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ABSTRACT: Herein, the one-step fabrication of novel three-dimensional sponge-like 

piezoelectric electrospun nanofiber structures is reported. Ferroelectric polymers are 

biocompatible and flexible materials that present attractive opportunities for the fabrication of 

portable energy harvesters for energy efficient wearable electronic devices. While being 

compatible with diverse fabrication methods, thicker and denser 3D forms have only been 

obtained from extruder-based, low-yield approaches. Electrospinning polyvinylidene fluoride 

(PVDF) and polyvinylidene fluoride-co-trifluoroethylene (PVDF-TrFE) solutions with added 

polyethylene oxide (PEO) and lithium chloride was explored as an alternative approach for the 

scaled-up fabrication of 3D structures. The resulting PVDF/PEO and PVDF-TrFE/PEO 700 µm 

thick sponge-like fiber mats were used as active cores for piezoelectric generators. The 

produced sponge-like core generators achieved an average peak-to-peak voltage of 69.4 V when 

subjected to a 1.58 N impact force applied at a frequency of 4 Hz and connected to a 15.1 M Ω 

resistive load. Their measured instantaneous output power of 40.7 µW cm–2 exceeds that of 

similar state-of-the-art generators by a factor of 2. Our fabrication method provides a low-cost, 

one-step, and scalable alternative for creating micro- and nanofibrous three-dimensional 

structures. 
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Introduction 

In recent decades, great advancement and diversification have been made in scientific research 

and development of wearable electronic devices, such as smartwatches, physiological sensors, 

and prosthetics. The evolution of these wearable electronics has shown an increasing potential 

for portable and personalized technology, particularly for applications such as continuous 

health condition monitoring (e.g. monitoring of blood glucose levels for diabetes mellitus and 

body fluid loss during exercise) and human motion detection (e.g. for sports performance 

analysis and haptic devices for video gaming). 

 

As the demand for wearable electronics increases, so too does the requirement for 

miniaturization and sophisticated multiplexed systems. Wearable devices of the future will need 

to simultaneously monitor several physiological points of interest while maintaining 

lightweight, comfortable, and robust designs. In addition to this, all electronics integrated into 

such devices will require a power supply. Currently, batteries are the most reliable and 

economical means of powering due to their wide availability and cost-effectiveness. However, 

batteries are not space-efficient, usually contributing to the majority of the wearable device size, 

and require recharging and replacement, creating e-waste. Therefore, it is desirable to develop 

and implement reliable power generation methods that harvest the available energy from the 

surrounding environment. 

 

Having output power ratings of up to tens of microwatts per square centimeter (µW cm–2), 

mechanical energy harvesters can harness residual energy from a user’s movement, converting 

it to electrical energy. Mechanical energy harvester can be used for extending the battery life 

of a wearable device or as an independent power source in some cases [1–5]. Piezoelectric 

ceramics and polymers are typically used to fabricate mechanical energy harvesters [6]. 
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Compared to ceramics, polymer-based piezoelectric elements are biocompatible, non-toxic, and 

offer superior flexibility at low manufacturing costs [7]. The ferroelectric polymer 

polyvinylidene fluoride (PVDF) has been extensively studied and used in many applications 

that range from filtration membranes to thin-film transducers [8–10]. PVDF exists as a 

combination of different crystalline domains, namely α, β, γ, and δ, each with unique 

characteristics, out of which the β-phase exhibits the strongest piezoelectric response [11,12]. 

PVDF can be combined with Trifluoroethylene (TrFE) to enhance the likelihood that the 

material will crystalize in a phase very similar to the PVDF β-phase while being processed, 

thus directly promoting an increase in the electrical output of the material [13,14]. While 

manufacturing methods such as extrusion and spin-coating are suitable for processing PVDF or 

PVDF-TrFE, electrospinning is a scalable technique that offers the advantage of producing high 

surface area predominantly β-phase PVDF [15–17]. Two-dimensional electrospun PVDF and 

PVDF-TrFE fiber mats have been successfully integrated previously into energy harvesters 

[18–20]. Herein, we report the fabrication of three-dimensional (3D), thick, sponge-like PVDF 

and PVDF-TrFE structures, and provide a detailed evaluation of their outstanding performance 

as cores for piezoelectric generators.  

