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Abstract
Inflatable structures, promising for future deep space exploration missions, are vulnerable to
damage from micrometeoroid and orbital debris impacts. Polyvinylidene
fluoride-trifluoroethylene (PVDF-trFE) is a flexible, biocompatible, and chemical-resistant
material capable of detecting impact forces due to its piezoelectric properties. This study used a
state-of-the-art material extrusion system that has been validated for in-space manufacturing, to
facilitate fast-prototyping of consistent and uniform PVDF-trFE films. By systematically
investigating ink synthesis, printer settings, and post-processing conditions, this research
established a comprehensive understanding of the process-structure-property relationship of
printed PVDF-trFE. Consequently, this study consistently achieved the printing of PVDF-trFE
films with a thickness of around 40 µm, accompanied by an impressive piezoelectric coefficient
of up to 25 pC N−1. Additionally, an all-printed dynamic force sensor, featuring a sensitivity of
1.18 V N−1, was produced by mix printing commercial electrically-conductive silver inks with
the customized PVDF-trFE inks. This pioneering on-demand fabrication technique for
PVDF-trFE films empowers future astronauts to design and manufacture piezoelectric sensors
while in space, thereby significantly enhancing the affordability and sustainability of deep space
exploration missions.
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1. Introduction

Inflatable re-entry vehicles and habitats are compelling for
deep space exploration and the next-generation space sta-
tion [1–5], due to their impressive volume-to-mass ratio and
efficient packaging. Figure 1 shows a typical multi-layer inflat-
able habitat shell developed by NASA, which consists of
an external thermal blanket, micrometeoroid orbital debris
(MMOD) shielding, Kevlar restraint layer, and pressurized
bladder layer.

The thin-walled inflatable structures are highly susceptible
to damage from MMOD. Consequently, ensuring the sustain-
able and safe operation of these inflatable structures in future
deep space exploration missions relies on the development of
non-intrusive, convenient, and reliable structural health monit-
oring (SHM) technologies. Ideally, SHM sensors should have
the ability to continuously detect the magnitude and impact
location of MMOD forces around the clock while minimizing
energy consumption. MMOD sensors are strategically posi-
tioned on the critical Kevlar restraint layer, the key compon-
ent that bears the primary structural load and ensures struc-
tural integrity. Protected by external insulation layers, the
Kevlar restraint layer is safeguarded against ionizing radi-
ation and temperature variations, creating a stable environ-
ment that allows for the integration of traditional strain or
force sensors, such as capacitive strain gauge, resistive strain
gauge, piezoresistive strain guages, and optical fibers [6–13].
These sensors have demonstrated good accuracy and mechan-
ical robustness. However, their utilization in inflatable struc-
tures is limited, either due to a continuous reliance on an
external power source or the inadequate frequency bandwidth
for detecting impact forces. A promising alternative is piezo-
electric sensors, which typically comprise a piezoelectric layer
sandwiched between a pair of electrodes [14]. When subjec-
ted to mechanical stimuli, electrical charges accumulate on the
surface of the piezoelectric layer, resulting in a voltage across
the electrodes. The voltage magnitude increases linearly with
respect to the applied force magnitude. Previous studies have
arranged multiple piezoelectric sensors in a two-dimensional
grid, leading to the development of tactile sensor arrays cap-
able of detecting both force magnitude and location [15, 16].

Piezoelectric materials are classified into three categor-
ies: single-crystals, polycrystalline piezoceramics, and poly-
mers. Single-crystal piezoelectrics, such as aluminum nitride
and lithium niobate, are noted for their suitability in high-
temperature and radioactive conditions [17]. However, their
piezoelectric response is relatively low, and existing in-space
manufacturing techniques can hardly achieve the desired
single-crystal structure. Piezoceramics, like lead zirconate
titanate, offer the strongest piezoelectric response but are lim-
ited by their toxicity, making them unsuitable for applica-
tions in inflatable habitats. Innovations have led to the devel-
opment of lead-free and biocompatible alternatives, such as
barium titanate and bismuth titanate. Nonetheless, fabrication
of piezoceramics requires high-temperature thermal sintering
that exceeds the capabilities of current in-space manufacturing

technologies, and their brittleness complicates integration onto
flexible substrates.

Piezoelectric polymers offer an optimal balance between
piezoelectric performance and flexibility. Among them,
polyvinylidene fluoride (PVDF) and its copolymer with tri-
fluoroethylene (PVDF-TrFE) stand out for their biocompatib-
ility, chemical resistance, and notable piezoelectric properties.
Specifically, PVDF-TrFE is more advantageous in in-space
manufacturing due to its higher piezoelectric coefficient (25–
30 pC N−1) and its simpler processing requirements. Unlike
PVDF,which necessitates the use ofmore volatile solvents and
a complex combination of mechanical stretching and electrical
poling to reach optimal piezoelectricity, PVDF-TrFE offers
a more straightforward path to achieving desired piezoelec-
tric properties. Table 1 provides an overview of conventional
PVDF-trFE fabrication processes, which generate significant
waste or necessitate additional subtractive machining to create
complex customized designs.

Additive manufacturing of PVDF-trFE holds signific-
ant promise, offering an environmentally friendly and cost-
effective approach to on-demand and rapid prototyping of
complex piezoelectric sensor networks. Most previous addit-
ive manufacturing efforts have concentrated on piezoelectric
composites, which incorporate piezoelectric ceramic particles
within a passive or piezoelectric polymer matrix. While
particle inclusion enhances piezoelectric response, it often
compromises mechanical robustness and flexibility [22–24].
Particles can agglomerate or settle over time, limiting the shelf
life of the ink. Table 2 presents a comparison of state-of-the-
art additive manufacturing techniques for pure piezoelectric
polymers. Previous studies have suggested that a PVDF-trFE
film thickness in the range of 20–40µm is ideal, as it is thin
enough for convenient electrical poling and yet thick enough
to yield a significant piezoelectric response [25, 26]. However,
inkjet printers impose strict requirements on ink viscosity and
solvent compatibility. Existing piezoelectric inks for inkjet
printing typically contain only 0.8–1.2 wt.% PVDF-trFE, and
more than 15 printing layers are required to achieve a thickness
exceeding 20 µm.

