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Abstract: Poly(vinylidene fluoride-trifluoroethylene-chlorofluoroethylene), P(VDF-
TrFE-CFE), samples were prepared by solvent casting by varying polymer concentration
and solvent evaporation temperature. Different sample morphologies were obtained
depending on the processing conditions, as well as different physical-chemical properties
such as degree of crystallinity, mechanical and dielectric properties. On the other hand,
the electroactive p-phase content and the degradation temperature of the P(VDF-TrFE-
CFE) samples are independent of the processing conditions. At 1 kHz, the highest
dielectric constant, €” = 40, was obtained for the samples prepared with 15 wt.% polymer
concentration in solutions and processing conditions based on solvent evaporation and
polymer melting at 210 °C. Taking into account the high dielectric response, pressure and
bending capacitive sensors were developed with excellent response and high sensibility
(0.03 kPal). The developed materials were evaluated for bending and force detection
applications. Thus, it is concluded that the developed P(VDF-TrFE-CFE) films are
suitable for a new generation of multifunctional materials for capacitive sensing

applications, including both force and deformation sensors and touchpads.



1. Introduction

In recent years, smart and multifunctional materials are becoming the base of rapid
developments in areas such as sensors and actuators, energy storage and harvesting,
wearable electronic devices, and biomedical systems, among others [1-4]. In particular,
smart materials are characterized by a controllable, specific and reproducible response to
specific stimuli, such as electric and magnetic fields, temperature or pressure [5], being
an essential component of the Internet-of-Things [6] and Industry 4.0 paradigms [7].

In particular, piezoelectric smart materials are among the most implemented in sensing
applications taking into account their transduction capabilities [8, 9].

Piezoelectric materials convert a mechanical input (applied force) into an electrical output
(voltage development) and vice-verse, piezoelectric polymers stand out, when compared
to piezoelectric ceramics or single crystals, in terms of flexibility, controllable physical
and chemical properties, processability in large areas and a variety of shapes [10] through
different processing techniques [11, 12], including solvent based ones or from the melt
[13].

Electroactive properties of polymers, including electromechanical coupling, dielectric
constant or piezoelectric coefficients, are typically lower than in ceramic materials, but
more suitable for a large number of applications such as electronic devices, robots,
electronic skin, biomedicine, flexible and conformable sensors, among others [14].
Piezoelectric polymers include amorphous and semicrystalline ones, the most
investigated and used being poly(vinylidene fluoride), PVDF, due to its high dielectric
constant and piezoelectric coefficient compared to other piezoelectric polymers [15, 16].
PVDF is a semi-crystalline polymer that can crystallize in different phases, o, B, v, 6, €
that can be obtained depending on the processing conditions, including processing

temperature and time or the application or pressure or electric field, among others [17-



19]. In addition, it can be processed by a variety of techniques, including solvent casting
[20], electrospinning [21], extrusion [22] or additive manufacturing techniques, such as
printing [23].

Typically, their critical temperatures are -34 °C and 160 °C, for the glass transition and
the melting temperature, respectively, the melting temperature depending on the
crystalline phase. Further, the degree of crystallinity varies between 40% to 60% [18]. Its
electroactive properties (piezo-, pyro- and ferroelectric) depend on the crystal structure
and piezo- and pyroelectric responses are optimized by a poling process used to induce a
preferential orientation of the electric dipoles resulting from the difference in the
electronegativity between the atoms of carbon and fluorine. The piezoelectric coefficient
dsz of PVDF in the B-phase ranges from -18 to -34 pC/N, depending on the molecular
weight, degree of crystallinity and microstructure [24, 25]. In relation to the dielectric
constant, its value is 6 and 9, for o and 3-phase, respectively, at 25 °C and 1 kHz [26, 27].
The B-phase of PVDF can be obtained under specific processing conditions such as
solvent casting at temperatures below 30 ° C, by the inclusion of specific fillers such as
clays, BaTiOg, ferrites or titanium dioxide, or by high electric field, high temperature and
high pressure processing [10, 19]. Further, copolymers, such as poly(vinylidene fluoride—
trifluoroethylene), P(VDF-TrFE), have been also developed in order to be able to obtain
the polymer in the electroactive phase, independently of the processing conditions [28,
29]. In addition, this copolymer presents the ferro-paraelectric transition (Curie
Temperature, Tc) below its melting temperature, Tm [30].

