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ABSTRACT 

Energy harvesting is an emerging topic recently. This harvested energy is used to 

operate wireless sensors for different industrial monitoring and automation. To 

maximize the harvested energy in spinning systems, the harvester should vibrate at 

resonance for different spinning frequencies which can be achieved by active fitting. 

In this research, a novel methodology was developed by actively customizing the 

length of vibrating element beam to manipulate its natural frequency according to the 

spinning frequency. Different models were investigated numerically and 

experimentally to verify the proposed methodology. COMSOL Multiphysics software 

V5.1 was used to develop the numerical model, then and tip deformation and voltage 

difference results were benchmarked. The numerical model was verified 

experimentally by attaching a piezoelectric MIDE PPA 1021 which its vibrating 

length was varied by changing the supporting length from 0 mm to 12 mm to a 

spinning object having variable frequency from 0-200 Hz. It is found that the MIDE 

PPA 1021 beam vibrated at its resonance throughout the specified spinning 

frequencies. The proposed harvester can be applied in battery-free sensors being used 

in automotives, wind-mills blades, and rotating machinery. 
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INTRODUCTION 

Energy harvesting is becoming and emerging topic especially in the recent decades 

due to Global energy challenges and sustainability objectives. Energy harvesting is 

called on any methodology that capture energy from a currently operation system and 

convert it into electricity to provide energy to operate elements in the system such as 

sensors. Energy can be harvested from vibrations, light, radio frequency, magnetic 

and thermo-electric, [1]. 



75  

 

Energy harvesting from spinning objects became of a main concern as it can be ap-

plied in various applications such as automotive, wind turbines, aerospace, etc. The 

centrifugal forces generated from the rotation itself can be invested to self-fit the 

natural frequency of harvester with the driving frequency, [1]. Induction system or 

piezoelectric material are being used in the harvester design. For induction, different 

structures are developed for the magnets and coils to have optimum energy harvested 

out of the sys-tem. While for piezoelectric materials, both piezoelectric structure and 

the strain methodology can be varied to optimize the harvested energy. The strain 

methodology for piezoelectric material varies from compress the material itself or 

vibrating a piezo-electric beam to generate electricity from its strain. Gu & 

Livermore, [1] monitored the change in the natural frequency of a cantilever beam 

installed on a spinning fan across the rising rotating/spinning driving frequency. They 

concluded a curve fitting between the mentioned two frequencies which can build-on 

to have a passive energy harvesting mechanism. 

 

Lee et al., [2] proposed a harvester that can extract electrical energy out of spinning 

objects, by utilizing a structure containing a metallic movable arm and magnet. This 

arm has a tip mass which will be pointed to this fixed magnet on the rim due to the 

magnetic attraction. When the rotation speed exceeds a certain speed, the arm will 

move suddenly with high-speed generating high energy. This harvester can be used 

on any spinning object specially sensors that are installed on the spinning object to 

measure anything, no need for outside power source or brushes to transfer this power, 

even it supports the sustainability idea. 

 

Roundy and Tola, [3] proposed a harvester of a freely movable ball in a slot where a 

piezoelectric beam was installed in the way of this ball. So, when the car wheel 

completes a one rotation, the ball will change its position from one side in the slot to 

the other due to gravity and on its way hitting the piezoelectric beam and generate 

electric pulse. Wang et al. [10], used the induction electricity generation to design an 

energy harvester from rotating wheels using permanent magnet as a mass with two 

springs and two coils which was designed to be installed to a car wheel rim. Due to the 

rotation with the rim, the proof mass will move due to gravity and form induction 

with a fixed coil like the generator idea. However, this developed system is only 

applicable for low speeds only to allow the gravity to play its role. 

 

Windmills has another way to harvest energy not only from winds but also from the 

blade rotation using an induction mechanism to harvest energy, [5]. The harvested 

energy is used to supply power to a crack sensor installed on the blades itself. The 

proposed harvester consists of a tube with a permanent magnet free to move inside 

due to gravity and a fixed coil in the middle. Due to rotation, the gravity will affect 

the movable magnet and make it move across the fixed coil generating electricity. 

Different units from this harvester can be used in same windmill to maximize 

harvested energy. Yi-Chung Shu et al., [6] developed a theoretical framework with an 

experimental review for investigating a spinning harvester that uses piezoelectric 

energy to the standard interface circuit for AC-DC conversion. The harvester 

composed of a piezoelectric cantilever beam fixed on a stationary base with a magnet 
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attached to its tip. The Energy was harvested by vibrating the beam induced by rotary 

magnetic plucking under non-contact. A theoretical model was developed for 

magnetic coupling and rotary plucking as the nature of frequency up-conversion is 

realized by the Fourier analysis of following up driving force. 

