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Abstract: In renewable energy technology development, piezoelectric material has electro-mechanical
converted capability and the advantages of simple construction and compact size, it has potential
development since the environment vibration can be transferred into an electrical energy in daily
harvesting applications. To improve the electro-mechanical converted efficiency of a piezoelectric
harvester at low-frequency environment, a free vibration type of piezoelectric cantilever harvesting
structure was proposed, which can generate a resonant oscillation by releasing an initial deformed
displacement, and was uninfluenced from the effects of external environment. To analyze the
harvesting behaviors, an equivalent circuit with voltage source was provided, and the parameters in
theoretical model can be determined by the dimensions of the piezoelectric unimorph plate and its
initial deformation. From the comparison of measurement and simulation, it reveals a significant
efficient theoretical model where 8% error occurrence for storage energy was found. Finally, the
proposed free-vibration generation method was developed in a piezoelectric harvesting floor design,
which can transfer human walking motion into electric energy, and store in an external storage
capacitor. From the testing result, one time of footstep motion can cause the charging energy in
a 33 pF of storage capacitor achieve to 0.278 m]J, which was larger than the driven power of the
wireless transmitter module, and then the wireless transmitter can be driven to send a RF signal
without external power supply. Therefore, the designed piezoelectric harvesting floor has potential
development to locate the user’s current position, which can provide users with future appropriate
service for intelligent building application.

Keywords: cantilever piezoelectric beam; low environment vibration; free vibration generation;
piezoelectric harvesting floor

1. Introduction

In the recent years, depending on the tendency of miniaturization and low-power
consumption in electronic product development, a self-powered electric device with au-
tonomous energy has attracted a lot of interest, especially for wireless-sensor network
technologies in intelligent living and industrial applications, such as public stations, com-
mercial buildings, and manufacturing factories [1]. For example, in intelligent architecture
application designated to provide users with the most appropriate service inside the
intelligent buildings, locating the user’s current position is essential. To implement a
self-powered wireless sensor, energy harvesting technologies from ambient environments,
such as solar, wind, tidal, and geothermal energy should be developed for the purpose
of driving a low-power electronic device with sustainable electrical energy source [2-5].
In these energy harvesting technologies, the piezoelectric material has the advantages
of simple construction, compact size, and high efficiency in energy conversion [6], and
has been widely investigated to be utilized in daily harvesting applications [7]. In order
to obtain the best harvesting efficiency, a cantilever beam construction was developed
for its capacity of large deformation in the most piezoelectric harvester, and its structure
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resonance frequency should be appropriated to the exciting frequency from the external
environment [8]. However, the oscillation produced from the ambient environment is
unstable, and the frequency is lower than the resonance frequency of the piezoelectric
harvester, which results in the decreasing electro-mechanical conversion efficiency. To
improve the harvesting efficiency, some methods for matching the environment oscillation
frequency were provided in the research literature. For example, changing the weight of a
mounted mass on the front end of a cantilever beam was proposed to affect the structure
resonance frequency [9]. Another method was combined in parallel with numerous piezo-
electric cantilever beams with the different dimensions and the weight of a mounted mass
to obtain a range of operation frequency [10]. In order to obtain the resonant vibration
of the piezoelectric harvesters in unstable ambient oscillation, Umeda et al. designed
using a steel ball to strike a piezoelectric monomorphic disc to induce resonant vibrations
to achieve high electric power output [11]. However, sometimes the striking force of a
steel ball interferes with the beam motion results in a fluctuation of voltage generation,
and electric power output is reduced significantly [12]. To ensure the sufficient striking
motion, a plucking mechanism used in exciting piezoelectric cantilevers, which induces
an initial deflection in the cantilever and then lets it vibrate freely at its resonance fre-
quency, was proposed in recent literature and developed to different plucking methods,
including magnetic plucking [13,14], impact-driven [15,16], and mechanical plucking [17].
Therefore, in this study, our purpose was to design a mechanical plucking mechanism
to develop a piezoelectric harvesting floor structure. To avoid the continuous impact
force to disturb the free vibration, the plucking mechanism was designed to depend on
the operation environment, and two times of free vibration can be excited to generate
sufficient electric power to drive a wireless transmission model. To predict the electric
energy generation from the piezoelectric harvesting floor, a theoretical model should be
built. A piezoelectric energy harvester equivalent circuit, which consists of mechanical
domain clarifying the direct effect of the piezoelectric materials, was generally proposed
to represent the voltage output according to the responses of the force changes over the
time [18]. Even the equivalent circuit model can be used to analyze the waveform of electric
responses, the electric generation value from piezoelectric cantilevers was unable to be
directly observed and experimental verification for electromechanically coupled beams
was hard to be achieved. Considering that the electric power was converted and generated
from the mechanical stress or strain distribution on piezoelectric cantilevers depending
on the external mechanical loading, Pozzi [19] proposed a finite element (FE) model to
predict the performances of the mechanically plucked piezoelectric cantilevers during the
whole plucking cycle. Pillatsch [20] developed an FE analytic model used in the perfor-
mance prediction of a magnetically plucked bimorph, and Kuang [21] developed a coupled
piezoelectric-circuit finite element model to obtain the electric characteristics of equivalent
circuits. However, the FE model only analyzes the dynamic mechanical responses with
a single dimension, and the ability of performance design optimization was hard to be
achieved. The other way was proposed to formulate the governing equations of the Euler-
Bernoulli beam [22,23]. According to the assumption of boundary condition, the deformed
distribution with rectangular bimorph or unimorph cantilever can be estimated with tip
mass under base excitation reported in Reference [24]. Moreover, the excitations around
resonance of cantilevered bimorphs were reduced to a single mode relation and combined
with the electromechanical coupling effect to obtain the coupled voltage response across the
resistive load and the coupled vibration response of the harvester explicitly for harmonic
base excitations. Then, a short equivalent circuit with voltage source can be investigated
extensively to predict harvesting electrical energy [12]. Different from most literature in
which the plucking process was modeled as a stable force applied to the beam, and the
characteristics of plucking piezoelectric energy harvesters would be hard to investigate due
to experimentally validation of impact force difficulty, this paper used the Euler-Bernoulli
governing equations to estimate the deformed distribution of the unimorph cantilever
excited by an initial plucking displacement. An equivalent electromechanical model was
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proposed to represent mechanical characteristics of the resonance vibration in the plucking
process, and converted into an equivalent circuit of the theoretical model to obtain the elec-
tric power output from the unimorph piezoelectric cantilever. Finally, the storage situation
of external capacitance can be analyzed by circuit simulation software and demonstrated
in the designed piezoelectric harvesting floor, which has sufficient harvesting efficiency to
drive a wireless transmitter by one time of footstep motion.

