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Nowadays, the demand for advanced functional materials in transducer technology is growing rapidly. Piezoelectric materials 
transform mechanical variables (displacement or force) into electrical signals (charge or voltage) and vice versa. They are interest-
ing from both fundamental and application points of view. Ferrooelectrets (also called piezoelectrets) are a relatively young group 
of piezo-, pyro- and ferroelectric materials. They exhibit ferroic behavior phenomenologically undistinguishable from that of 
traditional ferroelectrics, although the materials per se are essentially non-polar space-charge electrets with artificial macroscopic 
dipoles (i.e., internally charged cavities). A lot of work has been done on ferroelectrets and their applications up to now. In this 
paper, we review and discuss mostly the work done at University of Potsdam on the research and development of ferroelectrets. 
We will, however, also mention important results from other teams, and prospect the challenges and future progress trend of the 
field of ferroelectret research.
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1. � Introduction

Piezoelectric materials transform mechanical variables (dis-
placement or force) into electrical signals (charge or voltage) 
and vice versa, suitable for a large range of existing or con-
ceivable applications. Some, but not all, piezoelectric materi-
als also exhibit pyroelectricity which transforms temperature 
variations into electrical currents and are used mainly in 
sensors, whereas the reverse electrocaloric effect has been 
more intensively studied only recently.1 Sometimes, piezo-
electricity is also connected with ferroelectricity, which is the 
existence of a spontaneous and remnant polarization that can 
be re-oriented in sufficiently high electric fields. Traditional 

piezoelectric materials include inorganic piezoelectric sin-
gle crystals and ceramics,2 piezoelectric polymers3–5 and 
piezoelectric ceramic-polymer composites,6,7 which are all 
polar materials containing intrinsic dipolar units. In view of 
this, piezoelectricity is often assumed to be possible only in 
polar  i.e., dipole-containing materials. The family of piezo-
electric materials has received a relatively young member, 
the so-called “ferroelectret” (also called piezoelectret) since 
about the end of last century.

Ferro- or piezoelectrets are internally charged non-polar 
polymer foams and polymer-film systems with cavities. 
Polymer foams are widely used in our daily life, for instance, 
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as packaging materials for candies and chocolates.8 In a ferro-
electret, the polymer itself is a space-charge electret that can 
quasi-permanently capture real charges.9 The cavities inside 
the material can be internally charged at high applied electric 
fields by means of micro-plasma discharges (also known as 
dielectric barrier discharges or DBDs).10 Positive and nega-
tive charges generated in the DBDs move in opposite direc-
tions under the applied fields, and are captured on the internal 
top and bottom surfaces of the cavities. The charged cavities 
form macroscopic dipoles whose direction can be switched 
by reversing the polarity of the applied electric field, showing 
hysteresis loops phenomenologically undistinguishable from 
those in traditional ferroelectrics.11 The materials are named 
ferroelectrets because their macroscopic dipole polarization 
exhibits ferroic behavior, while the internal charge trapping is 
the same as in other space-charge electrets.12 Table 1 summa-
rizes a few important conditions for ferroelectric behavior in 
different types of materials.13 The underlying mechanism of 
ferroelectrets is quite different from that of typical ferroelec-
trics. Ferroelectrets contain no intrinsic ionic or molecular 
dipoles, and hence exhibit no spontaneous polarization and 
curie phase transition. Their ferroic behavior relies on gas 
breakdown inside the cavities and subsequent charge trap-
ping on the internal surfaces.

Ferroelectrets not only represent a scientific curiosity, but 
also possess promising application potential because they 
combine some of the respective advantages of ferroelectric 
ceramics (large piezoelectricity) and of polymers (mechani-
cal flexibility and elastic compliance). So far, a lot of studies 
have been implemented on the fundamentals and applications 
of ferroelectrets. Also, a number of review articles and book 
chapters are available. Some survey more general on the field 
of ferroelectret research.14–22 Others are more focusing on 
specific topics of the field, such as on ferroelectret materi-
als,23 on theoretical models and numerical simulations,24,25 
on measurement techniques,26–28 on applications in gen-
eral,29,30 in health monitoring,31 in energy harvesting,32–35 and 
in air-coupled ultrasonic non-destructive testing.36,37 In this 

paper, we review and discuss the state of the art and prog-
ress trend in the field of ferroelectret research by covering a 
broad range of topics, including developments in ferroelec-
tret materials, charging mechanisms and charging methods of 
high efficiency, fundamental and application-relevant aspects 
of the piezoelectric activity, and representative applications. 
We discuss mostly results obtained at University of Potsdam 
on the research and development of ferroelectrets. We will, 
however, also mention important results from other teams, 
and prospect the challenges and future progress trend of the 
field of ferroelectret research.

2. � Ferroelectret Materials

Although it was theoretically predicted already in 1978 
that inhomogeneous layer-structured polymer-film systems 
may exhibit peculiar electret properties,38 extensive investi-
gation on ferroelectrets was not initiated until around 1990 
by Finnish colleagues using cellular polypropylene (PP) 
foams.39–41 Then cellular PP has been the workhorse of fer-
roelectret research for a long time due to a number of advan-
tages such as large piezoelectricity, easy availability and 
processing, light weight, nontoxicity, low acoustic imped-
ance. However, cellular PP ferroelectrets suffer from two 
major problems: (1) Inferior thermal stability of the piezo-
electricity. The piezoelectric sensitivity decays irreversibly at 
temperatures above 60°C because of de-trapping of electret 
charges.42 (2) A wide and not well-controlled size and shape 
distribution of the cavity structure. Only a relatively small 
number of the cavities are optimal for charging and for trans-
ducer operation.43 From a practical point of view, films with 
well-controlled or even uniform cavity size and shape are 
very desirable, which allows for large-scale production of the 
transducer films with good reproducibility. In order to solve 
one or both of the two problems, much work has been done 
to introduce new ferroelectrets through a variety of prepara-
tion strategies. The development of novel ferroelectrets has 
been summarized in previous reviews to some extent.21,23,32 

Table 1.  Ferroelectric behavior: Evidence in various materials classes (Necessary and sufficient conditions).

Condition for 
ferroelectric 
behavior

Single- or  
multi-crystalline 

polar material

Semi-crystalline polymer 
or polymer-based 

composite

Heterogeneous 
material with interface 

charge

Curie Phase 
Transition

Always Observed Sometimes Masked Never Observed

Symmetry 
Breaking

Induced by Curie 
Transition (plus 
Poling)

Induced by Curie 
Transition plus Poling

Induced by  
Electric Poling

Spontaneous 
Polarization

Related to Curie 
Transition

Related to Curie 
Transition

So Far Not Observed

Hysteresis 
Behavior

Dipole Reorientation  
+ Domain Walls

Dipole Reorientation  
+ Crystallite 
Boundaries

Polarity Switching of 
Interface Charges
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In general, ferroelectrets that have been developed so far can 
be classified into the following three categories.

2.1. � Ferroelectrets with cellular structure

Cellular PP ferroelectrets belong to this category. The know-
how acquired from the research and development of cellular 
PP ferroelectrets is employed to develop cellular film ferro-
electrets from other polymers. The first example is porous 
amorphous fluoropolymer (Teflon-AF) ferroelectret reported 
by Mellinger et al.44 Teflon AF dissolves easily in a perflu-
orocarbon solvent, which is a big advantage as compared 
with other fluoropolymers such as polytetrafluoroethylene 
(PTFE). Boiling the solvent during drop-casting produces 
porous Teflon-AF films of 3–10 µm thickness. Several layers 
were drop cast on top of each other in order to get the desired 
thickness, and then the open pores were sealed at 180°C 
with solid Teflon AF films drop-casted at room temperature. 
After corona charing and electrode metalization, the porous 
Teflon-AF ferroelectrets show piezoelectric d33 coefficients 
of up to 600 pC/N at temperatures of at least 120°C. The 
Teflon-AF ferroelectrets have much better thermal stability 
than cellular PP ferroelectrets.

Wegener et  al. studied the suitability for ferroelectrets 
of cellular poly(ethylene terephthalate) (PETP) foams from 
an industrial production line.45 It was found that the as-re-
ceived PETP foams (with thicknesses of 160 ± 10 µm and 
densities between 0.37 and 0.40 g/cm3) are over-inflated and 
do not show detectable piezoelectric sensitivity even after 
being charged with very high electric fields. By annealing 
the PETP foams at temperatures between 70 and 160°C, the 
film thickness can be reduced, while the cellular foam struc-
tures do not collapse. An annealed cellular PETP film with a 
density of 0.67 g/cm3 and an elastic modulus of about 7 MPa 
reaches a maximum piezoelectric d33 coefficient of 23 pC/N. 
The piezoelectric sensitivity is thermally stable up to 65°C, 
slightly better than that of cellular PP ferroelectrets.

The PETP ferroelectrets made of commercially available 
foams are still rather stiff and show relatively small piezo-
electric sensitivity. Wirges et  al. proposed a new method 
for preparing cellular PETP ferroelectrets from commercial 
non-voided PETP films.46,47 This method consists of an opti-
mized sequence of processing steps including foaming, biax-
ial stretching (sometimes with gas-diffusion expansion after 
stretching), and electric charging. First, solid PETP films are 
foamed through physical foaming with supercritical carbon 
dioxide (scCO2). It is well known that supercritical CO2 pen-
etrates relatively easily into several polymers and plasticizes 
them.48,49 Carbon dioxide turns into a supercritical state at 
pressures higher than 73 bar and temperatures exceeding 
31°C.50 For foaming, non-voided PETP films are stored in a 
chamber filled with high-pressure scCO2 for sufficiently long 
period of time, allowing the scCO2 to penetrate into the films 
and eventually saturate. Then, the pressure in the chamber is 
quickly released within several seconds, and the films filled 

with scCO2 are thermally treated at a suitable elevated tem-
perature. The PETP films are foamed due to a sudden phase 
change of the scCO2 into gas. Compared with chemical 
foaming with a blowing agent, the physical foaming using 
scCO2 does not cause any pollution or impurities. Treatment 
with scCO2 at 100 bar for up to 9  h and heat treatment at 
temperatures between 110 and 210°C for 10 s can foam the 
PETP within a density range from 1.36 to 0.33 g/cm3. Then, 
the foamed structures may be further optimized by means of 
well-controlled biaxial stretching and inflation through gas-
diffusion expansion.51–54 The SEM image of Fig. 1(a) shows 
the structure of a cellular PETP film that is foamed, stretched 
and inflated. Finally, the PETP foams are corona charged 
with a point voltage of up to 60 kV in 3 bar SF6 atmosphere. 
The optimized PETP foam shows a low elastic modulus of 
0.3 MPa and a high piezoelectric d33 coefficient of 476 pC/N.

