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ABSTRACT 
 

The unique capability of piezoelectric materials to convert between mechanical and elec-

trical energy holds tremendous potential in enabling a range of emerging applications. 

Polymers, as soft and biocompatible materials, are excellent candidates for the use in 

powering wearable and implantable electronics, as well as for the primary sensing mech-

anism in soft robotic interfaces. However, piezoelectric polymers are sparsely utilised 

due to their chemical and structural complexity, and the tremendous energetic cost to 

maximise their energy conversion efficiency. Fluoropolymers have piezoelectric figures 

of merit rivalling those of the widely used ceramics and are therefore promising to inves-

tigate. The common processing techniques for fluoropolymers revolve around solution 

casting from toxic, hazardous, and/or high boiling point solvents, which require lengthy 

solvent evaporation times and arduous post-processing by electrical poling, applying high 

electric fields to align the dipoles. Recent advances in three-dimensional (3D) printing 

show promise in order to process fluoropolymers into piezoelectric devices, inducing 

shear forces on the polymer chains during extrusion toward greater alignment and tailored 

architectures.  

 

In this work, pathways to improving the piezoelectric output of a fluoropolymer, poly(vi-

nylidene fluoride-co-trifluoroethylene) (PVDF-TrFE) were thoroughly investigated. The 

solvent evaporation-assisted (SEA) 3D printing technique was adapted to printing fluor-

opolymers, investigating the effects of layer-by-layer deposition on the optical, polymor-

phic and electromechanical properties. In combination with 3D printing, two classes of 

nanoscale additives were further investigated, single-walled carbon nanotubes 

(SWCNTs) and transition metal carbides (MXenes), to elucidate their role in the evolu-

tion and alignment of the piezoelectric polarisation.  

 

The first part of the thesis focused on the development and optimisation of 3D printing 

capabilities for fluoropolymers.  A binary solvent mixture was optimised by Hansen sol-

ubility parameters and the rheological properties were thoroughly probed to optimise the 

polymer concentration. The effects of printing parameters were further investigated in 

order to minimise spreading of the resultant ink post-printing. The polymers, 3D printed 
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up to 19 layers were transparent and exhibited piezoelectricity, with minimal changes in 

the electroactive phase fraction and without electrical poling. These results confirmed 

that shear stresses impart partial polarisation on the extruded materials, and provided a 

strong foundation for the further studies investigated in this thesis. 

 

The second study of this thesis critically investigated the effects of the incorporation of 

SWCNTs, as a nanoscale additive, into the PVDF-TrFE coupled with the developed 3D 

printing process. The composites were printed as single-layer films, found to be transpar-

ent at carbon nanotube loadings up to 0.05 wt%, with low haze. The piezoelectric prop-

erties were investigated through two techniques, piezoresponse force microscopy (PFM) 

and bulk electromechanical characterisation, finding the greatest enhancement in piezoe-

lectric properties at a 0.02 wt% loading of the SWCNTs from both techniques. Molecular 

dynamics (MD) simulations of the carbon nanotube interface with the polymer confirmed 

a polarisation enhancement effect, providing the first report of polarisation in the absence 

of electrical poling. Furthermore, the composites were found to be recyclable in pure ac-

etone, a green and low boiling point solvent, allowing the printed piezoelectric polymers 

to be reprinted, with minimal changes in the chemical, physical and electroactive proper-

ties.  

 

The final part of this thesis utilised two-dimensional (2D) MXene nanosheet additives as 

a model non-piezoelectric system to deduce and provide the first report on the mechanism 

of physical polarisation locking in the PVDF-TrFE, building on the knowledge of the first 

two studies. The composites were printed directly from acetone as a physical gel, allow-

ing for a faster solvent evaporation rate and therefore improved crystallisation kinetics. 

MD simulations found a suppressed electroactive phase fraction of the polymer directly 

adjacent the surface of the additive, confirmed experimentally by Raman microscopy and 

differential scanning calorimetry. Furthermore, the MD simulations found the polarisa-

tion vector direction was locked perpendicular to the basal plane of the MXene, which 

was governed by electrostatic interactions. PFM results confirmed the dipole locking phe-

nomenon, whereby the polarisation magnitude increased logarithmically with an increase 

in the MXene loading, while demonstrating the transition metal carbide had no discerni-

ble out of plane polarisation. Direct piezoelectric effect measurements via macroscale 

electromechanical testing showed that the composite material exhibited a larger 
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piezoelectric coefficient relative electrically poled polymer, implying that physical poling 

and polarisation locking from a nanomaterial template can impart greater polarisation 

than standard electrical poling techniques. 

In summary, this thesis has developed and applied a fundamental understanding of the 

origins of piezoelectricity in fluoropolymers and how this phenomenon can be controlled 

at the nanoscale. The implications of this research are far-reaching, enabling commercial 

viability of piezoelectric materials in a multitude of emerging applications. 
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(left) and a 30-layer LB film on a PET substrate (right), (e) schematic outlining the 

switching process (top), and the resultant Kelvin probe force microscopy (KPM) 

images before (left) and after patterning (right), and (f) switching and reading 

properties for the non-volatile memory devices utilising PVDF. Reproduced with 

permission from ref 161. Copyright 2018, Royal Society of Chemistry. ............... 48	
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fluoropolymer-based PEGS: (a) left, schematic outlining the printing process, right, 
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panel showing the specific charge output of a single printed film after one year, (c) 
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finger tapping. Reproduced with permission from refs 32 and 168. Copyright 2017 

and 2018, American Chemical Society. (d) Schematic showing the 3D printing 

technique for coextrusion of the silver-coated BTO/PVDF composite ink, with SEM 

micrographs showing the cross-section of the filament (red arrows indicate BTO 

agglomerates and dashed border indicates the silver electrode), (e) schematic 

showing the printing process for a wing-like composite PEG, along with the peak-

to-peak voltage output as a function of input to an electromagnetic shaker (right) and 

the voltage signal over time as a function of frequency (bottom), and (f) a proof-of-

concept PEG to harvest energy from the knee during exercise (top left) with the 

corresponding output voltage (top right) and energy harvesting from breathing, 

showing the generated voltage as a function of time for quick (bottom left) and deep 

(bottom right) breathing. Reproduced with permission from ref 169. Copyright 2018, 
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Figure 2.12: Schematic of poling systems for piezoelectric polymers, (a) electrode 
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Figure 2.13: The morphological structure and electrical output characteristics of recently 
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PEG with a schematic of the weave pattern on the right and (b) the voltage generated 

from the PEG upon cyclic compression. Reproduced with permission from ref 216. 

Copyright 2013, Wiley. (c) Photograph (top) demonstrating the flexibility of the 

PVDF-based 3D spacer textile PEG, cross-sectional SEM image (bottom) of the 
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power of the PEG under cyclic compression. Reproduced with permission from ref 

30. Copyright 2014, Royal Society of Chemistry. (e) SEM images of the electrospun 

(E) and electrospun + film core-sheath (EF) yarns, with a schematic outlining the 

cross-sectional view, with optical images of the yarns. (f) output characteristics 

including the voltage and current from the EF yarn (top) and E yarn (bottom) under 

cyclic compression. Reproduced with permission from ref 219. Copyright 2018, 
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mmHg in-vivo. (b) The electrical output characteristics of the in-vitro experiment 

when wrapped around a latex tube mimicking the aortic artery and (c) the electrical 

output characteristics of the in-vivo experiments. Reproduced with permission from 

ref 226. Copyright 2016, Elsevier. (d) Image showing the structure of the 

implantable fluoropolymer PEG encapsulated in poly(dimethyl siloxane), (e) the 

electrical output characteristics during in-vitro experiments, showing the open 

circuit voltage and short circuit current, and (f) electrical output characteristics 

during the in-vivo experiment, showing the image of the PEG implanted in a mouse, 
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implantation. Reproduced with permission from ref 227. Copyright 2016, Elsevier. 

(g) In-vivo computed tomography images (top) of the PVDF PEGs encapsulated in 

PDMS and Parylene-C during the implantation period, as well as ultrasound images 
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of the devices implanted in mice. (h) Electrical output characteristics of the long-
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function of time. Reproduced with permission from ref 228. Copyright 2016, 
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three geometries and (f) resistance matching data showing (top) the output power 

and (bottom) VOC as a function of load resistance. Reproduced with permission from 

ref 238. Copyright 2014, American Institute of Physics. (g) Schematic showing the 
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simulated optimised geometry. Reproduced with permission from ref 239. 

Copyright 2017, Elsevier. ....................................................................................... 71	

Figure 3.1: Viscosity of PVDF-TrFE solutions as a function of shear rate for PVDF-TrFE 

loadings between 20 wt% and 40 wt%. Inset shows the viscosity at 1 s-1 as a function 

of PVDF-TrFE loadings. ....................................................................................... 108	

Figure 3.2: Morphology of 3D printed PVDF-TrFE structures, showing (a) optical image 

of a 19-layer structure printed on top of a thin film, with the inset showing 



 

      

XXII 

transmittance and haze as a function of layers deposited, (b) cross-sectional HIM 

image of the thin film and subsequent layers deposited and (c) cross-sectional HIM 

image of the top of a 19-layer PVDF-TrFE structure. .......................................... 110	

Figure 3.3: ATR-FTIR characterisation of SEA 3D printed PVDF-TrFE materials, (a) the 

FTIR spectra in the fingerprint region as a function of the number of printed layers 

(offset for clarity) and (b) the calculated FEA as a function of the number of printed 

layers. .................................................................................................................... 112	

Figure 3.4: (a) Representative open circuit voltage for SEA 3D printed PVDF-TrFE PEGs 

as a function of time under 5 Hz cyclic compression. The positive peaks represent 

increasing compressive force whereas negative peaks represent decreasing 

compressive force. Each division on the time axis represents 1 s. (b) Peak-to-peak 

voltage output of the PEGs as a function of the number of 3D printed structured 

layers of PVDF-TrFE. The first data point represents a 3D printed thin film. Error 

bars were obtained using the maxima and minima of 50 compression cycles, for 

three separate samples per data point. ................................................................... 114	

Figure 3.S1: (a) Variation between the Hansen solubility parameters for PVDF and the 

solvent mixture and (b) RMS difference in solubility parameters for PVDF in a 

solution mixture consisting of acetone and DMF as a function of acetone volume 

fraction. ................................................................................................................. 119	

Figure 3.S2: Viscosity of PVDF-TrFE solutions as a function of shear rate for PVDF-

TrFE loadings between 20 wt% and 40 wt%. ....................................................... 120	

Figure 3.S3: Optical images showing the structures during optimisation of x-y speed of 

the 3D Bioplotter for the printing of PVDF-TrFE at 30 wt% in solution. The lamps 

in the background are used to demonstrate the transparency of the printed structures.

 ............................................................................................................................... 121	

Figure 3.S4: Optical microscope images of the edge of the raster pattern during 

optimisation of x-y speed of the 3D Bioplotter for the printing of PVDF-TrFE at 30 

wt% in solution. .................................................................................................... 122	

Figure 3.S5: Optical images of PVDF-TrFE 3D printed onto a glass substrate, whereby 

the spacing of a raster pattern was investigated for the printing of a solid thin film. 



 

      

XXIII 

Printing conditions as follows: 178 kPa extrusion pressure, 30 mm/s x-y robot head 

speed, 5 °C cartridge temperature, 24 °C ambient temperature. ........................... 123	

Figure 3.S6: HIM image showing the cross section of an optimised SEA 3D printed 

PVDF-TrFE thin film with a 0.4 mm raster line width. ........................................ 123	

Figure 4.1: (a) Optical images demonstrating the transparency of extrusion printed 

PVDF-TrFE films with increasing SWCNT concentration (0.000 wt% to 0.200 wt%) 

from left to right. Scale bar represents 5 mm. (b) Visible wavelength transmittance 

and haze as a function of SWCNT concentration (blue datapoints denote the PVDF-

TrFE control). (c) HIM images showing the surface of the films for PVDF-TrFE 

(0.000 wt%) and SWCNT/PVDF-TrFE (0.005 wt% to 0.500 wt%). Scale bar 

represents 10 μm. .................................................................................................. 136	

Figure 4.2: Analysis of extrusion printed PVDF-TrFE films with SWCNT concentrations 

between 0.000 wt% and 0.500 wt%, showing (a) XRD spectra. (b) Raman spectra. 

(c) Ratio of the intensities of the G-band peak relative to the β phase peak from 

Raman spectra. (d) DSC heating traces. (e) ATR-FTIR spectra. (f) The relative phase 

ratios calculated from ATR-FTIR spectra (grey), Raman spectra (red) and XRD 

spectra (blue) for the electroactive (β + γ) phase (triangle), β phase (diamond) and γ 

phase (square). ....................................................................................................... 137	

Figure 4.3: PFM characterisation of extrusion printed SWCNT/PVDF-TrFE (0.000 wt% 

to 0.200 wt%) films, (a) the pattern of the applied voltage to the cantilever during 

raster. (b) The piezoelectric amplitude response of the printed samples upon the 

application of voltage between the cantilever and the substrate and (c) the 

corresponding PFM phase response, showing representative slices for each sample. 

The scale bar represents 1 μm. (d) The raw amplitude (A). (e) The raw phase (ɸ). (f) 

The resultant processed PFM amplitude (Acos(ɸ)) as a function of the applied 

voltage for the investigated SWCNT concentrations. ........................................... 142	

Figure 4.4: Energy generation characteristics of the extrusion printed SWCNT/PVDF-

TrFE (0.000 wt% to 0.500 wt%) PEGs, showing (a) the output voltage as a function 

of time arising from imparted cyclic compression of the samples at 5 Hz for the 

SWCNT concentrations between 0.000 wt% and 0.500 wt% using an Instron testing 

machine at a controlled strain rate. (b) The Vpp (grey), peak to peak current (Ipp) (red) 

and power density (PD) (blue) for the 3D printed SWCNT/PVDF-TrFE (0.020 wt%) 



 

      

XXIV 

PEG as a function of the load resistance. The input impedance of measurement for 

the tests was 10 MΩ. ............................................................................................. 146	

Figure 4.5: Volumetric power density PD for PEGs containing CNTs as a function of CNT 

concentration for this study and previous publications reporting energy harvesting 

capabilities. Circles represent electrically poled PEGs and diamonds represent 

unpoled PEGs. Fluoropolymer PEGs without CNTs are presented where found in 

the literature for comparison. ................................................................................ 147	

Figure 4.6: (a) The probability distribution of the angle, φ, between the vectors of the 

SWCNT axis of symmetry and the SWCNT/PVDF-TrFE dipole moment for the 

(8,8) (black line) and the (12,0) (red line) SWCNT configurations (insets). The 

probability distribution of the minimum distance, d, between fluoride (blue lines) or 

hydrogen atoms (red lines) of the TrFE units (inset of a faded VDF and a highlighted 

TrFE monomer) and the CNT with (b) (8,8) and (c) (12,0) chirality. The shaded 

regions represent the error bar obtained from three independent MD simulations. (d) 

Representative initial spatial arrangement at 0 ns (top) of two PVDF-TrFE chains 

(gold and blue) relative to SWCNTs (cyan) with (8,8) (left) and (12,0) (right) 

chiralities, the spatial arrangement after equilibration at 4 ns (middle) and the 

representative PVDF-TrFE dipole moment vector direction after equilibration at 4 

ns (bottom). ........................................................................................................... 150	

Figure 4.7: Recyclability of SWCNT/PVDF-TrFE films (extrusion printed from acetone 

and DMF, 60:40 vol%) in pure acetone, with (a) optical image demonstrating the 

transparency and mechanical flexibility of the initial extrusion printed 

SWCNT/PVDF-TrFE (0.020 wt%) film. (b) After 2 s of immersion in pure acetone. 

(c) After 9 s immersion in pure acetone. (d) SWCNT/PVDF-TrFE (0.020 wt%) film 

after recycling and reprinting from pure acetone. The 0.200 wt% sample is shown in 

(b) and (c) for visual clarity. (e) Top, HIM micrograph of SWCNT/PVDF-TrFE 

(0.020 wt%) film printed from acetone/DMF. Bottom, recycled and reprinted film 

from pure acetone. (f) Top, PFM amplitude trace after application of voltage to the 

SWCNT/PVDF-TrFE (0.020 wt%) film printed from acetone/DMF. Bottom, 

recycled and reprinted film. (g) Voltage output under cyclic compression for a 

recycled and reprinted SWCNT/PVDF-TrFE (0.020 wt%) PEG, obtained with an 

input impedance at 10 MΩ. Scale bars in (a) and (d) correspond to 10 mm, scale bar 

in (e) corresponds to 10 μm and scale bar in (f) corresponds to 1 μm. ................. 153	



 

      

XXV 

Figure 4.8: Energy harvesting characteristics of a PEG fabricated from a recycled 

extrusion printed SWCNT/PVDF-TrFE (0.020 wt%) film under low-force cyclic 

compression using finger pinching, showing (a) the generated voltage as a function 

of time with a load resistance between 100 kΩ and 20 MΩ. (b) The Vpp as a function 

of load resistance. (c) The Ipp as a function of load resistance. (d) The PD as a function 

of load resistance. (e) The generated voltage at 20 MΩ as a function of time, where 

the PEG was compressed and held for approximately 1.7 s prior to release. (f) The 

generated voltage stability (red) and the Vpp (blue) as a function of the number of 

compression cycles under a load resistance of 20 MΩ. (g) The charging and 

discharging profiles of capacitors under 3.5 Hz cyclic compression via a bridge 

rectifier. ................................................................................................................. 155	

Figure 4.S1: Images showing the SWCNTs dispersed in acetone (60 vol%) and DMF (40 

vol%) after 30 min bath ultrasonication, showing concentrations between 0.000 mg 

mL-1 and 0.727 mg mL-1, corresponding to SWCNT concentrations of between 

0.000 wt% and 0.200 wt% relative to PVDF-TrFE. (a) Directly after ultrasonication 

in a bath sonicator. (b) 16 h after ultrasonication. (c) 27 h after ultrasonication. (d) 3 

weeks after ultrasonication. ................................................................................... 166	

Figure 4.S2: The viscosity of SWCNT/PVDF-TrFE (0.000 wt% to 0.200 wt%) inks as a 

function of shear rate. ............................................................................................ 166	

Figure 4.S3: The visible wavelength (380 nm < λ < 780 nm) transmittance of the 

SWCNT/PVDF-TrFE (between 0.000 wt% and 0.200 wt%) films, shown as the total 

reflectance within the integrating sphere. ............................................................. 167	

Figure 4.S4: The visible wavelength (380 nm < λ < 780 nm) transmittance at angles >2° 

of the SWCNT/PVDF-TrFE (between 0.000 wt% and 0.200 wt%) films, shown as 

the scattered reflectance within the integrating sphere. ........................................ 167	

Figure 4.S5: The d33 values calculated using PFM at +10 V for the initial 3D printed 

SWCNT/PVDF-TrFE (0.000 wt% to 0.200 wt%) films (shown in red) and the 

SWCNT/PVDF-TrFE (0.020 wt%) film recycled and reprinted from acetone (shown 

in blue). ................................................................................................................. 168	

Figure 4.S6: PFM lithography (a) A and (b) ɸ plots showing the data obtained for the 

extrusion printed 0.020 wt% SWCNT/PVDF-TrFE film (red) and the commercially 

available poled PVDF film (grey) (Measurement Specialties). ............................ 168	



 

      

XXVI 

Figure 4.S7: The Vpp of SWCNT/PVDF-TrFE (0.000 wt% to 0.500 wt%) PEGs, with 

error presented for three separate samples at each data point. .............................. 169	

Figure 4.S8: Cyclic voltammetry (CV) for 3D printed SWCNT/PVDF-TrFE (0.000 wt% 

and 0.500 wt%) films. Inset shows the y-axis expanded to a maximum of 5×10-6 mA.

 ............................................................................................................................... 169	

Figure 4.S9: The measured mass for SWCNT/PVDF-TrFE (between 0.000 wt% and 

0.200 wt%) films. .................................................................................................. 170	

Figure 4.S10: The volume and thickness calculated from Supplementary Figure 4.S9 for 

SWCNT/PVDF-TrFE (between 0.000 wt% and 0.200 wt%) films. The length and 

width of the films was 3 cm and density was 1.49 g cm-3 (75 mol% VDF and 25 

mol% TrFE, 420 kDa, Solvay). ............................................................................. 170	

Figure 4.S11: The probability distribution of the angle, θ, between the F – C (blue lines) 

or the C – H (red lines) of the TrFE units and the CNT axis of symmetry having (a) 

armchair (8,8) and (b) zig-zag (12,0) chirality. The F – C and the C – H branches are 

mostly perpendicular to the CNT surface. The shaded regions represent the error bar 

obtained from three different MD simulations. ..................................................... 171	

Figure 4.S12: The Raman spectra for the initial 3D printed SWCNT/PVDF-TrFE (0.020 

wt%) film (grey line) and SWCNT/PVDF-TrFE (0.020 wt%) recycled and reprinted 

from acetone (blue line). ....................................................................................... 171	

Figure 4.S13: The XRD spectra for the initial 3D printed SWCNT/PVDF-TrFE (0.020 

wt%) film (grey line) and SWCNT/PVDF-TrFE (0.020 wt%) recycled and reprinted 

from acetone (blue line). ....................................................................................... 172	

Figure 4.S14: The voltage as a function of time for a PEG made from commercially 

available poled PVDF film (grey) and a PEG made using the extrusion printed 0.020 

wt% SWCNT/PVDF-TrFE film (red). Low force cyclic compression using a finger 

pinch was used, with a load resistance of 20 MΩ. ................................................ 172	

Figure 4.S15: The density of the PVDF-TrFE melt at 230 °C as function of the co-polymer 

molecular weight obtained by MD simulations (symbols). Increasing the molecular 

weight leads to a slight increase in the co-polymer density which attains 

asymptotically a value of about 1.57 g cm-3 for molecular weights bigger than about 

10,000 g mol-1. The MD-obtained density is in excellent agreement with the 



 

      

XXVII 

experimental value provided by the PVDF-TrFE manufacturer (Solvay, horizontal 

broken line). .......................................................................................................... 173	

Figure 5.1: Comparative MD simulations of the PVDF-TrFE co-polymer film 

polarisation on Ti3C2Tx and graphene substrates. (a, b) The top view (left column) 

and side view (right column) snapshots at t = 0 ns, 0.5 ns, 1 ns and 1.5 ns, with the 

resultant dipole moment vectors (right column) of the PVDF-TrFE co-polymer film 

(blue arrow) and the (a) Ti3C2Tx substrate or (b) graphene substrate. The annotated 

s and θ in a represent the separation of the fluoropolymer from the substrate and the 

PVDF-TrFE co-polymer dipole angle relative to the substrate, respectively. (c, d) 

Probability distributions of the angle (θ) between the dipole moment vector of the 

PVDF-TrFE co-polymer film layers and the (c) Ti3C2Tx or (d) graphene substrates 

as a function of separation (s), as calculated from the equilibrated region of the 

obtained MD simulation. ....................................................................................... 186	

Figure 5.2: SEA extrusion printing of strengthened Ti3C2Tx/PVDF-TrFE films. (a) 

Oscillatory γs sweep (ω = 1 Hz) and (b) oscillatory ω sweep (γs = 1%) of the 40 wt% 

PVDF-TrFE ink with and without 0.20 wt% Ti3C2Tx nanosheets. (c) The temporal 

evolution of the G' and G'' during σs cycling between 1 Pa (white regions, 

representing the stationary state) and 5 kPa (grey regions, representing printing 

stress). (d) Photograph showing the SEA extrusion printing process for the 

Ti3C2Tx/PVDF-TrFE (0.50 wt%) ink, scale bar 10 mm. Inset shows a self-supporting 

single filament. (e) Photograph of the free-standing Ti3C2Tx/PVDF-TrFE films at 

various Ti3C2Tx nanosheet loadings (from left to right: 0.00 wt%, 0.02 wt%, 0.10 

wt%, 0.20 wt% 0.50 wt%). Inset shows HIM image of Ti3C2Tx/PVDF-TrFE (0.50 

wt%) film surface, demonstrating the distribution of Ti3C2Tx nanosheets near the 

surface of the film. Scale bar represents 40 μm. (f) Photograph demonstrating an 

interdigitated structure of 0.50 wt% Ti3C2Tx/PVDF-TrFE composite printed onto a 

flexible poly(ethylene terephthalate) (PET) substrate. (g) Tensile strain (γt)-stress 

(σt) profiles of the printed Ti3C2Tx/PVDF-TrFE films (shaded region shows the error 

from replicates). (h) The elastic region of (g). (i) The Young's modulus (Et) obtained 

from (h) (overlay represents a 95% confidence interval). ..................................... 189	

Figure 5.3: Material characteristics of Ti3C2Tx/PVDF-TrFE films. (a) Raman spectra of 

Ti3C2Tx/PVDF-TrFE composites (at various Ti3C2Tx loadings) and Ti3C2Tx 

nanosheets. (b) The β/γ phase ratio, Iβ/Iγ, calculated from the intensities of the β 



 

      

XXVIII 

phase (840 cm-1) and γ phase (811 cm-1) from Raman confocal mapping 

(Supplementary Figure 5.S15). The dashed line represents a visual guide. (c) The 

effect of Ti3C2Tx nanosheet loading on the PVDF-TrFE co-polymer crystallinity, as 

measured by DSC. The dashed line is a visual guide (d) The Raman Iβ/Iγ map of the 

Ti3C2Tx/PVDF-TrFE (0.50 wt%) film, where the dark point corresponds to a large 

Ti3C2Tx nanosheet at the film surface (red circle). The inset shows a confocal 

microscope image of the area analysed using Raman confocal mapping. Both scale 

bars represent 5 μm. (e) The representative Raman spectra for the area designated 

by the black circle and the red circle in d, showing the clear inhibition of β phase 

locally at the Ti3C2Tx nanosheet surface. .............................................................. 192	

Figure 5.4: Polarisation and energy harvesting of Ti3C2Tx/PVDF-TrFE composites. (a) 

DART-PFM of a Ti3C2Tx nanosheet on a gold-coated silicon (Au@Si) substrate, 

showing the topography (top), piezoelectric amplitude (middle) and piezoelectric 

phase (bottom) traces. Scale bar represents 200 nm. (b) PFM of Ti3C2Tx/PVDF-TrFE 

(0.00 wt%, 0.02 wt%, 0.10 wt%, 0.20 wt% and 0.50 wt%) SEA extrusion printed 

films, showing the piezoresponse (Acos(φ)/Qf) under an applied voltage between -

20 V and +20 V. Scale bar represents 1 μm. (c) The effective piezoelectric charge 

coefficient (d33) calculated from the PFM data, including for solvent-cast PVDF-

TrFE and Ti3C2Tx/PVDF-TrFE (0.50 wt%) films as controls. (d-f) The macroscale 

energy harvesting characterisation of the Ti3C2Tx/PVDF-TrFE (0.00 wt% and 0.50 

wt%) SEA extrusion printed PEGs with input force (ΔF) at 10 N following a 

sinusoidal input signal. (d) The generated surface charge as a function of time for 60 

compression cycles at 2 Hz. The horizontal dashed line represents the charge 

generated from completely polarised (d33 = -38 pC N-1) PVDF-TrFE co-polymer for 

a PEG with similar dimensions. (e) The stability of the generated charge as a 

function of cycle count over 10,000 cycles for the Ti3C2Tx/PVDF-TrFE (0.50 wt%) 

PEG at 10 Hz and (f) the expanded initial, middle and end regions of the charge 

stability data in (e) showing 1 s of data (10 cycles) in each panel. ....................... 195	

Figure 5.S1: Ti3C2Tx MXene nanosheet characterisation. (a) XRD pattern and SEM 

images (insets) of Ti3AlC2 MAX phase and Ti3C2Tx nanosheets after etching. Scale 

bar for SEM of Ti3AlC2 represents 5 μm and that of Ti3C2Tx nanosheets represents 

1 μm. (b) TEM image of single-layer 2D Ti3C2Tx nanosheets. Scale bar represents 

500 nm. (c) The DLS result showing the hydrodynamic size of the Ti3C2Tx 



 

      

XXIX 

nanosheets in water. (d) AFM image of the Ti3C2Tx nanosheets deposited on a silicon 

wafer. Inset, represents the thickness profile along the line indicated. Deconvolution 

of high-resolution XPS spectra for the (e) Ti 2p, (f) C 1s and (g) O 1s orbitals, 

showing the surface termination and state of the Ti3C2Tx nanosheets. ................. 206	

Figure 5.S2: Photographs of the 35 wt% (left column), 40 wt% (middle column) and 45 

wt% (right column) PVDF-TrFE/acetone inks, demonstrating the viscosity of the 

inks before rotating the vial to 45° (top row, t = 0 s), 1 s after rotating the vial (middle 

row) and 5 s after rotating the vial (bottom row). ................................................. 208	

Figure 5.S3: Comparison of the stability of the PVDF-TrFE ink (left), Ti3C2Tx/PVDF-

TrFE ink (middle) and SWCNT/PVDF-TrFE ink (right), five months after 

preparation of the ink. ........................................................................................... 209	

Figure 5.S4: Evolution of the density of the PVDF-TrFE co-polymer melt as a function 

of the number of monomers. ................................................................................. 210	

Figure 5.S5: Distribution of the local density (⍴) of the PVDF-TrFE co-polymer film (14 

chains) as a function of the distance from the Ti3C2Tx nanosheet (red line) and the 

graphene sheet (black line) substrates. .................................................................. 211	

Figure 5.S6: Probability distribution (P(d)) of the number of F (squares) and H atoms 

(triangles) within the PVDF-TrFE co-polymer film (14 chains) as a function of the 

distance from the Ti3C2Tx nanosheet substrate (d). The shaded areas represent the 

minimum and maximum number of F and H atoms over the entire simulation. .. 212	

Figure 5.S7: Bond angle distributions of the PVDF-TrFE co-polymer on the Ti3C2Tx 

nanosheet substrate. (a) Probability distribution (P(θ)) of the dihedral angles (θ) 

averaged oven 4 ns for a film of 14 PVDF-TrFE chains interacting with an immobile 

Ti3C2Tx nanosheet. (b) Time evolution of the fraction of the trans (black line) and 

gauche angles (red line). ....................................................................................... 213	

Figure 5.S8: The temporal evolution of the fraction of trans bond angles (black lines) and 

gauche bond angles (red lines) in the 70-chain PVDF-TrFE co-polymer film on a 

Ti3C2Tx nanosheet substrate (thick lines) and graphene substrate (thin lines). ..... 214	

Figure 5.S9: Time evolution of the angle (θ) between the total dipole vector (polarisation) 

in the PVDF-TrFE co-polymer film and the Ti3C2Tx nanosheet basal plane, for 



 

      

XXX 

PVDF-TrFE co-polymer chains that are within 24 Å (green line), 29 Å (blue line), 

34 Å (blue line) and 39 Å (grey line) from the Ti3C2Tx nanosheet substrate. ....... 215	

Figure 5.S10: Steady-state rheology. (a) The shear rate sweeps for inks of PVDF-

TrFE/(DMF:acetone, 40:60 vol%) and PVDF-TrFE/acetone, containing PVDF-

TrFE (35 wt%). (b) The applied shear rate profile as a function of time and (c) the 

resultant viscosity (η) for PVDF-TrFE/acetone inks with PVDF-TrFE concentration 

at 35 wt% and 45 wt%. .......................................................................................... 217	

Figure 5.S11: Oscillatory rheology measurements on PVDF-TrFE/acetone inks. (a-c) The 

oscillatory ω sweeps for (a) 35 wt%, (b) 40 wt% and (c) 45 wt% PVDF-

TrFE/acetone inks, obtained at fixed shear strain (γs = 1%). (d-f) The oscillatory γs 

sweeps for (d) 35 wt%, (e) 40 wt% and (f) 45 wt% PVDF-TrFE/acetone inks, 

obtained at fixed frequency (ω = 1 Hz ≈ 6.28 rad s-1). ......................................... 218	

Figure 5.S12: Time-dependent oscillatory σs cycling for the PVDF-TrFE/acetone (35 

wt%, 40 wt% and 45 wt%) inks. (a) The applied σs with the high stress regions 

shaded grey. (b) The tan(δ) response to the shear stress with the liquid-solid 

transition point (tan(δ) = 1) represented by a solid grey line. (c) The η* response to 

the shear stress. (d-f) The G' and G'' response to the shear stress for (d) 35 wt% 

PVDF-TrFE/acetone ink, (e) 40 wt% PVDF-TrFE/acetone ink and (f) 45 wt% 

PVDF-TrFE ink, performed with ω at 1 Hz. ......................................................... 220	

Figure 5.S13: The experimental layout of the mechanical testing. (a) Photograph of the 

geometry of the tested samples, with markings representing the position of the grips. 

(b) Photograph showing the sample inserted into the grips prior to extension. (c) 

Photograph showing the extent of extension required to break the SEA extrusion 

printed pristine PVDF-TrFE co-polymer film. (d) Photograph showing the 

dependence of transparency on the extension rate, shown for the SEA extrusion 

printed Ti3C2Tx/PVDF-TrFE (0.10 wt%) film (top) and SEA extrusion printed 

pristine PVDF-TrFE co-polymer film (bottom). ................................................... 221	

Figure 5.S14: Optical properties of SEA extrusion printed Ti3C2Tx/PVDF-TrFE (0.00 

wt%, 0.02 wt%, 0.10 wt%, 0.20 wt% and 0.50 wt%) films. (a) The total light 

transmittance (Tt). (b) The scattered light transmittance (Td), inset shows the 

scattered transmittance below 7%. (c) The transmittance and haze as a function of 



 

      

XXXI 

Ti3C2Tx nanosheet concentration. (d) Side by side photograph showing the colour 

and transmittance of the films. .............................................................................. 224	

Figure 5.S15: The confocal Raman microscopy maps of the surface of the films, showing 

the intensity ratio (Iβ/Iγ) between the β phase peak (842 cm-1) and γ phase peak (811 

cm-1). (a) The SEA extrusion printed pristine PVDF-TrFE co-polymer film. (b) The 

SEA extrusion printed Ti3C2Tx/PVDF-TrFE (0.02 wt%) film. (c) The SEA extrusion 

printed Ti3C2Tx/PVDF-TrFE (0.10 wt%) film. (d) The SEA extrusion printed 

Ti3C2Tx/PVDF-TrFE (0.20 wt%) film. (e) The SEA extrusion printed 

Ti3C2Tx/PVDF-TrFE (0.50 wt%) film. (f) The solvent cast Ti3C2Tx/PVDF-TrFE 

(0.50 wt%) film. .................................................................................................... 226	

Figure 5.S16: ATR-FTIR spectroscopy characterisation of SEA extrusion printed 

Ti3C2Tx/PVDF-TrFE (0.00 wt%, 0.02 wt%, 0.10 wt%, 0.20 wt% and 0.50 wt%) 

films. (a) The FTIR spectra, offset for clarity. (b) The relative fractions of the 

electroactive (β+ γ) phases and the α phase as a function of Ti3C2Tx concentration.

 ............................................................................................................................... 227	

Figure 5.S17: XRD spectra of the SEA extrusion printed Ti3C2Tx/PVDF-TrFE films. (a) 

Survey scan. (b) Phase fingerprint region. Spectra offset for clarity. ................... 229	

Figure 5.S18: XRD deconvolution for the phases in SEA extrusion printed films. (a) 

Pristine PVDF-TrFE copolymer. (b) Ti3C2Tx/PVDF-TrFE (0.02 wt%). (c) 

Ti3C2Tx/PVDF-TrFE (0.10 wt%). (d) Ti3C2Tx/PVDF-TrFE (0.20 wt%). (e) 

Ti3C2Tx/PVDF-TrFE (0.50 wt%). (f) Phase fractions determined from XRD as a 

function of Ti3C2Tx nanosheet concentration. ....................................................... 229	

Figure 5.S19: DSC thermograms of the SEA extrusion printed Ti3C2Tx/PVDF-TrFE 

films, offset for clarity. .......................................................................................... 231	

Figure 5.S20: DART-PFM maps of Ti3C2Tx nanosheets adsorbed on an Au-coated Si 

wafer. (a-c) The topography traces. (d-f) The piezoelectric phase (φ) traces. (g-i) The 

piezoelectric amplitude (A) traces. (a, d, g) Field of view corresponding to 5 μm. 

Scale bar represents 1 μm. (b, e, h) Field of view corresponding to 2 μm. Scale bar 

represents 500 nm. (c, f, i) Field of view corresponding to 1 μm. Scale bar represents 

250 nm. The arrow in each panel points to the location of the same Ti3C2Tx 

nanosheet. .............................................................................................................. 232	



 

      

XXXII 

Figure 5.S21: Applied bias characteristics during the PFM measurements on the 

Ti3C2Tx/PVDF-TrFE films. (a) Map of applied bias. Scale bar represents 1 μm. (b) 

Bias as a function of the x coordinate for a single line in the scan direction, which is 

signified by the dashed line in a. ........................................................................... 233	

Figure 5.S22: Raw PFM data obtained for the SEA extrusion printed Ti3C2Tx/PVDF-

TrFE films. (a-e) The topography. (f-j) The piezoelectric phase (φ). (k-o) The 

piezoelectric amplitude (A). The data was obtained for (a, f, k) pristine PVDF-TrFE 

(0.00 wt% Ti3C2Tx), (b, g, l) Ti3C2Tx/PVDF-TrFE (0.02 wt%), (c, h, m) 

Ti3C2Tx/PVDF-TrFE (0.10 wt%), (d, i, n) Ti3C2Tx/PVDF-TrFE (0.20 wt%), (e, j, o) 

Ti3C2Tx/PVDF-TrFE (0.50 wt%). The scale bar represents 1 μm. ....................... 234	

Figure 5.S23: Raw PFM data obtained for the solvent cast (a-c) pristine PVDF-TrFE and 

(d-f) Ti3C2Tx/PVDF-TrFE (0.50 wt%) films. (a, d) The topography. (b, e) The 

piezoelectric phase (φ). (c, f) The piezoelectric amplitude (A). ............................ 235	

Figure 5.S24: Processed PFM results as a function of the input bias (V) for the SEA 

extrusion printed Ti3C2Tx/PVDF-TrFE films. (a) The phase (φ). (b) The amplitude 

(A). (c) The Acos(φ). (d) The Acos(φ)/Qf. ............................................................. 236	

Figure 5.S25: Piezoelectric generator layout. (a) Schematic showing the layout of the 

electrodes and the wire attachment tabs on both surfaces of the Ti3C2Tx/PVDF-TrFE 

films. (b) Photograph of the layout of the laser-cut shadow mask, with sputter-coated 

SEA extrusion printed Ti3C2Tx/PVDF-TrFE (0.50 wt%) films as the active layer of 

the PEGs. Scale bar represents 2 cm. (c) Photograph showing the final SEA 

extrusion printed Ti3C2Tx/PVDF-TrFE (0.50 wt%) PEG. Scale bar represents 3 cm.

 ............................................................................................................................... 239	

Figure 5.S26: Representative mechanical excitation input. (a) The input force (F) over 30 

s with frequency at 2 Hz and (b) the enlarged view of the final 1 s. (c) The input 

stress (σ3), calculated from a, with (d) the enlarged view of the final 1 s. ............ 241	

Figure 5.S27: Schematic showing the layout of the Ti3C2Tx/PVDF-TrFE PEG for energy 

harvesting tests. ..................................................................................................... 242	

Figure 5.S28: Schematic showing the side view of the components of the Ti3C2Tx/PVDF-

TrFE PEG during energy harvesting characterisation. .......................................... 243	



 

      

XXXIII 

Figure 5.S29: The generated electric displacement field (∂D3) as a function of the input 

stress (∂σ3) for the SEA extrusion printed Ti3C2Tx/PVDF-TrFE (0.50 wt%) PEG. 

The solid line represents a linear fit to the data and the band represents a 95% 

confidence interval. ............................................................................................... 244	

 

  



 

      

XXXIV 

LIST OF ABBREVIATIONS AND ACRONYMS 
 

1D One-dimensional 

2D Two-dimensional 

3D Three-dimensional 

AFM Atomic force microscopy 

ATR Attenuated total reflectance 

BTO Barium titanate, BaTiO3 

CNT Carbon nanotube 

CTFE Chlorotrifluoroethylene 

CV Cyclic voltammetry 

DART Dual AC resonance tracking 

DFT Density functional theory 

DLS Dynamic light scattering 

DMAc N,N-dimethylacetamide 

DMF N,N-dimethylformamide 

DMSO Dimethyl sulfoxide 

DSC Differential scanning calorimetry 

FE Ferroelectric 

FOM Figure of merit 

FTIR Fourier transform infrared (spectroscopy) 

G Gauche 

GO Graphene oxide 

hBN Hexagonal boron nitride 

HFP Hexafluoropropylene 

HIM Helium ion microscopy 



 

      

XXXV 

ID Internal diameter 

IL Ionic liquid 

KNLN Potassium sodium lithium niobate, [KNaLi]NbO3 

KPM Kelvin probe force microscopy 

LAMMPS Large-scale atomic/molecular massively parallel simulator 

LAOS Large amplitude oscillatory shear 

LB Langmuir-Blodgett 

LCD Liquid crystal display 

LED Light emitting diode 

MAPS Materials and processes simulations 

MD Molecular dynamics 

MILD Minimally intensive layer delamination 

MRI Magnetic resonance imaging 

MWCNT Multi-walled carbon nanotube 

MXene Transition metal carbide 

NP Nanoparticle 

NMR Nuclear magnetic resonance 

NVP Constant number of particles, volume and temperature 

NW Nanowire 

PA66 Polyamide-66, nylon-66 

PCFF Polymer consistent force field 

PDMS Poly(dimethylsiloxane) 

PE Paraelectric 

PEG Piezoelectric generator, piezoelectric energy harvester 

PET Poly(ethylene terephthalate) 

PFM Piezoresponse force microscopy 



 

      

XXXVI 

PP Poly(propylene) 

PVDF Poly(vinylidene fluoride) 

PVDF-

CTFE 
Poly(vinylidene fluoride-co-chlorotrifluoroethylene) 

PVDF-HFP Poly(vinylidene fluoride-co-hexafluoropropylene) 

PVDF-TrFE Poly(vinylidene fluoride-co-trifluoroethylene) 

PZT Lead zirconium titanate, Pb[ZrTi]O3 

RAFT Reversible addition-fragmentation chain-transfer (polymerisation) 

rGO Reduced graphene oxide 

RMS Root mean square 

SA/V Surface area to volume ratio 

SAOS Small amplitude oscillatory shear 

SEA Solvent evaporation-assisted (printing) 

SEM Scanning electron microscopy 

SWCNT Single-walled carbon nanotube 

T Trans 

TEAM-FF Transferable, extensible, accurate and modular force field 

TEM Transmission electron microscopy 

TrFE Trifluoroethylene 

VCP Voided charged polymer 

VDF Vinylidene fluoride 

XPS X-ray photoelectron spectroscopy 

XRD X-ray diffractometry 

 

 

  



Chapter 1: Introduction 

Nick A. Shepelin 1 

1 INTRODUCTION 



Chapter 1: Introduction 

Nick A. Shepelin 2 

The availability of electricity has proven to be one of the key drivers of productivity and 

industrialisation in the world.1 The discovery of steam-powered electricity generation, 

driven by a turbine, has fuelled the so-called “second industrial revolution” and enabled 

the modernisation of humanity.2 Indeed, at this point it is difficult to imagine a world 

without electronic devices. Despite the decades that have passed since this discovery, coal 

remains the primary fuel source, generating steam upon combustion to drive a turbine 

generator, although it is recognised as unsustainable from an environmental perspec-

tive.3,4  

 

Thus, novel methods of converting chemical or kinetic energy to electricity have been 

pursued to overcome the non-renewable nature of coal-based electricity generation, such 

as those based on water flow (hydroelectric), wind flow, nuclear reactions and photon-

electron interactions (photovoltaic).4–6 The former three examples utilise a turbine-based 

approach akin to the coal power technique, albeit through more sustainable methods, and 

all four operate by exploiting dynamic processes, with an inherent finite lifespan. More-

over, these techniques, to harvest energy into electricity, are suited for large- and medium-

scale installations, with limited applicability in the emerging small-scale electronic de-

vices sector.6 These two key limitations are a roadblock to the miniaturisation of elec-

tronic devices, such as those implemented as part of the next industrial revolution, the so-

called “Internet of Things”, whereby always-on devices are used for sensing, monitoring 

and improving quality of life.7 

 

In order to power these personal-scale devices, which includes portable, wearable and 

implantable electronics, it is evident that the human body can act as a source of energy.8 

Indeed, the energy consumption for such devices is low, especially in the case of sensing 

or intermittent data transfer, enabling alternative energy harvesting technologies.6 Multi-

ple techniques have been proposed to achieve this conversion of energy, either by the 

kinetic energy of movements or by the stress arising from movements of the body.9 The 

harvesting of kinetic energy has been the primary method of operation in automatic 

watches, whereby a rotor is attached to the winding mechanism, with the rotation provid-

ing potential energy to a spring in order to operate the timekeeping mechanisms.10 In fact, 

this technique has been present from the late 18th century, predating the formulation of 

the scientific foundation for electricity.11 Following the rise of electrical theory, however, 
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the notion of converting between mechanical stress and electrical energy is experimen-

tally observed, termed piezoelectricity.12 This finding is of great importance: in contrast 

to the aforementioned energy conversion techniques, piezoelectricity forgoes kinetic or 

chemical processes in order to convert energy, resulting in a non-degradable method to 

harvest mechanical energy.13 

 

The piezoelectric effect possesses the reversible capability to convert between mechani-

cal and electrical energy.14 Historically, the conversion of an applied electric field to a 

mechanical stress (converse piezoelectric effect) has been the catalyst of research efforts 

on piezoelectric materials and has resulted in tremendous commercial demand.15 During 

the manufacture of the piezoelectric materials, one of the key processing steps involves 

the application of a large electric field to the material, called electrical poling, which 

maximises the energy conversion efficiency of the material.16,17 Evidently, for the pur-

poses of the converse piezoelectric effect, where an electric field will be applied to the 

material during the general course of use, this processing step is considered necessary and 

does not pose any drawbacks to the operation of the device. However, for the conversion 

of applied mechanical stress to electrical energy (direct piezoelectric effect), the require-

ment for electrical poling is a distinct limitation. In applications using the direct piezoe-

lectric effect for energy harvesting, the piezoelectric device must take significantly less 

energy to produce than it is able to harvest over the device lifetime. As the poling process 

requires a tremendous amount of electrical energy, the ability of a piezoelectric device to 

harvest more energy than consumed during its fabrication is limited.16 Furthermore, this 

process is susceptible to dielectric breakdown at a high electric field, which forms con-

ductive channels through the material between electrodes.18 Dielectric breakdown limits 

the maximum possible energy conversion efficiency in piezoelectric materials and leads 

to the failure of the piezoelectric device.19 Therefore, the process of maximising the en-

ergy conversion efficiency in piezoelectric materials must be revisited for the use as en-

ergy harvesting devices. 

 

Piezoelectric polymers offer inherent advantages relative to ceramic materials for the pur-

poses of personal-scale energy harvesting. Namely, fluoropolymers possess the highest 

piezoelectric energy conversion coefficients,20 along with biocompatibility,21 optical 

transparency22 and mechanical flexibility. These semi-crystalline16 polymers can be 
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processed from the melt or solution,23 allowing for facile deposition routes. The most 

common fluoropolymer, poly(vinylidene fluoride) (PVDF), has one major drawback 

when considered for energy harvesting applications: the solvent-based deposition method 

commonly results in a symmetric conformation of the polymer after solvent evapora-

tion.17 Two separate methods have been employed to overcome this limitation, which 

involve either uniaxial stretching following deposition or the introduction of an additional 

monomer during the polymerisation step.24 The former applies mechanical energy to 

transform the conformation of the polymer, while the latter displaces the symmetric con-

formation at the molecular scale.16 The copolymer technique to achieve piezoelectricity 

in fluoropolymers is beneficial, as it reduces the number of processing steps to produce 

an energy harvesting device, such as in the case of PVDF-TrFE. Therefore, in the case of 

PVDF-TrFE energy harvesters, the elimination of electrical poling can reduce the manu-

facturing pathway by two steps. These changes are anticipated to have profound effects 

in lowering the cost of manufacture and presenting a completely sustainable energy har-

vesting device for the purposes of powering personal-scale electronic devices.  

 

Analogous to the second industrial revolution, which has resulted in new inventions based 

on the discovery of electricity, the ability to efficiently and sustainably harvest mechani-

cal energy provides an opportunity to transform current technologies, as well as unlock 

new, unforeseen applications across a multitude of sectors. For example, obvious exten-

sions of current technologies include the powering of portable and wearable electronics 

based on the mechanical stress imparted on the sole of a shoe or in the strap of a backpack 

while walking; the powering of medical electronic devices such as pacemakers from the 

beating motion of the heart or the movements of muscle tissue; and sensors possessing 

the inherent ability to deliver power to a logging or transmitting device, especially in 

enclosed environments such as within the human body.24 The possible applications for 

this technology are rapidly evolving, with recent examples encompassing the fields of 

separation membranes,25 catalysis,26 photonics27 and human-machine interfaces.28 Thus, 

piezoelectric energy conversion, especially in polymeric materials, is a critical platform 

for the advancement of technology. 
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1.1 Thesis structure 
This thesis focuses on the improvement of energy conversion efficiency in fluoropoly-

mers towards the elimination of electrical poling. The parameters influencing the effi-

ciency of fluoropolymer energy conversion materials are investigated and pathways to 

maximise the energy conversion efficiency are developed by facile mechanisms with a 

low input energy. 

 

The second chapter of this thesis provides a thorough overview of piezoelectric theory 

and a critical review of literature on the aspects influencing the piezoelectricity in fluor-

opolymers, additionally elaborating on the progress in translating fluoropolymer energy 

conversion devices for applications in energy harvesting. The piezoelectric theory is de-

rived from constitutive equations for elastic and dielectric materials, providing a physical 

origin for the piezoelectric coefficients. The physical and chemical properties of PVDF 

are detailed and compared to conventional piezoelectric materials, demonstrating the ne-

cessity for the use of fluoropolymers in emerging applications. The complete manufacture 

process for fluoropolymers is investigated, from polymerisation to packaging, in order to 

understand how the parameters of each step influence the energy conversion capabilities. 

In each step of manufacture, alternative techniques are analysed, such as copolymerisa-

tion, introduction of additives and alternative deposition and processing techniques. Fi-

nally, the possible applications are detailed in the wearable, implantable and environmen-

tal energy harvesting sectors. 

 

The third chapter follows one particular emerging deposition technique briefly mentioned 

in chapter two, SEA 3D printing, as a low-temperature method to deposit PVDF-TrFE 

and induce energy conversion capabilities without poling. This chapter details the first 

report of a fluoropolymer printed from solution in the absence of additives and investi-

gates the structure-property relationship in 3D printed PVDF-TrFE for energy harvesting 

applications. Here, the parameters surrounding the 3D printing technique are optimised 

via a systematic process. The PVDF-TrFE solution is printed to form a thin film as a 

substrate layer, with subsequent layers deposited in a raster pattern to achieve a high as-

pect ratio, investigating the optical, conformational and piezoelectric properties as a func-

tion of the layer number. The 3D printed PVDF-TrFE, which undergoes shear stress dur-

ing the pressure driven extrusion process, is observed to convert mechanical energy to 
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electricity without poling, confirming the shear stress induces partial alignment of the 

dipoles within the polymer and gives rise to a net polarisation. 

