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1. Introduction

Fused filament fabrication of PVDF films for
piezoelectric sensing and energy harvesting
applicationsf

Rui Tao, (22 Jiahao Shi,> Mohammad Rafiee,® Abdolhamid Akbarzadeh @ °¢ and
Daniel Therriault () *@

Fused filament fabrication (FFF) of piezoelectric polymer polyvinylidene fluoride (PVDF) provides a simple
manufacturing technique for the fabrication of lead-free piezoelectric devices compared to the
traditional manufacturing methods, such as large-scale film extrusion and solution casting. Here, we
investigate the effects of the stretching and poling parameters on the enhancement of piezoelectric
performance of the printed PVDF films. The stretched and polarized PVDF films with dimensions of
40 x 20 x 0.06 mm (length x width x thickness) possess a piezoelectric charge coefficient (dz3) of
7.29 pC N! and a fraction of f phase (Fs) of 65% at a stretching ratio (R) of 4 after being polarized
under an electric field of 30 V um™. The resulting dss of the fabricated PVDF films has been
substantially enhanced by ~10-100 times higher than the related reported values of the FFF printed
PVDF films. The fabricated PVDF films are capable of detecting compression (ds3) and vibration (ds;). By
blowing four piezoelectric films connected in parallel for 3 min, the energy stored in the capacitor can
make a LED blink. Our fabricated piezoelectric PVDF films could be used in the field of pressure sensing,
vibration sensing and energy harvesting applications.

atoms.'®'” The « phase with a trans-gauche-trans-gauche’
(TGTG’) conformation is not piezoelectric as a result of the

Piezoelectric materials are used in various applications such as
in pressure sensing,"” strain sensing,** actuation®® and energy
harvesting”® because of their capabilities of converting
mechanical energy to electrical energy and vice versa.>'°
Compared to high piezoelectric ceramics such as lead zirconate
titanate (PZT) and barium titanate (BaTiO;), piezoelectric
polymer polyvinylidene fluoride (PVDF) has been increasingly
used owing to its lightness, high flexibility, durability and
biocompatibility.""'> PVDF is a semicrystalline polymer with
a repeating unit of the CH,~CF, monomer."® It has two main
phases: a non-polar « phase and a polar § phase.***® The dipole
moments in PVDF originate from the high electronegativity of
fluorine atoms and smaller electronegativity of hydrogen
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cancellation of the dipole moments, while the f phase with an
all trans (TTTT) conformation possesses the largest polarization
due to the alignment of the dipole moments in the same
direction.'® However, PVDF usually crystallizes into the
thermally stable o phase.'>*® Several methods have been used
to induce the conversion from the o phase to the f phase such as
mechanical stretching® >* and hot-pressing.”*** In addition to
the requirement of the high content of the § phase (F;) in PVDF,
an electrical poling treatment is often essential to align the
randomly dispersed f phase in order to obtain a net
polarization.?*° Poling parameters (e.g. time, temperature and
poling voltage) have to be appropriately adjusted in order to
maximize the efficiency of the poling process.’*" A high Fj is a
prerequisite for achieving a high piezoelectric coefficient of the
polarized PVDF elements. The piezoelectric strain coefficient
(d3; and d33) with double subscripts is used to illustrate the
piezoelectric performance: the first subscript indicates the direc-
tion of the charge generation and the second subscript indicates
the direction of the applied mechanical strain.