Poly(ethylene naphthalate) (PENP) is another thermplas-
tic polyester with molecular structure similar to that of PETP. 
The only difference is the stiffer double aromatic ring of 
naphthalate group instead of the single one of terephthalate 
present in PETP. Due to the double ring structure, PENP has 
improved thermal, mechanical, electrical and barrier proper-
ties, as well as chemical, hydrolytic and radiation resistance 
as compared with PETP. Particularly, PENP has much better 

Fig. 1.  Cross-sectional scanning-electron-microscope (SEM) im-
ages of (a) A cellular PETP film foamed by scCO2 treatment at 100 
bar for 9 h, heat treatment at 190°C for 10 s, optimized by biaxi-
al stretching with a ratio of 150% at 230°C, and then inflation by 
gas-diffusion expansion with 25 bar nitrogen.47 (b) A cellular PENP 
film that is prepared by foaming (scCO2 at 150 bar for 5 h, and a heat 
treatment at 130°C for 10 s), inflation (150 bar scCO2 treatment for 
19 h plus a heat treatment at 130°C for 10 s), and biaxially stretching 
(at a ratio of 1.5).56 (c) An FEP foam 272 µm in thickness and 1.57 
g/cm3 in density on average. Foaming conditions: scCO2 treatment 
at 150 bar for 16 h at RT, and then at 200 bar for 2 h at 75°C in a 
high-pressure steel chamber. The pressure in the chamber was re-
duced to normal atmospheric pressure, and the FEP film was taken 
out and subjected to a heat treatment at 200°C for a few seconds.59 
(d) A COP foam prepared by biaxially stretching a COP cast film 
containing suitable inorganic filler particles.61
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charge stability than PETP.55 Fang et  al. prepared cellular 
PENP ferroelectrets from commercial solid films through 
foaming and inflation in scCO2, biaxial stretching, electrical 
charging, and metallization, namely, processing steps simi-
lar with those for PETP ferroelectrets.56–58 The solid PENP 
films are foamed by storing in scCO2 with a pressure between 
100 to 200 bar for several hours and then a heat treatment at 
elevated temperatures. To further optimise the cellular struc-
ture, the PENP foams are subjected to inflation and biaxially 
stretching. Figure 1(b) shows the cross section of a cellular 
PENP film. The foamed PENP films are corona charged for 
15 s either in normal air with a point voltage of 21 kV or in 
3 bar SF6 with 50 kV. Piezoelectric d33 coefficients up to 140 
pC/N are obtained for samples with a density of about 1.0 
g/cm3, and the piezoelectricity is stable at least up to 80°C. 
Even at 100°C, the cellular PENP ferroelectrets are still 
piezoelectically active.

Fluorinated ethylene propylene (FEP), a copolymer of 
tetrafluoroethylene (TFE) and hexafluoropropylene (HFP), is 
known to possess excellent charge stability for both polari-
ties after charging at elevated temperatures.9 Voronina et al. 
fabricated cellular FEP films by foaming with scCO2 and a 
subsequent controlled inflation with heat treatment, similar 
with the above-mentioned processing steps for cellular poly-
ester ferroelectrets.59 The obtained cellular FEP films usu-
ally contain one or two large voids across the film thickness 
(Fig. 1(c)). After corona charging in 3 bar SF6 with 60 kV. 
The cellular FEP ferroelectrets show piezoelectric d33 coef-
ficients up to 50 pC/N. Due to the quite large cavities, the 
cellular FEP films have uneven surface, and the piezoelectric 
sensitivity strongly decreases with increasing static pressure. 
The d33 coefficient becomes negligibly small at static pres-
sures larger than about 60 kPa.

Cyclo-olefin-based polymers are nonpolar space-charge 
electrets with excellent charge stability for both positive and 
negative polarity60 and therefore are promising base materials 
for ferroelectrets of high service temperature. Traditionally, 
polymer foams are fabricated by using chemical or physical 
foaming agents in molten polymer.40 One method widely 
used in industry is stretching filler-loaded polymers under 
suitable conditions. Fillers such as mineral particles are 
added to the polymer melt before it is biaxially stretched. 
The fillers serve as stress concentrators around which micro-
cracks are created during stretching of the film. Using this 
method, Wegener et al. and Saarimäki et al. prepared foams 
from cyclo-olefin polymers and copolymers.61,62 For sample 
preparation, cyclo-olefin polymers were blended with lower- 
Tg olefin polymers in order to improve the elastic properties 
(and thus the processability). The trade-off between low elas-
tic stiffness and high thermal stability should be carefully 
considered. Five wt.% mineral particles with an average 
diameter of 2 µm were added to and properly mixed with 
the polymer compounds before film casting. To form cellular 
structure, the cast COC and COP films were biaxially drawn 
at suitable temperature with a draw ratio between 3 and 5.

The obtained cellular structure can be further optimized 
through a gas-diffusion expansion procedure combined with 
thermal treatment. Figure  1(d) shows the cross-sectional 
SEM of a cellular COP film. Charging of the samples was 
done either by corona charging in SF6 with a point voltage of 
up to 60 kV or by direct contact charing in air with an elec-
trode voltage of about 4 kV. The charged cellular cyclo-olefin 
ferroelectrets typically exhibit piezoelectric d33 coefficients 
of about 15 pC/N. The d33 coefficient is more than one order 
of magnitude smaller than that of cellular PP ferroelectrets. 
Nevertheless, the piezoelectric sensitivity of some of the new 
cyclo-olefin ferroelectrets is thermally stable at temperatures 
up to 110°C, markedly better than that of cellular PP and 
PENP ferroelectrets.

Still another type of polymer films with foamed strucutre 
are open-porous PTFE films that are usually made by uniax-
ially strechting PTFE rods by means of two pairs of cylin-
ders with different speeds. The rods are fabricated through 
extrusion of commercial resin at high temperature. It was 
reported that porous PTFE shows excellent surface-charge 
storage stability at temperatures up to 300°C, due probably 
to the much larger surface area and more local defects that 
can serve as traps.63 With a thermal treatment composed of 
heating at 320°C for 2 min followed by sudden quenching 
in liquid nitrogen, the charge stability of porous PTFE can 
be further improved.64 The charging behavior and piezo-
electric properties of porous PTFE films have been investi-
gated in several works.65–72 Porous PTFE films with press-on 
electrodes show large piezoelectric d33 coefficients of up to 
several hundred pC/N. However, the d33 is drastically dete-
riorated by metalization of electrodes. During metalization, 
the metallic particles go into the interfaces between the cav-
ities and the dielectric because of the open-porous structure. 
Consequently, the interface charges are lost and the piezo-
electricity of the film becomes extremely low.

2.2. � Ferroelectrets with soft/hard multi-layer structure

Inhomogeneous layer-structured film systems with space 
charge trapped on the interfaces were already employed in 
early studies of the piezoelectric response of space-charge 
electret systems.73,74 For this type of ferroelectrets, the elas-
ticity difference among the soft/hard layers and the density 
of the interface charge is the most critical parameter for the 
piezoelectric sensitivity of the samples. Figure  2(a) sche-
matically shows the cross-section of a bi-layer ferroelectret 
consisting of a soft and a hard electret film. Porous PTFE 
films are particularly suitable for the soft layers because of 
their high softness and extremely low conductivity. Gerhard-
(Multhaupt) et al. investigated multi-layer stacks consisting 
of at least one “hard” non-porous and at least one “soft” 
porous PTFE film as ferroelectrets.71,72,75,76 Individual films 
were corona charged before assembly. It was found that the 
piezoelectric sensitivity of the stacks increases linearly with 
the density of the interface charge and strongly depends on 

2341009.indd   42341009.indd   4 08/21/23   6:44:56 AM08/21/23   6:44:56 AM



X. Qiu et al.� J. Adv. Dielect. 13, 2341009 (2023)

2341009-5

FA	 WSPC/270-JAD  2341009  ISSN: 2010-135X

the geometry of the stacks. In general, the highest piezoelec-
tric d33 coefficients of the stacks are comparable with the 
respective coefficients of the best ferroelectric polymers.

Non-porous PTFE has outstanding electret properties and 
thermal stability, but on the other hand it cannot be easily 
processed with typical thermal and solution methods. By 
using other non-porous polymers with better processability 
than PTFE, it is possible to have tight bonding between the 
non-porous polymer layer(s) and the porous PTFE layer via 
techniques such as thermal bonding and spin-coating, such 
that one or both surfaces of the porous PTFE are sealed with 
the non-porous layers. Such multi-layer film systems have 
mechanically stable structure. More importantly, the outer 
non-porous surfaces of the samples can be metallized, with-
out destroying the interfacial charge. Wegner et al. prepared 
porous PTFE coated with non-porous polymers including 
polystyrene (PS), PETP and Teflon AF.77,78 Porous PTFE 
with coating on one surface exhibits higher surface poten-
tials than the non-coated PTFE. The PTFE/Teflon AF layer 
systems show a piezoelctric d33 coefficient of 5 pC/N. 
Schwödiauer et al. prepared hybrid fluoropolymer systems 
consisting of a porous PTFE and a perfluorinated cyclobu-
tene (PFCB) layer.79 The latter is an amorphous crosslinked, 
low permittivity fluoropolymer with excellent charge stabil-
ity comparable with PTFE.80 The porous PTFE/PFCB double  
layer systems charged at the interface yield a large quasi- 
static piezoelectric d33 coefficient of 600 pC/N.

