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ABSTRACT

Piezoelectric sensors are widely used to measure temperature, pressure, flow-rate or proximity due
to their high sensitivity and self-powering capability. Currently, the fabrication processes used for the
piezoelectric sensors are limited to 2D film or strip configurations. Here, we present a novel
fabrication approach to create piezoelectric polyvinylidene fluoride (PVDF) — barium titanate
(BaTiO3) nanocomposite sensors by solvent-cast 3D printing. Solvent-cast 3D printing consists of
robotically-controlled deposition of polymer solutions followed by quick evaporation of the volatile
solvent in order to build 3D structures. Addition of nanofillers is a proven method to significantly
improve the piezoelectric properties of PVDF; BatiO; nanoparticles being new in the list of fillers are
being compared with the long studied multi-walled carbon nanotubes. Our desired sensor film is
obtained in a single step by extruding a solution of the PVDF nanocomposite under tailored pressures
directly on the structure at the desired sensing location. The precise printing of polymer solution
requires optimization of various process parameters: concentration of nanoparticles, viscosity of the
solution, deposition speed and extrusion pressure. The effects of these parameters on the printing
efficiency are studied using process-viscosity characterizations while their effects on the material
properties are analysed using physical (i.e., XRD, FTIR) as well as piezoelectric characterization
techniques. A dielectric constant of 20 and capacitance of 79 pF is obtained with a 85 pm thick barium
titanate nanoparticles/PVDF composite film. FESEM is used to evaluate the morphology of the 3D
printed films. Fibers (1D), films, membranes (2D) and scaffolds (3D) are further fabricated to
demonstrate the flexibility of the process. These 3D printed sensors will find applications in aerospace
and automotive industries for structural health monitoring.

1 INTRODUCTION

Polyvinylidene fluoride (PVDF), a semi crystalline fluoropolymer, consists of five crystalline
polymorphs (also known as phases or crystal structures) — a, B, Y, & and € as discovered by Lando et
al. [1] in 1968. Its chemical structure consists of polymer chains of repeating CF,-CH, units. The
spatial arrangement of the fluorine and hydrogen atoms about the C-C backbone defines the phase of
PVDF. The most stable o polymorph consists of a trans-gauche (TGTG’) configuration, and the
piezoelectric B is found in an all trans (TTTT) planar zig-zag form [2]. As PVDF naturally crystallizes
in its o-phase, the attainment of B-phase requires a physical transformation and its retention.
Application of high electric fields for long duration has proved highly effective in the formation of f3-
phase [3, 4]. Annealing [5], electrospinning [6, 7], and stretching [8] have also shown promising
results in improving B-phase. In addition, fillers (e.g., carbon nanotubes [9, 10], clay [11], cellulose
[12], magnetic [13] and piezoelectric nanoparticles [14]) can be incorporated into PVDF matrix via
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ultrasonication [15] or mechanical stirring [16] for B-phase retention. These fillers bearing heavy
molecular chains adhere to the polar crystallites in PVDF and prevent their disorientation.
Electrospinning of PVDF with 1 wt.% BaTiO;z; nanoparticles (BTNSs), upon treatment with 3 wt.%
tetra iso-pentyl ammonium chloride (TIPAC), resulted in up to 100% B-phase [17].

Multi-walled carbon nanotubes (MWCNTS) were demonstrated to be efficient in attaining higher
piezoelectric properties in PVDF [18]. Electrospinning small amounts (~1.2wt.% ) of MWCNTSs with
PVDF enhanced the piezoelectric properties by increasing the p-phase and also the flexibility of the
composite [19]. Yu et al. [20] obtained output voltages close to 6 V upon periodically bending the
nanofiber mats (electrospun with 5wt.%, MWCNTSs in PVDF) with a horizontal displacement of 3 cm
(initial length = 8 cm) at a bending frequency of 0.8 Hz.

The most common processes used for the fabrication of PVDF films from its solutions include
solution casting [21], spin coating [5] and electrospinning [22]. While solution casting and spin
coating entail further post processing like poling to attain the B-phase, electrospinning comprises of in
situ poling of the fibers during their deposition. Near field electrospinning (NFES) is a process similar
to 3D printing that has been successful in printing PVDF/MWCNT nanofibers and nanofiber mats
[23]. NFES is the modification over conventional electrospinning process achieved by the reduction in
the distance between the nozzle and the collector to obtain control over the orientation of the fibers.
Here, the application of an additional electrode as collector facilitates unidirectional fiber fabrication.
The oppositely charged collector electrodes aid the deposition of the fibers with oriented dipoles. The
NFES technique [23] was further used to successfully fabricate PVDF fiber with 2.6 pum diameter and
500 pum length for piezoelectric actuation [24].

