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Preface

Energy harvesting materials and systems have emerged as a prominent research area
and continues to grow at rapid pace. A wide range of applications are targeted for
the harvesters, including distributed wireless sensor nodes for structural health mon-
itoring, embedded and implanted sensor nodes for medical applications, recharging
the batteries of large systems, monitoring tire pressure in automobiles, powering
unmanned vehicles, and running security systems in household conditions. Recent
development includes the components and devices at micro–macro scales covering
materials, electronics, and integration. The growing demand for energy harvesters
has motivated the publication of this book to present the current state of knowledge
in this field.

The book is addressed to students, researchers, application engineers, educators,
developers, and producers of energy harvesting materials and systems. The chapters
mainly consist of technical reviews, discussions, and basic knowledge in the design
and fabrication of energy harvesting systems. It brings the leading researchers in
the world in the field of energy harvesting and associated fields on to one platform
to provide a comprehensive overview of the fundamentals and developments. The
book has good mix of researchers from academics, industry, and national labo-
ratories. All the important energy harvesting technologies including piezoelectric,
inductive, thermoelectric, and microbatteries are addressed by the leading authors.
Furthermore, the book covers the principles and design rules of the energy har-
vesting circuits in depth. The chapters on demonstrated applications of the energy
harvesting-based technologies will allow readers to conceptualize the promise of
the field.

The first section in the book provides discussions on background, theoretical
models, equivalent circuit models, lumped models, distributed models, and basic
principles for design and fabrication of bulk and MEMS-based vibration-based
energy harvesting systems. The second section addresses the theory and design rules
required for the fabrication of the efficient electronics. The third section discusses
the progress in the field of thermoelectric energy harvesting systems. The fourth sec-
tion addresses the important subject of storage systems. The fifth section describes
some of the prototype demonstrations reported so far utilizing energy harvesting.
The sixth section reports some initial standards for vibration energy harvesting being
formalized by a nationwide committee consisting of researchers from academia and

v



vi Preface

industry. This standard will lay the basic rules for conducting and reporting the
research on vibration energy harvesting. The publication of this standard follows
the annual energy harvesting workshop. Fourth workshop in this series will be held
at Virginia Tech on January 28–29, 2009. It is worthwhile to mention here that this
workshop in the last 3 years has grown in size and numbers with growing participa-
tion from academia and industry.

The chapters published here are mostly the invited technical submissions from
the authors. The editors did not make any judgment on the quality and organization
of the text in the chapters and it was mostly left to the decision of the authors. In this
regard, the editors do not accept the responsibility for any technical errors present in
the chapters and those should be directly discussed with the authors of the relevant
chapter.

It was an honor editing this book consisting of contributions from knowledgeable
and generous colleagues. Thanks to all the authors for their timely assistance and
cooperation during the course of this book. Without their continual support, this
work would not have been possible. We hope that readers will find the book infor-
mative and instructive and provide suggestions and comments to further improve
the text in eventual second edition.

Blacksburg, VA Shashank Priya and Dan J. Inman
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Piezoelectric and Electromagnetic

Energy Harvesting



Chapter 1
Piezoelectric Energy Harvesting

Hyunuk Kim, Yonas Tadesse, and Shashank Priya

Abstract This chapter provides the introductory information on piezoelectric energy
harvesting covering various aspects such as modeling, selection of materials, vibra-
tion harvesting device design using bulk and MEMS approach, and energy har-
vesting circuits. All these characteristics are illustrated through selective exam-
ples. A simple step-by-step procedure is presented to design the cantilever beam
based energy harvester by incorporating piezoelectric material at maximum stress
points in first and second resonance modes. Suitable piezoelectric material for vibra-
tion energy harvesting is characterized by the large magnitude of product of the
piezoelectric voltage constant (g) and the piezoelectric strain constant (d) given as
(d · g). The condition for obtaining large magnitude of d·g has been shown to be
as |d| = εn , where ε is the permittivity of the material and n is a material param-
eter having lower limit of 0.5. The material can be in the form of polycrystalline
ceramics, textured ceramics, thin films, and polymers. A brief coverage of various
material systems is provided in all these categories. Using these materials differ-
ent transducer structures can be fabricated depending upon the desired frequency
and vibration amplitude such as multilayer, MFC, bimorph, amplified piezoelec-
tric actuator, QuickPack, rainbow, cymbal, and moonie. The concept of multimodal
energy harvesting is introduced at the end of the chapter. This concept provides the
opportunity for further enhancement of power density by combining two different
energy-harvesting schemes in one system such that one assists the other.

In last decade, the field of energy harvesting has increasingly become important
as evident from the rising number of publications and product prototypes. Several
excellent review articles have been published on this topic covering wide variety
of mechanisms and techniques (Priya 2007, Anton and Sodano 2007, Beeby et al.
2006, Roundy and Wright 2004, Sodano et al. 2004). At the same time, several
applications have been projected for the energy harvesters covering wide range of
civilian and defense components. Out of these different applications, the prominent
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use of harvester is to power the wireless sensor node. A major challenge in the
implementation of multi-hop sensor networks is supplying power to the nodes (Gon-
zalez et al. 2002). Powering of the densely populated nodes in a network is a critical
problem due to the high cost of wiring or replacing batteries. In many cases, these
operations may be prohibited by the infrastructure (Raghunathan et al. 2005, Par-
adiso and Starner 2005).

Outdoor solar energy has the capability of providing power density of
15, 000 �W/cm3 which is about two orders of magnitudes higher than other sources.
However, solar energy is not an attractive source of energy for indoor environments
as the power density drops down to as low as 10–20 �W/cm3. Mechanical vibra-
tions (300 �W/cm3) and air flow (360 �W/cm3) are the other most attractive alter-
natives (Roundy et al. 2005, Roundy et al. 2003, Starner and Paradiso 2004). In
addition to mechanical vibrations, stray magnetic fields that are generated by AC
devices and propagate through earth, concrete, and most metals, including lead, can
be the source of electric energy. The actual AC magnetic field strengths encountered
within a given commercial building typically range from under 0.2 mG in open
areas to several hundred near electrical equipment such as cardiac pace makers,
CRT displays, oscilloscopes, motor vehicles (approximately up to 5 G max); com-
puters, magnetic storage media, credit card readers, watches (approximately up to
10 G max); magnetic power supply, liquid helium monitor (approximately up to
50 G max); magnetic wrenches, magnetic hardware, and other machinery (approx-
imately up to 500 G max). AC magnetic fields decrease naturally in intensity as a
function of distance (d) from the source. The rate of decrease, however, can vary
dramatically depending on the source. For example, magnetic fields from motors,
transformers, and so on, decrease very quickly (1/d3), while circuits in a typical
multi-conductor circuit decay more slowly (1/d2). Magnetic fields from “stray”
current on water pipes, building steel, and so on, tend to decay much more slowly
(1/d). The other important sources of energy around us are radio frequency waves
and acoustic waves.

This chapter provides the introductory information on piezoelectric energy har-
vesting covering various aspects such as modeling, materials, device design, cir-
cuits, and example applications. All of these aspects have been discussed in much
detail in the subsequent chapters.

1.1 Energy Harvesting Basics

Vibration of a rigid body can be caused by several factors such as unbalanced mass
in a system, tear and wear of materials and can occur in almost all dynamical
systems. The characteristic behavior is unique to each system and can be simply
described by two parameters: damping constant and natural frequency. Most com-
monly, a single degree of freedom lumped spring mass system is utilized to study
the dynamic characteristics of a vibrating body associated with energy harvesting
(Laura et al. 1974). The single degree of freedom helps to study unidirectional
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Fig. 1.1 (a) Cantilever beam with tip mass, (b) multilayer PZT subjected to transverse vibration
excited at the base, and (c) equivalent lumped spring mass system of a vibrating rigid body

response of the system. Figure 1.1 shows a diagram of a cantilever beam with piezo-
electric plates bonded on a substrate and a proof mass at the end; multilayer piezo-
electric plates and equivalent lumped spring mass with external excitation. Can-
tilever structure with tip mass is the most widely used configuration for piezoelectric
energy harvesting device. The source of vibration is shown with an arrow at the base
of the contact point. The stiffness of the structure depends on the loading condition,
material, and cross-sectional area perpendicular to the direction of vibration. The
governing equation of motion for the system shown in Fig. 1.1(c) can be obtained
from energy balance equation or D’Alembert’s principle. This configuration applies
to both the energy harvesting mechanisms shown in Fig. 1.1(a) and (b).

The governing equation of motion of a lumped spring mass system can be
written as:

Mz̈ + Cż + K z = −M ÿ (1.1)

where z = x − y is the net displacement of mass. Equation (1.1) can also be
written in terms of damping constant and natural frequency. A damping factor,
ζ , is a dimensionless number defined as the ratio of system damping to critical
damping as:

ζ = c

cc
= c

2
√

mK
(1.2a)

The natural frequency of a spring mass system is defined by Eq. (1.2b) as:

ωn =
√

K

M
(1.2b)

where the stiffness K for each loading condition should be initially calculated. For
example, in case of a cantilever beam, the stiffness K is given by K = 3E I/L3,
where E is the modulus of elasticity, I is the moment of inertia, and L is the length
of beam. The moment of inertia for a rectangular cross-sectional can be obtained
from expression, I = (1/12)bh3, where b and h are the width and thickness of
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the beam in transverse direction, respectively. For the other cross-sectional area
and stiffness, formulas are available in standard mechanical engineering handbook
(Blevins, 1979). The power output of piezoelectric system will be higher if sys-
tem is operating at natural frequency which dictates the selection of material and
dimensions. The terms “natural frequency” and “resonant frequency” are used alter-
natively in literature, where natural frequency of piezoelectric system should not be
confused with natural frequency of mechanical system.

The ratio of output z(t) and input y(t) can be obtained by applying Laplace trans-
form with zero initial condition on Eq. (1.1) as:

∣∣∣∣ Z (s)

Y (s)

∣∣∣∣ = s2

s2 + 2ζωn S + ωn
2

(1.3)

The time domain of the response can be obtained by applying inverse Laplace
transform on Eq. (1.3) and assuming that the external base excitation is sinusoidal
given as: y = Y sin(ωt):

z(t) =
(
ω
ωn

)2

√(
1 −

(
ω
ωn

)2
)2

+
(

2ζ ω
ωn

)2

Y sin(ωt − φ) (1.4)

The phase angle between output and input can be expressed as Φ = arctan
( Cω

K−ω2 M ). The approximate mechanical power of a piezoelectric transducer vibrating
under the above-mentioned condition can be obtained from the product of velocity
and force on the mass as:

P(t) =
mζY 2

(
ω
ωn

)3
ω3

(
1 −

(
ω
ωn

)2
)2

+
(

2ζ ω
ωn

)2
(1.5)

The maximum power can be obtained by setting the operating frequency as nat-
ural frequency in Eq. (1.5):

Pmax = mY 2ω3
n

4ζ
(1.6)

Using Eq. (1.6), it can be seen that power can be maximized by lowering damp-
ing, increasing natural frequency, mass and amplitude of excitation.

There are two common modes utilized for piezoelectric energy harvesting: 33-
mode (stack actuators) and 31-mode (bimorphs). In 33-mode, the direction of
applied stress (force) and generated voltage is the same, while in 31-mode the stress
is applied in axial direction but the voltage is obtained from perpendicular direction
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Fig. 1.2 Operating modes of piezoelectric transducer

as shown in Fig. 1.2. For a cantilever beam with long length, the lumped parameter
model may not provide reasonable estimate of the output. Contrary to the single
degree-of-freedom model (lumped spring mass system), the continuous system has
infinite number of natural frequencies and is a logical extension of discrete mass
systems where infinite numbers of masses are connected to each other, each having
their own degree of freedom.

1.2 Case Study: Piezoelectric Plates Bonded to Long
Cantilever Beam with tip mass

Sometimes, small size piezoelectric plates are bonded to a long cantilever beam and
need arises to find the stress distribution along the length as a function of excitation
frequency. We outline here a simple step-by-step procedure as a starting guideline
to find the stress distribution along the continuous beam that can be used to locate
the position of piezoelectric plates.

1. Using the governing equation of motion, find the relative displacement which is
a function of position and time. The curvature and transverse displacement of a
beam can be obtained from the fundamental Euler–Bernoulli beam equation for
the given boundary condition expressed as:

E I
�4w(x, t)

�x4
= −λm

�2w(x, t)

�t2
(1.7)

where λm = ρA is the linear mass density of the beam.
2. Apply the boundary condition and solve the differential equation. For the can-

tilever beam of mass Mν and loaded with tip mass M , the boundary conditions
are given as:
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w(0, t) = �w

�x
(0, t) = 0,

�2w

�x2
(L, t) = 0,

El
�3w

�x3
(L, t) = M

�2w

�x2
(L, t)

(1.8)

3. Obtain the solution for governing equation using separation of variables method.
The general solution for Eq. (1.7) is given as:

wi (x, t) = φ(x)q(t) (1.9)

φ(x) = C1 cos λ
x

L
+ C2 sin λ

x

L
+ C3 cosλ

x

L
+ C4 sinλ

x

L

4. Apply the boundary condition and solve for unknown C’s. The natural frequency
of transversal vibration of a continuous cantilever beam can be obtained analyt-
ically from the decoupled equation of Euler–Bernoulli beam and is given by
Eq. (1.10) as:

fi = 1

2π

(
λ

L

)2
√

E I

ρA
(1.10)

where i is the mode index, ρ is the mass density, A is the cross-sectional area of
beam, and L is the length of the beam.

5. Obtain the solution for forcing term q(t) from equation of motion. The solu-
tion of Eq. (1.7) for a cantilever beam of mass Mν = ρA, with a tip mass (M)
and boundary condition (Eq. (1.8)), was derived by Erturk and Inman (2007) as
follows:

wi (x, t) = φ(x)q(t) = ω2
∞∑

r=1

φ(x)(ψ)

ωr
2 − ω2 + i2ζωrω

where

�(x) = Cr

{
cos

(
λx

L

)
− cosh

λx

L
− β

[
sin

λx

L
− sinh

yi x

L

]}

β = mL(sinλ− sinhλ) + λM(cosλ− coshλ)

mL(sin λ+ coshλ) − λM(sin λ− sinhλ)

q(t) = ψω2

ωr2 − ω2 + i2ζωωτ
yoe jωt

ψ = −m
∫ L

0
�(x)dx + Mz�(L) (1.11)
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6. The strain ε on surface of beam at a distance y from the neutral axis can be
obtained by taking second partial derivative of transverse displacement wi (x, t):

ε(x) = −y
�2w

�x2
(1.12)

7. The approximate stress as a function of ratio of distance from the fixed end to
the specific location on beam can be obtained from Hooke’s law as follows:

σ (x) = Eε(x) (1.13)

where E is the modulus of elasticity of beam material. If piezoelectric plates
are bonded at certain section of a beam, the output voltage from PZT can be
estimated by just multiplying the stress at that location with the piezoelectric
voltage constant, g. Assuming that the material is linear, elastic, and isotropic
with an average stress applied along the 1–1 direction, the output voltage can be
determined as follows:

V
( x

L

)
= g31 Eε

( x

L

)
Lb (1.14)

The output power of a PZT at location x from the clamped end and connected to
a resistive load can be expressed as:

P = v2

RL
== 1

RL

{
g31 Eε

( x

L

)
Lb

}2
(1.15)

where RL is the load resistance and Lb is the length of piezoelectric crystal
bonded to substrate beam.

1.3 Piezoelectric Materials

There are two extreme cases of the high-energy density material, PVDF piezoelec-
tric polymer (d33 = 33 pC/N, ε33/εo = 13, g33 = 286.7×10−3 m2/C), and relaxor
piezoelectric single crystals such as PZN – 7%PT (d33 = 2500 pC/N, ε33/εo =
6700, g33 = 42.1 × 10−3 m2/C). It can be seen from this data that piezoelectric
polymer has the highest piezoelectric voltage constant, g33, of 286.7 × 10−3 m2/C
and relaxor-based single crystals have the highest product (d33.g33) of the order of
105, 250× 10−15 m2/N. However, the synthesis of both single crystal materials and
polymers in large volume is challenging and expensive. Thus, for mass applications,
current focus is on improving the properties of polycrystalline ceramics. In this
section, we will review some of the developments in the synthesis of high-energy
density materials covering ceramics, single crystals, polymers, and thin films.
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1.3.1 Piezoelectric Polycrystalline Ceramics

A high-energy density material is characterized by the large magnitude of prod-
uct of the piezoelectric voltage constant (g) and the piezoelectric strain constant
(d) given as (d.g). The condition for obtaining large magnitude of d.g has been
shown to be as |d| = εn , where ε is the permittivity of the material and n is
a material parameter having lower limit of 0.5. Table 1.1 shows the relationship
between magnitude of n and g33 for various commercial compositions. It can be
clearly seen from this data that as the magnitude of n decreases the magnitude
of g33 increases. Islam and Priya (2006a, 2006b) have shown that high-energy
density piezoelectric polycrystalline ceramic composition can be realized in the
system Pb(Zr1−x Tix )O3 − Pb[(Zn1−yNiy)1/3Nb2/3]O3 (PZT − PZNN). The com-
positions investigated in their study can be represented as: 0.9 Pb(Zr0.52Ti0.48)O3 −
0.1 Pb(Zn1/3Nb2/3)O3 [0.9PZT(52:48)−0.1PZN] + y wt% MnCO3, where y varies
from 0 wt% to 0.9 wt% and 0.9 Pb(Zr0.56Ti0.44)O3 − 0.1 Pb[(Zn0.8Ni0.2)1/3Nb2/3]O3

[0.9PZT (56:44) − 0.1PZNN] + y mol% MnO2, where y varies from 1 mol% to
3 mol%. The d33.g33 values of the samples having composition 0.9PZT (56:44) −
0.1PZNN + 2 mol% MnO2 (sintered in two steps at 1100–1000 ◦C) was found to
be as 18, 456.2 × 10−15 m2/N. This composition was also found to exhibit a high
magnitude of g33 as 83.1 V m/N, corresponding to the magnitude of n as 1.126.

Table 1.1 Piezoelectric properties and energy harvesting parameter of various commercially
available piezoelectric ceramic materials (Copyright: Blackwell Publishing)

Composition ε33/εo d33 (pC/N) g33 (V m/N) d33.g33 (m2/N) n

Morgan electroceramics
PZT 701 425 153 41 × 10−3 6273 × 10−15 1.165
PZT 703 1100 340 30 × 10−3 10200 × 10−15 1.181
PZT 502 1950 450 25 × 10−3 11250 × 10−15 1.204
PZT 507 3900 700 20 × 10−3 14000 × 10−15 1.227
American Piezoelectric

Ceramics International
APC 880 1000 215 25 × 10−3 5375 × 10−15 1.20
APC 840 1250 290 26.5 × 10−3 7685 × 10−15 1.198
APC 841 1350 300 25.5 × 10−3 7650 × 10−15 1.202
APC 850 1750 400 26 × 10−3 10400 × 10−15 1.203
APC 855 3400 620 21 × 10−3 12600 × 10−15 1.224
Ferroperm Piezoceramics
Pz 24 400 190 54 × 10−3 10260 × 10−15 1.150
Pz 26 1300 300 28 × 10−3 8400 × 10−15 1.199
Pz 39 1780 480 30 × 10−3 14400 × 10−15 1.194
Pz 52 1900 420 25 × 10−3 10500 × 10−15 1.206
Pz 29 2900 575 23 × 10−3 13225 × 10−15 1.217
Edo Corporation
EC-63 1300 295 24.1 × 10−3 7109.5 × 10−15 1.20
EC-65 1725 380 25 × 10−3 9500 × 10−15 1.205
EC-70 2750 490 20.9 × 10−3 10241 × 10−15 1.222
EC-76 3450 583 19.1 × 10−3 11135.3 × 10−15 1.228
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The selection of piezoelectric ceramic composition for a particular application is
dependent on parameters such as operating temperature range (−20 ≤ T ≤ 80 ◦C),
operating frequency range (10–200 Hz), external force amplitude (0.1–3N), and life-
time (>106 cycles). The operating temperature range is determined by the Curie
temperature of material which for most of the Pb(Zr,Ti)O3 ceramics is greater than
200 ◦C.

Recently, there has been emphasis on utilizing lead-free materials in domes-
tic and medical applications. Out of all the possible choices for lead-free ceram-
ics, (Na,K)NbO3 (KNN)-based ceramics such as KNN-LiNbO3, KNN-LiTaO3,
KNN-LiSbO3, KNN-Li(Nb, Ta, Sb)O3, KNN-BaTiO3 (BT), KNN-SrTiO3, and
KNN-CaTiO3 have gained prominence mainly for two reasons: (i) piezoelectric
properties exist over a wide range of temperature and (ii) there are several possibil-
ities for substitution and additions. Table 1.2 lists some of the prominent lead-free
compositions based on KNN and (Na1/2Bi1/2)TiO3 (NBT) – (K1/2Bi1/2)TiO3 (KBT)
(Shrout and Zhang 2007, Guo et al. 2004, Yuan et al. 2006, Takenaka and Nagata
2005, Zhao et al. 2007, Zang et al. 2006, Ming et al. 2007, Park et al. 2006, Ahn et al.
2007, Cho et al. 2007). NBT-KBT-based ceramics suffer from drawback that there is
anti-ferroelectric phase transition at low temperatures that limits the operating range
of transducers. Alkali niobate-based ceramics are currently being commercialized
by several companies in Europe and Japan and are expected to be available in large
quantities in near future.

1.3.2 Piezoelectric Single Crystal Materials

Oriented single crystals of (1-x)Pb(Zn1/3Nb2/3)O3 − xPbTiO3 (PZN-PT) and
(1-x)Pb(Mg1/3Nb2/3)O3 − xPbTiO3 (PMN-PT) have been reported to have excep-
tional properties, such as longitudinal electromechanical coupling factors of 0.95
(Kuwata et al. 1981, 1982; Park and Shrout 1997a, 1997b, 1997c), longitudinal
piezoelectric coefficients between 1500 and 2500 pC/N (Kuwata et al. 1981, 1982;
Park and Shrout 1997a, 1997b, 1997c;), and electrically induced strains of up to
1.7% (Park and Shrout 1997a, 1997b, 1997c). Single crystals of PZN-PT are grown

Table 1.2 Summary of the lead-free compositions based on KNN system

System d33 (pC/N) ε3
T/εo tan δ kp Td/Tc(◦C)

NBT-KBT-BT 183 770 0.03 0.37 100/290
NBT-KBT-LBT 216 1550 0.03 0.40 160/350
KNN−LiNbO3 235 500 0.04 0.42 −/460
KNN−LiTaO3 268 570 0.01 0.46 −/430
KNN−LiSbO3 283 1288 0.02 0.50 −/392
KNN−Li(Nb,Ta,Sb)O3 308 1009 0.02 0.51 −/339
KNN−BaTiO3 225 1058 0.03 0.36 −/304
KNN−SrTiO3 220 1447 0.02 0.40 −
KNN−CaTiO3 241 1316 0.09 0.40 −/306
Td: depolarization temperature; Tc: Curie temperature.
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Fig. 1.3 A schematic of the PMN-PZT single crystal synthesized through solid-state crystal growth
technique (Copyright: Ho-Yong Lee, Ceracomp Co., Ltd.)

widely using self-flux method (Koyabashi et al. 1997; Mulvihill et al. 1996) while
that of PMN-PT by Bridgman’s technique (Commercial suppliers such as H. C.
Materials Corporation, TRS Technologies, and IBULE Photonics).

Recently, Lee et al. have shown the possibility of synthesizing large size crystals
through solid state conversion process as shown in Fig. 1.3 (Ceracomp Co. Ltd.).
In this method, a seed crystal is bonded to the surface of the ceramic compact or
embedded in the powder compact and the composite sample is carefully sintered
at high temperatures. Table 1.3 lists the properties of Pb(Mg1/3Nb2/3)O3 − PbTiO3

(PMN-PT) crystals grown by Bridgman’s technique and PMN-PZT by solid-state
conversion. Clearly, the system PMN-PZT offers higher rhombohedral–tetragonal
transition temperature (TR–T) extending the operating range of the transducer.

The piezoelectric coefficients of single crystal can be enhanced by special cuts
and poling as shown in Fig. 1.4 (Zhang et al. 2004). This is quite useful for designing
the bimorph-type transducer structures, which mainly utilize d31 or d32 coefficients.
A simple vibration energy harvesting device using d32-mode piezoelectric single
crystals can be designed as shown in Fig. 1.5. The structure consists of unimorph-
or bimorph-type transducers with single crystal plates bonded on one side or both
sides of the metal plates (e.g., brass and aluminum). The transducers are rigidly

Table 1.3 Properties of <001> oriented piezoelectric single crystals available through
commercial sources

Material Tc (◦C) TR–T (◦C) d33 (pC/N) ε33/εo tan
TM

(%) k33

PMN-PT-B (HC Material) – ∼75 2000–3500 5500–6500 0.8 0.90–0.94
TRS-X2C (TRS Tech.) 160 75 2200–2700 6500–8500 1 0.92
Type IB (Ibule Ph.) – 88 1871 6502 < 1 0.91
70PMN-30PT (Ceracomp) 130 90 1500 5000 < 1 0.9
CPSC20-130 (Ceracomp) 195 130 1450 4200 < 1 0.9
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Fig. 1.4 Variation in the piezoelectric coefficients with orientation and poling direction (Copyright:
TRS Technologies, State College, PA 16801)

movement movement

Fig. 1.5 Schematic representation of a bimorph transducer-based uniaxial energy harvester. The
operating frequency is tuned by the material and dimensions of the beam and tip mass

fixed in a small cubical box with freedom to oscillate in a specific direction. The
tip mass, material for beam, and dimensions of beam determine the operating fre-
quency which could be matched with the resonance frequency of the system. The
advantage of bimorph-based devices is that they are simple to fabricate and cheap.
The disadvantage is that they are uniaxial systems and limited in power density.

1.3.3 Piezoelectric and Electrostrictive Polymers

Polyvinylidene fluoride (PVDF) is a semi-crystalline high-molecular weight poly-
mer with repeat unit (CH2-CF2), whose structure is essentially head-to-tail,
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i.e., CH2-CF2-(CH2-CF2)n-CH2-CF2. PVDF is approximately half crystalline and
half amorphous. In the semi-crystalline polymers such as PVDF, there are regions
where the chains exhibit a short- and long-term ordering (crystalline regions). A
net dipole moment (polar phase) is obtained by applying a strong electric field at or
above Tg and then is frozen in by cooling the material resulting in a piezoelectric-like
effect. PVDF sensors have been successfully used as NDE transducers in pulse-
echo, through-transmission, and acousto-ultrasonic techniques to monitor curing,
and to detect porosity and crack propagation in different model joint geometries
(Smolorz and Grill 1995, Chen and Payne 1995, Lee and Moon 1990, Lee 1990,
Ohigashi 1988, Harsanji 1995). The curie temperature of PVDF is nearly 110 ◦C,
which also makes it useful for some elevated temperature applications. Some of
the other piezoelectric polymers that are known today include: polyparaxylene,
poly-bischloromethyloxetane (Penton), aromatic polyamides, polysulfone, synthetic
polypeptide, and cyanoethyl cellulose (Fukuda and Yasuda 1964).

PVDF has the advantage that it is mechanically strong, resistant to a wide variety
of chemicals including acids and can be manufactured on a continuous reel basis.
Another important property of PVDF is that it shows a strong piezoelectric response
even at microwave frequencies (Smolorz and Grill 1995). Furthermore, the very
high g constant of PVDF at the level of −339 × 10−3 V m/N, when compared with
the other commonly used piezoelectrics, makes this polymer an ideal transduction
material. Table 1.4 compares the piezoelectric properties of the PVDF with other
piezoelectric materials.