Figure 2(b) schematically shows another type of layer-
structured ferroelectrets. In such ferroelectrets, homoge-
neous electret films (hard layers) are separated by highly 
porous layers (soft layers) in between. The high porosity of 
the soft layers allows for charging of the sample with dielec-
tric barrier discharges in a sufficiently high applied electric 
field. Charges of both polarities are generated and eventually 

captured on the internal surfaces of the homogeneous elec-
tret layers, thus forming macroscopic dipoles. Von Seggern 
et al. prepared ferroelectrets by sandwiching a highly porous 
PTFE, so-called expanded PTFE (ePTFE) consisting of up 
to 98% air, between two solid FEP layers.81–84 By removing 
the air gaps at the surface of the ePTFE via evacuation, the 
contact between the FEP and the ePTFE films was strength-
ened. Due to the extremely high softness of the ePTFE, the 
sandwiches show very high quasistatic piezoelectric d33 
coefficient. However, the samples are not very stable, and 
the d33 coefficient decays from 800 to 400 pC/N in six days 
after charging.81 A strong decrease in the d33 coefficient with 
increasing frequency and static pressure is also observed. In 
the study of Zhang et al., laminated PTFE films consisting 
of porous PTFE films and nonporous FEP85 or PTFE86,87 
films were prepared by thermal bonding or sintering under 
high pressure, respectively. In this way, the open pores of 
the porous PTFE films are closed by the nonporous FEP or 
PTFE films with strong bonding, which renders the samples 
mechanically stable. The samples typically show high qua-
si-static piezoelectric d33 coefficients of more than several 
hundred pC/N, and remain piezoelectrically active at tem-
peratures of up to 120°C.

2.3. � Ferroelectrets with regular cavity structure

Both types of the above-mentioned ferroelectrets, namely, 
ferroelectrets with cellular structure and ferroelectrets with 
soft/hard multi-layer structure, have a relatively wide and not 
well-controlled size and shape distribution of the cavities. 
Much effort has been devoted to developing ferroelectrets 
with regular cavity structure. Altafim et al. prepared bi-layer 
FEP ferroelectrets with regular millimeter-scale cavities via 
a vacuum-assisted thermal fusion.88 Stacks of two FEP films 
were put on a metal grid connected to a vacuum pump. By 
evacuation from one side of the metal grid, the adjacent FEP 
film on the other side was sucked into the regular openings 
of the grid. Heating and pressing a metal plate onto the stack 
at suitable temperatures result in film systems with air cavi-
ties of the same diameter as the grid openings. After internal 
charging by means of high impulse voltages, the bi-layer FEP 
ferroelectrets show quasi-static d33 coefficients of up to 500 
pC/N, which strongly decrease with increasing applied pres-
sure. Basso et  al. fabricated three-layer ferroelectrets with 
regular cavities by thermal fusion of sandwiches consisting 
of two homogeneous FEP films and a PTFE film with reg-
ular holes in between.89 Regular holes with millimeter and 
tens of µm diameters were made by mechanical drilling and 
laser perforation, respectively. After charging, the three-layer 
ferroelectrets show a piezoelectric d33 coefficient of about  
10 pC/N, confirming the feasibility of the proposed method 
for ferroelectrets with regular cavity structures.

Later, Altafim et  al. proposed a straightforward lamina-
tion process for making ferroelectrets with well-controlled 
and uniform cavities.90,91 In this process, sandwiches of two 

so�

hard
fibrous

homogeneous

homogeneous

(a) (b)

Fig.  2.  Schematic cross-section of ferroelectrets with soft/hard 
multilayer structures. (a) A heterogeneous ferroelectret consisting 
of elastically “soft” and “hard” electret films. The bi-layer structure 
is charged at the interface between the two electrets. Piezoelectricity 
originates from the asymmetrical displacement of interface charges 
relative to the electrodes under mechanical stress. (b) A three-layer 
ferroelectret composed of two homogeneous electret (hard) films 
and a highly porous (soft) layer in between. The sample can be 
charged by means of dielectric barrier discharges in sufficiently high 
electric fields. Charges of both polarities are generated and eventu-
ally captured on the internal surfaces of the homogeneous electret 
layers, thus forming macroscopic dipoles.
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electret films and a template with pre-designed pattern of 
openings are thermally laminated at suitable temperatures. 
The electret films are fused with each other through the open-
ings of the template. Afterwards, the template is removed, 
resulting in a polymer-film system with regular cavities of 
the designed pattern. Sandwiches of two homogeneous FEP 
films and a PTFE template in between were laminated at 
300°C. The PTFE template contained several evenly distrib-
uted parallel rectangular openings. FEP film systems with 
tubular-channel cavities were obtained by cutting and taking 
out the PTFE template after lamination. Figure 3(a) shows 
a photo of a tubular-channel FEP ferroelectret with alumi-
num electrodes on both surfaces. Such FEP ferroelectrets 
exhibit high piezoelectric d33 coefficients of up to 160 pC/N, 
which is stable at temperatures of at least 130°C. The regu-
lar open channel design offers also other advantages through 
the layered lamination approach. In Ref. 92, Altafim et  al. 
showed that adding layers on top of the ferroelectret channels 
can bring new functionalities. The addition of the magnetic 
stripes rendered the ferroelectret sensors magnetically sen-
sitive, resulting in piezoelectric-magnetic response of more 
than 150 pC/T.

Fluoropolymer stack ferroelectrets have also been devel-
oped by combining molding (for introducing the desired 
cavity patterns) and thermal fusion (for bonding the adjacent 
layers). In general, there are two kinds of production strate-
gies. In one strategy, molding of the pre-designed patterns is 
implemented during thermal fusion.93,94 A metal mesh with 
(sub) millimeter spacing was pressed onto PTFE and FEP 
film stacks, which, in combination with a thermal treatment 

at 280°C (higher than the melting point of 260°C of FEP), 
leads to thermal fusion of the polymer layers underneath the 
wires of the mesh and formation of regular cavities between 
the fused areas. In another strategy, molding of FEP or PTFE 
films is implemented prior to thermal fusion of film stacks 
either by cold pressing at room temperature95–97 or hot press-
ing at certain elevated temperatures.98 Rigid template(s) with 
pre-designed patterns, often together with soft rubber pad(s), 
are employed for the molding. Then, the patterned polymer 
films are stacked, sometimes with non-patterned homoge-
neous films in between, and thermally fused at temperatures 
slightly higher than the melting point of FEP. After charging 
and electrode evaporation, such fluoropolymer ferroelec-
trets often show quasi-static piezoelectric d33 coefficients of 
hundreds to one thousand pC/N, which is thermally stable up 
to 120°C.

FEP film sandwiches of two homogeneous outer layers 
and a middle layer with regular openings can also be bonded 
locally by means of a laser beam.99 As schematically shown 
in Fig. 3(b), an FEP mesh with square openings prepared by 
laser cutting was sandwiched between two FEP films with 
their outer surfaces metallized. The sandwiches were locally 
bonded by means of a laser beam at selected positions (white 
circles in the right-hand part of Fig. 3(b)), thus forming three-
layer film systems with regular cavities. Internal poling of 
the cavities was implemented prior to the laser bonding. 
The piezoelectric properties of the samples were studied by 
means of dielectric resonance spectra26 and acoustical mea-
surements.27 Piezoelectric d33 coefficients of a few hundred 
pC/N are achieved. The piezoelectric sensitivity shows a rel-
atively flat frequency response in the range between 300 Hz 
and 20 kHz, and is thermally stable up to at least 120°C.

Besides fusion bonding, electret film layers may also be 
bonded through a sticky material. Qiu et al. reported poly-
carbonate ferroelectrets composed of two PC films bonded 
with a sticky template made of a double-sided adhesive 
tape.100 The adhesive-tape template with honeycomb-shaped 
openings was made by computer-controlled laser cutting. 
The side length of the hexagonal openings is 1.5 mm, and 
the width of the remaining adhesive tape ridges is 0.5 mm. 
PC films were metallized on one surface with aluminum or 
gold electrodes. By sandwiching the adhesive-tape template 
with two PC films via their nonmetallized surfaces, a three-
layer film system with well-defined cavities was obtained. 
Figure 3(c) shows a photo of a three-layer film system with  
20 nm thick semitransparent gold electrodes. The structure 
of the adhesive-tape template is clearly visible. After contact 
charging with a voltage of 2 kV, the three-layer PC ferroelec-
trets show piezoelectric d33 coefficients of about 30 pC/N. 
Rychkov et  al. prepared unipolar ferroelectrets by gluing 
corrugated FEP films to aluminum foils.101 The corrugated 
FEP films were created by the same lamination process as in 
Ref. 90 with the exception that two-layer stacks of only one 
FEP film and one PTFE template were laminated. The uni-
polar FEP ferroelectrets, with essentially the same geometry 

Fig.  3.  Ferroelectrets with regular cavity structure. (a) Tubu-
lar-channel FEP ferroelctrets made by thermal lamination.90 (b) 
Three-layer FEP ferroelectrets prepared by laser cutting, laser 
bonding, electrode evaporation, and high-field poling.99 (c) A poly-
mer-ferroelectret system consisting of two uniform polycarbonate 
films and an adhesive-tape template in between. The outer surface of 
the PC films were metallized with semitransparent gold electrodes 
20 nm in thickness.100 (d) A screen-printed three-layer polymer sys-
tem for ferroelectret.102
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as an electret microphone, show d33 coefficients of about 45 
pC/N.

In another study, Sborikas et al. developed three-layer PC 
ferroelectrets by means of screen printing.102 Screen print-
ing is widely employed for two-dimensional patterning of 
printed layers. For sample preparation, an ink formulation 
consisting of 97.6% monomer (Desmolux u680H) and 2.4% 
photo-initiator (Darocure 1173) was screen-printed onto a 
polycarbonate film with pre-designed patterns (ring structure 
in the present case). Then another PC layer was placed on the 
printed ink layer. After annealing at 110°C for 4 h, the PC 
films were tightly bonded to each other by the ink pattern, 
yielding a film system with well-defined cavities. A photo of 
one sample is displayed in Fig. 3(d)). Silver-paste electrodes 
were screen-printed onto both outer surfaces of the samples, 
and direct contact charging was carried out with a voltage of 
up to 6 kV. Typical piezoelectric d33 coefficients of about 30 
pC/N are obtained for the screen-printed PC ferroelectrets, 
which possess thermal stability up to 100°C.