Solvent-cast 3D printing comes in with the advantages of fabricating structures from polymer
solutions at room temperature [25]. This novel technique has proven successful in 3D printing self-
supporting and free-standing structures of polymers and their functional nanocomposites. The
printable materials are presently restricted to the polymer polylactide and its nanocomposites [26].

Here, we propose to use solvent-cast 3D printing to fabricate piezoelectric devices using PVDF and
its nanocomposites with MWCNTSs and BTNs. MWCNTSs were chosen because of their well-known
capability of improving the piezoelectric properties while BTNs were chosen owing to their inherent
piezoelectric nature to serve as an additional contribution to PVDF’s piezoelectric properties. Three
different concentrations of MWCNTSs in PVDF were studied and the best concentration was compared
with its BTN/PVDF counterpart. A detailed study of the printing parameters and their effect on the
properties of PVDF was carried out.

2 EXPERIMENTAL SECTION

2.1 Materials

PVDF (M,, ~ 534,000) and dimethyl sulfoxide (DMSO) were purchased from Sigma Aldrich.
Spherical barium titanate nanoparticles (BTNs, 99.9% purity, 100 nm) were procured from
Nanostructured & Amorphous materials Inc. Solvents N, N-dimethyl formamide (DMF) and acetone
were obtained from Alfa Aesar and BDH, respectively. MWCNTSs (90% purity, ~9.5 nm diameter and
~1.5 um length) produced by catalytic carbon vapor deposition under the brand name NC-7000 were
procured from Nanocyl™.

2.2 Polymer solution preparation

Printable ink design: A mixture of acetone and dimethyl formamide (DMF) was chosen as the
solvent system for PVDF as in most electrospinning processes [27]. DMF is considered the least
hazardous amongst the solvents used for PVDF while acetone has a low evaporation point (~56 °C).
The boiling point of DMF is around 153 °C [28]. The ratio of DMF:acetone was experimentally
optimized to 40:60 to use least amount of DMF and achieve the desired printing performance.
Dimethyl sulfoxide (DMSO) was added as a f-phase initiating agent [21].
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Various concentrations (15-30 wt.%) of PVDF in DMF:acetone mixture were studied for their
printability. 20 wt.% of PVDF in the solution-mixture, with viscosities lower than 10 Pa-s, was
observed to be the best to print 2D films, higher concentrations around (viscosities close to 100 Pa-s)
were found to be convenient to form 3D structures. The solutions were prepared via ultrasonication of
PVDF powder with the solvent-mixture. A solution cast film was also prepared using 20 wt.% PVDF
solution for comparison.

Nanocomposite formulation: MWCNTSs were oxidised by refluxing in a mixture of nitric and
sulphuric acid in 1:3 ratio at 70 °C for 7 h. This was followed by repeated washing to remove the acid
[29]. 0.25, 0.5 and 1.0 wt.% of MWCNTSs were dispersed in acetone for 3 h via ultrasonication. Later
PVDF, DMF and DMSO were added and the solution was further ultrasonicated for 20 minutes.

To prepare the BTN/PVDF nanocomposites 1.0 wt.% BTNs were added to DMF and
ultrasonicated for 3 h. DMF was used because of its ability to completely dissolve BTNs [30]. The
nanoparticle solution was later ultrasonicated with a mixture of PVDF and acetone followed by the
addition of DMSO.

2.3 Printing

PVDF and its nanocomposite solutions (further referred to as ‘inks’) were poured into 3 cc
syringe barrels to enable printing. The syringe barrels were placed into a pneumatically operated
dispensing system (HP-7X, EFD) to apply precise pressures for deposition. A robotic head (1&J2200-
4, 1&J Fisnar Inc.), controlled by a commercial software (JR Points for Dispensing, Janome Sewing
Machine) further enabled the deposition of the inks on a movable flat stage. 1D filaments, 2D films
and 3D self-supporting structures were fabricated from different solution concentrations (20 wt.% - 25
wt.%), varying extrusion pressures, P (100 to 1500 kPa) and nozzles (i.e., inner diameter = 100 to 330
pUm) on an aluminium substrate. Table 1 shows the type and amount of filler added to PVDF and the
nozzle diameter used to print the nanocomposite films. Different concentrations of fillers in the
nanocomposite solutions lead to different viscosities. This demanded the use of nozzles with different
diameters for printing.

