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Abstract: In this work, new highly sensitive graphene-based flexible strain sensors are produced.
In particular, polyvinylidene fluoride (PVDF) nanocomposite films filled with different amounts of
graphene nanoplatelets (GNPs) are produced and their application as wearable sensors for strain
and movement detection is assessed. The produced nanocomposite films are morphologically charac-
terized and their waterproofness, electrical and mechanical properties are measured. Furthermore,
their electromechanical features are investigated, under both stationary and dynamic conditions. In
particular, the strain sensors show a consistent and reproducible response to the applied deformation
and a Gauge factor around 30 is measured for the 1% wt loaded PVDF/GNP nanocomposite film
when a deformation of 1.5% is applied. The produced specimens are then integrated in commercial
gloves, in order to realize sensorized gloves able to detect even small proximal interphalangeal joint
movements of the index finger.

Keywords: graphene; PVDF; piezoresistive nanocomposites; strain sensor; smart glove; move-
ment detection

1. Introduction

Nowadays, sensors are becoming increasingly important and their market is growing
exponentially [1]. In fact, sensors are central to industrial and civil applications, being
used for process and structural health monitoring and wearable devices [2]. Moreover,
they play a key role in medical practice for diagnostics, critical care, human movement
detection, and human-robot interaction [3,4]. In particular, one of the major challenges is
the development of cost effective, lightweight, and comfortable smart gloves, i.e., high-
tech wearable devices able to detect various hand gestures, including fingers bending [5].
Therefore, the demand for novel, high performance, and multifunctional flexible sensors is
increasing enormously [6]. However, traditional strain sensors suffer from poor stretch-
ability and sensitivity. In addition, complex preparation processes involved and high
fabrication costs restrict their application and development [7]. Then, sensors are often
prone to different weather conditions and moisture, compromising their response and ac-
curacy [6]. Hence, many efforts are devoted to overcome these bottlenecks. Recently, strain
sensors-based on the use of electrically conductive polymer composites have attracted
great interest due to their light weight, flexibility, easy processing, and cost effectiveness [8].
In particular, the development of new carbon-based conductive nanofillers is fueling the
research of graphene-based polymer composites showing a favorable combination of
electrical properties with typical features of polymeric materials, such as lightness and
easy workability [9-11]. Among the most interesting properties of these materials, the
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electro-mechanical ones stand out, as they allow the development of innovative sensors,
overcoming the limitations of traditional materials [12]. Therefore, piezoresistive polymer
composites are being strongly investigated for sensor applications [13].

Electronic transport in a polymer nanocomposite is mainly driven by the formation
of a continuous nanofiller conductive path within the insulating matrix [14-16]. Never-
theless, high filler loadings generally result in low mechanical resistance and poor work-
ability. In this framework, carbon-based nanofillers gained sustaining interest from the
scientific community and, among them, two-dimensional graphene nanoplatelets (GNPs)
are attracting ever growing interest since they are cost effective and easily processable
with respect to other graphene-based nanofillers, such as carbon nanotubes (CNTs) or
graphene oxides [17,18]. Briefly, GNPs can be regarded as tiny stacks of graphene lay-
ers, with thicknesses in the 1-10 nm range and lateral linear dimensions varying from
about 1 pm up to 20-25 pm [17]. Due to their outstanding properties, GNP-filled polymer
composites have been widely investigated in various engineering applications, including
electromagnetic compatibility [18-20], structural sensing and monitoring [21-24]. Different
polymer matrices have been explored, such as polystyrene [17,20], epoxy-based vinyl
ester resins [18,19,24], polydimethylsiloxane [5,22], polyurethane [25], and polyvinylidene
fluoride (PVDF) [23,24,26-28]. Among them, PVDF is garnering ever growing interest for
sensing applications owing to its uncommon chemical resistance and thermal mechanical
physical properties, including piezoresistive and piezoelectric ones [29,30]. Moreover, the
hydrophobic features of PVDF are crucial for the realization of self-cleaning anti-biofouling
waterproof sensors [26]. Hence, several studies reported on the improvement of electric,
mechanical and electromechanical properties of PVDF composites by the combination of
carbonaceous nanofillers [31-34].