2. Theoretical Analysis of Piezoelectric Cantilever Beam with Free Vibration
2.1. Deformation Analysis

To analyze the mechanical properties of piezoelectric beams, assume that an external
force distribution f(x, t) was applied on the piezoelectric cantilever beam surface to result
in a deformed displacement as presented in Figure 1. Based on the internal moment balance
condition, the lateral deformation distribution in z-direction w(x, t) can be calculated by
Euler-Bernoulli beam equation as [22]:

2 2
SIMED | f ) = A T, <1>

where p was the mass density, A the cross-section area of the cantilever beam which was
non-variation by the uniform beam assumption. E was the material Young’s modulus, and
I was the cross-section moment of inertia with respect to the neutral axis. In this study;,
consider the uniform beam and Free vibration condition, based on thin beam theory [25],
Equation (1) can be rewritten as:

*w(x, t)
EIl e
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Meanwhile, based on the successive derivatives of lateral deformation w(x, t), the
bending moment in the beam can be obtained from:

2
Ela w(x, t)'

M=—
ox2

®)

From observing Equation (2) as a convergent series of the eigen-function, the beam
displacement w(x, t) can be calculated by using a separation variable method as:

w(x, ) = W(x)T(t), 4)

where W(x) and T(t) are the scalar and time items of the normalized eigenfunction, and
the mechanical equation as Equation (2) can be further reduced to the model coordinated
in the free vibration model.
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Figure 1. Mathematical schematic of Euler-Bernoulli cantilever beam structure [22].
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In this paper, an equivalent impact force by releasing an initial deformed displacement
was utilized to generate a free vibration motion on the piezoelectric cantilever beam. To
describe the free vibration of mechanical properties, an equivalent mass-spring-damper
(MSD) model with a single degree of freedom [8,9], which consists of an equivalent mass M;
parallel connected with a spring K and a viscous damper B, was proposed to represent the
mechanical response by an external loading. Meanwhile, the deformed displacement can
also be converted into the electric energy by the piezoelectric effect, as shown in Figure 2.
According to the equivalent mechanical model, with the application of an external impact
force (F(t) = 4(t)), the deformed displacement w(t) with continuous time domain can be