Sample code Filler Filler Concentration Nozzle diameter
(wt. %) (Hm)
PVDF - - 100
0.25MWCNT/PVDF MWCNTSs 0.25 150
0.5 MWCNT/PVDF MWCNTs 0.5 250
IMWCNT/PVDF MWCNTSs 1.0 330
1BTN/PVDF BTNs 1.0 100

Table 1: Filler concentration and printing parameters of PVDF and its nanocomposite films

2.3 Characterization

The effect of PVDF filler type, shear stress (extrusion pressure) and shear rate (printing speed) on
the apparent viscosity of PVDF solutions was studied with the help of capillary flow analysis and
apparent viscosity tests as previously developed by Bruneaux et al. [31]. Apparent flow rates and
viscosities of the solutions at the instant of printing were studied by depositing known lengths of
polymer filaments using a 100 um diameter nozzle at various extrusion pressures. A weighing scale
(GH200, A&D) was used to determine the mass of the fibers after complete evaporation of the
solvents. Five fibers were printed at each pressure for every solution.

FTIR — Photo acoustic spectroscopy (FTS 6000 spectrometer, Bio-rad) was used to obtain the
absorption spectra of PVDF and its nanocomposite films in the range of 400 — 4000 cm™. A Philips
X’pert diffractometer was used with scan angles from 15 to 30° at room temperature to obtain the
diffractogram patterns of the films. A scan rate of 0.4 °min™ was used with a Cu target and K,
radiation at 50 kV and 40 mA.

Optical microscopy (BX-61 Olympus; Image-Pro plus V5 an image processing software from
Media Cybernetics) was used to study the thicknesses and morphology of structures 3D printed with
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PVDF and nanocomposites. The morphology of the 3D printed films was observed using a JEOL
JSM-7600TFE field emission scanning electron microscope (FESEM) at 10 kV.

Impedance tests to determine the dielectric constant and capacitance were performed using an
Agilent 4294A Precision impedance analyser in the frequency range of 40 to 110 MHz.

3 RESULTS AND DISCUSSION

1D fibers (Figure 1a), 2D films (Figure 1b) and 3D scaffolds (Figure 1c) were successfully
fabricated using different concentrations of PVDF in DMF:Acetone mixture. The printing parameters
are provided in the legends. 1D fibers with circular cross-section were printed using 25 wt.% PVDF
solution and 100 um nozzle. The inset on the top-right of Figure 1a shows the circular cross section of
the fiber with an average diameter of 55 um. The diameter of the fiber is lower than the nozzle size
due to the evaporation of the solvent post extrusion. Films were fabricated with 20 wt.% and a 100 um
nozzle to print as thin films as possible. The printed PVDF films were continuous, smooth, gap-free
and 130 um thick. A 8-layered scaffold were fabricated using 22.5 wt.% PVDF to demonstrate the 3D
printability of PVDF. Successful fabrication of layer-by-layer structures on flat surfaces has been
demonstrated. Higher concentrations of PVDF need to be investigated in order to form complex free-
standing 3D geometries.

Figure 1: (a) 1D fiber (Nozzle = 100 um, 25 wt.% PVDF); (b) 2D film (Nozzle = 100 um, 20 wt.%
PVDF); (c) 3D scaffolds printed (Nozzle =100 um, 22.5 wt.% PVDF)

After investigating the piezoelectric properties of all the MWCNT/PVDF nanocomposites, it was
found that IMWCNT/PVDF had the best piezoelectric properties. Hence, 1BTN/PVDF solution was
prepared and compared for its printability and piezoelectricity with IMWCNT/PVDF. PVDF,
1IMWCNT/PVDF and 1BTN/PVDF fibers and films were fabricated using 20 wt.% PVDF solutions
and tested for the effect of filler concentration and filler type on 3D printing.