 

A spinning-type energy harvester has been designed and developed to harvest energy 

resulting from rotary motion system in Narolia et al., [7]. It depends on converting 

kinetic rotation energy into electrical energy through a piezoelectric material that de-

formed by magnetic force. The research proposed a d33 harvesting mode with radial 

direction piezo material. Two models had been developed of mathematical and finite 

element to estimate the harvested energy. Experimental work had been conducted to 

verify results. The harvester average output power was 14.48 nW generated in 

regards of a magnetic force of 0.3126 N and spinning speed of 2100 r/min. 

 

In this research, a new energy harvesting mechanism from spinning objects using 

vibrations was proposed. The proposed mechanism aims to increase the efficiency of 

harvested energy through an active fitting methodology where the vibrating element 

is at resonance condition. This can be achieved by actively customizing the vibrating 

element beam length to manipulate its natural frequency according to the spinning 

fre-quency. 

 

MATERIALS AND METHODS 
The proposed harvester is shown in Fig. 1. The design depends on investing the 
centrifugal force generated from the spinning to stiff the cantilever of the harvesting 
element and increase its natural frequency. Self-fitting for the natural frequency of 
the harvester to follow the current driving frequency instantly. This cantilever 
stiffness due to centrifugal force will tend to reach the optimum required fitting with 
the driving frequency at all speeds. 
 

 

Fig. 1 Harvester detailed construction. 
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Fig. 2 Detailed dimensions for MIDE PPA-1021 and layers composition. 

Table 1 Detailed internal structure for MIDE PPA-1021 

Layer Material Thickness (mils) Thickness (mm) 

FR4 3 0,08 

Copper 1,4 0,03 

PZT 5H 10,0 0,25 

Copper 1,4 0,03 

FR4 14,0 0,36 

Total 29,0 0,74 

 
The new derived methodology was to amend the length of the cantilever/harvester 
manually/active. This amendment in the length of harvester will lead directly to a 
change in its natural frequency. By increasing the length harvester, its natural 
frequency will be decreased and vice versa. The support of cantilever is made movable 
to freely can change its length as shown in Figs. 1 and 2. 
 
A model has been built using COMSOL Multiphysics Version 5.1 under finite element 
to simulate the proposed harvester and to test its results. The proposed harvester was 
modelled in details simulate its behavior, polarization on COMSOL Multiphysics 
software were defined in a certain crystal coordinate system that is defined by 3-axes 
1, 2, and 3, where material’s poling direction is considered to be the 3rd axis as shown 
in Fig. 3. 

 

Fig. 3 Piezoelectric material poling direction on COMSOL Multiphysics. 

Electrodes in any piezoelectric material has a critical important rule in any 
piezoelectric material as when any piezoelectric material was subjected to a certain 
amount of mechanical strain, electrodes play the rule of collecting all the generated 
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charges along the material. Electrodes assign from the application of the piezoelectric 
material, generator, or actuator, Fig. 4. 
 

 

Fig. 4 Piezoelectric material electrodes identification on COMSOL Multiphysics. 

According to the proposed harvester design, system is subjected to different forces 
that controls its behavior such as centrifugal forces, and gravity effect on beam due 
to rotation, Fig. 5. 
 

 

Fig. 1 Effect identification of the different force across the harvester on COMSOL 
Multiphysics. 

Away from actual rotation for beam on software, two body loads, Figure 6, were 
added to beam to simulate the same gravity effect due to rotation, Eq. (1) and (2). 

𝑭𝑹𝒙
= −𝝆𝒈𝒔𝒊𝒏(𝝎𝒕)     [𝑵 𝐦𝟑⁄ ]                                    (1) 

𝑭𝑹𝒚
= −𝝆𝒈𝒄𝒐𝒔(𝝎𝒕)     [𝑵 𝐦𝟑⁄ ]                                    (2) 

 
Fig. 6 Rotation identification across the harvester on COMSOL Multiphysics. 



79  

 
To simulate the effect of centrifugal forces on beam, two mechanical body loads were 
applied, Figure 7, and expressed in Eqs. (3) and (4). 

𝑭𝑪𝒙
= 𝝆𝝎𝟐(𝑿 + 𝒖) [𝑵 𝐦𝟑⁄ ]                                  (3) 

𝐹𝐶𝑦
= 𝜌𝜔2(𝑌 + 𝑣) [𝑁 m3⁄ ] (4) 

 
 

Fig. 2 Centrifugal forces identification across the harvester on COMSOL Multiphysics. 

 
Experimental setup was held as shown in Error! Reference source not found. consisting o
f an electric motor to drive the system, and slip ring to transfer the harvested electric 
voltage difference. The electric motor is controlled by a driver to test the system under 
different rotation speeds. The piezoelectric is installed into the harvester holder. 
 