Recently, research has focused on electrostrictive polymers where it is pos-
sible to induce large piezoelectric effect by applying high-DC bias field due to
Maxwell stress. Electrostrictive polymers have been discovered that generate large
strain (above 5%) under moderate electric field intensity (400–800 V on a 20 �m
film). Poly(vinylidene fluoride-trifluoroethylene) or P[VDF:TrFe] copolymers have
been shown to exhibit d31 of 8.0 × 10−11 pC/N, and polyurethane has d31 of
1.7 × 10−10 pC/N. A theoretical investigation conducted by Liu et al. (2005) has
shown that energy densities of the order of 0.221 J/cm3 is possible in the constant
field condition using polyurethane material.

1.3.4 Piezoelectric Thin Films

Piezoelectric thin films from material systems such as Pb(Zr,Ti)O3 (PZT), ZnO,
AlN, and BaTiO3 (BT) are commonly employed for applications such as sensors,

Table 1.4 Comparison between commonly used piezoelectric materials and PVDF

Material
Relative dielectric
constant, ε/εo

Piezoelectric constant
d33 (pC/N)

Piezoelectric voltage
constant, g33 (10−3 V m/N)

BaTiO3 1700 191 12.6
Quartz 4.5 2.3 (d 11) 50.0 (g 31)
PVDF 13 −33 −339.0
PZT-4 1300 289 25.1
BaTiO3 1700 191 12.6
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Table 1.5 Piezoelectric and dielectric properties of thin films (taken from Troiler-Mckinstry and
Muralt 2004)

Coefficients/figures of merit ZnO AlN PZT

e31,f(C/m
2) −1.0 −1.05 −8 . . . .− 12

d33,f(pm/V) 5.9 3.9 60 . . . .130
ε33 10.9 10.5 300 . . . .1300
tan� (at 1–10 kHz, 105 V/m) 0.01 . . . .0.1 0.003 0.01 . . . .0.03

switches, and actuation diaphragms. In energy harvesting application, same depo-
sition techniques have been used to synthesize films on Pt/Ti/SiO2/Si wafer. PZT
polycrystalline thick films are widely deployed in order to fabricate MEMS scale
energy harvesting devices owing to their superior piezoelectric constant as com-
pared to other materials. Table 1.5 lists the properties of various thin film materials
(taken from Troiler-Mckinstry and Muralt 2004).

There is a difference in the magnitude of piezoelectric constant between thin/thick
film and bulk material due to the constrained imposed by substrate on the film.
The film is clamped in-plane but free to move in off-plane direction. As a conse-
quence, piezoelectric constant, d33,f, is smaller for film than that of the bulk. The
relationships for the effective film piezoelectric constant can be expressed as below
(Troiler-Mckinstry and Muralt 2004):

e31,f = d31

sE
11 + sE

12

= e31 − cE
13

cE
33

e33

d33,f = e33

cE
33

= d33 − 2sE
13

sE
11 + sE

12

d31

(1.16)

Chemical solution deposition or sol–gel method is most commonly employed for
synthesizing thick films due to various advantages such as cost effectiveness, textur-
ing, and good control on stoichiometry. The compositions of interest are around the
morphotropic phase boundary (MPB) which in PZT system is near the Zr/Ti ratio
of 52/48. The important variables affecting the piezoelectric properties are grain
size, tensile stress, film thickness, and texture. It is well known that (100) oriented
PZT thin films show higher piezoelectric response. The texture can be controlled
by selecting the suitable substrate or electrode, deposition conditions, and heating
rate. The texture can also be controlled using buffer layer, for example, PbTiO3

adopts (100) orientation on Pt and thin layer of TiO2 adopts (111) orientation
(Muralt 2000). The dielectric and piezoelectric properties increase with film thick-
ness and become equivalent to that of bulk ceramic data in the vicinity of 10�m.
Piezoelectric properties also increase with grain size. Thus, by controlling the nucle-
ation phenomenon occurring at the film–electrode interface, better properties can be
obtained.

There are several requirements for deposition of piezoelectric thin film such as
processing temperature range, stoichiometry, and surface energy. Higher processing
temperatures induce stress in the film leading to defects. Stress in the film can be
expressed by Stoney equation (Glang et al. 1965):
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σf = 1

3

Es

1 − νs

ts2

tf

δ

r2
(1.17)

where σf is film stress, Es, vs, and ts are Young’s modulus, Poisson’s ratio, and the
thickness of substrate, respectively, tf is the thickness of film and � is the deflection
of substrate. The deflection of the substrate is proportional to the temperature that
increases with processing temperature. In chemical solution deposition, the crys-
tallization temperatures are in the range of 600–750 ◦C which is high. This step is
repeated many times to obtain thick films. For example, a 2 �m film required 32
spinning and pyrolysis steps, and eight crystallization anneals (Muralt et al. 2002).
Thus, heating and cooling rates are selected such that it can reduce the magnitude
of built-in stress.

1.4 Piezoelectric Transducers

There has been significant progress in the design and fabrication of piezoelec-
tric transducer structures. Table 1.6 lists the designs which can be easily obt-
ained from commercial sources and are promising for energy harvesting
application.

1.5 Meso-macro-scale Energy Harvesters

Once a suitable piezoelectric material is selected, then meso-macro-scale devi-
ces can be fabricated using two methods: (i) laser micromachining followed by
die bonding and (ii) fiber synthesis followed by macro-fiber composite
fabrication.

1.5.1 Mechanical Energy Harvester Using Laser Micromachining

Kim et al. (2008) have demonstrated the micromachining technique using pulsed
laser to machine piezoelectric wafers in a desired geometry and pattern with preci-
sion of 50–75 �m. The precision can be further improved by selecting the proper
laser spot diameter, scanning mirror, and f -theta lens. This technique provides free-
dom for selecting any desired piezoelectric composition (ceramics, single crystal,
and polymer). It reduces the difficulty associated with prior approaches in achieving
meso-scale structures such as complex synthesis technique which involves multiple
deposition steps, clean room conditions, and limits the piezoelectric composition.
The machining process consists of following steps: (i) sintered ceramic wafer is
grinded and polished to have a flat surface, (ii) wafer is electroded and poled, and
(iii) poled wafer is kept on platform with laser beam and machined. The movement
of laser is automated and guided by CAD drawing of pattern. In the work of Kim
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Table 1.6 Promising bulk transducer structures for energy harvesting.

Transducer Products Company/Characteristics 

Supplier example: Morgan electroce-
ramics, APC International, Tokin, PI. 
Characteristics: low frequency (~10 
Hz), suitable under large uniaxial stress 
condition, easy mounting. 

Supplier example: Smart Material. 
Characteristics: flexible, both d33 and 
d31 mode possible, low strain high fre-
quency application, large area cover-
age, can be used as a bimorph element. 

Supplier example: Face International 
Characteristics: Various curvatures 
and heights possible providing wide 
range of stress amplification, suitable 
for very low frequencies (~1 Hz). 
Supplier example: APC International. 
Characteristics: resonance frequency 
can be tuned in the range of 5–100 Hz,
used in various configuration such 
as cantilever, end–end clamped, etc. 

Macro Fiber 
Composite 
(MFC) 

Thunder

Bimorphs

Supplier example: Cedrat 
Characteristics: higher efficiency un-
der large stress, resonance frequency 
can be tuned to lower ranges

Supplier example: Mide 
Characteristics: similar to bimorphs 
but easier mounting, wide bandwidth, 
widely used in cantilever configuration 

Characteristics: curved surface result-
ing in higher charge under a given 
stress level, can be stacked to amplify 
charge. 

Supplier: Micromechatronics  
Characteristics: metal caps protect ce-
ramic allowing application under high 
stress levels, higher charge due to stress 
amplification, resonance frequency can 
be tuned by changing cap dimensions 
and material. 

Amplified 
Piezoelectric 
Actuator 

QuickPack

Rainbow

(~100 Hz).

Multilayer

Moonie

Cymbal



18 H. Kim et al.

(b)

(a)

Residue

Fig. 1.6 Laser-machined cantilever beam. (a) SEM picture and (b) optical picture

et al. (2008), YAG laser with wavelength of 1064 nm and pulse width on the order
of ∼1 ns with high power was used for machining. The time for whole machining
process was about 3 hr 10 min. The smallest feature that can be machined using
the nanosecond pulse was on the order of 75 �m. Figure 1.6(a) and (b) shows the
pictures of laser-machined cantilever beam.

Conventional microelectronics packaging process was adopted to mount the can-
tilever beams. For the bottom die bonding, nonconductive thermal curing epoxy was
used as the attachment between top PZT and pads. Gold wire (1.0 mil diameter) was
bridged for the electrical connection between top silver electrodes and bonding pad
of CERDIP (Ceramic Dual In-line Package). Temperature of wire-bonding chuck
was maintained at 130 ◦C and instant glue was used for attaching the tip mass.
Sn/Pb solder ball was used as tip mass with diameter and mass of 0.5 mm and
1.53 mg. There were 10 cantilevers on both side of the bridge: five of them with
tip mass and five without tip mass. The tip masses were used alternately so that the
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Fig. 1.7 Assembled energy harvesting device using laser micromachining (Copyright: IEEE)

cantilevers vibrate with different resonance frequency providing voltage response
over a wider frequency range. The laser-machined cantilever beam and assembled
energy harvesting device are shown in Fig. 1.7.

The maximum Vrms voltage from this device was measured to be 655 mV at
870 Hz with tip mass of 3.06 mg. Figure 1.8 shows the variation of output voltage
and power as a function of load for two different frequencies. A maximum power
of 1.13 �W was measured across the matching load of 288.5 k� at 870 Hz with a
power density of 301.3 �W/cm3.

The device shown in Fig. 1.7 can find application in various scenarios such as
wireless sensor node for aircraft health monitoring, self-powered sensors in auto-
mobile applications, and wireless sensor nodes for industrial machine health mon-

Fig. 1.8 Variation of the output power and voltage as a function of load at frequency of 870 Hz
under 8 g acceleration (Copyright: IEEE)
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Fig. 1.9 Sensor placement in future automobiles

itoring. Figure 1.9 shows the futuristic view of automobile consisting of multiple
sensors based on smart materials. It will be cost-effective and less tedious if many
of these sensors have built-in power-harvesting mechanism eliminating the need for
wiring. The device shown in Fig. 1.7 can provide the architecture for “self-powered
sensors”.

1.5.2 Mechanical Energy Harvester Using Piezoelectric Fibers

Macro-fiber composite (MFC), shown in Fig. 1.10 inset, was developed at the NASA
Langley Research Center. It consists of uniaxially aligned fibers with rectangular
cross-section surrounded by a polymer matrix. MFCs are marketed by Smart Mate-
rials Corporation, FL. The fibers in MFCs are machined from low-cost piezoelectric
ceramic wafers using a computer controlled dicing saw. Similar to laser microma-
chining, this process also allows utilizing various forms of piezoelectric materials
such as ceramics, composites, and single crystals. It does not restrict any particular
ceramic composition. MFCs can be operated in either d33- or d31-modes by design-
ing two different electrode patterns. MFC operating in d33-mode has higher energy
conversion rate but lower electrical current when compared with d31-mode. These
transducers have been shown to have reliability of above 109 cycles operating at
maximum strain (Fig. 1.10). The energy harvesting tests conducted on two kinds of
MFCs have shown that:

� d33 effect is less suitable for energy harvesting due to lower charge output
� electric charge generated is proportional to strain and frequency, and
� low strain, high frequency (>20 Hz) is suitable for continuous charge generation
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Fig. 1.10 Reliability test on MFCs conducted over 1.4 million cycles (Copyright: T. Daue, Smart
Material Corp., Sarasota, FL 34236)

1.6 Piezoelectric Microgenerator

There are five components of energy harvesting device based on MEMS process,
namely thin film composition and deposition technique, device design, fabrica-
tion process, including etching procedure, electrical connections, and packaging.
As mentioned earlier, PZT composition close to MPB are commonly selected
and deposited using chemical solution deposition technique. Wolf and Troiler-
McKinstry (2004) have proposed the chemical deposition process for PZT films. In
this process, lead acetate trihydrate is added to 2-methoxyethanol (2-MOE) under
argon atmosphere in the flask maintained in an oil bath at 70 ◦C on a hot plate and
the temperature of the bath is gradually increased to 120 ◦C. The solution is then
dehydrated under vacuum until a semi-dry powder remains. A mixture of zirconium
n-propoxide and titanium iso-propoxide in 2-MOE at room temperature is added
and the entire solution is refluxed for 2 h under Ar at 120 ◦C. After refluxing, the
solution is vacuum distilled and 2-MOE is added until the desired solution molarity
is achieved. Acetylacetonate and acetic acid are used to adjust the molarity of the
solution. Desired modifiers can be added before the refluxing stage.

1.6.1 Piezoelectric Microcantilevers

Kim (2008) has demonstrated piezoelectric mirco-cantilevers-based energy har-
vester utilizing lead-free barium titanate thin film. This device has interdigital
electrode pattern to access the d33 response. The microcantilevers were connected in
series to increase the output voltage. Figure 1.11 shows the design of mircogenerator
and cantilever beam layouts. The fabrication of microcantilever beams requires three
masks: electrode mask, cantilever beam mask, and backside mask. The electrode
mask is used to pattern metal electrode (red color), the cantilever beam mask is used
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(a) (b)

(c)

Fig. 1.11 (a) Layout of six microcantilever energy harvesting beams, (b) layout of mask for 4”
wafer, and (c) close up of a d33-mode cantilever beam

to pattern microcantilever beam structures (green color), and the backside mask is
used to etch out backside of silicon layer (yellow color).

The process starts with 4” <100> SOI (silicon on insulator) wafer as shown
in Fig. 1.12(a). The first step was to deposit thick barium titanate layer by sol–gel
method. After PR deposition (Futurrex PR1-2000A) for patterning top electrode,
Cr/Au layer was deposited as a top electrode. Chrome layer was used for good
adhesion between silicon and gold. The 2% HF solution and DRIE (Trion) were
used for etching the BT and Si layers, respectively. Before backside Si-etching pro-
cess, a 3 �m PECVD SiO2 was deposited on the backside of SOI wafer. PECVD
oxide was selected for the hard mask instead of other materials. The SEM picture of
the fabricated MEMS microcantilever beam is shown in Fig. 1.13.

It should be pointed out here that there is relatively large variance of etching rate
for the BT thin film using 2% HF solution when compared with the dry etching. The
products of surface reaction between the barium titanate thin film and 2% HF can
be expressed as:

BaTiO3 + 2HF → BaF2 + TiO2 + H2O Reaction 1

2BaTiO3 + 2HF → BaF2 + BaTi2O5 + H2O Reaction 2



1 Piezoelectric Energy Harvesting 23

(a) 

Start with 4  <100> undoped 
SOI (Silicon On Insulator) wafer. 
Thickness of an Si device layer: 

10 µm.

(b) 

1 µm thick BaTiO3 deposition by
sol-gel method 

(c) 

Electrodes (Cr/Au) deposition by 
thermal evaporation and pattern-
ing by lift off 

(d) 

Photoresist (PR) coating and pat-
terning 

(e) 

BaTiO3  etching 

(f) 

Silicon device layer etching by 
Deep Reactive Ion Etching 
(DRIE). Buried SiO2  is etching 
stop. 

(g) 

PECVD SiO2  deposition and pat-
terning at the backside by RIE or 
DRIE 

BaTiO3

Si 
(10 µm)

SiO2
(2 µm) 

Cr/Au

PR

Patterned 
SiO2

(h) 

Backside DRIE 

(i) 

SiO2 etching by RIE or DRIE 

Fig. 1.12 Fabrication process flow of an energy harvesting device
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Fig. 1.13 SEM image of cantilever beam after laser wafer saw process

In the second reaction, a Ba-polytitanate phase BaTi2O5 is produced. The control
of the time is essential in order to avoid the second reaction.

1.7 Energy Harvesting Circuits

A simple energy harvesting circuit consists of a diode rectifier (AC/DC) and a DC–
DC converter, as shown in Fig. 1.14. The addition of DC–DC converter has been
shown to improve energy harvesting by a factor of 7. The efficiency of the step-down
converter was between 74 and 88%. Through the exploitation of discontinuous con-
duction mode operation of the DC–DC converter, a stand-alone energy harvesting
system with significantly simplified control circuitry has been proposed (Kim et al.
2007).

Guyomar et al. (2005) have presented a nonlinear processing technique “Syn-
chronized Switch Harvesting on Inductor” (SSHI) for harvesting energy, which
consists of a switching device in parallel with piezoelectric element. The device

Fig. 1.14 Block diagram for the energy harvesting circuit
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(a) (b)

Fig. 1.15 (a) A high-efficiency CMOS rectifier and (b) a SC voltage doubler. (Copyright: IEEE;
Permission granted by H. Lee.)

is composed of a switch and an inductor connected in series. The switch is in
open state except when the maximum displacement occurs in the transducer. At
that instant, the switch is closed and the capacitance of the piezoelectric element
and inductance together constitute an oscillator. The switch is kept closed until the
voltage on the piezoelectric element has been reversed. In case of nonlinear AC
device, a resistive load is directly related on the piezoelectric element in parallel
with the switching device. This nonlinear technique has been shown to significantly
enhance the performance of the energy harvesting circuit and will be well suited for
the resonating structures (Guyomar et al. 2005).

Piezoelectric microgenerators require development of CMOS-based components
for efficient energy harvesting and storage. Typically, piezoelectric generator’s inter-
nal impedance is high in the range of few tens of k�. This high-internal impedance
restricts the amount of output current that can be driven by the source to microam-
pere range. Therefore, it is important to have low dissipation of the quiescent current
for both rectifier and controller of the SC-regulated doubler in order to enhance the
efficiency of the power conversion system. Recently, Guo and Lee have proposed a
high-efficiency rectifier for transcutaneous power transmission in biomedical appli-
cation as shown in Fig. 1.15(a) (Guo and Lee 2007). The rectifier was implemented
in a standard 0.35 �m CMOS and was found to achieve peak conversion ratio of
95% with output current handling capability of up to 20 mA. The rectifier adopts two
comparator-controlled switches to allow unidirectional current flow with only 2Vds

drop in the conducting path, where Vds is the drain–source voltage across a transistor
in linear region. With the use of comparator-controlled switches, this design was
not only functional under the lowest input amplitude, but also has good power effi-
ciency. In the subsequent work, Lee and Mok have developed a switched-capacitor
(SC) voltage doubler with pseudo-continuous control as shown in Fig. 1.15(b) (Lee
and Mok 2005). The SC-regulated voltage doubler provides a constant DC voltage
through a step-up DC–DC conversion. These developments are important for full
implementation of microgenerator.
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In the case of wireless sensor node, an energy storage mechanism with significant
energy density is required between the energy harvesting circuitry and the wire-
less transmission unit. Possible solutions are lithium ion rechargeable batteries and
double-layer ultracapacitors. The appropriate choice is based on the required energy
density and power density of the application, with lithium ion batteries being used
if high “energy” density is required, and ultracapacitors if high “power” density is
required.

1.8 Strategies for Enhancing the Performance
of Energy Harvester

1.8.1 Multi-modal Energy Harvesting

In order to effectively harvest energy from the available environmental resources,
the concept of multi-modal energy harvesting is being pursued. This concept
improves upon the existing systems by integrating the following ideas: (i) in a given
scenario, two or more energy sources may be available for harvesting energy such
as solar, wind, and vibration and (ii) two different energy harvesting schemes can
be combined in one system such that one assists the other.

A suitable example of multi-modal energy harvesting device is a system that
combines electromagnetic and piezoelectric energy harvesting mechanisms (Poulin
et al. 2004). Such a device consists of piezoelectric transducer and electromagnetic
system mutually contributing towards power generation (Tadesse et al. 2008). The
design consists of cantilever beam with piezoelectric plates bonded at maximum
stress locations as shown in Fig. 1.16(a) and (b). At the tip of cantilever beam, a
permanent magnet is attached which oscillates within a stationary coil fixed to the
top of package. The permanent magnet serves two functions: acts as a proof mass
for the cantilever beam and acts as a core which oscillates between the inductive
coils resulting in electric current generation through Faraday’s effect.

Figure 1.17 shows the diagram of the prototype device. The piezoelectric sin-
gle crystal plates were bonded on both top and bottom of the beam. The plates
were isolated from beam using an insulating epoxy. The output voltages of top
and bottom row of piezoelectric were connected in parallel. The beam has tapered
geometry with linear variation in dimension along the length such that its moment
of inertia along the axis perpendicular to the direction of vibration also varies lin-
early. This allows the beam to exhibit higher sensitivity. When a cantilevered beam
is subjected to external excitation, various modes occur at respective resonance
frequencies depending on the geometry, modulus of elasticity, density, and boundary
conditions. The first two vibration modes were considered for experimentation as
they cover the desired low-operating range of 20–400 Hz for the dimension of can-
tilever (25 × 30 × 125 mm3).

The advantage of this design is that at constant acceleration, the output power
from electromagnetic is much higher at lower frequencies (first transversal resonance
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Fig. 1.16 Schematic structure of the multi-modal energy harvester, side-view, and top-view
(Copyright: SAGE Publications)

Fig. 1.17 Isometric view of the hand held multi-modal prototype mechanical energy harvester
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mode), whereas the output from piezoelectric is higher at higher frequencies (second
transversal resonance mode). Thus, this combination allows obtaining significant
magnitude of output power from the same device over a wide operating frequency
range. Since the frequency content of a random vibration is wide, such a device can
utilize multiple spectrum. The bonded piezoelectric plates were located at maximum
stress position for the cantilever beam operating in the second resonance mode.

The first resonance frequency of the beam was found to be 20 Hz. The output
power of electromagnetic coil at the first resonance frequency across a resistive load
of 120 � was found to be 8.3 mW. The output power from the top (S2 and S1)
and bottom piezoelectric plates (S4 and S5) across a resistive load of 3.3M� was
found to be 19 and 15 �W, respectively. Piezoelectric plates attached at the end (S3
and S6) generated the higher power of the order of 120 �W in the first resonance
mode. The second resonance frequency was found to be 300 Hz. At this frequency,
the output power from electromagnetic coil reduced to 3.1 �W. The output power
from top piezoelectric plates (S2 and S1) increased to 60 �W, whereas from the
bottom plates (S4 and S5) reduced to 14 �W. Figure 1.18 shows the frequency
dependence of output power from the fabricated prototype. Typical output power of
both the electromagnetic coil and the piezoelectric crystals for various acceleration
magnitudes are shown in Fig. 1.19 operating at first natural frequency (20 Hz). It can
be seen from this figure that the maximum power was obtained at 35 g acceleration
and 20 Hz frequency with a magnitude of 0.25 mW from all piezoelectric plates.

Figure 1.20 shows the photograph of EVA 100/105 wireless transceiver and the
fabricated multi-modal harvester. By connecting the on board RS232 DB9 connec-
tor through a serial PC port, the received data can be saved on a PC through the
application software. The push button transmitter module, PTM 200, works based
on electro-dynamic energy transducer actuated by a bow that can be pushed from
outside the module on the left or right. The transmission frequency and power were
868.3 MHz and 10 mW max, respectively. The electrical power generated from

0 100 200 300 400

0.0

20.0

40.0

60.0

80.0

100.0

120.0

0

2

4

6

8

P
ie

zo
 P

ow
er

 (
µW

)

Frequency(Hz)

Sample 1&2
Sample 4&5
Sample 3
Sample 6

C
oi

l P
ow

er
 (

m
W

)

Coil

Fig. 1.18 Output power as a function of frequency from the electromagnetic and piezoelectric
system (Copyright: SAGE Publications)
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Fig. 1.19 Power output of piezoelectric (right y-axis) and electromagnetic coil (left y-axis) for
various acceleration

Fig. 1.20 EVA 100/105 evaluation kits and the multi-modal harvester

the fabricated prototype is able to power up the processor and HF transmitter on
the board. We are working on developing an integrated unit that combines the wire-
less transceiver and multi-modal energy harvester in one package.

1.8.2 Magnetoelectric Composites

Magnetoelectric composites combine piezoelectric and magnetostrictive phases in
one material thus providing the opportunity to convert magnetic field into stress.
Furthermore, it can improve the efficiency of vibration energy harvesting system.
The voltage generated across the piezoelectric device under an applied stress X
can be simply expressed by the relation, V = gXt , where t is the thickness.
The voltage can be significantly enhanced using the magnetic stress, through the
expression, V + �V magnetic = g.(X + �Xmagnetic)t , generated through magnetostric-
tion. Exact calculations by Dong et al. (2006) show the voltage generated through
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the magnetoelectric composite (piezoelectric – magnetostrictive (fiber – matrix))
structure is given as:

V = Nd33,mg33,p

NsE
33(1 − k33

2) + (1 − N)sH
33

H.t (open circuit voltage) (1.18)

where s33
E and s33

H are the elastic compliances for the piezoelectric and magne-
tostrictive layers, respectively, k33 is the electromechanical coupling coefficient of
the piezoelectric layer, d33,m and g33,p are the longitudinal piezomagnetic and piezo-
electric voltage coefficients, respectively, and n is the thickness fraction of magne-
tostrictive layers. The magnetoelectric coefficients as high as 20 V/cm �e at 1 Hz
have been reported as predicted by the above expression (after using the correction
factor). This result indicates that by utilizing magnetoelectric laminate composites,
a higher power density can be obtained from the vibration energy harvester where
vibration is used to create magnetic field by oscillating the magnets.

Figure 1.21 shows some examples of the structures that can be designed using
the two phases in thin film and bulk forms. It can be seen from this figure that the
possibilities are numerous and there can be several phases (amorphous, ceramic,
metal, polymer, and so on), shapes (disk, cylinder, plate, toroid, sphere, and so on),
and sizes (number of layers, layer thicknesses, length and width can be varied differ-
ently) for obtaining the magnetoelectric properties. All of these combinations will
exhibit ME response with varying degrees of magnitude. For n phases, the number
of connectivity patterns is given as (n + 3)!

/
3!n!, which for two phase composites

comes out to be 10, for three phases as 20, and 35 for four phase patterns (Newn-
ham 1986). Furthermore, in each of these shapes, there is a possibility of orienting
the polarization along different axes and applying the electric (E) and magnetic
(H ) fields along different axes. In addition, there are several choices for materi-
als depending on magnetostriction constant, resistivity, permeability, permittivity,
piezoelectric strain and voltage constant, sintering temperature, and chemical reac-

(a)

(e) (f) (g) (h)

(b) (c) (d)

Fig. 1.21 Schematics of the magnetoelectric composites illustrating the multiple possibilities of (a)
self-assembled nanopillar structures, (b) layer-by-layer deposition, (c) deposition accompanied by
masking and patterning, (d) three phase depositions for gradient materials, (e) particles dispersed
in a polymer matrix, (f) lamination, (g) checkerboard arrangement, and (h) sintered particulates
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tivity (magnetostrictive: MnFe2O4, CoFe2O4, NiFe2O4, ZnFe2O4, YFe5O12,

Sm Fe5 O12, YIG, Terfenol-D, Metglas 2605SC, Ni, Co, and so on; piezoelectric:
PZT, BaTiO3, PMN – PT, PVDF, SrBi4Ti4O15, (Na0.5K0.5)NbO3), and so on). Sev-
eral reports have been published on the magnetoelectric composites with different
materials and geometry and these have contributed in understanding the effect of
some of the variables associated with design. Recently, the focus of much research
has been on the laminated magnetoelectric composites made by using piezoelectric
and magnetostrictive materials (Ryu et al. 2002, Srinivasan et al. 2003, Srinivasan
et al. 2002, Dong et al. 2006b, 2003, 2004, 2005, Jia et al. 2006, Wan et al. 2006).
We have reported results on laminate composites (MLCs) made from the giant mag-
netostrictive material, Terfenol-D, and relaxor-based piezocrystals Pb(Mg1/3Nb2/3)
O3 – PbTiO3 (PMN-PT) showing high ME coupling (Ryu et al. 2002).