calculated as [25]:
w(t) = |W|e @t cos (wm/l - §2t>, (5)

where w; was system natural frequency of equivalent mechanical model that can be equaled
as wy, = /K/M,; ¢ was its system damping coefficient being equaled as { = Bs/2vKM..
Observing Equation (5), the mechanical response can be separated into amplitude and
time element. In our study, referring Equation (3) and Equation (5), the time item of the
vibration displacement w(x, t) for cantilever beam was represented as [26]:

T(t) = e~ %9t cos(wgyt), (6)

where w; = w;+/1 — &2 is known as the damped natural frequency of the system. In
general, for the cantilever beam structure in free vibration condition, the system damping
coefficient ¢ was too small to ignore its influence, which means that the exciting vibration
frequency is the same as the system resonance frequency.
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Figure 2. Equivalent mechanical model to describe relationship between external force and deformed
displacement [25,27].

For a piezoelectric harvester, the deformed displacement will be converted into the
electric energy as shown in Figure 2. However, the deformation amplitude in Equation (5)
is not a fixed value for the cantilever structure. In this paper, in order to obtain the
deformation distribution, the cantilever beam of a piezoelectric harvester was utilized for
analyses, and the structure was shown as Figure 3. A piezoelectric plate is adhered to a
steel plate substrate to be a two-layer of unimorph plate, and the piezoelectric plate should
be located around the middle of the bender to obtain higher deformation. In this paper,
consider the piezoelectric plate obtaining a large deformation, its adhered position should
have an interval distance from the fixed support. Therefore, in the theoretical analysis,
the unimorph plate can be separated into three parts to calculate the deformation in each
section, which was presented in Figure 3. Moreover, t; and t, were defined as the thickness
of steel and piezoelectric layer, respectively, and layers of Young’s modulus were presented
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as Es and Ep. Consider that the deformation was distributed along transverse direction
(x-direction), by previously separation variable method, Equation (2) can be rewritten as:

EIWr () T e
oA W) () B*(constant), (7)

where  was a constant proportional relation. Observing Equation (7), the mechanical
deformation equation can be separated into terms of relative displacement W(x) and time
T(t), and then the deformed displacement related with the transverse position can be
obtained as the following:
*W (x)
ox*
According to the differential transformation method (DTM) [22,28], the solution of
the homogeneous differential Equation (8) is presented in the following form:

- %/#W(x) =0. ®)

W(x) = C;q cosh (Ax) + Cysinh (Ax) 4+ C3 cos (Ax) + Cysin (Ax). 9)

To simplify the derivations, in this paper, the deformed shape of the cantilever beam
was re-described by a polynomial equation form and separated into three sections from
Figure 3 as the following:

3
In Section A, W,(x,) = ¥ anx" = ag + a;x + apx* + asx>,

n=0

3
In Section B, Wy (x},) = bux™ = by 4 byx + byx? + b3x3, (10)
=0

n

3
In Section C, W (x.) = ¥ cux™ = co + c1x + cx? + c3%3,

n=0

where the ratio coefficients of Equation (10) as a;, b,;, and ¢, were represented as amplitude
of bending deformation in the cantilever beam, and can be determined by the boundary
conditions of the cantilever beam as follows:

flx) = EI™W&) _ 0in Sections A, B, and C,
X

dx4
W(x) = 0at x, = 0 in Section A,
dvg}(cx) = 0at x; = 0in Section A, (11)
T(x) = Eld3xgx) = —F at x, = L. in Section C,

M(x) = Eldzdwxgx) = 0at x; = L. in Section C.

