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ABSTRACT

Material extrusion with a thermoplastic polymer enables the simultaneous fabrication and poling of piezoelec-
tric sensors; however successful implementation of electromagnetic interference (EMI) protection has yet to be
achieved. This research addresses key challenges such as encapsulating the sensor in a limited space without
affecting the poling process, the high resistance of the conductive filaments causing low-pass charge filtering,
and the need for electrical contact with EMI-protected measurement devices.

The presented design principles enable the fabrication of a fully 3D-printed piezoelectric sensor in
a single process that includes a piezoelectric sensing element, wire, and a connector interface, all EMI-
shielded. Strategies such as inter-trace extrusion filling and electrode ironing are introduced to avoid electrode
short circuits and electric poling issues. In addition, the 3D-printed interface allows direct connection to
commercially available connectors and measurement devices.

As a force sensor, the fully 3D-printed piezoelectric sensor with full EMI shielding has an excellent signal-
to-noise ratio of 27dB and reduces noise for more than two orders of magnitude if compared to the partially
shielded sensor. This research is an important step forward in fabricating and embedding piezoelectric sensors
in a single process that offers a wide range of applications in fields such as structural health monitoring,

robotics, and biomedical engineering, where a high degree of customization is required.

1. Introduction

Additive-manufacturing technologies combined with traditional
processes can produce smart functional structures that were previously
not possible [1]; e.g., to produce 3D-printed devices and electron-
ics [2], custom biomedical applications [3] and smart structures used
in structural health monitoring [4].

In recent years, additive-manufacturing techniques for the fabri-
cation of sensory elements have attracted considerable scientific at-
tention [5,6] as they enable the creation of complex sensor shapes
and embedding them into functional smart structures during the fab-
rication phases [7]. Multiple 3D-printing methods can be combined
in a multi-step process to produce 3D-printed sensors. Examples in-
clude a three-axis capacitive accelerometer manufactured using vat
photopolymerization (VP) and wet metallization (Zega et al. 2019) [8],
a fully printed, piezoresistive-based, accelerometer fabricated using
VP and screen-printing techniques (Liu et al. 2021) [9], a fully 3D-
printed, piezoelectric accelerometer manufactured in a multi-step pro-
cess using VP and material jetting (Bernasconi et al. 2022) [10] and
a self-powered tactile piezoelectric position sensor fabricated using VP
presented by Chang et al. in 2023 [11].
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Additive-manufacturing processes have also shown the potential
to produce functional devices in a single step as demonstrated by a
ready-to-use sensor co-extruded with printable piezoelectric and con-
ductive inks (Bodkhe et al. 2018) [12], complex piezoelectric nano-
generators (PENGs) fabricated using on solvent-assisted precipitation
material extrusion 3D printing (Li et al. 2022) [13], and a fully 3D-
printed soft robot with capacitive electrochemical sensors, piezoresis-
tive strain, and temperature sensors, and magnetic actuation capability
using multi-material ME technique (Wang et al. in 2023) [14].

Material extrusion (ME) with thermoplastic polymer is another
promising technology for the fabrication of sensor elements due to
accessibility and simple application; it has already been successfully
used for the fabrication of capacitive [15-17], piezoresistive [17,18],
and piezoelectric [19] sensor elements. Lee and Tarbutton were among
the first to present a successful trial of the ME of piezoelectric PVDF
films for sensing applications in 2014 [20]. Manufacturing 3D-printed
sensors in a single process were successfully demonstrated by piezore-
sistive and capacitive touch sensors developed by Hohimer et al. [21]
in 2020, a fully 3D-printed, single-axis, piezoresistive accelerometer
presented by Arh et al. in 2021 [22], self-aware 3D-printed structures
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Fig. 1. Mechanical and electrical quantities in piezoelectric PVDF film fabricated by ME in a defined coordinate system [19].

with piezoresistive sensing element presented by Palmieri et al. in
2021 [23], a fully 3D-printed, piezoelectric sensor presented by Kosir
and Slavi¢ in 2022 [19] and a 3D-printed soft actuator with embedded
piezoresistive strain and capacitive touch sensors presented by Stano
et al. in 2023. [24] In general, piezoelectric sensors using ME are more
difficult to fabricate than piezoresistive sensors, but provide better
sensitivity [19].