Despite that, the electromechanical properties of PVDF composites loaded with dif-
ferent GNP loading concentrations have not been deeply studied. In fact, to the best
of the authors” knowledge, only a few publications deal with such properties of PVDF
nanocomposites, most of them using different graphene-based nanostructures as fillers,
such as carbon fibers or nanotubes [13,26,27,34]. For instance, P. Costa et al. investigated the
piezoresistive behavior of PVDF-based composites filled with graphene oxide and single
wall CNTs [13,34]. More recently, the influence of polymer functionalization of hydrogen
exfoliated graphene has been assessed with the aim of providing a stable dispersion in
the PVDF polymer matrix [26], while the possibility to tune the piezoresistive properties
of PVDEF/CNT composite through the addition of poly methyl methacrylate has been
demonstrated in [27].

Nevertheless, the development of PVDF /GNP nanocomposite films suitable for the
realization of highly sensitive strain sensors to be embedded in smart gloves is still an
open issue. In fact, according to [11], it is not easy to reach suitable electrical conductivity
values for sensing applications through the addition of GNP quantities lower than 5% wt
with respect to the PVDF amount, compromising the mechanical properties of the resulting
nanocomposite [13].

At present, different technologies are available for the production of sensor-based
smart gloves. For instance, inorganic functional materials have been designed to be
integrated in smart gloves [35], but they could not be stretched due to their brittleness and
rigidity, and they require complex fabrication processes [5]. Recently, ink-jet printing has
attracted great attention owing to its simple process but conductive inks are generally prone
to clogging the nozzle [36]. Comparatively, screen printing techniques have shown many
advantages since they allow direct patterning and mass production. However, conventional
elastomeric films generally used as substrates have a low surface energy, resulting in poor
adhesion between the substrate and the sensing ink [37]. As a consequence, it is still
challenging to directly print onto an elastomer by screen printing for sensing purposes,
especially when high stretchability and sensing ranges are required [4]. On the other hand,
sensors made of ionic liquids are typically characterized by high stretchability but less
sensitivity [37,38].
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Within this context, conductive composites are garnering a lot of interest for sensor-
based smart gloves since they are more compatible to human body movement detection [5].
Among them, carbon-based nanocomposites usually have a high initial resistance, com-
promising the sensitivity [37]. Hence, metal-based nanocomposites have been investi-
gated [4,37] but they usually require expensive metallic nanoparticles, classified as critical
raw materials by the European Commission [4].

The scope of this paper is to overcome some of the most common limitations, such
as highly initial resistivity, less sensitivity, and the use of expensive critical raw materials
or expensive nanofillers. Therefore, PVDF/GNP nanocomposite films with outstanding
piezoresistive properties are produced and their application as strain sensors to be embed-
ded in sensor-based smart gloves is investigated. Thanks to the fabrication route previously
developed in [23] and further improved, it is demonstrated that it is possible to realize
PVDF/GNP nanocomposite films suitable for strain detection with a total amount of GNP
lower than 2% wt with respect to the PVDF total amount. This result is feasible owing to a
perfect integration of GNPs inside the polymer matrix along with an optimal dispersion
of the fillers, without agglomerations or defects. The produced nanocomposite films are
characterized in terms of waterproofness, electrical, mechanical, and electromechanical
properties, and their morphology is assessed through scanning electron microscopy (SEM).

The results show that the produced nanocomposite films are hydrophobic and their
response to an applied deformation is consistent and reproducible. In particular, a relative
resistance change greater than 40% at 1.5% of the applied strain is measured for the 1% wt
loaded PVDF/GNP nanocomposite film. As a comparison, the relative resistance change
recently measured at 0.35% of the applied strain in case of polymer functionalized graphene-
based PVDF flexible sensor is around 3.5% [26]. Therefore, the produced PVDF/GNP
nanocomposite films are suitable for the realization of waterproof and flexible sensors. As
a demonstration, the nanocomposite films are integrated in commercial hand gloves, thus
realizing smart gloves able to detect even small proximal interphalangeal joint movements
of the index finger, as little as 5°. Other carbon-based flexible nanocomposite films recently
integrated in sensor-based smart gloves have not been tested for bending angles lower than
30° [5] and most of them are characterized only for fully finger bend movements [25,36-38].

