
 1 

 

Ferroelectret materials and devices for energy harvesting 

applications 

 

 

Yan Zhanga, b, Chris Rhys Bowena, Sujoy Kumar Ghoshc, Dipankar Mandalc, 

Hamideh Khanbareha, Mustafa Arafad, Chaoying Wane 

 

a Materials and Structures Centre, Mechanical Engineering, University of Bath, Bath, BA2 7AY, UK 

b State Key Laboratory of Powder Metallurgy, Central South University, Changsha, 410083, China 

c Department of Physics, Jadavpur University, Kolkata, India 

d Mechanical Engineering Department, American University in Cairo, Egypt 

e International Institute for Nanocomposites Manufacturing, University of Warwick, CV4 7AL, UK 

 

Abstract  

 

This paper provides an overview of ferroelectret materials for energy harvesting 

applications. These materials take the form of a cellular compliant polymer with 

polarised pores that provide a piezoelectric response to generate electrical energy as 

a result of an applied strain or surrounding vibration. The manufacturing processes 

used to create ferroelectret polymer structures for energy harvesting are discussed, 

along with the range of microstructural features and pore sizes that are formed. 

Their important mechanical, electrical and harvesting performance are then 

described and compared. Modelling approaches for microstructural design or for 

predicting the vibrational and frequency dependent response are examined. Finally, 

conclusions and future perspectives for ferroelectret materials for energy harvesting 

applications are provided.  
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1. Introduction  

 

Porous non-polar polymers that exhibit ferroelectric-like behaviour when subjected 

to a high electric field can be classified as ferroelectret materials [1]. Ferroelectrets 

are a class of piezoelectrically-active polymer foam whereby a gas, such as air, within 

a macro-sized pore space (typically >1 m) can be subject to electrical breakdown 

during the application of a high electric field by a corona poling process. The 

microplasma discharges which are formed as a consequence of the breakdown of air 

within the pore space are deposited on the upper and lower pore surfaces of the 

polymer [2], as shown in Fig. 1(A). This structure has some similarities to the atomic 

scale dipole configuration in ferroelectric materials, which originates from the 

asymmetric arrangement of the negative and positive atoms and remnant 

polarisation after being subjected to an electric field above its coercive field during a 

similar poling process. As with ferroelectrics, ferroelectret materials can also exhibit 

dipole switching and polarity reversal as the direction of the applied electric field is 

switched, leading to the formation of a theoretical hysteresis loop as shown in Fig. 

1(B). In such a loop the threshold voltage in Fig. 1(B) for breakdown within a pore is 

analogous to the coercive field for a ferroelectric. Once the polarised pores are 

formed, an electroded ferroelectret will attract surface charges, as in Fig. 1A, and if 

the polarisation of the pores is changed by a mechanical stress or a temperature 

change there is a redistribution of surface charge and an electric current will flow. 

Ferroelectrets are therefore both piezoelectric and pyroelectric and such properties 

have recently attracted interest in energy harvesting applications. Ferroelectrets are 

also referred to as piezoelectrets or piezo(ferro)electrets [3-6]; although we will 

describe these polarised cellular materials as ferroelectrets throughout the review 

for consistency and ease of any analogies with ferroelectrics1.  

 

Energy harvesting involves scavenging ambient sources of energy, which are often 

otherwise wasted and converting them into usable electrical energy; examples of 

energy sources include heat, light and mechanical vibrations. This is often achieved 

                                                      
1 For example, not all piezoelectrics are ferroelectric and exhibit polarization reversal with an applied 

electric field (e.g. quartz, AlN, ZnO). 
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with the help of electroactive materials or structures [7-10] and the advantage of 

energy harvesting is that a wired external electrical power source or battery is not 

necessary, resulting in more compact device configuration, less maintenance and 

reduced cost. While conventional ferroelectrics have attracted interest in both 

piezoelectric (vibration) and pyroelectric harvesting (heat fluctuations), 

ferroelectrets have been predominately considered to date for harvesting 

mechanical motion. This is a result of their high piezoelectric coefficients; for 

example piezoelectric coefficients (charge per unit force) in the poling direction as 

high as d33 ~ 495 pC/N have been achieved in a ferroelectret polymer [11], compared 

with d33 ~ -17 pC/N for a polyvinylidene difluoride  (PVDF) ferroelectric polymer [12] 

and d33 ~ 500 pC/N in a lead zirconate titanate (PZT) ferroelectric ceramic which is 

brittle (low fracture toughness) and has a high stiffness compared to the porous 

polymer ferroelectret materials [13].  

As described by Uchino [14] and Deutz et al. [15], d33 is not the only factor for 

predicting energy harvesting performance, and for piezoelectric materials the energy 

harvesting figure of merit (FoM33) has been derived by Islam and Priya [16] and this 

is of relevance for ferroelectrets where: 

𝐹𝑜𝑀33 = 
𝑑33

2

𝜀33
𝑋⁄                            (1). 

where 𝜀33
𝑋  is the permittivity at constant stress. Clearly the advantage of 

ferroelectrets is the combination of a high piezoelectric d33 coefficient and a low 

permittivity of the cellular polymer structure.  

 

Less work has considered ferroelectrets for pyroelectric harvesting since they simply 

exhibit much smaller pyroelectric coefficients, e.g. ~0.25 µC/cm2K in ferroelectret 

polypropylene [17] compared to -27 µC/cm2K for ferroelectric PVDF [18] and 450 

µC/cm2K for a PZT [19]. The poor pyroelectric coefficients of a ferroelectret, 

compared to its excellent piezoelectric response are a result of the highly compliant 

nature of ferroelectrets, which leads to a large change in dimension of the charged 

pore with pressure and therefore large changes in polarisaton under mechanical 

loads; however there is likely to be only a small change is pore size with 

temperature. In contrast, for a ferroelectric the polarisation is at the atomic scale 
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and changes to a much larger degree with temperature, leading to high pyroelectric 

coefficients. While the temperature insensitive characteristic of ferroelectrets makes 

them poor thermal sensors or harvesters, it has the potential to be beneficial for 

thermally stable electromechanical devices, such as mechanical sensors, actuators, 

keyboards, microphones and loudspeakers.  

 

The aim of this review is to provide an overview of ferroelectret materials for energy 

harvesting applications; in particular the harvesting of vibration and strain, which 

leads to changes in the dimensions of the polarised pores, and a change in the level 

of bound charge to produce an electric current. A number of other excellent reviews 

and book chapters exist with regard to ferroelectret materials [20, 21] which mainly 

focus on their manufacture routes [18, 22], fundamental properties [23, 24], 

modelling methods [25], and applications related to transducers such as sensors [1, 

2, 26]. Electrets that exhibit no hysteresis behaviour are also of interest but are not 

covered in this review and the reader is refereed to some key summaries in this area 

[27, 28].  

 

This review will provide an overview of the materials and manufacturing methods 

used for ferroelectrets, with a particular emphasis on those used for energy 

harvesting devices and nanogenerator applications. The characterisation and 

properties are then described, along with modelling of the materials and, in 

particular, their response to dynamic mechanical loads since the materials are likely 

to be used in vibration energy harvesting applications. Finally, examples of the 

applications of ferroelectrets in energy harvesting are overviewed along with 

potential future avenues of research. 
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Fig. 1 (A) Schematic of ferroelectret material where Ps is the polarisation direction 

and (B) the hysteresis loop in a single-pore ferroelectret. 

 

 

2. Materials and manufacture of cellular ferroelectrets and nanogenerators  

 

2.1. Fundamental Mechanism 

 

Fig. 2 illustrates the working mechanism of the ferroelectrets. The pores whose 

surface must be smooth and continuous without holes [29] can be charged as a 

result of Townsend breakdown induced by the application of high poling field, e.g. 

direct contact poling or corona poling (Fig. 2(A)). Trapped charges with opposite 

polarities are then formed on the upper and lower internal surfaces of the voids, to 

create a dipole-like macroscopic structure, as shown in Fig. 2(B). Unlike the ion 

displacements in a unit cell lattice of traditional ferroelectric materials when 

subjected to mechanical stress, the macroscopic electromechanical behaviour of 

ferroelectrets are a result of the deformation of charged voids, leading to the change 

of the polarisation. Accordingly, the bound surface charges are free to flow in an 

electric circuit, shown in Fig. 2(C), which is the basic macroscopic mechanism for 

ferroelectrets used for, sensing [30, 31], and energy harvesting [32, 33]applications. 

For actuation, the application of an electric field leads to elongation of the pores, 

and the reader is referred to [34, 35] for further details in this area. 
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The longer the trapped charges can be sustained at the pores, the more stable the 

dipole-like macroscopic structure becomes, leading to better piezoelectric 

performance of the ferroelectret with time. There are a number of factors 

influencing the stabilisation of the trapped charges at/near the internal interfaces, 

these include the nature of the polymer and its electrical properties such 

conductivity and dielectric loss, the ratio between the width and length of the 

elongated pore channel, the thickness of the sample, and any surface modification. 

This fundamental behaviour of ferroelectret has been reported broadly in a number 

of excellent general reviews and books [1, 22, 23, 36, 37]. 