The area of ME and piezoelectric (PE) sensing is primarily concen-
trated on developing methods to enhance the piezoelectric sensitivity
of thin piezoelectric films [19]. Homopolymer PVDF and its copolymer
alternative PVDF-TrFe are the commonly used materials for ME and
are commercially available in filament form. The g-phase content in the
thin PVDF films plays a role in their piezoelectric performance [25,26].
To provide piezoelectric properties, the molecular dipoles must be
aligned in a high electric field just below the Curie temperature [27].
Conventional methods for fabricating 3D-printed piezoelectric sensors
with ME involve three main steps: film fabrication, electrode attach-
ment, and electrical poling. Electrical poling is normally performed
using contact-electrode-based poling [28] or corona poling [29]. While
these methods have yielded good sensor sensitivity [25,30], the process
involved multiple steps to produce 3D-printed, PE sensing elements
using ME. Electric poling and ME have been successfully combined in
one process in the integrated 3D-printing and corona-poling process
(IPC) [31], electric poling-assisted additive manufacturing (EPAM) [32,
33], and single-process ME and electrode-based poling [19]. The single-
process ME and electrode based poling method, presented by Kosir
and Slavi¢ in 2022, includes all the steps required for the fabrication
of PE sensors in a single process by fabricating the PE layer and
the electrodes with a multi-material ME and automatically connecting
the electrodes to the high-voltage terminal for electrode-based poling
during fabrication.

Current research on the development of conductive 3D-printable
materials for ME primarily revolves around the integration of conduc-
tive fillers, such as carbon nanotubes (CNT) [34] or CB [35], into
the polymer matrix, and on post-processing techniques to enhance
the conductivity of the resultant composite materials [36]. Several
commercially available conductive filaments can be used for elec-
trode deposition, including conductive polylactic acid (CPLA) [22,37],
conductive thermoplastic polyurethane (CTPU) [38,39], and a con-
ductive Electrifi filament [40], where the resistivity can vary from
3.6 - 1073 Q cm to about 200 Q c¢m and is dependant on the 3D-
printing parameters [40]. Since conductive polymer materials have
relatively high resistivity, electrode placement, and design must be con-
sidered because the electrode resistance combined with the capacitance
of the PE film results in a low-pass filtering effect of the measured

charge [41]. To establish a conductive interface between the 3D-printed
conductive paths and the electrical components, various methods for
the contact interface exist. These include contact interface by press
fit [42], screwing bolts into 3D-printed contact terminals [43], 3D
printing over electrical component pads [43], filament deposition and
remelting [44], contacting using silver paste [45], using conductive
epoxy [46], electroplating 3D-printed conductive paths and solder-
ing components onto them [46], and coating 3D-printed conductive
paths with silver paste and depositing copper tape with pre-soldered
wires [19,22]. When designing a connection interface between the 3D-
printed conductive paths and the measurement cables for 3D-printed
PE sensors, EMI shielding must also be considered to improve the
signal-to-noise ratio for the charge measurements [19].

In the field of ME, research on EMI shielding has been conducted
mostly in the X-band region [47]. In 2021, Schmitz and colleagues [48]
reported that SE depends on the printing pattern and the composition
of the polymer material, while Lee and colleagues [49] investigated the
influence of sample thickness on SE in graphene polyamide 6 (GC). In
2022, Abedi et al. studied the effect of fiber orientation and the number
of layers on the SE of low-melt polyaryletherketone (LM PAEK) and
continuous-carbon-fiber (CCF) composites fabricated using ME. It was
found that SE has a linear relation with the number of layers [50]. In
the field of ME and EMI shielding the research on the lower-frequency
region, where 3D-printed PE sensors operate, is limited. In order to
effectively shield a 3D-printed PE sensor from EMI, it is necessary to
shield all further connections to the measurement equipment, including
the 3D-printed wires and connection interfaces between the 3D-printed
wires and the shielded cables.

Building on the ME and electrode-based poling technique [19],
where no EMI-protection was implemented, and the effect of electrode
resistance on the response of 3D-printed piezoelectric sensors [41], this
manuscript introduces design principles for fabricating EMI-protected,
fully 3D-printed piezoelectric sensors in a single process. It addresses
the challenges of the fabrication and electrode-based poling processes
in adding EMI protection, and presents a connection interface design
for integrating the 3D-printed sensor with commercial measurement in-
struments. In addition, the sensor is presented in a force-measurement
application, where EMI noise suppression is shown.

