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Abstract

The demand for low-power electronic devices in wireless sensor networks (WSNs) has been continuously increasing. Most WSNs rely on battery power, however, and batteries need replacement regularly, resulting in direct and indirect pollution to the environment. Because of its abundance in many environments, kinetic energy, in the form of ambient vibrations, could be used as alternative to batteries by using vibrational energy harvesting techniques. Piezoelectric materials are one of the most common form of transducers and, traditionally, piezoelectric vibrational energy harvesters (PVEHs) are based on a cantilever beam, with one or more piezoelectric layers. However, the drawbacks of such designs are single vibration mode and narrow frequency bandwidth.
In this paper, we propose a novel PVEH design based on a modified H-shape structure without and with an ortho-planar spring to solve the issues of single vibration mode and narrow frequency bandwidth. This structure comprises a double clamped beam, with four arms which act like cantilever beams. The centre of the structure is coupled with a compliant ortho-planar spring to create low natural frequency and multiple peaks in the frequency response. A proof mass is placed on the spring to induce high stresses in the structure. 
A numerical model using finite element analysis (FEA) was developed using the solid mechanics, electrostatics, and electrical circuit modules in COMSOL Multiphysics to compare the output voltage and power of the modified H-shape structure without (baseline) and with an ortho-planar spring (design 1) in the x, y, z axes. The H-shape structure was made of polylactide (PLA) as a substrate. The configuration used six PZT-5H piezoelectric materials connected in parallel, a 17.78 kΩ load resistor, and 0.4 g (g = 9.81 m/s2) base excitation. 
The results show that: (i) the first three modes of design 1 are 8.9, 15.6, and 17.2 Hz, while the baseline design’s modes are 11.8, 15.3, and 17.6 Hz; (ii) both of designs show a multi-modal response, and that design 1 has three peaks, while the baseline has two peaks in the frequency range (0-50 Hz) in the z axis; (iii) both designs can only harvest energy efficiently in the z axis; and (iv) the baseline design achieves maximum voltage and power values of 34.5 V and 33.5 mW respectively, whereas design 1 produces 31.3 V and 27.6 mW respectively in the z axis.