 

 

 

Fig. 2 Schematic of the working mechanism of ferroelectret. (a) Townsend breakdown under a high 

poling voltage, that follows Paschen’s law for breakdown in air, (b) charged sample having 

positive/negative electrical charges on the opposite faces of the polymer surfaces with the 

polarisation of 𝑃𝑠
⃗⃗  ⃗, (c) piezoelectrically induced charge flow when external force applied along the 

polarisation direction. 
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2.2. Materials 

 

While conventional ferroelectric polymers, such as polyvinylidene difluoride (PVDF) 

and its copolymers [38], generate piezoelectricity due to the ferroelectric orientation 

of dipolar crystals, cellular ferroelectret polymers have expanded the applications of 

non-polar polymers as high performance piezoelectric materials. Thermoplastic and 

non-polar polymers such as polyurethane (PU), polyolefin (PO), cyclo-olefin polymers 

(COP) have been used to create ferroelectrets. Copolymers (COC), polyvinyl chloride 

(PVC), fluoropolymer, poly (ethylene terephthalate) (PET) and poly (ethylene 

napthalate) (PEN) have also been used, and the range of polymers used for energy 

harvesting applications is outlined in Table 1. Since there is a need to maintain the 

highly charged pores, the polymer should ideally be a good dielectric and electrically 

insulating. The polymer ferroelectret foam can be considered as a composite 

consisting of a gas phase dispersed in a solid polymer matrix, where the gases are 

generated using physical or chemical blowing agents, which dissolve in liquid 

polymer or polymer melt under high temperature and pressure.  

 

2.2 Manufacturing  

 

During the poling process, as the applied electric field in the pore space reaches a 

threshold electric field, as in Fig. 1B, there is initiation of Townsend breakdown [39] 

for dielectric barrier discharge. The required voltage is based on Paschen’s law [40] 

and the charged pores create the dipole structure of the ferroelectrets. Either 

contact poling or corona poling are effective to achieve a polarized porous polymer 

when the electric field reaches the critical breakdown field [41] to initiate air 

breakdown. To obtain a high electro-mechanical response, a cellular geometry or 

lens-shaped pore is desirable as shown in Fig. 3A due to the relatively low elastic 

stiffness of such a configuration in the polarisation direction [40], with the width and 

length of the void typically > 10 m and few m [42, 43]. The variation of breakdown 

voltage and field with pore height (spacing) is shown in Fig. 3B, where at a pressure 

of  1 atmosphere the y-axis corresponds to spacing. 
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Fig. 3 (A) Schematic of the relationship between piezoelectric activity (thick black line), elastic 

stiffness (thin red line) and sample density [40] (Reproduced with permission, Copyright 2006, John 

Wiley and Sons), (B) influence of gap spacing between top and bottom electrodes on the gaseous 

breakdown voltage at a pressure of 1 atmosphere [44]. Creative commons licence. 

 

2.2.1 Foaming processes 

 

Various foaming technologies, such as injection moulding and extrusion foaming, 

and cross-linked polyolefin foaming have been applied to create polymer based 

cellular structures for ferroelectrets. Alternatively, cellular structures are also 

created by stretching particulate filled polymers, where the voids originate from the 

interfacial delamination between different materials. As outlined in Fig. 2, a poling 

treatment of the cellular structure is necessary through direct electrode contact, 

corona or soft X-ray poling that leads to Townsend breakdown of the gas inside the 

voids, thus creating macro-dipoles. Therefore, thermoplastic closed celled foam 

structures are useful for ferroelectrets.  

 

The dimension, shape and porosity of polymer foams affect the piezoelectric 

response. Polymeric ferroelectrets are generally macrocellular structures, with cell 

sizes of ˃ 50 µm and cell densities ˂ 106 cells/cm3 [45]. Small pore sizes (<< 10 µm ) 

or very large pores (>> 100 µm) are undesirable because they require large voltages 

for breakdown, see Fig. 3B. The size of the voids can be varied by the foaming 

conditions such as polymer viscosity, composition, foaming pressure and 

temperature [46, 47], inflation conditions, as well as post-processing parameters 
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(time, temperature, and pressure). The shape of the voids, in particular the aspect 

ratio, can be adjusted by stretching or compression. Anisotropic foams with flat disk 

or lens-like closed-cell voids with an aspect ratio (ratio of cell length/height) greater 

than four are preferable for ferroelectrets; this provides a sufficiently low 

compliance to ensure a large change in pore shape and therefore polarisation with 

an applied load, see Figure 3A. [24, 26, 48] 

 

Polyethylene-naphthalate (PEN) ferroelectrets with average pore heights below 8 

µm were prepared by using a ‘voiding – inflation – stretching’ process. The 

piezoelectric coefficient d33 was increased by increasing the poling voltage from 4 kV 

to 8 kV. A higher d33 was observed when the samples were charged at elevated 

temperature just below the glass transition temperature of PEN, although the elastic 

modulus of the PEN ferroelectrets was decreased upon thermal treatment [49]. 

When the polypropylene (PP)-foamed films were exposed to a gradual temperature 

and pressure increase, an appropriate cellular structure with high aspect ratio ~ 6.6 

was obtained. This structure led to a high quasi-static piezoelectric d33 coefficient of 

800 pC/N (45% higher than untreated ones) [50]. Wu et al. [51] used a biaxial 

orientated polypropylene film, as seen in Fig. 4, which was initially placed in a 

chamber at 2 MPa at 100°C for three hours. A rapid decrease of pressure leads to 

the film expanding forming oval shaped pores for subsequent charging by a poling 

process and electroding to create the final device for self-powered health sensors.  

 

 

Fig. 4 (A) Schematic of fabrication process. Cross-section view of cellular polypropylene (B) before and 

(C) after expansion process. (D) Image of final poled and electroded device [51]. (Reproduced with 

permission, Copyright 2015, John Wiley and Sons) 
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A green foaming process has been developed that uses a supercritical fluid, such as 

carbon dioxide instead of chemical blowing agents [52]. The metastable gas 

dispersion is then locked in the polymer matrix via solidification during the foam 

expansion process. The solidification process can be completed via crosslinking of 

the polymeric precursors, or vitrification or crystallization of the polymer matrices.  

 

Luo et al. [53] used a blowing agent that was mixed with a polymer solution to 

create thick film ferroelectrets for energy harvesting that could be moulded and 

cured into the desired shape. The ferroelectrets could be formed with a thickness of 

several hundred microns to several millimetres and the void size was controlled by 

heating time and temperature. As a newly developed alternative to foaming, Yan et 

al. recently used freeze casting as a route to form aligned porous polymeric 

microstructures [54]. 

 

2.2.2 Sandwich layer architectures 

 

Porous sandwich structures consisting of dense outer layers of fluorinated ethylene 

propylene (FEP) and an inner porous layer based on a fibrous 

polytetrafluoroethylene (f-PTFE) have been formed for self-powered sensors; see Fig. 

5. These were produced by a low-cost hot pressing at 5 MPa and ~285 °C, followed 

by metallisation and corona poling. The additional interfaces between the FEP and f-

PTFE was thought to improve surface charge density, Fig. 5e [55], and resulting 

electromechanical properties. An innovative and simple approach to prepare 

sandwich structure was presented by Shi et al. [5] who used a conventional porous 

foam sandwiched between two FEP films with aluminium upper and lower 

electrodes. 
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Fig. 5 Fabrication of sandwich composite fluorocarbon (SCF) film. a) Schematic of fabrication process. 

b) Image of film, and c) cross-section of SCF film. d) Enlarged view of f-PTFE layer in the SCF film. e) 

Surface potential decay with time of f-PTFE, FEP, and SCF films of same thickness of ~50 μm. [55] 

(Reprinted with permission John Wiley and Sons.) 

 

2.2.3 Micro-patterning methods 

 

Pores have also been produced by a variety of micro-patterning processes to create 

ferroelectrets for energy harvesting. Zhang et al. [3, 4, 6] used a process outlined in 

Fig. 6 whereby FEP was used as the material which was fused together at high 

temperature.  A soft pad with two thin FEP films on its upper and lower surfaces was 

clamped between two patterned templates with a grooved architecture (see Fig. 

6B). Hot pressing at 100°C leads to patterning of the films as the FEP fills the grooved 

structure (Fig. 6C). The soft interlayer pad is subsequently removed (Fig. 6D) and the 

two FEP films are then fusion bonded at a higher temperature of 320°C (Fig. 6E) to 

create the FEP porous structure (Fig. 6F).  

Shi et al. [56] have used patterning of polydimethylsiloxane (PDMS) to create 

ferroelectret structures for harvesting. Moulds were formed by 3D printing and used 

for moulding PDMS which were subsequently detached and plasma bonded to a 

dense PDMS layer to form the voids for corona poling. A further development of the 
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process [57] used PVA to coat the inner voids to improve the degradation of 

polarisation over time.  

 

Fig. 6 Schematic of preparation of laminated FEP ferroelectret films. A is the template used in this 

procedure. B is the composition of a stack used for the preparation. C, D, and E are the steps of hot 

pressing at an elevated temperature of 100 °C, removal of the soft pad and fusion bonding above the 

melting point of FEP, respectively. F is a view of the completed FEP film. [4] Copyright 2018, Elsevier. 

