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Recent Advances in Ferroelectret Fabrication, Performance

Optimization, and Applications

Ningzhen Wang, He Zhang, Xunlin Qiu, Reimund Gerhard, Jan van Turnhout,

Jason Cressotti, Dong Zhao,* Liang Tang,* and Yang Cao*

The growing demand for wearable devices has sparked a significant interest
in ferroelectret films. They possess flexibility and exceptional piezoelectric
properties due to strong macroscopic dipoles formed by charges trapped at
the interface of their internal cavities. This review of ferroelectrets focuses on
the latest progress in fabrication techniques for high temperature resistant
ferroelectrets with regular and engineered cavities, strategies for optimizing
their piezoelectric performance, and novel applications. The charging
mechanisms of bipolar and unipolar ferroelectrets with closed and
open-cavity structures are explained first. Next, the preparation and
piezoelectric behavior of ferroelectret films with closed, open, and regular
cavity structures using various materials are discussed. Three widely used
models for predicting the piezoelectric coefficients (d;;) are outlined. Methods
for enhancing the piezoelectric performance such as optimized cavity design,

fields like chronic disease treatment,!* !
sports training, and construction work is
growing steadily.”! This has prompted
an upswing in research into flexible and
biofriendly piezoelectric materials.[1%1]

Traditional piezoelectric materials like
piezoelectric ceramics known for their high
piezoelectric coefficients and low manufac-
turing costs,['*l are widely applied in res-
onators and sensors that must operate at
high-temperatures.['>"®] Lead zirconate ti-
tanate with a perovskite structure, repre-
sented by Pb(Zr,Ti)O; and abbreviated as
PZT, has a d;; of 460 pC N7! even at
400 °C."1 As shown in the lattice model
of Figure 1a,/?! the displacement of pos-

utilization of fabric electrodes, injection of additional ions, application of DC
bias voltage, and synergy of foam structure and ferroelectric effect are
illustrated. A variety of applications of ferroelectret films in acoustic devices,
wearable monitors, pressure sensors, and energy harvesters are presented.
Finally, the future development trends of ferroelectrets toward fabrication and
performance optimization are summarized along with its potential for
integration with intelligent systems and large-scale preparation.

1. Introduction

With the emergence of Internet of Things and Body Area
Networks,!13] the demand for noninvasive health monitoring
devices that continuously track users’ physical conditions in

itive and negative ions in the unit cell
by a mechanical stress will create dipoles.
However, ceramics are typically brittle and
heavy.2!l Hence, for applications that re-
quire flexibility or skin contact piezoelectric
ceramic nanoparticles are often embedded
in a polymer matrix.??] In recent years,
Bowen and co-workers!?®-28] were able to in-
crease the output of piezoelectric ceramic
transducers by introducing microscopic
and macroscopic pores. These pores also
augment the piezocatalysis of ferroelectric ceramics by increas-
ing the effective diffusion coefficient.[?! In order to meet the
demands of both output power and flexibility in wearable de-
vices, polymers were blended with porous piezoelectric ceramic
arrays.!’]
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Figure 1. a) Stereoscopic drawing of tetragonal phase PZT. b) Macroscopic polarization of ferroelectret with b1) closed and b2) open-cavity structure.

) Representation of the polar molecule structure in piezoelectric PVDF film.

In the mid-20th century, fluorinated polymer polyvinylidene
difluoride (PVDF) was discovered to be piezoelectric due to the
dipole moments in its crystalline f-phase molecules (f-PVDF)
(Figure 1c).[?) However, its piezoelectric coefficient was often
less than 30 pC N~1.130 This initiated worldwide efforts to elevate
its piezoelectric properties and explore piezoelectricity in other
flexible polymeric materials.[313]

In the late 20th century, Kirjavainen et al.373# uncovered
the piezoelectricity of highly charged cellular polypropylene (PP)
films, later coined as ferroelectrets.[?*3?] The charging mecha-
nism of ferroelectrets differs considerably from the cooperative
molecular alignment in PVDF. It is achieved, usually in ambient
air, by ionizing gas molecules inside the closed cavities using a
strong electric field.[**#!] The separated positive and negative ions
caused by dielectric barrier discharges (DBDs) give rise to macro-
scopic dipoles that are capable of producing a strong internal per-
manent electric field (Figure 1b1).*2] Moreover, the charges are
trapped on the internal surfaces of the cavities, and are there-
fore shielded to a large extent from the ambient humidity for fer-
roelectrets with closed cavities. This renders such ferroelectrets,
made from a nonpolar polymer, less prone to a loss in sensitivity
under moist environments. For example, the piezoelectric activ-
ity of cellular PP ferroelectrets is virtually not affected by humid-
ity during prolonged storage in a humid atmosphere or immer-
sion in distilled water.[*>*]

Ever since, ferroelectrets have evolved from many other poly-
meric films, like polyethylene (PE),[*#’] polyethylene tereph-
thalate (PET),[***] polyethylene naphthalate (PEN),5%! poly-
tetrafluoroethylene (PTFE),’>4 fluorinated ethylene propy-
lene copolymer (FEP),>>%¢ polylactic acid (PLA),57%81 cyclo-
olefin polymers (COP) and copolymers (COC),>*¢! and oth-
ers. Kacprzyk et al.l®"®] explored piezoelectric soft-hard lay-
ered systems, such as PP—polystyrene (PS), wherein charges are
stored at the interfaces by the Maxwell-Wagner effect. Inno-
vative sandwich-structured ferroelectrets were devised to over-
come difficulties in forming cavities in high-temperature re-
sistant polymers.I>>] Heat resistant ferroelectrets were made by
placing a layer of expanded PTFE (ePTFE) between two lay-
ers of FEP films forming an FEP-ePTFE-FEP trilayer structure
(Figure 1b2),1% or by bonding an FEP film with laser-processed
pores between two solid FEP films, etc.[%] These novel layered
ferroelectret films made from different materials exhibit a va-
riety of mechanical properties, piezoelectric characteristics, and
resonance frequency ranges. A challenge posed to ferroelectrets
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crafted from fluorinated polymers is that their synthesis requires
per- and polyfluorinated alkyl substances, also known as “forever
chemicals.”(®®! Despite this obstacle, many efforts have been de-
voted on refining the preparation process, improving the piezo-
electric performance, and expanding the applications of ferro-
electrets made from fluorinated polymers.[43:67:68]

Previous reviews have covered several aspects of ferroelectrets.
Zhang et al.l! reviewed their manufacturing processes, model-
ing approaches and applications as energy harvesters, focusing
in particular on modeling their response to dynamic mechanical
loads. Mo et al.[7! critically reviewed the fabrication of ferroelec-
tret nanogenerators (FENGs) and their applications in wearable
devices. Zhang et al.”!) summarized the use of ferroelectret films
as energy harvesters for collecting low-frequency vibrations and
acoustic energy. Li et al.l”?! provided an overview of electrome-
chanical physiological signals monitoring using nanogenerators
(NGs), wherein ferroelectrets being flexible may play an emi-
nent role. Ansari and Somdee!”3] reviewed various preparation
methods of piezoelectric nanogenerators (PENGs) using ferro-
electrets, with a focus on their energy conversion capabilities. Qiu
wrote an overview about the methods for fabrication and polariza-
tion of polymer electrets and ferroelectrets, and discussed various
routes to enhance the performance of ferroelectrets.’*l He and
his colleagues also reviewed new charging methods with high
efficiency and presented several illustrative applications.!”>7¢!
Some scholars reviewed forefront applications of ferroelectrets
in the biomedical field.”””78] To bridge the gap toward applica-
tions under harsh conditions, this review covers recent advances
in fabrication techniques, performance improvement, and new
applications of high temperature resistant ferroelectrets, with
key topics regarding the fabrication of regular microcavities us-
ing additive manufacturing, novel methods for performance en-
hancement of high temperature resistant ferroelectrets, and their
trendy applications in biological equipment.

The review categorizes the manufacturing processes of fer-
roelectrets based on their cavity structures, followed by a com-
prehensive analysis of charging methods and a presentation of
current approaches of performance enhancement. Section 2 dis-
cusses the principles of the charging processes of ferroelectrets
with different cavity structures. Section 3 describes for different
cavity structures, the fabrication of ferroelectrets from various
polymeric materials. Section 4 reviews the models for estimating
the dy; coefficient, and it further summarizes various methods
to augment the piezoelectric performance. Attempts are made

© 2024 Wiley-VCH GmbH
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Figure 2. Polarization process, charge distribution inside cavities after polarization and basics of piezoelectric effect. a) Set up of corona charging.
Reproduced with permission.[%] Copyright 2021, Wiley-VCH GmbH. b) Paschen breakdown curve. c) Schematic charge profiles inside a cavity during
the variation of the applied voltage with time. Adapted with permission.[®] Copyright 2007, AIP Publishing. d) Curve depicting the change in surface
charge versus voltage during the polarization. Reproduced with permission.l1%4] Copyright 2011, IEEE. Illustration of the charge distribution in e) closed-
cavity and f) open-cavity ferroelectret films after polarization. g) Polarization of an unipolar ferroelectret film. Reproduced with permission.[?] Copyright
2018, IEEE. h) Piezoelectric effect of ferroelectret films in the thickness direction. Reproduced with permission.l'%] Copyright 2021, IEEE. i) Three axes
for defining the direction in piezoelectric materials. Reproduced with permission.l'9" Copyright 2018, Wiley-VCH GmbH & Co. KGaA. j) Piezoelectric

effect of ferroelectret films under a lateral force. Reproduced with permission.l'%] Copyright 2018, Elsevier Ltd.

to employ the d;; models to analyze the enhancement mecha-
nisms. Section 5 summarizes up the applications of ferroelectrets
in many fields, focusing particularly on recent progress. Section 6
concludes the review with proposed directions for the future de-
velopment of ferroelectret films in terms of fabrication, perfor-
mance enhancement, and applications.

2. Piezoelectric Mechanism of Ferroelectrets

2.1. Charging Process

2.1.1. Bipolar Ferroelectrets Polarization

The piezoelectric effect of closed-cavity piezoelectret films, such
as cellular PP films, originates from the bipolar charging that oc-

curs within their cavities. When a high electric field is applied,
during direct contact charging or corona charging, the air within
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the many cavities ionizes. This leads to positive and negative
charges being generated, separated, and trapped, respectively, at
the upper and lower surfaces of the cavities, which give rise to a
bipolar polarization.!”’]

