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 ABSTRACT Given the ever-increasing demand for customization and miniaturization, in-situ three-dimensional (3D) printing of piezoelectric polymers comes as an efficient means to cater to smart structures via multimaterial printing. Applying our hybrid printing technique to polyvinylidene fluoride (PVDF) - barium titanate (BaTiO3) nanocomposites to combine the fabrication and high voltage poling steps shrinks the manufacturing time, overcomes the disadvantages of adherence in non-conformal piezoelectric films or fabrics, and increases the sensitivity and scope for on-demand applications. A remarkable 300%
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 improvement in piezoelectric charge output is achieved, upon the addition of 10 wt.% BaTiO3 nanoparticles and application of an electric field of 1 MV m-1, over printed unpoled neat PVDF. Ultimately, we demonstrate the application of the in-situ poling process in the form of sensors printed directly on a shoe insole for gait-analysis. The sensors fabricated in this work effectively distinguish between walking and stamping both as portable in-shoe sensor as well as sensors attached to the ground. INTRODUCTION The most piezoelectric polymer polyvinylidene fluoride (PVDF), and its nanocomposites are being applied towards actuation, energy harvesting,1 energy storage,2 and sensing.3 Traditionally, PVDF-based structures were fabricated in the form of fibers or films using extrusion,4 melt spinning,5 spin coating,6 solution casting,7 and electrospinning.8 Last few years have seen a strong impetus in creating three-dimensional (3D) structures with PVDF as it: (i) promotes flexibility in shape, (ii) boosts the piezoelectric coupling factor by increasing the extractable strain in the structure,9 and (iii) aids in fabricating on-demand and customized structures. Sensors printed directly on the surface to be sensed not only increase sensitivity via overcoming the interfacial material stiffness but also reduce the number of manufacturing steps and provide ability to produce sensors on flat as well as curved surfaces. 3D printing of PVDF and its nanocomposites has been attempted by various techniques.10, 11, 12 Of these, near-field electrospinning (NFES)10, 13 and solvent evaporation-assisted 3D printing (SEA3DP)11,
 
 14
 
 have been successful in creating multi-layered,10 self-supported,11 conformal,14 and
 
