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and evaluate the bandwidth frequency of the voltage output. Three

different categories A, B & C have been studied including three different

Array, broadband, energy harvester, materials, tungsten, steel, and aluminum used on the array beams and

multi-cantilever, piezoelectricity the tip mass to investigate the effect of the weight and the location of
the tip mass on the beam. Additionally, twenty sub-categories of
configuration of the tip mass have been presented and evaluated in the
paper. The collected data from different arrangements of the block
masses and the use of different materials helped conclude the
correlation among the location, weight of the tip mass, the magnitude
of outcome and resonant frequencies. The paper identifies potential
arrangements of multi-cantilever array system to broaden the
bandwidth frequency.
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1. Introduction

The primary trends in the development of electronic devices right now are miniaturization, multifunctionality,
portability, flexibility, considerable processing capabilities, and efficient low-power networking [1]. It is possible
to supply many electrical devices with long-lasting power by harnessing ambient energy sources such mechanical
vibrations, heat, fluid movements, electromagnetic radiation (light and radio waves), and biological energies.
Wireless sensor networks, portable electronics, and wearable and implanted biomedical devices are some of these
gadgets. These gadgets have often been powered by electrochemical batteries. The cost of recharging or replacing
batteries is increased by the fact that they have a finite lifespan that is frequently shorter than that of the devices
themselves. In the case of biomedical equipment, changing the batteries necessitates extra procedures, putting
patients at risk for infection and other problems while also costing hospitals money. Additionally, batteries are
big and add a lot to the size and weight of electronic gadgets, which prevents their miniaturization. A lot of
research and development has been put into enhancing energy harvesting technologies as self-powering options
for a variety of wireless electronic devices in response to these difficulties [2]

Although we are surrounded by ambient sources of energy to harvest from, one of the easiest and commonest
sources is vibration, therefore over the years it has taken a hike of interest among the researchers for well listed
reasons [3][4]. The vibration found in our surroundings can easily be transformed into electrical output via
electromagnetic, electrostatic, or piezoelectric method [5]. Albeit the generated electrical output using the
amendatory vibration is not scalable enough to power big devices, they are quite sufficient to power electronic
devices that require minimum electrical inputs [6]. Although these harvesters produce clean energy and with a
high resonant peak, the limitations occur at their shrink bandwidth [7]. Hence, the implementation arrays are a
way of creating a broadband harvesting system to satisfy a constant output within a range of frequencies showing
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multiple resonant frequencies instead of one. Array harvesters are not a new phenomenon that has been studied
or implemented. Over the years, to broaden the natural frequency, many implementations have been made by
many researchers. External magnets have been used to enhance the power density [8], frequency tuning has been
applied to broaden the bandwidth with sliding masses [9]. Different shapes of harvesters have been tested to
attain optimization [10], similarly graded piezoelectric beams have been used for further development in the field
[11].

This paper presents how the location of the tip mass reflects on the outcome of the natural broadband
frequency. COMSOL Multiphysics have been used to evaluate and achieve the voltage and electrical power
outcome within a range of 40 Hz. This linear array approach takes the finding of the effect of location of the mass
impacting the outcome based on the results achieved on single cantilever beams in previous studies [12] are
considered.

2. Design of the System

2.1 Vibration Energy Harvesting Method

Electromagnetic, electrostatic, and piezoelectric are the three fundamental choices when it comes to Vibration
energy harvesting [13]. Among these three, piezoelectric method is known for its accuracy, precision and coverage
over a large range of natural frequency [14][15]. Hence its use can lately be seen in military as well. The simplicity
of the design and fabrication, as well as the efficiency of conversion in real time dictates piezoelectric method over
the other two.