2. Materials and Methods
2.1. Production of PVDF/GNP Composite Films

GNPs are synthesized through thermal expansion of an acid base-modified graphite
intercalation compound (GIC). In particular, a small amount of GIC undergo a thermal
shock at around 1150 °C for a few seconds, resulting in a 200-fold volume increase. The
obtained expanded graphite is tip-sonicated in polymer solvent for 20 min through an
ultrasonic probe set in pulse mode (1 s on and 1 s off), leading to a homogenous suspension
of GNPs [18].

Then, pure PVDF is dissolved in N,N-dimethylformamide (DMF) solvent for 2 h under
magnetic agitation at 65 °C [39]. Successively, the previously synthesized GNPs are loaded
to the PVDF solution and mixed for 1 h at the same temperature. The resulting polymer-
GNP liquid mixture is casted onto a glass mold with the aim of producing nanocomposite
films with a thickness between 20 and 40 pm, in order to obtain flexible films without
compromising their mechanical properties. The glass mold filled with the polymer-GNP
mixture is placed in an oven for 8 h at 80 °C in order to allow the solvent removal.

The produced nanocomposite films employ different weight concentrations of GNPs
compared to the total PVDF amount, namely 0.5%, 0.75%, 1%, 1.5%, and 2%, as reported in
Table 1. Moreover, the samples are named using the letters P and G to indicate PVDF and
GNPs, respectively, and the numbers following the letters correspond to the GNP weight
contents in percent with respect to the polymer amount.
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Table 1. GNP concentration and thickness of the produced PVDF /GNP nanocomposite films.

Sample GNP Concentration Thickness
Name [%] [um]
P 0 25
PG-0.5 0.5 19
PG-0.75 0.75 22
PG-1 1 36
PG-1.5 15 28
PG-2 2 30

Finally, the main steps of the nanocomposite films production process is summarized
in Figure 1.
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Figure 1. Sketch representing the main steps of the graphene-PVDF nanocomposite films production process.

2.2. Morphological Characterization

The morphology of the produced nanocomposite specimens is investigated through
a Zeiss Auriga Field Emission SEM. Fracture surfaces of the films are realized upon
immersion in liquid nitrogen and, when required, the fractured films are sputter coated
with a conductive 10 nm Cr layer by employing a Quorum Tech Q150T sputter coater.

2.3. Water Resistance Test

The hydrophobicity is assessed through the measurement of water contact angles
(CAs). Such measurements are carried out using an optical CA meter and casting ~2 pL
water droplets on the coating surface. Then, the acquired pictures are processed using the
Image] software version 1.53i (Image Processing and Analysis in Java).

2.4. Mechanical Characterization

The mechanical properties of the samples listed in Table 1 are assessed through
mechanical tensile tests, carried out using an INSTRON 3366 universal testing machine.
The samples to be tested are cut into rectangular strips, following a modified version of
the standard ASTM D 882 [23]. The top and bottom parts of the specimens are inserted
between the grips of a tensile test fixture, as shown in Figure 2a.

The Young’s modulus is extrapolated by dividing the longitudinal stress with the strain.
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Figure 2. (a) Mechanical measurement test setup. Each rectangular strip has dimensions: L (gage
length) =5 cm and W = 2 ecm. (b) Three-point bending test setup; (¢) PVDF/GNP nanocomposite
sample cut into a rectangular shape (2 = 10 mm, b = 5 mm) with contact areas at both extremities.

2.5. Electromechanical Characterization

The piezoresistive behavior of the samples are assessed by performing the three-point
bending test, following the procedure described by the standard ASTM D790-03 and using
the experimental setup sketched in Figure 2b.