 

The fourth chapter introduces a nanoscale, non-piezoelectric additive to the process de-

tailed in chapter three, in order to enhance the piezoelectric energy harvesting capabilities 

of PVDF-TrFE and understand the role of non-piezoelectric additives in the enhancement 

of piezoelectric coefficients. This chapter utilises SWCNTs as the model for a one-di-

mensional additive, which align parallel to the nozzle under shear. Furthermore, the con-

ductivity of SWCNTs is hypothesised to reduce the piezoelectric efficiency in fluoropol-

ymers; however, all prior research claims the carbon nanotubes act to increase the piezo-

electric conformation fraction. The SWCNTs are incorporated into the PVDF-TrFE so-

lution and 3D printed as free-standing films to reduce complexity. The optical, morpho-

logical, physical and piezoelectric properties are probed with varying SWCNT concen-

tration in the PVDF-TrFE, finding negligible variation in the polymer crystallinity and 

conformation of PVDF-TrFE at concentrations below the percolation threshold of 

SWCNTs, contrary to the majority of prior literature. The piezoelectric properties, meas-

ured at the nanoscale by PFM and macroscale by imparting mechanical stress, were found 

to increase with increasing SWCNT loading up to 0.02 wt%. Notably, in the absence of 

crystallinity and conformation changes, the sole mechanism of piezoelectricity enhance-

ment is the alignment of the dipoles in PVDF-TrFE, as the SWCNTs lack piezoelectricity. 

This phenomenon, referred to as dipole templating, is evident in both nanoscale and mac-

roscale polarisation testing, and is confirmed by molecular dynamics simulations, observ-

ing a polarisation vector parallel to the length of the SWCNT. Furthermore, the PVDF-

TrFE is discovered to be recyclable in acetone, eliminating the toxic and high boiling 

point solvent N,N-dimethylformamide (DMF), and allowing the composites to be recy-

cled with no decrease in the polarisation of the polymer. These recycled films perform 

better than most electrically poled carbon nanotube-fluoropolymer composites reported 

in literature, exhibiting a generated power density of 70 μW cm-3 upon light finger tap-

ping, with stable energy conversion characteristics for a minimum of 10,000 finger tap-

ping cycles. 

 

The fifth chapter extends the phenomenon of dipole templating and elucidates the origin 

of this observation via the substitution of SWCNTs for a tailored 2D additive. In this 
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study, the additive is chosen from the evolving class of MXene nanosheets, in particular 

Ti3C2Tx, due to its well understood surface chemistry, rigidity, out of plane polarisability 

and the lack of out of plane piezoelectricity. These Ti3C2Tx/PVDF-TrFE composites are 

3D printed following the protocol set out in chapter three, albeit without DMF in the 

solvent. The PVDF-TrFE is found to form a stable physical gel at high concentrations in 

acetone and this solution prevents the restacking of the Ti3C2Tx nanosheets. The 3D 

printed composite films are flexible and robust, with a lower Young’s modulus in com-

parison to previously reported PVDF-TrFE films, however an exceptional elongation at 

break >1,000%. Importantly, a polarisation locking phenomenon is observed in PVDF-

TrFE on a Ti3C2Tx nanosheet during molecular dynamics simulations, attributed to strong 

electrostatic interactions at the interface. The polarisation vector of the PVDF-TrFE is 

locked perpendicular to the basal plane of the Ti3C2Tx nanosheet during the initial femto-

seconds and remains locked for the duration of the simulation. In contrast, a modelled 

graphene/PVDF-TrFE interface exhibits a time-dependent polarisation vector. The crys-

tallinity and the piezoelectric conformation fraction of the prepared Ti3C2Tx/PVDF-TrFE 

composites are investigated, observing decreases at a low concentration of Ti3C2Tx, 

driven by densification of the polymer at the interface with the Ti3C2Tx nanosheet. Inter-

estingly, the polarisation is found to increase at the nanoscale despite the suppression of 

the crystallinity and the piezoelectric conformation fraction, experimentally confirming 

the polarisation locking phenomenon. Furthermore, nanoscale polarisation measurements 

on solution cast composites result in an equal polarisation to the 3D printed films, imply-

ing the polarisation locking occurs in solution prior to printing and can be used with either 

deposition method. The macroscale polarisation measurements, which directly measure 

the generated surface charge from induced mechanical stress, find the composite films 

with 0.5 wt% Ti3C2Tx nanosheets exhibit an approximately two-fold increase in the pie-

zoelectric coefficient relative to 3D printed PVDF-TrFE films. Moreover, the piezoelec-

tric charge coefficient of the composite film is greater than that of electrically poled 

PVDF-TrFE films, implying the polarisation locking technique is a viable alternative to 

electrical poling and that the dielectric breakdown limitation on the upper limit of the 

polarisation can be overcome by the interfacial templating and locking technique. 
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2 FUNDAMENTALS OF 
PIEZOELECTRIC PHENOMENA 
IN FLUOROPOLYMERS 

The information presented in this chapter has been published as: 

Nick A. Shepelin, Alexey M. Glushenkov, Vanessa C. Lussini, Phillip J. Fox, Greg W. 

Dicinoski, Joseph G. Shapter and Amanda V. Ellis, New developments in composites, 

copolymer technologies for flexible fluoropolymer piezoelectric generators for efficient 

energy harvesting, Energy & Environmental Science, 12, 1143-1176 (2019). 
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2.1 Abstract 
Flexible piezoelectric generators (PEGs) have recently attracted significant interest, as 

they are able to harvest mechanical energy and convert it to electricity, decreasing reli-

ance on conventional energy sources. These devices enable innovative applications in-

cluding smart clothing, wearable electronics, on-skin and implantable sensors, as well as 

harvesting energy from the movement of vehicles, water and wind. PVDF and related 

fluoropolymers are the most common flexible piezoelectric materials, widely utilised for 

their high electromechanical conversion efficiencies, optimal mechanical flexibility, pro-

cessability and biocompatibility. This critical review covers the processing of fluoropol-

ymers towards the maximisation of piezoelectric conversion parameters. Particular em-

phasis is placed on the correlation between synthetic routes, inclusion of further co-mon-

omers, addition of additives and nanomaterials, as well as processing techniques and the 

optimised electricity generation in the resultant PEGs, providing an important analysis to 

complement existing literature. The importance of novel polymer deposition techniques, 

which reduce reliance on the conventional, highly energetic post-processing steps, are 

highlighted. Recent advances in fluoropolymer-based flexible PEGs open an array of ex-

citing applications, which rapidly progress towards commercialisation. This review pro-

vides a timely analysis of this increasingly important field to the cross-disciplinary com-

munity of polymer chemists, materials scientists, nanotechnologists, engineers, and in-

dustry practitioners. 

 

2.2 Introduction 
Harvesting energy into a usable form through sustainable methods is gaining importance 

for portable and wearable electronics and sensors. According to the requirements of port-

able electronic devices and in-line with the trend of miniaturisation of wearable electron-

ics, conversion of energy to electricity from a number of sources is possible.1, 2 Sustaina-

ble electrical generators have been proposed which utilise solar, thermal and mechanical 

energies. Photovoltaic generators produce useable energy from sunlight, with experi-

mental power conversion efficiencies up to 13% in flexible and organic solar cells; how-

ever, they are limited to daytime operation for conversion and require large areas contin-

uously exposed to direct sunlight.3, 4 Commercialisation of photovoltaics as electrical 
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generators has occurred, and solar cells are currently regarded as the most prominent 

source of small-scale sustainable energy in industry.5  

 

Pyroelectric generators that harvest electricity from changes in temperature have been 

proposed. The power efficiency of these devices is typically below 3% at temperatures 

near 25 °C and they possess a slow electrical output response.6 The advantage of these 

types of harvesters is that they can be used in environments where significant and frequent 

temperature changes occur. Bowen et al.7 provide a recent in-depth review of pyroelectric 

generators.  

 

Scavenging mechanical energy through piezoelectricity is a prospective solution due to 

high energy conversion efficiencies up to 75% in inorganic materials and 37% in fluoro-

polymers.8-11 These systems are broadly referred to as PEGs and are the topic of this 

review. 

 

Piezoelectricity occurs in crystalline dielectric materials possessing a dipole moment. The 

concept of electromechanical coupling through piezoelectricity has been proposed and 

experimentally verified in the nineteenth century by Curie et al.12, 13 and Lippmann14. 

During the first half of the twentieth century, piezoelectric materials have found limited 

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

tented the first energy harvesters using PEGs.18 The electric output from the induced 

strain through stretching, bending or compression of piezoelectric materials has been 

shown to power electrical items, such as light emitting diodes (LEDs), liquid crystal dis-

plays (LCDs), MP3 players, and sensors.19-24 This ability to generate electricity through 

the use of PEGs has the potential to supplement the use of batteries or remove them in 

some applications where only intermittent power is required. 

 

Piezoelectric materials span from naturally-found crystals to synthetic ceramics, poly-

mers and nanostructured metal oxides.25 Early literature has focused solely on the trans-

duction mechanism in quartz, Rochelle salt, and other naturally-occurring anisotropic 

crystals.12, 26  
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The ability to fabricate advanced inorganic structures led to the development of perov-

skites showing enhanced piezoelectricity due to the polarisation of the central atom within 

the unit cell.27, 28 A class of synthetic polymers with a dipole moment perpendicular to 

the backbone have since gained attention as flexible piezoelectric materials, enabling the 

utilisation of flexible and biocompatible PEGs in wearable electronics and in-vivo sen-

sors.29, 30 Recent advances have incorporated into these polymers nanostructured perov-

skites and inorganic oxides in the form of nanoparticles and nanowires. The incorporation 

of these nanofillers has shown promise in increasing the electrical output of flexible 

PEGs.31-35 

 

Polymers, in comparison to ceramic materials, tend to exhibit a variety of properties ben-

eficial for uses as PEGs. The 2014 review by Ramadan et al.11 has comparatively analysed 

the benefits of piezoelectric polymers and their composites relative to common inorganic 

materials, suggesting their enhanced mechanical flexibility, lower costs and increased 

ease of production, as well as biocompatibility for uses such as implantable or wearable 

sensors. Through tailored processing parameters, piezoelectric polymers have shown high 

optical transparency and low haze, leading to potential applications in capacitive touch 

sensors as a top layer on LED displays.36-38 Recent utilisation of nanomaterials and fillers 

has been reported to increase electromechanical coupling efficiencies of piezoelectric 

polymers, with the potential of retaining optical transparency, leading to highly efficient 

flexible and transparent PEGs.39, 40 

 

PVDF and related fluoropolymers are the most common commercialised piezoelectric 

polymers.41, 42 These polymers are stable at room temperature, simple to process using 

conventional solvent casting and melt-extrusion techniques, chemically inert, biocompat-

ible and exhibit conversion efficiencies higher than those of other piezoelectric poly-

mers.11, 43 These properties make fluoropolymers ideal for use as sustainable electrical 

generators for powering portable, wearable and implantable sensors and electrical de-

vices, with or without an integrated energy storage solution. 

 

This review is focused on the factors influencing the electrical output in flexible piezoe-

lectric PVDF-based fluoropolymers and how these factors can be controlled to maximise 

energy conversion, providing a critical analysis of the recent literature on polymerisation 



Chapter 2: Fundamentals of piezoelectric phenomena in fluoropolymers 

Nick A. Shepelin 15 

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

piezoelectricity in materials and the operating principles of PEGs are introduced first. The 

synthesis of PVDF and related fluoropolymers is subsequently discussed with reference 

to literature and a special focus on decreasing defects, increasing the electroactive phase 

fractions and the optimisation of electromechanical conversion efficiencies. The latest 

developments in processing of fluoropolymers, such as 3D printing and electrospinning, 

are reviewed next, and their potential in manufacturing PEGs is discussed and compared 

to conventional techniques including solvent casting, melt extrusion, and melt-drawing. 

The inclusion of nanofillers and additives into the polymers is presented as a preferred 

single-step method to reorient polymer chains, superior to conventional, high-energy 

multi-step processes. This review highlights the on-going evolution of the field and aims 

to identify future directions towards the development of commercially relevant low-en-

ergy processing methods to produce PVDF-based PEGs. 

 

2.3 Metrics and definitions for piezoelectric materials 
This first section looks at the phenomena in piezoelectric materials and the mathematical 

toolkit used to describe them. Unlike non-piezoelectric dielectrics, a net dipole moment 

is present in piezoelectric materials in the absence of external stimuli. When a force is 

applied, an instantaneous electric field is generated parallel to the direction of the polari-

sation vector. Under finite load resistance conditions, this electric field is proportional to 

the time-differential of applied mechanical stress and leads to separation of positive and 

negative surface charges on the opposite surfaces of the material, with a fast response 

time. When an external load is connected to electrodes deposited on the opposing sur-

faces, the surface charges force electron migration across the load to neutralise the poten-

tial difference between the electrodes. The behaviour of piezoelectric materials and the 

aforementioned transient phenomena are described by directional coefficients and a num-

ber of mathematical equations. This part will focus on the discussion of the mathematical 

foundation of piezoelectricity in materials. 

 

It is widely accepted that all linear elastic materials exhibit a displacement (x) with ap-

plied force (F), related by a spring constant (k). This relationship is known as Hooke’s 

law.44, 45 This equation is given for the simplest one-dimensional scenario in Equation 

(2.1). 



Chapter 2: Fundamentals of piezoelectric phenomena in fluoropolymers 

Nick A. Shepelin 16 

	 𝐹 = 𝑘𝑥	 (2.1) 

Strain (S) and stress (T) are related by a similar equation with elastic compliance (s) as a 

proportionality coefficient. In the simplest, one-dimensional case, Equation (2.2) applies. 

	 𝑆 = 𝑠𝑇	 (2.2) 

Furthermore, dielectric elastic materials are polarisable when placed under an external 

electric field. The constitutive equation for such materials is given in Equation (2.3). 

	 𝐷 = 𝜀𝐸	 (2.3) 

In this equation, the electric displacement (D) depends on the permittivity (ε) of the ma-

terial and the applied electric field (E). In piezoelectric materials, the properties described 

in Equation (2.2) and Equation (2.3) are interrelated and the following Equation (2.4) and 

Equation (2.5) can be written in a one-dimensional situation. 

	 𝑆 = 𝑠!𝑇 + 𝑑"𝐸	 (2.4) 

	 𝐷 = 𝑑𝑇 + 𝜀#𝐸	 (2.5) 

Here, the relationship coefficient (d) is termed as the piezoelectric charge coefficient, dt 

is the piezoelectric charge coefficient for the case of the inverse piezoelectric effect, and 

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

 

In reality, to describe piezoelectric phenomena, one should consider the descriptions of 

the processes in three dimensions. In particular, the requirement for piezoelectricity is a 

net dipole moment oriented along one direction of the material in question. To aid under-

standing, the directionality used in defining piezoelectric properties is shown in Figure 

2.1. Note that rotational directions 4, 5, and 6 are also introduced when directionality is 

considered in three dimensions. For the clarity of presentation, let us assume that this 

direction coincides with the z axis (Figure 2.1, direction 3). In such a case, piezoelectric 

properties in x (1) and y (2) directions (Figure 2.1, directions 1 and 2) can be considered 

identical and that of the 3 direction is non-equivalent relative to the others. Taking into 

account the anisotropy of piezoelectric materials, Equation (2.4) and Equation (2.5) take 

on the form shown in Equation (2.6) and Equation (2.7), where the constituents are re-

placed with their tensor analogues. 
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Figure 2.1: Schematic of reference directions for piezoelectric materials. 

	 𝑆$ = 𝑠$%! 𝑇% + 𝑑&$𝐸& 	 (2.6) 

	 𝐷& = 𝑑&%𝑇% + 𝜀&'# 𝐸' 	 (2.7) 

In this form, subscripts i and k represent directions 1, 2 or 3, and p and q represent direc-

tions 1, 2, 3, 4, 5 or 6. When expanded, the equations form a matrix relating strain, stress, 

electric displacement and electric field, as shown in Equation (2.8).  
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Here, the values for p and q are used to simplify indices according to the following rules: 

1⇒11, 2⇒22, 3⇒33, 4⇒23≡32, 5⇒13≡31 and 6⇒12≡21.46-48 One of the alternate forms 



Chapter 2: Fundamentals of piezoelectric phenomena in fluoropolymers 

Nick A. Shepelin 18 

of the constitutive equations is given using the piezoelectric voltage coefficient (g) (as 

opposed to the piezoelectric charge coefficient), shown in Equation (2.9) and Equation 

(2.10). 

	 𝑆$ = 𝑠$%. 𝑇% + 𝑔&$𝐷& 	 (2.9) 

	 𝐸& = −𝑔&%𝑇% + 𝛽&'# 𝐷' 	 (2.10) 

Here, the mechanical compliance (sD) at constant electric displacement is related to sE by 

sD = sE – d2/εT and the impermittivity at constant stress (βT) is the inverse of εT. Further-

more, it should be noted that g and d are related via g = d/εT.47 

 

The equations for displacement current (JD), open circuit voltage (VOC) and current 

transport were discussed in a recent review by Wang49 based on Ampere’s circuital law 

with Maxwell’s addition. The displacement current as postulated by Maxwell is shown 

in Equation (2.11), formulated to supplement Ampere’s law for magnetic fields with re-

gards to contribution from electric charges. This equation is a differential form of Equa-

tion (2.3) for dielectric materials with respect to time. 

	 𝐽. =
𝜕𝐷
𝜕𝑡 = 𝜀

𝜕𝐸
𝜕𝑇 +

𝜕𝑃
𝜕𝑡 	

(2.11) 

The displacement current is noted to be a time-dependent electric field for either vacuum 

(utilising ε = ε0, the permittivity of vacuum) or alternate media such as a dielectric mate-

rial, rather than the conventional definition of current utilising the movement of charges. 

The reason for this distinction arises from the second term in Equation (2.11), the time-

dependent dielectric polarisation within the material (∂P/∂t). Since Pi = diqTq (rearranged 

from Equation (2.7)), the displacement current arising from polarisation of the material 

is shown in Equation (2.12). 

	 𝐽. =
𝜕𝑃&
𝜕𝑡 = 𝑑&% A

𝜕𝑇
𝜕𝑡B%

= ℎ&% A
𝜕𝑆
𝜕𝑡B%

	 (2.12) 

Here, the piezoelectric coefficient is hiq = diq/(sEpqεTik). Equation (2.12) suggests that the 

output arises from a time-dependent variation of strain, proportional to a time-dependent 

variation of the polarisation vector. Furthermore, the equations for VOC and the current 
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transport for piezoelectric materials with electrodes attached across the thickness axis are 

given in Equation (2.13) and Equation (2.14), respectively. 

	 𝑉/0 =
𝑙*𝜎1(𝑙*)
𝜀**

	 (2.13) 

	 𝑅𝐴A
𝑑𝜎
𝑑𝑡B =

𝑙*J𝜎1(𝑙*) − 𝜎2(𝑙*)K
𝜀**

	 (2.14) 

Here, l3 represents thickness of the piezoelectric material (also the distance between elec-

trodes), ε33 represents permittivity of the piezoelectric material, σm(l3) is the density of 

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

electrons within the electrodes, A is the surface area of electrodes and R is the resistance 

of the attached external load. Equation (2.13) suggests a direct relationship between VOC 

and thickness, as well as an inverse relationship with the dielectric constant—implying a 

material with lower ε33 such as a fluoropolymer can exhibit higher open circuit voltage 

relative to ceramic materials. Furthermore, Equation (2.14) implies dependence of the 

time-dependent current transport on the load resistance and electrode properties. 

 

The transport phenomena in Equation (2.12), Equation (2.13) and Equation (2.14) explain 

the operational principles in PEGs, whereby factors such as strain, time-dependent strain 

rate, directionality of strain, thickness of material, dipolar strength, anisotropic dielectric 

permittivity of the piezoelectric material, quality and surface area of the electrode can all 

play a role in the development of efficient PEGs. 

 

For the indiscriminate comparative analysis of piezoelectric materials used in PEGs, a 

figure of merit (FOM) is required. For a long time, the electromechanical coupling coef-

ficient k2 has been considered as the non-biased FOM, as shown for the 33 directionality 

in Equation (2.15).50 

	 𝑘**) =
𝑠𝑡𝑜𝑟𝑒𝑑	𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑎𝑙	𝑒𝑛𝑒𝑟𝑔𝑦
𝑖𝑛𝑝𝑢𝑡	𝑚𝑒𝑐ℎ𝑎𝑛𝑖𝑐𝑎𝑙	𝑒𝑛𝑒𝑟𝑔𝑦 =

𝑑**)

𝑠**! 𝜀**#
	 (2.15) 

The relationship between the piezoelectric charge (d) and voltage (g) coefficients, as 

shown above, is d33 = g33 / εT33, allowing Equation (2.15) to be expressed as a function of 

both coefficients. Furthermore, the Young’s modulus of a material, defined as the ratio 
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of stress and strain (T/S) from Equation (2.2), is inversely proportional to the mechanical 

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

from Equation (2.15) then takes on the form shown in Equation (2.16). 

	 𝑘**) = 𝑑**𝑔**𝑌*	 (2.16) 

Recently, Deutz et al.51 have investigated the FOM for a variety of piezoelectric materi-

als, suggesting that the k2 value does not consistently represent the stored electrical energy 

per unit volume (Uopen) in the sample. They have proposed that Uopen scales linearly with 

the product of the charge and the voltage coefficients, shown in Equation (2.17) and Fig-

ure 2.2.  

	 𝑈3$24 =
1
2𝑑**𝑔** A

∆𝐹
𝐴2
B
)

	 (2.17) 

Here, the ∆F denotes the input force amplitude and Ae stands for the electrode area. This 

research has verified the proposed model using a purpose-built electrometer (Figure 2.2a, 

b) and measuring Uopen as a function of d33g33 (Figure 2.2c) for a range of piezoelectric 

materials including perovskites, fluoropolymers and perovskite-polymer composites. The 

study has shown good agreement for varying materials (Figure 2.2c-e), varying g33d33 

(Figure 2.2c) and varying applied force (Figure 2.2d). The relationship in Equation (2.17) 

has been argued to describe the electromechanical conversion in all piezoelectric materi-

als irrespective of their composition, morphology or geometry. It is also noted to be in-

dependent of the elastic compliance, unlike the equation for the k2 coefficient. In previous 

literature, the piezoelectric ceramics have been reported with significantly higher k2 rela-

tive to flexible polymeric materials. The use of d33g33 as an unbiased FOM suggests that 

flexible materials are highly effective in their use as PEGs.  
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Figure 2.2: Experimental layout and verification of the piezoelectric FOM. (a) Sche-

matic showing the layout of the purpose-built electrometer for precise mechanical 

deformation and the subsequent collection of data and (b) a photograph showing the 

experimental layout. (c) The stored energy plotted as a function of the FOM g33d33 

for a range of piezoelectric materials including lead zirconate titanate (PZ27, PZT), 

PZT 1-3 fibre composite in epoxy (A), β phase PVDF (B), randomly distributed 0-3 

particle composites from PZT (C, D) and lithium sodium potassium niobate in 

PDMS (E, KNLN), 1-3 dielectrophoretically aligned particle composites using PZT 

(F) and KNLN (E). (d) shows the dependence of Uopen on the input force for the per-

ovskite, fluoropolymer and perovskite-polymer composites and (e) shows the agree-

ment between the model and experimental data for all samples. The modelled data 

is represented as the black dashed black line in (c-e). Reproduced with permission 

from ref 51. Copyright 2018, Royal Society of Chemistry. 

 

2.4 Properties of PVDF 
Among the variety of materials exhibiting piezoelectricity, polymers are of interest due 

to several enhanced properties desirable in flexible PEGs, such as the ability to deform, 

ease of processing and low dielectric constant. In particular, polymers possessing a dipole 

moment perpendicular to the backbone have been found to exhibit piezoelectric proper-

ties.52 This phenomenon is particularly evident in fluorinated polymers such as PVDF, 

whereby two fluorine atoms are attached to every second carbon atom along a vinyl 
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backbone (Figure 2.3a-c). If the fluorine atoms are arranged a certain way, the chain sub-

stituents orient in a manner that shows an effective dipole perpendicular to the chain.9 

This is described further in the following section. PVDF and its co-polymers remain the 

most interesting and widely researched polymeric materials for flexible PEGs. 

 

 

Figure 2.3: Chemical structure of (a) alpha phase, (b) beta phase and (c) gamma 

phase conformations of PVDF, as well as the chemical structure of (d) PVDF-TrFE, 

(e) poly(vinylidene fluoride-co-hexafluoropropylene) and (f) poly(vinylidene fluo-

ride-co-chlorotrifluoroethylene). 

 

2.4.1 β phase as the preferred structural orientation and its 
electromechanical coupling properties 
The properties of PVDF are influenced directly by its structure. It is a semi-crystalline 

polymer with properties dependent on the phase.53 The polymer has been found in five 

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

commonly found. The γ phase is a transitional state between α and β and therefore not as 

common.43 The other phases, δ and ε, are more difficult to isolate and not generally found 

through conventional processing techniques.55  
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The α phase of PVDF has a trans-gauche conformation (TGTG´) (Figure 2.3a), and hence 

is non-polar. The β phase consists of all-trans conformation (TTTT) (Figure 2.3b) mean-

ing the majority of fluorine atoms are separated from hydrogen atoms and hence it pos-

sesses a dipole moment perpendicular to the polymer chain (7.0 × 10-30 C m).56 The third 

type of chain orientation is the γ phase (Figure 2.3c). This orientation is a transitional 

structure between the α and β phases and hence shows a smaller dipole moment than that 

of the β phase.57 This can be explained by its structure, taking on a trans-gauche confor-

mation with a higher trans fraction (TTTGTTTG´). Thus, of all the chain orientations in 

PDVF, the β phase shows the highest net dipole moment, suggesting the necessity to 

increase its proportion within the material to maximise the electrical output of a PVDF-

based PEG. 

 

The presence of a dipole moment in the 3 direction of β-PVDF, in combination with the 

material acting as a dielectric material, allows this fluoropolymer to exhibit electrome-

chanical coupling. As shown in Equation (2.8) in the previous section, the contribution 

of surface charge to electromechanical coupling is dependent on the dip coefficients, 

which have been reported in literature for β-PVDF for all three directions of strain. How-

ever, discrepancies between the magnitude of values in literature are observed, generally 

attributed to a varying degree of β phase purity within the polymer, the temperature at 

which values were obtained and the thickness of the measured film.  

 

Table 2.1 shows the reported values  for dip in β-PVDF for i = 3 and p = 1, 2, 3. Here, it 

is assumed that the polarisation vector is parallel to the 3 direction, the electrodes are 

attached across the 3 direction, i.e., along the surfaces of the films with the highest area, 

and p accounts for the compressive and longitudinal strains along directions 1, 2 and 3. It 

has been shown that the d33 charge coefficient is the largest due to the compression of the 

dipole vector directly, whereas d31 is smaller as the stretching occurs along the polymer 

chain orientation axis (indirectly compressing the distance between dipoles). The smallest 

values are observed for d32 because it corresponds to the increase of the distance between 

polymer chains with low compressibility of the dipole.45 
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Table 2.1: Selected piezoelectric charge coefficients for PVDF 

Piezoelectric charge coefficient Experimentally obtained values 

(pC N-1) 

References 

d31 6-20 45, 58 

d32 1-4 45, 58 

d33 13-28 11, 59-61 

 

The charge coefficient is further dependent on the temperature of the sample, which af-

fects the compressibility of the dipole. Figure 2.4a shows the relationship of the coeffi-

cient and temperature. The study by Destruel et al.58 has found a direct relationship be-

tween dip and temperature, which can be attributed to the chain mobility of the polymer, 

allowing for a greater net dipole moment change. It is further accepted that the coeffi-

cients reduce to zero at the Curie temperature (TC); therefore, at ambient conditions, 

PVDF exhibits piezoelectric properties in all deformation directions. This attribute is es-

sential, as the strain cannot be isolated to a single direction in applications related to port-

able and implantable electronics. 

 

The electromechanical energy coupling coefficients kip for i = 3 and their temperature 

dependence are shown in Figure 2.4b.58 Experiments have suggested the coupling factor 

remains constant between -20 °C and 60 °C when strain is applied in directions 2 and 3. 

Conversely, an increase in the coupling factor has been observed for the case of strain 

applied in direction 1 as a function of increasing temperature, deviating from the other 

directions.  
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Figure 2.4: The temperature dependence of the directional (a) piezoelectric charge 

coefficients dip and (b) piezoelectric energy coupling coefficients kip. Reproduced 

with permission from ref 58. Copyright 1984, American Institute of Physics. Stress-

strain response of PVDF in the (c) 1 direction and (d) 2 direction. Reproduced with 

permission from ref 69. Copyright 1999, Taylor and Francis. 

The dielectric constant of PVDF, with a value of ε = 12, is significantly lower than that 

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

(Pb[ZrxTi1-x]O3, PZT, ε = 2400) and barium titanate (BaTiO3, BTO, ε = 2479)).11, 45, 60, 62 

Additionally, the spontaneous polarisation of pure β-PVDF has been experimentally re-

ported as Ps = 1.32 × 10-2 C m-2. The remnant polarisation (Pr) of PVDF has further been 

linked to the thickness of the material, with experiments suggesting an increase in Pr as a 

function of an increase in thickness. This phenomenon is attributed to a change in the 

aspect ratio of the material, where the potential difference on a 33-form PEG is given by 

Equation (2.18). 

𝑉567 =
𝑎
𝑏𝑐 𝑔**𝐹	 (2.18) 

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

respectively, and F is the applied force.63, 64 Hence, as the thickness increases, higher 
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voltage can be observed. The recent review by Uchino65 has discussed the influence of 

PEG geometry on the resultant electricity generation, as well as the optimal circuitry on 

how to measure the electrical output of PEGs. 

 

2.4.2 Thermal, mechanical and optical properties of PVDF 
While the electromechanical coupling is the most interesting property of PVDF, espe-

cially within the β phase, other properties are important for its application. For example, 

requirements of optical transparency, thermal and chemical stability, as well as mechan-

ical flexibility and biocompatibility can play a key role in enabling applications.  

 

PVDF is a thermoplastic polymer, with the electroactive phase melting at approximately 

170 °C. The β orientation of PVDF has an increased density (ρ = 1.97 g mL-1) compared 

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

hence higher packing density. The lattice parameters have been determined experimen-

tally for the orthorhombic β-PVDF unit cell, given as a = 8.47 Å, 	b	=	4.90	Å,	c	=	2.56	
Å.54 As the glass transition temperature (Tg) of PVDF is between -60 °C and -20 °C, 

PVDF is a rubbery polymer at all temperatures above 0 °C, irrespective of the phase.45, 57 

Furthermore, all phases of the polymer melt at similar temperatures (Tm), although minor 

differences in the Tm have been suggested to be influenced by the phase. Hence, the value 

of Tm has been proposed as a characterisation tool to discern various crystalline phases 

and will be discussed this in greater detail in the next section. The TC of PVDF has been 

widely debated, however most data suggests it to be above the Tm, between 195 °C and 

197 °C.66, 67 The TC is regarded as the point when the material loses spontaneous polari-

sation. Therefore, in PVDF this means the polymer chains rotate to reduce the net energy 

and hence randomise the polarisation vector. 

 

In regard to mechanical properties the Young’s moduli (Yi) in various directions i of strain 

for PVDF are similar, where Y1 = 2.56 × 109 Pa for direction 1 (along the axis of the 

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

chain orientation and the thickness axis). However, the similarity is only at the initial 

region of the strain-stress curve, shown in Figure 2.4c, d. Past the initial region in the 

direction 1, the stress-strain curves exhibit behaviour typically found in brittle materials 
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(Figure 2.4c) — a linear increase in stress as a function of strain up to a maximum, 

whereby the material fails. Conversely, PVDF shows properties representative of ductile 

materials in direction 2 (Figure 2.4d).45 Studies on the anisotropic mechanical properties 

of PVDF suggest that there is a difference of approximately one order of magnitude be-

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

σmax,2 = 5.1 × 107 Pa.68, 69 

 

The optical properties of PVDF are also important. Ideally, the control over transparency, 

haze and clarity is required depending on the use of the material. The major reason for 

low visible-wavelength transmittance and high haze in PVDF is surface roughness. Alt-

hough limited efforts have been made in isolating optical properties and optimal condi-

tions for transparency of β-PVDF, several researchers have studied α- and δ-PVDF.  

 

Li et al.37 have proposed a relationship between the root mean square (RMS) roughness 

and the optical transparency, clarity and lack of haze in δ-PVDF. The films have been 

deposited via both Meyer bar coating and spin coating methods at elevated temperatures 

to decrease surface roughness. Here, post-processing includes applying a short electrical 

pulse across the attached electrodes to convert the α phase into the δ phase. Further work 

by the researchers, Li et al.38, suggests the presence of humidity as the main factor for the 

presence of haze in films of solvent cast α-PVDF. Further, they report vapor-induced 

phase transition as the primary cause of high haze and low clarity in solvent evaporation-

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

films of PVDF with approximately 0% haze, approximately 100% clarity and visible 

wavelength absorbances below <10-2 at 0% relative humidity and 40 °C deposition tem-

perature. 

 

2.4.3 Comparison of PVDF properties with other piezoelectric materials 
It is useful to compare the properties of PVDF to other well-known piezoelectric materi-

als, in order to highlight its suitability for applications in flexible PEGs. Table 2.2 shows 

a selected list of properties for PVDF compared to alternative piezoelectric materials. 

Materials such as PZT and BTO are perovskite structures, whereby the titanium atom 

arranges itself in the centre of the unit cell and induces spontaneous polarisation below 
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the TC. The d33 coefficient in PZT and BTO is one order of magnitude higher than poly-

mer-based piezoelectric materials. These materials are dense in nature (>5 g mL-1) with 

a high Young’s modulus, suggesting their brittleness and limiting their use in applications 

requiring flexible materials without significant processing.70-73 The presence of lead in 

PZT and similar perovskites further limits applications in medical devices due to its tox-

icity.39 On the other hand, voided charged polymers (VCPs) such as cellular poly(propyl-

ene) (PP) have a comparable d33 to perovskite materials. Conversely, VCPs generally 

have a lower maximum operating temperature, a low conversion from mechanical to elec-

trical energy (k33), low structural integrity and low dielectric constant, limiting their uti-

lisation in real-world applications as mechanoelectrical conversion devices.59  

 

Table 2.2: Physical, dielectric and piezoelectric properties of selected piezoelectric 

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

Material   PZTa) BTOa) PVDFc)  Cellular PPc) 

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

Density ρ g mL-1 7.80 5.72 1.78 0.33 

Young’s modulus Y GPa 50-60 116-128 2.5-3.2 0.002 

Dielectric constant ε  2400 3279 7.6-12 1.12-1.23 

Charge coefficient d33 pC N-1, 

pm V-1 

289-500 105-460 13-28 80-800 

Voltage coefficient g33 V m N-1 0.026 0.013 0.320 30 

FOMd)  pm2 N-1 8-13 1-6 4-9 2400-24000 

Coupling factor k33  0.69 0.49 0.20-0.27 0.06 

Maximum operating 

temperature 

°C 250 120 90 50 

a) perovskite; b) solid polymer; c) voided charged polymer; e) given as d33g33, from Equa-

tion (2.17). 
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In contrast to perovskite structures and VCPs, PVDF and related fluoropolymers exhibit 

a moderate electromechanical conversion efficiency; importantly, they possess an acous-

tic impedance similar to that of human tissue, making them more suitable for biomedical 

applications relative to perovskites and VCPs.74, 75 It is biocompatible as it does not con-

tain toxic lead, unlike many perovskites, in particular PZT.11 Furthermore, PVDF is flex-

ible with a high Young’s modulus relative to that of VCPs, suggesting its improved me-

chanical strength.69 Additionally, it can be processed to show high transparency in the 

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

 

2.5 Characterisation of PVDF 
To understand the properties of PVDF, and quantify the phase composition, several char-

acterisation techniques have been commonly utilised, including x-ray diffraction (XRD), 

Fourier transform infrared (FTIR) spectroscopy, differential scanning calorimetry (DSC) 

and polarity switching measurements are then used to measure the total polarisation in 

the material. More recently Raman spectroscopy has also been employed. This section 

will highlight these techniques. 

 

XRD, FTIR and DSC are commonly used together to develop an understanding of the 

contributions of various phases to the microstructure of PVDF. Representative finger-

prints of α, β and γ phases can be obtained by these techniques and are shown in Figure 

2.5a-c, for XRD, FTIR and DSC, respectively.56, 68, 76-79  
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Figure 2.5: Typical fingerprints of α, β and γ phases of PVDF in common character-

isation techniques, (a) XRD (Kα1, λ = 1.5405600 Å); (b) FTIR; (c) DSC, reproduced 

with permission from ref 43. Copyright 2014, Elsevier.  (d) Raman spectroscopy (λ 

= 532 nm), reproduced with permission from ref 78. Copyright 2014, SPIE. (e) Elec-

tric displacement-electric field (D-E) hysteresis loops, reproduced with permission 

from ref 79. Copyright 2010, American Institute of Physics. 

 

XRD is commonly used to fingerprint the phases of the polymer.43 As shown in Figure 

2.5a, the XRD pattern for β phase shows the combination of a broadened peak at 20.26° 

(2θ) and a weakened shoulder at lower angles. In contrast, the XRD patterns of α and γ 

phases are noticeably different. The α phase of PVDF displays a sharp peak at 19.90°, an 

additional pair of easily resolvable peaks at 17.66° and 18.30°, as well as a feature at 

26.56°. In the XRD pattern of γ phase PVDF, peak broadening occurs and the main char-

acteristic peak shifts to a higher 2θ angle of 20.04°, while the pair of sharp peaks found 

in α PVDF transforms into a single broad feature located at approximately 18.50°. The 

features between 17.66° and 18.50° in α and γ phases have been attributed to the gauche 

conformation in the structure of PVDF, which is not found in β phase.82 The XRD method 

can serve as a qualitative analysis for confirming the presence of pure β phase and distin-

guishing it from other commonly found phases. 
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The FTIR characterisation is most widely used to determine β phase fraction of PVDF 

(Figure 2.5b). It involves the quantitative comparison of absorbance at 766 cm-1 (at-

tributed to α phase) and that at 840 cm-1 (attributed to β phase) through Equation (2.19). 

	 𝐹(𝛽) =
𝐴8

J𝐾8 𝐾9⁄ K𝐴9 + 𝐴8
	 (2.19) 

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

at 766 cm-1 and 840 cm-1, respectively, and Kα  and Kβ  are the absorption coefficients at 

the respective wavenumbers with the values given as 6.1 × 104 cm2 mol-1 and 7.7 × 104 

cm2 mol-1, respectively.83 However, it should be noted that FTIR cannot be used alone to 

quantify the presence and relative proportions of the phases, due to the peak at 833 cm-1 

from γ phase PVDF overlapping with the peak at 840 cm-1 for β phase PVDF.84 Many 

authors suggest that Equation (2.19) should be used to determine the total fraction of 

electroactive phases (β and γ phases combined), as shown in Equation (2.20).85 In this 

modification, FEA is the total electroactive fraction and IEA is the absorbance at 840 cm-1. 

	 𝐹!: =
𝐼!:

J𝐾8 𝐾9⁄ K𝐼9 + 𝐼!:
	 (2.20) 

Furthermore, to separate the contribution from the distinct electroactive phases, a peak-

to-valley height ratio approach has been proposed, whereby the absorbances reflecting 

the β phase peak at 1275 cm-1 and the γ phase peak at 1235 cm-1 are used, shown in 

Equation (2.21) and Equation (2.22). 

	 𝐹(𝛽) = 𝐹!: × i
∆𝐼8;

∆𝐼8! + ∆𝐼<!
j	 (2.21) 

	 𝐹(𝛾) = 𝐹!: × i
∆𝐼<;

∆𝐼8! + ∆𝐼<!
j	 (2.22) 

In this instance, ∆Iβ’ is attributed to the difference in intensity between the β phase peak 

at 1275 cm-1 and the preceding “valley” at approximately 1260 cm-1, and ∆Iγ’ is attributed 

to the difference in intensity between the γ phase peak at 1234 cm-1 and its preceding 

“valley” at approximately 1225 cm-1. This method of quantification has been increasingly 

utilised since its initial reports.86-88 It should be noted that the peaks for the various phases 

tend to overlap in FTIR, making quantitative fingerprinting of the phases difficult. Hence, 
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XRD should be used as a secondary characterisation method to confirm the presence of 

β phase and, more importantly, rule out the presence of α and γ phases in PVDF and 

related fluoropolymers. 

 

In addition, DSC is an alternative method to qualitatively distinguish relatively pure 

phases from each other, shown in Figure 2.5c. Depending on the phase of the material, 

the endothermic peak related to the relaxation in the polymer chain conformation upon 

melting shifts to a different position and changes its relative width. Moreover, DSC can 

be applied as a quantitative technique to measure the enthalpy of melting within the sam-

ple, and hence calculate the relative crystallinity using the reference value for the enthalpy 

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

suggested to shift based on the conformation, as shown in Figure 2.5c.43 The enthalpy of 

melting (∆Hm) can be calculated from the area under the melting peak on the thermogram 

and is given as a mass-normalised value with units J g-1. The total crystallinity percentage 

can then be calculated using Equation (2.23).39 

	 𝜒= =
∆𝐻1
∆𝐻7

× 100	 (2.23) 

Here, χc is the crystallinity fraction and ∆H0 is the literature melting enthalpy the com-

pletely crystalline PVDF material with a value of 103.4 J g-1.68, 89, 90 

 

In recent times, Raman spectroscopy has been suggested as an alternative method to fin-

gerprint the phases in fluoropolymers. This method was first utilised by Constantino et 

al.91, 92. Subsequent work by Riosbaas et al.78 has further popularised this method for 

discriminative characterisation of α and β phases in PVDF. The representative spectra for 

the samples with predominantly α and β phases are shown in Figure 2.5d, and clear dif-

ferences can be seen between the typical Raman signatures. This publication has at-

tributed the peak at 839 cm-1 to the growing amount of β phase upon mechanical stretch-

ing of the PVDF films and have suggested the decreasing intensity at 794 cm-1 is due to 

the α phase. Raman spectroscopy has since been used in an increased number of studies.93-

99 The main fingerprinting region in Raman is found between 700 cm-1 and 900 cm-1. The 

peak at 794 cm-1 has been suggested to result from the rocking of CH2 in the α phase and 

that at 839 cm-1 attributed to the rocking of the β phase CH2.91 Furthermore, an additional 

peak at 812 cm-1 has been reported recently due to the influence of γ phase of the 



Chapter 2: Fundamentals of piezoelectric phenomena in fluoropolymers 

Nick A. Shepelin 33 

polymer.100 The quantitative analysis of the fraction of β phase relative to that of α phase 

has been proposed using Equation (2.24).78 

	
𝛽
𝛼 =

𝐼(𝛽)
𝐼(𝛼) =

𝐼>*?	=1"#

𝐼A?+	=1"#
	 (2.24) 

Here, I(β) corresponds to the intensity of the peak at 839 cm-1 and I(α) to that of 794 cm-

1. A β/α ratio of greater than 1 suggests majority β phase content and below 1 suggests 

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

peaks do not tend to overlap, hence this technique may be useful in quantifying the rela-

tive proportions of the various phases in fluoropolymers. 

 

The presence of a dipole moment in the β phase in the fluoropolymer is a requirement for 

it to exhibit electromechanical coupling; however, it is not the only requirement. For ex-

ample, a sample of highly crystalline PVDF with predominantly β phase can exhibit no 

electrical output if the dipoles are arranged in a random manner, such that the dipole 

vectors cancel each other (Figure 2.6).101 In this context, a specialised bulk fingerprinting 

technique for the quantification of a total dipole moment, polarity switching spectros-

copy, is used. The measurement generates electrical displacement-electrical field (D-E) 

or polarisation-electrical field (P-E) hysteresis loops as shown in Figure 2.5e.79  

 

Piezoelectric polymers such as β-PVDF are a special case of dielectric materials, whereby 

their dipoles remain polarised after an external influence is removed. This gives rise to 

several critical parameters necessary to quantify the polarisability of fluoropolymers, de-

scribed in great detail by Damjanovic44. The first parameter is spontaneous polarisation 

Ps, which is denoted by the y-intercept of the extrapolation of the final linear region in 

the hysteresis loop of a piezoelectric material (Figure 2.5e), and this parameter quantifies 

the total possible polarisation. Hence, a larger Ps correlates with a higher electrical output 

of the polymer. The second important parameter, introduced as the y intercept of the hys-

teresis loop, is called remnant polarisation Pr and represents polarisation due to oriented 

dipoles which remain aligned with no external field in the material. For the piezoelectric 

material to be considered stable, Pr should be comparative to that of Ps. In most real-

world scenarios, Pr tends to be lower than Ps due to factors such as temperature and elec-

tromagnetic interferences. 
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The final parameter used in measuring polarisation in fluoropolymers is the x-intercept 

of the hysteresis loop and is generally referred to as coercive field EC. The physical mean-

ing of this parameter is the electric field required to instantaneously depolarise the mate-

rial. Measuring these parameters is quite important for optimising the conditions for post-

deposition processing (poling—refer to section 2.6.4) as well as understanding and en-

hancing electromechanical properties in PEGs. 

 

The characterisation techniques outlined in this section form a basis for understanding 

the conformational properties of PVDF and its related copolymers. The ability to pinpoint 

the amount of total crystallinity (Figure 2.6a) is important, as it encompasses all non-

amorphous phases, which include α, β and γ. Investigation using FTIR, XRD and Raman 

spectroscopy assists in quantifying the relative proportions of the crystalline phases (Fig-

ure 2.6b). As outlined previously, the main purpose of the research into PVDF as a pie-

zoelectric polymer able to generate electricity is to increase the fraction of total crystal-

linity, whereby the β phase within the crystalline portion is maximised. Therefore, these 

spectroscopic methods are critical for understanding the material. However, to optimise 

the electrical signal obtained from mechanical deformation of the polymer, the dipole 

moment direction of all the polymer chains must be oriented in a single direction. Polarity 

switching measurements are then used to measure the total polarisation in the material 

(Figure 2.6c). Thus, the methods outlined in this section are necessary to understand the 

various properties of PVDF and related fluoropolymers, in order to tailor the materials 

for greatest electromechanical conversion appropriate for their uses in PEGs. 
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Figure 2.6: Synopsis of the factors affecting the electrical output of a fluoropolymer 

PEG and the respective methods used for their characterisation. 

 

2.6 Control of parameters relating to piezoelectricity in 
fluoropolymers 
For the purposes of translating PVDF-based PEGs into the aforementioned applications, 

the electrical output of the devices should be maximised. In fluoropolymers, a range of 

variables can be controlled to either directly or indirectly affect the electrical output of 

the resultant PEGs. Namely, the choice of polymerisation parameters and techniques can 

increase the purity of the polymer and aid preferential nucleation into the electroactive β 

phase during later stages of processing. Different polymer deposition techniques also ex-

ist and can significantly affect the electrical output of flexible PEGs.  

 

The electrical characteristics of PEGs can be altered by post-deposition processing meth-

ods, also commonly known as poling, aimed at increasing polarisation within the poly-

mers. Also, the inclusion of various co-monomers can influence the processability and 

electromechanical coupling effects in resulting copolymers. Lastly, the incorporation of 

nanomaterials and fillers to make fluoropolymer composites can vary the magnitude of 

the electrical output due to a range of effects. The following sections discuss each of these 

in detail. 
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2.6.1 Polymerisation parameters and techniques 
The synthesis route of PVDF plays an important role in the enhancement of the polymer’s 

electroactivity, allowing for increased energy conversion efficiencies. PVDF is a linear 

chain fluoropolymer consisting of a linear vinyl chain with a difluorine functionality on 

every second carbon.102 The polymer is generally synthesised via either a free-radical 

polymerisation or a more controlled method such as reversible addition-fragmentation 

chain-transfer (RAFT) polymerisation from the monomer, vinyl difluoride.57, 103 

 

The monomer itself is gaseous at standard atmospheric conditions, hence the polymeri-

sation is typically undertaken in an emulsion or in a suspension to maximise yield.103 The 

former utilises water soluble initiators, whereas the latter uses organosoluble initiators 

coupled with water soluble polymers such as poly(vinyl alcohol) acting as stabilisers for 

the monomer. It should be noted that the emulsion polymerisation is undertaken in a me-

dium with a high heat capacity such as water, which is able to dissipate the heat produced 

by the polymerisation reaction.104 The documented method of termination of the PVDF 

polymerisation reaction is described as either recombination, through the combination of 

two active polymer chains, or alternatively hydrogen abstraction from a proton donor 

solvent if available.53, 105 

 

Several works have extensively documented the parameters of PVDF polymerisation, in-

cluding assessments of quality of polymer based on parameter sets.57, 106 Ameduri57 and 

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

techniques and pathways for PVDF and other fluoropolymers, as well as the influence of 

key parameters during the polymerisation on the properties of the resulting polymers. 

These reviews can be used as a guide for literature surrounding the polymerisation pa-

rameters.   

 

Due to the nature of radical-initiated polymerisation processes, defects have been found 

in the products, deviating from the desired head-to-tail propagation (Figure 2.7a, I).53 The 

presence of head-to-head (Figure 2.7a, II) and tail-to-tail (Figure 2.7a. III) defects has 

been attributed to polymerisation conditions and temperature.57 
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Figure 2.7: (a) Isomers of PVDF through polymerisation of vinylidene difluoride. 

Head-to-tail propagation (I) is the desired result, however head-to-head (II) and tail-

to-tail (III) additions can occur as defects. (b) The fraction of α-phase polymorphs 

relative to the β-phase in PVDF synthesised with increasing head-to-head and tail-

to-tail defect concentration. Reproduced with permission from ref 110. Copyright 

1987, Elsevier. 

 

Emulsion-polymerised PVDF has been found to contain a higher proportion of head-to-

head defects relative to suspension, with a 3-7 mol% defect proportion in commercially 

produced PVDF. It has been proposed that decreasing the proportion of defects within 

the polymer will increase crystallinity, with researchers claiming a low degree of defects 

(0.73 mol%) in vinylidene fluoride telomers results in a well-organised β phase struc-

ture.108 This data suggests an increased β phase fraction can be obtained with a decrease 

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

weights, the opposite has been found to occur. In one of the few experiments linking 

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

studied the effects of induced defects in the polymer during synthesis and correlated their 

values to the major phase (Figure 2.7b). The authors report the α phase to be the most 

stable at 11% head-to-head additions and below. However, the β phase of PVDF becomes 

more stable than the α phase at 15% defects and remains the dominant phase for all ana-

lysed data up to 23% defects.109 It has been further noted that the melting temperature of 

PVDF decreases from 180 °C at 3.5% defects (inherent to polymerisation of VDF) to 122 

°C at 15% defects, with further increases up to 140 °C at 23% defects.110  
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As discussed in section 2.4.3, the preferential β phase formation of PVDF is one of the 

parameters to be maximised for the increased electrical output of fluoropolymers. Hence, 

the high head-to-head defect fraction at 23% is linked to enhancements of the electrical 

output of PVDF-based flexible PEGs. In the current state, it is difficult to examine 

polymerisation parameters and their effects on the electromechanical coupling of the 

fluoropolymers due to a lack of relevant literature. The research in this area is expected 

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

of fluoropolymer-based flexible PEGs. 

 

2.6.2 Co-monomer influences in fluorinated polymers 
One of the main downsides of PVDF is low electromechanical coupling relative to per-

ovskites, manifested in its moderate piezoelectric charge coefficient d33, as well as diffi-

culty to process it into the β phase.43, 111 To counteract these shortcomings, various poly-

mer blends have been developed utilising alternative fluorinated co-monomers.57 The 

commonly studied copolymers of PVDF are presented in this section, and Table 2.3 lists 

their electromechanical and dielectric properties for optimised molar fractions of comon-

omers.  

 

It is clear that variation of these polymers leads to variation in the electrical output of the 

PEGs based on these blends (Table 2.3). Maximisation of d33 and g33 is required for in-

creased conversion efficiencies in these copolymers. 
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Table 2.3: Comparison of the piezoelectric metrics and coefficients of various 

PVDF-based copolymers. 