 freestanding structures.14 Another technique involves integrated 3D printing via fused deposition modelling followed by corona poling.15 This technique is time consuming compared to NFES and SEA-3DP as it involves printing of a single layer followed by poling of the entire layer in a pointby-point fashion following the print line.15 Where NFES involves application of large electric fields during the deposition of PVDF-based solutions to attain the piezoelectric polarization, SEA-3DP of barium titanate nanoparticles (BaTiO3 NPs) and PVDF relies on the interaction 2
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 between the nanoparticles and the polymer, and the dipole alignment via high shear forces during high pressure extrusion11 In our technique (SEA-3DP), a highly volatile solution of the piezoelectric nanocomposite (NC) is extruded and deposited with the help of a robotic deposition system to form the required shape. The effect of nanoparticle size and their concentration in the nanocomposite are subjective to the processing and fabrication techniques and hence, must be optimized each time there are any changes in the fabrication process.16, 17 We have previously surveyed and investigated the optimal process parameters for SEA-3DP: the specific choice of materials, concentrations and processing technique in our previous work11. Three different techniques (i.e., ball-milling, extrusion and sonication) were investigated to incorporate between 1 and 15 wt.% of BaTiO3 NPs into PVDF. It was demonstrated that a BaTiO3 NP concentration of 10 wt.% added to PVDF via ball-milling was the ideal recipe to achieve superior piezoelectric properties under our printing conditions. Apart from increasing the polar β-phase content (responsible for piezoelectricity in PVDF) by 33% as compared to the solution-cast films, SEA-3DP has shown to result in piezoelectric properties (d31 = 18 pC N-1) comparable to commercial (Measurement Specialties) poled PVDF films (d31 = 23 pC N-1).18 This value is much higher than the d31 of PVDF/BaTiO3 films produced by fused deposition modelling combined with corona poling (0.048 pC/N).15 However, it is compelling to investigate the effect of simultaneous application of electric field during printing of PVDF and NC; as such, a hybrid technique would be a worthy step in the direction of single-step manufacturing of sensors and serve well the requirement of on-demand application. In-situ poling was realized by applying an electric field between the metallic nozzle of the syringe and a metallic tape attached to the substrate. We present a detailed investigation of the effect of NP addition and electric field applied on the β-phase and the piezoelectric properties of PVDF. The content of β-phase is characterized via X-ray diffraction (XRD), and Fourier transform infrared
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 spectroscopy (FTIR). We also designed a drop-weight test to determine the piezoelectric properties of the films. Furthermore, we present an application in the form of ready-to-use sensors on a shoe insole for gait analysis. To date, gait sensors are usually fabricated by adhering piezoresistive19 or piezoelectric films20 to fabrics. Printing of sensors directly on the insoles results in higher sensitivity as well as compatibility with different shapes of insoles required for individuals with special needs. The sensors printed at fore and hind foot locations on insoles were tested to distinguish differences between walking and stamping while worn in the shoe. Similar experiments were also performed by fixing the insole to the ground. Printing of piezoelectric PVDF has so far been shown only on flat surfaces. Here, for the first time we show the 3D conformal printing of piezoelectric PVDF on a curved surface with in-situ poling for enhanced performance. Conformal printing of active sensors facilitates customized sensors catering to individual needs in areas from aerospace to prosthetics. EXPERIMENTAL SECTION Materials PVDF (Mw~534,000), dimethyl sulfoxide (DMSO), and silver conductive paste (micro-particles dispersed in α-terpineol) were purchased from Sigma Aldrich®. Solvents N, N-dimethyl formamide (DMF) and acetone were obtained from Alfa Aesar and BDH, respectively. Barium titanate NPs (BaTiO3; 99.9% purity, mean diameter ~100 nm) were procured from Nanostructured & Amorphous materials Inc. Ink preparation The solvent system consisted of a mixture of DMF and acetone. 11,21 Amongst the solvents used for PVDF, DMF is the least hazardous and possesses the lowest boiling point of ~153 °C,22 while acetone is an anti-solvent with a low evaporation point (~56 °C). An optimized ratio of 40% DMF 4
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 and 60% acetone in the solvent system was used.23 A contribution of 65 g L-1 dimethyl sulfoxide (DMSO) aided in initiating β-phase.24 The required mass of PVDF was sonicated in the solvent mixture for 20 min to obtain a clear PVDF solution. To form the nanocomposite, a process explained in the previous work11 was used where 10 wt. % of BaTiO3 NPs were incorporated into PVDF via ball-milling with the solvents for 20 min. SEA-3D printing PVDF and its nanocomposite solutions (referred to as ‘inks’ hereafter) were poured into 3 mL syringe barrels. The syringe barrels were placed into a pneumatically operated dispensing system (HP-7X, EFD) to apply precise pressures for printing. The dispensing system was held by a robotic-arm (I&J2200-4, I&J Fisnar Inc.), controlled by a commercial software (JR Points for Dispensing, Janome Sewing Machine) that further enabled the deposition of the inks on a movable flat stage. The design to be printed was uploaded into the software in the form of a series of X, Y and Z coordinates. The in-situ poling set-up (Figure 1) consisted of laboratory DC (direct current) power sources to apply the required electric field between a metallic printing nozzle and a metallic tape (aluminum or copper, 3M Canada) attached to the substrate. Single-sided aluminum tape was used to print freestanding films while sensors were printed on double-sided copper tape. Based on the electric field values, two DC power sources were employed: Gw Instek, GPS 3303 for electric fields up to 0.3 MV m-1 and the Fisher Scientific, FB 3000 for 1 MV m-1. Beyond this field the printed films underwent breakdown. We fabricated a total of 8 types of films with 4 different poling voltages: 0, 0.1, 0.3 and 1 MV m-1. The labelling of these films consists of the poling voltage in MV m-1 followed by letters: P for neat PVDF and NC for the nanocomposite. For example 0.3P stands for a PVDF film fabricated with 0.3 MV m-1 poling voltage. Films for XRD, FTIR spectroscopy, and piezoelectric tests were fabricated with 0.2 g mL-1 of PVDF and the NC solutions by keeping the
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 printing parameters constant: nozzle diameter = 100 µm nozzle, extrusion pressure
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 ~1 MPa, and
 
