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1 | INTRODUCTION

Flexible and highly sensitive pressure sensors have
been widely studied for various applications in soft
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Abstract

Electrically conductive composites of thermoplastic polyurethane (TPU),
poly(vinylidene fluoride) (PVDF), and carbon black-polypyrrole (CB-PPy) were
prepared by melt compounding followed by compression molding or by filament
production followed by fused filament fabrication (FFF). The storage modulus (G')
and complex viscosity (17*) of the composites increased with the addition of CB-PPy
leading to a more rigid material. The electrical and rheological percolation thresh-
old of composites were 5 and 3 wt%, respectively. In fact, composites with 5 wt% or
more CB-PPy content display G’ higher than G” indicating a solid-like behavior.
Furthermore, the addition of CB-PPy increased the electrical conductivity of all
composites. However, the electrical conductivity values of composites containing
5 and 6 wt% of CB-PPy produced by compression molding are one and seven order
of magnitude higher than those of FFF composites with same composition. Com-
pression molded and 3D printed composites with 6 wt% of CB-PPy displayed high
sensitivity/gauge factor, large measurement range and reproducible piezoresistive
response during 100 loading-unloading cycles for both processing methods. The
results presented in this study demonstrated the potential use of FFF for producing
piezoresistive flexible sensors based on PVDF/TPU/CB-PPy composites.

KEYWORDS

compression molding, conductive polymeric composites, fused filament fabrication,
piezoresistive sensors, polymer blends, pressure sensors

robotics, wearable electronics, such as human-machine
interface and electronic skin, and prosthetics.l’2 One of
the most interesting type of pressure sensors are piezo-
resistive sensors, which are able to change their
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electrical resistivity in response to applied compressive
forces.>” Piezoresistive sensors are broadly studied for
pressure sensing due to their simple device structure,
broad range of detection, easy read-out mechanism,
low energy consumption, high linearity and easy
fabrication.>®

Piezoresistive pressure sensors based on conductive
polymeric composites (CPC) have been widely reported
for their good processability, low cost, fast and linear
response, and reproducibility.*”"® They are usually pre-
pared by the addition of electrically conductive fillers into
insulating polymeric matrices.>'° Combining characteris-
tics of insulating matrix and conductive filler is a great
advantage in the production of CPC to produce pressure
sensors due to its superior properties when compared to
the neat components.**

The response of piezoresistive pressure sensors under
cyclic loading conditions depends on the compressive or
tensile forces applied and the temperature.>*>>** In
fact, when in the undeformed state, the composite con-
sists of conductive particles dispersed in an insulating
polymeric matrix and its electrical conductivity is limited
by the low conductivity of the insulating matrix. The
application of a compressive force induces an elastic
deformation of the matrix, decreasing the distance
between the conductive particles of the filler until they
approach each other thus increasing the composite elec-
trical conductivity. However, when the compressive force
is released, the composite returns to its undeformed
shape and the initial electrical conductivity is
restored.>>® 13 Nevertheless, during the cyclic loading
the conductive network of the filler can be irreversibly
modified and hysteresis effects might be observed after
repeated loading-unloading cycles, which is also related
to the polymers viscoelasticity and interaction between
components of the mixture.>**'*

The main challenge in the development of sensors
based on CPCs is achieving good responses at minimum
filler concentration to maintain the mechanical proper-
ties and processability of the matrix.'* Some researchers
report the preparation of polymer blends to reduce the
percolation threshold due to the preferable localization of
the conductive filler in one phase or at the interface
between the phases of the blend.®**'5% In fact, the final
properties and sensitivity of sensors based on CPC rely
not only on the filler concentration and the intrinsic
properties of polymers and fillers (for instance, electrical
conductivity, thermal properties, degree of crystallinity,
miscibility, etc.), but also on the interaction between
them, the type of conductive network and the dispersion
and distribution of filler. The performance of the piezo-
resistive sensor can be quantified by the gauge factor and
the sensitivity of the sensor that are related to sensor

ability and accuracy in converting the external stimulus
into electrical signals associated to the piezoresistive
intrinsic effect and geometry factors.*™

