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Abstract  

Piezoelectric materials are increasingly being used in a wide range of applications. Single 

crystals, ceramics and polymers are all being used sensors, actuators and energy-

harvesting applications. Among the most used piezoelectric materials are lead zirconate 

titanate (PZT) and barium titanate (BaTiO3) ceramics and the polymer poly(vinylidene 

fluoride) (PVDF). Polymer-based composites including high dielectric and piezoelectric 

ceramic nano- or microparticles are also largely investigated to take advantage of the 

advantageous properties of both polymers and ceramics.  Among the different processing 

methods, electrospinning allows the development of piezoelectric nano- and microfibers 

opening a distinct range of applications in electronics, energy generation and storage or 

membranes for water and air remediation.  
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1. Introduction  

From the beginning of the new millennium, and more particularly during the last decade, 

strong advances have taken place in science and technology, resulting from an interplay 

between different innovation areas and disciplines [1, 2].  

Such approach is being particularly successful in the development, optimization and 

application of smart and multifunctional materials, which takes advantage of knowledge 

on biology, physics, chemistry, nanotechnology and materials science, as well as 

mechanical and electrical engineering. This leads not just to an increasing number of high 

performance smart and multifunctional materials, but also to the emergence of disruptive 

applications based on them [2, 3]. 
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Further, smart materials associated with the Internet of Things (IoT) concept represent 

the innovative vehicle to reach wireless, sustainable and interconnected autonomous 

smart systems and cities [3].  

There are different types of smart materials, including shape memory , piezoelectric, 

piezoresistive, magnetorheological, magnetostrictive, magnetoelectric, electro-

rheological, and chromic [4-9], among others,  each of them exhibiting a specific relation 

between the external stimulus and the materials response, which can be used for a variety 

of applications such as sensors, actuators, energy harvesting and in the biomedical field, 

among others [2]. 

The electromechanical transduction capability of piezoelectric materials, which converts 

mechanical energy into electrical energy or vice versa, allows to accurately detect 

physical parameters such as pressure, mass, or acceleration, among others [10],  being 

therefore applied in a large variety of devices, including force, touch and strain sensors, 

self-powered devices, acoustic and ultrasonic tools, precision positioning instruments, 

fluid injection systems and damping controllers [9].  All of these applications are based 

on the piezoelectric effect, discovered in 1880 by the Curie brothers [11].   

Materials showing the piezoelectric effect are typically clarified as a function of the 

piezoelectric coefficients dij, quantifying the mechanical to electrical conversion, 

exemplified in Figure 1. 
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Figure 1- Piezoelectric coefficient ranges of various piezoelectric materials; d33 and d31 

are the modulus of the longitudinal and transverse piezoelectric coefficients. The values 

in parentheses correspond to the relative permittivity. Numerical figures are represented 

as absolute values. With permission from Narita et al. [12]. 

Barium titanate (BaTiO3), lead zirconate titanate (Pb(Zr1–X, TiX)O3, known as PZT), and 

related materials are the most used piezoelectrics due to their highest piezoelectric 

response (Figure 1), nevertheless some disadvantages, such as the mechanical brittleness 

or high rigidity hinder their application on devices that require high flexibility [12, 13]. 

To solve such issues, polymer-based piezoelectric composites, have emerged as a 

solution. Within all possible composites the ones with 0-3 connectivity, i.e. randomly 

dispersed piezoceramic particles in a non-piezoelectric polymer matrix, exhibit the lowest 

piezoelectric response (20-30 times less), when compared with polymer-ceramic 

composites with 1-3 connectivity, i.e. ceramic fibres in a non-piezoelectric polymer 

matrix, or 2-2 connectivity, i.e. ceramic laminates in a non-piezoelectric polymer matrix 

[12].  

More recently, piezoelectric polymers such polyvinylidene fluoride (PVDF), and its 

copolymers, such as polyvinylidene fluoride trifluoroethylene (PVDF‐TrFE), are being 

increasingly used due to their flexibility, high elastic compliance, strong electrical dipole 

moment of the PVDF monomer unit (5-8×10−30 C.m), high chemical and radiation 

resistance, lightweight, additive manufacturing compatibility and low-cost [2, 14].  

Nowadays, piezoelectric materials have become increasingly explored to effectively 

harvest energy from different mechanical sources such as human motion, low-frequency 

seismic vibrations and acoustic noise (Figure 2). The harvested energy is being used to 

power sensors, biosensors and actuators [15], being particularly suitable for to power 

wearable electronic devices [16]. 
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Figure 2- Piezoelectric effect for energy harvesting. Image taken with permission from 

Narita et al. [12]. 

 

2. Piezoelectricity: fundamentals and energy generation   

The word piezoelectricity comes from Greek piezein that means “to press” and therefore 

can be understood as the capability of specific materials to develop an electrical voltage 

under the application of a certain mechanical stress.  

The piezoelectric effect is strongly related to the crystalline structure of materials. From 

the 32 crystal classes, 21 are non-centrosymmetric, showing 20 of them piezoelectricity. 

Of the 20 piezoelectric classes, half of them are pyroelectric, developing a voltage as a 

response of a temperature variation, and some of them can be also ferroelectric (the 

dipolar moment can be reversed in an applied electric field) [17].   

The piezoelectricity is thus established in non-symmetric crystals with polar structures 

and can be described as the capability of these materials to develop an electrical voltage 

under the application of a mechanical stimulus, or the opposite, changing their geometry 

under an electric voltage field. The piezoelectric effect is described as direct and the 

inverse. The direct effect is when the material is subjected to external mechanical stimulus 

and the dipoles are oriented causing that the crystal develops positive and negative 

charges on each surface, resulting in an electric field within the material. The inverse 

piezoelectric effect describes the geometric changes on the crystal when it is subjected to 

an external electric field. The reorientation of the dipolar moments under electric field 

causes the deformation of the crystal, linearly proportional to the electric field applied 

[18].    
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The direct and inverse piezoelectric effects were discovered by in 1880 (by Pierre and 

Jacques Curie) and 1881 (by Lippmann), respectively, and can be described by the 

constitutive equations [18]:  

 

𝐷𝑖 = 𝑑𝑖𝑘𝑙𝑇𝑘𝑙 + 𝜀𝑖𝑘
𝑇 𝐸𝑘                         (3) 

𝑠𝑖𝑗 = 𝑆𝑖𝑗𝑘𝑙
𝐸 𝑇𝑘𝑙 + 𝑑𝑘𝑖𝑗𝐸𝑘                  (4) 

 

where the subscripts i, j, k and l take values of 1, 2 and 3. S and T is the stress and strain 

tensors, respectively, the electric displacement and field vectors are D and E, respectively. 

Further, the elastic compliance matrix at constant electric field is s, d is the piezoelectric 

strain coefficients, and 𝜀 represents the dielectric permittivity at constant stress. In both 

equations, d  represents the charge variation induced by a given force in the absence of 

an electric field (short-circuit electrical condition), or the deflection caused by an applied 

voltage in the absence of an applied force (stress-free mechanical condition) [18] as 

illustrated in Figure 3. 

 

 

Figure 3- Schematic representation of the piezoelectric direct and inverse effects. B) 

Illustration of the direct piezoelectric effect induced charges under mechanical 

compressive and tensile stress. Adapted with permission from [19].  

 

2.1.  Piezoelectric coefficients  

The most used piezoelectric coefficients are the d31 and d33 known as the transversal and 

longitudinal coefficients, respectively (Figure 4). They are typically represented in units 

of meters per volt (m/V) or coulombs per newton (C/N). Each of the coefficients describe 
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the electric polarization generated in one direction due to the application of a transversal 

or parallel applied stress.  

 

Figure 4- The piezoelectric transduction modes. Adapted with permission from [20]. 

 

A piezoelectric materials converts mechanical into electrical energy (or vice versa) and 

the conversion efficiency is quantified by the electromechanical coupling coefficient, k, 

being closely related to the bandwidth of resonant devices, and expressed as [21]:     

 

𝑘𝑖𝑗 =
𝑑𝑖𝑗

√𝜀𝑖𝑖
𝜎𝑆𝑗𝑗

𝐸
       (5) 

 

2.2.   Energy-harvesting  

Energy harvesting focus in the recovery of environmental energy that would be wasted 

otherwise, from sources such as force/pressure, heat and vibration/movement. Typically, 

that energy can be used for powering low-power devices, in particular for applications in 

remote or inaccessible zones, where battery replacement is complicated or even 

impossible [22].  

Piezoelectric, thermoelectric and electromagnetic are the most used systems to harvesting 

energy from wasted source powers, the harvested power typically ranging from nano- to 

microwatts per cm2. 

