Flexible Strain Sensor
polymer nanocomposites

T5% (°C)

T30% (°C)

THRI (°C)a

PVDF
PVDF/HEG
PVDF/PSS-HEG

438.96
446.51
456.61

466.31
470.4
477.6

223.1
225.8
229.9

THRI = 0.49 [T5% + 0.6 (T30% − T5%)],45 where T5% and T30% are
decomposition temperatures for 5% and 30% weight loss, respectively.

a
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given in Table S1. According to the percolation theory, the
variation in the electrical conductivity of the polymer
nanocomposites follows the power law as it approaches the
percolation threshold and it is governed by eq 247
σ = σ0(ϕ − ϕC)t

(2)

where σ is the electrical conductivity of the polymer
nanocomposites, σ0 and t are the ﬁtted constants, ϕ is the
volume fraction of the nanoﬁller, and ϕC is the volume fraction
of the nanoﬁller at the percolation point. The electrical
conductivity of the polymer nanocomposite against (ϕ − ϕC)
is shown in Figure 5 as inset. From the inset of Figure 5, the
percolation threshold (ϕC) of the PVDF/HEG is 4 wt % and
for the PVDF/PSS-HEG, the percolation threshold is 1.5 wt %,
where the electrical conductivity of the polymer nanocomposite begins to increase. This signiﬁes that adding
polymer-functionalized PSS-HEG can achieve higher electrical
conductivity with lesser loading of nanoﬁllers. The additional
advantage of lesser loading is avoiding poor processability and
inferior mechanical properties.48−50 In the case of PVDF/
HEG, from 4 wt %, the electrical conductivity starts to
enhance, reaches 10−3 S cm−1 at 5 wt %, and saturates beyond
that point where the electrical conducting network is ﬁrmly
formed, whereas in the case of PVDF/PSS-HEG, from 1.5 wt
%, the electrical conductivity of the ﬁlm enhances, reaches 10−1
S cm−1 at 4 wt %, and gets saturated. The maximum electrical
conductivity of the PVDF/PSS-HEG strain sensor ﬁlm is
observed to be 0.3 S cm−1, which is two orders of magnitude
higher than the PVDF/HEG-based ﬂexible strain sensor. When
comparing the overall trend of the electrical conductivity of the
pristine HEG and PSS-HEG, it can be observed that there is
tottering in the pristine HEG proﬁle, which is due to the
agglomeration of the pristine HEG in the PVDF matrix. The
steady transition and enhanced electrical conductivity of the
PSS-HEG are due to the stable dispersion of PSS-HEG and
electron conjugation caused by attachment of PSS functional
groups on the HEG.26
2.4. Electromechanical Measurement. The prepared
ﬁlm is fabricated on the aluminum specimen and tested for
piezoresistive characteristics by applying uniaxial tensile force
to the aluminum specimen. The maximum load, which can be
applied for tensile testing is determined by the elastic limit of
the specimen under investigation. For instance, the elastic limit
of the aluminum is 280 MPa.51 Hence, the fabricated
aluminum specimen is mechanically strained to a maximum
tensile load of 160 MPa with a strain rate of 1 mm min−1 using
a uniaxial tensile machine, as shown in Figure 6a. As a resultant
of applied tensile force, the aluminum specimen experiences
the strain (ε) and it is transmitted to the bonded ﬂexible strain
sensor in which electrical conductive network formed by the
HEG nanoﬁllers gets distorted. The schematic of breaking of
the conducting network of the polymer nanocomposite under
strain is shown in Figure 6b. The breaking of the conducting
network leads to the change in resistance of the strain sensor,
which is simultaneously measured using a Keithley 2450 source
measurement unit. The relative change in resistance (ΔR/R)
of all the prepared ﬂexible strain sensors is measured against
the applied strain as a function of concentration of the pristine
HEG and PSS-HEG in the PVDF polymer matrix and is shown
in Figure 6c,d, respectively. The linear responses between the
relative change in resistance and the applied strain conﬁrm the
linearity of the ﬂexible piezoresistive strain sensor. The slope
values of both the PVDF/HEG and the PVDF/PSS-HEG

