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New developments in composites, copolymer technologies and 

processing techniques for flexible fluoropolymer piezoelectric 

generators for efficient energy harvesting  
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Flexible piezoelectric generators (PEGs) have recently attracted significant interest, as they are able to harvest mechanical 

energy and convert it to electricity, decreasing reliance on conventional energy sources. These devices enable innovative 

applications including smart clothing, wearable electronics, on-skin and implantable sensors, as well as harvesting energy 

from the movement of vehicles, water and wind. Poly(vinylidene fluoride) and related fluoropolymers are the most common 

flexible piezoelectric materials, widely utilized for their high electromechanical conversion efficiencies, optimal mechanical 

flexibility, processability and biocompatibility. This critical review covers the processing of fluoropolymers towards the 

maximization of piezoelectric conversion parameters. Particular emphasis is placed on the correlation between synthetic 

routes, inclusion of further co-monomers, addition of additives and nanomaterials, as well as processing techniques and the 

optimized electricity generation in the resultant PEGs, providing an important analysis to complement existing literature. 

The importance of novel polymer deposition techniques, which reduce reliance on the conventional, highly energetic post-

processing steps, are highlighted. Recent advances in fluoropolymer-based flexible PEGs open an array of exciting 

applications, which rapidly progress towards commercialization. This review provides a timely analysis of this increasingly 

important field to the cross-disciplinary community of polymer chemists, materials scientists, nanotechnologists, engineers, 

and industry practitioners.

1. Introduction

Harvesting energy into a usable form through sustainable

methods is gaining importance for portable and wearable 

electronics and sensors. According to the requirements of 

portable electronic devices and in-line with the trend of 

miniaturization of wearable electronics, conversion of energy to 

electricity from a number of sources is possible.1, 2 Sustainable 

electrical generators have been proposed which utilize solar, 

thermal and mechanical energies. Photovoltaic generators 

produce useable energy from sunlight, with experimental 

power conversion efficiencies up to 13% in flexible and organic 

solar cells; however, they are limited to daytime operation for 

conversion and require large areas continuously exposed to 

direct sunlight.3, 4 Commercialization of photovoltaics as 

electrical generators has occurred, and solar cells are currently 

regarded as the most prominent source of small-scale 

sustainable energy in industry.5  

Pyroelectric generators that harvest electricity from 

changes in temperature have been proposed. The power 

efficiency of these devices is typically below 3% at temperatures 

near 25 °C and they possess a slow electrical output response.6 

The advantage of these types of harvesters is that they can be 

used in environments where significant and frequent 

temperature changes occur. Bowen et al.7 provide a recent in-

depth review of pyroelectric generators.  

Scavenging mechanical energy through piezoelectricity is a 

prospective solution due to high energy conversion efficiencies 

up to 75% in inorganic materials and 37% in fluoropolymers.8-11 

These systems are broadly referred to as piezoelectric 

generators (PEGs) and are the topic of this review. 

Piezoelectricity occurs in crystalline dielectric materials 

possessing a dipole moment. The concept of electromechanical 

coupling through piezoelectricity has been proposed and 

experimentally verified in the nineteenth century by Curie et 

al.12, 13 and Lippmann14. During the first half of the twentieth 

century, piezoelectric materials have found limited industrial 

uses in sensors and actuators.15-17 However, in 1961 Sonus 

Corporation patented the first energy harvesters using PEGs .18 

The electric output from the induced strain through stretching, 

bending or compression of piezoelectric materials has been 

shown to power electrical items, such as light emitting diodes 

(LEDs), liquid crystal displays (LCDs), MP3 players, and 

sensors.19-24 This ability to generate electricity through the use 
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of PEGs has the potential to supplement the use of batteries or 

remove them in some applications where only intermittent 

power is required. 

 Piezoelectric materials span from naturally-found crystals to 

synthetic ceramics, polymers and nanostructured metal 

oxides.25 Early literature has focused solely on the transduction 

mechanism in quartz, Rochelle salt, and other naturally-

occurring anisotropic crystals.12, 26  

The ability to fabricate advanced inorganic structures led to 

the development of perovskites showing enhanced 

piezoelectricity due to the polarization of the central atom 

within the unit cell.27, 28 A class of synthetic polymers with a 

dipole moment perpendicular to the backbone have since 

gained attention as flexible piezoelectric materials, enabling the 

utilization of flexible and biocompatible PEGs in wearable 

electronics and in-vivo sensors.29, 30 Recent advances have 

incorporated into these polymers nanostructured perovskites 

and inorganic oxides in the form of nanoparticles and 

nanowires. The incorporation of these nanofillers has shown 

promise in increasing the electrical output of flexible PEGs.31-35 

 Polymers, in comparison to ceramic materials, tend to 

exhibit a variety of properties beneficial for uses as PEGs. The 

2014 review by Ramadan et al.11 has comparatively analyzed 

the benefits of piezoelectric polymers and their composites 

relative to common inorganic materials, suggesting their 

enhanced mechanical flexibility, lower costs and increased ease 

of production, as well as biocompatibility for uses such as 

implantable or wearable sensors. Through tailored processing 

parameters, piezoelectric polymers have shown high optical 

transparency and low haze, leading to potential applications in 

capacitive touch sensors as a top layer on LED displays.36-38 

Recent utilization of nanomaterials and fillers has been 

reported to increase electromechanical coupling efficiencies of 

piezoelectric polymers, with the potential of retaining optical 

transparency, leading to highly efficient flexible and transparent 

PEGs.39, 40

 Poly(vinylidene fluoride) (PVDF) and related fluoropolymers 

are the most common commercialized piezoelectric 

polymers.41, 42 These polymers are stable at room temperature, 

simple to process using conventional solvent casting and melt-

extrusion techniques, chemically inert, biocompatible and 

exhibit conversion efficiencies higher than those of other 

piezoelectric polymers.11, 43 These properties make 

fluoropolymers ideal for use as sustainable electrical generators 

for powering portable, wearable and implantable sensors and 

electrical devices, with or without an integrated energy storage 

solution. 

 This review is focused on the factors influencing the 

electrical output in flexible piezoelectric PVDF-based 

fluoropolymers and how these factors can be controlled to 

maximize energy conversion, providing a critical analysis of the 

recent literature on polymerization and processing techniques 

and parameters, as well as device geometries. The theory of 

piezoelectricity in materials and the operating principles of PEGs 

are introduced first. The synthesis of PVDF and related 

fluoropolymers is subsequently discussed with reference to 

literature and a special focus on decreasing defects, increasing 
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the electroactive phase fractions and the optimization of 

electromechanical conversion efficiencies. The latest 

developments in processing of fluoropolymers, such as 3D 

printing and electrospinning, are reviewed next, and their 

potential in manufacturing PEGs is discussed and compared to 

conventional techniques including solvent casting, melt 

extrusion, and melt-drawing. The inclusion of nanofillers and 

additives into the polymers is presented as a preferred single-

step method to reorient polymer chains, superior to 

conventional, high-energy multi-step processes. This review 

highlights the on-going evolution of the field and aims to 

identify future directions towards the development of 

commercially relevant low-energy processing methods to 

produce PVDF-based PEGs. 

2. Metrics and definitions for piezoelectric

materials

Let us first look at the phenomena in piezoelectric materials 

and the mathematical toolkit used to describe them. Unlike 

non-piezoelectric dielectrics, a net dipole moment is present in 

piezoelectric materials in the absence of external stimuli. When 

a force is applied, an instantaneous electric field is generated 

parallel to the direction of the polarization vector. This electric 

field is proportional to the time-differential of strain and leads 

to separation of positive and negative surface charges on the 

opposite surfaces of the material, with a fast response time. 

When an external load is connected to electrodes deposited on 

the opposing surfaces, the surface charges force electron 

migration across the load to neutralize the potential difference 

between the electrodes. The behavior of piezoelectric materials 

and the aforementioned transient phenomena are described by 

directional coefficients and a number of mathematical 

equations. We will now proceed to the discussion of the 

mathematical foundation of piezoelectricity in materials. 

It is widely accepted that all linear elastic materials exhibit a 

displacement (x) with applied force (F), related by a spring 

constant (k). This relationship is known as Hooke’s law.44, 45 This 

equation is given for the simplest one-dimensional scenario in 

Eqn (1). 

𝐹 = 𝑘𝑥 (1) 

Strain (S) and stress (T) are related by a similar equation with 

elastic compliance (s) as a proportionality coefficient. In the 

simplest, one-dimensional case, Eqn (2) applies. 

𝑆 = 𝑠𝑇  (2) 

Furthermore, dielectric elastic materials are polarizable when 

placed under an external electric field. The constitutive 

equation for such materials is given in Eqn (3). 

𝐷 = 𝜀𝐸 (3)
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In this equation, the electric displacement (D) depends on the 

permittivity (ε) of the material and the applied electric field (E). 

In piezoelectric materials, the properties described in Eqns (2) 

and (3) are interrelated and the following Eqns (4) and (5) can 

be written in a one-dimensional situation. 

𝑆 = 𝑠+𝑇 + 𝑑.𝐸 (4) 

𝐷 = 𝑑𝑇 + 𝜀/𝐸 (5) 

Here, the relationship coefficient (d) is termed as the 

piezoelectric charge coefficient, dt is the piezoelectric charge 

coefficient for the case of the inverse piezoelectric effect, and 

superscripts E and T refer to constant electric field and stress, 

respectively.  

In reality, to describe piezoelectric phenomena, one should 

consider the descriptions of the processes in three dimensions. 

In particular, the requirement for piezoelectricity is a net dipole 

moment oriented along one direction of the material in 

question. To aid understanding, the directionality used in 

defining piezoelectric properties is shown in Fig. 1. Note that 

rotational directions 4, 5, and 6 are also introduced when 

directionality is considered in three dimensions. For the clarity 

of presentation, let us assume that this direction coincides with 

the z axis (Fig. 1 direction 3). In such a case, piezoelectric 

properties in x (1) and y (2) directions (Fig. 1 directions 1 and 2) 

can be considered identical and that of the 3 direction is non-

equivalent relative to the others. Taking into account the 

anisotropy of piezoelectric materials, Eqns (4) and (5) take on 

the form shown in Eqns (6) and (7), where the constituents are 

replaced with their tensor analogues. 

𝑆0 = 𝑠01+ 𝑇1 + 𝑑20𝐸2 (6) 

𝐷2 = 𝑑21𝑇1 + 𝜀23/ 𝐸3 (7) 

In this form, subscripts i and k represent directions 1, 2 or 3, and 

p and q represent directions 1, 2, 3, 4, 5 or 6. When expanded, 

the equations form a matrix relating strain, stress, electric 

displacement and electric field, as shown in Eqn (8).  

⎝
⎜⎜
⎜⎜
⎜⎛
𝑆1𝑆2𝑆3𝑆4𝑆5𝑆6𝐷1𝐷2𝐷3⎠
⎟⎟
⎟⎟
⎟⎞
=

⎝
⎜⎜
⎜⎜
⎜⎛
𝑆11𝑆22𝑆332𝑆232𝑆132𝑆12𝐷1𝐷2𝐷3 ⎠

⎟⎟
⎟⎟
⎟⎞
=

⎝
⎜⎜
⎜⎜
⎜⎜
⎜⎛
𝑠11𝐸 𝑠12𝐸 𝑠13𝐸 0 0 0 0 0 𝑑31𝑠21𝐸 𝑠22𝐸 𝑠23𝐸 0 0 0 0 0 𝑑32𝑠31𝐸 𝑠32𝐸 𝑠33𝐸 0 0 0 0 0 𝑑330 0 0 𝑠44𝐸 0 0 0 𝑑24 00 0 0 0 𝑠55𝐸 0 𝑑15 0 00 0 0 0 0 𝑠66𝐸 0 0 00 0 0 0 𝑑15 0 𝜀11𝑇 0 00 0 0 𝑑24 0 0 0 𝜀22𝑇 0𝑑31𝑑32𝑑33 0 0 0 0 0 𝜀33𝑇 ⎠

⎟⎟
⎟⎟
⎟⎟
⎟⎞

⎝
⎜⎜
⎜⎜
⎜⎛
𝑇A𝑇B𝑇C𝑇4𝑇5𝑇6𝐸1𝐸2𝐸3⎠
⎟⎟
⎟⎟
⎟⎞

(8) 

Here, the values for p and q are used to simplify indices 

according to the following rules: 1⇒11, 2⇒22, 3⇒33, 4⇒23≡

32, 5⇒13≡31 and 6⇒12≡21.46-48 One of the alternate forms 

of the constitutive equations is given using the piezoelectric 

voltage coefficient (g) (as opposed to the piezoelectric charge 

coefficient), shown in Eqns (9) and (10). 

𝑆0 = 𝑠01D 𝑇1 + 𝑔20𝐷2  (9) 

𝐸2 = −𝑔21𝑇1 + 𝛽23/ 𝐷3 (10) 

Here, the mechanical compliance (sD) at constant electric 

displacement is related to sE by sD = sE – d2/εT and the 

impermittivity at constant stress (βT) is the inverse of εT. 

Furthermore, it should be noted that g and d are related via g = 

d/εT.47 

 The equations for displacement current (JD), open circuit 

voltage (VOC) and current transport were discussed in a recent 

review by Wang49 based on Ampere’s circuital law with 

Maxwell’s addition. The displacement current as postulated by 

Maxwell is shown in Eqn (11), formulated to supplement 

Ampere’s law for magnetic fields with regards to contribution 

from electric charges. This equation is a differential form of 

Equation 3 for dielectric materials with respect to time. 

𝐽D = ID
I. = 𝜀 I+I/ + IJ

I. (11) 
Figure 1: Schematic of reference directions for piezoelectric materials.
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The displacement current is noted to be a time-dependent 

electric field for either vacuum (utilizing ε = ε0, the permittivity 

of vacuum) or alternate media such as a dielectric material, 

rather than the conventional definition of current utilizing the 

movement of charges. The reason for this distinction arises 

from the second term in Eqn (11), the time-dependent dielectric 

polarization within the material (∂P/∂t). Since Pi = diqTq 

(rearranged from Eqn (7)), the displacement current arising 

from polarization of the material is shown in Eqn (12). 

𝐽D = IJKI. = 𝑑21 LI/I.M1 = ℎ21 LIOI.M1 (12) 

Here, the piezoelectric coefficient is hiq = diq/(sE
pqεT

ik). Eqn (12) 

suggests that the output arises from a time-dependent variation 

of strain, proportional to a time-dependent variation of the 

polarization vector. Furthermore, the equations for VOC and the 

current transport for piezoelectric materials with electrodes 

attached across the thickness axis are given in Eqns (13) and 

(14), respectively. 

𝑉QR = STUV(ST)YTT (13) 

𝑅𝐴L\U\.M = ST]UV(ST)^U_(ST)`YTT  (14) 

Here, l3 represents thickness of the piezoelectric material (also 

the distance between electrodes), ε33 represents permittivity of 

the piezoelectric material, σm(l3) is the density of piezoelectric 

charges on the surface of the material, σe(l3) is the charge 

density of mobile electrons within the electrodes, A is the 

surface area of electrodes and R is the resistance of the 

attached external load. Eqn (13) suggests a direct relationship 

between VOC and thickness, as well as an inverse relationship 

with the dielectric constant—implying a material with lower ε33 

such as a fluoropolymer can exhibit higher open circuit voltage 

relative to ceramic materials. Furthermore, Equation 14 implies 

dependence of the time-dependent current transport on the 

load resistance and electrode properties. 

 The transport phenomena in Eqns (12), (13) and (14) explain 

the operational principles in PEGs, whereby factors such as 

strain, time-dependent strain rate, directionality of strain, 

thickness of material, dipolar strength, anisotropic dielectric 

permittivity of the piezoelectric material, quality and surface 

area of the electrode can all play a role in the development of 

efficient PEGs. 

