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Following the notable rise of three-dimensional (3D) printing in recent years, its use for the fabrication of
functional devices derived from piezoelectric polymers such as poly (vinylidene fluoride), PVDF, has
become an active area of research. However, there is still a lot to understand about the structure–prop
erty-processing relationship regarding the 3D printing of PVDF-based polymers with an enhanced piezo-
electric property, which is closely related to the b-phase crystal structure of the polymer. This paper pre-
sents the preliminary results of investigations into the extrusion-based 3D printing of poly(vinylidene
fluoride-hexafluoropropylene), PVDF-HFP, a PVDF copolymer. Towards the enhancement of the b-
phase content of this copolymer, the study analyzed the influence of two fillers in the form of barium tita-
nate (BaTiO3) and untreated activated carbon (UAC) and considered the effect of two printing parameters
on the piezoelectric crystalline structure of the PVDF-HFP. First, composite films of the PVDF-HFP with
the fillers were formed via the solvent evaporation casting method. From the characterization of the
solvent-cast samples using Fourier Transform Infrared Spectrum (FTIR), a composite consisting of
10.55 wt% BaTiO3 and 0.45 wt% UAC with the matrix of PVDF-HFP was found to produce a superior b-
phase content (67%) and it was deployed for syringe-based extrusion-assisted 3D printing. Post-
fabrication characterization of the extruded samples was carried out to examine the influence of the
3D printing conditions in the form of printing bed temperature (50, 75, 95) and extrusion speed (10,
15, 25). It was found that the combination of a higher printing bed temperature and a low printing speed
further enhanced the b-phase content for the PVDF-HFP composites, yielding a b-phase content of 79:6%.
Confirmation of the electromechanical/piezoelectric response of the unpoled strips of printed samples
revealed a positive correlation between the externally applied pressure on the printed strips and gener-
ated voltage.
Copyright � 2022 Elsevier Ltd. All rights reserved.
Selection and peer-review under responsibility of the scientific committee of The International Confer-
ence on Additive Manufacturing for a Better World.
1. Introduction

Fabrication of smart materials was once dominated by expen-
sive and energy-intensive techniques that include lithography,
hot pressing/embossing, spin coating, electrospraying, cryogenic
ball milling, and Langmuir-Blodgett deposition, among others [1].
However, with the huge demand for low-cost, complex-yet-
flexible intelligent components across industries, a continuous
search exists for inexpensive methods suitable for the production
of functional components from stimuli-responsive materials
[2,3]. Such smart components have ample applications for personal
electronics, energy devices, wearable implantable sensors,
biomedical-related assistive devices such as haptics, artificial mus-
cles, and drug delivery systems [4]. In recent years, researchers
have become bullish on the role of additive manufacturing (AM)
or three-dimensional (3D) printing platforms towards the broader
objectives of facilitating the production of an assortment of smart
devices with intricate 3D shapes [5].

Overall, 3D printing platforms [3,6]: (i) allow the production of
wider freeform designs from different types of materials ranging
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from metals, polymers, ceramics, and composites; (ii) facilitate the
creation of multi-material/multifunctional devices within a single
production space; and (iii) enable the tailoring of complex spatial
distribution of mechanical/thermal/chemical/electrical properties.
From the survey of related literature, three crucial factors essential
to accelerating the maturity of AM technology are identified as
processing methodologies, printing machines and printing materi-
als [7]. On the methodologies and machine fronts, significant
strides have been recorded concerning various subsets of AM pro-
tocols that range from binder jetting, vat photo-polymerization,
powder bed fusion, material extrusion, material jetting, directed
energy deposition, to sheet lamination [3,8]. Overall, each of these
AM processes favor a limited class of materials, and they each have
pros and cons as pinpointed by Ligon et al [7]. Nevertheless, bol-
stered by its ease of scalability and the proliferation of inexpensive
fabrication platforms, the material extrusion AM (MEAM) technol-
ogy has gained substantial popularity among the methods that
employ polymer-based materials over the past decades [9]. On
the one hand, FDM has enabled the fast digital fabrication of inte-
grated polymeric smart structures and flexible electronics using
two major clusters of smart materials (e.g., shape memory poly-
mers and piezoelectric polymers) as captured in various reviews
[2,10]. On the other hand, the pure form of these smart polymer
material feedstocks typically needs various forms of improvements
to meet the increasing demand for enhanced functionality across
application domains.