INTRODUCTION

The number of interconnected wireless sensor networks (WSNs), referred to as the Internet of Things (IoT), has been increasing in recent years for various applications such as industrial monitoring, wearable technology, and transportation infrastructure [1]. Most of these sensors rely on battery power in which batteries need regular replacement or maintenance and contain waste that can be harmful to the environment [2]. If the wireless sensor networks are installed in remote locations, the maintenance activities become even more difficult [3].
To tackle these problems, vibrational energy harvesters which do not require regular replacement or maintenance can be employed to convert ambient kinetic energy in the form of vibrations into electrical energy for powering IoT sensors. Moreover, ambient kinetic energy is also abundant in many environments. There are three basic vibration-to-electric energy conversion mechanisms: electromagnetic, electrostatic, and piezoelectric transduction. Among these conversion mechanisms, piezoelectric transduction has received the greatest attention because of its large power densities, ease of application, and compatibility with micro-scale technologies [4].
Conventionally, piezoelectric vibrational energy harvesters (PVEHs) are in the form of a cantilever beam as a substrate with one or two layers of piezoelectric material [5]. However, such a harvester has a narrow resonant frequency that needs to be tuned to the main external frequency of the ambient vibrations. If the excitation frequency shifts, the performance of the harvester will dramatically decrease [6].
Different methodologies have been investigated to overcome the problem of single and narrow resonant peaks. Liang et al. [7] and Gafforelli et al. [8] showed that a piezoelectric harvester based on a double clamped beam could increase the bandwidth of the frequency response due to hardening stiffness. The beam bended and stretched during the oscillations which imposed tensional stress and, hence, hardening stiffness. Dhote et al. [9] employed a compliant ortho-planar spring piezoelectric vibrational energy harvester (COPS-PVEH) to achieve peak-to-peak voltages of 31 V and 20 V in the first and second modes (multi-peaks behaviour) at frequencies below 150 Hz, respectively. Mallick et al. [10] compared the response of a linear and a non-linear spring for electromagnetic vibrational energy harvesting. The nonlinear stretching spring could achieve a wider bandwidth (up to 10 Hz) at an acceleration of 1 g and a larger peak power (an increase of about 110%) at an acceleration of 0.5 g with a secondary peak below 250 Hz, compared to the linear spring. Phan et al. [11] introduced a nonlinear spring which exhibited a wider bandwidth than a linear counterpart under an acceleration level of 0.4 g.
Other methods to improve the bandwidth involve using H-shaped based structures. Wang et al. [12] introduced an H-shaped two-dimensional PVEH to power an engine fault monitoring device. The H-shape structure consisted of a main beam and two sub beams. In their work, three piezoelectric layers were placed on each beam with a proof mass at the end of each cantilever beam to induce high stress on the beam. Sun et al. [13] proposed instead a multi-modal three-dimensional architecture to harvest vibrational energy in three axes equally. The proposed system comprised a buckled ribbon with optional Kirigami cuts coupled with four cantilever beams which are combination of H-shape and buckled double clamped beams without a proof mass. The structure was tested under different wind direction and speeds. 
The previous research only focuses, however, on increasing the bandwidth by exploiting nonlinearities and multi-modal harvesters at relatively high frequency ranges (above 50 Hz). In this paper, two novel PVEH designs without and with an ortho-planar spring using a modified H-shape structure are proposed to solve the single mode and narrow bandwidth issue at frequencies below 50 Hz. Each of the two harvesters comprises a double clamped beam, with four arms which act like cantilever beams. The centre of the double clamped beam is coupled without and with a compliant ortho-planar spring to achieve a low natural frequency and multiple peaks in the frequency response. A proof mass is used to induce high stress on the structure and to create lower natural frequencies. Finite element analysis (FEA) was performed using COMSOL Multiphysics in order to study the dynamic and electric behaviour in x, y, and z axes of the modified H-shape PVEH without (baseline) and with ortho-planar spring (design 1).

CONCEPTUAL DESIGN OF PIEZOELECTRIC VIBRATIONAL ENERGY HARVESTER

Traditional piezoelectric vibrational energy harvesting devices are usually in a form of a single cantilever beam which has single mode and narrow bandwidth. The single mode is the first bending mode which is used for energy harvesting purposes, while the second and higher modes are ignored because of their high frequencies and low amplitudes [13]. To solve this problem, we proposed a system which has one double clamped beam with four cantilever beams, as shown in Figure 1. B
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Figure 1. Schematic diagram of (a) baseline, and (b) design 1
The overall size of each system is 196 mm length, 60 mm width, and 0.5 mm thickness. Six piezoelectric materials are placed on the cantilever beams and double clamped beam while a proof mass is used to induce high stresses and deflections in the structure, and to reduce the natural frequency.
The substrate, double clamped beam, four cantilever beams, and spring are made of polylactide (PLA) material; the proof mass is made of stainless steel; and the piezoelectrical materials are PZT-5H. The proof mass is 10 g, and it was modelled as a stainless-steel cube of side 10 mm. The stainless-steel material has density of 7800 kg/m3, Young modulus of 193 GPa, and Poisson ratio of 0.33. The parameters of the proposed structures and the materials can be seen in Tables 1-3.
 