Moreover, the processing method and testing parame-
ters play a significant role on the final properties of the
sensor.””*'? Although preparation methods such as solu-
tion casting, electrospinning, in situ polymerization are
used to produce materials with good sensing perfor-
mance, a facile fabrication method for industrial-scale
production is still a challenge.*'*? In this framework, a
promising technology for fabrication of flexible pressure
sensors is additive manufacturing (AM), also called 3D
printing, via fused filament fabrication (FFF), which
offers the advantages of low cost, versatility and large
scale production.”>*” Some studies show the advantages
of preparing electronic devices via FFF composed of
CPCs that are able to detect electrical conductive varia-
tions under flexure, strain and compressive forces.**-2%%°
Ahmed et al*® prepared polymeric composites of
poly(methyl methacrylate)/carbon nanotubes (PMMA/
CNT) by FFF for flexible electronic devices evaluating
the mechanical, thermal and electrical properties of the
composite. Leigh et al* studied the fabrication of capaci-
tive and piezoresistive sensors of polycaprolactone/
carbon black (PCL/CB) using the FFF technique. More-
over, Alsharari et al' investigated the electrical conduc-
tivity variation with the applied strain for polylactic acid/
thermoplastic polyurethane/graphene (PLA/TPU/GR)
composites. Combining the FFF technique with CPC is
an efficient way to fabricate materials with conductive,
structural and sensor functionalities.***>° Several studies
report the preparation of electromechanical sensors by
FFF technique,"'*?*?** however, only a few are used
as piezoresistive pressure sensor " and strain sensor.**?
Furthermore, only a few studies report on the use of poly-
meric blends to control properties and improve printabil-
ity of composite filaments for FFF.**3?

Our previous work focused on the development of
flexible and highly conductive filaments composed of
polymeric blends of poly(vinylidene fluoride) (PVDF)
and TPU in order to achieve the best relationship
between mechanical properties, electrical conductivity
and printability. Two polymeric blends composed of
PVDF/TPU were used as matrix to prepared compres-
sion molded and 3D printed composites comprising
carbon black-polypyrrole (CB-PPy) as conductive
filler. The results showed that the investigated PVDF/
TPU/CB-PPy composites can be potentially used for
technological applications that requires electrical
conductivity.**

In this context, the present study focuses on the use
of the previous developed materials as flexible pressure
sensors. Due to the good combination of flexibility,
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printability and electrical properties, the composites pre-
pared in the mentioned research comprising PVDF/TPU
50/50 wt% as matrix are further characterized in this
paper and their piezoresistive response are investigated
to evaluate its application as piezoresistive flexible pres-
sure sensors.

2 | EXPERIMENTAL

2.1 | Materials

The polymers used in this study were a PVDF, Amboflon
PVDF-24 from Ambofluor GmbH (Hamburg, Germany)
and a TPU, Desmopan DP 6064 A from Covestro Italia srl
(Milano, Italy). The conductive filler was carbon black
doped with 20 wt% of polypyrrole (CB-PPy) purchased
from Sigma Aldrich. Some properties of these materials
are reported in Table 1.

2.2 | Sample preparation
221 | Preparation of PVDF/TPU/CB-PPy
composites

The composites were based on a PVDF/TPU blend com-
posed of 50/50 wt% of each polymer. They were prepared
by melt compounding using a Thermo-Haake Polylab
Rheomix 600 internal mixer with an internal volume of
50 cm® equipped with counter-rotating rotors. All materials
were dried overnight at 60°C. PVDF and TPU were mixed
for 2 min at 180°C and a rotor speed of 50 rpm. Then, CB-
PPy was added in the mixing chamber in the compositions
shown in Table 2 and mixed for 13 more minutes.

2.2.2 | Compression molding

The mixtures described in Table 2 were compression
molded in a Carver Laboratory press (Carver, Inc. Wabash,

PROFESSIONALS  COMPOSITES

IN) at 180°C for 10 min under a pressure of 3.9 MPa to
obtain square plates of 12 mm?” with 2 mm thickness.

2.2.3 | Preparation of filaments

The composites containing 5 and 6 wt% of CB-PPy were
selected to be printed via FFF due to their good electrical
conductivity. After melt compounding the composites
were grinded and extruded in filaments with a final
diameter of 1.75 mm + 0.10 mm. A single screw extruder
Friul Filiere SpA, model Estru 13 was used for the fila-
ments production operating at 30 rpm with four tempera-
ture zones of 130, 170, 175 and 180°C (die).

