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Abstract. A novel hybrid energy harvester integrated with piezoelectric
and electromagnetic energy harvesting mechanisms is investigated. It
contains a piezoelectric cantilever of multilayer piezoelectric transducer
(PZT) ceramics, permanent magnets, and substrate of two-layer coils.
The effect of the relative position of coils and magnets on the PZT can-
tilever end and the poling direction of magnets on the output voltage of
the energy harvester is explored. When the poling direction of magnets
is normal to the coils plane, the coils yield the maximum output voltage,
i.e., the type | and Il devices. The maximum output voltage and power
from the PZT cantilever of the type Il device are 0.84 V and 176 uW
under the vibrations of 2.5-g acceleration at 310 Hz, respectively. And
the maximum output voltage and power from the coils are 0.78 mV and
0.19 uW under the same conditions, respectively. The power density
from the type Ill device is derived as 790 uW/cm?® from piezoelectric

components and 0.85 uW/cm? from electromagnetic elements. © 2010
Society of Photo-Optical Instrumentation Engineers. [DOI: 10.1117/1.3373516]
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1 Introduction

The market for handheld electronics grows remarkably
with diversified products ranging from mobile phones,
PDAs and cameras to healthcare devices. Such market de-
mand drives significant technology progress in develop-
ment of low-power electronics and wireless communication
technology. Harvesting energy from ambient vibrations to
recharge a battery is a potential solution to realize handheld
electronics with infinite lifespan, i.e., self-powered elec-
tronics. Typically, vibration-based energy harvesting de-
vices use one of the following energy transduction mecha-
nisms: electrostatic,l’ electromagnetic,™ and
piezoelectrics_7 mechanisms. Recently, comprehensive re-
view articles of the vibration-based energy harvesters in the
microelectromechanical systems (MEMS) category have
been reported.&9 Electrostatic energy harvesters employ ei-
ther comb finger electrodes or parallel-plate electrodes as
variable capacitors that are biased with external voltage
sources and varied as a function of ambient vibrations."
This indicates that electrostatic energy harvesters are not
passive devices. Electromagnetic energy harvesters collect
the energy from the generated current from coils due to the
variation of magnetic flux induced from the movement of a
permanent magnet. Arnold"' has reported the state-of-the-
art and ongoing challenges in electromagnetic energy har-
vesters. This indicates that compact electromagnetic energy
harvesters with size of several tens of millimeters can pro-
vide a few hundreds of microwatts. Such results promise a
bright future of using microscale electromagnetic energy
harvesters as an alternative power source for modern por-
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table electronic devices. An electromagnetic energy har-
vester for intelligent sensor systems has been tested on a
car engine.12 In order to optimize the structural design and
analysis of an electromagnetic energy harvester, an equiva-
lent circuit model is used to analyze the system dynamics
and the entire system in conjunction with nonlinear and/or
active power electronic circuits." Piezoelectric energy har-
vesters employ the mechanical strain of piezoelectric ele-
ments under loaded force due to direct piezoelectric effect.
The main research interest in piezoelectric energy harvest-
ers are improvement of power generation. Shu et al.' have
studied the efficiency of energy conversion for a piezoelec-
tric energy harvester by an analytical model. It is shown
that the efficiency depends on the normalized resistance,
the frequency ratio, the relative magnitudes of the electro-
mechanical coupling coefficient, and the mechanical damp-
ing ratio. In order to increase the energy conversion effi-
ciency, a piezoelectric energy harvester using air-spaced
composite cantilevers for harvesting vibration energy has
been proposed.15 Ottman et al.'®!” have developed an adap-
tive electric circuit model to optimize the energy transfer
from the piezoelectric element to the energy-stored compo-
nent.

