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Abstract

:

In the present paper, we report a systematic investigation of planform geometry and excitation level effects on the dynamics and power generation characteristics of polyvinylidene difluoride (PVDF)-based cantilevered vibration energy harvesters. Piezoelectric vibration energy harvesters provide a promising energy harvesting solution for widespread use of wireless sensors in remote locations. Highly flexible PVDF polymers offer resonant frequencies at suitable range for harvesting mechanical energy within low-frequency applications, though information on the efficient sizing of these devices is currently limited. We test the response of a set of eight harvesters to typical vibration sources excitation levels in the range 0.2–0.6 g. This set comprises four widths and two lengths, incrementing each time by a factor of two. The selected range of dimensions is sufficient to identify optimal power output versus width for both lengths tested. This optimal width value depends on excitation amplitude in such a way that narrower harvesters are more suited for small excitations, whereas wider harvesters perform better upon experiencing large excitations. Non-linear effects present in longer harvesters are demonstrated to significantly reduce performance, which motivates the selection of planform dimensions inside the linear range. Finally, we explore the correlation of performance with various geometric quantities in order to inform future design studies and highlight the value of using the second moment of planform area to measure harvester efficiency in terms of power density. This points towards the use of harvesters with non-rectangular planform area for optimal performance.
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1. Introduction


Wireless sensor networks typically comprise a series of dedicated, autonomous, and spatially distributed sensor nodes to monitor physical parameters, such as temperature, pressure, humidity, sound level, chemical concentration, wind speed, etc. They are currently used in everyday life across a broad range of applications including industrial process monitoring and control [1,2,3], health monitoring and damage detection in machines/structures [4,5], air pollution and water quality monitoring [6,7,8,9], and wildfire detection and natural disaster prevention [10,11,12]. In addition to the sensor itself, a sensor node normally includes a basic processing unit, a radio transceiver, and a power source usually in the form of a battery. When sensors are deployed in remote or harsh locations, or when the sensor network comprises a large number of sensor nodes, periodic replacement of batteries becomes challenging or even impractical. This is because of the difficulty of physically accessing remotely located sensors, due to safety concerns with accessing sensors located in harsh environments, or simply due to the time required to service a large number of sensors. For small sensors with modest power requirements there is an opportunity to replace these batteries by energy harvesting modules, which generate electrical power from ambient energy sources; whether this is mechanical, thermal, or electromagnetic in nature.



Due to the ubiquitous presence of ambient vibrations, considerable attention has been devoted to harvesters that convert mechanical vibration energy into electric power [13,14,15]. The three basic methods of converting mechanical vibration energy into electric power are electromagnetic induction, electrostatic generation, and the piezoelectric effect [16]. With electromagnetic induction, the relative motion between a coil and a magnetic field causes an electric current to flow in the coil. Electrostatic generation relies on capacitors, where the two conductors and the dielectric that separates them can move relative to one another: as the capacitor deforms the conductors move, and the energy stored in the capacitor changes correspondingly. Finally, the deformation of a piezoelectric material induces an electric charge accumulation and a corresponding voltage difference across the material. The piezoelectric effect provides higher energy density and is therefore normally preferred over electromagnetic or electrostatic induction for harvesting ambient vibrations [16,17].



Piezoelectric vibration energy harvesters incorporate thin layers of piezoelectric material and typically have a thin and flat geometric shape to promptly react to the motion of the host structure. To date, the cantilever geometry is by far the most frequently used structural design in piezoelectric vibration energy harvesters [18]. The choice of the piezoelectric material, ceramics such as PZT (lead zirconate titanate) or polymers such as PVDF (polyvinylidene difluoride), essentially depends on the frequency of the ambient vibration of interest. Piezoelectric ceramics are rigid and have high resonant frequencies, making them suitable for high frequency applications; e.g., 50–100 Hz or higher [18]. They also have higher electromechanical coefficients and are more efficient in generating electric energy output from a given input mechanical energy. However, they have some significant drawbacks including high brittleness, low elastic deformation, high unit cost, and possibly high lead content, though lead-free piezoceramics are also available. Piezopolymers, on the other hand, have lower electromechanical coupling coefficients, but are tougher with high elastic deformation, are more environmentally friendly, and have high power density to cost ratio [19]. Since piezopolymers have lower resonant frequencies, they are also better suited to applications with low vibration frequency; up to 50 Hz [19,20,21]. Some piezoelectric composites with higher flexibility also do exist, such as macro fiber composites (MFCs). MFCs are composed of piezoelectric fibers rather than sheets, which explains their reduced brittleness, but their Young’s modulus typically remains an order of magnitude higher than piezopolymers such as PVDFs. Note that there are other piezoelectric options that can be employed for energy harvesting within low-frequency applications. For example, aluminum nitride (AlN)-based harvesters have been widely employed within microelectromechanical systems (MEMSs) [22,23] and as bio-compatible energy harvesters for implants [24,25]. Another example is zinc oxide (ZnO), which is also employed within MEMS energy harvesters and has demonstrated suitability for low-frequency applications [26,27]. For a comprehensive review on piezoelectric materials used for low-frequency applications, the reader is referred to [28].