2.2.4 | Fused filament fabrication

The filaments were printed by a Sethi S3 3D printer, via
FFF. As depicted in Figure 1, the samples were printed in
circular disks with a diameter of 15 mm and a thickness
of 2 mm, and the layers were deposited along horizontal
alternate direction (H45). The specimen was drawn using
AutoCAD and sliced using the open-source software
Slic3r. The printing parameters adopted for the FFF pro-
cess are summarized in Table 3.

TABLE 2 Composition of the investigated PVDF/TPU/CB-PPy
composites

PVDF/TPU wt % CB-PPy wt%

100 0

97 3

95 5

94 6

93 7

90 10

85 15

Abbreviations: CB-PPy, carbon black-polypyrrole; PVDF, poly(vinylidene
fluoride); TPU, thermoplastic polyurethane.

TABLE 1 Properties of PVDF, TPU and CB-PPy
Melting Glass transition Electrical
Material temperature Ty, (°C) temperature T, (°C) Density (gecm ) conductivity (Sem ™)
PVDF 165-175" —-39.2% 1.78* 10713
TPU 200-2207 —25% 1.09* 10713
CB-PPy - - 2.22° 3 x 101

Abbreviations: CB-PPy, carbon black-polypyrrole; PVDF, poly(vinylidene fluoride); TPU, thermoplastic polyurethane.

#Data from technical datasheet.
"Data from gas pycnometry measurement.
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FIGURE 1

TABLE 3 FFF printing parameters
Parameter Value
Nozzle temperature 230°C
Bed temperature 40°C
Nozzle diameter 0.4 mm
Nozzle speed 40 mm.s*
Layer height 0.2 mm
Number of layers 10
Raster angle +45°/—-45°
Infill type and density Rectangular 100%

Abbreviation: FFF, fused filament fabrication.

2.3 | Testing techniques

The rheology measurements were performed using a Dis-
covery DHR 1 rheometer from TA Instrument, Inc. in
oscillatory mode using parallel plates with diameter of
25 mm and a gap of 1.0 mm for sample with filler content
lower than 10% and 1.2 mm for samples with 10% of filler
content. The analysis was carried out at 180°C under
nitrogen atmosphere, in the frequency range from 0.1 to
100 Hz at a strain amplitude of 0.1% (linear viscoelastic
region).

Scanning electron microscopy (SEM) was carried out
to investigate the morphology of the compression molded
and 3D printed conductive composites and dispersion
and distribution of CB-PPy in the PVDF/TPU polymeric
matrix. The analysis was performed on the fracture sur-
faces of the samples at an acceleration voltage of 5.0 kV
using a Tescan VEGAS3 field emission scanning electron
microscope.

A two-probe standard method was used for measuring
the electrical conductivity of high resistive samples with
2 mm of thickness. The analysis was carried out on both
sides of the samples by a Keithley 6517A electrometer con-
nected to a Keithley 8009 resistivity test fixture. On the
other hand, an ASTM D4496-4 four-probe method was

= i

® ‘. 4

(A) Schematic representation of circular specimen and (B) a picture of 3D printed parts

performed for the high conductive samples using a DC
power supply by ISO-TECH IPS303DD as voltage source
and a pocket multimeter ISO-TECH IDM 67 to measure
the current flow. Three samples of 30 x 5 x 2 mm® were
measured on both side with internal electrode of 3.69 mm.

Dynamic mechanical thermal analysis (DMTA) was
performed to evaluate the storage modulus (E’) and loss
modulus (E”) and tan § as function of temperature. The
glass transition temperature (Ty) values were calculated
for the composites comprising various amount of CB-
PPy. The analysis was carried out from —80 to 100°C at
1 Hz and a heating rate of 3°C min ! under a maximum
dynamic strain of 50 microns using a Netzsch DMA
242 E (Netzsch, Germany) equipment under tensile
mode. Rectangular specimens of 10 x 5 x 2 mm were
tested.