Mitcheson et al. have compared the performance limits
of the three MEMS energy harvesting mechanisms.”'® The
resonant quality factor of electromagnetic energy harvesters
is proportional to resonant frequency. In contrast, the reso-
nant quality factor of piezoelectric energy harvesters is pro-
portional to the square of frequency. Thus, the optimum
output power of piezoelectric mechanisms becomes rapidly
diminished with increased frequency. Within the high-
frequency range, the degeneration rate of output power of
piezoelectric mechanisms is more rapid than the one in the
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electromagnetic case.® As a guideline, piezoelectric energy
harvesters outperform electromagnetic energy harvesters at
low frequency, and the electromagnetic mechanism is fa-
vorable in the high-frequency range. Piezoelectric energy
harvesters usually produce high voltages and lower current.
In comparison with piezoelectric energy harvesters, electro-
magnetic energy harvesters tend to produce relatively low
AC voltage, and the voltage output is decreased when the
size scales down.'” A comparative study of electromagnetic
and piezoelectric energy harvesters for portable devices has
been presented.” It points out that piezoelectric energy har-
vesters present high power density and are more suitable
for microsystem applications, while electromagnetic energy
harvesters are good at applications of relatively large size.
In order to overcome drawbacks of each individual type of
the three energy harvesting mechanisms, a creative energy
harvester is proposed to harness energy from typing mo-
tions on a computer keyboard by combining electromag-
netic (in terms of typing speed and frequency) and piezo-
electric (using typing force) mechanisms.” This energy
harvester includes a 191-um-thick layer of lead-zirconate-
titanate piezoelectric transducer (PZT) ceramics coated
with electrodes on double sides, and spiral coils of 13 turns
with area of 1 cm? (i.e., 100-um-wide aluminum coil elec-
trode pattern with 100-um spacing). The maximum power
is about 40.8 uW from the PZT layer with a load resistance
of 3 M(), while it is about 11.6 pW from the spiral coils
with a 700 () load. This energy harvester shows the poten-
tial of providing enough power to recharge batteries while
the keyboard is in use.

On the other hand, printed circuit board (PCB) technol-
ogy has been proposed as a low-cost approach for makin
millimeter-scale MEMS devices such as scanning mirrors
and electromagnetic energy harvesters.” In view of the po-
tential merits of integration of different mechanisms, a
vibration-based energy harvester using a hybrid mechanism
is proposed and studied. The proposed device consists of a
multilayer PZT cantilever, a PCB substrate of two-layer
coils, and magnets as seismic mass. The piezoelectric cou-
pling model and magnetic simulation are used to validate
the design concept and to conduct the optimization. As
such, the output performance is optimized in terms of pol-
ing direction, moving direction of magnet, and location of
coils.

2 Design and Simulation
2.1 Design of the Device

Cofired multilayer piezoelectric cantilever elements from
PIEZO Systems, Inc., are used in this work. This PZT can-
tilever is built up from a number of PZT layers, with each
layer of 30-um thickness and a few um thick screen-
printed electrodes between two layers of piezoelectric ce-
ramic pattern. The length, width, and total thickness of the
piezoelectric ceramic cantilever are 22 mm, 9.6 mm, and
0.65 mm, respectively. The properties of the PZT piezo-
electric ceramic cantilever are listed in Table 1. As shown
in Fig. 1, there are Nd permanent magnets fixed on the free
tip of the cantilever as the proof mass. By doing so, the
structural natural resonant frequency of the hybrid energy
harvester is reduced for low-frequency vibration applica-
tions. The bilayer copper coils are placed near the magnets,
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Table 1 Structural parameters and material properties of magnet
and PZT cantilever.

Parameter Description Value
Material E; Nd magnet 41.4e9 Pa
properties Young’s module
01 Nd magnet density 7.4e3 kg/m?3
V4 Nd magnet Poisson 0.28
my Nd magnet mass 1.04e-4 kg
Po PZT cantilever density ~ 7.8e3 kg/m?
m, PZT cantilever mass 1.07e-3 kg
€31 Piezoelectric constant 5.8Cm=
£33/ €9 Relative permittivity 560
£0 Absolute permittivity 8.85e—12 Fm™"
Structural D Diameter of single 3e-3m
parameters Nd magnet
T Thickness of single 2e-3m
Nd magnet
I Free length of 2.2e-2m
PZT cantilever
W, Width of PZT 9.6e-3m
cantilever
4 Thickness of 6.5e-4 m
PZT cantilever
I Length of single- 1e-2m
layer coil area
W, Width of single- 1e-2m
layer coil area
tp Thickness of 5e-4m

coils substrate

which are made of thin fire-resistant 4 (FR4) substrates
based on a standard PCB technology. Three types of hybrid
energy harvesters are investigated in order to understand
the influence of the relative position of PCB coils and mag-
nets on output power, where PCB coils and magnets are
manually assembled in the configurations as shown in Fig.
1. When the device is excited by external vibration sources,
vibration kinetic energy can be converted electric energy
via both electromagnetic and piezoelectric transduction
mechanisms.