1.8.3 Self-Tuning

One element of efficiency is the magnitude of power harvested when the mechan-
ical input frequency is different from the resonance of piezoelectric harvester. It
is highly desired to have an energy harvester that is able to self-tune to optimize its
power output in virtually any vibration environment. One common approach is using
the shunt. In this case, the non-dimensional mechanical impedance (Z ) is given by
(Muriuki 2004):

Z̄ j j = Z SHUNTED

Z OPEN
= 1 − k2

i j

1 − k2
i j

(
ZELECT

ZPIEZO

) (1.19)

Muriuki (2004) has demonstrated the concept of shunt capacitor to alter the nat-
ural frequency of the beam illustrated by expression, ω = √

kef f + C−1d2/mef f ,
where k is the electromechanical coupling factor. This method has drawback that it
requires a complex electronic with programmable microcontroller to connect or dis-
connect a series of capacitive loads. Another method which can be conceived to alter
the frequency of the harvester is by cascading electrical connections, i.e., changing
the number of transducers connected in series or parallel by an active switch. The
switch can regulate the connections by comparing the power levels over a frequency
band. This method has drawback that it requires several transducers to be available
and arranged in a systematic fashion for implementing the cascading. The device is
bulky and has low power density.

Another approach can be developed based on the nonlinearity of piezoelectric
material. It is known that the applied electrical voltage has an effect on the resonance
which is attributed to the changes in stiffness. As the applied voltage increases
the resonance frequency of the piezoelectric material shifts to lower frequencies.
Previously, we have shown that such phenomenon is related to the elastic nonlin-
earities and the shift in the resonance frequency with increasing excitation can be
represented by an empirical response relationship given as (Priya 2001, Nayfeh
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1979):

fr (eff) = f lin
r + 3

8

(
αε2

f lin
r

)
±

√(
K

f lin
r ε

)2

− δ2, (1.20)

where fr(eff) is the effective resonance frequency, f lin
r is the amplitude indepen-

dent linear resonance frequency, α is the nonlinear elastic constant, δ is the linear
anelastic constant, K is the external excitation, and ε is the rms strain amplitude
of the vibration of the sample. The value for the nonlinear constant α is material
dependent and determines the shift in the resonance frequency under an external
field. For example, it has been found that α/ f lin

r is about 40 times higher in soft PZT
than in hard PZT. In an energy harvester, the shift in operating frequency can be
achieved using the bias voltage or stress.

1.8.4 Frequency Pumping

A method to increase the power harvested by piezoelectric transducers is to achieve
more deflections in the same time period (P ∝ f ). In other words, enhance the
ratio, fpiezo/ fsource > 1. Typical vibration frequency of the machines, aircraft, ship
hulls, and deck is in the range of 5–100 Hz, which is much lower than the operating
frequency of the microgenerator. If the source vibration frequency can be amplified
before being applied to the piezoelectric transducer than an improved efficiency can
be obtained. One of the simple ways to implement this is using mechanical gears
or springs. We have used this technique before to design piezoelectric windmills as
shown in Fig. 1.22, where each bimorph goes through 5 Hz oscillation for source
frequency of 1 Hz.

Magnet (red – N:S; 
Blue– S:N)

Fig. 1.22 Two magnets sandwich the tip of the bimorphs. These interact with 10 magnets mounted
on the vanes in alternating polarities which causes the bimorphs to go through five cycles for every
rotation of the vanes
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1.8.5 Wide-Bandwidth Transducers

An efficient scheme to increase overall efficiency of an energy harvester is to ensure
that it harvests power across varying vibration inputs. The primary problem of the
current energy harvester’s is its narrow bandwidth. For example, the conventional
piezoelectric harvester comprises a single piezoceramic cantilever beam, where the
operating frequency is given by: ω = √

k/m (k is the equivalent beam stiffness and
m is the weighted sum of cantilever and tip mass). Unfortunately, for minute depar-
tures from the beams resonance frequency, there is a significant drop in power levels
produced. It should be pointed here that several simple schemes can be designed to
achieve the wide-bandwidth operation, but most of these have fundamental draw-
backs that power density decreases. Figure 1.23 is an example of some of the com-
mon approaches. Recent research is focused on developing transducer structures
that exhibit multi-pleresonance which are closely spaced.

1.9 Selected Applications

1.9.1 Border Security Sensors

Border intrusion monitoring requires sensors to be powered continuously for a long
period of time. This puts limit on the usage of microbatteries until they can be
frequently recharged using environmental resources such as sunlight and wind. The
sensors dispersed in rough terrains may be constantly under shade or covered requir-
ing an alternative to photovoltaic’s. In these circumstances, wind flow becomes an
attractive source for generating small magnitudes of electrical energy and recharg-
ing the batteries (Priya 2005). Figure 1.24 shows the schematic representation of
the mini-windmill integrated with a section of the sensor nodes through control
circuits.

For a flow of air with velocity ν and density ρ through unit area A perpendicular
to the wind direction, the kinetic energy per unit time is given by P:

P = 1

2
mv2 = 1

2
(Avρ)v2 = 1

2
Aρv3

Fig. 1.23 Structures for achieving wide-bandwidth at the cost of power density
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Fig. 1.24 Schematic diagram of miniature Piezoelectric Windmill R© with integrated electronics
and sensor nodes

The air density varies with altitude, atmospheric pressure, and temperature. The
power density function p(ν) of a windmill may be expressed as:

p(v) = Cp
1

2
Arρv

3 f (v)

and

f (v) =
(

k

c

) (v
c

)k−1
e−(v/c)k

where Cp is the power coefficient of the windmill defined as the ratio of the power
output from the windmill to energy available in the wind, f (ν) is the wind speed
probability density function, Ar (= �R2, where R is the length of blade arm) is the
rotor area, k is the shape parameter, and c is the scale parameter. The coefficient Cp

is limited to 0.59 by the Betz limit. The power generated with 80% blade efficiency
and 80% generator efficiency can be determined from the expression:

P = (2R)2v3 × 0.0012

Using the above expression, the power available from the blade diameter of 5 in.
is 210 mW at 10 mph wind speed and 50 mW for 2.5 in. blade diameter. Clearly, a
power of 25 mW can be easily generated if one can design the efficient generator
and blades.

Figure 1.25 shows the picture of small-scale Piezoelectric Windmill R© which
uses three fan blades to enhance the AC stress and effectively capture the wind flow
(American Windmills, Diamond Springs, CA). The inner structure of the windmill
consists of a vertical shaft connected to a lever arm that converts the rotational
motion into translation motion. All three fans are connected into the single verti-
cal shaft through an adjustable gear ratio. The windmill consists of two rows of
piezoelectric bimorphs, mentioned here as front and back rows, where each row
has nine bimorphs. The number of the bimorphs was selected from the force–
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Fig. 1.25 Picture of the windmill and real time transmission of the sensor data

displacement load line curve where the optimum point approximately corresponds
to 50% reduction in available force. The operating frequency of the windmill can be
easily adjusted by changing the gear ratio. The translation distance of the bimorphs
can be adjusted by swapping the crank at the end of the piezoelectric pulling arm.
This windmill was able to provide continuous power of 5–6 mW when the wind
speeds are in the range of 9–12 mph.

1.9.2 Biomedical Applications

The design of human body-based vibration energy scavenging device incorporates
mechanism that can respond to high acceleration and low frequency. The accel-
eration magnitude from human motion is in the range of ∼100 m/s2 (∼10 g) at
a frequency of 2 Hz while jogging (Mathuna et al. 2008). This frequency range
is very low for implementing piezoelectric transduction mechanism without gears.
However, incorporating complex gear boxes comes at the cost of comfort in motion
and defeats the goal of harvesting. Most of the research on harvesting mechanical
energy available during human motion has been on modifying the shoe structure.
MIT Media lab has reported results on two different heel inserts, one made from
PVDF (polyvinylidone fluoride) and the other from PZT. Power levels of up to
9.7 mW were obtained from these shoe inserts (Paradiso and Starner 2005).

1.10 Summary

Self-powering can be achieved by developing smart architecture which utilizes all
the environmental resources available for generating electrical power at any given
location as exemplified in Fig. 1.26 (Priya et al. 2006). These resources can be
vibrations, wind, magnetic fields, light, sound, temperature gradients, and water
currents. The generated electric energy can be directly used or stored in the match-
ing media selected by the microprocessor depending on the power magnitude and



36 H. Kim et al.

Fig. 1.26 Schematic of the architecture required for self-powered wireless sensor network to
achieve desired reliability for long period of time

output impedance. In order to implement this scheme for powering sensors, it will
be crucial to design and fabricate them with proper interface. In addition, a special
ASIC for matching the widely different output impedance of the harvesters is needed
for combined storage.
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Chapter 2
Electromechanical Modeling of Cantilevered
Piezoelectric Energy Harvesters for Persistent
Base Motions

Alper Erturk and Daniel J. Inman

Abstract This chapter investigates electromechanical modeling of cantilevered
piezoelectric energy harvesters excited by persistent base motions. The modeling
approaches are divided here into two sections as lumped parameter modeling and
distributed parameter modeling. The first section discusses the amplitude-wise cor-
rection of the existing lumped parameter piezoelectric energy harvester model for
base excitation. For cantilevers operating in the transverse and longitudinal vibra-
tion modes, it is shown that the conventional base excitation expression used in
the existing lumped parameter models may yield highly inaccurate results in pre-
dicting the vibration response of the structure. Dimensionless correction factors
are derived to improve the predictions of the coupled lumped parameter piezoelec-
tric energy harvester model. The second section of this chapter presents coupled
distributed parameter modeling of unimorph and bimorph cantilevers under per-
sistent base excitations for piezoelectric energy harvesting. Closed-form solutions
are obtained by considering all vibration modes and the formal representation of
the direct and converse piezoelectric effects. Steady state electrical and mechanical
response expressions are derived for arbitrary frequency excitations. These multi-
mode solutions are then reduced to single-mode solutions for excitations around
the modal frequencies. Finally, the analytical expressions derived here are validated
experimentally for a cantilevered bimorph with a proof mass.

2.1 Introduction

Vibration-based energy harvesting has received a great attention in the past decade.
Research motivation in this field is due to the reduced power requirement of small
electronic components, such as the wireless sensors used in structural health mon-
itoring applications. The ultimate goal is to power such small electronic devices
using the vibration energy available in their ambient so the requirement of an
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external power source or periodic battery replacement can be removed or at least
minimized. Research in this area involves understanding the mechanics of vibrat-
ing structures, the constitutive behavior of piezoelectric materials and the electrical
circuit theory. This promising way of powering small electronic components and
remote sensors has attracted researchers from different disciplines of engineering,
including mechanical, electrical, and civil as well as researchers from the field of
material science.

As described by Williams and Yates (1996), the three basic vibration-to-electric
energy conversion mechanisms are the electromagnetic (Williams and Yates, 1996,
Glynne-Jones et al., 2004, Arnold, 2007), electrostatic (Roundy et al., 2002,
Mitcheson, 2004), and piezoelectric (Roundy et al., 2003, Sodano et al., 2005, Jeon
et al., 2005) transductions. In the last decade, these transduction mechanisms have
been investigated by numerous researchers for vibration-based energy harvesting
and extensive discussions can be found in the existing review articles (e.g., Beeby
et al., 2006). The literature of the last five years shows that piezoelectric transduc-
tion has received the most attention for vibration-to-electricity conversion and four
review articles focusing on piezoelectric energy harvesting have been published in
the last four years (Sodano et al., 2004a, Priya, 2007, Anton and Sodano, 2007,
Cook-Chennault et al., 2008). The relevant experimental research and possible
applications of piezoelectric energy harvesting can be found in the aforementioned
review articles.

Typically, a piezoelectric energy harvester is a cantilevered beam with one or two
piezoceramic layers (a unimorph or a bimorph). The harvester beam is located on a
vibrating host structure and the dynamic strain induced in the piezoceramic layer(s)
generates an alternating voltage output across the electrodes covering the piezoce-
ramic layer(s). In addition to the experimental research on the practical applications
of such energy harvesters, researchers have proposed various mathematical models.
Developing a reliable mathematical model can allow predicting the electrical power
output of a given energy harvester under the prescribed base excitation conditions.
Moreover, it can allow designing and optimizing the energy harvester for a given set
of electrical and mechanical variables. Although the implementation of piezoelectric
energy harvesting for charging a real battery in an efficient way is more sophisticated
(Ottman et al., 2002), researchers have considered a resistive load in the electrical
circuit to come up with simple models for predicting the electrical response of the
harvester for a given base motion input.

The coupled problem of predicting the voltage across the resistive load con-
nected to the electrodes of a vibrating energy harvester (under base excitation) has
been investigated by many authors. In the early mathematical modeling treatments,
researchers (Roundy et al., 2003, duToit et al., 2005) employed lumped parameter
(single-degree-of-freedom) type solutions. Lumped parameter modeling is a con-
venient modeling approach since the electrical domain already consists of lumped
parameters: a capacitor due to the internal (or inherent) capacitance of the piezoce-
ramic and a resistor due to an external load resistance. Hence, the only thing required
is to obtain the lumped parameters representing the mechanical domain so that the
mechanical equilibrium and electrical loop equations can be coupled through the
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piezoelectric constitutive relations (IEEE, 1987) and a transformer relation can be
established. This was the main procedure followed by Roundy et al. (2003) and
duToit et al. (2005) in their lumped parameter model derivations. Although lumped
parameter modeling gives initial insight into the problem by allowing simple expres-
sions, it is an approximation limited to a single vibration mode and lacks impor-
tant aspects of the coupled physical system, such as the information of dynamic
mode shape and accurate strain distribution as well as their effects on the electrical
response.

Since cantilevered energy harvesters are basically excited due to the motion of
their base, the well-known lumped parameter harmonic base excitation relation
taken from the elementary vibration texts has been used in the energy harvesting
literature for both modeling (duToit et al., 2005) and studying the maximum power
generation and parameter optimization (Stephen, 2006, Daqaq et al., 2007). It was
shown (Erturk and Inman, 2008a) that the conventional form of the lumped parame-
ter harmonic base excitation relation may yield highly inaccurate results both for the
transverse and longitudinal vibrations of cantilevered structures depending on the tip
(proof) mass to beam/bar mass ratio. The correction is due to the contribution of the
distributed mass of the cantilevered structure to the excitation amplitude, which is
not modeled in Roundy et al. (2003) and underestimated due to using the lumped
parameter base excitation model in duToit et al. (2005). The contribution of the
distributed mass to the excitation amplitude is important especially if the harvester
does not have a very large proof mass. Correction factors were derived (Erturk and
Inman, 2008a) to improve the predictions of the lumped parameter electromechan-
ical relations (duToit et al., 2005) for cantilevered energy harvesters under base
excitation. Amplitude-wise correction of the lumped parameter electromechanical
relations is summarized in Section 2.2 of this chapter.

As an improved modeling approach, the Rayleigh–Ritz-type discrete formula-
tion originally derived by Hagood et al. (1990) for piezoelectric actuation (based
on the generalized Hamilton’s principle for electromechanical systems given by
Crandall et al. (1968)) was employed by Sodano et al. (2004b) and duToit et al.
(2005) for modeling of cantilevered piezoelectric energy harvesters (based on the
Euler–Bernoulli beam theory). The Rayleigh–Ritz model gives a discrete model of
the distributed parameter system and it is a more accurate approximation when
compared with lumped parameter modeling. In order to represent the electrical
outputs analytically, Lu et al. (2004) used the vibration mode shapes obtained
from the Euler–Bernoulli beam theory and the piezoelectric-constitutive relation
(IEEE, 1987) that gives the electric displacement to relate the electrical outputs to
the vibration mode shape. Similar models were given by Chen et al. (2006) and
Lin et al. (2007) where the electrical response is expressed in terms of the beam
vibration response. The deficiencies in these analytical-modeling attempts include
lack of consideration of the resonance phenomenon, ignorance of modal expan-
sion, and oversimplified modeling of piezoelectric coupling in the beam equation
as viscous damping (e.g., Lu et al., 2004, Chen et al., 2006, Lin et al., 2007). As
shown in this work, representing the effect of piezoelectric coupling in the beam
equation as viscous damping fails in predicting the coupled system dynamics of a
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piezoelectric energy harvester, although this simplified model (viscous damping rep-
resentation of electromechanical coupling) is a reasonable approximation for certain
electromagnetic energy harvesters (Williams and Yates, 1996). One particular con-
sequence of misrepresenting or ignoring piezoelectric coupling in the mechanical
equation is highly inaccurate prediction of the optimum load resistance that gives
the maximum electrical power (Erturk and Inman, 2008b). Moreover, simplified
modeling of piezoelectric coupling cannot predict the variation of the resonance
frequencies with changing load resistance. In terms of analytical modeling, Ajit-
saria et al. (2007) presented a bimorph cantilever model, where they attempted to
combine the static sensing/actuation equations (with constant radius of curvature
and a static tip force) with the dynamic Euler–Bernoulli beam equation (where the
radius of curvature varies) under base excitation (where there is no tip force). Thus,
highly different modeling approaches have appeared in the literature during the last
five years and some of them might be misleading due to the simplified modeling
approaches presented.

Erturk and Inman (2008c) presented the analytical solution to the coupled prob-
lem of a unimorph piezoelectric energy harvester configuration based on the Euler–
Bernoulli beam assumptions. They obtained the coupled voltage response across
the resistive load and the coupled vibration response of the harvester explicitly for
harmonic base excitations in the form of translation with small rotation. The short-
circuit and open-circuit trends and the effect of piezoelectric coupling were inves-
tigated extensively. Later, Elvin and Elvin (2008) observed the convergence of the
Rayleigh–Ritz-type solution formerly introduced by Hagood et al. (1990) to the ana-
lytical solution given by Erturk and Inman (2008c) when sufficient number of vibra-
tion modes is used with appropriate admissible functions. Erturk and Inman (2008d)
extended their closed-form distributed parameter solution to bimorph configurations
and presented experimental validations. Section 2.3 of this chapter summarizes the
distributed parameter models for the unimorph and bimorph cantilevers and their
closed-form solutions (Erturk and Inman, 2008c, 2008d) along with experimental
validations. The mathematical derivations, theoretical, and experimental demonstra-
tions presented in Section 2.3 of this chapter aim to provide a basic understanding
of piezoelectric energy harvesting and also to clarify the modeling issues observed
and repeated in the literature (Erturk and Inman, 2008b).

2.2 Amplitude-Wise Correction of the Lumped Parameter Model

This section discusses the amplitude-wise correction of the coupled lumped param-
eter piezoelectric energy harvester model for base excitation. The details of the fol-
lowing subsections can be found in Erturk and Inman (2008a). First, the uncoupled
lumped parameter base excitation model is reviewed as it is commonly used for
representing the mechanical equation of motion in vibration-based energy harvest-
ing. Then the uncoupled distributed parameter solution is presented for cantilevered
beams in transverse vibrations and cantilevered bars in longitudinal vibrations and
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deficiency of the lumped parameter model is shown. Correction factors are derived
for improving the excitation amplitude of the respective lumped parameter models
for the transverse and longitudinal vibrations. For the presence of a tip mass (or
proof mass), variation of the correction factors tip mass-to-beam/bar mass ratio
are presented graphically along with curve-fit relations obtained from numerical
solutions. Finally, the amplitude-wise correction factor for longitudinal vibrations
is used in the lumped parameter electromechanical equations for improving the
coupled lumped parameter predictions.

2.2.1 Uncoupled Lumped Parameter Base Excitation Model

Since vibration-based energy harvesters are excited due to the motion of their base,
the lumped parameter representation of base excitation model shown in Fig. 2.1 has
been used by many authors. The governing equation of motion due to the vibrating
base is

meqz̈ + ceq ż + keqz = −meq ÿ, (2.1)

where meq, keq, and ceq are the equivalent (or effective) mass, stiffness, and viscous
damping terms, respectively, y is the base displacement and z is the displacement of
the lumped mass relative to the vibrating (or moving) base. Hereafter, an over dot
represents differentiation with respect to time and therefore, ÿ is simply the base
acceleration. If the base displacement is harmonic in the form of y(t) = Y0 ejωt

(where Y0 is the displacement amplitude, ω is the frequency, and j is the unit
imaginary number), then the steady-state displacement response of the lumped mass
relative to the base becomes

z(t) = ω2

ω2
n
− ω2 + j2ζωnω

Y0 ejωt , (2.2)

Fig. 2.1 Lumped parameter base excitation model
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where ωn is the undamped natural frequency and ζ is the mechanical damping ratio
such that ωn = √

keq/meq and ζ = ceq/
√

4keqmeq.
In the literature of vibration-based energy harvesting, Eq. (2.1) was first used

by Williams and Yates (1996) for modeling the dynamics of their magnet-coil-type
electromagnetic generator. The viscous damping coefficient was defined to have
an electromagnetically induced component, which allowed expressing the electrical
power output of the electromagnetic generator in a convenient way. This simple
approach has been employed by several others for modeling of electromagnetic
energy harvesters (El-hami et al., 2001, Beeby et al., 2007).

Although modeling of electromechanical coupling in piezoelectric energy har-
vesting is more complicated than adding an electrically induced viscous damping,
the form of Eq. (2.1) was used for the mathematical representation of the piezo-
electric energy harvesting problem by Jeon et al. (2005) and Fang et al. (2006) in
their experimental papers investigating cantilevered piezoelectric energy harvesters
under base excitation. Ajitsaria et al. (2007) used this uncoupled form of lumped
parameter base excitation relation for predicting the voltage response of a cantilever,
where they did not model piezoelectric coupling in the mechanical equation. As
a coupled lumped parameter modeling approach, duToit et al. (2005) introduced
piezoelectric coupling to Eq. (2.1) in a formal way (i.e., based on the piezoelectric
constitutive laws), rather than introducing an electrically induced viscous damping.
However, the origin of their (duToit et al., 2005) mechanical equation was still the
conventional lumped parameter base excitation relation given by Eq. (2.1). Since
the lumped parameter base excitation model has been widely used in the literature
of vibration-based energy harvesting, it is a useful practice to compare its accuracy
with the distributed parameter model. The uncoupled distributed parameter solution
of the base excitation problem is reviewed in the next section.

2.2.2 Uncoupled Distributed Parameter Base Excitation Model

In the following, the uncoupled distributed parameter solution of the harmonic base
excitation problem is reviewed for cantilevered beams in transverse vibrations and
for cantilevered bars in longitudinal vibrations.

2.2.2.1 Cantilevered Beams in Transverse Vibrations

Consider the uniform cantilevered beam shown in Fig. 2.2. Based on the Euler–
Bernoulli beam assumptions (i.e., shear deformations and rotary inertias are negli-
gible), free vibrations of the beam are governed by the following partial differential
equation:

Y I
�4w(x, t)

�x4
+ cs I

�5w(x, t)

�x4�t
+ ca

�w(x, t)

�t
+ m

�2w(x, t)

�t2
= 0, (2.3)
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where YI is the bending stiffness, m is the mass per unit length, ca is the exter-
nal viscous damping term (due to air or the respective surrounding fluid), cs I is
the internal strain rate (or Kelvin–Voigt) damping term, and w(x, t) is the abso-
lute transverse displacement of the beam at point x and time t . Note that both of
the damping mechanisms considered here are assumed to satisfy the proportional
damping criterion and they are mathematically convenient for the modal analysis
solution procedure (Clough and Penzien, 1975, Banks and Inman, 1991). Strain-rate
damping is assumed to be stiffness proportional, whereas air damping is assumed to
be mass proportional and this type of combined proportional damping is also known
as Rayleigh damping (Clough and Penzien, 1975).

As proposed by Timoshenko et al. (1974), the absolute displacement response
w(x, t) can be given in terms of the base displacement wb(t) and the transverse
displacement response wrel(x, t) relative to the base as

w(x, t) = wb(t) +wrel(x, t), (2.4)

which can be substituted into Eq. (2.3) to yield the following forced vibration equa-
tion for the transverse vibrations of the beam relative to its moving base:

Y I
�4wrel(x, t)

�x4
+ cs I

�5wrel(x, t)

�x4�t
+ ca

�wrel(x, t)

�t
+ m

�2wrel(x, t)

�t2

= −m
d2wb(t)

dt2
− ca

dwb(t)

dt
. (2.5)

A more general form of the base excitation (with small rotation) is given in the
relevant work (Erturk and Inman, 2008a). It is important to note from Eq. (2.5)
that the right-hand side forcing function has two components. One component is
expectedly due to the distributed inertia of the beam, whereas the other component
is due to external viscous damping. The excitation component induced by the exter-
nal damping component is peculiar to support motion problems. If the surrounding
fluid is air, then the excitation term due to air damping is typically negligible when
compared with the inertial excitation term. In the absence of a tip mass, it was shown
(Erturk and Inman, 2008a) in a dimensionless basis that the contribution from air
damping to the excitation force at resonance is less than 5% of the total (inertial
and damping) excitation, if the damping ratio due to air damping (defined as ζ a

r in
the following) is less than 2.5%. However, one should be careful with this external
damping related excitation term for energy harvesters excited by base motions in
fluids with larger damping effect.

Based on the expansion theorem, wrel(x, t) can be represented by an absolutely
and uniformly convergent series of the eigenfunctions as

wrel(x, t) =
∞∑

r=1

φr (x)ηr (t), (2.6)
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y

x = 0 x = L
x

wb (t)

Fig. 2.2 Cantilevered beam excited by the motion of its base in the transverse direction

whereφr (x) and ηr (t) are the mass normalized eigenfunction and the modal response
of the clamped-free beam for the r th vibration mode, respectively. In the absence of
a tip mass (which is the case in Fig. 2.2), the mass normalized eigenfunctions are

φr (x) =
√

1

mL

[
cosh

λr

L
x − cos

λr

L
x −σr

(
sinh

λr

L
x − sin

λr

L
x

)]
, (2.7)

where the λr s are the dimensionless frequency numbers obtained from the charac-
teristic equation given by

1 + cosλ cosh λ = 0, (2.8)

and σr is expressed as

σr = sinh λr − sin λr

coshλr + cos λr
. (2.9)

Using Eq. (2.6) in Eq. (2.5) along with the orthogonality conditions of the eigen-
functions (Erturk and Inman, 2008a) yield

η̈r (t) + 2ζrωr η̇r (t) + ωr
2ηr (t) = [−mẅb(t) − caẇb(t)]

L∫
0

φr (x)dx, (2.10)

where ωr is the undamped natural frequency of the r th mode given by

ωr = λr
2

√
Y I

mL4
, (2.11)

and ζr is the modal mechanical damping ratio and it satisfies the following relation
since the strain rate and air damping components are assumed to be stiffness and
mass proportional, respectively:

ζr = cs Iωr

2Y I
+ ca

2mωr
. (2.12)
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If the base displacement is assumed to be harmonic in the form of wb(t) =
Y0 ejωt , the steady-state modal response can be obtained from Eq. (2.10) as

ηr (t) = mω2 − jωca

ωr
2 − ω2 + j2ζrωrω

Y0 ejωt

L∫
0

φr (x)dx, (2.13)

which can then be used in Eq. (2.6) along with Eq. (2.7) to obtain wrel(x, t). Then,
the transverse displacement at the tip of the beam (x = L) relative to the moving
base is

wrel(L , t) = Y0 ejωt
∞∑

r=1

2σr [coshλr − cos λr −σr (sinhλr − sinλr )]
(
ω2 − j2ζ a

r ωrω
)

λr
(
ωr

2 − ω2 + j2ζrωrω
) ,

(2.14)
where ζ a

r is the viscous air damping component of the modal mechanical damping
ratio (ζ a

r = ca/2mωr ).
Note that the above analysis is given for a uniform cantilevered beam without

a tip mass. Presence of a tip mass changes not only the eigenfunctions and the
characteristic equation given by Eqs. (2.7) and (2.8), respectively, but also the exci-
tation term since the inertia of the tip mass also contributes to the forcing function
in that case (Erturk and Inman, 2008a). The effect of a tip mass on the ultimate
results of the analysis given here (which are the correction factors) is addressed in
Section 2.2.3.1.