PVDF terpolymers have been also developed, including poly(vinylidene fluoride-
trifluoroethylene-chlorofluoroethylene),  P(VDF-TrFE-CFE), in  which  the
chlorofluoroethylene (CFE) monomer is introduced in P(VDF-TrFE) in order to tune

ferroelectricity, improve dielectric constant to values that can reach &= 46, which



depends on the terpolymer ratio [31] and induce low voltage operation [32]. This
terpolymer displays relaxor ferroelectric behavior with a high energy density (0.7 J/cm?
at 150 MV/m) [33], low remnant polarization and breakdown, high thermal stability [34]
and glass transition temperature below -20 °C [35]. It also presents a distinct
electrocaloric behavior [36].

This terpolymer has been implemented in thin-film nonvolatile memories [37], nano-
imprinting lithography for polymeric microelectromechanical system (MEMS) devices
[38], and in polymer blends based on poly(vinylidene fluoride-co-hexafluoropropylene),
P(VDF-HFP) —another copolymer of PVDF- for energy storage devices [31], as well as
in composites with graphene for improving electromechanical response [39].

Taking into consideration the high dielectric constant of this terpolymer in relation to
PVDF and its copolymers, its application potential and the scarce literature on the
development of P(VDF-TrFE-CFE) films under varying processing conditions to tune
their physical-chemical properties, the goal of this work is a systematic study of the
processing of P(VDF-TrFE-CFE) by solvent casting, by varying polymer concentration
in solution and solvent evaporation temperature. Capacitive pressure and bending sensors

have been also developed based on the large dielectric constant of the material.



2. Experimental section
2.1. Materials

Poly(vinylidene fluoride-trifluoroethylene-chlorofluoroethylene), P(VDF-TrFE-CFE),
(Piezotech® RT-FS; Mw = 500 kg/mol; 62.5/29/8.5 mol.% of VDF, TrFE and CFE,
respectively) was provided by Piezotech. N,N-dimethylformamide (DMF, 99.5%) was

supplied by Merck. The materials were used as provided.

2.2. Sample Preparation
Two different polymer concentrations in solution were used, 10 wt.% and 15 wt.%, based
on the viscosity of the solutions. Above 15 wt.%, the solution presents a high viscosity of
0.5 Pa.s, whereas below 10 wt.%, the solution is very fluid, not allowing the formation of
a consistent films under the selected processing conditions. The samples were prepared
by dissolving the polymer powder in DMF under magnetic stirring for 2 hours. After
complete polymer dissolution, the solution was spread on a glass substrate by doctor blade
with a 50 um spacer. Finally, the solvent was evaporated in an oven (JP selecta) at three
different evaporation temperatures. At 210 °C for 10 minutes, implying also polymer
melting; at 90 °C for 2 hours and at 25 °C for 15 days. The times were selected to allow
complete solvent removal from the sample. The produced films are identified as x vy,
where X and y represent the polymer concentration in the solution and temperature,

respectively.

2.3. Sample characterization
Scanning electron microscopy SEM (SEM, Quanta 650, from FEI) was used to evaluate
the surface morphology of the samples, previously coated with a thin gold layer by

magnetron sputtering (Polaron SC502 apparatus). Fourier transformed infrared



spectroscopy (FTIR) was performed in a Jasco FT/IR-6100 set up in the range from 4000
to 600 cm ™! using 64 scans with a resolution of 4 cm™. The B-phase (F(B)) content of the

samples was calculated using equation 1 and the method presented in [19]:

Ag
F(B) = KB (1)
(K_Q)A(x + AB

where it is assumed that the polymer crystallizes just in the o or B phases, which
absorbances (A) correspond to the ones at 766 and 840 cm™?, respectively, and K, and Kp

are the absorption coefficients, 6.1 x 10% and 7.7 x 10* cm? mol %, respectively.