For the type I device in Fig. 1(a), the magnets are placed
at the back side of the end of the PZT cantilever to tune the
resonant frequency of the whole structure, while the mag-
netic coils are placed underneath the magnets. In contrast,
the type II and III devices comprise the magnets arranged
symmetrically on the double sides of the cantilever end
with respect to the PCB coils, which are arranged verti-
cally, as shown in Figs. 1(b) and 1(c), respectively. For type
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To be fixed on the

Screws

PZT cantilever

Magnets

Fig. 1 Investigated movement directions of the magnet referring to
the normal vector of the coil. (a) Type |: Magnets’ poling direction
along z axis; plane coils located in horizontal plane. (b) Type II:
Magnets’ poling direction along z axis; plane coils located in vertical
plane. (c) Type lll: Magnets’ poling direction along y axis; plane coils
located in vertical plane.

I and II devices, the poling direction of magnets is along
the z direction, while the poling direction of magnets is
along the y direction for type III devices.

In order to optimize the output power of electromagnetic
mechanism, three-dimensional (3-D) integrated coils are
designed and fabricated by MEMS technology. Figure 2
shows the fabrication process of 3-D coils. 2000 A plasma-
enhanced chemical vapor deposition (PECVD) undoped
silicon glass (USG) is deposited as an insulating layer.
Next, a 1-um aluminum metal layer is sputtered to form
the top and bottom electrodes for the wire bonding process.
The other insulating layer of 2000 A PECVD Si3Ni, is de-
posited and patterned by using a reactive ion etching (RIE)
process to expose connecting metal via, as shown in Fig.
2(c). In order to reduce the resistance of coils, the thickness
of coils should be increased. A 10-um-thick low-stress
PECVD USG layer is deposited and patterned for the coils
structure and exposed via, as shown in Fig. 2(d). The width
and gap of coils are 3 um and 5 um, respectively. The
dimension of the opening via is 10 um X 10 um. Then, a
250 A/1500 A Ta/Cu seed layer is sputtered on the USG
layer, and 10-um-thick copper coil is electroplated. After a
chemical mechanical polishing (CMP) process, each turn of
adjacent coil is separated. Last, the two wire bonding pads
of coil electrodes are patterned, as shown Fig. 2(f). The
SEM image of the final coil structure is shown in Fig. 3.
Compared to PCB technology, the coil turns in the same
coil area of 1 cm X 1 cm increase about 60 times.

2.2 Electrical Power Output Model of Piezoelectric
and Electromagnetic Mechanisms

The inertial-based energy harvester is essentially a second-
order, spring-mass system. When the external excitation is
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USG layer

Fig. 2 Fabrication process flows of 3-D MEMS coils.

harmonic, a general model for the energy conversion from
mechanical vibration energy to electrical energy is de-
scribed by Eq. (1);

Mz+(b,+b,)i+kz=—My, (1)

where z is the relative displacement of the cantilever end, y
is the input vibration, M is a mechanical mass, b, is the
electrically induced damping coefficient, b,, is the mechani-
cal damping coefficient, and k is the spring constant.

The direct piezoelectric effect of the piezoelectric ele-
ment can be modeled by the linear constitutive equations,
and its converse effect can be simulated by the electrome-
chanical coupling coefficient. The electrical response of the
piezoelectric material is dependent on the external me-
chanical loads, i.e., stress and strains, relative to a set of
axes fixed in the material. For energy harvesting applica-
tions, the output voltage across and power dissipated in the
loading resistance are two important parameters. The elec-
trical model of the piezoelectric harvester can be repre-
sented by an RC equivalent circuit model,?' and the output
power given to the load is given by:

VZ
P _= (2)
§ 24 2 ’
{1 . (M) JR
L
prszzRL

where V is the generated voltage from the piezoelectric
cantilever, sz is the internal resistance, R; is the loading
resistance, w is the vibration frequency, and sz is the in-
ternal capacitance.
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Fig. 3 SEM images of micromachined MEMS coils.

