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ABSTRACT

With plenty of vibrations available in the surrounding environment, converting
kinetic energy into useable electricity for powering the low-powered wireless electronic
devices has received tremendous attention over the last decade and continues to
grow rapidly. In general, many energy harvesters have to face the challenge of low and
variable frequency vibrations especially of human movement, i.e., the frequency of a
vibration source usually does not match with the resonant frequency of a harvester,
resulting in low energy conversion efficiency. To address this problem, three kinds of
approaches, frequency self-tuning, broadband and frequency up-conversion strategies
have been recently investigated, which will be practical depending on the application.
In this thesis, the energy harvesting floor tile specifically targeted to convert kinetic
energy from human footsteps into useable electricity is focused. After the general
introduction of research scope, the relevant parameters for the design of mechanism
are analyzed. The operating principle of the tile is based on frequency up-conversion
in which low frequency input vibrations are converted into high frequency vibrations
of an electromechanical transduction. The piezoelectric cantilevers are used as
transducers, the operational frequency of which is converted up by an interaction
between a permanent magnet and an iron bar. Vertical displacement of the oscillating
cantilevers is localized with a stopper preventing damage to the piezoelectric layer

from shock or over-displacement excitation. The magnetic field density is investigated



through finite element analysis simulation in order to define the optimal magnetizing
gaps. Experimentally, the following structure is initially configured as a test bench to
characterize the performance of PZT cantilever, verify the optimal parameters setup
and validate the design. The prototype is then scaled up by accommodating 24 PZT
cantilevers followed by the experiments to evaluate its energy harvesting performance
in both laboratory and real word scenarios. The results show a successful piezoelectric
energy harvesting floor tile, which can be further used to power up a low-power
wireless sensor node. The energy conversion efficiency reaches 17.12 % demonstrating

the potential of harvesting energy from human footstep.
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Chapter 1

Introduction

This chapter is purposed to briefly set the scope of this thesis and to outline the
research goals as well as the thesis’s structure. The playing role and main challenge
of the wireless electronic devices relying on battery are identified, the promising

solution methods of which are roughly offered before a motivation is created.

1.1 Wireless Sensor Applications and Energy Harvesting

Wireless sensor node emerged decades ago has been continuously important in
a variety of fields including industry, agriculture, infrastructure, disaster prediction and
environment monitoring due to its ability to track information in a hard-to-reach
location at a lower cost than wire solution. Following the feature of commmunication
without wiring and recent trend of electronics technology that electronic components
are reduced in size and power consumption, many existed wireless sensor nodes are
powered by battery. However, there are several issues on battery use such as limited
energy storage capacity, battery lifespan, and inconvenient maintenance of depleted
batteries in unreachable location especially implanted sensors. Therefore, harvesting
ambient environment energy to supply sustainable electrical power to devices such
as an energy autonomous system is highly desirable. Energy powering small embedded
device is typically harvested from light, thermal or vibration sources. Environmental

vibration has particularly attracted many researchers because of its ubiquity.

1.1.1 Transduction Mechanisms for Vibrational Energy Harvester

The main transduction approaches employed for vibrational energy harvesting
have generally been divided into three different categories [1]: electrostatic,

electromagnetic and piezoelectric transductions as shown in figure 1.1.
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Figure 1.1 Vibration-to-electric energy conversion; (a) electrostatic, (b) electromagnetic,

and (c) piezoelectric transductions.

e Electrostatic Transduction: the generators based on this principle are
fundamentally capacitive structure, which are configured from two plates separated
by air, vacuum or any dielectric materials. Being applied the external vibration, the
plates of a charged variable capacitor is separated from each other, and mechanical
energy is turned into electrical energy. Advantageously, these designs are fabricable as
miniature scale with good performance which are appropriate for integration in Micro-
Electro-Mechanical Systems (MEMS). However, the drawback can be found that the
high priming voltage is required for their operation. Although the use of electret
materials can eliminate the priming voltages requirement, it has a shorter lifetime [2]-
[4].

e Electromagnetic Transduction: a relative motion between a coil and a
permanent magnet is used to convert the kinetic energy of the vibrations into electrical
energy, following the Faraday’s law of induction. The electromagnetic generators are
efficient at larger scale applications and commercially available as well. The problem
with these generators is the micro-scale applications. The miniature scale device limits
the number of coils turns and the moving magnitude of coil turn or permanent magnet,
resulting a low output voltage.

e Piezoelectric Transduction: this type of transduction mechanism uses the
piezoelectric material that give the ability to produce the electrical energy when it is
deformed by the appliance of external stress or vice versa. This transduction

mechanism should be the simplest technique due to the direct energy conversion



with a relative high-power density. Otherwise, it has the low-profile structure, which is
easy to configuration and is suitable for micro-scale applications. The downside is that
the piezoelectric materials are the brittle ceramic, the lifespan of which can be
reduced by the long-term vibration and high kinetic force. Moreover, the energy

conversion efficiency depends on the material and mechanical properties.

1.1.2 Comparison of Vibration-to-Electric Energy Conversion Mechanisms
While each type of transduction mechanisms presents the best depending on the
applications, the quick comparison among them is possible due to the likely energy
density. This approach has been reported by Roundy et al. [5]. They summarized the
maximum energy densities of three kinds of transducers as shown in Table 1.1. It is
noticed that the piezoelectric generators can produce the higshest power output for a

given size.

Table 1.1 Comparison of energy density among three kinds of mechanisms

Type Practical maximum  Aggressive maximum Assumptions
(mJ/em?) (mJ/cm?)

Electrostatic 4.0 44 3x 107V m™

Electromagnetic  24.8 400 025T

Piezoelectric 354 355 PZT-5H

From the advantage and drawback of transduction mechanisms mentioned
previously and a given compassion, the piezoelectric transduction is of much interest
due to its high energy generation capability with a simple structure, highest output
energy density and simplicity of configuration. Therefore, it will be focused on this

thesis.



1.2 Motivation

As known in the field of energy harvesting, the piezoelectric energy harvesters are
most effective at much high frequencies. Commonly, their resonant frequency is
closely matched to the frequency of the surrounding vibration sources in order to
achieve maximum power generation. However, this means is not a good option for
conversion of low frequency and variable vibration over time. The generated electrical
energy drops significantly when the resonant frequency of the harvesters deviates far
from the frequency of the vibration source. Furthermore, the vibrations created by
both natural source and man-made means rely on the random or semi-random
phenomena, and their energy is spread over a certain band, for instance, human
motion (< 10 Hz), car vibrations (< 20 Hz) and guard rail on the street (< 50 Hz) [6]. In
addition to these data, more examples can be found in [7], [8]. Therefore, to address
these challenges, the piezoelectric energy harvesters based on frequency self-tuning,
broad band and frequency up-conversion principles have been investigated recently;
a more detail will be explained in chapter 2. Among of them, the frequency up-
conversion strategy presents a good deal with very low frequency like human
movement in which to make the cantilever or buzzer disk of a piezoelectric harvester
deflect initially and then leave it to oscillate freely. An initial deflection can be
implemented by mechanical contact or by non-contact magnetic interaction. The
integration of contact frequency up-conversion mechanism to a harvester offers the
effective induction of initial deflection, but the core challenge is the decrease in life
span of the piezoelectric cantilever. Otherwise, the main advantage of non-contact
frequency up-conversation mechanism is that the piezoelectric cantilevers do not have
to suffer repeated damaging physical contact with anything, making their operation
more reliable than that of the contact frequency up-conversation mechanism.
However, the energy generated by a non-contact generator drops significantly at high
speed of magnetic plucking. For these reasons, an efficient energy harvester with

frequency up-conversion mechanism that has a long operational lifetime and suffers



no effect of high plucking speed is of much interest, which will be investigated in this

thesis.

1.3 Research Objectives

With a great number of pedestrians flowing in public places every day such as in
train station, shopping center, sightseeing etc., (e.g., a few busy places in Thailand; the
total number of tourists to Siam Paragon mall is in a range of 180,000-200,000 people
per day in 2017 [9]; the passenger stranding at Suvarnabhumi airport is approximately
195,000 per day in 2017 [10]; and the average daily ridership of 10 stations of BTS
Skytrain is 660,790 people during 2017-2018 [11]. These numbers are continuing to
increase every year), converting the kinetic energy of human footstep into usable
electric energy is a very attracting topic. It should enable the battery-less systems in
the future due to a huge energy source available. Therefore, the objectives of this
research are to design, realize and evaluate the piezoelectric energy harvesting floor
tile using the frequency up-converting mechanism. To this end, the specific goals in

this thesis can be addressed as follows:

e Develop a test bench for characterization of piezoelectric cantilever based on
frequency up-converting energy harvester.

e Develop the frequency up-converting technique that make no effect on
lifetime of piezoelectric cantilever for a long-term use.

e Develop the finite element (FE) models used to study the magnetic interaction
in optimization of structural configuration.

e |Investigate the energy harvesting performance and reliability of piezoelectric
cantilever targeted to use in the energy harvesting floor tile.

e Verify the feasibility of designed mechanism.

e FEvaluate the scaled-up prototype in both simulated and real scenarios.



1.4 Structure of Thesis
Regarding to the framework of this project, the thesis is structured with five chapters

and the outline of each one is as follows:

e Chapter 2 introduces the piezoelectricity, piezoelectric material selection and
literature review of current strategies for low and variable frequency vibration
energy harvesting. The advantage and drawback of such strategies are clarified
to identify an appropriate one for human motion energy harvesting and then
adapt it to the energy harvester designed in chapter 3.

e Chapter 3 describes the concept of energy harvesting floor tile combined with
the frequency up-conversion principle. The following structure is configured as
a test bench for characterizing the performance of piezoelectric cantilever and
validation of the designed mechanism in chapter 4 as well. The magnetic
coupling used to up-convert the operational frequency of piezoelectric
cantilever is determined by the finite element analysis simulation. The method
to compute the performance of a piezoelectric cantilever based on frequency
up-converting energy harvester is given and the testing results are introduced
and discussed.

e Chapter 4 provides the experimental validation to verify the feasibility of the
designed mechanism by examining its energy harvesting behavior with
simulated human footstep and the magnetic interaction effecting on the
oscillating piezoelectric cantilever. The energy harvesting floor tile is then
prototyped and emulated in the laboratory and real word experiments. Its
capability to power up a low-power wireless sensor node is considered.

e Chapter 5 summarizes the finding of this research and gives the

reconmendations for future work.



Chapter 2

Piezoelectric Energy Harvesting

This chapter presents a more detail of piezoelectric conversion. The criterion for
piezoelectric material selection in this research is provided. Moreover, the literature
review of low frequency and random vibration energy harvesting strategies will be
discussed to find an optimal technique for a very low frequency excitation like human
movement. The finding of this chapter will contribute to the design of energy

harvesting floor tile.

2.1 Piezoelectricity

The piezoelectricity was originally discovered by Pierre and Jacque Curie in 1880,
which results from an electromechanical coupling between mechanical and electrical
states in quartz. When the certain types of crystals are compressed or tensed, the
internal generation of the electrical charge is offered. Reversely, if subjected to an
electrical field, such materials will produce the internal strain affecting on mechanical
deformation. These phenomena are named as the piezoelectric direct and reverse

effects as shown in figure 2.1, respectively.

() Tension (b)
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Figure 2.1 (a) Direct piezoelectric effect and (b) reverse piezoelectric effect where P

represents the direction of polarization.

Naturally, the crystals have many molecules and each one has an individual

polarization (P) with random direction as illustrated in figure 2.2. One end is negative



charged and other end is positives charged, called a dipole. To produce the
piezoelectric effect, the process called poling is implemented to lie the polarization
of all dipoles in one direction. The polar axis is an imaginary line running through the
center of both positive and negative charged of molecule. For the poling process, the
piezoelectric substance is heated under the application of a strong electric field. The
heat lets the molecules to move more freely and the electric field forces all the

dipoles in the crystal to line up and face in nearly the same direction.

Electrode

S SECH v LR

Electrode

Random dipole Poling Net polarization

Figure 2.2 Poling process for regulating direction of dipoles.

Theoretically, a relation between stress, strain, and electric field for the reverse

piezoelectric effect can be expressed as follows:

S\=&E +5T (2.1)

where Sj is the mechanical strain resulting from an applied electric field (Ey); dj is the
piezoelectric constant interacting to the mechanical strain produced by the applied
electric field or stress (7T); and si is the elastic compliance coefficient at constant

electric field. In addition, a relation between electric displacement, electric field for the

direct piezoelectric effect is given as:
. T
D, =d,T +¢, E, (2.2)

where D;is the electric displacement produced by an applied stress, and &’ is the

permittivity at constant mechanical strain.

From the equations (2.1) and (2.2), the subscript i = 1, 2, and 3 identifies the

electrical direction and the subscript j = 1, 2, 3, 4, 5 and 6 identifies the mechanical



direction as shown in the figure 2.3 (a). For example, ds; is the piezoelectric constants
concerning the mechanical strain produced in the 1- direction by an applied the electric
field in the 3-direction. In the other way, when the applied electric field and the
obtained strain are along the 3-direction, the piezoelectric constant is ds; as figure 2.3

(b) and (c).

Figure 2.3 (a) Piezoelectric effect direction, (b) 31 (transverse) mode, and (c) 33

(longitudinal) mode.

2.2 Piezoelectric Material Selection

As the piezoelectric technology becomes ubiquitous in a variety of applications,
various piezoelectric materials are recently available. The selection of piezoelectric
materials in the design of energy harvesting devices is crucial, which has considerable
influence with the characteristics and performances of harvester. While the decision
criteria on piezoelectric materials can includes the output voltage, energy density,
operational bandwidth and cost, an energy conversion efficiency is the most important
one that is evaluable through a relatively figures of merit (FOMs). The FOM for each
application, i.e. MEMs or Bulk piezoelectric energy harvests, should be much different
from others [12]. This works is focused on bulk piezoelectric component, the FOM of
which was considered by Priya et al. [13]. With eliminating the input mechanical energy
in coupling factor, such FOM is given as

dJ>

FOM =— (2.3)
£

e
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where & = greo; e0is the dielectric permittivity; & is the relative permittivity; €ois the is
the permittivity in free space; and d is the piezoelectric coefficient. This FOM is the
product governed by the effective piezoelectric strain constant and the effective

piezoelectric voltage constant (d x g) in the electrical density formula:

2
. =3ax () 24

where F is the applied force; and 4 is the area of piezoelectric element. From this
equation, it is noticeable that the electrical energy density in piezoelectric materials is

directly proportional to such FOM.

Table 2.1 summarizes the widely used piezoelectric materials [12]. By substituting
the given materials properties into the equation (2.1), the FOM values were obtained
as listed in table 2.2, which were normalized to be easily compared. The results show
that PMN-PT is the superior materials. PZN-PT can present the transduction coefficient
far below that attainable with PMN-PT. Both PVDF and PZT seem reasonable.
Moreover, AIN-and BaTiOs; might be not a good option for the milli-scale piezoelectric
energy harvesters. Among of them, PZT is a popular choice for energy conversion
devices due to the acceptable energy conversion efficiency, easier fabrication, good

robustness and reasonable price [14]-[18].