The present study is focused on PVDF-based vibration energy harvesters of cantilever design. This class of harvesters is characterized by its high flexibility and wide range of deformation, from small up to large values relative to its length. As will be shown in this study, this enables a more comprehensive analysis of the planform and excitation effects, whilst considering both linear and non-linear responses. A number of previous studies have considered using PVDF-based vibration energy harvesters, summarized as follows. Jiang et al. fabricated and tested a harvester by laminating one PVDF layer with a polyester layer and reported a maximum power output of 16 μW at an excitation frequency of 17 Hz and amplitude of 1.2 g [29]. With the aim of assessing the effect of air damping on the performance of low-frequency (about 100 Hz) cantilever PVDF harvesters, Cao et al. carried out tests in both air and in vacuum [30]. They showed superior (almost twice) output power generation in vacuum and recorded a peak power of ~101 μW at 4.31 g acceleration in vacuum. Rammohan et al. constructed an array of three bimorph harvesters, each comprising a copper foil between two PVDF layers, yielding a power output of 2.8 μW at 33 Hz with input acceleration of 0.8 g [31]. Song et al. reported a bimorph harvester comprising two PVDF films bonded together with an adhesive layer and a load mass at the free end of the beam, measuring a power output of 112.8 μW and power density of 8.61 mW/cm3 for an excitation with frequency of 35 Hz and amplitude of 0.5 g [32]. Tsukamoto et al. tested a bimorph harvester comprising a flexible 3D meshed-core elastic layer sandwiched between two PVDF layers, recording a maximum power of 24.6 μW under resonance conditions at 18.7 Hz and 0.2 g acceleration amplitude [33]. Chandwani et al. investigated multi-band harvesters, measuring an average power of 6 μW for the frequency band 21–35 Hz and an average power of 7.7 μW for the frequency band 45–60 Hz [34]. Wang et al. reported on bimorph harvesters comprising a flexible stainless-steel foil sandwiched between two PVDF layers, focusing on the possibility of including flexible solar panels onto the harvesters as active tip masses for reducing the resonant frequency (within 22.7–43.5 Hz) [20].



In summary, prior investigations clearly demonstrate the potential of PVDF-based vibration energy harvesters of cantilever design for low-frequency applications. A systematic study of the influence of planform geometry and excitation input remains absent from the literature, to demonstrate in detail how these factors affect the dynamics and power generation. This provides the motivation for the present work; such a study can help inform future design and optimization. As such, we manufactured eight cantilever harvesters of variable length (78 mm and 155 mm) and width (22 mm, 44 mm, 66 mm, and 88 mm), and carried out experiments under single-frequency excitation (3–18 Hz) of variable amplitude (from 0.2 g to 0.6 g) to investigate how the dynamics and power generation vary with geometry and excitation amplitude. Acceleration magnitude and frequency of various sources of vibrations, such as vibrating machinery, engines, and building components, typically vary within 0.02 g–1.2 g and 1–200 Hz [35], so that the operating conditions explored here can be regarded as informative for low-frequency applications. Moreover, previous experiments on PVDF-based vibration energy harvesters (e.g., [20,31,32,33]) considered similar but single excitation amplitude values within 0.2 g–0.8 g. Here, we decided to stop our experiments at 0.6 g, as this was sufficient to demonstrate the intended range of response from our harvesters.




2. Materials and Methods


2.1. Harvesters’ Design and Realization


As schematically shown in Figure 1a, the present harvesters are cantilever bimorphs that include a passive elastic layer and two active piezoelectric layers in a sandwich arrangement. The elastic layer is a stainless-steel shim by Precision Brand (density:    ρ e    = 7900 kg/m3; Young’s modulus:    Y e    = 180 GPa; thickness:    h e    = 0.1 mm), whilst the two active piezoelectric layers are made from discrete PVDF elements that are bonded to the core metal shim using double-sided adhesive tape by Tesa (density:    ρ b    = 1100 kg/m3; thickness:    h b    = 0.1 mm). The PVDF elements employed (Figure 1b) are from TE Connectivity-model DT4-028K (density:    ρ p    = 2280 kg/m3; Young’s modulus:    Y p    = 2.8 GPa; piezo strain constant:    d  31     = 23 × 10−12 C/N; capacitance:  C  = 11 nF; thickness:    h p    = 0.064 mm). Each element comprises a PVDF film covered with silver ink screen-printed electrodes, all contained within a thin plastic coating for protection. Note that these PVDF elements are so flexible that a more rigid elastic layer is introduced as a passive substrate to provide a meaningful structure. As evident from the large difference between the value of the Young’s modulus of the stainless-steel substrate (180 GPa) and that of the PVDF strips (2.8 GPa) reported above, the structural rigidity and elasticity of the present harvesters are largely controlled by the stainless-steel substrate. The high flexibility of the PVDF strips is instrumental to follow the deformation of the stainless-steel substrate. The present harvesters do not employ tip masses because there was no need to do so. Tip masses are typically employed when the harvester’s resonant frequency needs to be lowered so as to match the vibration of the source of excitation. As explained later, the resonant frequencies of the present harvesters are small enough so that tip masses are not required. This is clearly an advantage in terms of design simplicity. Moreover, whilst effective at reducing the resonant frequency, tip masses may also accelerate the mechanical degradation of the harvesters [19]. As such, the absence of need for a tip mass may, in fact, be viewed as an advantage of the present harvesters. For testing, the harvesters were attached to the shaker (described later) using a laser-cut acrylic clamp, designed and manufactured in-house (Figure 1c).