2.2.2.2 Cantilevered Bars in Longitudinal Vibrations

A similar procedure is applied in this section to obtain the distributed parameter
solution of the base excitation problem for the longitudinal vibrations of the uniform
cantilevered bar shown in Fig. 2.3. The partial differential equation of motion for
free vibrations of the bar can be given by

Y A
�2u(x, t)

�x2
+ cs A

�3u(x, t)

�x2�t
− ca

�u(x, t)

�t
− m

�2u(x, t)

�t2
= 0, (2.15)

y

x = 0 x = L
x

ub (t)

Fig. 2.3 Cantilevered bar excited by the motion of its base in the longitudinal direction
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where Y A is the axial stiffness, m is the mass per unit length, ca is the external
viscous damping term, cs A is the internal strain rate damping term, and u(x, t) is the
absolute longitudinal displacement of the bar at point x and time t .1 As in the case
of transverse vibrations, strain rate damping is assumed to be stiffness proportional,
whereas viscous air damping is assumed to be mass proportional.

The absolute longitudinal displacement response is then represented in terms of
the base displacement and the displacement response relative to the base as

u(x, t) = ub(t) + urel(x, t). (2.16)

One can then substitute Eq. (2.16) into Eq. (2.15) to obtain a forced partial differ-
ential equation for the longitudinal vibrations of the bar relative to its moving base.
After following similar steps given for the transverse vibrations case, the displace-
ment response at the free end of the bar (x = L) relative to its moving base can be
expressed for harmonic base displacement ub(t) = X0 ejωt as

urel(L, t) = X0 ejωt
∞∑

r=1

2 sinαr (1 − cosαr )
(
ω2 − j2ζ a

r ωrω
)

αr
(
ωr

2 − ω2 + j2ζrωrω
) , (2.17)

where X0 is the harmonic base displacement amplitude (at frequency ω), ωr is
the undamped natural frequency, ζr is the modal mechanical damping ratio, ζ a

r
is the viscous air damping component of the modal mechanical damping ratio,
and the eigenvalues denoted by αr are obtained from the following characteristic
equation,

cosαr = 0, (2.18)

and the undamped natural frequencies are given by

ωr = αr

√
Y A

mL2
. (2.19)

Note that the foregoing analysis is valid for a uniform cantilevered bar without a tip
mass and details of the derivation in the presence of a tip mass is given by Erturk
and Inman (2008a). The effect of a tip mass on the results of the analysis given here
is discussed in Section 2.2.3.2.

2.2.3 Correction Factors for the Lumped Parameter Model

In this section, the distributed parameter solutions are reduced to single-mode
expressions and these relations are compared with the lumped parameter solution

1 Although the same notation is used for the mass per length and the damping terms in Eqs. (2.3)
and (2.15) for convenience, these terms are not necessarily identical.
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given by Eq. (2.2). Deficiency of the lumped parameter solution is shown and cor-
rection factors are introduced to improve its predictions. For the presence of a tip
mass, variation of the correction factors with tip mass-to-beam/bar mass ratio are
presented.

2.2.3.1 Cantilevered Beams in Transverse Vibrations

For excitations around the first natural frequency (i.e., for ω ∼= ω1), the distributed
parameter solution given by Eq. (2.14) can be reduced to

wrel(L, t) ∼= μ1ω
2

ω1
2 − ω2 + j2ζ1ω1ω

Y0 e jωt , (2.20)

which is in the form of the lumped parameter solution given by Eq. (2.2).2 Thus,
μ1 is the amplitude-wise correction factor for the lumped parameter model (for
transverse vibrations) and it can be given by

μ1 = 2σ1 [coshλ1 − cosλ1 −σ1 (sinhλ1 − sin λ1)]

λ1
, (2.21)

where subscript 1 stands for the first vibration mode. It is then straightforward to
obtain from Eqs. (2.8), (2.9) and (2.21) that μ1 = 1.566. Here, in correcting the
amplitude-wise prediction of Eq. (2.2), it is assumed that the lumped parameter
estimate of the undamped natural frequency (ωn in Eq. (2.2)) is sufficiently accurate
(i.e., ωn

∼= ω1 where ω1 is obtained from Eq. (2.11) for r = 1). Typically, the
following lumped parameter relation is used to predict the natural frequency of a
uniform cantilevered beam in transverse vibrations (Lord Rayleigh, 1894)

ωn =
√

keq

meq
=
√

3Y I/L3

(33/140)mL + Mt
, (2.22)

where Mt is the tip mass (if exists) and it is zero in the above discussion. It can be
shown that the error due to using Eq. (2.22) in predicting the fundamental natural
frequency is about 0.5% in the absence of a tip mass (relative to the Euler–Bernoulli
model fundamental natural frequency ω1). The prediction of Eq. (2.22) is improved
in the presence of a tip mass.

In order to compare the lumped parameter and the distributed parameter solu-
tions, the relative displacement transmissibility FRF (frequency response function)
forms a convenient basis and it is simply z(t)/y(t) for the lumped parameter model
and wrel(L, t)/wb(t) for the distributed parameter model. Figure 2.4a shows the
amplitude-wise error in the lumped parameter displacement transmissibility FRF
as a function of dimensionless frequency � = ω/ω1 where the correct solution
is taken as the distributed parameter solution given by Eq. (2.14). It is clear from

2 Note that the excitation component due to viscous air damping is neglected in Eq. (2.20).
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Fig. 2.4 (a) Relative error in the lumped parameter displacement transmissibility FRF and the
(b) displacement transmissibility FRFs obtained from the distributed parameter, corrected lumped
parameter, and lumped parameter models

Fig. 2.4a that the error due to using the lumped parameter approach for predicting
the relative motion at the tip of the beam is very large. In the vicinity of the first
natural frequency (i.e., at � ∼= 1), the error of the lumped parameter model can
be greater than 35% regardless of the damping ratio. The interesting behavior in
the relative error plot at resonance is due to the slight inaccuracy of the lumped
parameter natural frequency prediction by Eq. (2.22), which was mentioned before.
If the lumped parameter natural frequency was taken to be identical to the first
natural frequency of the Euler–Bernoulli beam model, one would obtain a smooth
behavior in the error. At higher frequencies, the error in the lumped parameter model
increases drastically as one approaches to the region of the second vibration mode,
which cannot be captured by the lumped parameter model.

Figure 2.4b shows the displacement transmissibility FRFs for the distributed
parameter solution given by Eq. (2.14), corrected lumped parameter solution given
by Eq. (2.20) and the original lumped parameter solution given by Eq. (2.2). The cor-
rected lumped parameter model obtained by Eq. (2.20) or by multiplying Eq. (2.2)
with the correction factor μ1 represents the distributed parameter model perfectly in
a wide range of frequencies around the fundamental vibration mode. Note that the
corrected lumped parameter model deviates from the distributed parameter model
at high frequencies, since it does not include the information of the higher vibra-
tion modes.

Based on the above discussion, it can be concluded that the correct form of the
lumped parameter equation of motion given by Eq. (2.1) is

meq z̈ + ceq ż + keqz = −μ1meq ÿ, (2.23)

Thus, Eq. (2.2) becomes

z(t) = μ1ω
2

ωn
2 − ω2 + j2ζωnω

Y0 e jωt . (2.24)



2 Electromechanical Modeling of Cantilevered Piezoelectric Energy Harvesters 53

Here, μ1 corrects the excitation amplitude and therefore the response amplitude of
the lumped parameter model. Otherwise, in the absence of a tip mass, the original
lumped parameter model underestimates the response amplitude with an error of
about 35%.

So far, the case without a tip mass has been discussed. In many cases, a tip mass
(or proof mass) is attached rigidly at the free end of the cantilever to tune its funda-
mental natural frequency to a desired value or to increase its flexibility especially in
microscale applications. The presence of a tip mass changes the forcing function due
to base excitation as well as the eigenfunctions and the eigenvalues. After working
out the problem for the presence of a tip mass, one can obtain the variation of the cor-
rection factor with tip mass-to-beam mass ratio as shown in Fig. 2.5a for transverse
vibrations. As can be seen from this figure, if the tip mass of the cantilevered beam
is very large, the correction factor tends to unity (i.e., as Mt/mL → ∞, μ1 → 1).
Therefore, there is no need to use the correction factor if a large tip mass is attached
to the cantilevered beam. This makes perfect physical sense, since the contribution
of the distributed mass of the beam to the excitation amplitude becomes negligible
in the presence of a large tip mass. In such a case, there is no need to correct the
original form of the lumped parameter solution given by Eq. (2.2). The curve shown
in Fig. 2.5a is obtained by numerical solution and the following curve fit relation
represents it with an error of less than 9 × 10−3% for all values of Mt/mL:

μ1 = (Mt/mL)2 + 0.603(Mt/mL) + 0.08955

(Mt/mL)2 + 0.4637(Mt/mL) + 0.05718
. (2.25)

2.2.3.2 Cantilevered Bars in Longitudinal Vibrations

In a similar way, the distributed parameter solution given by Eq. (2.17) can be
reduced to the following expression with the assumption of modal excitation around

(a) (b)

Fig. 2.5 Variation of the correction factor (a) with tip mass-to-beam mass ratio for transverse
vibrations and (b) with tip mass-to-bar mass ratio for longitudinal vibrations
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the first natural frequency (i.e., for ω ∼= ω1):

urel(L, t) ∼= κ1ω
2

ω1
2 − ω2 + j2ζ1ω1ω

X0 e jωt , (2.26)

where the excitation due to air damping is neglected. Equation (2.26) is in the
form of the lumped parameter solution given by Eq. (2.2) and therefore κ1 is the
amplitude-wise correction factor for the lumped parameter model (for longitudinal
vibrations) and it is simply

κ1 = 2 sinα1 (1 − cosα1)

α1
= 4

π
∼= 1.273, (2.27)

where subscript 1 stands for the first vibration mode. Once again, in correcting the
amplitude-wise prediction of Eq. (2.2), it is assumed that the lumped parameter
estimate of the undamped natural frequency (ωn in Eq. (2.2)) is sufficiently accurate
(i.e., ωn

∼= ω1 where ω1 is obtained from Eq. (2.19) for r = 1). The following
lumped parameter relation is commonly used (e.g., duToit et al., 2005) to predict
the natural frequency of a uniform cantilevered bar in longitudinal vibrations (Lord
Rayleigh, 1894)

ωn =
√

keq

meq
=
√

Y A/L

mL/3 + Mt
, (2.28)

where Mt is the tip mass (if exists) and it is zero in the above discussion. In the
absence of a tip mass, this expression gives an error of about 10.3% (compared
with the distributed parameter model fundamental natural frequency ω1 obtained
from Eq. (19)) and the prediction of Eq. (2.28) is improved in the presence of a
tip mass. However, it is recommended that one should use Eq. (2.19) with r = 1
to predict the fundamental natural frequency for longitudinal vibrations rather than
using Rayleigh’s relation (Eq. (2.28)) especially if the cantilevered bar does not have
a large tip mass. Then, from Eqs. (2.2) and (2.26), it can be shown that the error in
the predicted motion transmissibility using the former expression can be as high as
21.4% in the absence of a tip mass even if the accurate natural frequency is used
in Eq. (2.2).

As in the case of transverse vibrations, the base excitation problem in the pres-
ence of a tip mass can be studied and the variation of the correction factor κ1 with tip
mass-to-bar mass ratio can be obtained as shown in Fig. 2.5b. Equation (2.17) takes
a more complicated form in the presence of a tip mass (Erturk and Inman, 2008a).
Expectedly, the correction factor tends to unity for large values of tip mass due to
the reasoning given in the transverse vibrations case (Section 2.2.3.1). Therefore,
there is no need to correct the original lumped parameter model if the cantilevered
bar has a sufficiently large tip mass. Otherwise, in order not to underestimate the
vibration response of the bar, the lumped parameter relations given by Eqs. (2.1)
and (2.2) must be corrected to
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meq z̈ + ceq ż + keqz = −κ1meq ÿ, (2.29)

and

z(t) = κ1ω
2

ωn
2 − ω2 + j2ζωnω

Y0 e jωt , (2.30)

respectively. Note that the curve shown in Fig. 2.5b is obtained by numerical solu-
tion and the following curve fit relation represents it with an error of less than
4.5 × 10−2% for all values of Mt/mL:

κ1 = (Mt/mL)2 + 0.7664(Mt/mL) + 0.2049

(Mt/mL)2 + 0.6005(Mt/mL) + 0.161
. (2.31)

2.2.4 Correction Factor in the Piezoelectrically Coupled Lumped
Parameter Equations

We introduce the amplitude-wise correction factor to the piezoelectrically coupled
lumped parameter equations. The “general 1D model of piezoelectric vibration
energy harvester” shown in Fig. 2.6 as well as the sample numerical values shown
in the same figure are from a paper by duToit et al. (2005) and these data are used
here for the purpose of demonstration.

The electromechanically coupled equations of the lumped parameter model
shown in Fig. 2.6 were given by (duToit et al., 2005).3

ürel(t) + 2ζωnu̇rel(t) + ωn
2urel(t) − ωn

2d33v(t) = −üb(t), (2.32)

ReqCpv̇(t) + v(t) + meq Reqd33ωn
2u̇rel(t) = 0, (2.33)

Proof mass

Piezo

Base

urel (t) Rp

M = 0.01 kg (proof mass)

mp = 0.0075 kg (mass of piezo)

ωn = 196,570 rad/s

d33 = 593.10–12
 
 m/V

Rp = 5.109 Ohm

Ap = 0.0001 m2

h = 0.01 m

εí33 = 1.137.10–8 
 F/V

ζm = 0.05Rl

ub(t)

Fig. 2.6 Lumped parameter piezoelectric energy harvester model with sample numerical values
by duToit et al. (2005)

3 Some of the variables defined in the relevant work have been adapted to the notation in our text.
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where meq is the equivalent mass of the bar, ζ is the mechanical damping ratio,
ωn is the undamped natural frequency, d33 is the piezoelectric constant, Req is the
equivalent resistance (due to the external load resistance Rl and the piezoelectric
leakage resistance Rp), Cp is the internal capacitance of the piezoceramic, ub(t)
is the harmonic base displacement, urel(t) is the displacement of the proof mass
relative to the base and v(t) is the voltage output. The lumped parameter model
introduced by duToit et al. (2005) is an improved approach with the formal treat-
ment of piezoelectric coupling (which results in the voltage term in the mechanical
equation) when compared with the models which considered the effect of piezo-
electric coupling as viscous damping. However, based on our previous discussion,
we know that the mechanical equilibrium equation given by Eq. (2.32) relies on
the lumped parameter base excitation relation given by Eq. (2.1) and it may need a
correction factor depending on the proof mass-to-bar mass ratio. From the numer-
ical values given in Fig. 2.6, the proof mass-to-bar mass ratio of this device is
Mt/mL ∼= 1.33. From Fig. 2.5b or Eq. (2.31), the correction factor for the fun-
damental mode can be obtained as κ1

∼= 1.0968. Therefore, the corrected form of
Eq. (2.32) is

ürel(t) + 2ζωnu̇rel(t) + ωn
2urel(t) − ωn

2d33v(t) = −κ1üb(t). (2.34)

Note that the resulting vibration amplitude of the proof mass relative to the mov-
ing base and the voltage amplitude are linearly proportional to the amplitude of the
right-hand side of Eq. (2.34), whereas the power output is proportional to the square
of this term:

∣∣∣∣urel(t)

üb(t)

∣∣∣∣ =
κ1/ω

2
n

√
1 + (r�)2

√[
1 − (1 + 2ζr) �2

]2 + [(
1 + k2

e

)
r� + 2ζ� − r�3

]2
, (2.35)

∣∣∣∣ v(t)

üb(t)

∣∣∣∣ = κ1meq Reqd33ωn�√[
1 − (1 + 2ζr) �2

]2 + [(
1 + k2

e

)
r� + 2ζ� − r�3

]2 , (2.36)

∣∣∣∣ P(t)

ü2
b(t)

∣∣∣∣ = κ2
1 meq/ωnrk2

e Req/Rl�
2

[
1 − (1 + 2ζr) �2

]2 + [(
1 + k2

e

)
r� + 2ζ� − r�3

]2 . (2.37)

Here, � = ω/ωn is the dimensionless frequency (where ω is the excitation fre-
quency), k2

e is the coupling coefficient and r = ωn ReqCp (duToit et al., 2005). If the
correction factor is not used for the energy harvester device described by the data
provided in Fig. 2.6, all of these terms (urel(t), v(t), and P(t)) are underestimated.
In such a case, the error in the relative tip motion and the voltage amplitudes is
about 8.83%, whereas the error in the electrical power amplitude is about 16.9%
(since κ1

∼= 1.0968) relative to the distributed parameter solution.
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2.3 Coupled Distributed Parameter Models
and Closed-Form Solutions

This section presents the distributed parameter models for unimorph and bimorph
cantilevers and their closed-form solutions for harmonic base excitation input. The
mathematical derivation steps are summarized here and the details of the following
subsections can be found in the relevant papers by Erturk and Inman (2008c, 2008d).
Experimental validation of the coupled distributed parameter relations is presented
for a cantilevered bimorph with a tip mass.

2.3.1 Modeling Assumptions

The three basic cantilevered piezoelectric energy harvester configurations are shown
in Fig. 2.7. The first cantilever shown in Fig. 2.7a is a unimorph configuration (with
a single piezoceramic layer), whereas the other two cantilevers (Fig 2.7b and c)
are bimorph configurations (with two piezoceramic layers). These configurations
are modeled here as uniform composite beams for linearly elastic deformations and

Fig. 2.7 Cantilevered piezoelectric energy harvester configurations under base excitation;
(a) unimorph configuration, (b) bimorph configuration (series connection), and (c) bimorph con-
figuration (parallel connection)
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geometrically small oscillations based on the Euler–Bernoulli beam assumptions.
Therefore, the effects of shear deformation and rotary inertia are neglected and this
is a reasonable assumption since typical piezoceramic benders are designed and
manufactured as thin beams. The mechanical losses are represented by the internal
(strain rate) and external (viscous air) damping mechanisms. The piezoceramic and
substructure layers are assumed to be perfectly bonded to each other. The electrodes
covering the opposite faces of the piezoceramic layers are assumed to be very thin
so that their contribution to the thickness dimension is negligible.

The piezoceramic layers are poled in the thickness direction as depicted in
Fig. 2.7. Since the bimorph configurations have two piezoceramic layers, one can
connect the electrical outputs of the piezoceramic layers either in series (Fig. 2.7b)
or in parallel (Fig. 2.7c). The continuous electrode pairs covering the top and the
bottom faces of the piezoceramic layers are assumed to be perfectly conductive so
that a single electric potential difference can be defined between them. Therefore,
the instantaneous electric fields induced in the piezoceramic layers are assumed
to be uniform throughout the length of the beam. A resistive electrical load (Rl)
is considered in the circuit along with the internal capacitances of the piezoceramic
layers. As mentioned in the introduction, considering a resistive load in the electrical
domain is a common practice in modeling of vibration-based energy harvesters. As a
consequence, it is assumed that the base motion input is persistent so that continuous
electrical outputs can be extracted from the electromechanical system.

2.3.2 Mathematical Background

For each of the configurations shown in Fig. 2.7, free vibrations of the cantilevered
beam are governed by

�2 M(x, t)

�x2
+ cs I

�5w(x, t)

�x4�t
+ ca

�w(x, t)

�t
+ m

�2w(x, t)

�t2
= 0, (2.38)

which is similar to Eq. (2.3) given in the uncoupled analysis and definition of the
relevant terms can be found in Section 2.2.2.1. However, in the coupled treatment
given here, the internal bending moment term, M(x, t), which is the first moment of
the axial stress integrated over the beam cross-section, yields not only the first term
of Eq. (2.3) but also a piezoelectrically induced voltage term. In order to introduce
the piezoelectric coupling to the beam equation, the following axial stress expres-
sion (IEEE, 1987) must be used in expressing M(x, t) over the thickness of the beam
occupied by the piezoceramic layer(s):

T1 = cE
11 S1 − e31 E3. (2.39)

Here, T1 is the axial stress component, S1 is the axial strain component, cE
11 is the

elastic stiffness (i.e., Young’s modulus) of the piezoceramic layer at constant electric
field, e31 is the piezoelectric constant, E3 is the electric field component, and 1- and
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3-directions coincide with the longitudinal and thickness directions, respectively
(where cE

11 = 1/sE
11 in terms of the compliance sE

11 and e31 = d31/sE
11 in terms of

the piezoelectric constant d31 with the plane-stress assumption). Note that the axial
strain component at a certain level (y) from the neutral axis of the composite beam
is proportional to the curvature of the beam at that position (x):

S1(x, y, t) = −y
�2wrel(x, t)

�x2
. (2.40)

The base excitation wb(x, t) is then introduced to the free vibration equation
such that

w(x, t) = wb(x, t) + wrel(x, t), (2.41)

where the base displacement is

wb(x, t) = g(t) + xh(t). (2.42)

Here, as depicted in Fig. 2.7, the base excitation consists of translation in the trans-
verse direction (denoted by g(t)) and superimposed small rotation (denoted by h(t)).
Equation (2.41) can then be substituted into Eq. (2.38) to obtain a forced vibration
equation for the transverse displacement response of the beam relative to its base
(wrel(x, t)):

Y I
�4wrel(x, t)

�x4
+ cs I

�5wrel(x, t)

�x4�t
+ ca

�wrel(x, t)

�t
+ m

�2wrel(x, t)

�t2
+ ϑv(t)

×
[

dδ(x)

dx
− dδ(x − L)

dx

]
= − [m + Mtδ(x − L)]

�2wb(x, t)

�t2
, (2.43)

where the bending moment term is also expanded (to give a term related to bending
stiffness and an electrical term due to piezoelectric coupling) and the excitation
force due to air damping is neglected. In Eq. (2.43), δ(x) is the Dirac delta function,
ϑ is the piezoelectric coupling term (given in the following sections), and v(t) is
the voltage across the resistive load for the given cantilever configuration (Fig. 2.7).
Equation (2.43) is the expanded form of the coupled mechanical equation of motion
in the physical coordinates. Note that the electrical and the mechanical terms as well
as the piezoelectric coupling term ϑ (Erturk and Inman, 2008c, 2008d) differ for the
three configurations shown in Fig. 2.7 as summarized in the following sections.
Since a tip mass (Mt) is present in the configurations shown in Fig. 2.7, the right-
hand side inertial forcing term of Eq. (2.43) has an additional term compared with
Eq. (2.5).

The presence of a tip mass changes the eigenfunctions and the characteristic
equation of the free vibration problem. For the modal expansion of the eigenfunc-
tions given by Eq. (2.6), the eigenfunctions to be used in the presence of a tip
mass are
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φr (x) = Cr

[
cos

λr

L
x − cosh

λr

L
x + ςr

(
sin

λr

L
x − sinh

λr

L
x

)]
, (2.44)

where ςr is obtained from

ςr = sin λr − sinh λr + λr (Mt/mL) (cos λr − coshλr )

cos λr + coshλr − λr (Mt/mL) (sinλr − sinhλr )
, (2.45)

and Cr is a modal constant which should be evaluated by normalizing the eigen-
functions according to the following orthogonality conditions:

L∫
0

φs(x)mφr (x)dx + φs(L)Mtφr (L) +
[

dφs(x)

dx
It

dφr (x)

dx

]
x=L

= δrs ,

L∫
0

φs(x)Y I
d4φr (x)

dx4
dx −

[
φs(x)Y I

d3φr (x)

dx3

]
x=L

+
[

dφs(x)

dx
Y I

d2φr (x)

dx2

]
x=L

= ωr
2δrs .

(2.46)
Here, It is the rotary inertia of the tip mass Mt and δrs is Kronecker delta, defined

as being equal to unity for s = r and equal to zero for s �= r .
The undamped natural frequencies are obtained using Eq. (2.11); however, in the

presence of a tip mass, the eigenvalues of the system are obtained from

1 + cosλ cosh λ+ λ
Mt

mL
(cosλ sinh λ− sinλ cosh λ) − λ3 It

mL3

× (coshλ sin λ+ sinhλ cos λ) + λ4 Mt It

m2 L4
(1 − cos λ coshλ) = 0. (2.47)

For a single piezoceramic layer operating into a circuit of admittance 1/Rl (as
in the unimorph configuration, Fig. 2.7a) the coupled electrical circuit equation is
obtained from the following relation (IEEE, 1987):

d

dt

⎛
⎝∫

A

D · n dA

⎞
⎠ = v(t)

Rl
, (2.48)

where v(t) is the voltage across the electrodes of the piezoceramic, D is the vector
of electric displacement components, n is the unit outward normal, and the integra-
tion is performed over the electrode area A. The relevant component of the electric
displacement to be used in the inner product of the integrand of Eq. (2.48) is

D3 = e31S1 + εS
33 E3, (2.49)

where D3 is the electric displacement component and εS
33 is the permittivity com-

ponent at constant strain (IEEE, 1987) and εS
33 = εT

33 − d2
31/s

E
11 in terms of the
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permittivity at constant stress. Note that the axial strain component S1 introduces the
beam deflectionwrel(x, t) to the circuit equation due to Eq. (2.40), so that Eq. (2.48)
yields a coupled electrical circuit equation.

The coupled distributed parameter equations for the cantilevered piezoelectric
energy harvester configurations shown in Fig. 2.7 and their closed-form solutions
are derived in the following sections based on the foregoing introduction.

2.3.3 Unimorph Configuration

After expressing the coupled beam equation in the physical coordinates (Erturk and
Inman, 2008c), the modal expansion and the orthogonality conditions of the vibra-
tion modes (given by Eqs. (2.6) and (2.46)) can be used to obtain

η̈u
r (t) + 2ζrωr η̇

u
r (t) + ωr

2ηu
r (t) + χu

r vu(t) = fr (t), (2.50)

where ηu
r (t) is the modal mechanical response of the unimorph cantilever, vu(t) is

the voltage across the resistive load as depicted in Fig. 2.7a, and χu
r is the backward

modal coupling term given by

χu
r = ϑu

dφr (x)

dx

∣∣∣∣
L

, (2.51)

and

ϑu = e31b

2hpu

(
hb

2 − hc
2) (2.52)

is the coupling term in the physical equation, where b is the width of the beam,4

hpu is the thickness of the piezoceramic layer, and the subscript (or superscript) u
stands for the unimorph configuration. The positions of the bottom and the top of
the piezoceramic layer from the neutral axis are denoted by hb and hc, respectively,
and these terms are given in terms of the thicknesses and the Young’s moduli ratio
of the piezoceramic and the substructure layers in Erturk and Inman (2008c). In
Eq. (2.50), the modal mechanical forcing function due to base excitation is

fr (t) = −m

⎛
⎝g̈(t)

L∫
0

φr (x)dx + ḧ(t)

L∫
0

xφr (x)dx

⎞
⎠− Mtφr (L)

(
g̈(t) + Lḧ(t)

)
.