Thermal evaluation was carried out by thermogravimetric analysis (TGA) and
Differential scanning calorimetry (DSC). The TGA analysis was performed in a 851e
Metter Toledo equipment between 25 °C and 800 °C, at 10 °C/min under nitrogen
atmosphere. DSC analysis was achieved in a Mettler Toledo DSC822e equipment in the
temperature range from 25 °C to 200 °C at 10 °C.min"?, under nitrogen atmosphere. The

degree of crystallinity (yc) of the samples was calculated using equation 2 [19]:

AH

e = NAH, + yBrty @

where AH is the melting enthalpy of the measured sample and AH, and AHg are the
melting enthalpies of the a (93.07 Jg1) and B phase (103.4 Jg 1) of PVDF [40],
respectively. The amount of each phase (o and ) is represented by x and y, respectively,
which is obtained from the FTIR results. It is to notice that data from pristine PVDF are
used for the evaluation of the terpolymer, based on PVDF being the larger part of it and
assuming the terpolymer components do not lead to important modifications in the
absorption bands and the melting enthalpy, used for the evaluation of the phase content

and degree of crystallinity, respectively.



The mechanical properties of the samples were evaluated at room temperature under
tensile stress at a constant deformation of 50 pm s with a Linkam Scientific Instruments

TST 360 with a load cell of 20 N.

Dielectric measurements were performed using a Quadtech 1920 LCR precision meter.
The capacity (C) and the dielectric losses (tan ) were obtained at room temperature in
the frequency range from 20 Hz to 1 MHz with an applied voltage of 0.5 V. Circular
aluminum electrodes of 5 mm diameter were vacuum evaporated onto both sides of each
sample with a Polaron SC502 apparatus. The real part of the dielectric function (&) was
calculated from the data of the measured capacity and the geometrical parameters of the
sample, taking into account the parallel plate capacitor geometry. The thickness of the
samples was 20 + 5 um and the error associated to the dielectric measurements is ~2%.
The real part of the a.c. electrical conductivity of the dielectric material was calculated
from the dielectric measurements after equation 3:

o' (w) = gowe’ (w) (3)

where g0 is the permittivity of free space, w = 2nf is the angular frequency and £"(w) =

g tan & is the frequency dependent imaginary part of the dielectric permittivity [41].

2.4. Implementation of the capacitive sensor
The prepared samples were tested as capacity pressure and bending sensors. Unlike some
approaches in which pressure is estimated by the variation of the area of contact [42, 43],
the developed prototype measures the pressure based on the geometrical deformation of
the dielectric, which brings the electrodes closer to each other [44]. Therefore, it can be
applied as proportional buttons in game controller, scales, dimmable buttons, or bending

Sensors, among others.



2.4.1. Sensor fabrication

The sensor was built on a polyester (PET) substrate (MELINEX® 506, Dupont, 100 um
of thickness), as shown in Figure 1. The bottom circular electrodes, with 20 mm of
diameter, were first screen printed on PET film using silver ink (Novacentrix Metalon®
HPS-021LV). The screen is characterized by a mesh size of 264 x 264 threads per square
inch, with gaps of 55 um and a mesh tension of 20 N. The printed electrodes were cured
in an oven (JP Selecta 2005165) for 60 minutes at 80 °C. Then, a 15wt.%
P(VDF-TrFE-CFE) solution in DMF was spread on a glass substrate and placed in an
oven (JP Selecta 2005165) at 210 °C for 10 minutes for solvent evaporation and polymer
melting. After solvent evaporation, all samples are cooled down to room temperature.
The resulting P(VDF-TrFE-CFE) films were peeled off from the glass and placed on the
PET substrate over the printed electrode and adhered to it by hot pressing (VERSAPRESS
FC480) at 100 °C for 15min. Then, another silver ink layer was printed by screen printing
technique to form the top electrode, and the whole sample was placed in the oven at 80°C
for 60 minutes for curing and sintering the top electrode and to improve the adhesion
strength between P(VDF-TrFE-CFE) and the PET substrate. The thickness of the whole
sensor was 127 pum: 100 um for the PET film, 20 um for the P(VDF-TrFE-CFE) film and
7 um for the silver electrodes. The active circular sensor layer had a 20 mm of diameter,