 

Patterning to form PDMS based ferroelectrets for energy harvesting has also been 

reported by Kachroudi et al. [58-60]. A low-cost method was developed to create a 

mould to form microcavities. A photomask was initially bonded to a photosensitive 

film (Riston MM540), see Fig. 7-1, and then inserted in a UV lithography system to 

cure, Fig. 7-2. The photosensitive film was then developed to form moulds with a 

height of 40 m and features with a diameter of 100 m. A structured cellular PDMS 

layer was then formed by spin coating PDMS onto the mould, as in Fig. 7-4. After 

dicing to size (Fig.7-5.) bulk/dense PDMS was plasma bonded to the PDMS moulded 

section to create the cellular structure; Fig. 7-6.  Clearly the use of three-dimensional 

printing or lithography provides significant scope to create uniform and highly 

designed pore geometries. 
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Fig. 7 Fabrication process flow of the micro-structured PDMS ferroelectret material. [60] (Copyright 

2015 IOP Publishing) 

 

2.2.4 Self-poled systems 

One advantage of using PVDF and its related copolymers it that it can provide 

additional functions to a ferroelectret due to its inherent polar C-F bonds and the 

potential for spontaneous generation of electroactive β- or γ- crystal phases. The 

foaming or incorporation of nanoparticles can further induce the formation and 

orientation of the polar crystal phases, and it has been reported that this can 

contribute to a ‘self-poled effect’, which eliminates the need for electrical poling or 

mechanical stretching processes. Mandal et al.[61] has developed metal particle 

filled porous polymer membranes for self-powered nanogenerators based on this 

mechanism; see Fig. 8A. 
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Fig. 8. (A) Fabrication of porous P(VDF–HFP) based composite membrane nanogenerators, where in (i) 

in situ Pt-NPs embedded porous membrane is shown, (ii) top and bottom silver electrode printing 

process and connection of two electrical leads, (iii) PDMS encapsulating process. (B) Schematic of the 

mechanism of pore formation, and a SEM image of the morphology of the membrane. (C) 

Polarisation-Electric field loop of porous P(VDF–HFP) based composite. Reprinted from [61] , with the 

permission of AIP Publishing. 

 

Self-polarised porous poly(vinylidenefluoride-co-hexafluoropropylene) P(VDF–HFP) 

based composite membranes were prepared using the three steps shown in Fig. 8A 
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[61, 62]. Composites of P(VDF-HFP) containing different amounts of platinum salt 

(H2PtCl6 ˑ6H2O) were prepared by solution casting to form films with a thickness of 

~150 µm (Fig. 8(a-i)). Silver electrodes were then painted on the top and bottom side 

of the film and then conducting wires were attached to both electrodes using silver 

paste and dried at 60 °C (Fig. 8 (a-ii)). The films were then encapsulated with poly 

(dimethylsiloxane) (PDMS) layers and cured to form flexible nanogenerators (Fig. 8 

(a-iii)). As shown in Fig. 8b, the coordination of the water molecules of H2PtCl6•6H2O 

with the solvent dimethylformamide (DMF) and subsequent evaporation of water at 

high temperature are thought to be responsible for the formation of prolate 

spheroid shaped micro-pores. The use of 2 wt% of platinum nanoparticles (Pt-NPs) 

leads to a material with 85% porosity, with a 1.3 µm average diameter and an 

average height of 4.25 µm. In addition, the in situ formed Pt-nanoparticles induced 

the formation of an 85% fraction of electroactive β- and γ- phases. The ferroelectret 

nature of the polymer membranes are shown by the square shaped hysteresis loop 

in Fig. 8c, with piezoelectric coefficient d33 ~ -836 pC/N, and piezoelectric voltage 

coefficient g33 ~ -0.035 Vm/N. The as prepared nanogenerators exhibited an open-

circuit voltage of 6V and short-circuit current of 6.4 µA under repeating finger 

pressing at a stress of 1.1 MPa [61], indicating the hybrid polymer nanocomposite 

film is suitable for flexible piezoelectric-based energy harvesters.  The coupling of 

both the self-aligned ferroelectric β-phase and the trapped charges in the pores is 

thought to be responsible for the superior properties of the composites. Following 

the same mechanism, ZnO nanoparticle filled P(VDF-HFP) porous membranes were 

prepared containing 88% ferroelectric phases, with a high longitudinal piezoelectric 

charge coefficient, d33 ~ -15.2 pC/N and a high voltage coefficient g33 ~ -0.076 Vm/N. 

The flexible nanogenerator produced an open-circuit voltage of 9 V and short circuit 

current of 1.3 mAcm-2 under a repeated mechanical impact stress of 0.36 MPa [63].  

A method to create ferroelectret type architectures for energy harvesting without 

the need for a poling process was also described by Xu et al. [64]. In this case a 

cellular ferroelectric polymer (PVDF) had its voids filled with a solid polyelectrolyte 

(Nafion), which is formed by solution casing a PVDF-Nafion blend. The composite 

material is then subjected to high pressure crystallisation to form the ferroelectric β-

phase of PVDF. The piezoelectric potential of the PVDF during the application of 
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stress is thought to lead to the motion of ions in the Nafion filled pores to enhance 

electromechanical performance for harvesting. The reasons for the piezoelectric 

response of the unpoled PVDF is of interest to explore, for example the application 

of high stress during processing.  

 

3. Characterisation and properties of ferroelectrets for energy harvesting  

 

The nature of the ferroelectret material, the manufacturing methods (as outlined in 

section 2), together with the achieved pore characteristics, piezoelectric coefficients, 

dielectric properties and the energy generated from ferroelectret based energy 

harvesters are summarised in this section and are shown in Table 1. 

 

3.1 Typical microstructure of ferroelectrets used for energy harvesting 

Mellinger et al. [65] indicated that the piezoelectric properties strongly depend on 

the pore morphology of the ferroelectret material in terms of pore height, pore 

width and pore shape, in particular along the poling direction; this is also shown in 

Fig. 3A. Scanning electron microscopy (SEM) and field-emission scanning electron 

microscopy (FE-SEM) have been employed as methods to examine the pore 

morphology, including for energy harvesting applications, revealing a range of 

architectures and pore sizes; see Table 1. 

Wang et al. [55] employed commercially fibrous PTFE film with internal air bubbles 

with a pore height and pore width of 1-5 µm for charge storage after corona poling; 

the structure is shown in Fig. 9 (A). Such a pore size is almost at the minimum 

breakdown voltage, see Fig. 3B. Moreover, spherical pores were obtained in sponge-

like P(VDF-HFP) film with the maximum pore size of ~ 5 µm [66]. A similar sponge-

like structure in P(VDF-HFP) film was found by employing ZnO nanoparticles as the 

pore former, where the average pore diameter was 0.9 µm, as seen in the field 

emission SEM (FE-SEM) image of Fig. 9 (B) [63]. Moreover, Sujoy et al. [61, 62] 

fabricated a porous P(VDF-HFP) film with prolate spheroid-shaped microscale voids 

whose average pore diameter and pore height were 1.55 and 4.5 µm, respectively, 

as observed in FE-SEM image of Fig. 9 (C).  
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In addition to conventional pore shapes described above, another microstructure 

that exhibited a flower-like morphology was fabricated in an Yb-incorporated PVDF 

film, and the pore size was less than 1 µm, as shown in the FE-SEM image of Fig. 9(D) 

[67]. Ma et al. [68] employed a commercial ferroelectret polypropylene (PP) film 

with a thickness of 38 µm that exhibited a cellular microstructure with a smaller pore 

height of ˂1 µm and pore width of ~2 µm. Unlike the above mentioned polymer-air 

ferroelectret composites, Nafion was used to fill the holes in PVDF with different 

ratios between PVDF and Nafion whose morphologies are in the SEM image of Fig. 

9(E) [64], where the Nafion was subsequently removed by etching. No voids were 

obtained for pure PVDF and low concentrations of Nafion (Fig. 9(E)a and b), while 

the crystalline PVDF cells became larger (several micrometers) and more open and 

interconnected with greater Nafion concentrations (Fig. 9(E) c to f).  
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Fig. 9 SEM/FESEM images of the crossed section of the ferroelectret films with pore dimension a few 

microns. (A)f-PTFE layer [55], Copyright 2016 John Wiley and Sons, (B) PE film [63], Copyright 2017 

Royal Society of Chemistry, (C) P(VDF-HFP) [61, 62], Copyright 2017 Elsevier, (D) Yb-PVDF [67], 

Copyright 2015 John Wiley and Sons, (E) PVDF–Nafion composite samples with different 

compounding ratios [64], Copyright 2016 Elsevier. 