Figure 4. Stress−strain characteristics of as-prepared polymer
nanocomposites (a) PVDF/HEG and (b) PVDF/PSS-HEG with
diﬀerent nanoﬁller concentrations.

respectively. From the results, it is identiﬁed that as the
nanoﬁller concentration increases in the PVDF polymer
matrix, the elastic modulus of the composite decreases and
also reported in the literature.46 For instance, the maximum
decrement in the elastic modulus of PVDF/PSS-HEG-7% is
13.3% lesser when compared to the pure PVDF ﬁlm. This
signiﬁes that the introduction of carbon nanoﬁllers in the
polymer matrix reduces the elasticity of the polymer nanocomposite and hence, the reduction in the maximum strain of a
PVDF nanocomposite ﬁlm can withstand. Thus, it is better to
design the ﬂexible strain sensor with less nanoﬁller
concentration. While comparing pristine HEG and PSSHEG, as the concentration of nanoﬁller increases, the elastic
modulus of PVDF/PSS-HEG-based ﬁlms reduces regularly
when compared to the PVDF/HEG-based ﬁlms. The rationale
for this diﬀerence is the uniform dispersion of PSS-HEG in the
PVDF polymer matrix when compared to pristine HEG.
2.3. Electrical Conductivity Measurement. As a
function of nanoﬁller concentration in the polymer nanocomposite, electrical conducting network formation can be
quantiﬁed by the four-probe electrical resistance (R) measurement. Since the prepared ﬁlm thickness (t) is ∼0.14 mm,
which is very much lesser than spacing (S) between the four
probes (2 mm), the DC electrical conductivity (σ) of the ﬁlm
is calculated by using eq 1
ln 2
(t ≪ S )
(1)
πtR
The DC electrical conductivity of the PVDF nanocomposite
ﬁlm with varying concentrations of pristine HEG and PSSHEG from 0.5 to 7 wt % PVDF is shown in Figure 5, and it is
σ=

Figure 5. Electrical conductivity of the PVDF/HEG and the PVDF/
PSS-HEG with varying concentrations. Inset ﬁgure shows the
relationship between (ϕ − ϕC) and conductivity of HEG and PSSHEG in the PVDF polymer matrix.
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Figure 6. (a) Piezoresistive measurement of the fabricated strain sensor on the aluminum specimen, which is under uniaxial tensile loading. (b)
Schematic of unstrained and strained polymer nanocomposites, which illustrates the breaking of the conducting path under strain. Relative change
in resistance against applied strain for (c) PVDF/HEG and (d) PVDF/PSS-HEG. Gauge factor and DC electrical conductivity of (e) PVDF/HEGand (f) PVDF/PSS-HEG-based strain sensors for diﬀerent concentrations of HEG and PSS-HEG nanoﬁllers, respectively.

dense and ﬁrm electrical conducting network is formed. Hence,
while applying tensile load to the ﬁrmly formed electrical
network, breaking of the conducting network is insigniﬁcant.
Therefore, the electron transfer path is not hindered much,
which results in the insigniﬁcant change in resistance and
subsequently results in a low gauge factor.
However, while comparing the performance of pristine
HEG-and PSS-HEG-based ﬂexible strain sensors, the gauge
factor proﬁle of the pristine HEG is tottering due to the
agglomeration of the pristine HEG nanoﬁllers in the polymer
matrix. The agglomeration is because of high surface energy
and π−π interactions of graphene sheets of the nanoﬁllers,
which tend to attract the nearby nanoﬁllers,26 whereas in the
PSS-functionalized HEG, the adherence of the negative charge
on the HEG strongly repels each other and prevents PSS-HEG
nanoﬁllers from restacking and making the electrical
conducting network formation more stable. Since the
formation of electrical conducting network is enhanced, it
reﬂects in smooth and high change in resistance for the applied
strain. As a resultant, the PSS-HEG-based strain sensor shows a
gauge factor of 10, which is 2.3 times higher when compared to
the pristine HEG-based strain sensor.
Figure 6e,f also signiﬁes the correlation between the DC
electrical conductivity and the gauge factor of the PVDF/
HEG- and PVDF/PSS-HEG-based ﬂexible strain sensors,

strain sensors are high in less nanoﬁller concentration and
decreased in high nanoﬁller concentration. The rationale for
this variation in slope is stated in detail below.
The slope of the relative change in resistance for the applied
strain, called as the gauge factor, is an evaluating parameter of
the performance of the strain sensor, which is governed by eq
3.52
Gauge factor =