2. Theoretical background

The piezoelectric response for a 3D-printed piezoelectric film is
defined by the 3D-print pattern [19], as seen in Fig. 1. The direct
piezoelectric effect is sufficient when a piezoelectric material is used
as a sensor to measure mechanical stress [41]. If the electrodes are
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Fig. 2. Single-process 3D-printed piezoelectric sensor design. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this

article.)

arranged on the PE film in the direction of a thickness (axis 3) and
by assuming that the in-plane electric fields E, and E; are negligible,
see Fig. 1, the direct piezoelectric effect is:

Dy =dy 00 +dyy 0, +dyz05 + éjga Es (¢}

where Dj; is the electric displacement in axis 3, ¢y, 0, and o3 are
mechanical stresses in axes 1, 2 and 3, respectively, d;, ds,, ds3 are
the piezoelectric strain coefficients, E; is the electric field in direction
3 and ¢&7, is permittivity constant at constant mechanical stress. With
negligible electrode resistance and charge measurement with a charge
amplifier, no electric field is generated in the PE film, hence E; = 0.
The charge collected at the electrodes in the case of a mechanical stress
measurement is [51]:

q=/D3dA )
A

where A is the electrode area. For further details on the piezoelectric
effect, the interested reader is referred to [19,41].

3. Sensor design

The 3D-printed piezoelectric (3DP PE) sensor is designed to measure
electrical charge under time-varying loads, taking into account aspects
such as manufacturing technology, EMI shielding, and electric poling.
It is fabricated in a material extrusion (ME) process with thermoplastic
polymer from three different commercially available materials: PVDF
from Nile Polymers, Prusament PLA from Prusa Reserach and CPLA
containing carbon black from Protopasta. After the fabrication step, the
3DP PE sensor is poled on the 3D printer build surface by applying a
high voltage to the 3D-printed electrodes as described in more detail
in Section 4.2. The sensor consists of a 3D-printed piezoelectric sensing
element, a 3D-printed wire, and a 3D-printed connector interface.

Fabricating the 3D-printed PE sensor in a single process presents
several challenges, including avoiding short circuits between the elec-
trodes during fabrication and preventing arcing during the electric
poling [19]. To avoid short circuits, the ME process must ensure that

the conductive and non-conductive materials do not mix. Another
problem in the fabrication of 3DP PE sensors is arcing during the
electrode-based poling [19]. Small imperfections in the PE film de-
crease the maximum achievable electric poling fields, which reduces
the sensor’s sensitivity. Electrode-based poling in oil can increase the
electric poling fields by filling potential imperfections [25]; however,
this is not possible for sensors 3D-printed in a single process, since
the poling process takes place immediately after or during the printing
and the sensor might be embedded in different structures, e.g., an EMI
shield. EMI shielding made of conductive material can effectively re-
duce the noise; however, constructing EMI shielding around the sensor
increases the inactive portion of the sensing element and increases
the overall dimensions of the sensor. In addition, suitable electrical
insulation must be printed between the cage and the lead electrode and
wire to prevent breakdown during the poling process while minimizing
the size of the 3DP PE sensor.

The following paragraphs detail how 3D-printed sensing elements
(Section 3.1), the 3D-printed wire (Section 3.2) and the 3D-printed con-
nector interface (Section 3.3) address the challenges of: (a) EMI shield
placement, (b) preventing electrode short circuits, and (c) eliminating
arcing during electrode-based poling, as previously discussed.

3.1. 3D-printed piezoelectric sensing element

As shown in Fig. 2, the 3D-printed piezoelectric sensing element
consists of two extruded 3D-printed piezoelectric PVDF films (white
color) contacted with a 3D-printed CPLA lead (orange color) and the
ground electrodes (dark gray color). The 3D-printed lead electrode is
connected to the 3D-printed lead wire and the 3D-printed ground elec-
trodes are connected to the 3D-printed EMI shield, which also serves as
the ground contact. By using two 3D-printed piezoelectric PVDF films,
the 3D-printed ground electrodes can be placed on the outer surfaces
of the two PVDF PE films and easily connected to the EMI shield and
ground. When designing the 3D-printed PE sensor element for ME, the
extruded PVDF film should be longer in the printing direction compared
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Fig. 3. Details of the functional 3D-printed PE sensor layers: (a) top and bottom piezoelectric film layer, (b) top and bottom ground electrodes, (c) lead electrode layer.

to the active area contacted by the 3D-printed electrodes, see Fig. 3(a);
the reason for this is to ensure that the active PE area is free of air gaps
and that the PVDF film is firmly bonded to the PLA support structure
from all sides [19].

