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Abstract 

This study presents an optimized multi-resonant piezoelectric energy harvester to scavenge broadband energy over a 

frequency range between 11 Hz -17 Hz. The harvester encompasses a rectangular beam with two parallel splits to form three 

branches. The branches are of unequal length and width. End masses of dissimilar sizes were affixed at the ends of each branch 

to tailor the resonant frequencies. A piezoelectric material was laid on both sides of the driving beam to form a bimorph. The 

initial parameters of the harvester were obtained from a parametric study using the Finite Element Method. COMSOL 

Multiphysics software was used to apply boundary conditions to the design and to perform the optimization. The Bound 

Optimization by Quadratic Approximation (BOBYQA) algorithm was deployed in optimization because of its versatility in 

derivative-free, bound-constrained optimization problems. In comparison to its unoptimized form, a 31.67% average power 

increment was realized from the design. The optimal impedance was reduced from 5.62 kΩ to 1.778 kΩ, which enhances the 

efficiency of the harvester by reducing electrical damping. The proposed optimized harvester was compared to a Multi-

Resonant Piezoelectric Energy Harvester for verification. It was shown to be more effective by harvesting sufficiently higher 

broadband energy. 

© 2022 Jordan Journal of Mechanical and Industrial Engineering. All rights reserved 
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Nomenclature 

c    Damping coefficient matrix 

pc    Capacitance of the piezoelectric  

                                                       material 

k    Stiffness matrix 

m    Mass matrix of the harvester 

m1   Mass on Branch 1 
m2   Mass on Branch 2 

m3   Mass on Branch 3 

R    Load resistance 

v    Induced voltage 

x    Harvester displacement 

y    Base displacement 

w1   Width of Branch 1 

w2   Width of Branch 2 
w3   Width of Branch 3 

31d ,
33d ,

15d   Piezoelectric Constants 

1T , 
2T  and 

3T   Normal Stresses in x, y, and z  

                                                      Axes 

4T , 
5T  and 

6T   Shear Stresses 

E (superscript)                   Zero or Constant Electric Field 

T (superscript)  Zero or Constant Stress Field 

t (superscript)   Transpose of a Matrix 

, ,x y z    Harvester acceleration, Base  

                                                      acceleration, Relative  

                                                      acceleration  

z , z    Relative velocity and  

                                                      displacement vector tensors  

                                                       respectively. 

{ }D    Electrical Displacement Tensor 

{ }E    Electric Field Tensor 

{ }T    Mechanical Stress Tensor 

{ }s    Mechanical Strain Tensor 

[ ]d    Direct Piezoelectric Matrix

  

[ ]Es    Electric compliance matrix   

    Effective electromechanical  

                                                      coupling coefficient 

    Vibration frequency in rad/s 

[ ]    Permittivity Matrix 

Abbreviations 

CPEH   Conventional Piezoelectric  

                                                      Energy Harvester  

DOF   Degrees of Freedom 
FEM                    Finite Element Method 

MRPEH                    Multi-Resonant Piezoelectric  

                                                      Energy Harvester 

* Corresponding author e-mail: usamam@alexu.edu.eg. 
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PEH                 Piezoelectric Energy Harvester  
PZT                Lead zirconate Titanate 

SCMEH                Split Cantilever Multi-Resonant  

                                                  Energy Harvester 

1. Introduction  

The advancement in technology, especially in 

automation, structural health monitoring(SHM), predictive 

maintenance [1] and the Internet of Things (IoT), has 

triggered the need for self-powered microelectronic 

devices. Previously, such devices primarily drew their 

power from depletable chemical batteries that required 

periodic replenishment. Such batteries are hazardous to the 

environment at the end of their useful life, as noted by 

Lange et al [2] , that the sharp rise in energy usage has posed 

serious environmental consequences.  The mechanical-to-

electrical transduction mechanisms used include 

electromagnetic transduction, electrostatic transduction, 

and mainly piezoelectric transduction. Piezoelectric 

transduction involves the use of piezoelectric materials laid 

on one or both sides of a mechanical beam. When the 

composite is subjected to vibrations, the elastic substrate 

beam deforms and strains the piezoelectric material. 

Piezoelectricity is thus induced under strain to generate 

electrical energy. The harvesters possess different 

configurations spanning from narrow bandwidth harvesters 

that operate on a sole resonant frequency to multimodal 

harvesters with more than one operational resonant 

frequency. The essence of energy harvesting is to 

complement replaceable batteries and provide a sustained 

energy supply for microelectronic devices. Energy 

harvesters, therefore, offer a theoretically perpetual power 

source to enhance autonomy and prognostics. As a result, 

vibration, an otherwise unsolicited phenomenon, can be put 

to valuable use like charging mobile devices [3]. 