ΔR /R
ε

(3)

The gauge factor values of the PVDF/HEG and the PVDF/
PSS-HEG for various concentrations ranging from 0.5 to 7 wt
% are shown in Figure 6e,f, respectively. The gauge factor
trend of both pristine HEG- and PSS-HEG-based nanocomposite ﬁlms signiﬁes that the performance of the strain
sensor is higher at the low concentration when compared to
the higher concentration of the HEG nanoﬁllers. The rationale
for a high gauge factor at lower concentration is sparsely
formed the electrical conducting network. While applying the
tensile force to the ﬁlm, electron transfer paths got cracked and
thus lead to increase in the change in resistance. As the
concentration of both pristine HEG and PSS-HEG nanoﬁllers
increases in the polymer matrix, sudden decrement in the
magnitude of the gauge factor is observed and saturates
beyond that point. At a higher concentration of HEG, a highly
12686
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respectively. In both cases, the gauge factor proﬁle of the strain
sensor is converse to the DC electrical conductivity proﬁle.
From the results, it is evident that the gauge factor is relatively
higher near to the percolation region, at which the DC
electrical conductivity starts to rise. As the electrical
conductivity increases with the increase in HEG concentration,
the gauge factor drops down. This is because of insigniﬁcant
breaking of the electron transfer path for the applied strain.
The tottering in both electrical conductivity and gauge factor
proﬁle of PVDF/HEG is due to the agglomeration of HEG in
the PVDF matrix, whereas in PVDF/PSS-HEG, a relatively
steady proﬁle is observed, which is attributed to the stable
dispersion of PSS-HEG in the PVDF matrix.
To analyze the repeatability and cyclic stability, the
commercial metallic strain gauge (HBM1-LY416/350) and
the developed ﬂexible strain sensor are fabricated on the
aluminum specimen and applied cyclic loading using a uniaxial
tensile testing machine.53,54 In this process, load is applied in
the following way. As shown in Figure 7a, in the initial 15 s, no
Figure 8. (a) Electrical resistance of the ﬂexible strain sensor, which is
immersed in water over the period of 10 days. (b) Response of the
ﬂexible strain sensor for the applied strain before and after the water
spray, and inset ﬁgure shows the zoomed-in view of the presence of
water droplets on the strain sensor.

ﬁlm (5.6 kΩ). Besides, the working model of the developed
ﬂexible strain sensor is demonstrated in the presence of water,
which conﬁrms the waterproof feature (Figure 8b), and the
demonstration video is given in the Supporting Information
(Video S3). This water-resistant feature is attributed to the
hydrophobicity of the PVDF polymer matrix.
2.5. Design of Portable Interfacing Circuit. The
developed ﬂexible strain sensor is pasted on the hand gloves
for demonstration of wearable applications. Figure 9a,b shows
the resistance change for the detection of strain caused by
bending of the ﬁnger and pressing, respectively. In addition, we
have designed both wired and wireless-enabled portable
interfacing devices for communicating between the ﬂexible
strain sensor and the data acquisition center. The wireless
interfacing device at the transmitter side comprises of a ﬂexible
strain sensor connected in a Wheatstone bridge, instrumentation ampliﬁer (INA125), and microcontroller (ATmega328P),
which has an inbuilt 10-bit analog to digital converter (ADC).
This inbuilt ADC converts the ﬂexible strain sensor’s analog
value into digital data, which is mapped into a range of 5 V
through programming. The strain sensor’s data is transmitted
through the wireless trans-receiving module (HT-05). At the
receiver side, the received data can be used to monitor the
output signal, and the same can be used to control any of the
actuator simultaneously. For instance, we have demonstrated
the wireless controlling of robotic arm using the developed
PVDF/PSS-HEG ﬂexible piezoresistive strain sensor, it is
shown in Figure 9c,d, and demonstration video is in the
Supporting Information (Video S2). The schematics and the
circuit details of the interfacing device are given in the
Supporting Information (Figure S2). These demonstrations
depict the potential of the developed ﬂexible strain sensor, and
it can be extended to the various applications such as
biofunctional prosthetic limbs, human activity monitoring,
and health care.