Electroactivity 

coefficient 

PVDF PVDF-TrFE 

30 mol% TrFE 

PVDF-HFP  

10 mol% HFP 

PVDF-CTFE  

12 mol% CTFE 

Refs 10, 11, 60, 112, 

113 

80, 112 114, 115 113, 116 

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

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

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

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

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

k33 0.20-0.27 0.29 0.14-0.36 0.39 

FOMa) (pm2 N-1) 4.2-9.0 14.4 - 56.0 

a) given as d33g33, from Equation (2.17). 

 

A wide variety of copolymers have been synthesised by incorporating vinylidene difluo-

ride with TrFE, hexafluoropropylene (HFP) and chlorotrifluoroethylene (CTFE) co-mon-

omers.43 The choice of co-monomer, as well as relative ratios of each, leads to tailoring 

of properties such as Tm, Tg, Young’s modulus, dielectric constant, stability and crystal-

linity, amongst others.57 Copolymers, with optimised co-monomer ratios, have been 

shown to deposit as an electroactive phase due to steric effects and dipole-dipole interac-

tions. The reason for changes in the polymer properties is the modification of the sym-

metry of the polymer and varying the intramolecular and intermolecular forces. 

 

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

properties of fluoropolymer copolymers and readers are directed towards their publica-

tion for an in-depth discussion on the topic.  
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The most studied copolymer is PVDF-TrFE (structure shown in Figure 2.3d). In this sys-

tem, the relative molar ratio of VDF has been experimentally varied in free radical 

polymerisations.117 Previous works have suggested successful conversion at all ratios, 

however only ones containing between 93 mol% and 50 mol% VDF have been produced 

on a commercial scale.57  

 

The addition of the third fluoride atom into the vinyl backbone has been shown to enhance 

crystallinity in the resultant polymer due to its large steric hindrance relative to the hy-

drogen it replaces.118 The favoured conformation is all-trans and therefore the β phase is 

the most prevalent in PVDF-TrFE when the VDF is in the range of 50 mol% and 80 

mol%.119, 120 In this range, the Tm of the PVDF-TrFE is lower than that of PVDF, with a 

TC between 55 °C and 128 °C (compared to PVDF at 196 °C).121 The introduction of the 

TrFE monomer in molar ratios between 25 mol% and 30 mol% has been shown to selec-

tively obtain thin films with high β phase fractions.107 In terms of the electroactive prop-

erties of PVDF-TrFE, the remnant polarisation has been determined to be Pr = 110 mC 

m-2, much higher than that of PVDF (Pr = 80 mC m-2), leading to a higher k33.9, 112 

 

The copolymer incorporating the hexafluoropropylene functional group as a co-mono-

mer, poly(vinylidene fluoride-co-hexafluoropropylene) (PVDF-HFP), has also been re-

ported to exhibit electromechanical coupling properties (shown in Figure 2.3e).114, 122-124 

The HFP group is significantly larger than the TrFE group, hence lower HFP molar ratios 

are required for the manufacture of semi-crystalline copolymers, induced by steric hin-

drance.  

 

PVDF-HFP shows semi-crystalline properties at HFP ratios below 20 mol% relative to 

the VDF monomer.125, 126 The optimal ratio for the utilisation as flexible PEGs has been 

shown to be between 5 mol% and 15 mol% HFP.127 Interestingly, PVDF-HFP has been 

reported to exhibit a larger longitudinal piezoelectric charge coefficient (d31 = 43.1 pC N-

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

 

Of all the copolymers highlighted in this review, PVDF-HFP has the lowest remnant po-

larisation (Pr ≈ 30 mC m-2), however the d33 coefficient has been reported as up to -32 pC 
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N-1, higher than that of pure PVDF.115 To the best of the author’s knowledge, no value 

for the g33 coefficient has been presented in prior literature, hence the FOM for the 33 

direction cannot be calculated. The 31 directionality of PVDF-HFP with 10 mol% HFP 

has been analysed for its electromechanical coupling properties by Sukwisute et al.128, 

suggesting a FOM of 8.8 pm2 N-1 with a d31 of 28.7 pC N-1. These values are similar to 

those of pure PVDF in the 33 directionality, although significantly lower for the use of 

this copolymer in flexible PEGs. 

 

Another copolymer with reports of enhanced piezoelectric activity is poly(vinylidene flu-

oride-co-chlorotrifluoroethylene) (PVDF-CTFE), the structure for which is shown in Fig-

ure 2.3f. In this structure the co-monomer replaces a hydrogen atom along the vinyl back-

bone with a chlorine atom, which provides steric hindrance at specific monomer ratios in 

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

copolymer is predominantly crystalline. PVDF-CTFE exhibits a Tg between that of PVDF 

(approximately -40 °C) and PCTFE (approximately 45 °C), based on monomer ratios57 

and is a thermoplastic at VDF fractions above 70 mol%.130  

 

One previous study has reported the highest electromechanical efficiency of PVDF-CTFE 

between 91 mol% and 88 mol% VDF, with the piezoelectric charge coefficient as high 

as d33 = -140 pC N-1. This is significantly higher than any previously reported fluoropol-

ymer.116 Based on the report of the extraordinarily high d33 in this polymer, the electro-

mechanical properties of PVDF-CTFE make it potentially very attractive as an alternative 

to low-output piezoelectric polymers such as PVDF. However, to date there is limited 

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

going forward. Of particular interest are studies on the piezoelectric properties of PVDF-

CTFE, as well as studies on PEGs fabricated from this copolymeric system. 

 

2.6.3 Fluoropolymer deposition and processing techniques 
The properties of PEGs are highly dependent on the processing technique of their fluor-

opolymer components. An overview of the processing techniques and the various appli-

cations of PVDF has been recently published elsewhere.43, 54 Here, a more specialised 

discussion of deposition and processing techniques is provided in the context of flexible 
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PEGs. Conventionally, PVDF is deposited in a non-polarised manner due to thermody-

namic minimisation of energy. This randomly oriented polymer needs to be processed 

post-deposition through the process called poling, whereby the randomly oriented dipoles 

of the β phase are rotated and aligned in a single direction through the application of an 

external electric field. The poling process will be discussed further in the review. Firstly, 

let us consider suitable deposition techniques for fluorinated polymers. 

 

The most common starting conditions for processing and deposition of PVDF into a pre-

dominantly β phase material are (1) the melt, (2) solution, (3) α phase solid and (4) com-

posite systems (discussed separately in section 2.6.5).43 Melt extrusion of PVDF is a well-

defined process and the most viable in commercial settings. This is evidenced by current 

commercial availability of materials from Measurement Specialities Inc., Kureha and 

Arkema Inc. in the form of thin films with thickness between 9 μm and 250 μm.41  

 

PVDF films produced from the melt tend to exhibit low β phase fraction.131 The β phase 

can be maximised through either a quenching and annealing treatment, stretching and 

annealing, poling of the α phase films, or a combination of the above.132, 133 Uniaxial 

drawing as a processing technique has been reported to yield high fractions of β phase, 

however further studies have suggested the need for poling as the drawn films are not 

polarised.134 The β phase is prevalent in the produced films, although it is not oriented 

and hence the polarisation vector parallel to the thickness axis has low magnitude.  

 

The method of extrusion coupled with immediate uniaxial drawing has been commercial-

ised by Measurement Specialities41, whereby the films show a piezoelectric charge con-

stant d33 = -33 pC N-1, an attractive value for pure PVDF, after the polarisation process. 

However, the coupling factor for the films is low relative to literature values, k33 = 0.14 

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

 

High pressure, high temperature quenching has been previously suggested as a viable 

alternative to uniaxial drawing, undertaking the treatment at 500 MPa and 280 °C, re-

spectively.135 This method has resulted in the deposition of a mixture of α and β phases; 

however, more recent studies at higher pressures  show the formation of pure β phase136, 
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and a mixture of β and γ phases131. A study of the dependence of increasing pressure on 

the fraction of β phase suggests that an enhancement in the β phase fraction occurs with 

increasing pressure, from 0% at 200 MPa to 85% at 700 MPa.137 Furthermore, these au-

thors have established temperature-pressure dependence curves for the melting and crys-

tallisation of the various phases of PVDF, as shown in Figure 2.8. However, for the pro-

duced films to show piezoelectricity, and thus be used in PEGs, they are still required to 

be poled by the application of high voltages, in the range between 100 MV m-1 and 400 

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

 

 

Figure 2.8: Pressure-temperature curves for the crystallisation of α and β phases, as 

well as the melting of α phase of PVDF. Grey lines represent the initial (a, b, and c) 

and final (a’, b’, and c’) of pressure quenched PVDF for α, α+β, and β phases, re-

spectively. Reproduced with permission from ref 43. Copyright 2014, Elsevier. 

 

A variety of methods of processing PVDF into the β phase from solution have been pro-

posed, including solvent casting, spin coating, electrospinning and Langmuir-Blodgett 

technique.43, 54 Recent progress in 3D printing techniques has also allowed for 3D micro-

printing; however, this technique has led to limited reports to date.32  

 

Solvent casting and spin coating have been found to produce films consisting primarily 

of α phase at near-ambient temperatures, which then require post-processing to convert 
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to β phase.11, 139, 140 Alternatively, electrospinning and Langmuir-Blodgett techniques 

yield β phase directly under optimised conditions. These techniques use solvents that can 

readily dissolve fluoropolymers, such as N,N-dimethyl formamide (DMF), N,N-dime-

thylacetamide (DMAc) or dimethyl sulfoxide (DMSO).38 The boiling points for these 

solvents are high (>150 °C) and are therefore unsuitable for processing large quantities 

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

with high volatility such as acetone have been utilised as co-solvents to decrease the dry-

ing time of the polymer and improve scalability of the final devices.32 Solvent systems 

with boiling points below 100 °C and relatively low toxicity have been reported to dis-

solve fluoropolymers, which hold potential in utilisation where polymer solutions are re-

quired for processing.143 

 

Solvent casting is the conventional method for the deposition of freestanding polymer 

films and has been widely utilised and characterised in the field of water-filtration mem-

branes.144 It is a low energy technique and has potential for commercial roll-to-roll pro-

duction. The films prepared from this technique show high fractions of α phase and ex-

hibit low piezoelectric properties. They are required to be converted into the β phase 

through uniaxial drawing (described previously) and reoriented for increased polarisation 

through electrical poling.11 

 

Similarly, spin coating allows for materials to be deposited without heating; however, the 

deposition occurs in the α phase requiring further processing. Spin coating also shows 

low potential for scalability.  

 

The formation of β phase has been reported on silicon wafers through spin coating, 

whereby the spin speed and relative humidity were claimed to affect the β phase for-

mation.142 Secondary effects from the substrate crystallinity could have aided to the crys-

talline nature of the films. 

 

Electrospinning has been proposed as an alternative technique, whereby a PVDF solution 

is extruded through a fine nozzle onto a substrate.102 During the process, a high potential 

difference of approximately 15 kV is applied between the nozzle and the substrate.145 The 
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resulting material consists of nano- to micro-scale fibres of PVDF deposited randomly to 

form low density mats.74 This technique combines the deposition and poling processes 

into a single step, with β phase fractions of up to 86%.146 A rotating collector is commonly 

used in order to increase the β phase content. The rotation of the collector acts in a similar 

manner to uniaxial drawing, and the effect depends on the speed of rotation. For example, 

Ribeiro et al.147 have shown that an increase of the drum speed from 500 rpm to 740 rpm 

results in a β fraction content between 45% and 85%. Increased spin speeds of the collec-

tors have shown little change in the β fraction.  

 

Electrospinning is limited by the flow rates of the solution, which are commonly between 

1 μL min-1 and 100 μL min-1.145 This represents a potential weakness for scalability in 

fabricating β phase of PVDF; however, other recent reviews have expressed alternative 

views, describing pilot-scale equipment with possible commercial uses.148  

 

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

and electrospraying of PVDF PEGs, providing an overview of literature up until 2014. 

Since then, further progress has been made in the optimisation of parameters and max-

imising electrical generation based on electrospinning fluoropolymers and this review 

will focus on that literature.  

 

Shao et al.150 have reported on the electrospinning of a nanofibrous PVDF mat with a 

high β phase content, able to generate a voltage of 2.2 V and current of 2.3 μA under a 

load of 10 N (Figure 2.9a, b). However, the authors have not stated whether the values 

were collected at a load resistance or at open circuit voltage and short circuit current 

conditions.  
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Figure 2.9: Properties of electrospun fluoropolymer-based PEGs: (a) the β-phase 

fraction and the corresponding voltage and current outputs as a function of the con-

centration of PVDF in a solution of DMF and acetone (40:60 vol%) upon cyclic com-

pression with 10 N force and 1 Hz frequency, with (b) the temporal evolution of the 

harvested voltage for the measured concentrations. Reproduced with permission 

from ref. 150. Copyright 2015, Royal Society of Chemistry. (c) The alignment of 

electrospun PVDF nanofibers with increasing rotational speed and (d) the electrical 

output of the resultant PEGs. Reproduced with permission from ref. 151. Copyright 

2015, IEEE. (e) The crystallinity, β phase fraction, output voltage and current as a 

function of the applied voltage during electrospinning (left) and the rotational speed 

(right), as well as (f) the electrical generation characteristics for electrospun mats as 

a function of the content of electroactive phase. Reproduced with permission from 

ref. 152. Copyright 2018, Elsevier. 

 

Bin et al.151 have shown that high drum collector rotating speeds can improve the VOC of 

electrospun PVDF due to highly aligned nanofibers (Figure 2.9c). The study reports an 

increase in VOC from 2 V in mats collected on a stationary drum to 9 V (Figure 2.9d) in 
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mats collected at 2400 rpm (754 m min-1), whereby the β phase fraction and the crystal-

linity have not been found to change.  

 

Hu et al.152 have reported a linear correlation between the “content of effective piezo-

phase” (the product of the beta phase fraction from Equation (2.19) and the crystallinity 

from Equation (2.23), the F(β) × χc) and the electrical output of electrospun PVDF mats 

(Figure 2.9e, f). This study shows that the optimal conditions for the maximisation of the 

content of effective piezo-phase are for a 15 kV needle-to-collector voltage and a collec-

tor rotation of 500 rpm (157 m min-1), shown in Figure 2.9e. Here, the β phase fraction 

and the crystallinity are shown to be 87.8% and 71.3%, respectively.  The corresponding 

maximum voltage is reported as 2.8 V with a current of 1.32 μA (Figure 2.9f), compared 

to approximately 1.6 V and 0.75 μA obtained from a PEG deposited onto a stationary 

collector.154 With a piezoelectric layer dimensions of 3 cm2 area and 50 μm thickness, the 

maximum volumetric power density in this study corresponds to 154 μW cm-3. Clearly, 

there is scope to utilise this technique for the production of highly effective flexible PEGs 

with low volume. Further improvements in the scalability of this method could potentially 

see it being utilised on a commercial scale. 

 

Thin films have also been made using the Langmuir-Blodgett (LB) technique.153, 154 In 

this method, a monolayer of PVDF is floated on the surface of ultrapure water with the 

help of an amphiphilic stabiliser such as poly(N-dodecylacrylamide), forming hydrogen 

bonds between the fluorine groups in PVDF and the hydrogens in water (Figure 2.10a).155 

The monolayer is then adsorbed onto the surface of a substrate by immersing the substrate 

in water. This technique can be repeated until a desired thickness is obtained, it also re-

moves the need for poling.156  

 

The LB method has found to produce nanoscale films of pure and oriented β phase PVDF 

and PVDF-TrFE.154, 155 These films have been well-characterised in terms of their com-

positional157, optical154, morphological154, 158, 159 and piezoelectric154, 159 properties. 

PVDF-TrFE thin films produced by the LB technique show a quasi-monolayer formation 

behaviour, approximately 3.5 nm in thickness and a RMS roughness of 3.1 nm for one 

layer.154 The thickness of a PVDF LB single-layer film is approximately 2.3 nm.155 The 

thickness of a PVDF-TrFE layer is therefore 35% higher than that of PVDF, which has 
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been justified by the steric hindrance of the additional fluoride atom in the TrFE co-mon-

omer and hence the larger unit cell structure.154  

 

 

Figure 2.10: (a) Schematic of orientation of PVDF molecules on water surface and 

subsequent adsorption onto the substrate surface for the formation of a Langmuir-

Blodgett film, (b) PFM images after applying a positive (left) and negative (right) 

voltage across the cantilever and the subsequent phase as a function of distance (bot-

tom left), and (c) the change in amplitude measured as a function of applied voltage 

using PFM, whereby the slope of the line represents the thickness-axis piezoelectric 

charge coefficient d33. Reproduced with permission from ref 140. Copyright 2012, 

Elsevier. (d) image showing the colour of the PVDF/P3CPenT (23 wt%) stacked LB 

monolayers as a function of layer amount on a silicon substrate (left) and a 30-layer 

LB film on a PET substrate (right), (e) schematic outlining the switching process 

(top), and the resultant Kelvin probe force microscopy (KPM) images before (left) 

and after patterning (right), and (f) switching and reading properties for the non-

volatile memory devices utilising PVDF. Reproduced with permission from ref 161. 

Copyright 2018, Royal Society of Chemistry. 

 

The remnant polarisation of PVDF 30-layer LB film (35 nm thickness) is 60 mC m-2, 

whereas that of 5-layer (18 nm thickness) PVDF-TrFE is slightly lower at 50mC m-2. It 

should be noted that the values for EC increase drastically with a decreasing thickness, 
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between 500 MV m-1 and 2.5 GV m-1 in single layer PVDF films.160 The voltage required 

to switch the polarity of the fluoropolymers are nonetheless low, as the thickness is on 

the order of nanometres. This is evidenced by piezoresponse force microscopy (PFM) 

images of a LB surface with an area patterned by applying a voltage to the cantilever, 

shown in Figure 2.10b. The piezoelectric charge coefficient for 20-layer (29 nm thick-

ness) PVDF LB films is d33 = -49.4 pC N-1 (Figure 2.10c), higher than reported elsewhere 

in literature.140 Despite the high charge coefficient, these properties are achieved in ultra-

thin films (< 30 nm) after the deposition of 20 layers, implying limitations in scalable 

production of the LB technique, hence it can be used only in special nanotechnology ap-

plications.  

 

For example, Zhu et al.161 have utilised PVDF in a blend with a semiconductive polymer, 

P3CPenT, for a nanoscale non-volatile memory device deposited via the LB technique 

(Figure 2.10d-f). The polarity switching properties of PVDF are utilised for the writing 

aspect, undertaken by applying a potential difference +30 V for the “ON” state and -30 

V for the “OFF” state (Figure 2.10e). The two states have been patterned into the 40-layer 

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

200 when read at 1V, increasing to 891 at 15 V (Figure 2.10f), suggesting a high potential 

for the use of such polymer blends in flexible nanoscale electronics. Obtaining films with 

micron scale thicknesses, required for generating electricity in practical PEGs, becomes 

a tedious process and difficult for scale-up to commercial quantities using this technique.  

 

Recent progress in 3D printing technologies has allowed for smaller extrusion nozzles, 

able to deposit polymers with high precision and resolution.162, 163 3D printing utilises two 

main modes of operation: melt-extrusion mode, whereby a polymer filament is heated 

past its melting temperature and pushed through a fine nozzle, and solvent-evaporation 

mode, where a piston extrudes a concentrated polymer solution through a fine nozzle and 

the solvent subsequently evaporates.  

 

Melt-extrusion has now been utilised for a multitude of polymeric materials and there is 

obviously scope and opportunity for printing PVDF structures using this technique.164, 165 

At the time of writing, several companies have released PVDF-based filaments using 

melt-extrusion 3D printing; however, these tend to be used where chemical resistance is 
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needed, as opposed to for PEG applications. The filaments produced are rigid and opaque 

in nature.  

 

To date, solvent evaporation-assisted 3D printing for the production of piezoelectric ma-

terials for PEGs, has only been undertaken by one research group.31 Here, they utilise a 

nanocomposite matrix of BTO in PVDF.32 In this technique, the solution is extruded using 

pressure, inducing high shear at the walls of the nozzle. Increased shear forces have pre-

viously been shown to produce β phase PVDF.166 Hence, this process shows potential in 

regards to fabrication of piezoelectric structures and is scalable as a part of the fast-grow-

ing additive manufacturing industry.74, 167 

 

The initial work utilising solvent evaporation-assisted 3D printing, undertaken by Bodkhe 

et al.32, has printed up to 70 layers of the material from a mixture of DMF and acetone 

(Figure 2.11a). The nozzle has an internal diameter of 100 μm, which is used to deposit 

a cylindrical structure with a piezoelectric charge coefficient d31 = 18 pC N-1 without the 

use of poling (described in the next section). This group has additionally reported the re-

orientation of the polymer chains in the material during printing by applying a potential 

difference up to 1 MV m-1 between the nozzle and the substrate (Figure 2.11b).168 In the 

printing of single-layer structures, increasing the electric field did not show significant 

changes in the β phase fraction; however, the specific charge output has been reported to 

increase both in the PVDF and in the PVDF-BTO samples with the highest at 1 MV m-1 

for both materials. The study has further demonstrated the 3D printing of patterns and 

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

scaffolds up to 9 layers, although their electromechanical properties were not presented. 

Additionally, a conformal composite printed PEG has been placed onto a hemispherical 

substrate and upon pressing with a finger has generated a peak voltage of approximately 

6.5 V (Figure 2.11c).  
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Figure 2.11: Recent progress in solvent-evaporation assisted 3D printing of fluoro-

polymer-based PEGS: (a) left, schematic outlining the printing process, right, opti-

cal image of the 70-layer composite 31-mode PEG consisting of 10 wt% BTO in 

PVDF and its respective voltage output upon tapping with a finger, (b) the specific 

charge output for printed 10 wt% BTO/PVDF composite film with increasing ap-

plied potential difference between the nozzle and the substrate, with the right hand 

panel showing the specific charge output of a single printed film after one year, (c) 

optical images showing a conformally-printed BTO/PVDF PEG on a copper sub-

strate with a deposited silver paint top electrode and its electrical output upon finger 

tapping. Reproduced with permission from refs 32 and 168. Copyright 2017 and 

2018, American Chemical Society. (d) Schematic showing the 3D printing technique 

for coextrusion of the silver-coated BTO/PVDF composite ink, with SEM micro-

graphs showing the cross-section of the filament (red arrows indicate BTO agglom-

erates and dashed border indicates the silver electrode), (e) schematic showing the 

printing process for a wing-like composite PEG, along with the peak-to-peak voltage 

output as a function of input to an electromagnetic shaker (right) and the voltage 

signal over time as a function of frequency (bottom), and (f) a proof-of-concept PEG 

to harvest energy from the knee during exercise (top left) with the corresponding 

output voltage (top right) and energy harvesting from breathing, showing the gen-

erated voltage as a function of time for quick (bottom left) and deep (bottom right) 

breathing. Reproduced with permission from ref 169. Copyright 2018, Wiley. 
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The latest study by Bodkhe et al.169 has introduced the single-step printing of a one-di-

mensional PEG via co-extrusion of the previously reported PVDF-BTO composites with 

a commercially available silver ink on two opposite sides of the piezoelectric material 

(Figure 2.11d). This type of PEG has been reported to generate a voltage of up to approx-

imately 1.5 V when it is attached to a polymer substrate and strain is induced by an elec-

tromagnetic shaker (Figure 2.11e). Furthermore, this study has shown the generated volt-

age of 100 mV from the movement of a knee while operating an exercise bike when the 

flexible filament PEG is incorporated into a knee brace (Figure 2.11f, top). Lastly, the 

work has demonstrated the feasibility of electrical generation from cyclic chest movement 

due to deep breathing. The authors show that 0.6 V is generated when the PEG is incor-

porated into the chest portion of a t-shirt (Figure 2.11f, bottom). 

 

The recent advances in the deposition and processing methods for fluoropolymers show 

a variety of facile preparation techniques for the manufacture of PEGs. The controlled 

additive techniques such as 3D printing show great promise for the in-situ alignment of 

the polymer chains, preferential re-orientation into a polarised state, and potentially even 

electrode deposition. Furthermore, fabrication of new geometries opens up a variety of 

new parameters to enhance the electrical output of the flexible PEG, arising from a higher 

induced strain applied to each part of the PEG. 

 

2.6.4 Poling techniques 
The majority of deposition methods for PVDF result in a material with either a high frac-

tion of α phase or β phase with a low degree of dipolar orientation and hence insufficient 

polarisation vector for applications in PEGs.43, 70, 167, 170 As a consequence, the material is 

required to be converted to oriented β phase to enable piezoelectric properties. Poling is 

a group of widely used techniques to reorient the polymer with the aim of increasing the 

net polarisation vector in the 3 direction. Conventionally, poling is undertaken using an 

electric field applied along the thickness axis of the piezoelectric material at elevated 

temperatures.11 The two most common methods of poling are electrode and corona tech-

niques, which are shown schematically in Figure 2.12a, b). 

 



Chapter 2: Fundamentals of piezoelectric phenomena in fluoropolymers 

Nick A. Shepelin 53 

 

Figure 2.12: Schematic of poling systems for piezoelectric polymers, (a) electrode 

method and (b) corona poling method. 

 

Electrode poling is the least complicated method out of the two, as it only requires elec-

trodes to be placed on both sides of the film, as shown in Figure 2.12a. The system is 

encapsulated into an enclosure and air is evacuated from the chamber to avoid breakdown 

of the polymer through arcing between the electrodes.171 Alternatively, the enclosure can 

be filled with an insulating fluid for the same purpose. In order to polarise the fluoropol-

ymer material, an electric field between 5 MV m-1 and 100 MV m-1 is applied.171, 172 Inti-

mate contact between the polymer surfaces and the electrodes is required to achieve the 

desired effect of enhancing the polarisation of the dipoles in the β phase of PVDF.11  

 

Corona poling does not require vacuum conditions as opposed to electrode poling; how-

ever, the relative humidity needs to be minimised through circulation of dry gas, as shown 

in Figure 2.12b. In this technique, only one electrode has intimate contact with the poly-

mer film, allowing for the presence of patterned features on the other side.11 The corona 

tip is subjected to a high voltage (104 V) and placed on top of a conductive grid with a 

much lower voltage, ionising the gas between them and accelerating it towards the poly-

mer, which in turn poles the material.171, 173  

 

Alternative methods have been proposed to pole PVDF films into the β phase, such as 

electron beam poling.174 This technique utilises a focused electron beam, whereby the 

polymer is irradiated locally by electrons to overcome the energy barrier required to 

(a) (b)
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+ í
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reorient into the β phase. This electron beam technique is quite effective at patterning 

small areas of material with β phase, however is not effective on a large scale.11, 175  

 

The majority of flexible PEGs utilising fluoropolymers have undertaken poling via the 

electrode method, with a select few opting towards the corona technique. One of the 

emerging trends is the deposition of electrodes onto the fluoropolymer prior to the poling, 

therefore using the PEGs own electrodes to pole the material.176, 177   

 

Table 2.4 compares poling methods discussed in this review as well as their advantages 

and disadvantages. For scalable production of highly electroactive and efficient PVDF 

polymers, the poling of the polymer should be a low-energy method and be integrated as 

part of the deposition process, as opposed to undertaking a separate processing step to 

pole the material. Indeed, a topic of increasing interest in the community is the fabrication 

of self-poled flexible PEGs.178-183 This type of energy harvester is able to be polarised in 

a single step of operation, which can arise from one of many factors, i.e., the processing 

technique itself, the conditions of the deposition such as temperature, pressure and hu-

midity, or alternatively the careful use of additives into the polymer matrix. The utilisa-

tion of additives to induce preferential nucleation will be discussed in section 2.6.5. 

 

Table 2.4: Reported processing methods used to convert the non-polar α phase of 

fluorinated polymers to the electroactive β phase and pole the resultant fluoropoly-

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

Technique Opportunities Limitations 

Electrode 

polinga) 

- High d33 coefficient 

- Reproducible 

- High electric field required 

- Use of heat 

- Limited scope for structures and 

patterns 

- Undertaken in vacuum (difficult 

to scale up) 

Corona polinga) - High d33 coefficient - High voltage required 



Chapter 2: Fundamentals of piezoelectric phenomena in fluoropolymers 

Nick A. Shepelin 55 

- Requires only one electrode 

for poling 

- Allows for structures on one 

side of the material 

- Requires heating 

- Undertaken in vacuum (difficult 

to scale up) 

Electron beam 

polinga) 

- Allows for patterning of 

highly piezoelectric regions 

- High resolution 

- Slow and lengthy process, diffi-

cult to upscale 

- Unwanted chemical modifica-

tion of material 

- Degradation of polymer  

- High cost process 

- Undertaken in vacuum 

Mechanical 

drawinga) 

- Highly reproducible 

- Simple process  

- Scalable 

- Extrusion methods provide low 

scope for patterning and structur-

ing the material 

- Tends to be used in conjunction 

with electrode or corona poling 

Electrospin-

ning 

- Suitable for preparation of 

micro- and nano- scale fibres 

- Low temperature method 

- High degree of crystallinity 

can be obtained 

- Eliminates need for further 

poling 

- High electric field required 

- Low reproducibility 

- Extraction of micro- and nano- 

fibres at low feed rates suggests 

low potential for scalability 

- Fibrous structure shows low 

Young’s modulus and tensile 

properties 

Additive manu-

facturing 

- Low temperature method 

- High degree of crystallinity 

can be obtained via shear 

stresses at the nozzle 

- Scope for patterning of 3D 

features 

- Requires solvent-based system at 

low temperatures 

- Shortage of available literature 
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- Simple adaptation of designs 

- Reduces need for further pol-

ing 

   

a)	denotes methods commonly used for post-processing as a second step in the manufac-

ture of electroactive fluorinated polymers 

 

By taking advantage of electric fields (used in the electrospinning technique)152, or shear 

stresses (in 3D printing), nucleation of PVDF into the electroactive phases can be 

achieved, showing the generation of electricity without the requirement of poling. How-

ever, of all the poling techniques, the additive technologies have recently shown the great-

est promise relative to the conventional post-processing methods. 

 

2.6.5 Composites, additives and nanoscale fillers 
Co-polymerising several fluorocarbon-based monomers together has demonstrated the 

altering of fluoropolymer properties (see section 2.6.2). However, the scope for such 

modifications is limited. The integration of additives and nanoscale fillers into the poly-

mer matrix has been proposed as an alternative method to achieve enhanced electrome-

chanical properties in PVDF-based polymers. The electrical output in the resulting PEGs 

has been evaluated, and will be discussed in this section. 

 

A vast range of literature exists on incorporation of fillers into the polymer matrix of 

PVDF and its copolymers, processed using several of the techniques outlined previously. 

For example, researchers have attempted to integrate piezoelectric  nanoparticles (NPs), 

nanorods (CNTs) and nanowires (NWs) into the PVDF matrix, showing increased elec-

trical output due to synergetic effects between the piezoelectric NPs and the piezoelectric 

polymer matrix.43 Conductive NPs, nanorods and NWs show enhanced orientation of 

PVDF into the desired β phase due to electrostatic interactions between the nanofiller and 

the surrounding polymer.31 Furthermore, insulating and dielectric nanomaterials, such as 

graphene oxide and DNA, have also been shown to  increase the β phase fractions of 

PVDF.39, 43, 184  
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Piezoelectric perovskite NPs are a primary candidate as nanofillers with the goal of in-

creasing piezoelectric output, as they tend to show a higher piezoelectric charge coeffi-

cient (d33 > 100 pC N-1) and a higher energy conversion efficiency (k33 > 0.5).11 Indeed, 

the incorporation of BTO NPs with PVDF has been reported to increase the β phase frac-

tion of the fluoropolymer matrix, scaling as a function of decreasing NP size and increas-

ing filler content.185 The findings suggest selective nucleation of the β phase from the 

BTO surface. Additionally, the formation of β phase of PVDF is promoted by an in-

creased surface area/volume (SA/V) ratio of the smaller particles and an increased local 

electric field around the BTO.186 The maximum β fraction is determined to be 82% at a 5 

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

wt% and further to 42% in 5 wt% of 500 nm BTO.186 Recent studies have further pro-

posed the interactions of the Ti4+ ion in BTO to preferentially nucleate the β phase through 

interactions with the fluorine atoms on the PVDF.187 

 

Ferrite NPs have been added to PVDF in the form of NiFe2O4 and CoFe2O4, with an 

increase of β phase to 90% being reported.188, 189 Two separate mechanisms have been 

previously proposed to explain the findings; (1) the epitaxial nucleation of β phase PVDF 

from the surfaces of the ferrite NPs and (2) the interruption of chain mobility during crys-

tallisation into the α phase which causes the polymer to crystallise into the β phase.188 

Sebastian et al.190 have reported the preferential nucleation of β-PVDF in a mixture con-

taining 1 wt% Fe3O4 nanorods (diameter ≈ 75 nm). This composite shows a β phase frac-

tion of 75%, relative to 10% β phase in 1 wt% Fe3O4 NPs (using Equation (2.19)). The 

authors have suggested that the increase of the β phase content is dependent upon the 

aspect ratio of the material. Recently, Samadi et al.191 have studied the electrical output 

of PVDF with the incorporation of Fe3O4-graphene oxide hybrid nanofillers. The study 

shows a generated voltage of 1.75 V per N of force at 2 wt% nanofiller, whereas the pure 

PVDF produces 0.24 V N-1. 

 

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

into PVDF in a solvent mixture of DMF (30 vol%) and acetone (70 vol%).192 The study 

has found improved mechanical strength in the composite as well as significant increases 

in dielectric constant below 1 Hz (ε = 20 at 0.1 Hz compared to ε = 10 in PVDF), attributed 
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to the increase in β phase content. It should be noted the study does not measure the β 

phase fraction and only postulates their findings based on the dielectric constant meas-

urements. Lastly, the composite material shows improved strength under an applied elec-

tric field, where the breakdown voltage is 150 V μm-1, compared to 50 V μm-1 in PVDF. 

 

Metallic NPs have also been studied as fillers. Palladium and gold NPs integrated via 

solvent systems show increased β phase fractions.193, 194 These effects have been at-

tributed to surface charge interactions of the NPs with the dipoles of PVDF. 

 

A variety of carbon-based nanofillers have been integrated into the matrices of fluoropol-

ymers. The use of CNTs has been extensively studied for their effects on the formation 

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

characterisation of composites by Kabir et al.31. More recent literature is highlighted in 

the following.  

 

The incorporation of 1 wt% multi-walled CNTs (MWCNTs) has been found to increase 

the β fraction of PVDF from 30% to almost 50% in melt moulded samples and from 0% 

to 40% in electrospun mats.102 Further processing through uniaxial drawing produces β 

phase fractions of approximately 90% for all loadings of MWCNTs up to 1 wt%. How-

ever, the data in this study shows similar results in pure PVDF, suggesting that the effects 

observed here, after incorporation of CNTs, should be studied further.  

 

The use of ultrasonication during the solution-based preparation of MWCNT/PVDF com-

posites has been shown to induce β phase.195 Samples are prepared via two methods, me-

chanical mixing (as a method with low energy input) and sonication (high energy input). 

The former technique produces purely α phase PVDF, while the latter technique produces 

predominantly β phase.195 This phenomenon has been examined via density functional 

theory (DFT) calculations and is explained by the very large energy barrier required to 

convert the α phase PVDF to β phase.195 

 

A number of studies have shown that the incorporation of ionic liquids (ILs) into the 

PVDF matrices is a simple method to significantly enhance the β phase fraction in PVDF. 
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For example, Xing et al.196 have used 1-butyl-3-methylimidazolium hexafluorophosphate 

([Bmim][PF6]) and MWCNTs functionalised with the same IL to make composites with 

PVDF. Complete conversion of PVDF to β phase has been reported in all samples con-

taining both MWCNTs and excess amounts of IL relative to MWCNTs by weight.196  

 

Maity et al.197 have investigated the effects of the incorporation of IL-functionalised GO 

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

(through FTIR analysis and wide-angle x-ray scattering), the enthalpy of melting due to 

the β phase (through DSC analysis at 171.7 °C) and the mechanical properties with in-

creasing IL-functionalised GO loading. Most of the desired metrics have shown to im-

prove with the addition of GO; however, the study does not examine the electromechan-

ical conversion of the resultant composite.  

 

Dias et al.198 investigated the incorporation of the IL 1-ethyl-3-methylimidazolium 

bis(trifluoromethylsulfonyl)imide ([Emim][TFSI]) into the matrix of PVDF at loading 

rates up to 40 wt%. Through the use of FTIR and Equation (2.19), the study reports im-

proved β phase content of 93% at 25 wt% IL relative to 0% in pure PVDF. Deviating 

from the reports by Maity et al.197, the DSC study shows a decrease in Tm from 173 °C in 

the PVDF to 160 °C in the 40 wt% IL/PVDF sample. This decrease can potentially be 

attributed to the use of IL without GO. Furthermore, the crystallinity has been reported 

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

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

 

In a later publication, Dias et al.199 explored the same IL incorporated into PVDF for its 

biocompatibility with the aim of utilising fluoropolymer-based PEGs for the purposes of 

implantable mechanical energy harvesting devices. In this work, the authors incorporate 

10 wt% IL relative to PVDF with deposition via electrospinning.  Results show the lack 

of significant decrease in cell viability of C2C12 mouse myoblast cells on the electrospun 

IL/PVDF materials, suggesting that fluoropolymer-based PEGs with IL additives are bi-

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

([Emim][BF4]) with PVDF. The study has found a linear increase in the β phase of PVDF 

as the IL content increases from 0% to 10%, leading to a maximum β phase content of 

60%, in agreement with previous reports.40, 197, 198 Interestingly, by washing the composite 

with water at 70 °C the IL is removed from the polymer resulting in 100% β phase 

PVDF.38 These findings demonstrate a low-temperature and low-energy processing path-

way to the preparation of pure β phase PVDF. This study further reports a d33 coefficient 

of -27 pC N-1 after corona poling. The d33 value of the unpoled IL/PVDF system has not 

been measured and hence cannot be directly compared.  

 

Fukagawa et al.200 have recently investigated the piezoelectric properties of the IL 

[Emim][TFSI] upon incorporation into PVDF-TrFE. This study utilised a three-layer 

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

films of PVDF-TrFE, with Al electrodes on the top and bottom of the resultant structure. 

Through polarisation switching experiments on this device, the authors report a coercive 

field EC of below 10 MV m-1, significantly lower than 53 MV m-1 obtained for the poly-

mer without the IL. These values suggest that the required poling field strength is signif-

icantly reduced relative to pure polymer, hence decreasing the energy required to fabri-

cate electroactive PEGs. Furthermore, the remnant polarisation of this device is reported 

to be 64.3 mC m-2, slightly lower than that of the pure PVDF-TrFE film.200  

 

On the other hand, the d33 value for the same device is measured at 129 pC N-1, increasing 

to 381 pC N-1 for a device where the active layer consists of 87 wt% IL.200 These values 

are approximately an order of magnitude higher than those of a PVDF-TrFE film and 

hence suggest that highly efficient flexible PEGs can be fabricated from these devices. 

 

Interestingly, Tiwari et al.201 have shown the formation of the γ phase in PVDF upon the 

incorporation of a poly(ionic liquid), poly(2-(dimethylamino)ethyl methacrylate) methyl 

chloride quaternary salt. Here, the poly(ionic liquid) is added to the PVDF in solution at 

loadings up to 50 wt% and thin films are then solvent cast. The amount of γ phase has 

been reported from FTIR using Equation (2.19), where the authors justify the use of the 

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

has been shown to increase from 0% in pure PVDF to approximately 50% in the sample 
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containing 40 wt% poly(ionic liquid) in PVDF. The P-E analysis of the materials indi-

cates a significant increase in the Pr from 14 mC m-2 for PVDF to 60 mC m-2 for the 

sample containing 25 wt% poly(ionic liquid). A further increase in the amount of 

poly(ionic liquid) results in leakage, although the Pr values are given as 62 mC m-2 and 

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

 

The utilisation of ILs, due to their structure, has been suggested to aid preferential nucle-

ation in fluoropolymers via ion-dipole interactions.202 The effects of various ILs on the 

resultant crystallinity, conformation and polarisation are required to be studied for greater 

understanding of the underlying chemistry and hence the tailoring of the electromechan-

ical properties of these systems. Nonetheless, the current literature suggests that ILs en-

hance the piezoelectric properties of fluoropolymers towards efficient flexible PEGs. 

 

Overall, the incorporation of fillers and additives in fluoropolymers shows great promise. 

In particular, the inclusion of nanomaterials for enhancement of electromechanical con-

version is very exciting.  

 

2.7 Flexible PVDF-based electric generators 
PVDF is a versatile material, with properties allowing it to generate charges when me-

chanically deformed. Widespread efforts have been made by researchers to develop 

PVDF-based PEGs on both a lab scale and towards commercial applications. The follow-

ing sections will discuss some of the applications of PVDF-based PEGs. 

 

2.7.1 Wearable piezoelectric generators 
The majority of research in fluoropolymer-based PEGs has been around applications in 

wearable electronics, either on-skin or as part of clothing. In fact, the first flexible poly-

meric PEG has been embedded in part of the shoe, allowing the wearer to generate elec-

tricity from walking.203 Here, Kymissis et al.203 have reported a shoe-embedded laminate 

of 16 layers of PVDF film (each 28 μm thick) bonded with epoxy, able to generate a 

maximum voltage and power of approximately 60 V and 20 mW per step, respectively. 

Due to the time-dependent nature of the electrical signal, the average power generated 
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from this device is 1.1 mW at a frequency of approximately 1 Hz. Since then, many re-

searchers have investigated the possibility of integrating fluoropolymers into shoe-

mounted PEGs.204-207 A comprehensive review on this topic can be found by Xin et al.208.  

 

A further mechanism for harvesting mechanical energy from human movement has been 

found in backpack straps. Granstrom et al.209 have reported a PVDF PEG working in the 

31 mode for conversion of the mechanical strain of walking with a backpack into elec-

tricity by placing PVDF into the straps. This form of PEG shows a maximum power out-

put of 3.75 mW for a single strap with a thickness of 28 μm.209 

 

More recently, PEGs integrated into textiles have become a topic of great interest. A va-

riety of publications have proposed the use of fluoropolymer fibres in woven textiles uti-

lising electrospinning and mechanical drawing techniques.210-214 The fabrication of PVDF 

fibres towards utilisation in energy harvesting textiles has been initially reported by Had-

imani et al.215. This study shows a maximum generated voltage of 2 V when a 1.02 kg 

mass is dropped from a height of 5 cm onto several fibres sandwiched between two copper 

plates, indicating prospects for the use of PVDF fibres as a textile PEG.  

 

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

using melt-extruded and drawn piezoelectric fibres, along with silver-coated nylon fi-

brous electrodes and non-conductive nylon as a spacer, shown in Figure 2.13a. This 2D 

woven device has an average voltage between 3 V and 4 V, with a maximum of 6 V under 

cyclic compression with a force of 70 N (shown in Figure 2.13b). In another study, the 

group has analysed the impacts of the electrode materials on the output voltage, finding 

that silver-coated copper electrodes show the highest generated voltage under sine wave 

shaped vibration. Here, the work has analysed metal-wire electrodes consisting entirely 

of aluminium, titanium or steel, as well as coaxial fibres composed of either nylon or 

copper core with a silver coating external layer. It is noted that the various materials used 

in the study are not consistent in their geometry and hence are difficult to compare di-

rectly.217  
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The work of Soin et al.30 has demonstrated a 3D spacer textile, woven using silver-coated 

polyamide-66 (PA66) yarn as electrodes, with melt-spun and poled PVDF fibres as the 

piezoelectric yarn between them, shown in Figure 2.13c. This PA66-PVDF-PA66 system, 

which feels just like standard fabric, is able to generate a voltage up to approximately 14 

V, with a power density of 5.10 μW cm-2 at an impact pressure of 0.1 MPa (Figure 2.13d). 

Similarly, Talbourdet et al.218 have reported on a 3D interlocked woven PVDF textile, 

generating a maximum voltage of 2.3 V (average 1.29 V) with an overall energy of 10.5 

μJ m-2 (at a resistance of 1 MΩ). These values have been achieved through cyclic com-

pression of the textile at a frequency of 100 Hz and a force of 5 N. The authors have 

reported a power output density on the order of 10-12 W cm-2, significantly lower than the 

values reported in the work of Soin et al.30. It should be noted that in this study the elec-

trodes are not woven into the textile; instead, bulk copper electrodes are used, which re-

sults in measured voltage losses upon decompression. All of the aforementioned PVDF-

based textile PEGs have utilised melt-spinning to obtain fibres, with mechanical drawing 

and dual-electrode electrical poling of the fibres used during spinning to increase the 

amount of β phase and polarisation within the fibres, respectively.  

 

More recently, Gao et al.219 have produced a piezoelectric yarn by electrospinning of a 

PVDF solution onto a silver-coated nylon yarn, followed by coating with PVDF by pass-

ing the resultant yarn through a solution of PVDF to produce an electrospun + film core-

sheath yarn (Figure 2.13e). An external silver electrode has been deposited onto the outer 

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

has been reported to produce a voltage and current of 0.52 V and 18.76 nA, respectively 

(Figure 2.13f). The volumetric power density has been reported as 5.54 μW cm-3 when 

exposed to cyclic compressions at 0.02 MPa pressure at a frequency of 1.85 Hz.  
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Figure 2.13: The morphological structure and electrical output characteristics of 

recently reported woven fluoropolymer flexible PEGs. (a) the woven flexible PVDF 

fabric PEG with a schematic of the weave pattern on the right and (b) the voltage 

generated from the PEG upon cyclic compression. Reproduced with permission 

from ref 216. Copyright 2013, Wiley. (c) Photograph (top) demonstrating the flexi-

bility of the PVDF-based 3D spacer textile PEG, cross-sectional SEM image (bot-

tom) of the PEG, and (d) the electrical output characteristics including the voltage, 

current and power of the PEG under cyclic compression. Reproduced with permis-

sion from ref 30. Copyright 2014, Royal Society of Chemistry. (e) SEM images of 

the electrospun (E) and electrospun + film core-sheath (EF) yarns, with a schematic 

outlining the cross-sectional view, with optical images of the yarns. (f) output char-

acteristics including the voltage and current from the EF yarn (top) and E yarn 
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(bottom) under cyclic compression. Reproduced with permission from ref 219. Cop-

yright 2018, Institute of Physics. 

 

Similarly, Lund et al.29 have fabricated a coaxial fibre PEG, which has been woven via 

plain weave and twill patterns into a textile. This work has used a melt-spinning mecha-

nism to simultaneously co-extrude a fibre with a conductive core consisting of 10 wt% 

carbon black in polyethylene and an outer piezoelectric layer consisting of PVDF. Poly-

amide yarns coated with Ag have been utilised as the outer electrodes. To demonstrate 

the applicability of these flexible PEG textiles, they have been incorporated into the 

shoulder strap of a bag. During walking, with the strap carried by hand, the PEG is re-

ported to generate 1.9 μW cm-3 volumetric power density. This power density is notably 

lower than the work of Gao et al.219, even though this report has poled the material via 

the corona method. This type of PEG has additionally been shown to provide enough 

electrical energy to power a commercial LED after 15 sec of charging a 22 μF capacitor, 

resulting in continuous blinking of the LED with an average frequency of 0.13 Hz. 

 

PVDF-based flexible yarn PEGs certainly have been shown to have the potential to be 

woven into textiles for the scavenging of energy from human movements into electricity. 

Furthermore, the proof-of-concept textile PEGs mentioned in this section show the po-

tential of transformation into industrial products such as smart clothing with the ability to 

power portable electronic devices in a sustainable manner, through the scavenging of the 

wearer’s movements. 

 

2.7.2 Implanted piezoelectric generators 
Another promising use of fluoropolymer-based flexible PEGs is harvesting biomechani-

cal energy to power implantable electronic devices, such as permanent pacemakers, im-

plantable cardioverter-defibrillators, cardiac resynchronisation therapy devices, and long-

term implantable wireless sensors among others. The main drawback of current genera-

tion devices lies in the lifespan of the batteries; consequently, implanted devices are re-

quired to be removed from the body for the replacement of their power sources. Thus, 

using flexible PEGs to harvest biomechanical energy can be advantageous for the pur-

poses of powering such devices, as has been reported recently by several authors.220-224 
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The first reports of an implanted fluoropolymer PEG have been published by Hausler et 

al.225. This study investigates the in-vivo operation of a PEG, with PVDF as the active 

material, attached to a rib of a dog in order to harvest energy from respiration. The in-

vivo experiments have shown a maximum voltage of 18 V, corresponding to a power of 

17 μW, with no loss in durability over the three hours of the experiment.  

 

Cheng et al.226 have fabricated an implantable self-powered PVDF blood pressure sensor, 

based on the principles of PEGs (Figure 2.14a). This device has been found to generate a 

maximum instantaneous power of 2.3 μW during in-vitro experiments, whereby the thin 

film PEG is wrapped around a tubular latex artery analogue filled with saline (Figure 

2.14b). Here, the deformation is induced using an intra-aortic balloon pump to mimic the 

pumping action of the heart. The in-vivo studies in this work have been found to generate 

a maximum instantaneous power output of 40 nW with the device wrapped around the 

aorta of a Yorkshire porcine (Figure 2.14c). Here, the generated power is found to scale 

linearly with systolic blood pressure, whereby the maximum is obtained at 220 mmHg. 

Although no voltage or power data has been presented for blood pressure below 160 

mmHg, the study further reports a liquid crystal display to be powered directly by the 

cyclic expansion and contraction of the aorta at blood pressures at, and above, 140 mmHg 

with no additional electrical signal conditioning or electrical energy storage connected 

(Figure 2.14a).  

 

Yu et al.227 have reported an implanted sponge-like PVDF-based thin film PEG (Figure 

2.14d) inserted under the skin of living mice and rats. During in-vitro testing of the PEG 

in the mode of cantilever-like deflection under an applied strain of approximately 0.1%, 

the device has been found to generate a maximum voltage and current of 3.8 V and 3.5 

μA, respectively, corresponding to an instantaneous power of 13.3 μW (Figure 2.14e). 

The PEG has been further inserted beneath the skin of the right leg of a mouse and its 

electrical output has been measured during manual deflection of the leg (Figure 2.14f). 

Similar to the work of Cheng et al.226 discussed above, both the voltage and current, 0.26 

V and 0.17 μA, respectively, are lower than during in-vitro tests, corresponding to 44.2 

nW instantaneous power (Figure 2.14f).  
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Figure 2.14: The structure and electrical output characteristics of recently reported 

implanted fluoropolymer flexible PEGs. (a) Schematic (top) showing the working 

conditions for the implantable PEG and (bottom) implanted fluoropolymer PEG 

wrapped around the aorta of a Yorkshire porcine, both showing the ability to power 

a battery-less LCD display above a blood pressure of 120 mmHg in-vitro and 140 

mmHg in-vivo. (b) The electrical output characteristics of the in-vitro experiment 

when wrapped around a latex tube mimicking the aortic artery and (c) the electrical 

output characteristics of the in-vivo experiments. Reproduced with permission from 

ref 226. Copyright 2016, Elsevier. (d) Image showing the structure of the implanta-

ble fluoropolymer PEG encapsulated in poly(dimethyl siloxane), (e) the electrical 

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

experiment, showing the image of the PEG implanted in a mouse, the open circuit 

voltage and short circuit current when the leg of the mouse is deflected manually, as 

well as the output of the PEG as a function of implanted time. The bottom-right 

panel shows the in-vitro open circuit voltage before and after implantation. Repro-

duced with permission from ref 227. Copyright 2016, Elsevier. (g) In-vivo computed 

tomography images (top) of the PVDF PEGs encapsulated in PDMS and Parylene-

C during the implantation period, as well as ultrasound images of the devices im-

planted in mice. (h) Electrical output characteristics of the long-term implanted 

PVDF PEGs, showing (top) the voltage of both devices, (bottom left) average peak-

to-peak voltage as a function of implantation period for both devices and (bottom 

right) the input and output currents during characterisation of the leakage current 

in the device encapsulated in poly(dimethyl siloxane) as a function of time. Repro-

duced with permission from ref 228. Copyright 2016, Elsevier. 