2. Results 

The main objective was to identify methods that would allow us to fabricate electrospun 3D 

PVDF fiber structures. Based on the findings from our previous work on the role that additives 

such as acids and salts have on the formation of 3D structures for various electrospun polymers 

[21], we decided to use lithium chloride salts as an additive for our experiments. Another 

advantage of using lithium chloride is that the presence of the β-phase configuration on 

electrospun PVDF, which has enhanced piezoelectric activity, is known to increase when 

processed from polymer solutions enriched with salts [22]. Two electrospinning setups were 
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used for assessing the scalability and throughput of the process. The first one was a conventional 

nozzle-based setup, and the second was a high-throughput nozzle-free system with a rotating 

collector mounted inside an isolated environmental chamber [23]. A heat gun was mounted 

externally to allow for chamber temperature control. Nozzle-free electrospinning allows for a 

dramatic increase in the amount of product that can be fabricated, effectively upscaling the 

process when compared to a single nozzle-based electrospinning apparatus. However, higher 

voltages are needed to ensure that sufficient electrostatic forces are acting on the polymer 

solution so they can overcome the surface tension of the solution. The higher yield of a nozzle-

free setup is often associated with a thicker fiber diameter [24–26]. Nozzle-free electrospinning 

was selected as the focus of this study since one of the core objectives was to evaluate the 

upscaled fabrication of the piezoelectric core materials. An overview of the workflow, 

encompassing all the involved process ranging from the fabrication to the testing of the samples, 

is shown in Figure 1. The two different electrospinning setups used in this study are shown in 

Figure 2a and b. 
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Fig. 1. Overview of the steps involved in the fabrication of the piezoelectric generators. Initially, piezoelectric 

polymer micro and nanofiber structures were fabricated using a nozzle-free electrospinning setup. SEM imaging 

and digital photography show the macro and microstructures of the products. The following steps describe the 

generator fabrication method, which involved cutting 1 cm2 pieces of the electrospun product, attaching electrodes 

and wires, and encapsulating them in PDMS. The final step consisted of testing the electrical output properties of 

the generators by using a series of controlled mechanical impacts with an in-house designed and built device. 
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The initial step was to optimize the PVDF solution that would be used as the basis for all the 

fabrication experimental trials. The nozzle-based setup was used to electrospin a 15 wt% PVDF 

in DMF solution. The solution preparation method and electrospinning parameters were 

inspired and adapted from a study outlining the fabrication of an electrospun PVDF membrane 

[8]. The resulting nanofibers exhibited an average diameter of 320 ± 115 nm as measured by 

SEM, and several beads could be observed distributed among the fibers (See Figure S1a). Bead 

formation is undesirable as it can cause the fibrous networks to be brittle and stiff, negatively 

affecting the reproducibility of the final product [27]. Electrospun fibers with an increased 

uniformity and a lesser degree of defects such as beads or clumps have been shown to achieve 

higher power output figures [28,29]. Thus, for improving the morphology of the obtained fibers 

and their performance, the solution was adjusted, now including polyethylene oxide (PEO) and 

water in addition to DMF and PVDF [30]. The use of a DMF and water solvent/non-solvent 

system is known to allow the user to heavily modify fiber surface morphology [31]. The use of 

a solvent/non-solvent system allows for the modification of properties such as the combined 

viscosity of the system and polymer concentration, which in turn influence the morphology of 

the fibers [32–35]. 12 and 10 wt% PVDF/PEO in DMF/water solutions with a 50:3 polymer 

and solvent ratio were used for fabricating electrospun fiber mats. The resulting fibers had an 

average diameter of 1.46 ± 0.29 µm, and no beads were present in the sample (Figure S1b). 

These fibers are comparatively thicker than those obtained previously. While solutions with 

decreasing polymer concentrations typically result in decreasing fiber diameter [36], it is 

necessary to consider the effect that using a solvent/non-solvent system and the addition of PEO 

had on the resulting product. 

 

The solution used for obtaining bead-free electrospun PVDF/PEO fiber mats was then enhanced 

with 0.75 or 1.0 wt% LiCl. Initially, the 12 and 10 wt% solutions with added 0.75 wt% LiCl 
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were used in both the nozzle-free and nozzle-based electrospinners. The resulting PVDF/PEO 

fiber product transitioned from a flat mat into a 3D structure for both salt concentrations in both 

setups. The resulting 3D structures obtained from operating the nozzle-based device for 10 

minutes resembled cotton balls, weighing on average 57.5 mg, having a thickness of 1.2 cm 

and an area of 5 cm2. Figure 2 shows the macroscopic and the corresponding SEM images of 

the resulting 3D structures. SEM images reveal that the morphology of the fibers was not 

negatively affected by the LiCl, and no bead formation occurred. The average fiber diameter 

for the sample enriched with 0.75 wt% LiCl was 844 ± 250 nm (Figure S1c). The product 

obtained from operating the nozzle-free setup for 15 minutes resembled a sponge-like mat, 

weighing on average 2.8 g, being 28 cm wide, 19 cm long, with thicknesses ranging from over 

0.4 to 0.72 mm. Figures 2d and 2f show a macroscopic view and a micrograph of  the product. 