Material extrusion (MEX) offers the capability to pre-
cisely deposit sub-nanoliter volumes of inks on flat or curved
substrates and can accommodate inks with a wide viscosity
range, from 1 cps (similar to water) to 1000 000 cps (sim-
ilar to honey). Recent tests conducted during parabolic flights
and aboard the International Space Station have confirmed
the viability of MEX in a microgravity environment [34–37].
WhileMEX also offers the possibility of printing piezoelectric
inks with higher concentrations of PVDF-trFE, thus expedit-
ing the fabrication process, a comprehensive study on the use
of MEX for producing pure PVDF-trFE sensors has not yet
been conducted.

This study thoroughly explores the MEX of PVDF-
trFE devices. Our team delves into several critical aspects,
encompassing ink formulation, printer configuration, and
post-processing techniques. It places particular emphasis
on a detailed examination of the drying process, curing
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Figure 1. Cut-away view of NASA’s TransHab inflatable habitat
design.

methods, and fine-tuning of ink flow rates to achieve pre-
cise and uniform PVDF-trFE film thickness. Furthermore, the
study explores multiple poling techniques, such as electric
field poling and corona poling, to assess their effectiveness
in PVDF-trFE polarization. Eventually, this study integrates
commercial silver pastes with the newly formulated PVDF-
trFE inks, resulting in an all-printed piezoelectric force sensor
with an expanded frequency bandwidth.

2. Fabrication methods

2.1. Ink preparation

The performance of PVDF-trFE is sensitive to the ratio of
vinylidene/trifluoroethylene (VDF/trFE). Commercially avail-
able PVDF-trFE powders exhibit a range of VDF/trFE ratios,
spanning from 80:20 mol to 55:45 mol. It is observed that
an increase in trFE mol.% leads to an elevation in the
maximum dielectric constant of PVDF-trFE, and the dielec-
tric constant peak occurs at a lower operating temperat-
ure [38]. Notably, PVDF-trFE with a trFE concentration of 20
mol.% attains the highest Curie temperature (136 ◦C) while
maintaining a moderate piezoelectric coefficient (d33) in the
range of 24–30 pC N−1. Consequently, this study utilized

a commercial PVDF-trFE with 20 mol.% trFe (Piezotech
FC20).

For MEX ink synthesis, this study started with two well-
established recipes for inkjet printing [25, 26], employ-
ing a cosolvent system composed of methyl ethyl ketone
(MEK, Macron Fine Chemicals) and dimethyl sulfoxide
(DMSO, 99.9% Sigma Aldrich) in a 1:2 volume ratio. In
this system, MEK serves as the primary solvent for PVDF-
trFE, while DMSO slows down MEK evaporation at room
temperature. Traditional inkjet inks typically contain 0.8–
1.0 wt.% PVDF-trFE, necessitating time-consuming mul-
tilayer printing to achieve the desired thickness. Previous stud-
ies in our research group experimented with dissolving 5–
20 wt.% of PVDF-trFE in the cosolvent system and estab-
lished that inks with a 10 wt.% PVDF-trFE concentration
yield the desired film thickness and uniformity [39], which
was selected for this study. All ink components, includ-
ing PVDF-trFE powders, DMSO, and MEK, were mixed
within a glass vial using an analog vortex mixer (Fisherbrand)
at 40% of the maximum speed (approximately 1200 rpm)
for 1 h.

2.2. MEX

MEX in this study was carried out using a 2-axis nScrypt
Microdispenser (150-3Dn-HP) situated within the Idaho
Microfabrication Laboratory at Boise State University. NASA
has recently conducted preliminary parabolic flight tests on
a similar 5-axis nScrypt MEX system and has plans for its
deployment to the International Space Station. This MEX sys-
tem is compatible with inks spanning a viscosity range from
that of water to honey (1 cps to 1 million cps), encompassing
the viscosity of our PVDF-trFE ink.

The physical assembly and working principles of the
nScrypt MEX system are depicted in figure 2. Compressed
air serves as the driving force, propelling the ink through the
valve. All O-rings used in the system are made of ethylene
propylene diene monomer rubber, ensuring chemical compat-
ibility with the ink. The printer head is vertically adjustable
to achieve control over the gap between the nozzle and the
substrate. In this study, a gap of approximately 0.2–0.3 mm
was maintained to prevent the nozzle from touching the prin-
ted films while also mitigating ink overspray. The selec-
ted substrate is single-sided copper-coated Kapton (Shenyi
SF305), consisting of a 50 µm thick polyimide layer coated
with a 35µm thick copper layer. The substrate was securely
held in place by a vacuum chuck mounted on a motorized
micro stage.

For a given combination of ink and substrate, the dimen-
sions of the printed lines, including cross-sectional shape,
width, and thickness, are determined by several factors. These
include the contact angle between the ink droplet and the sub-
strate, the ink flow rate through the nozzle, and the printing
speed (vs), which corresponds to the linear motion of the micro
stage. Prior to printing, the substrate underwent a thorough
cleaning process using isopropyl alcohol (IPA), followed by
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Table 1. Conventional fabrication methods for commercial PVDF-trFE sensors.

Method Merit Drawback

Solvent casting [18] · Convenient · Cannot form complex geometries
· Difficulty in thickness control
· High batch-to-batch variation

Screen printing [19] · Can form complex
geometries

· Easy multilayer printing

· Large waste production
· Relatively low precision
· High batch-to-batch variation
· Must work quickly to prevent drying/sticking
· Cleaning required between each printed layer

Spin coating [20, 21] · Good film uniformity
· Easy thickness tuning

· Large waste production
· Complex designs require photolithography

Table 2. State-of-the-art additive manufacturing techniques for PVDF-trFE fabrication.