	Table 1. Parameters of the designed structure
	

	Parameters
	Value

	Double clamped beam width
	16 mm

	Four cantilever beams width
	16 mm

	Ortho-planar spring width
	46 mm

	Six Piezoelectric width
	16 mm

	Double clamped beam length
	196 mm

	Four cantilever beams length
	70 mm

	Ortho-planar spring length
	46 mm

	Spring arm length (L)
	30.28 mm

	Spring arm width (W)
	2 mm

	Six Piezoelectric width
	41 mm

	Substrate thickness
	0.5 mm

	Piezoelectric layer thickness
	0.1 mm

	 
	 

		Table 2. Material parameters of PLA [16-18]

	Parameters
	Value

	Density
	1250 kg/m3

	Young’s modulus
	3.6 GPa

	Poisson ratio
	0.36

	Loss factor
	0.01

	 
	 


Table 3. Material parameters of PZT-5H [14]

	Parameters
	Value

	Density
	7500 kg/m3

	Young’s modulus
	60.6 GPa

	Piezo stress coefficient
	-16.6 C/m2

	Relative permittivity
	2886

	Loss factor
	0.01

	 
	


As illustrated in Figure 1a, the first configuration that was considered is a baseline design where the ortho-planar spring is replaced by a square plate, and it will be referred to as the baseline. The second configuration has a linear four-arm ortho-planar spring [10] as can be seen in Figure 1b, and it will be referred to as design 1. The combination of a double clamped beam, and an ortho-planar spring has a very important advantage as it can be utilised to obtain a wide bandwidth with multiple peaks below 50 Hz. 
The device aims to harvest efficiently in the vertical axis that, in this study, is identified as the z axis. When there is a base excitation in the vertical axis, the substrate is designed to create high stresses at the points where the six piezoelectric materials are attached in order to induce the strains that generate useful electrical energy.
The basic working principle of the harvesters is similar to a conventional single cantilever beam in which one side is clamped and the other side is free to oscillate, resulting in strain near the clamped area. The middle beams, in Figures 1a and 1b, are clamped on both sides and act as double clamped beams, while the four cantilever beams (A, B, C, D in Figures 1a and 1b) are free to oscillate. 
When the base excitation along the z axis is applied to the structure, the centre of double clamped beam (the proof mass at point E) as well as the four cantilever beams at point A-D are free to oscillate, creating stress or strain in the structure. The six piezoelectric materials are placed on the structure at the locations at which the highest strains occur. 


Electrical circuit design for the Numerical Study

The electrical circuit design in the numerical study is shown in Figure 2. The circuit diagram of the six piezoelectric materials is a parallel connection where all the positive nodes of the piezoelectric are connected to one side of the load resistor and the negative nodes are connected to the other side. In COMSOL, the positive nodes were defined on the top surface of all piezoelectric materials, while the bottom surface of all the piezoelectric materials were the negative nodes. The load resistor in this study is set to be 17.78 kΩ since it was found to be the optimal value (see subsection 4.3), and the voltage across it is considered in the following sections. 
Figure 3 shows the equivalent circuit of six piezoelectric generators in a parallel connection with a load resistor. The single piezoelectric generator consists of voltage source (Vp), internal piezo-element resistance (Rp), and capacitor (Cp) [20]. FEA in COMSOL Multiphysics 6.0 was carried out to model the performance of this PVEH. Solid mechanics, electrostatics, and electrical circuit modules [19] were coupled in COMSOL to calculate the voltage output from the piezoelectric materials due to external vibrations. The physics-controlled and normal size were selected in the mesh setting.  
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Figure 2. Circuit diagram of (a) baseline, and (b) design 1
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Figure 3. Equivalent circuit of piezoelectric generators in a parallel connection


Numerical study, RESULTS, AND DISCUSSION

The dynamic and electrical behaviour of both PVEHs were predicted using FEA (COMSOL), and results for excitation along the x, y, and z axes are presented in the following subsections: vibration mode analysis; voltage and power output from multi-directional vibrations; optimal peak voltage and power for z-axis excitation; influence of the acceleration on the output voltage and power for z-axis excitation; and discussion of the benefit of the baseline and design 1.