The nozzle-free device in operation is shown in Supplementary video 1 (showing the generation 

of PVDF-TrFE nanofibers by the nozzle-free method in the initial stage) and Supplementary 

video 2 (showing it in the final stage). Compared to the fibers obtained from the nozzle-based 

setup, these show more variation in diameter with an average of 935 ± 345 nm (Figure S1d). 

Electrospinning in similar conditions as those used previously for the PVDF/PEO solution with 

the nozzle-free device was carried out with solutions containing PVDF-TrFE instead of PVDF. 

The PVDF-TrFE to PEO and DMF to water ratios were kept as 50:3, and identical working 

voltage and ambient conditions were used for the experiment. The final product resembles that 

from Figure 1, and 3D build-up was observed to start immediately after initiating 

electrospinning. Table S1 lists the thicknesses of all the PVDF/PEO and PVDF-TrFE/PEO thick 

sponge-like mats obtained from this setup. Given that samples with different thicknesses were 

obtained, the characterization of the electrical output characteristics of the materials was 

evaluated only for the samples with cores that had very similar thicknesses. Thus, all the 

assembled generators were fabricated using only sponge-like samples, this being either the 
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0.723 mm thick PVDF/PEO or the 0.731 mm thick PVDFTrFE/PEO samples. XRD analysis 

was carried out on the PVDF/PEO samples to evaluate changes in the crystalline phase 

composition of the sample. The results, shown in Figure S2, revealed that the presence of the 

β-phase had increased relative to that from the XRD spectra observed for pristine PVDF. The 

crystallinity of the PVDF/PEO samples was calculated to be 46.37%. 

Fig. 2. (a) Illustration of the nozzle-based electrospinning setup. (b) Illustration of the nozzle-free electrospinning 

setup. (c) Macroscopic image of the electrospun PVDF/PEO cloud-like structures obtained from the nozzle-based 

setup. (d) Macroscopic image of the electrospun PVDF/PEO sponge-like structures obtained from the nozzle-free 

setup. (e) SEM image of the cloud-like structure. (f) SEM image of the sponge-like structure.  

 

The electrospun products obtained from the previous experiments were used for assembling 

piezoelectric generators. For comparison purposes, the materials used as active cores were the 

thick sponge-like PVDF/PEO, and PVDF-TrFE/PEO fiber mats. The generator design consists 

of 1 cm2, 700 μm thick square-shaped strips fitted with copper foil electrodes, all encapsulated 
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in PDMS. The electrodes were placed at opposite ends along the length of the active material. 

PDMS encapsulation allows for the fabrication of soft, flexible generators, and protects the 

active core material from severe wear and tear damage. The generator assembly method is 

illustrated in figure 1. Evaluating the response of the generators over a broad range of resistive 

loads allows for the characterization of essential parameters required for assessing their 

performance. The output voltages and currents observed when the samples were subjected to a 

series of continuous mechanical impacts were recorded for varying resistive loads (100, 100 k, 

1.6 M, 15.1 M Ω and 30.1 M Ω). An overview of the press/release cycle for the fabricated 

generators is shown in Figure 3a, The generator used in this instance was one with a PVDF-

TrFE/PEO core and the resistive load was 10 M Ω, corresponding to that of the oscilloscope 

probe. The forces exerted on the generators were monitored with a force sensitive resistor 

(FSR). A detailed description of the circuit used to drive the FSR and information about the 

voltage to force equivalencies can be found in the supplementary information (Figure S3 and 

S4). The experimental trial was carried out for the two generator families grouped by core active 

material; the PVDF/PEO thick fiber mats and PVDF-TrFE/PEO thick fiber mat core generators. 

Several recordings spanning at least 50 seconds per generator for each resistive load value were 

obtained. The intended testing impact frequency was 4 Hz. The details on the recording 

equipment and circuits used for this experiment can be found in the supplementary information 

(Figure S5). Table 1 summarizes the key output figures obtained for each type of generator.  

Table 1. Average electrical response of the generators to repeated mechanical impacts per 
resistive load for the PVDF/PEO and PVDF-TrFE/PEO sponge-like core generators. 