  

In addition to the small-scale pores outlined above, pore lengths larger than tens of 

microns or even few hundreds of microns have been investigated for energy 

harvesting applications. Fig. 10 (A) [69, 70] shows an SEM image of a ferroelectret 

foam manufactured from a polypropylene (PP). The thickness of the film is ~ 70 µm 

and it can also be seen that the lens-like pores are distributed homogeneously with a 
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pore height of ~10 µm, and pore width of ~50 µm. Fig. 10(B) shows the 

microstructure of an as-received irradiation-crosslinked polypropylene (IXPP) foam 

with a thickness of 1.5 mm. Round or hexahedron voids with a diameter of up to 300 

µm can be clearly observed in the SEM image [11, 71]. After modification by a hot-

pressing process for 20 min at 100 ˚C at a pressure of 15 MPa, the thickness of the 

IXPP reduced to ~180 µm and disk-like pores can be observed via SEM, as shown in 

Fig. 10(C). Zhang et al. [3, 6, 72, 73] used a patterning and fusion bonding processes 

to stack two commercial fluoroethylenepropylene (FEP) films, of 12.5 µm thickness, 

together to form a cross-tunnel structure, as shown in Fig. 10(D). Other commercial 

films in terms of polyethylene terephthalate (PET), biaxially oriented polypropylene 

(BOPP) and ethylene vinyl acetate (EVA) have been used for further processing in 

Zhong et al.’s work [33, 42]. With the aid of a stainless-steel mask with uniform 

convex and concave pattern, a laminated cellular bubble-like structure in the 

PET/BOPP film was formed. The regular and uniform air bubbles had a height of 

~300 µm with a maximal width of ~ 1.3 mm, as shown in Fig. 10(E) [42]. A PET/EVA 

film with an arch-shaped air bubble with a height of 0.5-1 mm was achieved after 

hot pressing [33]. In addition, Kachroudi et al. [58] fabricated a microstructured layer 

of 40 µm thickness, containing cylindrical micro-cavities of 100 µm diameter and a 

pitch of 150 µm, shown in Fig. 10(F). By activating the chemical blowing agent, pore 

sizes ranging from 90 to 340 µm were created in the polyethylene (PE) foam [74]. 

 

From the above discussion, and Table 1, it can be seen that to facilitate Townsend 

breakdown to create polarised pores for a ferroelectret energy harvester, pore 

heights of the ferroelectret polymers are of the order of microns to achieve low 

breakdown voltages, as shown in Fig. 3B where at atmospheric pressure (1 atm) the 

y-axis corresponds to separation distance. The pore length varies considerably, 

ranging from few microns to hundreds microns, and there is a preference for 

elongated pores normal to the polarisation direction to reduce material stiffness and 

maximise area for charging. In real materials there is likely to be a range of pore 

heights, and therefore dielectric barrier discharge will occur at a range of voltages, 

leading to a tilting of the polarisation-electric field loop in Fig. 1B; this has similarities 
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to tilting of the polarisation-field loop in ferroelectric ceramics since different 

domain types have different coercive fields. 

 

Fig. 10 SEM/digital images of the cross section of the ferroelectret films with pore dimension 

larger than tens of microns. (A) cellular polypropylene film [69, 70],Copyright 1999 AIP 

Publishing, cross-linked polypropylene [11], (B) before and (C) after modification, (Creative 

Commons Attribution (CC BY) license) (D) fluoroethylenepropylene [3], Copyright 2014 AIP 

Publishing, (E) polyethylene terephthalate/polypropylene [42], Copyright 2016 RSC Publishing, 

(F) polyethylene terephthalate/ethylene vinyl acetate [58] Creative Commons Attribution 3.0 

licence. 

 

3.2 Piezoelectric coefficients and dielectric properties of ferroelectret energy 

harvesters 

 

It is important to assess the electromechanical performance of the ferroelectret 

materials, this includes (i) the piezoelectric coefficient (d33) which is a measure of the 
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charge generated per unit force in the polarisation direction, (ii) the relative 

permittivity (εr), also termed the dielectric constant, which is used for evaluating the 

ability of a dielectric material to store energy in an electric field, (iii) the dielectric 

loss, which is an indicator of the dielectric material’s energy dissipation (tan δ) and 

(iv) electromechanical coupling factor (k33) which is used for calculating the 

conversion efficiency between electrical energy and mechanical energy in the active 

materials. Such properties have been commonly explored for energy harvesting 

systems, and can be measured via a quasi-static d33 meter and an impedance 

analyser. The dynamic measurement of d33 has also been conducted by sinusoidally 

accelerating the ferroelectret polymer with a mass on it by a shaker [75]. Figures of 

merit are also calculated from these material properties, such as Equation 1 for 

harvesting in d33 mode and a figure of merit for sensing, which will be discussed later 

in the review. 

 

Anton et al. [76-78] excited a ferroelectret PP foam by an electromagnetic shaker to 

test the dynamic piezoelectric coefficient (d33). A range of frequencies from 5 Hz to 

1kHz, using different masses (100g, 500 g and 1kg) at three acceleration levels (0.1g, 

0.3g and 0.5g) were used during the test; such a test is of interest as it is similar to 

the conditions at which the material would be used as a vibrational energy 

harvester. The d33 value remained relatively constant at ~ 35 pC/N irrespective of the 

frequency and the mass applied, as shown in Fig. 11(A). However, different loading 

masses varied from 13g to 23g resulted in a reduced d33 value, as shown in Fig. 11(B), 

due to the reduced distance between the opposite implanted charges in the pore 

surfaces. A dynamic piezoelectric coefficient (d33) of IXPP ferroelectret film up to 650 

pC/N at a frequency of 200 Hz was found via this approach [11]. 
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Fig. 11 (A) Experimental test setup for dynamic d33 measurements [76, 77], Copyright 2014 

SAGE, (B) dynamic piezoelectric response of PDMS piezo-electret for various loaded masses. 

[79] Creative Commons Attribution - NonCommercial 4.0 International License. 

 

In addition to the above measured dynamic piezoelectric coefficients, quasi-static 

characterisation of materials for ferroelectric energy harvesters have also been 

explored. Porous P(VDF-HFP) films with different additions of the hydrated 

magnesium salt exhibited a relative permittivty that decreased gradually as the 

frequency was increased from 1 kHz to 1 MHz, but no d33 was reported [66]. The 

magnesium-salt filler with 0.5 wt.% (Mg0.5) achieved a maximum value at a constant 

frequency, as seen in Fig. 12(A). Fig. 12(B) shows that the dielectric loss increased 

with an increasing amount of magnesium-salt filler. Comparable observations in Fig. 

12(C) [63] were found in ZnO nanoparticle etched porous sponge-like P(VDF-HFP) 

film with a relative permittivity, εr ~ 22.5 and tan δ ~ 0.07 at 1 kHz, respectively. A 

multilayer ferroelectret with nine layers folded from a commercial PP film exhibited 

a d33 ~ 290 pC/N, compared to a d33 ~ 220 pC/N for a single layer film. Meanwhile, a 

10-layer ferroelectret film with d33 ~ 300 pC/N was used to predict the power 

generated by vibration energy harvesting by simulation with different seismic 

masses and a number of film layers [80]; modelling strategies are described in more 

detail in Section 4. A relative permittivity of εr ~ 1.2 was reported in a stacked PP film 

for vibration-based energy harvesting by the same group [81].  
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Fig. 12 Permittivity and dielectric loss of ferroelectret energy harvester. (A) Variation of 

dielectric constant and (B) loss as a function of applied frequency in P(VDF-HFP) films with Mg-

salt addition # from 0.1 to 1.0 wt.% (Mg#). [66] Reproduced with permission from The Royal 

Society of Chemistry. (C) frequency-dependent dielectric constant (εr) with loss tangent (tan δ) 

(inset) of porous P(VDF-HFP) films [63]. Reproduced with permission of Elsevier. 

 

Table 1 lists the electrical performance of some ferroelectret polymers under 

different temperatures and duration time. A comparable value of d33 ~350 pC/N at 

25˚C was reported in a micro-structured PDMS by Kachroudi et al., with the 

temperature dependence of d33, and the effects of the temperature on the dielectric 

loss [58]. A life-time and aging study on this micro-structured PDMS at room 

temperature was subsequently performed [59], and demonstrated a high stability 

with 90% of the piezoelectricity being maintained after 50 days. A piezoelectric 

coefficient d33 of 200 pC/N was reported in the porous polyethylene (PE) thick-foam 

designed and engineered for energy harvesting applications [74]. Shi et al. found 

that the d33 of the ferroelectret polymer increased 1.5 times as compared to pure 

polydimethylsiloxane (PMDS) after the addition of polyvinyl alcohol (PVA) on the 

surface of PDMS. The PDMS/PVA ferroelectret also retained ~80% of its initial d33 
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value, compared with ~40% for pure PDMS over 72h [57]. Compared to the original 

commercially and biaxially oriented PP film with d33 of 19 pC/N, an improved d33 ~ 

205 pC/N was achieved after a rapid deflation process, which was maintained at a 

d33 ~ 205 pC/N for weeks and was stable and repeatable below 60 ˚C [51]. This 

demonstrates that by appropriate materials selection and design there is potential 

to achieve long-term stability and low aging rates for energy harvesting. 

 

Table 2 Electromechanical properties of piezoelectric coefficient and permittivity of ferroelectrets 

used for harvesting; with different temperatures and durations. 