The piezoresistive behavior was evaluated by simulta-
neously applying controlled loads and measuring the elec-
trical resistivity. Loading-unloading cycles were performed
with a MTS Acumen universal testing machine by MTS
Eden Prarie MN (Figure 2A) equipped with a load cell of
0.5 kN. Concurrently, the specimen resistance was mea-
sured by a Keithley 6517A electrometer (Figure 2B) using
an in-house developed software. First, the disks specimens
of 15 mm diameter were placed between two copper elec-
trodes (Figure 2C) and the assembly located inside an elec-
trically insulated chamber where three different maximum
loads of 100, 200 and 400 N corresponding to maximum
compressive pressures of 0.57, 1.14 and 2.28 MPa were
applied at a loading rate of 3.4 MPa.min ' to evaluate the
optimal electrical response. Due to the better responses, the
pressure of 2.28 MPa was selected to test the samples. The
tests were firstly performed applying 2.28 MPa of compres-
sive pressure at a rate of 3.4 MPa.min' and then the pres-
sure was released at the same rate during five loading-
unloading cycles. The samples that showed good response
and reproducibility of the results were further tested under
100 loading-unloading cycles under the same conditions.
The analysis was carried out for all compression molded
composites and 3D printed composites. The resistivity p
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FIGURE 2 Imagesof (A)
(A) MTS universal testing |
machine, (B) device composed of
two electrodes used to measure
the samples resistance and

(C) Keithley electrometer

(Qcm) of the samples was calculated according to
Equation (1):

nd?

P:RW (1)

where R is the electrical resistance (Q2), d is the diameter
(cm) and w is the thickness (cm) of the specimens.

3 | RESULTS AND DISCUSSION

3.1 | Rheological analysis

Rheology studies are useful to evaluate polymer systems
in order to understand the interactions between the com-
ponents of a polymeric blend, as well as the dispersion
and formation of a three dimensional network of the
filler in the matrix.'”'®3* In order to investigate the struc-
tural changes in the polymeric composites, rheological
analysis was carried out in the molten state for neat

912 INSPIRING Polymer 6625
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PVDF, neat TPU, PVDF/TPU 50/50 wt% and PVDF/
TPU/CB-PPy composites with various filler content. The
storage modulus (G’) curves as function of frequency for
neat PVDF, neat TPU and PVDF/TPU are displayed in
Figure 3A and the dependence of complex viscosity (7*)
with frequency in Figure 3B. The results show that TPU
has higher viscosity than PVDF, while the blend PVDF/
TPU presents an intermediate viscosity between the two
pure components. The same occurs for the storage
modulus. Figure 4 shows the storage and loss modulus
vs. frequency for the neat polymers and the blend PVDF/
TPU. For neat PVDF and TPU, ¢ is higher than the loss
modulus (G") at low frequencies describing a solid-like
behavior. However, G’ and G” curves are intercepted at a
specific frequency where G” becomes higher than G’ indi-
cating a liquid-like behavior. On the other hand, the
blend PVDF/TPU presents G’ > G’ in the low frequency
range, which indicates a good interaction between PVDF
and TPU.

Furthermore, the curves of storage modulus and
complex viscosity as a function of frequency for PVDF/
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FIGURE 4 Dependence of storage and loss modulus with
frequency as function of temperature for PVDF, neat TPU and
PVDF/TPU. PVDF, poly(vinylidene fluoride); TPU, thermoplastic
polyurethane

TPU/CB-PPy conductive composites are presented in
Figure 5A,B, respectively. In Figure 5A, it is possible to
observe that the storage modulus (G') significantly
increases as the CB-PPy concentration is increased. The
same behavior occurs with the complex viscosity (%),
Figure 5B, thus indicating that the addition of filler
reduces the mobility of the polymer chains and increases
the viscosity of the mixtures due to the formation of a 3D
network. The addition of high amount of filler (i.e., 5 and
10 wt%) leads to an abrupt drop in the complex viscosity
with increasing the frequency thus indicating a shear
thinning behavior characteristic of the pseudo-plastic
behavior.

Figure 6 compares the storage (G') and loss (G”)
modulus profiles of PVDF/TPU/CB-PPy composites and

more solid with the addition of conductive filler. More-
over, composites with conductive filler content lower
than 3 wt% present values of G” higher than G/, rep-
resenting a liquid-like behavior. On the other hand, for
composites with more than 5 wt% of conductive filler,
G’ is higher than G” thus indicating a solid-like behav-
ior due to the creation of a network structure in a
larger degree. The rheological percolation threshold
can be described by the classical percolation theory
according to a power law equation (Equation 2) at the
frequency of 10" Hz.