 stage velocity = 20 mm s-1. We printed 3D structures using both PVDF and nanocomposite inks with a concentration of 0.25 g mL-1. For conformal printing, copper (Cu) tape was stuck on a convex hemispherical surface as the bottom electrode and a NC filament was printed on the tape from the lower end of the hemisphere to its apex with an electric field of 0.3 MV m-1. Characterization Scanning electron microscopy (FE-SEM; JEOL JSM-7600TFE) was used to obtain the microscopic images of PVDF and NC films at an accelerating voltage of 10 kV. A Philips X’pert diffractometer was used to obtain the diffraction spectra between 16 to 28° at a rate of 0.4 °min-1 with a copper target (Kα radiation) at 50 kV and 40 mA. A FT–IR spectrometer (Perkin Elmer, Spectrum 65) was used to obtain the absorption spectra of PVDF and its nanocomposite films in the range of 500 – 4000 cm-1. Each sample was scanned 32 times with a resolution of 4 cm-1. Optical microscopy (BX-61 Olympus; coupled with Image-Pro plus V5, an image processing software from Media Cybernetics) was used to study the morphology of the 3D printed structures. Sensors were fabricated from the printed films by painting silver in a circular area (diameter
 
 ~7
 
 mm) on both sides of the films. An LCR (inductance-capacitance-resistance) meter (Wavetek Metermen, LCR55) was used to measure the capacitance of the films. Foot insole tests Sensors (30 × 30 mm2) were printed on a foot insole (Bayer Inc., Dr. Scholl’s) at the metatarsal and heel region using the NC ink (Figure 2). The detailed systematic sensor fabrication is shown in Figure S1. A double-sided Cu tape placed on the insole formed the bottom electrode. The sensors were then printed (~1 MPa, 20 mm s-1 and 100 µm nozzle diameter) on the Cu tape with an electric field of 0.3 MV m-1. After printing the sensors, silver was painted on the top layer of 6
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 the sensors to form the second electrode. Leads were connected to both the bottom and the top electrodes using Cu tape. Tests were carried out by stamping the foot on the ground, and walking: with the insole worn in a shoe and insole placed directly on the ground. The subject weight was approximately 450 N (45 kg).
 