Table 2.1 Properties of piezoelectric materials

Parameter PVDF AN BaTiOs PZT PZN-PT PMN-PT
dss; (m/V) -3.30e!t  3.40e™?  1.49e™° 3.60e'%  2.00e” 2.82e%
or 12 10.4 1700 1700 5200 8200

Table 2.2 Piezoelectric materials comparison

Figures of merit PVDF AN BaTiOs PZT PZN-PT PMN-PT

d/ee 0.0936 0.0011 0.0135 0.0786 0.7932 1.0000
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2.3 Strategies for Variable and Low Frequency Vibration Energy
Harvesting

Many piezoelectric vibration energy harvesters face the challenge of low and
variable frequency vibrations. The resonant frequencies of such the vibration sources
usually deviates from the frequency of the harvesters resulting in low energy
conversion efficiency as investigated by Miller et al. [19]-[21]. To address this problem,
several strategies for variable-frequency vibration energy harvesting have been
investigated, which can be mainly classified into three different techniques including

the frequency self-tuning, broadband and frequency up-conversion techniques:

2.3.1 Frequency Self-tuning Technique

Various frequency-tunable harvesters have been studied, which present potential
solutions [22]. However, most of the designed tuning mechanisms need some form of
energy to operate, thus the high output power is required to compensate for the
energy supplied into the tuning itself. The referred tuning mechanisms include the use
of magnetic potential wells proposed by Mukherjee et al. [23] as a harvesting system
shown in figure 2.4. The shaped pole-pieces on a pair of permanent magnets were
employed to vary the effective spring constant of cantilever, shifting the resonant
frequency. Roundy drawn the distinction between the active tuning device that has to
continuously supply power to execute the resonant frequency adjustment and the
passive tuning device that are able to turn off after a new resonant frequency obtained
[24].

To address a challenge mentioned above, the passive self-tuning devices that can
tune the resonance without the need of supply energy to the actual tuning were
introduced. For instances, the use of spring stiffening to make a difference to a
microelectromechanical device as proposed by Marzencki [25]. Miller et al. [26]
presented the system allowing the passive self-tuning of device by incorporating a
proof mass that is able to slide along a beam with ends clamped as illustrated in figure

2.5. The approach is alike to work intruded by Boudaoud et al. [27], where a freely
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sliding bead on a string was employed. Miranda and Thomson showed a spring-
suspended slider used with a simple cantilevered beam [28]. Kozinsky [29] studied a
resonator with a steel bead that can freely move inside a cylinder. Furthermore, in
[30], [31] Gu and Livermore examined passively self-tuning systems to apply in

rotational applications.

Alternate pole piece

NS> [ v o

/ Rectangular pole piece
External on tuning system
vibration Toni
source Tii uning
mggne‘t magnet <>
Cantilever
/ Pale Actuator
pieces
Cantilever
/ tip movement
1 ] | F— 1
Generator Tuning system

Figure 2.4 Frequency tuning concept consisting of magnetic potential well.

F.i::l‘.
AELS
Laser—-_
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« ——1Beam
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Shaker

Figure 2.5 Passive self-tuning device using the sliding proof mass.

Throughout the relatively frequency self-tuning works, it is noticeable that the
shortcomings can come with the tunable range and the response time of the frequency
tuning. When the frequency of vibration sources changes very quickly and randomly,

the self-tuning mechanism might not be able to follow.



13

2.3.2 Broadband Technique

The design of a system that has a broadband frequency response and can
efficiently operate with changes in vibration is an alternative [22]. An obvious topical
review was presented by Zhu et al. [22], which consist of two main approaches. The
one means is to mount several harvesting devices with different natural frequencies
on one platform, e.g. using multiple bimorph cantilevers as discussed by Ferrari et al.
[32] and using fractal-inspired multi-frequency plates as investigated by Castagnetti
[33]. The piezoelectric cantilever is targeted to conform to such plates as shown in

figure 2.6.

Figure 2.6 Different fractal-inspired multi-frequency plates.

The second means is to implement the nonlinearity and bistability on system to
vary the frequency response. A review on existing bistable systems is given by Harne
and Wang [140] and Beeby et al. [34] introduced the comparison of the power outputs
produced by the linear and non-linear systems. Abdelkefi et al. used a couple of
asymmetric tip masses to make a unimorph cantilever beam vibrate torsionally [35].
Zhu et al. [36], Jones et al. [37], and Ferrari et al. [38] induced the nonlinearity through
a permanent magnet coupling. Figure 2.7 illustrates an example of such system. When
objected to excite by the random vibration, the piezoelectric boned on harmonic steel
substrate will be bounced between two stable states under a single-magnet coupling

[39]. Otherwise, the pre-stressing or buckling beams has been focused such as the
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works presented by Marinkovic and Koser [40], Hajati et al. [41]-[43], and Cottone et
al. [44]. The general nonlinear response of buckled beams can be found in [45],
introduced by Emam and Nayfeh. Blackburn and Cain investigated the nonlinear

piezoelectric resonance with high power generation [46].

Broadband energy harvesters offer work well in many situations, but one of the
problems is found that their mechanical quality factor (Q-factor) is decreased
deteriorating the peak power output. Although the use of several piezoelectric
cantilevers with different resonant frequency has no effect on the Q factor, only single
piezoelectric cantilever contributed to the generated power resulting in low output

power density.

{2) o W B RO Opfical
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Figure 2.7 Single-magnet nonlinear converter

2.3.3 Frequency Up-Converting Technique

The frequency self-tuning and broadband strategies are suitable to scope with
varying frequency. In order to harvest energy from a very low excitation frequencies as
a few Hertz, especially the human motion, the frequency up-conversion strategy has
recently seen much of interest. The energy harvesters combined with this strategy are
always exited to oscillate at their resonant frequency through a direct impact,
mechanical plucking or magnetic plucking, regardless of the input excitation frequency,
thus a wide range of operational frequency is achievable. As the acceleration of input

excitations are generally low, a piezoelectric cantilever of harvesters usually needs a
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proof mass in motion to increase the energy conversion efficiency. The direct impact
devices include a work presented by Galchev et al. [47]; they realized the mechanism
that up-convert the frequency of piezoelectric beams through a magnetic latching with
a large tungsten carbide inertial mass as shown in figure 2.8. Umeda et al. [48], [49]
investigated the generated energy from a piezoelectric beam impacted by a steel ball.
Zhang et al. [50] designed a multi-impact harvester using teeth with an attached roller
to impact two stiff piezoelectric cantilever beams. Ranaud et al. [51], [52] used a moving
mass to strike one of two piezoelectric cantilevers located at each end of a harvester
container while the harvester was being shaken from side to side. The impact from the
moving mass increased the operational frequency of the piezoelectric enabling it to
harvest energy from low-frequency and high-amplitude input and then provide the
output power to wearable gait monitoring device. Moreover, Gu et al. [53], [54] and
Jacquelin et al. [55] used a low frequency resonator to impact a high frequency energy

harvesting resonator.

A Actuation I
Inertial Magnet Mechanical
Mass % / Stopper
Frequency "E = L i
Increased ﬁ%\ﬁ‘__ Spring
Generators Suspension
(FIG)
PZT/Brass/PZT
Metal Electrodes . (3) Bimorph

1 2 3

Upper FIG Voltage 40000%—>

Magnetic Force

Displacement = 4
Time 1|—|—|——2 3 >

(b)

Figure 2.8 Schematic drawing of a piezoelectric frequency-increased power generator;

(a) structure and (b) operational sequences.

The mechanisms plucking piezoelectric cantilevers and then leaving them to
oscillate naturally have been widely studied, e.g. Pozzi et al. [56]-[59] applied a
plucking based on the frequency up-conversion strategy to a piezoelectric wearable

energy harvester in order to convert energy from knee-joint motion. This mechanically
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plucking deflected the piezo-electric beams through a plectrum and then rapidly left
them free to vibrate. An analogous set-up is proposed by Janphuang et al. [60]. The
teeth of the rotating gear wheel were used to pluck an atomic force microscope (AFM)-
like piezoelectric beam as shown in figure 2.9. The drawbacks with the use of direct
impact or mechanically plucking are that the brittle piezoceramic materials can be

damaged and the considerable noise was made.

Piezoelectric harvester

Rotating gear driven by
inertial mass

Oscillating mass

Figure 2.9 Schematic drawing of a concept for harvesting energy from the rotating gear.

To overcome the aforementioned limitations, the frequency up-converting
mechanisms based on non-contact magnetic plucking have been recently investigated.
For example, Kuang et al. [61] reported the knee-joint energy harvester using the non-
contact magnetic interaction instead of mechanical contact to excite the bimorph. The
knee-joint motion actuated a primary magnet to pluck the bimorph through a secondary
magnet attached on the bimorph tip as illustrated in figure 2.10. Pillatsch et al. [62]
demonstrated a body-movement energy harvesting device that used a rotational
system. In this device, magnetic coupling with a rotating proof mass was used to pluck
the piezoelectric cantilever. Luong et al. [63] used magnetic force interaction between
permanent magnets to excite a piezocomposite generating element (PCGE) in a small-
scale windmill. The primary magnet was attached to the input rotor, and the secondary
magnet was attached to the free end of the PCGE. The further linear systems that
operate by opposing permanent magnets are introduced by Yang and Tang et al. [64]-

[66] and Wickenheiser et al. [67], [68].
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Figure 2.10 A schematic of the piezoelectric knee-joint energy harvester using magnetic
plucking mechanism for frequency up-conversion; where PM is a primary manet and SM

is a secondary magnet.

From a literature review of strategies for low frequency energy harvesting, it was
found that the frequency up-conversion technique seems to be the most promising
for human motion applications. This technique will be applied on the energy harvesting

floor tile in chapter 3.

2.4 Summary

The fundamental of piezoelectricity including the piezoelectric effect, polarization
and directional identification of electromechanical respond in piezoelectric material
was presented first in this chapter. Then, the criterion of piezoelectric material selection
for energy harvesting application using the figure of merit (FOM) was introduced. A few
types of piezoelectric material were compared. The result shows that a piezoelectric
PZT material is a reasonable one. In addition, the literature review of low-frequency
vibration energy harvesting strategies was given. The frequency up-conversion principle

should be suitable for harvesting energy from human motion.



Chapter 3
A configuration to Characterize Piezoelectric

Cantilever Used in Energy Harvesting Floor Tile

This chapter is meant to introduce a concept of energy harvesting floor tile based
on the frequency up-conversion principle and a configuration to test the performance
of piezoelectric cantilever, optimizing the parameters setup of the sign. The frequency
up-conversion through interaction between permanent magnet and iron bar will be
studied. The magnetic force exciting on piezoelectric cantilever is going to be
considered by the finite element method. Additionally, the data measurement and

performance analysis of piezoelectric cantilever will be explained.

3.1 Theory on Frequency Up-converting Energy Harvester

To design the energy harvesting floor tile based on the frequency up-conversion
principle, the relevant parameters need to be analyzed first. They can be considered
from the operating principle of frequency up-converting energy harvester as depicted
in figure 3.1. This simple model is presented by Galchev et al. [69], which is based on

a simple mass-spring damper system.

S
Figure 3.1 A simple model of a frequency up-converting energy harvester.

In this case, the driving force f{t) excite directly on a proof mass m supported on

a suspension with a spring constant k and a damping element including the mechanical
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damping c¢» and electrical damping ce to provide a motion with a displacement z(?). Its

differential equation is given by
mz(t) +(c,, +c,)2(0) +kz(t) = f (1) (3.1)

The mechanical damping is a result of friction, air resistance etc., while the electrical
damping is occurred from the energy transduction. The electrical damping force Fe in
electrical energy conversion is defined by Fe= c.Z where Z is the velocity of a moving
mass as a function of time, as the case herein, the energy dissipated in the damper

every cycle can be calculated by integrating the Fe over a full cycle as
W= Fdz. (3.2)

The integral is taken over the period of the external excitation to account for the entire
time that a mass is oscillating freely after having been excited. The velocity of a moving

mass can be written as

| e‘?r“’nl |

where za represents the initial mass displacement just after released; wx is the natural
frequency of the harvester;¢, is the combined mechanical and electrical damping
ratio of the harvester; and wa is the damped natural frequency of the harvester
(a)d=a)n\/q). With ‘dividing the energy dissipated in the harvester per input
excitation cycle by the period of the external excitation and multiplying by two to
account for the fact that the harvester will be excited once per cycle, the total power
output can be given by

1 mg, 02> l_e*“”gr% 674@,‘%(2% sin(47r%)—2gra)n cos(47ra();’)) -

P - n“act _
= e | Caee ) W+ )
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where ¢, is the electrical damping ratio of the harvester; and w is the frequency of
input excitation. Assuming that ¢, ( ignoring mechanical damping ratio) is large enough
such that the harvester can be completely damped per excitation cycle 27/ @, the

total power output equals to

P, ~myo’z, (3.5)

total

where y =@, / @ . Increasing the frequency ratio y can lead the power output increase.
This point can be a guideline for an optimization of the frequency up-converting energy
harvester [31]. The y is directly proportional to the resonant frequency w» of the
harvester, which can be increased with reducing the mass or increasing the spring
constant. However, there is a trade-off betweeny, m, and zae. The zae is influenced
directly by the spring constant of the harvester, which therefore should be optimized

first.

3.2 Concept of Energy Harvesting Floor Tile
The schematic diagram of the energy harvesting floor tile with the frequency up-

conversion mechanism is illustrated in figure 3.2.
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Figure 3.2 Schematic drawing of energy harvesting floor tile.

The piezoelectric cantilevers are mounted on a supporter, the free ends of which

are attached to a stainless-steel mass to increase the strain in the piezoelectric
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substance causing the increase of electrical output power during oscillation. The
permanent magnets are glued to the top surface of the mass for attracting the iron
bar underneath the cover plate when the floor tile is stepped on. The soft plastic is
used to absorb the impact force between the iron bar and the permanent magnet.
Four springs are installed at each corner pulling up the cover plate. A stopper is used

to protect the piezoelectric layer from damage from over-displacement excitation.
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Figure 3.3 (a) Waiting for load; (b) and (c) Loaded and unloaded states of energy

harvesting floor tile.

Figsure 3.3 illustrates the frequency up-converting sequences of energy harvesting
floor tile. In the waiting for load state (Figure 3.3 (a)), the air gap between the
permanent magnet and the iron bar (d2) should be optimized to ensure that the
attracting force from the permanent magnet (Fiu) to the iron bar is not going to stop
vibrating cantilever; therefore, the iron bar should be located where Fix = 0. The
attractive force exerted by the permanent magnet at the air gap is given by the

following Maxwell’s equation:

B4
24,

(3.6)

iM


https://en.wikipedia.org/wiki/Maxwell_equation

22

where the subscript i identifies a particular permanent magnet and unimorph
cantilever. B represents the magnetic flux density, 4: is the cross section of the area of
the pole, and uois the permeability of the air.

For the loaded state shown in figure 3.3 (b), when the energy harvesting floor tile
is stepped on, springs are compressed by a compressive force (F1) from the weight of

the pedestrian. The compressive force Fr should be larger than the restoring force of

the spring (Fjs);FJZF/S where g is the total number of the springs used. From

j1

Newton’s second law and Hooke’s law, F1 and Fjs can be calculated by the equations

below,
F,o=m,g (3.7)
Fg=—kh (3.8)

where the subscript j identifies a particular spring; m. is the mass of the pedestrian; g
is the gravitational acceleration; kjs is the spring constant; and & represents the
displacement from the equilibrium position of the spring. The loaded state is also a
state that the iron bar comes close to a location where the magnetic field density is
high so that the bar will be attracted by the permanent magnet. Thus, the permanent
magnet deflects the piezoelectric cantilever underneath the iron bar. The resultant

force in the z-axis (Fiz) deflecting the unimorph piezoelectric cantilever is equal to

b, =F, cosO—(FcosO+n,g) (3.9)

where Fic is the restoring force of the unimorph piezoelectric cantilever; @is the top
surface angle of permanent magnet, and mirrepresents the total mass of the magnet
and the stainless-steel mass at tip of piezoelectric unimorph cantilever. The restoring

force Fic can be calculated from the equation below: [70]

F =kd, (3.10)
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where kic is the effective spring constant of the unimorph piezoelectric cantilever; d;
is the displacement of the unimorph piezoelectric cantilever from its rest position; and

kic is calculated by the following equation,

3(EY)Cantilever _ 3(EP1P + Eele) (31 1)
I8 - r

kiC =

where (El)caniilever is the effective bending modulus of the unimorph piezoelectric
cantilever; [ is the length of the piezoelectric and elastic layers; E, and E. are the
Young’s modulus of the piezoelectric and elastic layers; and 1, and /e are the moments
of inertia of the piezoelectric and elastic layers. The moments of inertia of the

piezoelectric and elastic layers can be determined by the following equations [53]:

3

w it t

I, =52 + w0, (£ ~1,)’ and (512)
Wete3 te v,

[e =Z_3+Wete(5_tn) (313)

where w, and we are the widths of the piezoelectric and elastic layers; #, and t. are the
thicknesses of the piezoelectric and elastic layers; and ¢ is the distance of the neutral
plane in the piezoelectric layer, shown in figsure 3.4, which can be calculated by the

equation below,

EWNE.
t, =—22n ] (3.14)
2E, 1, +ELt,)

Figure 3.4 Schematic of a unimorph piezoelectric cantilever with a proof mass.