Catering to the above challenge, an extensive body of work has
emerged that paired the simplicity of FDM with the processing of
smart polymeric materials. It is worth noting that only a few of
these smart polymers exist (e.g. shape memory polymers and
piezoelectric polymers), largely because of the constraint of con-
trolled conditions required for their processing. Owing to critical
applications in energy harvesting, intelligent soft robots, wearable
medical sensing, defence/aerospace/automotive structural health
monitoring purposes, piezoelectric polymers based on poly (vinyli-
dene fluoride) (PVDF) and its copolymers have caught the attention
of researchers for the production of functional devices using FDM
[2,10,11]. Analogous to their inorganic ceramic-based counterparts
such as Lead Zirconate Titanate (PZT), when piezoelectric polymers
are strained, they generate electricity under the right set of condi-
tions. And conversely, when an electric field is applied to them,
they are mechanically stressed. However, unlike PZT, fluoroplastics
such as PVDF are less toxic and are better suited for flexible sensing
applications [12].

A brief highlights of the observations from a short collection of
important studies at the intersection of PVDF and FDM is provided
next. Broadly, three categories of studies can be identified. At one
end are studies that focused on the FDM fabrication of pure PVDF.
This can be seen in the works of Lee and Tarbutton [13], Porter et al
[14] and Momenzadeh et al [15], and Fan et al [16]. A major feature
of these studies is the requirement for external poling of the FDM-
produced samples. The poling process, which is done either in-situ
or after fabrication with FDM, is needed to create dipole alignment
of the polymer and requires an elaborate set-up with a prohibitive
high voltage that ranges from 1MV=m - 130MV=m [17]. The neces-
sity for this poling arises from the fact that PVDF and its copoly-
mers exhibit polymorphism that leads to the existence of five
crystalline phases (a; b; c; d; e) [18]. Of all these phases, the a crytal
phase is the most kinetically stable that formed easily during most
processing techniques. But this phase is nonpolar, generally lacks
piezoelectric effect, and it is mostly used for insulating applications
[19]. In contrast, the b crystal phase has an orthorhombic structure
and exhibits the desired piezoelectric behavior among all five
phases. Notably, transforming from the a-phase to the b-phase (de-
picted in Fig. 1) requires huge mechanical stretching/thermal treat-
ment and/or contact/corona poling.
322
A substantive question that then arises is ‘‘how to produce
PDVF-based functional devices with minimal or no poling require-
ment”?. Towards answering this question, another category of
studies has sought the use of composites of PVDF with fillers in
the form of barium titanate, carbon nanotubes, zinc oxide, etc. A
few related studies in this group include the work by Kim et al
[20] (extruder-based FDM with in-situ poling), Bodkhe et al [21]
(poling via ball milling), Kumar et al [22] (absence of a piezoelectric
test, hence no poling done), and Sharma et al [23] (absence of a
piezoelectric test, hence no poling done). Yet, while the prudent
use of these fillers has been found useful, the proportion of the
b-phase often remains low (40 – 55 %) without additional poling.
The current investigation falls within the third category of a rather
small number of studies that seek improvement in the synthesis of
the b-phase by employing the copolymers of PVDF and their com-
posites within the framework of extrusion-based 3D printing
[24,25]. The two common copolymers that have received the atten-
tion of researchers so far are polyvinylidene fluoride-
trifluoroethylene (PVDF-TrFE) and polyvinylidene fluoride-
hexafluoropropylene (PVDF-HFP). Specifically, Marandi and Tar-
button [26] reported the FDM fabrication of PVDF-TrFE (supple-
mented by corona poling) and Ikei et al [27] also presented a
similar study with in-situ 3D printing and poling. In contrast, the
present work is devoted to the production of electroactive struc-
tures based on the composites of PVDF-HFP using a syringe-
based FDM process. We pursued the impacts of processing and
composition of fillers in the form of barium titanate and activated
carbon on the enhancement of the b-phase content of PVDF-HFP.
To the best of our knowledge, this represents the first such study
within the framework of enhancement of the b-phase in
additively-manufactured PVDF copolymer structures.