Figure 7. (a) Applied tensile cyclic load of 10 kN for 50 cycles with a
frequency of 0.1 Hz and (b) response of the PVDF/PSS-HEG-1.5 wt
%-based ﬂexible strain sensor and commercial metallic strain gauge for
the applied cyclic loading.

load is applied and then a cyclic load of 10 kN is applied for 50
cycles with a frequency of 0.1 Hz (500 s), and no load is
applied for ﬁnal 15 s. The dynamic responses of the PVDF/
PSS-HEG-1.5%-based strain sensor and the commercial
metallic strain gauge for the applied cyclic loading are shown
in Figure 7b. The continuous change in resistance of the strain
sensors is observed according to loading and unloading of 50
cycles. Dynamic results shown in Figure 7b ensure that the
relative change in resistance of the PVDF/PSS-HEG ﬂexible
strain sensor is higher when compared to the commercial
metallic strain gauge. The result also conﬁrms the repeatability
and cyclic stability of the ﬂexible strain sensor.
Since the developed ﬂexible strain sensor ﬁnds applications
in structural health monitoring and wearable devices, which
may undergo diﬀerent weather conditions, it is more important
to test the sensor for the water-resistant feature. In this regard,
the developed PVDF/PSS-HEG-5%-based ﬂexible strain
sensor is fabricated with an electrode using silver paste and
passivated it with silicone gel. As shown in Figure 8a, the
fabricated sensor is immersed in the water for 10 days and
found out that there is no change in nominal resistance of the
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Figure 9. Demonstration of the ﬂexible strain sensor for wearable device applications. (a) Finger bending and (b) pressing. Controlling of robotic
arm using the strain sensor (c) unstrained and (d) strained positions.

potential measurement is carried out in a Malvern Panalytical
Zetasizer Nano ZS90 instrument using a universal dip cell
(ZEN1002) in a quartz square aperture cuvette. Thermal
stability is analyzed using a thermogravimetric analysis (TGA)
SDTQ600 analyzer from TA instruments, with a temperature
range from room temperature to 1000 °C with a heating rate
of 20 °C min−1 in an air atmosphere (160 mL min−1).
Morphology of the samples are captured using a transmission
electron microscope (TEM) Tecnai G2 T20 instrument by
drop-casting the sample prepared with ethanol on the holey
carbon coated 200 mesh copper grids. A scanning electron
Microscope (SEM) Quanta 200 is used to capture the
morphology of the polymer nanocomposite ﬁlms. The
electrical conductivity of the ﬁlm is tested using a four-probe
setup with an inter probe distance of 2 mm connected with a
Keithley 2400 source measurement unit controlled by
LabVIEW software. Strain measurement is carried out using
an Instron 8501 uniaxial tensile machine with a maximum load
of 15 kN and a strain rate of 1 mm min−1.
4.2. Preparation of HEG. For the preparation of
hydrogen-exfoliated graphene (HEG), the graphitic oxide
(GO) is prepared using the modiﬁed Hummers method.55
Brieﬂy, pure graphite powder is added to the concentrated
H2SO4, which is kept in an ice bath. The oxidizing agents such
as sodium nitrate (NaNO3) and KMnO4 are added in a ratio of
1:6 to the solution slowly with high care. Take out the sample
from ice bath and allow it to cool down to room temperature
along with stirring. Then, DI water is added drop by drop
followed by the addition of 12 mL of hydrogen peroxide
(H2O2). Wash and ﬁlter the solution until it reaches the
neutral pH and dry in a vacuum oven at 60 °C.
For the preparation of hydrogen-exfoliated graphene, the
GO is heated at 200 °C in the tubular furnace in the presence
of hydrogen and argon gas, which resulted in the few-layered
reduced graphene oxide.41
4.3. Polymer Functionalization. The calculated quantity
of 1 M NaCl and HEG is added in DI water and ultrasonicated