24

Furthermore, the compressive stress in the unimorph piezoelectric cantilever is

induced by the resultant force in the x-axis,
F_=F,, sin@—F,sin@. (3.15)

In the unloaded state, when the foot moves up and away from the energy

harvesting floor tile; Fi.= 0 as shown in figure 3.3(c) and the total restoring force of the

a b
spring is higher than the total force in the z-axis; ZF,QZF[Z where b is the number
j=1 i=1

of the cantilevers with an attached permanent magnet; the springs will push the cover
plate and the iron bar up and away from the permanent magnet. This step will rapidly
separate the permanent magnet from the iron bar allowing the unimorph piezoelectric

cantilever to freely oscillate at a high frequency.

3.3 Design of a Test Bench

Following to a concept in section 3.2, a test bench for examining performance of
piezoelectric cantilever targeted to integrate to the prototype of floor tile can be
designed. The general system of such device is shown as a block diagram in figure 3.5,
which consists of an oscilloscope (Tektronix TD 3032B) and frequency up-converter.
The oscilloscope is used to measure the output electricity from piezoelectric cantilever
having been excited by the frequency up-converter. The frequency up-converter is
mainly divided into mechanism and control circuit parts. The structure of mechanism
part is illustrated in figure 3.6. A motor shaft with a snail cam is used to excite the
follower for transforming the rotary motion exerted from motor into the linear motion
of a cover plate. When a greatest radial dimension of snail cam rotates to match the
follower, the iron bar attached underneath of a cover plate is moved closer to a
permanent magnet at where high magnetic field. Meanwhile, a permanent magnet will
attach the iron bar with bending a piezoelectric cantilever through magnetic attractive
force. The displacement of piezoelectric cantilever is localized by the stopper. After

that, when a snail cam leaves a follower, the spring will suddenly pluck the cover
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plate up. It releases the iron bar far from permanent magnet and then let the
piezoelectric cantilever oscillate freely at resonant frequency. In addition, a motor is
controlled by the microcontroller (ATmega32) with an integrated circuit chip (L293D
driver motor), while the matching between a greatest radial dimension of a snail cam
and a follower is tracked by a limit switch to unsure that the permanent magnet

obviously attach to the iron bar.

A test bench
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Figure 3.5 Block diagram of overall system of a test bench.

Snail cam

e
g -

1
1
I | A
L ----1- Follower
- S Cover piatel
|
! 1
: ¥=-L- Spring
Supporter k- 7
: 1+ Iron bar
|
: 2 - - Soft plastic
Unimorph piezoelectric ; 1 {
= t e |
Plastic stopper | —
emmeeesT Permanent magnet
e Stainless steel mass

Figure 3.6 Schematic drawing of frequency up-converting mechanism

3.4 A setup for Performance Test of Piezoelectric Cantilever
A setup for performance test of piezoelectric cantilever is illustrates in figure 3.7,
which was began with configuring the frequency up-converting mechanism in figure 3.7

(a). A 60 x 30 x 2 mm? stainless steel mass (416) was glued with a 10 x 10 x 5 mm?
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permanent magnet (NdFeB-N35), and then mounted on the free end of a unimorph
PZT cantilever consisted of a 40 x 20 x 0.3 mm? PZT layer and a 60 x 25 x 0.2 mm?®
elastic layer. The main reason for selecting this commercial unimorph PZT cantilever
was due to its economical price, which might be a reasonable option for
experimentally proving the theory of designed floor tile mechanism. In general, the
generated power is directly proportional to the displacement of the piezoelectric
cantilever, the largest air gap between the plastic stopper and the PZT cantilever (d)
is required. However, the PZT layer may crack from over-bending, thus a proper
distance between the stopper and the cantilever needs to be set. For the
implementation, one end of the PZT cantilever was clamped to the supporter and
supplied with DC voltage while the other free end was pressed by a rack-and-pinion
scale to vary the vertical displacement. Over-bending could be observed from the
voltage at the free end. As shown in figure 3.8, as the PZT layer broke at a vertical
displacement of approximately 7.1 mm, the voltage at the free end became zero.
Therefore, a plastic stopper was used to fix the vertical displacement of the PZT

cantilever to 4 mm (d; = & mm).
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Figure 3.7 The setup used in the characterization of piezoelectric cantilever; (a) putting

a piezoelectric cantilever in frequency up-converter; and (b) a test bench.

In addition to that optimization step, an optimal air gap between the permanent
magnet and the iron bar (d2) was determined by finite element analysis (FEA) simulation

with FEMM 4.2 software. The simulation was implemented in 2D with parameters
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shown in table 3.1. Figure 3.9 illustrates the simulation results of magnetic flux density.

As can be seen, the magnetic flux density was diminished to approximately zero at 18

mm far from the permanent magnet. At this distance, the attractive force from the

magnet approached zero according to equation (3.6). Thus, d2 was set to be 18 mm.

After these configuration steps, a test bench shown in figure 3.7 (b) can be set up.

Finally, the piezoelectric cantilever was terminated with load resistor for investigation

of electrical energy conversion capability and robustness.
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Figure 3.8 Voltage at the free end of the PZT cantilever as the vertical displacement

was increased.

Table 3.1 Dimension and magnetic property of the materials used.

Parameters Area Length Relative Coercivity  Electric
(mm?)  (mm) permittivity - (A/m) conductivity
(MS)

lron bar 5x10 - 14872 — -

Soft plastic 2x10 - 1 — -

Air gap 10, 14,18  1.0006
Permanent magnet 2x10 - 1.045 883310 0.667
Stainless-steel mass 2 x30 - 440 — —
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1.201e+000 : >1.264e+000
1.138e+000 : 1.201e+000
1.075e+000 : 1.138e+000
1.012e+000 : 1.075e+000
9.483e-001 : 1.012e+000
8.851e-001 : 9.483e-001
8.219e-001 : 8.851e-001
7.587e-001 : 8.219e-001
6.954e-001 : 7.587e-001
6.322e-001 : 6.954e-001
5.690e-001 : 6.322e-001
5.058e-001 : 5.690e-001
4.426e-001 : 5.058e-001
3.793e-001 : 4.426e-001
3.161e-001 : 3.793e-001
2.529e-001 : 3.161e-001
1.897e-001 : 2.529e-001
1.265e-001 : 1.897e-001
6.324e-002 : 1.265e-001
<1.537e-005 : 6.324e-002
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Figure 3.9 Magnetic flux density simulation.

3.5 Method to Compute Performance

As the voltage output of frequency up-converting energy harvester is a transient

waveform [60], the instantaneous power P(tx) could be calculated by

V) (3.16)
h .

Bt

L
where Vi(tn) is the transient voltage across the resistive load at time twm; m = 0, 1, 2,
3...identifies the voltage sample at a particular time; and Rz is the resistance of the
resistive load. At time #v where N is the number of voltage samples, the average power

can be found as

P (ty) = —IV ©ar (3.17)

L

Thus, the energy produced from the prototype as a function of time was calculated
by the following expression,
N
E(ty) =Y P(t,)At,, for N)O, (3.18)
m=0
where At is the measurement time interval of the voltage samples

In addition, the energy conversion efficiency can be examined in the quantitative

relation between the amount of the output electrical energy and the input mechanical
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energy. The input mechanical energy was found from the potential energy stored in a
PZT cantilever based on the displacement and effective spring constant by the

following equations,

Elnput = %keffzg 4 (319)
ky =M (3.20)

where key represents effective spring constant; zo is the tip displacement of a PZT
cantilever; @ is the resonant frequency of a freely oscillating PZT cantilever; and M is
the seismic mass attached to the tip of a freely oscillating PZT cantilever. The @ can
be found from the time period of oscillation (7p) appearing in transient waveform as

shown in figure 3.11, which is given by @.=1/Tp.

3.6 Performance of a Tested Piezoelectric Cantilever

By running a frequency up-converter to excite a unimorph PZT cantilever singly,
the electrical energy generation capability of such cantilever can be investigated. First,
the open circuit test was implemented with a circuit shown in figure 3.10(a). The
transient output voltage shown in figure 3.11 can be obtained, as can be seen, the
peak-to-peak value of which during free oscillation is 68.4 V and the resonant
frequency is found to be 10.54 Hz. This resonant frequency was confirmed by the
impedance analyzer (Bode 100 - OMICRON Lab). The result showed a similar resonant
frequency where 10. 63 Hz at a lowest impedance magnitude as illustrated in figure
3.12. Next, a PZT cantilever was mechanically connected to a load resistor as circuit
given in figure 3.10 (b). The output voltage across load resistor was measured to
consider the output power and energy. The average output power as a function of the
resistive loads is given in figure 3.13. The maximum value of 0.075 mW is observed at
optimal load resistance of approximately 740.74 k€2. The load resistance shown in a
such graph is the combined resistances of load resistor and oscilloscope probe in the

form of parallel connection. With the entire time of free oscillation, the total output



30

energy dissipated at an optimal load resistor can be found as shown in figure 3.14,

which is 0.39 mJ with conversion efficiency of 24.67 % as illustrated in figure 3.15.

PZT cantilever

[

(a)

5
Z S = R, Vi
b —
- l
N
o
(b)

Figure 3.10 Circuits for the performance test of PZT cantilever; (a) open circuit and (b)

circuit of connected PZT cantilever and load resistor.
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In addition to the electrical energy generation capability, the reliability test was
carried out by running a frequency up-converter to continuously excite the unimorph
PZT cantilever terminated with an optimal load resistor. It was found that the energy
dissipated at an optimal load resistor steadily decreased from the first pluck up to the
forty-thousandth pluck. This issue was not related to mechanical failure or regression
of the PZT material. It occurred from progressive detachment of the PZT layer from
the elastic layer that might come from insufficient adhesive function of the glue that
bonded the two layers together under a large vertical displacement of the PZT
cantilever. To remedy that situation, the PZT cantilever’s vertical displacement was
restricted to 2 mm (d: = 2 mm). However, the progressive detachment still happened
as shown by the results in figure 3.16. A very short air gap d; might make the PZT
cantilever last a longer time, but the output energy would be lower due to the low

stress in the piezoelectric material.

035} ——d,=4mm
¢ dI =2 mm
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Figure 3.16 Output energy with increasing number of plucks.

3.7 Summary

This chapter introduced the performance test of piezoelectric cantilever which is
targeted to employ in the energy harvesting floor tile. A test bench was designed by
following a concept of the floor tile in which the magnetic plucking is utilized to up-

covert the frequency of piezoelectric cantilever. The relevant parameters for
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optimization of the system was defined from the theory of frequency up-converting
energy harvesters. In the device setup, the finite element method (FEM) was used to
analyze the magnetic field, then a distance between permanent and iron bar could be
optimized. The maximum displacement of piezoelectric cantilever was considered by
observing the over-bending with voltage transferred from end-to-end of it. After this
step, the energy harvesting capability and robustness test of a unimorph PZT cantilever
could be achieved. The results showed that a unimorph PZT cantilever gave a good
energy conversion efficiency, but it has a problem on an aggressive detachment of the

PZT layer from the elastic layer.



Chapter 4
Validation of Designed Mechanism and Evaluation of

Energy Harvesting Floor Tile

The aim of this chapter is to propose an experimental validation of the design
with human footstep simulated by a test bench and an experimentally evaluated the
performance of the fabricated floor tile. An optimal setup for magnetic plucking
mechanism will be verified before the energy harvesting behavior of the design is
analyzed. After this step, the final tile will be introduced and then subjected to a series
of experiments, both in a laboratory set-up and in the real scenario. The output energy
obtained from actual pedestrian steps is assumed to power a few types of low-power

wireless sensor node.

4.1 Validation of the Designed Mechanism
4.1.1 Validation Methods

Before configurating the energy harvesting floor tile, the concept designed need
to be validated first. A gap between permanent magnet and iron bar (d2) directly
influencing on the output energy and the energy harvesting behavior indicating the
feasibility of the design has to be verified. In the implementation, a test bench
proposed in the chapter 3 was used for simulating the human footstep and an optimal
load resistor was connected to the unimorph PZT cantilever on the observation of
harvestable energy. Generally, walking velocity and frequency of pedestrian steps on
the floor either in a crowded or uncrowded area are inconstant, depending on number
of people and individual stride. These parameters could not be simulated exactly.
One thing for certain is that the time interval that the foot of a pedestrian makes
contact with the floor is longer for a slow walker and shorter for a fast walker. A high
density of pedestrians may cause them to walk slower hence this time interval may

be longer [71]. Accordingly, this simulation of energy harvesting behavior was based on
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the step time interval (72) between the cover plate moving up and down, i.e., the cycle

time of the greatest radial dimension of the snail cam pressing on the follower.

4.1.2 Validation Results

The first step was to verify the optimal air gap d>. Figure 4.1 shows a comparison
of the performances of the prototype installed with different air gaps d>2. The ratio of
the total output energy generated when the air gap d2 were 18 and 14 mm to the total
output energy generated when d> was 10 mm were 3.35 and 2.73 to 1, respectively.
Decreasing the amount of the air gap d> led to a significant drop in output energy
because the vertical displacement of the oscillating PZT cantilever was diminished by
the stronger attractive force between the permanent magnet and the iron bar as
mentioned in chapter 3. Free oscillation would be stopped with the shortest air gap
d>, producing the minimum output energy. Therefore, the prototype was configured

with d2 = 18 mm.
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Figure 4.1 Normalized energy from using different airgaps (d2).

The energy harvesting behavior was determined as follows. Following the
experimental method in subsection 4.1.1, a snail cam was rotated at an angular
velocity of 8 rad/s with various step time intervals (74) of 0.1, 0.5 and 1.0 s which were

assumed to represent accurately the walking speeds of a pedestrian. Figure 4.2 (a), (b)
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and (c) depict the output voltages from these walking speeds, respectively. The results
show that the PZT cantilever plucking frequencies were 1.01Hz, 0.71 Hz and 0.52 Hz,
respectively. Figure 4.2 (d) illustrates the energy harvested during 10 s with different
step time intervals (7). The total output energies were 2.05, 1.42 and 1.00 mJ,
respectively. Increasing the step time interval, i.e. slower walking speed, reduced the
number of plucks on the PZT cantilever over time leading a decreasing in the total

output energy.

Throughout these experimental results, it is safe to say that the designed
mechanism is possible to convert the kinetic energy from human footstep into usable

electrical energy.
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Figure 4.2 Voltages generated with step time intervals Tz of (a) 0.5, (b) 1 and (c) 1.5 s;

(d) the trend of harvested energy that varied with step time interval.
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4.2 Performance Evaluation of Energy Harvesting Floor Tile
4.2.1 Energy Harvesting Floor Tile

After the designed mechanism was validated as described in section 4.1,
a 430 x 430 x 70.50 mm?® energy harvesting floor was constructed. This size of tile was
selected according to a simplification of the installation and easy movement during
experiment, anyway, its appropriateness on energy harvesting must be considered. In
addition, to achieve the high output energy, many unimorph PZT cantilevers should
be mounted inside the tile, the maximum number of which can rely on the interaction
among stainless-steel masses inducing the strong magnetic field as shown in figure 4.3.
If the distances between stainless-steel masses along x-axis (d3) and y-axis (ds) are not
large enough, the masgnetic force will stop oscillating unimorph PZT cantilever,
resulting in low energy conversion efficiency as discussed in section 3.2. The optimal

distances dsand d+ were considered by using the FEA simulation.
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Figure 4.3 Schematic drawing showing the top view of energy harvesting floor tile.