In comparison to contact polarization, corona charging re-
quires a higher voltage. A setup of corona charging is shown in
Figure 2a. The voided film is placed on a metal electrode oppo-
site the corona needle. To generate a corona discharge around the
needle, the applied voltage needs to exceed a threshold, which de-
pends on the sharpness of the needle and the surrounding gas
atmosphere.[®] During corona charging, a surface potential is
built up, which induces an internal electric field in the cavities
that triggers breakdown of the gas inside. The shape and size
of the cavities as well as the kind and pressure of the gas inside
determine the strength of the breakdown field.®!) In general, the
Paschen breakdown voltage V; of a cavity exhibits a U-shaped de-
pendence on pd, where p is the gas pressure and d the height of

© 2024 Wiley-VCH GmbH
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the cavity. The Paschen breakdown curve in Figure 2b shows the
relation between breakdown voltage and cavity height for air at
standard atmospheric pressure. For atmospheric air, cavities with
aheight of around 10 pm are most prone to internal discharge ata
low breakdown voltage. On the left branch of the Paschen curve,
V,, increases sharply with decreasing cavity height. Because of
the limited number of gas molecules present in the cavity, quite
a high voltage is needed to supply enough energy to the elec-
trons to trigger breakdown. Conversely, on the right branch of the
Paschen curve, Vj increases more or less linearly with d, because
the breakdown field remains almost unchanged in this range.
The cavity size in the thickness direction of films for charging
is typically between 8 and 100 pm.[7482!

Qiu et al.#*#4 analyzed the DBD process in closed cavities
during charging. As illustrated in Figure 2c, with an increas-
ing voltage, air in the cavities starts to ionize at the threshold
voltage (V,) (point 1) and this continues until most of the air
pockets have experienced DBDs. The resulting bipolar charges
are trapped at the internal surfaces, creating an electric field op-
posing the applied field and gradually reducing the internal dis-
charges. As the voltage is increased further, the air in the cavities
undergoes DBDs anew (point 2). When the voltage decreases, at
point 3, “back discharges” begin to emerge within the cavities. %]
These reverse discharges persist until the voltage reaches zero,
signifying completion of the charging process.®*] The voltage
at which discharges occurs will alter with the air pressure. It
may decrease first and then increase, depending on the height
of cavities.[®#’] Figure 2e depicts schematically the charge pro-
file within cellular PP ferroelectret film after charging, with bipo-
lar charges trapped at the surfaces of the closed cavities forming
strong macrodipoles.

The DBD process for an FEP-ePTFE-FEP structure with open
pores is similar to that of cellular PP film with the two solid FEP
layers on the upper and lower side serving as charge-blocking
walls.[®8] The three-layered structure resembles a film with one
single macroscopic cavity formed by the porous ePTFE film that
is enclosed by the two FEP layers. With an increase of the ap-
plied voltage, ambient air within the ePTFE fiber layers will ion-
ize by DBDs. Throughout this process, separated positive and
negative charges are, for a large part, trapped at the FEP/ePTFE
interfaces. Upon removal of the applied voltage, the positive and
negative charges captured constitute the final macroscopic polar-
ization (Figure 2£).[089%9] Dye to the interconnected pores inside
the ePTFE layer, ionization will occur through adjacent pores.
The breakdown voltage will therefore not increase much even
when the pore size becomes less than 8 um.®!l Zhang et al.??) and
Zhukov et al.l®] demonstrated the dynamic relation between the
effective polarization of ferroelectrets and the charging voltage
(Figure 2d). When the charging voltage exceeds twice the break-
down voltage (Vy), the residual internal space charge will reach

its maximum (o ,,,,) after the external voltage is removed.

2.1.2. Unipolar Ferroelectret Polarization

Unipolar ferroelectrets are appealing, because of their superior
charge stability.® %] A material that carries unipolar charges
shall not easily lose its charges by detrapping or Ohmic conduc-
tion. Both direct contact charging and corona charging can de-
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posit preferentially unipolar charges on a film surface, usually
negative, in view of their excellent stability in fluorocarbon-based
polymers.[”l Unipolar polarization is achieved in sandwich struc-
tures with open-cavity structures or regular single-layer tubular
pores inside, because unipolar charges can only be filled in the
open porous structure by unipolar polarization, and then it needs
be encapsulated by an upper film, whereas closed-cavity struc-
tures cannot meet the conditions for unipolar polarization. Typ-
ically, a thin layer of aluminum is first coated as electrode on
the convex surface of an FEP film with a wavy structure. Then
a needle carrying a voltage of about —10 kV is positioned close
to the concave side of the FEP film to deposit negative charges.
The fabrication process of the curved FEP film and its potential
applications will be worked out in Section 3.3. Subsequently, an
uncharged FEP film with a complementary wavy structure and
aluminum electrode is bonded to the charged wavy FEP film.
This creates unipolar FEP ferroelectrets with an open cavity tun-
nel structure, as depicted in Figure 2g.°*l Preferably, negative
charges are trapped in the inner cavities, because this results in
a highly stable unipolar ferroelectret that can be used for a vari-
ety of applications, where a long-lasting polarization is crucial. It
should be noted, however, that unipolar ferroelectrets will gen-
erate less piezoelectricity than bipolar ones, because their piezo-
electricity can only be derived from nonaffine deformations. This
disadvantage can be overcome by layering a unipolar open-pore
electret carrying a positive charge on top of a negatively charged
one. Such an assembly will undoubtedly show a high piezoelec-
tricity with also long-term stability.

2.2. Piezoelectric Properties

After applying aluminum or other electrodes to both sides of a
ferroelectret film, positive and negative charges are induced on
the electrodes by the charges stored internally in their cavities.
This creates an electric field along the thickness direction. When
pressure is applied, the dipole moment in the ferroelectret film
will change, leading to a corresponding change in the induced
charges on the electrodes. This phenomenon, known as piezo-
electric effect, generates a current in the external circuit.[*®) If we
consider a cellular PP ferroelectret film as an example, as shown
in Figure 2h, the dipole moment of the macroscopic dipoles (i.e.,
the charged cavities) decreases when pressed. At the same time
the cavities will impede any drift of charges along the thickness
direction.””! Consequently, the amount of charge accumulated
on the electrodes alters, resulting in a measurable current in the
sensing circuit.3>1%! Releasing the pressure allows the dipole
moment of macroscopic dipoles to revert, leading to an increase
of the charge induced on the electrodes thereby generating a cur-
rent in the opposite direction. This reversible process enables fer-
roelectret films to convert mechanical energy into electrical en-
ergy. Similarly, applying an oscillating voltage to the electrodes
causes ferroelectrets to vibrate, thereby converting electrical en-
ergy into mechanical energy. Due to this reciprocal mechanism,
ferroelectret films find numerous applications in sensors, nano-
generators, actuators, acoustic devices, and many other areas.
To quantify the piezoelectric performance of ferroelectric
films, piezoelectric coefficients are employed, analogous to other
piezoelectric materials. In the coordinate system of Figure 2i,
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the direction-3 always coincides with the polarization direction.
When a force is applied in this direction (which points in the

thickness direction), the piezoelectric coefficient is denoted by
(101

_ (0D,
0= (52), d

where D; and T are the electric displacement and the me-
chanical stress in the direction-3. This is also the direction,
along which the piezoelectric effect of the ferroelectret films is
the most prominent. Ferroelectret films may also feature trans-
verse piezoelectricity. For instance, tubular cavity FEP ferroelec-
tret film, which contains tubular open-pores shows notewor-
thy piezoelectric effects when subjected to a lateral (direction-1)
stress (Figure 2j).1%?] In such cases, piezoelectric coefficients la-
beled d,; or g;;, are used to represent the transverse piezoelectric
effect.[10%]

3. Fabrication of Ferroelectrets with Different
Cavity Structures

3.1. Closed-Cavity Structures

In the domain of ferroelectrets with closed-cavities, pioneer work
was undertaken in Finland in the 1990s. It led to a commercial
product called EMFi-PP made by physical foaming.['%! This cel-
lular PP became the workhorse of ferroelectret research due to
its efficient charge storage, excellent fatigue resistance, and low
costs.'”] Various other polymers with high-grade charge stabil-
ity are amenable to physical foaming. They also can be trans-
formed into ferroelectrets by charging, after which they can be
applied in flexible piezoelectric sensors, nanogenerators, acous-
tic devices, etc. Traditionally, cavities within the polymer films are
formed by two techniques: biaxial stretching of filler-loaded poly-
mers and gas-assisted extrusion foaming.['%19] Polymers with
lens-shaped pores that have a width-to-height ratio of ~6.6 and
a transverse dimension of &30 um can be polarized at a lower
voltage. This will be discussed in Section 4.2.1.111]

In the biaxial stretching process of filler-loaded polymers, e.g.,
polypropylene (Figure 3al), PP powder, stiff mineral particles
such as CaCO;, and other additives are mixed thoroughly and
then extruded and molded into a film. This film is next stretched
in two directions. During this process high stresses build up
around the rigid CaCO; particles, which lead to localized frac-
ture of the stretched PP film in the vicinity of the CaCO, par-
ticles. As a result, tiny lens-shaped cavities emerge within the
film, whose dimensions can be adjusted by varying the stretch-
ing force (Figure 3a2). Nagd et al.l'112] demonstrated that the
smaller the size of the CaCO, particles, the larger the effective
porosity and the smaller the cavity diameter become. Gilbert-
Tremblay et al.l''3] used 12 pm CaCOj; particles and obtained
a cellular PP film with a relative density of 0.8. They found
that the CaCO; particles need to have a minimum diameter
of 3 um to initiate and propagate cracks effectively during film
stretching. In another approach, Behrendt et al."*! filled isotac-
tic polypropylene (i-PP) with NA11 (2,2’-methylene-bis-(4,6-di-
tert-butylphenyl)-phosphate) particles and hollow glass spheres
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and then stretched the material to obtain cellular i-PP films
(Figure 3a3). They observed that cellular i-PP films prepared with
10 wt% NA11 and mixed with glass spheres of an average diame-
ter of 30 um preserve outstanding charge storage. They obtained
a d,; value of around 179 pC N~! after charging. The manufac-
turing process and piezoelectric performance of some typical fer-
roelectrets mentioned in Section 3.1 and 3.2 are highlighted and
summarized in Table 1.

Biaxial stretching was also used to prepare other ferroelec-
trets, such as polyetherimide (PEI) and COC.>*1%] Behrendt!!°]
performed stretching of PEI mixed with hollow glass spheres.
Saarimiki et al.>! prepared cellular COC films, which retained
their piezoelectric properties at 110 °C (Figure 3a4). Often, cav-
ities will open spontaneously during the stretching of polymers
that contain tiny rigid particles. Their cavities are too flat for ef-
ficient DBD charging, because electrons cannot be accelerated
sufficiently enough to ionize the gas molecules.[?}] In addition,
flat cavities make films rather stiff, which results in a low elec-
tromechanical response.

The size of the internal cavities can be adjusted, with expan-
sion or inflation by means of high-pressure gas in combination
with a thermal treatment.l"1%118] For this adjustment, polymer
foam is placed inside a chamber into which high-pressure gas
is fed. With time, the gas molecules diffuse into the cavities un-
til the pressure within the cavities equalizes that in the cham-
ber. The foam is then inflated by a sudden release of the high
gas pressure. After this, the inflated foam structure is stabilized
by a heat treatment at elevated temperatures during or right af-
ter the pressure release (Figure 3a5). It was noticed that higher
heating temperatures cause a higher porosity. PP films processed
through this method attained a d,; value of 590 pC N~1; however,
this method has limitations, as it requires polymers with a rela-
tively low melting point to mix well with inorganic fillers. This
may end in a nonuniform cavity-size distribution.