Method Merit Drawback

Fused filament printing [27, 28] · Easy filament extrusion
· Potential in-situ post-processing

· Poor thin film printing quality
· Poor film adhesion
· Difficulty in electrode fabrication

Electrospinning [29, 30] · No post-processing needed
· Generate nano- or micro-fibers

· Produce high porosity and low
mechanical strength structures

Inkjet printing [25, 31–33] · Convenient
· Simultaneous electrode printing

· Cannot print high viscous inks
· Ink may dry and clog the cartridge
· Time-consuming

Figure 2. The nScrypt 150-3Dn-HP material extrusion system: (a) physical assembly and (b) schematic.

blow-drying with compressed nitrogen gas. This chemical sur-
face treatment effectively removes any contaminants from the
substrate, enhancing the ink’s wettability and reducing its con-
tact angle on the substrate. The ink flow rate, on the other hand,
relies on various parameters, such as the valve aperture (∆V),
which represents the vertical displacement of the valve plun-
ger, and the compressed air pressure (P). The individual effects
of vs, ∆V, and P are further explored and discussed in sub-
sequent sections.

2.3. Curing

The curing process for as-printed PVDF-trFE involves two
essential stages: first, the removal of the MEK:DMSO co-
solvent through drying, and second, the cross-linking or crys-
tallization of PVDF-trFE polymers. Without a proper curing
process, PVDF-trFE films may exhibit undesirable character-
istics, such as visible bubbling, the coffee ring effect, or film
delamination, as illustrated in figure 3. The efficiency of the
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Figure 3. Unsuccessful curing of 10× 10 mm printed PVDF-trFE
films: bubbling (left) and coffee ring effect (right).

curing process depends on both temperature and duration and
requires further optimization.

2.4. Poling

The piezoelectricity in PVDF-trFE originates from its crys-
talline structures. As-cured PVDF-trFE films primarily con-
tain the α- and β-phases. The α-phase is nonpolar, resulting
in randomly-oriented dipoles and insignificant piezoelectric
responses. Conversely, the β-phase exhibits a trans planar zig-
zag configuration, leading to strong polarization or piezoelec-
tric responses. However, theα-phase predominates in as-cured
PVDF-trFE films as it represents the thermodynamic ground
state with the lowest energy. Poling, or using an external elec-
tric field to reorient the dipoles, is an effective process for
transforming the α-phase into the β-phase, thereby enhan-
cing the material’s piezoelectric characteristics. This study
investigates three distinct poling techniques, each with its
own approach to applying an electric field across the sample.
The specific setups for these techniques are illustrated in
figures 4–6.

Electric field poling—oil bath. Previous studies have demon-
strated that the application of either a DC voltage or a low-
frequency AC voltage to create a uniform electric field across
the PVDF-trFE film is an efficient method for achieving
poling [19]. Using a dedicated commercial fixture (PolyK
Technologies), this study exclusively focuses on DC voltage
due to its simplicity and ability to maintain stable polarization.
As depicted in figure 4, the top pin of the fixture is connected
to a high-voltage power supply (Trek 610E), while the bot-
tom is grounded. An additional stainless steel shim is used to
ground the copper coating on Kapton. To prevent corona dis-
charge and minimize temperature gradients within the PVDF-
trFE film, the film is fully immersed in dielectric silicone oil
(Grainger, ISO viscosity grade 100, SAE grade 80W, and H1
food grade).

Electric field poling—tungsten needle. The oil bath rig
necessitates the deposition of a top electrode on the PVDF-
trFE film prior to poling. The use of a silicone oil bath in elec-
tric field poling can also introduce contamination to the sample
surface, presenting challenges, especially in critical fields like
biomedicine and the food industry. Moreover, poling thick
films or large samples demands high voltage and current,
which might exceed the capabilities of standard commercial
power supplies. To resolve these challenges, this study intro-
duces an alternative poling method, as shown in figure 5. This
method uses the electric field magnification effect, enabling

the generation of a high electric field in the vicinity of a sharp
needle. While this particular poling setup is less commonly
utilized in PVDF-trFE fabrication, it holds practical value for
in-situ poling in fused filament fabrication [28, 40], where a
DC electrical field is applied to the sharp printer nozzle. In this
configuration, the sample was affixed to a micro-stage, allow-
ing precise adjustment of the relative position between the
sample and the tungsten needle (McCrone Group #2 sharp).
A DC voltage was applied to the needle, positioned at a dis-
tance of 0.1 mm from the cured PVDF-trFE film.

Corona poling. Both electric field poling approaches impose
strict demands on film uniformity since any thin areas caused
by bubbling or the coffee ring effect can result in an excess-
ive electrical field strength across the film, potentially leading
to film breakdown. The electric field magnification effect, in
particular, can only achieve PVDF-trFE poling over a small
region. To tackle these challenge, our team explored the corona
poling approach [27, 41, 42]. Corona poling works by apply-
ing a high voltage to a sharp electrode, generating a corona dis-
charge that creates a strong, non-uniform electric field, which
reorients the piezoelectric dipoles. Figure 6 illustrates our
corona poling rig modified from the electric field poling rig.
To enable precise temperature control within the PVDF-trFE
films, a thermoelectric plate (BXQINLENX TEC1-12710)
was added atop the steel plate. Temperature regulation was
accomplished through an open-loop controller, where the cor-
relation between the current applied to the thermoelectric plate
and the corresponding temperature of the plate was calibrated
using an infrared thermal camera (Fluke 62). The corona dis-
charge from the tungsten needle was enclosed within a poly-
lactic acid (PLA) tube with a diameter of 6.35mm. The dimen-
sions of the PLA tube can be adjusted to accommodate various
sample sizes.