Vibrations are the most used source for energy harvesting using microelectromechanical 

systems (MEMS). The most used mechanical to electrical transduction mechanisms used 

are piezoelectric,  electrostatic and electromagnetic [23], ceramics being the most used 

materials for this application, independently of the transduction mechanism, leading to 

μW of output harvested power [23]. On the other hand, ceramics area not suitable for 

large area applications, due to high costs and mechanical limitations of materials.  



7 
 

Thus, polymers are being explores and, in particular, PVDF and their copolymers also 

becoming widely used in piezoelectric applications. Further, PVDF-based composites 

with high dielectric materials (ceramics or single crystals) allow to combine the 

mechanical properties of polymers and the high dielectric constant of the brittle ceramic 

materials. Polymer-based piezoelectric devices can produce output voltages and currents 

near some hundreds volt and tens of micro amperes, respectively [22-25]. 

 

3. Introduction to electrospinning technique 

The development of nanotechnology platforms allowing to produce materials in nanofiber 

shape has a strong influence in different areas of science and engineering, contributing to 

society with applications on electronics, energy storage, renewable energy, water and air 

filtration, oil and gas industries, food industry, pharmaceutical industry, healthcare and 

consumer goods, among others [26, 27]. 

There are different methods for the fabrication of nanofibers (NFs) such as 

electrospraying [28], self-assembly [29], sol-gel [30], rotary jet spinning [31], 

electrospinning (allowing to produce random, aligned, core–shell, and vertical 

nanofibers) [32-34], phase separation [35]  and melt-blown protocols [36], among others. 

Electrospinning, due to its high efficiency, has emerged as one of the preferred techniques 

for nanofiber production. The electrospinning process is continuous, scalable, a large 

variety of materials can be processed by this technique a allows outstanding control over 

nanofiber dimensions and orientation. Also, synthesis of nanoparticles by electrospraying 

overcomes limitations associated with other fabrication processes, such as 

emulsion/evaporation, coacervation, spray-drying, nanoprecipitation and microfluidic 

methods. Therefore, synthesis of nanomaterials by electrospinning or electrospraying is 

currently an essential component of nanomaterial’s research [37]. 

Electrospinning and electrospraying are technologies where a polymeric solution can be 

spun or sprayed by the application of a high electric field to obtain fibers or spheres, 

respectively [38, 39]. These electrodynamic processes (Figure 5a) and b)), use almost the 

same setup and equipment, that consists of four main components [38, 40]: 

 

I. a high voltage source (in a typical range 1 to 30 𝑘𝑉) mostly operated in 

direct current (DC) mode, though alternating current mode is also possible; 

II. a blunt ended stainless-steel needle or capillary; 

III. a syringe pump; 
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IV. a grounded collector either as a flat plate or rotating drum. 

 

In electrospinning of polymer, a strong electric field is applied to a droplet formed by a 

polymer solution or polymer melt at the tip of a die, which acts as one of the electrodes. 

The charging of the fluid leads to a conical deformation of the droplet (Taylor cone) and 

finally to the ejection of a jet from the tip of the cone [41].  

The charged jet is accelerated towards the counter electrode and thins rapidly, due to the 

elongation and evaporation of the solvent until solid fibers are deposited into the substrate 

located on top of the counter electrode [42]. This process is characterized by a rapid and 

strong elongational deformation of the spinning jet due to a bending instability, which 

occurs during the course of the fiber formation. The deformation of the jet normally gives 

rise to nanofibers that display a strong orientation of the chain molecules as well as of the 

crystals. Such orientations cause significant increases of the mechanical stiffness and 

strength of the fibers [41]. 

 

 

Figure 5- A typical laboratory scale, a) electrospinning setup and b) electrospraying setup. 

Images taken with permission from [39]. 

 

Electrospraying, Figure 5b, is a variation of the electrospinning method, which was 

initially applied in medicine with the aim to produce materials able to encapsulate drugs 

[43]. Vonnegut and Neubauer [44] were pioneers in applying voltage to produce 

micrometer-sized spherical particles for application as sprays. Today, this technology is 

expanding  due to its simplicity and low-cost [43]. 

The major distinction between electrospinning and electrospraying is the polymer content 

on the polymeric solution. When the solution concentration is high, the jet from the Taylor 

cone is stabilized, and elongation takes place by whipping instability mechanism[45]. If 

the solution concentration is low, the jet is destabilized and fine droplets are formed. 



9 
 

These highly charged droplets are self-dispersed in space, preventing droplet 

agglomeration and coagulation. 

Further, evaporation of the solvent leads to contraction and solidification of droplets 

resulting in solid polymeric particles deposited on the grounded collector [39]. 

Figure 6 shows some of the advantages of electrospun and electrosprayed products. 

 

Figure 6– Main advantages of electrospun and electrosprayed materials. 

 

Nanofibers show interesting electric, thermal, optical, magnetic, and mechanical 

properties due to effects related to their small-size, increased interface, and surface area. 

Furthermore, NFs prepared by electrospinning shown high surface area-to-volume ratio 

(SVR), high overall porosity of the fiber mats, and a unique web structure that are 

essential, for example, for energy conversion and storage applications [46]. 

Electrospinning also allows the production of NFs with different orientation and 

hierarchical structures. The orientation of NF includes randomly oriented and aligned 

structures as shown in Figure 7 [47].  

Particularly, the well-aligned NF are often required for energy harvesting devices or 

scaffolds for some tissue engineering applications[48, 49]. It is important to notice that 

the fiber collector plays an essential role in obtaining nanofiber orientation. Thus, several 

methods have been developed to enhance alignment of electrospun NFs by using special 

designed collectors, such as rotating drums [50], metal frames [51], or two conductive 

substrates separated by a gap [52]. In addition, a liquid system combined with a rotating 

mandrel has been developed to produce a continuous yarn of electrospun fibers  [53].   

Nowadays, a large variety of polymers have been successfully electrospun into ultra-fine 

fibers with diameters ranging from < 3 nm to over 1 μm [54]. 
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Figure 7- Scanning electron micrographs of electrospun (a) random NF, (b) aligned fibers 

at a specific angle, and (c) aligned fibers. Image taken with permission from [47]. 

 

3.1.     Electrospinning of piezoelectric materials 

Polymers are typically dissolved into solvents before electrospinning and the same 

polymer can be dissolved in different solvents to tune electrospun processing conditions 

and therefore final fiber mat properties. A summary of some relevant polymers which 

have been successfully electrospun into fibers is listed in Table 1 [37] together with the 

used solvents, polymer concentrations and proposed or perspective applications of the 

corresponding fibers. 

Among polymers, piezoelectric polymers stand out as an interesting material for a new 

generation of applications such as wearable smart materials, energy harvesters devices, 

sensors and actuators [55].  

 

 

Table 1- Representative polymer that have been electrospun from solution. 

Polymer Solvent Concentration Application Ref. 

PLA Dichlormethane 5 wt.% Sensor, Filter [56] 

PANI/PS Camphorsulfonic acid 2 wt.% Conductive fiber [57] 

Silk-like polymer 

with fibronectin 

functionality 

Formic acid 0.8 - 16.2 wt.% 
Implantable 

device 
[58] 

PVDF 
Dimethyl formamide: 

dimethylacetamide  

20 wt.% Flat Ribbons [59] 

20% (w/w) Biomedical [60] 

CA 
Acetone, acetic acid, 

dimethylacetamide 
12.5 - 20% Membrane [61] 

PLGA 
Tetrahydrofuran: 

dimethylformamide  
1 g/20 ml 

Tissue 

engineering 
[61] 



11 
 

Abbreviatures: Polylactic acid, PLA; Polyaniline, PANI; Polystyrene, PS; Poly(vinylidene fluoride), PVDF; Cellulose acetate, CA; 

Poly Lactic-co-Glycolic Acid, PLGA; Poly (ethylene-co-vinyl alcohol), EVA; Poly vinyl phenol, PVP;  Poly(acrylic acid)-

poly(pyrene methanol) PAA-PM; Poly(ethylene oxide) PEO  

 

From all the piezoelectric polymer, PVDF and its copolymers are the ones with the larger 

piezo, pyro and ferroelectric response. PVDF has five crystalline phases (Figure 8) and 

among these five crystalline phases, the α phase is nonpolar [68] and the 𝛽-phase is polar, 

providing the highest electroactive response [41, 69]. The polar β-phase can be obtained 

through mechanical stretching [70, 71], low temperature solvent evaporation [72], high 

electric field poling [73] or the addition of specific fillers including ionic liquids [74], 

ferrites[75] or conductive additives [76, 77], among others [2, 78, 79].  

The formation of continuous fibers from PVDF solutions or melts under strong 

electrostatic fields allows the production of ultrafine piezoelectric PVDF nanofibers.  