 For the indiscriminate comparative analysis of piezoelectric 

materials used in PEGs, a figure of merit (FOM) is required. For 

a long time, the electromechanical coupling coefficient k2 has 

been considered as the non-biased FOM, as shown for the 33 

directionality in Eqn (15).50 

𝑘CCB = a.bcd\	dSdf.c2fgS	dhdcij
2h0k.	ldfmgh2fgS	dhdcij = \TTnaTTo YTTp (15) 

The relationship between the piezoelectric charge (d) and 

voltage (g) coefficients, as shown above, is d33 = g33 / εT
33,

allowing Eqn (15) to be expressed as a function of both 

coefficients. Furthermore, the Young’s modulus of a material, 

defined as the ratio of stress and strain (T/S) from Eqn (2), is 
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inversely proportional to the mechanical compliance at 

constant electric field (sE). Hence, the coupling coefficient 

relationship from Eqn (15) then takes on the form shown in Eqn 

(16). 

𝑘CCB = 𝑑CC𝑔CC𝑌C (16) 

Recently, Deutz et al.51 have investigated the FOM for a variety 

of piezoelectric materials, suggesting that the k2 value does not 

consistently represent the stored electrical energy per unit 

volume (Uopen) in the sample. They have proposed that Uopen 

scales linearly with the product of the charge and the voltage 

coefficients, shown in Eqn (17) and Fig. 2.  

𝑈b0dh = A
B𝑑CC𝑔CC L∆tu_MB (17) 

Here, the ∆F denotes the input force amplitude and Ae stands 

for the electrode area. This research has verified the proposed 

model using a purpose-built electrometer (Fig. 2a,b) and 

measuring Uopen as a function of d33g33 (Fig. 2c) for a range of 

piezoelectric materials including perovskites, fluoropolymers 

and perovskite-polymer composites. The study has shown good 

agreement for varying materials (Fig. 2c-e), varying g33d33 (Fig. 

2c) and varying applied force (Fig. 2d). The relationship in Eqn 

(17) has been argued to describe the electromechanical

conversion in all piezoelectric materials irrespective of their

composition, morphology or geometry. It is also noted to be

independent of the elastic compliance, unlike the equation for

the k2 coefficient. In previous literature, the piezoelectric

ceramics have been reported with significantly higher k2 relative

to flexible polymeric materials. The use of d33g33 as an unbiased

FOM suggests that flexible materials are highly effective in their

use as PEGs.

3. Properties of poly(vinylidene fluoride) (PVDF)

Among the variety of materials exhibiting piezoelectricity,

polymers are of interest due to several enhanced properties 

desirable in flexible PEGs, such as the ability to deform, ease of 

processing and low dielectric constant. In particular, polymers 

possessing a dipole moment perpendicular to the backbone 

have been found to exhibit piezoelectric properties.52 This 

phenomenon is particularly evident in fluorinated polymers 

such as PVDF, whereby two fluorine atoms are attached to 

every second carbon atom along a vinyl backbone (Fig. 3(a-c)). 

If the fluorine atoms are arranged a certain way, the chain 

substituents orient in a manner that shows an effective dipole 

perpendicular to the chain.9 This is described further in the 

following section. PVDF and its co-polymers remain the most 

interesting and widely researched polymeric materials for 

flexible PEGs. 

3.1. β phase as the preferred structural orientation and its 

electromechanical coupling properties 

 The properties of PVDF are influenced directly by its 

structure. It is a semi-crystalline polymer with properties 
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dependent on the phase.53 The polymer has been found in five 

distinct phases, known as α, β, γ, δ and ε.54, 55 Of those, the α 

and β phases are the most commonly found. The γ phase is a 

transitional state between α and β and therefore not as 

common.43 The other phases, δ and ε, are more difficult to 

isolate and not generally found through conventional 

processing techniques.55  

The α phase of PVDF has a trans-gauche conformation 

(TGTG´) (Fig. 3a), and hence is non-polar. The β phase consists 

of all-trans conformation (TTTT) (Fig. 3b) meaning the majority 

of fluorine atoms are separated from hydrogen atoms and 

hence it possesses a dipole moment perpendicular to the 

polymer chain (7.0 × 10-30 C m).56 The third type of chain 

orientation is the γ phase (Fig. 3c). This orientation is a 

transitional structure between the α and β phases and hence 

shows a smaller dipole moment than that of the β phase.57 This 

can be explained by its structure, taking on a trans-gauche 

conformation with a higher trans fraction (TTTGTTTG´). Thus, of 

all the chain orientations in PDVF, the β phase shows the highest 

net dipole moment, suggesting the necessity to increase its 

proportion within the material to maximize the electrical output 

of a PVDF-based PEG.  

The presence of a dipole moment in the 3 direction of β-

PVDF, in combination with the material acting as a dielectric 

material, allows this fluoropolymer to exhibit electromechanical 

coupling. As shown in Eqn (8) in the previous section, the 

contribution of surface charge to electromechanical coupling is 

dependent on the dip coefficients, which have been reported in 

literature for β-PVDF for all three directions of strain. However, 

discrepancies between the magnitude of values in literature are 

observed, generally attributed to a varying degree of β phase 

purity within the polymer, the temperature at which values 

were obtained and the thickness of the measured film.  

Table 1 shows the reported values  for dip in β-PVDF for i = 3 

and p = 1, 2, 3. Here, it is assumed that the polarization vector 

is parallel to the 3 direction, the electrodes are attached across 

the 3 direction, i.e., along the surfaces of the films with the 

highest area, and p accounts for the compressive and 

longitudinal strains along directions 1, 2 and 3. It has been 

shown that the d33 charge coefficient is the largest due to the 

compression of the dipole vector directly, whereas d31 is smaller 

as the stretching occurs along the polymer chain orientation 

axis (indirectly compressing the distance between dipoles). The 

smallest values are observed for d32 because it corresponds to 

the increase of the distance between polymer chains with low 

compressibility of the dipole.45 

The charge coefficient is further dependent on the 

temperature of the sample, which affects the compressibility of 

the dipole. Fig. 4a shows the relationship of the coefficient and 

Table 1: Selected piezoelectric charge coefficients for PVDF. 

Piezoelectric charge 

coefficient 

Experimentally obtained values 

pC N-1 

References 

d31 6-20 45, 58

d32 1-4 45, 58

d33 13-28 11, 59-61

Figure 2: Experimental layout and verification of the piezoelectric FOM. (a) Schematic showing the layout of the purpose-built electrometer for precise mechanical 

deformation and the subsequent collection of data and (b) a photograph showing the experimental layout. (c) The stored energy plotted as a function of the FOM g33d33 for 

a range of piezoelectric materials including lead zirconate titanate (PZ27, PZT), PZT 1-3 fiber composite in epoxy (A), β phase PVDF (B), randomly distributed 0-3 particle 

composites from PZT (C, D) and lithium sodium potassium niobate in PDMS (E, KNLN), 1-3 dielectrophoretically aligned particle composites using PZT (F) and KNLN (E). (d) 

shows the dependence of Uopen on the input force for the perovskite, fluoropolymer and perovskite-polymer composites and (e) shows the agreement between the model 

and experimental data for all samples. The modelled data is represented as the black dashed black line in (c-e). Reproduced with permission from ref 51. Copyright 2018, 

Royal Society of Chemistry. 
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temperature. The study by Destruel et al.58 has found a direct 

relationship between dip and temperature, which can be 

attributed to the chain mobility of the polymer, allowing for a 

greater net dipole moment change. It is further accepted that 

the coefficients reduce to zero at the Curie temperature (TC); 

therefore, at ambient conditions, PVDF exhibits piezoelectric 

properties in all deformation directions. This attribute is 

essential, as the strain cannot be isolated to a single direction in 

applications related to portable and implantable electronics. 

The electromechanical energy coupling coefficients kip for i 

= 3 and their temperature dependence are shown in Fig. 4b.58 

Experiments have suggested the coupling factor remains 

constant between -20 °C and 60 °C when strain is applied in 

directions 2 and 3. Conversely, an increase in the coupling factor 

has been observed for the case of strain applied in direction 1 

as a function of increasing temperature, deviating from the 

other directions.  

The dielectric constant of PVDF, with a value of ε = 12, is 

significantly lower than that of conventional piezoelectric 

materials (i.e., perovskites such as lead zirconate titanate 

(Pb[ZrxTi1-x]O3, PZT, ε = 2400) and barium titanate (BaTiO3, BTO, 

ε = 2479)).11, 45, 60, 62 Additionally, the spontaneous polarization 

of pure β-PVDF has been experimentally reported as Ps = 1.32 × 

10-2 C m-2. The remnant polarization (Pr) of PVDF has further

been linked to the thickness of the material, with experiments

suggesting an increase in Pr as a function of an increase in

thickness. This phenomenon is attributed to a change in the

aspect ratio of the material, where the potential difference on

a 33-form PEG is given by Eqn (18).

6 | Energy Environ. Sci., 2019, 12, 1143-1176

𝑉vwx = g
yf𝑔CC𝐹 (18) 

Here, a is the thickness of the material, b and c are the length 

and width of the material, respectively, and F is the applied 

force.63, 64 Hence, as the thickness increases, higher voltage can 

be observed. The recent review by Uchino65 has discussed the 

influence of PEG geometry on the resultant electricity 

generation, as well as the optimal circuitry on how to measure 

the electrical output of PEGs. 

3.2. Thermal, mechanical and optical properties of PVDF 

 While the electromechanical coupling is the most 

interesting property of PVDF, especially within the β phase, 

other properties are important for its application. For example, 

requirements of optical transparency, thermal and chemical 

stability, as well as mechanical flexibility and biocompatibility 

can play a key role in enabling applications.  

 PVDF is a thermoplastic polymer, with the electroactive 

phase melting at approximately 170 °C. The β orientation of 

PVDF has an increased density (ρ = 1.97 g mL-1) compared to the 

amorphous PVDF (ρ = 1.78 g mL-1) due to a higher degree of 

crystallinity and hence higher packing density. The lattice 

parameters have been determined experimentally for the 

orthorhombic β-PVDF unit cell, given as a = 8.47 Å, 	b	=	4.90	Å,	c	=	2.56	Å.54 As the glass transition temperature (Tg) of PVDF is 

between -60 °C and -20 °C, PVDF is a rubbery polymer at all 

temperatures above 0 °C, irrespective of the phase.45, 57 

Furthermore, all phases of the polymer melt at similar 

temperatures (Tm), although minor differences in the Tm have 

Figure 3: Chemical structure of (a) alpha phase, (b) beta phase and (c) gamma phase conformations of poly(vinylidene fluoride), as well as the chemical structure of (d) 

poly(vinylidene fluoride-co-trifluoroethylene), (e) poly(vinylidene fluoride-co-hexafluoropropylene) and (f) poly(vinylidene fluoride-co-chlorotrifluoroethylene).
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been suggested to be Influenced by the phase. Hence, the value 

of Tm has been proposed as a characterization tool to discern 

various crystalline phases and we will discuss this in greater 

detail in the next section. The TC of PVDF has been widely 

debated, however most data suggests it to be above the Tm, 

between 195 °C and 197 °C.66, 67 The TC is regarded as the point 

when the material loses spontaneous polarization. Therefore, in 

PVDF this means the polymer chains rotate to reduce the net 

energy and hence randomize the polarization vector. 

 In regard to mechanical properties the Young’s moduli (Yi) in 

various directions i of strain for PVDF are similar, where Y1 = 2.56 

× 109 Pa for direction 1 (along the axis of the polymer backbone) 

and Y2 = 2.6 × 109 Pa for direction 2 (perpendicular to the 

polymer chain orientation and the thickness axis). However, the 

similarity is only at the initial region of the strain-stress curve, 

shown in Fig. 4c,d. Past the initial region in the direction 1, the 

stress-strain curves exhibit behavior typically found in brittle 

materials (Fig. 4c) — a linear increase in stress as a function of 

strain up to a maximum, whereby the material fails. Conversely, 

PVDF shows properties representative of ductile materials in 

direction 2 (Fig. 4d).45 Studies on the anisotropic mechanical 

properties of PVDF suggest that there is a difference of 

approximately one order of magnitude between maximum 

stresses (σmax,i)  between directions 1 and 2: σmax,1 = 3.5 × 108 Pa 

and σmax,2 = 5.1 × 107 Pa.68, 69 

 The optical properties of PVDF are also important. Ideally, 

the control over transparency, haze and clarity is required 

depending on the use of the material. The major reason for low 

visible-wavelength transmittance and high haze in PVDF is 

surface roughness. Although limited efforts have been made in 

isolating optical properties and optimal conditions for 

transparency of β-PVDF, several researchers have studied α- 

and δ-PVDF.  

Li et al.37 has proposed a relationship between the root 

mean square (RMS) roughness and the optical transparency, 

clarity and lack of haze in δ-PVDF. The films have been 

deposited via both Meyer bar coating and spin coating methods 

at elevated temperatures to decrease surface roughness. Here, 

post-processing includes applying a short electrical pulse across 

the attached electrodes to convert the α phase into the δ phase. 

Further work by the researchers, Li et al.,38 suggest the presence 

of humidity as the main factor for the presence of haze in films 

of solvent cast α-PVDF. Further, they report vapor-induced 

phase transition as the primary cause of high haze and low 

clarity in solvent evaporation-assisted PVDF deposition 

methods. Hence, the authors have been able to produce thin 

films of PVDF with approximately 0% haze, approximately 100% 

clarity and visible wavelength absorbances below <10-2 at 0% 

relative humidity and 40 °C deposition temperature.  

3.3. Comparison of PVDF properties with other piezoelectric 

materials 

 It is useful to compare the properties of PVDF to other well-

known piezoelectric materials, in order to highlight its suitability 

Figure 4: The temperature dependence of the directional (a) piezoelectric charge coefficients dip and (b) piezoelectric energy coupling coefficients kip. Reproduced with 

permission from ref 58. Copyright 1984, American Institute of Physics. Stress-strain response of PVDF in the (c) 1 direction and (d) 2 direction. Reproduced with permission 

from ref 45. Copyright 1999, Taylor and Francis. 
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for applications in flexible PEGs. Table 2 shows a selected list of 

properties for PVDF compared to alternative piezoelectric 

materials. Materials such as PZT and BTO are perovskite 

structures, whereby the titanium atom arranges itself in the 

center of the unit cell and induces spontaneous polarization 

below the TC. The d33 coefficient in PZT and BTO is one order of 

magnitude higher than polymer-based piezoelectric materials. 

These materials are dense in nature (>5 g mL-1) with a high 

Young’s modulus, suggesting their brittleness and limiting their 

use in applications requiring flexible materials without 

significant processing.70-73 The presence of lead in PZT and 

similar perovskites further limits applications in medical devices 

due to its toxicity.39 On the other hand, voided charged 

polymers (VCPs) such as cellular poly(propylene) (PP) have a 

comparable d33 to perovskite materials. Conversely, VCPs 

generally have a lower maximum operating temperature, a low 

conversion from mechanical to electrical energy (k33), low 

structural integrity and low dielectric constant, limiting their 

utilization in real-world applications as mechanoelectrical 

conversion devices.59  

In contrast to perovskite structures and VCPs, PVDF and 

related fluoropolymers exhibit a moderate electromechanical 

conversion efficiency; importantly, they possess an acoustic 

impedance similar to that of human tissue, making them more 

suitable for biomedical applications relative to perovskites and 

VCPs.74, 75 It is biocompatible as it does not contain toxic lead, 

unlike many perovskites, in particular PZT.11 Furthermore, PVDF 

is flexible with a high Young’s modulus relative to that of VCPs, 

suggesting its improved mechanical strength.69 Additionally, it 

can be processed to show high transparency in the visible 

wavelength region with high clarity and low haze.37, 38  

4. Characterization of PVDF

To understand the properties of PVDF, and quantify the

phase composition, several characterization techniques have 

been commonly utilized, including x-ray diffraction (XRD), 

Fourier transform infrared (FTIR) spectroscopy, differential 

scanning calorimetry (DSC) and polarity switching 

measurements are then used to measure the total polarization 

in the material. More recently Raman spectroscopy has also 

been employed. This section will highlight these techniques. 