More recently, three-dimensional (3D) printing tech-
nique has been employed in producing ferroelectrets with 
regular cavity structures. First examples of this kind are 
3D-printed acrylonitrile butadiene styrene (ABS) ferroelec-
trets with well-defined cavities, which show piezoelectric d33 
coefficients of up to 100 pC/N and thermal stability up to  
85°C.103,104 Assagra et al. reported 3D-printed PP ferroelec-
trets with regular chess-pattern cavities of precisely controlled 
size and shape using standard 3D-printing parameters.105,106 
After charging, the samples exhibit piezoelectric coefficients 
up to 200 pC/N. The piezoelectric sensitivity of 3D-printed 
PP ferroelectrets and its temporal and thermal stability are 
similar with those of cellular PP ferroelectrets. These inter-
esting works demonstrate the feasibility of 3D printing tech-
niques for developing novel ferroelectrets.

Ferroelectrets with regular cavity structures have also 
been developed by several other techniques. Li and Zeng 
reported a scCO2-assisted assembling method.107 In scCO2, 
the surface glass transition temperature of COC becomes 
substantially lower than that of the bulk due to strong  
COC-CO2 interaction. Therefore, COC film stacks consisting 
of homogeneous films and films with regular openings can 
be tighly bonded at a temperature much lower than the melt 
ing point. The obtained COC ferroelectets show d33 coeffi-
cients of up to 1000 pC/N with a thermal stability of up to 
110°C. Wang et al. prepared ferroelectrets using microfabri-
cation technique.108,109 Multi-layer PDMS films with regular 
cavities were prepared by a sequence of casting and stacking 
steps using a photoresist mold placed on a silicon wafer. The 
internal surfaces of the cavities were coated with a thin layer 
of Teflon AF by filling and then drying a solution of Teflon 
AF. After DBD charging, negative and positive charges are 
deposited onto the top and bottom internal surfaces of the 
Teflon AF layers, respectively. Thus, in the microfabricated 
ferroelectrets, the Teflon AF layers offer excellent charge 
storage, and the PDMS structures supply large deformation 

of the macroscopic dipoles (internally charged cavities). 
Such samples show d33 coefficients of more than 1000 pC/N.

3. � Charging of Ferroelectrets

As in the case of ferroelectric polymers such as β-PVDF, 
charging/poling is a critical procedure for the preparation 
of ferroelectrets. However, the mechanism of charging is 
quite different between ferroelectrics and ferroelectrets. For 
ferroelectric polymers, poling is carried out to align molec-
ular dipoles into the direction of the applied electric field. 
Ferroelectrets are space-charge electrets without molecular 
dipoles. Except for soft/hard layer-structured systems with 
interfacial charges where the related surfaces are charged by 
e.g., corona charging prior to the assembling, ferroelectrets 
with cavities are internally charged by a series of dielectric 
barrier discharges (DBDs) in sufficiently high electric fields.

3.1. � Charging mechanism of ferroelectrets

Charging of ferroelectrets is accomplished by a series of 
dielectric barrier discharges (DBDs).110 In DBDs, at least one 
side of the discharge gap is insulated from the electrodes by a 
dielectric layer.10 Figure 4 schematically shows the charging 
process of a ferroelectret with cellular structure. DBDs are 
triggered by applying electric fields higher than the threshold 
for breakdown in the cavities. DBDs are micro-plasma dis-
charges which generate positive and negative charges of the 
same amount. Under the applied electric field, the charges 
of opposite polarity move in opposite directions and are 
eventually trapped at internal top and bottom surfaces of the 
cavities. Internally charged cavities can be regarded as man-
made macroscopic dipoles, in analog to molecular dipoles in 
ferroelectrics.

Fig.  4.  Schematic charging process of ferroelectrets. Dielectric 
barrier discharges are triggered in the cavities by applying a suf-
ficiently high electric field, generating charges of both polarities. 
Positive and negative charges travel in opposite directions under the 
applied electric field and are eventually trapped on the internal sur-
faces of the cavities.
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The triggering of DBDs in ferroelectrets is controlled by 
Paschen’s law which, according to Townsend’s model, states 
that the breakdown voltage between parallel plates in a gas is 
a function of pressure p and electrode spacing d (equal to the 
cavity height in context of ferroelectret),

	 V
Apd

B pdth =
( )

,
+ ln

	 (1)

where B is given by

	 B
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.ln
ln +





γ

	 (2)

A and C are gas-dependent constants. For air, A and C of 
273.8 Vm−1Pa−1 and 11 m−1Pa−1 are experimentally defined, 
respectively, and γ of 0.01 is the so-called second ionization 
coefficient. Mellinger et  al. suggested that A and C might 
need to be adjusted for micrometer-sized cavities.111

According to the above discussion, a threshold behavior 
with respect to the charging voltage can be expected for the 
charging and the resulting piezoelectric sensitivity of fer-
roelectrets (similar to the “coercive” phenomenon of ferro-
electrics). Wegener et  al. studied the threshold behavior of 
cellular PP ferroelectrets by means of corona112 and direct 
contact charging.113 They observed that the d33 coefficients 
of the samples are almost zero below the threshold charging 
voltages, and increase drastically with increasing charging 
voltage above the respective threshold. Based on a simplified 
model for ferroelectrets,114,115 Zhang et al. theoretically stud-
ied the charging process in cellular PP ferroelectrets.116 The 
analysis focuses on the local electric fields of the cavities, 
which is the sum of the applied charging field Eapp and the 
field induced by the internally trapped charges Eind. When a 
fresh sample is charged with increasing voltage, the effective 
polarization Peff, i.e., the density of the macroscopic dipoles, 
is zero below the threshold voltage Vth (corresponding to the 
breakdown field Eth). Above Vth, DBDs take place in the cav-
ities, depositing charges onto the internal top and bottom sur-
faces. The trapped charges induce an electric field opposite to 
the applied one, and therefore partly compensate the exter-
nal field. DBDs extinguish as long as the local electric field 
becomes lower than the Vth again. With increasing charging 
voltage Vapp, DBDs keep occurring and Peff increases linearly 
with Vapp. Therefore, when a fresh sample is charged with 
increasing voltage, the effective polarization at the respective 
Vapp is given by116
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where k is a sample-specific parameter. When the charging 
voltage is switched off, only Eind is present. Similarly, if Eind is 
higher than Eth (which happens when Vapp is higher than 2Vth), 
DBDs will be triggered in the opposite direction (so-called back 

discharges). In this case, Peff will be reduced until the local field 
is equal to Eth. The effective remnant polarization (the polariza-
tion after the voltage has been turned off) can be expressed as
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From Eq. (4), Prem of ferroelectrets is zero below the thresh-
old charging voltage. Prem then increases linearly with Vapp 
and saturates at charging voltages higher than 2Vth. Zhukov 
and von Seggern suggested a similar analysis for layered flu-
oropolymer ferroelectrets (FEP-ePTFE-FEP sandwiches).117

DBDs in ferroelectrets always emit light signals that can 
be easily detected as a diagnostic tool for characterizing the 
charging process. The light emission stems from electronically 
excited and/or ionized gas molecules inside the cavities. In 
early studies, light emission from the DBDs in cellular PP ferro-
electrets was photographed by means of digital cameras.110,112 
Qiu et  al. studied the light emission using highly sensitive 
photomultiplier (PMT) and PC-controlled electron-multiply-
ing charge-coupled device (EMCCD) camera.58,97,118–122 The 
sample, metallized on both surfaces with 20 nm thick semi-
transparent gold electrodes, was mounted in a light-tight cham-
ber for synchronous light detection from both sides. Figure 5 
shows spatially-resolved EMCCD photographs of a cellular PP 
ferroelectret under a charging voltage that ramps up linearly 
from 0 to 6 kV within 1 s.118 Detectable light emission occurs 
at t = 0.5 s, corresponding to a threshold charging voltage of 
3 kV. In general, the light emission is seen as a diffuse glow 
due to strong light scattering of the cellular structure. DBDs in 

Fig. 5.  False-color EMCCD images of a cellular PP ferroelectret. 
The charging voltage was ramped up to 6 kV in 1 s, starting at 0 s.  
Each frame was exposed for 90 ms. Circles 1 and 2 show light emis-
sion from some of the large cavities. The strong light emission at 
the upper periphery is caused by corona discharge at the electrode 
edge.118
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some of the large cavities near the surface are clearly visible 
(marked with circles 1 and 2) in a specific voltage range.

The light emission can also be quantitatively measured by 
means of a PMT. In this case, the surface of the sample facing 
the PMT was covered by masks with a circular hole 8.5 mm 
in diameter (smaller than the electrode diameter of 16 mm) in 
order to block light from the corona discharge at the electrode 
edge. Figure 6 shows the light emission of the cellular PP ferro-
electret sample under a stepwise increasing and then decreas-
ing voltage waveform.119 Again, light emission is observed 
when the voltage reaches 3 kV, consistent with the EMCCD 
results. The light intensity strongly increases when the voltage 
increases further because DBDs are triggered in more and more 
cavities. Due to the choke effect of DBDs,10 the light emission 
takes place at the beginning of each relevant voltage step and 
then extinguishes very fast to the noise level of the PMT. As 
can be seen from Fig. 6, light emission appears again when 
the voltage decreases from 6 kV back to about 3 kV, which is 
attributed to the above-mentioned back discharges.

The optical emission spectrum (OES) contains import-
ant information for characterizing DBDs. The OES of the 
light emission of cellular PP ferroelectrets was recorded 
by means of a spectroscopic system consisting of an opti-
cal fiber, a monochromator, and the EMCCD camera. The 
spectrum indicates that DBDs in ferroelectrets originate 
from the second positive system (SPS) of molecular nitro-
gen and the first negative system (FNS) of N2

+, as typically 
observed with DBDs in air.119 Particularly, occurrence of 
the FNS of N2

+ indicates the ionization of molecular nitro-
gen, a direct proof of charge generation in the charging pro-
cess of ferroelectrets. Based on a spectroscopic analysis of 
the band strength ratios, the electric field during charging 
of the cellular PP ferroelectret is determined to be in the 
range between 21 and 28 MV/m, in good agreement with the 
Townsend breakdown model. Therefore, investigation of the 
light emission may provide important information for bet-
ter understanding and further optimization of the charging 
process of ferroelectrets.