Over the past decade, additive manufacturing technology
(or 3D printing) has increasingly been utilized to fabricate
smart materials including piezoelectric materials."**>7° The
traditional manufacturing methods for the preparation of PVDF
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films such as solution casting®®™*
require toxic solvents, while extrusion molding requires care-
ful control of the melt temperature and the material feeding rate.
Thus, fused filament fabrication (FFF) offers a maneuverable and
eco-friendly approach for the fabrication of piezoelectric PVDF
devices, ie., recyclable and without the requirement of a toxic
solvent. Several studies demonstrated FFF 3D printing of piezo-
electric PVDF films. Lee et al.*® and Kim et al.*® integrated FFF 3D
printing and electrical poling steps to achieve one-step fabrication
of piezoelectric PVDF films. Porter et al.>* investigated the effects
of printing parameters on the piezoelectric performance of the
PVDF films. However, the reported piezoelectric coefficients in
these studies (Kim et al.:** ds; = 0.048 pC N %; Porter et al.:** d3; =
1.19 pC N~ ") are much lower than those of the commercial hot-
pressed piezoelectric PVDF films, which are in the range of
28-32 pC N .*® In addition, some researchers incorporated fillers
to induce the generation of f phases in the FFF 3D printed PVDF
films. Pei et al.*” added 5 wt% tetraphenylphosphonium chloride
(TPPC) nanopatrticles to obtain 83.8% f phases, while 28.9% of
the f phase content for pure PVDF. Liu et al*® enhanced the f
phase content of the PVDF filament to 93% by adding 15 wt% ionic
liquid as compared to only 13.5% of the § phase in pure PVDF.
Our novel strategy in this work is to fabricate piezoelectric
PVDF films with highly enhanced d;; compared to the related
reported values®® using the facile FFF 3D printing technique
and two tailored post-treatments: mechanical stretching and
electrical poling. Four different stretching ratios (R = final
length/original length, R = 1, 2, 3 and 4) are investigated to
achieve the highly polar f phase content. We then used the
polarized printed piezoelectric PVDF films in three applications: a
frequency detector, a pressure sensor and energy harvesters to
convert wind energy to electricity. We believe that FFF 3D printing
technology with appropriate post-treatments investigated herein
is promising for the construction of flexible PVDF piezoelectric
sensors and energy harvesters for more advanced applications in
areas ranging from medical to aerospace and beyond.

and electrospinning®*™**

19,42

2. Experimental section
Materials

PVDF filaments (1.75 mm in diameter, Fluorinar-H™ Kynar®™)
were purchased from Nile Polymers, Inc (USA). Commercially
available unpolarized (R = 5) and polarized (R = 5) hot-pressed
PVDF films with a thickness of ~120 pm were purchased from
PolyK Technologies, LLC (USA).

FFF printing of PVDF films

PVDF films were fabricated using a commercially available
1.75 mm diameter PVDF filament. An FFF 3D printer (Raised3D
Pro 2) was used to print a one-layer film with dimensions of
60 x 40 x 0.15 mm. Table 1 lists the main printing parameters.

Stretching process

The stretching process was carried out on the printed PVDF films
using a tensile test machine (eXpert 2600, ADMET). The dimensions
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Table 1 FFF 3D printing parameters for preparing the PVDF films

Parameters Values
Nozzle size 0.4 mm
Bed temperature 100 °C
Extrusion temperature 250 °C
Printing speed 30mms™"
Infill percentage 100%
Layer height 0.15 mm

of the PVDF film between the upper and lower grips were 40 x
40 x 0.15 mm. The stretching conditions were 100 °C in an
environmental chamber (F-280DT, ADMET) and a stretching rate
of 0.2 mm s~ ". When other temperatures (80 to 120 °C) and speed
(0.1 to 1 mm s ') settings were used, the PVDF films cracked during
the stretching process. The stretching ratios were varied from 1 to 4.
The PVDF films have a great tendency to crack during the stretching
process if we stretch them with R > 4.

Poling process

We built a contact poling setup to align the dipole moments of
PVDF films, which consisted of three parts: an in-house-
designed poling chamber, a high voltage power supply (ES60kV
negative, 10 Watt, Gamma High Voltage Research, Inc.) and a
hot plate (Thermo Scientific™ SuperNuova + ™, Fisher Scientific).
(see Fig. S1, ESIt) The commercially available hot-pressed PVDF
films were polarized to confirm the functionality of the in-house
built poling setup.

Before the poling process, both the 3D printed and commer-
cial PVDF films were cut into the same size of 40 x 20 mm and
attached with conductive aluminum tape (3M, USA) to both
surfaces as poling electrodes. During the poling process, the
specimen was clamped between the copper rod and the bottom
aluminum plate. Then, the specimen was cooled down to room
temperature before removing the electric field to reduce the
misalighment of dipole moments. After the poling process, the
aluminum tapes were removed, and the films were washed with soap
to remove the residue of silicone oil and dried at room temperature
before painting the electrodes on their top and bottom surfaces.