To reduce the risk of air gaps between the extruded PVDF traces
in the 3D-printed PE film, a novel inter-trace extrusion-filling process
was introduced. Inter-trace extrusion filling is a process that follows
the deposition of the PE layer, in which the 3D printer’s nozzle is posi-
tioned between the deposited PE traces and additional PVDF material
is extruded at a reduced extrusion rate, see Fig. 3(a). The purpose of
the additional material is to fill possible gaps in the film and ensure
a more uniform structure. In addition, the inter-trace extrusion-filling
process between the traces helps to smooth the PE layer, resulting in
a more uniform and smoother surface. Further details are presented in
Section 4.1

To minimize the risk of arcing, the 3D-printed lead and ground
CPLA electrodes are offset by approximately 0.8 mm from the edges of
the PE film, see the detail of Fig. 3(a). A 1.6-mm-wide PLA insulation
(4 perimeters) is printed between the 3D-printed lead electrode and
the EMI shield to prevent arcing and to mechanically support the 3D-
printed PE layers, see Fig. 3(b). The 3D-printed CPLA electrodes are
ironed using the printer nozzle to ensure a smooth deposition surface
for the subsequent PE layer. A gap of 0.2 mm is maintained between
all the 3D-printed CPLA electrodes and the insulation on all sides (see
Fig. 3) to facilitate the filling of excess material from the ironing process
and prevent the mixing of materials.

3.2. 3D-printed wire

The 3D-printed conductive wire connecting the 3D-printed sensing
element to the 3D-printed connector interface must be of sufficient
cross-section to keep its electrical resistance low. Additionally the
ground wire should completely enclose the lead wire as an EMI shield.
The PLA insulation between the CPLA wires should be at least 1.6 mm
(4 perimeters) wide in the layer plane and 0.4 mm (2 layers) thick in
the Z direction to prevent arcing. As with 3D-printed electrodes, a gap
of 0.4 mm should be maintained between the CPLA wires and the PLA
insulation in the printing plane to prevent the mixing of the insulation
and conductive materials.

3.3. 3D-printed connector interface

The design of the 3D-printed connector interface facilitates the
attachment of a commercial UNF 10-32 connector. This connector,
equipped with a soldered copper pin as a lead extension, is screwed
into the 3D-printed PE sensor’s interface, as shown in Fig. 2. With this
the 3D-printed sensor can be connected to commercial cables typically
used in PE sensing. The 3D-printed connector interface comprises a
conductive lead interface constructed from CPLA, a conductive ground
interface made from CPLA that functions as an EMI shield, a 3D-
printed ground material connection, and has a 3D-printed thread for
screwing and securing the connector. The electrical insulation is thick
enough to withstand the poling process. The conductive lead interface
is connected to the lead connector extension via an interference fit
during the screwing process. To ensure good electrical contact and pre-
vent breakage of the 3D-printed connector interface, the connector is
screwed into the 3D-printed interface immediately after the 3D-printing
process while the material is still at about 60 °C.

4. Experimental methods
4.1. Sensor fabrication

The PE sensor was fabricated using the E3D Toolchanger with four
Matrix extruder tools from Trianglelab, each with a nozzle diameter of
0.4 mm. The PVDF layers were printed with a layer height of 0.1 mm,
while the electrodes, wires and other support structures were printed
with a layer height of 0.2 mm. The temperature of the print bed was set
to 60 °C during the 3D-printing process. The g-code file for the sensor
was created using Prusa Slicer 2.5.0, and custom features, including
ironing of the electrodes and wires and inter-trace extrusion filling to
the PE layers, were added using in-house-developed Python libraries.
The electrodes were ironed at a speed of 55 mm/s at a 0% extrusion
rate and a spacing of 0.2 mm, while the inter-trace extrusion filling
to the PE layers was deposited at a speed of 17 mm/s at 55% of the
original extrusion rate to minimize the air gaps in the PE layers. Brims
were used to prevent warping due to the high coefficient of thermal
expansion of PVDF, as observed in [19]. A draft shield (see Fig. 5)
was 3D-printed around the 3DP PE sensor to achieve proper polymer
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Fig. 4. 3DP PE sensor after fabrication: (a) 3DP PE sensor with full EMI shield, (b) 3DP PE sensor with partial EMI shield.
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Fig. 5. 3DP PE sensor during fabrication.

flow in the 3D printer’s nozzle before printing the sensor to reduce
the number of defects on the sensor. The entire 3D-printing process
took approximately 40 min. After printing, the UNF 10-32 threaded
connector was attached while maintaining the temperature of the print
bed at 60 °C. Destructive tests revealed a variation of 130-620 ohms in
the resistance between the commercial UNF 10-32 connector and the
3D-printed connection interface for both lead and ground connections.
After attaching the connector, the PE sensor was ready for the poling
process.