A polarization-versus-electric-field (P-E) hysteresis is a 
typical feature for ferroelectric materials. From the hyster-
esis curves, important parameters such as coercive field and 
remanent polarization can be determined. Qiu et  al. inves-
tigated the hysteresis behavior of ferroelectrets by means 
of an in-situ acoustical measurements in combination with 
dielectric resonance spectroscopy.123 Based on the simpli-
fied model consisting of alternating parallel polymer and gas 
layers,114,115 the thickness change ∆s of a ferroelectret under 
an external voltage can be expressed as

	 ∆s
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where V is the applied external voltage, Y is Young’s modu-
lus of the sample, ε0 and εp are the permittivity of free space 
and the relative permittivity of the polymer, respectively. s1 
and s2 are the total thickness of the polymer and the gas 
layers, respectively, and the total film thickness s = s1 + s2. 
σeff is the so-called effective polarization of ferroelectrets, 
which equals Σ Σs si i i2 2/σ , where s2i and σi are the thickness 
of the ith gas layer and the charge density on the surface of 
the ith polymer layer. Equation (5) indicates that the devel-
opment of σeff and V can be monitored by measuring the 
vibration of the sample (∆s). The idea is to apply a voltage 
V = Vdc + V0 sin(ωt) containing both a dc and an ac compo-
nent. The dc component is the charging voltage, while the 
ac part generates measurable acoustic signal. From Eq. (5), 
one gets
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where the first and the second terms denote bias thickness 
change independent of the frequency of the ac voltage, the 
third term arises from the piezoelectric effect, and the last 
term is the second harmonic term from the Maxwell stress. 
The third term in Eq. (6) indicates that both the effective 
polarization and the dc voltage contribute to the radiated 
sound signal at the fundamental frequency. The effective 
piezoelectric coefficient at Vdc is expressed by
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Figure 7(a) shows the acoustic signal at 1 kHz as a function 
of the dc voltage. A fresh sample was measured in an anechoic 
chamber by means of a microphone. In total, three half cycles 
of the dc voltage were applied, namely, a positive half cycle 
followed by a negative and a second positive half cycle. At the 
beginning, the acoustic signal increases linearly with Vdc, since 
σeff is zero. However, when Vdc exceeds the threshold of about 
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Fig. 6.  Light emission of a cellular PP ferroelectret as a function 
of time measured by means of a photomultiplier (left ordinate). The 
charging voltage is increased and then decreased in steps of 1 kV 
(right ordinate).119
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3 kV, the slope of acoustic signal versus Vdc starts to decrease, 
since DBDs are triggered in the cavities, introducing nonzero 
σeff. According to Eq. (7), Vdc counteracts with the induced σeff 
regarding the contribution to the acoustic signal. Consequently, 
when Vdc is ramped down from its maximum, the acoustic sig-
nal is noticeably lower than the corresponding value during 
ramping up. The acoustic signal reaches a minimum, then 
increases again as Vdc decreases further and passes through 
zero, forming a characteristic “butterfly” curve. Butterfly 
curves of ferroelectrets were also observed by means of piezo-
response force microscopy.124 The acoustic signals only give 
relative values of the piezoelectric d33 coefficients. In order 
to obtain absolute d33 values, dielectric resonance spectros-
copy was carried out immediately after the dc voltage cycles. 
Young's modulus and d33 were determined by fitting the real 
part (inset of Fig. 7(b)) of the measured DRS spectra.26 Based 
on the fact that the acoustic signal is proportional to the corre-
sponding d33 coefficient, all of the acoustic signals in Fig. 7(a) 
are converted to piezoelectric d33 coefficients. Note that the 
polarity of d33 changes when a phase shift of about 180° occurs 
between the acoustic signal and the driving ac voltage. Finally, 
σeff as a function of Vdc can be calculated by using Eq. (7). 
Figure 7(b) shows that the σeff versus Vdc curves exhibit a hys-
teresis behavior similar to that of other ferroic materials.

Hysteresis of ferroelectrets has also been investigated 
by means of a modified Sawyer–Tower circuit. The current 
under applied charging/poling voltage is given by
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where Cs, Vs, t, As, Ps and Rs are sample capacitance, applied 
voltage, time, sample area, ferroelectric polarization and 

sample resistance, respectively. The current contains three 
components resulting from capacitive charging, polarization, 
and conductivity of the sample. Accordingly, the charge flow-
ing through the circuit during charging can be expressed by
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For ferroelectric polymers, hysteresis loops are usually 
determined by measuring the poling currents and separating 
different contributions under specifically designed sinusoidal 
uni- or bi-polar voltage cycles.125 However, such a current- 
voltage scheme is not practical for ferroelectrets because 
DBDs in cavities of ferroelectrets are very fast processes. 
Unlike ferroelectric polymers where the poling current var-
ies in the same time scale as the applied poling voltage, 
DBDs produce current pulses in a time scale of several ns, 
far beyond the time resolution of the experimental setup. 
Therefore, a voltage–voltage measurement scheme was pro-
posed for studying the breakdown in thin discharge gaps 
and the hysteresis behavior of ferroelectrets.13,126 The inset 
of Fig.  8 schematically shows the modified Sawyer-Tower 
circuit used for the measurements. Two standard capacitors 
much larger than the sample capacitance are connected in 
series with the sample. The charge flowing through the circuit 
during the DBDs is obtained by measuring the voltage on the 
large standard capacitor of 3 nF. Since charging of ferroelec-
trets often requires voltages of up to several kV, another stan-
dard capacitor of 1 µF is employed as a voltage divider that 
protects the electrometer in case of destructive breakdown 
in the sample. By applying voltage loops consisting of two 
positive and then two negative sine-squared semicycles, it 

(a) (b)

Fig. 7.  (a) Butterfly curves of a cellular PP ferroelectret measured by means of an in-situ acoustical method on a fresh, uncharged sam-
ple with a thickness of 72 µm. Measurements were run with a positive half cycle (curve 1), followed by a negative half cycle (curve 2) and 
subsequently a second positive half cycle (curve 3). (b) Effective charge density σeff (calculated from the experimental data shown in (a) as 
a function of Vdc). Inset: The dielectric resonance spectrum for determination of the absolute d33 coefficient corresponding to the zero-field 
microphone signal. Arrows denote the progress of the measurements.123
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is possible to separate different contributions as indicated in  
Eq. (9). The hysteresis loop of a tubular-channel FEP ferro-
electret is displayed in Fig. 8, which demonstrates that DBDs 
in ferroelectrets result in hysteresis curves that are phenome-
nologically the same as those of other ferroic materials.

DBD charging of ferroelectrets generates a cold plasma 
with numerous active species including energetic and reac-
tive charged particles, electrons, and neutral species. Qiu 
et al. reported that repeated DBDs have profound effects on 
the charging and the resulting piezoelectricity of ferroelec-
trets.127–129 DBDs up to 103 cycles reduce the threshold charging 
voltage and hence facilitate the charging process of ferroelec-
trets. However, the DBD-generated plasma modifies the inner 
surfaces of the cavities. DBD charging in normal air deterio-
rates the chargeability of the cavities, leading to severe polar-
ization fatigue. Compared with that of freshly charged samples, 
the piezoelectric sensitivity and its stability of fatigued samples 
become much worse even after only 103 DBD cycles.

3.2. � Charging methods of high efficiency

Efficient charging is highly desired in the preparation of fer-
roelectrets, since the piezoelectric sensitivity is essentially 
proportional to the effective polarization. Charging methods 
of high efficiency have been proposed based on improved 
understanding of the physico-chemical processes during 
charging of ferroelectrets. According to Paschen’s law, the 
electrical breakdown of a gas is strongly dependant on the 
type of gas. Paajanen et al. implemented corona charging of 
cellular PP ferroelectrets in a number of dielectric gases.130,131 
Higher corona voltages and/or currents can be achieved 
with increased ambient gas pressure or with gases of higher 
dielectric strength, which leads to more efficient charging 
and larger piezoelectric sensitivity. Particularly, charging in 

N2O with atmospheric pressure results in a 70% increase in 
the piezoelectric d33 coefficient of a 70 µm thick cellular PP 
ferroelectret. By filling the cavities with N2 gas, d33 coeffi-
cients of up to 790 pC/N are obtained.

Using two kinds of cellular PP films with different cav-
ity structures and elastic properties, Qiu et  al. studied the 
charging efficiency of corona charging in SF6, a gas widely 
employed in insulation technology due to its high dielec-
tric strength.132,133 The penetration of SF6 was monitored 
by measuring the thickness of the films. It turned out that 
the penetration strongly depends on the microstructure of 
the samples. For the mechanically stiffer cellular PP films  
(SHD50) with smaller cavity size, penetration of SF6 was 
not observed, while for mechanically softer cellular PP films 
(EUH75) with larger cavity size, penetration of SF6 was pos-
sible with sufficiently long treatment time. Figures 9(a) and 
9(b) show the piezoelectric d33 coefficient of EUH75 and 
SHD50 as a function of corona voltages and the correspond-
ing surface potentials in normal laboratory conditions (part I) 
and in 2 bar SF6 (part II), respectively.132 A threshold behav-
ior is clearly seen for corona charging in normal conditions. 
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The d33 coefficient of EUH75 and SHD50 increases steeply 
when the corona voltage exceeds 20 kV and 18 kV (surface 
potential 5.5 and 4.6 kV), respectively. For both EUH75 and 
SHD50, the d33 coefficient does not saturate at the maximum 
corona voltage of 30 kV in normal air. Higher corona voltage 
often leads to flash discharge between the corona tip and the 
sample surface and thus is not practical. In order to further 
increase the corona voltage, corona charging was carried out 
in 2 bar SF6. Such a charging scheme has entirely different 
effect on EUH75 and SHD50, as can be seen from Fig.  9. 
The d33 of EUH75 is about one order of magnitude lower than 
the value achieved in normal air, while for SHD50, the d33 
increases by a factor of three. The big difference is attributed 
to the microstructure of the samples. EUH75 has large cav-
ities, low density (0.28 g/cm3) and low Young’s modulus 
(1.35 MPa). During pumping out the normal air and filling 
with 2 bar SF6, the air inside the cavities is squeezed out, 
and the sample thickness decreased by 40%. As the piezo-
electricity is very sensitive to the sample thickness,114,115 the 
substantial decrease in thickness deteriorates the piezoelec-
tric sensitivity of EUH75. For SHD50 with small cavities, 
high density (0.53 g/cm3) and high Young’s modulus (6.18 
MPa), the microstructure is mainly kept (a thickness change 
of less than 9%). Consequently, much higher corona voltages 
and surface potentials in SF6 result in significantly higher 
charging efficiency and piezoelectricity. With long enough 
treatment time (typically several hours), SF6 can penetrate 
into the cavities of EUH75, restoring the sample thickness. 
Corona charging in SF6 with a tip voltage of 60 kV then also 
leads to a 1.5 times increase in the d33 of EUH75.133