 

Material Temperature Duration Electromechanical 

coupling factor, k33 

Piezoelectric 

coefficient, d33, pC/N 

PDMS [58] -20 – 85 °C – 0.03 – 0.05 – 

PDMS [59] Room temperature 0 - 50 days – 340-350 

PDMS/PVA, 

[57] 

Room temperature 0 – 72 h – 90 –110 

Polypropylene 

[51] 

30 – 60 °C 0 – 6 weeks – ~ 200 

 

 

In addition to the above mentioned ferroelectrets with moderate piezoelectric 

coefficient of several hundreds pC/N for energy harvesting, it is of interest to note a 

polyethylene terephthalate-ethylene vinyl acetate (PET/EVA)-based ferroelectret 

film that reached a very high d33 ~ 6300 pC/N, which was maintained in a narrow 

range around the original value for six weeks in indoor atmosphere [33]. A large d33 ~ 

-686 pC/N (-836 pC/N, ([61]), and an ultrahigh εr ~ 2678 and tan δ ~ 0.79 at 1 kHz 

[62], were obtained in the platinum nanoparticles embedded porous P(VDF-HFP) 

film, owing to the charge trapping sites produced from self-polarized β-phase and 

the micropores in the film, which resulted in a d33 ~ -362.9 pC/N, εr > 50000 and tan 

δ ~ 7.8 at 1Hz in the Yb3+ assisted PVDF film [67]; it is of interest to note that high 

losses and high permittivity values can often be associated with the presence of 

electrical conductivity [82] and is worth examining in more detail. Fig. 13(A) shows a 

d33 from few hundreds up to 3700 pC/N under the peak voltage applied to the FEP 

film, and the anti-resonance frequency of 86 kHz was found in Fig. 13(B) [3]. 
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Comparable values of d33 ~ 1000 pC/N were found in their research focusing on using 

different types of templates for pore production [6, 72].  

 

Fig. 13 Electromechanical properties in terms of piezoelectric coefficient and dielectric response. (A) 

frequency-dependent dielectric constant (εr) with loss tangent (tan δ) (inset) [62], Copyright 2015 

John Wiley and Sons. (B) dielectric resonance spectrum of cross-tunnel FEP films [3], Copyright 2014 

AIP Publishing. 

 

3.3 Phase content 

Due to the semi-crystalline nature of the PVDF, four main crystalline phases (α, β, γ 

and δ) with different electromechanical performances are present depending on the 

crystallization conditions, the size of the crystalline regions, and the degree of 

crystallization. As stated, the piezoelectric properties of a ferroelectret originate 

from the charged pores; however if combinations of ferroelectric and ferroelectret 

responses are potentially present, the nature of the polymeric phases is of interest. 

Phase identification of PVDF, its copolymer and PVDF-based composites can be 

normally confirmed and distinguished by X-ray Diffraction Analysis (XRD) and Fourier 

Transform Infrared (FTIR) spectroscopy.  

Ghosh et al. proved the presence of the uniaxially oriented polar β-phase in Yb-PVDF 

composite film with the evidence of the vibration band at 1277 cm-1 in the FT-IR 

spectra, compared with the pure PVDF composed of the non-polar α-phase under 

the same condition, as shown in Fig. 14(A) and (B) [67]. An in-situ synthesised 

platinum (Pt) nanoparticle doped porous P(VDF-HFP) membrane was prepared, 

where the Pt phase was confirmed by diffraction peaks in XRD, along with the size of 

40 nm estimated from Debye-Scherrer equation based on the data from XRD, as 
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shown in Fig. 14(C). Correspondingly, it can be seen from Fig. 14(D) that the 

presence of the electroactive and polar γ- and β-phases were identified from the FT-

IR spectra, while the non-polar α-phase was detected in the pure P(VDF-HFP) sample 

[67]. In a PVDF-Nafion composite with different ratios between PVDF and Nafion, a 

continuous increase in the content of the ferroelectric β-phase was evident in the 

wide-angle X-ray diffraction (Fig. 14(E)) and FT-IR (Fig. 14(F)) spectra when Nafion 

concentration decreased, as long as a relatively low contents of α- and γ- phases 

were identified.  

Adhikary et al. fabricated a sponge-like P(VDF-HFP) film assisted by different 

additions of the hydrated magnesium salt. Almost all of the nonpolar α-phase 

characteristic peaks were crystallographically transformed to ferroelectric polar β- 

and γ- phases, as observed from the FT-IR spectra, compared with the predominant 

α phase in the pure P(VDF-HFP). This is shown in Fig. 14(G). XRD results in Fig. 14(H) 

indicated that electroactive β and γ phases were formed in a Mg-salt utilized film 

while the α-phase is diminished. The Mg-salt was regarded as a nucleation site to 

enhance the polar-phase transformation in P(VDF-HFP) [66]. 
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Fig. 14 (A) FT-IR spectra of pure PVDF and Yb-PVDF composite films in the wavenumber range 

of 1600-400 cm−1 to identify the crystalline polymorph [67], (B) Curve deconvolutions of XRD 

pattern in 2θ ~ 15–30° range have been performed to represent the crystal reflections from 

the pure PVDF (lower panel) and Yb-PVDF (upper panel) films. [67] Copyright 2016, Elsevier, (C) 
XRD pattern of FTM ensures the diffraction peaks from Pt-NPs. [61], (D) FT-IR spectra of FTM 

and NPV from 1600 to 400 cm−1 frequency region [61], Copyright 2016, AIP Publishing, (E) 

WAXD and (F) ATR-FTIR results of the PVDF-Nafion composite samples with different 

compounding ratios [64], Copyright 2017 Royal Society of Chemistry, (G) FT-IR spectra of Mg# 

(where, #: 0, 0.1, 0.5, 1.0) films from 1600 to 400 cm−1 (H) The XRD pattern of Mg# (where, #: 

0, 0.1, 0.5, 1.0 wt.%) films and its curve deconvolution [66]. Copyright 2015 Royal Society of 

Chemistry. 



 28 

 

Although it is not necessary for ferroelectret materials to be inherently piezoelectric 

or ferroelectric, ferroelectric polymers such as PVDF, its copolymers (P(VDF-HFP)) 

and PVDF-based composite have been fabricated and optimised as ferroelectret 

materials [61, 64, 66, 67], whose ferroelectric responses can potentially contribute 

to an additional effect on designing mechanically vibration-based energy harvester 

via piezo-, pyro-, and ferro-electric effects. Combining ferroelectric and ferroelectret 

effects is an interesting route to overcome the poor pyroelectric properties of 

ferroelectrets; for example if a combination of both piezoelectric and pyroelectric 

properties is desirable. 

 

4. Modelling of ferroelectrets 

 

This section describes approaches to model ferroelectret materials to understand 

the impact of microstructure and vibration conditions during energy harvesting on 

key properties such as permittivity, piezoelectric coefficients and frequency 

response. 

 

4.1 Relative permittivity (dielectric constant) 

 

In terms of the dielectric properties, a Lichtenecker mixing rule has been employed 

for porous materials [83], see Equation 2; 

𝑘𝑡
𝛼 = 𝑘𝑠

𝛼(1 − 𝑉𝑔) + 𝑘𝑔
𝛼𝑉𝑔                            (2) 

where ks and kg are the dielectric constants of the solid and gaseous phases, 

respectively, Vg is the volume fraction of voids (i.e., the porosity), and  is a 

parameter that determines the type of rule of mixtures. If  = -1, then the series 

mixing rule can be used which represents a lower limit of the dielectric constant as 

shown by the dotted line in Fig. 15: 
1

𝑘𝑡
=

𝑉𝑔

𝑘𝑔
+

𝑉𝑠

𝑘𝑠
. If = 1 , then the parallel mixing 

rule is used which represents the upper limit of the dielectric constant as shown by 

the solid line in Fig. 13: 𝑘𝑡 = 𝑘𝑠(1 − 𝑉𝑔) + 𝑘𝑔𝑉𝑔 [83]. 
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Fig. 15 Variation of dielectric constant with porosity and series and parallel mixing rules. [84] 

Reprinted with permission from Elsevier. 

 

4.2  Piezoelectric properties of ferroelectrets 

As stated, ferroelectrics exhibit a spontaneous polarization that can be reversed by 

an applied electric field. However, there are clear differences in origin of the piezo- 

and pyro-electric effects between ferroelectret cellular polymers and ferroelectric 

polymers, as shown in Fig. 3. Due to the anisotropy of the lens shaped voids and the 

low symmetry of the charge distribution, high piezoelectric sensitivity is primarily in 

the thickness direction (determined by d33 coefficient) and is typically two orders of 

magnitude larger than the in-plane piezoelectric sensitivity (determined by d31 and 

d32 coefficients). This is in contrast to ferroelectric materials where d33 ~ 2d31. The 

electromechanical response of the cellular ferroelectrets has been described in 

detail by Sessler et al. and Paajanen et al. [70, 85] Since the lateral dimensions of the 

voids are much larger than their vertical dimensions, as in Fig.3,  a simplified model 

has been developed to determine the piezoelectric properties of ferroelectrets (see 

schematic in Fig. 16). The model consists of alternating polymeric and air layers with 

a thicknesses s1i and s2j, respectively, with i=1, 2,···, n and j=1, 2, ···, n−1, where n is 

the total number of solid layers. The permanent charges on the two sides of each air 

gap that are formed as a result of Townsend discharge and are assumed to be equal 

in magnitude and are assumed to originate from dielectric barrier discharge in the 

air gap during the poling process. 
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Fig. 16 Simplified layer model for ferroelectrets with alternating polymer and air layers (according to 

references. [70, 85]). Charges of opposite polarity are generated during dielectric barrier discharge 

and deposited on the top and bottom air polymer interfaces, respectively. Reproduced with the 

permission from. [70, 85], Copyright 1999 AIP Publishing. 