To evaluate the poling performance of the contact poling
setup, unpolarized commercially stretched hot-pressed PVDF
films are polarized using four poling voltages (2, 4, 6 and 8 kV)
at 80 °C for 60 min, four poling times (30, 60, 90 and 120 min) at
80 °C under 6 kV and five poling temperatures (room tempera-
ture, 50, 80, 110 and 140 °C) under 6 kV for 60 min, respectively.
To investigate the optimal poling conditions for the printed
PVDF films stretched at R = 4 (highest F), we further polarized
them using three poling voltages (1, 2 and 3 kV) at 80 °C for
60 min, four poling times (30, 60, 90 and 120 min) at 80 °C under
2 kv and five poling temperatures (room temperature, 50, 80,
110 and 140 °C) under 2 kV for 60 min, respectively. In addition,
the printed PVDF films stretched at R = 1, 2 and 3 are also
polarized with an electric field of 30 V um ™" at 80 °C for 60 min.

Electrode fabrication and electrical connection process

A bristle paintbrush was used to paint a thin layer of silver
conductive paste (MG Chemicals 842AR, ABRA Electronics Corp.)

© 2022 The Author(s). Published by the Royal Society of Chemistry
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on the top and bottom surfaces of the printed piezoelectric PVDF
films as electrodes for the electromechanical measurement. We
left a gap (~2 mm) between the edge of the silver electrodes and
the edge of the PVDF films in order to avoid contact between the
two electrodes. Then, two pieces of aluminum tapes (5 x 10 mm)
were used to electrically connect the silver electrodes and the wires.

Piezoelectric property characterization

A dj; meter (YE2730, Sinocera Piezotronics, Inc.) was used to
characterize the piezoelectric coefficient ds;;. The specimens
were tested approximately one day after the poling process
because the ds; value measured immediately after the poling
process is higher than the real value. In the cantilever bending
and compression tests, open-circuit voltages were collected using
a charge amplifier (Piezo Lab Amplifier, MEAS Specialties) in the
voltage mode. The data were acquired with an NI-9239 data
acquisition system attached to a USB carrier NI-9162 (National
Instruments) and recorded using a custom LabVIEW interface.

Piezoelectric f phase characterization

A Fourier-transform infrared (FTIR) spectrometer (Nicolet 6700,
Thermo Scientific) was used to obtain the absorption spectra of
different types of PVDF films at 8 cm™ " resolution from 550 to
1250 cm™ ', 128 scans were conducted on each sample and the
average values were used to assess the content of different phases.

Optical characterization

A Canon EOS Rebel T4i camera was used for the photography of
the samples in this paper. Optical images of the cross-section of
the sensors (Fig. 1f) were taken using an optical microscope

a b
PVDF filament

/
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(BX-61, Olympus). A high-speed camera (MotionBLITZ Cube4,
Mikrotron) captured the cantilever bending test at a frame rate
of 200 Hz.

Cantilever bending test

An aluminum beam with dimensions of 120 x 40 x 0.5 mm
was fixed on a steel support and bent dynamically by a shaker
(K2004E01, Mode Shop Inc.). The span length is ~8 cm. The
printed piezoelectric PVDF films were attached near the
clamped end of the aluminum beam in order to exhibit maximum
strain and detect the vibration frequency. During the cantilever
bending test, the shaker was excited by a function generator
(Model 19, Wavetek Corp.) in a sine wave format at eight different
frequencies: 0.1, 0.5, 1, 5, 10, 20, 30 and 40 Hz.

Compression test

Compression tests of the printed piezoelectric PVDF films were
carried out on an MTS Insight machine with a 1000 N load cell
in the compression mode (MTS 569332-01). The crosshead
speed was 1 mm s~ '. An acrylic disc with a diameter of
10 mm was glued on top of the PVDF film to obtain the same
contact area under compression. The compression head moved
down 0.033, 0.056, 0.079, 0.101, 0.129, 0.159, 0.206 and
0.234 mm until the maximum compressive force of 100, 200,
300, 400, 500, 600, 700 and 800 N was reached, respectively. The
average voltage output is calculated from three measurements.