Based on Eq. (2), the output power can be optimized in
terms of the internal resistance and capacitance of
multilayer PZT, the loading resistance, and the vibration
frequency. When the resonant frequency of the piezoelec-
tric cantilever matches the ambient vibration frequency, the
maximum output power is obtained. The n’th resonant fre-
quency of a multilayer composite cantilever (clamped-free
structure) with a large proof mass located at the free end tip
is given by

v 0.236EW, 12

—_n
= 27| (I, = D/2)*(0.236mW, 1, + Am)

3)

where v,, is the n’th mode eigenvalue, E is a function of the
Young’s modulus of the two materials, W, is the width of
the piezoelectric cantilever, /; is the length of the cantilever,
D is the diameter of the magnet, m is the mass per unit
length of the cantilever, and Am is the proof mass of mag-
nets added to the cantilever end. The targeted resonant fre-
quency can be obtained by selecting the length and width of
the PZT cantilever and the proof mass, i.e., the number of
magnets assembled at the cantilever end. In this paper, the
first resonant frequency of the multilayer PZT cantilever
integrated with magnets is employed.

Assuming that an input displacement of y(¢)=Y sin(wt)
was applied to the inertial frame, the relative velocity of the
cantilever at the steady state is given by:3

(f)sz
Z(t) = w 2112 o 2112 cos(wt+ ‘P)’ (4)
w, w,

where o is the external vibration frequency, Y is the ampli-
tude of vibration, ¢ is the phase angle, w, is the natural
frequency of the system, and ¢ is the total damping ratio of
the system.
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On the other hand, the generated voltage and power
equations and the dynamic equations of motion are derived
by an equivalent mass-spring-damper model for our de-
signed large mass/coil type electromagnetic harvester.”
The output power at steady state can be expressed by:

1 (BLp)’R
em = _(L)Lzz.z’ (5)
2(R.+R,)
where B is the magnetic flux density produced by the mag-
net and clearly decreases with the increase of gap between
magnet and coil,” L is the practical coil length, R is the

coil resistance, and R; is the loading resistance.
Substituting Eq. (4) into Eq. (5),

1 (BLp)’R,
2(R.+ Rc)2

4
w
wl’l

X s 5 cos*(wt + ). (6)
-2l

Hence, the total power output of the device P, is the sum of
the power generated from the piezoelectric and electromag-
netic harvesting mechanisms given by Egs. (2) and (6),
respectively,

P(r)=

P,=P,.+P,, 1 (BLp)R,
{ R +RL ) J 2 (R, +Re)>
1+ L
a)CpZRpZ
(2]
=) w¥?
2 > cos*(wr + ¢). (7)
T e
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Fig. 4 Finite element model of different magnets using proof mass
from type I.

2.3 Optimization of PZT Cantilevers with Different
Numbers of Magnets

Dynamic modeling of a piezoelectric cantilever assembled
with magnets is conducted by using a finite element analy-
sis (FEA) software ANSYS 10.0. The properties of PZT
cantilever and magnet are listed in Table 1. Because the
thickness of screen-printed laminated electrodes is very
thin, its effect is neglected in the modeling. The three-
dimensional piezoelectric coupled-field solid element of
SOLIDS is used to simulate the cantilever, and SOLID9S is
used for the magnets. For example, the finite element
model with three magnets is shown in Fig. 4. The full-
method harmonic analysis in ANSYS is employed to pre-
dict the output voltage of PZT cantilever with the different
numbers magnets under the same loading case of 2.5-g
acceleration, i.e., 3-um vibration amplitudes at the reso-
nance. The boundary condition is set by three steps: (1)
constraining the nodal displacement in the x, y, and z di-
rections at one end of the cantilever; (2) applying 0 V as
the nodal electrical potential at the bottom electrode; and
(3) coupling all nodal potential at the top electrode of the
PZT cantilever. To optimize the output performance of PZT
cantilevers with different numbers of magnets, a constant
damping ratio of 0.2% is assumed, and the frequency is
varied in the ranges of 445 to 485 Hz, 395 to 435 Hz,
355 to 395 Hz, 320 to 360 Hz, 300 to 340 Hz, and
270 to 310 Hz for the cantilever with a number of magnets
from one to six, respectively. Twenty substeps within each
scanned frequency range are recorded, i.e., the output volt-
age is recorded at every 2 Hz. Figure 5 gives the first reso-
nant frequency and the resulting output voltage of PZT can-
tilevers integrated with magnets of various numbers as
proof masses. This shows that the resonant frequency of
each case is 463, 415, 377, 346, 316, and 292 Hz, respec-
tively, and the output voltage of the PZT cantilever with
four magnets exhibits maximum value of 1.082 V. This is
owing to the nonlinear response of PZT under larger stress.
Both the elastic compliance and damping coefficient in-
crease as the stress is sufficiently large, while the giezoelec-
tric constant decreases with increased stress.”® For a
damped harmonic oscillator, the damping coefficient c is
given by:27
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Fig. 5 Finite element simulated results of different magnets using
proof masses from type .