 

The electric field in the polymer and air are calculated using Gauss’s and Kirchhoff’s 

laws. For the upper and lower electrodes, Gauss’ law is: 

 

                                                 −𝜀0𝜀𝑝𝐸11 = −𝜎0                                                                   (3) 

and                                            𝜀0𝜀𝑝𝐸1𝑛 = 𝜎0                                                                        (4) 

 

For the upper and lower interfaces of the jth air gap, 

 

                                                 −𝜀0𝐸2𝑗 + 𝜀0𝜀𝑝𝐸1𝑗 = −𝜎𝑗                                                     (5) 

and                                           −𝜀0𝜀𝑝𝐸1(𝑗+1) + 𝜀0𝐸2𝑗 = −𝜎𝑗                                              (6) 

 

Under short-circuit conditions, Kirchhoff’s 2nd law is: 

 

                                                 ∑ 𝑠1𝑖𝐸1𝑖𝑖 + ∑ 𝑠2𝑗𝐸2𝑗𝑗 = 0                                                    (7) 

 

Equations 5 and 6 lead to: 

Polymer

Polymer

Polymer

Polymer

Air

Air

E11

E12

E1(n-1)

E1n

E21
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εp

εp

εp

εp
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s12

s1(n-1)

s1n

s21

s2(n-1)

Top electrode

Buttom electrode

-σ0

+σ1

-σ1

+σ2

-σn-2

+σn-1

-σn-1

+σ0
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                                                 𝐸11 = 𝐸12 = . . . =  𝐸1                                                            (8) 

and                                           𝐸2𝑗 = 𝜀𝑝𝐸1 −
𝜎𝑗

𝜀0
                                                                     (9) 

 

Substituting equations (8) and (9) into equation (7):  

 

                                                 𝐸1 =
∑ 𝑠2𝑗𝜎𝑗𝑗

𝜀0𝑠1+𝜀0𝜀𝑝𝑠2
                                                                    (10) 

                                                 𝐸2𝑖 =
𝜀𝑝 ∑ 𝑠2𝑗𝜎𝑗𝑗

𝜀0𝑠1+𝜀0𝜀𝑝𝑠2
−

𝜎𝑖

𝜀0
                                                          (11) 

 

where, 𝑠1 = ∑ 𝑠1𝑖𝑖  and 𝑠2 = ∑ 𝑠2𝑗𝑗  are the combined total thickness of the polymer 

and air layers, respectively.  When a pressure p is applied to the ferroelectret, 

change in thickness are assumed to be a result of compression in layers of air. 

Therefore, the electrode charge varies according to 
𝜕𝜎0

𝜕𝑠2
 , and if it is assumed that  

𝜕𝑠2𝑗

𝜕𝑠2
=

𝑠2𝑗

𝑠2
, then: 

 

                                                  
𝜕𝜎0

𝜕𝑠2
= 

𝜀𝑝𝑠1

(𝑠1+𝜀𝑝𝑠2)2
𝜎𝑒𝑓𝑓                                                          (12) 

 

where, 𝜎𝑒𝑓𝑓 =
∑ 𝑠2𝑗𝜎𝑗𝑗

𝑠2
 is the polarisation in the ferroelectret. From the stress-strain 

relationship 
∆𝑠2

𝑠
=

𝑝

𝑌
, where, 𝑠 = 𝑠1 + 𝑠2 and 𝑌 is the foam Young’s modulus, the d33 

piezoelectric coefficient is given by: 

 

                                                 𝑑33 =
𝜀𝑝𝑠

𝑌

𝑠1𝜎𝑒𝑓𝑓

(𝑠1+𝜀𝑝𝑠2)2
                                                              (13) 

 

This provides the piezoelectric coefficient as a function of permittivity, Young’s 

modulus, polarisation level and pore and air geometry, although more detailed 

models may be of interest to further optimise pore geometry and harvesting figures 

of merit, such as Equation 1.  
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4.3 Electro-mechanical models  

 

Several electro-mechanical models to study the energy harvesting capability of 

ferroelectret materials have been reported, in particular the frequency dependence 

of the harvester response. These models are typically developed to predict the 

electrical output of a ferroelectric specimen when subjected to a mechanical 

excitation. An early model was developed by Lindner et al. [24] and consisted of 

negatively and positively charged particles connected by springs with different spring 

constants. More recently, Kärki and Lekkala [86] developed a lumped-parameter 

model for ferroelectret polymers based on an equivalent circuit to estimate the 

electro-mechanical coupling factor.  

 

While quasi-static loading conditions have been studied [87]), dynamic modeling 

(vibratory excitation and dynamic response) are particularly appealing for vibration 

energy harvesting purposes. These models vary according to the design of the 

harvester being investigated, however a review of the pertinent literature reveals 

that single degree of freedom lumped-parameter models [86, 88] and numerical 

(mostly finite element) models [56, 57, 89] have attracted the greatest attention. 

Although a harmonic input is predominantly considered, Luo et al. [90] proposed a 

model that can be used in applications where the excitation has a low frequency or 

has a discontinuous or variable amplitude, such as those from footsteps. Their model 

treats a ferroelectret as both a capacitor and a spring–mass–damper system that 

provides a restoring force when the applied compressive force is released (Fig. 17). 

The model includes both the voltage V and the duration t of an electrical signal 

generated by a ferroelectret, and relates them to the d33 and the Young’s modulus. 

This model enabled the calculation of the voltage, power output and energy output 

of energy harvesters based on cellular polymers. The output voltage of the 

ferroelectret is given by: 

                                                       

 33

33

out

Fd h h
V

bl








                                                       
(14) 

Where F is the compressive force, b is the width of the specimen, l is the length, h is 

the thickness and h is the change in thickness. It is of interest to note that the 
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output voltage per unit stress, 𝑉𝑜𝑢𝑡
𝐹 𝑏𝑙⁄

 , it similar to the sensing figure of merit (Equation 

20).  

The generated electrical energy consists of the energy stored in the self-capacitor 

and that delivered to the electrical load (harvested), which is given by 
2

outV
dt

R
. Based 

on this formulation, expressions were developed for the output energy and the 

duration t of the signal.  

 

Fig. 17 A spring – mass – damper model of a ferroelectret, reproduced from [90]. (Copyright 2016 IOP 

Publishing) 

 

Under the trapezoidal compressive force, the output voltage was obtained for 

samples measuring 60 mm  70 mm with a thickness of 70 m. Loads are applied in 

the form of in-plane uniaxial and/or biaxial loading (Fig. 18A), as well as out-of-plane 

loading (Fig. 18B) which can be induced by direct force application on a stationary 

specimen or by inertial loading as in base-excited systems [77, 88]. The terminals of 

the conductive electrodes covering the top and bottom surfaces are usually 

connected to resistive loads [77, 87] to estimate the power output. For the case of 

in-plane biaxial loading, the dynamic boundary strain components S1 and S2 induce a 

strain in the thickness direction (S3) due to the Poisson effect, which activates the 

ferroelectret material for power generation. The strain in the transverse direction is 

given by Anton et al [77] as: 

                                            

13 23 12 13 21 23
3 1 2

12 21 12 211 1
S S S

     

   

 
  

                                        
(14) 
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Fig. 18 Ferroelectret sample under in-plane, bi-axial loading (left) and out-of-plane 

loading (right). Partially redrawn from [77].  Copyright 2014 SAGE. 

 

The electrical current flowing through the resistor is given by:  

                                                           lA

d v
D ndA

dt R

 
  

 


                                                    
(15) 

 

Where the electric displacement D3 is obtained from linear piezoelectricity as: 

                                                         3 33 3 3 33 3

E SD d Y S E 

                                                   
(16) 

Where 3

EY  is the short-circuit elastic modulus in the thickness direction, 33

S  is the 

permittivity at constant strain and 3E  is the electric field which is assumed to be 

constant across the thickness. The dynamic equation that governs the voltage output 

across the resistor was hence obtained as: 

                                                      

1 2
1 2p

l

dS dSdv v
C

dt R dt dt
   

                                        
(17) 

Where Cp is the capacitance of the ferroelectret foam, while 1 2 and    are electro-

mechanical coupling constants that depend on the electrode area, A. Accordingly, 

closed-form expressions for the output voltage per strain input and peak power 

were obtained.  
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For out-of-plane loading, Hillenbrand et al. [88] developed an analytical model for 

the power generated by an electret based energy harvester in response to an input 

acceleration by adapting the model of a single-layer material by Pomdrom et al. [81, 

91, 92]. This was accomplished by replacing the piezoelectric constant d33 in the 

harvester model with an equivalent piezoelectric constant d33 in the electret 

harvester model. The generated power P of a ferroelectret harvester can then be 

written as: 

                                                

 

2 2 2 2

33,

2
2 2

22

2 2

0 0

1 4 1

s l eq

l s

m R d a
P

R C



 
 

 


  

            

                      

(18) 

 

Where Rl is the load resistance, 0 is the resonance frequency of the harvester,  is 

the circular frequency, and  is the damping ratio. The equivalent piezoelectric 

constant d33, in the harvester model has to be defined and thus corresponds to the 

charge density (or charge Q) generated in short circuit by the transducer in response 

to a given applied stress T (or force F). The restoring forces are due to the cellular 

ring, the mechanical springs, and the air gap. Assuming that the springs are much 

softer than the cellular ring, only this ring and the air gap have to be taken into 

consideration. A similar model was reported in [4, 6, 11]. 