Vibration mode analysis
The first eight natural frequencies were calculated using modal analysis (Eigenfrequency analysis in Solid Mechanics Module) in COMSOL. The natural frequency results are shown in Table 4, revealing that the baseline has higher natural frequencies than design 1. The first eight natural frequencies of the baseline range from 11.8 Hz to 117.4 Hz, while the frequencies of design 1 are in the range 8.9 Hz to 44.8 Hz. Moreover, the results show that in the frequency range between 0 – 50 Hz, design 1 features a larger number of peaks in the frequency response function (FRF) compared to the baseline because all its first eight natural frequencies are located in that range.

Table 4. The first eight natural frequencies for the baseline and for Design 1
	Natural Frequencies (Hz)

	Mode
	Baseline
	Design 1

	1
	11.8
	8.9

	2
	15.3
	15.6

	[bookmark: _Hlk131547081]3
	17.6
	17.2

	4
	25
	19.9

	5
	27.7
	22.7

	6
	39.6
	30.9

	7
	85.2
	37.3

	8
	117.4
	44.8
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Figure 4. The z-displacement FRF in mm under 0.4 g in z axes: (a) baseline, (b) design 1.

Figures 4 shows the z-displacement FRF in mm between 0-50 Hz under 0.4 g peak excitation in the z axis of the proof mass, of the ortho-planar spring, of the piezoelectric in the central double clamped beam, and of the cantilever beam. The FRFs were analysed every 0.1 Hz. As can be seen in Figure 4, design 1 has three peaks compared to the baseline which only features two peaks. Design 1, due to its superior multimodal behaviour, is expected to be able to harvest more energy from ambient vibrations than the baseline. The FRF indicates that when base excitation or vibration is applied to the structure in the z axis, the structure can convert the vibrations to electricity through piezoelectric transduction as can be seen through the displacement of the FRF in the z axis.
Figure 5 and Figure 6 show the first five mode shapes of the baseline and design 1 as calculated using mode shape analysis, where the amplitude of the z-displacement is in mm. The values of the peak displacements of the mode shapes in Figure 5 and Figure 6 can be seen in Figure 4. In the first mode, the maximum displacement occurs in the proof mass whereas, in the next four modes, the maximum displacements are at the four arms. Furthermore, the modes associated with the peaks visible in the z-displacement FRF (Figure 4a) for the baseline are the first mode at 11.8 Hz and fifth mode at 27.7 Hz. On the other hand, design 1 in the z axis (Figure 4b) has three peaks in the FRF which are associated with the first, fourth, and eighth mode shapes at 8.9 Hz, 19.9 Hz, and 44.8 Hz respectively. 

[image: Graphical user interface

Description automatically generated with low confidence][image: ](b)
(a)


[image: ][image: A picture containing text, stationary

Description automatically generated](d)
(c)


[image: Graphical user interface, diagram, engineering drawing

Description automatically generated](e)


Figure 5. The modal analysis of the baseline structure. The first five natural frequencies (a)-(e) are 11.8 Hz, 15.3 Hz, 17.6 Hz, 25 Hz, and 27.7 Hz respectively.
The first mode of the baseline is similar to the first mode of a conventional double clamped beam. On the contrary, the four cantilever beams have the maximum displacement at their free ends in most of the vibration modes, as can be seen in Figure 5 and Figure 6. 
The results show that all the frequency modes of design 1 are below 25 Hz due to the ortho-planar spring, as shown in Figure 6. In particular, the ortho-planar spring experiences stretching and bending in some of the mode shapes that contribute to lowering the mode frequency, unlike the baseline where both the fourth and fifth modes are in the 25-30 Hz range. Therefore, design 1 would be the preferred geometry for harvesting low frequency vibrations as the modes are below 25 Hz.
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Figure 6. The modal analysis of the design 1 structure. The first five natural frequencies (a)-(e) are 8.9 Hz, 15.6 Hz, 17.2 Hz, 19.9 Hz, and 22.7 Hz respectively.