Core material PVDF/PEO PVDF-TrFE/PEO 
General conditions 

Impact force (N) 1.60 ± 0.38 1.58 ± 0.31 
100Ω resistive load 

ISC (µA) 0.72 ± 0.02 1.33 ± 0.06 
100kΩ resistive load 

VPP (V) 0.28 ± 0.02 0.61 ± 0.04 
IPP (µA) 0.73 ± 0.03 1.34 ± 0.05 
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Instantaneous 
output power (µW 

cm-2) 
0.1 ± 0.01 0.41 ± 0.04 

1.6 MΩ resistive load 
VPP (V) 4.41 ± 0.37 9.83 ± 0.79 
IPP (µA) 0.72 ± 0.02 1.34 ± 0.05 

Instantaneous 
output power (µW 

cm-2) 
1.59 ±0.17 6.61 ± 0.76 

15.1 MΩ resistive load 
VPP (V) 35.7 ± 2.51 69.38 ± 4.41 
IPP (µA) 0.66 ±0.03 1.17 ± 0.04 

Instantaneous 
output power (µW 

cm-2) 
11.76 ± 1.19  40.7 ± 3.92 

30.1 MΩ resistive load 
VPP (V) 53.24 ± 2.76 103.8 ± 5.52 
IPP (µA) 0.58 ± 0.02 0.99 ±0.02 

Instantaneous 
output power (µW 

cm-2) 
15.4 ± 1.15 51.8 ± 3.91 

 

Driving a power source in short circuit conditions, which consist of connecting the source to a 

very low resistive load, reveals the maximum attainable current. Typically, this current is 

known as the short circuit current (ISC). The ISC of our generators was obtained from recording 

the peak-to-peak output current (Ipp) observed when the resistive load was 100 Ω. For generators 

belonging to the PVDF/PEO and PVDF-TrFE/PEO core families, the ISC measured was 0.72 

± 0.02 and 1.33 ± 0.06 µA, respectively. Increasing the resistive load resulted in the output 

voltage increasing as the current started to decrease. For all generators, the output Voltage 

increased dramatically, with the highest value observed when the load resistor was 30.1 M Ω. 

For the PVDF/PEO core generator, the VPP figure was 53.24 ± 2.76 V. The PVDF-TrFE/PEO 

core generator achieved up to 103.8 ± 5.52 V.  

 

Instantaneous output power was calculated by multiplying the individual maximum single-

ended voltage and its corresponding single-ended current value for each mechanical impact. 

For all generators, the peak output power was observed to occur at higher resistive loads. As 
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described in Table 1, the average instantaneous output power figures on the 30.1 MΩ load 

approach the tens of µW for the best performing PVDF/PEO and PVDF-TrFE/PEO core 

samples. Remembering that all generators were designed as having an active area equivalent to 

1 cm2, all the instantaneous power values are given as µW cm–2. The instantaneous power value 

calculated for the PVDF/PEO generator was 15.4 ± 1.15 µW cm–2. The best-performing PVDF-

TrFE/PEO generator achieved 3.36 times the value observed for the PVDF/PEO generator, 

having yielded 51.8 ± 3.91 µW cm–2.  

Given that the electrical outputs of piezoelectric energy harvesters are AC signals, additional 

instrumentation is required for converting it to a DC signal and for its storage. To evaluate the 

response of the best performing thick sponge-like cores in the context of an AC to DC 

conversion and storage stage, the generators were connected to a full bridge rectifier with a 

capacitive load, valued either 1, 4.7 or 10 µF. The voltage charging curves were observed as 

the generators received repeated mechanical impacts over a period of 168 seconds per 

recording. Mechanical impact frequency was set to 4 Hz, and recorded impact force was 1.5 N. 

Details of the circuit diagram for this test can be found in the supplementary information (Figure 

S6). Figure 3b shows the charging curves recorded for each capacitor by the different 

generators.  

The charging curve for the 1 µF capacitor has reached an almost full charged state, with the 

voltage still slowly increasing and reaching 2.88 V when using the PVDF-TrFE/PEO core 

generator. The PVDF/PEO generator did not manage to reach a similar stage, tending to a 

voltage of 1.712 V by the end of the recording. For the 4.7 and 10 µF capacitors, the charging 

curves show no indication of getting close to a full-charge state. However, these curves 

demonstrate that the PVDF-TrFE core generator can supply greater amounts of charge to the 

capacitors and achieve almost full charge in a short time window for smaller capacitive loads.  
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Fig. 3. Overview of the electrical outputs of the piezoelectric nanogenerators. (a) Press/release behavior of the 

PVDF-TrFE/PEO generator when pressed with a finger for a 10 M Ω resistive load. (b) Capacitor charging curves 

obtained when stimulating the fabricated generators with a 4 Hz mechanical impact and connecting their output to 

a full-wave bridge rectifier circuit with three different electrolytic capacitors acting as the electrical loads. The 

rectifier circuit allows for the conditioning of the output signals obtained from the device from an alternating 

current into a direct current signal. 