In the simulation, the magnetic properties given in table 3.1 and dimension listed
in table 4.1 of materials were used. The magnetic interaction between stainless steel
masses was investigated in both repulsive and attractive interaction. As the results
shown in figure 4.4 and 4.5, the repulsive interaction is weaker than attractive
interaction, which was used in the tile. The repulsive force can diminish to zero with

short distance ds of 7 mm and ds of 1 mm. For the configuration of the tile, to ensure
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that there was no magnetic interaction among stainless steel masses, distance ds and
ds were 15 mm and 5 mm, respectively. Thus, the tile with a given size fitted a

maximum capacity of 24 unimorph PZT cantilevers as shown in figure 4.6 (a).

Table 4.1 Dimension of materials at different view orientations.

View orientation  Stainless steel Permanent magnet d;length  d, length
mass area (mm?)  area (mm?) (mm) (mm)

Left 2x30 i 3,57

Front 2 x 60 5x 10 - 1,2,3

1.412e+000 : >1.486e+000
1.337e+000 : 1.412e+000

: 1.040e+000
: 9.659e-001
: 8.916e-001
: 8.173e-001
: 7.430e-001
: 6.687e-001
: 5.944e-001
: 5.201e-001
|4 4| 3.715e-001 : 4.458e-001
[=4] 2.972e-001 : 3.715e-001
N | :2.972¢-001
: 2.229e-001
1.486e-001
€3.833e-006 : 7.430e-002

1.185e+000 : >1.247e+000
1.122e+000 : 1.185e+000
1.060e+000 : 1.122e+000

1 9.975e-001
19.352e-001
: 8.728e-001
: 8.105e-001
: 7.481e-001
: 6.858e-001
: 6.234e-001
: 5.611e-001
: 4.988e-001
: 4.364e-001
.117e-001 : 3.741e-001
.494e-001 : 3.117e-001
| 1.870e-001 : 2.494e-001
1.247e-001 : 1.870e-001
6.236e-002 : 1.247e-001
<1.455e-005 : 6.236e-002

Density Plot: |B|, Tesla

-|
:
-|
4

Figure 4.4 Magnetic interaction between stainless steel masses along x-axis; (a)

repulsive and (b) attractive interactions.
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1.147e+000 : >1.207e+000
1.086e+000 : 1.147e+000
1.026e+000 : 1.086e+000
: 1.026e+000
: 9.656e-001
2 9.052e-001
: 8.449e-001
1 7.845e-001
1 7.242e-001
: 6.638e-001
: 6.035e-001
: 5.431e-001
1 4.828e-001
| ]3.621e-001 : 4.224e-001
|| 3.018e-001 : 3.621e-001
2.414e-001 : 3.018e-001
| 1.811e-001 : 2.414e-001
1.207e-001 : 1.811e-001
6.036e-002 : 1.207e-001

<1.576e-005 : 6.036e-002

Density Plot: |B|, Tesla

1.217e+000 : >1.281e+000
1.153e+000 : 1.217e+000
1.089e+000 : 1.153e+000
1.025e+000 : 1.089e+000
9.608e-001 : 1.025e+000
8.968e-001 : 9.608e-001
8.327e-001 : 8.968e-001
2| 7.687e-001 : 8.327e-001
: 7.687e-001
: 7.046e-001
: 6.405e-001
: 5.765e-001
1 : 5.124e-001
: 4.484e-001
: 3.843e-001
:-3.203e-001
i 2.562e-001
01 : 1.922e-001
: 1.281e-001
<9.641e-006 : 6.406e-002

Density Plot: [8], Tesla

Figure 4.5 Magnetic interaction between stainless steel masses along y-axis; (a)

repulsive and (b) attractive interactions.
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Figure 4.6 A test setup showing (a) the energy harvesting floor tile and (b) the

oscilloscope measuring the voltage (Tektronix TDS3032B).

The air gaps di and d> (described in a concept of the floor tile, chapter 3) varied from

2 — 5 and 16 - 19 mm, respectively; they could not be set to one fixed distance
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because of the slightly different curvature of the unimorph PZT cantilevers obtained
from the manufacturer. A full wave bridge rectifier consisted of small signal Schottky
diodes (BAT 46) was used with each of the PZT cantilevers and electrically parallelly
connected to other rectifiers as shown in figure 4.7. A parallel circuit was used to sum
the output currents from all PZT cantilevers. Its presence was due to each PZT
producing only a low current even though it could generate a high voltage. The
readiness for the further evaluation step of floor tile can be tested with the open-
circuit voltages produced from each of 24 PZT cantilevers and 24 paralleled PZT
cantilevers as shown in figure 4.8 and figure 4.9, respectively. The output voltage of
each of 24 PZT cantilevers is varied with air gab di, anyway, they conform to the output

voltage of 24 paralleled PZT cantilevers.

PZT cantilever PZT cantilever (No.1)e e ePZT cantilever (No.24)
Tl Il Inl
i i il

nadl

LN NN o

Load (a) Full wave bridge rectifier Load (b)

Figure 4.7 (a) Circuit of an individual PZT cantilever; (b) Circuit of electrically connected

PZT cantilevers, rectifiers, and load resistors.
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Figure 4.8 Peak open-circuit DC voltage generated by each PZT cantilever.
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Figure 4.9 Open circuit voltage produced by 24 paralleled unimorph PZT cantilevers.

4.2.2 Performance Evaluation Method

Three kinds of evaluation were performed: evaluation of the energy harvesting
performance of one then 24 PZT cantilevers; the effect on energy harvesting
performance of the placement location of footsteps; and the energy harvesting
performance of the tile in a real scenario. Firstly, the energy harvesting performances
of one PZT cantilever and 24 PZT cantilevers were investigated with various load
resistors as shown in the figure 4.7 (a) and (b). Each of three randomly selected PZT
cantilevers was performance tested. The performance of all 24 connected PZT
cantilevers was then evaluated. The load resistor that maximized the power transfer
of all of these cantilevers was selected as the optimal load resistor for the other kinds
of evaluation. Secondly, the output energy generated by stepping on each different
location of the energy harvesting floor was measured and compared. The results would
show whether the performance of the tile was consistent or not when it was stepped
on its different areas hence they would indicate whether the tile was too big or not.
And lastly, the tile’s energy harvesting performance when it was mounted and actually
stepped on by a pedestrian was determined. The result would indicate whether the
amount of the harvested energy would be sufficient or not for supplying a typical

wireless sensor node.
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4.2.3 Performance Evaluation Results and Discussion

The experimental results of first test are shown in figure 4.10. By exciting the
energy harvesting floor tile with a single footstep, the average output power per one
PZT cantilever were 0.069, 0.054, and 0.068 mW at optimal load resistances of 377.21,
377.21, and 448.90 kQ) for cantilever #1, #2 and #3, respectively. Their different average
output power varied with their vertical displacement (air gap di) as mentioned before.
The #1 and #3 PZT cantilevers with an air gap d; of proximately 4 mm was able to
generate a higher average power than #2 with an air gap d; of proximately 3 mm. Since
the air gaps d: that fixed the vertical displacement of many PZT cantilevers were
shorter than 4 mm, the average output power from paralleled 24 PZT cantilevers was
only 1.24 mW at optimal load resistance of 74.44 kQ, not the total sum of 1.65 mW
as expected. This demonstrates that it is possible to obtain the highest conversion
efficiency by fine-tuning the air gap distance of every piezoelectric cantilevers properly
or, simpler, if we can obtain cantilevers from a manufacturer with very tight tolerance
of their curvature so that no air-gap tuning is needed, we will be able to achieve the

highest conversion efficiency.
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Figure 4.10 The average power of one unimorph PZT cantilever and 24 paralleled

unimorph PZT cantilevers.
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For the second test, the energy harvesting floor was stepped on at five numbered
locations shown in figure 4.11. The total output energy of 2.80, 2.87, 3.49, 2.78, and
2.61 mJ were respectively obtained as exhibited in figure 4.12. The experimental results
show that stepping on the location #3 was better than any other locations, since the
force could distribute evenly throughout the cover plate, resulting in even movement
of the iron bars mounted under the plate relative to the permanent magnet mounted
on the PZT cantilevers, thus inducing all cantilevers evenly and consistently. On the
other hand, stepping on the cover plate at a corner (First, Second, Fourth or Fifth
location) could compress the assembly only locally around that corner because the
distributed force to the other corners was low and could not compress down the
supporting springs at those corners sufficiently. Thus, only some of the 24 PZT
cantilevers were excited. This result suggested to us that the production floor tile
should be of a smaller size such that the cover plate will be evenly pressed down by

a footstep no matter what location on the plate it lands on.

With step landing on the optimal location #3, the energy conversion efficiency can
be examined in the quantitative relation between the amount of the output electrical
energy and the input mechanical energy. Fisure 4.13 demonstrates the measured
conversion efficiency with various load resistors; as can be seen, the greatest

conversion efficiency was 17.12 % at the optimal load resistor of 74.44 kQ.

Figure 4.11 Numbered locations on the cover plate.



a4

>
=

3.49

w oW
S WD
T T
[\
o0
[\
Hoo
|
N
~J
o0

Hi -

Total Energy (mlJ)
S e
S (9] [w) ()]

o
(9]
T

1 2 3 4 5
Step Location

<
=)

Figure 4.12 Output energy generated by a step that landed on different locations of

the energy harvesting floor tile.

o  Measured
Fit

—_— = = e
S N B~ O ©
T

Efficiency (%)

0 20 40 60 80 100 120 140 160 180 200

S D B~ O ©

Load Resistance (k<)

Figure 4.13 Energy conversion efficiency versus load resistor values.

In the final test, the energy harvesting floor tile was placed on a passageway in
front of a classroom where 45 students had to walk by and step on it. In this scenario,
the output voltage and trend of harvestable energy over time were recorded and
calculated and are shown in figure 4.14. The amplitudes of the output DC voltage were
in the range of 10.15 - 21.41V. The different voltage values were not due to the weight

of each pedestrian, rather it was due to the pedestrians not stepping on the same
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location on the cover plate every time as discussed above. The total output energy
derived from this experiment was 42.09 mJ. The average energy per one step was

approximately 0.93 mJ.
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Figure 4.14 Output voltage and energy generated by many pedestrians stepping on

the energy harvesting floor tile.

4.3 Wireless Sensor Node Powering Simulation

As the concept of this work is to employ the energy harvesting floor tile in the
field of smart city, for providing a sustainable power source to low-power electronic
devices, its total output energy of 42.09 mJ was assumed to supply low-power wireless
sensor nodes presented in [72]-[74] and shown in table 4.12. The supplied energy can
power an accelerometer, a capacitive strain gauge, and smoke detecting wireless
sensor nodes to operate for approximately 1.60, 70.15, and 8,503.03 s, respectively.
These wireless sensor nodes usually operate in both hibernated and active states in
order to reduce power consumption; therefore, it is feasible to store the harvested
energy in a capacitor during the node’s hibernated state for sufficient use in the further
duty cycle of data tracking and transmission. It should be noted that the relatively high
amount of energy found in this study was from using an optimal resistor as a load. In

real applications, some amount of the energy achieved in this experiment will be lost
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when it is stored in a capacitor as a power source for a wireless device due to self-
discharge of the capacitor and leakage current in the electronic components when
nobody is stepping on the floor tile. The leakage current can be minimized by

optimizing the energy magnet circuit and using low-power electronic components [75],

[76].

Table 4.2 Estimation of operational time of a low-power wireless sensor node

assumed powered by output energy from actual pedestrian steps.

Wireless sensor node

Power consumption Operational time
(mw) (s)
Accelerometer [72] 26.31 1.60
Capacitive strain gauge [73] 0.6 70.15
Smoke detecting [74] 4.95x107 8,503.03

4.4 Summary

The energy harvesting floor tile aimed to convert the kinetic energy from human
footstep into usable electrical energy was realized and evaluated in this chapter. An
optimal setup for magnetic plucking of a PZT cantilever and the feasibility of a
designed mechanism were verified through a test bench first. The energy harvesting
behavior was analyzed with the simulated human footstep. Then, the prototype was
configured, the tile fitted with maximum capacity of 24 PZT cantilevers and the
readiness of which for the evaluation step was confirmed by the DC output voltages
of each PZT cantilevers and 24 paralleled PZT cantilevers. After that, the three kind of
experiments were carried out to evaluate the energy harvesting performance of the
tile when operated with one PZT cantilever and 24 paralleled PZT cantilevers and
when excited by a step that landed on different locations as well as the actual

pedestrian steps. Finally, the wireless sensor powering simulation is given.



Chapter 5
Conclusions

5.1 Research Summary

The starting point of this research is the general introduction of piezoelectric
energy harvesting, giving the understanding on piezoelectricity, figure of merit for
choosing the bulk piezoelectric material and literature review of different strategies to
deal with low frequency and random vibrations. The technique of frequency self-
tuning or non-linear vibration is possible for broadband harvesting. The frequency up-
conversion technigue is optimal for the operation of the energy harvesting floor tile.

Regardless of the input excitation, energy can be converted more efficiently.

After that, the relevant parameters were analyzed and an energy harvesting floor
tile with frequency up-conversion mechanism was designed. The frequency up-
conversion was achieved by using restoring forces from springs to rapidly separate an
iron bar away from a permanent magnet where they were attracted to each other via
magmatic force. The airgap between the permanent magnet and the iron bar strongly
influenced the energy generation; the relationship was analyzed by a Finite Element
Method (FEM). When the airgap was large enough to diminish the magnetic force
attracting the iron bar to zero, an oscillating piezoelectric cantilever gave the maximum
output energy. Too large a displacement of the unimorph cantilever could cause a
crack in the piezoelectric layer; this situation was examined then prevented from

happening further by using a stopper.

Then, a configuration to test the performance of a sample unimorph PZT
cantilever used in this research was performed. The testing results suggested that the
unimorph PZT cantilever presents a good energy conversion efficiency, but it has a
problem of laminated layers between piezoelectric layer and elastic layer peeling off

from each other.

Finally, the validation of the designed mechanism was made with a human

footstep simulated by a test bench. The results presented the success of the design,
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thus the energy harvesting floor tile was scaled up to consist of 24 PZT cantilevers and
used in a performance evaluation experiment. It was observed that the differences in
the curvature of the PZT cantilevers and the large size of energy harvesting floor could
reduce the total output energy. The former issue was dealt with by fine-tuning
individually the amount of displacement that each cantilever could travel, while the
latter issue would be dealt with in a future work by making the floor tile smaller. In an
actual test having people walking and stepping on the floor tile for 45 steps, it was
found that this number of steps could provide high enough harvested energy to

activate a few low-power wireless sensor nodes.

5.2 Future Work

In the present work, the principle of energy harvesting floor tile mechanism has
been successfully proven and comprehensive modeling has been proposed. In term
of the prototype, an energy conversion efficiency can be increased by using a higher-
energy-output and more robust piezoelectric cantilever with no lamination between
piezoelectric layer and elastic layer so that no fine-tuning of cantilever displacement.
Two interesting piezoelectric cantilevers (5230-J1FR-1808XB and T220-H4BR-2513XB
bimorphs, Mide Technology) are listed in table 5.1, which exhibit good performance in
energy harvesting application [77], [78]. These bimorphs and a PZT cantilever used in
the present work are not much different in size, simplifying the installation. Being
tested with the same parameter setup and input excitation, a T220-H4BR-2513XB
bimorph can generate power of roughly 42 % higher than a S230-J1FR-1808XB bimorph
as illustrated in figure 5.1. In addition to the power generation capability, in the
structure side, a S230-J1FR-1808XB bimorph having three FR4 layers might be more
durable and long-lasting than a T220-H4BR-2513XB bimorph made of one brass layer;
where FR4 and brass layers are elastic layer. The performance of both bimorphs can

be more investigated by a test bench given in chapter 3 to select the optimal one.