In particular, the quasi static and cyclic mechanical load conditions are applied using
an INSTRON 3366 universal testing machine. At the same time, a Keithley 6221 dc/ac
current source and a Keithley 2182a nano-voltmeter are used to measure the electrical
resistance R of the samples. With this aim, each PVDF/GNP nanocomposite sample is cut
into a rectangular shape and two electrical contacts of areas of 4 x 2.5 mm are realized at
both extremities, using commercial silver-paint and silver-based epoxy adhesive, following
the procedure described in [23,24]. The resulting specimen, shown in Figure 2c, is then
pasted over a polycarbonate beam.

Then, the relative resistance change AR/R is computed as the difference between
the electrical resistance R and the initial resistance of the film Ry measured without any
applied deformation, divided by Ry. Then, the Gauge factor (GF) is given by the ratio of
AR/Rj to the mechanical strain ¢ [24]:

_ AR/Ry

GF . 1)
Finally, the effective dc electrical conductivity 7, is computed as:
Yeps = a(btRo) ™! )

where t is the thickness reported in Table 1, 2 and b are the geometrical dimensions of the
specimen (Figure 2c).

2.6. Sensorized Glove

The fabricated nanocomposite films named PG-1 and PG-2 in Table 1 are cut and
pasted on commercial hand gloves using common highly adhesive glue, with the aim of
realizing two sensorized gloves able to detect the index finger bending. In particular, the
selected rectangular shaped samples are pasted on the surfaces of gloves overlying the
proximal interphalangeal joint of the index finger, as shown in Figure 3.
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Figure 3. Picture of a nanocomposite film pasted on a commercial hand glove in order to detect index
finger bending. The dimensions are = 2.5 cm and w = 0.5 cm.

Successively, two thin silver-paint layers (Electrolube®) are deposited on rectangular
areas of 5 x 2.5 mm at the extremities of the PVDF/GNP nanocomposite films. Then, the
gloves are cured at room environment conditions for 2 days.

The electrical resistance R of the pasted nanocomposite film is measured following
the procedure described in Section 2.5.

3. Results
3.1. Film Morphology

SEM micrographs showing the top surface and cross section of samples P, PG-1, PG-1.5,
and PG-2 are reported in Figures 4 and 5, respectively. Figure 4a,b shows that the realized
neat PVDF films feature a spherulitic morphology, having high porosity and characterized
by large round-shaped particles, with diameters between 10 and 15 um, as confirmed by
cross sectional images of Figure 5a,b. Upon the addition of even low concentrations of
GNPs, while the spherulitic morphology is preserved, a decrease in the lateral dimensions
of spherical particles is observed. Such behavior, similar to the one previously observed
and discussed in [39], can be detected in Figure 4c-h, displaying the top surface’s SEM
micrographs of PVDF films loaded with 1, 1.5, and 2% wt GNPs, respectively.

Figure 4. Cont.



Sensors 2021, 21, 5277 7o0f 17

Figure 4. SEM micrographs of the top surface of neat PVDF (a,b) and PVDF/GNP composite films
loaded at 1 (c,d), 1.5 (e,f), and 2% wt (g,h).

Figure 5. Cont.
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Figure 5. SEM images of cross sections of (a,b) neat PVDF and PVDF nanocomposite films filled with
1 (¢, d), 1.5 (e,f), and 2% wt (g,h) of GNPs.

Moreover, when GNPs are added to the polymer, the films exhibit a marked decrease
in porosity, as compared to the unfilled neat PVDEF. Indeed, previous studies have shown
that GNPs can trigger the nucleation of the  phase within the matrix, by constraining the
polymer chains to orient in such a way as to promote this electroactive phase formation
and to close pores [39,40]. As a consequence, as the GNP concentration is increased,
PVDF composite films gradually turn from an initially semi-spherulitic structure to a more
compact morphology. In particular, looking at Figure 4c,e,g and at the corresponding
higher magnification micrograph (Figure 4d,f/h), it is clear that most of the original porosity
has been reduced by the presence of GNPs.