An alternative foaming viz. foam extrusion was therefore
invoked to fabricate cellular polymeric ferroelectrets. In gas-
assisted extrusion, the most common approach is foaming with
a supercritical (sc) fluid (such as sc-CO, and sc-N,), sometimes
followed by a biaxial stretching and gas-diffusion inflation for
further optimization of the foam structure (Figure 3b1).['"] Mo-
hebbi et al.'1%12%] investigated the impact of the heat treatment
parameters and applied supercritical N, (scN,) pressure to con-
trol the cavity geometry. By employing a pressure treatment with
gradually increased temperature, lens-shaped pores with a width-
to-height ratio of 6.6 were obtained. This led to a 45% increment
of the piezoelectric d,; coefficient to 800 pC N1, cf. Table 1.

Gas-assisted extrusion foaming is widely employed in the fab-
rication of porous structures in polymers, like PET,['2!1] PEN,[50:51]
FEP,%] PE,l*] and PLA.’8] Cellular FEP films composed by
Voronina et al.> using this approach showed a d,; of 50 pC N~
after —60 kV corona charging (Figure 3b2). Cellular PET films
produced using foam extrusion (Figure 3b3) exhibited a higher
thermal stability than cellular PP films, and good performance
over a broader resonance frequency range, indicating promising
potential for ultrasound application.[?!] The cellular PEN films
from Fang et al.l’%5! retained 70% of their piezoelectric perfor-
mance after a 1 h heating at 100 °C (Figure 3b4).

In recent years, ferroelectrets prepared from the popular
biodegradable polymer PLA has attracted much attention.!'??]

© 2024 Wiley-VCH GmbH
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Figure 3. Fabrication methods and cross-sectional scanning electron microscope (SEM) images of porous films. a) Biaxial stretching for films with closed
cavities. a1) Diagram of the procedure for biaxial stretching. Longitudinal cross-sectional SEM images of cellular a2) PP. Reproduced with permission.['1]
Copyright 1992, John Wiley & Sons. a3) i-PP. Reproduced with permission.['14] Copyright 2006, IEEE. a4) COC. Reproduced with permission.[*°] Copyright
2006, IEEE. a5) PP. Reproduced with permission.['17] Copyright 2004, IOP Publishing Ltd. b) Gas-assisted foaming of films with a closed-cavity structure.
b1) Diagram of the procedure for foam extrusion. Longitudinal cross-sectional SEM images of cellular b2) FEP. Reproduced with permission.[>>! Copyright
2007, Springer. b3) PET. Reproduced with permission.!'2!l Copyright 2007, Wiley-VCH GmbH & Co. KGaA. b4) PEN. Reproduced with permission.[>0]
Copyright 2010, IEEE, b5) PLA. Reproduced with permission.[>’! Copyright 2020, AIP Publishing. c) Fabrication of films with an open pore structure.
c1) Diagram of the fabrication of PTFE and FEP-based sandwich-structured films. c2) Cross-section of the porous sandwich structure. Longitudinal
cross-sectional SEM images of c3) laminated film with a five-layer laminate of porous PTFE and FEP. Reproduced with permission.['34] Copyright 2008,
AIP Publishing. c4) ferroelectret film of FEP—ePTFE-FEP. Reproduced with permission.[®#] Copyright 2021, Wiley-VCH GmbH. c5) SEM image of ePTFE
film surface with a pore size of 1 um. Reproduced with permission.[%4] Copyright 2021, Wiley-VCH GmbH.

Zhukov et al.l’”] applied physical foaming to PLA, and achieved
a high piezoelectric coefficient of 600 pC N7 after brief hot-
pressing (Figure 3b5) and polarization. Vadas et al.*®! proposed
a more efficient method for generating anisotropic cavities in
PLA films, by using a supercritical CO, (scCO,)-assisted extru-
sion with a belt puller. This method produces less waste and is
efficient and environmentally friendly.

Besides these two classic methods for closed-cavity production,
there are special techniques, such as high-energy electron irradia-
tion to form irradiation crosslinked polypropylene (IXPP).[123:124]
This also helps to enhance the piezoelectric performance by ad-
justing the cell arrangement in ferroelectrets.

3.2. Open-Cavity Structures
The most widely used PP ferroelectret prepared by physical

foaming, can operate for continuous use only up to 60 °C.[1%]
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In the field of wearable electronics, where high-temperature-
resistant devices are crucial for prolonged exposure to sunlight,
ferroelectrets drafted from PTFE and FEP have attracted much
attention owing to their excellent charge stability at elevated
temperatures.>#126-129]

Remke and von Seggern uncovered experimentally the lon-
glasting charge storage of PTFE and FEP;1*% however, the dense
structure of FEP and PTFE confines any charge storage to the
surface.l3!l To overcome this limitation, porous PTFE emerged
as a solution, despite the challenges of physical forming of opti-
mal cavity structures in high-temperature-resistant materials. Xia
et al.’2921321 made porous PTFE films with a porosity of ~#50%
through biaxial stretching. They concluded that porous PTFE
films exhibit the highest charge stability among organic electret
materials. This stretched PTFE is referred to as expanded PTFE
(ePTFE) in later studies. Additionally, PTFE films with local voids
can be prepared using electrospinning. This open-cavity foam is
known as fibrous PTFE (f-PTFE). Unfortunately, charges stored

© 2024 Wiley-VCH GmbH
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inside open-porous PTFE films are partially lost when they are
metalized on two sides. Due to the interconnected porous struc-
ture, metallic particles easily enter voids near the surface and thus
destroy part of the trapped charges.®® To avoid this loss a sand-
wich structure is usually assembled with a layer of ePTFE placed
between two layers of solid FEP films (Figure 3c1).

Hu and von Seggern®3! prepared a sandwich-structured film
with open pores using a vacuum-assisted method, as illustrated
in Figure 3c2. For a nominal ePTFE porosity of 91%, the d,; value
remained at 400 pC N~! 5 days after the charging. Zhang et al.!33!
hot-pressed multiple layers comprising alternating 12.5 pm thick
ePTFE and 12.5 um thick FEP layers at 280 °C. Their ferroelec-
tret film demonstrated a high thermal stability, with a d,; of more
than 500 pC N~! after 1-day storage at 90 °C. Huang et al..'3*! fab-
ricated a similar sandwich-structured film using a relatively low
pressure (3.3 kPa) (Figure 3c3). Their film preserved 45% of its
d,; after a 24 h period at 90 °C. This suggests that the thermal
stability of open-pore PTFE ferroelectrets surpass that of PP fer-
roelectret films. Wang et al.l1l prepared FEP-ePTFE-FEP films
through hot pressing at 285 °C (Figure 3c4). The average pore
size of ePTFE was 1 um (Figure 3c5) and the thickness of FEP
12.5 um. Their ferroelectret films still performed excellently nine
months after charging, as listed in Table 1. Researchers have
applied ePTFE with different porosities to fabricate sandwich-
structured films with open pores.[13213513¢] The impact of porosity
and layer thickness on charging voltage and piezoelectric perfor-
mance of ferroelectret films will be discussed in Section 4. Shi
et al.[137138] made ferroelectrets with a rapid, low-cost method.
They interlayered different polymer foams or conventional tex-
tiles with distinct Young’s moduli with two FEP films, to achieve
a dy; of 1000 pC N~! and an output power of up to 62.4 pW cm=3.
The porosity of open-cavity structures is often higher than that of
closed-cavity structures. This results in a lower Young’s modulus,
and makes them more suitable for detecting tiny forces.

A relatively novel method called freeze casting was also devel-
oped to get open pores. Zhang et al.[1**] took up this technique
to produce porous PVDF films, by dissolving PVDF powder in
dimethyl sulfoxide (DMSO). The solution was unidirectionally
frozen using liquid N,, and the DMSO was then removed with
water. Finally, the material was cut parallel to the freezing direc-
tion, resulting in long-range aligned pore channels with a pore
size of 10 um. The porous PVDF films attained after polarization
a dy; coefficient of 264 pC N1,

3.3. Regular Cavity Structures

The control of the shape and size of the cavities created in poly-
meric films by the conventional methods discussed above is diffi-
cult, posing challenges to the optimization of the electromechan-
ical properties of their ferroelectrets and their integration into
microsystems.['*] Studies on charging and the resultant piezo-
electricity highlight that quantitative control of the cavity struc-
tures through proper processing is crucial for maximizing the
piezoelectric performance of ferroelectret films. Notably, poly-
mers like COC, renowned for its ability to store positive charges
faces difficulties in forming optimal cellular structures,['*1:142]
resulting in poor ferroelectret piezoelectric performance.”! In
recent years, in addition to open porous structures, regular
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artificially engineered cavity structures have gained popularity
for creating high-temperature-resistant ferroelectrets. This can
be accomplished by mechanical processing, laser processing,
3D printing, etc. Particularly, 3D printing technology provides
promising avenues for advancing ferroelectret research.

3.3.1. Mechanical Processing

Mechanical processing involves vacuum treatment,'*] hot
pressing,[®>!* and needle perforation to form regularly dis-
tributed cavities in polymer films.*3] Altafim et al.'*3] employed
a vacuume-assisted thermal process to generate bubbles with
a diameter of 1 mm between FEP films. They achieved a d;;,
of 500 pC N~! after charging. Zhang et al.l'®l combined me-
chanical molding with thermal bonding to build fluorinated-
polymer ferroelectrets with regular cavities. By placing FEP film
between a mold with regular grooves and a soft pad, as shown in
Figure 4a, it is transformed into a wavy shape at 100 °C. Next,
an array of tubular cavities is formed by hot-pressing at 320 °C.
The resulting porous film has advantages of small footprints
and high flexibility and is easy to produce. After charging, the
tubular-arrayed film displayed an output energy of up to 109 pW,
along with a low-frequency transverse piezoelectric coefficient
g3; of no less than 3 Vm N~!. Adopting a similar approach, Ma
et al.56146147] prepared a tube-like porous film based on FEP, to
obtain acquired a quasi-static dy; as high as 4700 pC N7, which
was maintained at 75% of its initial value after 14 days. The film
responded within 80 ms as a sensor under a low pressure of
10 Pa. Wang et al.['*¢] thermally pressed a porous film composed
of FEP with an f-PTFE interlayer (Figure 4b), to achieve an im-
pressive dy; of up to 7380 pC N~ after charging, by virtue of the
excellent charge storage of {-PTFE. The manufacturing process
and piezoelectric performance of the typical ferroelectrets men-
tioned in Section 3.3 are summarized in Table 2.