3. Characterization methods

3.1. Profilometry

A stylus profilometer (Bruker Dektax XT-A) was employed
to characterize the thickness of the MEX-printed PVDF-trFE.
The stylus tip had a diameter of 25 µm, and a consistent
contact force of 5 mg was applied. To accurately replicate
three-dimensional surface topography, we set the horizontal
and vertical scanning resolutions at 2.166 µm and 65 µm,
respectively. The flexible Kapton substrate coated with cop-
per was prone to wrinkling, which resulted in inaccuracies in
the surface topography measurements. To address this issue,
a 200 nm thick copper coating was sputtered on a silicon
wafer with a diameter of 100 mm and a thickness of 500 µm
(University Wafer Inc. ID 590). This copper-coated wafer
effectively simulated the copper/PVDF-trFE interaction while
ensuring a perfectly flat surface for profilometry.

3.2. Differential scanning calorimetry and thermogravimetric
analysis

The investigation covered the dynamic behaviors of the air-
drying process for the MEK:DMSO cosolvent system and the
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Figure 4. Electric field poling rig submerged in a silicone oil bath: (a) physical assembly and (b) schematic.

Figure 5. Electric field poling rig facilitated by a magnified electric field around a tungsten needle: (a) physical assembly and (b) schematic.

Figure 6. Corona poling rig: (a) physical assembly and (b) schematic.

thermal characteristics of PVDF-trFE powder using a thermo-
gravimetric analysis–differential scanning calorimetry (TGA-
DSC) instrument (Netzsch STA 449 F5 Jupiter). Alumina

crucibles were utilized to hold the samples. The air-drying
process was examined at room temperature (25 ◦C). For
the PVDF-trFE powder characterization, the temperature
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increased from 20 ◦C to 160 ◦C at a heating rate of 5 ◦Cmin−1.
All measurements were conducted under an airflow rate of
20ml min−1.

3.3. Surface contact angle

Contact angle analysis plays a pivotal role in MEX by provid-
ing critical insights into ink-substrate interactions. These
measurements offer valuable information about ink wettabil-
ity, which directly influences the ability of the ink to spread
and adhere uniformly to the printing surface. Contact angle
measurements were conducted using an optical tensiometer
(Biolin Scientific Theta). To determine the contact angle of the
synthesized ink on a copper substrate, the sessile drop tech-
nique was employed, and calculations were based on the clas-
sical Young–Laplace equation. Contact angle measurements
were carried out at various temperatures.

For the room-temperature (25 ◦C) measurement, a 10 µl
droplet of ink was deposited onto a 20× 20 mm copper sub-
strate, and changes in the contact angle were recorded over
a 6 h period in an open-air environment. In contrast, for
measurements at elevated temperatures, a 20× 20 mm cop-
per substrate was placed on the hot side of a thermoelectric
plate (Peltier) and secured with Kapton tape, as depicted in
figure 7. This prepared substrate was then positioned on the
tensiometer’s stage. The current supplied to the thermoelec-
tric plate was regulated using a current-limiting benchtop lin-
ear power supply (CSI1802X, Circuit Specialists), and the res-
ulting plate temperature was monitored using a thermal ima-
ging camera (Keysight U5855A). A 10 µl droplet of the ink
was deposited onto the heated copper substrate, and changes
in contact angles were recorded until the droplet completely
evaporated at each of the specified temperatures (50 ◦C, 90 ◦C,
and 110 ◦C).

3.4. Piezoelectric coefficient

The effectiveness of electric field poling was evaluated using
the piezoelectric coefficient d33, which describes the amount
of electrical charges accumulated on the PVDF-trFE film per
unit compressive force applied norm to its surface. The meas-
urement involved applying a dynamic force of approximately
0.25 N at 110 Hz, accompanied by a DC compression force of
around 2.5 N to the PVDF-trFE film. Under the influence of
dynamic force excitation, the PVDF-trFE accumulated pos-
itive charges on one side (anode) and negative charges on
the other side (cathode). Depending on the orientation of the
PVDF-trFE films relative to the d33meter probes, the resulting
d33 value could be either positive, denoted as dp33, or negative,
denoted as dn33. To obtain the final d33 value, both positive and
negative d33 measurements were conducted for each sample
by flipping the samples over, and the average value was cal-
culated as d33 = (dp33 − dn33)/2. This approach effectively mit-
igated any potential drift in the d33 meter. To ensure accur-
ate measurements of d33, all samples were peeled off from
the Copper-coated Kapton due to the dielectric nature of the
Kapton layer.

Figure 7. Experimental setup to characterize droplet contact angle
at high temperatures.

Table 3. Printer parameters selected based on iterative
experimentation.

Printer Parameter Value

Nozzle diameter 300 µm
Air pressure P 68.95 kPa
Printing speed vs 6 mm s−1

Valve aperture ∆V 0.04 mm
Line spacing 0.3 mm

4. Fabrication optimization

4.1. Printer parameters

Our prior experience with MEX highlighted the critical role of
three key parameters in controlling the dimensions and geo-
metries of the printed PVDF-trFE: compressive air pressure
(P), valve opening (∆V), and printing speed (vs). The value of
vs is determined by the linear speed of the micro-stage. Based
on practical experience and the manufacturer’s recommenda-
tions, a minimum increment for P,∆V, and vs was established
at 0.689 kPa, 5 µm, and 0.5 mm s−1, respectively. An optimal
set of printer parameters that consistently produced approxim-
ately 40 µm thick PVDF-trFE films on copper-coated Kapton
was determined through iterative experiments. The resulting
parameters are summarized in table 3. Subsequently, the prin-
ted PVDF-trFE films were transferred to a preheated oven set
at 90 ◦C and cured for 15min. Further discussion on the curing
conditions will be presented in subsequent sections.

For precise control over the geometry of the printed PVDF-
trFE films, this study conducted a detailed exploration of the
effects of varying P,∆V, and vs within proximity of their nom-
inal values, as presented in table 3. Specifically, the pressure
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Figure 8. A total of 10 cross sections of the printed PVDF-trFE
lines plotted on top of each other.

ranged from 41.37 kPa to 96.53 kPa, incremented in 13.79 kPa
intervals; the printing speed spanned from 2 to 10 mm s−1,
incremented in 2 mm s−1 steps; and∆V ranged from 0.30 µm
to 50 µm, incremented in 5 µm increments. During these
experiments, one of these settings was systematically varied
within the specified range, while the other two settings were
held constant at their nominal values.