Furthermore, it is worth noting that in all the produced samples a uniform dispersion
of GNPs and a tight connection between the polymer matrix and GNPs are obtained.
As a matter of fact, surfaces of GNPs look almost completely coated by the polymer
chains (Figure 4c,e,g) and GNPs seem to be thoroughly embedded into the PVDF ma-
trix (Figure 5d,f,h), thus suggesting an intimate contact between the nanoplatelets and
the matrix.

3.2. Waterproof Properties

The wettability properties of samples P, PG-1, PG-1.5, and PG-2 are assessed through
the measurement of the CA, as described in Section 2.3. As shown in Figure 6a, the CA of
pure PVDF film is around 70 =+ 3°.

As the GNP content increases, the CA angle rises sharply, reaching values as high as
105.2° for sample PG-1 (Figure 6b), 110.3° for sample PG-1.5 (Figure 6¢), and 135.7° £ 3 for
sample PG-2 (Figure 6d).

In fact, in all the considered PVDF/GNP nanocomposite films the water droplets
form a semi-circular shape, showing a clear hydrophobicity. Therefore, we conclude that
the selected GNP loaded nanocomposite films are hydrophobic and they are suitable for
the realization of waterproof wearable sensors and their response will not be affected
by moisture.
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Figure 6. Contact angle images of sample P (a) and GNP-filled samples PG-1 (b), PG-1.5 (c), and
PG-2 (d).
3.3. Mechanical Properties

The measured tensile stress-strain characteristics of samples P, PG-1, PG-1.5, and PG-2
are reported in Figure 7.

35
30
g 5
2
é 20 —P
= — PG
wv 15 L
o PG-1.5
210 } PG2
@
5 L
0 L L L L
0 2 4 6 8 10

Strain [%]
Figure 7. Measured stress-strain curves of samples P, PG-1, PG-1.5, and PG-2.

The stress-strain curves, shown in Figure 7, up to the fracture points are characterized
by a linear elastic region and by a plastic region, as expected since PVDF is a thermoplas-
tic polymer.

The Young’s modulus is given by the slope of tensile stress-strain curve in the linear
elastic region, i.e., before the yield zone. As the GNP concentration in the PVDF/GNP
nanocomposite films increases, the Young’s modulus significantly increases. This is a
further confirmation of the good adhesion and dispersion of GNPs into the PVDF matrix.

The GNP-content influence on the tensile strength, Young’s modulus, and maximum
strain at break is emphasized in Figure 8, where the mechanical properties are normalized
with respect to those corresponding to the neat PVDE.

Table 2 summarizes the mechanical properties of the considered samples.
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Figure 8. Normalized tensile strength, Young’s modulus, and maximum strain for different GNP
weight fractions.

Table 2. Mechanical properties of samples P, PG-1, PG-1.5, and PG-2.

GNP Concentration Tensile Young's Strain at Break
[%] Strength Modulus [%]
[MPal [GPa]
0 31.02 1.25 8.5
1 24.27 1.45 5
1.5 26.42 1.63 5.7
2 28.01 1.77 7.6

3.4. Electrical Properties

The effective dc conductivity . of all the produced PVDF/GNP samples is reported
in Figure 9 with respect to the percent GNP weight concentration, ranging between 0.5
and 2% wt. As the GNP content increases, the PVDF/GNP nanocomposite films turn
from the insulating to the conductive regime, due to the presence of conducting fillers
embedded in an insulating polymer matrix. Electron transport is hence possible only
above a filler critical concentration, known as the percolation threshold 6.. Across such
filler’s concentration, the nanocomposite experiences a sudden and steep increase in the
electrical conductivity due to the formation of an interconnected network of conductive
GNPs [41]. Indeed, the composite effective conductivity 7.5 can be modeled by means of
the well-known percolation law [41-43].

Yeff = K(B_GC)T 3)

where 0 is the filler concentration, T is the critical exponent, and K a determination coeffi-
cient, dependent on the material characteristics.

