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Abstract; To predict the performance of multi-direction piezoelectric vibration energy harvester, an equation for
calculating its output power is obtained based on elastic mechanics theory and piezoelectricity theory. Experiments
are performed to verify theoretical analysis. When the excitation direction is along Y direction, a maximal output
power about 0. 139 mW can be harvested at a resistive load of 65 kQ and an excitation frequency of 136 Hz. Theo-
retical analysis agrees well with experimental results. Furthermore, the performance of multi-direction vibration
energy harvester is experimentally tested. The results show that the multi-direction vibration energy harvester can

harvest perfect energy as the excitation direction changes in XY plane, YZ plane, XZ plane and body diagonal plane
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of the harvester.
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1 Introduction

The use of wireless sensors and wearable
electronics has been growing fast over the past
decades. Providing efficient and clean power for
these devices is a challenge. In most cases, all
these electronics have relied on electrochemical
batteries. However, the reduction of battery li-
fespan limits the functionality of the devices.
Methods of obtaining electrical energy from the
ambient energy surrounding the device have been
investigated to extend its life. Potential energy
sources available in the operating environment of
microdevices include solar, thermal, acoustic vi-
brations, temperature gradient, mechanical, elec-
trical, and some combination thereof. More and
more researchers have been interested in harves-
ting ambient vibration energy for its widespread

[1]

and high density However, it is difficult to
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harvest multi-direction vibration energy.
After reviewing and compairing different
methods of scavenging vibration energy, we find

271 is very promising,

that piezoelectric harvester
because it has significantly higher efficiency than
other potential power scavenging technologies,
such as electrostatic harvesters™ , electromagnet-

ic harvesterst '™,

and so on. Furthermore, the
piezoelectric harvesters require no external volt-
age source and are particularly attractive for mi-
cro-electro mechanical system (MEMS). As a re-
sult, piezoelectric materials for scavenging energy
from ambient vibration sources have dramatically
risen including resonant piezoelectric-based struc-
tures of cantilever beam configuration, piezoelec-
tric ' cymbal’ transducers, piezoelectric " drum’
transducers, and piezoelectric windmill for gener-

ating electric energy from wind energy™.
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However, these piezoelectric devices work only in
one direction and present low efficiency when sur-
rounding with random vibration. To harvest
multi-direction ambient vibration energy, a new
multi-direction piezoelectric vibration energy har-
vester was proposed™*’.

In order to predict the performance of the
multi-direction piezoelectric vibration energy har-
vester, an equation for calculating the output
power of the harvester is obtained based on elastic
mechanics theory and piezoelectricity theory. Ex-
periments are performed to verify the theoretical
analysis and to test the performance of the multi-

direction piezoelectric vibration energy harvester.

2  Theoretical Model and Numerical

Simulations

Fig. 1 shows a schematic diagram of the
multi-direction piezoelectric vibration energy har-
vester. It can be seen that the harvester includes
cubic shape metal framework, metal mass, and
eight identical rainbow shape piezoelectric trans-
ducers. In order to harvest multi-direction ambi-
ent vibration energy, the universal flexure hinge
is applied to connect rainbow shape piezoelectric
transducers with cubic shape metal framework
and metal mass. In applications, the multi-direc-
tion piezoelectric vibration energy harvester can
be fixed on the bridges or vehicles to harvest am-
bient vibration energy. Of course, the vibration

directions of the vibration sources are random.

Fig. 1 Multi-direction piezoelectric vibration energy

harvester

Fig. 2 shows that the rainbow shape piezoe-
lectric transducer consists of a metal flexible sub-
strate, two piezoelectric films and four elec-
trodes. The metal flexible substrate is sand-
wiched between two piezoelectric films and the pi-
ezoelectric film is sandwiched between two elec-
trodes. The rainbow shape piezoelectric transduc-
er can be deformated as the multi-direction piezo-
electric vibration energy harvester vibrates.
Therefore, the strain and the stress of the piezoe-
lectric films change at the same time. According
to piezoelectricity theory, electric charge can be
generated on the surface of the piezoelectric films

as the strain and the stress change.