determined by the electrodes.
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Figure 1 — a) Schematic representation of the capacitive sensor layers and the
corresponding processing techniques and conditions. Deformation of the sensor in the

pressure (b) and bending (c) modes

For the bending sensors, the top electrode was covered by a piece of adhesive tape to
protect it from oxidation, whereas for the pressure sensor a polydimethylsiloxane
(PDMS), SYLGARD 184 kit from DOW, cover was placed, after being prepared by
molding technique using a 3D-printed PLA mold produced by Fused Filament
Fabrication (FFF) (Sigma D25, BCN3D Technologies). This elastic cap (Figure 1) gives
the user the sensation of pressing an ordinary button, as well as to provide better
distribution of forces on the dielectric. Further, the characteristics of PDMS allows simple
adhesion to the surface of the sensor, covering the top electrode and preventing it from
oxidation. The terminals of the sensor are composed by two traces of silver ink with 20
mm in length, printed along with the electrodes. Then, a z-axis conductive tape (3M 9703)

was used to connect the terminals to a 1 mm-pitch flexible flat cable (FFC).
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2.4.2. Principle of operation of the capacitive sensor, electric circuit and data
acquisition

The operation of the sensor is based on the variation of the capacitance. When the sensor

is pressed or bent, the thickness of the dielectric varies, as represented in Figure 1b) and

c), leading to a variation of the overall capacitance, according to:

A
= 4
C=— (4)

where C (in F) is the capacitance, & is the relative permittivity of the dielectric material,

g0 is the absolute permittivity of vacuum (8.854 x 10712 F/m), A the area of the electrodes
and d the thickness of the dielectric layer. Further, the capacity might also vary due to the
change of the overlapping area, particularly in the bending mode, as represented
schematically in Figure 1c). Nevertheless, for the deformations under consideration, the
contribution of this variation can be neglected.

The instrumentation circuit to read the capacitive sensor consists on a resistor in series

with the sensor, as represented in Figure 2a).
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Figure 2 — a) Schematic representation of the readout circuit of the capacity sensor and

b) flowchart of the data acquisition algorithm.
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The used microcontroller, uC, was a Microchip ATMEGAS328P running at 12 MHz,
connected to a Bluetooth 4.0 (BLE) module (HC-06) via a Universal Asynchronous
Receiver/Transmitter (UART) interface. Both the uC and the BLE module were powered
at 5V, but since the transmitting BLE module communication pins supported justa 3.3 V
level, a voltage divider was incorporated between the transmitter pin of the
microcontroller (TX) and the receiver pin of the BLE module (RXD). The opposite was
not a problem because the pC is tolerant to the 3.3V logic level, and therefore the
transmitter of the BLE module (TXD) was connected directly to the receiver pin of the
HC (RX). The communication baud rate was 9600 bps. The data sent via the BLE module
were then received by a smartphone where an application developed in Qt 5 displays the
plot of the sensor response.