An example of a fabricated 3DP PE sensor is shown in Fig. 4(a), and
its internal structure can be seen in Fig. 5, where selected 3D-printed
layers during the fabrication process are shown. The two PE layers
have a slight excess of material due to the inter-traces extrusion filling.
The lead electrode and the two ground electrodes were 3D printed
without defects. Only slight material mixing was observed between
the EMI shielding made of CPLA and the electrical insulation made
of PLA, manifested as black spots on the gray electrical insulation.
The same observations were made with other 3D-printed PE sensors.
A total of four functional 3DP PE sensors were printed, three with
full EMI shielding, see Fig. 4(a), and one with partial EMI shielding,
see Fig. 4(b), which was used for the noise comparison described in
Section 4.4 (see Table 1).

Table 1
Print parameters for ME of the piezoelectric sensor.
Filament Movement Extrusion Cooling Extrusion Nozzle
type speed factor setting width temperature
[mm/s] [%] [%] [mm] [°C]
PLA 20 99 100 0.4 215
PVDF 17 120 0 0.4 200
CPLA 20 93 100 0.4 215

4.2. Electrode-based poling

During the poling process, high-voltage direct current (HVDC) is
applied to the two PE layers of the sensor. To avoid arcing, the positive
terminal of the HVDC converter (Ultra 15AV12-P4, Advanced Energy)
is connected to the sensor connector lead terminal using a custom
adapter, see Fig. 6. The custom adapter, which was 3D-printed with
a UNF female thread, included a centrally inserted steel pin connected
to the lead terminal of the UNF connector, and air gaps were eliminated
by filling them with hot glue to prevent arcing. The negative terminal of
the HVDC converter is connected to the EMI shield using copper tape.
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Fig. 6. Poling process of 3DP PE sensor.

The poling process follows the same procedure as described in [19]. The
3DP PE sensors were poled at a temperature of 85 °C, with a maximum
voltage of 2.5 kV (electric field of 25 MV/m), as this is the highest value
the sensor can reliably withstand without arcing. After the sensor was
successfully poled, it was removed from the 3D-printer bed and the
3D-printed brims are removed.

4.3. Usable frequency range

The usable frequency range of a 3DP PE sensor is determined by
its electrical and structural properties [41]. From a structural point
of view, the usable frequency range is primarily defined by the first
natural frequency of the entire sensor assembly, which includes the
sensor itself and its mounting components [52]. To ensure a mea-
surement response with excluded sensor’s structural dynamics, it is
important that the 3DP PE sensor operates well below its first natural
frequency. Since the first natural frequency depends on the specific
sensor application, the dynamic characteristics of the sensor are not
investigated here.

As discussed by Kosir and Slavi¢ [41], the usable frequency range
of 3DP PE sensors, limited by their electrical characteristics, can be
obtained by measuring the transfer function between the collected and
generated charge H(s), defined as [41]:

Qe(s)  Zc(s)
Qmech(s) - Zeq(s)

where Q,,(s) is the collected charge, Q,,..,(s) is the total generated
charge due to mechanical stresses, Z,, is the electrical impedance of
a 3DP PE sensor, Z. is the impedance of an ideal PE sensor and s
is the Laplace complex variable. Based on H(s), the 3 dB low-pass
cutoff frequency can be determined. Here, the impedance of the 3DP
PE sensor Z,,(s) was measured with Digilent’s Analog Discovery 2
using the impedance analyzer module. The impedance Z.(s) of an
ideal PE sensor with equal capacitance to the 3DP PE sensor and
negligible resistance was calculated based on the measured 3DP PE
sensor capacitance C,,,:

H(s) = 3

Zc(s) = 4

sC,

tot

The total 3DP PE sensor capacitance C,,, was estimated based on
the sensor impedance Z,, up to 6 kHz, where the 3DP PE sensor acts
as an ideal capacitor (constant phase angle of 90°). Based on Z,(s)
and Z(s), H(s) can be estimated using Eq. (3). The Z,, measurement
used an open-loop impedance measurement to compensate for the
cable capacitance used to connect the 3DP PE sensor to the impedance
module.