To create tubular cavities, several FEP tubes can be welded
together in a mold at 270 °C. Zhukov et al.'*¥ made in this
way an arrayed tubular-cavity FEP film with a wall thickness of
50 um (Figure 4c) and got a piezoelectric d,; coefficient of 600
pC N7, comparable to that of PZT. Although the manufacturing
process is simpler, the films produced have thicker cavity walls,
which make their ferroelectrets inferior to those from other ap-
proaches. Ruan et al.*8] produced a highly transparent, ultrathin,
skin-textured cavity-containing PP film stack (Figure 4d) with a
quasi-static d,; exceeding 3000 pC N~! by combining vacuum-
assisted thermal processing with hot pressing.

Xu et al.l'*] proposed electrostatic bonding as an alternative
to hot pressing, where FEP layers, charged with opposite volt-
ages, are separated with a patterned polyvinyl alcohol (PVA) layer
in between to form a film stack with an open-cavity structure
(Figure 4e). Wan et al.'*! employed a similar approach, putting
an artificially perforated polyvinyl butyral (PVB) film in the mid-
dle. All these ferroelectret films perform well with also excellent
biocompatibility. Lately, heterogeneous films prepared through
mechanical machining have appeared.'>*!) This straightfor-
ward approach also resulted in highly flexible and piezoelectri-
cally sensitive ferroelectret films.[>2]

Mechanical processing often yields larger pores, resulting
in lower elastic modulus of the film, which makes it more

© 2024 Wiley-VCH GmbH
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Figure 4. Manufacturing of porous films with a regular, artificial cavity structure. a) Flowchart of mechanical processing. Reproduced with
permission.['%] Copyright 2018, Elsevier Ltd. b) A five-layer porous film based on f-PTFE and FEP produced by hot pressing. Reproduced with
permission.['36] Copyright 2016, Elsevier Ltd. c) FEP-based porous film with tubular cavities. Reproduced with permission.['48] Copyright 2018, Springer
Nature. d) Optical images of the surface and cross-section of a skin-textured PP porous film. Reproduced with permission.[*3] Copyright 2023, AIP Pub-
lishing. e) Cross-sectional SEM image of a sandwich-structured film with PVA as the dielectric layer. Reproduced with permission.l’*?l Copyright 2021,
Elsevier Ltd. f) Flowchart of laser processing. Reproduced with permission.!'>#] Copyright 2013, Wiley-VCH GmbH & Co. KGaA. g) Hierarchical structure
of FEP-based piezoelectret sensor, and h) optical image of laser-processed flexible porous films for mass production. Reproduced with permission.[1>°]
Copyright 2022, Wiley-VCH GmbH. i) Diagram of laser processing of FEP-based porous film. Reproduced with permission.l'3”] Copyright 2023, Wiley-
VCH GmbH. j) Exploded view of a ferroelectret nanogenerator fabricated by 3D printing. Reproduced with permission.['®1] Copyright 2022, IEEE. k)
Sandwich structure consisting of a 3D-printed TPU grid and FEP layers. Reproduced with permission.l'63] Copyright 2021, MDPI. ) Optical image of 3D-
printed ABS porous film with electrodes, with an inset illustrating its cavity structure. Reproduced with permission.['%0] Copyright 2019, Elsevier B.V. m)
Cavity structure of a 3D-printed PP porous film with triangular patterns. Reproduced with permission.['®4] Copyright 2020, IEEE. n) Optical microscopy
image of a 3D-printed PLA porous film. Reproduced with permission.['®] Copyright 2023, Elsevier B.V.
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FDM

PP
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Porous PLA film was fabricated by one-step
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Saini et al.
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Reduced cavity size to ~170 um and turned the
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uW cm™2
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ferroelectric polymer (PVDF) into a voided
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suitable for scenarios with lower applied forces compared to
foaming methods. Although mechanical processing is costly for
large-scale production in particularly when the pore structures
are intricate, it does facilitate the fabrication of ferroelectret films
with simple pore structures in high melting point polymers that
are hard to foam.

3.3.2. Laser Processing

Laser processing involves the use of laser engraving to create
specific arrayed geometric patterns on films, which are then
stacked to a film arrangement with regular cavities. The shape
of the pores can be precisely controlled through laser ablation.
As listed in Table 2, Basso et al.'>}] practiced laser technology
to generate regularly patterned cavities on PTFE, which, acting
as an intermediate layer, was thermally fused at 310 °C with two
layers of FEP films to form a sandwiched cavity structure. The
ds; was found to be only 10 pC N1, but it proved the feasibil-
ity of laser processing for creating cavity structure ferroelectret
films.

Yan et al.'* created long rectangle patterns on COC films
by laser cutting. These films were then interleaved with pristine
COC layers and bonded together in a CO, environment at 120 °C
and 10 MPa (Figure 4f). Their porous film reached a dy; of up
to 1000 pC N~! which remained stable at 120 °C. This method
presents advantages for mass production of ferroelectret films
across a broad range of elastic moduli, structures, and temper-
atures. Similarly, Han et al.l'®®] created rectangular grooves on
FEP films with laser engraving. They then interleaved and hot
pressed two of these FEP films together to form ordered cavities
(Figure 4g). Their ferroelectret films showed a remarkable d;; of
5400 pC N~1, showcasing its substantial potential for mass pro-
duction (Figure 4h).

Molds processed by lasers can be employed for the mass pro-
duction of custom-made porous films with tailored piezoelectric
properties. Wang et al.[1*%] created an array of cylindrical pores on
a silicon wafer with photolithography. This served as a template
for producing polydimethylsiloxane (PDMS) films with regular
patterns. Next, two layers of the films were hot pressed together
with a smooth PDMS layer. In this way, an array of cavities was
formed. The charged porous PDMS film had a d,; of 300 pC N~
By incorporating a Teflon AF layer inside the cavities and lever-
aging its outstanding charge storage, the d,; was raised to 1000
pC N-LI156] Han et al.[**"] created grooves on FEP by laser cut-
ting, conjoined it with a polyimide (PI) film for folding into a
porous sandwich (Figure 4i). Their ferroelectret showed a high
sensitivity up to 8 kPa. This method is favored for its rapidity
and simplicity, making it conducive to mass production. Despite
its higher costs and the risk of material damage during laser ab-
lation, laser processing offers superior capabilities for fabricat-
ing ferroelectret films with customized cavity structures, partic-
ularly for high-temperature-resistant polymers characterized by
high elastic modulus.

3.3.3. 3D Printing

In recent years, 3D printing has emerged as prominent ad-
ditive manufacturing technology, offering controllable complex

© 2024 Wiley-VCH GmbH
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shapes, high precision and low costs. 3D printing techniques
such as fused deposition modeling (FDM/FFF), stereolithogra-
phy (SLA), and digital light processing (DLP) are used for poly-
mer molding;'%! however, SLA and DLP are less attractive for
making porous films, because they require suitable photosensi-
tive resins.['*®] Early studies by Sborikas et al.'®! used screen
printing to prepare polycarbonate (PC)-based cellular films with
patterned photocurable ink as the middle layer. The d; of their
ferroelectret film amounted to a mere 28 pC N1, which remained
stable up to 100 °C. It marked the first demonstration of the fea-
sibility of additive manufacturing for the fabrication of sandwich-
structured ferroelectret films. The designability and controllabil-
ity of cavity profiles in 3D printing enable the fabrication of films
with more intricate geometric shapes. This facilitates investiga-
tions into the influence of cavity patterns on the piezoelectricity
of ferroelectrets.[10>:160]

Mirkowska et al.l'®!] proposed a straightforward stacking for
making chargeable porous structures. The layers, arranged in se-
quence, include an elastomer layer, one-sided metalized electret
film, a 3D-printed lattice PLA layer and electrodes (Figure 4j).
Their porous film exhibited a d;; of 300 pC N1, comparable to
that of traditional ferroelectret films, as listed in Table 2. Clearly,
the charge storage is determined predominantly by the electret
film, while the mechanical properties depend mainly on the elas-
tomer layer. The charge stability of porous PLA films with a lay-
ered structure has also been explored by others.l'®?) Von Seggern
et al.l1®] took a 3D-printed lattice made of ultrasoft thermoplastic
polyurethane (TPU) as an intermediate layer (Figure 4k). Their
charged ferroelectret film showed a remarkable d,; of 22 000 pC
N-1. This value largely derives from the extremely low Young’s
modulus of TPU. The reason for its impact on the electrome-
chanical behavior of the ferroelectret film will be addressed by
charge-spring model in Section 4.1.3.

In addition, integrated printing of porous films was shown
possible. Kierzewski et al.l'®l used acrylonitrile butadiene
styrene (ABS) as a substrate and chose a hexagonal infill pat-
tern to create ABS porous films with accessible pores (Figure 41).
The piezoelectric action of three different filling ratios was stud-
ied. This showed that lower filling ratios lead to better piezoelec-
tric performance. A ferroelectret film with a filling ratio of 2.5%
demonstrated a dy; of 262 pC N71. Assagra et al.l'**l employed
a triangular infill pattern for PP films and obtained designed
porous PP films (Figure 4m). The d,; reached 200 pC N~! after
charging, higher than that of PP ferroelectrets prepared by con-
ventional foaming.

Saini et al.l'] produced films with smaller-sized cavities by
taking biodegradable PLA as the substrate. They employed a
layer-by-layer printing with rod-like shapes, leading to semicrys-
talline PLA films with a regular porosity (Figure 4n). These films
attained a piezoelectric dy; coefficient of 350 pC N~' after po-
larization. Perna et al.l'¢] adopted a similar approach to print
porous films with a porosity of 77% using 3D-printable commer-
cial PLA. They obtained a piezoelectric coefficient of 212 pC N~*
after polarization. The method can also be applied for making
porous P(VDF-TrFE) films, a piezoelectric d;; coefficient as high
as 1200 pC N~! was obtained due to the softer porous structure
combined with the molecular dipoles.!'®’] Other researchers have
invoked 3D printing to obtain porous structures from polymers
such as COC.[%]
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While 3D printed ferroelectrets have achieved favorable piezo-
electric properties, the overall performance remains inferior to
that of samples made by the methods reviewed earlier. Hence
there is still room for improvement in manufacturing ferroelec-
trets with regular cavities by 3D printing. This can be achieved
with a higher printing accuracy and use of advanced methods
like DLP and SLA.

Recently, origami folded structures have been investigated for
the fabrication of triboelectric nanogenerators.!'%16% Such spe-
cial compact folded structures allow multiple dielectric layers to
move a large distance when subjected to a small force. This gener-
ates an electric current, because the charge induced on the elec-
trodes changes upon contact and separation of the electret lay-
ers. When cavities are incorporated inside the origami-inspired
electrets, the macroscopic dipole moment will change even more
upon compression. Artistically folded ferroelectrets may there-
fore have great potential for highly sensitive sensors.

Recapitulating, regular cavities offer opportunities for enhanc-
ing the ferroelectret properties by tailoring them to specific tasks.

