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Abstract—The development of piezoelectric sensors using fer-
roelectrets is a very active field that is increasingly gaining
importance. Recently, 3D-printing ferroelectret sensors using
fused deposition modeling technique has been extensively inves-
tigated due to its unparalleled advantages in terms of design
flexibility and cost-effectiveness. Nevertheless, printed structures
are more rigid than bulk materials due to the minimal printable
thicknesses. In this work, we present a new method that combines
the advantages of 3D-printing with the high performance of
bulk materials by bonding both layers in the printing process.
Hereby, a polylactic acid (PLA) filament is directly printed on
a 20 µm-thick bulk PLA film to form well-defined structures.
This structure is thermally bonded with another PLA bulk film
to form the ferroelectret. In order to enhance the sensitivity
of the ferroelectrets, an additional elastomeric layer is utilized.
By varying the material and thickness of the elastomeric cover,
piezoelectric d33-coefficients of 713 pC N−1 and 229 pC N−1 are
achieved using EcoflexTM and foamed thermoplastic polyurethane
(TPU), respectively. Increasing the thickness of the EcoflexTM

cover shows a significant increase of 259 % of the piezoelectric
d33-coefficient.

Index Terms—Ferroelectret, piezoelectret, piezoelectric sen-
sors, 3D-printing, biodegradable.

I. INTRODUCTION

The introduction of 3D-printing, also known as additive
manufacturing, to manufacture piezoelectric sensors has sig-
nificantly enhanced this field, offering unprecedented advan-
tages in terms of design flexibility, cost-effectiveness, and
rapid prototyping. 3D-printed sensors can be utilized in a
wide range of applications such as robotics [1], aerospace
[2], wearable sensing devices [3], [4] or medical applications
[5]. These applications require sensors with specific properties,
such as a complex geometry, mechanical flexibility and high
sensitivity. In comparison to traditional manufacturing meth-
ods such as coating and injection molding [6], 3D printing
presents a more efficient solution for manufacturing complex
and precise structured sensors.
Recently, the field of 3D-printing piezoelectric sensors has
been intensively investigated by using well-known piezoelec-
tric materials such as polyvinylidene fluoride (PVDF) [7]–[9],
boron nitride nanotubes (BNNTs) [10] and barium titanate
(BaTiO3) [11] and well known ferroelectret materials such
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as polypropylene (PP) [12], [13] and acrylonitrile butadiene
styrene (ABS) [14]. Ferroelectrets are originally electret ma-
terials that are arranged together to form well defined air
cavities. After proper treatment and polarization, such ma-
terials can exhibit piezoelectric-like behaviour reaching high
piezoelectric coefficients [15]. In this context and following the
urging need for eco-friendly piezoelectric materials, polylactic
acid (PLA) was investigated regarding its potential to be used
as ferroelectret material and showed promising results not
only as cellular and bulk film but also as filament for 3D-
printing [16]–[18]. The outstanding sensitivity of ferroelectrets
based on bulk PLA films allowed them to be utilized as force
myography sensors to detect the slightest muscle deformation
on the forearm due to single fingers movements [4].

In this work, we present a new eco-friendly ferroelectret
arrangement using PLA by combining the advantages of 3D-
printing with those of bulk films. Hereby, the heat of the
nozzle during the printing process is used to fuse the 3D-
printed structure with a bulk PLA film fixed on the print
bed [Fig. 1(a)]. Afterwards, an elastomeric layer is added on
top of the sandwich structure to enhance the sensitivity of
the ferroelectret as shown in Fig. 1(d). Such a manufacturing
method offers the possibility to produce large sensors, such as
a smart insole, with local properties depending on the printed
thickness and geometry of the structure. However, the choice
of the cover material influences the performance of the sensors
significantly. Therefore, the focus of this work lies on the
influence of different cover materials and their thicknesses on
the sensitivity of the sensors under static loads.

II. PREPARATION OF THE FERROELECTRET

The 3D-printed structure examined in this work is designed
with Autodesk Fusion 360 (Autodesk, Inc.) and prepared
for 3D-printing using the open source software PrusaSlicer.
PrusaSlicer segments the 3D structure into layers and deter-
mines the print trajectory for the 3D-printer (Original Prusa
i3 Mk3s, Prusa3d DE).