The best fit with the measured electrical conductivity values is obtained by setting 6,
[%] = 0.55% wt, T = 2.6, and K = 1870 S/m. Note that also samples PG-0.5 and PG-0.75 have
been considered in order to evaluate the percolation threshold, even though they are not
suitable for the realization of graphene-based strain sensors due to the low GNP amount.
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Figure 9. Effective dc conductivity of all the produced samples as a function of the percent GNP

weight concentration.

3.5. Piezoresistive Characterization

The piezoresistive behavior of samples PG-1, PG-1.5, and PG-2 is analyzed in
Figure 10a—c under a quasi-static flexural loading. The graphs show the relative resis-
tance change AR/R versus the applied flexural deformation €. The corresponding GFs are
reported in Figure 10d.
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Figure 10. Relative resistance change AR/R( versus the applied strain for PVDF/GNP composite films loaded at (a) 1,
(b) 1.5, at (c) 2% wt and the corresponding (d) Gauge factors.

Each PVDF/GNP film sample underwent four consecutive piezoresistive tests, in
order to check repeatability. The obtained data show that the piezoresistive responses
are consistent and repeatable. Moreover, it is noticed that after each test the resistance
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assumes its initial value Ry, i.e., ~294.1 k() for sample PG-1, ~191.8 k() for sample PG-1.5,
and ~97.5 k) for sample PG-2.

Then, the resistances of the specimens increase nonlinearly as the imposed flexural
deformation increases and the highest values are detected for the nanocomposite film filled
with 1% wt of GNPs.

Concerning the GFs, it is observed that at flexural strains lower than ~0.2% the
produced films show a dead band resulting in a negligible resistance change, as confirmed
in Figure 10a—c. Then, the maximum GF at a deformation of 1.5% is nearly 30 for the
sample PG-1, whereas it reaches the values of ~15 for the sample PG-1.5, and of ~8 for the
sample PG-2.

Subsequently, the 1 and 2% loaded PVDF/GNP film samples undergo consecutive
loading /unloading cycles for an overall duration of 20 min. The first sample is selected
since it is characterized by the highest GF. On the other hand, the sample loaded at
2% wt shows a clear hydrophobicity, making it suitable for the realization of washable
sensing devices.

Figure 11 reports the measured relative resistance change AR/R of samples PG-1
and PG-2 due to the applied flexural stress variations. The figure inset shows the imposed
flexural stress with respect to time. It is worth noting that the measured relative resistance
changes AR/Ry are consistent with the imposed flexural stress and that the resistance
variation is more evident for the 1% loaded sample, as expected with GF being much higher.

40 T T T

1% wt. GNP
----- 2% wt. GNP

'
S

w
=3

30~

Flexural Stress [ MPa ]
N
S

=

0 300 600 900 1200
time [s]

ARR,[%]

1 1
600 900 1200

time[s]

Figure 11. Measured variations of the relative resistance change of samples PG-1 and PG-2 due to
the imposed flexural stress time-variations, shown in the figure inset.

3.6. Piezoresistive Graphene-Based Sensorized Glove

The sensorized gloves, realized as described in Section 2.6, are tested with the aim
of verifying their ability to detect proximal interphalangeal joint movements of the index
finger. With this purpose, the index finger is moved by flexing the intermediate phalange
with respect to the proximal one by an angle & between 0 and 90°. In particular, a frame,
shown in Figure 12a, has been realized via 3D printing in order to rotate the proximal
interphalangeal joint of an exact angle « equal to 10 (Figure 12b), 20, 30, 40 (Figure 12c), 45,
and 90°. Simultaneously, the relative resistance change AR/ R of the sample pasted on the
glove is measured as a function of time.
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Figure 12. (a). Frame realized via 3D printing in order to rotate the proximal interphalangeal joint of an exact angle & equal

to 10, 20, 30, 40, 45, and 90°. (b,c) Examples of movement detection of the index finger: The intermediate phalange is flexed
with respect to the proximal one by an angle « equal to (b) 10 and (c) 40°. (d,e) Measured AR/R obtained by flexing the
index finger every 10 s by (d) all the angles o between 0 and 45° and by (e) angles « equal to 45 and 90°.