2.2 Analytical Method

The analytical modelling of a multi-cantilever beamed piezoelectric energy harvester can be derived using Euler-
Bernoulli’s equation and can be expressed as the following,

aZM (x: t) aszrel(xr t) azrel(x' t) + a Zrel(x t) zzb(x: t)
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In equation 1, M(x,t) quotes the bending moment applied on the harvester, zre is the transverse deflection, the
second moment of inertia is represented by , the strain damping is represented by cs, the viscous damping or air
is presented by cq, the mass of the harvester is m and m: is the tip mass. The base excitation is zs(x,t).

0°M (x, t) azz(x t)

o - = = f,(x,t) (2)

Substituting the undamped force in equation 1 leads us to equation 2, where f;(x,t) signifies as the inertia
force caused by the base excitation. Since, free vibration has been used for natural frequency, substituting fo(x,t)=
0 leads us to the following,

0%M (x,t) 0%z(x,t)
+m =
0x? ot?

(3)

Equation 4 expresses the mass of the harvester, m. In this circumstance, the density of the substrate layer
material and piezoelectric material is expressed as psand pp, hs and h, signifies the thickness of the substrate
material and the piezoelectrical layer. L is the length of the cantilever and L, is the length of the piezoelectric layer
and b stands for width of the cantilever.

m = b (ps hsL + p, hypLy) (4)
The voltage, resistance and power can be expressed in the three following equations,
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In the equations presented above, wn is the natural frequency. The amplitude of the base acceleration is
presented by ain. K3:and { is the coupling coefficient and the damping ratio. The dielectric constant is represented
by &. The expression cpis the capacitance and can be expressed as,

2ebl
_ p
cp = A

(8)

14

The simulation ran in COMSOL Multiphysics on a multi-cantilever basis piezoelectric energy harvester can be
validated by this analytical model presented.

2.3 Parameters and Simulation

COMSOL Multiphysics was used to design an array of beams holding a mass block on one end and a piezo patch
adjusted on the fixed end of the beam. Figure 1 represents the visual illustration of the 3D model drawn in COMSOL
Multiphysics of the multi cantilever beam. The blue arrow in the figure identifies the piezo patches attached to
each beam on one end and the tip masses placed on the other end of each beam respectively. The dimensions of
each structure have been mentioned in Table 1. Table 2 showcases the properties of the materials used for the
study.

mm

Fig. 1 Piezoelectric array harvester

The dimension of each structure is mentioned in Table 1 and Table 2 showcase the properties of the materials
used for the study. These exact dimensions and model was created for the study in accordance with the study
conducted by Sallam A. Kouritem[16] where the angle of the tip masses were controlled in an inclination to
improve the output. An array of five identical beams, blocks and piezo patches was used. To establish a justification
of the results, the same model was designed keeping all the parameters identical to the aforementioned study.
Three different materials were used for the blocks and the beam while the piezo material remained the same
throughout the whole process. The range of frequency was kept from 0 to 40 Hz. Each array beam had its
eigenfrequency as shown in Figure 2. The positioning of the blocks was categorized into three main domains as
shown in Figure 3. Each of these domains have been subcategorized by repositing one array block at a different
location than the rest of the blocks to monitor the changes in the output.

To simulate the applied vibration, the array of beams was put through a base excitation. The motive of using
three different materials for the array beam and the tip mass was to inspect the effect of different weights in a
broadband system. Tungsten, among the three is the heaviest material and Aluminium is the lightest material.
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The blocks were plotted in three different locations of the array beam. Although it is noticed in Figure 3 (A),
(B) and (C), on each array harvester, the tip masses were stagnant at the same distance, in the subcategories on
the same array harvester the tip masses were plotted at different distances on each array beam. Under these three
main categories (A, B and C), we studied several subcategories by placing one of the tip masses on a single beam
array by placing it on a different location of the beam compared to the rest of the tip mass’s location on their
respective beams as shown in Figure 4.