4.4. Showcase: Force sensor

To demonstrate the ability of the 3DP sensor PE to measure force,
it was showcased as a force sensor. The 3DP sensor was attached to
the mounting plate of an electromagnetic shaker (LDS V555) using
superglue. An inertial mass with an attached accelerometer (Dytran
3225F7, type ICP) was added to the sensor as shown in Fig. 7. The total
mass of the inertial mass and the accelerometer was 25.45 g. In addition,
a reference accelerometer (PCB T333B30, type ICP) was attached to the
mounting plate of the shaker, as a reference and feedback control. The
shaker was excited with a sinusoidal sweep with a constant amplitude
of 2 g and a frequency range of 250—1000 Hz. During the excitation,
the charge of the 3DP sensor, the acceleration of the mounting plate,
and the acceleration of the inertial mass were measured. Knowing the
total inertial mass m and the acceleration a,,,. () of the inertial mass,
the force F(t) applied to the 3DP sensor can be calculated as follows:

F() =m ay6(0) C))

The 3DP PE sensor was therefore loaded with a force amplitude of
about 0.5 N (the equivalent pressure applied to the active surface of the
sensor is therefore about 5660 Pa). The sensitivity of the 3DP PE force
sensor can be identified in the frequency domain as [19]:

SqF(f)
Spp(f)

where S, (f) is the cross-spectral density of the charge ¢q(r) and the
force F(t), Spp(f) is the power spectral density of the force F(r), and
K(f) is the 3DP PE sensor’s sensitivity. The response of the 3DP PE
sensor with negligible structural dynamic effects is expected signifi-
cantly below the first natural frequency. The first natural frequency is
identified from the transmissibility T'(f):

K(f) = (6)

T(f)= S ) %)
" Sea ()
where S, , (f) is the cross spectral density of the mounting plate’s

acceleration ap,e and the inertial mass’ acceleration apgs, S4,q,(f) is
the power spectral density of the inertial mass acceleration a,,q.

The charge generated on the 3DP PE sensor was measured using
Briiel & Kjaer’s Nexus 2692 charge amplifier connected to the DAQ
input card NI 9234. Accelerations on the shaker mounting plate and the
inertial mass were measured using accelerometers connected directly
to the DAQ input board NI 9234 at a sampling rate of 25.6 kHz. The
charge amplifier was used with a high-pass filter at 0.1 Hz. Four 3DP
PE sensors were tested using the proposed method, three with a full
EMI shield and one with a partial EMI shield.
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Fig. 7. Sensitivity measurement of 3DP PE sensor, showcased as a force sensor.

a)

Fig. 8. Example of electric poling profile used on 3DP PE sensor.

5. Results
5.1. Electric poling

Fig. 8 shows an example of a successful poling process. After reach-
ing a steady-state temperature field, the process is current-controlled
and, after reaching the final poling voltage of 2.5 kV, voltage-controlled.
The point at which the bed heater was turned off (after about 8 min
of poling) can be observed as the poling current decreases even more
steeply. The electric poling field was 25 MV/m and is lower than the
PVDF coercive electric field of about 43 MV/m as reported in [53] for
a temperature of 85°C. Increasing the electric field caused arcing and
made the fabrication of the sensor unreliable.

5.2. Usable frequency range

Fig. 9(a) and (c) show the measured electrical impedances of the
four 3DP PE sensors. Based on the measured electrical impedances, the
transfer function between the collected and generated charge, H(s) (see
Eq. (3)), is calculated as shown in Fig. 9(b) and (d). The measured
3 dB low-pass cutoff frequencies are 237 kHz, 243 kHz, 223 kHz and
199 kHz for samples 1, 2, 3, and 4 (partial EMI shielding), respectively.
Therefore, the electrical characteristics will not significantly affect the
sensory function up to 20kHz. The average capacitance of the 3DP PE
sensor assembly, averaged over the frequency range up to 6 kHz, is
138 pF with full EMI shielding. For the 3DP PE sensor with partial EMI
shielding, a capacitance of 119 pF was measured.