Energy harvester

Four FFF printed PVDF films were connected in parallel and
glued on a 3D printed PLA tree as the energy harvesting

(v

Fig. 1 Fabrication of the piezoelectric PVDF films. Schematic of the (a) FFF printing process of the PVDF films (60 x 40 x 0.15 mm). (b) Stretching
process of the printed PVDF films (R = 4). (c) Contact poling process of the stretched PVDF films (40 x 20 x 0.06 mm). Photos of (d) FFF printed PVDF
films. (e) A piezoelectric PVDF film with electrical connections. (f) Optical image of the cross-section of the piezoelectric PVDF film.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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“leaves” and blown using a tabletop air circulation fan
(PFT30T2ABB-V, PELONIS) at 1500 rpm. A circuit was built in
order to light a red LED using the energy generated by the
“piezo leaves”. In this circuit, a bridge-rectifier consisting of
four diodes converted the AC generated by these four “piezo
leaves” to DC, while a 2.2 pF capacitor stored the converted
energy. The stored voltage in the capacitor was displayed on a
digital multimeter (HHM11, Omega Engineering, Inc.).

3. Results and discussion

Fig. 1a-c schematically shows the fabrication process of a
piezoelectric PVDF film based on FFF printing, stretching (R = 4)
and poling processes. The FFF printed one-layer PVDF films are
stretched along with the printing direction at R = 4 (i.e., from 4 cm
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to 16 cm) to induce the generation of the f§ phase (Fig. 1a and b).
Then, the stretched PVDF films are cut to 40 x 20 mm and
polarized along the thickness direction by a contact poling setup
to align the randomly oriented dipole moment (Fig. 1c). Fig. 1d
shows the photo of the printed PVDF films (60 x 40 x 0.15 mm).
For efficient performance, the FFF printed PVDF films have to be
free of porosities or impurities, otherwise a premature breakage
during the mechanical stretching process or a permanent electrical
breakdown during the poling process could happen. In case of an
electrical breakdown, the piezoelectric element could not be further
polarized and the piezoelectricity will remain very low. Undesired
porosities or impurities can be created during the filament pre-
paration and/or the FFF printing process. First, the as-received
printing filament should have the least content of bubbles and
impurities. Second, the PVDF filaments were dried in the oven to
minimize their moisture content and the pores in the printed parts.
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Investigation of the optimal poling and stretching parameters by characterizing and comparing the piezoelectric behaviors of printed PVDF films

fabricated in this work and stretched commercial hot-pressed PVDF films. (a) dzz of commercial and printed (R = 4) PVDF films polarized under different
poling voltages: 2, 4, 6 and 7 kV (for commercial PVDF); 1, 2 and 3 kV (for printed PVDF) (red and blue markers represent electrical breakdown). (b) ds3 of
commercial and printed (R = 4) PVDF films polarized for different poling times: 30, 60, 90 and 120 min. (c) ds3 of commercial and printed (R = 4) PVDF
films polarized at different poling temperatures: room temperature, 50, 80, 110 and 140 °C (red and blue markers represent electrical breakdown).
(d) FTIR spectrum, (e) Fg (%) and ds3 of the unprinted PVDF filament and polarized printed PVDF films stretched at R = 1, 2, 3 and 4. (poling parameters:
80 °C, 30 V um~* and 60 min) (f) Comparison of Fp3 (%) of printed PVDF films fabricated in this work (R = 4) and commercial PVDF films before and after

the poling process.
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Meanwhile, we slightly increase the extrusion width to make sure
there is no gap between the printed lines (Fig. S2, ESI}).
A fabricated PVDF film with electrical connections is shown in
Fig. 1le. The optical image of the cross-section of the piezoelectric
PVDF film with electrodes shown in Fig. 1f illustrates that the
average thickness of the piezoelectric PVDF film after being
stretched at R = 4 is ~60 um and the average thickness of the
painted silver electrodes on each side is ~15 um. The photo and
the thickness of the PVDF films stretched at R = 1, 2 and 3 are
shown in Fig. S3 and listed in Table S1 in the ESL¥