The rest of the paper is structured as follows. Section 2 details
the materials and methods employed in this study. Section 3 pre-
sents a brief discussion of the results, while section 4 contains
the concluding remarks.
2. Materials and methods

2.1. Materials

The four materials involved in this study are: (i) the polymer
matrix in the form of polyvinylidene fluoride-
hexafluoropropylene (PVDF-HFP); (ii) fillers in the form of per-
ovskite structured nanoparticles of barium titanate and an
untreated activated carbon (UAC); and (iii) dimethyl sulfoxide
(DMSO). The PVDF-HFP was obtained in form of pellets, while
BaTiO3 (BTO) is received in the form of powder, both were pur-
chased from Sigma-Aldrich. The UAC and DMSOwere sourced from
EvaChem and chemAR, respectively. Table 1 contains some basic
properties of the materials.
2.2. Methods

Fig. 2 illustrates the key stages of the methodology employed in
this study. The first stage involves the preparation of PVDF-HFP
composite films via the solvent evaporation casting method. This
is done to study the effect of various weight fractions of the fillers
on the crystalline structure of the PVDF-HFP. One of the strategic
importance in our choice of PVDF-HFP is that it is cheaper than
the pure PVDF and soluble in environmentally friendly solvents
such as DMSO as first reported by Aldas et al [28]. It is worthy of
note that, in virtually all previous studies involving FDM and
PVDF/PVDF copolymers, mostly protic solvents such as N,N-
dimethylformamide (DMF) and Dimethylacetamide (DMA) are
used in combination with acetone and DMSO. However, the cur-



Fig. 1. Schematic of the a crystalline phase (top) and the b crystalline phase (bottom)[18].

Table 1
Basic properties of the materials.

Materials Properties

PVDF-HFP Melting temperature 140–145 �C
Density 1.75 g at 25 �C
Melt flow rate 3.5–7.5 g/10 min (230 �C/12.5 kg)

DMSO Purity 99.9 % pure
Boiling point 189 �C
Density 1.1 g/cm3

Flashpoint 87 �C
BaTiO3 Purity 99 %

Appearance White
Density 6.08 g/mL at 25 �C

UAC Appearance Black
Density 1.48 g/cm3

Table 2
Experimental runs based on extreme vertices mixture design of experiment.

Sample PVDF-HFP BTO UAC

A 98 0 2
B 85 15 0
C 83 15 2
D 99.5 0 0.5
E 99.5 0.5 0
F 93 6.1 0.9
G 95.5 3.05 1.45
H 89 10.55 0.45
I 88 10.55 1.45
J 96.25 3.05 0.7
K 96.25 3.3 0.45
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rent study explored the conditions that allow the complete disso-
lution of the PVDF-HFP pellets solely in DMSO with no other sol-
vent. This provides the added advantage of making the films
derived from this study far less toxic than other studies.
2.2.1. Fabrication of films
For the films, 2.25 g of PVDF-HFP pellets were dissolved in 20ml

of DMSO for 2 h at 85 �C (5 �C less than that stated in [29]). After
the full dissolution of the pellets, proportions of the BaTiO3 and
the UAC were subsequently added. The as-prepared solution of
PVDF-HFP-BTO-UAC is then subjected to vigorous magnetic stir-
ring for 10 min and then dried on a glass substrate in an oven for
15 h at 100 �C. The oven-drying step completely removes the
DMSO from the film of various composites. For a systematic dis-
covery of how the volume fractions of the fillers influence the crys-
tal phase of the films, the mixture design of the experiment
(MDOE) is adopted [30]. Technically, the MDOE, unlike the conven-
tional DOE, provides an efficient experimental design framework
for situations where the independent factors exist as proportions
Fig. 2. An illustration of the
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of different components of a blend that must add up to 100 %, as
we have here [30]. The Extreme-Vertices type of MDOE tool in Mini-
tab� is employed to arrive at the combination shown in Table 2.

The solution evaporation casting method is used to produce
film samples based on the material proportions listed in Table 2.
Subsequently, the b-phase content of the produced films are char-
acterized using Fourier transform infrared spectroscopy (FTIR). For
the FTIR, a PerkinElmer FTIR spectrometer was employed to scan
and obtain the vibrational spectra of all samples based on the
wavelength range of 600 and 1400 cm�1 [20]. From the scans,
the percentage of absorbance was measured and plotted against
the wavelength. Further, the percentage of the b-phase content
was also determined using the Beer-Lambert Law [31].
2.2.2. Additive manufacturing of samples and post-fabrication tests
After determining the solution-cast composite combination

with the best b-phase content via the FTIR characterizations of
the specimen produced based on Table 2, a composite gel of the
PVDF-HFP-BTO-UAC is derived for onward use with a syringe-
methodological steps.



Fig. 3. A syringe-based FDM platform with strips of films printed on aluminium foil.