Piezoelectric film

Flexible
substrate

Universal flexible hinge

Fig. 2 Rainbow shape piezoelectric transducer

Assume the multi-direction piezoelectric vi-
bration energy harvester is excitated by a excita-
tion usin(wt) and the intersection angles between
the excitation and the three axes (X, Y and 2)
are s B and y. In order to obtain the response of
the metal mass, the excitation can be decomposed
along three axes. Based on vibration theory. the

vibration component along three axes can be ex-

pressed by
uy; = ucosasin(wt) [@D)]
uy; = ucosBsin(ewt ) (2)
uz = ucosysin(wt) 3)

When the multi-direction piezoelectric vibra-
tion energy harvester is excitated by wuy; » uy; and

2%

; respectively, the kinetic equation of the har-

vester can be obtained as
mux + ey T Ryuxy = —muy; 4)
muy + cyuy + Byuy :*mﬁ'y, (5)

/)7éz+t‘huz+khuz:*7nlizj (6)
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where m is the mass of metal mass; ¢, the damp-
ing factor of harvester; k, the equivalent stiffness
of harvester; and ux, uy and u, are the displace-
ment component along X, Y and Z.

If the excitation force applied on the Rainbow
shape piezoelectric transducer is F,(k=1,2,++,8)
and R is the initial curvature radius of the trans-
ducer. b, and [, and ¢, are the width, the length
and the thickness of the piezoelectric film, respec-
tively. 0., [, and ¢, are the width, the length
and the thickness of the metal flexible substrate,
respectively. E, and E,, are the elastic modulus of
the piezoelectric film and the metal flexible sub-
strate, respectively. e; is the piezoelectric stress
constant. Based on the calculation formulas of pi-
ezoelectric materials potential energy and the me-
chanical analysis of the multi-direction vibration
energy harvester, the charge generated of every
piezoelectric film can be expressed as (n=1 de-
notes arc inside piezoelectric film and n =2 de-

notes arc outside piezoelectric film)H"

Qi — W[— po+ (=D L+
) @5 ] )

where

@i, =— 2L pr.pie® — prupshe — 2p,,pihe +

poals (h* +ae) + ps.p.h> — py.psah]

@ = 20— prapihe + prapsh’ + poapy (B Fae) —

2psupsah — psaprah 4 Py, psa’]
a = 2l:fpbptp _'_ Embmtm
E,b,t,

h= (%tﬁl + tut, + %ti) + ﬁEmbmz‘m

e=Rh

pr.=4t,/{[ 2R+ (—D"2t,+ (= D"t J[2R+ (—
D"t ]}

poa=Rp,, — (—D"In[1+ (—1)"2t,/(2R + (—
D) ]

P?,.n :tp 7R2P1.n + ZRPZ.U

Py = fZRsin(zleQ)

s :R[chos( L ) — 2Rs1n( )]

If the piezoelectric strain constant is ds and

the relative dielectric constant is e;;,» then the

equivalent capacitor of the piezoelectric film is re-

presented byt'*

EpR)eZl bplp

Cp.lc.,n Z(h

w201, + <zp + 1) g+

(— D", + ) @,

—eydy)

(8
where
— 2hep,., + ps..h
@10 = P17 — 2ahp,., + psa’
@030 = —2p1,he + 2p,, (W + ae) — 2p; ah

Figs. 3, 4 show the equivalent circuit of the

Pron — Di.ae

piezoelectric film with a resistive load. Based on
the definition of current and diversion current

principle of the circuit, we have

dQ,...,

S dVy.e.
Likon — dz

T (9

* Cp.k.n

Lo T i20. + e+ lp.5,0 = r + Cf V. (10

where V., is the resistive voltage, r the resistive
load, C; the capacitor, i,,., the current of the pie-
zoelectric film, V ;. , the voltage of the piezoelec-
tric film, 7501 25125 ***s is.5., are rectification

circuit current.