4. Piezoelectric Enhancements of Ferroelectrets

4.1. Theoretical Models of Piezoelectric Coefficients
4.1.1. Closed-Cavity Structure

In 1999, Sessler and Hillenbrand!'7*7! developed a model for
analyzing the piezoelectric coefficients of charged cellular films.
When a stress is applied, the lateral deformation of cavities is sig-
nificantly less than the longitudinal deformation because of the
highly anisotropic mechanical properties of ferroelectret films.
Therefore, the closed-cavity structure was simplified to a multi-
layered system, composed of alternate solid and air layers with
thicknesses d,; and dzp respectively, where i =1, 2, -, nand j =
1,2, -, n-1, and n is the total number of solid layers (Figure 5a).

The relation between interlayer charge density o; and the dif-
ferent layer thicknesses can be established using Gauss’ law and
Kirchhoff’s second law

%, hyo;

E=E.=E_ =--=EFE, = -
1 11 12 1k 80 (d1+6sd2)

2)

B =% &s Zjdzj”j 3)
g £ (d1 +£Sd2)

where d, = ¥, d;; and d, = Y, d); represent the total thicknesses
of the walls and air layers of the cavities, respectively. Note ¢, is
the permittivity of vacuum, while the dielectric constant of the air
is 1 and that of the solid polymer part is e,.

The induced charges on the top and bottom electrodes can be
expressed as

00 = £0& E, “4)
Clearly, E; will change upon deformation of the porous film.

Part of this change will be brought about by the change in thick-
ness of the air layers d,;. It can be expected that
od dy

2
i _ Y 5
od, 4, ©)
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Figure 5. Simplified models for ferroelectrets. a) Model of porous ferroelectret films with alternate polymer and air layers. Reproduced with
permission.l170] Copyright 1999, IEEE. b) Model of open cavity ferroelectret films with two dielectric outer layers and a highly elastic layer in the middle.
Reproduced with permission.['%4] Copyright 2011, IEEE. c) Charge-spring model with matrix phase, dipole phase, and interfacial charges. Adapted with

permission.l'74] Copyright 2014, IEEE.

Substituting Equation (2) into Equation (4) will then yield,
when the cavities undergo a longitudinal deformation due to ex-
ternal forces, for variation in the induced charges on the upper
and lower electrodes

do, &yt Zj dyo;

=== (©)
9y g,(d, +e,d,)’

Hooke’s law gives Young’s modulus Y of the film

Ad, p
7Y “)
where p is the stress applied to the film and d = d, + d, is the
overall thickness of the film.

The piezoelectric d,; coefficient of the cellular ferroelectret
film can be found from

oD Ao, ed diog
d33=<a—T3> =— = — (8)
3/g P (dy +e.d,)
where o ¢ = @ is the effective polarization of the ferroelectret
2
film.

In the meantime, Paajanen et al.['”>173] also proposed a model
that incorporated the effect of a bias voltage (V,;,) on the piezo-
electric coefficient (Figure 5a). It results in a d;; given by
o = ﬂ _ g dlo-eff B goesvbias (9)

33 = =5 . .2
p Y (di +&,d,) :

d,; will thus increase, if the polarity of Vi, and o4 differ.

Equations (8) and (9) indicate that the piezoelectric sensitivity
of ferroelectrets is primarily governed by the Young’s modulus of
the foam, the respective permittivity and thickness of the polymer
layers and air layers, and the effective polarization. It is worth
noticing that the model does not show how the varying charge
capture capabilities of materials affect the charge density. This
requires further investigation.

4.1.2. Sandwich Structure with Open Cavities

Kacprzyk et al.l[?l proposed a simple model of a double-layer

films, there came the sandwich structures with open cavities such
as FEP—ePTFE-FEP, which showed an exceptional piezoelectric
performance. Zhukov et al.®% developed a charging model for
this three-layered sandwich structure (Figure 5b).

Gauss’ law can be expressed as follows at the upper and lower
electrodes by

€oeE, =0, (10)

while at the upper and lower boundaries of the ePTFE-part in the
ferroelectret we have

goe By —gpe B, = —o (11)

Note ¢, being the relative permittivity of the porous part and
€, that of the solid polymer part.

In the context of a short-circuit scenario with V=0, Kirchhoff's
second law can be expressed as

2Ed, + Ed, =0 (12)

By substituting Equations (10) and (12) into Equation (11), one
gets

E o 13
b € (dpss + step) )

In accordance with the stress—strain relation from Equa-
tion (7), the piezoelectric d;; coefficient can be calculated through
combining Equations (10) and (13)

2dd.e e 0
dyy= —— 0 (14)
Y(dpes + 2dsep)

where d = 2d; + d,,. The d;; obtained clearly is proportional to
the residual charge o within the solid layer, and hence is closely
related to the charging process. Zhukov and von Seggern inves-
tigated the impact on the piezoelectric effect of porosity and geo-
metric shapes of the intermediate porous layer. They established
the following relation between the maximum residual charge and
the breakdown voltage (V) in the intermediate layer!*")

dielectric to estimate its d,; coefficient and achleved a satisfac- O = | Ep80 + £, 8071; E, for V > 2V, (15)
tory prediction. With the advancement of flexible ferroelectret 2d,
Adv. Mater. 2024, 2400657 2400657 (13 of 28) © 2024 Wiley-VCH GmbH
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where Ep=V;/(d,+ 2El’ds) represents the electric field within the

£

intermediate layer as 'soon as the charging voltage exceeds the
breakdown voltage. The breakdown field depends on the cavity
size, the thicknesses and dielectric constants of the porous and
solid layer. When the polarization voltage is less than twice the
breakdown voltage, cf., Figure 2d, the residual interface polariza-
tion charge cannot reach its maximum value.[3"]

By substituting Equation (15) into Equation (14), it can be de-
duced that the maximum d;; is reached when the charging volt-
age exceeds twice the breakdown voltage

max __ EOES.EP (st + dP)

+ Y (dye, +2d.e,) B (1e)

Zhukov et al.l® further confirmed that reducing the porosity
of the intermediate layer will enhance Ej. It also implies a higher
elastic modulus and requires a higher voltage for charging. Mak-
ing use of the fact that the deformation of the intermediate layer
is substantially larger than that of the solid layers when the film
is under compression. Von Seggern et al.l®! derived a relation
between the Young’s moduli of the film (Y) and the intermediate
layer (Y,), along the thickness direction. This ultimately leads to

a simple expression for dJ;**

€EsE,

2d
Y, (z—:s + Eep)

gmax —

33 Ey (17)

It shows that reducing the thickness ratio between the solid
layer and the porous intermediate layer will strengthen the piezo-
electric performance. In short, this model relates the mechanical
properties, charging conditions, and piezoelectric performance
of sandwich-structured ferroelectret films. Zhukov et al.?% ob-
served that the breakdown field, the primary factor determining
the piezoelectric coefficient of sandwich films, rises as the poros-
ity and thickness of the porous layer decrease. They further vali-
dated the model experimentally using sandwich-structured spec-
imens of different solid layer thicknesses and different permittiv-
ities.

4.1.3. Charge-Spring Model for Ferroelectrets

The two models discussed above focus primarily on the charges
induced on the electrodes by changes in dipole moment. The
piezoelectric effect generated can be attributed to two mecha-
nisms: one involves the linear variation of the dipole moments
caused by an applied stress (“primary piezoelectricity”), while the
other involves the linear variation in the density of dipoles by the
applied stress (“secondary piezoelectricity”).['”* To further inves-
tigate the piezoelectric behavior of space charge and dipolar po-
larization, Gerhard introduced a charge-spring model for hetero-
geneous medium with embedded charges. This model encom-
passes two phases, the matrix and dipole phase, as depicted in
Figure 5c¢, in which they are represented by different springs.
The microscopic charges and springs can be lumped together
into macroscopic charge layers or polarizations and macroscopic
elastic moduli or compliances.!174]

Adv. Mater. 2024, 2400657
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If we consider the specific case where a ferroelectret film expe-
riences compression only in the thickness direction, a series of
derivations lead to following expression for the d,; coefficient

P P
dym =+ =2 (18)
Ym Yd

where P, is the component of the polarization vector in the thick-
ness direction, Y, and Y, are the elastic moduli of the matrix and
dipole phase, respectively.

The expression for d;; obtained from the charge-spring model
thus incorporates the elastic moduli of the matrix phase and
dipole phase of ferroelectrets. The dielectric constant of the ma-
terials and pore size are not explicitly included. However, their
influence on dy; is accounted for by the polarization vector and
the Young’s moduli. It thereby offers a new approach to en-
hance the piezoelectric performance of ferroelectrets, namely,
increase the disparity between the elastic moduli of the two
phases. This can be achieved by adjusting the processing param-
eters to regulate pore shape and size, by controlling the stretch-
ing force, gas expansion pressure, and heat treatment temper-
ature in biaxial stretching, using softer or harder intermediate
layers in sandwich structures and changing the design parame-
ters for regular cavities. Furthermore, Wang et al.('7>] calculated
the elastic modulus of ePTFE dipole phases using Equation (18)
after measuring the piezoelectric d,; coefficients and the rem-
nant polarizations. Due to the large reduction in the porosity of
ePTFE by the hot-pressing process, the modulus obtained, was
slightly higher than reported in the literature, but within the
same order of magnitude. The validity of the model was thus
verified.

The charge-spring model presents a much more general ap-
proach that can be applied to all piezoelectric materials and that
might be extended to pyroelectricity.['7®177] It is furthermore help-
ful for teaching purposes, as the concept of charges and springs
can be understood and visualized easily.

4.2. Mechanisms and Methods for Improving Piezoelectric
Performance of Ferroelectrets

4.2.1. Optimal Design of Foam Structure

The impact of cavity geometry and film porosity on the piezo-
electric performance of ferroelectrets is vast. Several studies were
therefore aimed on optimizing the cavity structure for elevating
the piezoelectric properties.['*178] It has been shown that vari-
ations in cavity geometries and porosities result in a change in
piezoelectric response for closed-cavity structured ferroelectret
films.[698L117.121] Harris and Mellinger!'”?) investigated the charg-
ing of cellular PP films with different cavity sizes, noting that the
light emissions were emanated homogeneously for cavity heights
ranging from 8 to 25 um. Wegener et al.8118 conducted a se-
ries of experiments and prepared PP films with different cavity
geometries by controlling the gas expansion pressure and heat
treatment temperature during the inflation process. They found
that as the film density changes, the piezoelectric d,; coefficient
reaches its maximum when the elastic modulus is at its mini-
mum. This occurs at a film density of 0.41 g cm™ and an elas-
tic modulus of 1.3 MPa for cellular PP with lens-shaped cavities

© 2024 Wiley-VCH GmbH
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Figure 6. Mechanisms and methods for improving piezoelectric performance of ferroelectrets. a) Relation between piezoelectric activity, elastic stiffness,
and cross-sectional cellular structure of typical closed-cavity ferroelectrets. Reproduced with permission.3'l Copyright 2005, Wiley-VCH GmbH & Co.
KGaA. b) Influence of the cavity structure in PP ferroelectrets on the piezoelectric performance for three cavity sizes. b1) The corresponding ds3, Young's
moduli and aspect ratio (AR), along with b2) cross-sectional SEM images of the three PP ferroelectrets. Reproduced with permission.l' Copyright 2016,
Wiley Periodicals. c) Cross-sectional SEM images of five-layer ferroelectret films with average pore sizes of 1, 3, and 5 um in ePTFE. Reproduced with
permission.!%4] Copyright 2021, Wiley-VCH GmbH. d) Schematic of ion-prefilling for boosting the polarization of ePTFE-based sandwiches. Reproduced
with permission.I°l Copyright 2022, American Chemical Society. e) lllustration of hydrocharging for sandwich-structured porous films. f) Diagram of
charged ePTFE-based sandwich structure with fabric electrodes. Reproduced with permission.[®4] Copyright 2021, Wiley-VCH GmbH. g) Illustration of

application of DC bias voltage for porous films.