 

As an example, model predictions were compared by Pondrom et al. [80] with 

experimental data using harmonic excitation of a seismic mass (Fig. 19A) which could 

model harvesters with a range of ferroelectret layers and load resistances  (Fig. 19B), 

with good agreement.  
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Fig. 19 (A) Experimental setup consisting of energy harvester and shaker. A ferroelectret stack of s=2 

folded elements, each with p=3 layers, is shown. The stack is placed between the seismic mass and 

the ground plate and these are held together by two magnets. The resistor 𝑅𝑙allows measurement of 

electrical power generated [80]. (B) Power generated by energy harvesters with various numbers of 

layers. Full lines represent data from the measurements, the dashed lines show the simulation 

results. The 10 layer stack consists of films connected in series (s =10, p=1), and the 9 layer stack of 3 

films, each folded twice, and  connected in series (p = 3, s = 3) [80]. Reprinted with permission of AIP 

Publishing. 

 

Ray et al. [93] examined two 20-layer foam stacks (Stack 1 and Stack 2) and a 40-

layer stack (Stack 3; composed of Stack 1 and Stack 2 connected mechanically in 

series and electrically in parallel) to achieve a more practical optimal load resistance. 

Using the fundamental equations of piezoelectricity, Ennawaoui et al.[87] proposed 

a theoretical model of the power density that harvested using the ferroelectret 

polymers, as shown below, 

                              𝑃 = 2𝜋2𝑅1

(𝜎𝐺[
𝑅(1+𝑉)

(𝑅+𝑉)2
𝑓𝐴𝑆𝑀])

2

1+4𝜋2(𝜀33−𝜎𝐺
2[

𝑅(1+𝑉)

(𝑅+𝑉)2
]
2

)2(
𝑅1
𝑒

𝑓𝐴)2
                                            (19) 

where R1 is the resistor through which power is dissipated. 𝑉 =
𝑋𝐺

𝑋𝑃
 where, 𝑋𝐺 and 𝑋𝑃 

are the thicknesses of the void and the polymer, respectively. 𝑅 =
𝜀𝐺

𝜀𝑃
 where, 𝜀𝐺 and 

𝜀𝑃 are the relative permittivity (dielectric constant) of the void and the polymer, 

respectively. A is the active surface of the polymer, 𝜎𝐺 is the charge density, 𝑆𝑀 is 

the strain and f is the resonance frequency. Thus, the theoretical model allows 

determination of the power density based on cell porosity, thickness, and dielectric 

constant. 
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The model shows that power density increases with increasing porosity level, up to a 

critical limit after which the power density decreases. Beyond such a limit, the pores 

coalesce and there is a resulting loss of the local dipoles that provide piezoelectricity. 

Gross et al. proposed a micromechanical modeling to investigate the charging and 

discharging behaviour of a soft ferroelectret film and demonstrated via 2D finite 

element simulations that electric breakdown within lens shaped voids provides a 

piezoelectric response that is dependent on void size [94]. In addition, Shi et al.[56] 

provided an analytical result via ANSYS simulation considering previously proposed 

analytical models which numerically illustrates the impact of the different void 

geometry for a PDMS based ferroelectret. When the ratio of the effective area of the 

solid and void layers is increased, the piezoelectricity of PDMS ferrelectret was 

reduced, which indicates that the piezoelectric properties of the PDMS ferroelectret 

improved with increasing void area since the polarization of the voids are 

responsible for the piezoelectric properties. Fig. 20A shows a comparison of ANSYS 

simulation and analytical model results to illustrate the influence of the surface 

charge density based on the designed geometry. The theoretical maximum 

piezoelectric coefficient was d33 ~ 220 pC/N; the experimental maximum was d33 ~ 

172 pC/N. Later, they have used the PDMS ferroelectret as energy harvester which 

generates 0.12 μW/cm2 power density under a square compressive force of 800 N at 

17 Hz; as shown in Fig. 20B [89] . 

 

Fig. 20 (A) analytical model results and ANSYS simulated d33 results for rectangle voids [56], (B) 

experimentally harvested power under 800 N compressive force and 17 Hz force frequency [89]. 

Creative Commons Attribution 3.0 licence. 
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Several modelling approaches have been proposed for ferroelectret based sensor 

applications, which could be applicable to energy harvesting applications. Kachroudi 

et al.[60] proposed an equivalent electrical circuit model and explained how it can be 

used to predict the micro-structured PDMS complex permittivity versus frequency 

and temperature. Kärki et al.[86] developed a lumped-parameter model for sensor 

operation of piezoelectric and ferroelectret based polymer materials that describes 

the interaction between a mechanical motion and an electrical signal. Luo et al.[90] 

proposed a theoretical model that can be used to predict the energy output of a 

ferroelectret by knowing its parameters, and therefore optimize the harvester 

design for specific energy harvesting application. Finally, Rupitsch et al.[35] studied a 

finite element based modelling approach, in particular, a microscopic as well as a 

macroscopic model of the cellular structured ferroelectret materials, namely the so-

called EMFi (Electro-Mechanical-Film) material. These approaches could be adapted 

to energy harvesting applications and optimisation of performance. 

 

In summary, a variety of models exists were the macro-scale properties of the 

ferroelectret (such as permittivity and d33) are inserted in the fundamental equations 

of piezoelectric materials. There remains scope for more micro-scale modeling to 

understand pore geometry and conditions for polarization and resulting piezoelectric 

properties, in particular optimization of figures of merit for energy harvesting 

applications, such as Eqn. 1. For energy harvesting applications there is less on 

continuous system modeling, with a focus primarily on lumped parameter models. 

 

5. Energy harvesting applications  

A number of energy harvesting demonstrators based on ferroelectrets have been 

reported. These include cantilever based systems [43], nanogenerator based devices 

[33, 95], wearable electronics [69], and ferroelectrets combined with other 

nanogenerators [96]. Table 1 outlines the power generated for the range of devices, 

which range from low powers of 2.5 nW to higher levels of 3.5 mW. 

 

Zhang et al.[4] demonstrated energy harvesting applications of a ferroelectret 

nanogenerator (FENG) based on ferroelectret fluorocarbon polymers that have a 
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large low-frequency transverse piezoelectric coefficient, for example g31 = 3.0 Vm/N. 

The design of the experimental setup, as shown in Fig. 21A, consisted of a harvester 

and shaker where the ferroelectret film was fixed at both ends on the supporting 

structure. The system had a slight static deflection due to the seismic mass, and was 

also dynamically deflected by the seismic mass in response to acceleration from an 

electrodynamic shaker. Images for the ferroelectret harvester with different seismic 

masses are shown in Fig. 21B. The harvested power was 57 μW and 109 μW for 

seismic masses of 0.09 g and 0.3 g, respectively. To demonstrate the potential 

application of the harvested power, the harvester was combined with a rectifier 

bridge to condition the AC current and power a light-emitting diode (LED), as shown 

in the left side of Fig. 20B. The experimental setup is shown in the right-side part of 

Fig. 21C, where an acceleration of 0.3 g was sufficient to power the LED. 

 

Fig. 21 (A) Schematic of experimental setup consisting of ferroelectret harvester and shaker, (B) 

Photographs of the harvester, (C) setup of energy harvester to power LED [4]. Reprinted with 

permission from Elsevier 2018. 

 

The capability of a ferroelectret based harvester that consisted of a stack of seven 

polypropylene ferroelectret (PPFE) film layers was demonstrated by Li et al. who 

converted human motion into electrical energy[95]. They showed that by pressing 
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with a hand, a ferroelectret harvester connected with a Schottky bridge rectification 

circuit (Fig. 22A) could light 20 LEDs (Fig. 22B). Using this concept, they developed a 

self-powered liquid crystal display (LCD) by integrating the harvester with a 4-bit LCD 

screen. When the user tapped the self-powered LCD screen, the word ‘PLAY’ was 

displayed on the screen; this system did not employ rectifiers or charging circuits (Fig. 

22C). Clearly stacking provides an attractive route to improve the harvested power. 

Another promising application is demonstrating human-machine interfacing and 

information exchange by a self-powered keyboard. The structural design and image 

of the thin film keyboard are shown in Fig. 22D and E, respectively. The developed 

ferroelectret-based keyboard could be rolled (Fig. 22F) and folded (Fig. 22G) while 

maintaining its functionality.  

 

 

 

Fig. 22 Applications of polypropylene ferroelectret nanogenerator (FENG) for versatile mechanical 

energy harvesting [95]. Reprinted with permission from Elsevier 2016. 

 

In order to demonstrate the applicability of the ferroelectret harvesters in a harsh 

environment, Zhong et al.[33] fabricated PET/EVA/PET laminated films and charged 

them using a corona charging at a high voltage of up to −20 kV (Fig. 23A). The d33 

coefficient of the developed generator reached ~ 6300 pC/N, which was sustained 

for several weeks (observed up to 6 weeks) when operated in an indoor atmosphere 

(Fig. 23B). The generator could operate six blue LEDs connected in series by hand 

pressing when soaked in water (Fig. 23C).  
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Fig. 23 (A) Ferroelectret structure, (B) LEDs lit up by hand pressing the ferroelectret generator under 

water (C) Stability of piezoelectric coefficient with time [33]. Reprinted with permission from Elsevier 

2017. 

 

In addition, the operation of a ferroelectret harvester for wireless signal 

transmission was demonstrated by Luo et al.[97] by fabricating a flexible energy 

harvesting insole made of 80-layers of porous polypropylene (PP) ferroelectrets (Fig. 