 

Although it is difficult to directly compare the two studies, the values of the maximum 

instantaneous power generated are similar. Of note is the biocompatibility study per-

formed in the work of Yu et al.227, which suggests no signs of toxicity or incompatibility 

under the skin of the mice after six weeks. As a proof-of-concept, this study demonstrates 

the utilisation of a miniaturised energy storage package attached externally to the back of 

the mouse (in a backpack-like manner), consisting of a rectification circuit and a 1 μF 

capacitor, able to store the harvested electricity from the implanted PEG, with a steady 

open circuit voltage of 0.052 V.  

 

More recently, Li et al.228 have undertaken a follow-up study on the long-term in-vivo 

biocompatibility of a PVDF-based PEG. Their research examines the safety of encapsu-

lated PVDF-based PEGs under in-vivo conditions for up to six months post-implantation, 

namely for the presence of inflammatory infiltration, fibrosis, muscle degeneration and 

cellular anomalies (Figure 2.14g).228 Additionally, the electrical output of the PEGs has 

been studied in-vitro, after the implantation for up to six months (Figure 2.14h). In this 

set of experiments, each device has been initially implanted into a mouse for a set period 

and extracted for in-vitro tests.  
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This extensive study has shown that the implantation of fluoropolymer-based PEGs does 

not show signs of cytotoxicity in-vivo throughout long-term implantation. Relative to the 

previous study by Yu et al.227 (same group), this study reports a lower in-vitro electrical 

power value of 13.5 nW, based on 0.3 V potential difference and 45 nA current (when 

the PEG is deflected by an electromagnetic shaker with a force of 6 N and a frequency of 

2 Hz). Notably, a different frequency has been applied between the two studies, which 

makes it difficult to compare the relevant results. Similar to the previous study,116 the 

voltage generation of the PEG has been tested in-vivo through stretching of the leg muscle 

of the mouse, as the PEG has been implanted subcutaneously onto the leg muscle.117 A 

peak-to-peak voltage of 0.05 V at a leg-stretching frequency of 1 Hz and 0.1 V at 2 Hz 

has been reported. Lastly, the implanted PEGs removed from the mice after six months 

for voltage testing show no long-term degradation of piezoelectric properties due to im-

plantation of the device.117  

 

These studies have been the first to provide insights into the stability and durability of 

fluoropolymer-based PEGs in the body, suggesting their suitability for commercial appli-

cations in the field of powering implanted electronic devices. In the current state of the 

field, more work needs be undertaken on in-vivo studies and utilising more powerful 

fluoropolymer PEG systems reported elsewhere. Fluoropolymer PEGs are fully expected 

to contribute significantly to future applications in the healthcare sector.  

 

2.7.3 Piezoelectric generators driven by the environment 
Harvesting energy from the urban and natural environments (external mechanical stimuli 

such as road deformation under passing vehicles, vibration, wind and water flow) has 

been previously shown as a viable option for building sustainable electricity generators 

towards reducing the reliance on fossil fuels. Of these, wind-based energy harvesting has 

seen the greatest commercial acceptance.  

 

External mechanical forces are present and abundant throughout the environment, imply-

ing that energy harvesters based on the principles of piezoelectricity are suitable candi-

dates to generate electricity from these sources. A variety of innovative applications have 

been both proposed and validated at a laboratory scale. Among these, is the harvesting of 



Chapter 2: Fundamentals of piezoelectric phenomena in fluoropolymers 

Nick A. Shepelin 70 

mechanical energy from the movement of vehicles on a road, previously proposed as one 

of the technologies enabling “smart roads”.22, 229, 230 PEGs are anticipated to be capable 

of powering street lamps and nearby buildings, in addition to acting as sensors for moni-

toring the ongoing traffic density and the condition of the road itself.231 Employing PEGs 

as sensors is forecasted to optimise traffic signal timing for the reduction of roadway 

congestion and to assist in the efficient allocation of road maintenance resources.232  

 

Initially, piezoelectric ceramic materials have been utilised for this purpose and have 

shown significant promise. In fact, attempts have been made to commercialise this tech-

nology using PZT as the active piezoelectric component, and pilot-scale studies to vali-

date the viability of the roadway PEGs have been undertaken.233  

 

For efficient and long-term use of this technology, flexible materials are highly desirable 

to prevent cracking when integrated under the pavement surface of the road. In this in-

stance, polymeric materials with a much lower Young’s modulus are more suitable rela-

tive to their brittle, ceramic counterparts. The first report of a PEG, with PVDF as the 

active material, embedded into a road is from Jung et al.22, shown in Figure 2.15a-c. This 

study utilised a commercial PVDF film with a thickness of 110 μm to create laminated 

stacks of up to 60 piezoelectric films with an optimised initial radius of curvature for use 

in the 31 mode of operation. Each harvester in this study consists of two PVDF films 

immobilised on the front and back sides of a polyimide substrate (300 μm thickness, pre-

determined radius of curvature) by using nickel-based fabric tape, which acts as the elec-

trode (Figure 2.15a). The electrical output for the unit harvester has been reported to result 

in an open circuit voltage of 61.2 V and a short circuit current of 18.4 μA under a strain 

rate of 1.5% s-1.22 
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Figure 2.15: The structure and electrical output characteristics of recently reported 

environment-driven fluoropolymer flexible PEGs. (a) Schematic and images show-

ing the contents of the roadway unit harvester, as well as the ten-unit systems and 

60-unit systems studied in this report. (b)  The electrical output characteristics of 

the ten-unit systems, showing (top) VOC and short circuit current, (middle) the re-

sistance matching data, and (bottom) the voltage and current at the matched load 

resistance of 400 kΩ. (c) The electrical output characteristics of the 60-unit systems 

under simulated road conditions, showing (top) images of the experiments, (middle) 

resistance matching data and power across a 400 kΩ resistor and (bottom) VOC and 

short circuit current as a function of the number of unit harvesters, as well as the 
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matched load resistance and power output of the road-harvesting PEG as a function 

of the number of unit harvesters. Reproduced with permission from ref 22. Copy-

right 2017, Elsevier. (d) Schematic showing various geometries tested for the PVDF 

wind-harvesting PEG, (e) generated VOC as a function of wind speed for the three 

geometries and (f) resistance matching data showing (top) the output power and 

(bottom) VOC as a function of load resistance. Reproduced with permission from ref 

238. Copyright 2014, American Institute of Physics. (g) Schematic showing the 

structure of the optimised vibration-excited PVDF PEG and (h) electrical output 

characteristics at an optimised of 34.4 Hz as a function of load resistance, based on 

simulated optimised geometry. Reproduced with permission from ref 239. Copy-

right 2017, Elsevier. 

 

Through optimisation of the initial radius of curvature to 300 mm, the study has claimed 

an increase in the open circuit voltage of 75 V, justified by an increase in the maximum 

induced stress. A set of ten unit harvesters have been connected in parallel, and conse-

quently attached to a suitable resistor via a rectifying bridge. Under similar strain condi-

tions, this set has been reported to output 3.6 mW, corresponding to 38 V and 96.8 μA at 

the impedance-matched resistive load of 400 kΩ (Figure 2.15b).22 Jung et al.22 have fur-

ther investigated the energy harvesting characteristics of a PEG consisting of six sets of 

harvesters, with a total of 60 unit harvesters (or 120 PVDF thin films) in parallel, which 

is tested under a simulated load of a passing vehicle (using a model mobile load simulator, 

shown in Figure 2.15c). The reported maximum instantaneous power output due to the 

equivalent of a personal vehicle moving at 8 km h-1 (with a reported force of 2.5 kN) is 

200 mW, corresponding to 88.9 V and 2.25 mA at an impedance-matched resistance of 

40 kΩ (Figure 2.15c). The authors have further claimed a calculated power density of 8.9 

W m-2 for the roadway PEG, acceptable for large-scale energy harvesting under the pave-

ment in roads. 

 

An alternative approach has recently been proposed for harvesting energy in high-speed 

railway applications.234 This technique utilises PVDF films acting as cantilevers placed 

inside Helmholtz resonators to harvest energy from the vibrations induced by moving 

trains, while providing a secondary function as a noise-reducing barrier. At the experi-

mentally-optimised resonant frequency of 447 Hz and impedance-matched resistance of 
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6 kΩ, the PVDF film PEG (thickness = 200 μm) has been reported to produce a maximum 

power of 1.24 μW, corresponding to a voltage and current of 74.6 mV and 16.6 μA, re-

spectively. This value is obtained at a sound pressure level of 110 dB. Interestingly, the 

power output noticeably decreases to 0.59 μW (52.2 mV, 11.3 μA) when the sound pres-

sure level dropped to 100 dB. This is an interesting innovative application for flexible 

PEGs and this group appears to be progressing towards large-scale installations consisting 

of 480 Helmholtz resonator PEG devices per module. 

 

The harvesting of energy from natural environments using flexible PVDF-based PEGs 

has also been previously reported. For example, Vatansever et al.235 have fabricated a 

PVDF cantilever PEG, with half of the length secured to the support and the other half 

suspended in air. This study investigates the ability of the PEG to generate electricity 

from falling raindrops and wind under dynamic conditions. Two lengths of 28 μm thick 

PVDF film were used for the experiment, 41 mm and 171 mm, each sandwiched between 

two Cu-coated polyester laminates. The raindrop experiment has reported that the 41 mm-

long PVDF PEG generates an open circuit voltage of approximately 2.3 V when a droplet 

weighing 7.5 mg is dropped from a releasing height of 100 cm, increasing to approxi-

mately 12 V for a droplet weighing 50 mg.121 Furthermore, the authors report the open 

circuit voltage of a short PVDF cantilever PEG to be significantly higher than that of a 

composite consisting of uniaxially aligned PZT fibres in an epoxy matrix under similar 

experimental conditions.121 

 

Vatansever et al.235 have further characterised the power generated for the aforemen-

tioned flexible cantilever-type PVDF PEGs, suggesting that the short PVDF strip gener-

ates an electrical power on the order of nanowatts, whereas the longer sample generates 

93.6 μW at a wind speed of 10 m s-1. Comparatively, the same study has reported a PZT 

composite, generating 6.5 μW for a single layer PEG and 3.6 μW for a bimorph.235 The 

authors further reported a volumetric power density of 16.2 μW cm-3 at 5 m s-1 and 157.9 

μW cm-3 at 10 m s-1 wind speed, the latter showing an increase over the PZT composite 

by a factor of 16.  

 

Work by Li et al.236 has investigated the effects on the positioning of a flexible cantilever-

type PVDF wind-driven PEG relative to the direction of the wind and correlating it to the 
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electrical generation capability. Two directions have been investigated, using a parallel-

flow device and a cross-flow device, positioned parallel and perpendicular to the wind 

flow direction, respectively. The study reported an enhanced power density from the 

cross-flow device relative to the parallel-flow device, with maximum values of approxi-

mately 14 μW and 3.5 μW, respectively, at a wind speed of 6.5 m s-1 and a load resistance 

of 1 MΩ. Increasing the load resistance to 10 MΩ, the maximum power output increases 

to 296 μW in the cross-flow device at a wind speed of 8 m s-1. The maximum volumetric 

power density at a moderate wind speed of 5 m s-1 has been reported at 68.5 μW cm-3.  

 

Further work by the same research group has investigated similar PEGs with varying 

dimensions, the long cantilever (72 mm length and 16 mm width), the short cantilever 

(41 mm length and 16 mm width) and a narrow short cantilever ( 41 mm length and 8 

mm width).237 The varying devices have been immobilised in a wind tunnel with cross-

sectional dimensions of 25 cm in height and 25 cm in width in the cross-flow orientation, 

whereby the induced wind speed ranged from 0 m s-1 to 8 m s-1. The generated volumetric 

power density has been investigated with varying wind speed, showing that the long can-

tilever-type PEG has the highest values at wind speeds below 4 m s-1. Results also indicate 

that the narrow short cantilever-type PEG generates the highest power densities between 

4 m s-1 and 7.5 m s-1, whereas at 8 m s-1 the short cantilever generates the highest volu-

metric power density at approximately  1.5 mW cm-3.123 The study further reports that a 

maximum generated volumetric power density of 2.0 mW cm-3 is obtained for the narrow 

short cantilever with a load resistance of 30 MΩ. However, no data is shown for the in-

fluence of the variation of load resistance on the electrical output of the wind-powered 

PEGs.  

 

Li et al.238 have utilised a PVDF-TrFE copolymer thin film as the piezoelectric layer in 

flexible wind-powered PEGs and have investigated the electricity generated from three 

geometries, shown in Figure 2.15d-f. Mode I and mode III correspond to cross-flow and 

parallel-flow devices as outlined above, whereas mode II corresponds to the wind flow 

perpendicular to the PEG in a manner where the wind impacts the surface of the PEG 

(Figure 2.15d). In this work, the PVDF-TrFE layer has a thickness of 4 μm and is depos-

ited onto an 8 μm thick stainless steel foil acting as the bottom electrode. The resulting 

structure is then annealed at 130 °C for 2 h. The top electrode consists of a 100 nm 
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thermally evaporated layer of Al, and post-processing is undertaken to polarise the pie-

zoelectric layer. This work, compared to the aforementioned studies, has investigated 

wind speeds below 4.7 m s-1, as those speeds are more comparable to those found in 

nature. However, the wind tunnel in Li et al’s238 study has a circular cross-section with a 

diameter of 8.5 cm. The comparative study of the three modes suggests a linear increase 

in the generated open circuit voltage as a function of wind speed, whereby the cross-flow 

(mode I) device shows the highest open circuit voltage of the investigated harvesting 

modes at approximately 1.2 V (Figure 2.15e). This is four times higher than those of 

modes II and III. Through resistance matching experiments at a wind flow of 3.9 m s-1, 

the output power for the mode I device has been reported as 0.98 μW for a resistive load 

of 120 kΩ (Figure 2.15f). This value corresponds to a volumetric power density of 233 

μW cm-3 based on top electrode dimensions of 7 cm length and 1.5 cm width. This value 

is lower than the previously reported volumetric power output; however, it should be 

noted that differences in design could have contributed to the changes in output values.  

 

More recently, Song et al.239 have investigated a generalised case of off-resonance vibra-

tion-based excitation of a flexible PVDF bimorph PEG in the shape of a cantilever with 

a fixed mass at the end (Figure 2.15g). The work utilises a coupled finite-element-circuit 

approach to optimise the parameters of the PEG, and the results of modelling are verified 

in experimental studies. The maximum volumetric power density for two 50 μm thick 

PVDF layers bonded together with thin Ag electrodes has been reported as 8.61 mW cm-

3 with an optimised load resistance of 6.81 MΩ (Figure 2.15h). The excitation accelera-

tion has been reported as 0.5 g at the optimised frequency at 34.4 Hz, corresponding to 

25.5 MPa maximum stress.  

 

These examples are intended to provide an overview of the possible applications where 

flexible polymeric PEGs have been previously utilised. These promising proof-of-con-

cept devices are expected to encourage further growth of prospective applications in this 

field, both in laboratories and in commercial settings. 
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2.8 Concluding remarks and future perspectives 
Flexible fluoropolymer-based PEGs have attracted increasing attention as a promising 

energy harvesting solution due to their mechanical flexibility, transparency, operating 

temperatures suitable for widespread use, high compatibility with straightforward depo-

sition and processing methods, biocompatibility and high piezoelectric energy conversion 

efficiencies. This type of PEGs has been demonstrated for applicability in either directly 

powering a range of electronic devices or providing an additional source of electricity for 

their operation. This all assists in decreasing the reliance on the outdated conventional 

electricity generation and storage technologies.  

 

Despite the advancement of flexible PEGs in the recent years, challenges remain before 

the commercial adoption of these devices can occur. These challenges arise largely from 

a lack of clear understanding of the connection between the various aspects of this com-

plex field. Currently, the field appears heavily segmented into largely independent studies 

undertaken by polymer chemists exploring novel synthetic routes, and material scientists 

and engineers processing and depositing the polymers into useful devices, with mechan-

ical engineers optimising the physical parameters for enhanced energy conversion, and 

electrical engineers efficiently integrating the PEG into usable devices. It is, therefore, 

important that these fields work together to successfully produce devices with the re-

quired parameters to maximise the energy conversion from mechanical force to electricity 

and the production of commercially relevant devices. 

 

Moreover, the characterisation techniques utilised by each of these disciplines, generally, 

do not provide a complete description of the flexible fluoropolymer PEG systems, reduc-

ing the ability to directly and quantitatively compare the results obtained. Therefore, the 

development of cross-disciplinary collaborations between the disciplines holds great po-

tential in facilitating the in-depth understanding of complex connections between the 

chemistry of fluoropolymers, their processing, and the properties of the resulting flexible 

PEGs.  

 

Aside from the shift towards multidisciplinary studies, optimisations of the current meth-

ods in each discipline is also crucial. For example, the current spectroscopic techniques 

used to fingerprint the phases of PVDF, and related polymers, show clear limitations. The 



Chapter 2: Fundamentals of piezoelectric phenomena in fluoropolymers 

Nick A. Shepelin 77 

FTIR technique, commonly used in the characterisation of these polymers, often results 

in complex spectra with overlapping peaks for the β and γ phases. Recent literature has 

attempted to overcome this constraint; however, further efforts are required. The utilisa-

tion of Raman spectroscopy leads to characteristic peaks for the various phases with 

higher resolution relative to FTIR; however, is currently underutilised in literature. Sim-

ultaneous DSC-Raman can also provide a fingerprint both of the relative phase content 

and the overall crystallinity.  

 

Additionally, the currently accepted methods for measuring the net polarisation vector 

are limited in their scope—the P-E hysteresis technique utilises an electric field which 

has the parasitic effect of poling the material and therefore generally provides only the 

maximum polarisation that can be obtained in the fluoropolymer. Characterising the net 

polarisation within the sample without affecting it will provide insight into the net dipole 

vector in the fluoropolymers without influencing the system. Researchers within this field 

are strongly encouraged to pay appropriate attention to developing a suitable characteri-

sation method for polarisation measurements. 

 

Currently, poling is commonly used as an additional step to polarise the fluoropolymers 

in PEGs; however, as will be discussed in section 2.6.4, this step is undesirable because 

it utilises high temperatures and high electric fields. Therefore, methods to produce suit-

able fluoropolymers for PEGs without poling are extremely interesting. It is very exciting 

that scalable solvent-assisted extrusion technologies such as 3D printing and electrospin-

ning have been recently shown to be able to provide in-situ poling (without the need for 

the post-processing via electric fields) through either shear stresses or induced electric 

fields, respectively. The ability to fabricate flexible PEGs in a shorter number of fabrica-

tion steps and with less energy input is expected to be a key contributor in driving the 

commercialisation of the PEG and further increase the prospects of sustainable energy 

harvesting methods. 

 

The emergence of additive manufacturing technologies such as 3D printing and electro-

spinning has opened the door for advanced fluoropolymer structures, which have been 

difficult to explore previously. In particular, preliminary research in the fabrication of 

high aspect ratio structures has reported drastic improvements in the energy conversion 
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efficiency of fluoropolymers. It is expected that various new 3D printing technologies, 

such as fused deposition modelling, solvent-evaporation assisted printing and melt elec-

trowriting (among others), will enable layer-by-layer and true 3D extrusion of the fluor-

opolymers and lead to the increase of energy conversion efficiency in flexible PEGs. In 

addition, multi-material printing shows great potential for complete end-to-end produc-

tion of PEGs through the controlled deposition of electrode materials, reducing waste and 

providing a true single-step fabrication technique. 

 

Another exciting developing area to emphasise is the incorporation of additives into pie-

zoelectric fluoropolymers. Preferential reorientation of the crystalline phases of the pol-

ymer into the β phase has been proposed as the standard mechanism of increasing the 

electromechanical conversion, due to either steric or electrostatic interactions. However, 

the optimisation of crystallinity and polarisation using additives has not been systemati-

cally explored to date. These factors influence the electrical output from electromechan-

ical conversion in flexible PEGs and hence it will be critical to investigate the influences 

and the underlying mechanisms of nanomaterials and other additives on the enhancement 

of these properties.  

 

In general, the new developments in understanding how the properties of fluoropolymers 

enable future flexible PEG applications has led to a significant push in research efforts in 

recent years. Future fluoropolymer-based PEG research is anticipated to provide further 

insights into the understanding of the open questions posed in this review. Several key 

open questions remain unanswered, some of which are as follows: (1) the literature on 

process-dependent polarisation enhancement is currently limited in its scope, attributing 

enhancements of energy conversion efficiency to increases in either the β phase or the 

total polymer crystallinity. The understanding of how processing techniques affect (and 

more importantly enhance) the polarisation is critical to progressing the field; (2) there is 

large scope to move away from electrical fields for poling to enhance polarisation to study 

shear-induced polarisation through various techniques such as 3D printing; (3) there 

needs to be a stronger fundamental understanding of how the properties of the fluoropol-

ymers influence the electrical output which ties into fully characterising the materials and 

not just focusing on single properties of the material such as  β phase or output, as this is 

a multi-parametric system; (4) the use of non-destructive techniques are expected to 
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provide new and valuable information such as confocal Raman microscopy, PFM and 3D 

magnetic resonance imaging (MRI), among others.  

 

The future for low-energy, always-on electronic devices and wireless sensors is emerging 

fast. Flexible polymeric PEGs have great potential in these devices and pose a unique 

opportunity for the sustainable energy harvesting from mechanical energy, which is abun-

dant in daily life. This type of energy harvesting will act to reduce the reliance on pow-

ering electronic devices from the grid, opening up new possibilities for personal and wear-

able electronics, as well as long-term implantable medical diagnostics and cardiac de-

vices. More and more inspirational developments are expected in the applications of flex-

ible fluoropolymer PEGs in the near future. 
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3.1 Abstract 
Flexible PEGs present a unique opportunity for renewable and sustainable energy har-

vesting. Here, a low-temperature and low-energy deposition method is presented, using 

solvent evaporation-assisted 3D printing to deposit electroactive PVDF-TrFE up to 19 

structured layers. Visible-wavelength transmittance was above 92%, while ATR-FTIR 

spectroscopy showed little change in the electroactive phase fraction between layer dep-

ositions. Electroactivity from the fabricated PVDF-TrFE PEGs showed that a single 

structured layer gave the greatest output at 289.3 mV peak-to-peak voltage. This was 

proposed to be due to shear-induced polarisation affording the alignment of the fluoro-

polymer dipoles without an electric field or high temperature. 

 

3.2 Introduction 
Renewable energy harvesting is gaining importance for reducing reliance on conventional 

fossil fuel-based techniques. While large-scale installations are currently the main focus 

of the renewable energy sector, the trends in portable, wearable and implantable elec-

tronic devices have opened up new opportunities in personal-scale energy harvesting. A 

variety of energy harvesting mechanisms have been proposed for this purpose, such as 

triboelectricity (energy harvesting from frictional contact), pyroelectricity (energy har-

vesting through changes in temperature) and piezoelectricity (harvesting energy through 

mechanical forces), among others.1-3 Of the piezoelectric materials, polymers such as 

PVDF have been previously reported to show high electromechanical coupling, biocom-

patibility,4, 5 processability,6, 7 optical transparency8 and mechanical flexibility,9 showing 

great promise in their utilisation as flexible PEGs.  

 

PVDF is a semi-crystalline polymer, which is generally deposited into the symmetric and 

non-electroactive α phase using conventional polymer-compatible methods.7, 10 In this 

case, post-processing is undertaken to convert the α phase into the polar and highly elec-

troactive β phase.6, 9 

 

In order to increase the β phase content in the polymer the TrFE co-monomer can be 

introduced, which enables β phase formation due to the steric hindrance arising from the 
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additional fluorine in the resultant PVDF-TrFE.11, 12 The copolymer, with monomer ratios 

at 75 mol% VDF and 25 mol% TrFE, exhibits greater electromechanical coupling prop-

erties than the PVDF homopolymer.7, 10 PVDF-TrFE has been reported to show a thick-

ness-axis piezoelectric charge coefficient d33 = 38 pC N-1 (higher than PVDF d33 = 28 pC 

N-1) and a thickness-axis piezoelectric voltage coefficient g33 = 380 mV m N-1 (PVDF g33 

= 320 mV m N-1).6, 7, 13, 14  

 

Under low-energy deposition conditions, the dipolar orientations in the β phase PVDF-

TrFE are randomised, leading to a minimal net polarisation vector. For the polymer to be 

utilised in PEGs, the dipoles are required to be aligned, or polarised, via a process referred 

to as poling.6 This method utilises high temperatures coupled with high electric fields to 

preferentially align the dipole vector in a single direction. The harsh conditions of poling 

introduce several limitations, including the increased cost of manufacture, the lack of 

scalability and the potential for electrical breakdown of the polymer.6, 15 Hence, for the 

commercialisation and scalable production of flexible fluoropolymer PEGs, the poling 

step should ultimately be a low-energy step, integrated into the deposition process. Pre-

vious reports have utilised electrospinning to simultaneously deposit and pole the PVDF-

TrFE, however the process still requires high electric fields and the intrinsic low feed 

volumes limit the scalability of this technique.16 

 

More recently, 3D printing has been reported for the fabrication of electroactive fluoro-

polymer PEGs. Lee and Tarbutton17 have reported the use of electric poling-assisted melt 

3D printing to simultaneously deposit and pole the PVDF homopolymer by applying an 

electric field up to 2 MV m-1, generating 12 nC charge from the bending of the structure. 

Kim et al.18 have utilised a similar method with electric fields up to 13 MV m-1 during 

3D printing, generating 0.033 nC charge, which corresponds to d33 = 0.048 pC N-1.  

 

Bodkhe et al.19 have reported a poling-free solvent evaporation-assisted (SEA) 3D printed 

PVDF composite with a piezoelectric ceramic barium titanate nanoparticle filler (10 wt%) 

in the form of a 70-layer cylinder printed through a 100 μm internal diameter (ID) nozzle. 

The composite cylinder, printed at 20 mm s-1 x-y speed at 1 MPa pressure, is shown to 

generate up to 4 V from finger tapping in the 31-mode (electrodes deposited on the 
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cylinder walls), with a calculated d31 = 18 pC N-1. This composite material is reported to 

fracture below 2 N of peak-to-peak force, an undesirable trait for a sustainable generator.  

 

In the present work, SEA 3D printing was utilised to manufacture highly flexible and 

transparent PEGs from PVDF-TrFE under low-energy conditions. The shear-induced 

nozzle effects were investigated for the purpose of piezoelectric polymer polarisation, 

and the effects of structured layer height on the resultant electrical output were analysed. 

 

3.3 Experimental 

3.3.1 Materials 
PVDF-TrFE powder (75 mol% VDF and 25 mol% TrFE, Solvay, Italy), acetone (AR 

grade, Chem-Supply Pty Ltd, Australia) and DMF (ACS Reagent, Sigma-Aldrich, USA) 

were used without further purification. 

 

3.3.2 3D printing 
PVDF-TrFE powder was added to a solvent mixture consisting of acetone (60 vol%) and 

DMF (40 vol%) and magnetically stirred at 23 °C for the complete dissolution of the 

polymer into solution. For viscosity measurements, the PVDF-TrFE solutions were made 

at 20 wt%, 25 wt%, 30 wt%, 35 wt% and 40 wt%. For 3D printing experiments, the 30 

wt% solution was used. The PVDF-TrFE solution was transferred into a 30 mL dispens-

ing barrel (Optimum, Nordson EFD, USA) through a 0.24 μm Teflon syringe filter (Mil-

lipore, USA).  

 

The PVDF-TrFE solutions were 3D printed on a pneumatically controlled dispensing sys-

tem (3D-Bioplotter, EnvisionTEC, Germany) through a 204 μm internal diameter (ID) 

nozzle (SmoothFlow Tapered, Nordson EFD, USA) at 5 °C barrel temperature. The x-y 

speed was investigated between 5 mm s-1 and 45 mm s-1. The extrusion pressure was set 

at 178 kPa.  
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A thin film layer acting as a substrate (layer zero) was first printed onto a clean glass 

substrate with total height and width set at 3 cm to obtain a total material area of 9 cm2, 

using a raster pattern with the width between lines at 400 μm. Consecutive layers (up to 

19 layers) were then printed on top of the substrate thin film layer using a raster pattern 

with the width between lines set at 2 mm. 

 

3.3.3 Characterisation 
Viscosity (η) characterisation was carried out using a rheometer (MCR-702, Anton Paar, 

Austria) with cone-plate geometry (25 mm diameter, 2 ° angle).  The measurements were 

taken at 5 ℃ by a continuous upwards ramp of the shear rate.  

 

Optical properties of the 3D-printed PVDF-TrFE were measured using an ultraviolet, vis-

ible and near-infrared spectrophotometry (UV-Vis-NIR) system (Lambda 950, Perkin 

Elmer, USA) with an integrating sphere (150 mm diameter) at wavelengths between 780 

nm and 380 nm with a resolution of 5 nm. Total luminous transmittance was reported as 

an average of the spectrum. Haze was measured in accordance with ASTM D1003 stand-

ard. The values reported were an average of measurements on three separate 3D-printed 

samples. 

 

Helium ion beam microscopy (HIM) was utilised to characterise the cross-sectional mor-

phology of the SEA 3D printed PVDF-TrFE thin films and layered structures. The HIM 

micrographs were obtained using the Orion NanoFab (Carl Zeiss AG, Germany), 

whereby the samples were sliced and adhered onto double-sided Cu tape on a cross-sec-

tional holder.  

 

For the determination of total electroactive (β + γ) phase fraction and confirming the ab-

sence of the non-electroactive α phase, ATR-FTIR spectroscopy was used (Frontier, Per-

kin Elmer, USA). The absorbance was taken between 4000 cm-1 and 600 cm-1 with a 

resolution of 0.5 cm-1. The values reported for the fraction of electroactive phase (β + γ) 

were an average of measurements on three separate 3D-printed samples.  
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To measure the electrical output, PVDF-TrFE PEGs were fabricated by sputter coating 

(Q150T ES, Quorum, UK) electrodes onto the top and bottom surfaces of the 3D printed 

PVDF-TrFE. Sputtering consisted of a 2 nm coating of Cr to enhance adhesion, followed 

by a 10 nm coating of Au, masked to deposit a total electrode area of 2.8 cm2. Cu tape 

with attached wires was physically adhered onto each electrode. The voltage output of 

the 3D-printed PVDF-TrFE PEGs was measured using an oscilloscope (TDS 2002B, 

Tektronix, USA) under cyclic compression (5943, Instron, USA) with a frequency of 5 

Hz (parameters set at 400 mm min-1 speed and 50 N maximum force). 

 

3.4 Results and discussion 
The initial part of this study investigated suitable parameters for SEA 3D printing of 

PVDF-TrFE. For a fast setting material, the solvent must be volatile.20 Fluoropolymers 

such as PVDF and PVDF-TrFE are generally soluble in solvents with boiling point 

greater than 100 °C, limiting their applications in SEA systems.21 Acetone, a swelling 

agent of PVDF-TrFE, was added as a co-solvent with DMF, which can readily dissolve 

fluoropolymers. Conventionally, fluoropolymers are dissolved at a ratio of 80 vol% DMF 

and 20 vol% acetone, requiring high temperatures or long processing times to evaporate 

the solvent.19, 22 In the work presented here, a volume ratio of 60 vol% acetone relative to 

40 vol% DMF was used after analysis of the solubility parameters, described in Supple-

mentary Figure 3.S1. 

 

The flow behaviour of PVDF-TrFE solutions was investigated via rheological character-

isation. Figure 3.1 shows the dependence of the viscosity on the applied shear rate for the 

solutions with varying PVDF-TrFE loadings in acetone:DMF (60:40 vol%). A shear-

thinning behaviour was observed for all samples and the effect of PVDF-TrFE loading 

was significant. The viscosity of the PVDF-TrFE solutions was found to decrease with 

increasing shear rate, indicative of a non-Newtonian fluid.23 This type of rheological be-

haviour is ideal for 3D printing, as the solutions must be free-flowing (low viscosity) 

under the high shear stresses of the extrusion nozzle and consequently retain their shape 

(high viscosity) following extrusion.24  
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Figure 3.1: Viscosity of PVDF-TrFE solutions as a function of shear rate for PVDF-

TrFE loadings between 20 wt% and 40 wt%. Inset shows the viscosity at 1 s-1 as a 

function of PVDF-TrFE loadings. 

 

The viscosity at shear rates below 1 s-1 was found to increase with increasing PVDF-TrFE 

loading, desirable for the printed structures to retain their shape post-deposition. The vis-

cosity of the 20 wt% PVDF-TrFE solution (Figure 3.1, black line) was relatively constant, 

between 20 Pa s and 10 Pa s up to a shear rate of 10 s-1, decreasing past 1 Pa s above 500 

s-1 shear rates (Supplementary Figure 3.S2). The 25 wt% PVDF-TrFE solution (Figure 

3.1, red line) was found to exhibit shear thinning behaviour throughout the investigated 

region. The viscosity at 0.01 s-1 shear rate was 20 times higher than that of the 20 wt% 

solution, indicating greater shape retention and therefore higher printing resolution. Con-

versely, the viscosity was not found to decrease below 1 Pa s at up to 1000 s-1. The 30 

wt% (Figure 3.1, blue line) and 35 wt% (Figure 3.1, green line) PVDF-TrFE solutions 

showed enhanced rheological properties optimal for SEA 3D printing. The PVDF-TrFE 

solution containing 30 wt% exhibited an increase in viscosity of one order of magnitude 

over the 25 wt% solution at 0.01 s-1, decreasing to 0.11 Pa s at 1000 s-1 shear rate. A more 

pronounced effect was seen in the 35 wt% PVDF-TrFE solution, however it was noted 

that magnetic stirring alone was insufficient to completely dissolve the polymer. There-

fore, the 30 wt% PVDF-TrFE in acetone:DMF (60:40 vol%) was used for further SEA 

3D printing experiments. 
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The PVDF-TrFE solutions were subsequently 3D printed onto a clean glass substrate, 

consisting initially of a thin film layer as the substrate layer and consecutive structured 

layers. The temperature of the polymer solution was kept at 5 °C and the substrate at 23 

°C.  

 

The x-y speed of the robot head was optimised for greatest lateral resolution during print-

ing, with the resulting structures shown optically in Supplementary Figure 3.S3 and under 

an optical microscope in Supplementary Figure 3.S4. At low speeds below 25 mm s-1, the 

structures were found to be significantly wider than the nozzle ID, indicating low resolu-

tion of printing. Robot head speeds above 35 mm s-1 deposited structures with signifi-

cantly lower width, however loss of resolution at the squared corners was observed (Sup-

plementary Figure 3.S4). The structures with low width and high reproduction of desired 

shape were obtained at 30 mm s-1 printing and hence this speed was utilised for further 

printing. 

 

The substrate thin film layer was printed into a square with 3 cm width and height, fol-

lowing a raster pattern. The formation of the thin film was dependent upon successful 

binding of adjacent raster lines, hence the distance between the lines was varied to obtain 

a solid film with minimal thickness. The optimisation of the initial thin film layer is shown 

in Supplementary Figure 3.S5. At distances between raster lines greater than 500 μm, the 

final structure resembled the input pattern. When the distance was set to 500 μm, a thin 

film was obtained, however the structure of the film was inconsistent. The formation of 

a thin film with no gaps is necessary for the fabrication of flexible PEGs, to ensure no 

short circuiting occurs between the electrodes. Consistent thin films were formed at a 

raster line distance of 400 μm, which resulted in films with approximately 40 μm thick-

ness (Supplementary Figure 3.S6). The SEA 3D printed PVDF-TrFE thin films were 

transparent, with 94% total luminous transmittance (Figure 3.2, inset). 

 

Following the printing of the initial PVDF-TrFE thin film layer, structures were deposited 

in a layer-by-layer manner up to 19 layers. Figure 3.2a shows an optical image of a 19-

layer PVDF-TrFE raster structure on top of a printed thin film layer. The structures are 

free-standing and self-supporting, retaining their shape when removed from the glass 
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substrate. The 3D printed PVDF-TrFE structures were found to be transparent at up to 19 

layers (Figure 3.2a, inset), with total luminous transmittance above 92% and haze below 

58% in all samples.  

 

The cross-sectional HIM analysis of the thin film and the initial structured layers is shown 

in Figure 3.2b. The image shows the solid internal nature of the structures, confirming 

the complete evaporation of the solvents. Furthermore, the initial layers printed on top of 

the PVDF-TrFE thin film exhibited broadening of the structures, likely explained by en-

hanced compatibility of the PVDF-TrFE solution and the previous deposited layer, as 

well as the minimisation of liquid-air interfacial surface area. Figure 3.2c shows the cross-

sectional HIM image of the top of a 19-layer 3D printed PVDF-TrFE structure. The max-

imum width of the structures was found to be 260 μm, corresponding to 27% broadening 

relative to the nozzle ID. The final layer had a width of 225 μm, corresponding to 10% 

broadening and suggesting near-optimal printability of the 30 wt% PVDF-TrFE solutions 

in acetone:DMF (60:40 vol%).  

 

 

Figure 3.2: Morphology of 3D printed PVDF-TrFE structures, showing (a) optical 

image of a 19-layer structure printed on top of a thin film, with the inset showing 

transmittance and haze as a function of layers deposited, (b) cross-sectional HIM 

image of the thin film and subsequent layers deposited and (c) cross-sectional HIM 

image of the top of a 19-layer PVDF-TrFE structure. 

 

In order to obtain highly efficient fluoropolymer PEGs it is necessary to maximise the 

content of electroactive phases (consisting of the highly polar β phase and semi-polar γ 

phase), which is often characterised using FTIR.25 Figure 3.3a shows the ATR-FTIR 
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spectra in the region of interest between 1500 cm-1 and 600 cm-1 for the SEA 3D printed 

PVDF-TrFE structures on printed thin films as a function of the number of layers. The 

peak at 840 cm-1 in all samples is indicative of the presence of the electroactive phase 

consisting of the β and γ phases.7 The secondary contributing peaks at 1280 cm-1 and 

1240 cm-1 were representative of the presence of the β and γ phases, respectively.26 The 

prominent presence of the secondary β phase peak was found in all samples, whereas the 

secondary γ peak was found as a shoulder. Moreover, the absence of pronounced peaks 

at 766 cm-1, generally correlated to the non-polar crystalline α phase in fluoropolymers, 

indicates that the SEA 3D printed PVDF-TrFE structures were deposited directly into the 

electroactive phases through low-temperature printing.  

 

The fraction of total electroactive phase FEA was quantified through Equation (3.1), 

shown as a function of the number of layers in Figure 3.3b.25, 26 Here, IEA corresponds to 

the intensity of the peak at 840 cm-1, Iα corresponds to the intensity of the peak at 766 cm-

1, and KEA and Kα correspond to the absorption coefficients at the respective wave-

numbers, given as 6.1 × 104 cm2 mol-1 and 7.7 × 104 cm2 mol-1, respectively.27 

𝐹!: =
𝐼!:

(𝐾!: 𝐾9⁄ )𝐼9 + 𝐼!:
	 (3.1) 

The FEA (shown in Figure 3.3b) of the 3D printed PVDF-TrFE thin films was 81.7%, 

which is significantly higher than that of the PVDF homopolymer when processed using 

low-energy methods.26 3D printing of PVDF-TrFE structures on top of the printed thin 

film layer resulted in a slight decrease of FEA to 79.0%, attributed to the increasing inter-

facial area between the solution and surrounding air. Additional layer-by-layer deposition 

of structures decreased the FEA to a minimum 76.8% at 19 3D printed layers of PVDF-

TrFE. These decreases were not considered significant, as the contributions in Figure 3.3a 

from β (1280 cm-1) and γ (1240 cm-1) were present throughout the entire printing process.  
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Figure 3.3: ATR-FTIR characterisation of SEA 3D printed PVDF-TrFE materials, 

(a) the FTIR spectra in the fingerprint region as a function of the number of printed 

layers (offset for clarity) and (b) the calculated FEA as a function of the number of 

printed layers. 

 

The energy harvesting capability was quantified for PEGs fabricated using the SEA 3D 

printed PVDF-TrFE. In general, PVDF-TrFE PEGs prepared via solvent evaporation 

techniques such as drop casting and solvent casting show a randomised directionality for 

the polarisation vector, inhibiting electromechanical conversion and showing no electri-

cal output upon deformation without poling.9 Hence, to be electroactive, the piezoelectric 

polymer is generally required to be poled via highly energetic methods. However, in this 

work, the electrical output of the 3D printed layers was investigated, which have not been 
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exposed to any conventional poling techniques in order to ascertain if shear alone would 

enhance the output, building on previous modelling28 and rheology29 studies. 

 

Here, the SEA 3D printed PVDF-TrFE samples were coated with two conductive mate-

rials on each side through a shadow mask, consisting of a 2 nm Cr layer, acting as a 

seeding and adhesion layer, and a 10 nm Au layer. The sputter-coated electrode covered 

the entire surface on each side, both the bottom of the substrate layer and the top of the 

structure and substrate, including the walls of the structures. Wires were soldered to Cu 

tape and physically adhered to the coated electrodes. The PVDF-TrFE with electrodes 

was then encapsulated with insulating polyimide (Kapton) tape to prevent external influ-

ences on the electrical output. The resulting SEA 3D printed PVDF-TrFE PEGs with a 

varying number or layers were investigated for their electroactivity upon mechanical 

compression. An Instron was used in cyclic compression mode to induce deformation. 

The VOC was measured concurrently by an oscilloscope. 

 

Figure 3.4a shows the representative VOC as a function of time for the increasing number 

of layers in the SEA 3D printed PVDF-TrFE PEGs. Initially, it was found that the 3D 

printed thin film was able to generate electricity upon cyclic deformation, which does not 

occur in other low-energy deposition techniques.9 The 3D printed PVDF-TrFE thin film 

PEG generated an average peak-to-peak voltage (Vpp) of 69.6 ± 49.6 mV (Figure 3.4b), 

exhibiting electroactivity.  

 

The PEG samples consisting of one structured layer 3D printed onto the printed thin film 

layer were found to generate the highest voltage. The average Vpp of the one-layer samples 

was 289.3 ± 27.6 mV, a four-fold increase over that of the thin film printed PEG. This 

was attributed to the increased aspect ratio and surface area of the material compared to 

the printed thin film PEG. As noted in the ATR-FTIR results there is not a great change 

in the FEA %, therefore it is proposed that this increase in electrical output for the one 

layer is primarily due to shear-induced polarisation at the 3D printing nozzle walls.28, 29  
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Figure 3.4: (a) Representative open circuit voltage for SEA 3D printed PVDF-TrFE 

PEGs as a function of time under 5 Hz cyclic compression. The positive peaks rep-

resent increasing compressive force whereas negative peaks represent decreasing 

compressive force. Each division on the time axis represents 1 s. (b) Peak-to-peak 

voltage output of the PEGs as a function of the number of 3D printed structured 

layers of PVDF-TrFE. The first data point represents a 3D printed thin film. Error 

bars were obtained using the maxima and minima of 50 compression cycles, for 

three separate samples per data point. 

 

By further increasing the number of layers that were 3D printed on top of the thin film a 

decrease in the Vpp output from cyclic compression to background levels was observed. 

This phenomenon was attributed to the spatial distribution of the electrode. The sputter 

coating technique deposits the electrode on the walls of the 3D printed PVDF-TrFE struc-

tures, negating further enhancements in electroactivity at higher layer numbers. 

 

3.5 Conclusion 
In summary, SEA 3D printing was used to manufacture flexible and transparent PVDF-

TrFE PEGs and the effects of utilising a shear-enhanced deposition technique were in-

vestigated. The visible-wavelength transmittance for the 3D printed PVDF-TrFE was 

above 92% for all samples, up to 19 layers on a thin film. The electroactive (β + γ) phase 

fraction showed values between 75% and 80% for all samples. The 3D printed thin film 

PVDF-TrFE piezoelectric generator exhibited 69.6 mV peak-to-peak voltage, increasing 

to a maximum of 289.3 mV in the generator consisting of one structured layer printed on 

top of the thin film. This increased output was proposed to be due to shear-induced 
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polarisation—not related to an increase in β phase. Overall, the SEA 3D printing tech-

nique shows great promise in producing enhanced electrical output from fluoropolymer-

based piezoelectric generators through low-temperature and low-energy deposition meth-

ods. 
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3.7 Supplementary Information 
The solubility of PVDF in a solvent mixture consisting of DMF and acetone was mod-

elled using Hansen1 solubility parameters reported by Bottino et al.2 as a function of sol-

vent ratios. This was achieved through the use of the RMS error method of the variation 

in solubility parameters of each solvent and the polymer (shown in Supplementary Table 

3.S1). The distance between the Hansen solubility parameters for PVDF and the solvent 

mixture with varying acetone volume fraction is shown in Supplementary Figure 3.S1a, 

whereby the dashed line at the origin represents the optimal value for the dissolution of 

PVDF. To the best knowledge of the authors, the solubility parameters of PVDF-TrFE 

have not been determined, hence PVDF was used to determine the optimal solvent ratios. 

 

Table 3.S1: Solubility parameters of PVDF, and solvents acetone and DMF, as well 

as the difference in total solubility parameters between PVDF and solvent using the 

RMS method. 

Influence  

of parameter 

δd 

Dispersion 

δp 

Dipolar  

intermolecular 

δh 

Hydrogen 

δ difference (RMS) 

p∑ J𝛿&,C − 𝛿&,DE.FK
)G

&6H
𝑁&

 

PVDF 17.2 12.5 9.2 0.0 

Acetone 15.5 10.4 7.0 2.01 

DMF 17.4 13.7 11.3 1.4 

 

The RMS variation in solubility parameter (δdifference) was then calculated by Supplemen-

tary Equation (3.S1) for ratios of acetone and DMF in the solvent mixture ranging from 

100 vol% DMF to 100 vol% acetone. 

 

𝛿H&II2J24=2 =	p
∑ J[𝑎𝛿&,.KF + (1 − 𝑎)𝛿&,L=2"342] − 𝛿&,DE.FK

)G
&6H

𝑁&
 (3.S1) 
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Here, a was the relative volume fraction of DMF in the solution mixture and δi, DMF and 

δi, acetone were the parameters given in Supplementary Table 3.S1 for each solvent. The 

δdifference, the RMS distance of the three solubility parameters, was then plotted as a func-

tion of the relative volume fraction resulting in the plot shown in Supplementary Figure 

3.S1b. The dashed line represents the total RMS variation in the solubility parameters 

between PVDF and the solvent mixture at the commonly used volume fractions of DMF 

(80 vol%) and acetone (20 vol%).3 It was noted that the dashed line additionally intercepts 

the curve at 61 vol% acetone, therefore the range of solvent ratios between 20 vol% and 

61 vol% acetone was determined to successfully dissolve the fluoropolymer. Acetone has 

a significantly higher volatility relative to DMF, hence the solvent ratio used for this work 

maximised the acetone volume fraction to 60 vol% to decrease the drying time of the 

polymer upon printing.4 

 

 

Figure 3.S1: (a) Variation between the Hansen solubility parameters for PVDF and 

the solvent mixture and (b) RMS difference in solubility parameters for PVDF in a 

solution mixture consisting of acetone and DMF as a function of acetone volume 

fraction. 

 

The viscosity of the PVDF-TrFE solutions at concentrations between 20 wt% and 40 wt% 

in a solvent mixture containing 60 vol% acetone and 40 vol% DMF was measured at 

shear rates between 0.01 s-1 and 1000 s-1, shown in Supplementary Figure 3.S2. 
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Figure 3.S2: Viscosity of PVDF-TrFE solutions as a function of shear rate for PVDF-

TrFE loadings between 20 wt% and 40 wt%. 

 

The optimal printing parameters were investigated experimentally. Supplementary Figure 

3.S3 shows an optical image of structures deposited onto a glass substrate at x-y robot 

head speeds between 5 mm s-1 and 45 mm s-1 using a raster pattern with a line spacing of 

2 mm. Here, the lamps in the background were used to demonstrate the transparency of 

the printed structures after drying. Supplementary Figure 3.S4 shows the optical micro-

graphs of the corner sections of the structures, highlighting the resolution of printing at 

various speeds.  
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Figure 3.S3: Optical images showing the structures during optimisation of x-y speed 

of the 3D Bioplotter for the printing of PVDF-TrFE at 30 wt% in solution. The 

lamps in the background are used to demonstrate the transparency of the printed 

structures. 
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Figure 3.S4: Optical microscope images of the edge of the raster pattern during op-

timisation of x-y speed of the 3D Bioplotter for the printing of PVDF-TrFE at 30 

wt% in solution. 

 

Supplementary Figure 3.S5 shows the results of the thin film optimisation. In this study, 

the width between lines in the raster pattern was controlled between 1.2 mm (top left) and 

0.4 mm (bottom right). The cross-sectional HIM micrograph is shown in Supplementary 

Figure 3.S6 for the thin film printed using a 0.4 mm line width for the raster pattern. Here, 

the thickness was found to be below 40 μm. 
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Figure 3.S5: Optical images of PVDF-TrFE 3D printed onto a glass substrate, 

whereby the spacing of a raster pattern was investigated for the printing of a solid 

thin film. Printing conditions as follows: 178 kPa extrusion pressure, 30 mm/s x-y 

robot head speed, 5 °C cartridge temperature, 24 °C ambient temperature. 

 

 

Figure 3.S6: HIM image showing the cross section of an optimised SEA 3D printed 

PVDF-TrFE thin film with a 0.4 mm raster line width. 
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4.1 Abstract 
With an increasing global energy demand, along with a rising uptake of portable elec-

tronic devices, it is of great importance to investigate the viability of alternative energy 

harvesting technologies. Flexible PEGs are able to convert mechanical energy to electric-

ity, making them an ideal candidate to decrease reliance on conventional energy sources 

and to power flexible, portable and implantable electronics. In this study, a low-energy 

production pathway is demonstrated for transparent PEGs based on PVDF-TrFE via 

shear-induced alignment of its dipoles through extrusion printing, complemented by spa-

tial dipolar templating onto SWCNTs at low concentrations (<0.05 wt%). The resulting 

composite PEGs show up to a 500% enhancement in the piezoelectric charge coefficient 

d33 relative to extrusion printed pristine PVDF-TrFE, with similar enhancements in en-

ergy harvesting, exhibiting a power density of up to 20 μW cm-3 at 0.02 wt% SWCNTs. 

The extrusion printed composite PEGs showed recyclability using only a green solvent 

(acetone) and were found to exhibit piezoelectric energy harvesting with a power density 

of up to 71 μW cm-3 upon reprinting, overcoming two of the most significant hurdles 

towards commercial production of flexible PEGs. 