Table 1 Geometrical parameters

Category mm
Length of piezo patch 15
Width of piezo patch 10
Thickness of piezo patch 0.3
Length of beam 95
Width of beam 50
Thickness of beam 0.3
Length of block (mass) 10
Width of block (mass) 10
Thickness of block (mass) 13.1

Table 2 Material properties

Material Properties Value
Young’s Modulus (Pa) 3.8x10°
PVDF (Piezoelectric) Density (kg/m3) 1780
Poisson’s ratio 0.33
Young’s Modulus (Pa) 200x10°
Steel Density (kg/m3) 7850
Poisson’s ratio 0.30
Young’s Modulus (Pa) 411x10°
Tungsten Density (kg/m3) 19350
Poisson’s ratio 0.28
Young’s Modulus (Pa) 70x10°
Aluminium Density (kg/m3) 2700
Poisson’s ratio 0.33

4]

5.8379 Hz 8.8242 Hz

\\\\\

60 mm

15.856 Hz 19.742 Hz 0

Fig. 2 Eigenfrequency of each array beam
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Fig. 3 Configurations A, B and C of the array based on the tip mass location

Table 3 Location of tip mass

Category Location on the array beam (mm)
A 95
B 55
C 25

Table 4 - Parameter of subcategory configurations

Subcategory Beam 1 (mm) Beam 2 (mm) Beam3(mm) Beam4 (mm) Beam 5 (mm)
Al 55 95 95 95 95
A2 95 55 95 95 95
A3 95 95 55 95 95
A4 95 95 95 55 95
A5 95 95 95 95 55
B1 95 55 55 55 55
B2 55 95 55 55 55
B3 55 55 95 55 55
B4 55 55 55 95 55
B5 55 55 55 55 95
C1 95 25 25 25 25
Cc2 25 95 25 25 25
C3 25 25 95 25 25
C4 25 25 25 95 25
C5 25 25 25 25 95
C6 55 25 25 25 25
Cc7 25 55 25 25 25
C8 25 25 55 25 25
Co 25 25 25 55 25
C10 25 25 25 25 55
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(©
Fig. 4 (a) subcategories of A; (b) subcategories of B; (c) subcategories of C

3. Results

The simulation of all the cases produced a voltage and electrical power graph for each configuration. In this paper,
only the voltage output has been presented and discussed as a medium of comparison since the electrical outputs
are minimal and follow the same graph as voltage.

3.1 Category A and Subcategories

Case A5 displayed the highest voltage outcome of 10V at 35Hz. However, among all the other cases in category A,
A5 is the most inconsistent despite producing the maximum output. The rest of the subcategories displayed a
stable outcome within the range of 1V-2.5V. A1 and A2 are the only two cases where only 4 peaks have emerged
within the frequency range. The major problem of piezoelectricity is a single maximum resonance instead of a
stable resonance covering a continuity in the frequency range. However, in this category, A1 has been the only
subdivision where a stable outcome has emerged for a repetitive range in the frequency. A1 displayed a minimum
0.2V output from 8Hz-14Hz. Although the voltage output is not of high magnitude, it displays the potential of
overcoming the problem with piezometry as aforementioned.

As displayed in figure 5, the resonant frequencies in all the cases are inconsistent, the highest peak in all the
cases have seen to be evidently larger than the rest of the peaks. In A4, every following resonant frequency has
topped the previous one, the first resonant frequency at 6Hz showing the lowest peak as the fifth resonant
frequency displayed the highest peak at 29Hz, surpassing the double of the magnitude of the first voltage outcome.
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The orientation of the tip masses in category A proved the potential of producing voltages of high magnitude (10V
in A5), as well as having a consistent output in several frequencies (In A1).

The voltage graphs presented in figure 5 also indicate the similarity in the voltage spike from A to A4. Although
A1 and A2 did not display all their peaks within the range of study, the existing curves under the blue hints to the
cases sharing similarities in their output.