5.3. Showcase: Force sensor

Fig. 10 presents the time- and frequency-domain representations
of the excitation force F, as measured by the inertial mass using a
commercial accelerometer (Dytran 3225F7). In Fig. 10(a), the time-
domain measurements at a frequency of 300Hz are depicted, while
Fig. 10(b) illustrates the excitation force’s frequency content. Fig. 11
shows time- and frequency-domain representations of the charge g, as
detected by two 3DP PE sensors with comparable sensitivity (with full
and partial EMI shielding). Observations reveal a substantial reduction
in the electromagnetic interference with the implementation of full EMI
shielding. The charge captured by the 3DP PE sensor with partial EMI
shielding contains noise with a base harmonic of 50 Hz, whereas the
charge measured by the 3DP PE sensor with full EMI shielding exhibits
considerably less noise. To quantify the noise reduction, the signal-to-
noise ratio SN R for the measurements shown in Fig. 11 was calculated
as follows:

Psignal

SNR=10log (8)

noise

where Py, is the signal power at 300Hz and P,,,, is the signal
power at all other frequencies. For the 3DP PE sensor with partial EMI
shielding, S N R was found to be 3.5dB and for the 3DP PE sensor with
full EMI shielding, SN R was found to be 27.2dB. The noise was thus
reduced by a factor of 234.

From the measured transmissibility T(f) (see Eq. (7)), the natural
frequencies identified for all the 3DP PE sensors, when attached to
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Fig. 10. Measured excitation force F(r) at 300 Hz: (a) F(r) time signal, (b) force amplitude spectrum F(f).

an inertial mass, surpassed 3000 Hz. Referring to the one-dimensional
spring-mass model theory [52], the system’s response should not no-
tably impact on the measured sensor sensitivities K(f) for up to one-
third of the natural frequency. As a result, the sensitivity K(f) was
measured up to 1000 Hz, where the effects of the dynamics of the test
setup can be deemed negligible.

Fig. 12 displays the sensitivities K(f) for 3DP PE sensors with
full EMI shielding. The amplitude spectrum of the 3DP PE sensor’s
sensitivity K(f), seen in Fig. 12(a), indicates a consistent sensitivity
throughout the evaluated frequency range. As expected, the phase
spectrum of the sensitivity K(f) in Fig. 12(b) demonstrates no sig-
nificant phase delay between the excitation force and the generated
charge for all samples. Fig. 12 also highlights that, due to fabrication
repeatability, the sensitivity of the 3DP PE sensors, poled at the same
conditions, varies between 0.71 pC/N and 0.89 pC/N, when employed as
force sensors. If normed to charge per unit area, the sensitivity of the
3DP force sensor varies between approximately 6.3 - 10~ pC/Pa and
7.9-1073 pC/Pa.

6. Discussion

While the adhesion between PLA and PVDF showed good integrity,
as indirectly confirmed in [19], weaker bonding between PVDF and
CPLA was also observed in the study, making the CPLA layer suscep-
tible to detachment from the PVDF layer. Nevertheless, the structural
robustness of the 3DP PE sensor was maintained for all samples during
the presented measurements, likely due to the complete encapsulation
of the PVDF layers, which was further supported by PLA structures and
insulation (see Fig. 2). The risk of delamination could occur at higher
tensile loads in the direction of the PVDF film thickness, but this is
beyond the scope of this study.

The duration of the electrode-based poling process was mostly
limited by the maximum electric current that could be supplied by the
HVDC converter. A higher electric current supplied by the high-voltage
DC/DC converter can accelerate the electrode-based poling process.
However, this would result in an increase in the temperature and the
likelihood of arcing between the lead and ground electrodes [19]. The
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3D-printed piezoelectric sensors that underwent a successful poling
process exhibited an electrical resistance between electrodes exceeding
50 MQ, which was the limit of our measurement equipment. Electric
poling with electric fields higher than the coercive field of PVDF is
currently not possible, as arcing occurs between the lead and ground
electrodes. Arcing can occur through the PE layer or 3D-printed elec-
trical insulation. The location of the arcing is difficult to determine, as
it occurs inside the sensor assembly. In most cases, arcing results in
a short circuit of the electrodes, with electrical resistance between the
lead and ground electrodes ranging from a few kilo-ohms to mega-ohms
at room temperature. Increasing the electric field above 3 kV tends to
result in arcing at the connector interface and the 3D-printed wires.
Adding EMI shielding to all 3DP PE sensor components increases
the sensor’s capacitance, effectively resulting in a lower 3 dB low-pass

cutoff frequency and thus a lower usable frequency range. It should be
noted that other measurement components, such as cables and charge
amplifiers, further increase the capacitance of the measurement system
and reduce the usable frequency range. The 3 dB low-pass cutoff fre-
quency of the 3DP PE sensor, due to its electrical properties, was found
to range from 199 kHz to 243 kHz. Below the cutoff frequency, the
effect of electrode resistance on collected charge can be neglected [41].
Therefore, the usable frequency range of the 3DP PE sensor is most
likely to be determined by its structural characteristics and the manner
in which it is embedded into the smart structure. Measurements in
mechanical engineering are usually below 20 kHz; however, the usable
frequency range depends on the application and was therefore not
investigated in detail here.