The PVDF elements used come with dimensions of 171 mm × 22 mm × 0.064 mm (length × width × thickness; see Figure 1b) and were the longest commercially available at the time. In order to produce harvesters of different lengths, the PVDF elements were cut down to the desired length, taking care to avoid conduction of internal piezoelectric layers from exposed edges. Each element was cut using a new scalpel to avoid contamination which could result in damage to the PVDF element. Overall, we produced eight harvesters: four with a length of 78 mm (harvesters H1–H4, Figure 1d), and four with a length of 155 mm (harvesters H5–H8, Figure 1e). The main geometric characteristics of the eight harvesters are summarized in Table 1. The width value was adjusted by including additional PVDF elements, up to four, resulting in a range of values (22 mm, 44 mm, 66 mm, and 88 mm). Whilst our harvesters are made from multiple PVDF elements, these PVDF elements are all firmly attached to the elastic metal layer through the bonding layers; therefore, resulting in a single composite structure. Note that the fraction of the harvester that rests within the clamp cannot deform and is thus inactive as it does not produce any power. After each PVDF element was individually tested to ensure expected operation, all PVDF elements within each harvester were connected in parallel to supply a load resistor. Following common practice, the value of the load resistance (provided in Table 1) was empirically determined to maximize the power output of each harvester. This involved conducting an experimental power scan with different resistance values and identifying the resistance value that allowed for maximum power generation. Note that Table 1 also includes values for aspect ratio and second moment of planform area as these geometric characteristics will be used later in Section 3.3 in assessing the performance of the harvesters.




2.2. Experimental Setup


The experimental setup is shown in Figure 2a, whereas a schematic of this setup (included for better clarity of components) is shown in Figure 2b. As shown in Figure 2b, the harvester was vertically oriented during testing, and was connected to the shaker at its root. The signal generator (by Tektronix, model AFG1022, Beaverton, OR, USA (www.tek.com)) was operated in sine-wave mode, so that the displacement transmitted by the shaker to the harvester root was a periodic sinewave and aligned along the horizontal direction. The signals from the signal generator controlled the shaker (by Data Physics, model V55, San Jose, CA, USA (www.dataphysics.com)) through a power amplifier (by Data Physics, model PA300E). The acceleration transmitted from the shaker to the base of the harvesters was monitored with an accelerometer (by PCB Piezotronics, model PCB 336M13, Depew, NY, USA (www.pcb.com)) attached to the shaker close to the base excitation point of the harvesters. A laser vibrometer (by Polytec GmbH, model PDV-100, Waldbronn, Germany (www.polytec.com)) was used to measure the tip displacement of the harvesters. When the tip velocities exceeded the full-scale output of the vibrometer (500 mm/s), the tip displacement was measured optically with a high-speed camera (by Phantom, model v310, equipped with a Nikon AF Micro-Nikkor 60 mm f/2.8D lens). The camera was operated at 3200 frames per second with 1280 × 800 spatial resolution and an exposure time of 310 μs. The videos were postprocessed with the free, open source video analysis software Tracker version 5.0.7 (https://physlets.org/tracker/).



It would have been possible to use the high-speed camera, instead of the vibrometer, during all tests. However, the high-speed camera is more accurate for large displacements and becomes less accurate for small displacements. It was therefore preferred to use the vibrometer for low displacement measurements, and resort to the high-speed camera only when the displacements were beyond the resolution of the vibrometer. It should be also noted that post processing of the videos was relatively time consuming compared with measurements obtained from the laser vibrometer. As our experiment involved a wide range of geometries and excitations to be measured, high-speed camera measurements were only adopted for large displacement measurements to ensure time efficiency. That said, it is important to stress that we have cross-checked and validated the measurements of the high-speed camera against those from the vibrometer to ensure consistency and accuracy of the obtained measurements.



The power output from the harvesters, as well as the accelerometer and vibrometer signals, was collected through an external DAQ device (by National Instruments, model NI-USB-6225, Austin, TX, USA (www.ni.com)) and processed through LabVIEW 2017. The sampling rate was set at 1 kHz to allow sufficient resolution of data through a vibration cycle. The data acquisition program, which was written as a Virtual Instrument (VI) in LabVIEW 2017 using the standard DAQ-mx library, gathered, saved, and displayed the data in real time during the tests.



The tests were conducted under single-frequency excitation for frequencies in the range of 3–18 Hz (low enough to excite a mode-1 vibration in the harvesters) and base acceleration levels ranging from 0.2 g up to 0.6 g. While the energy spectrum of typical ambient vibration sources is generally broadband, vibration energy is often concentrated over a few, rather narrow peaks [36]. As such, the results presented here can be considered to be generally relevant to energy harvesting from low-frequency ambient sources. The testing was carried out in air at ambient conditions (0.1 MPa and 300 K). Due to the large difference between the density of air (about 1 kg/m3) and that of the harvesters (7900 kg/m3 for the stainless-steel substrate, 1100 kg/m3 for the adhesive tape, and 2280 kg/m3 for the PVDF strips), the effect of the fluid added mass (accounting for the fluid mass accelerated/decelerated along by the vibrating structure) in the present case is negligible.




2.3. Characterization of Harvesters


A series of static deflection tests was conducted to measure the elastic restoring force, whilst a combination of both forced and free vibration tests was used to determine the damping ratio of the harvesters. Static deflection tests were conducted by applying sets of known masses at the tip and measuring the deflection caused by the corresponding load. Forced vibration tests were conducted to determine the mode-1 damping ratio,    ζ 1   , of the short harvesters (H1–H4) based on the half-power bandwidth method [37,38]:


   ζ 1  =    (   ω  h p 2   −  ω  h p 1    )    2  ω 1     



(1)




where    ω  h p 1     and    ω  h p 2     are the half-power point frequencies, where the response amplitude is   1 /  2    of the peak amplitude, and    ω 1    is the mode-1 natural frequency. Forced vibration tests were made at 0.2 g, 0.3 g, 0.4 g, 0.5 g, and 0.6 g excitation levels and the mode-1 damping ratio was evaluated.