4.2 Introduction 
Wearable electronic devices are ubiquitous in modern society, providing personalised in-

formation and sensing to an estimated 22% of US adults in 2019 and growing year on 

year.1 Similar to trends over the last 20 years in smartphone technology, there is a desire 

for the next generation of wearable electronics to be lighter and smaller, with longer life-

times. A major bottleneck toward achieving miniaturisation in electronic devices is the 

power supply, conventionally based on electrochemical devices, which require the incor-

poration of fluid electrolytes and manual recharging.2 Therefore, finding lightweight and 

low footprint alternatives for power delivery is crucial in the development of next gener-

ation wearable electronics.3 Many sustainable technologies have been proposed as alter-

native energy sources, including photovoltaic, thermo-, pyro-, and mechano-electric tech-

nologies.4–7 However, for devices with low power requirements, flexible PEGs have 

emerged as ideal candidates, requiring no manual recharge, being completely solid-state, 

and being relatively lightweight. 
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While piezoelectricity as a means of harvesting energy has been found in literature as 

early as 1961, the desire for renewable and independent energy generators has provoked 

a great revival of interest within the academic community over the past several years.8 

For the purposes of energy harvesting, ceramic and polymer materials have shown the 

highest promise, however ceramic devices are rigid, brittle, and often lack biocompati-

bility.7,9,10 Conversely, polymeric materials are flexible and biocompatible, with the po-

tential for transparency, thus increasing their scope for reliable commercial use.9,11,12 In 

particular, fluoropolymers have shown the highest piezoelectric energy harvesting capa-

bility of all flexible polymer PEGs due to their high dipole polarisation, on the order of 

131 mC m-2, between their hydrogen and fluorine atoms perpendicular to the carbon back-

bone.13 The piezoelectric FOM for thin films, corresponding to the product of the piezo-

electric charge (d33) and voltage (g33) coefficients, d33g33, has been experimentally vali-

dated to show similar values for both ceramic materials and polymers.14 Piezoelectric 

polymers, dominated largely by fluoropolymers, have shown lower values for the har-

vested d33 and volumetric power density (PD); however, the reports of the g33 have shown 

significantly higher values relative to the ceramic materials.7 Similar FOM values, cou-

pled with their ease of use in flexible, wearable and implantable electronic devices, make 

fluoropolymers an attractive option for energy harvesting applications. For wearable elec-

tronics, flexible, transparent and light weight devices are paramount. Polymer-based 

PEGs are far superior in these requirements compared to their ceramic counterparts. 

 

However, one of the major challenges currently preventing widespread use of fluoropol-

ymers in energy harvesting is the cost to process the polymers into the piezoelectric phase 

and subsequently align their inherent dipoles, which is also a requirement for efficient 

PEGs.7,9  

 

Polycrystalline dielectric fluoropolymers such as PVDF can be deposited into the non-

polar and non-piezoelectric α phase (trans-gauche-trans-gauche' polymorph, TGTG') 

when low energy techniques such as solvent-casting are employed.15 The conversion of 

the α phase to the polar phases, including the highly piezoelectric β phase (TTTT poly-

morph) and the partially piezoelectric γ phase (TTTGTTTG' polymorph), has become a 

widespread research area, whereby multiple authors have claimed to achieve β phase frac-

tions as high as 100%.7,16,17 The utilisation of a co-monomer during the polymerisation 
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process, such as TrFE, has been further reported to enhance the nucleation of fluoropol-

ymers into the piezoelectric phases during deposition.15 At TrFE fractions between 25 

mol% and 30 mol% relative to VDF, the copolymer films have been demonstrated to 

contain a higher β phase fraction relative to equivalent PVDF films, arising from the steric 

interactions between the third fluoride atom in the TrFE.9 Nonetheless, an additional pro-

cessing step called poling is required to spatially align the dipoles of the piezoelectric 

phases for high energy conversion efficiencies.9,18 In the poling process, generally under-

taken under vacuum and at temperatures between the TC and Tm (90 °C and 110 °C, re-

spectively), electric fields between 2 MV m-1 and 400 MV m-1 are applied across the 

material.7,9,19 Each part of this step utilises a significant amount of energy and is difficult 

to scale to roll-to-roll processes, currently only undertaken by Measurement Specialties, 

Inc.20  

 

In order to improve piezoelectric outputs from fluoropolymers, researchers have incorpo-

rated various conducting, semiconducting, insulating and piezoelectric additives into 

fluoropolymers.7,15 Additionally, a range of additive morphologies have been trialled 

such as nanoparticles,21–25 nanowires/nanotubes26–36 and planar nanomaterials.37,38 The 

majority of the studies have reported enhancements in the β-phase fraction, crystallinity 

or both.22–25,28,32,37–39 One-dimensional (1D) CNT additives are of increasing interest due 

to their decreased toxicity relative to their inorganic counterparts and provide mechanical 

reinforcement while remaining flexible at concentrations <1 wt%, important for both 

wearable and implantable energy harvesters.40–42 CNTs have been shown to potentially 

aid β phase nucleation.32,39,43 Fabrication methods including solvent casting (poling at 60 

MV m-1 electric field), electrospinning (7 MV m-1) and spray coating have been used to 

produce CNT/PVDF composites, with the highest energy harvesting enhancements found 

at approximately 0.1 wt% CNTs.30,44 More recently, Lee et al.39 have investigated the 

energy harvesting characteristics of spray coated MWCNT/PVDF composites without 

poling. The unpoled MWCNT/PVDF PEGs produced a maximum open circuit voltage at 

1.2 V and short circuit current at 3.8 nA, approximately 30% of the voltage output and 

1% of the current output, respectively, of poled MWCNT/PVDF composites. 

 

To fabricate electroactive fluoropolymers without poling, extrusion printing has been per-

formed, albeit with significantly lower piezoelectric FOM. Bodkhe et al.45,46 have 3D 



Chapter 4: Dipole templating of fluoropolymers from single-walled carbon nanotubes 

Nick A. Shepelin 129 

printed a composite containing piezoelectric BTO NPs and PVDF. More recently, PVDF-

TrFE has been 3D printed with no additives, showing partial shear-induced polarisation 

in PVDF-TrFE for unpoled PEGs.47 In addition to inducing polarisation of the fluoropol-

ymers, the 3D printing technique allows for PEGs to be fabricated into complex shapes 

and structures. Recent advances in 3D printing have demonstrated printing on moving, 

rough and uneven surfaces, enabling conformal printing directly onto skin.48  

 

This work presents significant advances in the design and manufacturing of flexible pie-

zoelectric energy harvesters. Through the combination of molecular dynamics (MD) 

modelling of the dipole direction, solvent evaporation-assisted extrusion printing, and the 

selected use of SWCNTs as additives, this study demonstrates efficient, low voltage 

switching, and high power density PVDF-TrFE piezoelectric energy harvesters that can 

be used as produced. The use of this intelligent design and bespoke processing enables a 

preferential dipole alignment which leads to the complete elimination of the electrical 

poling process, an expensive and arduous process that is unavoidable in the current man-

ufacture of polymer-based piezoelectric generators. The printed devices show no signifi-

cant change in the piezoelectric β-phase through SWCNT addition; however, exhibit dra-

matic increases in the d33 and PD at the optimal SWCNT concentration, confirming the 

increased performance arises from the theoretically predicted dipole alignment. The 

printed piezoelectric generators are transparent and flexible with figures of merit compa-

rable to commercially available poled PVDF. These piezoelectric PVDF-TrFE energy 

harvesters are shown to be recyclable in green solvents such as acetone, a never before 

observed phenomenon, and can be reprocessed into new piezoelectric materials without 

loss of properties. These key points provide a fundamental breakthrough in the design 

and fabrication of low cost and recyclable flexible PEGs, opening up a path to their broad 

application for low power flexible electronics. 

 

4.3 Experimental 

4.3.1 Ink preparation 
PVDF-TrFE powder (75 mol% VDF and 25 mol% TrFE, Mw at 420 kDa, ⍴ at 1.49 g cm-

3, Solvay, Italy), acetone (AR grade, Chem-Supply Pty Ltd, Australia) and DMF (ACS 

Reagent, Sigma-Aldrich, USA) were used without further purification. SWCNTs with a 
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conductivity of >100 S cm-1, outer diameter between 1 nm and 2 nm, and length between 

3 μm and 30 μm (99% purity, Cheap Tubes Inc., USA) were dispersed via ultrasonication 

(Elmasonic S 30 H, Elma Schmidbauer, Germany) for 30 min in a solution consisting of 

acetone (60 vol%) and DMF (40 vol%) at 0.727 mg mL-1 to make a stock solution (cor-

responding to 0.200 wt% SWCNT/PVDF-TrFE solution). Further dilutions were then 

prepared from the stock solution at 0.363 mg mL-1, 0.182 mg mL-1, 0.073 mg mL-1, 0.036 

mg mL-1 and 0.018 mg mL-1, corresponding to the relevant SWCNT concentration rela-

tive to PVDF-TrFE at 0.100 wt%, 0.050 wt%, 0.020 wt%, 0.010 wt% and 0.005 wt%, 

respectively. The diluted solutions were further ultrasonicated for 5 min. Subsequently, 

PVDF-TrFE powder (4 g) was added to each of the solutions (9.333 g) at 23 °C and 

magnetically stirred to dissolve the PVDF-TrFE. This made inks containing 30 wt% 

PVDF-TrFE relative to the solvent mixture with varying SWCNT concentrations (0.000 

wt% to 0.200 wt%) relative to PVDF-TrFE. 

 

4.3.2 Printing and PEG manufacture 
The SWCNT/PVDF-TrFE (0.000 wt% to 0.200 wt%) inks were transferred into 30 mL 

dispensing barrels (Optimum, Nordson EFD, USA) and stored at -5 °C prior to printing. 

The printing was carried out on a piston-driven 3D extrusion system (Bioplotter, Envi-

sionTEC, USA) through a nozzle with 0.20 mm internal diameter (SmoothFlow, Nordson 

EFD, USA) onto a clean glass substrate. Throughout printing, the barrel was kept at a 

temperature of 5 °C and the stage at 23 °C. A one-layer film was printed following a 

raster pattern with 400 μm spacing at 30 mm s-1 x-y speed under 1.7 Bar extrusion pres-

sure with total dimensions of 30 mm in width and length. Subsequently, the films were 

placed under vacuum with an absolute pressure below 253 mbar for 10 min. 

 

Post printing, the samples were stored in a sealed desiccator. For fabrication of the PEGs, 

electrodes were adhered to the extrusion printed films via sputter coating deposition 

(Q150T ES, Quorumtech, UK), consisting of a 2 nm Cr layer and a 10 nm Au layer 

through a shadow mask with active area of 2.1 cm2 on both sides of the material. Wires, 

soldered to Cu foil tape with conductive adhesive (1181, 3M, USA), were adhered to both 

surfaces of the printed films, ensuring strong contact between the Cu tape and Cr/Au 

coating. The films were finally encapsulated in insulating Kapton polyimide tape on both 

surfaces to complete the PEGs. 
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4.3.3 Materials characterisation 
Viscosity of the inks was confirmed using a rheometer (MCR-702, Anton Paar, Austria) 

with cone-plate geometry, with a cone diameter of 25 mm and angle at 2°. The measure-

ments were obtained at a temperature of 5 °C in accordance with the printing barrel tem-

perature by an upwards logarithmic ramp of shear rate from 0.01 s-1 to 200 s-1. 

 

Optical properties, including transmittance and haze measurements of the printed PVDF-

TrFE and SWCNT/PVDF-TrFE films were performed on an UV-vis-NIR spectropho-

tometer (Lambda 950, Perkin Elmer, USA). The films were placed on the entry port of a 

25 cm diameter integrating sphere accessory to capture the total light not absorbed by the 

material, as well as the proportion of light scattered at angles greater than 2° from the 

beam direction. 

 

The surface of the films was imaged using HIM (Orion NanoFab, Zeiss, Germany) to 

show representative distributions of the SWCNTs in the PVDF-TrFE. The micrographs 

were obtained with a 75 μm field of view using a dwell time of 2 μs and acceleration 

voltage of 25 kV. 

 

XRD patterns were obtained for the printed films using Bragg-Brentano geometry (D8 

Advance, Bruker, Germany) using Cu-Kα radiation (λ = 1.54060 Å). The Bragg angle, 

2θ, was varied between 5° and 70° with a step size of 0.02° and 1 s per step, with the 

sample rotated at 15 rpm. The films were placed on silicon low background holders for 

the measurements. 

 

Raman spectroscopy (inVia, Renishaw, UK) was undertaken on the printed films, ad-

hered to glass microscope slides using a 532 nm laser with an 1800 line mm-1 grating and 

a 50x objective. Each spectrum was centred at 1300 cm-1 and obtained using a laser power 

of 1.68 mW with an exposure time of 0.15 s accumulated over 1000 scans. Confocal 

images were obtained 0.5 s before scanning and 0.5 s after the scan was finished in order 

to ensure the sample remained stable under laser irradiation. 
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DSC traces were obtained using a simultaneous thermal analyser (STA 8000, Perkin 

Elmer, USA). Samples weighing between 10 mg and 15 mg were placed into a ceramic 

pan and heated to 180 °C at a ramp rate of 10 °C min-1. The furnace was continuously 

purged with nitrogen of ultra-high purity at a rate of 20 mL min-1, and equilibrated for 30 

min between scans. 

 

FTIR analysis (ALPHA II, Bruker, USA) was performed on the printed films in ATR 

mode. The absorbance was taken as an average of 128 individual scans with a resolution 

of 2 cm-1 between 600 cm-1 and 4000 cm-1. 

 

The thickness, and consequently the volume of the printed films was determined from the 

final dry mass using the density of PVDF-TrFE as 1.49 g cm-3. The mass was determined 

as an average of a minimum of three printed films for each SWCNT concentration and 

the length and width were taken as 3 cm to obtain the thickness. 

 

4.3.4 PFM characterisation 
PFM was undertaken (Cypher ES, Asylum Research, USA) at 23 °C on the printed films 

for the determination of nanoscale polarisation characteristics. Cantilevers (Econo-SCM-

PIC, Asylum Research, USA) with Cr/Pt conductive coating, tip radius below 25 nm and 

spring constant of 0.2 N m-1 were used for the PFM measurements. The scans were com-

pleted on an area of 5 μm × 5 μm at 256 pixels per line, corresponding to approximately 

20 nm per pixel. 

 

The PFM was carried out in contact lithography mode, whereby a potential was applied 

to the sample in pre-defined patterns and the amplitude and phase changes relative to the 

unbiased areas were observed. The voltage was swept in increments of approximately 2 

V from 20 V to -20 V on each scan line, with a scan rate of 0.2 Hz. Each voltage step was 

applied to an area of 195 nm in the x direction and 3.906 μm in the y direction. 

 

The resultant piezoelectric amplitude and phase data, collected during the application of 

voltage, were then correlated to the corresponding voltage for each pixel on the scan. The 
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on-voltage measurements were collected at voltages below the electrical poling voltage 

for the extrusion printed films in order to measure the effective d33 from the resultant 

strain. Dual AC resonance tracking (DART) PFM was then undertaken at 1 Hz scan rate 

to ensure the stability of the material. 

 

4.3.5 Energy harvesting analysis 
Energy harvesting characterisation was completed to determine the macroscale polarisa-

tion and ultimate energy harvesting potential of the PVDF-TrFE and SWCNT/PVDF-

TrFE PEGs. The voltage output of the PEGs was measured using an oscilloscope with 10 

MΩ input impedance (TDS2002B, Tektronix, USA) under cyclic compression (5963, In-

stron, USA) with a constant frequency of approximately 5 Hz and controlled strain rate. 

The load cell was rated at 1 kN. The speed was set at 10 mm s-1, with a 50 N maximum 

set force. Rubber mats were placed between the PEG and the instrument for the measure-

ment, with a thickness of ∼1 mm each. 

 

Further characterisation of the power and power density was carried out in a similar man-

ner, while resistive loads were attached in parallel and the voltage output was measured 

under cyclic compression. 

 

4.3.6 Molecular dynamics modelling 
All-atom MD simulations were employed to investigate the preferred conformation of the 

PVDF-TrFE chains on various SWCNTs. SWCNTs with two chiralities were simulated, 

a (8,8) and a (12,0) CNT corresponding to the armchair and the zig-zag configuration, 

respectively. The SWCNT systems had a length of 10 nm each and diameters of 1.084 

nm and 0.993 for the (8,8) and (12,0) chiralities, respectively. For each SWCNT, two 

PVDF-TrFE chains containing 21 VDF and 9 TrFE monomers were introduced in the 

simulation cell, corresponding to molar concentrations of 70 mol% VDF and 30 mol% 

TrFE. 

 

The SWCNT and co-polymer systems were simulated in the NVT (constant number of 

particles, volume, and temperature) ensemble at 300 K for at least 4 ns under vacuum. 
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For statistically relevant results three simulations of the same system were carried out at 

the same conditions with different initial configurations, meaning that new positions and 

velocities were assigned to each atom. The equations of motion were integrated using the 

velocity-Verlet algorithm79 with a time step of 1 fs using the polymer consistent force 

field (PCFF) for both the CNT and the co-polymers. Partial charges were assigned to each 

atom of the CNT and the PVDF-TrFE using the bond increments method. The PCFF 

interatomic potential was validated with the density of bulk PVDF-TrFE melts at 230 °C. 

Supplementary Figure 4.S15 shows the monotonic increase of the PVDF-TrFE density ρ 

with the molecular weight Mw, attaining a plateau at approximately 1.57 g cm-3 for PVDF-

TrFE melts with Mw greater than 10,000 g mol-1. The MD-obtained density was found to 

be in accordance (deviation below 5.5 %) with the experimental value (ρbulk = 1.49 gr cm-

3) of the bulk PVDF-TrFE copolymer with the same composition (70 mol% VDF and 30 

mol% TrFE), validating the interatomic potential used in the present simulations. The 

MD simulations were performed on the University of Melbourne’s High-Performance 

Computing system using the LAMMPS MD code.80 

 

4.3.7 Recyclability testing 
Four printed SWCNT/PVDF-TrFE (0.020 wt%) films, with a total mass of 0.214 g were 

placed into a dispensing barrel. Acetone, with a total volume of 0.905 mL was added to 

the barrel, corresponding to 23 wt% polymer loading. The barrel was sealed, gently 

shaken and subsequently held at -5 °C for 12 h, to ensure a homogeneous mixture of the 

ink. Printing of the resulting ink was undertaken in similar conditions to the initial print-

ing cycle with the exception of the extrusion pressure, which was decreased to 0.3 Bar. 

 

The energy harvesting experiment for the recycled and reprinted SWCNT/PVDF-TrFE 

(0.020 wt%) PEG used low-force cyclic finger pinching as input force. The load re-

sistance was set using a resistance decade (M642, Meatest, Czech Republic) and the out-

put voltage measured using a potentiostat (VMP3, Bio-Logic, France) in open circuit 

voltage mode with an input impedance of 1014 Ω. 
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4.4 Results and discussion 

4.4.1 Inks, printing and optical properties 
For extrusion printing, PVDF-TrFE inks were prepared by dissolving PVDF-TrFE (30 

wt%) in a solvent mixture containing acetone (60 vol%) and DMF (40 vol%). For the 

SWCNT/PVDF-TrFE inks, the acetone:DMF (60:40 vol%) solvent mixture contained 

suspended SWCNTs at concentrations ranging from 0.005 wt% to 0.500 wt% relative to 

the PVDF-TrFE (Supplementary Figure 4.S1). 

 

The rheological properties of the PVDF-TrFE (0.000 wt%) and SWCNT/PVDF-TrFE 

(0.005 wt% to 0.200 wt%) inks were studied in order to determine their printability, 

shown in Supplementary Figure 4.S2. For the SWCNT/PVDF-TrFE inks, the viscosity 

values showed low deviation from that of the PVDF-TrFE ink, while the viscosity profile 

retained non-Newtonian, shear thinning properties, which are optimal for extrusion print-

ing.47 The results showed a zero shear viscosity (η0) between 260 Pa s and 638 Pa s, while 

the viscosity approaching printing shear rates was between 2.9 Pa s and 4.8 Pa s, corre-

sponding to the values for the inks at rest before and after printing, and during the extru-

sion step, respectively. 

 

Figure 4.1a shows a composite photograph of the printed single layer films with increas-

ing SWCNT concentration from left (0.000 wt%) to right (0.200 wt%), placed on top of 

a graphic to demonstrate their optical properties. The films containing SWCNT concen-

trations below 0.050 wt% were indistinguishable from the PVDF-TrFE control film, 

while those at 0.050 wt% and above exhibited an increasing dark colouration. The films 

appeared homogeneous and did not show visible aggregation at SWCNT concentrations 

up to 0.200 wt%, suggesting that the SWCNTs were stable during the printing and drying 

processes. The visible wavelength transmittance and haze of the films, measured between 

380 nm and 780 nm, are shown as a function of SWCNT concentration in Figure 4.1b. 

At low SWCNT concentrations (<0.050 wt%), the composite films absorbed minimal 

light and were transparent over the entire measured spectrum (Supplementary Figure 

4.S3). The haze values, shown in Figure 4.1b, were found to be constant at 3.5% below 

0.050 wt% SWCNTs, further showing the stability of dispersed SWCNTs in the PVDF-

TrFE with minimal deviation from the spectrum of the pure polymer. However, at 
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SWCNT concentrations >0.050 wt%, increased haze was observed, attributed to SWCNT 

bundling (see Supplementary Figure 4.S4). 

 

 

Figure 4.1: (a) Optical images demonstrating the transparency of extrusion printed 

PVDF-TrFE films with increasing SWCNT concentration (0.000 wt% to 0.200 wt%) 

from left to right. Scale bar represents 5 mm. (b) Visible wavelength transmittance 

and haze as a function of SWCNT concentration (blue datapoints denote the PVDF-

TrFE control). (c) HIM images showing the surface of the films for PVDF-TrFE 

(0.000 wt%) and SWCNT/PVDF-TrFE (0.005 wt% to 0.500 wt%). Scale bar repre-

sents 10 μm. 

 

Figure 4.1c shows the HIM images of the surface of the extrusion printed PVDF-TrFE 

films as a function of SWCNT concentration. The overall surface morphology was found 

to be free of visible porosity, confirming the formation of solid, non-porous thin films 
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upon printing. The HIM technique allows for strong contrast between the dielectric, non-

conductive PVDF-TrFE surface, shown as dark regions in the micrographs, and the con-

ducting SWCNTs shown in the light regions. This contrast decreased for SWCNTs em-

bedded further below the surface. Minimal bundling and aggregation of the SWCNTs 

was observed on the surface of the samples with concentrations below 0.050 wt%; how-

ever, larger bundles of nanotubes were visible at higher concentrations with the 0.500 

wt% film exhibiting continuous networks of SWCNTs over its entire surface. 

 

4.4.2 Phase determination and materials properties 
The PVDF-TrFE and SWCNT/PVDF-TrFE films were characterised to investigate the 

polymer phase behaviour with SWCNT loading relative to PVDF-TrFE. Figure 4.2a 

shows the XRD spectra for the printed films. The broad peak at 18.1° 2θ corresponds to 

the (110/200) paraelectric (PE) phase reflection and the peak at 20.2° 2θ corresponds to 

the (110/200) ferroelectric (FE) phase reflection commonly attributed to the β phase of 

PVDF-TrFE.19 The two lower intensity peaks at 35.0° 2θ and 40.8° 2θ were attributed to 

the (001) FE reflection and (111/201), (400/220) FE reflections, respectively, further in-

dicating the presence of the β phase within the polymer matrix.49,50 

 

 

Figure 4.2: Analysis of extrusion printed PVDF-TrFE films with SWCNT concen-

trations between 0.000 wt% and 0.500 wt%, showing (a) XRD spectra. (b) Raman 

spectra. (c) Ratio of the intensities of the G-band peak relative to the β phase peak 

from Raman spectra. (d) DSC heating traces. (e) ATR-FTIR spectra. (f) The relative 
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phase ratios calculated from ATR-FTIR spectra (grey), Raman spectra (red) and 

XRD spectra (blue) for the electroactive (β + γ) phase (triangle), β phase (diamond) 

and γ phase (square). 

 

The Raman spectra for the SWCNTs, PVDF-TrFE films and SWCNT/PVDF-TrFE 

(0.005 wt% to 0.500 wt%) films are shown in Figure 4.2b. All polymer samples showed 

peaks characteristic of fluoropolymers at 1432 cm-1 and 880 cm-1, as well as the charac-

teristic β phase peak at 842 cm-1 and γ phase peak at 810 cm-1.7,51,52 There was a notable 

absence of the non-polar α phase peak typically observed at 794 cm-1.53 The Raman spec-

tra of the SWCNT/PVDF-TrFE films all showed a strong contribution from the charac-

teristic SWCNT graphitic G-band (1587 cm-1), along with a slight contribution from the 

disordered defect D-band (1340 cm-1).54 The ratio of the intensity of the G-band (IG) to 

the intensity of the β phase peak (Iβ) was plotted as a function of SWCNT concentration 

and is shown in Figure 4.2c. The linear trend up to a 0.200 wt% SWCNT concentration 

suggested a homogeneous dispersion.  

 

Figure 4.2d shows the DSC traces for the SWCNT/PVDF-TrFE (0.000 wt% to 0.500 

wt%) films during a heating cycle. The position of the Tm was at approximately 140.5 °C, 

within the typical range for PVDF-TrFE (75 mol% VDF:25 mol% TrFE, 420 kDa, Sol-

vay). The FE to PE transition, representing the TC, was found to be 105 °C suggesting 

piezoelectric stability for temperatures up to approximately 100 °C. 

 

The crystallinity (𝜒c) of the SWCNT/PVDF-TrFE (0.000 wt% to 0.500 wt%) films was 

calculated from the DSC traces using Equation (4.1) with values shown in Table 4.1. 

	 𝜒=(%) =
∆𝐻1
∆𝐻7

× 100	 (4.1) 

Here, the enthalpy of melting (∆Hm) was calculated from the mass-normalised area of the 

Tm peak and the literature value for the enthalpy of purely crystalline PVDF-TrFE (∆H0) 

was taken as 45 J g-1.55,56 For SWCNT/PVDF-TrFE (0.000 wt% to 0.100 wt%) films, the 

𝜒c was found to remain relatively unchanged, between 37% and 41%. At SWCNT con-

centrations in the films of 0.200 wt% and above, the 𝜒c was observed to decrease to be-

tween 31% and 34%. 
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Table 4.1: Degree of crystallinity (𝜒c) and the relative fractions of the electroactive 

phase (FEA), β-phase (Fβ) and γ-phase (Fγ) obtained via DSC, ATR-FTIR spectros-

copy, Raman spectroscopy and XRD. 

 𝜒ca 

(%) 

FEAb 

(%) 

Fβc 

(%) 

Fβd (%) Fγc (%) Fγd (%) 

PVDF-TrFE 37.2  83.8 72.0 70.0 28.0 30.0 

0.005 wt% SWCNT 39.7  84.3 72.5 69.2 27.5 30.8 

0.010 wt% SWCNT 40.5  83.4 72.7 69.3 27.3 30.7 

0.020 wt% SWCNT 41.1  83.5 71.7 70.3 28.3 29.7 

0.050 wt% SWCNT 39.0  82.9 71.6 68.7 28.4 31.3 

0.100 wt% SWCNT 41.3  81.4 64.5 70.7 35.5 29.3 

0.200 wt% SWCNT 30.6  80.7 48.4 65.7 51.6 34.3 

0.500 wt% SWCNT 33.9  72.5 —e  69.3 —e 30.7 

aObtained via DSC; bObtained via ATR-FTIR spectroscopy; cObtained via Raman spec-

troscopy; dObtained via XRD; eNo polymer peaks were detected due to high SWCNT 

Raman signal 

 

ATR-FTIR spectroscopy was used to further confirm the phase composition of the extru-

sion printed SWCNT/PVDF-TrFE (0.000 wt% to 0.500 wt%) films, shown in Figure 4.2e. 

The presence of both the β phase and γ phase of PVDF-TrFE was shown as the combined 

β+γ phase peak at 840 cm-1, with separate peaks for the β phase at 1285 cm-1 and γ phase 

at 1235 cm-1.57 An additional shoulder at 1430 cm-1 was attributed to the β phase. The 

region commonly ascribed to the α phase at 766 cm-1 showed no peaks, further showing 

the films consisted of purely piezoelectric polymorphs.58 

 

Figure 4.2f shows a summary of the percentage phase fractions calculated from the ATR-

FTIR spectra (grey), Raman spectra (red) and XRD spectra (blue), with the values pre-

sented in Table 4.1. Using the ATR-FTIR data, the electroactive phase fraction FEA, con-

sisting of the β+γ phases, was calculated from the FTIR spectra using Equation (4.2).7,57 
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	 𝐹!:(%) =
𝐼!:

(𝐾!: 𝐾9⁄ )𝐼9 + 𝐼!:
× 100	 (4.2) 

In Equation (4.2), IEA is the intensity of the FTIR peak at 840 cm-1 (β+γ phase), Iα is the 

intensity of the FTIR peak at 766 cm-1 (α phase), and KEA and Kα are the absorption coef-

ficients for the respective peaks at 840 cm-1 and 766 cm-1, with the values given as 7.7 × 

104 cm2 mol-1 and 6.1 × 104 cm2 mol-1, respectively.57,59 The values for the β+γ phase 

fraction were found to be constant for all measured samples, with a small decrease to 

72.5% at a SWCNT concentration of 0.500 wt%. No contribution was observed from the 

α phase of the polymer, showing the extrusion printed films contained primarily both 

piezoelectric β and γ phases.  

 

The Raman data was used to calculate the relative fractions of β and γ phases in the pol-

ymer. Commonly, phase analysis in literature consists of the intensity ratio of the α and 

β phase peaks, resulting in a value of zero for pure β phase or infinity for pure α phase.53,60 

To quantify the relative phase content of the β and γ phases in the SWCNT/PVDF-TrFE 

(0.000 wt% to 0.500 wt%) films, a series of equations were used in this study and are 

shown in Equation (4.3) and Equation (4.4), respectively. 

	 𝐹8(%) =
𝐼>+)

𝐼>+) + 𝐼>((
× 100	 (4.3) 

	 𝐹<(%) =
𝐼>((

𝐼>+) + 𝐼>((
× 100	 (4.4) 

In this form, I842 corresponds to the intensity of the β phase Raman peak at 842 cm-1 and 

similarly, I811 corresponds to the intensity of the γ phase Raman peak at 811 cm-1.51,52 

These fractions are presented in red in Figure 4.2f. Films with low concentrations of 

SWCNTs showed similar relative β phase fractions compared to pristine PVDF-TrFE 

films. Conversely, at higher SWCNT concentrations, the β phase fraction dropped signif-

icantly from the maximum of 72.7% at 0.010 wt% SWCNT to a minimum of 48.4% at 

0.200 wt% SWCNT and the γ phase increased from 27.3% at 0.010 wt% SWCNT to 

51.6% at 0.200 wt% SWCNT. Nonetheless, it should be noted that at the higher concen-

trations, the SWCNT G-band signal was significantly larger than that of the PVDF-TrFE 

peaks and variations between phases became increasingly difficult to quantify. 
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The final set of data presented in blue in Figure 4.2f was the quantification of phases from 

the XRD spectra. The peaks at 18.1° 2θ and 20.2° 2θ were deconvoluted, and their relative 

intensity fractions are shown in Figure 4.2f and Table 4.1. The PE peak at 18.2° 2θ 

showed values in line with Fγ from the Raman analysis and therefore was attributed to 

the presence of the γ phase, although it has been commonly misattributed to the non-polar 

α phase in previous studies.11,61 

 

From the data presented in Figure 4.2, it was concluded that minimal changes in phase 

composition were observed with incorporation of low concentrations of SWCNTs into 

PVDF-TrFE. 

 

4.4.3 Nanoscale piezoelectric phenomena 
PFM was carried out on the samples to further investigate their nanoscale piezoelectric 

properties. A cantilever with diameter of below 25 nm was rastered across a 5 μm × 5 μm 

sample area with voltages applied in a sweeping manner using a pre-defined pattern, 

shown in Figure 4.3. For each line of scanning, the cantilever swept through the entire 

range of voltages between -20 V and +20 V to minimise artefacts arising from the instru-

ment (Figure 4.3a). 

 

Figure 4.3b shows the corresponding PFM amplitude output after exposing the samples 

to the range of desired voltages at SWCNT concentrations from 0.000 wt% to 0.200 wt% 

relative to PVDF-TrFE. The amplitude response, corresponding to the piezoelectric out-

put, was found to increase with increasing SWCNT concentration up to 0.020 wt%, show-

ing a 20-fold increase in amplitude at 0.020 wt% relative to the PVDF-TrFE sample, 

exhibiting a sharp decrease at SWCNT concentrations higher than 0.020 wt%. It was ev-

ident that while the phase fractions were not significantly altered by the incorporation of 

SWCNTs (see, Figure 4.2 and Table 4.1), the piezoelectric response showed significantly 

enhanced properties. Further, the phase switching behaviour, shown in Figure 4.3c, was 

significantly altered by the inclusion of SWCNTs. The switching voltage in this case is 

proportional to the coercive field (EC), which is the electric field required to pole the 

fluoropolymers. At higher SWCNT concentrations (between 0.100 wt% and 0.200 wt%), 

the switching voltage between -14 V and -10 V was comparable to the pristine PVDF-
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TrFE film; however, at lower SWCNT concentrations (between 0.010 wt% and 0.020 

wt%) the switching voltage dropped to between -2 V and 0 V. A switching voltage below 

2 V corresponds to an electric field below 50 kV m-1, which is orders of magnitude lower 

than any previous reported values for electrical poling of fluoropolymers (typically 4 MV 

m-1 to 500 MV m-1).7,9,19 

 

 

Figure 4.3: PFM characterisation of extrusion printed SWCNT/PVDF-TrFE (0.000 

wt% to 0.200 wt%) films, (a) the pattern of the applied voltage to the cantilever 

during raster. (b) The piezoelectric amplitude response of the printed samples upon 

the application of voltage between the cantilever and the substrate and (c) the cor-

responding PFM phase response, showing representative slices for each sample. The 

scale bar represents 1 μm. (d) The raw amplitude (A). (e) The raw phase (ɸ). (f) The 

resultant processed PFM amplitude (Acos(ɸ)) as a function of the applied voltage 

for the investigated SWCNT concentrations.  

 

The amplitude and phase were then extracted from the PFM data as a function of the input 

voltage and are presented in Figure 4.3d and Figure 4.3e, respectively. The amplitude was 

shown to scale linearly with the input voltage over the range of -20 V and +20 V. The 

amplitude minima were attributed to the dipole orientation switching of the PVDF-TrFE. 

The phase was found to be maximised in the direction of the positive voltage, even when 

no voltage was applied, for all samples excluding those containing SWCNT concentra-

tions of 0.010 wt% and 0.020 wt%.  Further increase in phase were found for 0.010 wt% 
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and 0.020 wt% SWCNT/PVDF-TrFE films upon the application of +2 V. Additionally, 

the phase angle of the 0.200 wt% SWCNT/PVDF- TrFE film was found to degrade at 

positive applied voltages, with a maximum at -2 V.  

 

The effective d33 coefficient can be obtained from the PFM data using Equation (4.5).62 

	 𝑑** =
𝐴 𝑐𝑜𝑠(𝜙)
𝑄	𝑉 	 (4.5) 

Here, A represents the PFM amplitude in units of pm, ɸ represents the PFM phase angle, 

Q represents the unitless quality factor of the cantilever resonance peak obtained during 

the PFM experiments, which in this case was consistent between 70 and 92 with slight 

variations between samples, and V represents the applied voltage. For the analysis of the 

data, individual pixels at each position and corresponding to their respective voltages 

were used for the calculation and an average was taken for the entire set of pixels corre-

sponding to the respective applied voltage.  

 

Figure 4.3f shows the Acos(ɸ) plotted as a function of the applied voltage for the extrusion 

printed SWCNT/PVDF-TrFE (0.000 wt% to 0.200 wt%) films investigated during this 

experiment. Typically in literature, a linear trend is observed at low applied voltages, with 

a decreasing slope as the films approach the maximum induced strain. All of the investi-

gated films showed trends following literature for fluoropolymers. Degradation was ob-

served at high magnitudes of applied voltage in the positive direction for 0.000 wt%, 

0.100 wt% and 0.200 wt% SWCNT/PVDF-TrFE films, as the EC values for these samples 

were below -10 V. Therefore, a moderate voltage of +10 V was chosen for the character-

isation of the d33 coefficient, corresponding to approximately 0.25 MV m-1 and well be-

low the typical values for EC for fluoropolymers, while additionally probing in the direc-

tion the films were polarised during deposition. 

 

The extrusion printed PVDF-TrFE (0.000 wt% SWCNT) film showed a low response 

under voltage (+10 V), suggesting low relative polarisation with a d33 coefficient of -1.9 

pm V-1 at +10 V (Supplementary Figure 4.S5). A moderate increase in SWCNT concen-

tration to 0.005 wt% resulted in a sharp increase of the amplitude and therefore the d33 

coefficient to -5.9 pm V-1, corresponding to a 210% enhancement. The maximum d33 was 
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found at 0.020 wt% SWCNT, at -12 pm V-1, a 500% improvement over that of the pristine 

PVDF-TrFE films. This d33 value is comparable to work by Bodkhe et al.45 (d31 at 18 pm 

V-1) for BTO/PVDF composite structures and commercially available piezoelectric 

PVDF (d33 at -33 pm V-1, PFM results shown in Supplementary Figure 4.S6) for mechan-

ically drawn and poled films.20 Further increases in SWCNT concentration resulted in a 

reduction back to a lower d33 coefficient of -1.7 pm V-1 (0.050 wt% SWCNTs), similar 

to that of the pristine PVDF-TrFE (0.000 wt% SWCNTs) films. A further decrease in the 

d33 coefficient at 0.100 wt% and 0.200 wt% SWCNTs was also observed.  

 

In literature, increases in energy harvesting efficiencies of nanocomposite fluoropolymer 

PEGs have been largely attributed to enhancements in crystallinity and relative β phase 

fractions within the polymer. Here, no crystallinity or relative β phase fraction were ob-

served with increased SWCNT content in the PVDF-TrFE (see Figure 4.2 and Table 4.1); 

however, a marked increase in the polarisation were found (Figure 4.3). This result 

demonstrates that maximising the net polarisation vector is a key consideration for opti-

mising piezoelectric energy harvesting and can be achieved by either aligning the local 

dipoles or enhancing the relative β phase fraction. The incorporation of SWCNTs into 

fluoropolymers at low concentrations, as shown via PFM (Figure 4.3) and polymer phase 

composition analysis (Figure 4.2), does not result in an increase in β phase, and thus the 

improvement in net polarisation must arise from dipole alignment. 

 

4.4.4 Macroscale piezoelectric phenomena 
To further explore the piezoelectric energy harvesting properties of the extrusion printed 

SWCNT/PVDF-TrFE films, PEGs were fabricated by coating the films with Cr/Au elec-

trodes, attaching external wires via conductive Cu foil adhesive and packaging with in-

sulating polyimide tape. Energy harvesting experiments were undertaken through cyclic 

compression of the PEGs to investigate the correlation between the phase properties, na-

noscale piezoelectric phenomena and bulk energy conversion capabilities.  

 

Figure 4.4a shows the generated voltage traces under 5 Hz cyclic compression of the 

PEGs for the extrusion printed SWCNT/PVDF-TrFE (0.000 wt% to 0.500 wt%) PEGs, 

reported using an oscilloscope with a 10 MΩ input impedance. Here, similar trends were 



Chapter 4: Dipole templating of fluoropolymers from single-walled carbon nanotubes 

Nick A. Shepelin 145 

observed to the PFM data (see Supplementary Figure 4.S7). The data for the pristine 

PVDF-TrFE (0.000 wt% SWCNTs) PEG showed the presence of electrical output arising 

from shear-induced alignment during extrusion printing, however the magnitude was 

found to be low. When the shear alignment from extrusion printing was coupled with the 

incorporation of SWCNTs, the generated peak-to-peak voltage (Vpp) trend was in close 

agreement with the d33 values obtained from PFM. The Vpp was found to increase with 

increases in SWCNT concentration of the PEGs up to a maximum at 0.020 wt% SWCNT. 

At SWCNT concentrations above 0.020 wt%, decreases in Vpp were observed, with values 

similar to the pristine PVDF-TrFE (0.000 wt% SWCNTs) PEGs. The sample containing 

0.500 wt% SWCNT did not exhibit any voltage output from cyclic compression, which 

was attributed to conductive SWCNT networks forming between the electrodes in the 

film. This was supported by HIM imaging (Figure 4.1c) and confirmed using cyclic volt-

ammetry, shown in Supplementary Figure 4.S8, whereby the 0.500 wt% SWCNT/PVDF-

TrFE PEG exhibited conductive behaviour. 

 

Given the maximum Vpp, the energy harvesting characteristics of extrusion printed 

SWCNT/PVDF-TrFE (0.020 wt%) PEG were investigated further. The output voltage 

was measured under cyclic compression at 5 Hz with the load resistor placed in parallel 

with the PEG, for resistances between 1 kΩ and 130 MΩ, with the Vpp values shown in 

Figure 4.4b in grey. The voltage signal was shown to increase up to 1 MΩ, and at 10 MΩ 

began to decrease due to the load resistance reaching the input impedance of the measur-

ing system and therefore presenting voltage values lower than expected. Furthermore, it 

was noted that the voltage at 1 MΩ was lower relative to the measurement with no load 

resistance (shown in Figure 4.4a), suggesting the maximum PD could occur at load re-

sistances between 1 MΩ and 10 MΩ. The current output was calculated using I=V/R and 

showed close agreement in the trend to previous reports, with a maximum generated cur-

rent of 0.9 μA, corresponding to the short-circuit current (Isc) at the plateau for load re-

sistance below 105 Ω. The Isc for the SWCNT/PVDF-TrFE (0.020 wt%) PEG corresponds 

closely to previous work on other self-poled fluoropolymer-based energy harvesters.37,63–

70 
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Figure 4.4: Energy generation characteristics of the extrusion printed 

SWCNT/PVDF-TrFE (0.000 wt% to 0.500 wt%) PEGs, showing (a) the output volt-

age as a function of time arising from imparted cyclic compression of the samples at 

5 Hz for the SWCNT concentrations between 0.000 wt% and 0.500 wt% using an 

Instron testing machine at a controlled strain rate. (b) The Vpp (grey), peak to peak 

current (Ipp) (red) and power density (PD) (blue) for the 3D printed SWCNT/PVDF-

TrFE (0.020 wt%) PEG as a function of the load resistance. The input impedance of 

measurement for the tests was 10 MΩ. 

 

The volumetric power density PD was then calculated for the extrusion printed 

SWCNT/PVDF-TrFE (0.020 wt%) PEG using Equation (4.6) and shown in Figure 4.4b 

as a function of load resistance. 
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In Equation (4.6), R represents the load resistance, t represents the sample thickness 

(shown in Supplementary Figure 4.S9 and Supplementary Figure 4.S10) and Ae represents 

the active electrode area overlapping on both surfaces of the film, taken as 2.1 cm2. The 

maximum PD for the SWCNT/PVDF-TrFE (0.020 wt%) PEG was found to be 19.8 μW 

cm-3 at 1 MΩ load resistance (shown in Figure 4.4b in blue, and in Figure 4.5 as a solid 

red diamond). The comparison to literature values for the PD of PEGs incorporating CNTs 

is shown in Figure 4.5 as a function of CNT concentration. PEGs poled via electric fields 

are shown as circles and unpoled PEGs are shown as diamonds. The data is further ex-

panded upon in Supplementary Table 4.S1. 

 

 

Figure 4.5: Volumetric power density PD for PEGs containing CNTs as a function 

of CNT concentration for this study and previous publications reporting energy har-

vesting capabilities. Circles represent electrically poled PEGs and diamonds repre-

sent unpoled PEGs. Fluoropolymer PEGs without CNTs are presented where found 

in the literature for comparison. 

 

Comparatively, Lee et al.39 have reported on unpoled MWCNT/PVDF composites at 

MWCNT concentrations up to 0.075 wt%. They observed enhancements in energy har-

vesting (maximum 1.2 V and 3.8 nA for 0.075 wt% MWCNT) without using electrical 

poling (Figure 4.5, grey diamonds). Few details were given on the device characteristics 

and measurement conditions, therefore the device thickness was assumed to be 100 μm 
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to obtain PD values, which were calculated as 0.46 μW cm-3. In comparison, the value for 

maximum resistance-matched PD in this study of 19.8 μW cm-3 is greater than one order 

of magnitude higher than that of Lee et al.39. 

 

The PD values from this work fall well within the range of PEGs consisting of CNTs and 

fluoropolymers, obtained through mechanical drawing at elevated temperatures and elec-

trical poling, namely that of Ning et al.18 (poling electric field at 60 MV m-1) and Liu et 

al.30 (7 MV m-1) (Figure 4.5). 

 

4.4.5 Computational analysis of behaviour at the interface between 
SWCNT and PVDF-TrFE 
To further investigate the atomic-scale interfacial phenomena between SWCNTs and 

PVDF-TrFE, and confirm the enhancements in polarisation arising from SWCNT incor-

poration, all-atom MD simulations were employed. Two SWCNT chiralities were ana-

lysed, namely the armchair (12,0) and the zig-zag (8,8), corresponding to semiconducting 

and conducting SWCNTs, respectively.  

 

Figure 4.6a shows the probability distribution of the angle φ, P(φ), formed between the 

SWCNT axis of symmetry vector and the SWCNT/PVDF-TrFE dipole moment vector 

for the (8,8) (black line) and the (12,0) (red line) SWCNT configurations. The representa-

tive simulation configurations are shown in the inset in Figure 4.6a. The results were 

averaged over the simulation time for three independent simulation iterations in order to 

obtain statistical significance. The shaded regions in Figure 4.6a-c represent the error bar 

obtained from three different MD simulations. For φ = 0° and 180°, the dipole moment 

vector of the SWCNT/PVDF-TrFE system was found to be either parallel or antiparallel 

to the SWCNT axis of symmetry. For both SWCNT configurations, the probability of 

forming angles of φ = 90° (dipole moment vector perpendicular to the SWCNT) was 

small. Initially (t = 0 ns), the two PVDF-TrFE chains were placed randomly away from 

each other and close to the SWCNT (Figure 4.6d, top snapshots) with initial φ angle al-

most perpendicular to the SWCNT axis of symmetry The interactions between the 

SWCNT and the PVDF-TrFE caused the latter to fold around the SWCNT (first frames 

of Supplementary Video 4.S1), aligning their dipole moment vector immediately with the 
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SWCNT backbone. The PVDF-TrFE chains have flexible backbones, coiling around each 

other and exhibiting little or no wrapping around the SWCNT. In fact, the dipole moment 

vector of the SWCNT/PVDF-TrFE was found to be more likely to form small angles (0° 

to 45° or 135° to 180°) with the SWCNT axis of symmetry, especially when arranged in 

the (12,0) SWCNT. The copolymer chains had higher interaction energy with the (12,0) 

SWCNT than with the (8,8) SWCNT, indicating that the SWCNT chirality affects the 

alignment of the dipole moment vector with the SWCNT backbone, as both SWCNT 

types investigated here had comparable radii. Furthermore, MD simulations with one 

PVDF-TrFE co-polymer chain exhibited slightly larger φ angles than those of the system 

with two co-polymer chains for the (8,8) SWCNT, revealing that steric effects between 

the chains affect the direction of the dipole moment vector. Videos showing the temporal 

evolution of the dipole moment vector of the SWCNT/PVDF-TrFE system, as well as the 

dipole moment vectors of each of the two PVDF-TrFE chains, are presented in Supple-

mentary Video 4.S1. 

 

The probability distribution of the minimum distance, d, of fluoride (blue) and hydrogen 

atoms (red) of the TrFE units within the PVDF-TrFE chains from the SWCNT with (8,8) 

and (12,0) chiralities is shown in Figure 4.6b and Figure 4.6c. The minimum distance is 

calculated only for the H – C – F branch of the TrFE units (highlighted unit in the inset 

of Figure 4.6b) of the PVDF-TrFE chains as the branches of the VDF units are symmetric 

with either two H atoms (H – C – H) of two F atoms (F – C – F). The results were averaged 

over all the TrFE units within the two co-polymer chains for the entire simulation time. 

The C and F atoms of the TrFE H – C – F branch were found to be most probable in two 

distinct regions: at approximately 3.5 Å and 5.5 Å away from the SWCNT surface. How-

ever, the F atoms were more likely to be arranged closer to the SWCNT surface than the 

H atoms, as indicated by their higher probability distribution at 3.5 Å. This preference of 

fluoride to remain closer to the SWCNT surface was even more pronounced when the 

PVDF-TrFE chains interact with the zig-zag (12,0) SWCNTs, revealing larger differ-

ences in their probability distributions compared to the H atoms. The H and F arrange-

ment with respect to the SWCNT surface hardly changes during the simulations indicated 

by the narrow error bars in their probability distributions. Furthermore, the H – C and the 

C – F bonds of the TrFE H – C – F branch arrange perpendicularly to the CNT surface as 

shown by the probability distribution of their angle with the CNT axis of symmetry with 

a peak at 90° (Supplementary Figure 4.S11). 
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Figure 4.6: (a) The probability distribution of the angle, φ, between the vectors of 

the SWCNT axis of symmetry and the SWCNT/PVDF-TrFE dipole moment for the 

(8,8) (black line) and the (12,0) (red line) SWCNT configurations (insets). The prob-

ability distribution of the minimum distance, d, between fluoride (blue lines) or hy-

drogen atoms (red lines) of the TrFE units (inset of a faded VDF and a highlighted 

TrFE monomer) and the CNT with (b) (8,8) and (c) (12,0) chirality. The shaded 

regions represent the error bar obtained from three independent MD simulations. 

(d) Representative initial spatial arrangement at 0 ns (top) of two PVDF-TrFE 

chains (gold and blue) relative to SWCNTs (cyan) with (8,8) (left) and (12,0) (right) 

chiralities, the spatial arrangement after equilibration at 4 ns (middle) and the rep-

resentative PVDF-TrFE dipole moment vector direction after equilibration at 4 ns 

(bottom). 

 

The PVDF-TrFE chain was initially placed tangential to the SWCNT surface, perpendic-

ular to the SWCNT length axis (Figure 4.6c). Rapidly, the PVDF-TrFE was found to 

adsorb to the SWCNT surface, indicating the attractive interaction between the polymer 

and the SWCNT. The orientation of the dipoles within PVDF-TrFE, as shown in Figure 
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4.6a, showed preferential alignment toward low angles relative to the SWCNT length 

axis, with values between 0° and 30°, as well as 135° and 180°, confirming the presence 

of preferential alignment of the dipole to the SWCNT within the extrusion printed poly-

mer. Additionally, the fluorine-hydrogen dipole vector within the H – C – F group was 

found to preferentially orient away from the SWCNT when simulating a single PVDF-

TrFE chain on the SWCNT (Figure 4.6b and Figure 4.6c). 

 

The MD simulations were in close agreement with the nanoscale PFM data presented in 

Figure 4.3, which showed a five-fold increase in polarisation upon the incorporation of 

low (0.020 wt%) concentrations of SWCNTs. At concentrations above 0.020 wt%, how-

ever, the SWCNTs reached a concentration stability threshold with an increased tendency 

to aggregate and therefore exhibited a decrease in the polarisation. Similar results were 

found in the macroscale energy harvesting experiments (Figure 4.4). The maximum en-

ergy conversion was found to occur in the SWCNT/PVDF-TrFE (0.020 wt%) PEGs, sub-

sequently showing a decreased templating effect at higher SWCNT concentrations. For 

SWCNT/PVDF-TrFE (0.100 wt%) PEGs, the output voltage under cyclic compression 

was found to be comparable to the SWCNT/PVDF-TrFE (0.000 wt%) PEGs. Further-

more, at a SWCNT concentration of 0.500 wt%, the SWCNTs formed a conductive path-

way (Supplementary Figure 4.S5), crossing the percolation threshold and therefore show-

ing no energy harvesting characteristics (Figure 4.4a). 