For each unique printer configuration, a 10 mm long line
was printed on copper-coated silicon wafers treated with IPA.
The printer was allowed to stabilize for a few minutes before
initiating the print. Subsequently, the cross-sectional profiles
of the printed lines at 10 distinct locations, each 1 mm apart,
were characterized. Figure 8 illustrates the cross-sectional pro-
files obtained using stylus profilometry.

Notably, the quality of the printed lines remained consist-
ent, with no discernible variations observed across the 10 cross
sections. The height of the line, labeled as H, was determined
at its maximum point, and the width, denoted asW, was meas-
ured as the distance between points where the height reached
half of its maximum value. The cross-sectional area, repres-
ented as Vn, quantifies the size of the printed lines and can be
estimated as follows:

Vn =
Q
vs
. (1)

Here, Q is the ink flow rate through the printer nozzle and

Q= Cf∆V

√
2(P−P0)

ρ
, (2)

where Cf is a constant related to the orifice dimensions and
Reynold’s number, P0 is the pressure outside of the nozzle,
and ρ is the ink density.

Based on equations (1) and (2), the assumption is made that
the cross-sectional area Vn can be described by the following

equation (equation (3)), which incorporates additional para-
meters k4 and k5 to account for variations in the valve aperture
and micro-stage motion:

Vn =
k1∆V

√
k2P+ k3 + k4
vs

+ k5. (3)

The results presented in figure 9 confirm the accuracy
of equation (3) in predicting Vn. Eventually, the following
parameter values provided an excellent fit: k1 = 26.61, k2 =
340.87, k3 = 7977.94, k4 =−122.06, and k5 = 1.04. Any of
the three selected parameters can be adjusted to achieve the
desired Vn. However, it is recommended to use the valve open-
ing ∆V as the primary printer setting, as Vn exhibits a linear
relationship with respect to it. This approach simplifies the
process for future users, who can perform surface profilometry
for two different ∆V settings to accurately predict Vn.

The shape of the cross-section is influenced by the sur-
face contact angle between the droplet and the substrate.
Consequently, for a given ink/substrate combination with a
fixed wettability, the values of W and H are uniquely determ-
ined by Vn. The relationship between H and W with respect
to the cross-sectional area Vn is established based on profilo-
metry data collected from all 15 printer settings, as depicted
in figure 10. This result confirms that the values of H and W
are determined by the total ink volume deposited on the sub-
strate, regardless of how the ink volume was controlled. In
other words, achieving the target W and H is possible using
P, ∆V, or vs, as long as the same Vn is achieved. We have
successfully achieved consistent printing of PVDF-trFE lines
with a width as narrow as 0.75 µm.

4.2. Curing

The DSC curve obtained from pure PVDF-trFE powders, as
depicted in figure 11, displays two distinct endothermic peaks.
The first peak, observed at 113 ◦C, corresponds to the Curie
temperature (Tc), signifying the transition from the ferroelec-
tric phase to the paraelectric phase. The second peak, occur-
ring at 147 ◦C, aligns with the melting point (Tm) of PVDF-
trFE. It is worth noting that PVDF-trFE crystallizes in the
paraelectric phase within the temperature range between Tc
and Tm.

To ensure the complete polymer crosslinking and crystal-
lization, all printed PVDF-trFE films underwent a thermal
annealing process at 130 ◦C for a duration of 1 h in a mech-
anical oven (Thermo Scientific Heratherm General Protocol).
This annealing condition is recommended by the vendor.
Subsequently, the samples were allowed to cool gradually
inside the oven, a procedure aimed at eliminating the poten-
tial for thermal shocks that could compromise the integrity of
the film/substrate interface.

The PVDF-trFE inks as printed include solvents, and the lit-
erature provides several approaches for solvent removal. For
instance, Haque et al. proposed a two-step process in which
PVDF-trFE dissolved in MEK:DMSO was initially subjec-
ted to room temperature air drying with a constant airflow for
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Figure 9. The value of Vn under varying (a) pressure P, (b) printing speed vs, and (c) ∆V. The solid black lines denote experimental results
and the red dashed lines denote simulation results.

Figure 10. The dimensions of the printed PVDF-trFE lines using different printer settings: (a) height H and (b) width W.

Figure 11. The heat flow measurement of pure PVDF-trFE powders
from 25 ◦C to 160 ◦C.

24 h, allowing for the gradual removal of MEK. Subsequently,
the air-dried droplets underwent a 30min heating step in an
oven at 90 ◦C to completely evaporate the DMSO [25]. In con-
trast, Thuau et al. combined cosolvent drying with polymer
annealing by directly placing the PVDF-trFE droplets,

dissolved in a Cyclopentanone:DMSO cosolvent, on a hot
plate at 140 ◦C for 1 h [26]. However, none of these studies
provided a quantitative assessment of how drying temperature
and duration affect the final film quality.

To comprehensively assess the viability of room temper-
ature air drying while optimizing the sample preparation
process, we dispensed PVDF-trFE ink droplets (approxim-
ately 15µl each) onto IPA-treated copper-coated Kapton sub-
strates using an Eppendorf pipette. This precise dispensing
method yielded wet PVDF-trFE ink droplets with a diameter
of roughly 5 mm, mirroring those produced throughMEX. An
investigation into the efficacy of air drying at room temper-
ature (25 ◦C) was conducted by subjecting a group of these
droplets to a mechanical oven equipped with continuous air-
flow. The drying process spanned various durations, ranging
from 0 h to 24 h, with increments of 4 h. After air drying, the
dried droplets were cured at 130 ◦C for 15 min in the same
oven. The resulting PVDF-trFE films are depicted in figure 12.
Drying the film for a short duration (⩽12 h) resulted in film
shrinkage, whereas medium-duration air drying (12–20 h) led
to a severe coffee ring effect. Further extending the air drying
duration beyond 20 h caused film delamination.