 XRD, FTIR and DSC are commonly used together to develop 

an understanding of the contributions of various phases to the 

microstructure of PVDF. Representative fingerprints of α, β and 

γ phases can be obtained by these techniques and are shown in 

Fig. 5(a-c), for XRD, FTIR and DSC, respectively.56, 68, 76-79  

XRD is commonly used to fingerprint the phases of the 

polymer.43 As shown in Fig. 5a, the XRD pattern for β phase 

shows the combination of a broadened peak at 20.26 ° (2θ) and 

a weakened shoulder at lower angles. In contrast, the XRD 

patterns of α and γ phases are noticeably different. The α phase 

of PVDF displays a sharp peak at 19.90 °, an additional pair of 

easily resolvable peaks at 17.66 ° and 18.30 °, as well as a 

feature at 26.56 °. In the XRD pattern of γ phase PVDF, peak 

broadening occurs and the main characteristic peak shifts to a 
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Table 2: Physical, dielectric and piezoelectric properties of selected piezoelectric 

materials, showing perovskites, bulk polymers and voided charged polymers. 

Material  PZTa)
 BTOb) PVDFc)  Cellular 

PPd) 

References 11, 80 60, 62, 80 11, 59-61 11, 59, 81

Density ρ g mL-1 7.80 5.72 1.78 0.33 

Young’s 

modulus Y 

GPa 50-

60 

116-

128 

2.5-3.2 0.002 

Dielectric 

constant ε 

2400 3279 7.6-12 1.12-1.23 

Charge 

coefficient d33 

pC N-1, 

pm V-1 

289-

500 

105-

460 

13-28 80-800

Voltage 

coefficient g33 

V m N-1 0.026 0.013 0.320 30 

FOMe)  10-12 m2 

N-1

8-13 1-6 4-9 2400-

24000 

Coupling 

factor k33 

0.69 0.49 0.20-0.27 0.06 

Maximum 

operating 

temperature

°C 250 120 90 50 

a) Pb[ZrxTi1-x]O3 (PZT), perovskite; b) BaTiO3 (BTO), perovskite; c) poly(vinylidene fluoride)

(PVDF), solid polymer; d) cellular poly(propylene) (PP), voided charged polymer; e) figure

of merit (FOM) from Eqn. (17), given as d33g33 (10-12 m2 N-1).

higher angle of 20.04 °, while the pair of sharp peaks found in α 

PVDF transforms into a single broad feature located at 

approximately 18.50 °. The features between 17.66 ° and 18.50 

° in α and γ phases have been attributed to the gauche 

conformation in the structure of PVDF, which is not found in β 

phase.82 The XRD method can serve as a qualitative analysis for 

confirming the presence of pure β phase and distinguishing it 

from other commonly found phases. 

 The FTIR characterization is most widely used to determine 

β phase fraction of PVDF (Fig. 5b). It involves the quantitative 

comparison of absorbance at 766 cm-1 (attributed to α phase) 

and that at 840 cm-1 (attributed to β phase) through Eqn (19). 

𝐹(𝛽) = u�]�� ��⁄ `u��u� (19) 

Here, F(β) represents the fraction of β phase PVDF, Aα and Aβ

represent the absorbances at 766 cm-1 and 840 cm-1, 

respectively, and Kα  and Kβ  are the absorption coefficients at 

the respective wavenumbers with the values given as 6.1 × 104 

cm2 mol-1 and 7.7 × 104 cm2 mol-1, respectively.83 However, it 

should be noted that FTIR cannot be used alone to quantify the 

presence and relative proportions of the phases, due to the 

peak at 833 cm-1 from γ phase PVDF overlapping with the peak 

at 840 cm-1 for β phase PVDF.84 Many authors suggest that Eqn 

(19) should be used to determine the total fraction of

electroactive phases (β and γ phases combined), as shown in

Eqn (20).85 In this modification, FEA is the total electroactive

fraction and IEA is the absorbance at 840 cm-1.

𝐹+u = �o�]�� ��⁄ `����o� (20)
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Furthermore, to separate the contribution from the distinct 

electroactive phases, a peak-to-valley height ratio approach has 

been proposed, whereby the absorbances reflecting the β 

phase peak at 1275 cm-1 and the γ phase peak at 1235 cm-1 are 

used, shown in Eqns (21) and (22). 

𝐹(𝛽) = 𝐹+u × � ∆���∆����∆���� (21) 

𝐹(𝛾) = 𝐹+u × � ∆���∆����∆����  (22) 

In this instance, ∆Iβ’ is attributed to the difference in intensity 

between the β phase peak at 1275 cm-1 and the preceding 

“valley” at approximately 1260 cm-1, and ∆Iγ’ is attributed to the 

difference in intensity between the γ phase peak at 1234 cm-1 

and its preceding “valley” at approximately 1225 cm-1. This 

method of quantification has been increasingly utilized since its 

initial reports.86-88 It should be noted that the peaks for the 

various phases tend to overlap in FTIR, making quantitative 

fingerprinting of the phases difficult. Hence, XRD should be used 

as a secondary characterization method to confirm the 

presence of β phase and, more importantly, rule out the 

presence of α and γ phases in PVDF and related fluoropolymers. 

 In addition, DSC is an alternative method to qualitatively 

distinguish relatively pure phases from each other, shown in Fig. 

5c. Depending on the phase of the material, the endothermic 

peak related to the relaxation in the polymer chain 

conformation upon melting shifts to a different position and 

changes its relative width. Moreover, DSC can be applied as a 

quantitative technique to measure the enthalpy of melting 

within the sample, and hence calculate the relative crystallinity 

using the reference value for the enthalpy of completely 

crystalline PVDF.89 In this method, the temperature of melting 

has been suggested to shift based on the conformation, as 

shown in Fig. 5c.43 The enthalpy of melting (∆Hm) can be 

calculated from the area under the melting peak on the 

thermogram and is given as a mass-normalized value with units 

J g-1. The total crystallinity percentage can then be calculated 

using Eqn (23).39 

𝜒f = ∆�V∆�� × 100 (23) 

Here, χc is the crystallinity fraction and ∆H0 is the literature 

melting enthalpy the completely crystalline PVDF material with 

a value of 103.4 J g-1.68, 89, 90 

 In recent times, Raman spectroscopy has been suggested as 

an alternative method to fingerprint the phases in 

fluoropolymers. This method was first utilized by Constantino et 

al.91, 92. Subsequent work by Riosbaas et al.78 has further 

popularized this method for discriminative characterization of α 

and β phases in PVDF. The representative spectra for the 

samples with predominantly α and β phases are shown in Fig. 

5d, and clear differences can be seen between the typical 

Raman signatures. This publication has attributed the peak at 

839 cm-1 to the growing amount of β phase upon mechanical 

stretching of the PVDF films and have suggested the decreasing 

intensity at 794 cm-1 is due to the α phase. Raman spectroscopy 

Figure 5: Typical fingerprints of α, β and γ phases of PVDF in common characterization techniques, (a) XRD (Kα1, λ = 1.5405600 Å); (b) FTIR, (c) DSC, Reproduced with permission 

from ref 43. Copyright 2014, Elsevier.  (d) Raman spectroscopy (λ = 532 nm), Reproduced with permission from ref 78. Copyright 2014, SPIE. (e) electric displacement-electric 

field (D-E) hysteresis loops, Reproduced with permission from ref 79. Copyright 2010, American Institute of Physics.
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has since been used in an increased number of studies.93-99 The 

main fingerprinting region in Raman is found between 700 cm-1 

and 900 cm-1. The peak at 794 cm-1 has been suggested to result 

from the rocking of CH2 in the α phase and that at 839 cm-1 

attributed to the rocking of the β phase CH2.91 Furthermore, an 

additional peak at 812 cm-1 has been reported recently due to 

the influence of γ phase of the polymer.100 The quantitative 

analysis of the fraction of β phase relative to that of α phase has 

been proposed using Eqn (24).78 

�
� = �(�)

�(�) = ��T�	�V��
����	�V��  (24) 

Here, I(β) corresponds to the intensity of the peak at 839 cm-1 

and I(α) to that of 794 cm-1. A β/α ratio of greater than 1 

suggested majority β phase content and below 1 suggested 

predominantly α phase. Due to the strong and sharp signals in 

Raman spectroscopy, the peaks do not tend to overlap, hence 

this technique may be useful in quantifying the relative 

proportions of the various phases in fluoropolymers. 

 The presence of a dipole moment in the β phase in the 

fluoropolymer is a requirement for it to exhibit 

electromechanical coupling; however, it is not the only 

requirement. For example, a sample of highly crystalline PVDF 

with predominantly β phase can exhibit no electrical output if 

the dipoles are arranged in a random manner, such that the 

dipole vectors cancel each other (Fig. 6).101 In this context, a 

specialized bulk fingerprinting technique for the quantification 

of a total dipole moment, polarity switching spectroscopy, is 

used. The measurement generates electrical displacement-

electrical field (D-E) or polarization-electrical field (P-E) 

hysteresis loops as shown in Fig. 5e.79  

Piezoelectric polymers such as β-PVDF are a special case of 

dielectric materials, whereby their dipoles remain polarized 

after an external influence is removed. This gives rise to several 

critical parameters necessary to quantify the polarizability of 

fluoropolymers, described in great detail by Damjanovic44. The 

first parameter is spontaneous polarization Ps, which is denoted 

by the y-intercept of the extrapolation of the final linear region 

in the hysteresis loop of a piezoelectric material (Fig. 5e), and 

this parameter quantifies the total possible polarization. Hence, 

a larger Ps correlates with a higher electrical output of the 

polymer. The second important parameter, introduced as the y 

intercept of the hysteresis loop, is called remnant polarization 

Pr and represents polarization due to oriented dipoles which 

remain aligned with no external field in the material. For the 

piezoelectric material to be considered stable, Pr should be 

comparative to that of Ps. In most real-world scenarios, Pr tends 

to be lower than Ps due to factors such as temperature and 

electromagnetic interferences.  

The final parameter used in measuring polarization in 

fluoropolymers is the x-intercept of the hysteresis loop and is 

generally referred to as coercive field EC. The physical meaning 

of this parameter is the electric field required to 

instantaneously depolarize the material. Measuring these 

parameters is quite important for optimizing the conditions for 

post-deposition processing (poling—refer to section 5.4) as well 

as understanding and enhancing electromechanical properties 

in PEGs. 

 The characterization techniques outlined in this section 

form a basis for understanding the conformational properties of 

PVDF and its related copolymers. The ability to pinpoint the 

amount of total crystallinity (Fig. 6a) is important, as it 

encompasses all non-amorphous phases, which include α, β and 

γ. Investigation using FTIR, XRD and Raman spectroscopy assists 

in quantifying the relative proportions of the crystalline phases 

(Fig. 6b). As outlined previously, the main purpose of the 

research into PVDF as a piezoelectric polymer able to generate 

electricity is to increase the fraction of total crystallinity, 

Figure 6: Synopsis of the factors affecting the electrical output of a fluoropolymer PEG and the respective methods used for their characterization.  
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whereby the β phase within the crystalline portion is 

maximized. Therefore, these spectroscopic methods are critical 

for understanding the material. However, to optimize the 

electrical signal obtained from mechanical deformation of the 

polymer, the dipole moment direction of all the polymer chains 

must be oriented in a single direction. Polarity switching 

measurements are then used to measure the total polarization 

in the material. Thus, the methods outlined in this section are 

necessary to understand the various properties of PVDF and 

related fluoropolymers, in order to tailor the materials for 

greatest electromechanical conversion appropriate for their 

uses in PEGs. 

5. Control of parameters relating to

piezoelectricity in fluoropolymers

For the purposes of translating PVDF-based PEGs into the 

aforementioned applications, the electrical output of the 

devices should be maximized. In fluoropolymers, a range of 

variables can be controlled to either directly or indirectly affect 

the electrical output of the resultant PEGs. Namely, the choice 

of polymerization parameters and techniques can increase the 

purity of the polymer and aid preferential nucleation into the 

electroactive β phase during later stages of processing. 

Different polymer deposition techniques also exist and can 

significantly affect the electrical output of flexible PEGs.  

The electrical characteristics of PEGs can be altered by post-

deposition processing methods, also commonly known as 

poling, aimed at increasing polarization within the polymers. 

Also, the inclusion of various co-monomers can influence the 

processability and electromechanical coupling effects in 

resulting copolymers. Lastly, the incorporation of nanomaterials 

and fillers to make fluoropolymer composites can vary the 

magnitude of the electrical output due to a range of effects. The 

following sections discuss each of these in detail. 

5.1. Polymerization parameters and techniques 

 The synthesis route of PVDF plays an important role in the 

enhancement of the polymer’s electroactivity, allowing for 

increased energy conversion efficiencies. PVDF is a linear chain 

fluoropolymer consisting of a linear vinyl chain with a difluorine 

functionality on every second carbon.102 The polymer is 

generally synthesized via either a free-radical polymerization or 

a more controlled method such as reversible addition-

fragmentation chain-transfer (RAFT) polymerization from the 

monomer, vinyl difluoride.57, 103 

 The monomer itself is gaseous at standard atmospheric 

conditions, hence the polymerization is typically undertaken in 

an emulsion or in a suspension to maximize yield.103 The former 

utilizes water soluble initiators, whereas the latter uses 

organosoluble initiators coupled with water soluble polymers 

such as poly(vinyl alcohol) acting as stabilizers for the monomer. 

It should be noted that the emulsion polymerization is 

undertaken in a medium with a high heat capacity such as 

water, which is able to dissipate the heat produced by the 

polymerization reaction.104 The documented method of 

termination of the PVDF polymerization reaction is described as 

either recombination, through the combination of two active 

polymer chains, or alternatively hydrogen abstraction from a 

proton donor solvent if available.53, 105 

 Several works have extensively documented the parameters 

of PVDF polymerization, including assessments of quality of 

polymer based on parameter sets.57, 106 Ameduri57 and Soulestin 

et al.107 have written several extensive reviews on the various 

polymerization techniques and pathways for PVDF and other 

fluoropolymers, as well as the influence of key parameters 

during the polymerization on the properties of the resulting 

polymers. These reviews can be used as a guide for literature 

surrounding the polymerization parameters.   

Due to the nature of radical-initiated polymerization 

processes, defects have been found in the products, deviating 

from the desired head-to-tail propagation (Fig. 7a, I).53 The 

presence of head-to-head (Fig. 7a, II) and tail-to-tail (Fig. 7a. III) 

defects has been attributed to polymerization conditions and 

temperature.57 

Emulsion-polymerized PVDF has been found to contain a 

higher proportion of head-to-head defects relative to 

suspension, with a 3-7 mol% defect proportion in commercially 

produced PVDF. It has been proposed that decreasing the 

proportion of defects within the polymer will increase 

crystallinity, with researchers claiming a low degree of defects 

(0.73 mol%) in vinylidene fluoride telomers results in a well-

organized β phase structure.108 This data suggests an increased 

β phase fraction can be obtained with a decrease in the 

molecular weight of the polymer. However, in PVDF with higher 

molecular weights, the opposite has been found to occur. In one 

of the few experiments linking polymerization parameters to 

the major polymorphic phase in PVDF, Cais et al.109  have 

studied the effects of induced defects in the polymer during 

synthesis and correlated their values to the major phase (Fig. 