 
Fig. 8 Experimental setup. 

 

NUMERICAL MODEL BENCHMARKING 
To check the proposed numerical finite element model using COMSOL Multiphysics 
software V5.1, benchmarking steps had been conducted to previously published work, 
[1, 9, 10]. The proposed harvester is subjected to different parameters during spinning 
like gravity and centrifugal force due to the spinning at different speeds (0-200Hz). 
Each of these sides had to be modelled and verified individually. 
 
An experimental and numerical model was proposed by Gu et al., [1] to study the 
generated centrifugal force effect from a spinning speed on natural frequency of the 
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beam. The generated centrifugal force gives a pulling effect on the cantilever beam 
that gives more stiffness to it leading its natural frequency to increase. The studied 
model is shown in Figure 9, experimental and numerical models were implemented 
under the properties shown in Table 2. The study measured and plotted the changes 
in natural frequency of beam verses the driving rotational speed. The relation 
between the following, produced centrifugal forces (fc), rotating radius (r), beam 
length (l) and driving frequency (ωd) is expressed in Eq. (5). 

𝒇𝒄 = 𝒎𝒕(𝒓 + 𝒍)𝝎𝒅
𝟐                                      (5) 

 
 

Fig. 3 Effect of centrifugal force on beam tip deflection. 

Table 1 System Dimensions, [1] 

Symbol Description Value 

ρ Density of the beam 1048 𝐊𝐠/𝐦𝟑 

E Young’s modulus 2.3 GPa 

L Length of the beam 80 mm 

w Width of the beam 5 mm 

h Thickness of the beam 0.45 mm 

mt Tip mass 2.2 g 

r 
Distance from root to the 

center 
m 

 
A clear mathematical model was conducted by Park and Moon, Error! Reference s
ource not found. for different piezoelectric material compositions such as unimorph, 
bimorph, and triple-layer bender. Each of these cases was studied under applied a tip 
force N and voltage difference V. To benchmark the finite element model using 
COMSOL Multiphysics, the triple-layer bender case was chosen because of its simple 
construction to the used piezoelectric beam of multiple layer bender. The internal 
structure of beam is shown in Error! Reference source not found. of length (𝒍), p

iezoelectric material thickness (𝒕𝒑), and metal thickness (𝒕𝒎). 

 
A mathematical model was conducted by Wang & Cross, Error! Reference source not f
ound. for a triple-layer bender composition of metallic beam surrounded as a 
sandwich by two piezoelectric material slices. This composition was affected by 
various loads such as an electric field on triple layer bender, an electric voltage and 
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an external moment on triple layer bender, an electric voltage and an external tip 
force on triple layer bender, and an electric voltage and an external load on triple 
layer bender. The triple-layer bender subjected to an electric voltage and an external 
tip force was chosen to benchmark it with the COMSOL Multiphysics model because 
of its similarity to this work and to triple-layer structure developed by Park & Moon, 
Error! Reference source not found.. The internal structure of the beam is shown in Error! Re
ference source not found. with length (𝒍), piezoelectric material length (𝒍𝒑), and metal 

length (𝒍𝒎). piezoelectric material thickness (𝒕𝒑), and metal thickness (𝒕𝒎). 

 

Fig. 10 A schematic for the modeled triple-layer bender on COMSOL Multiphysics. 

Regarding to, Error! Reference source not found. and, Error! Reference source not found. st
udied mathematical model as Eq. (6) showed a general representing behavior relation 
for the triple-layer bender subjected by tip force (P) and voltage difference (V) along 
its electrodes. As long as the structure has one metallic layer surrounded by two 
piezoelectric layers so, the possible available electric connections are two. 

[𝜹] = [𝒂𝟏𝟏 𝒂𝟏𝟐] [
𝑷
𝑽

]                                  (6) 

 

The two proposed models for Error! Reference source not found. and Error! Reference so
urce not found. were studied using different amounts of tip forces and voltage 
differences with parameters, Table 2. 

Table 2 Beam properties 

Symbol Value 

𝑳𝒑 = 𝑳𝒎 57.455 mm 

𝒕𝒎 0.09 mm 

𝒕𝒑 0.18 mm 

𝒔𝒑 1.58e-11 1/Pa 

𝒔𝒎 3.1250e-10 1/Pa 

𝒅 -2.74e-10 C/N 

𝒘 17 mm 

 