Gaining insight into the air drying process, further analysis
focused on weight loss and contact angle changes over time
for the PVDF-trFE ink at room temperature, as depicted in
figure 13. The weight loss curve reveals two distinct phases:

9
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Figure 12. Optical images of air dried PVDF-trFE film.

Figure 13. The thermogravimetric analysis result of PVDF-trFE ink
at room temperature and surface angle of PVDF-trFE ink deposited
on copper.

an initial rapid evaporation of MEK followed by a slower
evaporation of DMSO. Similarly, the contact angle measure-
ments exhibit a similar trend, with the rapid evaporation of
MEK leading to a sharp reduction in the contact angle. The
faster completion of MEK evaporation in the thermogravimet-
ric analysis can be attributed to the relatively small droplet
size, and it should be noted that MEK evaporation had already
commenced during the sample preparation phase. These res-
ults underscore the reliability of surface contact angle meas-
urements as indicators of solvent evaporation or changes in
droplet composition.

Based on the experimental observations presented in
figures 12 and 13, it is evident that short-duration air dry-
ing (⩽12 h) is insufficient for the complete removal of
MEK during the initial stages of the drying process. As
high-temperature annealing begins, the residual MEK leads
to the migration of PVDF-trFE towards the center of the
droplet, saturating the MEK and halting further movement.

Consequently, short-period air drying results in a shrunk
PVDF-trFE disc. Shrinkage of the PVDF-trFE film ceases
for air drying durations exceeding 12 h. In such cases, all
MEK within the droplet has evaporated, and the PVDF-
trFE exists as particle suspensions in a pure DMSO sys-
tem before the annealing process. During annealing, com-
plex Marangoni flows occur, resulting in a pronounced cof-
fee ring effect. Excessively long-duration air drying (24 h
or more) removes both MEK and most of the DMSO from
the droplet. Consequently, PVDF-trFE powders scatter on the
substrate before annealing, mitigating the coffee ring effect.
However, annealing fully dried PVDF-trFE leads to poor adhe-
sion between the film and substrate, causing all samples to
detach from the copper-coated Kapton tape after annealing.
These results collectively suggest that air drying is not recom-
mended for the curing of PVDF-trFE.

Furthermore, these results indicate that the ideal drying
condition involves the simultaneous rapid evaporation ofMEK
and DMSO. Rapid evaporation prevents printed structure
shrinkage, while simultaneous evaporation mitigates the cof-
fee ring effect. To determine the optimal drying condition, par-
ticularly the drying temperature, contact angles were meas-
ured at temperatures of 50, 90, and 110 ◦C, as illustrated in
figure 14. During air drying at 50 ◦C, two separate MEK
and DMSO evaporation phases were observed. However, at
both 90 ◦C and 110 ◦C drying temperatures, the contact angle
exhibited a linear reduction over time, indicating simultan-
eously evaporation of MEK and DMSO.

Contact angle measurements beyond 110 ◦C were not feas-
ible due to equipment limitations. Therefore, air drying at tem-
peratures above 110 ◦C was conducted through a trial-and-
error approach. Three additional PVDF-trFE droplets were
printed using the MEX system and immediately subjected to
drying for 15min in a mechanical oven preheated to 90, 130,
and 170 ◦C. Preheating the oven proved crucial to prevent
MEK evaporation before the oven reached a steady state. The
surface topography of PVDF-trFE films processed at different
temperatures is presented in figure 15.

Drying the as-printed PVDF-trFE ink at 90 ◦C yielded
superior film uniformity, while drying at 130 ◦C resulted in
an uneven film surface with film shrinkage and distortion.
Film shrinkage disappeared when the droplet was dried at
170 ◦C, and reasonable film uniformity was achieved. We
hypothesize that this outcome is attributed to the boiling of
MEK, as the boiling points of MEK and DMSO are 80 ◦C and
189 ◦C, respectively. At 90 ◦C, MEK slowly evaporated from
the cosolvent system. At 130 ◦C, nucleate boiling or trans-
ition boiling occurred, leading to violent bubbling or explos-
ive evaporation of MEK. As the temperature continued to rise,
larger bubbles formed due to MEK evaporation, which could
cause uneven films but did not alter the dimensions of the
film.

To investigate the impact of drying duration on film qual-
ity, another set of MEX-printed PVDF-trFE droplets were
dried at 90 ◦C for 15min, 30min, and 60 min. Interestingly,
no significant differences were observed. This suggests that a
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Figure 14. (a) Contact angle between ink droplets and copper at various temperatures and (b) droplet morphology change at 90 ◦C.

Figure 15. MEX-printed and 10 mm diameter PVDF-trFE films after curing for 15 min at (a) 90 ◦C, (b) 130 ◦C, and (c) 170 ◦C.

15 min drying duration is sufficient to completely remove the
cosolvent, likely due to the small droplet size.

4.3. Electric field poling—oil bath

Electric field strength, temperature, and poling duration all
play crucial roles in the electrical poling process, as indicated
by previous studies [43]. Therefore, these parameters were
systematically investigated in this study. Figure 16 illustrates
the samples employed for electric field poling in a silicone
oil bath. These samples consist of PVDF-trFE films printed
on copper-coated Kapton substrates, each with a 10 mm dia-
meter. Additionally, three 3 mm diameter silver dots, spaced
approximately 5 mm apart, were printed onto the PVDF-trFE
film. This arrangement allowed for the execution of three pol-
ing tests using a single sample.

The DC voltage applied across the film varied between
4 kV and 8 kV, with increments of 1 kV. These voltage set-
tings resulted in an electrical field ranging from approximately
100 MV m−1 to 200 MV m−1, based on the surface topo-
graphy depicted in figure 15(a). As the temperature increases,
PVDF-trFE softens and exhibits increased molecular mobil-
ity. However, exceeding the Curie temperature leads to a com-
plete loss of piezoelectric response. In this study, the pol-
ing temperature was set in the range of 20 ◦C–60 ◦C, with
20 ◦C increments. Additionally, the poling durations (5, 10,
and 30 min) were selected based on common practices in
previous studies [43]. Figure 17 presents the d33 measure-
ments obtained under different poling conditions. For each

Figure 16. Dried and annealed PVDF-trFE films sandwiched
between copper-coated Kapton and MEX-printed silver paste used
for electrical poling optimization.

condition, a total of 5 samples were fabricated and charac-
terized to account for uncertainties in the electrical poling
process.