From the boundary condition, the internal stress and moment in the cantilever beam
were related with the Young’s modulus E and inertia moment of sectional area I, respec-
tively. In order to determine the Young’s modulus and inertia moment of the middle
area (Section B), the transformed-section method [29] was utilized for a composite uni-
morph structure, which the width of piezoelectric plate variable depending on the Young’s
modulus comparison, and modular ratio relation of width variation n was determined as:

_ b

n= .
E’

(12)
where E. and E;. denote the piezoelectric and steel layers of Young’s modulus, respectively.
It can be found from Figure 4 that the Young’s modulus in the composite unimorph section
can become the same as the steel material by the transformed-section method. According to
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1

the transformed sectional area in Figure 4b, the equivalent inertia moment in the composite
unimorph secon I, can be determined as:

1 3

1 4 ts  tp\?
bty bty (5 + ) (13)

Moreover, in this study, an initial deformed displacement was proposed to be equiva-
lent as an impact force, and the boundary condition in the end of the cantilever beam can
be re-written as:

We(xe)ly,—p. = Do = co + c1Le + 2L + c3L = FS,y, (14)

where S, is defined as the transformed coefficient from external force into deformed
displacement W, (x.), and based on the relationship between the beam'’s deflection and the

applied load (EI d4dwx§x) = F), the transformed coefficient S.; can be estimated as:

1 L3

— 3 2 2 2 _ L Iys c
S = BET [L3 4+ BL3(Ly +2Lc) + 6Lq (13 +2L2) +18LoLyLe] + BET |13+ 6LoLe(Ly +2Lo)| + 1
V4 E. »E
PoW) Wlx) w7 '
A —,
o X Xa xh Xr'f A } P
> —— 1 L[ 3t
L [ | | | |
a [ I:b [ LC ! | b .
| l |
| Section A | SectionB | SectionC |
[ [ | [
Piezoelectric material I:I Steel material
Figure 3. Theoretical model of piezoelectric cantilever beam structure, which is separated into
three sections.
. . A
Piezoelectric plate —| Ep ty Ep=Ep :I}p
A 4
A
Steel plate —| Es ts Es &s
A 4
< b > N b >
’ nb R
(a) (b)

Figure 4. Cross sectional area transformation in composite unimorph section: (a) In original, cross sectional area is the

same; (b) width of piezoelectric plate is varied to be equaled to the same material depend on the modular ratio of different

Young’s modulus.

Therefore, according to the boundary conditions of Equation (11), considering the
boundary of internal stress and deformed strain in each section of the cantilever beam
was assumed as a continuous distribution, then the ratio coefficient of Equation (10) can
be determined as shown in Table 1. In the piezoelectric harvester, the electric energy was
generated from the deformation of the piezoelectric plate. Therefore, the deformation
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Wy (xp,) =

distribution in unimorph section (Section B) in Equation (10) can be calculated from ratio
coefficient of Table 1 and presented as:

Ao [(L3 +3L5Ly +6L7Le) | (Laly +2Lale)  (Ly+2Le) 5 1 3] 16)

Sy 12E,I, 2B, PTTT4EdQ, b GEq,

Moreover, combined with Equation (5), the internal axial stress applied in the piezo-
electric unimorph plate can be estimated as:

d*W EpAo [ (Ly +2L 1
Tl(xblzrt)szpzisz(t):i p20 (Lp +2L¢)

— X
dx? Seq 2E, I, E, I, "

}ze“f“’"t cos(wyt)  (17)

Table 1. Calculated result of ratio coefficient in Equation (10).

Coi{faﬁtz(i)ent Value Col:fegz?ent Value
ag 0 by ot
ay 0 b3 6%3
a Flatlytole) co F[ pofiy; (L2 +3LaLy + 6LaLe + 12LyLe + 612) + pbp (L + 613Lc) |
a i o F[ gty (LaLy +2LaLe) + gl (LoLo)]
bo LA Bl it ] 2 .
b gl o i

2.2. Electric Generating Analysis

During the free vibration process, the lateral deformation was occurred on the piezo-
electric plate by its electro-mechanical converting capacity, and such a phenomenon was
called the direct piezoelectric effect. From the previously description, the mechanical
response of a piezoelectric harvester from an external loading was described in Figure 2.
Moreover, to represent the electric response, an equivalent harvesting circuit was proposed
and converted from the equivalent mechanical model of Figure 2, shown as Figure 5. It can
be found that the mass-spring-damper (MSD) model can be equaled to a voltage source
V) serial connected with a capacitor Cy,, resistance R, and inductance L, which the
electromechanical transferring relationship can be represented as:

1
Rm = Bs/ Ly = Ms/ Cn = f (18)

S

1:n i

. R, L, C,
_'">_\/\N\_rvm_| —> o+

m

Mechanical port Electrical port

Figure 5. Complete equivalent circuit of piezoelectric cantilever beam structure converted from its
electromechanical model [30].
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Referring to Figure 2, whenever an external force Fj is being applied to deform the
piezoelectric structure, which can be equaled to the voltage source V), in mechanical port
circuit, and the voltage output would be generated according to the responses of the force
changes over the time [18]. Therefore, the inner stress of the piezoelectric material can be
equaled to the cross voltage of the mechanical port circuit. based on Kirchhoff’s voltage law,
the voltage-current relationship can be estimated, and represented to a Laplace form as:

Vi = Vp — (Lm52 4 Rys + 1) b (19)
Cu/ s

where s is denoted the s domain in Laplace transform which is converted from time
domain. In our case, an initial deformed displacement was proposed to generate a free
vibration situation, which means that the voltage source in the mechanical port circuit was
assumed as zero (Vp = 0), and then it can be found that the electrical energy generated by
piezoelectric effect is equaled to be an electric current source (i;;). Consider that the free
vibration is excited from an impact force to be converted into a pulse of voltage generated
in the equivalent circuit, the electric generating function with continuous time domain can
be calculated from the inverse Laplace transformation as:

Ru 1 faL
im(t) = L Vim(s)] = |Ale Mitcos | =/ 22" —R2t 1], (20)
2Ly \| Cun

It can be found that Equation (19) of electric energy generation is similar to Equa-
tion (17) of the internal axial stress distribution, which consists of the scalar and time
domain. Therefore, it can be demonstrated that the electric energy generation is related
to the internal stress distribution and is estimated by the equivalent circuit for the free
vibration process. Moreover, the mechanical port circuit in the equivalent circuit as Figure
5 can be simplified to be an electric current source as shown in Figure 6a.

To obtain the equivalent electric current source as mentioned previously in the free
vibration process, the electro-mechanical converting relationship can be represented by the
piezoelectric constitutive equation in strain-charge form with d-type as following [31]:

D3 = d31 Ty + e33E3 (21)

where T; and Ej3 are the mechanical stress and electric field of system input and result in the
mechanical and electrical generation of strain S; and electric displacement D3, respectively.
The independent in-out relation is defined that the electric permittivity coefficient el,
under constant strain, which the electric-mechanic coupling relation is presented as the
piezoelectric coefficient d3;. Finally, the subscripts of variables are the respective in-out
applied directions, where they denote the horizontal and polarized direction as 1 and 3,
respectively. From internal axial stress calculation of Equation (17), based on the Gauss
law [32], the electric charge Q on the surface can be calculated as:

Q = — If D3dA = — JI d31T1dA — ff 8§3E3dA

o d31pr(t5+tp)Lch 22
IS ra— v @)

= KyAgebwnt cos(wnt) — CpV,

T
—C&wnt 2£33Lbb
Age=6@nt cos(wpt) — =812

where C;, is defined as equivalent internal capacitance, and K; a dimension coefficient.
Therefore, according to Equation (21), the electric current generating from the piezoelectric
unimorph plate with free vibration can be estimated as:

_4
Tdt

i (Q) = KiAge™¢“nt sin(wpt 4 1) — Cp%/. (23)
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source

Piezoelectric Equivalent

From Equation (22), it can be found that the piezoelectric material has a capacitance
characteristic to affect electric current output, and the generation value with free vibration
mode can be calculated from initial deformation of the unimorph plate (Ag). In order
to analyze the electric behaviors of the storage circuit, Equation (22) can be observed to
be equaled to an electrical current source connected with an equivalent capacitance in
parallel, which can also be corresponded to Figure 6a, and the electrical current source can
be equivalent as:

isource = KeAge ¢“nt sin(wyt + 71) (24)

In most driven circuits, the electric load is connected with a voltage source, and the
current in the circuit can be varied depending on the loading impedance. Therefore, in this
paper, a voltage source type of an equivalent circuit with series connection of an equivalent
capacitance is provided (Figure 6b), and the relationship can be obtained as:

1

Vsource = Wisoume (25)
n-p
€ :
T C, +
Z‘S‘OH‘V‘CL’ o~ V _i source V
ol T VRN Cp % Vsource = C
i, (t) @y
o o

(@) (b)

Figure 6. Simplified piezoelectric equivalent circuit form; (a) Current source type of Norton’s
equivalent circuit; (b) Voltage source type of Thevenin’s equivalent circuit [33].