The values of elastic restoring force and damping ratio obtained from these tests are provided in Figure 3, as a function of the tip displacement, which is the perpendicular displacement of the free edge of the harvester with respect to its rest position. In Figure 3, the x-axis values are limited to the range of tip displacement obtained for the excitation levels adopted in the current study (tip displacement results will be shown in Section 3.1). It is evident that the range of tip displacements for the short harvesters (left column) is around a quarter of that for the longer harvesters (right column). It should also be noted that the fitting lines for the elastic restoring force panels in Figure 3 are developed based on the full set of measured data which are provided in Figure A1 in Appendix A.



For lightly damped systems such as those considered in the present work, the half-power bandwidth method provides convenient damping estimates from the spectrum, as well as being simple and time efficient to use [37,38]. We were unable to apply the same method to characterize damping for the set of long harvesters (H5–H8), since the signal generator we were using had a minimum resolution of 0.5 Hz, which is insufficient for these purposes. As an alternative, we estimated the damping ratio of the long harvesters based on the classical logarithmic decrement deduced from free vibration tests in stagnant air [39], a method known to provide reliable damping ratio estimates for unforced single degree of freedom decay [37]. During the vibration tests, the PVDF elements were connected to the resistive load, so that the damping ratio values provided in Figure 3 represent the total damping of the harvesters (inclusive of the structural damping, the fluid damping, and the electrical damping).



As is evident from the top panels of Figure 3, the trend of the elastic restoring force versus tip displacement is initially linear but becomes non-linear at higher values of displacement; particularly for the longer and wider harvesters tested. More details on the range of linearity of these results and the comparison to linear beam theory are included in Appendix A. As noted from the bottom panels of Figure 3, the damping ratios of the short harvesters exhibit no appreciable variation with the tip displacement. However, since the range of points considered in this test is relatively narrow, we cannot extrapolate beyond them. This is not the case for the long harvesters where the damping ratios show clear variation with the tip displacement, such that the resulting damping force is non-linear, as is expected for large amplitudes [40]. In particular, as tip displacement increases, the damping ratio of the long harvesters is first observed to increase, before slowly saturating towards a constant value: a trend consistent with available observations for wing sections [41]. In addition, note that the damping ratio results for both sets of harvesters share a common feature that the damping ratio increases with width of the harvester, indicating increased damping as the surface area of the harvesters increases. Damping ratios measured during preliminary tests (not documented here) for the metal substrate alone, i.e., without the PVDF elements, were significantly lower than the values reported in Figure 3 (damping ratios on the order of 0.02 for a tip displacement of 10 mm), indicating that the inclusion of the PVDF elements and the bonding layers significantly increase the structural damping of the harvesters.





3. Results and Discussion


3.1. Dynamics and Power Generation Measurements


Tip displacement and root mean square (RMS) power output measurements are shown in Figure 4, for all harvesters, plotted as a function of the non-dimensional frequency of excitation (i.e., excitation frequency divided by the mode-1 resonant frequency of the harvester) for different amplitudes of the level of excitation. Table 2 provides the mode-1 resonant frequency values for all harvesters at the different excitation levels. As can be seen, the resonant frequency of the short harvesters (H1–H4) is around 13–14.5 Hz, whilst that of the longer harvesters (H5–H8) is around 3.5–4 Hz. As expected, when the excitation frequency approaches the resonant frequency of the harvester, the tip displacement increases, reaching a maximum that is proportional to the amplitude of the excitation. The power output follows a trend similar to that observed for the tip displacement, consistently indicating that larger tip displacement leads to larger deformation and therefore a larger strain, which yields a higher power. The power clearly varies with the number of PVDF elements embedded within the harvesters, and therefore is related to the harvester width (more discussions on this point will follow later).



To assist in assessment of the linearity of harvester response, a simple linear electro-mechanical model is introduced for comparison. Details of the linear model are provided in Appendix B. It is important to stress that the purpose of the linear model is not to faithfully reproduce the dynamics of the present harvesters; this would require a non-linear model, which goes beyond the scope of the present work. Rather, the linear model is employed to help interpret the linearity of our measurements. The predictions of the linear electro-mechanical model are included in Figure 4 for the short harvesters (H1–H4) only (the reason for not including the model predictions for the long harvesters is explained below). The agreement between measurements and linear model prediction is good, indicating that non-linear effects are negligible. For these harvesters, in fact, the tip displacement never exceeds 13 mm (i.e., maximum tip displacement to length ratio of 17%), which is small enough to approximate the elastic restoring force as linear (see Figure A1 in Appendix A). Figure 4 shows that the short harvesters have relatively broad appearance of the peaks. Though not ideal for power generation, broad peaks yield a more robust harvester design for final applications: frequency matching between harvester and host structure is easier, and the power penalty from frequency mismatch becomes less severe. Furthermore, looking at the resonant frequency values in Table 2, a decrease in resonant frequency is generally observed with the increase in oscillation excitation amplitude, which is consistent with the known behavior of similar oscillating beams (e.g., see [42,43]).