Thus, randomly oriented electrospun PVDF nanofibrous membranes lead to a 

piezoelectric output of 140 mV under 5 N loading  [80]. Aligned PVDF nanofibers on a 

polyethylene terephthalate (PET) substrate under an applied loading frequency of 7 Hz 

generate an average peak voltage output value of 76 mV  [81].  Additional, a piezoelectric 

unit based on two outermost polydimethylsiloxane (PDMS) layers, two aluminum 

electrodes and a PVDF fibrous mat in center reached a piezoelectric sensitivity of 178 

mV/kPa  [82].  

Regarding inorganic piezoelectrics, lead zirconate titanate, PZT,  is among the most used 

for applications including sensors and actuators, non-volatile ferroelectric memory 

devices, micro-electromechanical systems (MEMS) and nanogenerators [83]. It shows, 

in general, higher performance than organic piezoelectric [83]. Nevertheless, synthetized 

bulk PZT ceramics are brittle materials and there is a growing demand for flexible PZT 

nanofiber materials [84], being  electrospinning one of the most used methods to fabricate 

long length fibers with uniform diameter and varied composition [85].  

nylon-4,6, PA-4,6 Formic acid 10 wt.%, 
Transparent 

composite 
[62] 

EVA 
Isopropanol/water: 

70/30 (%v/v) 
2.5 - 20% (w/v) Biomedical [63] 

PVP Tetrahydrofuran 20, 60% (w/v) 
Antimicrobial 

agent 
[64] 

PAA-PM  Dimethyl formamide 26 wt.% Optical Sensor [65] 

PS Tetrahydrofuran 15 wt.% Catalyst, filter [66] 

PEO Distilled water: ethanol 4 wt.% 

Microelectronic 

wiring, 

interconnects 

[67] 
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3.2.    Energy harvesting based on electrospun nanofibers 

With the reduction of fossil fuels and the increasing demand of sustainable energy for 

economic development, it is essential to develop renewable energy technologies to sustain 

the economic evolution. Capturing residual and typically wasted energy available in the 

environment emerges as an interesting possibility to power specific devices.  The so 

called energy harvesting involves collecting energy from the environment or devices, 

including vibrations, heat, and electromagnetic waves, among others, and converting 

them into electrical energy [12]. 

Due to their unique mechanical, electrical and active properties, electrospun 

nanostructured materials are attractive for the development of active energy harvesters 

such as piezoelectrics, photovoltaics, hydrogen energy generators, and fuel cells [86]. 

As for their application in solar cells, electrospun TiO2 NF have demonstrated high 

photoelectric conversion efficiency due to effective charge separation and transport and 

the maximum light absorption, which is mainly attributed to high specific surface areas 

and high porosity [87]. Further, electrodes prepared by electrospun Gd₂MSbO₇ NFs has 

demonstrated high specific capacitance and improved cycling stability due to its unique 

fiber morphology, including large SVR and small diameter [88]. 

Additionally, TiO2 electrospun NF exhibit high surface areas, enhanced crystallinity and 

photocatalytic activity (PCA) for hydrogen evolution when compared to those made by 

hydrothermal synthesis [86]. Ce-doped BaTiO3 nanofibers-based harvesters were 

prepared by sol-gel combined with electrospinning method. The reported delivered power 

of the energy harvesting device was optimized to14.37 μW with a load resistance of 100 

MΩ, when the Ce/Ba atomic ratio was 0.6%. 

Regarding polymer-based fibers for piezoelectric energy harvesting [89] (PVDF-TrFE) 

nanofibers have been developed with the diameter ranging from 1000 to sub-100 nm and 

26 nW power output.  

Aiming biocompatibility and biodegradability on the developed energy harvesters, poly(l-

lactic acid) (PLLA) piezoelectric nanofibers were developed, demonstrating that an open-

circuit voltage and short-circuit current with a strain deformation angle 28.9° could reach 

0.55 V and 230 pA [90]. The optimized prototype harvester worked well for harvesting 

human joint motion energy with a maximum peak power 19.5 nW. 

On composites, barium titanate nanoparticles embedded in polyurethane and PVDF-TrFE 

nanofibers were developed. The resulting nanofibers shown a high stretchability (40%) 
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and high mechanical durability (9000 stretching cycles at 30% strain), producing a peak 

open circuit voltage (Voc) and short circuit current (Isc) of 9.3 V and 189 nA, respectively. 

When placed over the knee cap of a subject when walking the harvester generated a 

maximum Voc of 10.1 V. 

Different contents of PZN-PZT nanoparticles of ≈54 nm were embedded  into a matrix 

of PVDF-TrFE by electrospinning[91], reporting a 3.4 V output voltage and 240 nA 

output current for 20 vol% nanoparticles-incorporated into the polymer matrix. 

Layers of MoS2 were grown on cellulose paper by hydrothermal method followed by the 

deposition of in situ poled PVDF nanofibers that generated peak voltage of 50 V, short 

circuit current of 30 nA and average power of 0.18 mW/cm2 [92]. 

There are more than two hundred piezoelectric materials that can be used for energy 

harvesting including quartz, barium titanate, lead titanate (PT), cadmium sulphide (CdS), 

lead zirconate titanate, lead lanthanum zirconate titanate (PLZT), lead magnesium niobate 

(MgNb2O9Pb3) polyvinylidene fluoride, and polyvinyl fluoride (PVF), among others 

[93], allowing a large variety of functional responses and tailored processability, 

including, for some of them, in the form of electrospun fibers.  

 

4. Piezoelectric Materials 

The materials with piezoresistive properties- materials that change their geometry with 

applied voltage and vice-versa- can be synthetic or natural. Synthetic materials are the 

most used in commercial applications due their higher figures of merit in terms of 

functional response.  

Materials with piezoelectric properties can be divided into different categories: single 

crystals, ceramics, polymer and polymer composites (usually ceramics embedded into 

polymer matrices).  

Most energy harvesting applications use piezoelectric single-crystals and ceramics, or 

composites materials, as polymers show lower piezoelectric properties.  

On the other hand, polymers can sustain higher strains due to their intrinsic flexibility and 

can be processed in a larger variety of forms and shapes by low temperature methods. 

Ceramics and single-crystals are too rigid and brittle. 

 

4.1.     Piezoelectricity in polymers  

There are different piezoelectric polymer categories: bulk, composites and charged 

polymers (Figure 9) [21]. The first category of piezoelectric polymers are the solid films 
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with intrinsic piezoelectric properties [21]; the second category, polymer composites, are 

based on polymers reinforced with piezoelectric micro- and nanomaterials (mostly 

ceramics materials) [21]. These materials make use of the mechanical properties of 

polymers (flexibility or stretchability, low density, etc) and the high dielectric and 

piezoelectric properties of the fillers. Finally, the third category is related to voided 

charged polymers, which electroactive response has a different origin: in these polymers, 

gas voids are developed into the polymer and their surfaces are electrically charged to 

obtain internal dipoles.  

 

 

Figure 8- Schematic representation of piezoelectric polymer types: bulk piezopolymers 

than can be divided into amorphous dipolar polymers and semi-crystalline polymers; 

polymer composites, with examples of fillers in the form of particles or columns within 

polymer (known as 0-3 and 1-3 connectivity, respectively); voided charged polymers, 

with surface charged air voids within the polymer [21].  

 

Bulk piezoelectric polymers mainly consist on amorphous or semi-crystalline polymers. 

These polymers must present molecular dipoles and these dipoles must be reoriented, by 

poling, within the bulk material and kept in their preferred orientation state [21].  

Piezoelectric composites are developed using a polymer reinforced with piezoelectric 

inorganic particles. The polymer matrix can be also piezoelectric, increasing the coupling 
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factor and dielectric properties of the composite [21]. The manufacturing of the polymer 

composites can lead to randomly oriented or orientated fillers (Figure 9).  

Voided charged polymers are characterized by larger dielectric responses and d33 larger 

than 20 000 pC/N, even larger than ceramics materials [21]. This structure was first 

presented in the early 1960s (Figure 10) [94], based on the theoretical concept of 

embedding air voids within the polymer and poling the material to create internal charging 

in torn of the voids. By applied a large electric field in the polymer, the gas molecules 

within the voids get ionized and opposite charges are implanted on each side of the voids 

[94], leading to artificial dipoles which responds like a piezoelectric material to an 

external electric field or mechanical stimulus [21].      

      

 

Figure 9- Illustration of piezoelectricity in voided charged polymers: voided polymer 

before charging (left), poling process for form the trapped dipoles (centre) and charged 

polymer (right). Adapted from [21]. 

 

 

4.1.1. Main properties of piezoelectric polymers 

Pioneer works in the 60s by Kawai in piezoelectric polymers led to strong research 

activity in poly(vinylidene fluoride) and respective copolymers [95]. These electroactive 

polymers are the most interesting ones used in applications including sensors or actuators, 

energy harvesting or biomedical applications [95].  