The initial step involves fixing a 20 µm-thick bulk PLA film
(Maropack GmbH & Company KG, Germany) onto the print
bed. The latter is heated up to 60 °C, resulting in thermal
straining the bulk film. Afterwards, a circular PLA structure
with an outline of 1.5 mm width and a diameter of 28 mm is
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Fig. 1: Schematic representation of the ferroelectret sensor preparation process: (a) 3D-printed PLA structure on a bulk PLA film fixed onto a print bed,
(b) illustration of the thermal-bonding procedure where the printed PLA structure is fused with a second bulk PLA film under a temperature of 100 °C, (c)
illustration of the charging process of the ferroelectret with a poling voltage of 7 kV, (d) exploded-view of the sensor consisting of a printed PLA structure
(in black) sandwich between two bulk PLA films (in orange), that form together the ferroelectret. The two outer layers represent the elastomeric covers of
the sensor, which are responsible for the sensitivity of the sensor.

printed on top of the heated bulk film. Enclosed within the
circle is a grid pattern consisting of multiple parallel ridges.
Each ridge features a width of 1 mm and is positioned at a
distance of 2 mm from the next ridge. Due to the heat of
the extruded PLA filament exceeding the melting point of the
bulk PLA film, the printed structure and bulk film are fused
together at the contact areas. Since the printed structure is
fixed on the heated print bed, the thermal strain of the bulk
film remains after cooling and results in pre-stressing the bulk
PLA film. The printed structure is 200 µm-thick. The printing
parameters of PLA are described in a previous publication
[18]. Thereafter, an additional PLA film is placed on top of
the printed structure. In order to maintain the same thermal
straining effect, the second PLA film is first placed on a
heated print bed up to 100 °C and fused with the printed
structure using thermal bonding. The grid pattern inside the
circle prevents the two bulk films from collapsing into each
other when exposed to 100 °C. After the bonding process, the
sandwich structure together with the print beds are placed on
a heatsink with a fan for accelerating the cooling process.
Finally, two aluminum electrodes with a diameter of 20 mm are
evaporated on both outer surfaces of the sandwich structure.

For the charging process, the electrodes are contacted with a
high voltage source (HCN 14-12 500, FuG Elektronik GmbH,
Germany), which applies a poling voltage of 7 kV across the
sandwich structure. The electric field in the air filled voids
initiates Paschen breakdown, which creates dipoles trapped at
the PLA/air interfaces [19]. The charged structure is defined
as a ferroelectret.
The ferroelectret is then placed between two cover layers. In
this work, two different cover materials are utilized: foamed
TPU (VARIOSHORE TPU NATURAL, colorFabb B.V.) and
silicone rubber EcoflexTM 00-35 (Smooth-On, Inc.).

III. WORKING PRINCIPLE OF THE FERROELECTRET WITH
ELASTOMERIC COVER

Polarizing the sandwich structure results in a permanent
charge density σint within the air cavities between two printed
ridges. Therefore, the maximum charge density σmax

int that can
be trapped within the sandwich structure depends on the ratio

between the width of the ridges wridge and the width of the air
cavities wair as [20]–[22]

σmax
int =

wair

wair + wridge

(
εairε0 + εPLAε0

tair

2tPLA

)
EB, (1)

where EB represents the electric breakdown field, εair the
dielectric constant of air and tair the thickness of the air gap,
which corresponds to the thickness of the printed structure.
The parameters tPLA and εPLA are the thickness and the
dielectric constant of the bulk PLA film, respectively. The
piezoelectric d33 of such structure is known to be proportional
to the charge density σmax

int , the Young’s modulus Yt of the
ferroelectret and the ratio of the active area to the total area
as [22], [23]

dmax
33 ∝ wair

wair + wridge
· σ

max
int

Yt
. (2)

However, increasing wair leads to a smaller bending stiffness
and results in a pull-in while charging the structure due to the
electrostatic forces. Therefore, a ratio of wair/wridge = 2/1 is
selected.

The piezoelectric behaviour of ferroelectrets generally orig-
inates from the deformation of the air-cavities, causing the
dipoles in the air to move closer to each other [24], [25].
Due to the rigidity of the printed PLA structure, applying a
force to the ferroelectret itself results in low piezoelectric d33-
coefficients in the range of few pC/N. In order to enhance the
deformation of the air cavities, an additional elastomeric layer
is added on top of the ferroelectret to reduce the apparent
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Fig. 2: Schematic representation of the deformation of the ferroelectret due
to an external force F , when using an elastomeric cover.