(Figure 6a). Mohebbi et al.l'') obtained porous PP films with a
normal cavity structure through uniaxially stretching (designated
as PP-R0), and two distinct cavity structures by hot-pressing treat-
ments, labeled PP-R1 and PP-R2. The PP film, named PP-R1, was
processed by gradually increasing the temperature to 105 °C in
stages within 20 min while simultaneously increasing the pres-
sure gradually to 5 MPa, followed by a 10 min hold period, and
then cooled down. In contrast, the PP film, named PP-R2, was
heated to 105 °C within 10 min while gradually increasing the
pressure to 5 MPa. The longitudinal (L) and transverse (T) cross-
sectional SEM images are depicted in (Figure 6b2). PP-R1 had the
highest aspect ratio (AR), along with the lowest Young’s modulus
and highest d,; (Figure 6b1). The latter result is consistent with
predictions of the spring-charge model from Gerhard.['’*] This
predicts higher piezoelectric coefficients if the Young’s modulus
of the compliant dipole phase decreases. Zhang et al.'% fabri-
cated an array of tubular cavities in FEP films using mechani-
cal machining. This resulted in significantly higher d,, values of
1300 pC N1, compared to regular porous FEP ferroelectrets, as
shown in Table 3. The large d;; arises from the smaller Young’s
modulus.

Adv. Mater. 2024, 2400657

2400657 (15 of 28)

For FEP—-ePTFE-FEP sandwich ferroelectrets, Wang et al.[®*]
studied the effect of pore size and film thickness of the ePTFE
layer, as well as the number of macrodipoles in series (Figure 6c).
They found that the piezoelectric performance increases with
the thickness of the porous layer and concluded that the stack-
ing sequence FEP—ePTFE-FEP-ePTFE-FEP with an ePTFE pore
size of 3 pum displays the best piezoelectric performance, cf.
Table 3. This is attributed to the optimal combination of num-
ber of macrodipoles and low overall Young’s modulus.

4.2.2. lon-Boosting Methods

According to the theoretical models of Section 4.1, the piezoelec-
tric activity is proportional to the charge density on the internal
surfaces of the cavities (effective polarization). The charging effi-
ciency can be enhanced considerably by filling the cavities with
extra ions during charging. This can be realized through pho-
toionization of the air molecules inside the cavities with soft X-
rays.!181182] Furthermore, the application of a high-frequency AC
voltage with an amplitude close to the breakdown threshold of
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Table 3. Summary of various effective polarization-enhancing methods for ferroelectrets.
Author Polymer Manufacture methods dy3 [PC N7T] Output power Highlights
Optimization of Wegener et al. PP A two-step inflation process 590 - Controlled short heat treatment
foam (2004)1117] (N, 5 MPa) improves the piezoelectric
structure properties.
Zhang et al. FEP Stacking and hot pressing 1000 250 High output power, broad
(2018)1%°] after mold processing pW cm=2 bandwidth, and excellent fatigue
performance
Zhang et al. FEP Formed at 100 °C, then 1300 109 pW Wide frequency response
(2018)11031 fusion bonding at 320 °C. (10-35 Hz)
Wang et al. FEP—ePTFE- Hot pressing - 45 Compared piezoelectric
(2021)164] FEP- (285 °C, 5 kN, 1-2 h) pW cm=2 performance of ferroelectrets for
ePTFE-FEP different pore sizes of ePTFE and
stacking structures.
lon-boosting Wang et al. FEP—ePTFE- Hot pressing 1600 4 Injecting extra ions generated by an
methods (2022)(°11 FEP- (285 °C, 5 kN, 0.5-1 h) pW cm=2 in-line ionizer before the corona
ePTFE-FEP poling.
Wang et al. FEP—ePTFE-FEP Hot pressing 240 - Blowing in negative ions into the
(2022)(°11 (285 °C, 5 kN, 0.5-1 h) porous layer during polarization
using a negative ion blower.
Porous fabric Wang et al. FEP—ePTFE-FEP Hot pressing - 1.5 PEDOT:PSS-coated spandex fabric
electrodes (20271641 (285 °C, 5 kN, 1-2 h) pW cm=2 was applied as electrodes.
Application of Hillenbrand PP A double-expansion 1200 - Significantly increased the ds;
DC bias and Sessler process after biaxial coefficient of PP ferroelectret
voltage (2008)1189] stretching films by DC bias of 1500 V.
Synergy effect Ghosh et al. P(VDF-HFP) Chemical foaming with 836 0.53 Under pressure of a finger
(2016)[1%] Pt-NPs doping pW cm=2 (1.1 MPa), a high open-circuit
voltage (6 V) and short-circuit
current can be obtained (6.4 pA).
Xu et al. PVDF Chemical foaming with - ~8.5 Simple fabrication, self-polarization,
(2018)[1%6] doping with GQD as nW cm—2 and high piezoelectric
dopant performance
Zhang et al. PVDF Freeze casting with liquid 264 - Pioneering work of PVDF
(201911391 N, ferroelectret with long-range

alignment of pore channels

the gas in the cavities together with the DC poling voltage can
effectively mitigate plasma degradation within the cavities.!8]

Wang et al.!l found that the piezoelectric performance can
also be boosted simply by injecting additional ions into the
open-cavity structure of the intermediate layer of a sandwich-
structured ferroelectret during the charging process (Figure 6d).
Excessive ions were generated from clean air with an in-line ion-
izer, and injected laterally into the sandwich structure through
the interconnected open pores of the ePTFE layer. Upon further
separation of injected ions, the FEP—ePTFE-FEP—ePTFE-FEP
film charged with additional ions raised d; to a level as high as
1600 pC N1, four times higher than that of the same film poled
with the normal corona charging, as listed in Table 3.

Wang et al.®!l injected furthermore negative ions into the open
porous structure of an ePTFE layer in an ePTFE-FEP laminate
using a negative ion blower during negative corona poling. Cover-
ing this bootstrapped charged bilayer with an unpoled solid layer
of FEP, an FEP—-ePTFE-FEP structure was obtained. They found
that the piezoelectric coeflicient of the prepared unipolar ferro-
electret amounted to a d,; of 240 pC N1, three times higher than
that of an FEP—-ePTFE-FEP film charged using the standard neg-
ative corona charging.

Adv. Mater. 2024, 2400657
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Hydrocharging involves spraying water onto the surface of fab-
ric fibers through very high-pressure water jetting (Figure 6Ge).
This technique has recently been applied in the production of
charged melt-blown fabrics and was proven to increase the fil-
tration efficiency of melt-blown polypropylene microfiber filters
by more than twice to that of filter webs charged by corona
charging.[18418] Therefore, hydrocharging may also have a po-
tential as a new effective approach for the charging of ferro-
electrets as well, particularly when the water is sprayed into the
open cavities not as a powerful jet, but as an aerosol of charged
microdroplets. (18]

4.2.3. Porous Fabric Electrodes

Generally, the electrodes used for ferroelectrets are metal-
based. Wang et all® reported a surprisingly high output
power of an FEP-ePTFE-FEP nanogenerator with poly(3,4-
ethylenedioxythiophene):poly(styrene sulfonate) (PEDOT:PSS)-
coated spandex fabric electrodes, nearly three times higher than
that of the same film with aluminum foil electrodes (Figure 6f),
as listed in Table 3. Hence, the piezoelectric performance of a

© 2024 Wiley-VCH GmbH

85U8017 SUOWWOD BAKeR.I0 3(eot|dde 8y} Aq peusenob afe spoiie YO @SN Jo Sa|n. 1o} Areiq 1 8UIIUO AB]IM UO (SUORIPUOD-PUR-SLIB}W0D" A3 1M Afe.q 1 BuI|UO//:SANY) SUORIPUOD Pue SWiB | 8y} 88S *[1202/90/50] Uo Areiqiaulluo AB|IM ‘HRA NL Aq 269007202 BWPe/Z00T OT/I0P/W00" A3 1M Afeiq|uljuo//:Sdny Wwoly papeojumod ‘0 ‘Se0KTZST


http://www.advancedsciencenews.com
http://www.advmat.de

ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

ferroelectret film can be improved by replacing the metal elec-
trodes with a conductive fabric, which is also a kind of porous
material. The fabric electrode itself forms an additional charge-
spring dipole layer by the appearance of induced charges ow-
ing to its inherent porous structure. It acts as an additional
piezoelectric-transducer element in view of the fact that the adja-
cent electret film carries a surface charge. It therefore lifts up the
overall performance of the ferroelectret film by adding in series
one additional charge-spring layer.

Vapor deposition was first employed by Zhang et al.l'®”] as coat-
ing technique for making fabric electrodes. Such electrodes pos-
sess intrinsic textile properties such as flexibility, wear resistance,
breathability along with a tactile feel accepted by users. Further-
more, they exhibit a linear resistivity. The technique involves coat-
ing a conductive polymer PEDOT onto the fabric, followed by
vapor-phase polymerization in a reactive vapor deposition cham-
ber. After a series of cleaning and annealing steps, a final non-
metallic fabric electrode is obtained. Obviously, the human body-
friendly fabric electrodes could improve the overall piezoelectric
performance to propel the use of ferroelectret films in wearable
devices.

187]

4.2.4. Application of DC Bias Voltage

According to Equation (9), a bias voltage will contribute to the
d,; coefficient. When Vi, is much smaller than the breakdown
voltage of the gas within the cavities, 6, remains unchanged. In
this case, d,; grows linearly with the bias voltage. Qiu et al.[33188]
studied by means of acoustical measurements the build-up of the
effective polarization in ferroelectrets under bipolar voltage wave-
forms. This study proved that the acoustic signal emitted by ferro-
electrets under an AC driving voltage can be improved markedly
by superimposing it with a DC bias voltage (Figure 6g). As listed
in Table 3, Hillenbrand and Sessler studied the d,; coefficient of
piezoelectrets under DC bias voltages with an interferometer.[']
They obtained very high d,, coefficients of up to 1200 pC N~* by
applying a DC bias voltage of 1500 V, whereas without DC bias d;;,
was ~500 pC N1, Déring et al.[1%-192] investigated the ultrasonic
transmission between two air-coupled PP piezoelectret transduc-
ers under high-voltage exciting pulses. Pulses of 3500 V led to
large enhancements in the transducer constant (a factor of 3),
the air-coupled ultrasonic transmission (12 dB), and the signal-to-
noise ratio (32 dB). Gaal et al.l'}] studied PP piezoelectret trans-
ducers under biasing conditions for nondestructive testing the
internal structure of a rotor blade segment and glued-laminated
timber. They achieved an increase in the signal-to-noise ratio of
up to 15 + 1 dB by applying a DC bias of 2 kV. These stud-
ies clearly demonstrate the enhancement in piezoelectric perfor-
mance by invoking a DC bias.