(2.53)

4 The width of the piezoceramic layer(s) (and the electrodes) is assumed to be identical to the
width of the substructure layer in the entire analysis.
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The electrical circuit equation can be obtained from Eq. (2.48) as

εS
33bL

hpu
v̇u(t) + vu(t)

Rl
=

∞∑
r=1

ϕu
r η̇

u
r (t), (2.54)

where ϕu
r is the forward modal coupling term of the unimorph configuration and can

be given by

ϕu
r = −e31hu

pcb

L∫
0

d2φr (x)

dx2
dx = −e31hu

pcb
dφr (x)

dx

∣∣∣∣
L

, (2.55)

where hu
pc is the distance between the neutral axis and the center of the piezoce-

ramic layer.
The forward coupling term ϕu

r has important consequences as extensively dis-
cussed by Erturk et al. (2008c, 2008e). According to Eq. (2.54), which originates
from Eq. (2.48), excitation of the simple electrical circuit considered here as well
as that of more sophisticated harvesting circuit topologies (Ottman et al., 2002) is
proportional to the integral of the dynamic strain distribution over the electrode area.
For vibration modes of a cantilevered beam other than the fundamental mode, the
dynamic strain distribution over the beam length changes sign at the strain nodes.
It is known from Eq. (2.40) that the curvature at a point is a direct measure of the
bending strain. Hence, for modal excitations, strain nodes are the inflection points
of the eigenfunctions and the integrand in Eq. (2.55) is the curvature eigenfunction.
If the electric charge developed at the opposite sides of a strain node is collected by
continuous electrodes for vibrations with a certain mode shape, cancellation occurs
due to the phase difference in the mechanical strain distribution. Mathematically, the
partial areas under the integrand function of the integral in Eq. (2.55) cancel each
other over the domain of integration. As an undesired consequence, the excitation of
the electrical circuit, and therefore the electrical outputs may diminish drastically. In
order to avoid cancellations, segmented electrodes can be used in harvesting energy
from the modes higher than the fundamental mode. The leads of the segmented elec-
trodes can be combined in the circuit in an appropriate manner (Erturk et al., 2008e).
Note that the r th vibration mode of a clamped-free beam has r − 1 strain nodes, and
consequently, the first mode of a cantilevered beam has no cancellation problem.
Some boundary conditions are more prone to strong cancellations. For instance, a
beam with clamped–clamped boundary conditions has r + 1 strain nodes for the
r th vibration mode and even the first vibration mode may yield strong cancellations
if continuous electrodes are used. This discussion regarding the forward coupling
term is valid for the bimorph configurations discussed in the following sections as
well as for more sophisticated geometric arrangements. Attention should be given
to the mode shape-dependent optimization of the electrode locations to avoid can-
cellations.
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The circuit equation given by Eq. (2.54) is in the form of an RC electrical circuit
excited by a current source (all three elements being connected in parallel to each
other). Thus, Eq. (2.54) can be rewritten as

Cpuv̇u(t) + vu(t)

Rl
= i u

p(t), (2.56)

where the internal capacitance and the current source terms can be extracted by
matching equations (2.54) and (2.56) as

Cpu = εS
33bL

hpu
i u
p (t) =

∞∑
r=1

ϕu
r η̇

u
r (t) (2.57)

Equations (2.50) and (2.56) constitute the coupled equations for the modal
mechanical response ηu

r (t) of the unimorph and the voltage response vu(t) across
the resistive load. If the translational and rotational components of the base dis-
placement given by Eq. (2.42) are harmonic in the forms of g(t) = Y0 e jωt and
h(t) = θ0 e jωt , then the modal mechanical forcing function given by Eq. (2.53) can
be expressed as fr (t) = Fr e jωt , where the amplitude Fr is

Fr = ω2

⎡
⎣m

⎛
⎝Y0

L∫
0

φr (x)dx + θ0

L∫
0

xφr (x)dx

⎞
⎠+ Mtφr (L) (Y0 + Lθ0)

⎤
⎦ . (2.58)

Based on the linear electromechanical system assumption, the steady-state modal
mechanical response of the beam and the steady-state voltage response across the
resistive load are assumed to be harmonic at the same frequency as ηu

r (t) = H u
r e jωt

and vu(t) = Vu e jωt , respectively, where the amplitudes H u
r and Vu are complex val-

ued. Then, Eqs. (2.50) and (2.56) yield the following two equations for H u
r and Vu:

(
ω2

r − ω2 + j2ζrωrω
)

H u
r + χu

r Vu = Fr , (2.59)(
1

Rl
+ jωCpu

)
Vu − jω

∞∑
r=1

ϕu
r H u

r = 0. (2.60)

The complex modal mechanical response amplitude H u
r can be extracted from

Eq. (2.59) and can be substituted into Eq. (2.60) to obtain the complex voltage
response amplitude Vu explicitly. The resulting complex voltage response amplitude
can then be used in vu(t) = Vu e jωt to express the steady-state voltage response as

vu(t) =

∞∑
r=1

jωϕu
r Fr

ωr
2−ω2+j2ζrωrω

1
Rl

+ jωCpu +
∞∑

r=1

jωϕu
r χ

u
r

ωr
2−ω2+j2ζrωrω

e jωt . (2.61)
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The complex voltage amplitude Vu can be substituted into Eq. (2.59) to obtain
the steady-state modal mechanical response of the beam as

ηu
r (t) =

⎛
⎜⎜⎝Fr − χu

r

∞∑
r=1

jωϕu
r Fr

ωr
2−ω2+j2ζrωrω

1
Rl

+ jωCpu +
∞∑

r=1

jωϕu
r χ

u
r

ωr
2−ω2+j2ζrωrω

⎞
⎟⎟⎠ e jωt

ωr
2 − ω2 + j2ζrωrω

.

(2.62)
The transverse displacement response of the unimorph relative to the base can

be obtained in the physical coordinates by substituting Eq. (2.62) into the modal
expansion (Eq. (6)) as

wu
rel(x, t) =

∞∑
r=1

⎛
⎜⎜⎝Fr − χu

r

∞∑
r=1

jωϕu
r Fr

ω2
r −ω2+ j2ζrωrω

1
Rl

+ jωCpu +
∞∑

r=1

jωϕu
r χ

u
r

ωr
2−ω2+j2ζrωrω

⎞
⎟⎟⎠ φr (x)e jωt

ωr
2 − ω2 + j2ζrωrω

.

(2.63)

2.3.4 Bimorph Configurations

As shown in Fig. 2.7, depending on the poling directions of the piezoceramic layers
and the connection of the electrode leads, the electrical outputs of the piezoceramic
layers can be combined in series or in parallel for bimorph cantilevers. Although
the bimorph configurations shown in Fig. 2.7b and 2.7c have the same geometric
and material properties, the different combinations of the piezoceramic layers in
the electrical circuit (in series or in parallel) changes not only the voltage response
across the resistive load, but also the coupled vibration response. The coupled mod-
els of these two bimorph configurations are derived in the following.

2.3.4.1 Series Connection of the Piezoceramic Layers

The partial differential equation governing the forced vibrations of the bimorph con-
figuration shown in Fig. 2.7b can be reduced to

η̈bs
r (t) + 2ζrωr η̇

bs
r (t) + ω2

r η
bs
r (t) + χbs

r vbs(t) = fr (t), (2.64)

where ηbs
r (t) is the modal mechanical response of the bimorph cantilever for series

connection of the piezoceramic layers (b stands for bimorph configuration and s
stands for series connection), vbs(t) is the voltage across the resistive load, fr (t) is
the modal mechanical forcing function given by Eq. (2.53), and χbs

r is the backward
modal coupling term given by

χbs
r = ϑbs

dφr (x)

dx

∣∣∣∣
L

, (2.65)
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where

ϑbs = e31b

2hpb

[
h2

sb

4
−
(

hpb + hsb

2

)2
]

(2.66)

is the coupling term in the physical equation. Here, b is the width of the beam, hpb

and hsb are the thicknesses of the piezoceramic and the substructure layers of the
bimorph configuration shown in Fig. 2.7b, respectively.

The electrical circuit equation for the series connection case is

Cpb

2
v̇bs(t) + vbs(t)

Rl
= i bs

p (t), (2.67)

where the internal capacitance and the current source terms are

Cpb = εS
33bL

hpb
i bs
p (t) =

∞∑
r=1

ϕb
r η̇

bs
r (t), (2.68)

respectively, and the forward modal coupling term for the bimorph configuration is

ϕb
r = −e31b(hpb + hsb)

2

L∫
0

d2φr (x)

dx2
dx = −e31(hpb + hsb)b

2

dφr (x)

dx

∣∣∣∣
L

. (2.69)

Equations (2.64) and (2.67) are the coupled equations for the modal mechanical
response ηbs

r (t) of the bimorph and the voltage response vbs(t) across the resistive
load. For harmonic base motions (g(t) = Y0 ejωt and h(t) = θ0 ejωt ), the modal
mechanical forcing fr (t) function becomes fr (t) = Fr ejωt , where Fr is given by
Eq. (2.58).

The steady-state voltage response across the resistive load can then be obtained as

vbs(t) =

∞∑
r=1

jωϕb
r Fr

ωr
2−ω2+j2ζrωrω

1
Rl

+ jωCpb

2 +
∞∑

r=1

jωϕb
r χ

bs
r

ωr
2−ω2+j2ζrωrω

ejωt , (2.70)

and the transverse displacement response of the bimorph relative to its base is

wbs
rel(x, t) =

∞∑
r=1

⎛
⎜⎜⎝Fr − χbs

r

∞∑
r=1

jωϕb
r Fr

ωr
2−ω2+j2ζrωrω

1
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+ jωCpb

2 +
∞∑
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jωϕb
r χ
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r

ωr
2−ω2+j2ζrωrω

⎞
⎟⎟⎠ φr (x)ejωt

ωr
2 − ω2 + j2ζrωrω

·

(2.71)
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2.3.4.2 Parallel Connection of the Piezoceramic Layers

The coupled equation of motion for the modal mechanical response can be
obtained as

η̈bp
r (t) + 2ζrωr η̇

bp
r (t) + ωr

2ηbp
r (t) + χbp

r vbp(t) = fr (t), (2.72)

where ηbp
r (t) is the modal mechanical response of the bimorph cantilever for parallel

connection of the piezoceramic layers and vbp(t) is the voltage across the resistive
load (b stands for bimorph configuration and p stands for parallel connection). The
modal mechanical forcing function fr (t) is given by Eq. (2.53) and the backward
modal coupling term in Eq. (2.72) is

χbp
r = ϑbp

dφr (x)

dx

∣∣∣∣
L

, (2.73)

where the coupling term in the physical coordinates can be given by

ϑbp = e31b

hpb

[
h2

sb

4
−
(

hpb + hsb

2

)2
]
. (2.74)

Here, b is the width of the beam, hpb and hsb are the thicknesses of the piezoceramic
and the substructure layers of the bimorph configuration displayed in Fig. 2.7c,
respectively.

The electrical circuit equation for the parallel connection case is

Cpbv̇bp(t) + vbp(t)

2Rl
= i bp

p (t), (2.75)

where the internal capacitance and the current source terms are

Cpb = εS
33bL

hpb
i bp
p (t) =

∞∑
r=1

ϕb
r η̇

bp
r (t), (2.76)

respectively, and the forward modal coupling term ϕb
r is given by Eq. (2.69).

Equations (2.72) and (2.75) constitute the coupled equations for the modal
mechanical response ηbp

r (t) of the bimorph and the voltage response vbp(t) across the
resistive load. For harmonic base motions, one can obtain the steady-state voltage
response across the resistive load as

vbp(t) =

∞∑
r=1

jωϕb
r Fr

ωr
2−ω2+j2ζrωrω

1
2Rl

+ jωCpb +
∞∑

r=1

jωϕb
r χ

bp
r

ωr
2−ω2+j2ζrωrω

ejωt , (2.77)
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and the transverse displacement response of the bimorph relative to its base can be
expressed as

w
bp
rel(x, t) =

∞∑
r=1

⎛
⎜⎜⎝Fr − χbp

r

∞∑
r=1

jωϕb
r Fr

ωr
2−ω2+j2ζrωrω

1
2Rl

+ jωCpb +
∞∑

r=1

jωϕb
r χ

bp
r

ωr
2−ω2+j2ζrωrω

⎞
⎟⎟⎠ φr (x)ejωt

ωr
2 − ω2 + j2ζrωrω

·

(2.78)

2.3.5 Single-Mode Electromechanical Equations

The steady-state voltage response and vibration response expressions obtained in
Sections 2.3.3 and 2.3.4 are valid for harmonic excitations at any arbitrary fre-
quency ω. That is, these expressions are the multi-mode solutions as they include all
vibration modes of the respective cantilevered piezoelectric energy harvester beams.
Hence, the resulting equations can predict the coupled systems dynamics not only
for resonance excitations but also for excitations at the off-resonance frequencies of
the configurations shown in Fig. 2.7.

Resonance excitation is a special case of the derivation given here and is com-
monly used in the literature in order to investigate the maximum performance
of the harvester in electrical power generation. Therefore, excitation of a uni-
morph/bimorph at or very close to one of its natural frequencies is a very useful
problem to investigate through the resulting equations derived in Sections 2.3.3
and 2.3.4. This is the modal excitation condition and mathematically it corresponds
to ω ∼= ωr . With this assumption on the excitation frequency, the major contribution
in the summation terms of Eqs. (2.61), (2.63), (2.70), (2.71), (2.77) and (2.78) are
from the r th vibration mode, which allows drastic simplifications in the coupled
voltage response and vibration response expressions. In the following, the reduced
single-mode expressions are given for excitations at or very close to the r -th natural
frequency. However, it should be noted that the fundamental vibration mode is the
main concern in the energy harvesting problem (which corresponds to r = 1).

2.3.5.1 Unimorph Configuration

If the unimorph configuration shown in Fig. 2.7a is excited at ω ∼= ωr , the con-
tribution of all the vibration modes other than the r th mode can be ignored in the
summation terms. Then, the steady-state voltage response given by Eq. (2.61) can
be reduced to

v̂u(t) = jωRlϕ
u
r Fr ejωt

(1 + jωRlCpu)(ω2
r − ω2 + j2ζrωrω) + jωRlϕu

r χ
u
r

, (2.79)
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and the transverse displacement relative to the moving base is obtained from equa-
tion Eq. (2.63) as

ŵu
rel(x, t) =

(
1 + jωRlCpu

)
Frφr (x)ejωt

(1 + jωRlCpu)(ωr
2 − ω2 + j2ζrωrω) + jωRlϕu

r χ
u
r

. (2.80)

Here and below, a hat (∧) denotes that the respective term is reduced from the full
(multi-mode) solution for excitations very close to a natural frequency. The relevant
terms in Eqs. (2.79) and (2.80) can be found in Section 2.3.3.

2.3.5.2 Bimorph Configuration (Series Connection)

For excitation of the bimorph shown in Fig. 2.7b around its r th natural frequency,
the single-mode steady-state voltage response given by Eq. (2.70) can be reduced to

v̂bs(t) = j2ωRlϕ
b
r Fr ejωt

(2 + jωRlCpb)(ωr
2 − ω2 + j2ζrωrω) + j2ωRlϕb

r χ
bs
r

. (2.81)

Similarly, the transverse displacement relative to the moving base is reduced from
Eq. (2.71) as

ŵbs
rel(x, t) = (2 + jωRlCpb)Frφr (x)ejωt

(2 + jωRlCpb)(ωr
2 − ω2 + j2ζrωrω) + j2ωRlϕb

r χ
bs
r

, (2.82)

where the relevant terms can be found in Section 2.3.4.1.

2.3.5.3 Bimorph Configuration (Parallel Connection)

If the bimorph configuration displayed in Fig. 2.7c is excited at ω ∼= ωr , the steady-
state voltage response given by Eq. (2.77) can be reduced to

v̂bp(t) = j2ωRlϕ
b
r Fr ejωt

(1 + j2ωRlCpb)(ωr
2 − ω2 + j2ζrωrω) + j2ωRlϕb

r χ
bp
r

, (2.83)

and the transverse displacement relative to the base is obtained from Eq. (2.78) as

ŵ
bp
rel(x, t) = (1 + j2ωRlCpb)Frφr (x)ejωt

(1 + j2ωRlCpb)(ωr
2 − ω2 + j2ζrωrω) + j2ωRlϕb

r χ
bp
r

, (2.84)

where the relevant terms can be found in Section 2.3.4.2.
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2.3.6 Experimental Validation

The aim of this section is to validate the distributed parameter relations for a
bimorph cantilever with a tip mass experimentally. The experimentally measured
voltage response-to-base acceleration FRFs and the vibration response-to-base accel-
eration FRFs are compared with the closed-form relations derived in this chapter.
Variations of the voltage output and the tip velocity response of the bimorph with
changing load resistance are also investigated and predicted using the analytical
relations. Optimum resistive loads of the bimorph cantilever are identified for exci-
tations at the short-circuit and open-circuit resonance frequencies.

2.3.6.1 Experimental Setup

The experimental setup used for measuring the voltage-to-base acceleration and tip
velocity-to-base acceleration FRFs of the bimorph cantilever is shown in Fig. 2.8a.
The bimorph cantilever analyzed in this experiment is displayed in Fig. 2.8b and is
manufactured by Piezo Systems, Inc. (T226-A4-503X). The same type of bimorph
was used by duToit et al. (2007) for verification of their Rayleigh–Ritz type of
approximate model. In that work, duToit et al. (2007) underestimated the vibration
response and the power outputs especially around the resonance frequency and they
attributed this inaccuracy in the results to the “unmodeled nonlinear piezoelectric
response.”

Here, a tip mass is attached to the bender to make the problem relatively sophisti-
cated in terms of modeling (Fig. 2.8b). The bimorph consists of two oppositely poled
PZT-5A piezoceramic layers bracketing a brass substructure layer. Therefore, the
piezoelectric elements are connected in series as given in Fig. 2.7b. Table 2.1 shows

(1)(2)

(3)

(7)

(6)

(4) (5)

(1) Shaker, bimorph cantilever 
and a low mass accelerometer

(2) Circuit with a resistive load
(3) Laser vibrometer head
(4) Laser vibrometer controller
(5) Power amplifier
(6) Charge amplifier

(7) Data acquisition system

Clamped 
end

Free end       
(with a tip mass 
attachment)

(a) (b)

Fig. 2.8 (a) Experimental setup and the equipments used for analyzing the bimorph cantilever and
(b) a detailed view of the bimorph cantilever with a tip mass
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Table 2.1 Geometric and material parameters of the bimorph cantilever used for the experimental
validation

Geometric Parameters Piezoceramic Substructure
Length, L (mm) 50.8 50.8
Width, b (mm) 31.8 31.8
Thickness, h (mm) 0.26 (each) 0.14
Tip mass, Mt (kg) 0.012

Material Parameters Piezoceramic (PZT-5A) Substructure (Brass)
Mass density, ρ (kg/m3) 7800 9000
Young’s modulus, Y (GPa) 66 105
Piezo. constant, d31 (pm/V) −190 −
Permittivity, εS

33 (nF/m) 1500ε0 −

the geometric and material properties of the piezoceramic and the substructure lay-
ers, respectively. Note that the length described by L is the overhang length of the
harvester in the clamped condition, i.e., it is not the total free length (63.5 mm) of
the bender as acquired from the manufacturer. In addition, permittivity component
at constant strain is given in Table 2.1 in terms of the permittivity of free space,
ε0 = 8.854 pF/m (IEEE, 1987).

The bimorph cantilever shown in Fig. 2.8b is excited from its base with a sine
sweep generated by an electromagnetic LDS shaker. The base acceleration of the
harvester is measured by a low mass accelerometer (PCB U352C22) on the shaker
and the velocity response of the harvester at the free end is measured by a laser
vibrometer (Polytec OFV303 laser sensor head, OFV3001 controller). The exper-
imental voltage FRF (in V/g) and tip velocity FRF (in (m/s)/g) obtained for a
resistive load of 1 k� are shown in Fig. 2.9a (where g is the gravitational accel-
eration). The coherence functions of these measurements are given by Fig. 2.9b.
The coherence is considerably low for frequencies less than 30 Hz but it is good
around the first resonance frequency (which is approximately 45.6 Hz for a 1 k�
resistive load).

(a) (b)

Fig. 2.9 (a) Experimental voltage and tip velocity FRFs of the bimorph cantilever and (b) their
coherence functions (for a resistive load of 1 k�)
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2.3.6.2 Validation of the Distributed Parameter Model

Since the vibration mode seen around 45.6 Hz (for 1 k�) is the only mode in a wide
frequency range and as this is the mode of primary concern (i.e., the most flexible
vibration mode), the single-mode relations given by Eqs. (2.81) and (2.82) are used
for predicting the electromechanical FRFs. Note that the base of the cantilever is not
rotating, i.e., θ0 = 0 in Eq. (2.58). In addition, Eq. (2.82) must be rearranged in order
to predict the experimental velocity measurement since the laser vibrometer mea-
sures the absolute velocity response at the tip of the beam (rather than the velocity
relative to the moving base). Thus, the electromechanical FRFs used for predicting
the experimental measurements can be extracted from Eqs. (2.81) and (2.82) as

v̂bs(t)

−ω2Y0 ejωt
=

−j2ωRlϕ
b
r

(
m

L∫
0
φr (x)dx + Mtφr (L)

)

(2 + jωRlCpb)(ωr
2 − ω2 + j2ζrωrω) + j2ωRlϕb

r χ
bs
r

, (2.85)

dŵbs(L ,t)
dt

−ω2Y0 ejωt
= 1

jω
+

−jω(2 + jωRlCpb)

(
m

L∫
0
φr (x)dx + Mtφr (L)

)
φr (L)

(2 + jωRlCpb)(ωr
2 − ω2 + j2ζrωrω) + j2ωRlϕb

r χ
bs
r

,

(2.86)

where r = 1 since the vibration mode of interest is the fundamental vibration mode.
In order to identify the modal mechanical damping ratio, one way is to force

the system to short-circuit conditions (by shorting the electrodes of the bimorph)
as done by duToit et al. (2007). However, if the electromechanical model is self-
consistent, one must be able to identify the mechanical damping ratio for any value
of load resistance. Furthermore, either the voltage FRF or the tip velocity FRF can
be used for identifying modal mechanical damping ratio, since the bimorph energy
harvester itself is a transducer. In other words, theoretically, the coupled tip velocity
information is included in the voltage output information of the harvester, and the
voltage and tip motion predictions for the same mechanical damping ratio must be
in agreement.

The mechanical damping ratio of the first vibration mode is identified as ζ1 =
0.027 using the voltage FRF as shown in Fig. 2.10a (for 1 k� load resistance).
For this identified damping ratio, the voltage FRF of the model (obtained from
Eq. (2.85)) is in perfect agreement with the experimental FRF as shown in Fig. 2.10a.
As discussed in the previous paragraph, for the same damping ratio (2.7%), the tip
velocity FRF obtained from the model should predict the experimental tip velocity
FRF accurately. The tip velocity FRF obtained from Eq. (2.86) for 2.7% mechan-
ical damping is plotted with the laser vibrometer measurement in Fig. 2.10b. The
agreement between the theoretical and the experimental tip velocity FRFs is very
good, which clearly shows the consistency of the linear electromechanical model
proposed here.
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(a) (b)

Fig. 2.10 Comparison of the model predictions and the experimental measurements; (a) voltage
FRF and (b) tip velocity FRF (for 1 k�)

The experimental measurements are repeated for eight different values of load
resistance: 1, 6.7, 11.8, 22, 33, 47, 100, and 470 k�. Each of the resistive loads
results in a different voltage FRF and a tip velocity FRF. Figure 2.11a and 2.11b,
respectively, display enlarged views of the voltage output and tip velocity FRFs
around the first vibration mode for these eight different values of load resistance.
The direction of increasing load resistance is depicted with an arrow and it is clear
from Fig. 2.11a that the voltage across the resistive load increases monotonically
with increasing load resistance at every excitation frequency. For the extreme val-
ues of the load resistance, the frequency of maximum voltage output moves from
the short-circuit resonance frequency (for Rl → 0) to the open-circuit resonance
frequency (for Rl → ∞). The experimentally obtained short-circuit and open-
circuit resonance frequencies for the first mode of this cantilever are approximately
45.6 and 48.4 Hz, respectively. The analytical model predicts these two frequencies
as 45.7 and 48.2 Hz, respectively. For a moderate value of load resistance, the fre-
quency of maximum voltage has a value in between these two extreme frequencies.
Even for more sophisticated energy harvesting circuits, the resonance frequency of
the beam usually takes a value between these two extreme frequencies since the
impedance across the electrodes can change at most from zero to infinity regardless
of the circuit elements. This can be observed in the experimental vibration FRF
(Lesieutre et al., 2004) of a cantilevered piezoelectric energy harvester beam con-

(a) (b)

Fig. 2.11 Enlarged views of the (a) voltage FRFs and the (b) tip velocity FRFs for eight different
values of load resistance (model predictions and the experimental measurements)
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nected to an electrical circuit with more complicated elements (such as a full-wave
rectifier).

The shift in the frequencies of the maximum response amplitude is also the case
in the tip velocity FRF (Fig. 2.11b). However, the variation of tip velocity with load
resistance is not necessarily monotonic at every frequency. For excitation at 45.6 Hz,
the tip motion is suppressed as the resistive load is increased up to a certain value.
It is very important to note that this suppression in the motion amplitude is more
sophisticated than viscous damping. With increasing load resistance (up to a certain
value), the motion is attenuated at 45.6 Hz, whereas it is amplified at 48.4 Hz. Hence,
if one focuses on the open-circuit resonance frequency (48.4 Hz), both the voltage
output and the vibration amplitude at the tip of the beam increase with increasing
load resistance. Therefore, modeling the effect of piezoelectric coupling in the beam
equation as viscous damping clearly fails in predicting this phenomenon (as it can-
not predict the frequency shift due to changing load resistance). Note that, for eight
different resistive loads, the model successfully predicts the frequency response of
the voltage output and tip velocity (where the mechanical damping ratio is kept
constant at 2.7%).

The electric current FRF (obtained from I = V/Rl) exhibits the opposite behav-
ior of the voltage FRF with changing load resistance as shown in Fig. 2.12a. Hence,
the electric current decreases monotonically with increasing load resistance at every
excitation frequency. Figure 2.12b displays the electrical power FRF for three dif-
ferent resistive loads.5 The trend in the electrical power FRF with changing load
resistance is more interesting as it is the multiplication of two FRFs (voltage and
current) with the opposite trends. As can be seen in Fig. 2.12b, the electrical power
FRFs for different resistive loads intersect each other just like the tip velocity FRFs
(Fig. 2.11b). For a given excitation frequency, there exists a certain value of load
resistance that gives the maximum electrical power. This value is called the optimum

(a) (b)

Fig. 2.12 Enlarged views of the (a) current FRFs for eight different values of load resistance and
the (b) power FRFs for three different values of load resistance (model predictions and experimen-
tal measurements)

5 In order to avoid confusion with 8 intersecting curves, the electrical power FRFs are given for 3
resistive loads only.
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load resistance and can be observed more easily if the frequency of interest is kept
constant and the power amplitude is plotted against load resistance as addressed
next.6

The short-circuit and open-circuit resonance frequencies of the first mode are
defined for the extreme cases of load resistance (45.6 Hz as Rl → 0 and 48.4 Hz
as Rl → ∞) and these frequencies are of practical interest. The variation of the
voltage output with changing load resistance for excitations at these two frequencies
are shown in Fig. 2.13a. In both cases, voltage increases monotonically with load
resistance. The voltage output for excitation at the short-circuit resonance frequency
is larger when the system is close to short-circuit conditions and vice versa. The
maximum voltage amplitude in the limit Rl → ∞ is about 54.5 V/g for excitation
at 45.6 Hz and is about 108.8 V/g for excitation at 48.4 Hz. Figure 2.13b displays
the variation of the electric current with changing load resistance for excitations
at these two frequencies. The trend of the current amplitude with changing load
resistance is opposite to that of the voltage amplitude. That is, the current amplitude
decreases monotonically with increasing load resistance. The current output for
excitation at the short-circuit resonance frequency is larger when the system is close
to short-circuit conditions and vice versa. In the limit Rl → 0, the maximum current

(a) (b)

(c)

Fig. 2.13 Variations of the (a) voltage amplitude, (b) current amplitude, and the (c) electrical
power amplitude with load resistance for excitations at the short-circuit and open-circuit resonance
frequencies of the first vibration mode

6 The amplitudes given in the voltage, current and tip velocity FRFs are the peak amplitudes (not
the root mean square values). Therefore, the electrical power amplitude is the peak power ampli-
tude (which is twice the average power).
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amplitude is about 1.57 mA/g for excitation at 45.6 Hz and is about 0.68 mA/g for
excitation at 48.4 Hz.