(@) (b)
| ‘ ‘ 250 pm 250 pm

Figure 2: Microscopic images of fibers printed using (a) IMWCNT/PVDF; (b) 1BTN/PVDF;
(Nozzle = 100 um, P = 280 kPa). The insets on the top-right are the cross-sections of the fibers.

Figure 2a and 2b are the microscopic images of LMWCNT/PVDF and 1BTN/PVDF fibers printed
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using 100 pum nozzles at 280 kPa. The 1IMWCNT/PVDF fibers were grey in color while the
1BTN/PVDF fibers had a milky-white appearance. The fibers printed with 20 wt.% PVDF
nanocomposite solutions were not circular in cross-section as in Figure 1a because of their deposition
on a flat substrate with a lower viscosity. The IMWCNT/PVDF had a width of about 200 um and a
thickness of 18 um. The 1BTN/PVDF was about 110 um wide and 12 um thick. To form PVDF fibers
with circular circular cross-section a much higher viscosity as in 25 wt.% PVDF solutions is required.

3D printability from a polymer solution is mainly governed by the viscosity and evaporation rate.
The viscosity of the polymer solution changes when subjected to different extrusion pressures and
printing speeds. To determine the effect of PVDF and nanofillers’ concentration on this apparent
viscosity, pressure-assisted printability of the polymer and its nanocomposite inks was investigated.
Fibers from PVDF, 1IMWCNT/PVDF and 1BTN/PVDF inks were printed at different extrusion
pressures using 100 um nozzles. Figure 3a shows the variation of the volumetric flow rate of the three
solutions with respect to the applied pressures. The slope of the curves gives the estimate of shear
thinning behaviour of the solutions. There is a linear increase in the flow rates of the solution with the
increase in applied pressure.
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Figure 3: (a) Volumetric flow rate versus applied pressure while printing PVDF based fibers (b)
Process-related apparent viscosity as a function of process-related apparent shear rate. (Nozzle
diameter = 100 um; P = 100-1500 kPa)

Figure 3b shows the variation of process-related viscosities at different shear rates. A decrease in
apparent viscosity with increasing shear rates can be observed. The shear thinning index given by the
logarithmic ratio of shear stress by shear rate [26], is higher for 1BTN/PVDF (1.72) than that for
1IMWCNT/PVDF (1.05). The shear thinning index of neat PVDF (2.64) is much higher than both the
nanocomposites. This implies that neat PVDF and 1BTN/PVDF had a higher decrease in viscosity
with the increase in shear rates, but IMWCNT/PVDF showed a lower degree of shear thinning in the
same shear rate range. The highest viscosity available for the solutions at this filler and polymer
concentration is about 3 Pa-s which is a good value for the printing films. Lower viscosity in case of
the nanocomposites is attributed to phase separation due to inhomogenous mixing in the inks. This
phenomenon needs to be further studied. Lower viscosity of the IMWCNT/PVDF ink can be the
reason for a larger size of the IMWCNT/PVDF fiber in Figure 2a as compared to the 1IBTN/PVDF in
Figure 2b. Higher viscosities will be required for printing 3D shapes as lower solvent concentration
will facilitate faster evaporation aiding the retention of 3D geometries. Also, the IMWCNT/PVDF ink
due to inhomogeneous mixing of fillers in the solution, posed clogging issues while printing.

The phase characterisation of the PVDF and its nanocomposite films fabricated at 1000 kPa
(printing nozzle diameters as per Table 1) was carried out using FTIR and XRD techniques. The FTIR
spectra in Figure 4a, show spectral bands at 763 cm™ for a-phase and 510 and 840 cm™ for p-phase
[32]. There is an increase in the content of B-phase in the case of 3D printed films as signified by
lower transmittance at 840 cm™. Within the 3D printed films the nanocomposite films contain higher
B-phase as compared to the neat PVDF film. The presence of spectral bands at 490, 615 and 763 cm™
[33] depicts that a-phase still coexists in the material. Spectral bands corresponding to y-phase around
776 and 812 cm™ were not visible.
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Figure 4: () FTIR spectra (b) X-ray diffractograms of PVDF and nanocomposite films

Figure 4b shows the X-ray diffractograms of solution cast and 3D printed neat PVDF films and 3D
printed nanocomposites. In case of the solution cast film distinct peaks at 18.5, 20.1 and 26.7°
belonging to a-phase are analogous with those found in literature [34]. There is a complete
disappearance of the a-peak at 26.5° in all the 3D printed films. This is because of the additional
shearing and stretching taking place during the printing process [20]. Peak broadening at 20.5° [32]
attributing to the increase in B-phase of PVDF is evident in the nanocomposites. The increase in 3-
phase content is because of the retention of the B-chains by the heavy filler molecules.