Polymers present as a main advantage their mechanical properties and as the main 

disadvantage the low piezoelectric coefficients (usually d33≤ 30 pC/N). However, their 

piezoelectric stress constant is higher when compared to other piezoelectric materials, 

being suitable for sensors devices. Other relevant advantages of polymers are their 

relatively low-cost processing, lightweight (low density), low dielectric constant and high 

dielectric breakdown.  
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4.1.2. Amorphous piezoelectric polymers  

Amorphous polymers show lower piezoelectric properties when compared to semi-

crystalline materials. The piezoelectric effect in amorphous polymers is based on the fact 

that the polarization is rather in a quasi-stable state due to the freezing-in of molecular 

dipoles and, therefore, it is not in a state of thermal equilibrium [18]. Thus, it is generally 

required the application of an external electric field in order reorient the molecular dipoles 

of the amorphous polymer. This polarization procedure must be applied above the glass 

temperature transition, where the dipoles have larger mobility [96]. 

Piezoelectric amorphous polymers include poly(acrylonitrile) (PAN), poly(vinylidene 

cyanide-vinyl acetate) (PVDCN/VAc), poly(phenyl ether nitrile) (PPEN), and poly(1-

bici- clobutanecarbonitrile).  The most studied of these amorphous polymers is vinylidene 

cyanide and vinyl acetate copolymer, which presents suitable piezoelectric response and 

large dielectric relaxation strengths [18].  

The remaining amorphous polymers with piezoelectric properties present lower 

properties than semi-crystalline polymers [96]. PVDCN/VAc and PAN present a similar 

structure and the largest remnant polarization and piezoelectric stress when compared to 

other polymers [96].   

 

4.1.3. Semi-crystalline polymers 

Semi-crystalline polymers present interesting piezoelectric properties and several of them 

are already used in commercial applications.  

 

4.1.3.1.   PVDF and PVDF copolymers 

The semi-crystalline polymer most studied and used in device application is 

poly(vinylidene fluoride) and its co-polymers, being still the electroactive polymers with 

the overall best performance [14, 21].  

PVDF is synthesized by the polymerization of CH2−CF2, the monomer of PVDF showing 

a high electrical dipole moment of 8×10-30 C×m. It can present different crystalline 

phases, the main ones being the non-polar α phase (TGTGˊ -trans-gauche–trans-gauche- 

conformation) and the polar β-phase (TTT –all trans- planar zigzag conformation) [14, 

97] (Figure 10). The highest piezoelectric response, ranging from -24 to -34 pC/N [14, 

21] is obtained in the β-phase. Other crystalline phases of PVDF include the δ (TGTGˊ -

trans-gauche–trans-gauche), the ε and the γ (T3GT3Gˊ) phases. The degree of crystallinity 
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of PVDF ranges typically between 50 and 60% and the glass transition temperature is 

around  -35 ºC [98].  

 

 

Figure 10- Schematic representation of the chain conformation for the α, β and γ phases 

of PVDF. 

 

PVDF in the polar β-phase can be obtained by mechanical deformation of -PVDF in 

order to obtain orientation of the molecular chains [18], electrospinning [60], or by 

developing composites with BaTiO3 [99], organic clays [100], ionic liquids [101], or 

magnetic fillers [102], among others.    

Copolymers and terpolymer of PVDF have been developed to tailor the electroactive 

response of the polymer [103]. Poly(vinylidene fluoride-trifluoroethylene) (PVDF-TrFE) 

is synthesized through free radical polymerization of the two monomers [18], it shows 

lower ferroelectric to paraelectric transition temperature than PVDF, the transition 

temperature decreasing with increasing TrFE contents in the copolymer [103]. The main 

advantage of PVDF-TrFE is that for certain TrFE contents, it crystallizes directly in the 

electroactive phase, either by processing from solvent of from the melt. Further, PVDF-

TrFE shows larger electroactive response, d33 and k33, than PVDF [21].     

Another copolymers include poly(vinylidene fluoride-co-hexafluoropropene), (PVDF-

HFP) [104], poly(vinylidene fluoride-chloride trifluoride ethylene) (PVDF-CTFE) [105] 

and poly(vinylidene fluoride-bromotrifluoroethylene (PVDF-BTFE) [106, 107].  

    

 

4.1.3.2 Other semicrystalline piezoelectric polymers 

Thermoset polymers such as polyurea, is constituted by hard and soft domains that present 

microphase separation between them. Polyurea presents excellent overall properties, 

including stretchability, impact mitigation, chemical resistance and a wide range of 
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operating temperatures. Polyurea films are usually produced by vapor deposition 

polymerization in vacuum, exhibiting a piezoelectric constant of d3l≈10 pC/N, which is 

stable up to 200 ºC [108]. 

Other semi-crystalline polymers with excellent piezoelectric response in a wide 

temperature range are polyamides (known as odd-numbered nylons, including nylon-5, 

nylon-7, and nylon-11). The odd nylons present a monomer unit consisting in even 

numbers of methylene groups and one amide group with a dipole moment [108]. The 

amide dipoles align synergistically for the odd-numbered monomer, resulting in a net 

dipole moment of 4.9 debye and a piezoelectric constant above the glass transition 

temperature of d3l ≈17 pC/N. 

In addition to these polymers, electroactive biopolymers are a class of materials with 

applications in the biomedical area. Biopolymers show piezoelectric properties lower 

than the other polymer materials (less than ≈ 8pC/N), being the piezoelectric effect mostly 

attributed to internal rotation of polar atomic groups linked to asymmetrical carbon atoms.  

Biopolymers include natural and synthetic ones, natural ones showing poor mechanical 

properties and difficult processing. Natural biopolymer include DNA oriented films, 

collagen, polypeptides like poly(γ-methylglutamate) and poly(γ-benzyl-L-glutamate) 

poly(a-hydroxy acid)s family and chitin [18]. Synthetic biopolymers include the poly(a-

hydroxy acid)s family and its copolymers [18, 109]. 

 

4.1.4. Polymer-based composites  

Piezoelectric composites are typically fabricated based on a polymer matrix, due their 

mechanical properties, and ceramic fillers with high dielectric response. Further, the 

polymer can be also piezoelectric allowing to improve the piezoelectric overall properties 

of the composite.  

One of the key parameters in a composite is its dimensional connectivity, exemplified in 

Figure 11 for the 0-3 and 1-3 connectivities, the most used in device applications. A 

composite with m-n connectivity has its piezoelectric phase connected in n dimensions 

for the polymer phase and in m dimensions for the filler [18].   

 



19 
 

 

Figure 11- Piezoelectric composite material structures with 0–3 and 1–3 connectivity with 

polymer as matrix (grey) and dielectric fillers (blue spheres and bars).  

 

The 0-3 connectivity is the most commonly used, and the challenger is obtaining larger 

fillers contents in a polymeric matrix without losing mechanical properties. 

Homogeneous filler dispersion is the key parameter in this type of composites.  The two 

most common methods to produce 1-3 piezoelectric materials are dice-and-fill and 

laminate-and-cut procedures [110]. 

Using two (or more) materials for the development of composites present advantages and 

disadvantages. On the one hand, there is the low-cost, lightweight and flexibility of the 

polymers combined with the higher dielectric properties of the ceramics or single crystal 

materials; on the other hand, the thermal and chemical stability (for device applications) 

can be a limitation of composites.  

Typical example of the ceramics used in polymer-based piezoelectric composites are 

BaTiO3, PZT and PMN-PT [18, 111]. These composites have been largely applied as 

ultrasonic transducer in applications [18].  

Within polymer, elastomers and thermoplastics are widely used in piezoelectric 

composites, due mechanical and dielectric properties [112].    

 

4.1.5. Piezoelectric ceramics and single crystals 

Piezoelectric materials with larger coefficients are ceramics and single crystals and can 

be natural or man-made. One of the most abundant minerals on earth and a common 

natural piezoelectric material is quartz (SiO2). Natural piezoelectric materials can be 

divided into two groups: minerals and organic materials. Quartz and Rochelle salt are the 

representative or the first group, whereas bone and wood are the most known of the 

organic group.     
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In the last few years there are increasing studies in novel nanostructures including 

nanoparticles, nanorods, nanotubes, nanowires or nanoplates which are expected to 

improve the piezoelectric properties of materials.  

 

4.1.5.1.     Piezoelectric ceramics 

Piezoelectric ceramics are the most used materials for practical applications. Ferroelectric 

oxides for the development of piezoelectric ceramics are classified into perovskite-type, 

tungsten bronze-type, and bismuth layer-structured compounds. 

Barium titanate and lead zinc titanate present high piezo- and dielectric properties and be 

further improved by using specific dopants. Moreover, the PZT and BaTiO3 show high 

electromechanical coupling factor and display large bandwidth and sensitivity [18].  