Lk

@, T -
0 C

Dhon Pk

Fig. 3 Simplified equivalent circuit of piezoelectric film

As shown in Fig. 3, if the rectification circuit
has no effect on the charge wave form generated

in the harvester, we have

in TV,

er i],]$]dt+Jﬂn il,l,Zdt+ +J i1.5.,dt = 5

Gy

T/2 and T=2x/w.
By Eqs(9—11), the load voltage and output

where t, —tm =

power of the multi-direction piezoelectric vibra-

tion energy harvester can be obtained as
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b

Fig. 4 Passive electronic interfaces for multiple piezoe-

lectric films

P, = [o'r(ViiiCoan + VioinCoan + o0 +
Vis2Cris2)? 1/ Lawr(Cpaq +Cpaz 4o+ Cpis) +
0.5x)° (12)
where P, is the output power of the harvester.
Some numerical results are presented for il-
lustration in the following. In the calculations,
we use polyvinylidene fluoride (PVDF) as our pi-
ezoelectric material and use beryllium bronze as
our flexible substrate material. Table 1 gives
some material properties and structural parame-
ters of the multi-direction piezoelectric vibration
energy harvester. Others are given as below

u=0.2 mm, ¢, =0.026

0 0 0.0104
0 0 —0.016 4
0 0 —0.065
E =
0 0 0
—0.0388 0 0
0 0 o |
78.1 4.84 4.84 0 0 0
4.84 6.92 4.38 0 0 0
4.84 4.38 6.92 0 0 0
““lo 0 0 1.38 0 0
0 0 0 0 1.38 0
0 0 0 0 0 1.38]

where the unit of E is C/m? and the unit of ¢ is

10° N/m?.

Table 1 Dimensions and material properties of the

harvester
Parameter PVDF Beryllium Metal
bronze mass
Density/ (kg « m*) 1780 8 290 7 850
Elastic
modulus/GPa 2 131
Poisson ratio 0.3 0.35
Thickness/mm 0.2 0.1
Width/mm 4 4
Length/mm 12 15.7
Initial curvature
. 5 5
radius/mm
Relative dielectric
constant 12 33

mass/g

Fig. 5 shows the output power of the har-
vester as the excitation direction is along Y direc-
tion. A maximal power of about 0. 17 mW can be
harvested at an excitation frequency of 132 Hz
and a resistive load of 65 k(. It can be found that
the output power initially increases with the resis-
tive load, whereas it decreases when the resistive
load is further increased. The output power rea-
ches maximum at an optimum resistive load,
which is equal to the equivalent impedance of the

harvester for each frequency.

0.181

0.16

0.14

Ouput power / mW

012/

0.10 L ) L )
128 130 132 134 136

Frequency / Hz

Fig.5 Effect of resistive load and frequency on output

power of harvester

3 Experimental Results and Discus-

sion

To verify theoretical analysis results and to
test the performance of the multi-direction piezoe-
lectric vibration energy harvester, experiments

are conducted. Fig. 6 shows the multi-direction
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vibration energy harvester. A mechanical shaker
controlled by a high-power amplifier and a func-
tion generator was used to measure the response
of the multi-direction vibration energy harvester.
This shaker can apply a maximal force of 50 N in
a frequency band of 5—3 000 Hz. The output
voltage from the multi-direction vibration energy

harvester across a rectification circuit was meas-

ured using a digital oscilloscope.

Fig. 6  Multi-direction piezoelectric vibration energy

harvester

Fig. 7 shows the experimental results of out-
put power of the harvester as the excitation direc-
tion is along Y direction. A maximal power of a-
bout 0. 139 mW can be harvested at an excitation
frequency of 136 Hz and a resistive load of 65 kQ.
It can be found that the theoretical results agree
well with the experimental ones. The variation of
the power with frequency and resistive load fol-
lows the similar trend with that of the predicted
model.