 

These MD calculations have shown conclusively that the SWCNTs can template the 

PDVF-TrFE molecules inducing dipole alignment around a ±45° arc relative to the 

SWCNT backbone. This alignment, however, is only expected to occur when there are 

non-bundled SWCNTs and thus, at higher mass loadings where aggregated SWCNTs 

dominate the material properties, a sharp reduction in energy harvesting outputs was ob-

served. In contrast to previous literature of CNT/PVDF-TrFE composites, the use of 

SWCNTs in this work enabled a consistent dipole alignment as the electrons are localised 

around a single CNT layer. In the literature, which focuses on MWCNTs, this alignment 

effect for inducing preferential polarisation is expected to be significantly lower. The 

concentric structure of the MWCNTs reduces the ability for PVDF-TrFE to influence the 

total electron density and therefore not produce the dipole alignment effect observed in 

SWCNTs. It is inferred that this effect was similarly observed in poled fluoropolymers, 
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by Kim et al.44, showing a significantly higher PD when incorporating SWCNTs than any 

reported MWCNT/fluoropolymer systems such as Ning et al.18. Based on this fundamen-

tal understanding, the combination of the dipole alignment via SWCNT templating with 

partial dipole alignment of the polymers and SWCNTs through extrusion printing, ena-

bles this work to achieve power densities and peak to peak voltages comparable to elec-

trically poled PVDF. 

 

4.4.6 Recyclability of extrusion printed films 
The recent review presented by Stadlober et al.71 discussed the need for finding recyclable 

materials for energy harvesting. Tamang et al.72 proposed a route to biodegradable PEGs 

through the introduction of DNA into PVDF, however the publication lacked data to sup-

port the claim of biodegradation characteristics. Fluoropolymers, owing to their inherent 

chemically inert nature, as well as thermal stability, have seen few reports on degradation 

and recycling in the past. A key aspect towards the commercial applicability of recyclable 

PEGs is the utilisation of green solvents and quick timeframe of the recycling procedure. 

 

Figure 4.7 shows the capability of the extrusion printed SWCNT/PVDF-TrFE (0.020 

wt%) films (Figure 4.7a), with the highest polarisation templating effect, to be recycled 

and reprinted for further use. The initial extrusion printed films (acetone and DMF, 60:40 

vol%) exhibited complete dissolution in pure acetone, classified as a green solvent, in less 

than 20 s (Figure 4.7a-c and Supplementary Video 4.S2).73,74 Figure 4.7b and Figure 4.7c 

show the sample dissolution at 2 s after initial immersion and 9 s after initial immersion, 

respectively (0.200 wt% SWCNT/PVDF-TrFE shown for visual clarity). For reprinting, 

four initial extrusion printed SWCNT/PVDF-TrFE (0.020 wt%) films weighing 214 mg 

were dissolved in 904 μL acetone, corresponding to a polymer concentration of 23 wt%. 
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Figure 4.7: Recyclability of SWCNT/PVDF-TrFE films (extrusion printed from ac-

etone and DMF, 60:40 vol%) in pure acetone, with (a) optical image demonstrating 

the transparency and mechanical flexibility of the initial extrusion printed 

SWCNT/PVDF-TrFE (0.020 wt%) film. (b) After 2 s of immersion in pure acetone. 

(c) After 9 s immersion in pure acetone. (d) SWCNT/PVDF-TrFE (0.020 wt%) film 

after recycling and reprinting from pure acetone. The 0.200 wt% sample is shown 

in (b) and (c) for visual clarity. (e) Top, HIM micrograph of SWCNT/PVDF-TrFE 

(0.020 wt%) film printed from acetone/DMF. Bottom, recycled and reprinted film 

from pure acetone. (f) Top, PFM amplitude trace after application of voltage to the 

SWCNT/PVDF-TrFE (0.020 wt%) film printed from acetone/DMF. Bottom, recy-

cled and reprinted film. (g) Voltage output under cyclic compression for a recycled 

and reprinted SWCNT/PVDF-TrFE (0.020 wt%) PEG, obtained with an input im-

pedance at 10 MΩ. Scale bars in (a) and (d) correspond to 10 mm, scale bar in (e) 

corresponds to 10 μm and scale bar in (f) corresponds to 1 μm. 

 

After the dissolution of the SWCNT/PVDF-TrFE (0.020 wt%) films (extrusion printed 

from acetone and DMF, 60:40 vol%) in pure acetone, they were reprinted directly from 

acetone without any additional pre-processing. The printing was undertaken at extremely 

low extrusion pressures relative to the initial print, decreasing by 82.3% to 0.3 Bar. Fur-

thermore, the lower solvent boiling point noticeably decreased the solvent evaporation 

time within the printed film. Figure 4.7d shows an optical image of the film reprinted 

directly from acetone. The recycled films exhibited transparency and flexibility similar 

to the films prior to recycling with no visible aggregation of SWCNTs. The comparative 
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HIM micrographs are shown in Figure 4.7e for the SWCNT/PVDF-TrFE (0.020 wt%) 

film printed from acetone and DMF mixture (Figure 4.7e, top) and the film recycled from 

acetone (Figure 4.7e, bottom). The recycled SWCNT/PVDF-TrFE (0.020 wt%) film 

showed minimal SWCNT aggregation, with only slightly higher affinity to bundle, which 

was attributed to the lack of sonication. 

 

Interestingly, the γ and β phase ratios appeared to remain relatively unchanged after re-

cycling and reprinting. The Raman analysis showed that the recycled films had compara-

ble phase ratios after reprinting with respect to the γ and β phase peak ratios at 811 cm-1 

and 842 cm-1, respectively (Supplementary Figure 4.S12). Furthermore, the XRD analysis 

(Supplementary Figure 4.S13) showed similar β and γ phase peaks to the initial extrusion 

printed SWCNT/PVDF-TrFE (0.020 wt%) films. 

 

The nanoscale piezoelectricity was probed with the piezoelectric amplitude shown as a 

comparison to the initial extrusion printed SWCNT/PVDF-TrFE (0.020 wt%) film in Fig-

ure 4.7f. The amplitude showed good agreement between the film prior to recycling and 

post-recycling, confirming the recycled film retained its piezoelectric activity. The d33 

coefficient value for the recycled and reprinted film was found to be -10 pm V-1 (Supple-

mentary Figure 4.S5), which was slightly lower than that of the films printed from acetone 

and DMF (-12 pm V-1). 

 

The recycled SWCNT/PVDF-TrFE (0.020 wt%) films were then used to fabricate PEGs. 

The final devices were tested under cyclic compression to demonstrate the retention of 

energy harvesting after recycling. The voltage is shown as a function of time for 5 Hz 

compression in Figure 4.7g. The PEG, recycled from a printed SWCNT/PVDF-TrFE 

(0.020 wt%) film using pure acetone without any highly energetic processing techniques, 

was found to produce an average Vpp of 209 mV under controlled strain rate at 10 MΩ 

input impedance, corresponding to a PD of 0.5 μW cm-3. 

 

The recycled SWCNT/PVDF-TrFE (0.020 wt%) PEG was then tested using a technique 

most commonly found in literature, namely cyclic compression under low force using 

finger pinching.75,76 In this case, a Vpp of 1.6 V was obtained at an input impedance of 10 
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MΩ (Figure 4.8a). The maximum Vpp for the recycled 0.020 wt% SWCNT/PVDF-TrFE 

PEG was 2.0 V, obtained at an input impedance of 20 MΩ representing open-circuit volt-

age conditions (Figure 4.8b). The maximum Vpp was in close agreement with that of a 

PEG fabricated using commercial poled PVDF film obtained from Measurement Speci-

alities (Supplementary Figure 4.S14).   

 

 

Figure 4.8: Energy harvesting characteristics of a PEG fabricated from a recycled 

extrusion printed SWCNT/PVDF-TrFE (0.020 wt%) film under low-force cyclic 

compression using finger pinching, showing (a) the generated voltage as a function 

of time with a load resistance between 100 kΩ and 20 MΩ. (b) The Vpp as a function 

of load resistance. (c) The Ipp as a function of load resistance. (d) The PD as a function 

of load resistance. (e) The generated voltage at 20 MΩ as a function of time, where 

the PEG was compressed and held for approximately 1.7 s prior to release. (f) The 

generated voltage stability (red) and the Vpp (blue) as a function of the number of 

compression cycles under a load resistance of 20 MΩ. (g) The charging and dis-

charging profiles of capacitors under 3.5 Hz cyclic compression via a bridge recti-

fier. 
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The maximum Ipp of the recycled 0.020 wt% SWCNT/PVDF-TrFE PEG was calculated 

to be 1.2 μA at 100 kΩ, corresponding to the short-circuit current (Figure 4.8c). The max-

imum PD for the recycled PEG, obtained under the low-force compression through load 

resistance matching experiments (Figure 4.8d), was 70.6 μW cm-3 at 5 MΩ, significantly 

higher than that of the controlled strain rate experiments. A maximum PD of 70.6 μW cm-

3 places these recycled and reprinted SWCNT/PVDF-TrFE (0.020 wt%) PEGs in line 

with that of poled CNT-fluoropolymer composite PEGs. In fact, they are far higher than 

the approximately 10 μW cm-3 obtained by Ning et al.18 and thus show an incredible 

promise for future applications in this area. When the PEG was compressed and held prior 

to release, only a positive peak was observed, with the negative peak following the re-

lease, as shown in Figure 4.8e, confirming the energy harvesting signal was occurring 

due to piezoelectricity.  

 

The recycled 0.020 wt% SWCNT/PVDF-TrFE PEG was further subjected to extensive 

cycling study, shown in Figure 4.8f. The data exhibited no notable decrease in energy 

harvesting capability after approximately 10000 cycles, confirming long-term cycling 

stability of the extrusion printed SWCNT/PVDF-TrFE PEGs. Additionally, to demon-

strate the potential to capture and store this energy for future use, charging 0.1 μF, 1 μF 

and 10 μF capacitors though the simple application of a finger press on the PEG (Figure 

4.8e). These capacitors were charged through a bridge rectifier to 3.5 V over 1.2 minutes, 

4.5 minutes, and 24.3 minutes, respectively, with a linear charging profile for the 0.1 μF 

and 1 μF capacitor. The self-poled, recycled, 0.020 wt% SWCNT/PVDF-TrFE PEG 

charged these capacitors faster than state-of-the-art piezoelectric polymer PEGs in the 

literature, demonstrating the feasibility of using these devices to capture human motion 

to power remote and portable electronics.77,78 

 

4.5 Conclusion 
Lowering the energy input required to manufacture polymer-based piezoelectric genera-

tors is crucial for their low-cost implementation into flexible and wearable electronics. 

This work has demonstrated the low energy production of a transparent and flexible pie-

zoelectric generator and is the first report of non-poled fluoropolymer-based piezoelectric 

generators printed with a power density greater than 10 μW cm-3. By combining one-

dimensional additives, in the form of SWCNTs, with polymer chain orientation via 
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extrusion printing, figures of merit comparable to electrically poled PVDF-TrFE are ob-

tained. Further, this result is observed to arise from an increased dipole alignment of the 

crystalline phase relative to the SWCNT backbone, supported via molecular dynamics 

simulations. The ability to recycle the SWCNT/PVDF-TrFE films using just a green sol-

vent (acetone) is demonstrated, giving a low energy tool to reshape the form factor of the 

piezoelectric generator. This form factor reshaping would allow piezoelectric generators 

to be made to size for wearable electronics, or for custom contours within the body to 

power devices such as pacemakers. The highly touted chemical stability of both SWCNTs 

and PVDF-TrFE means that this recycling process does not affect the fundamental chem-

istry, and hence the piezoelectric performance of the materials. 
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4.7 Supplementary information 
 

 

Figure 4.S1: Images showing the SWCNTs dispersed in acetone (60 vol%) and DMF 

(40 vol%) after 30 min bath ultrasonication, showing concentrations between 0.000 

mg mL-1 and 0.727 mg mL-1, corresponding to SWCNT concentrations of between 

0.000 wt% and 0.200 wt% relative to PVDF-TrFE. (a) Directly after ultrasonication 

in a bath sonicator. (b) 16 h after ultrasonication. (c) 27 h after ultrasonication. (d) 

3 weeks after ultrasonication. 

 

 

Figure 4.S2: The viscosity of SWCNT/PVDF-TrFE (0.000 wt% to 0.200 wt%) inks 

as a function of shear rate. 

SWCNT in Acetone/DMF after ultrasonication(a)
0.000 
mg/mL

0.018 
mg/mL

0.036 
mg/mL

0.073 
mg/mL

0.182 
mg/mL

0.363 
mg/mL

0.727 
mg/mL

16 h after ultrasonication(b)

27 h after ultrasonication(c)

3 weeks after ultrasonication(d)

0.01 0.1 1 10 100
103

104

105

106

Vi
sc

os
ity

 (m
Pa

 s
)

Shear rate (s -1)

 PVDF-TrFE
 0.005 wt%
 0.010 wt%
 0.020 wt%
 0.050 wt%
 0.100 wt%
 0.200 wt%



Chapter 4: Dipole templating of fluoropolymers from single-walled carbon nanotubes 

Nick A. Shepelin 167 

 

 

Figure 4.S3: The visible wavelength (380 nm < λ < 780 nm) transmittance of the 

SWCNT/PVDF-TrFE (between 0.000 wt% and 0.200 wt%) films, shown as the total 

reflectance within the integrating sphere. 

 

 

Figure 4.S4: The visible wavelength (380 nm < λ < 780 nm) transmittance at angles 

>2° of the SWCNT/PVDF-TrFE (between 0.000 wt% and 0.200 wt%) films, shown 

as the scattered reflectance within the integrating sphere. 
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Figure 4.S5: The d33 values calculated using PFM at +10 V for the initial 3D printed 

SWCNT/PVDF-TrFE (0.000 wt% to 0.200 wt%) films (shown in red) and the 

SWCNT/PVDF-TrFE (0.020 wt%) film recycled and reprinted from acetone (shown 

in blue). 

 

 

Figure 4.S6: PFM lithography (a) A and (b) ɸ plots showing the data obtained for 

the extrusion printed 0.020 wt% SWCNT/PVDF-TrFE film (red) and the commer-

cially available poled PVDF film (grey) (Measurement Specialties). 
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Figure 4.S7: The Vpp of SWCNT/PVDF-TrFE (0.000 wt% to 0.500 wt%) PEGs, with 

error presented for three separate samples at each data point. 

 

 

Figure 4.S8: Cyclic voltammetry (CV) for 3D printed SWCNT/PVDF-TrFE (0.000 

wt% and 0.500 wt%) films. Inset shows the y-axis expanded to a maximum of 5×10-

6 mA. 
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Figure 4.S9: The measured mass for SWCNT/PVDF-TrFE (between 0.000 wt% and 

0.200 wt%) films. 

 

 

Figure 4.S10: The volume and thickness calculated from Supplementary Figure 4.S9 

for SWCNT/PVDF-TrFE (between 0.000 wt% and 0.200 wt%) films. The length and 

width of the films was 3 cm and density was 1.49 g cm-3 (75 mol% VDF and 25 mol% 

TrFE, 420 kDa, Solvay). 
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Figure 4.S11: The probability distribution of the angle, θ, between the F – C (blue 

lines) or the C – H (red lines) of the TrFE units and the CNT axis of symmetry 

having (a) armchair (8,8) and (b) zig-zag (12,0) chirality. The F – C and the C – H 

branches are mostly perpendicular to the CNT surface. The shaded regions repre-

sent the error bar obtained from three different MD simulations. 

 

 

Figure 4.S12: The Raman spectra for the initial 3D printed SWCNT/PVDF-TrFE 

(0.020 wt%) film (grey line) and SWCNT/PVDF-TrFE (0.020 wt%) recycled and 

reprinted from acetone (blue line). 
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Figure 4.S13: The XRD spectra for the initial 3D printed SWCNT/PVDF-TrFE 

(0.020 wt%) film (grey line) and SWCNT/PVDF-TrFE (0.020 wt%) recycled and 

reprinted from acetone (blue line). 

 

 

Figure 4.S14: The voltage as a function of time for a PEG made from commercially 

available poled PVDF film (grey) and a PEG made using the extrusion printed 0.020 

wt% SWCNT/PVDF-TrFE film (red). Low force cyclic compression using a finger 

pinch was used, with a load resistance of 20 MΩ. 
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Figure 4.S15: The density of the PVDF-TrFE melt at 230 °C as function of the co-

polymer molecular weight obtained by MD simulations (symbols). Increasing the 

molecular weight leads to a slight increase in the co-polymer density which attains 

asymptotically a value of about 1.57 g cm-3 for molecular weights bigger than about 

10,000 g mol-1. The MD-obtained density is in excellent agreement with the experi-

mental value provided by the PVDF-TrFE manufacturer (Solvay, horizontal broken 

line). 

 

Table 4.S1: The CNT/fluoropolymer energy harvesting figures of merit found in re-

cent literature and the materials and processes used to fabricate the PEGs. 

CNT type Polymer 

type 

[CNT] 

(wt%) 

Power 

density 

(μW/cm3) 

Deposition 

technique 

Poling  

technique 

Ref 

MWCNT PVDF 0.075 0.45 Spray coat-

ing 

Unpoled 1 

MWCNT PVDF 0.050 59.4 Solvent 

casting 

Drawing (60 

°C) up to 400-

500% and elec-

trode poling up 

2 
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to 60 MV/m in 

silicone oil 

SWCNT PVDF-

TrFE 

0.100 1481.5 Solvent 

casting 

Electrode pol-

ing 58 MV/m 

at 43 °C in sili-

cone oil 

3 

MWCNT PVDF 0.030 26.2 Electrospin-

ning (1.5 

MV/m) 

Electrode pol-

ing 7 MV/m at 

80 °C 

4 

MWCNT PVDF-

HFP 

0.050 4.0 Solvent 

casting 

Drawing (60 

°C) up to 400-

500% and elec-

trode poling up 

to 60 MV/m in 

silicone oil 

5 

SWCNT 

(This 

work) 

PVDF-

TrFE 

0.020 20.0 3D printing Unpoled  

SWCNT 

(This 

work) 

PVDF-

TrFE  

(recycled 

from  

acetone) 

0.020 70.6 3D printing 

in green sol-

vent 

Unpoled  

 

4.7.1 Supplementary videos 
 

Video 4.S1:Time evolution of the dipole moment vector for the adsorption of two 

PVDF-TrFE chains on SWCNTs with (8,8) chirality on top and (12,0) chirality on 

the bottom. Found at: https://doi.org/10.1039/c9ee03059j 
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Video 4.S2: The dissolution of PVDF and PVDF-TrFE in 5 mL acetone at 1/8 speed. 

3D printed PVDF-TrFE film, 3D printed SWCNT/PVDF-TrFE (0.020 wt%) film, 

3D printed SWCNT/PVDF-TrFE (0.200 wt%) film, melt-extruded and poled PVDF 

film, solvent-cast PVDF-TrFE film and PVDF-TrFE powder are shown. Found at: 

https://doi.org/10.1039/c9ee03059j 
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5.1 Abstract 
Piezoelectric fluoropolymers convert mechanical energy to electricity and are ideal for 

sustainably providing power to electronic devices. To convert mechanical energy, a net 

polarisation must be induced in the fluoropolymer, which is currently achieved via an 

energy intensive electrical poling process. Eliminating this process will enable the low-

energy production of efficient energy harvesters. Here, by combining molecular dynam-

ics simulations, piezoresponse force microscopy, and electrodynamic measurements, a 

hitherto unseen polarisation locking phenomena of PVDF-TrFE is revealed perpendicular 

to the basal plane of two-dimensional (2D) Ti3C2Tx MXene nanosheets. This polarisation 

locking, driven by strong electrostatic interactions enabled exceptional energy harvesting 

performance, with a measured piezoelectric charge coefficient, d33, of -52.0 pC N-1, sig-

nificantly higher than electrically poled PVDF-TrFE (approximately -38 pC N-1). This 

study provides a new fundamental and low energy input mechanism of poling fluoropol-

ymers, which enables new levels of performance in electromechanical technologies. 

 

5.2 Introduction 
For dielectric materials exhibiting piezoelectricity, inducing polarisation through the 

alignment of the dipoles is paramount to couple mechanical and electrical energy.1 To 

achieve dipole alignment, electrical poling is considered a necessary task in the post-

processing of piezoelectric materials.2 Electrical poling is energy intensive, with electric 

fields on the order of tens to hundreds of megavolts per meter commonly used.3–5 In 

fluoropolymers such as PVDF, a class of semicrystalline linear-chain polymers exhibiting 

a dipole moment between the hydrogen and fluorine moieties perpendicular to the carbon 

backbone, the poling process additionally requires high temperature conditions, above 

the TC.3,4,6 The highly valorised commercial applications for piezoelectric materials, in-

cluding precision motorised stages and inkjet printheads, utilise the converse piezoelec-

tric effect,7 converting an applied electric field to discrete mechanical outputs.6 In con-

trast, emerging applications which utilise the direct piezoelectric effect7 to convert me-

chanical to electrical energy, the electrical poling process is a roadblock to commerciali-

sation, requiring a higher energy input than can be harvested in the device lifespan. These 

emergent applications, including energy harvesting,3,8 robotic interfaces,9 
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piezocatalysis10 and piezophotonics,11 require revisiting of the electrical poling process 

and examination of the pathways for inducing polarisation without high input energies.1,12 

 

Recent efforts have investigated alternative pathways to polarise fluoropolymers by tun-

ing solvent composition13 or using nanofillers.8,14–18 The templating of polarisation has 

been realised by nanomaterial-fluoropolymer interactions from piezoelectric BTO 

NPs,14,15 reduced GO (rGO) nanosheets,16,17 hexagonal boron nitride (hBN) nanoflakes,18 

and SWCNTs.8 However, the mechanism of dipole alignment arising from templating 

piezoelectric polymers with nanofillers remains poorly understood. Notably, the afore-

mentioned nanomaterials provide limited scope to probe dipole moment alignment, as 

they possess piezoelectric properties such as BTO,14 or they alter the number of dipoles 

through changes in polymer conformation (e.g., by rGO or hBN).16,17 The single-walled 

carbon nanotube template has shown promise on a nanoscale,8 although the mechanism 

of polarisation templating was not elucidated. 

 

To investigate the mechanism of polarisation templating, a nanofiller must have out-of-

plane polarisability without out-of-plane piezoelectric properties.19 Further, it should be 

mechanically rigid with well-defined surface properties and functionality. To this end, 

the rapidly evolving class of MXenes is an excellent candidate to probe polarisation tem-

plating, with Ti3C2Tx being the most well characterised MXene.20–27 Importantly, it has 

out-of-plane polarisability21 with symmetry perpendicular to the basal plane23,28 and is 

therefore hypothesised to not possess out-of-plane piezoelectric properties. 

 

In this work, a deep mechanistic understanding is presented of how polarisation templat-

ing can be achieved in fluoropolymers from Ti3C2Tx nanosheet templates. MD simula-

tions are employed to probe the evolution of the polarisation of PVDF-TrFE in relation 

to the Ti3C2Tx nanosheet, revealing that the electrostatic interactions between the Ti3C2Tx 

nanosheet and the fluoropolymer are crucial to achieve effective induced local polarisa-

tion locking. This induced local polarisation locking is subsequently extended to a mac-

roscale net polarisation using SEA 3D printing to impart enhanced shear alignment.8,29 

The resultant composites show a d33 of -52.0 pC N-1, higher than electrically poled PVDF-

TrFE co-polymer (approximately -38 pC N-1),3,30 which demonstrates the composites are 

fully polarised within the electroactive crystalline phase. The advancements herein enable 



Chapter 5: Polarisation locking in fluoropolymers at the interface with MXenes 

Nick A. Shepelin 179 

rapid, cost-effective, energy-efficient, and scalable production of fluoropolymers for 

emerging applications utilising the direct piezoelectric effect, including as a power supply 

for broad scale wearable electronics. 

 

5.3 Experimental 

5.3.1 Synthesis of Ti3C2Tx dispersion 
Ti3C2Tx nanosheets were synthesised by selectively etching aluminium atoms out of a 

Ti3AlC2 (MAX phase) parent ternary carbide precursor.47 Briefly, 1 g of Ti3AlC2 powder 

(<40 μm, Carbon-Ukraine Ltd., Ukraine) was slowly added into hydrochloric acid (HCl, 

20 mL, 9 M) containing lithium fluoride (LiF, 1.6 g, 99.5%). The dispersion was then 

stirred at room temperature for 24 h to etch out the aluminium from the Ti3AlC2 MAX 

phase. Afterwards, the dispersion was repeatedly centrifuged at 3500 r min-1 (10 min each 

time) and washed using ultra-pure water to raise the pH of the dispersion. When the pH 

approached 6, the Ti3C2Tx suspension was probe sonicated for 10 min (2 s on and 2 s off) 

in an ice-bath under an argon gas flow. The dispersion was then centrifuged at 1,500 r 

min-1 for 30 min to remove any multi-layer Ti3C2Tx and unetched Ti3AlC2. The superna-

tant containing single-layer Ti3C2Tx nanosheets was concentrated by further centrifuging 

at 8,000 r min-1 for 30 min and the sediment was dispersed into DMF. This process was 

repeated three times to prepare dispersions of Ti3C2Tx nanosheets in DMF (at 4.4 mg mL-

1). 

 

5.3.2 Molecular dynamics simulations 
All-atom MD simulations were used to elucidate the interactions between PVDF-TrFE 

co-polymer films and the Ti3C2Tx nanosheet substrate. Each PVDF-TrFE chain contained 

21 VDF and 9 TrFE monomers, corresponding to molar concentrations of 70 mol% VDF 

and 30 mol% TrFE, similar to the work outlined in Chapter 4.8 The co-polymer chains 

were introduced at 2 nm from the substrate having an initial film density of 1.3 g cm-3 

using the materials and processes simulations (MAPS) 4.3 platform (Scienomics). The 

Ti3C2Tx monolayer nanosheet-PVDF-TrFE co-polymer film interactions were simulated 

in the NVT (constant number of atoms, volume, and temperature) ensemble at 298.15 K 

in a simulation box with periodic boundary conditions. All subsequent simulations were 
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performed on the University of Melbourne’s High-Performance Computing system using 

the large-scale atomic/molecular massively parallel simulator (LAMMPS).48 The equa-

tions of motion were integrated using the velocity-Verlet algorithm49 with a time step of 

1 fs using the transferable, extensible, accurate and modular force field (TEAM-FF) for 

both the Ti3C2Tx nanosheet and the PVDF-TrFE co-polymer. Partial charges were as-

signed to each atom of the PVDF-TrFE using the bond increments method, while the 

charges for the atoms of the Ti3C2Tx surface were adopted from first-principle calcula-

tions.50 The interatomic potential was validated with the density (ρ) of bulk PVDF-TrFE 

melts of various molecular weights at 230 °C, converging to a plateau at approximately 

1.42 g cm−3 (Supplementary Figure 5.S4). The obtained density agreed well (deviation 

<5%) with the experimental value (ρbulk = 1.49 g cm-3) of the bulk PVDF-TrFE co-poly-

mer, validating the TEAM-FF interatomic potential used in the present MD simulations. 

It should be mentioned that in these simulations the Ti3C2Tx nanosheet substrate was kept 

frozen, interacting with the atoms of the PVDF-TrFE co-polymer chains only via van der 

Waals and electrostatic interactions.   

 

To quantify the strength of the interaction between the Ti3C2Tx nanosheet substrate and a 

single PVDF-TrFE chain, individual NVT MD simulations were carried out by applying 

a constant force normal and opposite to the Ti3C2Tx nanosheet surface to each atom of 

the PVDF-TrFE chain and gradually increasing it from 0.00 pN to 6.95 pN with a step of 

0.695 pN. At each one of these simulations, the position of the co-polymer chain is mon-

itored and recorded at which applied force the chain was fully desorbed from the Ti3C2Tx 

nanosheet surface. 

 

5.3.3 Extrusion printing ink preparation 
PVDF-TrFE co-polymer powder (75 mol% VDF and 25 mol% TrFE, Mw at 420 kDa, 

density at 1.49 g cm-3, Solvay, Belgium) and acetone (AR grade, Chem-Supply Pty Ltd, 

Australia) were used without further purification. The stock Ti3C2Tx nanosheet dispersion 

(Ti3C2Tx nanosheets in DMF at 4.4 mg mL-1) was diluted in acetone to provide solutions 

with Ti3C2Tx nanosheet concentrations of 0.00 mg mL-1, 0.10 mg mL-1, 0.52 mg mL-1, 

1.05 mg mL-1 and 2.61 mg mL-1. PVDF-TrFE co-polymer powder was added to the 

Ti3C2Tx nanosheet/acetone solutions at 40 wt% relative to acetone and stirred at 23 °C 

until homogeneous inks formed containing Ti3C2Tx nanosheet concentrations relative to 
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PVDF-TrFE at 0.00 wt%, 0.02 wt%, 0.10 wt%, 0.20 wt% and 0.50 wt%, respectively. 

The PVDF-TrFE co-polymer concentration optimisation in acetone is presented in the 

Supplementary Information. 

 

5.3.4 Extrusion printing and PEG device fabrication 
The Ti3C2Tx/PVDF-TrFE composite inks (0.00 wt%, 0.02 wt%, 0.10 wt%, 0.20 wt% and 

0.50 wt%) were transferred into 3D printing dispensing barrels (30 mL, Optimum, Nord-

son EFD, United States), then sealed and stored at -5 °C prior to printing. A 3D printer 

(Bioplotter 3D, Envisiontec, Germany) was preset to print a single-layer square film (3 

cm x 3 cm) onto a clean glass plate substrate using a raster pattern with a line spacing of 

350 μm. During printing, the cartridge containing the ink was kept at 5 °C and the glass 

plate substrate at 23 °C, the xy speed was 30 mm s-1 and extrusion pressure was 1.7 bar 

through a tapered nozzle with an internal diameter of 200 μm (SmoothFlow, Nordson 

EFD, United States). After printing the films were placed in a vacuum oven set at 23 °C 

for 20 min to ensure the complete extraction of the solvent.  

 

To fabricate the PEGs, the SEA extrusion printed films were removed from the glass 

plate, and coated with a seeding layer of chromium (Cr) and an electrode layer of gold 

(Au) (total thickness of 60 nm) via sputter deposition (Nanochrome I, Intlvac Thin Film 

Corporation, USA) through a shadow mask on both sides of the film with a total overlap-

ping electrode area of 2.4 cm2. Wires (FLEXI-E 0.15, Stäubli Electrical Connectors AG, 

Switzerland) were soldered to copper (Cu) foil with conductive adhesive (1181, 3M, 

United States) and adhered to each side of the printed film without overlap, ensuring 

strong contact between the Cu tape and Cr/Au coating. The printed films were finally 

encapsulated in insulating Kapton (polyimide) adhesive on both surfaces to complete the 

PEGs. The extended fabrication details are presented in the Supplementary Information. 

 

5.3.5 Materials characterisation 

5.3.5.1 Rheology 

The rheological characterisation of the pristine PVDF-TrFE co-polymer and the 

Ti3C2Tx/PVDF-TrFE (0.20 wt%) inks in acetone was undertaken using a strain-controlled 
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rheometer (MCR 702, Anton Paar, Austria) with cone-plate geometry at 5 °C. The gap 

was set at 102 μm, with a cone diameter of 25 mm and an angle of 2°. Frequency and 

shear strain measurements were undertaken in oscillatory mode with an upwards loga-

rithmic ramp of the frequency under fixed shear strain at 1% and shear strain under fixed 

frequency at 1 Hz, respectively. The printing simulation measurement was performed in 

oscillatory mode with the frequency fixed at 1 Hz and controlled shear stress. Initially, 1 

Pa shear stress was applied to the inks for 50 s to demonstrate the properties of the inks 

at rest. Subsequently, 5 kPa shear stress was applied to the sample for 70 s, followed by 

1 Pa for 70 s to demonstrate recovery of the ink, repeated for an additional high shear 

stress cycle. 

 

5.3.5.2 Helium ion microscopy 

The surface of the SEA extrusion printed Ti3C2Tx/PVDF-TrFE (0.50 wt%) film was im-

aged using HIM (Orion NanoFab, Zeiss, Germany) in order to determine the orientation 

and distribution of the Ti3C2Tx nanosheets in the PVDF-TrFE co-polymer. The micro-

graphs were obtained with a 100 μm field of view using a dwell time of 0.5 μs and accel-

erating voltage of 30 kV. 

 

5.3.5.3 Tensile testing 

Tensile tests were performed on a mechanical tester (Electroforce 5500, Bose, United 

States). The Ti3C2Tx/PVDF-TrFE SEA extrusion printed films (0.00 wt%, 0.02 wt%, 0.10 

wt%, 0.20 wt% and 0.50 wt%) were cut into strips (27 mm x 5 mm) and mounted in the 

grips, with an exposed length at 5 mm. The samples, with average thickness at 45 μm, 

were extended at 0.01 mm s-1 up to a maximum of 11.4 mm. 

 

5.3.5.4 Crystallinity 

The crystallinity of the Ti3C2Tx/PVDF-TrFE SEA extrusion printed films (0.00 wt%, 0.02 

wt%, 0.10 wt%, 0.20 wt% and 0.50 wt%) was obtained using DSC (STA 8000, Perkin 

Elmer, United States). The samples were placed in a ceramic crucible at 25 °C and heated 

at 10 °C min-1 to 200 °C under a nitrogen gas flow (20 mL min-1). The crystallinity cal-

culation methods are presented in the Supplementary Information. 
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5.3.5.5 Vibrational spectroscopy 
The distribution of the Ti3C2Tx nanosheets in the PVDF-TrFE co-polymer, along with the 

β:γ intensity ratio was confirmed using Raman confocal microscopy (inVia, Renishaw, 

United Kingdom), equipped with a 532 nm laser, an 1,800 line mm-1 grating and a 50x 

objective. Typical maps were obtained for a surface area of 20 μm length and width, at a 

pixel density of 1 px μm-1. Each pixel of the map consisted of a spectrum, centred at 1,300 

cm-1 and obtained with an exposure time of 0.15 s accumulated over 1,000 scans. 

 

5.3.5.6 Piezoresponse force microscopy 
Nanoscale polarisation of the Ti3C2Tx/PVDF-TrFE SEA extrusion printed films (0.00 

wt%, 0.02 wt%, 0.10 wt%, 0.20 wt% and 0.50 wt%) was measured using an Asylum 

Research Cypher ES atomic force microscope. The data was obtained at 23 °C in air using 

conductive platinum cantilevers (12PT400B, Rocky Mountain Nanotechnology, United 

States) with spring constant at 0.3 N m-1 and tip radius below 20 nm. The scans were 

undertaken on an area of 5 μm x 5 μm at 256 pixels per line, corresponding to approxi-

mately 20 nm per pixel. The PFM was carried out in contact lithography, whereby a po-

tential was applied by the tip to the sample following a pre-defined pattern, observing the 

amplitude and phase changes relative to the unbiased areas. The applied potential ranged 

between -20 V and +20 V in increments of 2 V on each scan line at a scan rate of 0.2 Hz, 

with each voltage step applied to a total area of 0.195 μm in the x direction and 3.906 μm 

in the y direction. The resultant piezoelectric amplitude and phase values, collected dur-

ing the application of voltage, were then correlated to the corresponding voltage for each 

pixel of the scan. The on-voltage measurements were collected at voltages below the 

electrical poling voltage for the films in order to measure the effective d33 from the re-

sultant strain. Extended details of the PFM technique are presented in the Supplementary 

Information. 

 

5.3.5.7 Macroscale electromechanical quantification 
Macroscale polarisation of the Ti3C2Tx/PVDF-TrFE PEGs (0.00 wt% and 0.50 wt%) was 

measured via the input of cyclic compressive force and measurement of the resulting sur-

face charges. The force was applied by a mechanical tester (Electroforce 5500, Bose, 

United States) to the active area of the PEG using a sinusoidal waveform with frequency 

at 2 Hz, the minimum force set at 5 N and maximum force set at 15 N, corresponding to 
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∆F at 10 N and stress at 25 kPa. The surface charge was measured with a charge amplifier 

(Nexus 2692, Brüel & Kjær, Denmark) and recorded through a data acquisition system 

(9223, National Instruments, United States). The cycling stability testing was undertaken 

at 10 Hz. The extended data and discussion are presented in the Supplementary Infor-

mation. 

 

5.4 Results and discussion 

5.4.1 Preparation of Ti3C2Tx/PVDF-TrFE composite SEA 3D printing inks 
Ti3C2Tx nanosheets are a 2D material with the point group of P63/mmc, which is sym-

metric (and therefore non-piezoelectric) in the z-direction (i.e., no out-of-plane polarisa-

tion).23,28 The Ti3C2Tx nanosheets were exfoliated from a Ti3AlC2 MAX phase (Supple-

mentary Figure 5.S1a) using the minimally intensive layer delamination (MILD) exfoli-

ation method with LiF and HCl, exhibiting an average lateral size of 310 nm (Supple-

mentary Figure 5.S1b, c) and a thickness of ~1 nm (Supplementary Figure 5.S1d).24,27 

This soft exfoliation technique resulted in a dominant OH surface termination (Tx), with 

trace amounts of F and O functionality (Supplementary Figure 5.S1e-g).25,26  

 

Composites of Ti3C2Tx nanosheets and PVDF-TrFE were prepared as inks by a simple 

mixing process, whereby a small volume of the Ti3C2Tx nanosheets in DMF were added 

to a PVDF-TrFE (40 wt%) solution in acetone and homogenised via stirring at room tem-

perature. Concentrations between 0.00 wt% and 0.50 wt% Ti3C2Tx, relative to the mass 

of PVDF-TrFE, were produced as viscous inks (Supplementary Figure 5.S2). Interest-

ingly, all inks showed sustained stability, with retention of their initial colour and flow 

properties for up to 5 months post-mixing (Supplementary Figure 5.S3). This stability is 

primarily due to the retardation of either/or the surface oxidation and agglomeration of 

the Ti3C2Tx nanosheets, that can typically occur.26 

 

5.4.2 MD simulations of the Ti3C2Tx/PVDF-TrFE interface 
To understand the interface between the Ti3C2Tx nanosheets and the PVDF-TrFE co-pol-

ymer, MD calculations were performed using the periodic lattice of Ti3C2Tx (where Tx = 

OH) and 70 ‘mer’ chains of PVDF-TrFE (Figure 5.1a, left). This was then compared to a 
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periodic lattice of graphene (Figure 5.1b, left) with an equivalent polymer film. These 

simulations revealed an extremely strong electrostatic interaction between the PVDF-

TrFE chains and the Ti3C2Tx nanosheet, requiring ~ 4.17 pN of force to desorb one PVDF-

TrFE chain from the Ti3C2Tx. This strong interaction limits the motion of the polymer 

(Supplementary Video 5.S1), with chains adjacent to the surface elongated and unable to 

move, forming a tightly packed structure (Figure 5.1a) with density of approximately 2 g 

cm-3 (Supplementary Figure 5.S5). Over 4 ns, more chains preferentially fill the free space 

on the Ti3C2Tx lattice, leading to the decrease in the density of the second layer. Interest-

ingly, there is no statistical difference between the H and F positions on the PVDF-TrFE 

chains relative to the Ti3C2Tx nanosheet (Supplementary Figure 5.S6, shown for a film of 

14 chains). There is a clear difference in the proportion of trans (63%) and gauche (37%) 

conformations within the PVDF-TrFE chains at the interface of the Ti3C2Tx nanosheet 

(Supplementary Figure 5.S7, shown for a film of 14 chains). A similar trend in the trans 

(65%) and gauche (35%) conformation distributions is observed in a film containing 70 

PVDF-TrFE co-polymer chains (Supplementary Figure 5.S8). This ratio of bond confor-

mations suggests the inhibition of local electroactive phase within the fluoropolymer.  

 

The orientation of the net dipole moment vector of the PVDF-TrFE co-polymer film was 

compared to that of the Ti3C2Tx nanosheet, quantified through the angle θ (Figure 5.1a, 

right). The spatial and temporal evolution of θ against the separation (s) reveals the fluor-

opolymer layers adjacent to the Ti3C2Tx nanosheet (within 5 Å from the Ti3C2Tx nanosheet 

surface, directly experiencing the strong electrostatic attraction) have a preferential ori-

entation parallel to the Ti3C2Tx nanosheet (Figure 5.1c). However, with increasing sepa-

ration from the Ti3C2Tx nanosheet, this PVDF-TrFE co-polymer net dipole moment be-

comes increasingly perpendicular to the basal plane of the Ti3C2Tx nanosheet substrate. 

Interestingly, thicker co-polymer films (within 39 Å from the Ti3C2Tx nanosheet surface) 

exhibit an extremely tight distribution of the polarisation orientation (Figure 5.1c), which 

remains perpendicular to the Ti3C2Tx nanosheet for the entire simulation (Supplementary 

Figure 5.S9 and Supplementary Video 5.S1). These results show that on a local scale, a 

net polarisation of the PVDF-TrFE co-polymer is formed perpendicular to the basal plane 

of the Ti3C2Tx nanosheet. Given that the electrostatic screening length in 2D materials is 

between 10 Å and 100 Å, and considering the strength of the electrostatic interaction 

observed between the PVDF-TrFE co-polymer and the Ti3C2Tx nanosheet, it is highly 

probable that this polarisation locking occurs as a consequence of electrostatic forces.19,31 
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Figure 5.1: Comparative MD simulations of the PVDF-TrFE co-polymer film polar-

isation on Ti3C2Tx and graphene substrates. (a, b) The top view (left column) and 

side view (right column) snapshots at t = 0 ns, 0.5 ns, 1 ns and 1.5 ns, with the result-

ant dipole moment vectors (right column) of the PVDF-TrFE co-polymer film (blue 

arrow) and the (a) Ti3C2Tx substrate or (b) graphene substrate. The annotated s and 

θ in a represent the separation of the fluoropolymer from the substrate and the 

PVDF-TrFE co-polymer dipole angle relative to the substrate, respectively. (c, d) 

Probability distributions of the angle (θ) between the dipole moment vector of the 

PVDF-TrFE co-polymer film layers and the (c) Ti3C2Tx or (d) graphene substrates 

as a function of separation (s), as calculated from the equilibrated region of the ob-

tained MD simulation. 
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For comparison, the net dipole moment vector of the same PVDF-TrFE co-polymer film 

on a graphene sheet was investigated under identical simulation conditions (Figure 5.1b, 

right). In contrast to the fluoropolymer film on Ti3C2Tx nanosheet, the fluoropolymer film 

on graphene is able to migrate on the periodic lattice easily and requires a significantly 

lower force (~2.78 pN) to detach a single fluoropolymer chain from the lattice, indicating 

a weaker interaction between the components (Supplementary Video 5.S1). Further, the 

net dipole moment vector of the fluoropolymer film always exhibits random orientations 

with respect to the graphene surface, regardless of the layer thickness (Figure 5.1b, right, 

Figure 5.1d).  

 

The MD simulations show a clear and strong binding interaction between the Ti3C2Tx 

nanosheet and the PVDF-TrFE co-polymer chains, driven by electrostatic interactions. 

This binding results in the subsequent self-assembly of the fluoropolymer film, oriented 

in such a way as to tightly lock the polarisation of the PVDF-TrFE perpendicular to the 

Ti3C2Tx basal plane, providing guidance towards an experimental tool for self-assembly 

driven polarisation in bulk fluoropolymer materials. 

 

5.4.3 Towards printing and net polarisation 
For the translation of this fundamental understanding of the induced local net polarisation, 

developed using MD simulations into PEGs, a careful selection of the Ti3C2Tx/PVDF-

TrFE composite processing route is required. SEA 3D printing can enable shear align-

ment of both nanofillers27,29 and polymer chains,8,32 parallel to the direction of printing. 

Given the formation of induced local polarisation, perpendicular to the basal plane of the 

Ti3C2Tx nanosheets, this parallel alignment is hypothesised to give out-of-plane piezoe-

lectricity without the need for electric poling. 

 

To understand the interaction between the Ti3C2Tx nanosheets and the PVDF-TrFE co-

polymer in solution, as well as assess the suitability for relevant solution processing routes 

including extrusion printing, the shear strain (γs) response of the Ti3C2Tx loaded PVDF-

TrFE (40 wt%) inks was studied (Figure 5.2a). The extended rheological characterisation 

of the pristine PVDF-TrFE ink is presented in the Supplementary Information (Supple-

mentary Figure 5.S10, Supplementary Figure 5.S11 and Supplementary Figure 5.S12). 
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Both the pristine PVDF-TrFE co-polymer and the Ti3C2Tx/PVDF-TrFE inks demon-

strated exceptional flow properties for printing. This was clearly demonstrated by the 

storage modulus (G') being greater than the loss modulus (G") at low γs, indicating the 

ability of the ink to retain a physical shape. With increasing γs, analogous to the strain 

applied during extrusion printing, both inks exhibited yielding and liquid-like behaviour, 

indicated by the cross-over of G' and G", and the subsequent region with G' < G". Simi-

larly, the angular frequency (ω) response (Figure 5.2b) confirmed the formation of a 

strong physical gel in both the pristine PVDF-TrFE co-polymer and the Ti3C2Tx/PVDF-

TrFE inks, highly desirable for extrusion printing.33 A weakening of the PVDF-TrFE/ac-

etone interaction was apparent through the presence of a larger shoulder at ω ≈ 0.15 rad 

s-1 in the G'' of the Ti3C2Tx/PVDF-TrFE ink. The weakening of the physical gel was at-

tributed to a strong interaction between the PVDF-TrFE co-polymer and the Ti3C2Tx 

nanosheets. However, the Ti3C2Tx/PVDF-TrFE ink, nonetheless, exhibited solid-like be-

haviour (G' > G'') at ω as low as 0.10 rad s-1. The PVDF-TrFE co-polymer ink was sub-

jected to consecutive small amplitude oscillatory shear (SAOS, 1 Pa) and large amplitude 

oscillatory shear (LAOS, 5 kPa) cycling at 1 Hz to replicate the shear stress of extrusion 

printing, shown in Figure 5.2c.34 It was found to consistently flow under 5 kPa shear 

stress (σs), with immediate G'' recovery and >60% G' recovery after 70 s at σs = 1 Pa, 

retaining similar characteristics with >85% G’ recovery on the second σs cycle. This test-

ing method showed the ability of the PVDF-TrFE co-polymer and Ti3C2Tx/PVDF-TrFE 

inks to print continuous and complex structures without void formation or defects in the 

resultant structures. 
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Figure 5.2: SEA extrusion printing of strengthened Ti3C2Tx/PVDF-TrFE films. (a) 

Oscillatory γs sweep (ω = 1 Hz) and (b) oscillatory ω sweep (γs = 1%) of the 40 wt% 

PVDF-TrFE ink with and without 0.20 wt% Ti3C2Tx nanosheets. (c) The temporal 

evolution of the G' and G'' during σs cycling between 1 Pa (white regions, represent-

ing the stationary state) and 5 kPa (grey regions, representing printing stress). (d) 

Photograph showing the SEA extrusion printing process for the Ti3C2Tx/PVDF-

TrFE (0.50 wt%) ink, scale bar 10 mm. Inset shows a self-supporting single filament. 

(e) Photograph of the free-standing Ti3C2Tx/PVDF-TrFE films at various Ti3C2Tx 

nanosheet loadings (from left to right: 0.00 wt%, 0.02 wt%, 0.10 wt%, 0.20 wt% 

0.50 wt%). Inset shows HIM image of Ti3C2Tx/PVDF-TrFE (0.50 wt%) film surface, 

demonstrating the distribution of Ti3C2Tx nanosheets near the surface of the film. 

Scale bar represents 40 μm. (f) Photograph demonstrating an interdigitated struc-

ture of 0.50 wt% Ti3C2Tx/PVDF-TrFE composite printed onto a flexible poly(eth-

ylene terephthalate) (PET) substrate. (g) Tensile strain (γt)-stress (σt) profiles of the 

printed Ti3C2Tx/PVDF-TrFE films (shaded region shows the error from replicates). 

(h) The elastic region of (g). (i) The Young's modulus (Et) obtained from (h) (overlay 

represents a 95% confidence interval). 
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5.4.4 SEA extrusion printed and mechanically robust Ti3C2Tx/PVDF-TrFE 
composite films 
With a clear understanding of the rheological performance of the Ti3C2Tx/PVDF-TrFE 

inks, as well as evidence of weakening of the PVDF-TrFE/acetone interaction due to the 

strong Ti3C2Tx/PVDF-TrFE interface, thin films were prepared for studies of the mac-

roscale polarisation and energy harvesting properties. 

 

Ti3C2Tx/PVDF-TrFE inks at various Ti3C2Tx nanosheet loadings (0.00 wt%, 0.02 wt%, 

0.10 wt%, 0.20 wt% 0.50 wt%) were SEA extrusion printed as single-layer thin films 

(Figure 5.2d) through a nozzle (internal diameter (ID) = 200 μm) onto a clean glass plate 

and then subsequently removed to form free-standing films (Figure 5.2e). The distribution 

of the Ti3C2Tx nanosheets was homogeneous in the resultant films with the basal plane 

appearing aligned parallel to the printing direction (Figure 5.2e, inset), as expected from 

an extrusion process. This SEA extrusion printing process could be further extended to 

print complex shapes on flexible substrates, such as poly(ethylene terephthalate) (PET), 

as shown in Figure 5.2f. The versatility of the SEA extrusion printing technique enables 

the deposition of multi-layer systems,32 on conformal35 and moving substrates,36 allowing 

the resultant PEGs to be deployed in broad and highly specialised applications such as in 

the point-of-care printing of in-vivo energy harvesters.37,38 

 

The mechanical properties of the SEA extrusion printed Ti3C2Tx/PVDF-TrFE (0.00 wt%, 

0.02 wt%, 0.10 wt%, 0.20 wt% 0.50 wt%) composite films were studied via tensile ex-

tension (Figure 5.2g). All films were shown to yield at γt <50% and did not break at γt = 

220% (displacement limit of the instrument), confirming the high ductility of all tested 

materials. Subsequent elongation at uncontrolled force by hand showed a maximum γt 

>1,000% prior to failure (Supplementary Figure 5.S13). The Young’s modulus (Et), ob-

tained from the low-γt region (Figure 5.2h), increased linearly with an increase in Ti3C2Tx 

nanosheet loadings in the PVDF-TrFE co-polymer up to 358 MPa at a Ti3C2Tx nanosheet 

loading of 0.5 wt% (Figure 5.2i). This linear increase showed that there is a homogenous 

dispersion of the Ti3C2Tx nanosheets through the fluoropolymer at all concentrations, as 

aggregation would lead to poor load transfer between the components. The Et of the 
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pristine PVDF-TrFE co-polymer film (263 MPa) was comparable to literature values for 

3D printed PVDF (419 MPa), although lower than other processing routes.39  

 

5.4.5 PVDF-TrFE phase dependence in Ti3C2Tx/PVDF-TrFE composites 
The semi-crystalline PVDF-TrFE co-polymer exists in three favourable conformations, 

the symmetric and therefore non-electroactive α phase, the semi-polar and moderately 

electroactive γ phase, and the polar and highly electroactive β phase.3 These phases arise 

from the presence and order of trans (T) and gauche (G) bond conformations, whereby 

the α phase consists of alternating conformations (TGTG'), the γ phase is an intermediate 

(TTTG) and the β phase is all-trans (TTTT).4 Inherently, changes in the crystallinity and 

phase composition affect the maximum polarisation of fluoropolymers. Understanding 

how these parameters change is crucial to elucidating a mechanism for enhanced piezoe-

lectric response. Ultimately, entropy within the polymer during deposition results in neg-

ligible polarisation of the polymer films, thus requiring electrical poling to align the di-

pole moment vectors.8 To achieve this understanding of crystallinity and phase composi-

tion, thorough phase characterisation (DSC and Raman confocal microscopy) was per-

formed (Figure 5.3). These tools enable the determination of both the total crystallinity 

of the fluoropolymer, and the relative proportion of β and γ phases, enabling the exhaus-

tive understanding of the material for the assessment of energy harvesting capabilities.  