Figure 12d shows the measured AR/R( obtained by flexing the index finger every 10 s
by all the considered angles a between 0 and 45°. Similarly, Figure 12e shows the measured
AR/R( obtained by flexing the index finger by angles « equal to 45 and 90°.

Looking at Figure 12d,e, it can be stated that both the realized sensorized gloves are
able to detect even small proximal interphalangeal joint movements of the index finger
since the measured AR/ R profiles perfectly reproduce the index finger flexion movements.
Moreover, it is noticed that the obtained data are repeatable and consistent and when the
proximal interphalangeal joint is no more flexed the resistance assumes its initial value.
Then, the resistance change is more evident for the sensorized glove realized with the PVDF
nanocomposite film filled with 1% wt of GNPs, as expected with GF being much higher.
However, it is worth noting that also the sensorized glove realized with the nanocomposite
film filled with 2% wt of GNPs, characterized by higher waterproofness, is suitable for
movement detection.

4. Discussion

The nanocomposite films are produced through an innovative production process with
the scope of obtaining a perfect integration and dispersion of GNPs within the polymer
matrix, without any agglomeration or defect. Such characteristics are clearly demonstrated
from the performed morphological analysis, especially by the strong interaction between
polymer chains and GNPs as shown in the enlargements of surface and cross-section SEM
images reported in Figures 4 and 5. Furthermore, it is shown that GNPs tend to stratify in
the plane of the film, as highlighted in Figure 13a,b. As a consequence, the PVDF/GNP
composite film morphology varies notably with respect to the one of the neat PVDEF, from a
round shape structure to a more compact configuration. Hence, the film porosity decreases
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noticeably, improving the waterproofness of the nanocomposite [28-44] and its mechanical
and electrical characteristics [39,40]. Indeed, it has also been found that GNPs have a
nucleation effect on the PVDF structure, constraining the polymer chains to orient and
close pores [39-45].
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Figure 13. (a) SEM image showing GNP horizontally aligned and (b) corresponding schematic
representation. Conducting network formed by the horizontally aligned GNPs under (c) normal or
(d) stretching conditions.

In particular, looking at Figure 8, it is evident that the Young’s modulus significantly
increases with the GNP concentration, confirming the good GNP adhesion and dispersion
into the polymer matrix. In addition, the tensile strength and the percentage maximum
strain of samples PG-1, PG-1.5, and PG-2 decrease slightly compared to the ones of neat
PVDF films. In fact, the nanocomposite porosity decreases due to GNP loading thanks to
the resulting polymer chains orientation and reorganization, leading to the semi-spherulitic
morphology observed in SEM images. A slight improvement of the maximum strain of
sample PG-2 with respect to sample PG-1.5 is observed, due to the fact that as the GNP
amount further increases the number of pores covered by GNPs increases and mechanical
properties slightly improve.

Particularly relevant is the effect of GNP addition on electrical properties. In fact,
it is demonstrated that the percolation threshold 0. of the obtained samples is achieved
at a GNP weight fraction around 0.55% wt. This value is lower with respect to the one
recently observed in case of hydrogen exfoliated graphene in a PVDF polymer matrix [26],
and is comparable with the one obtained using CNTs as nanofillers [34]. Furthermore, it
is worth noting that the perfect integration of GNPs inside the polymer matrix among
an optimum dispersion of them, without agglomerations or defects, allowed us to reach
electrical conductivity values one or two order of magnitudes higher than the ones of PVDF
nanocomposites filled with other graphene-based nanofillers, such as reduced graphene
oxides [13], CNTS [27], and hydrogen exfoliated graphene [26].