c=2M{w,, (®)

where M is the mass, w; is natural angular frequency, and ¢
is the damping ratio and is given by

1
(= T In(x,/x,), 9)
™

where x; is the amplitude at one point in time, and x, is a
later amplitude measured after n periods of the sinusoidal
response. The damping coefficient increases with the in-
creasing of magnets numbers. Such facts result in low out-
put voltage, low power conversion efficiency, and increased
energy loss. Meanwhile, for a given input acceleration, the
PZT cantilever generates larger strains in the case of more
magnets numbers, i.e., 5 and 6 magnets. Thus, we conclude
that the configuration of four magnets at the PZT cantilever
end is the optimized structure of type I device.

2.4 Magnetic Coils Design

To understand how the magnetic flux affects surrounding
coils with respect to the free-standing Nd magnet, the mag-
netic analysis in ANSYS is used to analyze it. The dimen-
sion of a cylinder magnet is 3 mm in diameter and 4 mm in
length. Figure 6 shows the magnetic two-dimensional (2-D)
flux lines distribution along the magnet cross-section plane
(x-z plane). The simulation results show that the flux lines
are mostly distributed in this area (x-y plane) of about
1 cm X 1 cm for the whole cylinder magnet. This indicates
that the magnetic flux line distribution starts to decay dras-
tically beyond this area. Thus, the copper coils are designed
and made within this effective area. The structural param-
eters of coils in detail are also listed in Table 1.

3 Measurement and Discussion

Figure 7 shows the photographs of different prototypes, i.e.,
type L, type II, and type III. The PZT cantilever is fixed on
top of the shaker through acrylic plates. As discussed in
Ref. 23, a smaller gap contributes to an enlarged output
voltage. In this paper, the gap between the magnets and
coils is kept at 0.5 mm for all types of devices, and it is
adjusted by a three-dimensional nano-position controller. In
the experimental setup platform, the dynamic signal ana-
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Fig. 6 Magnetic 2-D flux lines distribution by ANSYS.
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Fig. 7 Photograph of hybrid energy harvesting devices for different
types: (a) type I; (b) type II; (c) type Ill.
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Table 2 Comparison of the simulated and experimental data of
resonant frequency and output voltage of PZT cantilevers.

Performances

Resonant frequency Output voltage of PZT

(Hz) V)
Structures FEM Exp. FEM Exp.
1 magnet 463 459 0.606 0.523
2 magnets 415 407 0.729 0.593
3 magnets 377 383 0.962 0.642
4 magnets 346 350 1.082 0.66
5 magnets 316 330 0.89 0.537
6 magnets 292 310 0.74 0.359

lyzer is used to control the vibration amplitude of the
shaker through power amplifier and the excited frequency
and to record the output voltages from the PZT cantilever
and coils.

Figures 8(a) and 8(b) show the open-circuit output volt-
ages from the PZT cantilever and coils under the different
numbers magnets at the acceleration level of 2.5 g, which
are recorded by different channel of the dynamic signal
analyzer, respectively. Based on Eq. (3), the resonant fre-
quency decreases with the increased proof mass, i.e., num-
ber of magnets. When four magnets are added on the can-
tilever end, the output voltages of PZT cantilever and coils
are obtained as maximum values of 0.66 V and 0.75 mV
for the PZT cantilever and coils, respectively. Table 2
shows the comparison of FEA and experimental data re-
garding to resonant frequency and output voltage of the
PZT cantilever. There is good agreement between the simu-
lation and experimental results. The damping coefficient
increases with proof mass from Eq. (8). Thus, in the case of

08 —mu— 1 magnet
4 —e— 2 magnets
W | —4— 3 magnets
| | —v— 4 magnets
. TYA 14- + 5 magnets
’{J T‘AI ) <~ 6 magnets
& Aol *
04} +3 f L 1as
P Y o ‘s =
i -
)
-
150 300 450 600 750
Frequency (Hz)