 

The PVDF/PEO and PVDF-TrFE/PEO generators were subjected to 480 seconds of continuous 

mechanical impacts for evaluating response degradation due to wear and tear. A blank generator 

consisting of a pair of PDMS encapsulated copper foil electrodes of similar area and placement 

to those from the other generators but with no an active core was tested under similar conditions. 

The addition of the blank generator allowed us to evaluate the nature and magnitude of any 
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residual signals that may arise from the interaction between the copper electrodes and the 

PDMS external layer, thus revealing the magnitude of the signal arising exclusively from the 

mechanical deformation of the active core The signal recorded from testing the blank generator 

was subtracted from the raw signal obtained from the active cores. As in the previous 

experiment, the impact frequency was 4 Hz. The recordings corresponded only to the output 

Vpp when the resistive load was 15.1 MΩ. A detailed description of the circuit used for recording 

the response can be found in the supplementary information (Figure S7). Figure 4a shows the 

recorded raw signal, its average value calculated for all the registered Vpp values, and the 

individual Vpp values for each impact. As seen in this figure, the electrical response did not 

decay even after the generators sustained more than 1600 consecutive impacts, indicating 

stability and resistance to wear and tear. Figure 4b maps the Vpp values after data processing 

and its corresponding impact force for the PVDF/PEO and PVDF-TrFE/PEO generators. Table 

S2 summarizes the key information of this experiment.  
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Fig. 4. Response of the best performing PVDF/PEO and PVDF-TrFE/PEO generators under a constant mechanical 

impact (4Hz) over a window of 480 seconds. A force sensitive resistor was used to monitor the impact force being 

exerted on the sample by an in-house designed and built device. Over 1600 impact events were recorded for each 

generator. (a) Recorded raw Vpp signal for the PVDF-TrFE/PEO generator. The average Vpp obtained for this 

generator when using a 1.49 ± 0.16 impact force was 64.12 V ± 5.22, which was 2.67 times higher than that 

obtained for the PVDF/PEO generator for an almost identical impact force. (b) Bivariate histogram showing the 

distribution of the recorded Vpp values and their corresponding impact force for the PVDF/PEO and PVDF-TrFE 

generators for a 15.1 MΩ load.  

An additional experiment was carried out to explore the output of the generator in conditions 

that would be more easily found in a real-life situation. A 63 kg test subject was asked to wear 

a flip flop that was fitted with a compound generator on its heel. The generator consisted of 
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thirteen 1 cm2 units connected in parallel and arranged in a diamond pattern. Figure 5a shows 

the modified flip flop and its elements. The generator was connected to a full bridge rectifier 

which had a 1 μF or 4.7 μF capacitive load. A single pole double throw switch was used to 

allow for the capacitor to be toggled between charging mode and demonstration mode, which 

consisted of powering up an array of 40 LEDs in parallel. The test subject was instructed to 

march at different speeds for 100 seconds, having to step on the generator 50, 70, 95 or 115 

times per minute for each trial. Figure 5b shows the implemented circuit and the lit up LEDs. 

A detailed schematic of the circuit can be found in the supplementary information (Figure S8). 

Figure 5c and 5d show the charging curves observed for the 1 and 4.7 μF capacitive loads for 

the four different step frequencies. 

 

The resulting curves show that the 1 μF capacitor was charged to a much higher voltage than 

that observed for the one valued at 4.7 μF, 15.31 V and 2.47 V, respectively, for the 115 steps 

per minute curves. No curve is shown to reach a state of plateauing during the 100 s time 

window, indicating that the capacitor can be further charged to a much higher value. 
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Fig. 5. Experimental setup used to evaluate the performance of a compound PVDF-TrFE/PEO generator. A user 

was asked to step on the generator at 4 different steps per minute rates (SPM) for a period of 100 seconds. The 

generator was connected to a full wave rectifier with a 1 or 4.7 μF capacitive load. A switch allowed for the user 

to light up 40 LEDs in parallel after the 100 second charging period. (a) Bottom-up view of the testing scheme. 

A compound generator with 13 active PVDF-TrFE/PEO subunits was placed on the heel portion of a flip flop. 

(b) Circuit used for rectifying the output signal of the generator and for showing the harvested energy in action. 