4.2 Voltage and power output from multi-directional vibrations

The piezoelectric materials were modelled using the PZT-5H properties that are available in COMSOL’s material library as shown in Table 3. To validate the simulation parameters that were used, Wang’s simulated result using COMSOL [14] and Erturk’s experimental result [4] were considered as a reference. For the validation, the same geometry structure (3D model COMSOL), substrate material, and piezoelectric material were considered. However, the value of loss factor or damping has been modified to reduce the discrepancy from 0.01748 to 0.01. The results of the comparison are shown in Figure 7. 
The circuit design that was used is a series type with a load resistor of 1 MΩ. The discrepancies are reported in Table 5: relative discrepancies compared to Wang’s simulation result are 2.7% and 1.9% for the resonant frequency and the peak voltage, respectively. Compared to Erturk’s experiment, the relative discrepancies are 3.8% and 0.9% for the resonant frequency and the peak voltage, respectively. Since the relative discrepancies are small, the simulation methodology used in this paper can be considered to be validated.

Table 5. Comparison of the simulated resonant frequency and peak voltage between this work and previously published works.
	 
	Resistor
	Present
	Lu [14]
	Relative

	
	
	
	
	discrepancy   

	Resonant frequency/Hz
	1 MΩ
	545
	530.2
	2.7%

	Peak voltage/V
	1 MΩ
	10.9
	11.12
	1.9%

	 
	Resistor
	Present
	Erturk [4,14]
	Relative

	
	
	
	
	discrepancy

	Resonant frequency/Hz
	1 MΩ
	545
	524.7
	3.8%

	Peak voltage/V
	1 MΩ
	10.9
	11
	0.9%
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Figure 7. Voltage frequency response curves (a) this work and (b) published result (distributed parameter method (DP), 2D model COMSOL (2D), and 3D model COMSOL (3D)) [14].

Coupled structural, piezoelectric, and circuit analysis [19] have been carried out in COMSOL to predict the output of peak voltage and peak power of the PVEH. An external sinusoidal excitation of peak value 0.4 g was applied using the body load feature in COMSOL along the vertical, horizontal, and axial axes respectively. The load resistor was chosen as 17.78 kΩ, since it was found to be the optimal value (see section 4.3), and the damping value was set to 0.01 (isotropic loss factor type). The frequency response of the output voltage and power were simulated using frequency domain analysis at every 0.1 Hz between 0 and 50 Hz for both the baseline and design 1 in the z axis. The frequency response curves for the peak voltage and peak power of baseline and design 1 are shown in Figure 8.

[image: ]
Figure 8. The peak voltage and power frequency response curve between 0-50 Hz for baseline and design 1 for excitation in the z axis.

The peak power (mW) was calculated as the product of voltage (V) and current (A) in COMSOL.  As shown in Figure 8, the frequency response of design 1 exhibits more peaks than the baseline in the same frequency region. Due to its multimodal nature, it is expected that design 1 will harvest broadband vibrations more effectively than the baseline design. 
The peak voltage and power amplitude of the first mode is slightly larger for the baseline than for design 1. At peak 1, the baseline generates a peak voltage that is 3.2 V higher than design 1 and a peak power that is 5.9 mW (17%) higher than design 1. On the other hand, design 1 generates peak voltage and power at peak 2 which are 6.4 V and 1.29 mW (99%) higher than baseline. At the same peak, the baseline produces a peak power smaller than 1 mW, as shown in Table 6. 

Table 6. Peak voltage and resonant frequency of PVEH for z-axis excitation
	 
	Z Axis
	

	 
	Baseline (Peak 1)
	Baseline (Peak 2)
	Design 1 (Peak 1)
	Design 1 (Peak 2)

	Voltage (V)
	34.5
	0.5
	31.3
	6.9

	Power (mW) 
	33.5
	0.01
	27.6
	1.3

	Resonant frequency (Hz)
	11.8
	27.7
	8.9
	19.9

	
	
	
	
	