(b) Electromagnetic coils

Fig. 8 Measured open-circuit output voltages (V,,,s) versus excited frequency from type I: (a) generated voltage from piezoelectric cantilever;

(b) generated voltage from electromagnetic coils.
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Fig. 9 Measured open-circuit output voltages (V,,s) versus numbers of magnets under different loading acceleration from type I: (a) generated
voltage from piezoelectric cantilever; (b) generated voltage from electromagnetic coils.
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Fig. 10 Measured open-circuit output voltages (V,,s) from piezo-
electric and electromagnetic mechanism at different accelerations.
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more magnets, the output voltages of experiments are
smaller than simulation results due to larger damping ratio
in the experiments compared to the constant damping ratio
of 0.2% and the piezoelectric constant (listed in Table 1)
used in the simulations.

Figures 9(a) and 9(b) show the output voltage of PZT
cantilever and coils versus the magnet numbers under vi-
brations of different accelerations from 0.5 g to 3.0 g, re-
spectively. As we already observed in Fig. 8, the maximum
output is always observed in a type I device of four mag-
nets for all the measured curves under different accelera-
tions in Fig. 9. The output voltage increases gradually with
the increment of the accelerations. This is owing to the
increase of vibration amplitude under larger acceleration
based on Eq. (4). By recording the peak values of output
voltage for the cases of four magnets in Fig. 9, fitting
curves of measured output voltage data versus vibrations of
various accelerations are shown in Fig. 10. The observed
output voltage increases more and more slowly with the
increase of acceleration, because the damping ratio slightly

038
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=
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(b) Electromagnetic coils

Fig. 11 Measured open-circuit output voltages (V,,,s) versus numbers of magnets in the cases of type |, type Il, and type lll: (a) generated
voltage from piezoelectric cantilever; (b) generated voltage from electromagnetic coils.
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Fig. 12 Output power versus loading resistance: (a) generated power from piezoelectric cantilever; (b) generated power from electromagnetic

coils.

increases as the acceleration increases due to the nonlinear
response of PZT cantilever under larger stress.*?

Figures 11(a) and 11(b) show the output voltages of the
PZT cantilever and coils under the acceleration of 2.5 g as
a function of magnet numbers for devices of type I, II, and
III, respectively. Magnets are distributed symmetrically on
the double sides of the PZT cantilever end for types II and
III, which results in almost the same output voltage from
piezoelectric mechanism. But the output voltage level is
larger than that of type I, especially for the case of more
than four magnets, as shown in Fig. 11(a). For types II and
IIT devices, the PCB coils substrate is placed vertically
against to the end of cantilever, and this configuration re-
sults in lower damping ratio for a given input acceleration.
For the electromagnetic energy harvesting mechanism, the
magnetic flux change is a key impact factor according to
Eq. (5). The magnetic flux is also determined by the rela-
tive location between the poling direction of magnets and
coils plane. When the poling direction of magnets is normal
to the coils plane, e.g., the cases of types I and III, the
output voltage from coils is much higher than that of the
type II device, i.e., the poling direction of magnets parallel
to the coils plane. Thus, the output voltage of type I devices
ranges from 0.5 mV to 0.74 mV for magnets of 1 to 4, and
the output voltage of 0.6 mV to 0.77 mV is derived for
type III devices of 2, 4, and 6 magnets. In contrast, the
output voltage of 0.2 mV to 0.13 mV is derived for type II
devices of 2, 4, and 6 magnets, as shown in Fig. 11(b).
Based on Egs. (4) and (5), apart from the magnetic flux
change, the relative motion velocity between magnets and
coils is the other key impact factor. The relative moving
displacement of the PZT cantilever end for type I device
decreases when the attached magnet number is more than
four. Hence, the piezoelectric output voltage and coils out-
put voltage for type I device decrease as the magnet num-
ber is larger than 4, as shown in Figs. 11(a) and 11(b), due
to the fact that the relative displacement is reduced. Mean-
while, as we discussed in Fig. 5, the elastic compliance and
damping coefficient increase when the stress is sufficiently
large, and the piezoelectric constant decreases with in-
creased stress. This part of the effect also contributes to the
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reduced value of the piezoelectric output voltage for type I
device with the number of magnets more than four in Fig.
11(a).