In order to investigate the effect of the exci-
tation direction on the output power of the har-
vester, experiments are launched with an excita-
tion frequency of 136 Hz and resistive load of 65
kQ. Fig. 8 shows the output power of the har-
vester as the excitation direction changes in XY
plane. The results show that the output power of
the harvester reaches the maximum as the excita-
tion direction is along plane diagonal direction of
the harvester and the maximal value is 0. 27 mW.
The minimal output power is 0. 14 mW as the ex-
citation direction is along X direction and Y direc-

tion. Because of the symmetry, the multi-direc-

0.14 "
¥ A
0.13
. 0.12
g
E 0.11
g
‘; 0.10
g —6—45kQ
O 0.09 1 ——55kQ
4 --*--65kQ
i —*— 75kQ
0.08 ——%--85kQ
q
0’07132 134 136 138 140
Frequency / Hz

Fig. 7 Effect of resistive load and frequency on output

power of harvester
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Fig. 8 Output power of harvester with excitation di-
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tion piezoelectric vibration energy harvester has
the similar results as the excitation direction
changes in YZ plane and XZ plane.

Fig. 9 shows the output power of the har-
vester as the excitation direction changes in body
diagonal plane of the harvester. The results show
that the output power of the harvester reaches the
maximum as the excitation direction is along body
diagonal direction of the harvester and the maxi-
mal output power is 0. 28 mW. The minimal out-
put power is 0. 14 mW as the excitation direction
is along Y direction.

As shown in Figs. 8, 9, the ratio of the max-
imal output power and the minimal output power
of the multi-direction piezoelectric vibration ener-

gy harvester is 2. Thus, the harvester can har-
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Fig. 9 Output power of harvester with excitation di-

rection changing in body diagonal plane

vest perfect energy as the excitation direction
changes in XY plane, YZ plane, XZ plane and
body diagonal plane.

Energy conversion efficiency of the harvester
is computed from the ratio of input mechanical
energy to the output electrical energy. An estima-
tion of the energy conversion efficiency is carried
out.

During the experiments, the maximal dis-
placement applied from the shaker is 0. 2 mm
with a payload of 0. 69 kg at a frequency of 136
Hz. Then, the average input power can be calcu-
lated by!'™

2 (7 1 )
P, :TJO ?Muzwz[cos(wt)]"dt =5.03 mW
(13)
where M is the payload of harvester; P;, the aver-
age input power of harvester; and T the vibration
period of harvester.

Based on the experimental results, the maxi-
mal output power is 0. 28 mW at a frequency of
136 Hz with a resistive load of 65 k(). Hence, the
maximal energy conversion efficiency can be cal-
culated by

wymax:%:aw% (14)

in

The calculation results show that the energy
conversion efficiency is low because of two
points: (1) The piezoelectric constant of PVDF is
smaller than the piezoelectric ceramics; (2) the

efficiency of the energy storage circuit is low.

4 Conclusions

(1) An equation for calculating the output
power of the harvester is obtained to predict the
performance of the harvester.

(2) Theoretical results agree well with ex-
perimental ones. When the excitation direction is
along Y direction, a maximal output power of a-
round 0. 139 mW can be harvested at an excitation
frequency of 136 Hz and a resistive load of 65 k(.
When the excitation direction changes in XY
plane, the maximal output power of is 0. 27 mW
as the excitation direction is along plane diagonal
direction of the harvester. When the excitation
direction changes in body diagonal plane, a maxi-
mal output power of around 0. 28 mW can be har-
vested as the excitation direction is along body di-
agonal direction. The ratio of the maximal output
power and the minimal output power is 2, thus,
the multi-direction piezoelectric vibration energy
harvester can harvest perfect energy as the excita-
tion direction changes in XY plane, YZ plane,
XZ plane and body diagonal plane of the harvest-
er.

(3) It can be found that the maximal energy
conversion efficiency of the harvester is low be-
cause: (D The piezoelectric constant of PVDF is
smaller than the piezoelectric ceramics; @ the ef-
ficiency of the energy storage circuit is low.
Hence, in the subsequent research, we may con-
sider to design transducer using piezoelectric ce-
ramics materials and design some new energy

storage circuits.
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