For the same duration and ambient temperature, the d33
value exhibits a gradual increase with respect to the applied
voltage or electrical field strength across the PVDF-trFE. Due
to the thickness variation in the printed PVDF-trFE films, a
low poling voltage may not generate high enough electric field
in certain regions, resulting in larger variations in d33. A higher
poling voltage ensures a sufficient electrical field even at loc-
ations where the thickness exceeds the average value. The
effectiveness of electrical poling also increases as the poling
temperature rises, particularly when the poling electrical field
is low. As temperature increases, the variation in electrical
poling also gradually diminishes. The impact of temperature
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Figure 17. The d33 values of MEX-printed PVDF-trFE samples poled at (a) 20 ◦C, (b) 40 ◦C, and (c) 60 ◦C.

becomes negligible when the poling voltage reaches 8 kV or
the poling electrical field is around 200 MV m−1.

In cases involving a 30 min poling duration, a consist-
ently higher d33 value is typically obtained at the same poling
voltage and temperature. However, the influence of poling dur-
ation becomes negligible under conditions of high voltage or
elevated temperature. Overall, the maximum d33 achieved was
25± 1 pC N−1, obtained when the PVDF-trFE sample was
poled at approximately 200 MV m−1 and 60 ◦C for 30 min,
falling within the lower end of the nominal d33 range sugges-
ted by the vendor (25–30 pC N−1). The PVDF-trFE film had
thin layers of dielectric silicone oil covering it, which could
not be fully removed prior to testing, possibly contributing to
the observed reduction in the effective d33.

4.4. Electric field poling—tungsten needle

To verify the effectiveness of the electric field poling mechan-
ism facilitated by the electric field magnification near a tung-
sten needle, an additional set of 5 mm diameter PVDF-trFE
discs were fabricated on IPA-treated 0.635mm thick rigid cop-
per plates. The electrical voltage applied to the tungsten needle
was manually adjusted to maintain a poling current within the
range of 20–30 µA. Beyond this range, the dielectric PVDF-
trFE material may break down. Poling durations varied from
3 min to 17 min. The resulting piezoelectric coefficient d33 is
displayed in figure 18, plotted against the poling current and
duration.

The d33 value typically exhibits an increase with higher pol-
ing current or longer poling duration, although there was not-
able variability in the observed d33 values. In this preliminary
test, the maximum d33 achieved was 20.5 pCN−1. Though this
value is approximately 7% lower than that obtained through
room-temperature electric field poling in the silicone oil bath,
the result confirms the feasibility of achieving electric field
poling without the need for top electrodes. Future investiga-
tions may consider methods to enhance d33, such as by heating
the PVDF-trFE film or extending the poling duration.

4.5. Corona poling

The DC voltage Vp applied to the tungsten needle in the corona
poling rig ranged from 17 kV to 23 kV, with 1 kV increments.

Figure 18. The resulting piezoelectric coefficient d33 under
different electric field poling using a tungsten needle at room
temperature.

Given the greater tolerance of corona poling to film thick-
ness variation, the maximum poling temperature reached was
80 ◦C. Since the dielectric constant of PVDF-trFE decreases
with increasing temperature, lower values of Vp were required
to achieve the same corona strength at elevated temperatures.
Using the same PVDF-trFE samples, the effect of poling dur-
ation tp was studied, with durations set at 1 min, 3 min, 5 min,
10 min, 15 min, and 20 min for a given Vp and temperat-
ure. The d33 value was characterized once the PVDF-trFE film
had completely cooled down to room temperature. Subsequent
poling cycles were initiated only after the sample had been
placed on the thermoelectric plate for at least 10min to allow it
to reach thermal equilibrium. The resulting piezoelectric coef-
ficient d33 is displayed in figure 19, plotted against the DC
voltage and poling duration.

Themaximum d33 achievedwas 21.1 pCN−1 at a temperat-
ure of 20 ◦C, Vp of 23 kV, and a poling duration tp of 20min. In
general, for a fixed poling voltage and duration, higher temper-
atures enhance the mobility of PVDF-trFE polymers, result-
ing in a higher d33. Additionally, the piezoelectric coefficient
tends to increase as the poling duration tp increases. However,
the effect of further increasing tp becomes negligible once it
reaches a critical value. This critical value increases as the pol-
ing temperature rises, suggesting that high-temperature corona
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Figure 19. The d33 values of MEX-printed PVDF-trFE samples polarized using the corona poling setup at (a) 20 ◦C, (b) 60 ◦C, and (c)
80 ◦C.

poling beyond 20 min could potentially yield even higher val-
ues of d33.

5. Device prototyping

A standard piezoelectric dynamic force sensor typically com-
prises a piezoelectric layer positioned between two electrodes.
When subjected to stress, the piezoelectric layer accumulates
electrical charges, which are then captured by the electrodes
and can be recorded as a voltage signal by a data acquisition
system. This response is instantaneous, making it suitable for
high-frequency or impact force sensing applications.

In this study, the newly developed MEX fabrication tech-
nique for PVDF-trFE was used to print a piezoelectric
dynamic force sensor on a copper-coated Kapton substrate,
as illustrated in figure 20. After the printing and curing of
the PVDF-trFE, the top electrode was also printed using
Novacentrix Metalon HPS-FG77 silver ink via MEX. The
sensor dimensions were determined according to a commer-
cial PVDF sensor (TE Connectivity LDT-028K) to facilit-
ate direct comparison. Due to differences in ink properties,
a 100 µm diameter nozzle was employed to print the silver
electrode, and it was printed at a speed of 9 mm s−1, a pres-
sure of 68.95 kPa, and with a ∆V of 35 µm. These settings
resulted in a silver electrode with a thickness of approxim-
ately 40 µm. To achieve the desired surface conductivity and
film condensation, the printed silver was cured at 140 ◦C for
5 min, following the vendor’s recommendations. This process
enhanced the flexibility of the silver and prevented electrode
cracking. The silver electrode was positioned at least 2 mm
away from the edges of the PVDF-trFE film, ensuring uni-
formity in thickness, as evident from figure 15. While other
electrode inks like water-based PEDOT inks are available
options, the focus of this study was on well-established elec-
trically conductive inks, given their suitability for the study
objectives.