7b). The authors report the α phase to be the most stable at 

11% head-to-head additions and below. However, the β phase 

of PVDF becomes more stable than the α phase at 15% defects 

and remains the dominant phase for all analyzed data up to 23% 

defects.109 It has been further noted that the melting 

temperature of PVDF decreases from 180 °C at 3.5% defects 

(inherent to polymerization of VDF) to 122 °C at 15% defects, 

with further increases up to 140 °C at 23% defects.110  

As discussed in Section 3.3, the preferential β phase 

formation of PVDF is one of the parameters to be maximized for 

the increased electrical output of fluoropolymers. Hence, the 

high head-to-head defect fraction at 23% is linked to 

enhancements of the electrical output of PVDF-based flexible 

PEGs. In the current state, it is difficult to examine 

polymerization parameters and their effects on the 

electromechanical coupling of the fluoropolymers due to a lack 

of relevant literature. The research in this area is expected to 

evolve in the near future and will be one of the key areas in 

enabling commercialization of fluoropolymer-based flexible 

PEGs. 
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5.2. Co-monomer influences in fluorinated polymers 

 One of the main downsides of PVDF is low 

electromechanical coupling relative to perovskites, manifested 

in its moderate piezoelectric charge coefficient d33, as well as 

difficulty to process it into the β phase.43, 111 To counteract these 

shortcomings, various polymer blends have been developed 

utilizing alternative fluorinated co-monomers.57 The commonly 

studied copolymers of PVDF are presented in this section, and 

Table 3 lists their electromechanical and dielectric properties 

for optimized molar fractions of comonomers.  

It is clear that variation of these polymers leads to variation 

in the electrical output of the PEGs based on these blends (Table 

3). Maximization of d33 and g33 is required for increased 

conversion efficiencies in these copolymers. 

 A wide variety of copolymers have been synthesized by 

incorporating vinylidene difluoride with trifluoroethylene 

(TrFE), hexafluoropropylene (HFP) and chlorotrifluoroethylene 

(CTFE) co-monomers.43 The choice of co-monomer, as well as  

Table 3: Comparison of the piezoelectric metrics and coefficients of various PVDF-
based copolymers 

Electroactivity 

coefficient 

PVDF PVDF-TrFE 

30 mol% 

TrFE 

PVDF-HFP  

10 mol% 

HFP 

PVDF-CTFE  

12 mol% 

CTFE 

Refs 10, 11, 60, 112, 

113

80, 112 114, 115 113, 116

Pr (mC m-2) 80 80-110 26-30 28 

Ps (mC m-2) 120 120-130 26 80 

EC (MV m-1) 80-100 50-70 52 100 

g33 (V m N-1) 0.32 0.38 - 0.40

d33 (pC N-1) 13-28 38 5.4-32 140 

k33 0.20-0.27 0.29 0.14-0.36 0.39

FOMa)  4.2-9.0 14.4 - 56.0

a) figure of merit (FOM) from Eqn. (17), given as d33g33 (10-12 m2 N-1).

relative ratios of each, leads to tailoring of properties such as 

Tm, Tg, Young’s modulus, dielectric constant, stability and 

crystallinity, amongst others.57 Copolymers, with optimized co-

monomer ratios, have been shown to deposit as an 

electroactive phase due to steric effects and dipole-dipole 

interactions. The reason for changes in the polymer properties 

is the modification of the symmetry of the polymer and varying 

the intramolecular and intermolecular forces. 

A review by Soulestin et al.107 reports on the effects of the 

copolymer chemistry on the properties of fluoropolymer 

copolymers and readers are directed towards their publication 

for an in-depth discussion on the topic.  

 The most studied copolymer is poly(vinylidene fluoride-co-

trifluoroethylene) (PVDF-TrFE) (structure shown in Fig. 3d). In 

this system, the relative molar ratio of VDF has been 

experimentally varied in free radical polymerizations.117 

Previous works have suggested successful conversion at all 

ratios, however only ones containing between 93 mol% and 50 

mol% VDF have been produced on a commercial scale.57  

The addition of the third fluoride atom into the vinyl 

backbone has been shown to enhance crystallinity in the 

resultant polymer due to its large steric hindrance relative to 

the hydrogen it replaces.118 The favored conformation is all-

trans and therefore the β phase is the most prevalent in PVDF-

TrFE when the VDF is in the range of 50 mol% and 80 mol%.119,

120 In this range, the Tm of the PVDF-TrFE is lower than that of 

PVDF, with a Tc between 55 °C and 128 °C (compared to PVDF 

at 196 °C).121 The introduction of the TrFE monomer in molar 

ratios between 25 mol% and 30 mol% has been shown to 

selectively obtain thin films with high β phase fractions.107 In 

terms of the electroactive properties of PVDF-TrFE, the remnant 

polarization has been determined to be Pr = 110 mC m-2, much 

higher than that of PVDF (Pr = 80 mC m-2), leading to a higher 

k33.9, 112 

Figure 7: (a) Isomers of PVDF through polymerization of vinylidene difluoride. Head-to-tail propagation (I) is the desired result, however head-to-head (II) and tail-to-tail (III) 

additions can occur as defects. (b) The fraction of α-phase polymorphs relative to the β-phase in PVDF synthesized with increasing head-to-head and tail-to-tail defect 

concentration. Reproduced with permission from ref 110. Copyright 1987, Elsevier.
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 The copolymer incorporating the hexafluoropropylene 

functional group as a co-monomer, poly(vinylidene fluoride-co-

hexafluoropropylene) (PVDF-HFP), has also been reported to 

exhibit electromechanical coupling properties (shown in Fig. 

3e).114, 122-124 The HFP group is significantly larger than the TrFE 

group, hence lower HFP molar ratios are required for the 

manufacture of semi-crystalline copolymers, induced by steric 

hindrance.  

PVDF-HFP shows semi-crystalline properties at HFP ratios 

below 20 mol% relative to the VDF monomer.125, 126 The optimal 

ratio for the utilization as flexible PEGs has been shown to be 

between 5 mol% and 15 mol% HFP.127 Interestingly, PVDF-HFP 

has been reported to exhibit a larger longitudinal piezoelectric 

charge coefficient (d31 = 43.1 pC N-1) than its thickness 

piezoelectric charge coefficient (|d31 / d33| > 1). 

 Of all the copolymers highlighted in this review, PVDF-HFP 

has the lowest remnant polarization (Pr ≈ 30 mC m-2), however 

the d33 coefficient has been reported as up to -32 pC N-1, higher 

than that of pure PVDF.115 To the best of the author’s 

knowledge, no value for the g33 coefficient has been presented 

in prior literature, hence the FOM for the 33 direction cannot be 

calculated. The 31 directionality of PVDF-HFP with 10 mol% HFP 

has been analyzed for its electromechanical coupling properties 

by Sukwisute et al.128, suggesting a FOM of 8.8 pm2 N-1 with a 

d31 of 28.7 pC N-1. These values are similar to those of pure PVDF 

in the 33 directionality, although significantly lower for the use 

of this copolymer in flexible PEGs. 

 Another copolymer with reports of enhanced piezoelectric 

activity is poly(vinylidene fluoride-co-chlorotrifluoroethylene) 

(PVDF-CTFE), the structure for which is shown in Fig. 3f. In this 

structure the co-monomer replaces a hydrogen atom along the 

vinyl backbone with a chlorine atom, which provides steric 

hindrance at specific monomer ratios in the polymer, between 

70 mol% and 93.4 mol% VDF.129 Between these molar ratios, the 

copolymer is predominantly crystalline. PVDF-CTFE exhibits a Tg 

between that of PVDF (approximately -40 °C) and PCTFE 

(approximately 45 °C), based on monomer ratios57 and is a 

thermoplastic at VDF fractions above 70 mol%.130  

One previous study has reported the highest 

electromechanical efficiency of PVDF-CTFE between 91 mol% 

and 88 mol% VDF, with the piezoelectric charge coefficient as 

high as d33 = -140 pC N-1. This is significantly higher than any 

previously reported fluoropolymer.116 Based on the report of 

the extraordinarily high d33 in this polymer, the 

electromechanical properties of PVDF-CTFE make it potentially 

very attractive as an alternative to low-output piezoelectric 

polymers such as PVDF. However, to date there is limited 

literature on this polymer; therefore, there is scope for broader 

studies on this system going forward. Of particular interest are 

studies on the piezoelectric properties of PVDF-CTFE, as well as 

studies on PEGs fabricated from this copolymeric system. 

5.3. Fluoropolymer deposition and processing techniques 

 The properties of PEGs are highly dependent on the 

processing technique of their fluoropolymer components. An 

overview of the processing techniques and the various 

applications of PVDF has been recently published elsewhere.43,

54 Here, we provide a more specialized discussion of deposition 

and processing techniques in the context of flexible PEGs. 

Conventionally, PVDF is deposited in a non-polarized manner 

due to thermodynamic minimization of energy. This randomly 

oriented polymer needs to be processed post-deposition 

through the process called poling, whereby the randomly 

oriented dipoles of the β phase are rotated and aligned in a 

single direction through the application of an external electric 

field. The poling process will be discussed further in the review. 

Firstly, let us consider suitable deposition techniques for 

fluorinated polymers. 

 The most common starting conditions for processing and 

deposition of PVDF into a predominantly β phase material are 

(1) the melt, (2) solution, (3) α phase solid and (4) composite

systems (discussed separately in Section 5.5).43 Melt extrusion

of PVDF is a well-defined process and the most viable in

commercial settings. This is evidenced by current commercial

availability of materials from Measurement Specialities Inc.,

Kureha  and Arkema Inc. in the form of thin films with thickness

between 9 μm and 250 μm.41

PVDF films produced from the melt tend to exhibit low β 

phase fraction.131 The β phase can be maximized through either 

a quenching and annealing treatment, stretching and annealing, 

poling of the α phase films, or a combination of the above.132,

133 Uniaxial drawing as a processing technique has been 

reported to yield high fractions of β phase, however further 

studies have suggested the need for poling as the drawn films 

are not polarized.134 The β phase is prevalent in the produced 

films, although it is not oriented and hence the polarization 

vector parallel to the thickness axis has low magnitude.  

The method of extrusion coupled with immediate uniaxial 

drawing has been commercialized by Measurement 

Specialities41, whereby the films show a piezoelectric charge 

constant d33 = -33 pC N-1, an attractive value for pure PVDF, after 

the polarization process. However, the coupling factor for the 

films is low relative to literature values, k33 = 0.14 (with respect 

to typical values between 0.20 and 0.27 in PVDF).41 

 High pressure, high temperature quenching has been 

previously suggested as a viable alternative to uniaxial drawing, 

undertaking the treatment at 500 MPa and 280 °C, 

respectively.135 This method has resulted in the deposition of a 

mixture of α and β phases; however, more recent studies at 

higher pressures  show the formation of pure β phase136, and a 

mixture of β and γ phases131. A study of the dependence of 

increasing pressure on the fraction of β phase suggests that an 

enhancement in the β phase fraction occurs with increasing 

pressure, from 0% at 200 MPa to 85% at 700 MPa.137 

Furthermore, these authors have established temperature-

pressure dependence curves for the melting and crystallization 

of the various phases of PVDF, as shown in Fig. 8. However, for 

the produced films to show piezoelectricity, and thus be used in 

PEGs, they are still required to be poled by the application of 

high voltages, in the range between 100 MV m-1 and 400 MV m-

1, which is an undesirable post-processing step.138  

A variety of methods of processing PVDF into the β phase 

from solution have been proposed, including solvent casting, 
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spin coating, electrospinning and Langmuir-Blodgett 

technique.43, 54 Recent progress in 3D printing techniques has 

also allowed for 3D microprinting; however, this technique has 

led to limited reports to date.32  

Solvent casting and spin coating have been found to 

produce films consisting primarily of α phase at near-ambient 

temperatures, which then require post-processing to convert to 

β phase.11, 139, 140 Alternatively, electrospinning and Langmuir-

Blodgett techniques yield β phase directly under optimized 

conditions. These techniques use solvents that can readily 

dissolve fluoropolymers, such as N,N-dimethyl formamide 

(DMF), N,N-dimethylacetamide (DMAc) or dimethyl sulfoxide 

(DMSO).38 The boiling points for these solvents are high (>150 

°C) and are therefore unsuitable for processing large quantities 

of polymer solutions at low temperatures.141, 142 Due to this, 

swelling agents of PVDF with high volatility such as acetone 

have been utilized as co-solvents to decrease the drying time of 

the polymer and improve scalability of the final devices.32 

Solvent systems with boiling points below 100 °C and relatively 

low toxicity have been reported to dissolve fluoropolymers, 

which hold potential in utilization where polymer solutions are 

required for processing.143 

 Solvent casting is the conventional method for the 

deposition of freestanding polymer films and has been widely 

utilized and characterized in the field of water-filtration 

membranes.144 It is a low energy technique and has potential 

for commercial roll-to-roll production. The films prepared from 

this technique show high fractions of α phase and exhibit low 

piezoelectric properties. They are required to be converted into 

the β phase through uniaxial drawing (described previously) and 

reoriented for increased polarization through electrical poling.11 

Similarly, spin coating allows for materials to be deposited 

without heating; however, the deposition occurs in the α phase 

requiring further processing. Spin coating also shows low 

potential for scalability.  

The formation of β phase has been reported on silicon 

wafers through spin coating, whereby the spin speed and 

relative humidity were claimed to affect the β phase 
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formation.142 Secondary effects from the substrate crystallinity 

could have aided to the crystalline nature of the films. 

 Electrospinning has been proposed as an alternative 

technique, whereby a PVDF solution is extruded through a fine 

nozzle onto a substrate.102 During the process, a high potential 

difference of approximately 15 kV is applied between the nozzle 

and the substrate.145 The resulting material consists of nano- to 

micro-scale fibers of PVDF deposited randomly to form low 

density mats.74 This technique combines the deposition and 

poling processes into a single step, with β phase fractions of up 

to 86%.146 A rotating collector is commonly used in order to 

increase the β phase content. The rotation of the collector acts 

in a similar manner to uniaxial drawing, and the effect depends 

on the speed of rotation. For example, Ribeiro et al.147 have 

shown that an increase of the drum speed from 500 rpm to 740 

rpm results in a β fraction content between 45% and 85%. 

Increased spin speeds of the collectors have shown little change 

in the β fraction.  

Electrospinning is limited by the flow rates of the solution, 

which are commonly between 1 μL min-1 and 100 μL min-1.145 In 

our opinion, this represents a potential weakness for scalability 

in fabricating β phase of PVDF; however, other recent reviews 

have expressed alternative views, describing pilot-scale 

equipment with possible commercial uses.148  

Mokhtari et al.149 have reviewed in-depth the literature on 

the topics of electrospinning and electrospraying of PVDF PEGs, 

providing an overview of literature up until 2014. Since then, 

further progress has been made in the optimization of 

parameters and maximizing electrical generation based on 

electrospinning fluoropolymers and this review will focus on 

that literature.  

Shao et al.150 have reported on the electrospinning of a 

nanofibrous PVDF mat with a high β phase content, able to 

generate a voltage of 2.2 V and current of 2.3 μA under a load 

of 10 N (Fig. 9a,b). However, the authors have not stated 

whether the values were collected at a load resistance or at 

open circuit voltage and short circuit current conditions.  

 Bin et al.151 have shown that high drum collector rotating 

speeds can improve the VOC of electrospun PVDF due to highly 

aligned nanofibers (Fig. 9c). The study reports an increase in VOC 

from 2 V in mats collected on a stationary drum to 9 V (Fig. 9d) 

in mats collected at 2400 rpm (754 m min-1), whereby the β 

phase fraction and the crystallinity have not been found to 

change.  