During operation (Figure 2b), the microcontroller (uC) measures the time that the sensor
capacitor takes to charge. A high value resistor (1 MQ) sets limits to the amount of current
that flows into the capacitor. Initially (Figure 2b), the pin PD2 of the pC is connected to
ground level (GND) to fully discharge the sensor. Then, the PD2 pin goes into high
impedance input and the PD7 pin is set to 5 V. When the voltage in the sensor reaches a
value that the PD2 pin interprets as logic level high, the uC measures the elapsed time
since the beginning of the charging of the capacitor. To calculate the time, a counter in
polling mode is used, and the returned value, in arbitrary units, changes with the speed of
the uC, being then converted to capacity in F. In the developed application, data were
summed at each 50 events to reduce noise. The full logic of operation is shown in the

flowchart of Figure 2b).
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3. Results and discussion

3.1. Morphology of the samples

The morphology of the P(VDF-TrFE-CFE) films produced with different polymer
concentrations in solution, 10 wt.% and 15 wt, and different processing temperatures,
from 25 °C to 210 °C, is shown in the representative SEM images of Figure 3a to d. For
a polymer solution concentration of 15wt.%, the morphology changes from porous to
dense morphology without cracks and defects and with fibrillar texture when the
processing temperature increases from 25 °C to 210 °C. Whereas at temperatures below
the melting temperature of the polymer a polymer-solvent phase separation occurs before
polymer crystallization, the polymer crystallizing before complete solvent evaporation
around the solvent rich regions. Thus, as polymer crystallizes and solvent completely
evaporates in this phase separation state, the reduced mobility of polymer chains prevents
the polymer to occupy the space left by the solvent during evaporation, leading to the
porous structure observed in Figure 3a) [45]. In addition, for a polymer solution
concentration of 15wt.% and 90°C (Figure 3Db), the polymer presents a more dense
morphology with some voids, indicating that phase separation does not occur completely
as verified for 25 °C as can be also observed in the insert of Figure 3c). Crystallization
started in a single phase state and phase separation occurs when small amounts of solvent
remain in the sample [46].

At a processing temperature of 210 °C, on the other hand, solvent evaporation occurs right
before polymer melting, the polymer crystallizing from the melt as a compact structure
(Figure 3c), d)) [47], independently of the initial polymer concentration in solution. This
dense morphology with randomly distributed fibrillar texture has been already reported
for this polymer when processed from the melt [48]. In fact, it has been demonstrated that
these fibrillar textures are related to the crystallites size, high fibrillar textures resulting

from high aggregates of crystalline regions and amorphous areas [49].
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Figure 3 — Representative SEM images of a) 15 wt.%-25 °C sample, b) 15 wt.%-90 °C

sample, ¢) 15 wt.%-210 °C sample and d) 10 wt.%-210 °C sample.

For high temperature processing, T = 210 °C, decreasing initial polymer concentration in
solution from 15 wt.% (Figure 3c) to 10 wt.% (Figure 3d), increases the fibrillar texture
contrast, as low polymer concentrations leads to a slow quenching process and,

consequently, increases the number and size of the fibrillar textures.
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3.2. Polymer phase, thermal and mechanical properties

The identification and quantification of the crystalline phase of the P(VDF-TrFE-CFE)
samples prepared from different polymer concentration in solution and processing
temperature was carried out by Fourier transform infrared spectroscopy (FTIR) as
presented in Figure 4a). The crystallization in the a- or B-phases of PVDF depend on the
processing conditions and, regardless of the initial polymer concentration and the solvent
evaporation temperature up to 80 °C, the nucleation of the B-phase is promoted due to
significant chain entanglements leading to an oriented packing of CH>—CF> dipoles [45].
For solvent evaporation temperatures above 120°C but below polymer melting, the
increase in chain mobility leads to a PVDF crystallization predominantly in a-phase trans-
gauche chain conformations due to the non-orientation of the dipolar moments associated
with the CF2 bonds [50]. When PVDF is processed from the melt, it crystallizes in the
non-polar a-phase [10].

In the case of P(VDF-TrFE) co-polymer, it crystallizes in the B-phase, independently of
the solvent evaporation temperature or by processing from the melt, for specific
VDF/TrFE ratios [51], the further inclusion of CTFE units into the copolymer backbone
contributing to the destabilization of the polar phase, promoting the formation of the a-
phase [52].