 RESULTS AND DISCUSSION Scanning electron microscopy The SEM images of the PVDF and NC films are shown in Figure 3a, and b respectively. No discernable differences were observed in the overall morphology between the PVDF and NC specimens fabricated using SEA-3DP. Both samples showed well-integrated spherulite structures. However, the void size in the NC seemed slightly larger while not affecting the net void content. The BaTiO3 NPs are circled in yellow; their dispersion and distribution in the PVDF matrix are highly satisfactory and reapprove the process methodology adopted in this study.11 The sub-micron sized uniformly distributed agglomerates actually serve to retain the β-phase in PVDF.11, 25 Given the low electric fields employed in our work, no change in the dispersion/distribution characteristics of the BaTiO3 NPs should be expected upon poling as reorienting the NP would in turn require very high fields.26 X-ray diffraction Of all the polymorphs of PVDF, the α and δ polymorph possess a trans-gauche (TGTG’) configuration, while the β and ϒ are found in all-trans (TTTT) planar zig-zag form.27 Except the α-phase, in which PVDF commonly crystallizes upon solidification, all others are unstable in nature. The unstable all-trans β-phase is fundamental for pyro, piezo and ferroelectric properties in PVDF. XRD identifies various crystalline phases of PVDF. Peaks corresponding to α-phase are found at 2-theta values of 17.7, 18.4, 19.9 and 26.56° while that of γ-phase are at 20.04 and 26.8°.28, 29 The β-phase is characterized by a well-defined peak at 20.26°,28, 29 peak-broadening at 20.1° and diminishing of α-peaks at 18.4 and 26.7°.30 Figure 4a shows the XRD patterns of the 7
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 PVDF films fabricated with different electric fields used for poling. The β-peak at 20.1° has considerably broadened in case of the films prepared with the application of electric field. The αpeak at 18.4° is present in all the films, but is less pronounced in PVDF fabricated without any electric field. The same trend is observed for the NC films (Figure 4b); the film printed without any electric field features a broad β-peak whereas all other films possess an α-peak at 18.4°. The peak at 22.15° is the characteristic peak of BaTiO3 NPs.31 It should be noted that no peaks other than those corresponding to α and β-phases of PVDF were observed in our work. The XRD results reveal that the addition of NPs to PVDF resulted in the disappearance of the α-phase. Moreover, surprisingly application of the electric field led to the formation of α-phase in all the films. Fourier transform infrared spectroscopy (FTIR) To determine how the appearance of α-phase in the films fabricated via the application of electric field affected the overall β-phase content in PVDF we carried out FTIR analysis on the films. The characteristic absorption bands for α-phase are close to 490, 530, 615, 766, 855 and 974 cm-1.32 Though absorption bands at 510/512, 840/833 cm-1 for β and γ-phase, respectively, lie very close to each other, the band at 1279 cm-1 are only present in the case of β-phase.29, 32 Figure 5 presents the FTIR spectra for all the films fabricated in this work. As also seen from in XRD, the peaks corresponding to the α-phase in PVDF seem to be present in all the films except those fabricated without the application of an external electric field. In addition, all the films possess the peak at 1279 cm-1 confirming the absence of any γ-phase. Hence, the FTIR analysis confirms the conclusions from the XRD that α-phase appears with the application of electric field. Given that no third phase was present in the films, the relative amount of β-phase amongst α and β-phases of PVDF is calculated with the help of the Beer-Lambert law, which relates the
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 absorption to the concentration of the species. The modified Beer-Lambert law for obtaining the fraction of β-phase (Fβ) is given by the equation below:33
 
 F = 
 
  . α  
 
 
 
 (1)
 
 where, Aα and Aβ are the absorption fractions of α and β-phases at 763 cm-1 and 840 cm-1, respectively, and 1.26 is the ratio of absorption coefficients 7.7 × 104 and 6.1 × 104 cm2 mol-1 of β and α-phases, respectively. The Fβ calculated using Equation 1 for all the films is presented in Figure 6. The average values of the Fβ in the films is found to be 71% ±5 %. Thus, poling voltages did not have any substantial influence on the overall β-phase fractions.34 As there is no prominent difference between the content of β-phase, the piezoelectric properties in PVDF or NC would then be dominated by the amount of oriented β-phase, i.e., the net dipole moment in the material.35, 36, 37 Piezoelectric characterization To experimentally compare the piezoelectric performance of the printed materials, we designed a drop-weight test. The test method consisted of impacting each sensor with a 10 g calibration weight from a height of 10 cm as shown in the schematic in Figure 7. The weight was dropped through a hollow cylinder so that the sensor was always impacted with the same force and energy. The inner diameter of the cylinder had a small tolerance with respect to the outer diameter of the weight to avoid any friction between the two surfaces during the fall. The piezoelectric charge output from the sensors upon the impact was converted into voltage through a charge amplifier (MEAS specialties) and was recorded using LabVIEW 2014. The voltage, V (V) obtained from the sensors was converted in to charge, q (C) and then specific charge output, QS (C m-2) by using the following equations:
 
 = 
 
  = 
 
  
 
 (2) (3) 9
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 where, A is the electrode area in m2, and C is the capacitance (F) measured by an LCR meter. Figure 8a shows the averaged specific charge output for five different sensors of each type. It can be seen that addition of BaTiO3 NPs led to increased charge output in the sensors. Specific charge output was significantly higher in specimens fabricated with higher electric field. Filler addition and an electric field of 1 MV m-1 led to an increase of
 