The custom-designed dynamic load frame, as depicted in
figure 21, was utilized to evaluate the performance of the
all-printed PVDF-trFE sensor in comparison to the com-
mercial PVDF-trFE sensor (TE Connectivity). To generate a
sinusoidal force for testing, a commercial piezoelectric stack
(Physik Instrumente P-010.00H) controlled by a piezo ampli-
fier (Physik Instrumente E-505) was employed. The dynamic

Figure 20. All printed flexible PVDF-trFE sensor for dynamic
force measurement.

load applied to the sensors was accurately measured using a
dynamic load cell (PCB 208C01). To ensure the proper func-
tioning of the piezo stack, an acorn nut was used for pre-
stressing, and this was safeguarded with a rubber sleeve. This
arrangement not only protected the printed sensor from poten-
tial scratches but also served as an insulation layer. The force
magnitude applied to the samples was maintained at a con-
stant 0.5 N, and a commercial data acquisition system (Data
Physics Quattro) equipped with a built-in PID controller was
employed for this purpose.

The sensitivity of the sensors, defined as the voltage meas-
ured across the electrodes divided by the applied force mag-
nitude, was assessed through a sine sweep test. The test
covered a frequency range from 100 Hz to 3.2 kHz and incor-
porated a total of 180 logarithmically distributed frequency
points.

Figure 22 displays the sensitivity of the sensors across a
wide frequency spectrum. Notably, sensitivity decreases with
decreasing frequency due to charge leakage effects at low fre-
quencies. However, the sensitivity stabilizes beyond 2 kHz. In
comparison, the sensitivities of the commercial PVDF sensor
and the printed PVDF-trFE sensor are 0.15 V N−1 and 1.18 V
N−1, respectively. To improve sensitivity at low frequencies,
the implementation of charge amplification circuits is a poten-
tial avenue for enhancement [44].
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Figure 21. Customized experimental test rig for piezoelectric force sensor characterization: (a) physical assembly and (b) schematic.

Figure 22. Sensitivity versus excitation frequency of commercial
PVDF sensor and printed PVDF-trFE sensor.

6. Conclusion

This study has systematically investigated the fabrication and
characterization of PVDF-trFE-based piezoelectric sensors
using a novel material extrusion (MEX) approach. The key
contributions of this PVDF-trFE printing approach can be suc-
cinctly summarized as follows:

• Ink Development—A PVDF-trFE ink formulation suitable
for MEX was developed, enabling the precise deposition
of PVDF-trFE films with controlled thickness and excel-
lent uniformity. This ink consists of 2wt.% of PVDF-trFE
(20mol.% trFE) mixed into a MEK:DMSO (1:2 volume
ratio) cosolvent system.

• Printer Tuning—Quantitative assessments were made to
understand the individual impacts of valve aperture, pres-
sure, and printing speed on the dimensions of printed PVDF-
trFE films. This led to the development and validation of a
mathematical model to guide the fine-tuning of the MEX
system.

• Curing Optimization—A comprehensive curing process
including solvent drying and polymer annealing was estab-
lished to achieve uniform PVDF-trFE films with robust

adhesion to substrates. The optimal curing condition
involves 15min drying in a preheated mechanical oven at
90 ◦C, followed by annealing at 130 ◦C for 1 h.

• Electric field poling—Two distinct electric field poling
methods were devised, one utilizing a silicone oil bath and
the other harnessing the electric field magnification effect
facilitated by a tungsten needle. The oil bath approach yiel-
ded amaximum d33 of 25 pCN−1 at an electric field of about
200MV m−1 and a temperature of 60 ◦C for 30min, while
the tungsten needle approach achieved a maximum d33 of
20.5 pC N−1 at a poling current of about 30µA and a tem-
perature of 20 ◦C for 8 min.

• Corona poling—This study demonstrated the effectiveness
of a corona poling setup for PVDF-trFE polarization, res-
ulting in a d33 value of 20.5 pC N−1, offering a promising
alternative to conventional poling methods.

Building upon the well-established MEX process, this study
introduced a comprehensive approach to fabricating and char-
acterizing PVDF-trFE-based piezoelectric sensors, providing
a versatile and cost-effective avenue for sensor production.
This sensor was fabricated by co-printing the newly developed
PVDF-trFE inkwith a commercial silver ink on the sameMEX
system. The new sensor demonstrated significantly higher
sensitivity, reaching up to 1.18 V N−1, in contrast to com-
mercial PVDF sensors, thereby rendering it well-suited for a
diverse array of applications. Additionally, this sensor exhib-
ited stable frequency responses beyond 2 kHz, further enhan-
cing its potential in impact force sensing.

The outcomes presented herein unveil novel prospects
for crafting flexible, high-performance sensors across diverse
domains, such as deep space exploration, robotics, and SHM.
Future research endeavors can target further optimizing the
poling process, particularly focusing on the electric field
magnification effect, to enable in-situ curing and poling
of PVDF-trFE films. Further testing in simulated micro-
gravity conditions is essential to validate the feasibility of this
MEXmethod for in-space manufacturing. Additionally, future
research should evaluate the performance of printed PVDF-
trFE sensors against impacts of varying magnitudes and
types, such as elastic and plastic collisions, beyond just force
frequency. The incorporation of flexible, biocompatible, or
transparent electrode materials is another avenue through
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which this work can contribute to the burgeoning field of flex-
ible and wearable electronics.
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