(c) Charging curves obtained for the 1 μF load. (d) Charging curves obtained for the 4.7 μF load.  
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3. Discussion 

 

The first challenge was to optimize the solution in order to obtain a reliable base on which to 

test the effects of the addition of LiCl salts. The key element that allowed this was the addition 

of PEO and the usage of a solvent/non-solvent system [30]. The use of these additional elements 

stabilized the resulting fiber morphology on a larger scale, contributing to the elimination of 

beads, and the production of fibers with very uniform diameters. However, it also cause the 

fibers to have crater riddled surfaces. This effect occurs due to the interacting polymers in their 

solvent/non-solvent system as the solution is ejected from the nozzle/drum. Based on the 

electrical performance of the material as an active core for a piezoelectric generator and on the 

results obtained from the XRD analysis, the observed rough surface of individual fibers did not 

have a negative impact on the electrical output characteristics of the material. 

 

The results obtained from XRD for the thick sponge-like PVDF/PEO samples showed that the 

resulting product had greater β-phase content than that of pristine PVDF. The high electric field 

needed for electrospinning is known to facilitates the transition of other PVDF crystal phases 

into the β-phase, which would explain the higher presence of this phase in our samples. 

However, an additional parameter had helped to further increase this figure. The addition of 

LiCl originally had the purpose of allowing for the electrospun product to transition from flat 

mats to denser 3D structures. The presence of LiCl influenced charge distribution on the fibers 

as they were ejected and later deposited on the rotating collector. A higher number of free ions 

in the solution facilitated the 3D build-up process by increasing the strength of repulsion and 

attraction events, indicating a greater influence of the electric field on the solution. The 

enhanced susceptibility of the solution to the electric field is equivalent to ramping up the 

working voltage of the electrospinning setup, thus facilitating the transition of other domains 

to the β-phase while also affecting the shape of the final product as it deposits on the collector. 
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While the addition of greater concentrations of LiCl would result in the solution being more 

susceptible to the effect of the electric field, the piezoelectric properties of the manufactured 

PVDF fibers increase only for a particular range of added salt quantities. Beyond a specific 

threshold, increasing the salt content will cause the solution to gelate, which may compromise 

the integrity of the resulting structures [37]. The previous findings do not guarantee that 

enhancing of the β-phase content is limited only to the addition of salts or using an 

electrospinning apparatus. Further studies are needed to determine whether this is the case.  

 

The observed response of the fabricated generators shows that sponge-like PVDF-TrFE/PEO 

cores perform better than the PVDF-TrFE/PEO cores in terms of output Vpp, Ipp, and 

instantaneous output power. The greatest increase was observed when the generators were 

driving the 30.1 MΩ load. The electrical output characteristics of any power source encompass 

a range that begins with the short circuit point, on which the load resistance is theoretically 

zero, thus resulting in the output current being at its maximum possible value while the output 

voltage is zero. On the other end of the spectrum, there is the open circuit voltage point, on 

which the load resistance is infinite, causing output current to be zero, and maximizing the 

output voltage. Since the output power is nothing more than the current and voltage product, 

these points represent the lowest possible power outputs. The maximum occurs somewhere in 

between; to be precise, it occurs at the resistive load value which is identical to the internal 

equivalent resistance of the driving source. Since the output power kept increasing with 

increasing resistive load values, there must exist a higher resistive load value for which the 

PVDF/PEO and PVDF-TrFE/PEO generators can source an output power figure of greater 

magnitude. This implies that, for instance, it is perfectly possible to use specialized impedance 

matching instrumentation for optimizing load conditions and extracting the maximum power 

deliverable by the generators.  
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The capacitors used for the charging experiment shown in figure 5 were metalized polyester 

film capacitors instead of the electrolytic type used in the experiment shown in figure 3b. The 

differences in the maximum voltage achieved were expected to be relatively large because of a 

few different properties of these capacitors. The insulation resistance for the chosen polyester 

film capacitors is around 1000 MΩ, thus, being around four orders of magnitude larger than 

that of an electrolytic capacitor, which is around 1 MΩ. Thus, when connected to the polyester 

film capacitor, the effective load resistance seen by the generator increases. In the case of the 

circuit with the polyester film capacitor, the equivalent resistance seen by the generator is that 

of the capacitor’s insulation resistance. As shown in table 1, increasing the resistive load results 

in a net increase in output power, at least until the maximum instantaneous output power is 

reached. Therefore, having an equivalent load resistance in the 1000 MΩ range very likely 

results in the generator sourcing increased net output power. For the case of the electrolytic 

capacitor, the insulation resistance of this component is closer to the 1 MΩ range, thus the 

generator can source less output power. 