¢=(r-1,) @)

where G’ is the storage modulus, f the filler fraction, f
the filler fraction at the rheological percolation threshold
and ¢ a critical exponent. The rheological percolation
threshold of PVDF/TPU/CB-PPy composites was found
to be 3 wt% which represents the critical filler concentra-
tion that starts to create a tridimensional network that
progressively hinders the movement of the polymeric
chains resulting in a transition from liquid-like to solid-
like behavior.
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frequency for PVDF/TPU/CB-PPy conductive composites with
different amounts of filler. CB-PPy, carbon black-polypyrrole;
PVDF, poly(vinylidene fluoride); TPU, thermoplastic polyurethane

3.2 | Electrical conductivity

The electrical conductivity of compression molded sam-
ples was measured for PVDF/TPU composites with vari-
ous CB-PPy content from 0 to 15 wt% and the results are
shown in Table 5.

As expected, the results indicate that the electrical
conductivity of the composites increases with increasing
the conductive filler. According to our previously publi-
shed work,* the electrical percolation threshold of these
mixtures is 5 wt% of CB-PPy. This means that in the com-
posites with a CB-PPy content lower than 5 wt% the crea-
tion of a conductive path does not occur due to the low
amount of conductive filler leading to the mixtures with
electrical conductivity similar to the electrical conductivity
of the neat PVDF/TPU blend. On the other hand, when the

of filler to create a conductive network in the polymeric
matrix.

The electrical conductivity values of the 3D printed
parts are displayed in Table 6. It is possible to observe
that the 3D printed specimens present lower values of
electrical conductivity when compared to the compres-
sion molded samples with the same composition. The sig-
nificant difference between the electrical conductivity of
3D-printed and compression molded samples can be
attributed to the presence of voids in the 3D-printed
parts. This behavior was also reported in the litera-
ture. 338

3.3 | Microstructure

The microstructure of the cryogenically fractured sur-
faces of compression molded blend PVDF/TPU and com-
posite PVDF/TPU/CB-PPy with 10 wt% of conductive
filler PVDF/TPU/CB-PPy with 10% of conductive filler
was evaluated by SEM and the images are displayed in
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TABLE 4

Sample Viscosity at 10" Hz (Pa.s)
PVDF/TPU 700

PVDF/TPU 3% 1022

PVDF/TPU 5% 2647

PVDF/TPU 6% 4931

PVDF/TPU 10% 37,962

Summary of main rheological properties of PVDF/TPU and PVDF/TPU/CB-PPy composites with different filler content

G at10 ' Hz (Pa) G'" at 10 ' Hz (Pa)

2184 3816
4114 4927
12,556 10,910
25,979 16,886
226,762 73,971

Abbreviations: CB-PPy, carbon black-polypyrrole; PVDF, poly(vinylidene fluoride); TPU, thermoplastic polyurethane.

TABLE 5 Mean electrical conductivity values with standard
deviation for PVDF/TPU compression molded composites
containing 0 to 15 wt% of CB-PPy

PVDF/TPU/CB-PPy compression molded

CB-PPy (Wt%) 6 (Sem ™)

0 (1.60 + 0.03) x 101 33
3 (3.19 + 0.03) x 10~ *°

5 (7.95 + 4.82) x 107 3
6 (1.94 +1.04) x 10 ' 3
7 (6.44 + 0.64) x 10!

10 (5.90 + 0.52) x 10°

15 (3.23 + 0.17) x 10*

Abbreviations: CB-PPy, carbon black-polypyrrole; PVDF, poly(vinylidene
fluoride); TPU, thermoplastic polyurethane.

TABLE 6 Mean electrical conductivity values and standard
deviation for PVDF/TPU 3D printed composites comprising 0, 5
and 6 wt% of CB-PPy*

PVDF/TPU/CB-PPy 3D printed

CB-PPy (Wt%) 6 (Sem ™)

0 (5.90 + 0.30) x 102
5 (9.74 + 7.78) x 10~
6 (6.01 + 3.72) x 1078

Abbreviations: CB-PPy, carbon black-polypyrrole; PVDF, poly(vinylidene
fluoride); TPU, thermoplastic polyurethane.

Figure 7. The images (A) and (B) show the phase separa-
tion where the narrows indicate the PVDF phase. This
morphology was expected for immiscible polymer blends.
Furthermore, Figure 7C refers to the image of the com-
posite comprising 10 wt% of conductive filler where is
possible to observe some white points that corresponds to
the spherical morphology of the CB-PPy that is dispersed
in the PVDF/TPU matrix).