The structure of both ceramics is based on an ABO3 perovskite structure, as shown in 

Figure 12.  Perovskite ABO3 oxides structurally consist on (1 0 0) layers of AO and BO2 

with corner-sharing oxygen octahedra linked together in a cubic array with particular 

cations (Ti, Zr, Sn, Nb) occupying the central octahedral B-site, and larger cations (Pb, 

Ba, Sr, Ca, Na) filling the interstices between octahedra in the larger A-site. 

 

 

Figure 12- Left panel: the perovskite structure of general formula ABO3. Right panel: the 

layered stacking of AO and BO2 planes in a perovskite structure. Adapted from [113].   

 

The perovskite structures can be divided into three classes: AIBVO3, AIIBIVO3, and 

AIIIBIIIO3 where the Roman nomenclature represents the chemical valence of the cations.  

 

PZT ceramic is a representative piezoelectric material used in microelectronic devices 

due its large piezoelectric coefficients (d33 ≤1000 pC/N) [114]. Zirconate (Zr) is essential 
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in the crystalline symmetry of PZT, that presents tetragonal ferroelectric phase with a 

perovskite structure. The ratio between Zr/Ti  near 52/48 leads to a structural change from 

tetragonal to a rhombohedral phase [115]. The morphologic phase boundary (MPB) 

delimits both structural phases and, in the limit, both tetragonal and rhombohedral phases 

coexisting (Figure 14) [115]. The MPB state allows the maximum domain reorientation 

during poling, with larger remnant polarization in the materials [18]. By varying zirconate 

and titanate content in the PZT ceramic, Pb(Zr1-xTix)O3 can be antiferroelectric (at 230 

ºC) (PbZrO3) and ferroelectric  (PbTiO3). As mentioned above, the Zr/Ti ratio of 52/48 

leads to the larger dielectric properties (Figure 13) and it is thermally stable, with Curie 

temperature (TC) near 390 ºC [116]. Lead zirconate titanate ceramic can be doped with 

different ions (donor, acceptor or isovalent). Donor or acceptor doped materials are 

known as “soft” or “hard” PZT. Odd number in PZT, as PZT-5, creates Pb vacancies that 

allow domain motion and are used in high sensitivity applications as hydrophones or 

loudspeakers [116]. Even number in PZT, as PZT-8, as the oxygen vacancies restrict the 

motion of the domain walls, and are used in high-power devices such as sonars or 

ultrasonic transducers [116]. Isovalent doping changes the ions of the same valence and 

may result in a decrease of the Curie temperature and an increase of the dielectric constant 

[116].  

 

 

Figure 13- Phase diagram for the Pb(Zr,Ti)O3 solid solution system [117]. 

 

Lanthanum was found to improve the piezo- and dielectric properties of the ceramics in 

ternary material. PLZT ternary ceramics have been investigated for different lanthanum 

contents and Zr/Ti ratios, which exhibits a variety of ferroic phases and cover all aspects 
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of piezo-,pyro-, and ferroelectric ceramic properties [118]. Compared to undoped PZT, 

PLZT present larger piezo- and dielectric values, but however, the thermal properties 

(such as the Curie temperature) decreases with increasing lanthanum in the ternary 

ceramic [119].  

Other critical property of PZT (or ternary ceramics derived) is toxicity of lead, and a lead-

free line of investigation continues increasing to discover environmental friendly 

ceramics [18]. Among these materials, some based on BaTiO3 perovskite-structured 

piezoelectrics, are included (Bi1/2Na1/2)TiO3, (Bi1/2K1/2)TiO3, KNbO3, or (K,Na) NbO3, 

and their solid solutions have been actively studied as candidates for new lead-free 

piezoelectric ceramics [18]. Although environment friendly and showing suitable 

piezoelectric properties, up to now, no lead-free ceramic materials present better 

piezoelectric properties than PZT based ceramics [18]. 

Barium titanate, similarly with PZT, shows interesting overall properties, with large 

number of applications in commercial devices. The most relevant applications include 

capacitors, embedded capacitance in printed circuit boards, underwater transducers 

(sonars), thermistors with positive temperature coefficient of resistivity and 

electroluminescent panels [119]. The main properties of BaTiO3 are the higher 

electromechanical coupling factor, k33≈ 0.50 and a piezoelectric strain constant d33≈ 190 

pC/N. However, the Curie temperature is 130 ºC, which is low for c applications. Dopants 

as lead and calcium have been used in barium titanate ceramic to stabilize the tetragonal 

phase over a wider temperature range.  

Other materials used as dopant in BaTiO3 are sodium and potassium and the ternary 

ceramic shows improved piezoelectric properties, but low Curie temperature.  

In addition to PZT and BaTiO3, bismuth sodium titanate, (Bi1/2Na1/2)TiO3, BNT, is a 

ferroelectric perovskite with high Curie temperature  (≈290 ºC) exhibiting large remnant 

polarization and high piezoelectric performance (d33≈ 170 to 215 pC/N)[120] when 

compared to other lead-free piezoelectric ceramics [121].  Doped BNT with niobium 

sodium oxide (NaNbO3) [121] improves the overall properties and processability of the 

ceramic, with the piezoelectric constant reaching d33> 100 pC/N [122].  

Similar structure to the BNT, but replacing sodium by potassium titanate, (Bi1/2K1/2)TiO3, 

BKT, is a lead-free ceramic with perovskite structure of tetragonal symmetry and a high 

Curie temperature of approximately 380 ºC [123, 124]. Ternary ceramics materials 

combining the BKT, BNT and BaTiO3 present interesting properties and continue to be 

investigated in view optimizing the overall properties of the three ceramics in one 
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material. In this context, (1-x) BaTiO3−xBKT, show larger piezoelectric properties, with 

piezoelectric constant d31≈ 350 pC/N and d33≈ 450 pC/N [124].  

Also based in a similar perovskite structure (ABO3), an alternative lead-free ceramic 

material is potassium niobate (KNbO3 or KN). Doped with sodium, potassium-sodium 

ceramic, KNN, can show a high Curie temperature, near TC= 430 ºC, and the piezoelectric 

properties of the family of the KNN lead-free ceramic can reach values up to d33≈ 500 

pC/N [115, 122, 124]. KNN is considered one of the most promising alternatives to lead-

containing ceramics, showing high Curie temperature and electromechanical coupling 

factor, strong ferroelectricity and a dielectric constant of ε’≈ 500. [18, 122]. KNN 

materials can be manufactured as nanocrystals improving their properties [115]. Some 

examples of piezoelectric ceramics based on KNN is KNN-potassium cooper titanate-

manganese (K0.5Na0.5NbO3-K5.4Cu1.3Ta10O29-MnO2 or KNN-KCT-Mn), which shows 

good piezoelectric properties (d33≈ 90 and ε’≈ 300 [18]) for commercial applications 

[115]. Among the different materials used as dopants for KNN, copper oxide improves 

the piezoelectric properties due to improved poling efficiency of the ceramic.      

With interesting properties and being a lead-free ceramic, zinc oxide (ZnO) presents 

excellent mechanical properties, piezoelectric response (d33≈ 12.4 and ε’≈ 10.9 [18]) and 

optical [125, 126]. Another characteristic of ZnO is its simple manufacturing in the form 

of nanoscale fibres, wires and particles [126].    

 

4.1.5.2.    Piezoelectric single crystals  

Single crystals were the first discovered piezoelectric material. Quartz (SiO2) and lithium 

niobite (LiNbO3) are the most commercially available single crystals. Quartz is silicon 

dioxide crystalized in six-sided prisms, with piezoelectric properties when in α-phase and 

with a Curie temperature of 573 ºC. Lithium niobite, with chemical formula of ABO3 and 

a Curie temperature of 1200 ºC is used in high-frequency devices and for high temperature 

applications.     

Rochelle salt -NaKC4H4O6-4H2O- is sodium potassium tartrate tetrahydrate shows a large 

piezoelectric behaviour (ε’> 100 [127]) under very specific temperature (-18 and 24 ºC) 

and humidity conditions [128], limiting its applicability.  

Lead magnesium niobite (Pb(Mg1/3Nb2/3)O3 or PMN) exhibits high dielectric constant 

that can reach near 30 000 [18].  

Lead zinc niobite (Pb(Zn1/3Nb2/3)O3  or PZN) ferroelectric single crystals present 

excellent dielectric properties to be used in sensor and actuator applications. Near the 
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morphologic phase boundary (MPB) at room conditions shows large piezo- and dielectric 

constants as well good electromechanical coupling coefficient [129].   