Figure 5a to 5¢ show the FESEM image of neat PVDF, IMWCNT/PVDF and 1BTN/PVDF films
fabricated at 1000 kPa. To form sensors it is important to obtain smooth films free from pores [35].
There are microscopic pores present in all the films, formed due to the evaporation of the solvents.
Larger pore sizes are due to lower solvent evaporation rates [36]. The pore size is the smallest in case
of 1BTN/PVDF (2-3 um), and is larger in the case of IMWCNT/PVDF (6-7 um). Some fibrous
networks are seen in IMWCNT/PVDF which are absent in the other two films.

Figure 5: FESEM images showing the surface texture of 3D printed films (P = 1000 kPa) (a) Neat
PVDF (Nozzle = 330 um); (b) IMWCNT/PVDF (Nozzle = 330 um); (c) 1BTN/PVDF (Nozzle = 100

pm)

Samples for impedance measurements were prepared by silver painting electrodes over a circular
area of 7 mm diameter. Impedance values obtained from the Impedance analyser were used to
calculate the dielectric constant and capacitances of neat PVDF and nanocomposite sensors. The
dielectric constant and capacitances of the PVDF sensors are shown in Table 2. The dielectric constant
of neat PVDF was between 8 and 10, as found in the literature [37, 38]. This confirms that 3D printing
is not harming the piezoelectric properties in PVDF. There is an increase in the dielectric constant of
the films upon addition of the fillers. The capacitance of 1BTN/PVDF is found to be three times that
obtained with neat PVDF film. Dielectric constant of 20 in 1IBTN/PVDF is a high value for such a low
loading of BTNs. It usually requires higher percentages (eg. 20 wt.% [37]) of BTNs in PVDF to have a
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dielectric constant values close to 20 [37, 39, 40].

Sensor Thickness (um) Dielectric constant ~ Capacitance (pF)
PVDF 130 9 24
1IMWCNT/PVDF 350 64 60
1BTN/PVDF 85 20 79

Table 2: Impedance test results: Dielectric constant and capacitance along with the thicknesses of the
films

The results from the impedance tests shown in Table 2 exhibit IMWCNT/PVDF film had higher
dielectric constant compared to the 1BTN/PVDF sensor. But the ability to print considerably thinner
films (utilizing smaller nozzle sizes) makes BTN nanocomposite a better candidate for piezoelectric
applications.

The major challenge in this work was to attain high piezoelectric properties in the 3D printed
PVDF, which usually requires cumbersome post processing treatments like annealing [5], stretching
[41] and poling [42]. Addition of fillers led to an improvement in the piezoelectric properties of
PVDF. MWCNTSs though had a considerable effect on the properties of PVDF, they posed problems
of inhomogeneous mixing and hence, led to difficulties in the printing process with 100-250 pum
nozzles. BTNs already being piezoelectric not only did perform better than PVDF but also exhibited
potential scope for printing due to their better shear thinning behavior as compared to MWCNTSs.
PVDF nanocomposites performed better than neat PVDF and their properties are comparable to those
found in literature. Incorporation of higher percentages of fillers into the PVDF matrix with
homogenous mixing needs to be pursued to attain dielectric constant values close to piezoelectric
ceramics.

5 CONCLUSIONS

Successful 3D printability was demonstrated with PVDF and its nanocomposite solutions with
MWCNTs and BTNs. 3D printed PVDF films had higher content of -phase than the solution cast
ones. Addition of fillers significantly improved the piezoelectric properties of the PVDF sensors. The
dielectric constant of BTN/PVDF was higher than that found in the literature. The capacitance of the
BTN/PVDF film was three times higher than the neat PVDF film. BTNs proved to be convenient filler
options than MWCNTSs due to the ease in printing as well as better piezoelectric properties. The next
step will be to print piezoelectric sensors using BTN/PVDF nanocomposites directly on the structures
and study the piezoelectric charge and force constants of the material.
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