As indicated by Eqs. (3) and (4), for easier triggering of 
the DBD charging in ferroelectrets (i.e., high Peff under the 
charging voltage), gases with low breakdown strength (thus 
low Vth) are preferred. However, in order to have high remanent 
polarization (namely, high Prem after the charging voltage is 
switched off), gases with high breakdown strength (and hence 
high Vth) are desired. Based on this consideration, a charging 
scheme involving gas exchange was proposed for efficient 
charging of ferroelectrets.134 In this method, charging voltage 
is applied when the cavities are filled with a low-breakdown-
strength gas (such as helium at atmospheric pressure). Then, 
the charging voltage is kept on, and the gas inside the cavities 
is replaced with a high-breakdown-strength gas (such as nitro-
gen or atmospheric air). The charging voltage is turned off 
only after the gas exchange is complete. The proposed method 
results in much higher charging efficiency for ferroelectrets.

Paschen’s law states that the electrical breakdown volt-
age of a gas gap is a function of pd (Eq. (1)). Therefore, the 
charging voltage and hence the charging efficiency can be 
optimized by properly adjusting the gas pressure inside the 
cavities of ferroelectrets. Figure 10 illustrates the influence 
of gas pressure during charging on the piezoelectricity of a 
cellular PP ferroelectret.43 Penetration of gas moleculars into 
or out of the cavities is monitored by measuring the sample 
capacitance that is a function of the thickness. Microstructure 

analysis of the cross-sectional SEM image shows that a large 
number of the cavities have a height below 5 µm. At atmo-
spheric pressure, such small cavities have breakdown elec-
tric fields higher than the applied electric field at 6 kV (the 
dash dot horizontal line in Fig.  10), and therefore can not 
be effectively charged. As the pressure increases, charging 
of the small cavities is achieved since the breakdown electric 
field becomes lower than the applied field, which leads to 
an increase in the d33 coefficient. However, as the pressure 
increases further, the breakdown electric field of large cavi-
ties notably increases, resulting in lower charging efficiency 
of the large cavities. As a result, the d33 reaches its maximum 
at about 170 kPa, and then decreases again as the pressure 
increases further (Fig. 10).

In addition to pressure, the breakdown electric field of a 
gas gap is also dependant on gas temperature. Pachen’s law 
holds only at room temperature and needs to be modified at 
different temperatures. According to the Peek correction, the 
breakdown electric field of a gas is inversely proportional 
to the gas temperature.135 Based on this, a thermal charging 
scheme, quite similar to the thermal poling method widely 
used for conventional ferroelectrics, has been proposed for 
ferroelectrets.136,137 As schematically shown in Fig. 11, fer-
roelectrets to be charged are heated up to a suitable elevated 
temperature so that the threshold voltage becomes lower and 
the DBDs in the cavities are triggered more easily. In order 
to have high remanent effective polarization, a high thresh-
old voltage is desired. Therefore, the charging voltage is not 
switched off until the samples are cooled down to the initial 
temperature.
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In the above-mentioned charging techniques, the applied 
high voltage triggers the DBDs (micro plasmas) and then 
drifts the generated charges to the inner surfaces of cavi-
ties. Basso et al. proposed an AC+DC charging technique in 
which the high-voltage high-frequency (HV-HF) AC voltage 
generates plasmas in cavities, while the DC voltage acts as a 
bias voltage to control the deposition of the charges present 
in the plasmas.138 The AC voltage with an amplitude close to 
the breakdown threshold of the gas in the cavities is enough 
to create the plasmas. The effective polarization (manifested 
by the measured piezoelectric coefficient) increases linearly 
with the DC voltage, and saturates already at the threshold 
charging voltage of the direct contact charging method. In 
another charging method, soft X-ray irradiation is employed 
for photoionization of air molecules inside cavities of fer-
roelectrets.139,140 Similarly, a DC voltage is also applied for 
controlling the charge deposition. Both techniques are quite 
effective for charging ferroelectrets.

4. � Piezeoelectricity of Ferroelectrets

4.1. � Fundamental aspects of the piezoelectric response

“Piezo” stems from Greek, meaning to squeeze or press. 
Piezoelectricity is the properties of certain noncentrosym-
metrical (without a center of symmetry) materials which 
are able to convert mechanical signals (strain/displacement 
or stress/force) into electrical observables (electric displace-
ment/charge or electric field/voltage) and vice versa. In the 
most general picture, piezoelectricity is observed when a 
material contains internally separated charges of opposite 
sign (requirement 1) and exhibits a non-affine mechanical 
deformation behavior (requirement 2). In addition, a linear 
relationship between the input and output signals is required.

Figure 12(a) schematically shows the structure and charge 
distribution of a ferroelectret with cellular structure. Charges 

of opposite polarity generated during the DBD charging are 
trapped on the top and bottom surfaces of cavities, respec-
tively. The charged cavities can be considered as macroscopic 
dipoles, with a dipole moment µ = q. l, where q is the charge 
and l is the distance between the separated charges, i.e., the 
cavity height. Along with the macroscopic dipoles, compen-
sating charges are induced on the metal electrodes. The den-
sity of the induced charges is directly related and essentially 
proportional to the density of the macroscopic dipoles (anal-
ogous to the polarization in ferroelectrics).

Piezoelectricity can be described by means of various 
coefficients that correlate mechanical and electrical quan-
tities. For cellular thin-film ferroelectrets, d33 is the domi-
nant piezoelectric coefficient due to the special anisotropic 
material structure. It expresses the ratio of either the charge 
generated on the surface electrode to the force applied per-
pendicularly to the film surface (direct piezoelectric effect) 
or of the change in the film thickness to the voltage applied 
across the film (inverse piezoelectric effect).

A simplified spring-charge model was proposed to 
describe the piezoelectric activity of different types of dielec-
tric materials.12,141 The model consists of a two-phase system 
with a dipole phase “D” and a matrix phase “M” (Fig. 12(b)). 
In this context, the dipolar phase has a quite broad meaning. 
It may consist of intrinsic dipoles in conventional ferroelec-
trics, internally charged cavities in cellular ferroelectrets, 
stable interfacial charges (Maxwell–Wagner polarization) in 
multilayer ferroelectrets, and charges trapped in the material 
in combination with the induced charges on the electrodes 
(e.g., in soft/hard double-layer ferroelectrets with single-po-
larity interfacial charges).

Expressions of the piezoelectric response are determined 
by theoretical analysis of the model. Considering a thin film 
or slab poled in the thickness direction, the piezoelectric d33 
coefficient is given by141
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Fig. 11.  Thermal poling scheme for ferroelectrets.137
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Fig.  12.  (a) Schematic view of cellular ferroelectrets with mac-
roscopic dipoles (internally charged cavities). The piezoelectricity 
originates from the different elastic behavior of the polymer (matrix 
phase) and the cavity (dipole phase). (b) Schematic spring-charge 
model for the occurrence of piezoelectricity in a two-phase material 
system.
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where P3 is the overall remanent polarization, YM and YD 
are the elastic modulus of the matrix and the dipole phase, 
respectively. Equation (10) indicates that the piezoelectric 
response contains two counteracting contributions, namely, 
one from the dipole-density effect (the first term in Eq. (10)), 
and the other from the dipole-moment effect (the second term 
in Eq. (10)). There exist three situations for dielectric materi-
als or materials systems carrying “dipolar” charges142

	 (i)	 kmatrix = kdipole: The matrix and dipole phases have the same 
elastic modulus (affine deformation), such as in space-
charge electrets with isotropic mechanical properties. In 
this case, piezoelectricity is non-existing.

	(ii)	 kmatrix < kdipole: The matrix phase is softer than the dipole 
phase, such as in β-PVDF and copolymers, in compos-
ites of polymer with hard particles and of elastomer 
with polymer granules. The piezoelectricity originates 
mainly from the dipole density effect (secondary 
piezoelectricity).

	(iii)	 kmatrix > kdipole: The matrix phase is stiffer than the dipole 
phase, such as in ferroelectric ceramics like PZT, in com-
posites of polymers with gases or with liquids. The piezo-
electricity originates mainly from the dipole moment 
effect (primary piezoelectricity).