Even if the same piezoelectric thickness and load resistor were used, the baseline generates slightly larger output power a peak 1 because the proof mass induces higher stress on the main structure than design 1. In design 1, this effect is reduced by the ortho-planar spring as it can be seen by comparing the displacement FRF of the first modes for the two designs (Figure 5a and 6a). From Figure 5a, it is possible to see that the maximum displacement almost occurs on the whole structure of the baseline at 11.8 Hz. By comparison, in design 1, only the spring and the proof mass experience maximum displacement compared to the whole structure at 8.9 Hz (Figure 6a), leading to a lower output power.
However, at peak 2, the baseline produces considerably lower power than design 1. The ortho-planar spring allows the four cantilever beams to experience higher displacement on four cantilever beams in design 1 at 19.9 Hz (see Figure 6d) than the baseline at 27.7 Hz as shown in Figure 5e.
To establish the capability of the PVEH designs to harvest energy in other directions, simulations were carried out using external peak excitation of 0.4 g in the y and x axes. The frequency response for the excitation along the y axis is reported in Figure 9 while Figure 10 illustrates the frequency response for x axis accelerations. From Figure 9, it is evident that the frequency response of design 1 features more peaks than the baseline, however both designs generated lower peak voltages compared to the z-axis excitation: the maximum peak voltages generated by the baseline and design 1 in y axis are 0.009 V and 0.01 V, respectively, as shown in Table 7. Both designs generated peak power levels below 28 mW. 
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Figure 9. The peak voltage and power frequency response curve between 0-50 Hz, (a) baseline, (b) design 1 for excitation along the y axis
Table 7. Peak voltage and resonant frequency of PVEH in y axis 
	 
	Y Axis

	 
	Baseline
(Peak)
	Design 1
(Peak)

	Voltage (output)(V)
	0.009
	0.01

	Power (mW) 
	
	

	Resonant frequency (Hz)
	39.6
	19.9

	
	
	


Both PVEH designs produce low peak voltage and power in x and y axes respectively when the excitation is applied, because the piezoelectric materials are mounted on the structure in a way that they experience large deflections only for excitations along the z axis. 
Similarly, to the y-axis excitation case, the peak voltage and power output for x-axis vibrations are also low compared to the z axis excitation, as reported in Figure 10. The maximum peak voltage outputs for the baseline and design 1 are 0.03 V and 0.01 V, respectively, for x-axis excitation. Also in this case, the power outputs for both designs are below 28 mW, as shown in Table 8.
Table 8. Peak voltage and resonant frequency of PVEH in x axis
	 
	X Axis

	 
	Baseline
(Peak)
	Design 1
(Peak)

	Voltage (output)(V)
	0.03
	0.01

	Electric Power (mW) 
	
	

	Resonant frequency (Hz)
	15.4
	15.7
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Figure 10. The peak voltage and power frequency response curve between 0-50 Hz, (a) baseline, (b) design 1 in x axis

Optimal peak voltage and power for z-axis excitation
To achieve the maximum output power for z-axis excitations, a parametric study varying the value of the load resistor between 100 Ω and 100 MΩ in steps of 100.25 Ω was carried out in COMSOL using auxiliary sweep (study extension in frequency domain analysis) for both the baseline and design 1. Results are shown in Figure 11 for a sinusoidal z-axis acceleration of peak value 0.4 g. 
Figure 11 shows that the optimal load resistor for the baseline at 11.8 Hz is 17.78 kΩ and the maximum peak power output is 33.5 mW. On the other hand, the optimal load resistor for design 1 at 8.9 Hz is also 17.78 kΩ and the maximum peak power output is 27.7 mW. Furthermore, the maximum peak voltage for baseline is 64.4 V at 100 MΩ, while design 1 reaches maximum peak voltage at 55.3 V at the same resistor. 
[image: ]
Figure 11. Output voltage and power as function of the load resistor at a peak excitation of 0.4 g for baseline at 11.8 Hz and for design 1 at 8.9 Hz.