A harvester must discharge vital power to a specified 

electrical load (appliance) for extended periods to be 

efficient. For this motive, the energy from a harvester 

should be maximized with diminutive alteration to the 

existing constraints such as space and vibration source 

frequencies. One primary method of accomplishing power 

maximization is through optimization. Optimization is a 

technique that has been widely deployed in many forms, 

such as: stochastic and deterministic optimization, shape 

optimization, geometry optimization, and topology 

optimization. Hybridization is a technique whereby more 

than a single transduction method is deployed in attempts to 

optimize harvesters, although Ahmad et al. highlighted the 

benefits of using a standalone device [4]. Besides these 

techniques, optimization has been capacitated through 

increasing the electromechanical coupling. For instance, 

Cho et al. [5] highlighted the impact of piezoelectric 

residual stress and coverage of the electrodeon the electrical 

coupling coefficient. It was concluded that the optimum 

coupling was achieved at an electrode coverage of 60%. 

Wang and Wu further investigated the impact of 

piezoelectric patch positioning and measurements on the 

performance of a cantilever harvester. It was inferred that 

the efficiency decreases as the position of the piezoelectric 

patch moves away from the fixed end of the beam. In an 

attempt to maximize the power output, beams with initial 

curvature were also exploited by Yoon et al. [7]. Elahi [8], 

on the other hand, inferred that the piezoelectric material 

and substrate length ratio had a significant impact on the 

performance of the harvester. Elahi et al. [9] proved that a 

rectangular patch is more efficient than a circular patch, and 

the length of the patch in relation to the driving beam length 

affects the harvester’s performance. For instance, equal 

lengths of aluminum substrate combined with a PZT-5A 

piezoelectric material were reported to have the maximum 

voltage induced at the utmost tip displacement.  

Topology optimization entails material removal and/or 

material orientation such that the material is deposited at a 

location where its maximum performance can be achieved. 

Acciani et al. [10] realized a 16% increase in harvested 

energy efficiency from a multimodal device. The increment 

was achieved by varied material removal from the said 

structure. A differential configuration is used to achieve 

maximum efficiency. Kim and Shin [11] reported a 

topologically optimized harvester. A method to optimize 

material layout was developed using a semi-empirical 

equation for electromechanical coupling. Various 

piezoelectric materials were tested, and enhanced efficiency 

was realized for all of them. Lee and Tovar [12] optimized 

an energy harvesting skin using a Hybrid Cellular 

Automata. The domain is discretized to form Cellular 

Automata, and the output power is maximized by finding 

optimum densities and polarizing directions in every 

Automata. Later, Thein and Liu [13] performed a two-stage 

optimization process, where the shape of the cantilever and 

intrinsic topology features were adopted to enhance power. 

In the first stage, the notable increment doubled, while in 

the second stage, the increment was 11% higher, compared 

to a traditional rectangular cantilever. Wein et al. [14] 

incorporated stress constraints to optimize a harvester 

topologically. Their design has higher flexibility due to its 

varying shapes. High power capacity is achieved for 

structures at their resonance.  

In shape and geometry optimization, optimum design 

shapes and geometric configurations are determined to 

maximize output power. Dietl and Garcia [15] sought to 

optimize the shape of a non-uniform width harvester. They 

intended to localize the strain in zones where it could yield 

the utmost power. A heuristic code was developed and 

utilized to obtain optimum shapes. Harvested power was 

found to increase in devices constrained by mass, and the 

mass was found to decrease in devices constrained by 

power. Similarly, Park et al. [16] optimized a rotary motion 

energy harvesting device. Well tapered and rectangular 

cantilevers were analyzed. The setup was simulated using 

Sequential Quadratic Programming, and a 37% energy 

increase was realized. On the other hand, Mohamed et al. 

[17] validated a new shape optimization technique. A range 

of shapes from rectangular to triangular, T-shaped, L-

shaped, and variable-width shapes were optimized. It was 

inferred that the T-shape produced the highest power. Wang 

et al. [18] attempted to improve output from a harvester by 

the use of a double cantilever. A substantial improvement 

was realized.  

Many optimization techniques have been developed and 

deployed. Shape and topology optimization are the most 

common, and they are well suited for single-mode 

harvesters. It is also challenging to envisage locations of 

high stress for piezoelectric material placement. Similarly, 

the use of prestressed beams or beams with an initial 

curvature reduces the amount of force under which the 
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harvesters can operate effectively, as they encourage 

failure. If implemented in the multi-mode harvesters, these 

techniques affect the distribution of the fundamental 

frequencies, resulting in a large separation between them. 