In addition, the cross-section of cryogenically frac-
tured 3D printed PVDF/TPU blends and of composites

with 5 and 6 wt% are reported in Figure 8. The specimens
are composed of 10 layers of 0.2 mm each deposited dur-
ing the FFF process. Moreover, the images show a good
adhesion between the layers. However, it is also possible
to observe the presence of defects and voids between and
within the layers that could explain the reduction in the
electrical conductivity of 3D printed samples compared
to the compression molded samples.

3.4 | Dynamic mechanical thermal
analysis

DMTA tests were performed for PVDF/CB-PPy and
TPU/CB-PPy composites containing 6% wt of conductive
filler and for the composites PVDF/TPU/CB-PPy with
3, 6 and 10 wt% of filler in order to investigate the influ-
ence of the composition on the viscoelastic parameters
(E' and tan 6) and the glass transition temperature (Tg)
values of the composites. The DMTA curves of storage
modulus and loss tangent (tan §) as a function of temper-
ature are reported in Figure 9.

Comparing the composites with same amount of
filler, it can be seen that those with a neat PVDF and neat
TPU matrix display the highest and the lowest storage
modulus, respectively. Thus, the addition of TPU in the
blend contribute to reach more flexible materials,
remarkably decreasing the storage modulus thus enhanc-
ing a desired mechanical response for flexible pressure
sensors. Moreover, when comparing PVDF/TPU/CB-PPy
with different filler percentages, it is possible to see that
the addition of the filler increases the storage modulus of
the mixtures, increasing the rigidity of the final materials.
Furthermore, the Ty values were measured from the peak
of the tan 6 curves and reported in Table 7. The T, value
for PVDF/CB-PPy with 6 wt% of CB-PPy is —38.4°C and
it is increased to —33.4°C with the addition of 50 wt% of
TPU. The composite comprising TPU/CB-PPy with same
amount of filler presents the lowest Ty among them with
a value of —32.3°C. In addition, when comparing the
PVDF/TPU/CB-PPy composites, the T, values decrease
as the filler content is increased. It is important to notice
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FIGURE 7 SEM images of
PVDF/TPU at (A) x1000 and
(B) x4000 of magnification
where the narrows point out the
PVDF phase. SEM images of
PVDF/TPU/CB-PPy 10 wt% at
(C) x1000 and (D) x20,000 of
magnification. CB-PPy, carbon
black-polypyrrole; PVDF,
poly(vinylidene fluoride); SEM,
scanning electron microscopy;
TPU, thermoplastic
polyurethane
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View field: 55.4 ym | Date(m/dly): 03/26/21

that although two T, values are expected for immiscible
polymer blends, only one is observed in PVDF/TPU com-
posites due to the narrow temperature range between the
T, of the two neat polymers.

3.5 | Piezoresistive behavior

The electromechanical analysis was firstly performed for
PVDF/TPU/CB-PPy composites comprising 3, 5, 6, 7,
10 and 15 wt% of conductive filler applying 2.28 MPa of
compressive pressure at a rate of 3.4 MPa.min ' and then
the pressure was released at the same rate during five
loading-unloading cycles. The samples composed of
PVDF/TPU and PVDF/TPU/CB-PPy 3 wt% did not mani-
fest a piezoresistive response due to the low amount of
filler content in the composite that was not enough to
increase the electrical conductivity during the application
of compressive stress. Composites with conductive filler
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content close to the electrical percolation threshold are
expected to have better electromechanical responses. The
curves of compression stress and relative electrical resis-
tance (R-Ry/R,) as function of time are shown in
Figure 10 for the composites containing 5 and 6 wt% of
CB-PPy prepared by compression molding and FFF. The
application of compressive stress has a significant effect
on the electrical resistivity of those composites. In fact,
AR/R, substantially decreases with increasing the com-
pressive stress indicating a certain sensitivity of the mate-
rials to the applied pressure in terms of piezoelectric
response. During the application of the compressive
stress, the distance between the conductive particles is
reduced in the polymer matrix leading to increase the
electrical conductivity of the material probably due to the
tunneling resistance mechanism. Furthermore, when the
compressive stress is released, the electrical resistivity of
the samples returns to its initial value. On the other
hand, the samples with the highest amounts of CB-PPy
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SEM images of 3D printed specimens of (A) PVDF/TPU, (B) PVDF/TPU/CB-PPy 5 wt% and (C) PVDF/TPU/CB-PPy 6 wt%
at x150 of magnification. CB-PPy, carbon black-polypyrrole; PVDF, poly(vinylidene fluoride); SEM, scanning electron microscopy; TPU,

thermoplastic polyurethane
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FIGURE 9 DMTA curves of
(A) storage modulus (E') and