 

The fabricated flexible, sponge-like, 3D piezoelectric mats offer several unique opportunities 

for developing wearable piezoelectric generators. The proposed generator design achieved 

instantaneous output power figures that surpass those of other state-of-the-art PVDF-based 

generators. Table 2 lists the power output of these devices for comparison purposes. However, 

the output figures obtained with our materials can potentially be further improved by 

redesigning the electrodes. Future work will be performed considering electrodes that rightly 

interface with both the external surface of the fibrous core and the underlying fibrous network 

by branching into the material. This might result in an even greater piezoelectric performance 

since the electrodes can reach the inner fiber layers within the sponge-like structure. 
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Table 2. Output power figures of a broad spectrum of state-of-the-art piezoelectric energy 
harvesters with PVDF-based cores and those obtained from our generators. The devices 
presented range from those relying on membranes and electrospun fiber mats to those which 
use complex composite materials. 

Core material Output power figure 

(µW cm–2) 

Reference 

Electrospun PVDF nanofibers decorated with 

zinc oxide nanowires 

0.078 [38] 

Thin-film PVDF-TrFE 4.5 [39] 

Composite PVDF and barium titanate 5.3 [40] 

Sponge-like mesoporous PVDF  20 [41] 

Electrospun 3D PVDF-TrFE/PEO (This work) 40.7 - 

 

4. Conclusion 

In conclusion, under optimal conditions, electrospinning allowed us to successfully generate 

various types of 3D structures with the advantage of a high product yield and tunable product 

thickness in comparison with other existing techniques. The 3D structures can be used as the 

active core material of piezoelectric generators, and their electrical response was shown to be 

greater than that observed from those generators with traditional flat mat cores. The increase in 

β-phase PVDF mediated by the addition of the LiCl salts as well as the use of PVDF-TrFE, 

which intrinsically behaves as β-phase dominant PVDF were found to be the critical factors 

allowing for the enhancement of the observed output figures. Our PVDF-TrFE/PEO structures 

achieved an estimated instantaneous peak power density figure of 40.7 µW cm–2 when subjected 

to a 1.58 N impact force, comparing favorably against other piezoelectric wearable generators 
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from literature. The fabricated 3D sponge-like structures show great promise as the core 

materials of portable piezoelectric generators. 

 

5. Experimental 

5.1 Materials 

The reagents acquired for the fabrication of the electrospun fiber mats and structures were 

polyvinylidene fluoride (PVDF)  (Molecular weight of 180k, from Sigma-Aldrich Company 

Ltd., UK), polyethylene oxide (PEO) (Molecular weight of 100k, from Sigma-Aldrich 

Company Ltd., UK) and Solvene300/P300 (PVDF-TrFE) from Sigma-Aldrich Company Ltd., 

UK. De-ionized Water (DI water) and N, N-dimethylformamide (DMF, from Sigma-Aldrich 

Company Ltd., UK) were used as solvents. Lithium chloride (LiCl, from Sigma-Aldrich 

Company Ltd., UK) was used as an additive. A 0.3mm thick copper sheet (Sunhayato) and 23 

AWG copper wire were used as electrode material and interfacing elements. Condensation cure 

silicone rubber (CS25 from Easy Composites Ltd, UK) was used for encasing the generators. 

The reagents were used as received from the suppliers.  

5.2 Methods 

The following steps outline the procedure followed for preparing all the polymer solutions used 

for the experiments carried out during this study. Initially, the required PVDF, PEO, and PVDF-

TrFE were measured and placed in a 100 mL glass flask. Depending on the desired 

concentration, the required amount of DMF, DI water, and acetone was added to the flask. All 

solutions were stirred at approximately 200 RPM while being kept heated at a temperature 

between 60 °C to 80 °C. The solutions were typically left stirring overnight. After the solutions 
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had turned a clear, golden-yellow, they were kept stirring and heated at around 100 RPM and 

40 °C. These steps constitute the basic method to prepare our solutions. 

 

LiCl was used as an additive for some of the solutions. For its addition, an extra set of steps 

was carried out after the base solutions had been prepared. The weight percentage of added 

LiCl was calculated relative to the original weight of the solution that was going to be modified. 

The required milligrams were calculated from the current solution’s weight, the current wt%, 

volume percentage, and the target LiCl weight percentage.  

 

Nozzle based and nozzle-free electrospinning are used for fabricating the materials analyzed in 

this study. The nozzle-based electrospinning setup (IME electrospinning, The Netherlands) 

setup consisted of a stationary collector, a nozzle mounted on a frame that allows for adjustable 

working distance, and a syringe pump. The collector and nozzle are both contained within an 

acrylic chamber. The experimental conditions for these trials were a voltage difference of 18 

kV between electrodes, a solution feeding flow rate of 7 microliters per minute, and a working 

distance of 20 cm. The temperature within the electrospinning chamber was 19.7 °C and the 

relative humidity at the time was 54%. A higher relative humidity affects the solvent 

evaporation rate during electrospinning. Increasing relative humidity is associated with 

decreasing fiber diameter, which in turn may result in materials with decreased mechanical 

properties such as ultimate tensile strength [42,43] 

 

The home-built nozzle-free setup had a rotating collector and a rotating drum partially 

immersed in a Teflon bath containing the polymer solution. Details of this setup can be found 

in our previous technical paper [23]. The experimental conditions were a potential difference 

of 60 kV, a working distance of 15 cm, and the relative humidity recorded was within the range 
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of 5 to 7.5%. The electrospinning chamber was kept at 33 °C. The collector was rotating at 30 

RPM. 