Hu et al.152 have reported a linear correlation between the 

“content of effective piezo-phase” (the product of the beta 

phase fraction from Eqn (19) and the crystallinity from Eqn (23), 

the F(β) × χC) and the electrical output of electrospun PVDF mats 

(Fig. 9e,f). This study shows that the optimal conditions for the 

maximization of the content of effective piezo-phase are for a 

15 kV needle-to-collector voltage and a collector rotation of 500 

rpm (157 m min-1), shown in Fig. 9e. Here, the β phase fraction 

and the crystallinity are shown to be 87.8% and 71.3%, 

respectively.  The corresponding maximum voltage is reported 
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as 2.8 V with a current of 1.32 μA (Fig. 9f), compared to 

approximately 1.6 V and 0.75 μA obtained from a PEG deposited 

onto a stationary collector.154 With a piezoelectric layer 

dimensions of 3 cm2 area and 50 μm thickness, the maximum 

volumetric power density in this study corresponds to 154 μW 

cm-3. Clearly, there is scope to utilize this technique for the 
production of highly effective flexible PEGs with low volume. 
Further improvements in the scalability of this method could 
potentially see it being utilized on a commercial scale.

Thin films have also been made using the Langmuir-Blodgett 

(LB) technique.153, 154 In this method, a monolayer of PVDF is 

floated on the surface of ultrapure water with the help of an 

amphiphilic stabilizer such as poly(N-dodecylacrylamide), 

forming hydrogen bonds between the fluorine groups in PVDF 

and the hydrogens in water (Fig. 10a).155 The monolayer is then 

adsorbed onto the surface of a substrate by immersing the 

substrate in water. This technique can be repeated until a 

desired thickness is obtained, it also removes the need for 

poling.156  

The LB method has found to produce nanoscale films of pure 

and oriented β phase PVDF and PVDF-TrFE.154, 155 These films 

have been well-characterized in terms of their compositional157, 

optical154, morphological154, 158, 159 and piezoelectric154, 159 

properties. PVDF-TrFE thin films produced by the LB technique 

show a quasi-monolayer formation behavior, approximately 3.5 

nm in thickness and a RMS roughness of 3.1 nm for one layer.154 

The thickness of a PVDF LB single-layer film is approximately 2.3 

nm.155 The thickness of a PVDF-TrFE layer is therefore 35% 

higher than that of PVDF, which has been justified by the steric 

hindrance of the additional fluoride atom in the TrFE co-

monomer and hence the larger unit cell structure.154  

The remnant polarization of PVDF 30-layer LB film (35 nm 

thickness) is 60 mC m-2, whereas that of 5-layer (18 nm 

thickness) PVDF-TrFE is slightly lower at 50mC m-2. It should be 

noted that the values for EC increase drastically with a 

decreasing thickness, between 500 MV m-1 and 2.5 GV m-1 in 

single layer PVDF films.160 The voltage required to switch the 

polarity of the fluoropolymers are nonetheless low, as the 

Figure 8: Properties of electrospun fluoropolymer-based PEGs: (a) the β-phase fraction and the corresponding voltage and current outputs as a function of the concentration 

of PVDF in a solution of N,N-dimethylformamide and acetone (40:60 vol%) upon cyclic compression with 10 N force and 1 Hz frequency. Reproduced with permission from 

ref. 150. Copyright 2015, Royal Society of Chemistry. (c) The alignment of electrospun PVDF nanofibers with increasing rotational speed and (d) the electrical output of the 

resultant PEGs. Reproduced with permission from ref. 151. Copyright 2015, IEEE. (e) The crystallinity, β phase fraction, output voltage and current as a function of the 

applied voltage during electrospinning (left) and the rotational speed (right), as well as the electrical generation characteristics for electrospun mats as a function of the 

content of electroactive phase. Reproduced with permission from ref. 152. Copyright 2018, Elsevier.  
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thickness is on the order of nanometers. This is evidenced by 

piezoresponse force microscopy (PFM) images of an LB surface 

with an area patterned by applying a voltage to the cantilever, 

shown in Fig. 10b. The piezoelectric charge coefficient for 20-

layer (29 nm thickness) PVDF LB films is d33 = -49.4 pC N-1 (Fig. 

10c), higher than reported elsewhere in literature.140 Despite 

the high charge coefficient, these properties are achieved in 

ultra-thin films (< 30 nm) after the deposition of 20 layers, 

implying limitations in scalable production of the LB technique, 

hence it can be used only in special nanotechnology 

applications.  

For example, Zhu et al.161 have utilized PVDF in a blend with 

a semiconductive polymer, P3CPenT, for a nanoscale non-

volatile memory device deposited via the LB technique (Fig. 

10d-f). The polarity switching properties of PVDF are utilized for 

the writing aspect, undertaken via applying a potential 

difference +30 V for the “ON” state and -30 V for the “OFF” state 

(Fig. 10e). The two states have been patterned into the 40-layer 

(104 nm thickness) LB films and the authors report an ON/OFF 

ratio of approximately 200 when read at 1V, increasing to 891 

at 15 V (Fig. 10f), suggesting a high potential for the use of such 

polymer blends in flexible nanoscale electronics. Obtaining films 

with micron scale thicknesses, required for generating 

electricity in practical PEGs, becomes a tedious process and 
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difficult for scale-up to commercial quantities using this 

technique.  

 Recent progress in 3D printing technologies has allowed for 

smaller extrusion nozzles, able to deposit polymers with high 

precision and resolution.162, 163 3D printing utilizes two main 

modes of operation: melt-extrusion mode, whereby a polymer 

filament is heated past its melting temperature and pushed 

through a fine nozzle, and solvent-evaporation mode, where a 

piston extrudes a concentrated polymer solution through a fine 

nozzle and the solvent subsequently evaporates.  

Melt-extrusion has now been utilized for a multitude of 

polymeric materials and there is obviously scope and 

opportunity for printing PVDF structures using this 

technique.164, 165 At the time of writing, several companies have 

released PVDF-based filaments using melt-extrusion 3D 

printing; however, these tend to be used where chemical 

resistance is needed, as opposed to for PEG applications. The 

filaments produced are rigid and opaque in nature.  

To date, solvent evaporation-assisted 3D printing for the 

production of piezoelectric materials for PEGs, has only been 

undertaken by one research group.31 Here, they utilize a 

nanocomposite matrix of BTO in PVDF.32 In this technique, the 

solution is extruded using pressure, inducing high shear at the 

walls of the nozzle. Increased shear forces have previously been 

shown to produce β phase PVDF.166 Hence, this process shows 

Figure 10: (a) Schematic of orientation of PVDF molecules on water surface and subsequent adsorption onto the substrate surface for the formation of a Langmuir-Blodgett 

film, (b) piezoresponse force microscopy (PFM) images after applying a positive (left) and negative (right) voltage across the cantilever and the subsequent phase as a 

function of distance (bottom left), and (c) the change in amplitude measured as a function of applied voltage using PFM, whereby the slope of the line represents the 

thickness-axis piezoelectric charge coefficient d33. Reproduced with permission from ref 155. Copyright 2012, Elsevier. (d) image showing the colour of the PVDF/P3CPenT 

(23 wt%) stacked LB monolayers as a function of layer amount on a silicon substrate (left) and a 30-layer LB film on a PET substrate (right), (e) schematic outlining the 

switching process (top), and the resultant Kelvin probe force microscopy (KPM) images before (left) and after patterning (right), and (f) switching and reading properties for 

the non-volatile memory devices utilizing PVDF. Reproduced with permission from ref 161. Copyright 2018, Royal Society of Chemistry.
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potential in regards to fabrication of piezoelectric structures 

and is scalable as a part of the fast-growing additive 

manufacturing industry.74, 167 

The initial work utilizing solvent evaporation-assisted 3D 

printing, undertaken by Bodkhe et al.32, has printed up to 70 

layers of the material from a mixture of DMF and acetone (Fig. 

11a). The nozzle has an internal diameter of 100 μm, which is 

used to deposit a cylindrical structure with a piezoelectric 

charge coefficient d31 = 18 pC N-1 without the use of poling 

(described in the next section). This group has additionally 

reported the re-orientation of the polymer chains in the 

material during printing by applying a potential difference up to 

1 MV m-1 between the nozzle and the substrate (Fig. 11b).168 In 

the printing of single-layer structures, increasing the electric 

field did not show significant changes in the β phase fraction; 

however, the specific charge output has been reported to 

increase both in the PVDF and in the PVDF-BTO samples with 

the highest at 1 MV m-1 for both materials. The study has further 

demonstrated the 3D printing of patterns and more advanced 

structures, such as circular and square spirals up to 40 layers 

and mesh scaffolds up to 9 layers, although their 

electromechanical properties were not presented. Additionally, 

a conformal composite printed PEG has been placed onto a 

hemispherical substrate and upon pressing with a finger has 

generated a peak voltage of approximately 6.5 V (Fig. 11c).  

The latest study by Bodkhe et al.169 has introduced the 

single-step printing of a one-dimensional PEG via co-extrusion 

of the previously reported PVDF-BTO composites with a 

commercially available silver ink on two opposite sides of the 

piezoelectric material (Fig. 11d). This type of PEG has been 

reported to generate a voltage of up to approximately 1.5 V 

when it is attached to a polymer substrate and strain is induced 

by an electromagnetic shaker (Fig. 11e). Furthermore, this study 

has shown the generated voltage of 100 mV from the 

movement of a knee while operating an exercise bike when the 

flexible filament PEG is incorporated into a knee brace (Fig. 11f, 

top). Lastly, the work has demonstrated the feasibility of 

electrical generation from cyclic chest movement due to deep 

breathing. The authors show that 0.6 V is generated when the 

PEG is incorporated into the chest portion of a t-shirt (Fig. 11f, 

bottom).  

Figure 11: Recent progress in solvent-evaporation assisted 3D printing of fluoropolymer-based PEGS: (a) left, schematic outlining the printing process, right, optical image 

of the 70-layer composite 31-mode PEG consisting of 10 wt% BTO in PVDF and its respective voltage output upon tapping with a finger, (b) the specific charge output for 

printed 10 wt% BTO/PVDF composite film with increasing applied potential difference between the nozzle and the substrate, with the right hand panel showing the specific 

charge output of a single printed film after one year, (c) optical images showing a conformally-printed BTO/PVDF PEG on a copper substrate with a deposited silver paint 

top electrode and its electrical output upon finger tapping. Reproduced with permission from refs 32 and 168. Copyright 2017 and 2018, American Chemical Society. (d) 

Schematic showing the 3D printing technique for coextrusion of the silver-coated BTO/PVDF composite ink, with SEM micrographs showing the cross-section of the filament 

(red arrows indicate BTO agglomerates and dashed border indicates the silver electrode), (e) schematic showing the printing process for a wing-like composite PEG, along 

with the peak-to-peak voltage output as a function of input to an electromagnetic shaker (right) and the voltage signal over time as a function of frequency (bottom), and 

(f) a proof-of-concept PEG to harvest energy from the knee during exercise (top left) with the corresponding output voltage (top right) and energy harvesting from breathing, 

showing the generated voltage as a function of time for quick (bottom left) and deep (bottom right) breathing. Reproduced with permission from ref 169. Copyright 2018, 

Wiley.
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 The recent advances in the deposition and processing 

methods for fluoropolymers show a variety of facile preparation 

techniques for the manufacture of PEGs. The controlled additive 

techniques such as 3D printing show great promise for the in-

situ alignment of the polymer chains, preferential re-orientation 

into a polarized state, and potentially even electrode 

deposition. Furthermore, fabrication of new geometries opens 

up a variety of new parameters to enhance the electrical output 

of the flexible PEG, arising from a higher induced strain applied 

to each part of the PEG. 

5.4. Poling techniques 

The majority of deposition methods for PVDF result in a 

material with either a high fraction of α phase or β phase with a 

low degree of dipolar orientation and hence insufficient 

polarization vector for applications in PEGs.43, 70, 167, 170 As a 

consequence, the material is required to be converted to 

oriented β phase to enable piezoelectric properties. Poling is a 

group of widely used techniques to reorient the polymer with 

the aim of increasing the net polarization vector in the 3 

direction. Conventionally, poling is undertaken using an electric 

field applied along the thickness axis of the piezoelectric 

material at elevated temperatures.11 The two most common 

methods of poling are electrode and corona techniques, which 

are shown schematically in Fig. 12(a and b). 

Electrode poling is the least complicated method out of the 

two, as it only requires electrodes to be placed on both sides of 

the film, as shown in Fig. 12a. The system is encapsulated into 

an enclosure and air is evacuated from the chamber to avoid 

breakdown of the polymer through arcing between the 

electrodes.171 Alternatively, the enclosure can be filled with an 

insulating fluid for the same purpose. In order to polarize the 

fluoropolymer material, an electric field between 5 MV m-1 and 

100 MV m-1 is applied.171, 172 Intimate contact between the 

polymer surfaces and the electrodes is required to achieve the 
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desired effect of enhancing the polarization of the dipoles in the 

β phase of PVDF.11  

Corona poling does not require vacuum conditions as 

opposed to electrode poling; however, the relative humidity 

needs to be minimized through circulation of dry gas, as shown 

in Fig. 12b. In this technique, only one electrode has intimate 

contact with the polymer film, allowing for the presence of 

patterned features on the other side.11 The corona tip is 

subjected to a high voltage (104 V) and placed on top of a 

conductive grid with a much lower voltage, ionizing the gas 

between them and accelerating it towards the polymer, which 

in turn poles the material.171, 173  

Alternative methods have been proposed to pole PVDF films 

into the β phase, such as electron beam poling.174 This 

technique utilizes a focused electron beam, whereby the 

polymer is irradiated locally by electrons to overcome the 

energy barrier required to reorient into the β phase. This 

electron beam technique is quite effective at patterning small 

areas of material with β phase, however is not effective on a 

large scale.11, 175  

The majority of flexible PEGs utilizing fluoropolymers have 

undertaken poling via the electrode method, with a select few 

opting towards the corona technique. One of the emerging 

trends is the deposition of electrodes onto the fluoropolymer 

prior to the poling, therefore using the PEGs own electrodes to 

pole the material.176, 177   

Table 4 compares poling methods discussed in this review as 

well as their advantages and disadvantages. For scalable 

production of highly electroactive and efficient PVDF polymers, 

the poling of the polymer should be a low-energy method and 

be integrated as part of the deposition process, as opposed to 

undertaking a separate processing step to pole the material. 