This study aims to enhance the power output of a 

multimodal energy harvester through the selection of 

optimal geometrical parameters using the COMSOL 

Multiphysics optimization module. On the other hand, the 

end masses have been used for frequency tuning in the 

literature with no consideration of their effect on the power 

output. Therefore, this study attempts to determine the 

optimum magnitude of the end masses for maximum power 

output. 

Finite Element Method (FEM) has been extensively 

used to accurately study vibration energy harvesters. 

Validation of the finite element method results has been 

achieved through either analytical methods [19, 20], or 

experimentally [21, 22]. Both these methods have shown 

that FEM can accurately and effectively study energy 

harvesting methods, and as a result, COMSOL FEM has 

been chosen for this study.  

2. Harvester design 

The harvester’s design features a split cantilever multi-

resonant energy harvester (SCMEH), as shown in Fig.1. 

The design presented by the authors in the un-optimized 

form [23] will be subject to optimization in this study. 

 
(a)  

 
(b)  

Figure 1. Schematic view of the proposed harvester:(a) Design of 

the SCMEH; and (b) detailed view. 

The design constitutes a beam with two parallel splits to 

form branches of unequal length and width. The difference 

in width serves to lessen out-of-phase vibration of the 

branches, which may lead to voltage cancellation. On the 

other hand, the effect of the difference in length of the 

branches, on the other hand, aids in providing an appropriate 

distribution of natural frequencies. The piezoelectric layer 

is deposited on both sides of the substrate to form a 

bimorph. Each branch has a tip mass for tuning the 

fundamental frequencies of the harvester.  The harvester’s 

design is versatile since it can effortlessly be modified to 

suit target vibration sources, and thus it can be used in a 

wide range of applications. Furthermore, it requires low 

excitation forces as it is free of linkages, which makes it 

suitable for ambient environmental vibrations. The design 

minimizes phase differences and thereby achieves higher 

peak energy when compared to other designs explored in 

the literature, as well as produces high power density. The 

materials used for both the substrate and piezoelectric 

material of the harvester are shown in Table 1. 

Table 1. Material properties of the harvester 

Parameter  Substrate Piezoelectric 

Material  Brass PZT-5H 

Elastic modulus (GPa) 110 127 

Poisson’s ratio 0.33 0.31 

Density(kg/m3) 9000 7500 

Brass is the preferred substrate material due to its high 

modulus, which supports a substantial magnitude of the tip 

masses without deflection. In addition, it can be applied in 

several vibration environments. Similarly, PZT-5H is the 

preferred piezoelectric material because of its higher 

piezoelectric constant.   

3. Harvester parametric study 

The parameters chosen for the harvester’s optimization 

are the tip masses’ magnitudes, the harvester’s length, and 

the thicknesses of the substrate and piezoelectric materials. 

The effect of mass and length on natural frequencies was 

found and demonstrated in the previous work by the authors 

[23]. It was inferred that increasing beam length reduces the 

fundamental frequencies while increasing beam thickness 

increases the natural frequency. However, the effect of 

width on the natural frequency is relatively small[24], but 

the branch width significantly affects the phase variation in 

the vibration, as previously confirmed by the authors [23]. 

Therefore, proper selection of beam size parameters is 

essential to achieve a suitable design for a specified 

application. The initial parameters of the harvester, as 

obtained from the parametric study by the authors [23], are 

presented in Table 2. 
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Table 2. Parameters of the proposed SCMEH [23] 

4. Modeling of the harvester 

The harvester, being a mechanical system, is represented 

as a spring mass and damper system with the applied 

acceleration as a forcing function. Modeling the system as 

an inertial mass component under a base acceleration, its 

internal resistance analogizes the stiffness element. A 

damper is incorporated to analogize the energy dissipation. 

For simplicity, the system is assumed to be a lumped 

mass model, and its coupled governing equations are 

written as:  

mz cz kz v my   
            (1) 

p

v dv dz
c

R dt dt
               (2) 

where; 
z x y 

   

 and pc in Eq. (2) are defined as; 

L

eA
  

L

A
c s

p                (3) 

where z and z are the relative velocity and displacement 

vector tensors respectively. Eq. (3) depicts the influence of 

harvester parameters on piezoelectric constants. 

Eq. (1) represents the mechanical part of the system, 

while Eq. (2) represents the electrical part. A combination 

of the two is known as electromechanical coupling [26]. On 

the other hand, the following equations govern the 

piezoelectric effect: 

     E ts s T d E                                   (4) 

      TD d T E                 (5) 

Equations (4) and (5) express the inverse and direct 

piezoelectric effects, respectively. Since the system is under 

the direct piezoelectric effect, Eq. (5) is used to describe it, 

whereby the induction of stress in the beam leads to the 

production of charge.  