3. CONCLUSIONS
In this present work, we have developed and demonstrated the
waterproof ﬂexible polymer-functionalized HEG-based polymer nanocomposite piezoresistive strain sensor along with the
wireless portable interfacing device. The systematic study is
carried out to analyze the inﬂuence of the PSS functionalization of HEG on the electrical conductivity and the performance of the ﬂexible piezoresistive strain sensor. PSS-HEG
shows a stable dispersion in the PVDF matrix when compared
to pristine HEG, leading to enhanced electrical conductivity
resulting in a high gauge factor. The electrical conductivity of
PVDF/PSS-HEG-7 wt % is 0.3 S cm−1, which is two orders of
magnitude higher than the PVDF/HEG-based ﬂexible strain
sensor. Besides, near the percolation region, the maximum
gauge factor shown by PVDF/PSS-HEG-1.5 wt % is 10, which
is 2.3 times higher than the PVDF/HEG-based strain sensor
and 5-fold higher than the commercially available metallic
strain gauge. PSS-HEG thus enhances the dispersion without
sacriﬁcing the inherent characteristics, thereby helping to
achieve a high gauge factor in less concentration of nanoﬁllers
in the ﬂexible polymer nanocomposite-based piezoresistive
strain sensor. Also, the developed ﬂexible strain sensor is
demonstrated for controlling of robotic arm using the
developed portable wireless interfacing device for the wearable
electronics applications. This polymer-functionalized HEGbased waterproof ﬂexible piezoresistive strain sensor can be the
potential alternative for the commercially available metallic
strain gauge.
4. EXPERIMENTAL SECTION
4.1. Characterization Techniques. X-ray diﬀraction for
the prepared material is analyzed using a D8 ADVANCE
Bruker X-ray diﬀractometer with Cu Kα radiation (λ =
0.15418 nm) with a range of 5−90° with a step size of 0.02°.
Fourier transform infrared (FTIR) spectroscopy is measured
using PerkinElmer Spectrum One FTIR instrument with a scan
range of 450−4500 cm−1 and a resolution of 1 cm−1. Zeta
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for 1 h. Polystyrene sulfonate sodium salt (PSS) is added twice
the amount of nanoﬁllers and sonicated for 1 h. The ﬁnal
solution is ﬁltered several times and dried at 60 °C for 12 h.56
4.4. Synthesis of Polymer Nanocomposite. PVDF is
added in dimethylformamide (DMF) and sonicated until it
dissolves completely. Based on the weight percent, PSS-HEG is
added to the DMF and sonicated for 1 h separately. Then,
both solutions are mixed and sonicated for 1 h. For further
homogenization, the solution is blended in a shear mixer for 3
h at 3500 rpm. Finally, to get a free-standing and ﬂexible ﬁlm,
the solution is casted in a petri dish over night at 50 °C. The
schematic of the synthesis process is shown in Figure S1c.
4.5. Sensor Fabrication and Testing. The prepared ﬁlm
is sliced into a particular dimension (3 cm × 1 cm) and pasted
on the ASTM standard aluminum specimen (14 × 3 × 3 cm3)
using epoxy, and electrical contacts are taken at the edges of
the ﬁlm using conductive silver paste, as shown in Figure S1f,
and kept it 24 h for drying at room temperature. The
maximum load, which can be applied for testing is determined
by the elastic limit of the specimen under investigation. For
instance, the elastic limit of the aluminum is 280 MPa.51
Hence, the fabricated aluminum specimen is mechanically
strained to a maximum tensile load of 160 MPa with a strain
rate of 1 mm min−1 using a uniaxial tensile machine, as shown
in Figure S1f. The resultant change in the electrical resistance
value is simultaneously measured using a Keithley 2450 source
measurement unit.
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