The variation of the electrical power with changing load resistance is given in
Fig. 2.13c for the short-circuit and open-circuit resonance frequency excitations.
These two excitation frequencies have different optimum resistive loads which
yield the maximum electrical power. The optimum load resistance for excitation at
45.6 Hz is about 35 k�, yielding a maximum electrical power of about 23.9 mW/g2,
whereas the optimum resistive load for excitation at 48.4 Hz is 186 k�, yielding
approximately the same power output. As in the case of the voltage and current
outputs, the electrical power output for excitation at the short-circuit resonance fre-
quency is larger when the system is close to short-circuit conditions and vice versa.
The respective trends in the electrical outputs at the short-circuit and open-circuit
resonance frequencies of the first mode are successfully predicted by the single-
mode analytical relations derived in this chapter.

A useful practice to obtain some additional information regarding the perfor-
mance of the energy harvester device results from dividing the electrical power by
the volume and by the mass of the device. The total overhang volume of the device
(including the volume of the tip mass) is about 3.52 cm3 and the total overhang mass
of the device is about 20.6 g. The electrical power versus load resistance graph given
by Fig. 2.13c can therefore be used to obtain the maximum power density (power
per device volume) and specific power (power per device mass) values. The varia-
tions of the power density and the specific power with load resistance are given by
Fig. 2.14a and 2.14b, respectively (for the short-circuit and open-circuit resonance
excitations). For instance, for excitation at 45.6 Hz, the maximum power density is
about 6.8 (mW/g2)/cm3 and the maximum specific power is about 1.15 (W/g2)/kg
(for a 35 k� resistive load). It is very important to note that the power density and
the specific power concepts are not complete non-dimensional representations. For
instance, the same device volume can be occupied by the same amount of material
(piezoceramic, substructure, and tip mass) for a different aspect ratio of the beam,
yielding a larger or smaller electrical power with totally different natural frequen-
cies. However, these representations have been found useful for comparison of the
energy harvester devices in the literature.

(a) (b)

Fig. 2.14 Variations of the (a) power density and the (b) specific power amplitudes with load
resistance for excitations at the short-circuit and open-circuit resonance frequencies of the first
vibration mode



76 A. Erturk and D.J. Inman

References

Ajitsaria J, Choe S Y, Shen D, and Kim D J 2007 Modeling and analysis of a bimorph piezoelectric
cantilever beam for voltage generation Smart Materials and Structures 16:447–454

Anton S R and Sodano H A 2007 A review of power harvesting using piezoelectric materials
(2003–2006) Smart Materials and Structures 16:R1–R21

Arnold D 2007 Review of microscale magnetic power generation IEEE Transactions on Magnetics
43:3940–3951

Banks T L and Inman D J 1991 On damping mechanisms in beams ASME Journal of Applied
Mechanics 58:716–723

Beeby S P, Tudor M J, and White N M 2006 Energy harvesting vibration sources for microsystems
applications, Measurement Science and Technology 13:175–195

Chen S -N, Wang G –J, and Chien M -C 2006 Analytical modeling of piezoelectric vibration-
induced micro power generator, Mechatronics 16:387–397

Clough R W and Penzien J 1975 Dynamics of Structures John Wiley and Sons, New York
Cook-Chennault K A, Thambi N, and Sastry A M 2008 Powering MEMS portable devices – a

review of non-regenerative and regenerative power supply systems with emphasis on piezo-
electric energy harvesting systems, Smart Materials and Structures 17:043001:1–33

Crandall S H, Karnopp D C, Kurtz Jr E F, and Pridmore-Brown D C 1968 Dynamics of Mechanical
and Electromechanical Systems McGraw-Hill, New York

Daqaq M, Renno J M, Farmer J R, and Inman D J 2007 Effects of system parameters
and damping on an optimal vibration-based energy harvester Proceedings of the 48th
AIAA/ASME/ASCE/AHS/ASC Structures, Structural Dynamics, and Materials Conference

duToit N E, Wardle B L, and Kim S-G 2005 Design considerations for MEMS-scale piezoelectric
mechanical vibration energy harvesters, Integrated Ferroelectrics 71:121–160

duToit N E and Wardle B L 2007 Experimental verification of models for microfabricated piezo-
electric vibration energy harvesters, AIAA Journal 45:1126–1137

Elvin N and Elvin A 2008 A general equivalent circuit model for piezoelectric generators, Journal
of Intelligent Material Systems and Structures 19 in press (DOI: 10.1177/1045389X08089957)

Erturk A and Inman D J 2008a On mechanical modeling of cantilevered piezoelectric vibration
energy harvesters, Journal of Intelligent Material Systems and Structures 19:1311–1325

Erturk A and Inman D J 2008b Issues in mathematical modeling of piezoelectric energy harvesters,
Smart Materials and Structures in press

Erturk A and Inman D J 2008c A distributed parameter electromechanical model for cantilevered
piezoelectric energy harvesters, ASME Journal of Vibration and Acoustics 130:041002-1-15

Erturk A and Inman D J 2008d An experimentally validated bimorph cantilever model for piezo-
electric energy harvesting from base excitations, Smart Materials and Structures accepted

Erturk A and Tarazaga P A, Farmer J R, and Inman D J 2008e Effect of strain nodes and electrode
configuration on piezoelectric energy harvesting from cantilevered beams, ASME Journal of
Vibration and Acoustics in press (DOI: 10.1115/1.2981094)

Fang H-B, Liu J-Q, Xu Z-Y, Dong L, Chen D, Cai B-C, and Liu Y 2006 A MEMS-based piezo-
electric power generator for low frequency vibration energy harvesting, Chinese Physics Letters
23:732–734

Glynne-Jones P, Tudor M J, Beeby S P, and White N M 2004 An electromagnetic, vibration-
powered generator for intelligent sensor systems, Sensors and Actuators A 110:344–349

Hagood N W, Chung W H, and Von Flotow A 1990 Modelling of piezoelectric actuator dynamics
for active structural control, Journal of Intelligent Material Systems and Structures 1:327–354

IEEE Standard on Piezoelectricity 1987 IEEE, New York.
Jeon Y B, Sood R, Jeong J H, and Kim S 2005 MEMS power generator with transverse mode thin

film PZT, Sensors & Actuators A 122:16–22
Lesieutre G A, Ottman G K, and Hofmann H F 2004 Damping as a result of piezoelectric energy

harvesting, Journal of Sound and Vibration 269:991–1001



2 Electromechanical Modeling of Cantilevered Piezoelectric Energy Harvesters 77

Lin J H, Wu X M, Ren T L, and Liu L T 2007 Modeling and simulation of piezoelectric MEMS
energy harvesting device, Integrated Ferroelectrics 95:128–141.

Lu F, Lee H, and Lim S 2004 Modeling and analysis of micro piezoelectric power generators for
micro-electromechanical-systems applications, Smart Materials and Structures 13:57–63

Mitcheson P, Miao P, Start B, Yeatman E, Holmes A, and Green T 2004 MEMS electrostatic
micro-power generator for low frequency operation, Sensors and Actuators A 115:523–529

Ottman G K, Hofmann H F, Bhatt A C, and Lesieutre G A 2002 Adaptive piezoelectric energy
harvesting circuit for wireless remote power supply, IEEE Transactions on Power Electronics
17:669–676.

Priya S 2007 Advances in energy harvesting using low profile piezoelectric transducers, Journal
of Electroceramics 19:167–184

Roundy S, Wright P K, and Rabaey J 2002 Micro-electrostatic vibration-to-electricity converters
Proceedings of the ASME 2002 International Mechanical Engineering Congress and Exposi-
tion

Roundy S, Wright P K, and Rabaey J 2003 A study of low level vibrations as a power source for
wireless sensor nodes, Computer Communications 26:1131–1144

Sodano H A, Inman D J, and Park G 2004a A review of power harvesting from vibration using
piezoelectric materials, The Shock and Vibration Digest 36:197–205

Sodano H A, Park G, and Inman D J 2004b Estimation of electric charge output for piezoelectric
energy harvesting, Strain 40:49–58

Sodano H, Inman D, and Park G 2005 Generation and storage of electricity from power harvesting
devices, Journal of Intelligent Material Systems and Structures 16:67–75

Stephen N G 2006 On energy harvesting from ambient vibration, Journal of Sound and Vibration
293:409–425

Strutt J W (Lord Rayleigh) 1894 The Theory of Sound MacMillan Company, London
Timoshenko S, Young D H, and Weaver W 1974 Vibration Problems in Engineering John Wiley

and Sons, New York
Williams C B and Yates R B 1996 Analysis of a micro-electric generator for microsystems, Sensors

and Actuators A 52:8–11



Chapter 3
Performance Evaluation of Vibration-Based
Piezoelectric Energy Scavengers

Yi-Chung Shu

Abstract This chapter summarizes several recent activities for fundamental under-
standing of piezoelectric vibration-based energy harvesting. The developed frame-
work is able to predict the electrical behavior of piezoelectric power harvesting
systems using either the standard or the synchronized switch harvesting on inductor
(SSHI) electronic interface. In addition, some opportunities for new devices and
improvements in existing ones are also pointed here.

3.1 Introduction

The development of wireless sensor and communication node networks has received
great interests in research communities over the past few years (Rabaey et al. 2000).
Applications envisioned from these node networks include building the health mon-
itoring for civil infrastructures, environmental control systems, hazardous materials
detection, smart homes, and homeland security applications. However, as the net-
works increase in the number and the devices decrease in the size, the proliferation
of these autonomous microsensors raises the problem of effective power supply.
As a result, the foremost challenge for such dense networks to achieve their full
potential is to manage power consumption for a large number of nodes.

Unlike cellphones and laptops, whose users can periodically recharge, embed-
ded devices must operate in their initial batteries. However, batteries cannot only
increase the size and weight of microsensors but also suffer from the limitations
of a brief service life. For example, at an average power consumption of 100 �W
(an order of magnitude smaller than any existing node), a sensor node would last
only 1 yr if a 1 cm3 of lithium battery (at the maximum energy density of 800 W
hr per L) was used to supply power (Kansal & Srivastava 2005, Roundy et al.
2005). A lifetime of approximately 1 yr is obviously not practical for many appli-
cations. In addition, the need for constant battery replacement can be very tedious
and expensive task. In many other cases, these operations may be prohibited by the
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infrastructure. Therefore, energy supply using batteries is currently a major bottle-
neck for system lifetime, and harvesting energy from the deployment environment
can help to relieve it.

Simultaneous advances in low-power electronic design and fabrication have
reduced power requirements for individual nodes, and therefore, allow the feasi-
bility of self-powering these autonomous electronic devices. This stems from the
fact that power consumption in integrated circuits (IC) will continue to decrease
as IC processing moves towards smaller feature sizes (Chandrakasan et al. 1998,
Yoon et al. 2005). This opens the possibility for completely self-powered sensor
nodes, and the notion of a small smart material generator-producing enough power
is not far fetched. However, these smart material generators need to be optimally
designed, which is the central topic discussed in this chapter. The goal here is to
develop a smart architecture which utilizes the environmental resources available for
generating electrical power. These resources include solar power, thermal gradients,
acoustic, and mechanical vibration (Roundy et al. 2004a, Sebald et al. 2008, Whalen
et al. 2003). Among these energy scavenging sources, we are particularly interested
in mechanical vibration since it is a potential power source that is abundant enough
to be of use, is easily accessible through microelectromechanical systems (MEMS)
technology for conversion to electrical energy, and is ubiquitous in applications from
small household appliances to large infrastructures (Roundy et al. 2004b, Sodano
et al. 2004).

Vibration energy can be converted into electrical energy through piezoelectric,
electromagnetic, and capacitive transducers (Beeby et al. 2007, Cheng et al. 2007,
Lee et al. 2004, Nakano et al. 2007, Poulin et al. 2004, Roundy et al. 2003, Stephen
2006a,b, Williams & Yates 1996, Zhao & Lord 2006). Among them, piezoelectric
vibration-to-electricity converters have received much attention, as they have high-
electromechanical coupling and no external voltage source requirement, and they
are particularly attractive for use in MEMS (Choi et al. 2006, Fang et al. 2006,
Horowitz et al. 2006, Jeon et al. 2005, Lu et al. 2004). As a result, the use of piezo-
electric materials for scavenging

energy from ambient vibration sources has recently seen a dramatic rise for
power harvesting (duToit et al. 2005, Elvin et al. 2006, Guyomar et al. 2005, Hu
et al 2007a, Kim et al. 2005a, Liao et al. 2001, Ng & Liao 2005, Ottman et al. 2002,
Richards et al. 2004, Richter et al. 2006, Roundy & Wright 2004, Shu & Lien 2006a,
Sodano et al. 2006). The optimum design and setup of an energy harvesting system
using piezoelectric generators depends on the kind of the surrounding kinetic energy
to be exploited (amplitude and frequency) as well as on the electrical application to
be powered. Thus, it is necessary to use the model-based design methods instead of
using try-and-error schemes. To realize such design models, a good understanding
of the piezoelectric energy harvesting system is inevitable.

To be precise, an energy conversion device considered here includes a vibrat-
ing piezoelectric structure together with an energy storage system, as shown in
Fig. 3.1. The piezoelectric generator is modeled as a mass+spring+damper+
piezostructure and is connected to a storage circuit system. An AC–DC rectifier
followed by a filtering capacitance Ce is added to smooth the DC voltage. A con-
troller placed between the rectifier output and the battery is included to regulate the
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Fig. 3.1 An equivalent model for a piezoelectric vibration energy harvesting system

output voltage. From Fig. 3.1, it is clear to see that the left-hand side is related to the
design of piezoelectric power generators and the right-hand side is associated with
the design of power electronics. Indeed, current piezoelectric-harvesting research
falls mainly into two key areas: developing optimal energy harvesting structures
and highly efficient electrical circuits to store the generated charges (Johnson &
Clark 2005). The former includes the works by duToit et al. (2005), Lu et al. (2004),
Richards et al. (2004), Roundy & Wright (2004), Sodano et al. (2004), and the latter
contains the works by Guan & Liao (2007), Lefeuvre et al. (2005b), Ngo et al.
(2006), Ottman et al. (2002), Ottman et al. (2003). However, the linkage between
these two has not been exploited in detail until recently by Ottman et al. (2002) and
Guyomar et al. (2005). They have provided different estimations of AC–DC power
output. The former has assumed that the vibration amplitude is not affected by the
load resistance, while the latter has hypothesized that the periodic external excitation
and the speed of mass are in-phase. In contrast with the estimates based on these
two approaches, Shu & Lien (2006a) have provided an analysis of AC–DC power
output for a rectified piezoelectric harvester. They have proposed a new method to
determine AC–DC power flow without the uncoupled and in-phase assumptions and
concluded that their estimation is more accurate than the other two. In addition, Shu
& Lien (2006b) have also shown that the conversion efficiency and optimization
criteria vary according to the relative strength of the electromechanical coupling
and mechanical damping ratio. These results are crucial for the choice of the optimal
power converter.

Interest in the application of piezoelectric vibration-based energy scavengers for
converting mechanical energy to electrical energy has increased significantly in the
very recent years. An overview of research in this field has recently been provided
by Sodano et al. (2004) and Anton & Sodano (2007) for review articles as well as
by Roundy et al. (2004b) for an advanced book. The following summarizes recent
activities in energy harvesting using piezoelectric materials.

3.1.1 Piezoelectric Bulk Power Generators

An early work at MIT Media Lab has investigated the feasibility of harnessing
energy parasitically from various human activities (Starner 1996). It was later
confirmed that energy generated by walking can be collected using piezoelectric



82 Y.C. Shu

ceramics (Shenck & Paradiso 2001). Since then, piezoelectric elements used for
power harvesting in various forms of structures have been proposed to serve specific
purposes. Subsequent studies for generating electricity from walking with loads
were discussed by Rome et al. (2005) and Kuo (2005). Granstrom et al. (2007)
investigated energy harvesting from a backpack instrumented with piezoelectric
shoulder straps. (Elvin et al. 2001, 2003) and Ng & Liao (2005) used the piezo-
electric element simultaneously as a power generator and a sensor. They evaluated
the performance of the piezoelectric sensor to power wireless transmission and val-
idated the feasibility of the self-powered sensor system. Elvin et al. (2006) further
provided the evidence of ability of the harvesting electrical energy generated from
the vibration of typical civil structures such as bridges and buildings. Roundy &
Wright (2004) analyzed and developed a piezoelectric generator based on a two-
layer bending element and used it as a basis for generator design optimization.
Renaud et al. (2007) investigated the performances of a piezoelectric bender for
impact or shock energy harvesting. Similar ideas based on cantilever-based devices
using piezoelectric materials to scavenge vibration energy included the works by
Ajitsaria1 et al. (2007), Cornwell et al. (2005), Hu et al. (2007), Jiang et al. (2005),
Mateu & Moll (2005), Mossi et al. (2005), and Yoon et al. (2005).

Instead of 1D design, Kim et al. (2005a,b), and Ericka et al. (2005) have modeled
and designed piezoelectric plates (membranes) to harvest energy from pulsing pres-
sure sources. Yang et al. (2007) analyzed a rectangular plate piezoelectric generator.
Guigon et al. (2008a) and Guigon et al. (2008b) studied the feasibility of scav-
enging vibration energy from a piezoelectric plate impacted by water drop. Other
harvesting schemes included the use of long strips of piezoelectric polymers (Energy
Harvesting Eel) in ocean or river-water flows (Allen & Smits 2001, Taylor et al.
2001), the use of ionic polymer metal composites (IPMCs) as generating materials
(Brufau-Penella et al. 2008), the use of piezoelectric “cymbal” transducers operated
in the {3–3} mode (Kim et al. 2004, 2005), the use of drum transducer (Wang et al.
2007), and the use of a piezoelectric windmill for generating electric power from
wind energy (Priya 2005, Priya et al. 2005).

3.1.2 Piezoelectric Micro Power Generators

Jeon et al. (2005) and Choi et al. (2006) at MIT have successfully developed the first
MEMS-based microscale power generator using a {3–3} mode of PZT transducer.
A 170 �m × 260 �m PZT beam has been fabricated and a maximum DC voltage of
3 V across the load 10.1 M� has been observed. In addition, the energy density of
the power generator has been estimated at around 0.74 mW h/cm2, which compares
favorably to the use of lithium–ion batteries. Fang et al. (2006) subsequently fabri-
cated another MEMS-based microscale power generator utilizing a PZT thick film
as the transducer to harvest ambient vibration energy. The dimension of their beam
is around 2000 �m × 500 �m (length × width) with 500 �m × 500 �m (length
× height) metal mass. Different from the previous group, a {3–1} piezo-mode is
operated in their design. The natural frequency is amazingly reduced to only 609 Hz
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which is two orders of magnitude smaller than that observed by the previous group.
However, the maximum AC voltage is only around 0.6 V which may be too low to
overcome the forward bias of the rectifying bridge in order to convert AC to DC
voltage.

In addition, Roundy et al. (2005) created prototyes of thin PZT structures
with target volume power density of 80 �W/cm3. Recently, duToit et al. (2005)
and duToit & Wardle (2006) provided in-depth design principles for MEMS-scale
piezoelectric energy harvesters and proposed a prototype of 30 �W/cm3 from low-
level vibration. Related issues on the modeling of miniaturized piezoelectric power
harvesting devices include the works by duToit & Wardle (2007), Feng (2007),
Horowitz et al. (2006), Lu et al. (2004), Prabhakar & Vengallatore (2007), Ramsay
& Clark (2001), Trolier-Mckinstry & Muralt (2004), White et al. (2001), Xu et al.
(2003), and Yeatman (2007).

3.1.3 Conversion Efficiency and Electrically Induced Damping

The efficiency of mechanical to electrical energy conversion is a fundamental
parameter for the development and optimization of a power generation device.
Umeda et al. (1996, 1997) have studied the efficiency of mechanical impact energy
to electrical energy using a piezoelectric vibrator. Goldfarb & Jones (1999) subse-
quently investigated the efficiency of the piezoelectric material in a stack configura-
tion for converting mechanical harmonic excitation into electrical energy. Roundy
(2005) provided an expression for effectiveness that can be used to compare various
approaches and designs for vibration-based energy harvesting devices (see also the
work by Wang et al. (1999)). Recently, in contrast to efforts where the conversion
efficiency was examined numerically (Umeda et al.1996), Richards et al. (2004)
and Cho et al. (2006) derived an analytic formula to predict the energy conversion
efficiency of piezoelectric energy harvesters in the case of AC power output. Since
the electronic load requires a stabilized DC voltage while a vibrating piezoelectric
element generates an AC voltage, the desired output needs to be rectified, filtered,
and regulated to ensure the electric compatibility. Thus, Shu & Lien (2006b) inves-
tigated the conversion efficiency for a rectified piezoelectric power-harvesting sys-
tem. They have shown that the conversion efficiency is dependent on the frequency
ratio, the normalized resistance and, in particular, the ratio of electromechanical
coupling coefficient to mechanical damping. In general, the conversion efficiency
can be improved with a larger coupling coefficient and smaller damping. Recently,
Cho et al. (2005a) and Cho et al. (2005b) performed a series of experiments and
proposed a set of design guidelines for the performance optimization of micro-
machined piezoelectric membrane generators by enhancing the electromechanical
coupling coefficient.

When an energy harvester is applied to a system, energy is removed from the
vibrating structure and supplied to the desired electronic components, resulting in
additional damping of the structure (Sodano et al. 2004). Because the efficiency is
defined as the ratio of the time-averaged power dissipated across the load to that
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done by the external force, electrically-induced damping can be defined explicitly.
Lesieutre et al. (2004) have investigated the damping added to a structure due to
the removal of electrical energy from the system during power harvesting. They
have shown that the maximum induced electric damping corresponds to the optimal
power transfer in the case of weak electromechanical coupling. However, unlike
the work by Lesieutre et al. (2004), Shu & Lien (2006b) provided a new finding
showing that the optimal electric load maximizing the conversion efficiency and
induced electric damping is very different from that maximizing the harvested power
in strongly coupled electromechanical systems. This shows that optimization criteria
vary according to the relative strength of the coupling.

3.1.4 Power Storage Circuits

The research works cited above focus mainly on developing optimal energy-
harvesting structures. However, the electrical outputs of these devices in many cases
are too small to power electric devices directly. Thus, the methods of accumulat-
ing and storing parasitic energy are also the key to develop self-powered systems.
Sodano et al. (2005a,b) have investigated several piezoelectric power-harvesting
devices and the methods of accumulating energy by utilizing either a capacitor or
a rechargeable battery. Ottman et al. (2002, 2003) have developed highly efficient
electric circuits to store the generated charge or present it to the load circuit. They
have claimed that at high levels of excitation, the power output can be increased by
as much as 400%. In contrast to the linear load impedance adaptation by Ottman
et al. (2002, 2003), Guyomar et al. (2005), Lefeuvre et al. (2005a,b) and Badel et al.
(2006b) developed a new power flow optimization principle based on the technique,
called synchronized switch harvesting on inductor (SSHI), for increasing the con-
verted energy. They claimed that the electric harvested power may be increased by
as much as 900% over the standard technique. Badel et al. (2005) subsequently
extended to the case of pulsed excitation and Makihara et al. (2006) improved the
SSHI technique by proposing a low-energy dissipation circuit. Recently, Shu et al.
(2007) provided an improved analysis for the performance evaluation of a piezoelec-
tric energy harvesting system using the SSHI electronic interface. They found that
the best use of the SSHI harvesting circuit is for systems in the mid-range of elec-
tromechanical coupling. The degradation in harvested power due to the non-perfect
voltage inversion is not pronounced in this case, and the reduction in power is much
less sensitive to frequency deviations than that using the standard technique.

3.2 Approach

3.2.1 Standard AC–DC Harvesting Circuit

Consider an energy conversion device which includes a vibrating piezoelectric
structure together with an energy storage system. If the modal density of such a
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device is widely separated and the structure is vibrating at around its resonance fre-
quency, we may model the power generator as a mass+spring+damper+piezo struc-
ture, as shown in Fig. 3.1 (Guyomar et al. 2005, Richards et al. 2004). It consists of a
piezoelectric element coupled to a mechanical structure. In this approach, a forcing
function F(t) is applied to the system and an effective mass M is bounded on a
spring of effective stiffness K , on a damper of coefficient ηm, and on a piezoelectric
element characterized by effective piezoelectric coefficient Θ and capacitance Cp.
These effective coefficients are dependent on the material constants and the design
of energy harvesters and can be derived using the standard modal analysis (Hagood
et al. 1990, Wang & Cross 1999).

For example, consider a triple-layer bender mounted as a cantilever beam with
polarization poled along the thickness direction, as shown in Fig. 3.2. The elec-
tric field is generated through the direction of thickness of the piezoelectric layers,
while strain is in the axial direction; consequently, the transverse, or {3–1}, mode
is utilized. The effective coefficients related with material constants and structural
geometry can be derived using the modal analysis (Shu & Lien 2006a).

M = βM(mp + mb) + ma,
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Fig. 3.2 A common piezoelectric-based power generator: a cantilever triple-layer bender operated
in the {3–1} mode. The base is excited with acceleration z̈(t)
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L are the width and axial length of the cantilever beam, respectively, t and h, CE
p11

and CE
b11

, mp and mb are the thicknesses, elastic moduli, and masses of the piezo-
electric and central passive layers, and ma is the attached mass. Another common
piezoelectric power generator operated in the longitudinal or {3–3} mode has been
developed recently by Jeon et al. (2005) using interdigitated electrode configuration,
as shown in Fig. 3.7. The advantage of utilizing this mode is that the longitudinal
piezoelectric effect is usually much larger than the transverse effect (d33 > d31).

Let u be the displacement of the mass M and Vp be the voltage across the
piezoelectric element. The governing equations of the piezoelectric vibrator can be
described by (Guyomar et al. 2005, Richards et al. 2004)

Mü(t) + ηmu̇(t) + K u(t) +ΘVp(t) = F(t), (3.1)

−Θu̇(t) + CpV̇p(t) = −I (t), (3.2)

where I (t) is the current flowing into the specified circuit as shown in Fig. 3.3. Since
most applications of piezoelectric materials for power generation involve the use of
periodic straining of piezoelectric elements, the vibrating generator is assumed to
be driven at around resonance by the harmonic excitation

F(t) = F0 sinwt, (3.3)

where F0 is the constant magnitude and w (in radians per second) is the angular
frequency of vibration.

The power generator considered here is connected to a storage circuit system, as
shown in Fig. 3.1. Since the electrochemical battery needs a stabilized DC voltage
while a vibrating piezoelectric element generates an AC voltage, this requires a suit-
able circuit to ensure the electric compatibility. Typically, an AC–DC rectifier fol-
lowed by a filtering capacitance Ce is added to smooth the DC voltage, as shown in
Fig. 3.1. A controller placed between the rectifier output and the battery is included
to regulate the output voltage. Figure 3.3(a) is a simplified energy harvesting circuit
commonly adopted for design analysis. It can be used to estimate an upper bound of
the real power that the piezoelectric generator is able to deliver at a given excitation.
Note that the regulation circuit and battery are replaced with an equivalent resistor
R and Vc is the rectified voltage across it.