Influence of the acceleration on the output voltage and power for z-axis excitation
To investigate the effect of external acceleration on the electrical output, the peak acceleration was varied between 0.2 g and 2 g with a step of 0.1 g, and the peak voltage and power output were calculated in COMSOL using auxiliary sweep (study extension in frequency domain analysis). By using the optimal resistor value of 17.78 kΩ, the peak voltage and peak power were generated at 11.8 Hz for the baseline and 8.9 Hz for design 1. 


Figure 12. Harvested peak voltage and power as a function of the peak external acceleration with a load of 17.7 kΩ for (a) the baseline at 11.8 Hz and (b) design 1 at 8.9 Hz.

Figure 12 shows that the maximum peak voltage and power for baseline at 2 g are 172.6 V and 838 mW, while for design 1 at 2 g reaches 157 V and 693.6 mW respectively. Moreover, the peak voltage increases linearly with the peak excitation (mechanical displacement), while the harvested peak power increases quadratically with the peak excitation (mechanical displacement). These results show a good agreement with equation 1 below [15]: 


(1)1)







where P is power (W), R resistor (Ω), is mechanical displacement (m), is resonant angular frequency (Hz),  is electromechanical coupling properties of the piezoelectric materials, M is dynamic mass (kg), is a viscous damper (N.m/s), and is capacitance (F).
This simulation can be used to predict the expected output voltage and power once the amplitude and frequency content of the ambient vibration is known.

The discussion of benefit of baseline and design 1
Even though the baseline is able to generate a higher voltage and power than design 1, the baseline exhibits only one single peak with power greater than 1 mW. Hence, the baseline is ideal only for a source of kinetic energy which has a single frequency such as a rotating machine at a fixed rotating frequency. When the baseline is used to harvest vibrations with broadband or time-varying frequency content, the performance of the baseline will be significantly reduced, especially if the frequency content of the external vibration does not match the resonant frequency of the harvester.
Design 1, on the other hand, is more suitable to harvest kinetic energy from a broadband vibrations such as those of a bridge, human motion or many industrial applications. This is because design 1 features two peaks with power greater than 1 mW. Moreover, both peaks are below 20 Hz, making design 1 superior to harvest energy in the low frequency region over which broadband vibration sources generally occur.

ConclusionS

Two novel configurations of piezoelectric energy harvester (PVEH) were presented in this paper. The two designs featured a modified H-shape structure with a double clamped beam and a proof mass. One of the harvesters had an ortho-planar spring in the centre of the double clamped beam (design 1), while the other did not (baseline). FEA was carried out to analyse the dynamic and electrical behaviour of the two PVEH in x, y, and z directions.
 The following conclusion that can be drawn from the results of the numerical study:
Design 1 has lower natural frequencies, and all the first eight modes are at frequencies below 50 Hz, compared to the baseline. 
Design 1 shows a larger number of peaks in the frequency response function (FRF) compared to the baseline. Therefore, it is expected that design 1 will be able to harvest more energy than the baseline from broadband ambient vibrations. 
Design 1 exhibits two peaks (8.9 Hz and 19.9 Hz) of peak power higher than 1 mW which makes this design more suitable for broadband vibration sources. The baseline only features one peak of peak power higher than 1 mW at 11.8 Hz, showing that it can only harvest effectively single frequency vibration in the z axis. However, the first peak of the baseline has higher amplitude than that of design 1. The maximum peak voltage and peak power of the baseline are 34.5 V and 33.5 mW respectively, while the maximum peak voltage and peak power of the design 1 are 31.3 V and 27.6 mW respectively.
Both design 1 and baseline only harvested vibration energy efficiently along the z axis. However, when the excitation was along the other two axes (x and y) the two configurations generated peak voltages below 0.04 V and peak powers below 28 mW. 
The results of the numerical analysis form the basis of a future experimental programme to create and characterise a working prototype under controlled excitation in laboratory and real vibration environments. In order to optimise the performance of the harvesters, further investigations will address the optimum thickness ratio between the piezoelectric materials and substrate, the inclusion of additional piezoelectric materials on the ortho-planar spring, and the addition of the proof mass at the end of four cantilever beams.
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