For the long harvesters (H5–H8), we did not include the model predictions as the linear model significantly overpredicts the response resulting in a non-meaningful comparison; linear predicted peak power values range from twice up to an order of magnitude larger than measured values. This is further confirmed in Appendix A where it is evident that the displacement range of the long harvesters is large enough so that the elastic force can no longer be approximated as linear. In fact, for the long harvesters, the tip displacement reaches as high as 55 mm (i.e., maximum tip displacement to length ratio of 35%), which is large enough to make the non-linear effects apparent. The lower measured values compared to the linear model predictions demonstrates that high deflection of the present PVDF harvesters is not beneficial for energy harvesting. However, non-linear effects are not necessarily detrimental. Quite the opposite: non-linear effects can be exploited to improve the performance of energy harvesters [44,45,46], notably to broaden the frequency bandwidth [47,48,49] or increase the response amplitude [50].



It is worth mentioning that harvester beams with the same length and thickness (but different width) should all have the same resonant frequency. The agreement is good for the long harvesters but for the short harvesters a discrepancy in having the same resonant frequency of up to 1.5 Hz is observed. This is attributed to manufacturing imperfections and/or experimental measurement error and is considered small enough to be of minor concern for practical applications. Sources of manufacturing imperfections originated from the mechanical tolerances in the off-the-shelf components used to realize the harvesters and/or the human factor during the manual assembly of these components, particularly when bonding the layers, as well as whilst trimming components to the required dimensions. As such, the impact of these errors is stronger on shorter harvesters since the relative change in length is higher. Note, also, that predictions from the linear electro-mechanical model results are based on the experimentally observed resonant frequency values and thus inherit the same variation.




3.2. Planform Effects


Peak power levels measured for all harvesters are presented in Figure 5 as a function of the width of the harvester, with excitation amplitude as a variable parameter. Peak power refers to the power value at the first resonant frequency measured with optimum load resistance. At low excitation amplitude (0.2 g–0.4 g), a maximum is observed in the trend of the peak power versus harvester width for all harvesters, after which the power decreases. At high excitation amplitude (0.5 g–0.6 g), the trend increases monotonically throughout the range of values tested, though in most cases the trend appears to be saturating. Whilst beyond the range of values tested, the continual growth of peak power with harvester width does not seem physically plausible, since increasing width-to-length ratio will ultimately prevent reasonable harvester deformation and so the results for 0.5 g and 0.6 g are expected to also reach maxima before subsequently reducing, though this has not been verified. This trend indicates that optimum harvester width depends on the excitation amplitude, such that narrower harvesters are more efficient under smaller excitations whilst wider harvesters reach optimal power at higher excitations.



Figure 6a presents the gain of power from long harvesters to short harvesters. It is notable that at low excitation amplitude (0.2 g) the maximum peak power of the long harvesters (length of 155 mm) is approximately twice as large as that of the short ones (length of 78 mm). This is no longer the case at higher excitations: at 0.6 g excitation amplitude, the peak power of long and short harvesters is comparable in magnitude. As the excitation level increases, the gain reduces from a factor of 2–3 for excitation at 0.2 g, to around 1 for excitations levels of 0.4 g and above, where there is essentially no gain. This indicates that a longer cantilever may only provide additional power during its near-linear operation. This is further clarified in Figure 6b which presents peak power density, where only the active volume of the harvester (i.e., volume of the PVDF layers) is included in the calculation. Note that Figure 6b shows the ratio of short to long harvesters, i.e., the reverse of Figure 6a, to highlight superior efficiency of short harvesters. Given that most of the energy is generated at the root, one may expect the use of two short harvesters to provide around double the total energy of one long harvester—where the total volume of PVDF is constant in both cases—since in the former there are two roots as opposed to only one in the latter. However, where the values in Figure 6b exceed a factor of two, for high excitation and low widths in particular, it is clear that this expectation is exceeded, demonstrating the beneficial impact of retaining dynamic response in the linear range.



Figure 7 compares the peak power of the different harvesters to the peak power of the thinnest harvester (i.e., width = 22 mm) at different base excitation levels. This comparison is instructive because it allows one to assess whether it is better to employ one wider harvester or multiple narrower harvesters with the same total volume and cost. We observe that for both the short and long sets of harvesters at all excitation levels, the 44 mm-wide harvester produces more than double the peak power from two separate 22 mm-wide harvesters. For the case of three harvesters, the short 66 mm-wide harvester produces slightly less than that from three of the 22 mm-wide harvesters, whereas for the long 66 mm-wide harvester, a higher peak power is produced than would be obtained by individual devices. For the width ratio of four, both the short and long harvesters show less power output than that obtainable from four individual harvesters. As such, in the present work we may conclude that having one wider harvester instead of multiple narrow harvesters would be beneficial, in terms of peak power generation, only for width ratios up to two–three. The results in Figure 5 indicate that there is an optimum harvester width where the peak power is maximized, and that the optimum harvester width increases with excitation level. The results in Figure 7 further indicate that it is convenient to size the harvester at this optimum width only for low excitation levels (0.2 g–0.4 g), whereas at high excitation levels (0.5 g–0.6 g) multiple narrower harvesters would outperform one single harvester sized at the optimum width.



In summary, the present results indicate that in order to maximize the peak power generation the harvester should be sized based on the acceleration level that is being targeted. In particular, the length of the harvester should be sized to ensure a linear response, whilst the width of the harvester should not exceed the optimum width at low excitation.




3.3. Power Indicator Parameter


To inform future design studies on vibration energy harvesters, it is convenient to identify a power indicator parameter that can provide preliminary insights into the impact of its dimensions on overall power generation. As such, we consider the correlation of performance against three easily obtainable geometric parameters: the aspect ratio and the second moment of area for the two different planes of the harvester.