3.2 Category B and Subcategories

Figure 6 highlighted the voltage output in category B. While the graphs produced by B to B4 looked similar to the
voltage graph produced by A5 (shown in figure 5), B5 generated a voltage curve nearly similar to the voltage
graphs generated by case A to A4 (Shown in figure 5). However, the subtle difference between B5 and the
subcategory of A is the peak output. Most of the peak resonance occurred in the third or fourth voltage spike for
case A, however, in B5, the second spike was seen to be of highest magnitude. B5 showcased the lowest voltage
magnitudes, but it produced peak frequencies in a much closer range, proving itself a more stable configuration
from the rest. B5 produced a maximum output of 1.9V. The lowest resonant outcome at 11Hz was 0.5V.

However, the rest of the configurations in category B produced their maximum outcome on their last peak
within the frequency range, resulting in over 10Hz in each case. The other peaks that emerged in these
subdivisions could barely produce 20% of the highest peak.

Additionally, even though category B produced graphs similar to category 4, it failed to display even one single
case showcasing stability in the bandwidth of the output. To compare both these categories (A and B), A performs
more superior than B since the subcategories in A have delivered a range of different values, each suitable for
different applications or devices.

3.3 Category C and Subcategories

Since category C had the maximum number of subcategories, the voltage graphs attained in this part are very
different from the previous two categories. First and foremost, none of the subcategories could not display five
peaks within the studied range. Hence, it confirmed that the arrangement of the multi-cantilever with their tip
masses performs in a frequency range higher than 40Hz.

C10 delivered similar output to category B and A5, the last resonant frequency peaking over 10V at 35Hz. The
rest of the subcategories showed peak voltage output within the range of 1V-2.5V in different cases.

Unlike category B, category C showed multiple cases producing a wider frequency bandwidth. Although, none
of the cases could present all five peaks within the frequency range, most of them showed moderately wide
bandwidth frequency. For instance, C1 showed a very gradual inclination on its second peak, causing the
bandwidth to be wider although the output is of a lower magnitude. A similar graph was seen in Cé6 too. But the
first peak of C6 had a wider bandwidth than the first peak in C1.

Similarly, C3, C4, C5, C8, C9 showcased bandwidth frequencies that are considerably and evidently wider than
the results attained in category A and B. Subcategories of C displayed values that can offer more variety to
numerous devices of applications compared to the combination of results found in category A and B.
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Fig. 5 Voltage output of category A and its subcategories
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Fig. 7 Voltage output of category C and its subcategories

3.4 Different Array Beam and Tip Mass Material

Three different materials for the array beam and the tip mass (Table 2) were used. The change in the materials
showed different results with the same array configuration. Figure 8, 9 and 10 portrays the combined results of
each material for Category A, B and C.
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Frequency Response: Voltage
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Fig. 8 (a) Category A configuration (b) Voltage outcome by using different materials for category A

All the materials display a consistent array of peaks within the range of 23 Hz. Tungsten displays a maximum
peak of 3.66 V at 14 Hz while the rest of the peaks of tungsten is below 1 V. 1.20 V is the maximum peak achieved
by Steel at 16 Hz and 0.87 V is the highest output voltage of aluminium at 9 Hz.

Frequency Response: Voltage
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12
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0 5 10 15 20 5 30 3 40 I
0 mm Frequency (Hz)
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Fig. 9 (a) Category B configuration; (b) Voltage outcome by using different materials for category B

While category A shows a repetitive array of peaks within 23 Hz, category B display peaks of higher value but
spread further apart within a range of 40 Hz. However, tungsten shows a regular array of resonance with five
peaks. The maximum voltage output achieved by tungsten is 7.18 V at 20 Hz. Steel produces the highest voltage
output of 11.1 V at 35 Hz, with a rapid inclined peak from producing an output of 0.25 V at 34 Hz and a stiff decline
as it gives an output of only 0.47 V at 36 Hz. Aluminium showcases an output of 4.09 V at 36 Hz, while the rest of
the peaks achieved by aluminium rests below 0.8 V.
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Fig. 10 (a) Category B configuration; (b) Voltage outcome by using different materials for category C

The first peak of tungsten in category C is noticed at 19 Hz, producing an output of 6.99 V. Aluminium displays
a sudden peak at 39 Hz jumping from an output voltage of 0.4 at 38 Hz to producing 23.87 V. 2.30 V has been
produced by steel at 23 Hz which is the highest voltage output for steel.