According to the equivalent circuit, the theoretical model of the designed piezoelectric
harvester can be built and presented in Figure 7. The electric generation characteristic
of free vibration excited from the initial deformed displacement can be equaled to the
voltage-source type of equivalent circuit. The harvesting energy should be collected in an
external storage capacitance (Cp) to obtain a sufficient driven power, and a bridge rectifier
circuit is proposed to transfer the alternating harvesting signal into unidirectional flow of
electric charge (DC) for storage capacitance. Moreover, based on theoretical model of the
piezoelectric harvester, the storage behaviors of external capacitance can be analyzed by
circuit simulation software, such as PSIM, from the dimensions of unimorph plate and its
initial deformation.

I

Circuit

N jr———— Switch
__| | Iac | | Ioc |
7 I
Cp o I Load
I | | — | (Wireless
p— CL ‘
o I I transmitted
L I I model)
| ! !
L L
Bridge rectifier Stor%ge
capacitor

Figure 7. Theoretical electric circuit of proposed piezoelectric harvesting system.
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3. Electric Harvesting Measurement with Free Vibration

In order to observe the harvesting behavior of free-vibration, a measurement structure
of the cantilever piezoelectric harvester is built as shown in Figure 8. A vibration exciter is
utilized to simulate the low-frequency ambient environment, and its vibration frequency
can be controlled and driven by the function generator and the voltage amplifier. In order
to provide an initial displacement, a pick component is designed to pluck the cantilever
beam to generate a vibration, and located on the vibration exciter. In this paper, an initial
displacement of the cantilever beam is utilized to excite a free vibration with the structure
resonance frequency. Therefore, the testing piezoelectric harvester for a unimorph plate is
fixed on a translation stage, and the plucking position can be adjusted to determine the
initial displacement. Moreover, a laser displacement meter is used to measure the vibration
amplitude and frequency on the surface of the cantilever beam, and the measuring data can
be recorded in an oscilloscope. Finally, the harvesting energy will be stored in the designed
storage circuit which includes a bridge rectifier circuit and a storage capacitance as shown
in Figure 7, and its storage information is also recorded in the oscilloscope.

Oscilloscope

ollgloBsa s
Function generator . P
& Laser displacement meter e OO
88 (o
m - —— 54

o > 0 0 O

Storage circuit

/

Hromm N

Unimorph bender

Voltage amplifier

Translation stage

exciter

Figure 8. Experiment structure of cantilever harvester with free vibration to measure electric power generation and

vibration situation.

Figure 9 shows the measuring result of the vibration situation on the designed can-
tilever harvest and the pick of plucking mechanism. To simulate the walking of a human,
the oscillating frequency of vibration exciter is controlled around 2 Hz of low frequency and
1.3 mm of vibration amplitude. By the translation stage adjustment, the pick can produce
around 1 mm of the initial deformed displacement on the front end of the unimorph plate.
Observing Figure 9, at first, the pick presses the unimorph plate to result in a deformation.
When the pick holding position is over the setting deformed displacement, the unimorph
plate will be released suddenly and excited a free vibration with its resonance frequency
on free end. The free vibration will be reduced by its internal capacitor characteristic
(Cp) based on the equivalent circuit, and the decay coefficient can be estimated as system
equivalent damping factor (&) of Equation (17). Therefore, according to measuring result
of vibration form, the structure resonance frequency (f;) and the decay coefficient (&) are
estimated to be around 125 Hz and 0.0089 NAs, respectively. These calculated data can
be combined with the dimensions and material parameters of the proposed unimorph
plate, as listed in Table 2. The electric generating characteristic of the designed piezoelectric
harvester can be estimated, and utilized to analyze the electrical charging behaviors for the
connecting storage circuit of capacitor by circuit simulation software.
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< — J
— 0 5 Initial displacement brati
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- ] Ll | >
A - 17 ——— Plucking mechanism|]
Unimorph bender
p
A 1 . 5 N s
0 0.1 0.2 0.3 0.4 0.5

Time (sec)

Figure 9. Measured results of vibration amplitude on front end of cantilever beam and motion

trajectory of plucking mechanism.

Table 2. Dimension and parameters of proposed piezoelectric unimorph plate to be utilized in electric
power calculation by theoretical equivalent circuit.