 

Raman spectroscopy showed a clear increase in the Ti3C2Tx nanosheet spectrum vibra-

tional modes (150 cm-1 – 740 cm-1) with increasing concentration (Figure 5.3a). An initial 

decrease was observed in the intensity ratio Iβ/Iγ (β phase at 840 cm-1 and γ phase at 811 

cm-1) from 2.4 for the pristine PVDF-TrFE co-polymer to 2.2 for the 0.02 wt% 

Ti3C2Tx/PVDF-TrFE composite, before an increase to 2.5 for the 0.5 wt% Ti3C2Tx/PVDF-

TrFE composite (Figure 5.3b).3  
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Figure 5.3: Material characteristics of Ti3C2Tx/PVDF-TrFE films. (a) Raman spec-

tra of Ti3C2Tx/PVDF-TrFE composites (at various Ti3C2Tx loadings) and Ti3C2Tx 

nanosheets. (b) The β/γ phase ratio, Iβ/Iγ, calculated from the intensities of the β 

phase (840 cm-1) and γ phase (811 cm-1) from Raman confocal mapping (Supplemen-

tary Figure 5.S15). The dashed line represents a visual guide. (c) The effect of 

Ti3C2Tx nanosheet loading on the PVDF-TrFE co-polymer crystallinity, as meas-

ured by DSC. The dashed line is a visual guide (d) The Raman Iβ/Iγ map of the 

Ti3C2Tx/PVDF-TrFE (0.50 wt%) film, where the dark point corresponds to a large 

Ti3C2Tx nanosheet at the film surface (red circle). The inset shows a confocal micro-

scope image of the area analysed using Raman confocal mapping. Both scale bars 

represent 5 μm. (e) The representative Raman spectra for the area designated by 

the black circle and the red circle in d, showing the clear inhibition of β phase locally 

at the Ti3C2Tx nanosheet surface. 

 

DSC revealed that small Ti3C2Tx nanosheet loadings (0.02 wt%) resulted in a notable 

decrease in the overall crystallinity of the PVDF-TrFE co-polymer matrix (Figure 5.3c).  

 

Confocal Raman mapping was also performed (Figure 5.3d, e) to probe the decrease in 

both the Iβ/Iγ and the crystallinity, as shown by the average Raman spectra (Figure 5.3b) 

and DSC (Figure 5.3c), respectively. Notably, the analysis of these maps found a clear 

difference in the Iβ/Iγ between the bulk PVDF-TrFE co-polymer (Figure 5.3d, black 
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circle) and the Ti3C2Tx/PVDF-TrFE interface (Figure 5.3d, red circle), decreasing from 

2.65 to 1.45, respectively. The individual spectra for these regions (Figure 5.3e) showed 

a disproportionate suppression of the β phase peak intensity at the Ti3C2Tx nanosheet 

surface, while the intensity ratio between γ and the CH2 stretch (1432 cm-1) maintains the 

same ratio.40 Importantly, these findings suggest a local inhibition of the electroactive β 

phase crystallisation at the interface between the Ti3C2Tx nanosheet and the PVDF-TrFE 

co-polymer (Supplementary Figure 5.S7), as well as the local densification of the fluoro-

polymer film (Supplementary Figure 5.S5).  

 

Thus, the decrease in the crystallinity at 0.02 wt% Ti3C2Tx/PVDF-TrFE (Figure 5.3c) was 

attributed to a lower fraction of the electroactive β phase in the PVDF-TrFE co-polymer 

forming directly on the Ti3C2Tx nanosheet surface.  

 

Given the understanding developed through MD simulations (Figure 5.1), the fluoropol-

ymer densification was hypothesised to occur in solution prior to printing, rather than 

during printing. There are two factors to consider here: (1) the effect of shear alignment 

on the fluoropolymer itself,32,41 and (2) the effect of shear on orienting the Ti3C2Tx 

nanosheets.27,29 At 0.02 wt% Ti3C2Tx nanosheets, it is proposed that the decrease in the β 

phase at the PVDF-TrFE/Ti3C2Tx interface, coupled to minimal shear orientation of the 

Ti3C2Tx nanosheet, has a stronger negative effect compared to shear aligning of the fluor-

opolymer molecules. For higher Ti3C2Tx nanosheet loadings, extruded through the noz-

zle, a greater shear alignment phenomenon is observed within the material, resulting in a 

very slight net increase in β phase and overall crystallinity. This hypothesis is supported 

by the Raman spectra of the solvent cast 0.50 wt% Ti3C2Tx/PVDF-TrFE composite film 

(Figure 5.3b, Supplementary Figure 5.S15f), which does not undergo shear induced crys-

tallisation and has a Iβ/Iγ comparable to the printed 0.02 wt% Ti3C2Tx/PVDF-TrFE com-

posite film. 

 

5.4.6 Energy harvesting of the Ti3C2Tx/PVDF-TrFE composite films 
Prior to printing, the strong electrostatic binding interactions between the Ti3C2Tx 

nanosheets and the PVDF-TrFE co-polymer chains, as described by the MD simulations, 

enables the Ti3C2Tx nanosheet to remain sterically stabilised in the inks, without 
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aggregation (Supplementary Figure 5.S3). This lack of Ti3C2Tx nanosheet aggregation 

enables the enhancement in the Et (Figure 5.2i). To understand how this induced local 

polarisation locking translates to bulk and macroscopic energy harvesting, both PFM and 

bulk electromechanical testing were performed.  

 

PFM was carried out by applying a bias between -20 V and +20 V to a conductive plati-

num (Pt) cantilever in contact with the Ti3C2Tx/PVDF-TrFE films (at various Ti3C2Tx 

nanosheet loadings) and the subsequent local changes in thickness (arising from the ex-

pansion or contraction of the unit cell in the polarised electroactive phases of the PVDF-

TrFE co-polymer) were measured.6 At voltages below the poling electric field (<50 MV 

m-1), piezoelectric materials exhibit a strong correlation between the induced strain (γ3) 

and the piezoelectric charge coefficient (d33).3,4 In PFM, the correlation is qualitative42 

and the d33 = Acos(φ)/QfV, where A is the amplitude, φ is the phase, Qf is the Q-factor of 

the cantilever and V is the applied bias.8 The extended discussion surrounding the PFM 

is presented in the Supplementary Information (Supplementary Figure 5.S20, Supplemen-

tary Figure 5.S22 and Supplementary Figure 5.S23). 

 

To confirm the lack of piezoelectric contribution arising in the z-direction of the P63/mmc 

point group of the Ti3C2Tx, a Ti3C2Tx nanosheet on a gold-coated silicon (Au@Si) sub-

strate was probed using DART-PFM, whereby a constant bias (1 V) was applied to the 

cantilever (Supplementary Figure 5.S20). The Ti3C2Tx nanosheet, approximately 300 nm 

in the lateral dimension, was visible topographically, however no discernible changes 

were observed in the A and φ traces between the Ti3C2Tx nanosheet and the underlying 

substrate (Figure 5.4a). Therefore, the Ti3C2Tx nanosheet exhibited no observable out-of-

plane piezoelectric effect (perpendicular to the nanosheet basal plane). 
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Figure 5.4: Polarisation and energy harvesting of Ti3C2Tx/PVDF-TrFE composites. 

(a) DART-PFM of a Ti3C2Tx nanosheet on a gold-coated silicon (Au@Si) substrate, 

showing the topography (top), piezoelectric amplitude (middle) and piezoelectric 

phase (bottom) traces. Scale bar represents 200 nm. (b) PFM of Ti3C2Tx/PVDF-

TrFE (0.00 wt%, 0.02 wt%, 0.10 wt%, 0.20 wt% and 0.50 wt%) SEA extrusion 

printed films, showing the piezoresponse (Acos(φ)/Qf) under an applied voltage be-

tween -20 V and +20 V. Scale bar represents 1 μm. (c) The effective piezoelectric 

charge coefficient (d33) calculated from the PFM data, including for solvent-cast 

PVDF-TrFE and Ti3C2Tx/PVDF-TrFE (0.50 wt%) films as controls. (d-f) The mac-

roscale energy harvesting characterisation of the Ti3C2Tx/PVDF-TrFE (0.00 wt% 

and 0.50 wt%) SEA extrusion printed PEGs with input force (ΔF) at 10 N following 

a sinusoidal input signal. (d) The generated surface charge as a function of time for 

60 compression cycles at 2 Hz. The horizontal dashed line represents the charge 

generated from completely polarised (d33 = -38 pC N-1) PVDF-TrFE co-polymer for 

a PEG with similar dimensions. (e) The stability of the generated charge as a func-

tion of cycle count over 10,000 cycles for the Ti3C2Tx/PVDF-TrFE (0.50 wt%) PEG 
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at 10 Hz and (f) the expanded initial, middle and end regions of the charge stability 

data in (e) showing 1 s of data (10 cycles) in each panel. 

 

To measure the d33 of the composite Ti3C2Tx/PVDF-TrFE films, a variable bias was ap-

plied, with the spatial map of the applied bias shown in Supplementary Figure 5.S21. The 

representative PFM response for the SEA extrusion printed Ti3C2Tx/PVDF-TrFE (0.00 

wt%, 0.02 wt%, 0.10 wt%, 0.20 wt% and 0.50 wt%) films is shown in Figure 5.4b (ex-

tended data presented in Supplementary Figure 5.S22, and Supplementary Figure 5.S23). 

The amplitude, corrected for the directionality of strain and the Q-factor of the cantilever 

(Acos(φ)/Qf), exhibited a maximum at -41.6 pm for the pristine PVDF-TrFE co-polymer 

film at -20 V (Supplementary Figure 5.S24), confirming a spatial alignment effect arising 

from shear stresses during the extrusion printing process, as previously reported.8,32 The 

Acos(φ)/Qf value was shown to increase sharply with an increase in Ti3C2Tx nanosheet 

loading within the PVDF-TrFE co-polymer (Supplementary Figure 5.S24). A substantial 

increase was observed in the maximum Acos(φ)/Qf at -20 V for the Ti3C2Tx/PVDF-TrFE 

(0.50 wt%) SEA extrusion printed film (-182.3 pm), compared to the pristine PVDF-TrFE 

co-polymer film (-41.6 pm), indicating an intensified piezoelectric response upon the ad-

dition of the Ti3C2Tx nanosheets.  

 

The measured d33 as a function of Ti3C2Tx nanosheet concentration in the printed films is 

shown in Figure 5.4c. The effective d33 for the pristine PVDF-TrFE co-polymer SEA 

extrusion printed film was -1.53 pm V-1, 207% higher than that of the solvent-cast PVDF-

TrFE co-polymer (d33 = -0.50 pm V-1). These results are consistent with reports on sol-

vent-cast fluoropolymer films and shear stress-induced partial polarisation.8,32,41,43,44 The 

d33 of the Ti3C2Tx/PVDF-TrFE (0.50 wt%) SEA extrusion printed film increased up to a 

maximum at -5.11 pm V-1, an ultimate improvement of 234% over the printed pristine 

PVDF-TrFE co-polymer film and 926% over the solvent-cast PVDF-TrFE co-polymer 

film.  

 

Unexpectedly, considering the lower Iβ/Iγ ratio (Figure 5.3b) and net crystallinity (Figure 

5.3c) of the Ti3C2Tx/PVDF-TrFE (0.02 wt%) film, an increase in the d33 of 72% relative 

to the pristine PVDF-TrFE co-polymer film was observed (Figure 5.4c). This would sug-

gest that even at low Ti3C2Tx nanosheet loadings there is a sufficient increase in induced 
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polarisation locking of the PVDF-TrFE co-polymer to offset the net decrease in the elec-

troactive phase within the composite.  

 

Surprisingly, the effective d33 for the solvent-cast Ti3C2Tx/PVDF-TrFE (0.50 wt%) film 

matched that of the extrusion printed film with the same Ti3C2Tx nanosheet loading (-

5.11 pm V-1), suggesting the effect of induced polarisation locking from the Ti3C2Tx 

nanosheet surface is favoured over the shear-induced polarisation with high Ti3C2Tx 

nanosheet loading. It is hypothesised that this arises due to surface area minimisation of 

the Ti3C2Tx nanosheets during solvent casting, where the sheets settle perpendicular to 

gravity in order to maximise the area upon which the force is acting.27 This result, while 

unintuitive, confirms that the driving force for the polarisation enhancement is the funda-

mental interaction and local dipole locking occurring in solution between the Ti3C2Tx 

nanosheet and the PVDF-TrFE co-polymer, rather than fluoropolymer chain alignment 

induced through SEA 3D printing. 

 

5.4.7 Macro energy harvesting using Ti3C2Tx/PVDF-TrFE composite PEGs 
Macroscale electromechanical testing confirmed the trends in the d33 observed by PFM 

and quantified the energy output from the Ti3C2Tx/PVDF-TrFE PEGs. For the measure-

ments, the PEGs were compressed following a sinusoidal force pattern as a function of 

time with amplitude (∆F) at 10 N (Supplementary Figure 5.S26a, b), pre-loaded to 5 N 

to minimise artefacts from contact electrification (i.e., contact-separation and lateral-slid-

ing triboelectric modes).44,45 The harvested energy was measured by a charge amplifier, 

negating any inherent effects of capacitance from the Ti3C2Tx/PVDF-TrFE composite 

films and the electrical cables, commonly unaccounted for during voltage measurements. 

 

Macroscale d33 measurements were performed on the SEA extrusion printed pristine 

PVDF-TrFE and Ti3C2Tx/PVDF-TrFE (0.5 wt%) PEGs (Figure 5.4d). The d33 of the pris-

tine SEA printed pristine PVDF-TrFE PEG (-28.6 pC N-1) was lower than literature re-

ports for poled PVDF-TrFE (approximately -38 pC N-1), however, this is not unex-

pected.3,30 More importantly, the d33 of the Ti3C2Tx/PVDF-TrFE (0.50 wt%) was signifi-

cantly larger than any prior reports on unpoled fluoropolymers at -52.0 pC N-1.4 Notably, 

the ratio observed between the d33 of pristine PVDF-TrFE to the Ti3C2Tx/PVDF-TrFE 
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(0.50 wt%) via the direct piezoelectric effect (macroscale measurements, D3 = d33σ3) of 

~1:2 correlated well to the trend observed via the converse piezoelectric effect (PFM, γ3 

= d33E3) of ~1:3. The improvement in measured charge arises from the piezoelectric ef-

fect, connecting the induced local polarisation locking described by MD to the macroscale 

polarisation and subsequent energy harvesting.  

 

To demonstrate the stability of the PEGs, a compressive cycling stability study on the 

Ti3C2Tx/PVDF-TrFE (0.50 wt%) PEG was performed for 10,000 cycles with a ∆F = 10 

N and frequency of 10 Hz (Figure 5.4e).  Figure 5.4f shows selected regions at the begin-

ning, middle and end of the measurement. Aside from the initial period of cycling, which 

exhibited a rising generated charge from compressive stress to approximately -185 pC, 

the measured charge remained stable for the entire cycling period at -215 pC. The stability 

of the generated charge infers these completely solid-state PEGs can be used for long-

term energy harvesting from human motion.  

 

5.5 Conclusion 
In summary, a mechanistic understanding was developed of how nanofillers with no out-

of-plane piezoelectricity can influence the local and macroscale polarisation of fluoropol-

ymers using 2D Ti3C2Tx nanosheets as templates. Ti3C2Tx nanosheets were conclusively 

shown to have a strong electrostatic interaction with the PVDF-TrFE co-polymer, result-

ing in the evolution of a locked polarisation in the fluoropolymer, perpendicular to the 

basal plane of the Ti3C2Tx nanosheet. This effect is not observed using graphene 

nanosheets. The unique 2D geometry of Ti3C2Tx nanosheets means that by either SEA 

extrusion printing or solvent casting, this induced local net polarisation can elegantly and 

simply translate into macroscale polarisation, demonstrating an exceptional d33 of -52.0 

pC N-1, without the need for arduous and energy intensive electrical poling. The strong 

electrostatic interactions between the nanofiller and fluoropolymer resulted in a mechan-

ically robust and flexible PEG device, capable of harvesting energy over 10,000 cycles 

without any degradation in performance.  

 

Tuning surface terminations on MXenes and other 2D materials could afford enhanced 

electrostatic interactions leading to further improvements in piezoelectric outputs in 
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fluoropolymers. Leveraging this new understanding of nanoscale phenomena at the inter-

face of a fluoropolymer and a 2D sheet now opens up a plethora of research opportunities 

to design piezoelectric composites with broad applicability, including in wearable energy 

harvesting,8 piezo-catalysis,10 piezo-photonics,11 and anisotropic sensors.46 Coupled to 

the elegant and versatile fabrication methods, this sustainable system can enable bespoke 

device design in emerging fields for robotic interfaces,9 biomedical implants,9 and direct-

on-organ printed electronics.37 
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5.7 Supplementary information 

5.7.1 Ti3C2Tx MXene nanosheets and properties 
The XRD patterns of the Ti3AlC2 MAX phase and the Ti3C2Tx MXene nanosheets were 

obtained using a powder diffractometer (X’Pert Powder, PANalytical, United Kingdom) 

equipped with a Cu Kα radiation (40 kV, 30 mA) with an X-ray wavelength (λ) of 1.54 

Å at a 2θ scan step of 0.013°. Transmission electron microscopy (TEM) (JEM-2100, 

JEOL Ltd., Japan) characterisation was employed to study the exfoliated Ti3C2Tx 

nanosheets. Topographical atomic force microscopy (AFM) images were obtained using 

Bruker’s proprietary ScanAsyst scan mode (MultiMode 8-HR, Bruker, United States) to 

measure the Ti3C2Tx nanosheet thickness. AFM samples were prepared by drop casting 

the Ti3C2Tx nanosheet in DMF solutions onto clean silicon wafers. Dynamic light scat-

tering (DLS) was performed using a Zetasizer (Nano ZS, Malvern Instruments, United 

Kingdom) to measure the size distribution of the Ti3C2Tx nanosheets. The X-ray photoe-

lectron spectroscopy (XPS) data on the Ti3C2Tx nanosheets were acquired using an AXIS 

Nova (Kratos Analytical Ltd., United Kingdom) equipped with a monochromated Al Kα 

source (hν = 1486.6 eV) operating at 150 W at a step of 0.1 eV. 

 

The Ti3C2Tx MXene nanosheets were synthesised from the Ti3AlC2 parent ternary carbide 

precursor (MAX phase) by selective etching of the aluminium layer (A-group element) 

using a mixture of lithium fluoride (LiF) and hydrochloric acid (HCl) at room temperature 

for 24 h.1–3 The subsequent intercalation of water (H2O) molecules and Li+ ions within 

the negatively charged surface resulted in a volume increase during washing with ultra-

pure water, indicating the self-delamination of multi-layered Ti3C2Tx to few/single lay-

ers.4 The delamination and the removal of the aluminium was confirmed by the down-

shifting of the (002) peak and a disappearance of the aluminium peak at 2θ of 39° in the 

XRD spectra (Supplementary Figure 5.S1a).5 The TEM image (Supplementary Figure 

5.S1b) and DLS data (Supplementary Figure 5.S1c) showed that the Ti3C2Tx nanosheets 

exhibited an average lateral size of approximately 310 nm. The AFM image showed that 

the Ti3C2Tx nanosheets exhibited a clean surface at the edge (Supplementary Figure 

5.S1d). The thickness profile of the Ti3C2Tx nanosheets (Supplementary Figure 5.S1d, 

inset) showed an average height of 1.6 nm, corresponding to single-layer Ti3C2Tx 

nanosheets.1  
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Figure 5.S1: Ti3C2Tx MXene nanosheet characterisation. (a) XRD pattern and SEM 

images (insets) of Ti3AlC2 MAX phase and Ti3C2Tx nanosheets after etching. Scale 

bar for SEM of Ti3AlC2 represents 5 μm and that of Ti3C2Tx nanosheets represents 

1 μm. (b) TEM image of single-layer 2D Ti3C2Tx nanosheets. Scale bar represents 

500 nm. (c) The DLS result showing the hydrodynamic size of the Ti3C2Tx 

nanosheets in water. (d) AFM image of the Ti3C2Tx nanosheets deposited on a silicon 

wafer. Inset, represents the thickness profile along the line indicated. Deconvolution 

of high-resolution XPS spectra for the (e) Ti 2p, (f) C 1s and (g) O 1s orbitals, show-

ing the surface termination and state of the Ti3C2Tx nanosheets. 

XPS of the Ti3C2Tx nanosheets (Supplementary Figure 5.S1e-g) revealed surface termi-

nation dominated by Ti-O and O-Ti-O bonding. The Ti 2p region (Supplementary Figure 

5.S1e) showed doublets corresponding to Ti-C, Ti (III), Ti (II) and Ti-O bonding. The 

dominant Ti-C peak arises from the bridging C atoms between Ti atoms, whereas the Ti-

O peaks corresponds to surface termination functional groups of hydroxides (Ti-OH) or 

epoxide (Ti-O-Ti) structures.6 The C 1s spectral region (Supplementary Figure 5.S1f), 

shows four singlet peaks, C-Ti, C-Ti-O, C-C, and C-O. The C-Ti peak corresponds to 

internal bridging C atoms. The C-Ti-O peak, occurring at slightly higher binding energies, 

arises from the long-range influence of oxygen-based surface termination on the elec-

tronic state of the internal C atoms. The C-C signal, while anomalous given the crystal 

structure of Ti3C2Tx, is always observed in literature7 and is understood to arise from 

residual hydrocarbons8 in the XPS chamber. The C-O peak occurs as Ti is an extremely 
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mobile metal, known to leave vacancies and thus slightly altered stoichiometry.9 These 

vacancies result in C-O bonding in the top or bottom Ti metal layer. The O 1s region 

(Supplementary Figure 5.S1g) confirms the predominant binding of O moieties to Ti at-

oms in the form of O-Ti-O, which can correspond to either hydroxide (favourable) or 

epoxide (unfavourable) surface terminations. Higher binding energy peaks for C-Ti-O 

and C-Ti-OH suggest hydroxy termination is dominant of the surface of the flakes.  

 

5.7.1.1 Preparation of PVDF-TrFE and Ti3C2Tx/PVDF-TrFE inks 

Recently, the dissolution and recycling of SEA extrusion printed PVDF-TrFE co-polymer 

films have been described using acetone as the only solvent.10 Here, DMF was completely 

eliminated as a solvent for extrusion printing entirely and replaced by acetone. Acetone 

has inherent advantages, with faster evaporation rates that enable rapid crystallisation and 

drying of SEA extrusion printed polymer films.11  

 

Initially, pristine PVDF-TrFE inks were prepared in acetone, which were used to optimise 

the SEA extrusion printing parameters. These inks were prepared by a simple mixing 

method, whereby PVDF-TrFE powder was slowly added to acetone under mechanical 

stirring. The pristine PVDF-TrFE co-polymer inks were prepared at PVDF-TrFE co-pol-

ymer concentrations of 35 wt%, 40 wt% and 45 wt%, based on the concentrations of inks 

prepared in the previously reported DMF:acetone solvent mixture.12 The prepared inks 

were viscous (Supplementary Figure 5.S2), moving slower when tilted to a 45° angle as 

the concentration increased. The rheological optimisation of the inks for printing is shown 

further in this document. 
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Figure 5.S2: Photographs of the 35 wt% (left column), 40 wt% (middle column) and 

45 wt% (right column) PVDF-TrFE/acetone inks, demonstrating the viscosity of the 

inks before rotating the vial to 45° (top row, t = 0 s), 1 s after rotating the vial (middle 

row) and 5 s after rotating the vial (bottom row). 

Similarly, Ti3C2Tx/PVDF-TrFE inks were prepared at Ti3C2Tx concentrations at 0.02 

wt%, 0.10 wt%, 0.20 wt% and 0.50 wt%. Here, a small aliquot of the Ti3C2Tx stock dis-

persion in DMF (4.4 mg mL-1) was added to acetone to form dispersions at 0.00 mg mL-

1, 0.10 mg mL-1, 0.52 mg mL-1, 1.05 mg mL-1 and 2.61 mg mL-1 in acetone. Subsequently, 

the PVDF-TrFE powder was added slowly to the Ti3C2Tx dispersions in acetone at 23 °C 

while stirring, at 40 wt% relative to the mass of the dispersion, to form the Ti3C2Tx/PVDF-

TrFE inks. The inks were stirred until homogeneous, then sealed with parafilm and stored 

at -5 °C to minimise solvent evaporation. 

 

Throughout the experimental procedure, the stability of the Ti3C2Tx nanosheet dispersion 

was monitored in the Ti3C2Tx/PVDF-TrFE ink, for up to five months (Supplementary 

Figure 5.S3, middle). The Ti3C2Tx/PVDF-TrFE ink was compared to a SWCNT/PVDF-

TrFE ink, which has been recently reported (Supplementary Figure 5.S3, right).10 Nota-

bly, after five months of storage, all three inks exhibited similar flow properties to re-

cently prepared inks. The SWCNTs were found to aggregate in the SWCNT/PVDF-TrFE 

ink, causing occasional blocking of the nozzle during printing. Conversely, the Ti3C2Tx 

nanosheets showed minimal aggregation in the Ti3C2Tx/PVDF-TrFE ink due to excep-

tional electrostatic interactions between the Ti3C2Tx nanosheets and the PVDF-TrFE co-
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polymer (Supplementary Figure 5.S5, Supplementary Video 5.S1). The Ti3C2Tx/PVDF-

TrFE ink could be printed following long-term storage with no required changes in the 

extrusion printing parameters. 

 

 

Figure 5.S3: Comparison of the stability of the PVDF-TrFE ink (left), 

Ti3C2Tx/PVDF-TrFE ink (middle) and SWCNT/PVDF-TrFE ink (right), five 

months after preparation of the ink. 

 

5.7.2 MD modelling of the interface between the Ti3C2Tx nanosheets and 
the PVDF-TrFE co-polymer 
The density of the PVDF-TrFE co-polymer melt was investigated as a function of the 

monomer units (alternatively the molecular weight) to validate the interatomic potential 

used for the simulations (Supplementary Figure 5.S4). The density was found to increase 

with increasing number of monomer units, reaching an asymptotic plateau corresponding 

to 1.42 g cm-3. The value obtained using MD simulations was in excellent agreement with 

the value of 1.49 g cm-3 provided by the manufacturer of the PVDF-TrFE co-polymer 

(Solvay), validating the interatomic potential used in the MD simulations. 
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Figure 5.S4: Evolution of the density of the PVDF-TrFE co-polymer melt as a func-

tion of the number of monomers. 

 

The distribution of the local density of the PVDF-TrFE co-polymer film (14 chains) was 

investigated as a function of distance from the substrate, for a graphene substrate (Sup-

plementary Figure 5.S5, black line) and a Ti3C2Tx nanosheet substrate (Supplementary 

Figure 5.S5, red line). The density distribution was calculated from the mass within each 

separation distance interval, normalised to the volume within said interval and averaged 

over the duration of the simulation (1.8 ns timespan). The shaded regions correspond to 

the minimum and maximum values of the local density at each separation distance inter-

val relative to the graphene or Ti3C2Tx nanosheet substrate. The layer adjacent to the sub-

strate were found to adsorb to both the graphene and the Ti3C2Tx nanosheet substrates, 

exhibiting a local density of approximately 2 g cm-3. Notably, the PVDF-TrFE co-poly-

mer film adsorbs closer to the Ti3C2Tx nanosheet relative to graphene, as the first local 

density peak appears at a lower separation. This decreased separation indicates a stronger 

attractive interaction between the Ti3C2Tx nanosheet and the PVDF-TrFE co-polymer in 

comparison to the graphene substrate.  
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Figure 5.S5: Distribution of the local density (⍴) of the PVDF-TrFE co-polymer film 

(14 chains) as a function of the distance from the Ti3C2Tx nanosheet (red line) and 

the graphene sheet (black line) substrates. 

 

This enhanced adhesion phenomenon was investigated by adhesion strength studies. 

Here, a PVDF-TrFE co-polymer chain was placed in close proximity to either the Ti3C2Tx 

nanosheet or graphene sheet substrate. A force was applied to the PVDF-TrFE co-poly-

mer perpendicular to the basal plane of the substrate to measure the desorption force. The 

force was increased from 0.00 pN to 6.95 pN with a step size of 0.695 pN, monitoring the 

position of the PVDF-TrFE co-polymer chain for the desorption from the substrate. It 

was found that the PVDF-TrFE co-polymer chain desorbed form the graphene substrate 

at approximately 2.78 pN, whereas the required desorption force increased on the Ti3C2Tx 

nanosheet to approximately 4.17 pN, indicating a greater adhesion strength at the inter-

face between the Ti3C2Tx nanosheet and the PVDF-TrFE co-polymer. 

 

The distribution of the H and F atoms in the PVDF-TrFE co-polymer film was further 

investigated as a function of the distance from the Ti3C2Tx nanosheet substrate to inves-

tigate whether preferential orientation of these dipolar atoms in the PVDF-TrFE co-pol-

ymer were giving rise to the polarisation locking mechanism (Supplementary Figure 

5.S6). The datapoints represent average values for 14 PVDF-TrFE co-polymer chains and 

the shaded areas represent the minimum and maximum number of H and F atoms over 
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the entire simulation. The H and F probability distributions were observed to be approx-

imately equal at all distances from the Ti3C2Tx nanosheet substrate, indicating the PVDF-

TrFE did not preferentially orient on the substrate. Small deviations at a low distance (up 

to 2 Å) were observed, whereby the H atoms were found closer to the Ti3C2Tx nanosheet 

substrate relative to the F atoms. This was attributed to the shortest non-covalent hydro-

gen bonds between the H atoms of the PVDF-TrFE co-polymer and the hydroxyl termi-

nations (Tx) of the Ti3C2Tx nanosheet substrate. 

 

 

Figure 5.S6: Probability distribution (P(d)) of the number of F (squares) and H at-

oms (triangles) within the PVDF-TrFE co-polymer film (14 chains) as a function of 

the distance from the Ti3C2Tx nanosheet substrate (d). The shaded areas represent 

the minimum and maximum number of F and H atoms over the entire simulation. 

 

To understand the phase distributions of the PVDF-TrFE co-polymer film adjacent to the 

Ti3C2Tx nanosheet substrate, the probability distributions of the dihedral angles were 

monitored for a 14-chain PVDF-TrFE co-polymer film (Supplementary Figure 5.S7). The 

PVDF-TrFE co-polymer consists of three commonly found phases, namely the α phase 

(non-polar), γ phase (semi-polar) and the β phase (highly polar).13 These phases corre-

spond to spatial conformation of the bonds, either trans (T) or gauche (G). The α phase 

is thermodynamically favoured in fluoropolymers, due to its trans-gauche 

(TGTG'TGTG') conformation, which consists of 50% trans bonds and 50% gauche 

bonds.14 Conversely, the β phase is an all-trans (TTTTTTTT) conformation, which 
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spatially separates the H moieties on one C atom from the F atoms on the adjacent C 

atom, giving rise to a strong H-F dipole moment.15 The γ phase is a stable intermediate 

state between the α phase and the β phase, as evidenced by the 75% trans and 25% gauche 

fraction (TTTGTTTG'), giving rise to dipole moments which result in a lower maximum 

polarisation relative to the β phase.14 Hence, the distribution of the dihedral angles and 

subsequently the phase fractions can provide insight on the changes in local electroactiv-

ity of the PVDF-TrFE co-polymer film adjacent to the Ti3C2Tx nanosheet substrate.  

 

 

Figure 5.S7: Bond angle distributions of the PVDF-TrFE co-polymer on the Ti3C2Tx 

nanosheet substrate. (a) Probability distribution (P(θ)) of the dihedral angles (θ) av-

eraged oven 4 ns for a film of 14 PVDF-TrFE chains interacting with an immobile 

Ti3C2Tx nanosheet. (b) Time evolution of the fraction of the trans (black line) and 

gauche angles (red line). 

 

The distribution of the dihedral angles (Supplementary Figure 5.S7a) was taken as the 

average of all angles in a 14-chain PVDF-TrFE co-polymer film interacting with an im-

mobile Ti3C2Tx nanosheet substrate over the span of the simulation (4 ns). The PVDF-

TrFE co-polymer chains exhibited configurations at four main dihedral angles, ±180° 

(trans) and ±60° (gauche).15 As a function of simulation time, the fraction of trans con-

formation (Supplementary Figure 5.S7b, black line) was found to increase and attain a 

final value of approximately 63%, whereas approximately 37% of the bonds were ob-

served in the gauche conformation (Supplementary Figure 5.S7, red line). These values 

correspond to either a majority of α phase (74%) with low prevalence of the β phase 

(26%), or a near-even distribution of the α phase (48%) and γ phase (52%), or a combi-

nation of the two. Importantly, while the PVDF-TrFE generally crystallises into the β 
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phase due to the third F atom in the TrFE monomer, these values suggest a large presence 

of the α phase.10 Indeed, at the local level, the experimental data observed the presence 

of the α and γ phases adjacent to the Ti3C2Tx nanosheet (Figure 5.3d, e); however, the 

FTIR (Supplementary Figure 5.S16) and XRD (Supplementary Figure 5.S17, Supple-

mentary Figure 5.S18) data, presented below, suggest the β phase as the primary confor-

mation in the bulk of the Ti3C2Tx/PVDF-TrFE composites. 

 

Similarly, the temporal evolution of the dihedral angles was repeated for a 70-chain 

PVDF-TrFE co-polymer film on the Ti3C2Tx nanosheet or graphene substrate (Supple-

mentary Figure 5.S8). Similar to the 14-chain PVDF-TrFE co-polymer films (Supple-

mentary Figure 5.S7b), the larger films on a Ti3C2Tx nanosheet substrate exhibited a 

larger trans fraction (approximately 65%) relative to the gauche fraction (approximately 

35%). Interestingly, when simulated adjacent to a graphene substrate, the same 70-chain 

PVDF-TrFE copolymer film exhibited a lower fraction of trans bonds (approximately 

57%) and subsequently a higher fraction of gauche bonds (approximately 43%). 

 

 

Figure 5.S8: The temporal evolution of the fraction of trans bond angles (black lines) 

and gauche bond angles (red lines) in the 70-chain PVDF-TrFE co-polymer film on 

a Ti3C2Tx nanosheet substrate (thick lines) and graphene substrate (thin lines). 
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The evolution of the polarisation angle (θ) in the PVDF-TrFE co-polymer film relative to 

the basal plane of the Ti3C2Tx nanosheet substrate was investigated as a function of the 

simulation time and the distance from the substrate (Supplementary Figure 5.S9). The θ 

was obtained as a function of time for PVDF-TrFE co-polymer chains within 24 Å (Sup-

plementary Figure 5.S9, green line), 29 Å (Supplementary Figure 5.S9, red line), 34 Å 

(Supplementary Figure 5.S9, blue line) and 39 Å (Supplementary Figure 5.S9, grey line) 

from the Ti3C2Tx nanosheet substrate. The PVDF-TrFE co-polymer chains closer to the 

substrate (<24 Å) exhibited a broad range of θ values, found to sporadically change ori-

entation throughout the simulation. Conversely, as the separation from the Ti3C2Tx in-

creased to 39 Å, the θ was found to orient perpendicular to the basal plane of the Ti3C2Tx. 

Additionally, the orientation of the polarisation vector at 39 Å was not found to signifi-

cantly deviate from the perpendicular orientation throughout the equilibrated region (t > 

0.5 ns) of the simulation, indicating that the polarisation locking spontaneously occurs 

near the interface of the two materials directly upon contact (in solution) and maintains 

the perpendicular orientation in the solid state (after deposition). 

 

 

Figure 5.S9: Time evolution of the angle (θ) between the total dipole vector (polari-

sation) in the PVDF-TrFE co-polymer film and the Ti3C2Tx nanosheet basal plane, 

for PVDF-TrFE co-polymer chains that are within 24 Å (green line), 29 Å (blue line), 

34 Å (blue line) and 39 Å (grey line) from the Ti3C2Tx nanosheet substrate. 



Chapter 5: Polarisation locking in fluoropolymers at the interface with MXenes 

Nick A. Shepelin 216 

 

5.7.3 Rheological printing optimisation of pristine PVDF-TrFE in acetone 
To optimise the ink system (PVDF-TrFE in acetone) for SEA 3D printing, the rheological 

properties of the inks were first studied for PDVF-TrFE (35 wt%, 40 wt% and 45 wt%) 

loadings. PVDF-TrFE powder (75 mol% VDF, 25 mol% TrFE, Mw = 420 kDa) was 

slowly added into acetone and stirred at 23 °C until the powder completely dissolved, 

forming viscous inks (Supplementary Figure 5.S2). The rheology of these inks was as-

sessed using a rheometer (MCR702, Anton Paar, Austria) in a cone-plate geometry, with 

a cone diameter of 25 mm, a cone angle of 2° and a gap at 102 μm (CP25-2, Anton Paar, 

Austria). The temperature in all measurements was held at 5°C. 

 

5.7.3.1 Steady state rheology 

Initial steady-state logarithmic shear rate ramps were used to compare the η of the PVDF-

TrFE ink in acetone to that of the commonly reported solvent mixture of DMF and ace-

tone (40:60 vol%), with polymer concentration at 35 wt% (Supplementary Figure 

5.S10a).10,12 Both inks showed non-Newtonian (shear thinning) behaviour, which is re-

quired for extrusion printing.16 At a shear rate of 0.01 s-1, which corresponded to the rest-

ing state (prior to and post printing), the η of the ink in the DMF:acetone solvent system 

was measured at 670 Pa s, drastically lower than that of the ink in acetone as the solvent, 

measured at 430,000 Pa s. The extreme increase in the viscosity at low shear represents a 

three order of magnitude increase in shape retention capability of the ink directly upon 

printing, further aided by the faster evaporation rate of acetone relative to DMF. Interest-

ingly, the viscosity of the ink with acetone as the only solvent exhibited a lower η (7 Pa 

s) at high shear rate (1,000 s-1, corresponding to conditions during printing) relative to the 

ink with DMF:acetone as the solvent system (12 Pa s). This signifies a lower pressure is 

required to extrude the same volume of ink, following the Hagen-Poiseuille equation.17 

This initial testing confirmed the significant improvement in the rheological properties of 

the PVDF-TrFE/acetone ink relative to the PVDF-TrFE/(DMF:acetone) ink and further 

suggested the formation of a gel, consistent with prior reports of acetone as a swelling 

agent for fluoropolymers.18 
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Figure 5.S10: Steady-state rheology. (a) The shear rate sweeps for inks of PVDF-

TrFE/(DMF:acetone, 40:60 vol%) and PVDF-TrFE/acetone, containing PVDF-

TrFE (35 wt%). (b) The applied shear rate profile as a function of time and (c) the 

resultant viscosity (η) for PVDF-TrFE/acetone inks with PVDF-TrFE concentration 

at 35 wt% and 45 wt%. 

 

Additional steady state testing was undertaken on the PVDF-TrFE/acetone ink at two 

concentrations, 35 wt% and 45 wt%, to simulate the flow and recovery parameters found 

during extrusion printing (Supplementary Figure 5.S10b, c). Here, the shear rate was kept 

constant for 90 s, cycling between 1 s-1 and 500 s-1 (Supplementary Figure 5.S10b), and 

measuring the η (Supplementary Figure 5.S10c). Both inks exhibited similar η values in 

region I (between 21,000 Pa s and 23,000 Pa s at 90 s), decreasing under increased shear 

in region II to 16 Pa s in the 45 wt% ink and 7 Pa s in the 35 wt% ink. Notably, the η of 

the 35 wt% ink exhibited further decreases at the constant shear rate to 0.5 Pa s, which is 

likely to arise from elongation and disentanglement of the polymer chains. Region III 

showed partial recovery in both inks to 588 Pa s (2.7%) and 113 Pa s (0.5%) in the 45 

wt% and 35 wt% inks, respectively. This suggests the higher concentration of PVDF-

TrFE assists in stabilising the entanglement in the polymer chains; however, the applica-

tion of shear nonetheless reduces the entanglement between the polymer chains, correlat-

ing to a pseudo-1D material.19 In region IV, the 35 wt% ink was found to drop in η to the 

lower value of that in region II, suggesting that the disentanglement is irreversible, 

whereas the η of the 45 wt% ink was found to be consistent throughout the region, with 

the same values as region II. Surprisingly, upon decrease in shear rate in region V, the η 

of the 35 wt% ink decreased to similar values as the high shear rate region II, unable to 

reliably recover to the values of region III, confirming the disentanglement effects and 

therefore proving unsuitable for a printing system where the printed ink must retain its 

shape. 
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5.7.3.2 Oscillatory rheology 
Oscillatory rheology was employed at 5 °C to further probe the hypothesis of gel for-

mation and determine the flow parameters in the PVDF-TrFE/acetone inks with PVDF-

TrFE concentration at 35 wt%, 40 wt% and 45 wt% (Supplementary Figure 5.S11).16 

Oscillatory ω sweeps were performed (Supplementary Figure 5.S11a-c), which can give 

insight into the time-dependent flow properties of the inks.20 The tests were performed 

with fixed γs at 1%. All measured samples exhibited a similar trend in the G' and G'' as a 

function of the ω, confirming the increased η (Supplementary Figure 5.S10a) relative to 

PVDF-TrFE/(DMF:acetone) inks was due to enhanced swelling of the fluoropolymer, 

which has lower dependence on the fluoropolymer concentration.21 Furthermore, minimal 

deviation in the slope of G' and G'' over the entire measured ω range strongly suggested 

the formation of a strongly bound gel, which was solid-like (G' > G'') for all measured 

frequencies.20  

 

 

Figure 5.S11: Oscillatory rheology measurements on PVDF-TrFE/acetone inks. (a-

c) The oscillatory ω sweeps for (a) 35 wt%, (b) 40 wt% and (c) 45 wt% PVDF-

TrFE/acetone inks, obtained at fixed shear strain (γs = 1%). (d-f) The oscillatory γs 

sweeps for (d) 35 wt%, (e) 40 wt% and (f) 45 wt% PVDF-TrFE/acetone inks, ob-

tained at fixed frequency (ω = 1 Hz ≈ 6.28 rad s-1). 
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Similarly, the oscillatory γs sweeps (Supplementary Figure 5.S11d-f) at low ω (1 Hz) 

exhibited similar characteristics between all three PVDF-TrFE concentrations in acetone. 

All three tested samples showed solid-like behaviour (G' > G'') at low γs, followed by a 

liquid-like region (G' < G'') at high γs (>100%).16 Interestingly, the flow point (γs at cross-

over of G' and G'') was found to decrease with increasing concentration, which, while 

counterintuitive, suggests the strong binding between the PVDF-TrFE and acetone.22 As 

the concentration increases, the number of polymer-solvent contact points decreases (in-

creasing polymer-polymer binding points), therefore the gel becomes weakened and is 

able to flow with a lower γs. In translating this theory to extrusion printing, all of the three 

tested inks were suitable for printing; however, a lower flow point would decrease the 

required pressure input to extrude the sample, meaning the inks with higher PVDF-TrFE 

concentration are preferred for the printing.17 

 

Finally, oscillatory σs cycling was undertaken to probe the recovery parameters of G' and 

G'' within the inks and determine the optimal PVDF-TrFE concentration (35 wt%, 40 

wt% or 45 wt%) in acetone for extrusion printing (Supplementary Figure 5.S12).16 Here, 

the σs was cycled at constant ω (1 Hz) between 1 Pa and 5 kPa, representing the induced 

σs at rest and during printing, respectively, held constant for at least 70 s (Supplementary 

Figure 5.S12a). At PVDF-TrFE (35 wt%), the ink was unable to maintain σs at 5 kPa, 

whereas the inks containing 40 wt% and 45 wt% PVDF-TrFE exhibited consistent re-

sponse to the input σs. The value for the tan(δ), or the ratio of G'' and G' was <1 (marked 

by grey horizontal line) for all samples at 1 Pa σs and increased to > 1 upon the application 

of 5 kPa σs for 70 s (Supplementary Figure 5.S12b). For the inks containing 40 wt% and 

45 wt% PVDF-TrFE, the tan(δ) remained constant throughout the 5 kPa σs region and 

completely recovered for all concentrations after 70 s at 1 Pa σs. During the second cycle, 

the 35 wt% ink was found to flow with the lowest resistance, represented by a tan(δ) 

value of 20,000 (instrument limit), whereas the 40 wt% and 45 wt% inks retained similar 

values to the first cycle. Supplementary Figure 5.S12c shows the complex viscosity (η*) 

of the PVDF-TrFE inks. As expected, the starting η* was found to increase with increas-

ing PVDF-TrFE concentration. During the first high σs cycle, the η* was found to de-

crease significantly for the 35 wt% ink as a function of time and unable to recover to 

initial values in the subsequent low stress cycle. Conversely, the 40 wt% and 45 wt% 

PVDF-TrFE inks exhibited full recovery after two high stress cycles.  
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Figure 5.S12: Time-dependent oscillatory σs cycling for the PVDF-TrFE/acetone (35 

wt%, 40 wt% and 45 wt%) inks. (a) The applied σs with the high stress regions 

shaded grey. (b) The tan(δ) response to the shear stress with the liquid-solid transi-

tion point (tan(δ) = 1) represented by a solid grey line. (c) The η* response to the 

shear stress. (d-f) The G' and G'' response to the shear stress for (d) 35 wt% PVDF-

TrFE/acetone ink, (e) 40 wt% PVDF-TrFE/acetone ink and (f) 45 wt% PVDF-TrFE 

ink, performed with ω at 1 Hz. 

 

The temporal evolution of the G' and G" during the σs cycling is shown in Supplementary 

Figure 5.S12d-f for the three concentrations of PVDF-TrFE in acetone. For the 35 wt% 

ink (Supplementary Figure 5.S12d), the G' was observed to decrease rapidly as a function 

of time at σs = 5 kPa, with an average decrease over the timespan of greater than 1,000-

fold. In the subsequent low-σs period, the slope of G' was higher than that of G"; however, 

the G' was unable to recover to the initial value of 9,600 Pa, reaching a maximum of 1,736 

Pa. Throughout the second σs = 5 kPa cycle, the G' for the 35 wt% ink decreased signifi-

cantly to below 1 mPa and subsequently exhibited a significantly lower slope during re-

covery. Conversely, the 40 wt% (Supplementary Figure 5.S12e) and 45 wt% (Supple-

mentary Figure 5.S12f) PVDF-TrFE inks were stable under high-σs for at least one cycle 

and showed considerably higher G' recovery relative to the PVDF-TrFE (35 wt%) ink, 

from initial values of 11,800 Pa and 28,300 Pa, to final maxima of 7,000 Pa and 27,500 

Pa, respectively. While the PVDF-TrFE (40 wt%) ink exhibited similar characteristics 

throughout the second σs = 5 kPa cycle (Supplementary Figure 5.S12e), the PVDF-TrFE 

(45 wt%) ink was unable to consistently recover to initial values (Supplementary Figure 
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5.S12f). Therefore, PVDF-TrFE (40 wt%) ink was selected for further experiments in-

volving the incorporation of Ti3C2Tx nanosheets. 

 

5.7.4 Properties of the SEA extrusion printed Ti3C2Tx/PVDF-TrFE films 

5.7.4.1 Mechanical properties 

The tensile mechanical properties of the SEA extrusion printed Ti3C2Tx/PVDF-TrFE 

films were measured by a dynamic mechanical tester (ElectroForce 5500, Bose, United 

States). Samples, with a length of 27 mm and a width of 5 mm (Supplementary Figure 

5.S13a), were secured in grips by friction adhesive, with the distance between grips set at 

5 mm (Supplementary Figure 5.S13b). The width (w) and thickness (t) of each sample is 

given in Supplementary Table 5.S1. The films were extended parallel to the printing axis 

at a rate of 0.01 mm s-1. Notably, the instrument displacement limit was approximately 

11 mm, significantly below the breaking strain of the sample.  

 

 

Figure 5.S13: The experimental layout of the mechanical testing. (a) Photograph of 

the geometry of the tested samples, with markings representing the position of the 

grips. (b) Photograph showing the sample inserted into the grips prior to extension. 

(c) Photograph showing the extent of extension required to break the SEA extrusion 

printed pristine PVDF-TrFE co-polymer film. (d) Photograph showing the depend-

ence of transparency on the extension rate, shown for the SEA extrusion printed 



Chapter 5: Polarisation locking in fluoropolymers at the interface with MXenes 

Nick A. Shepelin 222 

Ti3C2Tx/PVDF-TrFE (0.10 wt%) film (top) and SEA extrusion printed pristine 

PVDF-TrFE co-polymer film (bottom). 

 

Table 5.S1: Experimentally determined width (w) and thickness (t) for each sample 

measured during the tensile mechanical testing. The S values designate the sample 

number. 

 
Width (w, mm) Thickness (t, μm) 

S1 S2 S3 S1 S2 S3 

Ti3C2Tx/PVDF-TrFE (0.00 wt%) 4.3 5.0 4.9 53 53 59 

Ti3C2Tx/PVDF-TrFE (0.02 wt%) 5.2 5.0 5.2 54 49 51 

Ti3C2Tx/PVDF-TrFE (0.10 wt%) 5.1 5.1 5.2 45 46 47 

Ti3C2Tx/PVDF-TrFE (0.20 wt%) 4.8 5.1 5.0 36 37 37 

Ti3C2Tx/PVDF-TrFE (0.50 wt%) 5.0 5.0 5.0 35 35 35 

 

The tensile strain (γt) was calculated from the data obtained during tests following Sup-

plementary Equation (5.S1), where L is the displacement and L0 is the distance between 

grips at the beginning of the test (5 mm): 

	 𝛾" = 𝐿/𝐿7	 (5.S1) 

The tensile stress (σt) was calculated from the data obtained during tests, using the cross-

sectional area of the sample (Acs), following Supplementary Equation (5.S2): 

	 𝜎" =
𝐹
𝐴=C

=
𝐹

𝑡 × 𝑤	 (5.S2) 

Here, F is the measured force, t is the thickness of the sample, and w is the width of the 

sample (cut to approximately 5 mm).  

 

Due to the low displacement limit of the instrument, the strain at break was approximated 

via empirical measurements (Supplementary Figure 5.S13c), namely extending by hand. 

While these tests were merely representative, the samples were found to stretch to at least 
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65 mm prior to breaking, corresponding to 1,300% of the L0 (5 mm). Additionally, the 

final transparency in the extended regions was observed to be higher when the extension 

rate was slower (Supplementary Figure 5.S13d). 

 

5.7.4.2 Optical properties 
The optical properties of the extrusion printed Ti3C2Tx/PVDF-TrFE films were charac-

terised by ultraviolet, visible and near-infrared (UV-vis-NIR) spectrophotometry 

(Lambda 950, Perkin Elmer, United States). Spectra were obtained in the visible wave-

length range (between 380 nm and 780 nm) with a step size of 5 nm. The incident light 

(T1) was captured with no sample in place. The samples were then placed into a custom-

made holder and secured to the entry port of a 150 mm diameter integrating sphere to 

capture all non-absorbed light (T2). The total transmittance (Tt) of the sample was then 

taken as the fraction between T2 and T1 (Supplementary Figure 5.S14a). The scattered 

light intensity in the instrument (T3) was measured without the sample, using a light trap 

directly in the path of the beam (with diameter corresponding to 2° of the integrating 

sphere). Finally, the sample scatter (T4) was measured with the light trap in place and the 

sample covering the entry port of the integrating sphere. The diffuse transmittance (Td) 

was calculated following Supplementary Equation (5.S3) (Supplementary Figure 5.S14b) 

and the haze was calculated in accordance with the ASTM D1003 standard,23 using Sup-

plementary Equation (5.S4) (Supplementary Figure 5.S14c). 