(B) loss tangent (tan &) as
function of temperature for
PVDF/CB-PPy 6%, TPU/CB-PPy
6% and PVDF/TPU/CB-PPy
comprising various amounts of
filler. CB-PPy, carbon black-
polypyrrole; DMTA, dynamic
mechanical thermal analysis;
PVDF, poly(vinylidene fluoride);
TPU, thermoplastic
polyurethane
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(7, 10 and 15 wt%) already have a conductive network in
the PVDF/TPU matrix even before applying the compres-
sion stress and the stress application was not able to
cause a significant change in their electrical resistivity. It
is interesting to note that the piezoresistive response of
the 3D printed PVDF/TPU/CB-PPy samples comprising
5 and 6 wt% of CB-PPy was similar to the response of the
same materials prepared by compression molding,
Figure 10, where the relative electrical resistance of
the samples significantly decreases by increasing the
compressive stress due to the creation of electrically con-
ductive paths in the PVDF/TPU matrix. Also, the electri-
cal resistivity of the samples returns to its initial value
when the compressive stress is released.

The reproducibility of the piezoresistive responses
were evaluated under 100 loading-unloading cycles for
composites with 5 and 6 wt% of CB-PPy prepared by com-
pression molding and FFF. The composite comprising
5wt% of CB-PPy did not show reproducible responses

TABLE 7 Values of Ty for PVDF/CB-PPy 6 wt%, TPU/CB-PPy
6 wt% and PVDF/TPU/CB-PPy with different filler content

Sample T, (°C)
PVDF/TPU —29.4%
PVDF/CB-PPy 6% —38.4
PVDF/TPU/CB-PPy 3% —28.9
PVDF/TPU/CB-PPy 6% —33.4
PVDF/TPU/CB-PPy 10% —352
TPU/CB-PPy 6% —323

Abbreviations: CB-PPy, carbon black-polypyrrole; PVDF, poly(vinylidene
fluoride); TPU, thermoplastic polyurethane.

= PVDF/TPU /CB-PPy 5% CM
= PVDF/TPU/CB-PPy 6% CM
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during the 100 cycles and the piezoresistive response
diminished over the cycles. For the composites with 6 wt
% of CB-PPy, the curves of compression stress as a func-
tion of compressive strain and piezoresistive curves for
the cycles 1-10, 40-50 and 90-100 are displayed in
Figure 11A-F. The stress-strain curves (Figure 11A,B
illustrate the hysteresis of the samples with 6 wt% of CB-
PPy for 100 loading-unloading cycles. During the first
10 cycles, the hysteresis effect is very small, however,
when comparing to 40-50 cycles and 90-100 cycles some
variation of the hysteresis loops can be observed. This
behavior can be assigned to the occurrence of an irrevers-
ible phenomena, such as plastic deformation in the
PVDF/TPU polymeric matrix. Zheng et al claimed that
the main source of hysteresis in stretchable sensors are
the viscoelastic behavior of polymers and the interactions
between polymers and nanomaterials.®

The curves of relative electrical resistance (R-Ro/Ro)
as a function of compressive stress and time for different
cycles of composites prepared by compression molding
and FFF are displayed in Figure 11C-F. As shown in
Figure 11C,D, two regions corresponding the different
sensitivities are identified for samples prepared by com-
pression molding and FFF. The pressure sensitivity is
related to the ability of the sensor to convert the external
applied pressure into electrical signals. It can be calcu-
lated as the slope of the curves of relative electrical resis-
tance as a function of compressive stress.***' The first
region (from 0 to 0.5 MPa) shows sensitivity of 1.4 and
1.7 kPa~! for composites prepared by compression mold-
ing and FFF, respectively. On the other hand, in the sec-
ond region (from 0.5 to 2 MPa) for composites produced
by compression molding and FFF shows pressure

COMPOSITES

= PVDF/TPU /CB-PPy 5% 3DP
= PVDF/TPU/CB-PPy 6% 3DP
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e
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Piezoresistive response under five loading-unloading cycles for samples of PVDF/TPU/CB-PPy comprising 5 and 6 wt% of

conductive filler prepared by (A) compression molding and (B) FFF. CB-PPy, carbon black-polypyrrole; FFF, fused filament fabrication;