The constants in Eq. (4) show the influence of individual 

harvester parameters on the harvester’s performance. The 

above model is solved as a distributed model using the 

Finite Element Method (FEM) in COMSOL Multiphysics 

to determine its response.  

4.1. Optimization formulation 

The finite element model of the design described above 

is modeled in COMSOL Multiphysics. Through a grid-

independent test, a range of element sizes ranging from 

coarse to extremely fine were tested and their effects 

analyzed. The element size is selected such that the 

accuracy of the solution is not dependent on it while 

maintaining a reasonable computational time. Hence, a fine 

size was used in this study and skewness was used to test 

for the element quality. A natural frequency study was 

conducted to determine its eigen frequencies. In the 

frequency domain study, the optimization module is 

applied. BOBYQA (Bound Optimization BY Quadratic 

Approximation) is chosen as the optimization solver due to 

its robustness and numerous advantages as described by 

Powell [27]. BOBYQA is an iterative algorithm to optimize 

any function, with each iteration employing a quadratic 

approximation. The medians of the bounds are selected as 

the initial values to reduce the computational effort when 

seeking the optimal values. Since BOBYQA is bound-

constrained, no derivatives are provided by the user, and for 

this reason, extreme geometric parameter values related to 

the objective can be executed. 

The output power (P) of the harvester is selected as the 

design objective function and it is defined as: 
2

0 0 0P I V I R               (6) 

Where 0I  and 0V  are the output current of the harvester 

and the voltage drop, respectively, at the initial load 

resistance ( 10R k  ). The relationship between the 

harvester output power and the device parameters is 

illustrated by  and pc in Eq. (3), whereas the relationship 

between the mechanical strain and piezoelectricity is shown 

in Eqs. (4) and (5). 

By incorporating the terms in Eq. (3) the objective 

function as derived by Lefeuvre et al.[28] becomes: 

2 2

2

p

rec v

p

Rc
P V c

R
Rc






 

 
 

  
 
 

        (7) 

To illustrate the effect of the respective harvester 

parameters on the power output, the constituent terms of Eq. 

(3) are substituted in Eq. (7) yields the following equation:  

2 2
2

s

rec v
s

L
R A

eA
P V c

L eAR
R A

R


 


 

 
 

  
 
 

  (8) 

In Eq. (8), the length L represents all the aspects of 

length l1, l2, and l3. On the other hand, all the mass elements 

m1, m2, and m3 are illustrated since the natural frequency 

depends on the inertial component of mass. 

Parameter 

Symbol 

Description Substrate PZT Mass 

L(mm) Length  60 60  

Lr(mm) Length of root 18 18  

w(mm) Width 12 12  

w1(mm) Width of branch 1 2 2  

w2(mm) Width of branch 2 3 3  

w3(mm) Width of branch 3 5 5  

l1(mm) Length of branch 1 32 32  

l2(mm) Length of branch 2 42 42  

l3(mm) Length of branch 3 52 52  

t(mm) Depth 0.4 0.2  

m1(g) Mass on branch 1   49 

m2(g) Mass on branch 2   41 

m3(g) Mass on branch 3   51 
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Since 
0

2
rec

V
V  ’ 

Therefore, the objective function is 

 
2

0

2

V
P

R
               (9) 

With the objective function now setas Eq. (9), the control 

variables can be expressed as the lower and upper bounds 

of the design parameters shown in Table 3, while the 

constraint, which is the natural frequency of the vibration, 

is expressed as: 

1 17g Hz             (10) 

The 17 Hz constraint is chosen to accommodate any 

deviation that may ensue due to the changes in dimensions 

and mass magnitudes after the optimization process, as the 

structure, in its unoptimized form, was initially designed to 

perform at a frequency below 15 Hz. 

Table 3. control variables  

parameter Lower bound Upper bound 

l1(mm) 10 60 

l2(mm) 10 60 

l3(mm) 10 60 

t1(mm) 0.1 0.5 

t2(mm) 0.1 0.5 

m1(g) 5 60 

m2(g) 5 60 

m3(g) 5 60 

 

The objective function in Eq. 9 and the control variables 

in Table 3 are applied in the optimization module, and the 

BOBYQA algorithm generates optimal parameters for the 

harvester. The fixed values of the design parameters 

represent the bounds around which the algorithm attempts 

to find the values that yield the maximum power. The upper 

bound was selected as the longest permissible length under 

which the structure could operate without initial curvature 

occurring, while the lower bound was chosen arbitrary to a 

length under which no notable deflection could happen with 

the available loading. The optimization procedure is shown 

in Fig. 2. A COMSOL FE model is used to compute the 

performance required for optimization. Power and 

mechanical stress are two examples. The optimal values 

obtained are shown in Table 4. 