3.3.1. Aspect Ratio


Motivated by wind energy harvesting, the aspect ratio, defined as the ratio of the harvester length,  l , to width,  b , has previously been demonstrated to provide correlation with power for both the interaction of wings [51,52] and PVDF-based inverted flag energy harvesters under wind excitation [53,54,55,56]. Note that this definition of the aspect ratio differs from the normal practice within vibrations literature, where the same term is used to denote the length to thickness ratio.



Peak power and peak power density are presented as functions of the aspect ratio in Figure 8a. Note that in all subplots within Figure 8 open circle markers represent the set of short harvesters, whereas filled circle markers represent the set of long harvesters. Considering clusters of results as a function of excitation amplitude, a general inverse trend of peak power with aspect ratio is observed, although the strength of the correlation varies with excitation amplitude. For peak power versus aspect ratio (Figure 8a-ii), there is a general trend holding reasonably well for all excitation levels. For peak power density versus aspect ratio (Figure 8a-iii), the trend has been reduced and the difference between long and short harvesters is stark, particularly for high excitation levels. This is because the aspect ratio accounts for the relative shape but not the size of the harvester, so it is less well equipped to define a quantity such as power density, which by definition is a function of the harvester planform area. Put another way, the efficiency of two harvesters of different lengths but similar aspect ratio, e.g., H1 and H6, cannot be discerned by aspect ratio alone. Instead, we investigate parameters that incorporate additional geometric information, such as the second moment of area.




3.3.2. Second Moment of Area


For relevant loading cases, i.e., cantilever beam with a tip force load, it is well known that the strain is highest close to the root and gradually decreases as the distance to the root increases. Being proportional to the strain, the local piezoelectric power generation follows a similar trend and gradually decreases as the distance to the root increases. This suggests that a power indicator parameter for this class of harvesters should be constructed in such a way that each portion of the harvester area is weighted based on its distance to the harvester root. Clearly, any function of the type   b  l n    with  n  > 1 would be a potential power indicator candidate. There is intrinsic value in picking   n = 3   since this corresponds to the definition of the second area moment; which leverages existing theory and provides a general framework for incorporating non-rectangular shapes. It is worth highlighting that the second moment of area can be computed around an arbitrary axis and so in three dimensions there are three possible values. Here, we consider just two since the third would be a function of length only: the quantities    I  p l a n f o r m     and    I  s e c t i o n    , as defined in Figure 8b-i,c-i, respectively. Note that    I  s e c t i o n     is extensively used in elastic beam theory and should not be confused with    I  p l a n f o r m    . As our eight harvesters have the same thickness, the values of    I  s e c t i o n    , shown in Figure 8c-ii, are directly proportional to the widths alone, and thus display the same variations already reported for power versus width (shown in Figure 5).



Turning instead to Figure 8b, where the peak power and the peak power density are plotted as functions of    I  p l a n f o r m    , the data points are now separated, stratified as a function of the excitation amplitude. For a given length, the existence of an optimum harvester width that maximizes the peak power output (Figure 8b-ii) is clearly recognizable. Similarly, the power penalty arising from non-linear response at high excitation amplitude is evident in Figure 8b-iii, from the drop in peak power density of the long harvesters in comparison with the short ones. Interestingly, in contrast to our conclusion at the end of Section 3.3.1 on aspect ratio, the correlation with power density is stronger because    I  p l a n f o r m     contains the planform area.



This finding demonstrates the potential for    I  p l a n f o r m     to provide a useful indication of power efficiency, particularly for non-rectangular shapes. For example, this suggests that for a given length, the efficiency of a harvester can be increased by broadening the root and narrowing the tip, i.e., yielding a lower value of    I  p l a n f o r m    . This is not in itself unexpected since, as discussed at the start of this section, power is generated predominantly at the root. Nevertheless, it provides motivation for future investigation of non-rectangular harvesters as a useful means of enhancing power generation efficiency further.






4. Concluding Remarks


In this paper, we conducted a systematic experimental investigation into the effect of planform geometry and excitation level on the energy harvesting performance of PVDF-based low-frequency vibration energy harvesters. Eight rectangular energy harvesters (with two different lengths: 78 mm and 155 mm, and four different widths: 22 mm, 44 mm, 66 mm, and 88 mm) have been realized and tested for excitation frequencies around the first resonant bending frequency (within 3–18 Hz), and this was repeated for different base excitation acceleration levels ranging from 0.2 g up to 0.6 g. The harvesters were bimorph cantilevers and were realized employing a passive elastic layer and two active piezoelectric layers arranged in a sandwich arrangement. All harvesters had the same cross-sectional geometric shape and material properties. This provided sufficient data to assess the planform geometry and excitation effects on tip displacement dynamics and power generation performance. It was found that the set of short harvesters has linear tip displacement and power generation as well as broader frequency response functions. The set of longer harvesters, on the other hand, exhibited non-linear displacement and power response, attributable to the variation of the elastic restoring force and damping ratios at the larger tip displacement motion of these harvesters. For both sets of harvesters, it was confirmed that the displacement response is independent of width, whereas the power values have clear dependency on the width value. A number of useful insights were obtained, summarized as follows:




	
We show that there is an optimal width for this class of harvesters where the output power is maximized. This optimal width value depends on the excitation amplitude in such a way that narrower harvesters are more suited for small excitations, whereas wider harvesters perform better upon experiencing large excitations. Whilst this conclusion may well be anticipated, this work provides confirmation of this behavior for this class of harvesters through detailed, quantitative measurements;



	
We show that for low excitation levels it is convenient to size the harvester at the optimum width, whereas at high excitation levels, multiple narrower harvesters would outperform one single harvester sized at the optimum width;