Piezoelectric Plate Steel Plate
material PZT-5H material SAE 304
Length (Lp) 30 mm Length (L) 58 mm
Width (b) 15 mm Width (b) 15 mm
Thickness (tp) 0.3 mm Thickness (ts) 0.3 mm
Young’s modulus (Ep) 127.2 x 10° N/m? Young’s modulus (Es) 200 x 10° N/m?
Piezoelectric charge “12c .
constant (d3;) —274 x 10 /N Length of section A (L) 5 mm
Permittivity .
coefficient (853) 3400¢9 Length of section C (L) 23 mm
Permittivity in 8.854 x 10712 F/m Initial deformation (Ag) 1 mm

vacuum (gg)

Because the output energy of the general piezoelectric harvester is not enough to drive
the electric component during a period of vibration loading, the storage circuit should
be designed to receive and charge to obtain the sufficient driven energy. Moreover, due
to the electrical generating characteristics of high voltage and low current, a capacitor is
generally chosen to charge the out voltage from a piezoelectric harvester. Therefore, the
driven power can be estimated from the voltage variation in the charging capacitor, and
the relationship is presented as:

1
Ec = icLVg (26)

where Ec means the storage energy in the capacitor according to variation of the charging
voltage (V).

Therefore, in this paper, a 33 uF of capacitor was chosen to observe the charging
voltage for the one-time plucking process, as shown in Figure 10. It can be observed
that the voltage charging in a 33 uF capacitor was increased to around 2.45 Volt for the
one-time plucking process, and the charging energy can be calculated as 0.101 m] by
Equation (25). Moreover, according to the designed parameters in Table 2, the charging
situation of the capacitor can also be simulated by the circuit simulation software and the
proposed theoretical model, as demonstrated by the red dashed-line in Figure 8. From
the simulation result, a 2.37 Volt storage voltage can be observed for a 33 uF capacitor,
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which is equaled to the charging energy as 0.093 m] by Equation (25). The experiment data
appeared as a storage energy generation in the first pressing process from the pick results
in a 0.1 Volt of initial storage voltage before the free vibration process. This initial storage
voltage is ignored in simulation and caused an 8% error occurrence for storage energy with
stable state. From the comparison result, it demonstrates a potential achievement that the
output voltage and energy charging behaviors in an external capacitor can be predicted
by the proposed theoretical model, and utilized to evaluate the driven capability for the
electrical loading.

I

—— Experiment

— — = Simulation

w

—
i

0.2 03 0.4
Time (sec)

o
\

Voltage stored in the capacitor (Volt)
N

o
©
-

Figure 10. Measured data of voltage charge in capacitor and compared with simulation result.

4. Design and Testing of Piezoelectric Harvesting Floor

Figure 11 demonstrates the designed piezoelectric harvesting floor. A piezoelectric
unimorph plate is fixed to be a cantilever beam structure, and a pick is located towards the
front of the unimorph plate to pluck an initial deformed displacement. The four pillars of
the machine limit the floor with only vertical motion, and adjust the transformed space
of the harvesting floor. When human steps on the floor, a vertical movement occurred to
drive the pick to generate a plucking motion, which is equaled to an impact force to cause
the resonant vibration occurrence. When human leaves the harvesting floor, springs on
the four pillars are utilized to rebound the floor surface back to its original height and
provide a second plucking process. During the free vibration procedure, the piezoelectric
beam will transform to output electricity by electro-mechanical converted characteristic.
Moreover, a storage circuit, consisting of a bridge rectifier circuit and charging capacitor,
is used to receive the harvesting energy from the piezoelectric unimorph plate. During
one-time footstep motion, the storage capacitor can charge a sufficient energy to drive the
wireless transmitter module, and then send an RF signal to remote the working switch.

In the designed piezoelectric harvesting floor, the harvesting energy from one-time
footstep motion should be sufficient to drive the wireless transmitter module. Therefore, the
driven energy for sending an RF signal is necessary for determination, and the measuring
experiment is shown in Figure 12. According to the testing circuit in Figure 12a, a power
supply is used to charge a capacitor at first. When the charging process is completed,
the switch will start to drive the wireless transmitter module, and the voltage variation
in the storage capacitor can be measured to estimate the sufficient driven power. From
the measuring result of Figure 12b, a 33 uF of storage capacitor is chosen and it can be
observed that a 4.6 Volt of full charge voltage is suddenly reduced to 2.2 Volt. Therefore,
based on Equation (25), a 0.269 m] of driven power can be calculated for the wireless
signal transmission.
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Figure 11. Structure of designed piezoelectric harvesting floor, which consists of a piezoelectric
unimorph plate, a plucking mechanism, a storage circuit, and the driven wireless transmitter module.
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Figure 12. Measurement of driven condition for wireless transmitter module; (a) Designed testing
electric circuit to obtain driven power and storage capacitor determination; (b) Testing result of
voltage variation in storage capacitor.