Table 4. Optimum parameters of the harvester 

parameter Optimal value 

l1(mm) 27.704 

l2(mm) 36.886 

l3(mm) 51.224 

t1(mm) 0.44015 

t2(mm) 0.20402 

m1(g) 49.0846 

m2(g) 41.5765 

m3(g) 51.975 

The parameters for the optimal harvester presented in 

Table 4 are used to simulate the optimized SCMEH, and to 

determine its performance which will be discussed in the 

coming section. 

5. Simulation of the optimized harvester 

The optimized harvester is modeled in COMSOL 

Multiphysics using the optimal parameters obtained from 

optimization shown in Table 4. Boundary conditions are 

applied to the harvester to simulate its response. The 

boundary conditions include a base acceleration of 0.2 g and 

a load resistance of 10 kΩ. The resistance is chosen to 

emulate an open circuit state. The condition that must be 

satisfied by the resistance is that it must be greater than the 

internal resistance of the piezoelectric material. However, 

later in this work, an optimum resistance for maximum 

power output will be evaluated. A damping loss factor of 

0.001 is selected for damping. The loss factor is selected 

according to the material properties, as provided in the 

COMSOL material library. The initial displacement is zero, 

and the ground and terminals are configured to assume a 

parallel connection. An eigenfrequency study was first 

conducted to obtain the mode shapes and the fundamental 

frequencies that need to be matched to the source frequency 

for the harvester to operate at its resonant frequencies. 

5.1. Eigenfrequency study  

The optimized harvester’s mode shapes are shown in 

Figure 3. The first, second, and third fundamental 

frequencies are 11.729 Hz, 13.951 Hz, and 15.36 Hz. In the 

harvester’s unoptimized form, the first, second, and third 

natural frequencies are10.702 Hz, 12.702Hz, and 14.007Hz, 

respectively. This signifies a slight variation in the natural 

frequency. However, the variation is within the targeted 

value of ≤17Hz. The variation in the magnitude of the 

natural frequencies is due to the change in harvester 

dimensions brought about by optimization. In the first mode 

shape, Fig. 3(a), all the branches deflect in the same 

direction, with branch 3 having the maximum deflection. 

No phase difference is experienced; hence maximum strain 

is induced on the piezoelectric element, since torsional 

vibration is minimal. During this mode, the highest peak 

power is expected since no voltage cancellation effect 

exists. Branches 1 and 2 deflect in the same direction in the 

second mode, while branch 3 deflects slightly in the 

opposite direction resulting in a slightout-of-phase vibration 

as illustrated in Fig. 3 (b). For this reason, the expected 

voltage and power peaks will be somewhat lower than the 

voltage and power in the first mode. During the third mode, 

shown in Fig. 3 (c), branches 1 and 2 deflect in opposite 

directions, while branch 3 remains undeflected. Such 

deflection results in a large out-of-phase vibration, and the 

lowest power peak is expected in this mode. This is due to 

the cancellation effect of the power and voltage peaks in the 

bending modes. The cancellation arises because part of the 

beam is under tension while the other part is under 

compression to produce a torsional effect. The energy from 

the torsional modes is not considered in this study. 
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Figure 2. Procedure for COMSOL Optimization process 
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(a)                             (b) 

 

(c) 

Figure 3. Eigen frequencies and mode shapes of the harvester: (a) 1stmode shape, (b) 2ndmode shape and (c) 3rd mode shape  

5.2. Frequency response of the harvester 

A harmonic analysis is conducted to determine the 

response of the harvester in the frequency domain and to 

verify the natural frequencies obtained from the modal 

analysis. The boundary conditions under which the study is 

carried out include a base acceleration of 0.2g, a resistance 

of 10 kΩ, initial displacement of zero, and a damping loss 

factor of 0.001. The criteria for selecting the resistance and 

the damping factor are stated in the previous section. A 

frequency sweep is carried out at a frequency range between 

9.5Hz and16.5Hz, and the response of the harvester is 

observed. 

Figure 4 illustrates the frequency response of the 

harvester in both the unoptimized and optimized states. The 

dashed line represents the response of the unoptimized state, 

while the solid line represents the optimized state. The 

response is highlighted in terms of voltage and power. Fig. 

4 (a) shows the voltage drop across the piezoelectric 

element due to the vibration-induced piezoelectric effect. 

For the unoptimized state, the voltage values obtained are 

65.11 V, 37.41 V, and 15.32V at the first, second, and third 

resonant frequencies, respectively. The natural frequencies 

corresponding to the voltage peaks are 10.25 Hz, 12.60 Hz, 

and 14.01 Hz. 