Indeed, a topic of increasing interest in the community is the 

fabrication of self-poled flexible PEGs.178-183 This type of energy 

harvester is able to be polarized in a single step of operation, 

which can arise from one of many factors, i.e., the processing  

Figure 12: Schematic of poling systems for piezoelectric polymers, (a) electrode method and (b) corona poling method. 
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Table 4: Reported processing methods used to convert the non-polar 𝛼 phase of fluorinated polymers to the electroactive 𝛽 phase and pole the resultant fluoropolymer, outlining 

the advantages and disadvantages of each method. 11, 32, 43 

Technique Opportunities Limitations 

Electrode polinga) - High d33 coefficient

- Reproducible

- High electric field required

- Use of heat

- Limited scope for structures and patterns

- Undertaken in vacuum (difficult to scale up)

Corona polinga) - High d33 coefficient

- Requires only one electrode for poling

- Allows for structures on one side of the material

- High voltage required

- Requires heating

- Undertaken in vacuum (difficult to scale up)

Electron beam polinga) - Allows for patterning of highly piezoelectric regions

- High resolution

- Slow and lengthy process, difficult to upscale

- Unwanted chemical modification of material 

- Degradation of polymer 

- High cost process

- Undertaken in vacuum

Mechanical drawinga) - Highly reproducible

- Simple process

- Scalable

- Extrusion methods provide low scope for patterning and

structuring the material 

- Tends to be used in conjunction with electrode or corona 

poling 

Electrospinning - Suitable for preparation of micro- and nano- scale

fibers 

- Low temperature method

- High degree of crystallinity can be obtained

- Eliminates need for further poling 

- High electric field required

- Low reproducibility

- Extraction of micro- and nano- fibers at low feed rates

suggests low potential for scalability 

- Fibrous structure shows low Young’s modulus and tensile

properties 

Additive manufacturing - Low temperature method

- High degree of crystallinity can be obtained via

shear stresses at the nozzle 

- Scope for patterning of 3D features

- Simple adaptation of designs

- Reduces need for further poling

- Requires solvent-based system at low temperatures

- Shortage of available literature

a)	denotes methods commonly used for post-processing as a second step in the manufacture of electroactive fluorinated polymer

technique itself, the conditions of the deposition such as 

temperature, pressure and humidity, or alternatively the careful 

use of additives into the polymer matrix. The utilization of 

additives to induce preferential nucleation will be discussed in 

Section 5.5.  

By taking advantage of electric fields (used in the 

electrospinning technique)152, or shear stresses (in 3D printing), 

nucleation of PVDF into the electroactive phases can be 

achieved, showing the generation of electricity without the 

requirement of poling. However, of all the poling techniques, 

the additive technologies have recently shown the greatest 

promise relative to the conventional post-processing methods.  

5.5. Composites, additives and nanoscale fillers 

 Co-polymerizing several fluorocarbon-based monomers 

together has demonstrated the altering of fluoropolymer 

properties (see Section 5.2). However, the scope for such 

modifications is limited. The integration of additives and 

nanoscale fillers into the polymer matrix has been proposed as 

an alternative method to achieve enhanced electromechanical 

properties in PVDF-based polymers. The electrical output in the 

resulting PEGs has been evaluated, and will be discussed in this 

section. 

A vast range of literature exists on incorporation of fillers 

into the polymer matrix of PVDF and its copolymers, processed 

using several of the techniques outlined previously. For 

example, researchers have attempted to integrate piezoelectric  

nanoparticles (NPs), nanorods (carbon nanotubes, CNTs) and 

nanowires (NWs) into the PVDF matrix, showing increased 

electrical output due to synergetic effects between the 

piezoelectric NPs and the piezoelectric polymer matrix.43 

Conductive NPs, nanorods and NWs show enhanced orientation 

of PVDF into the desired β phase due to electrostatic 

interactions between the nanofiller and the surrounding 

polymer.31 Furthermore, insulating and dielectric 

nanomaterials, such as graphene oxide and DNA, have also been 

shown to  increase the β phase fractions of PVDF.39, 43, 184  

 Piezoelectric perovskites NPs are a primary candidate as 

nanofillers with the goal of increasing piezoelectric output, as 

they tend to show a higher piezoelectric charge coefficient (d33

> 100 pC N-1) and a higher energy conversion efficiency (k33 >

0.5).11 Indeed, the incorporation of BTO NPs with PVDF has been

reported to increase the β phase fraction of the fluoropolymer

matrix, scaling as a function of decreasing NP size and increasing

filler content.185 The findings suggest selective nucleation of the

β phase from the BTO surface. Additionally, the formation of β
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phase of PVDF is promoted by an increased surface 

area/volume (SA/V) ratio of the smaller particles and an 

increased local electric field around the BTO.186 The maximum 

β fraction is determined to be 82% at a 5 wt% concentration of 

10 nm diameter BTO relative to PVDF, decreasing to 70% at 10 

wt% and further to 42% in 5 wt% of 500 nm BTO.186 Recent 

studies have further proposed the interactions of the Ti4+ ion in 

BTO to preferentially nucleate the β phase through interactions 

with the fluorine atoms on the PVDF.187 

Ferrite NPs have been added to PVDF in the form of NiFe2O4 

and CoFe2O4, with an increase of β phase to 90% being 

reported.188, 189 Two separate mechanisms have been 

previously proposed to explain the findings; (1) the epitaxial 

nucleation of β phase PVDF from the surfaces of the ferrite NPs 

and (2) the interruption of chain mobility during crystallization 

into the α phase which causes the polymer to crystallize into the 

β phase.188 Sebastian et al.190 have reported the preferential 

nucleation of β-PVDF in a mixture containing 1 wt% Fe3O4 

nanorods (diameter ≈ 75 nm). This composite shows a β phase 

fraction of 75%, relative to 10% β phase in 1 wt% Fe3O4 NPs 

(using Eqn (19)). The authors have suggested that the increase 

of the β phase content is dependent upon the aspect ratio of 

the material. Recently, Samadi et al.191 have studied the 

electrical output of PVDF with the incorporation of Fe3O4-

graphene oxide hybrid nanofillers. The study shows a generated 

voltage of 1.75 V per N of force at 2 wt% nanofiller, whereas the 

pure PVDF produces 0.24 V N-1. 

Titanium dioxide (TiO2) NPs with average diameter of 21 nm 

have been incorporated into PVDF in a solvent mixture of DMF 

(30 vol%) and acetone (70 vol%).192 The study has found 

improved mechanical strength in the composite as well as 

significant increases in dielectric constant below 1 Hz (ε = 20 at 

0.1 Hz compared to ε = 10 in PVDF), attributed to the increase 

in β phase content. It should be noted the study does not 

measure the β phase fraction and only postulates their findings 

based on the dielectric constant measurements. Lastly, the 

composite material shows improved strength under an applied 

electric field, where the breakdown voltage is 150 V μm-1, 

compared to 50 V μm-1 in PVDF. 

 Metallic NPs have also been studied as fillers. Palladium and 

gold NPs integrated via solvent systems show increased β phase 

fractions.193, 194 These effects have been attributed to surface 

charge interactions of the NPs with the dipoles of PVDF. 

 A variety of carbon-based nanofillers have been integrated 

into the matrices of fluoropolymers. The use of CNTs has been 

extensively studied for their effects on the formation of the 

crystalline β phase of PVDF, with a recent review publication on 

processing and characterization of composites by Kabir et al.31. 

More recent literature is highlighted in the following.  

The incorporation of 1 wt% multi-walled CNTs (MWCNTs) 

has been found to increase the β fraction of PVDF from 30% to 

almost 50% in melt molded samples and from 0% to 40% in 

electrospun mats.102 Further processing through uniaxial 

drawing produces β phase fractions of approximately 90% for 

all loadings of MWCNTs up to 1 wt%. However, the data in this 

study shows similar results in pure PVDF, suggesting that the 
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effects observed here, after incorporation of CNTs, should be 

studied further.  

The use of ultrasonication during the solution-based 

preparation of MWCNT/PVDF composites has been shown to 

induce β phase.195 Samples are prepared via two methods, 

mechanical mixing (as a method with low energy input) and 

sonication (high energy input). The former technique produces 

purely α phase PVDF, while the latter technique produces 

predominantly β phase.195 This phenomenon has been 

examined via density functional theory (DFT) calculations and is 

explained by the very large energy barrier required to convert 

the α phase PVDF to β phase.195

 A number of studies have shown that the incorporation of 

ionic liquids (ILs) into the PVDF matrices is a simple method to 

significantly enhance the β phase fraction in PVDF. For example, 

Xing et al.196 have used 1-butyl-3-methylimidazolium 

hexafluorophosphate ([Bmim][PF6]) and MWCNTs 

functionalized with the same IL to make composites with PVDF. 

Complete conversion of PVDF to β phase has been reported in 

all samples containing both MWCNTs and excess amounts of IL 

relative to MWCNTs by weight.196  

Maity et al.197 have investigated the effects of the 

incorporation of IL-functionalized GO sheets into the PVDF 

matrix. This study reports an increase in the β phase content 

(through FTIR analysis and wide-angle x-ray scattering), the 

enthalpy of melting due to the β phase (through DSC analysis at 

171.7 °C) and the mechanical properties with increasing IL-

functionalized GO loading. Most of the desired metrics have 

shown to improve with the addition of GO; however, the study 

does not examine the electromechanical conversion of the 

resultant composite.  

Dias et al.198 investigated the incorporation of the IL 1-ethyl-

3-methylimidazolium bis(trifluoromethylsulfonyl)imide 

([Emim][TFSI]) into the matrix of PVDF at loading rates up to 40 

wt%. Through the use of FTIR and Eqn. (19), the study reports 

improved β phase content of 93% at 25 wt% IL relative to 0% in 

pure PVDF. Deviating from the reports by Maity et al.197, the DSC 

study shows a decrease in Tm from 173 °C in the PVDF to 160 °C 

in the 40 wt% IL/PVDF sample. This decrease can potentially be 

attributed to the use of IL without GO. Furthermore, the 

crystallinity has been reported to decrease in these samples 

from 44% to 25%, respectively, in agreement with the reports 

of Xing et al.40 however opposite to the reports of Maity et al.197. 

In a later publication, Dias et al.199 explored the same IL 

incorporated into PVDF for its biocompatibility with the aim of 

utilizing fluoropolymer-based PEGs for the purposes of 

implantable mechanical energy harvesting devices.  In this work 

the authors incorporate 10 wt% IL relative to PVDF with 

deposition via electrospinning.  Results show the lack of 

significant decrease in cell viability of C2C12 mouse myoblast 

cells on the electrospun IL/PVDF materials, suggesting that 

fluoropolymer-based PEGs with IL additives are biocompatible.  

Recently, Lopes et al.39 have used IL 1-ethyl-3-

methylimidazolium tetrafluoroborate ([Emim][BF4]) with PVDF. 

The study has found a linear increase in the β phase of PVDF as 

the IL content increases from 0% to 10%, leading to a maximum 

β phase content of 60%, in agreement with previous reports.40,
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197, 198 Interestingly, by washing the composite with water at 70 
°C the IL is removed from the polymer resulting in 100% β phase 

PVDF.38 These findings demonstrate a low-temperature and 

low-energy processing pathway to the preparation of pure β 

phase PVDF. This study further reports a d33 coefficient of -27 

pC N-1 after corona poling. The d33 value of the unpoled IL/PVDF 

system has not been measured and hence cannot be directly 

compared.  

Fukagawa et al.200 have recently investigated the 

piezoelectric properties of the IL [Emim][TFSI] upon 

incorporation into PVDF-TrFE. This study utilized a three-layer 

PEG, where a gel layer of 79 wt% IL in PVDF-TrFE is sandwiched 

between two annealed films of PVDF-TrFE, with Al electrodes 

on the top and bottom of the resultant structure. Through 

polarization switching experiments on this device, the authors 

report a coercive field EC of below 10 MV m-1, significantly lower 

than 53 MV m-1 obtained for the polymer without the IL. These 

values suggest that the required poling field strength is 

significantly reduced relative to pure polymer, hence decreasing 

the energy required to fabricate electroactive PEGs. 

Furthermore, the remnant polarization of this device is reported 

to be 64.3 mC m-2, slightly lower than that of the pure PVDF-

TrFE film.200  

On the other hand, the d33 value for the same device is 

measured at 129 pC N-1, increasing to 381 pC N-1 for a device 

where the active layer consists of 87 wt% IL.200 These values are 

approximately an order of magnitude higher than those of a 

PVDF-TrFE film and hence suggest that highly efficient flexible 

PEGs can be fabricated from these devices. 

Interestingly, Tiwari et al.201 have shown the formation of 

the γ phase in PVDF upon the incorporation of a poly(ionic 

liquid), poly(2-(dimethylamino)ethyl methacrylate) methyl 

chloride quaternary salt. Here, the poly(ionic liquid) is added to 

the PVDF in solution at loadings up to 50 wt% and thin films are 

then solvent cast. The amount of γ phase has been reported 

from FTIR using Eqn. (19), where the authors justify the use of 

the equation by the lack of β phase (at 1275 cm-1) in the sample. 

The fraction of the γ phase has been shown to increase from 0% 

in pure PVDF to approximately 50% in the sample containing 40 

wt% poly(ionic liquid) in PVDF. The P-E analysis of the materials 

indicates a significant increase in the Pr from 14 mC m-2 for PVDF 

to 60 mC m-2 for the sample containing 25 wt% poly(ionic 

liquid). A further increase in the amount of poly(ionic liquid) 

results in leakage, although the Pr values are given as 62 mC m-

2 and 66 mC m-2 for 30 wt% and 40 wt% poly(ionic liquid), 
respectively.  

The utilization of ILs, due to their structure, has been 

suggested to aid preferential nucleation in fluoropolymers via 

ion-dipole interactions.202 The effects of various ILs on the 

resultant crystallinity, conformation and polarization are 

required to be studied for greater understanding of the 

underlying chemistry and hence the tailoring of the 

electromechanical properties of these systems. Nonetheless, 

the current literature suggests that ILs enhance the 

piezoelectric properties of fluoropolymers towards efficient 

flexible PEGs. 

Overall, the incorporation of fillers and additives in 

fluoropolymers shows great promise. In particular, the inclusion 

of nanomaterials for enhancement of electromechanical 

conversion is very exciting.  

6. Flexible PVDF-based electric generators

PVDF is a versatile material, with properties allowing it to

generate charges when mechanically deformed. Widespread 

efforts have been made by researchers to develop PVDF-based 

PEGs on both a lab scale and towards commercial applications. 

The following sections will discuss some of the applications of 

PVDF-based PEGs. 

6.1. Wearable piezoelectric generators 

 The majority of research in fluoropolymer-based PEGs has 

been around applications in wearable electronics, either on-skin 

or as part of clothing. In fact, the first flexible polymeric PEG has 

been embedded in part of the shoe, allowing the wearer to 

generate electricity from walking.203 Here, Kymissis et al.203 

have reported a shoe-embedded laminate of 16 layers of PVDF 

film (each 28 μm thick) bonded with epoxy, able to generate a 

maximum voltage and power of approximately 60 V and 20 mW 

per step, respectively. Due to the time-dependent nature of the 

electrical signal, the average power generated from this device 

is 1.1 mW at a frequency of approximately 1 Hz. Since then, 

many researchers have investigated the possibility of 

integrating fluoropolymers into shoe-mounted PEGs.204-207 A 

comprehensive review on this topic can be found by Xin et al.208. 

A further mechanism for harvesting mechanical energy from 

human movement has been found in backpack straps. 

Granstrom et al.209 have reported a PVDF PEG working in the 31 

mode for conversion of the mechanical strain of walking with a 

backpack into electricity by placing PVDF into the straps. This 

form of PEG shows a maximum power output of 3.75 mW for a 

single strap with a thickness of 28 μm.209 

 More recently, PEGs integrated into textiles have become a 

topic of great interest. A variety of publications have proposed 

the use of fluoropolymer fibers in woven textiles utilizing 

electrospinning and mechanical drawing techniques.210-214 The 

fabrication of PVDF fibers towards utilization in energy 

harvesting textiles has been initially reported by Hadimani et 

al.215. This study shows a maximum generated voltage of 2 V 

when a 1.02 kg mass is dropped from a height of 5 cm onto 

several fibers sandwiched between two copper plates, 

indicating prospects for the use of PVDF fibers as a textile PEG.  

Magniez et al.216 have presented initial reports on 2D woven 

PVDF textile generators using melt-extruded and drawn 

piezoelectric fibers, along with silver-coated nylon fibrous 

electrodes and non-conductive nylon as a spacer, shown in Fig. 