Table 5.1 Specification of bimorph cantilevers.

Specification

5230-J1FR-1808XB

.

C
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T220-H4BR-2513XB

Price $274.00 $152.00
Total size 71 x 25.4 x 0.76 mm? 63.5 x 31.8 x 0.51 mm?

Piezoelectric layer

Elastic layer

Two PZT-5J layers
Three FR4 layers

Two PZT-5H layers

One brass layer

Average output power (mW)

0.7
—— PZT cantilever (Present work)
okt P-wy =" S230-J1FR-1808XB
4L 7N T220-H4BR-2513XB
05F Y
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Figure 5.1 Average output power of a PZT cantilever used in the present work and

two interesting bimorphs.

Another area of high interest is the optimization of the size and configuration of

the tile to overcome the challenge found in the present work that large size of tile

results in low energy conversion efficiency, e.g., the force exerted by a foot steeping

on a corner of cover plate of the tile was not sufficient for compressing the cover plate

down evenly. For an interesting concept, a smaller tile would be fabricated as a

generator and then assembled to the tile surface by using a connecter as shown in

figure 5.2. The tile surface might be fitted to adult foot with an area of 300 x 300 mm?

to evenly excite four generators through a connector mounted on the center of their
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cover plate. Exciting on the center of cover plate can activate all piezoelectric
cantilevers inside each generator, achieving the maximum energy conversion efficiency

as discussed in the section 4.2. Therefore, this configuration might be a good option.

Tile surface Generator

Figure 5.2 Schematic drawing of the tile with the interesting size and configuration; (a)

the isometric and (b) side view orientations.

In a grander scheme, a combination of the energy harvesting floor tile with wireless
sensor nodes or low-power electronic devices is important. The energy storage and

management circuits are what finally make it viable for real applications.
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This paper reports on the fabrication and evaluation of an energy harvesting floor tile using unimorph
PZT piezoelectric cantilevers to convert kinetic energy from human footsteps into usable electricity. The
operation of the tile is based on frequency up-converting mechanism in which low frequency input vibra-
tions are converted into high frequency vibrations of an electromechanical transduction. The operational
frequency of the PZT unimorph cantilever was converted up by an interaction between a permanent
magnet and an iron bar. Vertical displacement of the oscillating cantilever was localized with a stopper
preventing damage to the piezoelectric layer from shock or over-displacement excitation. The magnetic
field density between the magnet and the iron bar was investigated through finite element analysis sim-
ulation in order to define an optimal air gap. Experimentally, a unimorph PZT cantilever was initially
prototyped to validate the design. The results showed a successful frequency up-conversion with a res-
onant frequency of 10.54Hz. Then, it was scaled up by accommodating 24 unimorph PZT cantilevers
followed by experimental validation to evaluate its energy harvesting performance. Each cantilever was
connected to a full wave bridge rectifier then connected in parallel with the other cantilevers. The gener-
ated electrical power and energy were investigated through various resistive loads. The average power
and total output energy produced by one foot step on the tile were found to be 1.24 mW and 3.49 mJ,
respectively at an optimal load resistance of 74.44 kS2. The energy conversion efficiency reached 17.12%
demonstrating the potential of harvesting energy from human motion.

© 2018 Elsevier B.V. All rights reserved.

Keywords:
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1. Introduction especially implanted sensors. Therefore, harvesting ambient envi-

ronment energy to supply sustainable electrical power to devices

Wireless sensor node emerged decades ago has been continu-
ously importantin a variety of fields including industry, agriculture,
infrastructure, disaster prediction and environment monitoring
due to its ability to track information in a hard-to-reach location at
a lower cost than wire solution. Following the feature of commu-
nication without wiring and recent trend of electronics technology
that electronic components are reduced in size and power con-
sumption, many existed wireless sensor nodes are powered by
battery. However, there are several issues on battery use such
as limited energy storage capacity, battery lifespan, and inconve-
nient maintenance of depleted batteries in unreachable location

* Corresponding author.
E-mail address: don.is@kmitl.ac.th (D. Isarakorn).

https://doi.org/10.1016/j.sna.2018.06.035
0924-4247/© 2018 Elsevier B.V. All rights reserved.

such as an energy autonomous system is highly desirable. Energy
powering small embedded device is typically harvested from light,
thermal or vibration sources. Environmental vibration has par-
ticularly attracted many researchers because of its ubiquity. In
this respect, electrical energy can be obtained by electrostatic [1],
electromagnetic [2] or piezoelectric [3] conversion. Piezoelectric
generator has received great interest due to its simple, low struc-
ture profile, ease of integration, high power density and high energy
conversion efficiency [4,5].

At present, piezoelectric energy harvesters are usually resonant-
type device. Its resonant frequency is closely matched to the
frequency of the surrounding vibration sources in order to achieve
maximum power generation. However, resonant-type device is not
agood option for conversion of human movement or variable vibra-
tion over time. Its generated electrical energy drops significantly at
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low frequency when the resonant frequency of the harvester devi-
ates far from the frequency of the vibration source [6,7]. To achieve a
high harvesting efficiency, several frequency up-conversion mech-
anisms that excite a harvester from low-frequency input vibration
have been investigated recently. A commonly used strategy is to
make the cantilever or buzzer disk of a piezoelectric harvester
deflect initially and then leave it to oscillate freely. An initial deflec-
tion can be implemented by mechanical contact or by non-contact
magnetic interaction.

A contact frequency up-conversion mechanism was firstly pre-
sented by Umeda et al [8,9]; they investigated the generated energy
from a piezoelectric beam impacted by a steel ball. After this pio-
neering paper, many researchers have begun further investigations.
For example, Ranaud et al. [10] used a moving mass to strike
one of two piezoelectric cantilevers located at each end of a har-
vester container while the harvester was being shaken from side
to side. The impact from the moving mass increased the opera-
tional frequency of the piezoelectric enabling it to harvest energy
from low-frequency and high-amplitude input and provide power
to wearable gait monitoring device. Pozzi et al. [11] applied a
plucking-based frequency up-conversion strategy to a piezoelec-
tric wearable energy harvester in order to convert energy from
knee-joint motion. This mechanical plucking deflected the piezo-
electric beams through a plectrum and then rapidly left them free
to vibrate. The core challenge in integration of a contact frequency
up-conversion mechanism to a harvester is the decrease in life span
of the piezoelectric cantilever [12].

On the non-contact up-conversion mechanism side, Kulah et al.
[13] reported one that employed the attractive force between per-
manent magnet and metal to increase the vibrational frequency
of cantilever coils in an electromagnetic energy harvester. In addi-
tion, Pillatsch et al. [14] demonstrated a body-movement-energy
harvesting device that used a rotational system. In this device, mag-
netic coupling with a rotating proof mass was used to pluck the
piezoelectric cantilever. In another study, Luong et al. [15] used
magnetic force interaction between permanent magnets to excite
apiezocomposite generating element (PCGE) in a small-scale wind-
mill. The primary magnet was attached to the input rotor, and the
secondary magnet was attached to the free end of the PCGE. The
main advantage of non-contact frequency up-conversation mecha-
nismis that the piezoelectric or coil cantilevers do not have to suffer
repeated damaging physical contact with anything which makes
their operation more reliable than that of the contact frequency
up-conversation mechanism. However, the energy by generated a
non-contact generator drops significantly at high speed of mag-
netic plucking [16]. Therefore, an efficient energy harvester with
frequency up-conversion mechanism that has a long operational
life time and suffers no effect of high plucking speed is of much
interest.

This paper proposes an energy harvesting floor tile based on
frequency up-conversion principle for converting low-frequency
vibration especially pedestrian’s step into usable electrical energy.
Its conceptual model and the frequency up-conversion mechanism
are introduced first. Then, the validation of the design is presented.
Next, the fabrication and evaluation of the energy harvesting floor
tile are described. Lastly, a conclusion is given.

2. Concepts of energy harvesting floor tile and frequency
up-conversion strategy

The schematic diagram of the energy harvesting floor tile with
the frequency up-conversion mechanism is illustrated in Fig. 1.
Twenty-four unimorph piezoelectric cantilevers are mounted on
a supporter, the free ends of which are attached to a stainless-steel
mass to increase the strain in the piezoelectric substance caus-

ing the increase of electrical output power during oscillation. The
permanent magnets are glued to the top surface of the mass for
attracting the iron bar underneath the cover plate when the floor
tile is stepped on. The soft plastic is used to absorb the impact force
between the iron bar and the permanent magnet. Four springs are
installed at each corner pulling up the cover plate. A stopper is
used to protect the piezoelectric layer from damage from over-
displacement excitation.

Fig. 2 illustrates the frequency up-converting sequences of
energy harvesting floor tile. In the waiting for load state (Fig. 2(a)),
the air gap between the permanent magnet and the iron bar (d,)
should be optimized to ensure that the attracting force from the
permanent magnet (Fj, ) to the iron bar is not going to stop vibrating
cantilever; therefore, the iron bar should be located where F;; =0.
The attractive force exerted by the permanent magnet at the air gap
is given by the following Maxwell’s equation:

B2A;

2uo’
where the subscript i=1, 2, 3... and 24 identifies a particular
permanent magnet and unimorph cantilever. Brepresents the mag-
netic flux density, A; is the cross section of the area of the pole, and
o is the permeability of the air.

For the loaded state shown in Fig. 2(b), when the energy harvest-
ing floortile is stepped on, springs are compressed by a compressive
force (F; ) from the weight of the pedestrian. The compressive force
Fy should be larger than the restoring force of the spring (Fjs);

a
FQZFJS where a is the total number of the springs used. From
j=1
Newton’s second law and Hooke’s law, F; and Fjs can be calculated
by the equations below,

1)

Fim

Fp=mg, (2)
FjS = ~kj5h, (3)

where the subscript j=1, 2, 3 and 4 identifies a particular spring;
my is the mass of the pedestrian; g is the gravitational accelera-
tion; kjs is the spring constant; and h represents the displacement
from the equilibrium position of the spring. The loaded state is
also a state that the iron bar comes close to a location where the
magnetic field density is high so that the bar will be attracted by
the permanent magnet. Thus, the permanent magnet deflects the
piezoelectric cantilever underneath the iron bar. The resultant force
in the z-axis (Fjz) deflecting the unimorph piezoelectric cantilever
is equal to

Fiz = Fipy cos 6 — (Fic cos 6 + myrg), (4)

where Fic is the restoring force of the unimorph piezoelectric can-
tilever; 6 is the top surface angle of permanent magnet, and m;r
represents the total mass of the magnet and the stainless-steel mass
at tip of piezoelectric unimorph cantilever. The restoring force Fic
can be calculated from the equation below: [17]

Fic = kicd1, (5)

where k;jc is the effective spring constant of the unimorph
piezoelectric cantilever; d; is the displacement of the unimorph
piezoelectric cantilever from its rest position; and k;¢ is calculated
by the following equation,

kiC _ 3(E1)c}z;ntilever _ 3(Eplpl;L Eele)’ (6)

where (El)cantiiever 1 the effective bending modulus of the uni-
morph piezoelectric cantilever; [ is the length of the piezoelectric
and elastic layers; Ep and E, are the Young’s modulus of the piezo-
electric and elastic layers; and I, and I, are the moments of inertia
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Fig. 1. Schematic drawing of energy harvesting floor tile.
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Fig. 2. (a) Waiting for load; (b) and (c) Loaded and unloaded states of energy harvesting floor tile.

of the piezoelectric and elastic layers. The moments of inertia of the
piezoelectric and elastic layers can be determined by the following
equations [18],

wplp b :

I = ITJertp(iftn) s (7)
Wet? ¢ 2

le = 1839 +Wete(je —tn) , (8)

where wp, and w, are the widths of the piezoelectric and elastic
layers; t, and t. are the thicknesses of the piezoelectric and elastic
layers; and t, is the distance of the neutral plane in the piezoelec-
tric layer, shown in Fig. 3, which can be calculated by the equation
below,

Ept? — Eet?

= 2(Epty + Eete)” ®

n
Furthermore, the compressive stress in the unimorph piezoelectric
cantilever is induced by the resultant force in the x-axis,
F,'x = FiM sinf — FiC siné. (10)

In the unloaded state, when the foot moves up and away from
the energy harvesting floor tile; F; =0 as shown in Fig. 2(c) and the

total restoring force of the spring is higher than the total force in the
a b

Z-axis; ZF]S)ZF,-Z where b is the number of the cantilevers with
j=1 i=1

an attached permanent magnet; the springs will push the cover

plate and the iron bar up and away from the permanent magnet.

This step will rapidly separate the permanent magnet from the

iron bar allowing the unimorph piezoelectric cantilever to freely

oscillate at a high frequency.

3. Verification of the feasibility of the designed mechanism
3.1. Prototype of the proposed tile

A unimorph piezoelectric cantilever as shown in Fig. 4 was
firstly prototyped and properly characterized before the system
was scaled up to be composed of 24 unimorph PZT cantilevers.
To optimize and verify the design of the energy harvesting floor
tile, the following structure was configured. A 60 x 30 x 2 mm3
stainless steel mass was glued with a 10 x 10 x 5 mm3 perma-
nent magnet (NdFeB), and then mounted on the free end of a
unimorph PZT cantilever consisted of a 40 x 20 x 0.3 mm?> PZT layer
and a 60 x 25 x 0.2 mm? elastic layer. The configuration was as that
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Fig. 3. Schematic of a unimorph piezoelectric cantilever with a proof mass.
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Fig. 4. Validation of the designed mechanism.

Table 1
Dimension and magnetic property of the materials used.
Parameters Dimension Relative permittivity Coercivity (A/m) Electric
conductivity (MS)
Iron bar 5mm x 10mm 14872 - -
Soft plastic 2mm x 10 mm 1 - -
Air gap 10, 14, and 18 mm 1.0006 - -
Permanent magnet (NeFeB) 10mm x 5mm 1.045 883310 0.667
416 stainless-steel mass 30mm x 2mm 440 - -

shown in Fig. 2(a) of the schematic of the waiting for load state
(equilibrium state). Since the generated power is proportional to
the displacement of the piezoelectric cantilever, the largest air gap
between the plastic stopper and the PZT cantilever (dy) is required.
However, the PZT layer may crack from over-bending, thus we
needed to set a proper distance between the stopper and the can-
tilever. In our implementation, one end of the PZT cantilever was
clamped to the supporter and supplied with DC voltage while the
other free end was pressed by a rack-and-pinion scale to vary the
vertical displacement. Over-bending could be observed from the
voltage at the free end. As shown in Fig. 5, as the PZT layer broke at
avertical displacement of approximately 7.1 mm, the voltage at the
free end became zero. Therefore, a plastic stopper was used to fix

the vertical displacement of the PZT cantilever to 4 mm (d; =4 mm).
In addition to that optimization step, an optimal air gap between
the permanent magnet and the iron bar (d;) was determined by
finite element analysis simulation with FEMM 4.2 software. The
simulation was implemented in 2D with parameters shown in
Table 1. Fig. 6 illustrates the simulation results of magnetic flux
density. As can be seen, the magnetic flux density was diminished
to approximately zero at 18 mm far from the permanent magnet.
At this distance, the attractive force from the magnet approached
zero according to Eq. (1). Thus, d, was set to be 18 mm for the pro-
totype. This value of d, from simulation was verified in an actual
experiment that it was truly optimal.
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Fig. 5. Voltage at the free end of the PZT cantilever as the vertical displacement was
increased.