On the other hand, the optimized harvester has three 

voltage peaks corresponding to the open circuit resonant 

frequencies. The first, second, and third resonant 

frequencies are 11.2 Hz, 13.8 Hz, and 15.4 Hz. The voltage 

magnitude values corresponding to these frequencies are 

68.55 V, 53.33 V, and 14.24 V, respectively. It is worth 

noting that there is a slight variation between the natural 

frequencies obtained from modal analysis and harmonic 

analysis. The alteration of the harvester stiffness due to 

induced electrical damping brings about this variation in 

frequency. A comparison between the optimized and 

unoptimized states of the harvester shows a sufficient 

improvement through optimization. A notable increment of 

15.41% in average voltage was realized compared to the 

prior unoptimized harvester. The maximum increment of 

42.55% is observed in the second mode due to the reduced 

phase difference, which in turn reduces the voltage 

cancellation effect. The cancellation is prominent in the 

unoptimized harvester. However, the cancellation is high in 

the third mode due to a large out of phase variation.The 

variation leads to a slight reduction in the peak voltage. The 

reduction in voltagedoes not affect the overall improvement 

of the harvester's performance since the third peak is 

generally lower than the first two peaks. A notable drop in 

voltage and power is seen between the first and second 

resonant peaks of the unoptimized harvester at 12Hz. The 

decline is caused by the antiresonance phenomenon 

[25].The 12Hz frequency is the antiresonance frequency, 

whereby the vibration amplitude drops to almost zero. Even 

though the performance is improved after optimization, the 

antiresonance effect is still visible at 13.1 Hz, which is a 

prevalent occurrence in multi-degree of freedom systems, 

particularly those under direct excitation [29]. Fig.4(b) 

shows the power generated across the 10kΩ resistor.As 

shown by the dashed line, the power peak power values of 

the unoptimized harvester are 212.8 mW, 69.95 mW, and 

11.73 mW, corresponding to the first, second, and third 

resonant frequencies, respectively. For the optimized 

harvester, the three power peaks conforming to the first 

three resonant frequencies are 235.02 mW, 142.2 mW, and 

10.15 mW, respectively, illustrated by the solid line. The 

utmost peak power increase is obtained in the second mode, 

with a rise of 74.52%. The average power increase across 

all the modes is 31.67%. The harvested power shows similar 

behavior to the voltage drop, except that the power is mainly 

dependent on the impedance. The relationship between the 
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harvested power and the voltage is 

2

2

v

R
.The dependence 

of the harvested power on the impedance indicates that there 

exists a critical value of impedance upon which the 

harvested power is maximum and will be determined in the 

next section. 

5.3. Performance at optimal resistance 

A load dependence analysis in the frequency domain 

was undertaken to select the optimal resistance to generate 

maximum power. Theoretically, the tip deflection is 

minimum at a load resistance of
1

2 p

R
c

 where  is 

the vibration frequency in rad/s. This propounds that for 

improved performance, the resistance should be set at a 

critical value. It is noted that very high or very low 

impedance has a detrimental impact on the harvester’s 

power or voltage magnitude [31, 32].  

Fig.5 illustrates the response of the optimized and 

unoptimized states of the SCMEH at their respective 

optimal load resistances. The response of the optimized 

harvester is plotted by the dashed line, while the solid line 

plots that of the unoptimized harvester. It is worth noting 

that each mode has its own load value where maximum 

power can be harvested. Therefore, the optimum load is 

considered to be at the first peak, where the output power of 

the harvester is generally higher and can compensate for the 

subsequent modes. For the optimized harvester, the optimal 

load resistance obtained from the load dependence study is 

1.778 kΩ, whereby a peak power of 416.8 mW is realized in 

the first mode, as shown in Fig.5(a). 

On the other hand, the optimal resistance of the 

unoptimized harvester is 5.62 kΩ, with a peak power 

of 220.1 mW in the first mode. When comparing the 

performance of the SCMEH in both the optimized and 

unoptimized states, an 89% power increase is 

achieved in the first mode. On average, a power 

increase of 56% is realized across all resonant peaks 

of the optimized harvester compared to the 

unoptimized one. The optimized harvester is thus 

more efficient since the optimum load is lower than 

that of the unoptimized state. The capability of the 

harvester to operate at a low impedance eliminates the 

need to use infinitely large loads as previously 

employed in the literature. The advantage of lowering 

optimal loads is that sufficiently high power values 

can be obtained without sacrificing the voltage 

magnitudes, which yields relatively high voltages 

while minimizing the power output. Fig.5(b) shows 

the relationship between load magnitudes and the 

voltage drop in the two states of the harvester. In both 

states, the voltage increases to an asymptotic value 

with an increase in load resistance. However, at a 

specific value of the load, the effect of the load 

diminishes. This further explains the need for an 

optimal resistance value since any further increase in 

load will adversely affect the power output. The 

voltage values in the optimized state are generally 

higher than those in the unoptimized states. 