Young’s modulus as introduced by Mirkowska [26]. Applying
a force to the elastomeric cover leads to a more concentrated
deformation of the less rigid part of the ferroelectret, which
corresponds to the air cavities as shown in Fig. 2. Depending
on the thickness and the material used as cover, the sensitivity
of the ferroelectret can be increased significantly.

IV. EXPERIMENTAL RESULTS AND DISCUSSION

The dependency of the piezoelectric d33-coefficient of the
sensor on the cover material is measured by means of a setup
consisting of a linear guide and an electrometer. The linear
guide prevents an uneven application of force to the sensor
and ensures the same pressure area regardless of the utilized
mass. Furthermore, the sensor is pre-stressed with the mass
of the linear guide of 27 g, which prevents undesired motion
of the sensor while placing and removing the measurement
load. The pressure area of the linear guide is approximately
314 mm2 which corresponds to a diameter of 20 mm. Since
the diameter of the used electrode corresponds to the diameter
of the pressure area, the piezoelectric d33-coefficient can be
determined as

d33 =
Q

F
=

Q

m g
, (3)

where Q is the induced charge on the electrodes, F is the
force applied to the sensor caused by the mass m placed on
the linear guide and g is the gravitational acceleration.

First, a force is applied on the linear guide for a substantial
period of time of 1 min. The charge induced after removing
the mass is measured by means of an electrometer (6517A,
Keithley Instruments) and integrated over 10 s. This process
is repeated with different mechanical loads ranging from 1 N
to 10 N.

By utilizing an EcoflexTM 0.5 mm-thick cover, a piezo-
electric d33-coefficient of 275 pC N−1 is achieved [Fig. 3(a)].
Increasing the applied force results in a small decrease of
piezoelectric d33-coefficient to reach a value of 214 pC N−1

starting from a force of 3 N. This value is then maintained
even by further increasing the applied force up to 10 N.
Increasing the thickness of the EcoflexTM cover, however,
leads to a significant improvement of the piezoelectric d33-
coefficient. Under a load force of 1 N, an enhancement of
174% corresponding to 479 pC N−1 for a 1 mm-thick cover
is recorded. Further increasing the thickness to 1.5 mm leads
to an enhancement of 259% corresponding to a value of
713 pC N−1 [Fig. 3(a)].

This effect can be explained by the fact that increasing the
thickness of the silicone rubber EcoflexTM leads to a smaller
effective stiffness of the cover, since the same force results in a
larger displacement. Furthermore, the more material is pressed
into the cavities of the ferroelectret structure, the more charge
is induced on the electrodes leading to larger d33-coefficients.

On the other hand, using a foamed TPU cover leads to
smaller d33-coefficients. In fact, applying a load of 1 N results
in d33-coefficients between 173 pC N−1 and 229 pC N−1 for
thicknesses between 0.5 mm and 1.5 mm, respectively. The
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Fig. 3: Quasi-static measurements of the piezoelectric d33 coefficient for
different cover thicknesses using (a) EcoflexTM and (b) foamed TPU. All
measurements correspond to the average values measured for ten different
sensors.

d33-coefficients, however, decrease gradually with increased
loads, reaching a value of 112 pC N−1 for a load force of 10 N.
In contrast to the EcoflexTM cover, for a larger foamed TPU
thickness only smaller d33-coefficients have been recorded
[Fig. 3(b)]. Considering that increasing the thickness of the
foamed TPU results in a stiffer cover, the consequence of
smaller d33-coefficients becomes evident.

V. CONCLUSION AND OUTLOOK

In this work, a manufacturing technique involving the
combination of 3D-printing and bulk PLA film is presented.
Directly 3D-printing a PLA structure onto a bulk PLA film
fixed on the print bed leads to their fusion during the printing
process. By using an additional elastomeric cover consisting
of EcoflexTM on top of the ferroelectret, large piezoelectric
d33-coefficients up to 713 pC N−1 are achieved. Furthermore,
the dependency of the d33-coefficients on the cover material
and thickness is demonstrated. This simple manufacturing
technique broadens the possibility of manufacturing ferro-
electrets by combining filament with bulk films as soon as
they are of the same materials, whether PP, ABS or any
other known electret material. The utilized 3D-printer in this
work allows the manufacturing of sensors featuring an area of
200mm×200mm, which corresponds to the area of the print
bed. Alternatively, this surface can be used to print multiple
smaller sensors on the same bulk PLA film. Since the PLA
and the EcoflexTM are bio-compatible materials, these sensors
are appropriate for medical applications as well.
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