	
We show that the selection of the harvester length is critical and should be determined to ensure a linear device response to the operation excitation, as if non-linear effects are triggered, they will drastically deteriorate the power density performance;



	
We demonstrate the value of using the second moment of planform area to capture the geometric effect on the power density, i.e., to inform design/optimization studies. This is of significant importance from a practical perspective, in sizing such a class of harvesting devices for low-frequency vibration applications, and can open the door for further investigation and uptake of this metric when assessing harvester performance.
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Appendix A. Static Deflection Testing of Harvesters


The full set of static deflection tests data of the present harvesters is provided in Figure A1, where the elastic restoring force (measurement accuracy ± 5 mN) is plotted as a function of the tip displacement (measurement accuracy ± 1 mm). The predictions of standard Euler–Bernoulli beam theory for the metal shim substrate alone (without considering the PVDF strips and the adhesive tape) are also included in Figure A1 for comparison:


  F =   3   E   I    l 3    δ ;   I =  I  s e c t i o n   =   b    h e 3    12    



(A1)




where  F  is the elastic restoring force,  δ  is the tip displacement,  E  is the Young’s modulus (180 GPa for SS AISI 302), and  l  (78 mm or 155 mm),  b  (22, 44, 66, or 88 mm), and    h e    (0.1 mm) are the length, width, and thickness of the metal shim substrate (see Figure 1a). Note that the slope of the beam theory plotted in Figure A1 has an error of ± 40%, which originates from the tolerance on the thickness of the metal shim substrate (±0.012 mm as per manufacturer data sheets).



The deviation of harvester deflection from the theory in Figure A1 is expected since the theory neglects the presence of the PVDF and bonding layers. As noted in Figure A1, the present harvesters clearly behave as stiffening elastic springs. However, in the asymptotic limit of small tip displacement (i.e.,  δ  → 0+), measured deflections appear consistent with beam theory predictions of the metal shim substrate, which indicates that for small deflections the elastic behavior of the present harvesters is essentially determined by the metal shim substrate alone, according to standard Euler–Bernoulli beam theory.



Note that the shaded areas in grey within Figure A1 indicate the displacement range of each harvester in our study, corresponding to the measurements shown in Figure 4. It is, therefore, evident that the short harvesters operate within a range where their elastic restoring force can be deemed quasi-linear or where the elastic stiffening is still too mild to appreciably affect their mechanical response, whereas the long harvesters, particularly the two widest models, operate within a range where the stiffness behaves in a non-linear fashion. Finally, for a given tip displacement, the measurements in Figure A1 indicate that the elastic restoring force increases when the width of the harvester is increased and decreases when the length of the harvester is increased, which are the same qualitative trends predicted by standard beam theory.
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Figure A1. Measured elastic restoring force versus tip displacement. Markers represent the measured quantities from the experimental tests, with associated error ranges. The continuous lines are fitting lines to help visualize the trend in the experimental data. The dashed lines are the predictions from linear beam theory for the metal shim alone. The colorful shaded regions around the dashed lines are to indicate the potential ±40% error due to tolerance on the thickness of the metal shim substrate. The vertical shaded regions in grey correspond to the range of tip displacement values reported in this work. 
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Appendix B. Linear Electro-Mechanical Dynamic Model


The model adopted here is a distributed parameter linear model based on the Euler–Bernoulli beam theory, which is applicable in this context because the present harvesters qualify as slender structures, since the length to thickness ratio is well in excess of 20 [18,42,57]. Given that in some cases the aspect ratio (length to width ratio) is quite low, towards and up to around unity, a more appropriate modelling framework would require the consideration of our harvesters as plates. This is particularly relevant in the extremities of this parameter. As shown in Figure 4, our model, based on beam theory, shows good agreement with the experimental measurements for the short set of harvesters. This agreement is, in fact, not unexpected as deformation angles are small: within about 10° for the short harvesters, and it is established that the use of beam theory is valid for plate-like symmetric harvesters subjected to base excitation as long as the bending stiffness is correctly represented [18]. Indeed, in our model, we have used stiffness values based on our experimental measurements. For simplicity, the piezoelectric layers are represented as continuous media in the span-wise direction, an approximation considered acceptable for the present scope, and shown to be acceptable in a previous study [20]. The characteristic equation for a cantilever beam is well known as [18,42,57]:


  1 + cos  λ n  cosh  λ n  = 0  



(A2)




which can be solved for the dimensionless   n  th eigenvalue,    λ n   . The corresponding eigenfunction (mode shape) is:


   X n   ( x )  =  A n   [  cos  λ n   x l  − cosh  λ n   x l  +   sin  λ n  − sinh  λ n    cos  λ n  + cosh  λ n     (  sin  λ n   x l  − sinh  λ n   x l   )   ]   



(A3)




where    A n    is the modal amplitude. The displacement with respect to base,  w , along the harvester length  x  at time  t  is, thus, obtained from:


  w  (  x , t  )  =   ∑   n = 1  ∞   ψ n   X n   ( x )   1   ω n 2       (  1 −    (   ω   ω n     )   2   )   2  +    (  2  ζ n   ω   ω n     )   2       A b  cos ω t  



(A4)




where  ω  is the operation angular frequency,    ω n    is the undamped natural frequency of the   n  th vibration mode,    ζ n    is the damping ratio of the   n  th vibration mode, and    A b    is the base excitation acceleration amplitude. The expression for    ψ n    specific to our current harvester configuration takes the form:


   ψ n  = b  (   ρ e   h e  + 2  ρ b   h b  + 2  ρ p   h p   )    ∫  0 l   X n   ( x )  d x  