Lead titanate doping lead magnesium niobite (PMN-PT) is an interesting single crystal 

family, with good dielectric and piezoelectric properties because of enhanced 

polarizability arising from the coupling near the MPB of the crystal. These family of 

crystal have dielectric properties similar to PZT ceramic but the Curie temperature is 

lower, near 130 ºC [98]. Ternary system based on PMN-PT have been developed to 

overcome their intrinsic limitations, improving the mechanical and thermal properties 

[98]. 

Aluminium nitrite (AlN) and Lithium tantalite (LiTaO3) present good overall properties 

for applications. AlN thin films show a dielectric constant near ε’≈10 [130] and d33≈ 5 

[131] and can be used in surface acoustic wave applications. Compared to AlN, LiTaO3 

shows higher dielectric and piezoelectric constant, ε’≈ 44-47 and d33≈ 14.6, respectively 

[132], and has been applied in pyroelectric devices [132]. 

A summary of the main properties of the single crystal and ceramics materials presented 

so far is found in Table 2. 

 

Table 2- Piezoelectric materials used in energy harvesting or related applications.  

Materials 

PE charge 

constant d33 

(pC/N) 

PE charge 

constant d31 

(pC/N) 

EM coupling 

factor k33 

Dielectric 

constant ε’ 
TC (ºC) Ref. 

Single crystals  

Quartz 2   4.5 - [133] 

LiNbO3 40 - 0.6 47 1140 [134] 

Rochelle salt - 275 0.65 - < 24 
[127, 

128] 

PMN < 2800 - 0.91-0.95 > 5400 < 150 [18] 

PZN - - - 9500 - [129] 

PMN-PT 1620 -760 0.93 7000 < 155 
[98, 

135] 

PIN-PMN-

PT 
2742 -1337 0.95 7244 200 [136] 

PMN-PZT 1530 -718 0.92-0.93 > 4850 ≈ 216 [137] 

PZN-PT 200 -1075 0.94 5100 - [138] 

AlN 5.1 -2 0.38 ≈ 10 >2000 
[130, 

131] 

LiTaO3 14.6 728 0.32 44-47 620 [132] 

Ceramics   

PbTiO3 - - - > 300 ≈ 490 [139] 

PZT 472 - 0.71 714 340 
[116, 

140] 

PZT-5A 375 - 0.71 1700 365 
[116, 

140] 
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PZT-5H 590 - 0.75 3400 190 
[116, 

140] 

PZT-8 225 - 0.64 1000 300 
[116, 

140] 

PLZT - - 0.45 1800 - [119] 

BaTiO3 190 - 0.5 1700 115 [119] 

ZnO 12.4 5.0 0.48 10.9 - [18] 

KNN 480 - < 0.6 < 500 421 [122] 
KNN-KCT-

Mn 
90 -33 0.4 300 404 [115] 

BNT 64 - - 302 310 [120] 

BKT 74 - - - 380 
[123, 

124] 

BNKT 185 - - 868 292 [141] 
BNLT ≈ 98 - - ≈ 550 < 370 [142] 

BNT-NN < 80 - - < 801 - [110] 

BNT-BZT < 147 - -  < 881 < 251 [142] 
Abbreviations: PIN-PMN-PT, Lead indium niobate; PMN Lead magnesium niobate; PMN-PT, Lead magnesium niobate-lead titanate; PZN, 

Lead zinc niobate;PZN-PT, Lead zinc niobate-lead titanate, BKT ,Bismuth potassium titanate; BNT, Bismuth sodium titanate; KNN, 

Potassium–sodium niobates; KNN–KCT–Mn, KNN- potassium cooper titanate–manganese; PZT, Lead zirconate titanate 

 

5.   Electrospun piezoelectric energy harvesting systems 

The capability of harvesting or capture the wasted surrounding energy coming from 

environmental sources including vehicles, industrial machines or human activity and 

convert it, not exclusively, into electrical energy describe the so-called energy-harvesting 

systems. These systems use electroactive materials as well as piezoelectric, 

electromagnetic or magnetostrictive methods to convert mechanical into electrical energy 

to enable self-powered microdevices or to supply energy to wireless sensor devices [143, 

144]. Sensors for difficult access locations and in remote areas associated with the 

growing field of low-power electronics technology make the energy harvesting devices a 

good candidate for replacing batteries as power source, since the incorporation of a self-

sufficient power system is an advantage in terms of low-cost maintenance. From the 

environmental sources, dielectric elastomers demonstrated increased efficiency for 

electromechanical conversion from ocean waves [145].  

Energy harvesting systems based on piezoelectricity are the most widely investigated 

ones due to high voltage output, high power density, easy materials processing and 

production at different geometric scales [143]. Nowadays, the increasing interest of 

flexible, deformable and curved materials to a wide range of applicability is required. In 

this way the piezoelectric polymers which present all these characteristics allied with low 

density, high flexibility and high resistance to mechanical impacts make them a good 
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choice for the energy harvester systems. On other hand, this class of materials present 

lower piezoelectric constants that the ceramic and single crystal counterparts. The most 

common piezoelectric polymer used is the PVDF and its copolymers due to its easy 

processability, high chemical resistance and flexibility.  

In particular, strong advances in energy harvesting systems have been achieved based on 

electrospun materials. 

Thus, concentric PVDF nanofibers were electrospun on a Cu foil in a Polyvinyl chloride 

(PVC) substrate and embedded in Polydimethylsiloxane (PDMS). These concentric 

nanofiber configurations allow the electrical energy generation from mechanical energy 

regardless the direction of the applied force. The device achieved a 5 V output voltage, 

400 nA current and an output power of 200 nW at a load resistance of 2 MΩ [146]. An 

energy harvester system based on electrospun PVDF nanofibers deposited on a PVDF 

film with inner electrode of silver deposited nylon filament (80 µm of diameter and 25 

Ω/cm) reached a voltage, current and power density of 0.52V, 18.76 nA and 5.54 

µW/cm3, respectively. The output signals were obtained under cyclic compression of 

0.02MPa at 1.85 Hz showing stability after 50000 cycles. The improved interfacial 

properties between the PVDF fibers and film enhanced the performance of the device 

[147]. Higher performance of the energy harvester system is obtained by aligned PVDF 

nanofibers (average diameter of 350±23 nm, Figure 144A) due to higher content the β-

phase. Kang, Won [148] deposited PVDF electrospun nanofiber onto a PET substrate 

with Ag electrodes, as shown in Figure 144B. The device achieved an output voltage of 

1.6V at a frequency of 2 Hz. 

 

 

Figure 14- A) SEM image of aligned PVDF nanofibers with the diameter distribution 

fitted with Gaussian function; B) Illustration of the energy harvester system. Adapted 

from [148]. 
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Aligned PVDF fibers (average diameter ≈1.6 µm) were deposited by a hollow cylindrical 

near-field electrospinning process. The oriented fibers were transferred onto a PET 

substrate with top and bottom Cu foil electrodes. An output voltage of 76 mV and 39 nA 

of current was measured with a strain of 0.05% at 7 Hz. Schematic illustrations of the 

measurement systems were represented in Figure 156 [149]. 

 

 

Figure 15- Schematic illustration of the tapping measurement system of the energy 

harvesting system; B) the vibration measurement system. Adapted from [149]. 

 

Pure PVDF-TrFE nanofibers were electrospun in a flexible plastic to develop a 

nanogenerator with an output voltage of 0.4V to a cantilever pressure of 8 mN at a 

frequency of 3 Hz [150]. An acoustic to electric energy conversion from a randomly-

oriented electrospun PVDF-TrFE nanofiber (diameter of 240 ± 40 nm and 20 µm thick) 

sandwiched between two gold-coated PET films (110 µm of thick) generate an output 

voltage, current and power density of 14.5 V, 28.5 µA and 306.5 µW/cm3, respectively. 

The maximum values were obtained under a sound pressure of 115 dB at 210 Hz [151]. 

A flexible energy harvesting system based on electrospun poled PVDF-TrFE fibres was 

sandwiched between two fibre-based electrodes electrospun based of polyurethane coated 

with silver nanowires and carbon nanotubes (10-30 µm of length) (triboelectric part) and 

packed with PDMS. The vertical structure combining the tribo- and piezoelectric method 

increase the performance of the device. When an external force of 4 Hz was applied to 

the triboelectric generator, an output voltage current and power density of 183V, 1.9 µA 

and 630 µW was obtained, respectively. In case of the piezoelectric device, the values 

observed was 57.1V, 2.95 µA and 0.85 µW, respectively at a load resistance of 600 MΩ. 

Due to the flexibility and sensitivity of the piezoelectric material, this device shows 

applicability in wearable healthcare monitoring systems as to real-time monitoring human 

physiological signals [152]. A polymer composite device, composed by PVDF-TrFE and 
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barium titanate (BaTiO3) ceramic fillers, was electrospun on interdigitated electrodes to 

study the influence of the fillers in an electrospinning process for the generation of energy. 