 

The fabricated fiber samples were analyzed with scanning electron microscopy (JEOL JSM-

IT100, JEOL Ltd., Japan). Samples were coated with 15 nm of gold using a sputter coater 

(AGB7341, Agar Scientific, UK). Further fiber size analysis was done with the ImageJ image 

processing software. Thick sponge-like sample thickness was obtained from measuring the 

cross-section of each sample using the ImageJ software on digital photographs (EOS 6D 

camera, Canon, Japan). A cylindrical SEM stub with a height of 5 mm was used as the reference.  

 

X-Ray Powder diffraction (XRD) was used to analyze the crystalline structure of the 

electrospun products. These were scanned using a Bruker D2 Phaser benchtop XRD system. 

The performed scans were done over a 2θ range of 5° to 60°, using a scanning rate of 6° per 

minute. Copper Kα radiation was used for the scans. The crystallinity of the PVDF/PEO 

samples was calculated with equation 1, in which the crystallinity (𝜒𝜒𝑐𝑐) is equal to the sum of 

the integrated area of the crystalline peaks for the phase of interest (∑𝐴𝐴𝑐𝑐𝑐𝑐) divided by the total 

integrated area of the amorphous halo (∑𝐴𝐴𝑎𝑎𝑎𝑎𝑎𝑎) [44]. 

𝜒𝜒𝑐𝑐 = ∑𝐴𝐴𝑐𝑐𝑐𝑐
∑𝐴𝐴𝑐𝑐𝑐𝑐+∑𝐴𝐴𝑎𝑎𝑎𝑎𝑎𝑎

          (1) 

 

The generator design consists of an electrospun sponge-like mat core fitted with thin copper 

foil electrodes, and all encased in a layer of room-temperature vulcanizing, 25 Shore A 

hardness, condensation cure PDMS with a tin-based catalyst. Preparation of the PDMS used as 

a coating for the piezoelectric generators starts with pouring the required amount of rubber and 

catalyst into a beaker. The mix ratio indicated by the manufacturer is 100:5 rubber to catalyst. 

The fluid is thoroughly mixed until it transitions into a uniform grey color. The mixture is then 
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placed inside of a vacuum chamber and kept under vacuum until all air bubbles have been 

extracted from the mixture. An initial layer of the mixture is then poured into an empty mold. 

The generator core fitted with electrodes is placed on top of the initial silicone rubber layer, and 

then more mixture is added to the mold until it covers the generator. It is left to cure for a 

minimum of 12 hours under standard ambient conditions. Excess silicone surrounding the 

generator may be trimmed after the material has cured.  

 

The piezoelectric generators were subjected to a controlled mechanical impact imparted by an 

in-house designed and built device that resembles a slider and crank mechanism, converting 

rotational motion into linear motion with a stepper motor. Most parts of this device were 3D 

printed using a PLA filament. The samples are held in place with a holder. The mechanical 

testing device has a 1 cm3 cube-shaped head on which the FSR was installed, and the stepper 

motor can be programmed to reach an impact frequency of up to 5 Hz. The voltage readings 

obtained from the FSR were converted to Newtons by using the datasheet provided by the FSR 

manufacturer. An additional mechanical testing fixture involved having a test subject step on a 

generator array at different step frequencies. The circuit diagrams for all the instances of 

electronic instrumentation used during the experiments can be found in the supplementary 

information.  

 

5.2.1 Statistics 

Average fiber size and standard deviations were obtained from measuring 100 individual fibers 

per image with the ImageJ software. The averages and standard deviations of the output 

voltages, currents instantaneous output power and force figures were calculated as follows. 

Continuous mechanical impacts amounting to at least 200 individual events were obtained for 

each generator under different external resistive load conditions. The maximum and minimum 
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values of the recorded waveforms for both voltage and current were arranged into datasets for 

which the averages and standard deviations were calculated using spreadsheet software. The 

standard deviation data is included in the tables summarizing the obtained data. Three datasets 

corresponding to long recordings were processed using an algorithm for detecting peaks and 

storing the maximum values associated with each. More than 1600 data points were used to 

calculate the average and standard deviation for these datasets.  
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