In ferroelectrets, the gas-filled cavities (dipole phase) are 
much softer than the polymer walls (matrix phase) between 
them. Therefore, ferroelectrets exhibit primary piezoelectric-
ity, as typical ferroelectric ceramics do. Ferroelectrets are 
highly anisotropic materials. Take cellular PP ferroelectrets 
as examples. The cavities are highly compressible in the 
thickness direction, whereas in the transverse directions the 
materials are much stiffer. Consequently, cellular PP ferro-
electrets show very large piezoelectric d33 coefficients. Values 
of hundreds of pC/N are often achieved, more than one order 
of magnitude larger than those found in conventional ferro-
electric polymers. The transverse piezoelectric coefficients 
(d31 and d32) of cellular PP ferroelectrets are typically around 
2 pC/N, two orders of magnitude lower than the d33 coef-
ficient.26 More recently, ferroelectrets with large transverse 
piezoelectric activity have also been developed by designing 
proper sample structures.143–145

Equation (10) suggests that for materials with over-
whelming secondary or primary piezoelectricity, the ratio of 
the piezoelectric coefficient d to the remanent polarization 
P3 should be approximately equal to the elastic compliance 
1/YM or 1/YD, respectively. Such a dependence is observed 
for a number of ferroelectrets and ferroelectric polymers.146 
The relationship is also applicable to ferroelectric perovskites 
when corrected with the tetragonality.147 The intuitive spring-
charge model is very helpful not only for better understand-
ing of existing piezoelectric materials, but also for developing 
novel piezoelectric materials systems. From the discussions 
above, it becomes evident that all the existing piezoelectric 
materials are just examples that fulfill the aforementioned two 
basic requirements. In practice, the general principles ensure 

that a material will be piezoelectric if “dipole” and “matrix” 
phases are artificially engineered into it, leaving a huge space 
for developing new types of pizoelectric materials.

4.2. � Effect of morphology on the piezoelectricity

As already mentioned, the piezoelectric properties of fer-
roelectrets are strongly dependent on the morphology. 
According to the spring-charge model, large charge density 
and big difference in the elastic stiffness of different material 
phases are necessitated in order to have large piezoelectric 
sensitivity. For cellular polymer ferroelectrets, the size and 
shape of the cavities can be adjusted by means of gas-diffu-
sion expansion (GDE) treatment.51–54 For GDE, samples are 
put into a chamber filled with high-pressure gases (usually 
dry air or nitrogen). With sufficiently long storage time, the 
gas molecules diffuse into the cavities, equalizing the internal 
pressure of the cavities and the ambient pressure in the cham-
ber. Then the pressure in the chamber is suddenly released to 
atmospheric pressure, and the polymer foams are inflated due 
to the high internal pressure inside the cavities. The inflated 
structure is stabilized by heat treatment at elevated tempera-
tures during or right after the pressure treatment.

There are two reasons why inflation through GDE is use-
ful for optimizing the piezoelectric properties of ferroelec-
trets. First, cavities with proper size have higher charging 
efficiency. According to Paschen’s law, the breakdown elec-
tric field increases sharply as the gas gap becomes smaller 
than about 6 µm (cf. curve 1 in Fig. 10). Very often, cavities 
spontaneously open up during stretching the polymers that 
contain tiny mineral particles are in the range of about 1 µm, 
too flat for efficient charging because the plasma electrons 
cannot be accelerated sufficiently to ionize the gas molecules. 
Second, as demonstrated in previous subsections, the piezo-
electric activity of ferroelectrets depends on the effective 
polarization and the elastic modulus. Figure 13 schematically 
shows the relationships between the structure, elastic and 
piezoelectric properties of cellular ferroelectrets.45 Overall, 
an inversely U-shaped behavior is observed for the piezo-
electricity with regard to the sample structures.45,148–150 Films 
with small cavities are relatively stiff and therefore show only 
low piezoelectric activity. Controlled increase of the cavity 
heights by means of inflation with GDE decreases the elas-
tic stiffness and increases the piezoelectric activity. Further 
inflation, however, leads to more spherical cavities and a 
strong increase in the elastic stiffness, which is detrimental 
to the piezoelectric activity. Such a U-shaped dependence is 
also confirmed in numerical simulation.151

Tuncer et al. carried out numerical simulations on two- and 
three-layer electret systems with uniform and non-uniform  
charge distributions by coupling the electric field with the 
stress–strain equations through the Maxwell stress tensor.152 
Various parameters in the model are comprehensively stud-
ied regarding their influence on the resulting piezoelectric-
ity. It was shown that non-uniform surface charges and low 
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Poisson’s ratio of material phases lead to high piezoelectric 
activity. Von Seggern et al. studied theoretically and exper-
imentally the charging behavior and the resulting piezo-
electricity of three-layer FEP/ePTFE/FEP ferroelectret 
sandwiches.82–84 For charging, the important parameters are 
the thickness ratio of the solid and porous layers as well as 
the breakdown strength of the porous layer which is depen-
dent on the porosity and thickness of the porous layer. For 
piezoelectric activity, Young’s modulus of the porous layer 
also plays an important role. These results deepen the under-
standing of the underlying physics and can be used for opti-
mizing the ferroelectret sandwiches.

As for ferroelectrets with regular cavity structure, the effect 
of morphology has only been preliminarily investigated in a 
few works. Altafim et al. studied the resonance frequencies 
of tubular-channel FEP ferroelectrets with different channel 
geometries.153,154 Ferroelectret samples with different chan-
nel heights or widths show characteristic piezoelectric res-
onances. These results can be used to develop ferroelectrets 
with desired resonances or flat resonance regions for specific 
applications. Ferroelectrets with multi-layer tubular channels 
have also been studied.155,156 Samples were fabricated by 
laminating multi-layer stacks consisting of alternative FEP 
films and PTFE templates. Channels were created with three 
arrangements, namely, superimposed, complementary and 
crossed.156 Samples with two superimposed channel layers 
show the highest piezoelectric activity with d33 coefficients 
three times that of samples with a single channel layer. Other 
arrangements do not lead to noticeable improvement of the 
piezoelectric activity. Some may even result in lower piezo-
electric activity, which is attributed to insufficient charging of 
the channels and harder sample structures. In general, ferro-
electrets with regular cavity structure are fabricated more or 

less in an empirical manner. Very often the cavity dimensions 
are 0.5 or 1 mm or so, due probably to the convenience in 
handling. The effect of morphology should be comprehen-
sively studied as well in order to better the understanding 
and possibly further improve the performance of this type of 
ferroelectrets.

4.3. � Stability of the piezoelectricity

For applications of ferroelectret films, both sensitivity and 
stability of the piezoelectric activity are important. Stability 
of cellular PP ferroelectrets has been comprehensively stud-
ied in a few papers,42,157,158 while in many other works, it is 
often investigated to some extent without being the focus of 
the study. Above the glass transition temperature of about 
10°C, the piezoelectric coefficients of cellular PP ferroelec-
trets increase with increasing temperature due to a soften-
ing of the films. The piezoelectric activity starts to decay 
irreversibly at temperatures above 60°C, which is ascribed 
to detrapping of charges captured on the internal surfaces 
of cavities (Fig. 14). In addition to the thermally-stimulated 
depolarization, the piezoelectric activity is also influenced 

Fig. 13.  Schematic dependence of the piezoelectric activity (left 
ordinate) and the elastic stiffness (right ordinate) of polymer foam 
ferroelectrets on sample density, and cross sections of the corre-
sponding cellular structures.45

(a)

(b)

Fig. 14.  Piezoelectric d33 coefficients (a) and elastic moduli c33 (b) 
as a function of temperature for three different types of cellular PP 
ferroelectrets. The data were determined from dielectric resonance 
spectroscopy.42
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by the instability in the cellular sample structures caused 
e.g., by gas penetration in varying ambient pressure and/or 
by pre-loaded mechanical stress.158 The piezoelectric activ-
ity of cellular PP ferroelectrets also decreases upon irradi-
ation with ultraviolet light at wavelengths shorter than 210 
nm due to partial photostimulated discharge mostly within 
the surface layer.159 However, it was found that the piezo-
electric activity of cellular PP ferroelectrets is almost inde-
pendent of humidity during long-time storage in a humid 
atmosphere or even in distilled water,42 coincident with the 
excellent hydrophobicity and extremely low water-vapor 
permeability of PP.

Proper chemical modifications are shown to be effec-
tive for improving the charge ability of electrets.160–167 Such 
approaches are applicable to ferroelectrets since the charges 
are trapped on the inner surfaces of cavities. Surface modi-
fication through gas phase fluorination results in higher sen-
sitivity and thermal stability of the piezoelectric activity of 
cellular PP ferroelectrets.168,169 The piezoelectric d33 coeffi-
cients of the treated samples retain 58% and 45% of the ini-
tial values after 151 h and 224 h storage at 70°C and 90°C, 2 
and 3 times higher than that of virgin samples, respectively. 
Modification with suitable chemical solutions either in liq-
uid or in vapor phase is also effective. Rychkov et al. carried 
out a treatment on tubular-channel low-density polyethylene 
(LDPE) ferroelectrets prepared through the template-based 
thermal lamination technique90 with orthophosphoric acid, 
and achieved an improvement in the thermal stability of the 
piezoelectric activity by 40 K.170 Even better results have 
been achieved through the gas-phase modification of the 
inner surfaces of the ferroelectret channels using molecular 
layer deposition technique. In Ref. 171, Rychkov and Altafim 
treated the inner surfaces of the FEP tubular channels with 
titanium-tetrachloride vapor to achieve about 100°C improve-
ment in the thermal stability of the piezoelectric coefficients.

Higher stability of the piezoelectricity is achieved by 
preparing cellular foams from thermally more stable poly-
mers. Cellular polyester ferroelectrets show large piezoelec-
tric activity stable at least up to 80°C.56–58 COC and FEP are 
space-charge electrets with outstanding thermal stability, 
and are also employed for making cellular ferroelectrets. 
However, it is more difficult to foam and to optimize the 
cellular structures for more stable base polymers. Both cel-
lular COC and FEP ferroelectrets show relatively low piezo-
electric sensitivity.59,62 In particular, it is quite challenging 
to fabricate cellular films from fluoropolymers because of 
their poor mechanical properties and severe creep behavior. 
Alternatively, ferroelectrets with soft/hard multi-layer struc-
ture and with regular cavity structure are created from poly-
mers of high thermal stability. Such ferroelectrets are usually 
quite soft and may exhibit large piezoelectric activity with 
a thermal stability up to 120°C or even higher. However, 
the transducer performance show strong dependence on the 
mechanical stress due to the high compressibility of the ferro-
electret films. Large piezoelectric sensitivity is obtained only 

at low mechanical stress. Under higher mechanical stress, the 
samples become stiffer, leading to substantial decreases in 
their piezoelectric coefficients.81,87,90 It should be noted that 
instability of the piezoelectric activity against mechanical 
stresses exists for all transducer materials. In order to take 
full advantage of ferroelectrets, their instability must be com-
prehensively studied. Once the behavior is precisely under-
stood, it can be easily taken into account in many device 
applications.