Finally, the harvesting behaviors of the designed piezoelectric floor are measured
actually, as shown in Figure 13. From the output voltage, it can be found that the standing-
up and leaving motion can excite the resonant vibration of the cantilever piezoelectric plate,
respectively, and both of the frequency is the same with its structure resonant frequency
of about 125 Hz. Moreover, the voltage charging in the storage capacitor can be increased
into 4.1 Volt during two times of the resonant vibration procedure, and the charging can be
calculated around 0.278 m] which is larger than the driven power of the wireless transmitter
module. Therefore, from the measuring result, it demonstrates a potential capacity that the
designed piezoelectric harvesting floor can transfer human walking energy into the electric
driven voltage, and transmitting a wireless RF signal can be achieved without external
power supply.



Crystals 2021, 11, 380

14 of 16

N »
o o

Output Voltage (V)
o

N
T
|
|
|
|

T
|
|
|
|

-+
|
|
|
|

+
|
|
|
|
|
|
|
|

w
T
|
|
|
|

-
|
|
|
|

[ ——
[
|
|
|
|

-
|
|
|
|

-
T
|

Voltage in capacitor (V)
N

o

Time (sec) Time (sec)

(a) (b)

Figure 13. Measurement result of electric generation from the designed piezoelectric harvesting floor, which includes; (a)

Voltage output from piezoelectric unimorph plate; (b) Voltage charging situation in storage capacitor.

5. Discussion

This paper demonstrated a significant piezoelectric harvesting method, by quickly
releasing an initial deformed displacement of the cantilever beam, an equivalent impact
force can be produced to cause the blender to excite a free vibration with the structure
resonance frequency, and the electro-mechanical converted efficiency can be improved at
low-frequency environment. To analyze the harvesting behaviors, an equivalent circuit of
the theoretical model is provided, and the power of voltage source can be varied by the
initial deformed displacement. Additionally, the storage situation of external capacitance
can be analyzed by circuit simulation software. From the comparison of measurement
and simulation, it reveals a significant efficiency of the theoretical model that 8% error
occurrence for storage energy was found. To develop the proposed free-vibration type of
electric generation method, a piezoelectric harvesting floor is designed and a low frequency
of human walking motion can be transferred into the electric energy, and a wireless
transmitter can be driven to send a RF signal without external power supply. Therefore,
the designed piezoelectric harvesting floor can be utilized to locate the user’s current
position, which provides users with the potentials for the intelligent building application.
Moreover, the proposed piezoelectric harvesting method is free from the effects of the
external environment, and provides the best electro-mechanical conversion efficiency. It
can further be extensively utilized in daily harvesting applications, such as walking energy,
ocean/river wave, and windmill rotation.

6. Conclusions

In this paper, in order to improve the electro-mechanical converted efficiency of a
piezoelectric cantilever harvester at a low-frequency environment, a free vibration with the
structure resonant frequency excited by releasing an initial deformed displacement was
proposed to obtain best harvesting efficiency, and its theoretical model of an equivalent
circuit was built to analyze the harvesting behaviors. From the compared result, an 8%
error of storage energy in the external capacitor during one-time free resonant vibration
generation was found between the measurement and simulation. Therefore, according to
a significant revealing efficiency of the theoretical model, a piezoelectric harvesting floor
can be designed to transfer the human walking energy into electric power. Depending on
the driven condition of a wireless RF signal, the dimensions of the piezoelectric cantilever
beam and the initial exciting displacement can be determined. The testing result presented
that the one-time footstep motion can harvest the electric energy twice, and cause a 0.278 m]J
charging energy in a 33 pF of storage capacitor, which was sufficient to drive the wireless
transmitter. Therefore, the designed piezoelectric harvesting floor demonstrated a potential
intelligent building application that can detect human walking motion, and transmit a
wireless RF signal for the future appropriate service without external power supply.
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