 

(a) 

 

(b) 
Figure 4. Frequency response of the harvester : (a)voltage and (b) 

power 

 
(a) 

 
(b) 

Figure 5. Performance under varying load resistance: (a) power 

and; (b) voltage 
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5.4. Performance under varying acceleration 

It is logical to predict that as acceleration values 

increase,so will the performance of both harvesters. 

However, the proportion of the increase is unknown, and 

therefore, this analysis seeks to understand the relationship 

between acceleration and harvester performance.  

 
(a) 

 
(b) 

Figure 6. Performance under varying acceleration: (a) power and; 
(b) voltage 

Figure 6 illustrates the influence of acceleration on both 

the optimized and unoptimized states of the SCMEH. The 

dashed line shows the performance of the optimized state, 

while the solid line shows the performance of the 

unoptimized state. Usually, the performance of any given 

harvester largely depends on the magnitude of force applied 

through acceleration. This force, however, should be limited 

to the factor of safety of the harvester’s materials to avoid 

damage or singularity [33]. The harvested power for 

optimized and unoptimized states varies exponentially with 

the applied base acceleration, as shown in Fig. 6 (a).On the 

other hand, the voltage varies linearly with the base 

acceleration, as shown in Fig. 6 (b). Under the same 

acceleration values, the average power and voltage trend 

indicate that the optimized state has higher magnitudes, 

unlike the unoptimized one. This shows that more energy 

levels can be harvested with the optimized state even when 

lower excitation forces are used. However, acceleration 

may give a false impression if solely used as the only factor 

to enhance the harvester’s performance. This is because, 

beyond critical strain values, no more strain can be induced 

in the material, provided yield stress is not exceeded. 

  

6. Influence of individual material proportions on the 

performance of the harvester 

The proportions of both the piezoelectric and substrate 

materials tend to affect the frequency and performance of 

the harvester [9]. This has been brought to light by the 

volume difference between the optimized and unoptimized 

harvesters. The un-optimized harvester has a 50% 

proportion of the substrate and piezoelectric materials, 

whereas the optimized one has 48%of the piezoelectric 

material and 52% of the substrate material. Therefore, a 

study was carried out on the optimized harvester to 

empirically determine the effect of material proportions on 

the harvester’s performance. Since the length and breadth of 

both materials are identical, a sweep of the material depths 

will be used to study this variation. However, during the 

study of this variation, the volume of the harvester was kept 

constant. This is achieved by varying the material thickness 

and not limiting the variation to the piezoelectric material. 

 

(a) 

 

(b) 

Figure 7. Effect of varying piezoelectric proportion percentage 

below the optimum: (a) voltage and; (b) power 

Figure 7 shows the harvester’s performance with various 

values of the piezoelectric material depth below the 

optimum depth. The material is varied from 0.05mm to 

2mm at an interval of 0.05 mm, which translates to a 

proportion of 12.5% to 37.5% at a 12.5% interval of the total 

volume of the harvester. At 12.5%, the first mode peak is 

the highest, at 79V, but with a little noise as its value rises 

towards the peak. The second and third modes are relatively 

lower compared to the corresponding modes of other 

proportions. At the 25% piezoelectric proportion, the 

voltage is somewhat higher atthe first peak, at 59V, while 
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the subsequent modes’ peaks diminish significantly with 

some noise as the vibration transitions from the first peak to 

the second peak. At a 37.5% piezoelectric proportion,the 

first and second mode voltage peaks tend to have the same 

magnitude of about 54V. Their distribution is reasonably 

good, but the first mode terminates at the beating frequency 

before resonance is reached.In addition, in the first mode, 

the vibration changes direction before fully equalling the 

natural frequency of the harvester.Therefore, it does not 

have a distinct peak, and for this reason, this piezoelectric 

proportion is not appropriate for use in the SCMEH. At the 

optimal design, where the piezoelectric proportion is 48%, 

improved performance is realized.Sufficiently higher 

voltages of 69.95 V, 53.3 V, and 11.73V are obtained in the 

first, second, and third modes.  