The internal resistance of the PZT cantilever measured
by impedance analyzer is about 1 k(), and the internal re-
sistance of two-layer copper coils is 0.8 ). The output
power of the PZT cantilever and coils can be derived by the
following equation:

v 2
P=< ) R;, (10)
R¢+ R,

where V is the measured output voltage, Ry is the internal
resistance of PZT cantilever or PCB coils, and R; is loading
resistance.

Figures 12(a) and 12(b) show the output power of the
PZT cantilever and PCB coils under different loading resis-
tance for type I and III devices, respectively. When the
loading resistance matched with the internal resistance of
PZT cantilever, the maximum piezoelectric output power of
type I and IIT is 107 uW and 176 uW under the vibrations
of 2.5-g acceleration at 350 Hz and 310 Hz, respectively.
In addition, the maximum output power of type I and III
from electromagnetic mechanism is 0.18 uW and
0.19 uW, respectively, when the loading resistance is
matched with the internal resistance of coils. To evaluate
the power density, we derived the overall volume of the
energy harvester including PZT cantilever and magnets.
Thus, the volume of the type I device with four magnets
and the type III device with six magnets is calculated as
194 mm? and 222 mm?, respectively. The power densities
of piezoelectric and electromagnetic mechanisms for type I
and type III devices are derived as 550 uW/cm® and
0.93 uW/cm?, and 790 uW/cm® and 0.85 uW/cm?, re-
spectively. The operation frequency, whole structural vol-
ume, and output performance of other published piezoelec-
tric energy harvesters are listed in Table 3 for comparison.
This indicates that the power density of piezoelectric
mechanism reported in this paper demonstrates comparable
performance.
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Table 3 Performance comparison among published piezoelectric
harvesters and our device.

Frequency Power Volume Power density

Author (Hz) (W) (mm?) (uW cm™3)
Ghynne-Jones et al. 80.1 2.1 125 17
(Ref. 29)
Roundy et al. 210 375 1000 375
(Ref. 10)
Sodano et al. 30 11.9 240 50
(Ref. 30)
Bayrashev et al. 5 80 2185 37
(Ref. 31)
Shen et al. 183.8 0.32 0.769 416
(Ref. 32)
Marzencki et al. 204 0.038 3.8% 10
(Ref. 33)
Yang et al. 310 176 222 790

(in this research)

@Estimated from data in reference.

Because the induced electromotive force voltage is pro-
portional to the coil turns, i.e., the practical coil length
based on Eq. (5), the output voltage from 3-D MEMS coils
is about 48.36 mV under the vibrations of 2.5-g accelera-
tion. Based on Egs. (5) and (6), the output power is also the
function of internal resistance apart from the induced elec-
tromotive force voltage. But the internal resistance of 3-D
MEMS coils also increases due to the increase of coils
length, while its value is about 710 (). The generated
power increases to about 320% (from 0.19 uW to 0.8 uW)
due to the increased turns by using 3-D MEMS coils.

4 Conclusion

This paper describes a novel hybrid energy harvester for
collecting vibration energy based on piezoelectric and elec-
tromagnetic mechanisms. A PZT piezoelectric cantilever
integrated with permanent magnets at the cantilever end is
assembled with a PCB substrate of two-layer coils. The
number of magnets, i.e., different value of added mass, the
relative position of coils and magnets, and the poling direc-
tion of placed magnets are critical to the output voltage and
power of energy harvester. The optimization simulation and
experiments have been performed. For the type I device,
the output voltages of PZT cantilever with four magnets
and coils obtain the maximum level of 0.66 V and 0.75 mV
under the vibration of 2.5-g acceleration. When the poling
direction of magnets is normal to the coils plane, the output
voltage from coils is in the optimal condition, as observed
in type I and type III devices. The output power of the PZT
cantilever and coils is measured as high as 176 uW and
0.19 uW for a type III device with six magnets under the
vibrations of 2.5-g acceleration at 310 Hz. Among all the
tested configurations, type I devices show maximum output
power of 107 uW in the case of four magnets under the
vibrations of 2.5-g acceleration at 350 Hz. The major ad-
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vantages of our device are low cost and capability of har-
vesting energy by both piezoelectric and electromagnetic
mechanisms.
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