Fig. 4. Oven-dried solution-cast samples.
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based fused deposition modelling (FDM) platform shown in Fig. 3.
It is worth pointing out that pellets of the composite were also
derived and then used for filament formation in a filament-based
FDM platform. However, for brevity’s sake, the presentation here
is limited to results from the syringe-based FDM process. Procedu-
rally, the working mechanism of the syringe-based printing plat-
form employs the frame and software of a modified commercial
3D printer (Prusa). This allows the control of some key printing
variables such as the nozzle temperature, printing bed tempera-
ture, printing speed etc. For this study, the printing speed and
the printing bed temperature are varied to further investigate their
influence on the b-phase content and pressure sensing responseof
the printed sample. All printing samples were produced with a lon-
gitudinal printing direction. Table 3 shows the non-mixture tradi-
tional DOE table employed to guide the fabrication of specimens
for the post-fabrication characterization and tests.

Based on the general full factorial DOE, Table 3 leads to a total of
9 experimental runs (32), and consequently, 9 samples were addi-
tively manufactured. FTIR characterization is then conducted on
the samples to re-assess the b-phase content. Next, to address
the impact of the FDM printing conditions on the electromechani-
cal response, the open circuit voltage generated by the AM-
produced samples under the application of external pressure is
measured. For the test, aluminium foil was applied on both sides
of the printed samples to act as electrodes. Employing a set-up
similar to the one in [32], the electrode samples were housed in
an enclosure with an opening connected to a portable air pump
pedal inflator with pressure readings. For voltage reading, wires
connected to the top and bottom electrodes on the printed com-
posite strips were then connected to a multimeter.
3. Results and discussion

This section presents a brief discussion of the selected results
from the study. Mostly, the effects of the filler contents and the
Table 3
Variation of printing factors.

Factors L

1

A Printing bed temperature 5
B Printing speed 1
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FDM printing conditions are highlighted. Fig. 4 shows representa-
tive images of the oven-dried solution-cast films within a glass
petri dish. Samples F, G, H, and I, previously listed in Table 2, are
shown in this image to reveal the change in appearance with the
various weight fractions of the fillers. As would be observed, the
appearance changed from light grey in sample H (10.55 wt% BTO
against the 0.45 wt% UAC content), grey (samples of I and F) to
darkish grey in sample G (with 3.05 wt% BTO vs the 1.45 wt% UAC).

For brevity’s sake, Fig. 5 compares the variation of the recorded
FTIR spectra for four selected samples (A, B, C and H) listed in
Table 2. The spectra shows the variation in the infrared (IR) absorp-
tion bands for: (i) Sample A containing PVDF-HFP and UAC only;
(ii) Sample B containing PVDF-HFP and BTO only; (iii) Sample C,
containing the maximum weight fractions of BTO and UAC consid-
ered; and (iv) Sample H comprising the composition that yields the
highest b-phase content when both BTO and UAC are present in the
composite film. From past studies, the various absorption bands
that correspond to the a-phase of PVDF and its copolymers were
identified as 614, 766, 795, 855, and 976 cm�1, while that of the
b-phase were identified as 840, 884, and 1279 cm�1 [31]. The lines
indicating the position of these bands in the four samples are
shown in Fig. 5. Overall, it is noticed from the figure that when
each BTO and UAC individually act as filler, each can contribute
to the nucleation of the b-phase. However, BTO shows better
nucleating power than UAC as can be seen from the spectra of sam-
ples A and B, which agrees with the observations in [20]. Further-
more, it is observed that both samples B and H exhibit a very close
trend within certain absorption bands, but overall the peaks of the
spectra for sample H outperform that of sample B.

Fig. 6 reveals the b-phase content in all solution-cast samples.
To calculate the relative fraction of the b-phase content, we
employed the Beer-Lambert Law [31]:

FðbÞ ¼ Ab

ðKb

Ka
ÞAa þ Ab

ð1Þ

where Ab and Aa symbolize the absorbance at 766cm�1 and
840cm�1, respectively. Besides, the parameters Ka and Kb denote
the absorption coefficients at the above corresponding wavenum-
evels

2 3

0℃ 75℃ 95℃
0mm=s 15mm=s 25mm=s



Fig. 5. Annotated FTIR spectra of samples A, B, C, and H.

Fig. 6. Variation of the b-phase content for all solution-cast samples.

Fig. 7. Variation of the b-phase con
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ber, and each takes the value of 6:1� 104cm2mol�1 and

7:7� 104cm2mol�1, respectively [33]. Employing Eq. (1), Fig. 6
reveals that sample A, which contains PVDF-HFP (98 wt%) and
UAC (2 wt%) yield the lowest b-phase content ( 50:4%). In contrast,
sample B produces the highest b-phase content ( 68:12%), fol-
lowed by sample H with a b-phase content of 67%. For context,
Wu et al [34] obtained a b-phase content of 72 % with only carbon
black at 0.5 wt% loading of PVDF-HFP after poling. Moreover, Kim
et al [20] reported the highest b-phase content of 55:91% with
15wt% of BTO alone (before poling). However, as it would be
shown in the coming paragraph, controlling the 3D printing
parameter paved the way for even further enhancement of the b-
phase content.