The common approach to have the stable output DC voltage is to assume that the
filter capacitor Ce is large enough so that the rectified voltage Vc is essentially con-
stant (Ottman et al. 2002). Specifically, Vc(t) = 〈Vc(t)〉 + Vripple, where 〈Vc(t)〉 and
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Fig. 3.3 (a) A standard energy harvesting circuit. (b) An SSHI energy harvesting circuit
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Vripple are the average and ripple of Vc(t), respectively. This average 〈Vc(t)〉 is inde-
pendent of Ce provided that the time constant RCe is much larger than the oscillating
period of the generator (Guyomar et al. 2005). The magnitude of Vripple, however,
depends on Ce and is negligible for large Ce. Under this hypothesis, Vc(t) ≈ 〈Vc(t)〉,
and therefore in the following, we use Vc, instead of 〈Vc(t)〉, to represent the average
of Vc(t) for notation simplicity.

The rectifying bridge shown in Fig. 3.3 is assumed to be perfect here. Thus, it
is open circuited if the piezovoltage |Vp| is smaller than the rectified voltage Vc. As
a result, the current flowing into the circuit vanishes, and this implies V̇p(t) varies
proportionally with respect to u̇(t) as seen from (3.2). On the other hand, when |Vp|
reaches Vc, the bridge conducts and the piezovoltage is kept equal to the rectified
voltage; i.e., |Vp| = Vc. Finally, the conduction in the rectifier diodes is blocked
again when the absolute value of the piezovoltage |Vp(t)| starts decreasing. Hence,
the piezoelectric voltage Vp(t) either varies proportionally with the displacement
u(t) when the rectifying bridge is blocking, or is kept equal to Vc when the bridge
conducts.

The model equations (3.1, 3.2 and 3.3) are developed at the resonance mode of
the device, and therefore, a single-mode vibration of the structure at the steady-state
operation is expected with

u(t) = u0 sin (wt − θ ), (3.4)

where u0 is the magnitude and θ is the phase shift. This assumption of choosing the
sinusoidal form for displacement has been made by Guyomar et al. (2005) exclud-
ing the effect of the phase shift θ . Shu & Lien (2006a) have included this effect
and validated it both numerically and experimentally for the standard interface. The
corresponding waveforms of u(t) and Vp(t) are shown in Fig. 3.4(a). Let T = 2π

w
be

the period of vibration, and ti and tf be two time instants (tf − ti = T
2 ) such that the

displacement u undergoes from the minimum −u0 to the maximum u0, as shown in
Fig. 3.4(a). Assumed that V̇p ≥ 0 during the semi-period from ti to tf. It follows that∫ tf

ti
V̇p(t)dt = Vc − (−Vc) = 2Vc. Note that CeV̇c(t) + Vc

R = 0 for ti < t < t∗ during

which the piezovoltage |Vp| < Vc and I (t) = CeV̇c(t) + Vc
R for t∗ ≤ t < tf during

which the rectifier conducts. This gives

−
∫ tf

ti

I (t)dt = − T

2

Vc

R

since the average current flowing through the capacitance Ce is zero; i.e.,
∫ tf

ti
CeV̇c(t)

dt = 0 at the steady-state operation. The integration of (3.2) from time ti to tf is
therefore

−2Θu0 + 2CpVc = − T

2

Vc

R
,
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Fig. 3.4 Typical waveforms of displacement and piezoelectric voltage for (a) the standard and
(b) the SSHI electronic interfaces

or

Vc = wΘR

wCp R + π
2

u0. (3.5)

Thus, from (3.5), u0 has to be determined to decide Vc. There are three approaches
in the recent literature for estimating it (Guyomar et al. 2005, Ottman et al. 2002,
Shu & Lien 2006a). The first one models the piezoelectric device as the current
source in parallel with its internal parasitic capacitance Cp (Jeon et al. 2005, Ng &
Liao 2005, Ottman et al. 2002). It is based on the assumption that the internal current
source of the generator is independent of the external load impedance. However, the
amplitude of the current source is closely related to that of displacement which
depends not only on the mechanical damping but also on the electrical damping at
the resonant vibration (Lesieutre et al. 2004, Shu & Lien 2006b). This assumption
is, therefore, not suitable when the effect of the electrical damping is significant. As
a result, Guyomar et al. (2005) have proposed another estimation accounting for the
effect of electromechanical coupling. Their estimation is based on the assumption
that the external forcing function and the velocity of the mass are in-phase, or in
other words, the phase shift effect is neglected in (3.4). Instead, Shu & Lien (2006a)
have included this phase factor in their improved analysis, and derived the analytic
expressions of displacement magnitude u0, rectified voltage Vc, and harvested aver-
age power P . Their results are summarized as follows:

u0 = u0
F0
K
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where several dimensionless variables are introduced by

k2
e = Θ2

K Cp
, ζm = ηm

2
√

K M
, wsc =

√
K

M
, � = w

wsc
, r = Cpwsc R. (3.9)

Above k2
e is the alternative electromechanical coupling coefficient, ζm is the

mechanical damping ratio, wsc is the natural oscillation frequency (of the piezo-
electric vibrator under the short circuit condition), � and r are the normalized fre-
quency and electric resistance, respectively. Note that there are two resonances for
the system since the piezoelectric structure exhibits both short-circuit and open-
circuit stiffness. They are defined by

�sc = 1, �oc =
√

1 + k2
e , (3.10)

where �sc and �oc are the frequency ratios of short- and open-circuits, respectively.
The shift in device natural frequency is pronounced if the coupling factor k2

e is large.

3.2.2 SSHI-Harvesting Circuit

An SSHI electronic interface consists of adding up a switch and an inductance L
connected in series and is in parallel with the piezoelectric element, as shown in
Fig. 3.3(b). The electronic switch is triggered according to the maximum and mini-
mum of the displacement of the mass, causing the processing of piezoelectric volt-
age to be synchronized with the extreme values of displacement.

To illustrate the electrical behavior of this nonlinear processing circuit, consider
the harmonic excitation given by (3.3). In view of the single-mode excitation, the
mechanical displacement u(t) is assumed to be sinusoidal as in (3.4) in steady-state
operation. The validation of this assumption has been examined by considering
the output voltage (Shu et al. 2007). The waveform of the piezoelectric voltage
Vp(t), however, may not be sinusoidal and is dependent on the specific type of the
interface circuit connected to the piezoelectric element. To see it, let T = 2π

w
be

the period of mechanical excitation and ti and tf be two time instants such that the
displacement u(t) undergoes from the minimum −u0 to the maximum u0, as illus-
trated in Fig. 3.4(b). The switch is turned off most of time during this semi-period
(t+

i , tf). When it is turned on at the time instant ti, |Vp(t)| remains lower than the
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rectified voltage Vc. So the rectifying bridge is open circuited, and an oscillating
electrical circuit composed by the inductance L and the piezoelectric capacitance
Cp is established, giving rise to an inversion process for the piezoelectric voltage
Vp. Specifically, let �t be the half electric period of this oscillating L-Cp circuit. It
is equal to (Guyomar et al. 2005).

�t = π
√

LCp.

We assume that the inversion process is quasi-instantaneous in the sense that the
inversion time is chosen to be much smaller than the period of mechanical vibration;
i.e., Δt = t+

i − ti << T . The switch is kept closed during this small time period
Δt , resulting in the reverse of voltage on the piezoelectric element; i.e.,

Vp(t+
i ) = −Vp(ti)e

−π
2QI = VcqI, qI = e

−π
2QI , (3.11)

as shown in Fig. 3.4(b). Above QI is the inversion quality factor due to the energy
loss mainly from the inductor in series with the switch. As a result, the current
outgoing from the piezoelectric element through the rectifier during a half vibration
period can be obtained by integrating (3.2) from time t+

i to t f

∫ tf

t+
i

{−Θu̇(t) + CpV̇p(t)
}

dt = −2Θu0 + Cp

(
1 − e− π

2QI

)
Vc = − T

2

Vc

R
,

since the rectifier bridge is blocking during the inversion process and the inversion
time �t << T . The relation between the magnitude of displacement u0 and the
rectified voltage Vc is therefore obtained by

Vc = 2RΘw

(1 − qI)Cp Rw + π
u0. (3.12)

The rest of the derivation is to estimate the magnitude of displacement u0 and
the phase shift θ , and we refer to the work by Shu et al. (2007) for details. The

results for normalized displacement magnitude uSSHI
0 , rectified voltage V

SSHI
c , and

average-harvested power P
SSHI

are given, respectively, by

uSSHI
0 = uSSHI

0
F0
K

= 1⎧⎨
⎩
(

2ζm + 2
[
1+ r�

2π (1−q2
I )
]
k2

e r(
(1−qI )

2 r�+ π
2

)2

)2

�2 +
(

1 − �2 +
(1−qI )

2 k2
e r�

(1−qI )
2 r�+ π

2

)2
⎫⎬
⎭

1
2

, (3.13)
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V
SSHI
c = V SSHI

c
F0

Θ

=
(

r�
(1−qI )

2 r� + π
2

)

× k2
e⎧⎨

⎩
(

2ζm+ 2
[
1+ r�

2π (1−q2
I )
]
k2

e r(
(1−qI)

2 r�+ π
2

)2

)2

�2+
(

1−�2+
(1−qI )

2 k2
e r�

(1−qI )
2 r�+ π

2

)2
⎫⎬
⎭

1
2

, (3.14)

P
SSHI = PSSHI

F2
0

wsc M

=
(

1
(1−qI )

2 r� + π
2

)2

× k2
e �2 r(

2ζm + 2
[
1+ r�

2π (1−q2
I )
]
k2

e r(
(1−qI)

2 r�+ π
2

)2

)2

�2 +
(

1 − �2 +
(1−qI )

2 k2
e r�

(1−qI )
2 r�+ π

2

)2
. (3.15)

Above all are expressed in terms of dimensionless parameters defined in (3.9) and
(3.11).

Finally, Guyomar et al. (2005) have used the in-phase assumption to analyze
the electrical performance of the power generator using the SSHI interface. To be
precise, they have assumed that the external forcing function and the velocity of
the mass are in-phase, giving rise to no phase shift effect in their formulation. The
following summaries their results for comparisons:

uSSHI
in-phase = uSSHI

in-phase
F0
K

= 1{
2ζm + 2

[
1+ r�

2π (1−q2
I )
]
k2

e r(
(1−qI )

2 r�+ π
2

)2

}
�

, (3.16)

V
SSHI
in-phase = V SSHI

in-phase
F0

Θ

=
(

r
(1−qI )

2 r� + π
2

)
k2

e{
2ζm + 2

[
1+ r�

2π (1−q2
I )
]
k2

e r(
(1−qI )

2 r�+ π
2

)2

} , (3.17)

P
SSHI
in-phase = PSSHI

in-phase

F2
0

wsc M

= 1(
(1−qI)

2 r� + π
2

)2

k2
e r{

2ζm + 2
[
1+ r�

2π (1−q2
I )
]
k2

e r(
(1−qI)

2 r�+ π
2

)2

}2 . (3.18)
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3.3 Results

3.3.1 Standard Interface

The improved estimates in (3.6, 3.7 and 3.8) for the standard AC–DC interface have
been found to agree well with experimental observations and numerical simula-
tions of (3.1) and (3.2) under (3.3) (Shu & Lien 2006a). Therefore, these estimates
are suitable for the electrical performance evaluation of the piezoelectric energy
harvesting system embedded with the standard electronic interface. Basically from
(3.8), the harvested average power increases significantly for smaller mechanical
damping ratio ζm or larger electromechanical coupling coefficient k2

e . It is consis-
tent with that found by (Badel et al. 2006a), who have performed an interesting
experiment by comparing the performances of vibration-based piezoelectric power
generators using a piezoelectric ceramic and a single crystal. Under the same operat-
ing condition, the power generated using the single crystal is much higher than that
using the ceramic, since according to their measurements the coupling factor k2

e of
the former is 20 times larger than that of the latter. However, one has to be cautious
that the average-harvested power approaches to its saturation value for much larger
k2

e , as shown in Fig. 3.5.
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Fig. 3.5 The normalized power P against the normalized frequency � and the electrome-
chanical coupling factor k2

e at the optimal condition in the sense that P
opt

(�, k2
e , ζm) =

P(ropt(�),�, k2
e , ζm) and ropt(�) is determined by solving �

�r P(r,�, k2
e , ζm) = 0. We use

ζm = 0.04 here. Note that for large k2
e there are two identical peaks of power evaluated at the

frequency ratio close to �sc = 1 and �oc = √
1 + k2

e . These peaks are saturated for much higher
coupling factor k2

e >> 1 (Shu et al. 2007)
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The improved estimates in (3.6, 3.7 and 3.8) have also been compared with the
uncoupled and in-phase estimates according to the relative magnitudes of electrome-
chanical coupling coefficient and mechanical damping ratio. The results given by
Shu & Lien (2006a) show that the conventional uncoupled solutions and in-phase

estimates are suitable, provided that the ratio k2
e
ζm
<< 1, while the discrepancies

among these distinct approaches become significant when k2
e
ζm

increases. If the shift
in device natural frequency is pronounced and the mechanical damping ratio of the

system is small; i.e. k2
e
ζm
>> 1, the harvested power is shown to have two optimums

evaluated at (ropt
1 ,�

opt
1 ) and (ropt

2 ,�
opt
2 ), where �

opt
1 is close to �sc and the electric

load ropt
1 is very small, while �

opt
2 is close to �oc and ropt

2 is large. Indeed, Table 3.1
summarizes the relationship between the system parameters k2

e and ζm and the nor-
malized load, displacement, voltage, and power at these two optimal conditions.
The first optimal pair is designed at the short-circuit resonance �sc with the optimal

Table 3.1 The relation between the system parameters k2
e and ζm and the normalized electric resis-

tance, displacement, voltage, and power operated at the short-circuit (�sc) and open-circuit (�oc)

resonances (Shu & Lien 2006a). Note that the condition k2
e
ζm
>> 1 is implied in the analysis

Optimal conditions �sc �oc

Resistance ropt
sc ∝ 1

k2
e
ζm

< ropt
oc ∝ 1

(1+k2
e )

k2
e
ζm

Displacement uopt
0 ∝ 1

ζm
> uopt

0 ∝ 1

ζm(
√

1+k2
e )

Voltage V
opt
c ∝ 1 < V

opt
c ∝ 1√

1+k2
e

k2
e
ζm

Power P
opt ∝ 1

ζm
= P

opt ∝ 1
ζm
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Fig. 3.6 The normalized power against the normalized electric resistance and frequency ratio.
(a) A strongly coupled electromechanical system using the standard AC/DC electronic interface

(k2
e = 1.0, ζm = 0.04 k2

e
ζm

= 25). (b) A weakly coupled electromechanical system using the ideal

SSHI electronic interface (k2
e = 0.01, ζm = 0.04, k2

e
ζm

= 0.25, QI = ∞). Notice that both (a)
and (b) provide the identical peaks of harvested power evaluated at different conditions (Shu et al.
2007)
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load ropt
sc ∝ 1

k2
e
ζm

, while the second one is designed at the open-circuit resonance �oc

with the optimal load ropt
oc ∝ 1

(1+k2
e )

k2
e
ζm

. They give the identical value of maximum
harvested power which depends only on the mechanical damping ratio ζm. Unlike
the power, the displacement is higher at �sc than at �oc, while the voltage operating
at the first peak is one order of magnitude smaller than that operating at the second
peak.

Figure 3.6(a) gives the dependence of the normalized harvested power on the
normalized resistance and frequency ratio for the case of strong electromechanical
coupling. While such a strong coupling is not commonly observed in the conven-
tional piezoelectric power generators, we particularly emphasize it here since it has
been shown by Shu et al. (2007) that the behavior of an ideal SSHI system is similar
to that of a strongly coupled electromechanical standard system excited at around
the short-circuit resonance. This finding is generally valid no matter whether the
real electromechanical system is weakly or strongly coupled.

Discussions

If the vibration source is due to the periodic excitation of some base, this gives
F0 = M A where A is the magnitude of acceleration of the exciting base. From
(3.8), the harvested average power per unit mass becomes

P

M
= A2

wsc
P(r,�, k2

e , ζm). (3.19)

As (3.19) is expressed in terms of a number of dimensionless parameters, an
effective power normalization scheme is provided and can be used to compare
power-harvesting devices of various sizes and with different vibration inputs to
estimate efficiencies. Conceptually, the formula (3.19) provides a design guideline
to optimize AC–DC power output either by tuning the electric resistance, selecting
suitable operation points, or by adjusting the coupling coefficient by careful struc-
tural design. However, it needs much more efforts to make this scheme feasible due
to the following various reasons.

(a) It may not be an easy task to adjust one parameter with other parameters fixed.
For example, adjusting the dimensions of the device may result in the simultane-
ous changes of the whole dimensionless parameters r , �, k2

e , and ζm.
(b) Current design requires that the natural frequency of the device is below 300 Hz

since a number of common ambient sources have significant vibration compo-
nents in the frequency range of 100–300 Hz (duToit et al. 2005). This adds a con-
straint for optimizing (3.19). Moreover, the most common geometry for piezo-
electric power generators is the cantilever beam configuration. It is well known
that its first resonance is proportional to the inverse of the beam length, causing
the pronounced increase of natural frequency at the microscale. For example, the
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resonance frequency of the MEMS-based piezoelectric micro power generator
developed by MIT has been measured as high as 13.9 kHz (Jeon et al. 2005).
However, this order of magnitude of 10 kHz frequency is not low enough to meet
the frequency range of common ambient sources, neither high enough to match
that of supersonic transducers, for example.

(c) Operating the piezoelectric element in the {3–3} actuation mode is advantageous
since better coupling between the mechanical and the electrical domain is possi-
ble (d33 > d31 in general). Conventionally, longitudinal mode operation occurs
through the use of interdigitated electrodes, as shown in Fig. 3.7, since a large
component of the electric field can be produced in the axial direction. Based on
this design, Jeon et al. (2005) have successfully developed the first MEMS-based
piezoelectric power generator and found a maximum DC voltage of 3 V across
the load 10.1 M�. However, another very recent paper in 2006 by Sodano et al.
(2006) have observed the poor performance of bulk energy harvester with inter-
digitated electrode configuration. The reasons for these two seemingly contra-
dictory experiments are not clear. One possible explanation is that the generated
electric field decays significantly far away from the interdigitated electrode sur-
face, causing the degradation of performance for bulk generators.

(d) In general, the harvested average power arises as the electromechanical coupling
coefficient ascends at the early stage, as can be seen from Fig. 3.5. One proposed
method to increase the coupling coefficient k2

e is to apply destabilizing axial
loads, as shown in Fig. 3.8 (Lesieutre & Davis 1997). The idea behind it is that
the beam’s apparent stiffness is the function of the axial compressive preload; it
theoretically reduces to zero as the axial preload approaches the critical bucking
load. Using this idea, Leland & Wright (2006) have observed the coupling coeffi-
cient rising as much as 25%. However, the device damping also rises 67% which
is not favorable for improving harvested power extraction. Hence, it needs more
quantitative efforts to investigate this idea and therefore, to find out the suitable
trade-off relationship (see also a recent investigation by Hu et al. (2007b)).

(e) Vibration-based power generators achieve the maximum power when their res-
onance frequency matches the driving frequency. However, the scavengeable
power decreases significantly and almost goes away if the frequency deviation
is more than 5% from the resonant frequency (Charnegie et al. 2006, Muriuki
& Clark 2007, Shahruz 2006). Due to inconsistencies in the fabrication of the

Interdigitated Electrode

Proof Mass

Fig. 3.7 An interdigitated electrode configuration
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Axial Force

Axial Force
Proof Mass

Piezoelectric Vibrator

Fig. 3.8 The beam stiffness is able to be reduced by applying destabilizing compressive preloads

harvester or variations in the source, frequency matching can be difficult to
achieve. Thus, it is obviously advantageous to have a single design operating
effectively over a range of vibration frequencies, and Roundy et al. (2005) have
suggested to use multi-mass and multi-mode resonators to enlarge the bandwidth
of generators. In addition, Challa et al. (2008) have used a magnetic force tech-
nique to develop a resonance frequency tunable energy harvesting device.

(f) Note that (3.19) is an estimation of an upper bound of the real power that a piezo-
electric energy harvester is able to deliver at a given excitation. Thus, research on
power circuit designs can be viewed as efforts to improve the actual power extrac-
tion (but cannot increase its maximum power). The most common circuit design
is to use the principle of load impedance adaptation by tuning the load impedance
to achieve the higher power flow (Ottman et al. 2003). Guyomar and co-workers
(Badel et al. 2006a, Badel et al. 2005, Guyomar et al. 2005, Lefeuvre et al. 2005b,
2006) have developed another new technique (SSHI) for increasing the converted
energy, which has been discussed in Section 3.2.2. Recently, Liu et al. (2007)
have investigated the electromechanical conversion capacity of a piezoelectric
power generator by considering a quasi-static work cycle, and pointed out theo-
retically that their proposed method yields more power than SSHI.

3.3.2 SSHI Interface

The in-phase estimates in (3.16), (3.17) and (3.18) provided by Guyomar et al.
(2005) are lack of frequency dependence. Thus, they are unable to predict the system
behavior when the applied driving frequency deviates from the system resonance
frequency. As the reduction in power is significant due to frequency deviation, such
an effect cannot be ignored in practical design. The improved estimates in (3.13),
(3.14) and (3.15) for the SSHI interface, on the other hand, exhibit the frequency
dependence, and have also been validated numerically by Shu et al. (2007). There-
fore, these estimates are suitable for the electrical performance evaluation of the
piezoelectric energy harvesting system embedded with an SSHI interface circuit.

To see how the SSHI electronic interface boosts power extraction, consider an
ideal case where the inversion of the piezoelectric voltage Vp is complete; i.e., QI =
∞. From (3.11) this gives qI = 1 and the normalized harvested power from (3.15)
becomes
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P
SSHI = 4

π2

rk2
e �2{

4
(
ζm + 4k2

e r
π2

)2
�2 + (1 − �2)2

} . (3.20)

The optimal electric load resistance and the normalized power operated at �sc

are therefore

ropt = π2

4

1
k2

e
ζm

, P
SSHI|r=ropt,�=1 = 1

16ζm
. (3.21)

From (3.21), the optimal load resistance is inversely proportional to the ratio k2
e
ζm

,
while the corresponding optimal power depends only on the mechanical damp-
ing ratio ζm and is independent of the electromechanical coupling coefficient k2

e .
Comparing all of these features with Table 3.1 suggests that the behavior of the
power-harvesting system using the SSHI interface is similar to that of a strongly
coupled electromechanical system using the standard interface and operated at the
short-circuit resonance �sc. In addition, according to Table 3.1, there exists another
identical peak of power operated at the open-circuit resonance. But Shu et al. (2007)
have also shown that the second peak of power is moved to the infinite point in
the (r,�) space, and therefore, there is only one peak of power for the SSHI elec-
tronic interface no matter whether the real electromechanical system is weakly or
strongly coupled, as schematically shown in Fig. 3.6(b). Note that we particularly
take k2

e = 0.01 and ζm = 0.04 in Fig. 3.6(b) so that the electromechanical generator

itself is weakly coupled
(

k2
e
ζm

= 0.25
)

. The harvested power obtained using the stan-

dard harvesting circuit is pretty small in this case, since it has been shown that (Shu
& Lien 2006a)

P
(

ropt = π

2
,� = 1, k2

e , ζm

)
≈
(

2

π

k2
e

ζm

)
1

16ζm
<<

1

16ζm
=
(

P
SSHI

)
max

if k2
e
ζm
<< 1. But the inclusion of SSHI circuit boosts the average harvested power

whose maximum is the same as that using a strongly coupled electromechanical
generator connected to the standard interface, as illustrated in Fig. 3.6(a) (k2

e = 1.0,

ζm = 0.04 and k2
e
ζm

= 25). Therefore, the harvested power increases tremendously for
any weak coupling SSHI system at the cost of using a much larger optimal electric
load which is proportional to 1

k2
e
ζm

according to (3.21).

As in many practical situations, the inversion of the piezoelectric voltage Vp is not
perfect (QI �= ∞), which accounts for a certain amount of the performance degra-
dation using the SSHI electronic interface. We take QI = 2.6 for the comparisons of
the electrical performance of a vibration-based piezoelectric power generator using

the standard and SSHI electronic interfaces according to the different ratios of k2
e
ζm

.
The results are shown in Fig. 3.9 (Shu et al. 2007). Note that it is possible to have
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a larger value of quality factor QI by requiring the use of the low losses inductor
(Lefeuvre et al. 2006).

To explain Fig. 3.9, first consider a weakly coupled electromechanical system;

i.e., the ratio k2
e
ζm
<< 1. We take k2

e = 0.01 and ζm = 0.04 for demonstration.

This gives k2
e
ζm

= 0.25. Comparing Fig. 3.9(a) with Fig. 3.9(d) gives the achieved
optimal power using SSHI is three times larger than that using the standard interface

(P
SSHI|QI=2.6 = 0.67 and P = 0.23). However, there is a significant performance

degradation in this case since the maximum normalized power generated for the

ideal voltage inversion is around P
SSHI|QI=∞ = 1.56.

Next, suppose the electromechanical coupling is in the medium range; i.e., the

ratio of k2
e
ζm

is of order 1. We take k2
e = 0.09 and ζm = 0.04. This gives k2

e
ζm

= 2.25.

Comparing Fig. 3.9(b) with Fig. 3.9(e) gives P
SSHI|QI=2.6 = 1.38, the maximum

normalized power for the non-ideal voltage inversion, and P = 1.20, the maximum
normalized power for the standard interface. While there is no significant increase
of power output using the SSHI electronic interface in this case, Fig. 3.9(e) demon-
strates that the harvested power evaluated at around the optimal load is less sensitive
to frequency deviated from the resonant vibration. For example, the amount of nor-
malized harvested power P evaluated at r = π

2 in the standard case drops from
1.2 to 0.6 for about 5% frequency deviation, and from 1.2 to 0.2 for about 10%
frequency deviation. However, under the same conditions, the normalized harvested

power P
SSHI

in the SSHI circuit drops from 1.3 to only 1.0 for about 5% frequency
deviation, and from 1.3 to 0.5 for about 10% frequency deviation. It has also been
shown that this frequency-insensitive feature is much more pronounced if the quality
factor QI is further improved (Shu et al. 2007).

Finally, we turn to a strongly coupled electromechanical system
(

k2
e
ζm
>> 1

)
. We

take k2
e = 1.0 and ζm = 0.04, and this gives k2

e
ζm

= 25. The results are shown in
Fig. 3.9(c) based on the standard interface and in Fig. 3.9(f) based on the SSHI
interface. In the standard case, the harvested power has two identical optimal peaks,
and the switching between these two peaks can be achieved by varying the electric
loads. The envelope of these peaks has a local minimum, which is closely related
to the minimum proof mass displacement. On the other hand, there is only one
peak of power in the SSHI circuit, as explained previously. Unlike the standard
case, as illustrated in Fig. 3.9(c), the peaks of the average harvested power decrease
significantly as the load resistances increase, as shown in Fig. 3.9(f). In addition,
it can be seen from (3.21) that the optimal electric load for the SSHI system is

very small, since k2
e
ζm
>> 1. Thus, Fig. 3.9(f) indicates that any deviation in the

load resistance will cause a significant power drop in the SSHI case. Such an effect
cannot be ignored in practical design, since there may exist other inherent electrical
damping in the whole circuit system; for example, the diode loss is not taken into
account in the present analysis. As a result, there seems to be no obvious advantage
of using the SSHI electronic interface from the comparison between Fig. 3.9(c) and
Fig. 3.9(f).
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Fig. 3.9 Normalized power versus frequency ratio for different values of normalized resistances.
Notice that (a)–(c) are obtained using the standard electronic interface, while (d)–(f) are obtained
using the SSHI electronic interface (Shu et al. 2007)



100 Y.C. Shu

3.4 Conclusion

This chapter presents a theory of piezoelectric vibration-based energy harvesting
following the works by Shu & Lien (2006a), Shu & Lien (2006b) and Shu et al.
(2007). The theory is able to predict the electrical behavior of piezoelectric power-
harvesting systems using either the standard or the SSHI electronic interface. It
shows that power extraction depends on the input vibration characteristics (fre-
quency and acceleration), the mass of the generator, the electrical load, the natural
frequency, the mechanical damping ratio, the electromechanical coupling coefficient
of the system, and/or the inversion quality factor of an SSHI circuit. An expression
of average harvested power incorporating all of these factors is analytically provided
by (3.8) or (3.15) for the standard or SSHI interface. As the formula is expressed in
terms of a number of dimensionless parameters, an effective power normalization
scheme is provided and can be used to compare power harvesting devices of various
sizes and with different vibration inputs to estimate efficiencies. Further, it is also
highly recommended to provide all these parameters in all future publications to
facilitate the relative comparison of various devices. Finally, the developed theory
also points to opportunities for new devices and improvements in existing ones. For
example, it shows that optimization criteria vary according to the relative strength
of coupling, and scavenger bandwidth is improved by SSHI technique.
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Chapter 4
Piezoelectric Equivalent Circuit Models

Björn Richter, Jens Twiefel and Jörg Wallaschek

Abstract Electromechanical equivalent circuits can be used to model the dynamics
of piezoelectric systems. In the following, they will be applied for the modeling of
piezoelectric bending generators for energy harvesting. Therefore, the basic analo-
gies between electrical and mechanical systems will be discussed and a simple
piezoelectric equivalent circuit model for a system which can be described by a
single mechanical modal coordinate will be derived. In a next step, an experimen-
tally based method for the determination of the model parameters will be presented.
The modeling of additional mechanical degrees of freedom as well as the modeling
of force and kinematic base excitation will also be addressed.