Regardless of the initial polymer concentration in solution and processing temperature,
Figure 4a) shows the typical bands of the P(VDF-TrFE-CFE) polymer at 841 and 1284
cm?, identifying the ferroelectric B-phase of the polymer [31]. Further, figure 4a) also
shows the characteristic band at 1400 cm™, related to CH,, CF. rocking and CF

antisymmetric stretching vibration bands [31].
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The B-phase content in the samples was quantified after equation 1 and the corresponding
values are summarized in Table 1, the electroactive crystalline phase content being ~ 83%
for all P(VDF-TrFE-CFE) samples, independently of the initial polymer concentration in
solution and processing temperature.

Therefore, the P(VDF-TrFE-CFE) samples show higher B-phase content compared to the
pristine PVDF polymer processed at temperatures above 90 °C [35, 53], allowing
processing in the electroactive phase from solution or melt, as well as compact
morphologies suitable for sensors and actuator applications.

Figure 4b) shows the DSC heating thermograms of the different P(VDF-TrFE-CFE)
samples. It is observed that, independently of polymer concentration and processing
temperature above 90 °C, an endothermic peak is observed around ~130 °C that
correspond to the melting temperature (Tm) of the paraelectric crystalline phase [34].

On the other hand, for the samples prepared at solvent evaporation temperatures of 25 °C,
figure 4b shows two endothermic peaks at 25 °C and 120 °C that correspond to the
ferroelectric-paraelectric phase transition and the melting temperature, respectively.
Crystallization above 50 °C produces thinner lamellar crystals of the paraelectric phase
in the P(VDF-TrFE-CFE) terpolymer, leading to lower melting temperatures [34]. In fact,
it has been reported that the addition of the CFE monomer to P(VDF-TrFE) reduces the
crystallite sizes and consequently the critical temperatures (Tc and Tm) [35]. Further, the
ferroelectric phase transition is not observed in the temperatures processed at
temperatures above 50 °C due to the presence of the ferroelectric crystals as a metastable
phase within the crystalline regions of P(VDF-TrFE-CFE), well developed ferroelectric
terpolymer crystals being obtained from solution at low temperature rather than from the
melt state (Figure 4b). This fact is also verified through annealing treatments, leading to

the formation of well-developed FE crystals and, therefore, of the phase transition [35].
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Figure 4 — a) FTIR spectra, b) DSC thermograms, ¢) TGA curves and d) stress-strain

mechanical measurements for the samples prepared under different processing

conditions. The inset of figure d) shows the detail of the stress-strain mechanical

measurements up to the yielding strain.

The quantification of the degree of crystallinity of the samples was carried out by

applying equation 2 to the melting thermograms and the obtained values are summarized

in table 1. The degree of crystallinity is around ~12% excepting for the sample prepared
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form a polymer concentration of 15 wt.% and solvent evaporation temperature of 90 °C,
which is slightly higher (17%). This value is slightly lower than that observed in the
literature (Ay = 25%) since this sample has different CFE content [54] and also for the
PVDF-TrFE polymer (Ay = 26-32%) [51] in which the addition of the CFE monomer

decreases the degree of crystallinity.

Table 1 - Electroactive B-phase content, degree of crystallinity, Young modulus and yield

strength of the samples prepared under different processing conditions.

Sample B-phase / £ 2% Ay /x2% E’ /£ 40 MPa | Yield Strength / + 0.5MPa
15%-210°C 83 12 423 2.75

15%-90°C 84 17 807 2.56
10%-210°C 82 13 780 251
15%-RT 86 12 -—--

The thermal degradation of P(VDF-TrFE-CFE) samples, as evaluated from the TGA
thermograms presented in Figure 4c), shows that, regardless of processing conditions, a
single degradation step is observed around ~ 466 °C, similar to that observed for the
PVDF polymer [55] and P(VDF-TrFE) co-polymer [51]. The degradation temperature is
attributed to the scission of carbon — hydrogen (C-H) bonds, followed by the release of
HF molecules, leading to the formation of carbon-carbon double bonds [56].