Poling voltage, time and temperature are the three main
poling parameters that influence the piezoelectric properties of
polarized PVDF films. Poling voltage should be sufficiently high
to align the dipole moments, while poling time should be
optimized to ensure complete polarization in the shortest time.
An elevated poling temperature is used to increase the mobility
of the PVDF molecules. Fig. 2a-c show the d3; of the printed
PVDF films (R = 4) and the commercial unpolarized PVDF
films with respect to poling voltage, time and temperature,
respectively. In Fig. 2a, ds; values of both printed (R = 4) and
commercial PVDF films increase rapidly and then reach a
plateau value with the enhancement of the poling voltage
(poling temperature = 80 °C and poling time = 60 min). For
the commercial stretched PVDF films, under the highest poling
voltage value of 6 kV, which is approximately 50 V um " electric
field, the maximum d,; value of 32.41 pC N is reached,
consistent with the reported d3; value (32 pC N~ ') of the
commercial polarized PVDF film measured using a ds;
meter."® Electrical breakdown occurs at ~7 kV as marked
in blue. The printed PVDF films (R = 4) can hold a
maximum poling voltage of 2 kV, which is approximately
30 V um ! electric field and leads to a maximum d; value of
7.29 pC N, Electrical breakdown of the PVDF film occurs at
3 kV as marked in red. The maximum poling electric field of the
printed PVDF films (R = 4) is less than those of commercial
PVDF films due to the fact that the thinner section is present
between the extruded lines in the printed PVDF films (Fig. S2,
ESIT). In Fig. 2b, ds3 of both printed (R = 4) and commercial
PVDF films increase rapidly and then reach a plateau value with
the poling time (poling temperature = 80 °C, poling voltage =
50 Vum ' (commercial PVDF) and 30 V um " (printed PVDF)).
For both commercial and printed PVDF films, the d;; value
increases with poling time until 60 min. The ds; is almost
constant for a poling time beyond 60 min probably due to the
completion of the alignment of the dipole moments in that
period. In Fig. 2c¢, d3; of both printed (R = 4) and commercial
PVDF films increase until 80 °C and then drop down with the
increase of poling temperature (poling time = 60 min, poling
voltage = 50 V um ™' (commercial PVDF) and 30 V um ™" (printed
PVDF)). We observe that the highest ds; value is achieved at
80 °C. Below 80 °C, the PVDF molecules are inactive, so it could
not be reoriented efficiently along with the electric field.*’
However, when the poling temperature is above 80 °C, we
observed that the PVDF films significantly warp and detach
from the bottom poling plate, so the poling electric field cannot
be uniformly applied on the PVDF films. The investigation of

© 2022 The Author(s). Published by the Royal Society of Chemistry
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the poling parameters for the commercial PVDF films suggests
that the optimal poling settings are 80 °C, 50 V um " and
60 min. However, the printed PVDF films could not sustain
more than 30 V um™ ' because of the thinner area between
printed lines. Thus, the tailored poling settings for the printed
PVDF films are 80 °C, 30 V pm ' and 60 min. In the ds;
measurement, three specimens are tested and each specimen
is measured at three different locations. We found that the
error bar of the specimens polarized under the same conditions
is too small to be detected, which indicates the PVDF films have
been uniformly polarized.

We investigate the effect of R on the generation of piezo-
electric ff phases in the printed PVDF films. The photos and the
dimensions of the printed PVDF films stretched at R = 1, 2, 3
and 4 are shown in Fig. S3, ESL{ The FTIR spectra of the
polarized printed PVDF films stretched at R = 1 to 4 are shown
in Fig. 2d. Herein, 840 cm ™' is the characteristic peak of the
piezoelectric f§ phase, while 613, 713, 795 and 975 cm™ ' are
the representative peaks of the piezoelectric o phase. With the
increase of R, the peaks of the « phase decrease, while the peak
of the f§ phase increases, meaning that the printed PVDF films
transform from the « phase into the f phase. For a system
containing o and f phases, the modified Beer-Lambert law is
used to calculate Fy (%):