4.2.5. Synergy of Foam Structure and Ferroelectric Effect

The striking piezoelectric performance of ferroelectret films de-
rives from highly compressible, large macrodipoles formed in
the porous structure by charging. This kind of porous structure
can also be applied to strengthen the performance of a PVDF fer-
roelectric polymer.['**l Ghosh et al.'**] combined the ferroelec-
tret characteristics of a voided structure with the genuine dipolar
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ferroelectric phenomenon of PVDF films. They made a porous
PVDF ferroelectric film through chemical foaming and incorpo-
rated platinum nanoparticles (Pt-NPs) to induce the generation
of electrically active f-PVDF. Xu et al.[1%1%7] filled the cavities of
porous PVDF with a solid perfluorosulfonate ionomer (Nafion).
They doped porous PVDF with graphene quantum dots (GQDs)
and investigated the role of doping concentration on the piezo-
electric performance. These films exhibit not only a prominent
piezoelectricity but also characteristics of ease of fabrication and
self-polarization, cf. Table 3. Zhang et al.['*] prepared a special
kind of porous PVDF by freeze casting, which displays a favorable
dy; coefficient (264 pC N71) after charging. PVDF is a polar fer-
roelectric polymer with an inferior space-charge stability. Space
charges in PVDF are short-lived, they can be estimated to last for
roughly 1000 s.1%19°] Therefore, one can expect that a fair share
of the macroscopic dipoles in porous PVDF will vanish after pol-
ing due to the decay of the space charges deposited on the inner
surfaces of the cavities. The high d,; coefficient of cellular PVDF
film may on that account be attributed to the joint integration of
molecular dipoles and very soft porous structure.['’*] From Equa-
tion (18), one gets d;; = —P;/Y,,, by considering only the dipole-
density effect. If one neglects the influence of the foaming pro-
cess on the molecular dipoles and the crystallinity of PVDF films,
one has P; ... = (1-p) P; o4, Where Ps oo and P g are the
polarization of porous and solid PVDF films, respectively, and p is
the porosity of the porous PVDF film. As a matter of fact, P; ,,0s
is smaller, but still more or less of the same magnitude as P; ;4.
However, the Young’s modulus of porous polymer films might be
orders of magnitude lower than that of their solid counterparts.
All in all, the moderately reduced polarization in combination
with the hugely lowered Young’s modulus might explain the high
d,; of porous PVDF. But more solid data than currently available
in the literature are needed to confirm this assumption. It should
be pointed out that the origin of piezoelectricity is quite differ-
ent for nonpolar ferroelectrets and polar ferroelectrics. In ferro-
electrets with macroscopic dipoles (internally charged cavities),
the dipole phase is much more compressible than the polymer
matrix, and hence ferroelectrets exhibit a primary piezoelectric
effect (dipole-moment piezoelectric effect). In ferroelectric poly-
mers such as PVDF with microscopic dipoles (oriented molec-
ular dipoles), the dipoles are stiff, while the amorphous matrix
is much softer. PVDF shows secondary piezoelectricity (dipole-
density piezoelectric effect). Consequently, ferroelectrets exhibit
a positive dy; and negative d;; and d;,, while PVDF has a neg-
ative d,; and positive dy; and d;,. The piezoelectric coefficients
in ferroelectrets are thus opposite to those of ferroelectric poly-
mers. Therefore, we should realize that macroscopic dipoles and
microscopic dipoles in porous ferroelectric polymers counteract
each other’s contribution to the piezoelectric effect, rather than
reinforcing it. It should further not come as a surprise, when the
sign of d,; would switch with time, because the two opposing con-
tributions will for sure decay at a different rate. Polar polymers
offer no advantage over nonpolar ones in this respect.

Despite the needs of additional mechanism study due to
the complex interplay between interface charges and molecular
dipoles in PVDF,!1%81%] thig synergy of foam structure and in-
herent ferroelectric effect of PVDF appears attractive in boosting
the low piezoelectric performance in solid PVDF for a broader
application.
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Figure 7. Recent applications of ferroelectret films in acoustic devices. Re-
produced with permission.[292] Copyright 2016, Springer Nature. Wearable
monitors. Reproduced with permission.[’>’] Copyright 2023, Wiley-VCH
GmbH. Noncontact health monitors. Reproduced with permission.[29¢]
Copyright 2022, Tsinghua University Press. Energy harvesters. Reproduced
with permission.l'%! Copyright 2016, Elsevier Ltd.

5. Applications of Ferroelectrets

The piezoelectric and mechanical performance of ferroelectret
films depend strongly on their diverse structures. Variations in
materials and cavity structures lead to significant disparities in
ferroelectret performance. As a result, ferroelectret films with
distinct characteristics are being applied in various fields, albeit
primarily in acoustic devices, 20292 wearable health and motion
monitors,[172032%4] noncontact health monitors,[?%2%! and en-
ergy harvesters (Figure 7).[100.207.208]

5.1. Acoustic Devices

Acoustic devices represent a traditional application of piezoelec-
tric materials. Hillenbrand and Sessler studied piezoelectret mi-
crophones made of gas expanded cellular PP films.[20%219 They
found that single-film and five-stacked-film microphones have
sensitivities of ~2 and 10.5 mV Pa! at 1 kHz. The latter is
comparable to that of electret condenser microphones. Ferro-
electret microphones have many advantages such as simple de-
sign, low cost, light weight, and flexibility, making them suit-
able for a wide range of applications. Li et al.?%2 fabricated
dual-functional speakers and microphones using cellular PP fer-
roelectrets (Figure 8a,b,c1). Measurements on the directional
sound pressure levels of various configurations confirmed that
cellular PP ferroelectret speakers perform very much like tra-
ditional acoustic products (Figure 8c2). They also inserted a
film array between fabrics and obtained a sound-emitting flag
(Figure 8h). This demonstrates the unique advantages of ferro-
electret films as lightweight and flexible speakers. For micro-
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phones, they compared the spectrograms of an original piece
of music and the music recorded using a cellular PP ferro-
electret microphone (Figure 8d,f,g). They confirmed its fea-
sibility as a flexible microphone and demonstrated its first-
rate recognition capabilities for computer user authentication
(Figure 8e).

Several researchers have also achieved favorable results using
ferroelectret films based on ePTFE, cross-linked PP or other ma-
terials in acoustic devices.[2'12*] Yousry et al.2!>] observed that
PE ferroelectret films can reduce sound transmission by ~30%
compared to noncharged cellular films as soundproofing mate-
rial, especially at sound frequencies exceeding 3000 Hz. They at-
tributed this better performance to the charged cavities in the
ferroelectret film, which convert a portion of sound waves into
thermal energy (Figure 8i).

5.2. Wearable Health and Motion Monitors

For applications about wearable technology, Wu et al.!®] ap-
plied a cellular PP ferroelectret film as wearable sensor for de-
tecting human biological signals (Figure 9a), such as cough-
ing and pulse rate (Figure 9b); however, its application in wear-
able devices was limited, because of a relatively low piezoelec-
tric coefficient and operating temperature. Sandwich-structured
ferroelectret films produced by laser processing and 3D print-
ing show high flexibility, low density, excellent biocompatibil-
ity, and exceptionally high piezoelectric coefficients. These qual-
ity features make them more suitable for wearable skin-contact
sensors. Han et al.'>”] built a wearable medical monitoring sys-
tem using artificially perforated FEP films. It enabled them
to collect vital information from the cardiovascular and respi-
ratory systems in real time. Their device attained a signal-to-
noise ratio comparable to that of medical recorders (BIOPAC)
in detecting respiratory signals from the lung/tracheal region
(Figure 9c).

Chu et al.[®l invoked artificially perforated ferroelectrets, with
FEP and Ecoflex, made through hot pressing, as sensor to mea-
sure pulse waves at the Cun, Guan, and Chi points based on
Traditional Chinese Medicine principles for medical assessments
(Figure 9d). They assessed their accuracy and stability experimen-
tally. Dali et al.[?'’] created PLA-based ferroelectret films using
a similar approach. These devices, when attached to the fore-
arm, can detect various gestures through monitoring the changes
in electric signals (Figure 9e). They could identify specific ges-
tures by using machine learning algorithms (Figure 9f). This
eco-friendly and reliable solution opens up new possibilities for
human-machine interaction.

Wan et al.'*] explored the use of ferroelectrets in bioelec-
tronics. In order to obtain an implantable ferroelectret, they in-
serted a PVB film with parallel-connected air hole arrays be-
tween two FEP films with opposite charges, then coated these
with gold electrodes. Next, they wrapped up the films, which
are held together by electrostatic attraction, with medical-grade
waterproof polyurethane and finally covered the whole structure
with biocompatible PDMS (Figure 9g). They implanted the ferro-
electret device in mice subcutaneously (Figure 9h,i) and showed
that the activity of surrounding cells decreased somewhat over
time (Figure 9j). Xiang et al.2!®l developed a novel threadlike
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Figure 8. Applications of ferroelectret films in acoustic devices. a) Structure of the ferroelectret film used. b) Diagram of a ferroelectret-based microphone,
and c) representation of the speaker and its sound pressure level (SPL) polar plots for different frequencies and voltages. d) Experimental setup for the
FENG microphone and e) scenario for identity recognition. Comparison of f) original and g) recorded sound wave. h) Built-in array of ferroelectret films
for a music-playing flag. a-h) Reproduced with permission.[202] Copyright 2016, Springer Nature. i) Picture of the sound insulation effect of ferroelectrets.

Reproduced with permission.[2'] Copyright 2022, MDPI.

piezoelectric pressure sensor based on IXPP, integrated it into
textiles for the production of washable and breathable smart
clothing, which could identify simple movements such as wrist
flexion. Many researchers have explored the application of fer-
roelectret films for sensing in wearable devices for medical di-
agnostics and human-machine interaction.[?1%22%] Numerous ex-
periments have indicated their practicality, diverse applicability,
and enormous potential in various real-world scenarios.[221:222]

5.3. Noncontact Health Monitors

Shi et al.[2%] developed a self-powered pressure sensor based
on a low-density polyethylene (LDPE) ferroelectret (Figure 10a)
for smart seats. The sensor relies on a 4-pixel sensor array and
can monitor wirelessly the user’s sitting posture in real time
(Figure 10b). It thus offers a convenient, nonintrusive method
for posture tracking. Ma et al.l??3] designed a highly sensitive
flexible pressure sensor with a folded structure based on IXPP
(Figure 10c). This sensor could detect not only low-frequency hu-
man movements (Figure 10d), but also weak physiological sig-
nals without contact. This approach reduces interference and dis-
comfort associated with prolonged wearing (Figure 10e-h).