4, Discussion

The motive of using an array of beams is to produce a decent bandwidth to maintain a flow of power to contribute
to running devices that require low input of power. Over the years, researchers have implemented many methods
to enhance the results, both value wise [7] and by trying to improve the bandwidth [17]. In this paper, our
approach is to advocate for the best outcome to improve the bandwidth of the system. We have discussed 23 cases
by situating the tip masses on different locations on the array beams. We have used three different cases by
changing the material of the array beams and the tip masses to inspect and evaluate the differences. Category A
and its subcategories have produced very promising results within our range of frequencies. We have witnessed
five nearly similar peaks in every case below the range of 40 Hz, although the voltage outputs are not as
skyrocketing as category B, nevertheless, it showed a stable outcome within the range. Category C showed the
least peaks within the studied range (40Hz), hinting that the multi-cantilever performs within a range higher than
40Hz to display all five peaks.

Additionally, the data obtained from category C portrayed the maximum number of sub-categories
showcasing broader bandwidth frequencies. The pattern in all three categories was that category A resonated
within the lowest frequency among all three categories. All peaks were visible within 20Hz. Category B showcased
all its peaks at a higher frequency compared to category A, the last peak resonant frequency among all five peaks
were mostly noticed at 35Hz (Except for B5). The data from category C did not show all five peaks in any of its
cases, a maximum of 4 peaks were seen C4, C9 and C10. The data from category C clarified its range of frequency
was higher than our range of study (40 Hz).

As we evaluated the differences among the results of category AB and C upon using tungsten, steel and
aluminium (Figure 8-10), we noticed the behavioural pattern of the materials based on their weight and their
location on the beam as concluded by [12]. Heavier material such as tungsten displayed higher and more
consistent peaks at lower frequencies. Lighter materials displayed lower outcomes at higher frequencies. Also as
mentioned in [12], further the tip mass is located on the beam, the resonant frequency is lower which is evident
in Figure 8,9 and 1. Let us take tungsten for example, in category 4, all five peaks of tungsten have appeared within
20 Hz where the tip masses are situated at 95mm on the array beams. As the tip masses were located closer on
the array beam in category B, the resonant peaks appeared further at 10 Hz till 31 Hz. In category C where the tip
masses were placed closest to the fixed end and the piezo patch, the first peak appeared at 19 Hz and the fourth
peak is beyond 40 Hz. This establishes and allows freedom of using any configuration of array based on the
requirement of any device or application. If a device, application, or system is required to resonate in a range of
10-30 Hz, then we know category B is a better option. If the system requires resonating within a range of 20 Hz,
then category A outperforms the rest.
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5. Conclusion

This paper approaches a linear method to broaden the bandwidth frequency on array harvesters and
successfully proposes ways of enhancement on results and choices of substitutional arrangement based on the
need of any particular system. Narrow bandwidth being a consistent problem in the area of piezoelectricity, this
paper studies a fundamental way of running a scrutiny based on various arrangements of the block masses in an
array system, without any involvement of any additional phenomena to maximize the output. Category C delivered
multiple orientations of the system to provide a wider bandwidth frequency. However, these potential results can
be further enhanced by using techniques like frequency tuning. Additionally, heavier materials produce higher
magnitude of outcome at lower frequencies. A tip mass located further on the beam shows lower resonant
frequencies. This creates an opportunity to develop devices or systems that require higher outputs at lower
frequencies as well as to develop a device that may require outputs at a higher range of frequency.
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