Ap

Fs%) =264, + Ay @)

where A, and Ag are the absorbance of « and p phases at
763 and 840 cm ™', respectively, and 1.26 is the ratio of the
absorption coefficient at the corresponding wavenumber of
6.1 x 10* and 7.7 x 10* ecm® mol ' for « and B phases,
respectively.'®>° Three specimens are prepared for each stretch-
ing condition and Fy (%) and d;; of each specimen is measured
at three different locations. As shown in Fig. 2e, Fs (%) and ds;
increase with the value of R. The unprinted PVDF filament and
the printed PVDF films stretched at R = 1 have a similar low F
(%) and ds3, indicating that the 3D printing process cannot
efficiently convert the « phase to ff phase in PVDF. Both F; (%)
and d3; increase with R, which means that the stretching process
is necessary for achieving higher piezoelectric performance. The
polarized printed PVDF films possess an F (%) of 65% and a dj;3
of 7.29 pC N~ ', which is ~10-100 times higher compared to the
previously reported FFF 3D printed PVDF films (Kim et al:*?
ds; = 0.048 pC N~ Porter et al:** d3; = 1.19 pC N '). The
commercial hot-pressed PVDF film has a Fj of 74% and a d; of
28 pC N~ . The lower ds; of the FFF printed PVDF film compared
to the commercial one is due to the lower poling electric field
they can reach before the electrical breakdown occurs. The
interface between the printed lines, and the surface roughness
have an adverse effect during the poling phase. Further optimi-
zation of the FFF process parameters (e.g., chamber temperature,
nozzle size) might lead to an optimal poling electrical field
to reach the performance of commercial dense films. Also, the
lower Fy arises from the stretching process, when R > 4, our
printed PVDF films rupture, while the commercial films had
already been stretched at R = 5. The utilization of a lower R value

Mater. Adv,, 2022, 3, 4851-4860 | 4855
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is due to the relatively weak interface between the printed lines
that makes the printed films fail prematurely. In addition, we
compare Fy (%) of the printed PVDF films and the commercial
PVDF films before and after the poling process with their
respective optimal poling parameters (Fig. 2f). For both PVDF
films, Fy (%) has not been much enhanced by the poling step.
The commercial PVDF films have a slightly higher Fj; (%) than
the printed PVDF films owing to the hot-pressing process and
the higher R (R = 5) during the stretching process. In conclusion,
the stretching process creates higher Fj; (%) and poling process
aligns # PVDF molecules to achieve a non-zero net polarization.
In addition, we heat the polarized printed PVDF films at 30, 40,
50, 60, 70, 80, 90 until 100 °C. Below 60 °C, d;; is stable. Above
60 °C, d3; decreases with increasing temperature due to the
misalignment of the PVDF molecules, ie., losing their net
polarization. Thus, the maximum allowable operating tempera-
ture for the FFF printed piezoelectric PVDF films developed in
this work is 60 °C as shown in Fig. S4, ESL

We chose 40 x 20 x 0.06 mm polarized printed piezoelectric
PVDF films (R = 4; polarized at 80 °C, 30 V um " for 60 min) for
the demonstration of two sensing (cantilever bending - ds;
mode and compression tests - dz; mode) and one energy
harvesting applications:

Application #1: cantilever for bending frequency sensing
application

A cantilever bending test setup (Fig. 3a) is designed to evaluate the
frequency detection behavior of the printed piezoelectric PVDF
sensor. The shaker and the aluminum beam are fixed on a steel
support and connected to a rod. The screwed rod moves back and