5. � Applications

Ferroelectrets combine large piezoelectricity and elastic com-
pliance and mechanical flexibility, and therefore are quite 
promising for a wide range of applications. Several products 
such as music pick-ups, flexible keyboards, smart bed sensors 
for health and sleep monitoring (EMfit QSTM) based on cel-
lular PP ferroelectret films (so-called EMFi sensors, where 
EMFi means electromechanical films) produced by VTT in 
Finland have already been commercialized. A lot of other 
applications and device prototypes are being conceived and 
under investigation in laboratories all over the world, includ-
ing applications in tactile sensors,29,30 in health monitoring,31 
in energy harvesting for low-power electronic devices,32–35 
and in air-coupled ultrasonic transducers.36,37,172 Here, a few 
representative examples will be discussed to demonstrate the 
large application potential of ferroelectrets.

Ferroelectret sensors have been studied for potential 
applications in sensation of robotic hands and health moni-
toring. Fang et al. prepared ferroelectret skin sensors for the 
acquisition of sensation signal in robotic hands.173–175 It was 
found that the ferroelectret sensors can capture and distin-
guish touching and slipping signals based on the quite differ-
ent features between these two types of signals, an important 
functionality for the operation of robotic hands. In Refs. 
176 and 177, a ferroelectret-based force myography (FMG) 
system was developed to record and identify body motions 
such as different hand and wrist movements. The employed 
sensors were made of cellular PP ferroelectret films with 
electrodes on both surfaces. Eight ferroelectret-sensor units 
were attached at selected positions on the forearm surface 
(Figs.  15(a) and 15(b)) to form eight-channel FMG maps. 
In total, eight able-bodied subjects were tested. Six com-
mon upper-limb motions as shown in Figs. 15(c)–15(h) were 
chosen for the study. For each motion, clear eight-channel 
force signals were recorded by the highly sensitive ferroelec-
tret sensors. The FMG patterns were analyzed to classify the 
motions. It was shown that evaluation of the FMG patterns 
by means of linear discriminant analysis and artificial neural 
network algorithms results in an average motion-classification 
accuracy of 96.1% and 94.8% for the upperlimb motions, 
respectively. In addition to body-motion recognition, ferro-
electret sensors for health monitoring by detecting physiolog-
ical pulsatile signals such as heart rate and respiration have 
been proposed and investigated in a number of studies.178–181
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Wirges et al. showed that combination of dielectric elasto-
mer actuators (DEAs) and ferroelectrets into a single device 
may bring forth novel functionalities that are promising for 
potential applications.182 A bending actuator was prepared 
by sandwiching a prestretched DE film with purposely 
designed flexible and rigid frames. The flexible frame was 
made of 100 µm thick PET film, having two circular holes 
with a diameter of 30 mm each and a square hole with a side 
length of 30 mm, while the rigid one was made of 2 mm 
thick acryl plate (Fig. 16 top left). Both surfaces of the cir-
cular parts of the DE films were metallized with 50 nm thick 
gold electrodes. Then, the DE film within the square area of 
the flexible frame was removed, and a tubular-channel FEP 
ferroelectret was mounted there. Finally, the device was set 
free, and the central part of the device without rigid frames 
bended thanks to the elastic energy released by the DE film, 
forming a self-organized minimum-energy structure that can 
be used as a bending actuator.183–185 The actuator unfolds by 
applying a voltage to the electrodes, and the bending angle 
decreases with increasing applied voltage. Figure 16 bottom 
shows that the bending angle is 101 and 60° at an applied 
voltage of 0 and 2 kV, respectively. It was found that the 
antiresonance frequency (fp) of the FEP ferroelectret changes 
monotonically with the bending angle of the bending actu-
ator. It decreases from 90 to 80 kHz as the applied voltage 
increases from 0 kV to 2 kV. Therefore, the fp of ferroelectrets 
can be employed for in-situ monitoring of the actuation of 

DEA devices. On the other hand, the actuation of DEAs can 
be used for modulating the fp of ferroelectrets, an important 
parameter for the application of ferroelectrets. Combination 
of DEAs and ferroelectrets opens up various new possibilities 
for applications.

Ferroelectrets show promising potential for electro-
acoustic applications covering the audio to the ultrasound 
frequency range. Kodama et al. designed a cellular PP piezo-
electret-based vibration sensor for acoustic-electric guitars, 
and studied its performance in comparison with conven-
tional sensors based on PZT.186 It was shown that only the 
piezoelectret sensor can detect the vibration of the sound-
board over a wide frequency range from 300 Hz to 10 kHz, 
although its sensitivity is lower than that of PZT sensor. 
Using piezoelectret sensors, Gidion and Gerhard studied the 
vibrational properties of a violin during bowing.187 Two fer-
roelectret sensors were mounted at the tip and the frog of the 
violin bow (Fig. 17), and signals from the violin played under 
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(a) (b)

(c) (d)

(e) (f)

(g) (h)

6
7
8

1
2
3

Fig.  15.  (a) and (b) Placement of cellular PP ferroelectret sen-
sors. Detection of different body motions using the cellular PP  
ferroelectret sensors. (c) Hand-opening, (d) Hand-closing,  
(e) Wrist-extension, (f) Wrist-flexion, (g) Wrist-pronation, and  
(h) Wrist-supination.176

Fig. 16.  Top: A self-organized minimum-energy dielectric elasto-
mer actuator. Schematic view of the thin plastic film frame (area 
constructed with solid lines) and two stiffening pieces (hatched ar-
eas enclosed with dashed lines) (left), and a digital photo of a sam-
ple (right). Bottom: Digital photos of a minimum-energy bending 
actuator equipped with an FEP ferroelectret at a driving voltage of 
0 kV (left) and 2 kV (right), respectively. The actuator, with two red 
dots marked on the side of each piece of the stiff frames, was placed 
behind a goniometer.182

Fig. 17.  Cellular PP ferroelectret sensors fixed by bow-hair ten-
sion at the tip (a) and near the frog (b) of a violin bow.187
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normal conditions were detected and analysed. From the time- 
resolved spectra of the signals, the bowed-string harmonics 
and trends of the longitudinal bow-hair modes are identified. 
The sensors can also provide vibrotactile input that is valu-
able for the player-instrument interaction.

Gutnik et al. studied the acoustical signatures from par-
tial discharges in a predesigned discharge gap by using fer-
roelectret sensors.188 A transducer prototype with a shielded 
aluminum case was developed by connecting a preamplifier 
directly to a tubular-channel FEP ferroelectret made through 
a thermal-lamination technique.90 The reproducibility of the 
transducer response was confirmed by sound measurements 
based on the ASTM E976-10 standard. Partial discharges 
were generated by means of a 2 mm long point-to-point 
spark gap, which was mounted inside a cylindrical mesh 
filled with foam. A circular hole was cut into the foam for the 
propagation of the acoustic waves from the gas to the trans-
ducer (Fig.  18(left)). Partial-discharge measurements were 
performed firstly inside a cubic anechoic chamber (Fig. 18 
(right)). Then, the spark gap was enclosed with an aluminum 
box (still inside the anechoic chamber) and the transducer 
was placed onto the box in direct contact. The latter arrange-
ment is more similar with real situations of high-voltage 
devices. It turns out that the echo resonances of the metal 
box and the resonances of the ferroelectret sensors strongly 
influence the recorded signals. Nevertheless, ferroelectret 
sensors are sensitive enough to detect practical discharges 
with good reproducibility. Therefore, it is shown that mon-
itoring high-voltage devices such as transformers is another 
field of application for ferroelectrets. This is a vitally import-
ant field since partial discharges can strongly influence the 
performance and the operating life of high-voltage devices.

6. � Conclusions

Nonpolar space-charge polymer foams and polymer-film 
systems with internally charged cavities (so-called ferroelec-
trets) are a relatively young class of piezoelectric materials. 

So far, significant progress has been made in the research and 
development of ferroelectrets. After the pioneering work on 
cellular PP ferroelectrets, numerous novel ferroelectrets have 
been developed using a variety of preparation strategies. In 
particular, ferroelectrets with well-controlled regular cavity 
structures have been made of high-performance base poly-
mers such as fluoropolymers. Such ferroelectrets exhibit 
large and thermally stable piezoelectric sensitivity, and lend 
themselves easily to laboratory or industrial scale production 
with good reproducibility.

Charging of ferroelectrets is realized by DBDs inside 
the cavities and subsequent charge trapping on the internal 
surfaces. Detailed studies on the charging process by means 
of optical, electrical and electro-acoustic methods reveal the 
underlying physics of the threshold charging behavior, polar-
ization saturation, gas ionization during DBDs, and fatigue 
under repeating voltage cycles. Butterfly curves and polariza-
tion-versus-electric-field (P(E)) hysteresis loops in ferroelec-
trets are observed through an electroacoustic method together 
with dielectric resonance spectroscopy. P(E) hysteresis loops 
are also determined using a modified Sawyer–Tower circuit. 
These findings not only confirm the “ferroic” behavior of 
ferroelectrets, but also bring forth charging methods of high 
efficiency. The internally charged cavities form the “dipole” 
phase of ferroelectrets. Since the gas-filled cavities are much 
softer than the polymer walls between them, ferroelectrets 
possess primary piezoelectric effect (dipole moment effect).

Ferroelectret research will for sure continue to be an 
active and challenging field. Now, ferroelectrets with out-
standing piezoelectric properties are becoming available. In 
order to take full advantage of these ferroelectrets, influence 
of the morphology as well as the thermal and mechanical 
instability of the piezoelectric activity should be comprehen-
sively studied. As the knowledge of ferroelectrets advances, 
it might even be possible to have custom-made ferroelectrets 
which can be designed and tuned based on specific applica-
tions. There has been constant interest in the application of 
ferroelectrets because of their excellent overall performance. 

Fig. 18.  Schematic view of the point-to-point spark gap device (left), and image of the experimental setup including the ferroelectret trans-
ducer and spark gap inside an anechoic chamber.188
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More and more attractive applications research, devices pro-
totypes, and eventually more products on the market can be 
expected in the foreseeable future.
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