The obtained electrical properties allowed us to realize highly sensitive piezoresistive
films suitable for the realization of strain sensors using a very low amount of GNPs. In fact,
the developed specimens present a consistent and reproducible response to the applied
deformation and they have outstanding sensing properties with respect to other sensors-
based on the use of PVDF nanocomposite films. For instance, the nanocomposite film
loaded at 1% wt of GNPs shows a relative resistance change AR/Rq around 40% at 1.5% of
the imposed flexural strain, whereas the PVDF/CNT composite with the addition of poly
methyl methacrylate recently presented in [27] is characterized by a AR/Rg at 5% strain
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of 18.6%. Furthermore, the relative resistance change recently detected using the polymer
functionalized graphene-based PVDF flexible sensor is around 3.5% at 0.35% of the applied
strain [26]. This is due to the stratification of GNPs, resulting in a conducting network
having looser connections or fewer contacts between adjacent fillers and therefore more
sensitive to an applied strain, as sketched in Figure 13c. Upon stretching (Figure 13d), the
polymer chains further align themselves, enhancing the electrical resistance change, and
giving rise to the exponential increase of AR/Ry with respect to the applied strain observed
in Figure 10a—c.

Therefore, the produced PVDF/GNP nanocomposite films are suitable for the real-
ization of strain sensors. Furthermore, their waterproofness and flexibility make them
particularly suitable for the realization of a wearable sensing device. As a demonstration,
two of the produced nanocomposite films are pasted on commercial hand gloves, realizing
that wearable sensorized gloves are able to detect proximal interphalangeal joint move-
ments of the index finger, as shown in Figure 12a,b. Specifically, a flexion movement of
the intermediate phalange with respect to the proximal one by an angle « as little as 5°
can be clearly detected by the realized wearable sensors. As a final remark, we note that
other smart gloves equipped with carbon-based flexible nanocomposite sensors, recently
presented in the literature, have not been tested for bending angles lower than 30° [5] and
most of them are characterized only for fully finger bend movements [25,36]. Similarly,
the response of smart gloves presented in the last years with strain sensors made of ionic
liquids [38] or employing metallic nanoparticles [37] has not been characterized for angles
lower than 20°.

5. Conclusions

In this work, new highly sensitive flexible strain sensors made of PVDF nanocomposite
films loaded with GNPs are developed. The nanocomposite films are produced through
an innovative production process with the scope of obtaining a perfect integration and
dispersion of the GNPs inside the polymer matrix, without the formation of agglomerations
or defects. Such characteristics are clearly revealed by the morphological analyses and
make the nanocomposite films suitable for the realization of highly sensitive flexible
strain sensors.

The produced nanocomposite films have a thickness in the 20-30 um range, they
are flexible, and are characterized by outstanding mechanical, electrical, and electrome-
chanical properties, as well as waterproofness. Their morphology is investigated through
scanning electron microscopy, the electrical and mechanical characteristics of the pro-
duced specimens are measured through standard test methods, and the piezoresistive
properties are assessed through the three-point bending test, under both stationary and
dynamic conditions.

The results show that the produced nanocomposite films are characterized by a con-
sistent and reproducible response to the applied deformation. In particular, it results that
the measured Gauge factor is nearly 30 and the relative resistance variation is greater than
40% at 1.5% of the applied strain for the 1% wt loaded PVDF /GNP nanocomposite film.

It is demonstrated that the developed sensors are characterized by a high and con-
sistent response due to the optimum integration of GNPs in the matrix, especially when
compared with other sensors-based on the use of PVDF nanocomposite films.

Hence, the produced specimens are cut and pasted on commercial gloves, realizing
that sensorized gloves are able to detect proximal interphalangeal joint movements of the
index finger. Specifically, a flexion movement of the intermediate phalange with respect
to the proximal one by an angle « as little as 5° can be clearly detected by the realized
wearable sensors.

As a final note, we also highlight the antibiofouling properties of PVDF, which make
it particularly suitable for the considered application with respect to other types of poly-
mers. Therefore, we can conclude that the developed sensors are particularly suitable to
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realize smart gloves for use in health care and for rehabilitation aid, but also for different
applications, such as support in sign language translation.
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