The average diameter obtained was 450 ± 100 nm. It was obtained higher power output 

for the pure PVDF fibres, with 0.02 µW and 25 µW for low and high mechanical 

deformation respectively.  The performance of the device was evaluated by periodic 

bending tests with a maximum vertical displacement of 7 mm at a 1 MΩ load resistance. 

The incorporation of ceramic fillers increased the mechanical stiffness and consequently 

reduce the power output [153]. An energy harvesting system with cylindrical shape based 

on PVDF electrospun fibers with Au-coated nanowire electrodes (Figure 16) was 

obtained with increasing performance due to the great flexibility, stretchability, high 

transmittance and low sheet resistance of the electrodes. The device with 0.34 cm of 

diameter generated an output voltage and current of 4.1 V and 295 nA at a strain of 0.5% 

and frequency of 5 Hz, respectively. In comparation, the same device in the same 

conditions but without rolling generated an output voltage and current of 1.8V and 140 

nA, respectively. The rolling step lead to a higher performance of the device [154].  

 

Figure 16- A) Illustration of the piezoelectric energy harvester system; B) rolling step to 

obtain a cylindrical-shaped energy harvester system. Adapted from [154]. 

 

The addition of multi-walled carbon nanotubes (MWCNT) in electrospun PVDF fibres 

increase the surface conductivity and enhance the performance of the energy harvester 

system. An increasing of 200 % and 44.8 % in output voltage and charging power is 

observed when compared with pure PVDF fibres. The best results were obtained for a 5 

wt% MWCNT composition with a voltage of 6 V and capacitor charging power of 81.8 
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nW [155]. An energy harvesting system based in aligned PVDF fibres with BaTiO3 

nanoparticles (diameter ≈200 nm) incorporated and embedded with PDMS obtained an 

output voltage of 0.48 V at a displacement of 6 mm and frequency of 0.007 Hz for a 

composition of 16 wt.% of BaTiO3 nanoparticles [156]. Flexible nanofiber composites of 

BaTiO3 dispersed in PVDF-TrFE were electrospun and embedded in a spin-coating 

elastomer (PDMS) to generate and storage energy during walking, as represented in 

Figure 17. The composite fibres presented an average diameter of 250 nm. The elastomer 

provides protection for the nanofibers from mechanical damage giving a higher durability 

of the device. The performance was maintained over 10000 cycles and 1000 human steps 

as shown in Figure 17C. The energy harvesting device shows an output voltage of 25V at 

a walking frequency of 0.6 Hz and a high mechanical durability under high loads (600 N) 

with a 15 wt.% of BaTiO3. This voltage can charge a 4.7 µF capacitor after approximately 

72 steps. The self-poled fibres lead to a high energy harvesting performance, enhancing 

the voltage and current outputs up to 200%. This device shows low-cost and simple 

fabrication process, small form factor, flexibility, durability and transparency which leads 

to a good candidate for application in self-powered wearable electronics [157]. The same 

polymeric matrix was embedded with (Na0.5K0.5)NbO3 (NKN) nanoparticles with ≈30-

150 nm and a electrospun fibres were sandwiched between a ITO-coated PET substrate. 

The best performance with 0.98V and 78 nA for output voltage and current, respectively 

was obtained by a 10 vol% NKN nanoparticles composition [158]. 
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Figure 17- A) Schematic of the energy harvester system and SEM image of 35 wt% 

BaTiO3 in PVDF-TrFE nanofiber; B) output current and power density for the energy 

harvesting system as a function of BaTiO3 content at a force of 20 N; C) open-circuit 

voltage output of a cycling tapping test of 15  wt% BaTiO3 at 20 N after 10000 cycles. 

Adapted from [157].  

 

A composition of 20 vol% of 0.4Pb(Zn1/3Nb2/3)O3-0.6Pb(Zr0.5Ti0.5)O3 (PZN-PZT) 

nanoparticles (≈54 nm) embedded in a PVDF-TrFE electrospun nanofiber sandwiched on 

a ITO-coated PET substrate exhibited a output voltage of ≈3.4 V and ≈240 nA of current 

[159]. A small amount of graphene nanoplatelets (0.1 wt%) lead to a significantly increase 

of the β-phase, the most piezoelectric phase of PVDF, for a higher energy harvesting 

performance in a PVDF/graphene electrospun composite with mean diameter of 107 ±8 

nm. For a pressure of 0.2 MPa and a frequency of 1 Hz, a composite with 0.1 wt% of 

graphene increase the open-circuit voltage and short-circuit current from 3.8V to 7.9V 

and 2 µA to 4.5 µA, respectively. As a proof-of-concept, this sample was able to charge 

a 33 µF capacitor to 6.5V and then turn on a LED light for more than 30 s. The 

incorporation of higher amount of graphene leads to a decreasing of the electrical output 

of the device [160]. 

A tri-composed energy harvesting device using electrospun BaTiO3 nanoparticles and 

graphene nanosheets dispersed in a polymeric matrix (PVDF) was studied. The fibers 

were sandwiched between aluminium foils, copper strips and PET substrates with 50 µm 

and 150 µm of thickness for top and bottom electrodes, respectively. The fibers present a 
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thickness of 18-20 µm. The best performance was obtained with the composition of 0.15 

wt% of graphene nanosheets and 15 wt% BaTiO3 nanoparticles and an open-circuit 

voltage of 11 V and an electric power of 4.1 µW was obtained under a load frequency 

and strain of 2 Hz and 4 mm, respectively. The device showed a good stability of the 

open-circuit voltage after 1800 cycles. The improved output is due to the synergistic 

contribution of both fillers to the piezoelectric enhancement of the fibers. An application 

in a finger pressing-releasing process was done obtaining an output voltage of 112V 

[161]. 

The incorporation of the platinum nanoparticles (Pt) (1.5 wt%) in PVDF electruspun 

nanofibers (diameter near 14 µm) sandwiched between a copper-nickel plate and 

polypropylene was proved to be a good material for small power consumer electronics. 

The energy harvester system reaches an output voltage, current density and power density 

of 30V, 6 mA/cm2 and 22 µW/cm2, respectively under a load resistance of 1 MΩ. A good 

stability was also observed up to 90000 cycles [162]. Electrospun nanofiber of the 

copolymer PVDF-HFP embedded with silver nanoparticles (Ag) (83 nm of diameter and 

layer thickness ≈150 ±20 µm) sandwiched between two flexible electrodes achieved 

output voltage of 3V and a current density of 0.9 µA/cm2 in a periodic pressure of 15 kPa 

and frequency of 2 Hz [163]. The incorporation of Eu3+ to create a composite electrospun 

nanofiber based in Eu3+ doped PVDF-HFP/graphene, lead to higher β-phase content and 

an improvement in the fibre crystallinity without post-polling process. The fibres were 

sandwiched between two conducting Ni-Cu-Ni plated polyester fabric substrate. An 

output voltage and power of 9 V and 5.8 µW, respectively, was observed under finger-

touch motion with 5.6 kPa stress (Figure 18). The device was also tested under wind flows 

showing an open-circuit output voltage of 4.5 V and a power of 2.4 µW for a wind 

velocity of 8.5 m/s and incident angle of 45° (Figure 18). An acoustic sensitivity of 11 

V/Pa for external pressure as low as ≈23 Pa of the device show the applicability of this 

device for sensors, including personal identification, national security and medical 

diagnosis [164]. 
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Figure 18– A) Output voltage of Eu3+ doped PVDF-HFP/graphene (EuGNG) and P(VDF-

HFP)/graphene (EuNG) under repeated finger-touch motion; B) Instantaneous output 

power as a function of load resistance. Adapted from [164]. 

 

A flexible energy harvester system based on oriented zinc sulphide (ZnS) embedded in 

electrospun PVA nanofibers (40-200 nm of diameter) showed improved acoustic 

sensitivity of 2 V/Pa leading to harvesting energy from random acoustic vibrations. The 

aluminium foil from the collector during electrospinning was used as bottom electrode 

and as a top electrode a conductive adhesive carbon tape. A maximum power density of 

1.7 nW/mm3 was obtained at 40 MΩ of resistance. In case of harvester energy from sound 

vibration, when a sound pressure of 100 dB was applied and output voltage of 4 V was 

measured [165]. 