 

(a) 

 

(b) 

Figure 8. Effect of varying piezoelectric proportion percentage 

above the optimum: (a) voltage and; (b) power 

Figure 8 illustrates the harvester’s performance under 

varied substrate material depths. Since the substrate 

thickness is varied, the piezoelectric depth is above the 

optimum value. When the piezoelectric proportion is above 

the optimum, it has a significant effect on the harvester's 

performances well as the overall strength and integrity of 

the device. This, in turn, translates into the service life of 

the harvester. Therefore, it is not recommended to design 

the harvester with the 87.5% and 75% piezoelectric 

proportions because the depth of the substrate is 

significantly reduced, and initial curvature may occur 

before excitation. However, the 75% piezoelectric 

proportion has been included in this study to examine the 

behavioral response but not for operational purposes. As 

shown in Fig. 8 (a), the peak voltages are 59.95 V and 18.4 

Vfor the 75% proportion. On the other hand, the 62.5% 

piezoelectric material proportion has a voltage of 50V in the 

first mode, with some noise immediately after the peak. The 

voltages in the second and third modes are 23.56 V and 

13.48 V, respectively. At the50% piezoelectric proportion, 

a fair distribution of voltage peaks is shown, with 65.1 V, 

36.2 V, and 13.6 V in the first, second, and third modes, 

making it a reasonably good design for this harvester. 

Nevertheless,compared to the optimized form, all the other 

proportions have a relatively lower output power, rendering 

the optimal design efficient.Moreover, the power generated 

is proportional to the voltage when the load resistance is 

maintained at a constant relationship as presented in Eq. (9). 

Therefore, a considerable improvement is experienced in 

the optimal design in terms of power and noise elimination. 

It is inferred that high performance is achieved when the 

piezoelectric material is slightly lower at 46% to 48% of the 

harvester’s total volume. The changing piezoelectric 

coupling coefficient brings about differences in the 

harvester’s performance with various piezoelectric 

proportions in the piezoelectric material. Furthermore, the 

mass element affects performance because performance is 

heavily dependent on the inertial component. However, 

with large thickness values of the substrate, the performance 

tends to decrease since high excitation forces are required 

to induce reasonable strain, as the internal resistance of the 

substrate resists deformation. The power values in both 

figures7 and 8 are proportional to the voltage. The 

proportionality is similar to that illustrated in section 5.2. 

7. Comparison to a Multi-Resonant Energy Harvester 

(MRPEH) 

The performance of an optimized SCMEH is compared 

to that of an experimentally validated Multi-Resonant 

Piezoelectric Energy Harvester (MRPEH) [34]. The 

MRPEH features two triangular branches on the main beam 

and a Macro-Fiber Carbon (MFC), a piezoelectric element. 

The MPEH's base is excited with a 0.2 g base acceleration 

and a 1 MΩ load connected across its terminals. Two 

resonant peaks are obtained at the frequencies of 3.89 Hz 

and 7.81 Hz, at which a voltage of 21.69 V and 9.3 V, 

respectively, is shown in Fig. 9(a). 

The power comparison, on the other hand, shows a 

greater disparity. Because it can perform efficiently at low 

impedance values, the SCMEH achieves superior peak 

values as shown in Fig. 9(b). For this reason, at its optimal 

impedance of 1.778 kΩ, the maximum peak obtained is 

416.8 mW. 
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(a) 

 

(b) 

Figure 9.  Performance comparison between SCMEH and 

MRPEH [34]: (a) voltage and (b) power 

Conclusion  

The optimized multimodal harvester in this study 

provides an insight into an optimization technique to 

optimize a multimodal harvester without using sensors or 

complex algorithms. In the literature, the magnitudes of the 

end masses and harvester lengths have been used to tune the 

resonant frequencies but not to enhance performance and 

output. However, in this work, masses and lengths have 

been used to influence the output power. The efficiency of 

the optimized harvester is reflected by high output power 

and superior power density (power per unit volume) 

compared to the unoptimized harvester. The proposed 

dimensional optimization technique showed that using 48% 

of the piezoelectric proportion for this harvester and 52% 

substrate proportion yields the maximum power. Also, the 

load resistance was reduced from 5.62kΩ in the 

unoptimized harvester to 1.778kΩ, and this is an advantage 

since unmatched impedance leads to power loss. It is also 

realized that the effective mass of the harvester was 

reduced, which increases its applicability, as it can be 

retrofitted in many additional different areas. By increasing 

the acceleration values, the output of the optimized 

harvester increases. However, acceleration cannot indicate 

better performance since, at practically higher values, the 

harvester materials may yield. Generally, through 

optimization, the average power output increased by 

31.67% at 0.2g acceleration and 10kΩ load resistance. With 

the high rate of adoption of IoT and wireless sensor 

networks in structures, the development of highly efficient 

energy harvesters will aid in the continuity of their 

operation. Therefore, the harvester proposed in this study is 

deemed to offer a solution to the intermittency experienced 

in the operations of microelectronic devices during battery 

replacements. Further incorporation of active frequency 

tuning mechanisms can be explored for the proposed 

multimodal harvester in the future.  
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