	 𝑇H = (𝑇+ − 𝑇*𝑇")/𝑇(	 (5.S3) 

	 𝐻𝑎𝑧𝑒	(%) = 𝑇H/𝑇" × 100	 (5.S4) 
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Figure 5.S14: Optical properties of SEA extrusion printed Ti3C2Tx/PVDF-TrFE 

(0.00 wt%, 0.02 wt%, 0.10 wt%, 0.20 wt% and 0.50 wt%) films. (a) The total light 

transmittance (Tt). (b) The scattered light transmittance (Td), inset shows the scat-

tered transmittance below 7%. (c) The transmittance and haze as a function of 

Ti3C2Tx nanosheet concentration. (d) Side by side photograph showing the colour 

and transmittance of the films. 

 

As expected, the transmittance was found to decrease as the Ti3C2Tx nanosheet concen-

tration increased, from 94% for pristine PVDF-TrFE co-polymer to 20% for the 

Ti3C2Tx/PVDF-TrFE (0.50 wt%) film (Supplementary Figure 5.S14a, c, d). Surprisingly, 

the addition of Ti3C2Tx nanosheets did not significantly increase the scattered light inten-

sity and haze (Supplementary Figure 5.S14b, c, Figure 5.2e), with the maximum obtained 

haze found in the Ti3C2Tx/PVDF-TrFE (0.20 wt%) film to be 13.9%, compared to the 

pristine PVDF-TrFE co-polymer film (2.2%). In fact, the scattered light transmittance 

(Supplementary Figure 5.S14b) was found to be lower at all wavelengths in the 

Ti3C2Tx/PVDF-TrFE (0.02 wt% and 0.50 wt%) films, compared to the pristine PVDF-

TrFE film, suggesting the increase in haze with the incorporation of Ti3C2Tx nanosheets 

was largely governed by the decrease in the transmittance, as opposed to the scattering 

from aggregated Ti3C2Tx nanosheets. 
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5.7.4.3 Raman analysis 
The evolution of the Raman spectra when the Ti3C2Tx nanosheets are added to the PVDF-

TrFE co-polymer reveals a clear suppression of out-of-plane vibrational modes occurring 

in Ti3C2Tx/PVDF-TrFE films. These modes occurring at 700 – 720 cm-1 and 200 cm-1 

correspond to the out-of-plane A1g vibrational modes for oxygen functional groups bound 

to the Ti3C2Tx lattice, whereas the peaks between 250 cm-1 and 700 cm-1 all correspond 

to in-plane Eg vibrational modes.24 Notably, the A1g modes at 700 – 720 cm-1 disappear 

almost completely, even in the Ti3C2Tx/PVDF-TrFE (0.50 wt%) films, with no difference 

between solvent-cast and extrusion printed films (Figure 5.3a). In contrast, the intensity 

of the higher energy A1g mode at 200 cm-1 appears unchanged or even have an increased 

intensity relative to the main E2g modes (Figure 5.3a). While this contrast in intensity 

change appears anomalous, it supports the data for well exfoliated flakes in literature.24  

Here, it should be noted that the Raman spectrum of the Ti3C2Tx nanosheets was attained 

by drop-casting Ti3C2Tx nanosheets in DMF on a silicon wafer, likely resulting in restack-

ing and stronger A1g modes. The absence, or weak intensity, of these A1g modes in the 

Ti3C2Tx/PVDF-TrFE films therefore implies two key points, (1) that the PVDF-TrFE co-

polymer is an excellent stabilising agent for the Ti3C2Tx nanosheets as there is no evi-

dence of restacking; and (2) there is a strong binding between the PVDF-TrFE co-poly-

mer and Ti3C2Tx nanosheets (and subsequent polymer densification) such that the A1g 

modes are even further weakened and shifted.25 These results confirm the strong electro-

static binding as predicted by MD simulations (Figure 5.1a). 

 

Raman mapping of the surface of the Ti3C2Tx/PVDF-TrFE films showed a significantly 

variable response in the Iβ/Iγ ratio (Supplementary Figure 5.S15). This variation was most 

noticeable for the SEA extrusion printed Ti3C2Tx/PVDF-TrFE (0.02 wt%) film and de-

creased with an increased Ti3C2Tx nanosheet loading up to 0.50 wt%, where the sample 

presented a homogenous ratio. This improvement in sample homogeneity at higher 

Ti3C2Tx nanosheet loadings is hypothesised to be due to the discrepancy in the state of 

the PVDF-TrFE co-polymer when it is bound to the Ti3C2Tx nanosheet basal plane. At 

higher Ti3C2Tx nanosheet loadings, a high proportion of the PVDF-TrFE co-polymer is 

within the electrostatic sphere of influence (between 1 nm and 10 nm) of the Ti3C2Tx, 

thus presenting a homogenous Iβ/Iγ.26 The data from these maps was averaged and used 

for describing the average sample spectra and Iβ/Iγ (Figure 5.3a,b). The solvent cast 

Ti3C2Tx/PVDF-TrFE film shows a higher variation in Iβ/Iγ (Supplementary Figure 5.S15f) 
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which is attributed to the lack of homogenisation of 2D materials by the extrusion printing 

process.  

 

 

Figure 5.S15: The confocal Raman microscopy maps of the surface of the films, 

showing the intensity ratio (Iβ/Iγ) between the β phase peak (842 cm-1) and γ phase 

peak (811 cm-1). (a) The SEA extrusion printed pristine PVDF-TrFE co-polymer 

film. (b) The SEA extrusion printed Ti3C2Tx/PVDF-TrFE (0.02 wt%) film. (c) The 

SEA extrusion printed Ti3C2Tx/PVDF-TrFE (0.10 wt%) film. (d) The SEA extrusion 

printed Ti3C2Tx/PVDF-TrFE (0.20 wt%) film. (e) The SEA extrusion printed 

Ti3C2Tx/PVDF-TrFE (0.50 wt%) film. (f) The solvent cast Ti3C2Tx/PVDF-TrFE 

(0.50 wt%) film. 

 

5.7.4.4 ATR-FTIR spectroscopy 

ATR-FTIR spectroscopy was performed on the samples using an ALPHA II spectrometer 

(Bruker, United States). Absorbance spectra were collected by taking an average of 128 

individual scans at a resolution of 1 cm-1, between 600 cm-1 and 4000 cm-1. 

 

ATR-FTIR spectroscopy was used to estimate the fraction of phases in the SEA extrusion 

printed Ti3C2Tx/PVDF-TrFE films, for Ti3C2Tx nanosheet concentrations at 0.00 wt%, 

0.02 wt%, 0.10 wt%, 0.20 wt% and 0.50 wt% (Supplementary Figure 5.S16a). The peak 

commonly attributed to the α phase (766 cm-1) was not distinctly visible in all the 
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measured spectra, suggesting the low fraction of the α phase in the bulk of the samples.14 

Notably, as was determined by Raman microscopy (Figure 5.3d,e), the α phase was pre-

sent in close proximity to the Ti3C2Tx nanosheet surface; however, the ATR-FTIR spectra 

suggested a low fraction of the α phase in the bulk of the Ti3C2Tx/PVDF-TrFE films. The 

peak at 840 cm-1, indicative of the total electroactive phase (consisting of β and γ phases, 

denoted as β+γ), was present in all measured samples.13 The separate peaks γ phase (1235 

cm-1) and β phase (1290 cm-1) were both observed, confirming the presence of both elec-

troactive phases (β+γ); however, the separate peaks could not be deconvoluted as the γ 

phase peak was present as a shoulder. 

 

 

Figure 5.S16: ATR-FTIR spectroscopy characterisation of SEA extrusion printed 

Ti3C2Tx/PVDF-TrFE (0.00 wt%, 0.02 wt%, 0.10 wt%, 0.20 wt% and 0.50 wt%) 

films. (a) The FTIR spectra, offset for clarity. (b) The relative fractions of the elec-

troactive (β+ γ) phases and the α phase as a function of Ti3C2Tx concentration. 

 

The total electroactive phase fraction (Fea) was calculated using ATR-FTIR data by Sup-

plementary Equation (5.S5):  

	 𝐹2L(%) =
𝐼2L

~𝐾2L 𝐾9� � 𝐼9 +	𝐼2L
	 (5.S5) 

Here, Iea is the intensity of β+γ peak, Iα is the intensity of α peak, Kα and Kea are the 

absorption coefficients for the peaks at 766 cm-1 and 840 cm-1, with values of 6.1 x 104 

cm2 mol-1 and 7.7 x 104 cm2 mol-1, respectively.13 The Fea of the pristine PVDF-TrFE co-

polymer film was 87.0% (Supplementary Figure 5.S16b), significantly higher relative to 

the pristine PVDF-TrFE films SEA extrusion printed from a solvent mixture of DMF and 



Chapter 5: Polarisation locking in fluoropolymers at the interface with MXenes 

Nick A. Shepelin 228 

acetone (40:60 vol%).10 The highest Fea value was observed at 87.5% for the 

Ti3C2Tx/PVDF-TrFE (0.02 wt%) film, although this value exhibited little deviation from 

that of the pristine PVDF-TrFE film. Notably, at Ti3C2Tx/PVDF-TrFE (0.50 wt%), the 

Fea was found to decrease to 82.0%, consistent with the local α phase formation in the 

PVDF-TrFE on the surface of the Ti3C2Tx nanosheets (Figure 5.3e). 

 

5.7.4.5 XRD analysis 

XRD spectra were obtained for the SEA extrusion printed Ti3C2Tx/PVDF-TrFE films 

(0.00 wt%, 0.02 wt%, 0.10 wt%, 0.20 wt%, 0.50 wt%) using Bragg–Brentano geometry 

(D8 Advance, Bruker, United States) using Cu-Kα radiation (λ = 1.54060 Å). The Bragg 

angle, 2θ, was varied between 5° and 70° with a step size of 0.02° and 1 s per step, with 

the sample rotated at 15 rpm. The films were placed on silicon low background holders 

for the measurements. 

 

The phase distribution in the SEA extrusion printed films was analysed with XRD (Sup-

plementary Figure 5.S17). Two main peaks were visible in the spectra. The broad peak at 

18.1° was attributed to the (110/200) paraelectric γ phase reflection. The sharp peak at 

20.2° corresponds to the (110/200) ferroelectric β phase reflection in PVDF-TrFE.27 Due 

to the low concentration of Ti3C2Tx nanosheets, no peaks were observed for the additive 

(Supplementary Figure 5.S1a) in the spectra. Additional peaks were found at 35.0° and 

40.8°, attributed to the (001) ferroelectric phase reflection and (111/201), (400/220) fer-

roelectric phase reflections, respectively, confirming the primary presence of the β 

phase.28,29 

 

The primary fingerprint region (Supplementary Figure 5.S17b) region was further decon-

voluted to investigate the distribution of phase fractions (Supplementary Figure 5.S18). 

The region required four peaks to ensure the correct fit. The strongest peak was assigned 

to the β phase (blue), the broad second peak was assigned to the γ phase (purple), the third 

peak was attributed to the α phase (yellow) and the final peak corresponded to the amor-

phous regions of the polymer (grey).  
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Figure 5.S17: XRD spectra of the SEA extrusion printed Ti3C2Tx/PVDF-TrFE films. 

(a) Survey scan. (b) Phase fingerprint region. Spectra offset for clarity. 

 

 

Figure 5.S18: XRD deconvolution for the phases in SEA extrusion printed films. (a) 

Pristine PVDF-TrFE copolymer. (b) Ti3C2Tx/PVDF-TrFE (0.02 wt%). (c) 

Ti3C2Tx/PVDF-TrFE (0.10 wt%). (d) Ti3C2Tx/PVDF-TrFE (0.20 wt%). (e) 

Ti3C2Tx/PVDF-TrFE (0.50 wt%). (f) Phase fractions determined from XRD as a 

function of Ti3C2Tx nanosheet concentration. 

 

The deconvoluted XRD spectra (Supplementary Figure 5.S18a-e) were used to calculate 

the phase fractions (Supplementary Figure 5.S18f) within the PVDF-TrFE co-polymer in 

the SEA extrusion printed Ti3C2Tx/PVDF-TrFE (0.00 wt%, 0.02 wt%, 0.10 wt%, 0.20 

wt%, 0.50 wt%) films from the intensities for the respective peaks following Supplemen-

tary Equation (5.S6a-c): 
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	 𝐹9 =
𝐼9

𝐼9 + 𝐼8 + 𝐼<
	 (5.S6a) 

	 𝐹8 =
𝐼8

𝐼9 + 𝐼8 + 𝐼<
	 (5.S6b) 

	 𝐹< =
𝐼<

𝐼9 + 𝐼8 + 𝐼<
	 (5.S6c) 

Here, Iα, Iβ and Iγ correspond to the intensities for the peaks found at 19.4°, 20.2° and 

18.1°, respectively. The phase distributions were found to correlate well with the data 

obtained from Raman spectroscopy (Figure 5.3b) and FTIR spectroscopy (Supplementary 

Figure 5.S16b). In particular, the Fea calculated from the FTIR spectra for the 

Ti3C2Tx/PVDF-TrFE films at Ti3C2Tx nanosheet concentrations below 0.50 wt% (87%) 

matched closely with the sum of Fβ and Fγ calculated from the deconvoluted XRD (be-

tween 85% and 90%). Furthermore, the Raman spectroscopy has suggested the primary 

phases in the bulk are the β and γ phases (Figure 5.3a), with the β phase as the primary 

component, which is in close agreement with the XRD data. 

 

5.7.4.6 Differential scanning calorimetry 

The crystallinity of the PVDF-TrFE co-polymer in the SEA extrusion printed 

Ti3C2Tx/PVDF-TrFE (0.00 wt%, 0.02 wt%, 0.10 wt%, 0.20 wt%, 0.50 wt%) films was 

measured by DSC (STA 5000, Perkin Elmer, United States). The samples were heated 

from 25 °C in a ceramic sample pan (N5200040, Perkin Elmer, United States) to 200 °C 

at a rate of 10 °C min-1 under a nitrogen flow at 20 mL min-1 (99.999% purity, BOC, 

United Kingdom).  

 

The DSC thermograms (Supplementary Figure 5.S19) showed two endothermic peaks for 

all analysed samples, centred at approximately 105 °C and 142 °C.10 The peak at 105 °C 

corresponded to the ferroelectric to paraelectric transition (TC), whereby the samples ex-

hibit piezoelectric properties below the TC and lose polarisation above the TC.30 The pri-

mary peak at 142 °C corresponds to the Tm, with the ∆Hm correlating to the crystallinity 

(χc) following Supplementary Equation (5.S7), where the enthalpy of melting for 
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completely crystalline PVDF-TrFE (∆H0) is given as 45 J g-1, shown in Figure 5.3c of the 

main text.31,32 

	 𝜒= =
∆𝐻1
∆𝐻7

	 (5.S7) 

 

 

Figure 5.S19: DSC thermograms of the SEA extrusion printed Ti3C2Tx/PVDF-TrFE 

films, offset for clarity. 

 

5.7.5 PFM of Ti3C2Tx/PVDF-TrFE films 
PFM was carried out on the Ti3C2Tx nanosheets, SEA extrusion printed Ti3C2Tx/PVDF-

TrFE (0.00 wt%, 0.02 wt%, 0.10 wt%, 0.20 wt% and 0.50 wt%) films and solvent cast 

Ti3C2Tx/PVDF-TrFE (0.00 wt% and 0.50 wt%) films in order to probe the trends in the 

out-of-plane polarisation at the nanoscale. An atomic force microscope (Cypher ES, Ox-

ford Instruments, United Kingdom) with a high voltage accessory, equipped with a solid 

platinum cantilever (12Pt400A, Rocky Mountain Nanotechnology, United States) was 

used for this testing.  

 

The PFM of the Ti3C2Tx nanosheets was carried out in DART mode at a bias of 1 V to 

confirm the absence of out-of-plane piezoelectricity. The scans were taken with 512 
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pixels per line and frequency at 0.5 Hz. To prepare the samples, the Ti3C2Tx nanosheets 

were cast from solvent (DMF) onto gold (Au) coated silicon (Si) wafers and dried under 

vacuum. The DART-PFM scans were taken at three scales, 5 μm (Supplementary Figure 

5.S20a, d, g), 2 μm (Supplementary Figure 5.S20b, e, h), and 1 μm (Supplementary Figure 

5.S20c, f, i and Figure 5.4a). No discernible difference between the Ti3C2Tx nanosheets 

(visible in the topography trace, Supplementary Figure 5.S20a-c) and the Si substrate was 

found in the phase (Supplementary Figure 5.S20d-f) or amplitude (Supplementary Figure 

5.S20g-i) traces. Therefore, the Ti3C2Tx nanosheets were not observed to exhibit out-of-

plane polarisation and assumed as a non-piezoelectric additive in these experiments. 

 

 

Figure 5.S20: DART-PFM maps of Ti3C2Tx nanosheets adsorbed on an Au-coated 

Si wafer. (a-c) The topography traces. (d-f) The piezoelectric phase (φ) traces. (g-i) 

The piezoelectric amplitude (A) traces. (a, d, g) Field of view corresponding to 5 μm. 

Scale bar represents 1 μm. (b, e, h) Field of view corresponding to 2 μm. Scale bar 
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represents 500 nm. (c, f, i) Field of view corresponding to 1 μm. Scale bar represents 

250 nm. The arrow in each panel points to the location of the same Ti3C2Tx 

nanosheet. 

The PFM of the Ti3C2Tx/PVDF-TrFE films was carried out in lithography mode,10 

whereby a bias was applied to individual regions, monitoring the piezoelectric response 

through the converse piezoelectric effect (γ3 = d33E3, whereby γ3 is the out-of-plane strain, 

d33 is the piezoelectric coefficient and E3 is the out of plane electric field).13,33,34 The 

lithography mode was chosen to obtain data below the poling field, where typical ferroe-

lectric hysteresis loops cannot be formed, such that the poling state of the material would 

be minimally altered.10 The applied voltage was between -20 V and +20 V, in increments 

of 2 V (Supplementary Figure 5.S21), imaged over an area with lateral dimensions at 5 

μm and 256 lines per scan, corresponding to a resolution of approximately 19 nm per 

pixel, with a scan rate of 0.2 Hz.  

Figure 5.S21: Applied bias characteristics during the PFM measurements on the 

Ti3C2Tx/PVDF-TrFE films. (a) Map of applied bias. Scale bar represents 1 μm. (b) 

Bias as a function of the x coordinate for a single line in the scan direction, which is 

signified by the dashed line in a. 

Each voltage was applied to the sample in a rectangular pattern, with the length at 200 

pixels and width at 10 pixels, such that each scanned line contains the PFM data for all 

applied voltages (Supplementary Figure 5.S21b). The measured data contained the to-

pography, piezoelectric amplitude (A) and piezoelectric phase (φ). The data was obtained 
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both for SEA extrusion printed (Supplementary Figure 5.S22) and solvent-cast (Supple-

mentary Figure 5.S23) Ti3C2Tx/PVDF-TrFE films.  

 

 

Figure 5.S22: Raw PFM data obtained for the SEA extrusion printed 

Ti3C2Tx/PVDF-TrFE films. (a-e) The topography. (f-j) The piezoelectric phase (φ). 

(k-o) The piezoelectric amplitude (A). The data was obtained for (a, f, k) pristine 

PVDF-TrFE (0.00 wt% Ti3C2Tx), (b, g, l) Ti3C2Tx/PVDF-TrFE (0.02 wt%), (c, h, m) 

Ti3C2Tx/PVDF-TrFE (0.10 wt%), (d, i, n) Ti3C2Tx/PVDF-TrFE (0.20 wt%), (e, j, o) 

Ti3C2Tx/PVDF-TrFE (0.50 wt%). The scale bar represents 1 μm. 
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Figure 5.S23: Raw PFM data obtained for the solvent cast (a-c) pristine PVDF-TrFE 

and (d-f) Ti3C2Tx/PVDF-TrFE (0.50 wt%) films. (a, d) The topography. (b, e) The 

piezoelectric phase (φ). (c, f) The piezoelectric amplitude (A). 

 

The A and φ data (Supplementary Figure 5.S22f-o, Supplementary Figure 5.S23b, c, e, f) 

was processed using purpose-built Matlab code, which undertook pixel-by-pixel opera-

tions (Supplementary Figure 5.S24) to form the data obtained in Figure 5.4b by multiply-

ing the A signal (Supplementary Figure 5.S24b) by the cosine of the φ signal (Supple-

mentary Figure 5.S24a,c) and dividing by the Q factor of the cantilever (Qf) for each 

applied bias (Supplementary Figure 5.S24d). The Qf was measured in the tuning stage 

directly prior to the measurement (Supplementary Table 5.S2). To calculate the effective 

d33, the Acos(φ)/Qf data was separated by the applied bias and averaged, obtaining a plot 

for Acos(φ)/Qf as a function of the applied bias for the samples (Supplementary Figure 

5.S24d). 
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Table 5.S2: Experimentally determined Qf for each PFM scan. 

 Qf (a.u.) 

 SEA extrusion printed Solvent-cast 

Pristine PVDF-TrFE (0.00 wt% Ti3C2Tx) 39.389 41.244 

Ti3C2Tx/PVDF-TrFE (0.02 wt%) 36.083 - 

Ti3C2Tx/PVDF-TrFE (0.10 wt%) 37.185 - 

Ti3C2Tx/PVDF-TrFE (0.20 wt%) 73.754 - 

Ti3C2Tx/PVDF-TrFE (0.50 wt%) 31.188 75.479 

 

 

Figure 5.S24: Processed PFM results as a function of the input bias (V) for the SEA 

extrusion printed Ti3C2Tx/PVDF-TrFE films. (a) The phase (φ). (b) The amplitude 

(A). (c) The Acos(φ). (d) The Acos(φ)/Qf. 
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In the converse piezoelectric effect, the d33 is given as shown in Supplementary Equation 

(5.S8a):34 

	 𝑑** = A
𝜕𝛾*
𝜕𝐸*

B
M

	 (5.S8a) 

Here, the superscript σ denotes constant stress. In order to minimise the stress on the 

sample, the cantilever is required to possess a sufficiently low spring constant, in this case 

approximately 0.3 N m-1. It should be noted, however, that the cantilever will nonetheless 

apply stress to the sample, therefore restricting the expansion in the measured material 

and providing an underestimate to the calculated d33. The out-of-plane strain is given as 

γ3 = L/L0, whereby L is the magnitude of the expansion or contraction, and L0 is the ma-

terial thickness. In PFM, L corresponds to the normalised amplitude, shown in Supple-

mentary Equation (5.S8b): 

	 𝐿 =
𝐴𝑐𝑜𝑠(𝜑)
𝑄I

	 (5.S8b) 

Therefore, the out-of-plane strain then takes on the form shown in Supplementary Equa-

tion (5.S8c): 

	 𝛾* =
𝐴𝑐𝑜𝑠(𝜑)
𝑄I𝐿7

	 (5.S8c) 

Moreover, the E3 is given as the V applied per unit distance. In the case of PFM, as the 

material expands upon applied V, the expansion should include the distance of expansion, 

shown in Supplementary Equation (5.S8d): 

	 𝐸* =
𝑉

𝐿 + 𝐿7
	 (5.S8d) 

Hence, substituting Supplementary Equation (5.S8b) for L, the expression becomes as 

shown in Supplementary Equation (5.S8e): 

	 𝐸* =
𝑉

J𝐴𝑐𝑜𝑠(𝜑)/𝑄IK + 𝐿7
	 (5.S8e) 

Finally, substituting Supplementary Equation (5.S8c) and Supplementary Equation 

(5.S8e) into Supplementary Equation (5.S8a), it takes on the form as shown in Supple-

mentary Equation (5.S8f): 
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	 𝑑** =
𝐴𝑐𝑜𝑠(𝜑)
𝑄I𝑉

+
J𝐴𝑐𝑜𝑠(𝜑)K)

𝑄I)𝐿7𝑉
	 (5.S8f) 

Notably, this expression still does not account for the stress applied to the sample by the 

cantilever, however it becomes a more accurate equation to obtain the d33. Nonetheless, 

when a 10 nm A (1.00 x 10-8 m) is observed at 180° φ (corresponding to cos(φ) = 1) in a 

sample with 40 μm (4.00 x 10-5 m) L0 under 20 V applied bias and Qf at 30, the additional 

term corresponds to an increase in the effective d33 of 1.39 x 10-4 pm V-1, a minute in-

crease relative to an effective d33 at 16.67 pm V-1. Therefore, for these experiments, the 

effective d33 was taken as Acos(φ)/QfV.  

 

As the applied V was below the poling voltage (maximum V at 20 V, minimum thickness 

at 37 μm, corresponding to a maximum E3 = 0.54 MV m-1, minimum poling E3 at 50 MV 

m-1),15 the slope of the plot for Acos(φ)/Qf as a function of V was expected to be linear for 

all samples. Indeed, the data shown in Supplementary Figure 5.S24d was found to be 

linear over the measured range, taking into account the deviation over the measured scan 

area. The data was fit with a linear trendline for each sample, whereby the slope of the 

trendline, accounting for the error in each sample, was the effective d33 value.	

 

The accuracy of the nanoscale polarisation measurements via PFM has been widely de-

bated in recent literature, demonstrating the values can underrepresent or overrepresent 

the macroscale d33 both due to an empirical calculation methodology and the localised 

measurement approach.33,35 Nonetheless, these PFM experiments are able to show trends 

of the d33 in samples with similar composition, as has been demonstrated here. Notably, 

the most accurate methodology is to utilise a single cantilever, as has been undertaken in 

these experiments. The utilisation of multiple cantilevers has the potential to vary in the 

spring constant and therefore dampen the amplitude signal, subsequently changing the 

observed trends. 

 

5.7.6 PEG fabrication and macroscale energy harvesting 
PEGs were produced by sputter coating a metal electrode layer on both sides of the SEA 

extrusion printed Ti3C2Tx/PVDF-TrFE (0.00 wt% and 0.50 wt%) films, attaching wires 
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onto each electrode, and subsequently encapsulating the entire device in insulating adhe-

sive. The sputter coated (Nanochrome I, Intlvac Thin Film Corporation, USA) electrodes 

consisted of a seeding chromium (Cr) layer and a gold (Au) layer, with a total thickness 

of 60 nm, deposited onto both sides through a shadow mask. The two electrode layers 

were deposited sequentially, without outgassing the chamber. The chamber pressure was 

maintained at 2 mTorr, with an argon (Ar) gas flow of 20 cm3 min-1. The Cr layer depo-

sition utilised an AC dual magnetron source at 500 W power, with a 10 s deposition time, 

corresponding to a Cr layer with thickness between 2 nm and 3 nm. The Au layer depo-

sition utilised a DC magnetron source at 100 W power, with a 210 s deposition time, 

corresponding to an Au layer with thickness at 70 nm. The thickness of both layers was 

measured by AFM at 60 nm. The shadow mask was laser-cut from a 1 mm thick polymer 

sheet, pre-set for an opening with 1.5 cm length and 1.6 cm width, corresponding to an 

active area of 2.4 cm2. Additional tabs were laser-cut adjacent to the width axis, with 0.5 

cm length and 0.8 cm width, which were used for the attachment of wires and did not 

overlap between the two electrodes, therefore did not provide additional active area. The 

shadow mask design is shown in Supplementary Figure 5.S25a and the sputter coated 

SEA extrusion printed Ti3C2Tx/PVDF-TrFE (0.50 wt%) films are shown in Supplemen-

tary Figure 5.S25b. 

 

 

Figure 5.S25: Piezoelectric generator layout. (a) Schematic showing the layout of the 

electrodes and the wire attachment tabs on both surfaces of the Ti3C2Tx/PVDF-

TrFE films. (b) Photograph of the layout of the laser-cut shadow mask, with sputter-

coated SEA extrusion printed Ti3C2Tx/PVDF-TrFE (0.50 wt%) films as the active 

layer of the PEGs. Scale bar represents 2 cm. (c) Photograph showing the final SEA 

extrusion printed Ti3C2Tx/PVDF-TrFE (0.50 wt%) PEG. Scale bar represents 3 cm. 
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The wires (FLEXI-E 0.15, Stäubli Electrical Connectors AG, Switzerland) were cut to a 

length of 15 cm, with 0.6 cm stripped and exposed at each end. One end of each wire was 

soldered to the non-adhesive side of copper (Cu) foil adhesive (1181, 3M, United States), 

after cleaning the surface with propan-2-ol. Subsequently, the adhesive side of the Cu foil 

adhesive was attached to the designated tabs (Supplementary Figure 5.S25a) on each side 

of the sputter coated SEA extrusion printed Ti3C2Tx/PVDF-TrFE (0.00 wt% and 0.50 

wt%) films. The final step in the PEG fabrication was the encapsulation in insulating 

polyimide (Kapton) adhesive, which was adhered to both sides of the film to ensure no 

external electrical influences affect the macroscale energy harvesting experiments. A 

photograph of the completed PEG is shown in Supplementary Figure 5.S25c. 

 

The macroscale energy harvesting experiments were undertaken by the application of 

cyclic compression force and monitoring of the generated surface charge, configured to 

replicate the quasi-static Berlincourt method.36 The cyclic compression was applied by a 

dynamic mechanical tester (ElectroForce 5500, Bose, United States) following a sinusoi-

dal force pattern (Supplementary Figure 5.S26a, b). The surface charge was measured 

and converted to a voltage signal by a charge amplifier (Nexus 2692, Brüel & Kjær, Den-

mark). The resultant voltage signal was logged directly to file by a data acquisition in-

strument (9223, National Instruments, United States). The PVDF-TrFE PEGs possess a 

large source impedance,10 between 1 MΩ and 10 MΩ, therefore the majority of voltage 

measurement techniques will introduce error arising from the capacitance of the connec-

tion cables and the input impedance of the measurement device. For these experiments, 

the charge amplifier was chosen as it eliminates these errors.37,38  
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Figure 5.S26: Representative mechanical excitation input. (a) The input force (F) 

over 30 s with frequency at 2 Hz and (b) the enlarged view of the final 1 s. (c) The 

input stress (σ3), calculated from a, with (d) the enlarged view of the final 1 s. 

 

The generated surface charge as a result of input force follows the constitutive equation 

for the direct piezoelectric effect,13,34 given in Supplementary Equation (5.S9): 

	 𝐷* = 𝑑**𝜎* + 𝜀**M 𝐸*	 (5.S9) 

Here, D3 is the electric displacement field, d33 is the piezoelectric charge coefficient, σ3 

is the applied stress, εσ33 is the dielectric permittivity at constant stress, E3 is the electric 

field and the subscripts correspond to the directionality, in this instance all parallel to the 

thickness axis. Notably, in short circuit conditions where the input impedance of the load 

(in this instance the charge amplifier) is significantly lower than the output impedance of 

the PEG, the charge is transferred with no resistance.38 In this instance, minimal voltage 

is generated and therefore E3 ≈ 0 V m-1. Hence, the εσ33 can be ignored and the expression 

takes on the form shown in Supplementary Equation (5.S10): 

	 𝐷* = 𝑑**𝜎*	 (5.S10) 

The d33 can then be directly calculated from the input stress and the resultant electric 

displacement field, as shown in Supplementary Equation (5.S11): 
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	 𝑑** = A
𝜕𝐷*
𝜕𝜎*

B
!

	 (5.S11) 

Here, the superscript E denotes a constant electric field (∂E3 = 0). The stress is calculated 

from Supplementary Equation (5.S2) and is shown as a function of time in Supplementary 

Figure 5.S26c, d. The load cell of the mechanical tester, used to apply the stress, was 

cylindrical with a radius (r) of 12.5 mm. The compressive area (Aσ) (Supplementary Fig-

ure 5.S27, blue line, Supplementary Figure 5.S28, blue dashed line) was calculated indi-

vidually for the samples, as the placement of the sputter coated electrodes was variable 

relative to the dimensions of the SEA extrusion printed films. The height (h) from the top 

of the Cu adhesive foil to the top of the sample (Supplementary Figure 5.S27) was meas-

ured (Supplementary Table 5.S3) and the Aσ was calculated following Supplementary 

Equation (5.S12) for a circular segment:39 

	 𝐴M = 𝜋𝑟) − A𝑟 𝑐𝑜𝑠N( A
𝑟 − ℎ
𝑟 B − (𝑟 − ℎ)�2𝑟ℎ − ℎ)B	 (5.S12) 

 

 

Figure 5.S27: Schematic showing the layout of the Ti3C2Tx/PVDF-TrFE PEG for 

energy harvesting tests. 
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Figure 5.S28: Schematic showing the side view of the components of the 

Ti3C2Tx/PVDF-TrFE PEG during energy harvesting characterisation. 

 

Table 5.S3: Values for the height (h) and the area under stress (Aσ) for energy har-

vesting experiments. 

Ti3C2Tx nanosheet concentration in PVDF-TrFE h (mm) Aσ (10-4 m2) 

0.00 wt% 6.0 4.00 

0.50 wt% 5.3 4.15 

 

Similarly, the electric displacement field is a value normalised to the active area (AD), 

shown in Supplementary Equation (5.S13): 

	 𝐷* =
𝑄
𝐴.
	 (5.S13) 

In this instance, the AD corresponded to the area with sputter coated electrodes on both 

sides, which is under impact (Supplementary Figure 5.S27, purple line, Supplementary 

Figure 5.S28, dashed purple line). The load cell was placed on the PEG such that the load 

cell did not make contact with the Cu foil adhesive (Supplementary Figure 5.S27, Sup-

plementary Figure 5.S28). The AD was measured as 2.25 cm2 (2.25 x 10-4 m2), based on 

the active electrode dimensions at 15 mm length and 16 mm width, whereby the major 

part of the electrode was compressed (Supplementary Figure 5.S27). 
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In order to ensure the generated charge arose only from the piezoelectric effect, the de-

pendence of D3 on σ3 was investigated. In piezoelectric materials, as demonstrated in 

Supplementary Equation (5.S11), the slope must be linear, corresponding to the d33. In 

the instances where the slope is not linear, either the constant E requirement is not satis-

fied, or contributions from contact electrification and/or flexoelectricity are present.40–43 

A representative SEA extrusion printed Ti3C2Tx/PVDF-TrFE (0.50 wt%) PEG was tested 

for this dependence. The minimum force was set at 5 N, to minimise the effects from 

contact electrification. The resultant data is shown in Supplementary Figure 5.S29. The 

slope was found to be linear, confirming the sole contribution of the direct piezoelectric 

effect to the measured surface charge. 

 

 

Figure 5.S29: The generated electric displacement field (∂D3) as a function of the 

input stress (∂σ3) for the SEA extrusion printed Ti3C2Tx/PVDF-TrFE (0.50 wt%) 

PEG. The solid line represents a linear fit to the data and the band represents a 95% 

confidence interval. 

 

Upon the analysis of the generated surface charge (Q) in the SEA extrusion printed pris-

tine PVDF-TrFE co-polymer PEG and the SEA extrusion printed Ti3C2Tx/PVDF-TrFE 

(0.50 wt%) PEG (Figure 5.4d), it was evident that a significant enhancement in the energy 

harvesting was observed upon the incorporation of the Ti3C2Tx nanosheets into the 
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PVDF-TrFE co-polymer. In this instance, the D3 is related to the polarisation (P3) follow-

ing Supplementary Equation (5.S14):34 

𝐷* = 𝜀**M 𝐸* + 𝑃*	 (5.S14) 

Here, the previously reported enhancements in the ε of Ti3C2Tx/fluoropolymer compo-

sites44 are neglected due to the absence of external electric fields (E ≈ 0 V m-1), therefore 

the enhancements in Q (and subsequently the D3) were attributed directly to enhance-

ments in the P3. The polarisation is given as the sum of the individual dipole moment 

vectors (μ3) within a given volume (V), as shown in Supplementary Equation (5.S15), 

supporting the enhanced dipole moment alignment within the materials, as the dipole 

moment magnitude and the volume were constant. 

𝑃* =
∑𝜇*
𝑉

(5.S15) 

The d33 of the Ti3C2Tx/PVDF-TrFE (0.50 wt%) PEG (at -52.0 pC N-1) was found to be 

higher than that of completely poled PVDF-TrFE in literature (at approximately -38 pC 

N-1),13,45 suggesting that the electrical poling technique commonly utilised in literature

does not completely polarise the pristine PVDF-TrFE co-polymer.15,46 The presence of

dielectric breakdown at a high poling electric field strength is hypothesised as the limiting

factor in achieving completely polarised PVDF-TrFE for their utilisation as PEGs.47

Overcoming the limitation posed by the dielectric breakdown has profound opportunities

in a multitude of fields where piezoelectric materials are used. The dipole locking mech-

anism from a nanomaterial template, as described in this study, has tremendous potential

to unlock new applications for flexible piezoelectric materials, where the cost and energy

input during manufacture is currently limiting commercial adoption.
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5.7.7 Supplementary videos 
 

 

 

 

 

 

 

 

 

 

 

Video 5.S1: Temporal evolution of the PVDF-TrFE co-polymer polarisation vector 

direction adsorbed on a Ti3C2Tx nanosheet substrate (left) and graphene substrate 

(right) over a 1.6 ns timespan. The PVDF-TrFE film consists of 70 co-polymer 

chains. 
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The translation of piezoelectric technologies to commercial devices is a multi-faceted 

problem. Due to the coupling between mechanical and electrical phenomena, and hence 

the breadth of scope between mechanical, materials and electrical engineering disciplines, 

these aspects must be addressed. The understanding of parameters relating the material 

properties to the electromechanical energy conversion efficiency enables the elegant tai-

loring of these parameters through a toolbox of techniques commonly found in the fields 

of physics and chemistry of materials.  

 

The overarching aim of this thesis was the intelligent enhancement of the net polarisation 

vector in PVDF-TrFE, as a model piezoelectric polymer, in order to eliminate electrical 

poling from the production pathway for flexible piezoelectric energy conversion devices. 

To achieve this, tools and techniques readily available in materials science and engineer-

ing were used, altering the processes of polymer deposition and poling. The polymerisa-

tion of fluoropolymers was not experimentally investigated in this thesis; however, the 

literature concerning this production step was critically reviewed in Chapter 2. This thesis 

demonstrated the utility of SEA 3D printing for the deposition of PVDF-TrFE at low 

temperatures, inducing partial dipole alignment through shear stress. The addition of non-

piezoelectric SWCNTs to the SEA 3D printing of PVDF-TrFE revealed a dipole templat-

ing mechanism at the interface between the polymer and the additive, complementing the 

partial alignment of the dipoles in PVDF-TrFE. The PVDF-TrFE and its composites were 

observed to form a physical gel in acetone, which allowed the recycling and reshaping of 

the SEA 3D printed energy conversion devices. Finally, the addition of non-piezoelectric 

2D Ti3C2Tx MXenes to the SEA 3D printing of PVDF-TrFE from acetone enabled the 

elucidation of the dipole templating and polarisation locking mechanism at the polymer-

nanomaterial interface, forming via electrostatic interactions. The resultant polarisation-

locked Ti3C2Tx/PVDF-TrFE composites exhibited a bulk piezoelectric charge coefficient 

of 52.0 pC N-1 without poling, significantly higher than that of literature reports for elec-

trically poled PVDF-TrFE at approximately 38 pC N-1.  

 

The literature review in Chapter 2 investigated the relevant and recent literature in order 

to understand the fundamental phenomenon of piezoelectricity, how it occurs in fluoro-

polymers, and the critical parameters influencing the energy conversion capabilities of 

fluoropolymers. In particular, the correlation between materials properties and the 
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piezoelectric figures of merit was addressed. The crystallinity, polymorph distribution 

and net dipole moment vector direction all play a pivotal role, thus requiring all parame-

ters to be carefully monitored during the research and development stages. The crystal-

linity and polymorph distributions were reported to change in response to the introduction 

of co-monomers and controlling the defects during polymerisation, as well as the intro-

duction of multiple nanoscale additives. The dipole moment vector direction was reported 

to be tailored by the deposition and processing techniques, primarily through the utilisa-

tion of electric fields during either step. New methods to enhance these parameters were 

presented throughout this chapter and form the basis for the subsequent research chapters. 

 

The optimisation of SEA 3D printing in Chapter 3 utilised a deposition technique with 

imparted shear stress and investigated the influence of the shear stress on the piezoelectric 

energy conversion, as a function of the layer number. The PVDF-TrFE, dissolved in a 

binary solvent mixture of DMF and acetone was optimised for multiple 3D printing pa-

rameters, such as solvent ratios and polymer concentration, relating to viscosity, extrusion 

pressure, temperature, nozzle internal diameter, substrate and speed of printing, in order 

to obtain well-resolved structures. The printed PVDF-TrFE was optically transparent and 

flexible, with the electroactive phase fraction observed at above 75% and exhibiting min-

imal variation as a function of layer number. This printed PVDF-TrFE was found to pos-

sess energy conversion characteristics, with a printed thin film generating a peak-to-peak 

voltage of 69.6 mV under mechanical compression, which is not observed in solvent cast 

thin films. The addition of a structured layer on top of the printed thin film enhanced the 

generated voltage by 316% to 289.3 mV. The capability to convert energy in the SEA 3D 

printed PVDF-TrFE was hypothesised to arise from the induced shear stress acting to 

partially align the dipole moments in the polymer. 

 

Building on the technique developed in Chapter 3, the role of SWCNTs as a 1D additive 

was investigated in SWCNT/PVDF-TrFE nanocomposite 3D printed thin films, with 

SWCNT concentrations between 0.00 wt% and 0.50 wt% relative to the polymer. The 

SWCNTs, as 1D additives, are able to align parallel to the nozzle wall and are non-pie-

zoelectric, therefore any changes in the energy conversion characteristics were expected 

to arise due to the crystallinity, polymorph distribution or polarisation vector changes. 

The crystallinity and polymorph distributions of the SEA 3D printed composite films 
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were found to be stable with increasing SWCNT concentration, contrary to prior literature 

on CNT/fluoropolymer composites. Importantly, the PFM and cyclic compression anal-

ysis revealed an enhancement in energy conversion efficiency at an optimised SWCNT 

concentration of 0.02 wt%, which confirmed a polarisation enhancement effect from a 

non-piezoelectric additive. This phenomenon was investigated further by MD simula-

tions, observing a templating of the net dipole moment of the PVDF-TrFE parallel to the 

SWCNT length axis. Furthermore, a recycling method was proposed and validated using 

acetone in order to reprint the 0.02 wt% SWCNT/PVDF-TrFE films. The recycled films 

exhibited minimal changes in the materials properties, however, were found to generate 

a higher electrical power density at 70.6 μW cm-3 from a single finger tap. This power 

density places the unpoled composite energy conversion device well within the range 

reported for electrically poled fluoropolymers and is capable of powering implanted med-

ical devices such as pacemakers. The recycled 0.02 wt% SWCNT/PVDF-TrFE energy 

conversion devices can be used for at least 10,000 compression cycles, exhibiting a peak-

to-peak voltage at approximately 6 V throughout testing, and are able to charge a 100 nF 

dielectric capacitor to 3.5 V in 1.2 min via a bridge rectifier. 

 

The dipole templating effect due to the incorporation of SWCNTs was the first report of 

such a phenomenon, however the mechanism of this effect was not deduced. In Chapter 

5, a 2D Ti3C2Tx MXene was used as an additive in order to understand the dipole tem-

plating effect. The interface between the OH terminated MXene and a PVDF-TrFE film 

was modelled via MD simulations, uncovering the dipole templating and polarisation 

locking in the PVDF-TrFE chains. Furthermore, a similar experiment set on a graphene 

substrate did not exhibit these effects, confirming the polarisation locking mechanism 

occurred due to electrostatic interactions between the MXene nanosheet and the PVDF-

TrFE. The incorporation of the Ti3C2Tx, prepared by the MILD technique, into the PVDF-

TrFE at 0.02 wt% Ti3C2Tx resulted in a small decrease in the crystallinity and the elec-

troactive β phase fraction, localised to the interface between the additive and the polymer, 

correlating to MD simulations. Importantly, the effective piezoelectric charge coefficient, 

d33, was found to increase in this composite relative to the pristine PVDF-TrFE via PFM, 

experimentally confirming the polarisation locking in the Ti3C2Tx/PVDF-TrFE compo-

sites. Moreover, the effective d33 grew logarithmically with the Ti3C2Tx concentration, 

nearing a saturation point at a concentration of 0.50 wt%. A three-fold enhancement of 

the effective d33 was observed in the SEA 3D printed pristine PVDF-TrFE films relative 
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to the solvent cast films due to the shear-induced polarisation. Conversely, no difference 

in the effective d33 was observed between the solvent cast and SEA 3D printed composite 

films at 0.50 wt% Ti3C2Tx, suggesting the polarisation locking occurs during mixing of 

the polymer and the Ti3C2Tx nanosheets, rather than during printing. The bulk energy 

conversion characterisation uncovered a significantly higher d33 in the SEA 3D printed 

0.50 wt% Ti3C2Tx/PVDF-TrFE composite film relative to the literature values for electri-

cally poled PVDF-TrFE and showed no degradation after 10,000 compression cycles. 

This finding suggests the dielectric breakdown at high electric fields limits the maximum 

polarisation in fluoropolymers. More importantly, this chapter highlighted the potential 

to control the magnitude and direction of the polarisation vector of fluoropolymers 

through electrostatic forces at the nanoscale.  

 

Nonetheless, in answering the research questions of this thesis, additional questions have 

been raised throughout the duration of this research, which should be addressed in order 

to further develop the flexible piezoelectric energy conversion technology. These ques-

tions encompass both the fundamental research on the polarisation control and the inte-

gration of the flexible energy conversion devices into emerging applications. 

 

Currently, the relationship between the physical parameters of fluoropolymers and the 

resultant energy conversion efficiency is poorly understood.1 Therefore, it is of increasing 

importance to understand this structure-property interaction. Within the polymerisation 

step, a variety of input parameters could be investigated in relation to the electromechan-

ical performance, such as the molecular weight, polydispersity, polymerisation pressure, 

polymerisation temperature, defect type, defect frequency or the type of initiator (subse-

quently the terminal groups).  

 

The influence of the electrode material used to harvest the converted energy is another 

variable, which is sparsely addressed from a materials engineering perspective. The pres-

ence of energy loss in piezoelectric energy conversion devices is known, reported recently 

by Roscow et al.2; however, a lack of understanding on the influence of matching the 

electronic and physical properties of the electrodes to the fluoropolymer further limits 

enhancement of the electromechanical conversion efficiency. The phenomena of work 

function matching and band engineering are well documented3 in solid-state physics and 
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can be extended to piezoelectric materials, relating the difference in work function to the 

measured energy conversion performance. Furthermore, the measured electromechanical 

properties could be correlated to other relevant properties such as the interfacial adhe-

sion,4 electrode material conductivity5 or electrode thickness,6 in order to obtain a more 

complete understanding of the influence of these effects. 

 

The work in this thesis has developed the SEA 3D printing parameters and fine-tuned 

these parameters by eliminating DMF from the solvent mixture. Decreasing the internal 

diameter of the 3D printing nozzle will enable the printing of finer structures (reducing 

the filament width) and decrease the thickness. To date, nozzles with internal diameters 

as low as 5 μm have been employed for SEA 3D printing applications,7 which is promis-

ing for energy conversion applications due to higher shear stress at the nozzle wall, which 

results in higher alignment of the fluoropolymer chains.8 The increased pressure required 

for extrusion, which follows the Hagen-Poiseuille equation,9 requires the careful tailoring 

of the rheology of the inks. This advancement has great potential to substitute current 

micro-electro-mechanical systems with polymeric materials.10  

 

The dipole templating enables the systematic net polarisation vector control in fluoropol-

ymers by electrostatic interactions. By modulating the fraction of aligned dipole moments 

in a certain direction, the polarisation can either be maximised in the desired direction, or 

fixed at a desired FOM with respect to the required application. The MXene class is ap-

pealing as the surface termination can be controlled.11 For example, an amine-function-

alised MXene, which possesses a positive surface charge12 in contrast to the hydroxyl 

terminated MXene in Chapter 5, could be used to investigate the direction reversal of the 

PVDF-TrFE polarisation vector. Alternatively, the magnitude of surface charge could be 

modulated through the fraction of electron-withdrawing surface terminations. In addition, 

alternative structured materials could be probed for their effects on the polarisation of 

fluoropolymers, such as metal-organic frameworks or transition metal dichalcogenides.13 

 

The ability to pattern the polarisation enables the substitution of brittle ceramic materials, 

some of which are lead based (e.g., PZT) and therefore toxic, for fluoropolymers in order 

to target both piezoelectric and ferroelectric applications. As an example, polarisation-

patterned fluoropolymers give rise to flexible non-volatile memories, allowing for large 
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storage densities with decreasing feature dimensions.14, 15 Furthermore, multi-layer po-

larisation-patterned fluoropolymers films enable complex states, further increasing infor-

mation density by patterning along the thickness axis. This technology can be extended 

to a larger scale for the manufacture of soft and flexible human-machine interfaces, with 

multiple dimensions of interaction based on location and polarisation state.  

 

The widely accepted P-E hysteresis technique, which has been outlined in Chapter 2, 

applies an electric field to the material in order to measure the polarisation, altering the 

polarisation state in the process.16 Conversely, for the development of highly polarised 

piezoelectric materials without utilising electric fields, alternative characterisation tech-

niques must be employed. The direction dependent piezoelectric polarisation-induced 

signals have been reported in nuclear magnetic resonance (NMR) spectroscopy by 

Hughes and Pandey.17 Such a technique could thus be utilised for the measurement of 

polarisation in piezoelectric materials. By extension, an imaging technique such as mag-

netic resonance imaging (MRI) has the potential to image the distribution of polarisation 

vectors within the material and enable further development of alternative polarisation 

locking mechanisms. 

 

The key limitation of PFM as a tool to probe polarisation at the nanoscale is the qualitative 

nature of the measurements. The PFM technique can compare the polarisation between 

two similar materials; however, it is not currently capable of quantitatively determining 

the piezoelectric coefficients of these materials.18 This deviation is hypothesised to arise 

from the stress imparted onto the measured sample by the cantilever during measure-

ments, following Equation (2.6). Overcoming this limitation is an important aspect to the 

field of piezoelectric and ferroelectric materials, which could subsequently enable the 

determination of the piezoelectric FOMs at the nanoscale. 

 

A possible extension of this research is the further development of the SEA 3D printing 

technique for fluoropolymer energy conversion materials. Prior reports on 3D printing 

have demonstrated the capability to SEA 3D print in three dimensions7 (in comparison to 

the layer-by-layer approach demonstrated in this thesis), print onto moving substrates,19 

and print directly onto a living organ.20 These advancements unlock tremendous oppor-

tunity in the SEA 3D printing of fluoropolymers for the direct application as wearable 
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and/or implantable devices.21, 22 The opportunity to SEA 3D print directly onto the skin 

results in single-step, disposable and conformal energy harvesters for powering portable 

electronics.19 Meanwhile, the opportunity to print directly onto an exposed organ allows 

for the powering of cardiac pacemakers, where the surgical removal is currently required 

ten years post-implantation to replace the battery.23 A piezoelectric energy harvester 

could therefore be SEA 3D printed directly onto the heart, conformal to the curvature of 

the heart, and provide long-term supplemental power to the pacemaker.  

 

In order to effectively manufacture energy conversion devices utilising the piezoelectric 

materials and processes developed in this thesis, the electrode coating step must be inte-

grated into the device fabrication process. The electrode material, which coats the surface 

of the fluoropolymer on both sides, could be SEA 3D printed before (in the case of the 

bottom electrode) and after the fluoropolymer layer (the top electrode). The printing tech-

nique allows for the patterning of the electrode layer, enabling advanced geometries. Sil-

ver-based inks are promising candidates and have been reported as advanced 3D printed 

geometries,7 as well as possible printing onto skin.19 The integration of the fluoropolymer 

deposition with electrode deposition would act to minimise the number of processing 

steps, in turn reducing the cost of manufacture. Furthermore, this method could be utilised 

for a multitude of applications by varying the electrode patterns using computer-aided 

design, ranging from the on-skin and implantable energy harvesters to flexible human-

machine interfaces and soft robotics. 
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