(A5)




Given that the interest here is in the tip displacement of the harvesters around the first mode, Equation (A4) simplifies to:


  w  (  l , t  )  =  ψ 1   X 1   ( l )   1   ω 1 2       (  1 −    (   ω   ω 1     )   2   )   2  +    (  2  ζ 1   ω   ω 1     )   2       A b  cos ω t  



(A6)







The parallel connection steady state voltage response,    v p   , can be evaluated based on an expression presented in [18,20]:


   v p  =  |    j  (  ω  R  o p t    κ n   )     (  1 + j ω  R  o p t    C p   )   X n   ( l )     |  w  ( l )   



(A7)




where    κ n    is the modal coupling term, which for the current harvester configuration of this study is evaluated as:


   κ n  = 2    d  31    Y p   b p   2   (   h p  + 2  h b  +  h e   )        d  X n   ( x )    d x    |    x = l    



(A8)




and    C p    is the internal capacitance given by:


   C p  =   2 ε  b p  l    h p     



(A9)




where  ε  is the permittivity, and    b p    is the effective width of the PVDF layer, which, in our case, is the number of PVDF elements on one side of the harvester multiplied by the effective width of the active part of each element (19 mm for the DT4-028K model). The RMS value of the power could, thus, be evaluated from:


  P =    v p 2    2  R  o p t      



(A10)
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Figure 1. The harvesters considered in this study: (a) design schematics (the example shown includes four polyvinylidene difluoride (PVDF) elements on each side); (b) one PVDF element; (c) schematic representation of the custom-made mounting system to connect the harvester to the shaker (the upper plate is removed to show internal details); (d) harvesters H1–H4 with length of 78 mm; (e) harvesters H5–H8 with length of 155 mm. 
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Figure 2. (a) Experimental setup used to test the harvesters. (b) Schematic of the experimental setup arrangement. 
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Figure 3. Measured elastic restoring force (top) and damping ratio (bottom) of the harvesters (the continuous lines are fitting lines included to help visualize the trend in the data). Markers represent the measured quantities from the experimental tests, error bars in the top panels reflect the measuring errors in the elastic restoring force and tip displacement (as discussed in Appendix A), whereas those in the bottom-right panel represent the standard deviation of repeated measures. 
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Figure 4. Tip displacement and root mean square (RMS) power measurements versus excitation non-dimensional frequency. Markers represent the measured responses; dashed lines are added to help visualize the experimental trends. Continuous lines represent the linear model predictions for the set of short harvesters. 
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Figure 5. Peak power as a function of harvester width for different base excitation levels; (a) set of short harvesters (H1–H4); (b) set of long harvesters (H5–H8). Dashed lines are added to help visualize the trends but do not imply a linear variation between measurement points. 






Figure 5. Peak power as a function of harvester width for different base excitation levels; (a) set of short harvesters (H1–H4); (b) set of long harvesters (H5–H8). Dashed lines are added to help visualize the trends but do not imply a linear variation between measurement points.
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Figure 6. Relative performance of the two sets of harvesters across a common range of harvester widths; (a) peak power ratio of long to short harvesters; (b) peak power density ratio of short to long harvesters. Dashed lines between measurements are added to help visualize trends. 
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Figure 7. Peak power ratio of harvesters relative to that of the thinnest harvester with 22 mm width for different base excitation levels; (a) set of short harvesters (H1–H4); (b) set of long harvesters (H5–H8). 
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Figure 8. Variation of the peak power and the peak power density against: (a) aspect ratio; (b) and (c) different definitions of the second moment of area. Panels designated with (i) provide schematics of the different geometric characteristics considered including aspect ratio, the second moment of planform area, and the second moment of sectional area. Panels designated with (ii) provide peak power variations. Panels designated with (iii) provide peak power density variations. For simplicity, in the calculation of    I  s e c t i o n   ,   the  h  value is taken as 0.1 mm of the metal shim substrate. 
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Table 1. Characteristics of the harvesters considered in this study.






Table 1. Characteristics of the harvesters considered in this study.





	Harvester
	Length,

  l   (mm)
	Width,

  b   (mm)
	Aspect Ratio,    l / b   ( - )   
	Second Moment of Plan-form Area,     I  p l a n f o r m     (  cm 4  )   
	Optimum Load Resistance,

    R  o p t     ( kOhm )   





	H1
	78
	22
	3.55
	348
	1000



	H2
	78
	44
	1.77
	696
	600



	H3
	78
	66
	1.18
	1044
	400



	H4
	78
	88
	0.89
	1392
	250



	H5
	155
	22
	7.05
	2731
	2400



	H6
	155
	44
	3.52
	5462
	1200



	H7
	155
	66
	2.35
	8192
	800



	H8
	155
	88
	1.76
	10,923
	600
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Table 2. Resonant frequency in Hz for the harvesters considered in this study.






Table 2. Resonant frequency in Hz for the harvesters considered in this study.





	Excitation
	H1
	H2
	H3
	H4
	H5
	H6
	H7
	H8





	0.2 g
	13.5
	13
	13
	14.5
	4
	3.5
	3.5
	3.5



	0.3 g
	13.5
	13
	12.5
	13.5
	4
	3.5
	3.5
	3.5



	0.4 g
	13
	13
	12.5
	13
	3.5
	3.5
	3.5
	3.5



	0.5 g
	13
	13
	12.5
	13
	3.5
	3.5
	3.5
	3.5



	0.6 g
	13
	13.5
	12.5
	13
	3.5
	3.5
	3.5
	3.5
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