3.2. Verification method

A motor and a snail cam for simulating force of human steps
were mounted on the prototype as shown in Fig. 4. The snail cam
attached to the shaft of the motor was used to transform the motor’s
rotary motion into linear motion. The follower of the snail cam
made the cover plate move up and down, simulating movement
caused by pedestrian step. Generally, walking velocity and fre-
quency of pedestrian steps on the floor either in a crowded or
uncrowded area are inconstant, depending on number of people
and individual stride. These parameters could not be simulated
exactly. One thing for certain is that the time interval that the foot
of a pedestrian makes contact with the floor is longer for a slow
walker and shorter for a fast walker. A high density of pedestri-
ans may cause them to walk slower hence this time interval may
be longer [19]. Accordingly, this simulation of energy harvesting
behavior was based on the step time interval (T;) between the cover
plate moving up and down, i.e., the cycle time of the greatest radial
dimension of the snail cam pressing on the follower. The generated
energy was investigated with various resistive loads. The voltage
across resistive load was measured with an oscilloscope (Tektronix

TD 3032B). As the measured voltage was a transient waveform [20],
the instantaneous power P(tp,) could be calculated by

V2(t,
Pltm) = L) ()

Ry

where V(t) is the transient voltage across the resistive load at
time t,; m=0,1,2,3. . .identifies the voltage sample at a particular
time; and R; is the resistance of the resistive load. At time ty where
Nis the number of voltage samples, the average power can be found
as

N

V2
Pavg(tn) = % / ;(Lt)dt (12)

0

Thus, the energy produced from the prototype as a function of
time was calculated by the following expression,

N
E(tn) = ZP(tm)Atm, for N)YO, (13)

m=0

where At is the measurement time interval of the voltage sam-
ples.

3.3. Verification results

Before experimentally investigating the energy harvesting per-
formance, an optimal load resistor was found by connecting various
resistive loads to the prototype directly and rotating the snail cam
with an angular velocity of 8 rad/s and step time interval T; of 0.1s.
The capacitance and resistance of the PZT cantilever in the pro-
totype were 46.84 nF and 320.13 k<2, respectively, measured by
an impedance analyzer (Bode 100 - OMICRON Lab). The maximum
average power was observed with a load resistor of 800 kS2; this
resistor was thus chosen as the optimal one. The next step was to
find the optimal air gap. Fig. 7 shows a comparison of the perfor-
mances of the prototype installed with different air gaps d;. The
ratio of the total output energy generated when the air gap d,
were 18 and 14 mm to the total output energy generated when
d, was 10 mm were 3.35 and 2.73 to 1, respectively. Decreasing the
amount of the air gap d, led to a significant drop in output energy
because the vertical displacement of the oscillating PZT cantilever
was diminished by the stronger attractive force between the per-
manent magnet and the iron bar as mentioned in section II. Free
oscillation would be stopped with the shortest air gap d,, producing

1 »1.264e+000
: 1.201e-+000
: 1.138e+000
: 1.075e-+000
: 1.012e+000
: 9.483e-001
: 8.851e-001
: 8.219e-001
: 7.587e-001
: 6.954e-001
: 6.322e-001
: 5.690e-001
: 5.058e-001
: 4.426e-001
: 3.793e-001
: 3.161e-001
: 2.529e-001
: 1.897e-001
6.324e-002 : 1.265e-001
<1.537e-005 : 6.324e-002

Density Plot: |B|, Tesla

Fig. 6. Magnetic flux density simulation.
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Fig. 8. Oscillating voltage across the optimal load resistor.

the minimum output energy. Therefore, the prototype was con-
figured with d, = 18 mm that could generate an average power of
0.075 mW with a peak-to-peak voltage of 54.20V as shown in Fig. 8.

The energy harvesting performance was determined as follows.
Following the experimental method in subsection B, a snail cam
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Fig. 10. Output energy with increasing number of plucks.

was rotated at an angular velocity of 8rad/s with various step
time intervals (Ty) of 0.1, 0.5 and 1.0s which were assumed to
represent accurately the walking speeds of a pedestrian. Fig. 9(a),
(b) and (c) depict the output voltages from these walking speeds,
respectively. The results show that the PZT cantilever pluck-
ing frequencies were 1.01Hz, 0.71 Hz and 0.52Hz, respectively.
Fig. 9(d) illustrates the energy harvested during 10s with differ-
ent step time intervals (T;). The total output energies were 2.05,
1.42 and 1.00 m], respectively. Increasing the step time interval,
i.e. slower walking speed, reduced the number of plucks on the
PZT cantilever over time leading a decreasing in the total output
energy.

Next, the reliability of the prototype was examined. For the relia-
bility test, the snail cam was continuously rotated with a step time
interval T, of 0.1s to excite the prototype. It was found that the
harvestable energy steadily decreased from the first pluck up to
the forty-thousandth pluck. This issue was not related to mechan-
ical failure or regression of the PZT cantilever. It occurred from
progressive detachment of the piezoelectric layer from the elas-
tic layer that might come from insufficient adhesive function of
the glue that bonded the two layers together under a large verti-
cal displacement of the PZT cantilever. To remedy that situation,
the PZT cantilever’s vertical displacement was restricted to 2 mm
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Fig. 9. Voltages generated with step time intervals T, of (a) 0.5, (b) 1 and (c) 1.5s; (d) the trend of harvested energy that varied with step time interval.
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Fig. 11. A test setup showing (a) the energy harvesting floor tile and (b) the oscilloscope measuring the voltage (Tektronix TDS3032B).
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Fig. 12. (a) Circuit of an individual PZT cantilever; (b) Circuit of electrically connected PZT cantilevers, rectifiers, and load resistors.

(d1 = 2 mm). However, the progressive detachment still happened
as shown by the results in Fig. 10. A very short air gap d; might
make the PZT cantilever last a longer time, but the output energy
would be lower due to the low stress in the piezoelectric mate-
rial.

4. Evaluation of the performance of the energy harvesting
floor tile

4.1. Energy harvesting floor tile and performance evaluation
method

The prototype validated as described in Section III, a
430 x 430 x 70.50mm3 energy harvesting floor tile was con-
structed of 24 unimorph PZT cantilevers as shown in Fig. 11. The
air gaps dy and d; varied from 2-5 and 16-19 mm, respectively;
they could not be set to one fixed distance because of the slightly
different curvature of the unimorph PZT cantilevers obtained from
the manufacturer. A full wave bridge rectifier consisted of small
signal Schottky diodes (BAT 46) was used with each PZT cantilever
and electrically parallelly connected to other rectifiers as shown
in Fig. 12(b). A parallel circuit was used to sum the output currents
from all PZT cantilevers. Its presence was due to each PZT producing
only a low current even though it could generate a high voltage.

Three kinds of evaluation were performed: evaluation of the
energy harvesting performance of one then 24 PZT cantilevers; the
effect on energy harvesting performance of the placement loca-
tion of footsteps; and the energy harvesting performance of the
tile in a real scenario. Firstly, the energy harvesting performances
of one PZT cantilever and 24 PZT cantilevers were investigated with
various load resistors as shown in the Fig. 12(a) and (b). Each of
three randomly selected PZT cantilevers was performance tested.
The performance of all 24 connected PZT cantilevers was then eval-
uated. The load resistor that maximized the power transfer of all of
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Fig. 13. The average power of one unimorph PZT cantilever and 24 paralleled uni-
morph PZT cantilevers.

these cantilevers was selected as the optimal load resistor for the
other kinds of evaluation. Secondly, the output energy generated by
stepping on each different location of the energy harvesting floor
was measured and compared. The results would show whether
the performance of the tile was consistent or not when it was
stepped on its different areas hence they would indicate whether
the tile was too big or not. And lastly, the tile’s energy harvest-
ing performance when it was mounted and actually stepped on by
a pedestrian was determined. The result would indicate whether
the amount of the harvested energy would be sufficient or not for
supplying a typical wireless sensor node.

5. Results and discussion
The experimental results of first test are shown in Fig. 13. By

exciting the energy harvesting floor with a single foot step, the
average output power per one PZT cantilever were 0.069, 0.054,
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Fig. 14. Numbered locations on the cover plate.
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Fig. 15. Output energy generated by a step that landed on different locations of the
energy harvesting floor tile.

and 0.068 mW at optimal load resistances of 377.21, 377.21, and
448.90 k<2 for cantilever #1, #2 and #3, respectively. Their differ-
ent average output power varied with their vertical displacement
(air gap dq). The #1 and #3 PZT cantilevers with an air gap d; of
proximately 4 mm were able to generate a higher average power
than #2 with an air gap d; of proximately 3 mm. Since the air gaps
dq that fixed the vertical displacement of many PZT cantilevers
were shorter than 4 mm, the average output power from paralleled
24 PZT cantilevers was only 1.24 mW at optimal load resistance of
74.44 QKk, not the total sum of 1.65 mW as expected. This demon-
strates that it is possible to obtain the highest conversion efficiency
by fine-tuning the air gap distance of every piezoelectric cantilevers
properly or, simpler, if we can obtain cantilevers from a manufac-
turer with very tight tolerance of their curvature so that no air-gap
tuning is needed, we will be able to achieve the highest conversion
efficiency.

For the second test, the energy harvesting floor was stepped on
at five numbered locations shown in Fig. 14. The total output energy
of 2.80, 2.87, 3.49, 2.78, and 2.61 m] were respectively obtained as
exhibited in Fig. 15. The experimental results show that stepping
on the location #3 was better than any other locations, since the
force could distribute evenly throughout the cover plate, resulting
in even movement of the iron bars mounted under the plate relative
to the permanent magnet mounted on the PZT cantilevers, thus
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Load Resistance (k)

o N s O e O

Fig. 16. Energy conversion efficiency versus load resistor values.

inducing all cantilevers evenly and consistently. On the other hand,
stepping on the cover plate at a corner (First, Second, Fourth or
Fifth location) could compress the assembly only locally around
that corner because the distributed force to the other corners was
low and could not compress down the supporting springs at those
corners sufficiently. Thus, only some of the 24 PZT cantilevers were
excited. This result suggested to us that the production floor tile
should be of a smaller size such that the cover plate will be evenly
pressed down by a foot step no matter what location on the plate
it lands on.

With step landing on the optimal location #3, the energy con-
version efficiency can be examined in the quantitative relation
between the amount of the output electrical energy and the input
mechanical energy. The input mechanical energy was found from
the potential energy stored in a PZT cantilever based on the dis-
placement and effective spring constant by the following equations,

1
Elnput = jkeﬁzg, (14)

keff =3 w%M, (]5)

where ko represented effective spring constant, zo was the tip
displacement of a PZT cantilever, w, was the resonant frequency
of a freely oscillating PZT cantilever, and M was the seismic mass
attached to the tip of a freely oscillating PZT cantilever. The reso-
nant frequency of a freely oscillating PZT cantilever was found from
the output AC voltage in Fig. 7, which was approximately 10.54 Hz.
Fig. 16 demonstrates the measured conversion efficiency with vari-
ous load resistors; as can be seen, the greatest conversion efficiency
was 17.12% at the optimal load resistor of 74.44 k2.

In the final test, the energy harvesting floor tile was placed on a
passageway in front of a classroom where 45 students had to walk
by and step on it. In this scenario, the output voltage and trend
of harvestable energy over time were recorded and calculated and
are shown in Fig. 17. The amplitudes of the output DC voltage were
in the range of 10.15-21.41V. The different voltage values were
not due to the weight of each pedestrian, rather it was due to the
pedestrians not stepping on the same location on the cover plate
every time as discussed above. The total output energy derived from
this experiment was 42.09 mJ. The average energy per one step was
approximately 0.93 mJ.

Since the concept of this work is to employ the energy harvesting
floor tile in the field of smart city, for providing a sustainable power
source to low-power electronic devices, its total output energy was
assumed to supply low-power wireless sensor nodes presented in
[21,22,23], and shown in Table 2. The supplied energy can power
an accelerometer, a capacitive strain gauge, and smoke detecting
wireless sensor nodes to operate for approximately 1.60, 70.15, and
8,503.03 s, respectively. These wireless sensor nodes usually oper-
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Table 2

Estimation of operational time of a low-power wireless sensor node assumed powered by output energy from actual pedestrian steps.

Reference Wireless sensor node

Power consumption (mW) Operational time (s)

Accelerometer
Capacitive strain gauge
Smoke detecting

Thapanun et al. [21]
Zeiser, Ret al. [22]
Luis, Juan A et al. [23]

26.31 1.60
0.6 70.15
4.95x 1073 8,503.03
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Fig. 17. Output voltage and energy generated by many pedestrians stepping on the
energy harvesting floor tile.

ate in both hibernated and active states in order to reduce power
consumption; therefore, it is feasible to store the harvested energy
inacapacitor during the node’s hibernated state for sufficient use in
the further duty cycle of data tracking and transmission. It should
be noted that the relatively high amount of energy found in this
study was from using an optimal resistor as a load. In real appli-
cations, some amount of the energy achieved in this experiment
will be lost when it is stored in a capacitor as a power source for
a wireless device due to self-discharge of the capacitor and leak-
age current in the electronic components when nobody is stepping
on the floor tile. The leakage current can be minimized by optimiz-
ing the energy management circuit and using low-power electronic
components [24,25].

6. Conclusion and future development

An energy harvesting floor tile with frequency up-conversion
mechanism was designed and realized in this study. The frequency
up-conversion was achieved by using restoring forces from springs
to rapidly separate an iron bar away from a permanent magnet
where they were attracted to each other via magmatic force. Too
large a displacement of the unimorph cantilever could cause a
crack in the piezoelectric layer; this situation was examined then
prevented from happening further by using a stopper. The airgap
between the permanent magnet and the iron bar strongly influ-
enced the energy generation; the relationship was analyzed by both
a Finite Element Method (FEM) and an experiment. When the air-
gap was large enough to diminish the magnetic force attracting
the iron bar to zero, an oscillating PZT cantilever gave the maxi-
mum output energy. Validation of the designed mechanism was
made with a tile with one unimorph PZT cantilever. The results
suggested that even though the PZT cantilever used in this research
had a problem of laminated layers between piezoelectric layer and
elastic layer peeling off from each other, the prototype was suc-
cessful with respect to frequency up-conversion mechanism with
good energy conversion efficiency. The energy harvesting floor tile
was then scaled up to consist of 24 PZT cantilevers and used in a
performance evaluation experiment. It was observed that the dif-
ferences in the curvature of the PZT cantilevers and the large size of
energy harvesting floor could reduce the total output energy. The

former issue was dealt with by fine-tuning individually the amount
of displacement that each cantilever could travel, while the latter
issue would be dealt with in a future work by making the floor tile
smaller. In an actual test having people walking and stepping on the
floor tile for 45 steps, it was found that this number of steps could
provide high enough harvested energy to activate a few low-power
wireless sensor nodes.

For a future work, we will design a more robust piezoelectric
cantilever with no lamination between piezoelectric layer and elas-
tic layer so that no fine-tuning of cantilever displacement will be
needed. In addition, another goal is to increase the output energy
by optimizing the shape of the piezoelectric cantilever and the size
of the energy harvesting floor tile as well as using a higher-energy-
output piezoelectric material.

Acknowledgements

Mr. Phosy Panthongsy would like to express his sincere appreci-
ation to the AUN/SEED-Net for the full financial support of his PhD
degree education. The authors would like to thank King Mongkut’s
Institute of Technology Ladkrabang (KMITL) and Synchrotron Light
Research Institute (SLRI) for providing excellent research facilities
and thank to Mr. Somphong Suphachiaraphan for sharing the useful
information on the mechanism design.

References

[1] F. Peano, T. Tambosso, Design and optimization of a MEMS electret-based
capacitive energy scavenger, ]. Microelectromech. Syst. 14 (2005) 435-529.

[2] P.Glynne-jones, M.J. Tudor, S.P. Beeby, N.M. White, An electromagnetic,
vibration-powered generator for intelligent sensor systems, Sens. Actuators A
110(2004) 344-349.

[3] D.Shen, S.<Y. Choe, D.-J. Kim, Analysis of piezoelectric materials for energy
harvesting devices under high-g vibrations, Jpn. J. Appl. Phys. 46 (2007)
6755-6760.

[4] S.Roundy, P.K. Wright, J. Rabaye, A study of low level vibrations as a power
source for wireless sensor nodes, Comput. Commun. 26 (2003) 1131-1144.