The mechanical properties (Figure 4d) were just evaluated in the films with dense
morphology, as in the porous samples the mechanical properties are determined by the
pore size and distribution and not by the polymer itself [57]. All films show the
mechanical behavior typical of a thermoplastic polymer, characterized by two main
regions: the elastic and plastic regions, separated by the yielding stress/strain [48]. The

Young modulus was determined at 3% of elongation in the elastic region by the tangent
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log,, &'

method and its value for the different samples is presented in table 1, together with the
yield strength.

Table 1 shows that the mechanical behavior of the P(VDF-TrFE-CFE) films is dependent
on the initial polymer concentration in solution and the processing temperature, the
sample with higher Young modulus being the one prepared from a 10 wt.% polymer
solution and with the solvent evaporated at 90 °C, which is the sample with a higher
degree of crystallinity [39]. In relation to the samples processed by melting at 210 °C,
Table 1 shows that the Young modulus decreases with decreasing initial polymer

concentration due to differences observed in the morphologies as shown in Figure 1.

3.3. Electrical properties
The evaluation of the dielectric behavior is essential for capacitive sensing applications.
The dielectric behavior has been determined just for the dense film samples, as for the
porous sample the dielectric response will be strongly influenced by the free porous space.
Figure 5 a) shows the room temperature variation of the dielectric constant, ¢’, for the

different P(VDF-TrFE-CFE) films as a function of frequency.
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Figure 5 - a) Dielectric constant, b) tangent delta and c) a.c. electrical conductivity of the

samples as a function of frequency. d) Dielectric constant of the different samples at a

frequency of 1 kHz and comparison with the PVDF polymer [26] and PVDF-TrFE

copolymer [51].

Figure 5a) shows that the dielectric constant decreases with increasing frequency for all

samples, showing that just one relaxation dominates the terpolymer in this frequency and

temperature range [53]. Furthermore, regardless of the processing conditions, figure 5d)

shows a high dielectric constant of P(VDF-TrFE-CFE) in relation to PVDF polymer [26]

and P(VDF-TrFE) copolymer [51] due to its relaxor ferroelectric characteristics in which

the inclusion of CFE monomer to the VDF-TrFE chains interrupts the long-chain polar-

conformation and leads to a rapid change in molecular conformation between a dipolar

glass state and randomly interacting polar microregions [53, 58]. The observed variations

in the dielectric constant among the differently processed samples, as represented in the

in figure 5d) at 1 kHz, is related to the previously described differences in microstructural

features and degree of crystallinity of the films [46]. In relation to tan & (figure 5 b)), it

increases with increasing frequency and is related to the movement of crystalline-

amorphous interphase chain segments [59].
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The increase of the dielectric losses with increasing frequency, similar for all processed
samples, also leads to a corresponding increase of the a.c. electrical conductivity, showing
that the losses are related to dipolar and/or confined ionic local movements within the
amorphous chain segments (Figure 5c). Finally, the dielectric constant at 1 kHz is
presented for the different samples in figure 5d), together with the ones of PVDF polymer
and PVDF-TrFE copolymer, showing the advantages of the terpolymer for applications

where high dielectric constant is a relevant parameter.

3.4. Capacitive sensor evaluation
Taking into account the high dielectric constant of the P(VDF-TrFE-CFE) films prepared
from an initial polymer concentration in solution of 15 wt.% and processed at 210 °C, this
sample was used for the development of the sensing elements.
The sensors and the electronic circuit were tested during manual user operation in
pressure and bending sensing modes, as presented in Figure 6.
Representative sample sensing response data are plotted in Figure 6¢c-d for pressure

(figure 6¢) and bending modes (figure 6d).
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Figure 6 - Demonstration of the pressure button (a) and bending (b) sensor response. The
inset in a) shows a pressure sensor matrix developed following the same processing steps.
Data acquired from the sensors during manual user operation: (c) pressure, (d) bending
sensors.  Capacitive pressure sensor response: (e) sensitivity and linearity; (f)

repeatability over 50 cycles.