Another monitor is a sleep monitoring device called EMFIT
QS (Quantified Sleep). It consists of a thin ferroelectret sensor
placed under the bed mattress. The device can estimate sleep
patterns, analyses sleep quality, and tracks heart and respiratory
rates during sleep. Ranta et al.??* compared the data from this
device with professional medical equipment and confirmed the
accuracy of its data acquisition.
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5.4. Energy Harvester

Ferroelectret films can generate real-time electrical signals with
a high energy conversion efficiency. This makes them suitable
for FENG applications that harvest mechanical energy from the
environment to power electronic devices. Luo et al.?®] used a
multilayered PP ferroelectret film as FENG to power a Zigbee
transmitter (Figure 11a). They showed that the FENG placed un-
der a person’s insole could transmit 8-bit data using the energy
harvested from every three to four steps. They also investigated
the energy harvesting capabilities of ferroelectret films with dif-
ferent numbers of layers (Figure 11b). Li et al.'%! developed a
lightweight, highly flexible and foldable film-based FENG using
cellular PP film (Figure 11c). They found that folding improves
its energy harvesting capability and enables self-powered key-
boards and LCD screens (Figure 11d,e). The LCD screen could
display preset patterns by collecting energy from user touches.
Cao et al.[??¢] designed a fully integrated power management sys-
tem that could efficiently harness the mechanical energy con-
verted by their FENG to power LCD screens (Figure 11f,g). Zhong
et al.?%] presented a PP-based FENG that can power a wireless
transmitter by harvesting the mechanical energy generated from
human walking. They also tested its self-recovery ability after ex-
posure to extreme humid conditions.

5.5. Other Applications
Moreover, researchers discovered that PP ferroelectret can sense

negative pressure and fabricated a sensitive waterproof ferroelec-
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Figure 9. Highly sensitive ferroelectret films for wearable applications. a) Diagram of PP ferroelectret film. b) A PP ferroelectret sensor for monitoring
human coughing. b1) Optical image of the sensing system. b2) Monitored coughing sounds through changes in electrical current. a,b) Reproduced
with permission.l'?%] Copyright 2015, Wiley-VCH GmbH & Co. KGaA. c) Monitoring effects of the FEP-based ferroelectret sensors at different positions
on the body. Reproduced with permission.['>7] Copyright 2023, Wiley-VCH GmbH. d) Structure of the FEP-based ferroelectret film and representation
of its application for monitoring pulse waves at Cun, Guan, and Chi positions. Reproduced with permission.[2®] Copyright 2018, Wiley-VCH GmbH &
Co. KGaA. e) Array sensors made from a sandwich ferroelectret film based on PLA, and f) its use for gesture recognition, with the palm initially fully
open. Reproduced with permission.[2'”I Copyright 2023, IEEE. g) Exploded view of the FEP-based FENG for implantable bioelectronics. h) Side view of
an energy harvester implanted into porcine fat and muscle, designed for generating ultrasound energy to initiate electrical stimulation. i) Optical image
of the healing process two months after implantation in mice. j) Comparison of cell viability in a glass culture dish after a certain time. g-j) Reproduced
with permission.['43] Copyright 2022, Wiley-VCH GmbH.

tret sensor for in situ monitoring lamprey spawning migrationin ~ They have garnered widespread attention due to their su-
natural underwater environments.[*>*4] Open-cavity ferroelectret ~ perior piezoelectric behavior and advantages such as high
films are potentially vulnerable to charge loss in humid environ-  flexibility and low mass density. This review classifies ferro-
ments. They have not yet been examined for underwater mon-  electret films according to their cavity structure and fabrica-
itoring tasks. Sealing around the edges using hot pressing may  tion route, provides an overview of three typical d,; mod-
enable use of open-cavity ferroelectrets in wet conditions. els, analyzes the mechanisms and methods for improving
the piezoelectric performance and explores various applica-
tions of ferroelectrets in human life. Moreover, the future
advancement of ferroelectrets regarding preparation, perfor-
Ferroelectrets generate electrical energy when their macrodipole ~ mance optimization, and growth in applications was also
moment changes under the action of a mechanical force. discussed.

6. Conclusions and Outlook

Adv. Mater. 2024, 2400657 2400657 (20 of 28) © 2024 Wiley-VCH GmbH
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Figure 10. Application of ferroelectrets in noncontact health monitors. a) Optical image of a ferroelectret film sensor based on LDPE, demonstrating its

flexibility through bending. b) Application in a smart chair, enabling real-time tracking of user’s sitting positions. a, b) Reproduced with permission.

[206]

Copyright 2022, Tsinghua University Press. c) Exploded view of a ferroelectret sensor based on IXPP, d) its application in a smart cushion and its real-time
electrical response for various sitting positions, and e) its application for identifying human neck movements. Optical image of f) smart cushion and g)
data processing circuit board. h) Image of a real-time monitoring interface. c-h) Reproduced with permission.[?23] Copyright 2023, Elsevier Ltd.
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2)
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Porous polymer ferroelectret films primarily fall in two cat-
egories closed and open-cavity structures. Following contact
charging or corona charging, DBDs ionize the air inside the
cavities. This leads to the formation of stable macroscopic
dipoles, which pop up in both bipolar and unipolar ferroelec-
trets. In closed-cavities ferroelectrets, the bipolar charges are
trapped at the internal surfaces of cavities, whereas in the
open-cavities ferroelectrets they reside for a large part at the
porous/solid interface, for instance, between the open porous
PTFE and solid FEP films.

The manufacturing of films with closed cavities involves
stretching and foaming. Subsequent steps including gas ex-
pansion, uniaxial stretching, and short-term hot-press treat-
ment are drawn in for optimizing the cavity structure. Ferro-
electret films with open cavities are produced by hot press-

2400657 (21 of 28)

ing a porous PTFE film and two solid FEP films to sandwich
structures. To improve the designability of cavity structures,
artificial processing methods including mechanical machin-
ing, laser processing and 3D printing have emerged rapidly
in recent years. Films with purposely designed regular cav-
ity structures often exhibit exceptionally high d,; coefficients
after charging.

The choice of manufacturing method of ferroelectrets should
be guided by considering the melting points of the poly-
mers, requirements for cavity structure and the desired
piezoelectric performance. Physical foaming works well for
materials with a low melting point, while hot pressing
of a multilayer sandwich is suitable for high-temperature-
resistant material with open porous structure. Mechanical
machining and laser processing are convenient for creating

© 2024 Wiley-VCH GmbH

85U8017 SUOWWOD BAKeR.I0 3(eot|dde 8y} Aq peusenob afe spoiie YO @SN Jo Sa|n. 1o} Areiq 1 8UIIUO AB]IM UO (SUORIPUOD-PUR-SLIB}W0D" A3 1M Afe.q 1 BuI|UO//:SANY) SUORIPUOD Pue SWiB | 8y} 88S *[1202/90/50] Uo Areiqiaulluo AB|IM ‘HRA NL Aq 269007202 BWPe/Z00T OT/I0P/W00" A3 1M Afeiq|uljuo//:Sdny Wwoly papeojumod ‘0 ‘Se0KTZST


http://www.advancedsciencenews.com
http://www.advmat.de

ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

a

ADVANCED
MATERIALS

Capacitor Energy £, (W)

FENGID'
11

120 -

100 -

80 -

60 -

40

20

www.advmat.de
40-layer 30-layer 20-layer 10-layer
65.6/step =40.2W/step >31.9u)/step -19.8ul/step
80-layer

=100.9u)/step

X

Ferro-

electret -|-

Time (s)

W stickers
‘ Electric paint
PPFE

g

-1 LY / /
re N R L
LTC3588-1 CBC3112 I = C— L L N A §
i To system load s " : . T
PZ1 PZ2 : v, v < o
LYYy \ () our 10
Vi sw ; |_ ‘..
— : | e L
Coronsce ' S Vaoos ;Cnv
CAP our g B Voo ON
Via GND Dy/D; OUT —p— Ve GND
c, _|_-|- - :
e T 1
First Stage Second Stage

Figure 11. Application of ferroelectret films in energy harvesting. a) Optical image of a multilayered PP FENG serving as a power source for Zigbee
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3)
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simple tubular cavities. 3D printing on the other hand of-
fers ease of manufacturing and exceptional piezoelectric sen-
sitivity. It holds great promise for the fabrication of regu-
lar cavity structures. Expanding the range of printable ma-
terials and advancing new precision printing would allow
a precise adjustment of the cavities and the Young’s mod-
ulus of dipole phases, thereby extending the number of
applications.

Three modeling methods are reviewed that establish the re-
lation between the structural characteristics of ferroelectrets
and their piezoelectric properties. Several approaches for en-
hancing the piezoelectricity are also elucidated, including op-
timizing the design of cavity structures, replacing metal elec-
trodes by fabric electrodes, injecting additional ions, using of

2400657 (22 of 28)

DC bias voltage and the synergy of foam structure and ferro-
electric effect. These enhancement strategies also confirm the
validity of the models.

The cavity geometries can be optimized through several
approaches. These include controlling the foaming pro-
cess to fine-tune pore structures, designing laminated struc-
tures for open-cavity ferroelectrets, improving precision in
laser processing, and developing higher-precision 3D print-
ing. Expanding the range of materials capable of produc-
ing open-cavity structures would facilitate the application of
ion-boosting methods. The implementation of fabric elec-
trodes and the application of DC bias voltage hold promise
for further enhancing the piezoelectric performance of
ferroelectrets.

© 2024 Wiley-VCH GmbH
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4) Ferroelectret films have been applied in diverse fields, such as

acoustical devices, health monitors, low-frequency piezoelec-
tric sensing, and energy harvesting. It is underlined that the
performance of ferroelectret-based acoustic devices is compa-
rable to that of conventional microphones and speakers. Fer-
roelectret films used in wearable devices mostly feature regu-
lar cavity structures with high sensitivity. They offer high pre-
cision information for human—machine interaction and ac-
curate real-time medical monitoring. Ferroelectrets applied in
low-frequency piezoelectric sensing in smart seats and energy
harvester for driving low-power devices, usually have a higher
Young’s modulus and piezoelectric coefficient.
Apart from one application for monitoring sleep under the
mattress produced commercially by EMFIT, ferroelectrets are
mainly applied in laboratory settings. To broaden the scope,
a higher sensitivity and enhanced biocompatibility are essen-
tial. Challenges imposed by harsh environmental conditions
like high temperature and humidity can be tackled using ma-
terials with higher heat resistance or structures that ensure
charge stability.

As wearable electronics become more prevalent, enhancing
the piezoelectric response of ferroelectrets, and optimizing the
cavity structures for specific applications will become increas-
ingly urgent. Mass production and standardization of ferroelec-
tret films, enabling custom-made piezoelectric and mechanical
performance also look promising. In the near future, we can an-
ticipate the integration of ferroelectrets into wearable intelligent
systems, which will facilitate their commercialization on a large
scale.
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