[5] S.Roundy, P.K. Wright, A piezoelectric vibration based generator for wireless
electronics, Smart Mater. Struet. 13/(2004) 1131-1142.

[6] C.B. Williams, R.B. Yates, Analysis of a micro-electric generator for
microsystems, Sens. Actuators A Phys. 52 (1996) 8-11.

[7] H.Kulah, K. Najafi, Energy scavenging from low-frequency vibrations by using
frequency up-conversion for wireless sensor applications, IEEE Sens. J. 8 (no.
3)(2008)261-268:

[8] M. Umeda, K. Nakamura, S. Ueha, Analysis of the transformation of
mechanical impact energy to electric energy using piezoelectric vibrator, Jpn.
J. Appl. Phys. 35 (5B) (1996) 3267-3273.

[9] M. Umeda, K. Nakamura, S. Ueha, Energy storage characteristics of a
piezo-generator using impact induced vibration, Jpn. J. Appl. Phys. 36 (5B)
(1997) 3146-3151.

[10] M. Renaud, P. Fiorini, R. van Schaijk, C. Van Hoof, Harvesting energy from the
motion of human limbs: the design and analysis of an impact-based
piezoelectric generator, Smart Mater. Struct. 18 (2009), 035001.

[11] H. Kulah, K. Najafi, Energy scavenging from low-frequency vibrations by using
frequency up-conversion for wireless sensor applications, IEEE Sens. J. 8 (no.
3)(2008) 261-268.

[12] P.Janphuang, R.A. Lockhart, D. Isarakorn, S. Henein, D. Briand, N.F. de Rooij,
Harvesting energy from a rotating gear using an AFM-like MEMS piezoelectric
frequency up-converting energy harvester, J. Microelectromech. Syst. 24
(June (no. 3)) (2015) 742-754.

[13] M. Pozzi, M. Zhu, Plucked piezoelectric bimorphs for knee-joint energy
harvesting: modeling and experimental validation, Smart Mater. Struct. 20
(no. 5) (2011) 055007-055016.

[14] P. Pillatsch, E.M. Yeatman, A.S. Holmes, A piezoelectric frequency
up-converting energy harvester with rotating proof mass for human body
application, Sens. Actuator A Phys. 206 (2014) 178-185.



70

330 P. Panthongsy et al. / Sensors and Actuators A 279 (2018) 321-330

[15] H.T. Luong, N.S. Goo, Use of a magnetic force exciter to vibrate a
piezocomposite generating element in a small scale windmill, Smart Mater.
Struct. 21 (2012), 025017.

[16] Y. Kuang, Z. Yang, M. Zhu, Design and characterization of a piezoelectric
knee-joint energy harvester with frequency up-conversion through magnetic
plucking, Smart Mater. Struct. 25 (8) (2016), p. 085029.

[17] X. Gao, W.H. Shih, W.Y. Shih, Induced voltage of piezoelectric unimorph
cantilevers of different nonpiezoelectric/piezoelectric length ratios, Smart
Mater. Struct. 18 (no. 12) (2009) 125018-125025.

[18] L. Gu, C. Livermore, Impact-driven, frequency up-converting coupled
vibration energy harvesting device for low frequency operation, Smart Mater.
Struct. 20 (March (no. 4)) (2011) 045004-045013.

[19] Tom V. Mathew, Pedestrian studies, Lect. Notes Traffic Eng. Manage. (2014).

[20] P.]Janphuang, R.A. Lockhart, D. Isarakorn, S. Henein, D. Briand, N.F. de Rooij,
Harvesting energy from a rotating gear using an AFM-like MEMS piezoelectric
frequency Up-converting energy harvester, J. Microelectromech. Syst. 24
(June (no. 3)) (2015) 742-754.

[21] Thapanun Sudhawiyangkul, Don Isarakorn, Design and realization of an
energy autonomous wireless sensor system for ball screw fault diagnosis,
Sens. Actuators A 258 (2017) 49-58.

[22] R. Zeiser, T. Fellner, ]. Wilde, Capacitive strain gauges on flexible polymer
substrates for wireless, intelligent systems, J. Sens. Sens. Syst. 3 (1) (2014)
77-86, Gottingen.

[23] J.A. Luis, J.A.G. Galan, J.A. Espigado, Low power wireless smoke alarm system
in home fires, Sensors 15 (2015) 20717-20729.

[24] A. Miah, Jae Y. Halim, Park, Theoretical modeling and analysis of mechanical
impact driven and frequency up-converted piezoelectric energy harvester for
low-frequency and wide-bandwidth operation, Sens. Actuator A: Phys. 208
(2014) 56-65, ISSN 0924-4247.

[25] D. Alghisi, S. Dalola, M. Ferrari, V. Ferrari, Triaxial ball-impact piezoelectric
converter for autonomous sensors exploiting energy harvesting from
vibrations and human motion, Sensor Actuator A: Phys. 233 (2015) 569-581,
ISSN 0924-4247.

Biographies

Phosy Panthongsy received the B.Eng. Degree in Elec-
tronic Engineering from National University of Laos
(NUOL), Laos, in 2014, and the M.Eng. Degree in Comput-
ing in Engineering Systems from King Mongkut’s Institute
of Technology Ladkrabang (KMITL), Thailand, in 2016. He
has been a PhD student at Department of Instrumentation
and Control engineering, KMITL. His research interests are
in the energy harvesting systems, micro power manage-
ment, and robotics.

Don Isarakorn is currently an Assistant Professor of Elec-
trical Engineering with the King Mongkut’s Institute of
Technology Ladkrabang (KMITL), Bangkok, Thailand. He
is also the Head of the Multi-Scale Electromechanical Sys-
tems Laboratory with the Department of Instrumentation
and Control Engineering, where he leads the activities
on the mechatronic system integration. He received the
B.Eng. degree in electronics engineering and the M.Eng.
degree in control engineering from KMITL in 2000 and
2003, respectively, and the Ph.D. degree in piezoelectric
microelectromechanical systems from the Sensors, Actu-
ators, and Microsystems Laboratory, Ecole Polytechnique
Fédérale de Lausanne, Lausanne, Switzerland, in 2011. His
main research interests include piezoelectric materials for sensing and actuating
applications, energy harvesting systems, robotics, mechatronics, automatic control
systems, and biomedical instruments.

Pattanaphong Janphuang received his B.Eng. degree in
electrical engineering from King Mongkut's University
of Technology Thonburi, Thailand, in 2001, and M.Sc. in
micro and nanotechnology from University of Neuchdtel,
Switzerland, in 2009 respectively. He obtained his Ph.D.
degree in the field of Microsystems and microelectronics
from the Institute of Microengineering, Ecole Polytech-
nique Fédérale de Lausanne (EPFL), Switzerland, in 2014.
He is currently a beamline scientist at BL6a: Deep X-ray
Lithography and the Chief of User Office Division at SLRI.
He has been author or co-author of over 30 papers pub-
lished in scientific journals and conference proceedings.
His research interests include polymeric MEMS, Power
MEMS and energy harvesting, and autonomous smart sensing systems.

Kazuhiko Hamamoto, was born in Nagasaki prefecture,
Japan in 1966. He received B.D, M.D and Ph.D from Tokyo
University of Agriculture and Technology in 1989, 1991
and 1994 respectively. He was assistant professor in
Dept. of Communications Eng., Tokai University in 1994,
Associate Professor in 1999, and Professor in Dept. of
Information Media Technology, School of Information and
Tele-communication Eng., Tokai University in 2009 and
Currently, he is the Dean of School of Information and
Tele-communication Eng., Tokai University. His research
interest is information architecture, especially, medical
image processing, human interface and virtual reality. He
joins IEICE, IEE], IEEE, VRS], JSST, etc. He is a member of
Technical Committee of Medical and Biological Engineering, Society of Electronics,
Information and Systems, IEE].



71

QIEEE ECT 5071 Sriveer BT Semos W)

THAILAND SECTION

e o . ey iy e

Y




72

2018 15th International Conference on Electrical Engineering/Electronics, Computer, Telecommunications and Information Technology

A Test Bench for Characterization of Piezoelectric
Frequency Up-Converting Energy Harvesters
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Abstract—This work focuses on the design and realization of a
test bench used to characterize the performances of the
piezoelectric cantilever for frequency up-converting energy
harvesters. A test bench is completed by combining a frequency
up-converter with an oscilloscope (Tektronix TD 3032B). The
frequency up-conversion mechanism achieves the excitation on a
piezoelectric cantilever through an interaction between a
permanent magnet and an iron bar. In the mechanism design, the
air gap between a permanent magnet and an iron bar is analyzed
by Finite Element Method (FEM). After the design is verified, a
test bench is fabricated and then validated with experimental
study by testing the performances of a PZT-5H bimorph (T220-
H4-503X, Piezo Systems, Inc.); the considered performances are
resonant frequency, average output power, total output energy
and energy conversion efficiency. The experimental results
demonstrate that a fabricated test bench is satisfactory.

Keywords—frequency up-conversion mech
analysis; low-frequency vibration energy harvesting

; finite element

L

Energy harvesting from ambient environment has grown
considerably over the last decades due to the rapid
development of electronic devices with reduction of power
consumption and size. The harvested energy is supplied to
power the low-power consumption electronic devices and
various types of wireless sensor nodes as the autonomous
energy system instead of energy source from batteries, since
the use of batteries has the problem on limited energy storage
capacity and lifetime. Moreover, the depleted batteries are the
toxic waste, the recycle and disposal process of which are very
expensive. The main ambient energy harvesting strategies
which have been reported are used to harvest energy from
solar, temperature gradient, and vibration sources [1-3].
Among them, the vibration energy harvesting has been
specially concentrated because the vibration is ubiquitous and
easily found in ambient environment such as human body,
industrial machines, bridges, and transportation. The vibration
energy harvesting devices are commonly based on
piezoelectric, electrostatic and electromagnetic transductions
[4-6]. Among these transduction methods, the piezoelectric
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energy harvester has been attracted with the great of interest
by many researchers due to its high output energy density,
lower profile of structure and simple configuration [7].

Typically, the piezoelectric energy harvester can be mainly
divided into resonant and non-resonant types. The resonant
type piezoelectric energy harvester is optimum when its
resonant frequency matches to the frequency of vibration
source. The mismatch between both frequencies results in low
power generation efficiency. Thus, the resonant type harvester
does not present a good option to the vibration source with
low and variable frequency (e.g., the human moment,
machinery with low and variable speed rotary, and so on)
because the frequency of vibration source is usually variant
and much lower than resonant frequency of harvester. To
overcome this challenge, the non-resonant type piezoelectric
energy harvester has' been recently investigated, which is
always resonated at high frequency by frequency up-
converting mechanism with regardless the input vibration. In
the frequency up-converting strategy, piezoelectric cantilever
integrated to harvester is induced the initial deflection and
then released to freely oscillate at high frequency [8] - [10].
Moreover, the energy conversion efficiency can be much
increased, when the piezoelectric cantilever providing a good
energy harvesting performance is integrated to the harvester.
Therefore, the work relating to the selection of piezoelectric
cantilever is concentrated, especially the fabrication of
instrumentation for characterize the piezoelectric cantilever
performance. Previously, there are some instrumentations that
have been reported [11] - [13], however, they are designed for
resonant harvesters which do not support to the harvester with
frequency up-converting mechanism. Therefore, the aim of
this research is to design and fabricate a test bench for
characterization of the piezoelectric cantilever based on
frequency up-conversion. In this paper, the overall system of a
test bench is firstly reported, and then the structural
configuration and method for piezoelectric cantilever
characterization is given. After that, the validation of a test
bench is illustrated. Finally, the conclusion is drawn.
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Following to the operational behavior of piezoelectric
energy harvester with frequency up-converting mechanism, a
test bench can be designed. Its general system is shown as a
block diagram in Fig.1, which consists of an oscilloscope
(Tektronix TD 3032B) and a frequency up-converter. The
oscilloscope is used to measure the output electricity from
piezoelectric cantilever excited by the frequency up-converter.
The frequency up-conversion strategy is based on magnetic
plucking. As the design, the frequency up-converter is mainly
divided into mechanism and control circuit parts. Its
mechanism is illustrated in Fig.2. A plastic mass is a connector
between tip of piezoelectric cantilever and a permanent
magnet. A motor shaft is attached to a snail cam for
transforming the rotary motion into the linear motion. When
the greatest radial dimension of snail cam rotates to match a
follower, a cover plate supported by the springs is pushed
down, thus the iron bar attached underneath of a cover plate is
moved closer to a permanent magnet at where high magnetic
field. Meanwhile, a permanent magnet will bend a piezoelectric
cantilever to attach the iron bar via the magnetic attractive
force, while the displacement of piezoelectric cantilever is
localized by the topper. Therefore, when a snail cam leaves a
follower, the spring will suddenly pluck the cover plate up. It
rapidly releases the iron bar from permanent magnet, and
results in the free oscillation with high frequency of
piezoelectric cantilever. As the time interval (¢,) of matching

between the greatest radial dimension and a follower without
controller is very short, and the permanent magnet cannot
obviously attach to the iron bar resulting in inconstant
mechanical input and unclear electrical output of harvester. The
control circuit is designed to define a longer time interval ¢, .
The rotation of motor is controlled by using the microcontroller
(ATmega32) through an integrated circuit chip (L293D driver
motor), while the matching between the greatest radial
dimension and a follower is tracked by a limit switch.

OVERALL OF SYSTEM

A test bench

Controlcireuit
Input p

Keypad Microcontroller Oscilloscope

Feedback

Limit switch

Motor driver

|

Frequency up-
converting mechanism

Piezoelectric
cantilever

Frequency up- converter

Fig. 1. Block diagram of overall system

127

3

2018 15th International Conference on Electrical Engineering/Electronics, Computer, Telecommunications and Information Technology

Motor

Snail cam

Follower ~ Spring

Iron bar

) ; : Plastic mass
Piezoelectric cantilever
Permanent magnet

Fig. 2. Mechanism of frequency up-converter

III. STRUCTURAL CONFIGURATION AND CHARACTERIZATION
METHOD

In the structural setup of a test bench, an airgap (d,)

between permanent magnet glued on a plastic mass and iron
bar should be large enough. If an iron bar is positioned at
where high magnetic field density, a permanent magnet will try
to attract an iron bar via strong magnetic attractive force, thus
the oscillating piezoelectric cantilever can be paused. It causes
the unclear experimental results. Therefore, an iron bar should
be located at where the magnetic field density equal zero or
approximate zero. In this test bench, a 10 x 10 x 0.5 mm?
permanent magnet (NeFeB-N35) and an 86 x 10 x 2 mm? iron
bar are used. The airgap (d, ) is considered in 2D simulation

using the finite element analysis with a FEMM 4.2 software. In
simulation, the magnetic flux density across an iron bar for the
different distances of airgap (d, ) were observed. As the results
shown in Fig. 3, the magnetic flux density across an iron bar
was diminished to approximately zero when the length of air
gap (d, ) reaches to 18 mm. Therefore, an iron bar was located

at where far from permanent magnet approximately 18 mm.