y Shaker
IS

View Article Online

Materials Advances

forth in the x direction and bends the aluminum beam. The
printed piezoelectric PVDF sensor is attached near the clamped
end of the aluminum beam. The cantilever bending test was also
recorded by the high-speed camera as shown in the ESLY
Movie S1. The shaker is excited by a function generator (in sine
wave format) at eight frequencies (i.e., 0.1, 0.5, 1, 5, 10, 20, 30 and
40 Hz) and the deflection of the free end of the aluminum beam is
held constant at +5/0 mm. To validate the durability of the printed
piezoelectric sensor, we performed the cyclic test at 5 Hz for
around 8 h and captured the voltage at the beginning and at the
end of the cyclic test for 1200 s, respectively. The printed piezo-
electric PVDF sensor still shows good sensitivity and favorable
stability for more than 140000 cycles (Fig. 3b). Fig. 3c shows the
voltage generated from the printed piezoelectric film sensor in a
period of 1 s between 0.1 and 40 Hz. The measured peak-to-peak
voltage is ~0, 9, 39, 35, 29, 6, 2 and 0 mV. The highest peak-to-
peak voltage output of ~39 mV is observed at 1 Hz. The peak-to-
peak voltage increases from 9 to 39 mV as the frequency increases
from 0.5 to 10 Hz and then decreases to 2 mV as the frequency
increases from 10 to 30 Hz. The detected frequency by the printed
piezoelectric sensor is consistent with the related actuating fre-
quency between 0.5 to 30 Hz. The output voltage signal is close to
zero below 0.5 Hz and above 30 Hz. Below 0.5 Hz, the movement
is too slow to be detected. The reason is that the piezoelectric
sensors are good at dynamic force measurement instead of static
force measurement due to the fact that the surface charges
are easily neutralized under static force.>* Above 30 Hz (ie.,
frequency = 40 Hz), the piezoelectric PVDF sensor does not have
enough time to transmit the charges generated from the bending
movement in the positive x direction (forward); these charges are

t=~8h
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Fig. 3 Cantilever bending test at different frequencies actuated by a shaker. (a) Schematic of the cantilever bending test setup. (b) Durability test for a
polarized printed PVDF film sensor (R = 4) by continuous bending at 5 Hz for 144 000 cycles. The voltage generated in 1200 s intervals at the beginning
and after 8 h. (c) Voltage generated by a polarized printed piezoelectric PVDF sensor (R = 4) at different actuating frequencies of 0.1, 0.5, 1, 5, 10, 20, 30

and 40 Hz.
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Fig. 4 Compression test. (a) Schematic of the compression test setup. (b) Voltage curves during a 1 s period. (c) Maximum voltage generated by a 40 x
20 mm printed piezoelectric PVDF sensor (R = 4) under the maximum compressive forces of 100, 200, 300, 400, 500, 600 and 700 N. Error bars indicate
the standard deviations obtained from three measurements. (d) Switching-polarity test: voltage generated during a 1 s period under the compression of

500 N using forward and reverse connections.

reversed by the recovery movement in the negative x direction
(backward).

Application #2: compression sensing application

The schematic of the compression test setup is shown in Fig. 4a.
During the test, the compression head goes down by 0.033,
0.056, 0.079, 0.101, 0.129, 0.159, 0.206 and 0.234 mm to reach
the maximum compressive force of 100, 200, 300, 400, 500, 600,
700 and 800 N, respectively. The voltage curves of the printed
piezoelectric PVDF sensor under the compressive force between
0 to 700 N during a 1 s interval are shown in Fig. 4b. The PVDF
films rupture when the load is equal to or greater than 800 N. As
the compressive force increases, it takes a longer time for
the voltage signal to go back to zero. Fig. 4c depicts a linear
response of the PVDF film sensor voltage output for the force
range between 0 and ~700 N. The sensitivity of the sensor is
~9.717 mV N~ 1. Then, we reversed the direction of the connec-
tion by switching the positive and negative wires on the piezo-
electric sensor, and compressed the piezoelectric sensor with a
load of 500 N. We observe that the direction of the voltage peak
has been reversed, but the amplitude of two peaks is very close
with a 0.8% difference, which confirms that the voltage comes
from the piezoelectric sensor and not from the movement of the
wires due to the change of the capacitance (Fig. 4d).

Application #3: “piezo leaves” for energy harvesting application

As shown in Fig. 5a, Four 40 x 20 x 0.06 mm printed polarized
piezoelectric PVDF sensors (R = 4) are connected in parallel and
glued on an FFF 3D printed PLA tree as energy harvesting “piezo