RESEARCH NUMERICAL MODEL 
Based on the previous COMOSL Multiphysics benchmarking models, a numerical 
model had been conducted to simulate the harvester’s performance, the MIDE PPA-
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1021 piezoelectric beam was drawn on the software by its internal construction 
mentioned in the datasheet shown in Error! Reference source not found.. The model was n
ot only conducted mechanically but also it was conducted electrically which gives the 
software the ability to estimate the electricity that we can get through the subjected 
beam deformation due to vibration. Each design parameter (centrifugal force, 
rotation frequency and piezoelectric material) was simulated individually to form the 
whole system, such as, the rotation was simulated as a body load that varies from 0 to 
200 Hz with respect to the instant gravity effect to avoid the actual rotation for the 
system to be able to measure the tip deformation/vibration, simulation of the 
centrifugal force effect was conducted using a boundary load which amplitude related 
to the current rotation speed, electricity harvested was also simulated on COMSOL 
Multiphysics V5.1 by identifying the ground line and the floating potential side which 
helps the electrons to transfer and generate electricity in relation to the proper strain 
direction. 
 

RESULTS AND DISCUSSION 
Figure 11 illustrates a plot of the natural frequency versus driving frequencies 
ranging (0 - 18) Hz with the perfect match optimum line. To benchmark the developed 
COMSOL Multiphysics V5.1, the same beam design was conducted on it as shown in 
Figure 12 under same parameters and driving frequency ranges. The comparison 
between all three results were implemented on Fig. 11. 

 

Fig. 4 Data comparison between finite element numerical model and perfect match line. 
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Fig. 5 Numerical model using COMSOL Multiphysics. 

 
Results of the proposed numerical model benchmarking with, Error! Reference source n
ot found., measured the tip deformation happened for each case and compared it to 
paper numerical results using COMSOL Multiphysics as shown in Fig. 6 and Error! 
Reference source not found.. The comparison showed a variation of 4% from the 
proposed numerical model and the both two analytical solutions, and this is can be 
justified as a two-dimensional (2D) COMSOL Multiphysics model. 

 

Fig. 6 Simulated tip deformation mm due to applied tip force N and voltage 
difference (V) on numerical model. 

Table 3 Results comparison between Park & Moon Error! Reference source not found. a
nd paper numerical model (COMSOL Multiphysics) at different tip forces and 
applied voltages 

Inputs 

Tip 

Force, N 

Parallel connection 

Voltage Difference, V 

Numerical Tip 

Deformation, mm 

Park & Moon Tip 

Deformation, mm 

0 0 0 0 

1 0 7.023 7.79 

10 0 70.23 77.96 

0 1 0.019 0.016 

0 10 0.19 0.16 

10 10 70 77.8 

 
According to the generated COMSOL Multiphysics model, we ran the model 100 
times between the manufacturer clamps spots mentioned from -6 mm till +6 mm of 
total 12 mm, at each point from the 100 points we measured the new natural frequency 
of the harvester (MIDE - PPA-1021). Fig. 7 shows the relation between support 
position from root (ls) and natural frequency of the beam. 
 
In order to automate actively the fitting/equating natural frequency of the beam (fn) 
with the current driving frequency (ω), a stepper motor with a small microcontroller 
system were developed to automatically measure and input the current driving 
frequency (ω) and substitute in equation (3) to calculate the required ls, the stepper 
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motion will move the movable support to this required ls to get the new required 
natural frequency of the beam (fn) to fulfil resonance. 
 

 

Fig. 7 (a) Relation from COMSOL Multiphysics model between support position 

from root (ls) and natural frequency of beam, (b) Numerical model simulation, live 

video, [11]. 

 

𝒇𝒏 = 𝝎 = −𝟐 ∙ 𝟏𝟎𝟕𝒍𝒔
𝟑  +  𝟕𝟏𝟒𝟗𝟗𝟒𝒍𝒔

𝟐  −  𝟓𝟎. 𝟓𝟖𝟑𝒍𝒔  +  𝟏𝟑𝟔. 𝟒              (7) 

CONCLUSIONS 

As a conclusion for this study, rotational objects have high energy harvesting 

characteristics due to the centrifugal forces generated naturally with rotation, of 

course the centrifugal forces increase with increasing the rotation/driving speed, this 

centrifugal forces effects the harvester’s stiffness and its natural frequency but not 

with the same ratio with no proper fitting to keep vibrating at resonance, it was 

managed to get the required fitting between harvester’s driving frequency and its 

natural frequency to fulfil the maximum possible energy harvesting by allowing the 

harvester to vibrate at its resonance at all the study’s speed range. The fitting was 

made actively by changing the length of the MIDE beam to fit the current driving 

frequency and this methodology managed to compensate the un-complete self-fitting 

phenomena due to the centrifugal force generated from the rotation. 

Reaching maximum possible harvested energy is possible by using the proper 

optimization methodology, off course we can’t constrain the spinning system to 
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rotation at certain speed but we can do whether active or passive system that can help 

the harvester’s natural fits the current driving rotational frequency, which will lead 

to resonance vibration at different speeds. 
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