The level of noise measured by the 3DP PE sensor with partial EMI
shielding depends on the measurement setup, such as the grounding of
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the measurement chain, the use of a PC with a battery or connected
to a power supply, and the physical contact with the measurement
unit. However, regardless of the measurement setup, noise was always
significantly reduced in the 3DP PE sensor with full EMI shielding
compared to the sensor with partial EMI shielding.

During the sensitivity measurements, the connection between the
3DP PE force sensor and the measurement equipment proved to be
stable, with no signal spikes or interruptions observed in the acquired
time signals of the charge measurements that could indicate a poor
connection. Manual loading of the connection interface did result in
measured charge signals, which is to be expected since mechanical
stresses are also induced in the piezoelectric layers when the connection
interface is loaded; however, the charge readings were at least an
order of magnitude lower than those measured when the same force
was applied to the actual measurement area. The sensitivity of the
force sensor with EMI protection was slightly lower than that of the
single-process 3D-printed piezoelectric sensor (without EMI protection)
reported in [19], although here a configuration with two PE layers
was used, which should theoretically double the sensor’s sensitivity in
the PE layer’s thickness direction compared to a sensor with a single
PE layer. The lower sensitivity can be partially addressed to the fact
that a significant portion of the force is transmitted through the EMI
shielding and electrical insulation rather than through the active PE
sensing element. Nevertheless, the signal-to-noise ratio of the sensor is
much higher than the 3D-printed PE sensor presented in [19].

The sensor also responded well to load directions other than those
presented in this manuscript. If force or strain measurements are de-
sired in only one direction, an additional structure should be designed
around the presented 3DP PE sensor to ensure measurement in the
desired direction.

The 3D-printed PE sensor, with a sensitivity of 0.71-0.89 pC/N, is
30—40 times less sensitive than commercial PVDF sensors (23—33 pC/N)
[54]; however, its integrated EMI shielding, uncommon in conventional
sensors, significantly reduces noise and enables accurate measurements
in high-noise environments, such as electromagnetic actuators [17]. In
addition, 3DP PE sensors have several unique advantages over their
conventional counterparts. First, their fabrication can be done in a
single process using a 3D printing machine, which is a significant
difference from the multi-step processes required to fabricate conven-
tional PE sensors. 3DP PE sensors can be embedded directly into a
variety of structures in a single process, creating opportunities for fab-
ricating “smart” structures with sensory feedback that are useful for a
range of applications, from vibration control [55], health monitoring of
structures [4], human health monitoring [56] and metamaterials [57,
58].

7. Conclusions

This manuscript introduces the design principles for the fabri-
cation of a single-process 3D-printed and EMI-protected piezoelec-
tric (PE) sensor using the material extrusion (ME) approach with
thermoplastic polymer. The design principles describe how to de-
sign a 3D-printed piezoelectric sensing element, 3D-printed wires, and
a 3D-printed connector interface, all designed to provide effective
EMI shielding, prevent electrode short-circuiting, and eliminate arcing
during the electrode-based poling.

To prevent electrode short-circuiting and arcing an inter-trace
extrusion-filling process should be utilized. Material mixing can be
prevented by maintaining a small air gap between the electrode and
the insulation, and smoothing out the electrodes using the ironing
process. The 3D-printed connector interface makes it possible to attach
a commercial UNF 10-32 connector to the 3D-printed PE sensor.

The usable frequency range of the sensor, due to its electrical
properties and low-pass filtering characteristics, was measured, and
3 dB low-pass cut-off frequencies between 199kHz and 243 kHz were
obtained for different samples.
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Electromagnetic interference suppression was compared for the 3D-
printed PE sensor with partial and full EMI shielding, and the noise was
reduced by a factor of 234.

The performance of a 3DP PE sensor was evaluated as a force sensor.
The measured sensitivity of the 3D-printed PE sensor was between
0.71 pC/N and 0.89 pC/N and a signal-to-noise ratio was found to be
27.2dB.
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