Now, although sample B yield a higher b-phase fraction than
sample H, the FTIR spectra in Fig. 5 indicates that sample H
(10.55 wt% BTO and 0.45 wt% UAC) produces the more prominent
higher peaks of the b-phase absorption band. For this reason, a
composite gel derived from the solution mixture of sample H
(rather than B) was prepared for onward use with the syringe-
based FDM platform. A nozzle diameter of 400lm ais employed.
The FDM 3D printing is done to examine the effect of printing
parameters on the proportion of the b-phase. After the printing
process, the FDM-produced samples were further annealed at
95 �C for 5 h, inspired by [29]. Analysis of the b-phase content of
the FDM-produced samples with the factor variations highlighted
in Table 3 yield Fig. 7. It is observed from this plot that higher
printing bed temperature and lower printing speed favour a higher
b-phase content. Indeed, a b-phase content of 79:6% is obtained for
specimen fabricated at 95℃ and 10mm=s. Technically, this can be
attributed to the fact that higher temperature facilitates faster
evaporation of the remnant solvent in the mixture, while the low
speed favours consistent drawing of the gel, both of which aid
the crystallization process [35]. In all, the mean, median and upper
quartile of the samples produced at 95℃ exceeds those at the other
two temperature values. Besides, the increased b-phase content
here translates to enhanced piezoelectric response without poling
and can be further linked to the combined effect of the extrusion
tent with printing parameters.



Table 4
Experimental results of the pressure sensing test.

Pressure (Kg/cm2) Voltage (mV)

1.50 0.78
2.00 1.43
2.50 3.12
3.00 5.87
3.50 6.29
4.00 7.91
4.50 8.36
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pressure and thermal annealing experienced by the samples during
the preparation [21,36]. Put together, the results suggest that the
prudent use of the printing bed temperature and the post-
fabrication annealing can both help to further improve the crys-
tallinity of the FDM-produced samples. Although the syringe-
based FDM is used for the results presented here, this observation
supports the use of thermal annealing to improve the mechanical
properties of extruder-based FDM-produced parts [37]. Combined
with the flexibility of the FDM process to produce complex 3D
structured parts, these conditions are expected to ease the produc-
tion of piezo-responsive structures with more complicated profiles
than simple planar structures that can be obtained with solution
casting, which is generally considered to be a low-yield, time-
consuming process as demonstrated by Bodkhe et al [21]. As a final
step, the electromechanical response of the strips produced via the
optimal 3D printing conditions was conducted in terms of the
pressure-voltage relationship. Table 4 contains the compilation of
the experimental tests on pressure sensing test of unpoled PVDF-
HFP-UAC composite strips of thickness 0:5mm, length of 40mm
and width of 10mm.
4. Conclusion

One of the technical hindrances to the proliferation of piezo-
electric polymers is the constraint imposed by the current produc-
tion methods that favour mostly the fabrication of small-scale
planar samples but faced challenges in producing piezoelectric
devices of sufficient complexity and a wider working area. The pre-
sent study was designed to evaluate the combined influences of
BaTiO3 (BTO) and untreated activated carbon (UAC) as fillers and
FDM printing conditions on the piezoelectric response of PVDF-
HFP, a copolymer of PVDF. Towards this goal, solution-cast com-
posite samples of the PVDF-HFP with BTO and UAC in various
weight fractions were produced based on the extreme vertices type
of design of experiment . The characterization of the solution-cast
samples was achieved with FTIR, revealing the vibrational spectra
and the b-phase fractions contained in the samples. The composite
consisting of 10.55 BTO wt% and 0.45 wt% UAC within the matrix of
PVDF-HFP was found to yield a 67 % proportion of the piezoelectric
b-phase content. Further employed for the syringe-based FDM pro-
cess, the composite gel of this high-performing PVDF-HFP-BTO-
UAC combination is observed to further undergo additional phase
transformation nucleation with an increased b-phase content
under the combined effect of high bed temperature, low printing
speed and post-fabrication annealing. With the flexibility of the
produced strips still intact after 3D printing, the current effort lays
the groundwork for future research on more complex flexible
piezoelectric structures for use in wearable pressure sensing
applications.
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