Another polymeric matrix (PLLA) was used to produce electrospun nanofibers (100 nm 

to 2 µm of diameter) for an energy harvesting device on PI substrate with gold comb 

electrode. This device showed an open-circuit voltage of 250 mV and short-circuit current 

of 96 nA for a displacement of 1 mm. To show the applicability on flexible energy 

harvesting systems, a voltage of 0.55V and current of 230 nA was observed for a strain 

deformation of 28.9°. After 2800 cycles, the system show stability on the electrical signals 

generated and its was applied to a human joint bending and a power generation of 9.5 nW 

was observed [166]. Aligned BaTiO3 nanofibers with diameter ≈100-200 nm was 

electrospun and transferred to a plastic substrate coated with an interdigital electrode and 

embedded in PDMS. An output voltage of ≈0.45 V was generated under a load resistance 

of 1 MΩ and a frequency of 45 Hz, corresponding to an output power of 60 nW. During 

the measurements, a power output of 6 nW was observed [167]. An energy harvesting 

system based on electrospun fibers of Bi0.5Na0.5TiO3- Bi0.5K0.5TiO3 (BNT-BKT) was 

applied for harvest energy from human finger movement. The nanofibers (150 nm of 
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diameter) were sandwiched between the bottom electrode of an ITO-coated PET film 

with 100 µm thick and a 25 µm PDMS layer, as shown in Figure 19A. The top and bottom 

electrode was the same. The output voltage, current and power obtained at a 60 MΩ load 

resistance knocked by a finger was 3.5V, 280 nA and 37.2 nW, respectively as shown in 

Figure 19B. The device was attached to a human finger and a voltage and current output 

of 0.49V and 13.5 nA was observed, and a good mechanical stability after 100 cycles was 

observed [168]. 

 

 

Figure 19- A) Illustration of the BNT-BKT structure; B) the open-circuit voltage (left) 

and short-circuit current (right) output under repeated finger-touch motion. Adapted from 

[168].  

 

An energy harvesting system based on lead zirconate titanate (PZT) nanofibers (60 nm of 

diameter and 500 µm of length) were deposited on interdigitated electrodes of platinum 

fine wire (diameter 50 µm) arrays in a silicon substrate. To prevent damage and to 

increase the life time of the nanogenerator it was embedded in a PDMS matrix. The device 

at a load resistance of 6 MΩ and frequency of 40 Hz generated an output voltage and 

power of 1.63V and 0.03 µW, respectively [169]. 

A different approach was introduced by Cui, Wu [170] based on electrospun PZT 

nanowires on a PDMS-coated magnetite (Fe3O4) substrate embedded on PDMS with top 

and bottom silver electrodes. Two types of noncontact magnetic force driven 

nanogenerators was developed using the piezoelectric potential drop along the radial 
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direction and the other along the axial direction of the nanowire to generate electricity 

without contacting with the mechanical movement source. The device generated an 

output voltage of 3.2V, output current of 50 nA and a maximum power density of 70 

µW/cm3. The applicability of this system to power an LCD screen was demonstrated and 

the noncontact magnetic driven nanogenerator open the possibility of applying the 

nanogenerators for magnetic sensing. Aligned PZT nanowires (diameter 370 nm) 

electrospun on a PET substrate with top and bottom silver electrodes generated a 6V 

open-circuit voltage and 45 nA of short-circuit current with an output power of 0.12 µW 

at a 100 MΩ load resistance. The output power density of 200 µW/cm3 was obtained. The 

piezoelectric layer was removed from the substrate and then measured an output voltage 

of 0.24V and 2.5 nA of current [171]. Other approach using aligned PZT nanowires 

embedded in PDMS were rotated to create vertically aligned nanowires. For an external 

load of 100 MΩ, an output voltage and current of 198V and 17.8 µA was observed. For 

larger impact applied, a voltage of 209V and current of 53 µA was observed, 

corresponding to a current density of 23.5 µA/cm2 [172]. Mn-doped (Na0.5K0.5)NbO3 

(NKN) nanofibers electrospun on PES substrate and embedded in PDMS and contacted 

using interdigitated platinum electrodes was produced for an energy harvesting system. 

An open-circuit voltage and short-circuit current of 0.3V and 50 nA was measured, 

respectively [173]. In Table 3 it was summarized some energy harvesting system based 

on electrospun piezoelectric polymers and polymer-composites fibres. 

 

Table 3- Summary of electrospun piezoelectric energy harvesting systems. 

Piezoelectric material Output performance 
Measurements 

characteristics 
Ref. 

PVDF 5V/400nA/200nW Load resistance 2 MΩ [146] 

PVDF 
0.52V/18.76 

nA/5.54 µW/cm3 

Periodic pressure of 

0.02MPa at 1.85 Hz 
[147] 

PVDF 1.6V Frequency of 2 Hz [148] 

PVDF 76 mV/39 nA Strain of 0.05% at 7 Hz [149] 

PVDF-TrFE 0.4V 
Cantilever pressure 8 mN 

at 3 Hz 
[150] 

PVDF-TrFE 
14.5V/8.5µA/306.5 

µW/cm3 

Sound pressure 115 dB at 

210 Hz 
[151] 

PVDF-TrFE 
57.1V/2.95 µA/0.85 

µW 
Load resistance 600 MΩ [152] 

PVDF-TrFE 0.02 µW-25 µW 
Load resistance 1 MΩ and 

displacement of 7 mm 
[153] 

PVDF/Au 4.1V/295 nA Strain of 0.5% at 5 Hz [154] 
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1.8V/140 nA 

PVDF/MWCNTs 6 V/81.8 nW  [155] 

PVDF/BaTiO3 0.48 V 
Displacement of 6 mm at 

0.007 Hz 
[156] 

PVDF-TrFE/BaTiO3 25V 
Walking frequency of 0.6 

Hz 
[157] 

PVDF-TrFE/NKN 0.98V/78 nA - [158] 

PVDF-TrFE/PZN-PZT 3.4V/240 nA - [159] 

PVDF/graphene 
3.8V-7.9V/2 µA-

4.5 µA 

Pressure of 0.2 MPa at1 

Hz 
[160] 

PVDF/BaTiO3/graphene 11V/4.1 µW 
Load frequency of 2Hz 

and strain of 4 mm 
[161] 

PVDF/Pt 
30V/6 mA/cm2/22 

µW/cm2 
Load resistance of 1 MΩ. [162] 

PVDF-HFP/Ag 3V/0.9 µA/cm2 
Periodic pressure of 15 

kPa at 2 Hz 
[163] 

PVDF-HFP /graphene/ 

Eu3+ 

9V/5.8 µW 

4.5V/2.4 µW 

Pressure of 5.6 kPa 

Wind velocity of 8.5 m/s 

and incident angle of 45° 

[164] 

PVA/ZnS 
1.7 nW/mm-3 

4 V 

Load resistance 40 MΩ 

Sound pressure of 100 dB 
[165] 

PLLA 

250mV/96 nA 

0.55V/230 nA/9.5 

nW 

Displacement of 1 mm 

Deformation of 28.9° 
[166] 

BaTiO3 0.45V/60 nW 
Load resistance of 1 MΩ 

at 45 Hz 
[167] 

BNT-BKT 
3.5V/280 nA/37.2 

nW 
Load resistance 60 MΩ [168] 

PZT 1.63V/0.03 µW 
Load resistance of 6 MΩ 

at 40 Hz 
[169] 

PZT 
3.2V/50 nA/70 

µW/cm3 
- [170] 

PZT 6V/45 nA/0.12 µW Load resistance 100 MΩ [171] 

PZT 
198V/17.8 µA 

209V/53 µA 

Load resistance of 100 

MΩ 
[172] 

NKN 0.3V/50 nA - [173] 

 

 

Final remarks  

Electrospun piezoelectric nanofibers have attracted increasing attention due to their 

specific microstructure, excellent mechanical properties and, in some cases, 

biocompatibility. 
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The main concepts, materials and device applications related to electrospun piezoelectric 

materials have been presented, mainly focussing on energy harvesting systems based on 

electrospun piezoelectric polymers and polymer-composites.  

Piezoelectric electrospun energy harvesting materials convert mechanical vibrations from 

the environment into electrical energy that can be used to power micro/nanodevices. 

Among the different materials, the piezoelectric polymer PVDF has been particularly 

studied due to its high flexibility and long-term physical/chemical stability. Further, 

electrospun ceramic materials such as BaTiO3 and PZT; among others, have been also 

developed. 

Despite the findings reported on the developments of piezoelectric electrospun materials 

for energy harvesting, there are relevant issues that need to be addressed. Those issues 

are mainly concern with improving materials performance for meeting a large spectra um 

applications demands, but also time stability and simplicity in device integration, to meet 

manufacturing demands. In this sense, polymer-composite electrospun materials can play 

a relevant role in the near future allowing to combine the low-cost, higher versatility, 

stability and flexibility of the polymers with the higher response of the inorganic 

piezoelectric materials. 

Finally, due to the increasingly important environmental concerns more environmental-

friendly solvents and recyclable materials must be used in this field.  

Piezoelectric electropun materials offer relevant scientific challenges and present large 

technological interest, playing an increasing and needed role in key areas such as sensing, 

energy harvesting, and in the biomedical field, among others. 
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