 ~300% over printed unpoled unreinforced
 
 PVDF. It is important to investigate the source of this significant raise in specific charge obtained after poling with a field of just 1 MV m-1. Moreover, the results also varied considerably between different specimens fabricated at a given voltage. One specimen per poling voltage was randomly selected from the batch of five specimens fabricated and tested previously (i.e., those comprising results in Figure 8a) and retested after one year. For the retest, we dropped the weight 5 times consecutively on the same sensor and recorded the charge output as shown in Figure 8b. Clearly, the response of the sensors in Figure 8a (obtained shortly after printing) diminished a year later (Figure 8b). Such a decrease has two possible explanations: (i) incomplete dipole orientation leading to a loss in polarization over time, and/or (ii) interfacial charging at/around the pores and PVDF-BaTiO3 boundaries that also discharge over time. The fact that the amount of β-phase remained consistent between specimens poled with different field strengths indicates that the poling fields employed in the study were insufficient to achieve complete poling. It is important to note that unless complete poling is achieved, the specimens will depolarize over time. Interfacial charging is also a certain possibility as discussed in the following paragraph. The form and distribution of porosity in the microstructures of the specimens (Figure 3), is expected to be stochastic and varies greatly between specimens. Similarly, for BaTiO3 reinforcement, it is known that pores and interfaces are sites of charge development and the high values of error in specific charge could also be attributed to these variable quantities. The exact ratio of charge output pertaining to poling and interfacial charging at the time of fabrication is difficult to estimate with the characterization methods 10
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 adopted in this study. However, given a year of elapsed time, it may be reasonable to believe that the charge output shown in Figure 8a is largely owing to insufficient dipole orientation as otherwise that owing to interfacial charging would have decreased exponentially with time. 38 The percentage error of the data in Figure 8b has also considerably decreased after one year with the highest being 16% indicating diminished influence of interfacial charges in the output. Although the films fabricated from the NC at 1 MV m-1 exhibited the highest specific charge output, the error range is very high and hence, all further experiments were carried out with the NC films fabricated at 0.3 MV m-1. The time window available for application of these sensors is presently tested for 1 year, where the sensors were functional but with decreasing output. Thus, short-term applications that can use qualitative results are deemed fit to demonstrate the usefulness of these sensors. Gait monitoring, for example in sports kinesiology for event training or monitoring recovery from an injury, is often required over a period of several weeks. In this case qualitative estimation of location of forces, speed of motion, and loading direction etc. are of interest, and must be tailored to individual needs. Gait analysis via 3D-printed conformal piezoelectric sensors was thus chosen for demonstration. Gait monitoring sensor Gait analysis is mostly carried out in two ways: (i) when the subject walks on a sensor that is fixed to the ground,39,
 
 40
 
 and (ii) when the sensor is placed inside the subject’s shoe.3,
 
 41, 42
 
 Piezoelectric sensors were printed on a shoe insole at the fore foot (metatarsal) and hind foot (heel) locations as seen in Figure 9. These are the locations which experience the highest forces during locomotion.43,
 