© 2022 The Author(s). Published by the Royal Society of Chemistry

leaves”. Fig. 5b shows a bridge-rectifier circuit used to convert the
AC to DC to charge a 2.2 UF capacitor.”” In the energy harvesting
test, we use a table fan to blow the “piezo leaves” (Fig. 5c). The
distance between the fan and the PLA tree is 10 cm. As we turn on
the table fan to the highest speed (motor speed = 1500 rpm), the
“piezo leaves” are bent, thus generating electric current. We record
the voltage reading of the capacitor on the multimeter every 30 sec.
During a 3 min period of fan blowing, the “piezo leaves” are able
to charge the capacitor from 0 to ~2 V at a charging rate of
~ 667 mV min ™. After we turn off the fan, the voltage drops gradually
due to the intrinsic current leakage behavior of the capacitor (Fig. 5d).
A 2.2 pF capacitor is selected in order to balance the current leakage
rate and the charging rate. Larger capacitors have a higher charging
rate but larger current leakage. The charges stored in the capacitor are
further used to make a red LED bulb blink (ESL:+ Movie S2). The
number of “piezo leaves” and the amplitude of wind power have a
significant effect on the charging rate. By calculation, ~720 pieces of
“piezo leaves” are required to light a LED continuously.

As shown in Fig. S5 (ESIt), the calculated power density of
the four “piezo leaves” is ~9.38 uW cm ™ at a resistance of 1
MQ (although there is a small deformation under the wind),
which is comparable to the power density of the PVDF related
energy harvesters from other works.>*>°

4. Conclusion

In summary, we have successfully optimized the stretching-
poling post-treatment parameters to fabricate FFF printed

Mater. Adv,, 2022, 3, 4851-4860 | 4857
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"Piezo leaves” energy harvester — Four PVDF films connected in parallel blown by a fan. (a) Photo of the four 40 x 20 mm printed piezoelectric

PVDF sensors (R = 4) glued on an FFF 3D printed PLA tree. (b) Circuit diagram of the energy harvester: four “piezo leaves” connected in parallel generate
AC, which is converted to DC by a bridge rectifier and stored in a capacitor to light a LED bulb. (c) Photo of the experimental setup: the wind energy from
the fan is converted to electrical energy by four “piezo leaves” and the stored voltage in an energy harvesting circuit is read by a multimeter. (d) Voltage of
a 2.2 uF capacitor charged by the “piezo leaves” after the fan is turned on (1500 rpm) for 3 min and then turned off.

piezoelectric PVDF films and tested them for frequency
sensing, pressure sensing and energy harvesting applications.
By tailoring the stretching and poling parameters, a piezoelectric
coefficient of 7.29 pC N™" and a fraction of f§ phase of 65% were
obtained. We find that the stretching step is necessary for the
generation of the piezoelectric f# phase, while the poling step is
required to align the randomly dispersed dipole moments. The
ds; of the polarized printed PVDF films (R = 4; polarized at 80 °C,
30 V um ™" for 60 min) fabricated in this work is ~10-100 times
higher than the reported values.**** We have successfully
demonstrated that the fabricated PVDF films could be directly
used in both d3; and d3; mode sensing applications, including
frequency (0.5 to 30 Hz) and compression detection (0 to 700N).
Moreover, the 2 V voltage generated and stored in a 2.2 pF
capacitor through a 3 min fan blowing of four printed PVDF
films connected in parallel could make a LED bulb blink.
In future work, to further enhance the piezoelectric charge
coefficient of the 3D printed piezoelectric films, high piezo-
electric ceramic fillers can be incorporated into the pure PVDF
filament as a piezoelectric composite filament. The obtained
piezoelectric coefficient will be the sum of the PVDF polymer
matrix and the ceramic fillers. In addition, the stretching step is
essential to enhance the B phase content in PVDF to achieve
better piezoelectric performance, however, it limits the complex-
ity of the manufacturable structures. In our future work, we will
show the use of the FFF 3D printing technique to fabricate
geometrically optimized true 3D piezoelectric composite devices.
The present work is the foundation of our future work with the
goal of showing the upper limit of piezoelectric performance that
we can achieve in the FFF 3D printed PVDF films. Also, we plan
to utilize a multi-material FFF 3D printing technique for the

4858 | Mater. Adv., 2022, 3, 4851-4860

fabrication of piezoelectric sensors with electrodes in a single
step. This multi-material 3D printing technique will offer a facile
way to create piezoelectric devices without the need for post-
metallization. We believe that FFF 3D printed piezoelectric
devices would find enormous applications in sensing and energy
harvesting fields.
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