PVDF, poly(vinylidene fluoride); TPU, thermoplastic polyurethane
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FIGURE 11 Compressive stress-strain curves of samples prepared by (A) compression molding and (B) FFF. Relative electrical
resistance (R-Ro/Ry) versus compressive strain for samples with prepared by (C) compression molding and (D) FFF. Compressive stress and
relative electrical resistance (R-Ro/Ro) as a function of time for 90-100 cycles of samples prepared by (E) compression molding and (F) FFF.
The curves are related to the PVDF/TPU/CB-PPy composites with 6 wt% of conductive filler. CB-PPy, carbon black-polypyrrole; FFF, fused
filament fabrication; PVDF, poly(vinylidene fluoride); TPU, thermoplastic polyurethane

sensitivity values of 0.05 and 0.04 kPa™!, respectively.
The performance of the piezoresistive pressure sensors
was also determined by the gauge factor (GF). The GF
evaluates the response of the material in relation to its
deformation and can be calculated by the slope of the

curves of relative electrical resistance as a function of
strain.*¢#10-2639°43 The GF of composites prepared by
compression molding and FFF were 12.8 and 18.5,
respectively. The sensitivity and gauge factor values cal-
culated for composites with 6 wt% of CB-PPy prepared by
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both manufacturing methods are comparable to many
other piezoresistive sensors.*™** It is important to
highlighted that during the first 10 loading-unloading
cycles the samples exhibit a reproducible piezoresistive
response that are not significantly affected by increasing the
cycles number indicating a reversible organization of the
conductive path created by the conductive filler. However,
those responses present a small change in their behavior for
the 90 to 100 cycles, as shown in Figure 11E,F, due to the
presence of some degree of plastic deformation of the
matrix. Overall, the flexible composites prepared by com-
pressing molding and FFF show high sensitivity and gauge
factor, large pressure range and stable behavior indicating
that FFF is also a promising fabrication method for flexible
composites with good piezoresistive responses.

4 | CONCLUSIONS
Piezoresistive flexible pressure sensors based on PVDF/
TPU filled with carbon black-polypyrrole were fabricated
via compression molding and FFF. According to the rhe-
ological analysis, the addition of CB-PPy increases the
storage modulus (G') and the complex viscosity (7*) of
the composites increasing the rigidity of the material due
to the formation of a 3D network. The DMTA analysis
confirmed this fact since the addition of the filler
increases the storage modulus of the mixtures. The rheo-
logical percolation threshold of composites was 3 wt%,
which means composites with 5 or more wt% of conduc-
tive filler display G’ higher than G” indicating a solid-like
behavior and suggesting that the addition of higher
amount of filler could compromise the processability of
the composites. Moreover, the electrical conductivity of
all composites increased with the increasing of filler con-
tent and the electrical percolation threshold of compos-
ites was 5wt%. In addition, compression molded
composites presented higher electrical conductivity than
3D printed specimens with same composition due to the
presence of voids and defects and the presence of over-
lapping layers in the 3D parts that can hinder the flow of
electrons.

Compression molded and 3D printed samples with
5 and 6 wt% of CB-PPy displayed good piezoresistive
response. In fact, composites with conductive filler con-
tent close to the electrical percolation threshold are
expected to have better electromechanical responses.
However, only the composites with 6 wt% of CB-PPy
showed high sensitivity and gauge factor values, large
pressure range and reproducible piezoresistive responses
under 100 cycles. Overall, the results indicate that the
fabrication of piezoresistive flexible sensors based on
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PVDF/TPU/CB-PPy composites by FFF is as promising
as its fabrication by compression molding.
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NOMENCLATURE

AM additive manufacturing

CB carbon black

CNT carbon nanotubes

CPC conductive polymeric composites
DMTA dynamic mechanical thermal analysis
E storage modulus

E' loss modulus

FFF fused filament fabrication

G storage modulus

G" loss modulus

GR graphene

n* complex viscosity

PCL polycaprolactone

PLA polylactic acid

PMMA poly(methyl methacrylate)

PPy polypyrrole

PVDF  poly(vinylidene fluoride)

SEM scanning electron microscopy

Tan 6 loss tangent

Ty glass transition temperature

T melting temperature

TPU thermoplastic polyurethane
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