 44
 
 Figure 2a shows a schematic of the sensor to reveal the components
 
 clearly. Figure 2b is a photograph of the actual insole with the sensors and the electrical connections. Figure 2c shows the insole placed in an open shoe that was worn by the subject during the following tests. Experiments were conducted in two ways: (i) by placing the insole in the subject’s shoe and (ii) testing barefoot when the insole was fixed to the ground. Figure 9 11
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 presents the signals of the fore and the hind sensors when the insole was worn in the shoe. During a normal walking motion (seen from insets in Figure 9a), the hind foot lifts first, leaving the fore foot still in contact with the floor showing a small peak in the fore foot voltage. The voltage goes close to zero as the entire foot is lifted. In the next cycle the fore foot makes the initial contact with the floor, and then the hind foot lands on the floor.45 Thus, the voltage response (Figure 9a and 9c) from the fore foot sensor shows a larger sharp peak while touching the ground and a smaller peak upon release. The larger negative peak occurs when the shoe hits the ground whereas the smaller negative peak is the response from the pressure between the foot and the shoe during the swing movement upon the foot’s removal. The broader and flatter response from the hind foot when the foot is on the ground shows the portion where the hind foot provides stability during locomotion. As opposed to walking, stamping (Figure 9b) involves the application of the force more at the hind foot location (sharp peaks in the voltage response) as compared to the fore foot as explained by the curves and images in Figure 9b and d, respectively. Here, the response from the hind foot is lower in magnitude but sharper than that from the fore foot. The responses are in coherence with those found in the literature.46, 47 The voltage outputs are further comparable with those found for plantar foot pressure sensors formed by gluing piezoelectric fiber arrays fabricated via NFES.48 The electric voltage for poling used in this case was 1500 V as opposed to 100 V in our work. Section 2 in SI shows the voltage response from the sensors when the insole was fixed to the ground as a floor-based gait sensor.49 The voltage responses are much higher in magnitude in this case as compared with those when the insole was worn in the shoe. This could be because the ground reaction forces acting on the foot are much reduced when the insole is in the shoe due to the cushioning effect of the shoe padding. For the same reason the response directions could be reversed in case of the hind foot sensor. Thus, depending on the type of the response and its magnitude, the sensors fabricated in this work can be applied to monitor gait. Gait sensors made 12
 
 ACS Paragon Plus Environment
 
 Page 13 of 29 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41 42 43 44 45 46 47 48 49 50 51 52 53 54 55 56 57 58 59 60
 
 ACS Applied Energy Materials
 
 from piezoelectric materials act as active sensors, not requiring any external power sources for operation as compared to their present resistive counterparts.3, 42, 50 3D printing of structures 3D printing of polymer solutions strongly depends on the solution viscosity. We carried out a comprehensive characterization of the rheological behavior of PVDF and the NC solution11 for solvent-evaporation based printing methods (details and test results in SI). The viscosity study helped establish a guideline in terms of solution concentrations required to print certain structures. It was found that the concentration of 0.2 g mL-1 is most suitable to form void free thin films while certain concentrations below this threshold are too runny to print. As the concentration is increased beyond 0.25 g mL-1, multi-layered structures can be fabricated from both PVDF and its NC inks. Figure 10 shows two types of 40-layered structures fabricated using both the PVDF and its NC inks (Figure 10 a, b, d and e). Figure 10c and 10f are self-supporting 3D scaffolds with distinct adjacent layers. The PVDF scaffold was printed with 0.275 g mL-1 solution while NC scaffold was printed with 0.3 g mL-1 solution. It is because the addition of NP to PVDF resulted in a decrease in the mass of the polymer in the solution, retarding the evaporation of the solvents. Both the polymer and its nanocomposite can thus be used to fabricate piezoelectric 3D structures. Conformal sensors The ability to fabricate conformal sensors is further demonstrated in Figure 11a. Here, a sensor is printed on a hemisphere (diameter = 30 mm). When gently pressed with the finger as shown in Figure 11a, the sensor generated voltages up to 7 V (Figure 11b, peak to peak
 
 ~8V). The voltage
 
 peaked on touching the sensor. Upon removal of the force, the charges started flowing in the negative direction. This is believed to be the first working example of conformally printed piezoelectric sensors. Till date piezoelectric sensors are glued to the substrates to be sensed.3, 41, 42, 43,49
 
 It is for the first time, that we demonstrate the printing of piezoelectric sensors directly on the 13
 
 ACS Paragon Plus Environment
 
 ACS Applied Energy Materials 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41 42 43 44 45 46 47 48 49 50 51 52 53 54 55 56 57 58 59 60
 