For characterization strategy, a frequency up-converter was
controlled to excite a piezoelectric cantilever with a single
pluck. Then, the performance of piezoelectric cantilever was
investigated with various resistive loads. The average output

power (PAVg) supplied to resistive load since the free
oscillation of a piezoelectric began could be found by equation
Vit

LR—()dt , (1)

L

1%
PAvg (tn) = Z.([

where V, (¢)is the transient voltage across resistive load and

R, represents the load resistance and 7, is the time since the
free oscillation began.
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Fig. 3. Simulation results of magnetic flux density across the iron bar

With sampling interval (Af) of voltage measurement of
oscilloscope, the total output energy ( £(%,) ) is calculated by
using the following expression

Er) =3

In addition to the average output power and total output
energy exhibited above, the energy conversion efficiency also
can be determined, which was defined as the ratio between
output electrical energy and the input mechanical energy. The

is approximately the

Vi),

L,

2

input mechanical energy (E,npm)

potential energy stored in a piezoelectric cantilever as given
by
1

:Eke[fz

2

\Eh

Input

3)

where zis the displacement of piezoelectric cantilever and

k,; is the effective spring constant derived from the resonant

frequency of piezoelectric cantilever (@, ) and net weight of

mass at the tip of piezoelectric cantilever (M ) as

ky =@M . )

IV. VALIDATION OF A TEST BENCH

The experiment in this section was implemented to validate
a test bench by characterizing the performance of a PZT-5H
bimorph with a dimension of 0.51 x 31.8 x 63.5 mm? (T220-
H4-503X, Piezo Systems, Inc.). As the experimental set up
shown in Fig. 4, the stopper was used to localize the
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displacement of a bimorph at 2 mm, and the net weight of
mass at the tip of bimorph including a permanent magnet,
screw and plastic mass was 12.77 g. Being applied the single
pluck with time interval (¢,) of 0.1 s, the performance of a

bimorph could be characterized as the results shown in Fig.5.
Figure 5 (a) illustrated the generated open circuit voltage. The
peak-to-peak voltage was 84.7 V. According to the time
period of oscillation (T) in the transient waveform, the
resonant frequency of a bimorph was 20.83 Hz; the resonant
frequency equals to 1/T. By directly connecting the various
resistor to a bimorph, the average output power dissipated in
the various resistive loads could be found as shown in the
Fig.5(b). The maximum average power of 578.28 uW was
observed at optimal load resistance of approximately
99 kQ. The load resistance was the combined resistance of
load resistor and oscilloscope probe in parallel. Figure 5 (c)
showed the measured voltage across an optimal load resistor
and total energy calculated by using an equation (2). A
bimorph could generate the total energy of 537. 33 wJ. The
measured energy-conversion efficiency as a function of load
was presented in Fig. 5 (d). The greatest conversion efficiency
was found to be 32.42 %.

The experimental results above prove that a test bench can
be used to characterize piezoelectric cantilever for the
piezoelectric  energy harvester based on frequency up-
conversion.

V. CONCLUSION

This paper presented a test bench for characterizing the
piezoelectric cantilever based on frequency up-conversion. The
overall system with operational method was reported. The
frequency up-converter based on magnetic plucking was
designed to excite the piezoelectric cantilever. The interaction
between permanent magnet and iron bar was used to induce the
initial deflection in piezoelectric cantilever before letting it to
freely oscillate at high frequency. In machanism design, the
airgap between permanent magnet and iron bar was optimized
using the Finite Element Analysis (FEA). After that, a test
bench was fabricated and then validated with experimental
study.

Oscilloscope (Tektronix TDS3032B) /

r-—"___"' :

Fig. 4. Experimental setup
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Abstract—This paper presents the performance and
behavior analysis of two unlike piezoelectric energy harvesting
floor tiles in which they are functioned with different
frequency up-conversion strategies to achieve the high energy
conversion efficiency from low and variable-frequency
vibration as the human footstep. One of such strategies is to
convert the frequency of piezoelectric bimorph up through the
magnetic interaction between a permanent magnet and an iron
plate, while another one is achieved on that through the
mechanical impact between a cover plate and a wall of the
floor tile. Experimentally, the floor tiles having one
piezoelectric bimorph inside of them are prototyped and then
mounted to their individual input-exciting kit to investigate the
energy harvesting performance. The input-exciting kits are
employed to simulate the human footstep on floor tiles. The
results show that the floor tile with frequency up-converting
mechanism based on mechanical impact should be a better
option for energy harvesting from human footstep due to the
low-profile structure and good energy harvesting performance.
Moreover, its operational way can result in long-lasting
piezoelectric bimorph. When a cover plate is actuated to move
down with the velocity of 54.13 mm/s and then released, the
floor tile can produce the average power of 0.82 mW at load
resistance approximately of 55.68 kQ.

Keywords— Piezoelectric energy harvester, frequency up-
conversion techniques, energy harvesting floor ftiles, low-
frequency vibration energy harvesting

A

With plenty of vibrations available in the surrounding
environment, converting kinetic energy into useable
electricity for powering the low-power wireless electronic
devices is of much interest. The vibration energy harvesting
is possible through three kinds of transduction approaches
including electrostatic [1], [2], electromagnetic [3], [4] and
piezoelectric [5], [6]. Among them, the piezoelectric energy
harvester has received great attention from many researchers
and become ubiquitous in a variety of wireless applications
(e.g. health monitoring, structure monitoring and industrial
process monitoring) due to the simple structure, ease of
configuration, high output power and high energy generation
efficiency [7]. Its electricity output is commonly provided to
power up the aforementioned electronic devices where hard
wiring and, furthermore, is used instead of the power source
from batteries to avoid several issues such as depleted battery
replacement, limited energy storage capacity and toxic waste.

One difficulty in vibration energy harvesting is the low
and variable frequency of vibration sources, which usually
deviate from the resonant frequency of harvester. The
mismatch between both frequencies causes a decrease in
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energy conversion efficiency. To overcome this problem, the
piezoelectric energy harvester combined with frequency up-
converting mechanism has been investigated [8]-[10]. The
frequency up-converting mechanism is used to deflect the
piezoelectric component of harvester initially and then leave
it to freely oscillate at high frequency, regardless of the
external input vibration. The initial deflection in frequency
up-conversion can be performed by non-contact magnetic
plucking or mechanical contact. These methods present the
best performance depending on the application.

Therefore, the purpose of this paper is to examine the
performance and behavior of two energy harvesting floor
tiles operated with different types of frequency up-converting
mechanism for increasing the efficiency in human footstep
energy harvesting. One of frequency up-converting
mechanisms induces the initial deflection of piezoelectric
cantilever through magnetic plucking and another one is
based on a mechanical impact. Following the arrangement of
this work, the overall structure and operational stage of both
energy harvesting floor tiles is first presented. Their
prototypes are then configured for evaluation of energy
harvesting performance. After that, the experimental results
are discussed and compared. Finally, the conclusion is given.

II. DESCRIPTION OF ENERGY HARVESTING FLOOR TILES
(EHFTSs)

A. EHFT Using a Magnetic Plucking Mechanism

The schematic drawing of the EHFT using a magnetic
plucking mechanism is shown in Fig. 1(a). The cover plate
is placed as a tile surface supported by springs. Its
underneath is attached with an iron plate. A base of a
piezoelectric bimorph is fixed to the supporter, free end of
which is attached to a proof mass glued with a permanent
magnet; a proof mass is used to increase the strain in the
piezoelectric material, leading an increase in output
electricity. When the floor tile is stepped on, the cover plate
is pushed down to compress the springs, thus an iron plate is
attracted by a permanent magnet at where a cover plate
contacts a wall. Closing between iron plate and permanent
magnet causes that piezoelectric bimorph is deflected
initially as shown in Fig. 1(b). The displacement of
piezoelectric bimorph is limited by a stopper to prevent the
damage from over bending. Suddenly a foot is moved up
away from the floor tile, the springs will push the cover
plate up. As the result, the iron plate is rapidly separated
from the permanent magnet as illustrated in Fig. 1(c), thus
the piezoelectric bimorph is left to freely oscillate at high
frequency.
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Fig. 1. Structure and operational sequence of the EHFT using a magnetic
plucking mechanism; (a) no load; (b) loaded; and (c) unloaded states.

B.  EHFT Using a Mechanical Impact Mechanism

The structure of the EHFT using a mechanical impact
mechanism is depicted in Fig. 2(a). A cover plate is placed
on top of the springs. A holder is fixed to the underneath of
a cover plate to hold a base of piezoelectric bimorph. A free
end of piezoelectric bimorph is attached with a proof mass.
During stepping on the floor tile, a cover plate is pushed
down to compress the springs and impact a wall as
illustrated in Fig. 2(b). The mechanical impact between a
cover plate and a wall plucks a proof mass down. Thus, the
piezoelectric bimorph is deflected initially in the down
direction and then release itself to oscillate freely. In
addition, when a floor tile is unloaded as shown in Fig. 2(c),
the cover plate is bounced up by the compressed springs.
While the cover plate is reaching a top position, a proof
mass will be plucked up through the restoring force of
springs, making the piezoelectric bimorph deflect initially in
the up direction and then let itself to oscillate freely.

III. EXPERIMENTAL SETUP AND METHODS

To investigate the energy harvesting performance and
behavior of both EHFTs, the following structures of which
were constructed first as a schematic drawing shown in Fig.
3(a) and Fig. 4(a), respectively. The parameters setup was
listed in Table I, where d; is the gap between a bimorph and
a stopper; d-is the gap between a permanent magnet and an
iron plate; and ds is the gap between a cover plate and a
wall. The piezoelectric bimorph consists of two
piezoelectric layers (PZT-5H) and three elastic layers (RF4).
Next, both EHFTs were integrated into their individual
input-exciting kit used for simulating the human footstep.
The EHFT using a magnetic plucking mechanism was set up
as in Fig. 3(b). The snail cam was connected to the shaft of
motor. And, the follower was glued on the cover plate.
Hence, when a snail cam was driven to pass through the
follower, the cover plate could be excited as stepped on by a
pedestrian. On the other hand, the EHFT using a mechanical
impact mechanism was configured as shown in Fig. 4(b).
The footstep was simulated by a pneumatic actuator. At last,
both EHFTs were excited for the investigation of the energy
harvesting performance and behavior. The exciting ways
were designed due to the feature of each EHFT. Operationally,
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Fig. 2. Structure and operational sequence of the EHFT using a
mechanical impact mechanism; (a) no load; (b) loaded; and (c) unloaded
states.

the EHFT using a magnetic plucking mechanism was
excited by rotating a snail cam with a fixed angular velocity.
And, the EHFT using a mechanical impact mechanism was
actuated with several force which could be observed from
the moving velocity of a cover plate through an
accelerometer (EI-CALC).

Moreover, the produced electricity was examined with
various load resistors; herein, the piezoelectric bimorph is
connected to a resistor (Rz) in series. The output voltage was
measured by an oscilloscope (Tektronix TDS3032B). The
average generated power (P4z) and energy (£) at time #y can
be calculated by using the equations [11]:

1%V
P, (ty)=—|—Lt=dt 1
e () m! 3 (M
N 2
and E(tN)=ZMAtn for N>0, )

n=0 L

where a subscript N represents the number of sampled
voltages; Vi (%,) is the voltage across resistive load at time #,;
n = 0,1,2,3...indicates the sampled voltage at a particular
time; and At, is the sampling interval. A load resistor
leading to achieve the maximum electricity output was used
in the characterization of energy harvesting behavior of the
EHFTs.

Stopper

Proof mass

Fig. 3. (a) Schematic drawing of the EHFT using a magnetic plucking
mechanism and (b) its experimental setup.
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Fig. 4. (a) Schematic drawing of the EHFT using a mechanical impact
mechanism and (b) its experimental setup.

TABLE L. PARAMETERS SETUP
Dimensions
Parameters EHFT using a EHFT using a
magnetic plucking mechanical impact
hani hani

71.0x254x0.71
3

71x25.4x0.71
mm 4

Piezoelectric bimorph
mm

Free length of bimorph 48.0 mm 48.0 mm

Mass (tainless steel) 30 x 26 x 6 mm? 30 x 26 x 6 mm?®

Permant magnet 10x 10 x 0.5 mm?

d; 1,3 and 5 mm -
d, 18 mm -
ds 4 mm 4 mm

IV. EXPERIMENTAL RESULTS, DISCUSSION AND COMPARISON

In the experimental study of the EHFT using a magnetic
plucking mechanism, a snail cam was rotated with a fixed
angular velocity of 8 rad/s to pass through the follower. The
reason for fixing angular velocity is because the different
input excitations have no effect on electricity output for this
mechanism. Initially, the gap between a stopper and a
piezoelectric bimorph (d;) was set to I mm. This EHFT
generated the peak to peak voltage of 39.4 V as shown in
the Fig.5. Its free oscillating frequency (f) was found to be
13.88 Hz regarding to the oscillation period (7); /=1/T. By
changing the value of load resistor mechanically, the graphs
in Fig.6 were obtained. A load resistance of approximately
55.68 kQ at the maximum power output was chosen for
studying the effect of gab d; on electricity output. When d;
was increased from 1 to 3 and 5 mm, as can be seen in
Fig.7, the average output power and energy went up
significantly from 0.16 to 0.51 and 0.98 mW and 0.42 to
1.26 and 2.37 mJ, respectively.

40
30
20
Z 10
[}
éﬂ 0
CI
> 10 Free oscillation
-20 N
30 Initial deflection obtained when a snail
cam was pressing on the follower
40 ! i 1 I I
0 1 2 3 4 5 6
Time (s)
Fig. 5. Output voltage from using d;= 1 mm.
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Fig. 6. Average output power with d;= 1 mm versus load resistor values.
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velocity of 24.50 mm/s.
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Fig. 9. Average output power across various load resister obtained from
pushing the cover plate down with the velocity of 24.50 mm/s.
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Fig. 10. Average output power and energy as the velocity of a cover plate
was increased.

For the EHFT using a mechanical impact mechanism, a
cover plate was pushed to move down with the velocities of
24.50, 31.10 and 54.13 mm/s. It assumed that the floor tile
was stepped on by several pedestrians having different body
weight. The higher velocity is for a heavyweight walker and
lower for a lightweight walker. At 24.50 mm/s, this EHFT
produced the peak to peak voltage of 71.2 V with a free
oscillating frequency of 14.08 Hz as illustrated in Fig.8. The
load resistance of approximately 55.68 kQ could be found at
the maximum power as demonstrated in Fig.9, which was
further used to investigate the effect of input excitation on
electricity output. With making the velocity of a cover plate
increase orderly, the average output power and energy rose
from 0.47 to 0.72 and 0.82 mW and 0.96 to 1.67 and 2.40
mlJ, respectively as plotted in Fig. 10. A slight increase in
the amount of electricity where a velocity of the cover plate
increase from 31.10 to 54.13 mm/s can rely on the
relationship between a plucking proof mass and a reflected
piezoelectric bimorph; a proof mass deflected piezoelectric
bimorph initially with a bit larger displacement.

Throughout this work it was noticeable that:

 For the EHFT using a magnetic plucking mechanism:
It had a bit complex structure, which gave the high energy
conversion for using a large gap between a stopper and a
piezoelectric bimorph. The direct contact between a
piezoelectric bimorph and a stopper may cause a decrease in
longevity of piezoelectric bimorph. In the energy harvesting,
varying force of input excitation, i.e. heavier or lighter
walker, had no effect on electricity output. However, the
electrical energy was produced only after the cover plate
was unloaded, while stepping on the cover plate was for
inducing the initial deflection.

* For the EHFT using a mechanical impact mechanism:
It could be easily configured with a simple structure. The
frequency up-converting mechanism was not directly
contact on piezoelectric bimorph for inducing the initial
deflection, thus piezoelectric bimorph could be long-lasting.
In addition, the electricity output was directly proportional
to the force of input excitation, the high amount of which
was observed at high velocity of a cover plate. Interestingly,
the electrical energy can be harvested when the floor tile is
loaded and unloaded.

Regarding to the structure profile, operational strategy
and energy harvesting performance of both EHFTs, the
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EHFT using a mechanical impact mechanism is of much
interest. It should be better than the EHFT using a magnetic
plucking mechanism in term of the long-lasting use and
harvesting energy from pedestrian in both crowded and
uncrowded areas.

V. CONCLUSION

Two energy harvesting floor tiles especially aimed to
harvest energy from human footstep were proposed in this
paper. The different frequency up-conversion techniques
used to increase the energy conversion efficiency were
depicted. One of these techniques was based on magnetic
interaction and another was formed on the mechanical
impact. To find the best the floor tile, the comparative study
of both floor tiles was implemented. Initially, their
prototypes consisting of one piezoelectric inside were
fabricated and then evaluated with the input-exciting kit. By
considering the experimental results, structure and
operational characteristic, the best floor tile could be found at
last.
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