Figure 6¢) shows the capacitance variation of the pressure sensor when the user applies a
gentle vertical compressive force is applied by finger touch. The working mechanism of
the pressure sensor relies in the deformation of the dielectric layers when the material is

compressed and, consequently, the capacitance increases. The same mechanism applies
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for the bending sensor presented in figure 6d). The response of the sensors (figure 6) does
not show clamping effects or degradation over time, as well as adequate mechanical
stability.

The data in figure 6 shows that the registered base capacitance of the sensors at rest is
about 60 pF, but as predicted, the capacitance change of the pressure sensors is much
higher, reaching a peak up to 300 pF under compression and about 110 pF under bending.
A small delay is observed in the recovering time, especially in the pressure sensor, after
a high peak of pressure. The same was not evident under bending, being attributed to the
viscoelastic characteristics of the different layers and to the adhesion of the
P(VDF-TrFE-CFE) film to the PET substrate.

Quantitative and cyclic tests were also performed on the pressure sensors in a stress
testing equipment (Shimadzu model AG-1S), and the corresponding data are presented in
Figure 6e and f).

The sample was submitted to a compression force from 0 to 10 N at a test velocity of
1mm /min and the corresponding capacitive variation was recorded.

Figure 6€) shows that the sensitivity of the sensor is 0.03 kPa™, with a nearly linear
response and no memory effect. Further, there is no need of pre-stressing the sensor, as it
often happens in other type of pressure sensors such as piezoresistive ones [60]. Further,
the developed sensors show higher sensibility when compared to related sensors based
on CB/PDMS composites with a thin PET isolating layer [61], electrospun PVDF
nanofiber membrane with carbon nanotubes [62] and single PVDF polymer [63]. The
developed sensors show excellent repeatability over operating cycles, as indicated in
figure 6f) for 50 cycles of compression tests.

Given the versatility and excellent response of the developed materials and considering

the potential in the area of printed electronics, since the sensors can be processed both
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from solution and melt, a prototype sensor matrix was developed through the same
procedure of single button, as shown in the inset of Figure 6a).

The data acquired with the pressure sensing matrix is similar to the one obtained with a
single button (Figure 6). Smaller capacity electrodes required to change the series resistor
with the sensor for a 10 MQ one, but data acquisition followed the same steps, which
grants the usability of this type of matrix.

Thus, capacitive sensors based on P(VDF-TrFE-CFE) terpolymer presents excellent
response with high reproducibility and sensibility in pressure and bending modes, which
represents an advance in materials for electronics processable by additive manufacturing

technologies.

4. Conclusions

Samples of poly (vinylidene fluoride-trifluoroethylene-chlorofluoroethylene) (P(VDF-
TrFE-CFE)) were prepared by solvent casting technique to evaluate the influence of
polymer concentration and processing temperature, including polymer melting
conditions, on the microstructure and physicochemical properties and, consequently, on
the applicability of the material in capacitive sensing. Porous and dense morphologies are
obtained when the samples are processed at temperatures of 25° C and 210 °C,
respectively.

For P(VDF-TrFE-CFE) samples, the electroactive [ phase content and thermal
degradation temperature are independent of the processing conditions. The degree of
crystallinity, mechanical and dielectric and properties depend on the polymer
concentration and processing temperature.

The sample with the highest dielectric constant (¢’ = 40 at 1kHz) was obtained for the

P(VDF-TrFE-CFE) film prepared from an initial polymer solution concentration of 15
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wt.% and processed at 210 °C. This sample was used for the fabrication of capacitive
pressure and bending sensors with excellent response, reproducibility, sensibility, and
stability over cycling solicitation.

Thus, it is demonstrated that the obtained P(VDF-TrFE-CFE) films, processable from
solution or from the melt, show adequate thermal, mechanical and dielectric properties
for the development of pressure and deformation capacitive sensor and touchpads for a

variety of applications.
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