13a. This 2D woven device has an average voltage between 3 V 

and 4 V, with a maximum of 6 V under cyclic compression with 

a force of 70 N (shown in Fig. 13b). In another study, the group 

has analyzed the impacts of the electrode materials on the 

output voltage, finding that silver-coated copper electrodes 

show the highest generated voltage under sine wave shaped 
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vibration. Here, the work has analyzed metal-wire electrodes 

consisting entirely of aluminum, titanium or steel, as well as 

coaxial fibers composed of either nylon or copper core with a 

silver coating external layer. It is noted that the various 

materials used in the study are not consistent in their geometry 

and hence are difficult to compare directly.217  
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The work of Soin et al.30 has demonstrated a 3D spacer 

textile, woven using silver-coated polyamide-66 (PA66) yarn as 

electrodes, with melt-spun and poled PVDF fibers as the 

piezoelectric yarn between them, shown in Fig. 13c. This PA66-

PVDF-PA66 system, which feels just like standard fabric, is able 

to generate a voltage up to approximately 14 V, with a power 

Figure 13: The morphological structure and electrical output characteristics of recently reported woven fluoropolymer flexible PEGs. (a) the woven flexible PVDF fabric PEG 

with a schematic of the weave pattern on the right and (b) the voltage generated from the PEG upon cyclic compression. Reproduced with permission from ref 216. Copyright 

2013, Wiley. (c) image (top) demonstrating the flexibility of the PVDF-based 3D spacer textile PEG, cross-sectional SEM image (bottom) of the PEG, and (d) the electrical 

output characteristics including the voltage, current and power of the PEG under cyclic compression. Reproduced with permission from ref 30. Copyright 2014, Royal Society 

of Chemistry. (e) SEM images of the electrospun (E) and electrospun + film core-sheath (EF) yarns, with a schematic outlining the cross-sectional view, with optical images 

of the yarns. (f) output characteristics including the voltage and current from the EF yarn (top) and E yarn (bottom) under cyclic compression. Reproduced with permission 

from ref 219. Copyright 2018, Institute of Physics.



 Review 

Energy Environ. Sci., 2019, 12, 1143-1176 | 23 

Energy & Environmental Science 

density of 5.10 μW cm-2 at an impact pressure of 0.1 MPa (Fig. 

13d). Similarly, Talbourdet et al.218 have reported on a 3D 

interlocked woven PVDF textile, generating a maximum voltage 

of 2.3 V (average 1.29 V) with an overall energy of 10.5 μJ m-2 

(at a resistance of 1 MΩ). These values have been achieved 

through cyclic compression of the textile at a frequency of 100 

Hz and a force of 5 N. The authors have reported a power output 

density on the order of 10-12 W cm-2, significantly lower than the 

values reported in the work of Soin et al.30. It should be noted 

that in this study the electrodes are not woven into the textile; 

instead, bulk copper electrodes are used, which results in 

measured voltage losses upon decompression. All of the 

aforementioned PVDF-based textile PEGs have utilized melt-

spinning to obtain fibers, with mechanical drawing and dual-

electrode electrical poling of the fibers used during spinning to 

increase the amount of β phase and polarization within the 

fibers, respectively.  

More recently, Gao et al.219 have produced a piezoelectric 

yarn by electrospinning of a PVDF solution onto a silver-coated 

nylon yarn, followed by coating with PVDF by passing the 

resultant yarn through a solution of PVDF to produce an 

electrospun + film core-sheath yarn (Fig. 13e). An external silver 

electrode has been deposited onto the outer surface of the yarn 

via electron beam evaporation. A single yarn with a length of 3 

cm has been reported to produce a voltage and current of 0.52 

V and 18.76 nA, respectively (Fig. 13f). The volumetric power 

density has been reported as 5.54 μW cm-3 when exposed to 

cyclic compressions at 0.02 MPa pressure at a frequency of 1.85 

Hz.  

Similarly, Lund et al.29 have fabricated a coaxial fiber PEG, 

which has been woven via plain weave and twill patterns into a 

textile. This work has used a melt-spinning mechanism to 

simultaneously co-extrude a fiber with a conductive core 

consisting of 10 wt% carbon black in polyethylene and an outer 

piezoelectric layer consisting of PVDF. Polyamide yarns coated 

with Ag have been utilized as the outer electrodes. To 

demonstrate the applicability of these flexible PEG textiles, they 

have been incorporated into the shoulder strap of a bag. During 

walking, with the strap carried by hand, the PEG is reported to 

generate 1.9 μW cm-3 volumetric power density. This power 

density is notably lower than the work of Gao et al.219, even 

though this report has poled the material via the corona 

method. This type of PEG has additionally been shown to 

provide enough electrical energy to power a commercial LED 

after 15 sec of charging a 22 μF capacitor, resulting in 

continuous blinking of the LED with an average frequency of 

0.13 Hz. 

PVDF-based flexible yarn PEGs certainly have been shown to 

have the potential to be woven into textiles for the scavenging 

of energy from human movements into electricity. 

Furthermore, the proof-of-concept textile PEGs mentioned in 

this section show the potential of transformation into industrial 

products such as smart clothing with the ability to power 

portable electronic devices in a sustainable manner, through 

the scavenging of the wearer’s movements. 

6.2. Implanted piezoelectric generators 

 Another promising use of fluoropolymer-based flexible PEGs 

is harvesting biomechanical energy to power implantable 

electronic devices, such as permanent pacemakers, implantable 

cardioverter-defibrillators, cardiac resynchronization therapy 

devices, and long-term implantable wireless sensors among 

others. The main drawback of current generation devices lies in 

the lifespan of the batteries; consequently, implanted devices 

are required to be removed from the body for the replacement 

of their power sources. Thus, using flexible PEGs to harvest 

biomechanical energy can be advantageous for the purposes of 

powering such devices, as has been reported recently by several 

authors.220-224 

 The first reports of an implanted fluoropolymer PEG have 

been published by Hausler et al.225. This study investigates the 

in-vivo operation of a PEG, with PVDF as the active material, 

attached to a rib of a dog in order to harvest energy from 

respiration. The in-vivo experiments have shown a maximum 

voltage of 18 V, corresponding to a power of 17 μW, with no 

loss in durability over the three hours of the experiment.  

Cheng et al.226 have fabricated an implantable self-powered 

PVDF blood pressure sensor, based on the principles of PEGs 

(Fig. 14a). This device has been found to generate a maximum 

instantaneous power of 2.3 μW during in-vitro experiments, 

whereby the thin film PEG is wrapped around a tubular latex 

artery analogue filled with saline (Fig. 14b). Here, the 

deformation is induced using an intra-aortic balloon pump to 

mimic the pumping action of the heart. The in-vivo studies in 

this work have been found to generate a maximum 

instantaneous power output of 40 nW with the device wrapped 

around the aorta of a Yorkshire porcine (Fig. 14c). Here, the 

generated power is found to scale linearly with systolic blood 

pressure, whereby the maximum is obtained at 220 mmHg. 

Although no voltage or power data has been presented for 

blood pressure below 160 mmHg, the study further reports a 

liquid crystal display to be powered directly by the cyclic 

expansion and contraction of the aorta at blood pressures at, 

and above, 140 mmHg with no additional electrical signal 

conditioning or electrical energy storage connected (Fig. 14a).  

Yu et al.227 have reported an implanted sponge-like PVDF-

based thin film PEG (Fig. 14d) inserted under the skin of living 

mice and rats. During in-vitro testing of the PEG in the mode of 

cantilever-like deflection under an applied strain of 

approximately 0.1%, the device has been found to generate a 

maximum voltage and current of 3.8 V and 3.5 μA, respectively, 

corresponding to an instantaneous power of 13.3 μW (Fig. 14e). 

The PEG has been further inserted beneath the skin of the right 

leg of a mouse and its electrical output has been measured 

during manual deflection of the leg (Fig. 14f). Similar to the work 

of Cheng et al.226 discussed above, both the voltage and current, 

0.26 V and 0.17 μA, respectively, are lower than during in-vitro 

tests, corresponding to 44.2 nW instantaneous power (Fig. 14f). 

Although it is difficult to directly compare the two studies, the 

values of the maximum instantaneous power generated are 

similar. Of note is the biocompatibility study performed in the 

work of Yu et al.227, which suggests no signs of toxicity or 

incompatibility under the skin of the mice after six weeks. As a 

proof-of-concept, this study demonstrates the utilization of a  



Review Energy & Environmental Science 

24  | Energy Environ. Sci., 2019, 12, 1143-1176 

Figure 14: The structure and electrical output characteristics of recently reported implanted fluoropolymer flexible PEGs. (a) Schematic (top) showing the working conditions 

for the implantable PEG and (bottom) implanted fluoropolymer PEG wrapped around the aorta of a Yorkshire porcine, both showing the ability to power a battery-less LCD 

display above a blood pressure of 120 mmHg in-vitro and 140 mmHg in-vivo. (b) The electrical output characteristics of the in-vitro experiment when wrapped around a 

latex tube mimicking the aortic artery and (c) the electrical output characteristics of the in-vivo experiments. Reproduced with permission from ref 226. Copyright 2016, 

Elsevier. (d) Image showing the structure of the implantable fluoropolymer PEG encapsulated in poly(dimethyl siloxane), (e) the electrical output characteristics during in-

vitro experiments, showing the open circuit voltage and short circuit current, and (f) electrical output characteristics during the in-vivo experiment, showing the image of 

the PEG implanted in a mouse, the open circuit voltage and short circuit current when the leg of the mouse is deflected manually, as well as the output of the PEG as a 

function of implanted time. The bottom-right panel shows the in-vitro open circuit voltage before and after implantation. Reproduced with permission from ref 227. 

Copyright 2016, Elsevier. (g) In-vivo computed tomography images (top) of the PVDF PEGs encapsulated in poly(dimethyl siloxane) and Parylene-C during the implantation 

period, as well as ultrasound images of the devices implanted in mice. (h) Electrical output characteristics of the long-term implanted PVDF PEGs, showing (top) the voltage 

of both devices, (bottom left) average peak-to-peak voltage as a function of implantation period for both devices and (bottom right) the input and output currents durind 

characterization of the leakage current in the device encapsulated in poly(dimethyl siloxane) as a function of time. Reproduced with permission from ref 228. Copyright 

2016, Elsevier.
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miniaturized energy storage package attached externally to the 

back of the mouse (in a backpack-like manner), consisting of a 

rectification circuit and a 1 μF capacitor, able to store the 

harvested electricity from the implanted PEG, with a steady 

open circuit voltage of 0.052 V.  

More recently, Li et al.228 has undertaken a follow-up study 

on the long-term in-vivo biocompatibility of a PVDF-based PEG. 

Their research examines the safety of encapsulated PVDF-based 

PEGs under in-vivo conditions for up to six months post-

implantation, namely for the presence of inflammatory 

infiltration, fibrosis, muscle degeneration and cellular 

anomalies (Fig. 14g).228 Additionally, the electrical output of the 

PEGs has been studied in-vitro, after the implantation for up to 

six months (Fig. 14h). In this set of experiments, each device has 

been initially implanted into a mouse for a set period and 

extracted for in-vitro tests.  

This extensive study has shown that the implantation of 

fluoropolymer-based PEGs does not show signs of cytotoxicity 

in-vivo throughout long-term implantation. Relative to the 

previous study by Yu et al.227 (same group), this study reports a 

lower in-vitro electrical power value of 13.5 nW, based on 0.3 V 

potential difference and 45 nA current (when the PEG is 

deflected by an electromagnetic shaker with a force of 6 N and 

a frequency of 2 Hz). However, we note that a different 

frequency has been applied between the two studies, which 

makes it difficult to compare the relevant results. Similar to the 

previous study,116 the voltage generation of the PEG has been 

tested in-vivo through stretching of the leg muscle of the 

mouse, as the PEG has been implanted subcutaneously onto the 

leg muscle.117 A peak-to-peak voltage of 0.05 V at a leg-

stretching frequency of 1 Hz and 0.1 V at 2 Hz has been 

reported. Lastly, the implanted PEGs removed from the mice 

after six months for voltage testing show no long-term 

degradation of piezoelectric properties due to implantation of 

the device.117  

These studies have been the first to provide insights into the 

stability and durability of fluoropolymer-based PEGs in the 

body, suggesting their suitability for commercial applications in 

the field of powering implanted electronic devices. In the 

current state of the field, more work needs be undertaken on 

in-vivo studies and utilizing more powerful fluoropolymer PEG 

systems reported elsewhere. We fully expect that 

fluoropolymer PEGs will contribute significantly to future 

applications in the healthcare sector.  

6.3. Piezoelectric generators driven by the environment 

Harvesting energy from the urban and natural environments 

(external mechanical stimuli such as road deformation under 

passing vehicles, vibration, wind and water flow) has been 

previously shown as a viable option for building sustainable 

electricity generators towards reducing the reliance on fossil 

fuels. Of these, wind-based energy harvesting has seen the 

greatest commercial acceptance.  

External mechanical forces are present and abundant 

throughout the environment, implying that energy harvesters 

based on the principles of piezoelectricity are suitable 

candidates to generate electricity from these sources. A variety 

of innovative applications have been both proposed and 

validated at a laboratory scale. Among these, is the harvesting 

of mechanical energy from the movement of vehicles on a road, 

previously proposed as one of the technologies enabling “smart 

roads”.22, 229, 230 PEGs are anticipated to be capable of powering 

street lamps and nearby buildings, in addition to acting as 

sensors for monitoring the ongoing traffic density and the 

condition of the road itself.231 Employing PEGs as sensors is 

forecasted to optimize traffic signal timing for the reduction of 

roadway congestion and to assist in the efficient allocation of 

road maintenance resources.232  

Initially, piezoelectric ceramic materials have been utilized 

for this purpose and have shown significant promise. In fact, 

attempts have been made to commercialize this technology 

using PZT as the active piezoelectric component, and pilot-scale 

studies to validate the viability of the roadway PEGs have been 

undertaken.233  

For efficient and long-term use of this technology, flexible 

materials are highly desirable to prevent cracking when 

integrated under the pavement surface of the road. In this 

instance, polymeric materials with a much lower Young’s 

modulus are more suitable relative to their brittle, ceramic 

counterparts. The first report of a PEG, with PVDF as the active 

material, embedded into a road is from Jung et al.22, shown in 

Fig. 15(a-c). This study utilized a commercial PVDF film with a 

thickness of 110 μm to create laminated stacks of up to 60 

piezoelectric films with an optimized initial radius of curvature 

for use in the 31 mode of operation. Each harvester in this study 

consists of two PVDF films immobilized on the front and back 

sides of a polyimide substrate (300 μm thickness, 

predetermined radius of curvature) by using nickel-based fabric 

tape, which acts as the electrode (Fig. 15a). The electrical output 

for the unit harvester has been reported to result in an open 

circuit voltage of 61.2 V and a short circuit current of 18.4 μA 

under a strain rate of 1.5% s-1.22 

 Through optimization of the initial radius of curvature to 

300 mm, the study has claimed an increase in the open circuit 

voltage of 75 V, justified by an increase in the maximum induced 

stress. A set of ten unit harvesters have been connected in 

parallel, and consequently attached to a suitable resistor via a 

rectifying bridge. Under similar strain conditions, this set has 

been reported to output 3.6 mW, corresponding to 38 V and 

96.8 μA at the impedance-matched resistive load of 400 kΩ (Fig. 