24A). Insole samples with 10-layer, 20-layer, 30-layer, 40-layer and 80-layer of PP 

ferroelectrets were evaluated. During walking, electrical pulses generated from the 

ferroelectret insole are rectified and used to charge a 2.2 μF capacitor. It was shown 

that for every single footstep, the 10, 20, 30, 40 and 80-layer ferroelectret insoles 

charged 19.8 μJ, 31.9 μJ, 40.2 μJ, 65.6 μJ and 100.9 μJ of energy, respectively, into a 

capacitor (Fig. 24B). Fig. 24A shows the ferroelectret insole connected to a power 

conditioning circuit and a ZigBee transmitter. Wireless transmission was monitored 

by a receiver placed 8 meters from the transmitter and an LED on the receiver was 

turned off when an 8-bit data was received. During walking on the ferroelectret 

(C) 
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insole, the LED light turned off for every 3 to 4 footsteps, indicating a wireless 

transmission has been powered by the insole. 

 

 

Fig. 24 (A) Ferroelectret insole connecting to the power conditioning circuit and the ZigBee 

transmitter. (B) energy charging curve of a 2.2 μF capacitor charged by 10, 20, 30, 4 0 and 80 layers of 

ferroelectrets. [97] Creative Commons Attribution 3.0 licence. 

Kachroudi et al. [43] examined air-spaced cantilevers (Fig. 25A) manufactured from a 

PDMS ferroelectret material (Fig. 25B) for energy harvesting. To study the energy 

harvested from mechanical vibrations, the ferroelectret was connected to variable 

resistors in parallel with an instrumentation amplifier. The system was excited with 

an acceleration of 0.1 g at frequencies ranging from 3.7 Hz to 200 Hz. The resistance 

varied from 130.2 MΩ to 295.3 MΩ. An optimum power was found for a resistance 

of 217 MΩ and for a capacitance of the material of 171 pF; and such impedance 

matching of the resistive electric load to the capacitive impedance of the generator 

is common in ferroelectric systems. The generated power reached a maximum value 

of 136 nW and has a constant value of 103 nW for frequencies ranging from 5 Hz to 

200 Hz. 

 

 

 

Fig. 25 (A) Schematic structures of the air-spaced cantilevers and (B) image of the obtained flexible 

piezo-electret material [43]. Creative Commons Attribution 3.0 licence. 
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With regard to candidate material, porous polymers with highly dielectric and 

electrically insulating characteristics and high permittivity are promising 

ferroelectret materials. In addition, polymers with high permittivity, such as PVDF, 

can act to increase the permittivity contrast between the polymer and pore space 

and concentrates the electric field in the pore space due to Gauss’s law (Ef = q/A·ε, 

where q is charge, A is area, ε is permittivity of the polymer, and Ef is electric field).  

This field concentration facilitates Townsend’s breakdown [39] to create the 

ferroelectret. Moreover, for the optimised structure for energy harvesting 

applications, although the generated power from ferroelectrets with a single pore 

layer can be as high as 73 µW [98], it still can be improved to around milli-watt (e.g. 

0.641 mW [68], 1 mW [80]) via simple approaches such as stacking or folding many 

single pore layers together to make a complete device, as in Figs. 21 and 27. This is 

particularly attractive for energy harvesting since the ability to increase overall area 

of the ferroelectret increases the total amount of charge (and therefore current) to 

be harvested. For sensing the output voltage per unit stress is independent of area, 

see Equation 14. 

 

While emphasis in this review was placed on providing an overview of ferroelectrets 

that have been considered for energy harvesting, it is known that ferroelectrets also 

possess unique characteristics that favour their use in acoustic and other pressure 

sensing. While the figure of merit for energy harvesting is given by Equation 1, for 

sensing applications there is a need to maximise the voltage per unit stress and for 

piezoelectric materials this is related to: 

 

                                                       𝐹𝑜𝑀𝑠𝑒𝑛𝑠𝑜𝑟 = 
𝑑𝑖𝑗

𝜀33
𝑋⁄ = 𝑔𝑖𝑗                                       (20) 

 

where gij is a measure of the electric field per unit stress (g33 or g31). This also 

indicates the need for high piezoelectric dij coefficients and low permittivity and 

materials that exhibit high acoustic or high pressure sensitivity may also be of 
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interest for energy harvesting such as the work of Carpi [21], Bovtun [30], Strobel 

[99], and Paajanen [34]. 

 

As an example of current state-of-the art of ferroelectret sensing, Wang et al [100] 

presented a ferroelectret pressure sensor with very high d33 ~ 7380 pC/N based on a 

fluorocarbon fabricated by a three-stage hot pressing method along with a detailed 

comparison with existing ferroelectret based sensors.  While the material has not 

been evaluated for harvesting, the high d33 and inherently low permittivity of the 

porous polymer make it an interesting candidate for harvesting; see Equation 1. For 

further reading on the acoustic applications of electrets/ferroelectrets, the reader is 

referred to the reference by Carpi [21]. 

Conclusions and perspective  

 

Ferroelectrets have gained significant interest for mechanical energy harvesting 

applications due to their excellent piezoelectric response because of the highly 

compliant nature of porous polymers, which leads to a large deformation under 

mechanical loads. As they show much smaller pyroelectric coefficients, their 

application in thermal energy harvesting has not attracted much interest. This 

review has covered the progress to date on the materials, manufacturing methods, 

key microstructural features, performance, modelling and devices that make use of 

this new class of materials in mechanical energy harvesting applications. Table 1 

provides a summary of the polymer systems, fabrication approaches, pore 

characteristics, dielectric and piezoelectric properties as well as generated power 

levels.  

 

A range of thermoplastic polymers, including ferroelectric polymers, have been used 

to fabricate ferroelectrets. Bulk polarisation is induced by corona poling resulting in 

micro barrier plasma discharge within the pores. Nano-particle polymer ferroelectret 

composites have been shown to have self-poling features as well as superior 

piezoelectric properties as a result of the coupling between intrinsic ferroelectric 

polymer with the trapped charges in the porous ferroelectric membranes. 
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Polyelectrolyte filled polymer ferroelectret composites also show enhanced 

piezoelectric response due to a combination of several polarisation mechanisms. It is 

important to note that often high losses and high permittivity values are associated 

with the presence of electrically conductive third phase. 

 

Manufacturing methods include foaming processes, stretching particulate filled 

polymers, hot pressing of sandwich layer structures that a porous ferroelectret is 

clamped between two dense polymer layers for improved charge density and finally 

micro-patterning using grooved templates. The porosity size, morphology and 

orientation with respect to the poling direction affect the gaseous phase breakdown 

voltage as well as materials compliance and effective charging area within the pores, 

thus affecting the piezoelectric properties of ferroelectrets. A wide distribution of 

pore size results in a tilting of the polarisation-electric field loop. The size of the 

voids is varied by the manufacturing conditions such as polymer viscosity, 

composition, pressure and temperature and can be adjusted by stretching or 

compression post fabrication. Ideal pore size to facilitate Townsend discharge to 

create polarised porous structure varies between 10-100 μm and the aspect ratio 

above four are favourable. 

 

Analytical modelling approaches are reviewed which examine the effect of 

microstructural features on the electro-mechanical performance of the 

ferroelectrets subjected to a mechanical excitation. The polymer ferroelectret is 

considered as a composite consisting of a gaseous phase dispersed in a solid polymer 

matrix. Anisotropy of the lens-like pores and the low symmetry of the charge 

distribution, results in high piezoelectric charge coefficient in the thickness direction 

which is typically two orders of magnitude larger than the in-plane piezoelectric 

coefficients. It has been shown that there is a critical pore fraction correlated with 

maximum generated power density, beyond which the pores coalesce, and 

piezoelectric response diminishes. There is further scope for micro-scale modelling 

to understand pore geometry and conditions for polarisation and resulting 

piezoelectric properties. 
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Ferroelectrets have been used to develop mechanical energy harvesting devices and 

nanogenerators for wearable electronics, self-powered screens without the use of 

rectifiers, foldable flexible keyboards and wireless signal transmission devices. 

Cantilever based systems made of ferroelectrets have also been shown to effectively 

generate energy from mechanical vibrations. A number of new applications in high 

strain environments to exploit highly compliant ferroelectret energy harvesters 

could be explored, along with folding and stacking to improve power levels. There is 

also a growing need for such ideas to be transferred into commercial activities to 

fully use the potential of this class of materials for a wide range of energy harvesting 

applications. To extend the application spectrum further, ferroelectret polymers 

with improved pyroelectric properties are desirable. Although the low thermal 

sensitivity of ferroelectrets makes them poor thermal sensors or harvesters, it is 

beneficial when used for the thermally stable electromechanical applications. 

However, new approaches in materials characteristic can be explored to improve the 

thermal sensitivity of ferroelectrets comparable to their ceramic ferroelectric 

counterparts to also make them suitable for pyroelectric energy harvesting.  

Ferroelectret materials are appealing because of their benign nature and cost 

effectiveness. The achievement of greater figures of merit remains to be a key 

challenge that would enable their application in wider energy harvesting 

applications. One viable approach to tackle this challenge is through the 

development of novel fabrication techniques that would result in more uniform and 

well-controlled geometry of cellular voids to achieve ideal cellular structures. 
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