 Page 14 of 29
 
 sensed surface. This not only avoids imperfect load transfer from the sensed material to the sensor but also gives us the flexibility to print on any form without loss in signal strength. CONCLUSION Simultaneous 3D printing and electrical poling process was demonstrated for PVDF and its nanocomposite containing 10 wt.% of BatiO3 NPs with electric fields up to 1MV m-1. This combination produced a ~300% increase in specific charge output in the poled nanocomposite over unpoled neat PVDF. The sensor response decreased a year after fabrication due to incomplete poling at the low electric fields used and discharging of interfacial charges. The poling voltages were limited as the films underwent frequent breakdown at a field of 1 MV m-1. It is thus imperative to improve the fabrication technique to allow the use of higher electric fields with close control on porosity and, dispersion and distribution of the reinforcement. The effect of temperature and porosity on the piezoelectric performance of the sensors also needs to be investigated in detail. Different 3D structures, both self-supported and conformal were realized to demonstrate the flexibility and scope of the printing method. Gait-monitoring sensors printed on a shoe insole are a very convenient option as the same insole could be switched between various shoes,42 and used to collect data for a longer duration whereas the platform sensors could be used in a test facility for multiple users. The sensors effectively differentiated between walking and stamping for both the front and hind feet locations as depicted by the varying voltage response in different cases. The technique developed in this work can be applied to fabricating sensors for structural health monitoring of composites used in aerospace, automotive and biomedical industry.
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 Figure 1. Schematic of in-situ poling set-up for SEA-3DP.
 
 Figure 2. (a) Schematic of the sensors printed on a shoe insole (not to scale), (b) Photograph of the sensors printed on the shoe insole and (c) the shoe insole placed into a shoe.
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 Figure 3. SEM images of (a) P and (b) NC films fabricated without any electric field (scale bar = 10 µm).
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 Figure 4. X-ray diffractograms of (a) P and (b) NC films fabricated with an electric field of 0, 0.1, 0.3 and 1 MV m-1.
 
 Figure 5. FTIR spectra of (a) P and (b) NC films fabricated with an electric field of 0, 0.1, 0.3 and 1 MV m-1.
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 60 40 P NC
 
 20 0 0
 
 0.5 Poling field (MV m-1)
 
 1
 
 Figure 6. Fraction of β-phase in various films calculated using Beer-Lambert Law. .
 
 Figure 7. Schematic of drop-weight test setup for piezoelectric characterization of the sensors.
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 Figure 8. Piezoelectric charge outputs of P and NC sensors fabricated with electric fields: 0, 0.1, 0.3 and 1 MV m-1. (a) Average of 5 different samples, and (b) average of a single sample tested 5 times.
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 Figure 9. Piezoelectric voltage output from the sensor when the insole was worn in the shoe. Single cycle output while (a) walking and (b) stamping. Insets shows the photographs of the movements. Output from the sensor for three consecutive cycles while (c) walking and (d) stamping.
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 Figure 10. Optical images of 3D structures fabricated with P (a) a 40 layer circular spiral (0.25 g mL-1 PVDF solution; 0.5 MPa; 1 mm s-1; 100 µm); (b) a 40 layer square spiral (0.25 g mL-1 PVDF solution; 0.5 MPa; 1 mm s-1; 100 µm); (c) a 9 layer scaffold (0.3 g mL-1 PVDF solution; 0.2 MPa; 3 mm s-1; 150 µm). Structures fabricated with NC: (d) a 40 layer circular spiral (0.25 g mL-1 NC solution; 0.5 MPa; 1 mm s-1; 100 µm); (e) a 40 layer square spiral (0.25 g mL-1 NC solution; 0.5 MPa; 1 mm s-1; 100 µm); (f) a 9 layer scaffold (0.3 g mL-1 NC solution; 1.3 MPa; 13 mm s-1; 250 µm).
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 Figure 11. (a) Optical images of a conformal sensor fabricated with the NC pressed by an index finger. (0.2 g mL-1 PVDF solution; 0.15 MPa; 2 mm s-1; 100 µm, 0.3 MV m-1). (b) Voltage output of the sensor when pressed with the finger 3 times.
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