15b).22 Jung et al.22 have further investigated the energy 

harvesting characteristics of a PEG consisting of six sets of 

harvesters, with a total of 60 unit harvesters (or 120 PVDF thin 

films) in parallel, which is tested under a simulated load of a 

passing vehicle (using a model mobile load simulator, shown in 

Fig. 15c). The reported maximum instantaneous power output 

due to the equivalent of a personal vehicle moving at 8 km h-1 

(with a reported force of 2.5 kN) is 200 mW, corresponding to 

88.9 V and 2.25 mA at an impedance-matched resistance of 40 

kΩ (Fig. 15c). The authors have further claimed a calculated 

power density of 8.9 W m-2 for the roadway PEG, acceptable for 

large-scale energy harvesting under the pavement in roads.  
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Figure 15: The structure and electrical output characteristics of recently reported environment-driven fluoropolymer flexible PEGs. (a) Schematic and images showing the 

contents of the roadway unit harvester, as well as the ten-unit systems and 60 unit systems studied in this report. (b)  The electrical output characteristics of the ten-unit 

systems, showing (top) VOC and short circuit current, (middle) the resistance matching data, and (bottom) the voltage and current at the matched load resistance of 400 kΩ. 

(c) The electrical output characteristics of the 60-unit systems under simulated road conditions, showing (top) images of the experiments, (middle) resistance matching data

and power across a 400 kΩ resistor and (bottom) VOC and short circuit current as a function of the number of unit harvesters, as well as the matched load resistance and

power output of the road-harvesting PEG as a function of the number of unit harvesters. Reproduced with permission from ref 22. Copyright 2017, Elsevier. (d) Schematic

showing various geometries tested for the PVDF wind-harvesting PEG, (e) generated VOC as a function of wind speed for the three geometries and (f) resistance matching

data showing (top) the output power and (bottom) VOC as a function of load resistance. Reproduced with permission from ref 238. Copyright 2014, American Institute of

Physics. (g) Schematic showing the structure of the optimized vibration-excited PVDF PEG and (h) electrical output characteristics at an optimized of 34.4 Hz as a function

of load resistance, based on simulated optimized geometry. Reproduced with permission from ref 131. Copyright 239, Elsevier.
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An alternative approach has recently been proposed for 

harvesting energy in high-speed railway applications.234 This 

technique utilizes PVDF films acting as cantilevers placed inside 

Helmholtz resonators to harvest energy from the vibrations 

induced by moving trains, while providing a secondary function 

as a noise-reducing barrier. At the experimentally-optimized 

resonant frequency of 447 Hz and impedance-matched 

resistance of 6 kΩ, the PVDF film PEG (thickness = 200 μm) has 

been reported to produce a maximum power of 1.24 μW, 

corresponding to a voltage and current of 74.6 mV and 16.6 μA, 

respectively. This value is obtained at a sound pressure level of 

110 dB. Interestingly, the power output noticeably decreases to 

0.59 μW (52.2 mV, 11.3 μA) when the sound pressure level 

dropped to 100 dB. This is an interesting innovative application 

for flexible PEGs and this group appears to be progressing 

towards large-scale installations consisting of 480 Helmholtz 

resonator PEG devices per module. 

The harvesting of energy from natural environments using 

flexible PVDF-based PEGs has also been previously reported. For 

example, Vatansever et al.235 have fabricated a PVDF cantilever 

PEG, with half of the length secured to the support and the 

other half suspended in air. This study investigates the ability of 

the PEG to generate electricity from falling raindrops and wind 

under dynamic conditions. Two lengths of 28 μm thick PVDF film 

were used for the experiment, 41 mm and 171 mm, each 

sandwiched between two Cu-coated polyester laminates. The 

raindrop experiment has reported that the 41 mm-long PVDF 

PEG generates an open circuit voltage of approximately 2.3 V 

when a droplet weighing 7.5 mg is dropped from a releasing 

height of 100 cm, increasing to approximately 12 V for a droplet 

weighing 50 mg.121 Furthermore, the authors report the open 

circuit voltage of a short PVDF cantilever PEG to be significantly 

higher than that of a composite consisting of uniaxially aligned 

PZT fibers in an epoxy matrix under similar experimental 

conditions.121

 Vatansever et al.235 have further characterized the power 

generated for the aforementioned flexible cantilever-type PVDF 

PEGs, suggesting that the short PVDF strip generates an 

electrical power on the order of nanowatts, whereas the longer 

sample generates 93.6 μW at a wind speed of 10 m s-1. 

Comparatively, the same study has reported a PZT composite, 

generating 6.5 μW for a single layer PEG and 3.6 μW for a 

bimorph.235 The authors further reported a volumetric power 

density of 16.2 μW cm-3 at 5 m s-1 and 157.9 μW cm-3 at 10 m s-

1 wind speed, the latter showing an increase over the PZT 
composite by a factor of 16.  

Work by Li et al.236 has investigated the effects on the 

positioning of  a flexible cantilever-type PVDF wind-driven PEG 

relative to the direction of the wind and correlating it to the 

electrical generation capability. Two directions have been 

investigated, using a parallel-flow device and a cross-flow 

device, positioned parallel and perpendicular to the wind flow 

direction, respectively. The study reported an enhanced power 

density from the cross-flow device relative to the parallel-flow 

device, with maximum values of approximately 14 μW and 3.5 

μW, respectively, at a wind speed of 6.5 m s-1 and a load 

resistance of 1 MΩ. Increasing the load resistance to 10 MΩ, 

the 

 

maximum power output increases to 296 μW in the cross-flow 

device at a wind speed of 8 m s-1. The maximum volumetric 

power density at a moderate wind speed of 5 m s-1 has been 

reported at 68.5 μW cm-3.  

Further work by the same research group has investigated 

similar PEGs with varying dimensions, the long cantilever (72 

mm length and 16 mm width), the short cantilever (41 mm 

length and 16 mm width) and a narrow short cantilever ( 41 mm 

length and 8 mm width).237 The varying devices have been 

immobilized in a wind tunnel with cross-sectional dimensions of 

25 cm in height and 25 cm in width in the cross-flow orientation, 

whereby the induced wind speed ranged from 0 m s-1 to 8 m s-

1. The generated volumetric power density has been

investigated with varying wind speed, showing that the long

cantilever-type PEG has the highest values at wind speeds

below 4 m s-1. Results also indicate that the narrow short

cantilever-type PEG generates the highest power densities

between 4 m s-1 and 7.5 m s-1, whereas at 8 m s-1 the short

cantilever generates the highest volumetric power density at

approximately  1.5 mW cm-3.123 The study further reports that a

maximum generated volumetric power density of 2.0 mW cm-3

is obtained for the narrow short cantilever with a load

resistance of 30 MΩ. However, no data is shown for the

influence of the variation of load resistance on the electrical

output of the wind-powered PEGs.

Li et al.238 have utilized a PVDF-TrFE copolymer thin film as 

the piezoelectric layer in flexible wind-powered PEGs and have 

investigated the electricity generated from three geometries, 

shown in Fig. 15(d-f). Mode I and mode III correspond to cross-

flow and parallel-flow devices as outlined above, whereas mode 

II corresponds to the wind flow perpendicular to the PEG in a 

manner where the wind impacts the surface of the PEG (Fig. 

15d). In this work, the PVDF-TrFE layer has a thickness of 4 μm 

and is deposited onto an 8 μm thick stainless steel foil acting as 

the bottom electrode. The resulting structure is then annealed 

at 130 °C for 2 h. The top electrode consists of a 100 nm 

thermally evaporated layer of Al, and post-processing is 

undertaken to polarize the piezoelectric layer. This work, 

compared to the aforementioned studies, has investigated wind 

speeds below 4.7 m s-1, as those speeds are more comparable 

to those found in nature. However, the wind tunnel in Li et 

al’s238 study has a circular cross-section with a diameter of 8.5 

cm. The comparative study of the three modes suggests a linear

increase in the generated open circuit voltage as a function of

wind speed, whereby the cross-flow (mode I) device shows the

highest open circuit voltage of the investigated harvesting

modes at approximately 1.2 V (Fig. 15e). This is four times

higher than those of modes II and III. Through resistance

matching experiments at a wind flow of 3.9 m s-1, the output

power for the mode I device has been reported as 0.98 μW for

a resistive load of 120 kΩ (Fig. 15f). This value corresponds to a

volumetric power density of 233 μW cm-3 based on top

electrode dimensions of 7 cm length and 1.5 cm width. This

value is lower than the previously reported volumetric power

output; however, it should be noted that differences in design

could have contributed to the changes in output values.
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More recently, Song et al.239 have investigated a generalized 

case of off-resonance vibration-based excitation of a flexible 

PVDF bimorph PEG in the shape of a cantilever with a fixed mass 

at the end (Fig. 15g). The work utilizes a coupled finite-element-

circuit approach to optimize the parameters of the PEG, and the 

results of modelling are verified in experimental studies. The 

maximum volumetric power density for two 50 μm thick PVDF 

layers bonded together with thin Ag electrodes has been 

reported as 8.61 mW cm-3 with an optimized load resistance of 

6.81 MΩ (Fig. 15h). The excitation acceleration has been 

reported as 0.5 g at the optimized frequency at 34.4 Hz, 

corresponding to 25.5 MPa maximum stress.  

These examples are intended to provide an overview of the 

possible applications where flexible polymeric PEGs have been 

previously utilized. These promising proof-of-concept devices 

are expected to encourage further growth of prospective 

applications in this field, both in laboratories and in commercial 

settings. 

7. Concluding remarks and future perspectives

Flexible fluoropolymer-based PEGs have attracted 
increasing attention as a promising energy harvesting solution 

due to their mechanical flexibility, transparency, operating 

temperatures suitable for widespread use, high compatibility 

with straightforward deposition and processing methods, 

biocompatibility and high piezoelectric energy conversion 

efficiencies. This type of PEGs has been demonstrated for 

applicability in either directly powering a range of electronic 

devices or providing an additional source of electricity for their 

operation. This all assists in decreasing the reliance on the 

outdated conventional electricity generation and storage 

technologies.  

 Despite the advancement of flexible PEGs in the recent 

years, challenges remain before the commercial adoption of 

these devices can occur. These challenges arise largely from a 

lack of clear understanding of the connection between the 

various aspects of this complex field. Currently, the field 

appears heavily segmented into largely independent studies 

undertaken by polymer chemists exploring novel synthetic 

routes, and material scientists and engineers processing and 

depositing the polymers into useful devices, with mechanical 

engineers optimizing the physical parameters for enhanced 

energy conversion, and electrical engineers efficiently 

integrating the PEG into usable devices. It is therefore, 

important that these fields work together to successfully 

produce devices with the required parameters to maximize the 

energy conversion from mechanical force to electricity and the 

production of commercially relevant devices. 

Moreover, the characterization techniques utilized by each 

of these disciplines, generally, do not provide a complete 

description of the flexible fluoropolymer PEG systems, reducing 

the ability to directly and quantitatively compare the results 

obtained. Therefore, the development of cross-disciplinary 

collaborations between the disciplines holds great potential in 

facilitating the in-depth understanding of complex connections 
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between the chemistry of fluoropolymers, their processing, and 

the properties of the resulting flexible PEGs.  

 Aside from the shift towards multidisciplinary studies, 

optimizations of the current methods in each discipline is also 

crucial. For example, the current spectroscopic techniques used 

to fingerprint the phases of PVDF, and related polymers, show 

clear limitations. The FTIR technique, commonly used in the 

characterization of these polymers, often results in complex 

spectra with overlapping peaks for the β and γ phases. Recent 

literature has attempted to overcome this constraint; however, 

further efforts are required. The utilization of Raman 

spectroscopy leads to characteristic peaks for the various 

phases with higher resolution relative to FTIR; however, is 

currently underutilized in literature. Simultaneous DSC-Raman 

can also provide a fingerprint both of the relative phase content 

and the overall crystallinity.  

Additionally, the currently accepted methods for measuring 

the net polarization vector are limited in their scope—the P-E 

hysteresis technique utilizes an electric field which has the 

parasitic effect of poling the material and therefore generally 

provides only the maximum polarization that can be obtained in 

the fluoropolymer. Characterizing the net polarization within 

the sample without affecting it will provide insight into the net 

dipole vector in the fluoropolymers without influencing the 

system. We strongly encourage the researchers within this field 

to pay appropriate attention to developing a suitable 

characterization method for polarization measurements. 

 Currently, poling is commonly used as an additional step to 

polarize the fluoropolymers in PEGs; however, as we discuss in 

Section 5.4, this step is undesirable because it utilizes high 

temperature and high electric fields. Therefore, methods to 

produce suitable fluoropolymers for PEGs without poling are 

extremely interesting. It is very exciting that scalable solvent-

assisted extrusion technologies such as 3D printing and 

electrospinning have been recently shown to be able to provide 

in-situ poling (without the need for the post-processing via 

electric fields) through either shear stresses or induced electric 

fields, respectively. The ability to fabricate flexible PEGs in a 

shorter number of fabrication steps and with less energy input 

is expected to be a key contributor in driving the 

commercialization of the PEG and further increase the 

prospects of sustainable energy harvesting methods. 

The emergence of additive manufacturing technologies such 

as 3D printing and electrospinning has opened the door for 

advanced fluoropolymer structures, which have been difficult 

to explore previously. In particular, preliminary research in the 

fabrication of high aspect ratio structures has reported drastic 

improvements in the energy conversion efficiency of 

fluoropolymers. It is our expectation that various new 3D 

printing technologies, such as fused deposition modeling, 

solvent-evaporation assisted printing and melt electrowriting 

(among others), will enable layer-by-layer and true 3D extrusion 

of the fluoropolymers and lead to the increase of energy 

conversion efficiency in flexible PEGs. In addition, multi-

material printing shows great potential for complete end-to-

end production of PEGs through the controlled deposition of 
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electrode materials, reducing waste and providing a true single-

step fabrication technique. 

Another exciting developing area to emphasize is the 

incorporation of additives into piezoelectric fluoropolymers. 

Preferential reorientation of the crystalline phases of the 

polymer into the β phase has been proposed as the standard 

mechanism of increasing the electromechanical conversion, 

due to either steric or electrostatic interactions. However, the 

optimization of crystallinity and polarization using additives has 

not been systematically explored to date. These factors 

influence the electrical output from electromechanical 

conversion in flexible PEGs and hence it will be critical to 

investigate the influences and the underlying mechanisms of 

nanomaterials and other additives on the enhancement of 

these properties.  

In general, the new developments in understanding how the 

properties of fluoropolymers enable future flexible PEG 

applications has led to a significant push in research efforts in 

recent years. Future fluoropolymer-based PEG research is 

anticipated to provide further insights into the understanding of 

the open questions posed in this review. Several key open 

questions remain unanswered, some of which are as follows: (1) 

the literature on process-dependent polarization enhancement 

is currently limited in its scope, attributing enhancements of 

energy conversion efficiency to increases in either the β phase 

or the total polymer crystallinity. The understanding of how 

processing techniques affect (and more importantly enhance) 

the polarization is critical to progressing the field; (2) there is 

large scope to move away from electrical fields for poling to 

enhance polarization to study shear-induced polarization 

through various techniques such as 3D printing; (3) there needs 

to be a stronger fundamental understanding of how the 

properties of the fluoropolymers influence the electrical output 

which ties into fully characterizing the materials and not just 

focusing on single properties of the material such as  β phase or 

output, as this is a multi-parametric system; (4) the use of non-

destructive techniques are expected to provide new and 

valuable information such as confocal Raman microscopy, 

piezoresponse force microscopy (PFM) and 3D magnetic 

resonance imaging (MRI), among others.  

The future for low-energy, always-on electronic devices and 

wireless sensors is emerging fast. Flexible polymeric PEGs have 

great potential in these devices and pose a unique opportunity 

for the sustainable energy harvesting from mechanical energy, 

which is abundant in daily life. This type of energy harvesting 

will act to reduce the reliance on powering electronic devices 

from the grid, opening up new possibilities for personal and 

wearable electronics, as well as long-term implantable medical 

diagnostics and cardiac devices. We are expecting to see more 

and more inspirational developments in the applications of 

flexible fluoropolymer PEGs in the near future. 
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