4.1 Model Based Design

Models are used in different stages of the design process. In the early stages, the
emphasis is on conceptual modeling and system representations of low complexity
are preferred. Later, more detailed models, which take all relevant design parameters
into account, will be needed. Piezoelectric equivalent circuit models are typically
employed in overall system studies in the early design phases.

Equivalent circuit models can be used for analysis and design of piezoelectric
systems. The parameters which enter into these models can be obtained by various
methods. Among these methods, the ‘experimental’ parameter identification which
is based on the systems’ transfer functions. It can be applied whenever a physical
prototype is available. Of course, it is also applicable if the data of the transfer
function are gained by numerical calculations. In the early design phases, when
the overall system is synthesized, prototypes are in general not available. In this
situation, the model parameters can be estimated using certain analytical solutions
of the Euler–Bernoulli beam equation. The experimental parameter identification as
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Fig. 4.1 Piezoelectric parallel bimorph cantilever used as generator element. (a) General configu-
ration. (b) Demonstrator system

well as the parameter estimation based on the analytical model will be described in
the subsequent sections of this chapter.

4.1.1 Basic Configurations of Piezoelectric Generators

Depending on the application, different types of piezoelectric generators (PEG) can
be used for energy harvesting, e.g., stack, bimorph, membrane or spiral rotational
springs. Each of these configurations has specific advantages and design limits. Most
often, resonance is used in the mechanical–electrical energy conversion and the sys-
tems are typically operated at vibration frequencies up to a few hundred Hertz.

The most widespread PEGs are bimorph cantilever structures which have eigen-
frequencies in the range of a few hundred Hertz and are easy to handle. Piezoelectric
bimorphs consist of two or more piezoelectric layers mounted on a passive metal-
lic or ceramic layer (Tokin Corp. 1987). The piezoelectric layers are connected in
series for high-output impedance and they are connected in parallel for low-output
impedance, as generally desired for driving electric circuits. Figure 4.1 shows a
generator based on a cantilever element.

4.2 Linear Constitutive Equations for Piezoelectric Material

According to IEEE Std 176 (1978), the linear constitutive equations for piezoelectric
materials are given by Eq. 4.1.

(
S
D

)
=
(

sE d
dt �T

)(
T
E

)
(4.1)

S is the mechanical strain, T is the mechanical stress, D is the dielectric charge
displacement, and E is the electrical field strength. These quantities are tensors of
order 2 and 1, respectively. sE is the compliance tensor under the condition of a con-
stant electric field defined as strain generated per unit stress. The tensor d contains
the piezoelectric charge constants; it gives the relationship between electric charge
and mechanical stress. The representation can be used for both the direct and the
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inverse piezoelectric effects. Further, �T gives the absolute permittivity defined as
dielectric displacement per unit electric field for constant stress. For most practical
applications, there exists a dominant deformation mode and these equations can
be reduced to scalar form. If, for example, the piezoelectric material is polarized in
3-direction and the electrical field is applied in the same direction, while the predom-
inant mechanical stress and strain is in the 1-direction, the constitutive equations can
be reduced to Eq. 4.2.

S1 = sE
11T1 + d31 E3

D3 = d31T1 + εT
33 E3

(4.2)

The constitutive Eq. 4.2 can be transformed into a form where the mechanical
strain and the dielectric charge displacement are being considered as independent
variables.

(
T
E

)
=
(

cD h
ht �S

)(
S
D

)
(4.3)

The coefficients (cp. IEEE Std 176 (1978)) in this representation can, of course,
be expressed in terms of the coefficients in Eq. 4.1. In the special case of Eq. 4.2,
the corresponding form of Eq. 4.3 is

T1 = 1

sE
11(1 − k2

31)
S1 − 1

d31

(
k2

31

1 − k2
31

)
D3

E3 = − 1

d31

(
k2

31

1 − k2
31

)
S1 + 1

εT
33(1 − k2

31)
D3

(4.4)

with the piezoelectric coupling factor

k2
31 = d2

31

εT
33 sE

11

(4.5)

This particular representation of the material law will be used in a later section.

4.3 Piezoelectric Equivalent Circuit Models for Systems
with Fixed Mechanical Boundary

In this section, we directly introduce a piezoelectric equivalent circuit model by
considering a simple relationship between local and global state variables of the sys-
tem. The equivalent circuit model is based on an analogy between mechanical and
electrical state variables. Only piezoelectric systems which have a fixed mechanical
boundary are studied in this chapter, e.g., a cantilever or simply supported beam.
The case of base excitation will be studied in a subsequent section.



110 B. Richter et al.

4.3.1 Quasi-Static Regime

The linear constitutive equations describe the behavior of the piezoelectric material
on a “local” scale in terms of mechanical stress and strain and dielectric charge dis-
placement and electrical field strength. The corresponding “global” state variables of
the system are force, displacement, charge flow, and voltage. Local and global state
variables are interrelated by linear mathematical operators, involving differentia-
tion and integration, respectively. The mechanical strain, e.g., is determined by the
derivatives of the displacement field which itself can in most cases be characterized
by a single generalized coordinate x . If the piezoelectric element is fixed in space
at one of its mechanical boundaries, x can be directly related to the displacement
of a characteristic point of the system, e.g., the tip displacement of an actuator. The
charge flow is determined by the integral of the dielectric charge displacement on
the electrode surfaces of the piezoelectric system. The electric field is determined by
the gradient of the electrical potential which itself depends on the voltage difference
between the electrical ports (electrodes) of the element.

As a consequence, the quasi-static electro-mechanical behavior of a piezoelectric
system can, on a global scale, be described by

F = c x − αU

Q = α x + CU
(4.6)

where c is the mechanical stiffness of the system with short-circuited electrodes
and C is the electrical capacitance of the mechanically unconstrained system. U
is the applied electric voltage, Q is the charge, and F is the force. The coordinate
x represents the mechanical displacement and the electro-mechanical coupling is
expressed by the coupling factor α which has the dimension N/V or As/m. Note
that dynamical effects (acceleration and damping terms in the equations of motion)
have been neglected and that Eq. 4.6 is only valid for quasi-static conditions, i.e.,
frequencies which are far below the first eigenfrequency of the piezoelectric system.

Using mechanical (or electrical) standard elements, Eq. 4.6 can be displayed as
a system of springs and ideal levers or as a system of capacitors and transform-
ers. There are two common analogies between the electrical and the mechanical
domains. In the first one, the mechanical force is considered to be analog to the
electric voltage and the velocity is equivalent to the electric current. In the second
analogy, the mechanical force is considered to be analog to the electric current
and the velocity is equivalent to the electric voltage. The second analogy is used
mainly for electromagnetic systems, while the first one is typically used for piezo-
electric systems. The corresponding analogies for the circuit parameters are shown
in Table 4.1. In the following only the first analogy will be used.

Using the first analogy, the mechanical and electrical representations of Eq. 4.6
can be sketched easily, cp. Fig. 4.2. The system contains two springs (one represents
the structural stiffness and the other one is the capacitive behavior of the piezo-
electric material) and an ideal lever with the ratio 1 : α. This representation is
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Table 4.1 Electro-mechanical analogies

Force Velocity Mass Spring Damper

First Analogy Voltage Current Inductance 1/Capacitance Resistance
Second Analogy Current Voltage Capacitance 1/Inductance 1/Resistance

F

Q

x

cm 1

α

U

α:1

Cp U

x

Q

a) b)

Cp

1

cm

1F

Fig. 4.2 Quasi-static equivalent model of piezoelectric systems: (a) mechanical representation and
(b) electrical representation

independent of the geometrical shape and material parameters of the piezoelectric
system. It can be used for stacked or multilayer longitudinal elements as well as for
beam or plate benders. In any case, Eq. 4.2 and Fig. 4.2 give a valid representation
of the systems’ behavior as long as dynamic effects can be neglected and the defor-
mation of the system can be represented by a single mechanical degree of freedom.

4.3.2 Single Degree of Freedom Model for Dynamic Regime

Structural damping and dielectric losses can be taken into account by introducing
damper elements in parallel to the springs. And inertia effects finally can be modeled
by introducing the equivalent mass m. Thus the system shown in Fig. 4.3 results; its
equations of motion are

mẍ + dẋ + cx = F + αU

1

C
[Q − α x] + R

[
Q̇ − α ẋ

] = U
. (4.7)

Depending on the boundary conditions of the system and the choice of the gen-
eralized coordinate x , the equivalent mass m represents the modal mass associated
with the deformation mode of the system. This can be a static deformation mode
if frequencies below the first eigenfrequency are considered. If the equivalent cir-
cuit model is used to represent the behavior of the piezoelectric system in a certain
neighborhood of one of its resonance frequencies, it can be one of the eigenfunctions
of the system, either.

The particular topology of Fig. 4.3 is valid for the case of fixed mechanical
boundary conditions of the piezoelectric system, i.e., for a cantilever beam actuator
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1
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α:1

m1

dm

Cp

R
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U

a) b)

Cp

1

cm

1

Fig. 4.3 Equivalent models of piezoelectric systems in mechanical (a) and electrical (b)
representation

which is fixed at one end. In this case, the modal coordinate x can be chosen as the
tip displacement. We will later also discuss the case of a base-excited system.

The parameters of the mechanical model are the modal stiffness cm, modal damp-
ing dm, and modal mass m1. The parameters describing the electrical properties are
the shunted capacitance Cp and resistor R, which represents dielectric losses.

Equivalent circuits as model for the systems behavior at the electrical ports have
already been used by Cady (1922) for modeling a lossless resonator. He represented
the mechanical properties of the piezoelectric system by an inductance and a capac-
itor in parallel to an electric capacitance representing the electrical properties of
the system. Cady’s model was later expanded by Van Dyke (1925), who included
mechanic losses – modeled by a resistor – resulting in an RLC-series network in
parallel to the capacitor of the electrical system.

The models of Cady and Van Dyke describe the electromechanical coupling in
an implicit way. In order to give an explicit description of the coupling, Mason
(1935) introduced an ideal transformer, cp. Fig 4.3. In the mechanical circuit, this
transformer can be represented by an ideal lever with a coupling factor α of dimen-
sion [N/V].

The models of Fig. 4.3 can also be described as a two-port network. If the velocity
v = dx/dt and force F as well as the electric voltage U and current I = dQ/dt are
chosen as port variables for the system, the dynamic behavior can be fully charac-
terized by the admittance matrix of the system:

(
Q̇
ẋ

)
=
(

Y11 Y12

Y21 Y22

)(
U
F

)
(4.8)

Y11 is the so-called short-circuit input impedance of the system. It describes
the ratio between the (complex) amplitudes of the electrical current and the volt-
age for harmonic vibrations of the system in the absence of a mechanical force
F (short-circuit condition for the mechanical port, F = 0). In the following, Y11

will be renamed to Yel for simplicity. Y22 is the short-circuit mechanical output
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impedance of the system. It describes the ratio between the (complex) amplitudes
of the mechanical force and the vibration for harmonic vibrations of the system in
the absence of an electrical voltage (short-circuit condition for the electrical port,
U = 0).

Y12 and Y21, respectively, describe the electro-mechanical conversion. Y12 is the
ratio between the (complex) amplitudes of the electrical current and the mechani-
cal force under force excitation and short-circuit conditions for the electrical port
(U = 0). Y21 is the ratio between the (complex) amplitudes of the velocity and the
voltage under voltage excitation and short-circuit conditions for the mechanical port
(F = 0). The admittances Y12 and Y21 are identical and will be called Ymech in the
following.

Y11 = Yel = j ω Q

U

∣∣∣∣
F=0

= α2

jω m1 + dm + cm/(j ω)
+ 1

R + 1/(jω Cp)
(4.9)

Y12 = Y21 = Ymech = j ω x

U
= α

j ω m1 + dm + cm/(j ω)
(4.10)

Y22 = j ω Q

F

∣∣∣∣
U=0

= 1

j ω m1 + dm + cm/(j ω)
(4.11)

4.3.3 Multi-Degree of Freedom Model for Dynamic Regime

It should be mentioned once more, that the models of Fig. 4.3 and the respective
admittances of Eqs. 4.9ff are only valid in a neighborhood of the eigenmode under
investigation. If the deformation of the piezoelectric system is more complex – and
more than one eigenfunction have to be superimposed in order to represent the
motion of the system – additional degrees of freedom must be taken into account.
They can be represented by additional mass–spring–damper systems as shown in
Fig. 4.4.

m1

Q

R
x1 F

cm

dm
1

α

U

m2

cm2

dm2

m3

cm3

dm3

Cp

1

x2x3

Fig. 4.4 Equivalent model for a system described by three vibration modes



114 B. Richter et al.

4.3.4 Experimental Parameter Identification

The equivalent circuit models are mainly used for two main purposes: in analysis
of existing systems, and as simplified model for the design of new systems. The
parameters which enter the equivalent circuit model must be determined before the
model can be applied in the design process. If a prototype exists, the parameters
can be identified experimentally. Although the energy flow in piezoelectric energy-
harvesting systems is from the mechanical port to the electrical port, the simplest
way to determine the parameters of the equivalent circuit model is to excite the
system electrically and measure its reaction. This will be explained in the following.
The case of a single degree of freedom is studied here, see Fig. 4.3.

The system is excited by a harmonic voltage with amplitude U . The com-
plex amplitudes of current and velocity are measured. The system is mechanically
unloaded, i.e., F = 0.

The identification of the model parameters is performed into two steps. First
the electric circuit of Fig. 4.4 is transformed to the form of Fig. 4.5b. Here, the
mechanical branch has been converted to the electrical side resulting in the well-
known Butterworth–Van Dyke topology, with parameters:

Lm = m1

α2
; Rm = dm

α2
;

1

Cm
= cm

α2
, (4.12)

The electric admittance of the system is given by Eq. 4.9. In practice, the dielec-
tric losses are small and R can be neglected. The electric admittance is then given by

Yel(j ω) = j ω

(
Cp + Cm

1 + ω Cm (jRm − ω Lm)

)
(4.13)

Lm

Rm

Cm

Cpu

i

≈ ω2

≈ ω1

Cp

Rm

1

Re (Yel)

Im
 (

Y
el

)

a) b)

ωρ

ωr

Fig. 4.5 Frequency response locus of the piezoelectric equivalent circuit model in the neighbor-
hood of the resonance with characteristic frequencies ω1, ω2, ωr , mechanical damping 1/Rm and
offset ωr Cp. (a) Frequency response locus for R = 0 . (b) Equivalent circuit model for R = 0
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and if it is plotted in the complex plane, the response locus has the form shown in
Fig. 4.5a. The admittance is mapped on a circle. The circles’ offset on the imaginary
axis is given by Cp ωr and thus directly related to the shunted capacitance of the
system. The radius r of the circle is:

r = 1

2 Rm
(4.14)

Circle offset and radius can be easily determined from experimentally determined
electrical admittances in the neighborhood of the resonance frequency of the system.
With known capacitance Cp and damping Rm, Lm and Cm can be determined using
the electrical engineering well-known quality factor for series circuits

Qm = ωr

Δω
= ωr

ω2 − ω1
= 1

Rm

√
Lm

Cm
, (4.15)

which is an important dimensionless characteristic parameter for piezoelectric sys-
tems. In Eq. 4.15 ω1 and ω2 are defined as the frequency values, where the mag-
nitude of the electrical admittance is smaller by approx. −3 dB when compared
with the maximum at resonance. If the offset of the frequency locus is small, these
frequencies can also be found on the locus circle in the imaginary plane at those
points where the imaginary part of the electrical admittance has its maximum and
minimum value, respectively.

With the resonance frequency

ωr = 1√
Lm Cm

(4.16)

and the quality factor from Eq. 4.15, the parameters Rm, Lm, and Cm can finally be
determined by

Rm = 1

2r
; Lm = Rm

ω2 − ω1
; Cm = 1

ω2
r Lm

. (4.17)

For determining the α, first the radius of the electric admittance locus has to be
determined. In the same way, the mechanical admittance locus can be plotted to
determine its radius. The coupling factor α can be determined as the ratio of the
two radii:
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Yel(jω) = jω

(
Cp + α2

cm + ω (j dm − ω m1)

)
(4.18)

Ymech(j ω) = v

u
= j ω x

u
= j ω α

cm + ω (j dm − ω m1)
(4.19)

α = r

rmech
(4.20)

4.3.5 Case Study

The parameter identification method described in the previous section was applied
to a prototype system. The transfer functions of standard cantilever beam bimorphs
were measured using a phase-/gain analyzer HP 4192. The current measurement
was made using an indirect current probe Tektronics A6312/AM5030 which has the
advantage that it is almost free from parasitic feedback to the measured system. For
the measurement of the tip velocity, a differential doppler laser vibrometer Polytec
OFV-512/PFV-5000 was used.

The measurements were performed on three bimorphs of the type “Sitex mod-
ule” manufactured by Argillon shown in Fig. 4.1b. Figure 4.6 shows the measured
electrical admittance Yel in comparison with that of the model. Here, the parameters
of Table 4.2 are used which have been identified by the method mentioned earlier.
The dots represent the measured data and the solid lines are the admittances of the
piezoelectric equivalent circuit models. A very good agreement between theoretical
and experimental values can be observed, which is a necessary condition for the
successful validation of the model.

Fig. 4.6 Frequency response of three piezoelectric bending transducer. Lines show the identified
and dots the measured system transfer functions
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Table 4.2 Identified “electrical” parameters for three piezoelectric bimorphs

fr(Hz) Rm(Ω) Lm(H) Cm(F) Cp(F)

First Element 222 1.22k 61.02 8.39n 74.93n
Second Element 224 1.08k 50.67 9.88n 71.16n
Third Element 228 1.15k 53.11 9.13n 74.42n

The following Eqs. 4.21ff have been applied for the identification:

Rm = 1

max[Re (Yel)]
(4.21)

Cp = max[Im (Yel)] + min[Im (Yel)]

2ωr
(4.22)

Lm = Rm

ω [min[Im (Yel)]] − ω [max[Im (Yel)]]
(4.23)

α = 1

Rm max[Re(Ymech)]
(4.24)

Cm = 1

Lm ω2
r

(4.25)

A basic modeling assumption is that the system has perfectly linear behavior. In
practice, however, the bimorph admittances showed some dependence on the exci-
tation level. Increasing the excitation level resulted in higher damping and a shift
of the resonance towards lower frequencies. Nevertheless, for most practical appli-
cations, the linear description will be sufficient. If necessary, the model parameters
can be identified for different excitation levels, resulting in amplitude-dependent
parameter sets of the linear model which can be considered as a best approximation
to the nonlinear system behavior in the sense of the harmonic linearization.

4.4 Analytical Determination of the Parameters of the Equivalent
Circuit Models

The experimental parameter identification method can only be applied if the system
to be considered already exists. Most often, it is necessary to estimate the systems’
behavior before a hardware prototype can be built. In this case, analytical or numer-
ical calculations can be applied.

In general, piezoelectric systems with complex structure can be analyzed using
the finite element method (Król et al. 2005; Piefort 2001). In this way, the parameters
of the piezoelectric equivalent circuit models can be determined. If systems have
simple geometries – like bimorph beams – analytical methods can be used to deter-
mine the system parameters. Analytical models have the additional advantage that
they can be used for optimization. Examples of such analytical models are studied
in the following section.
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4.4.1 General Procedure for Analytical Bimorph Model

In general, the behavior of piezoelectric bimorph structures is described by the
Euler–Bernoulli theory, taking the piezoelectric coupling into account using the
material law established in section 4.2. Corresponding analyses have been carried
out(e.g., Ballato and Smits 1994, Ballas 2007, Lenk 1977).

The basic idea is to first describe the behavior of a passive beam segment which
can be considered as a waveguide, and then superimpose the stresses generated by
the piezoelectric material behavior. In order to illustrate the method, a homogeneous
beam with height h, width w, density ρ, and Young’s modulus Y is considered in
the following. The geometric dimensions define the second moment of area I . It can
be shown that the transfer functions of an arbitrary segment can be described by the
following matrix (Ballas 2007, Lenk 1977):

⎛
⎜⎜⎝

vl

Ξl

Ml

Fl

⎞
⎟⎟⎠ = 1

2

⎛
⎜⎜⎜⎜⎝

cosh η + cos η −la
η

(sinh η + sin η ) 1
jz0 la

(cosh η − cos η) 1
jz0 η

(sinh η − sin η)

−η
la

(sinh η − sin η ) cosh η + cos η −η
jz0 la

2 (sinh η + sin η) −1
jz0 la

(cosh η − cos η)

jz0la (cosh η − cos η) −jz0 la
2

η
(sinh η − sin η) cosh η + cos η la

η
(sinh η + sin η)

jz0η (sinh η + sin η) −jz0la(cosh η − cos η) η

la
(sinh η − sin η) cosh η + cos η

⎞
⎟⎟⎟⎟⎠

⎛
⎜⎜⎝

vr

Ξr

Mr

Fr

⎞
⎟⎟⎠

(4.26)

In these equations, the complex amplitudes of the transverse velocities of the
left and right segment boundary are denoted by vl and vr, respectively. In the same
manner, the angular velocities Ξ , moments M , and forces F are described by their
complex amplitudes. The length of the element is la. Furthermore, it is convenient,
to introduce the mass m = ρlawh of the element, its compliance s as well as the
non-dimensional variable η. The latter is the ratio between the excitation frequency
and the resonance frequency ω0 of a particular bending mode.

η = κl =
√
ω
√
ρ lawhs =

√
ω

ω0
(4.27)

z0 =
√
ρlwhs = 1

ω0s
(4.28)

If a voltage is applied to the electrodes of a bimorph element, the resulting
stresses can be represented by a differential moment MΔ = M1 − M0 acting at both
ends of the segment. Introducing the differential angular velocityΞΔ = Ξ1−Ξ0, the
behavior of the piezoelectric bimorph is described by the transfer matrix, cp. Eq. 4.4:

(
i

M�

)
=
⎛
⎝

4jωlwεT
33(1−k2

31)
h

whd31

2sE
11

whd31

2sE
11

−wh3(1−0.75k2
31 )

12jωlsE
11(1−k2

31 )

⎞
⎠
(

U
Ξ�

)
(4.29)

This equation has been derived for a bimorph with two active layers in parallel
configuration (Lenk 1977). In the final step, an active and passive model will be
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Fig. 4.7 Dynamic piezoelectric cantilever system as black box system according to Lenk (1977)

combined by balancing the state variables MΔ and ΞΔ which enter in both models
and have to be identical. Combining the transfer matrix of Eq. 4.29 with that of the
waveguide in Eq. 4.26, the coupled electromechanical behavior of the waveguide
can be described by the system shown in Fig. 4.7.

4.4.2 Determination of the Parameters of the Piezoelectric
Equivalent Circuit Models using the Analytical Model

The parameters of the piezoelectric equivalent circuit can be identified using the
analytical model of Section 4.4.1. This method can also be applied to other simple
configurations, e.g., bars, beams, or plates. It allows the determination of the param-
eters of the piezoelectric equivalent circuit model from the geometrical and material
properties of the system.

For the case of a cantilever beam with small damping, the results of Lenk (1977)
can be used. It must, however, be noted that the model represents the system behav-
ior only in the neighborhood of a single eigenmode. Table 4.3 shows the results for
the first bending mode according to Richter et al. (2006).

The system admittances of the equivalent circuit model with the analytical deter-
mined parameter set has been compared with the corresponding admittances for the

Table 4.3 Calculation of the lumped parameter set for the first bending mode

Parameter Analytical expression

M1
1
4ρ l w h

cm
b h3(1−0.75 k2

31 )
3.883 l3 sE

11 (1−k2
31)

dm
b h2

3.941 Qm l

√
sE
11 (1−k2

31)
ρ (1−0.75 k2

31)

α 0.668 b h
l

√
εT

33 k2
31

sE
11

Cp
4lwεT

33 (1−k2
31)

h



120 B. Richter et al.

180 200 220 240 260

1.00

0.50

0.20

0.10

0.05

0.02

Frequency Hz

A
bs

[-
i u

10
–3

]

A
bs

[-
i u

10
–3

]

0.8 0.9 1.0 1.1 1.2

1.00

0.50

0.20

0.10

0.05

0.02

std. Frequency ω
ω0[ ]

Fig. 4.8 Comparison between models using experimentally identified and analytically determined
parameters (continuous line)

parameter set that was determined experimentally. As can be seen in Fig. 4.8, a
good matching can be observed. Small deviations are due to modeling assumptions,
e.g., neglecting the shim layer or the assumption of ideal boundary conditions. Also,
nonlinear effects of the material behavior are not considered in the analytical model,
but these are present in the experimental results.

4.5 Equivalent Circuit Model for Base Excited
Piezoelectric Systems

So far systems with fixed mechanical boundaries have been considered. In practical
applications, however, kinematic base excitation is the rule rather than the exception.
In the following, a representation of the system dynamics will be developed which
takes a kinematically prescribed base motion into account.

Let y be the displacement of the base and x be the modal amplitude of a given
eigenmode of the system, then the piezoelectric equivalent circuit model of Fig. 4.9
can be used to describe the dynamics of the system Eq. 4.30. For y ≡ 0, it is
equivalent to the model studied earlier.

m1 ẍ(t) + dm(ẋ(t) − ẏ(t)) + cm(x(t) − y(t)) = F(t) − α U (t)

R(α ẋ(t) − Q̇(t)) + 1

Cp
(α x(t) − Q(t)) = U (t)

(4.30)

The equivalent circuit model described earlier implicitly assumed that the sys-
tem’s excitation acts either via the electrical port or at the bimorph tip. However,
most often the excitation of a piezoelectric energy harvesting system is not of that
type. Usually energy harvesters will be attached to the vibrating host system via their
housing, so that the excitation is by the base motion provided by the host structure.
The piezoelectric equivalent circuit models shown in Fig. 4.9a (mechanical) and
Fig. 4.9b (electrical) describe the system under dynamic base excitation. This sys-
tem will be studied in the next sections and the measurements in the latter sections
will be used for validation.
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Fig. 4.9 Piezoelectric equivalent circuit model for a base excited system
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Fig. 4.10 Piezoelectric equivalent circuit model for the base excited system with the short circuited
electrodes

Using again the Euler–Bernoulli beam theory for the derivation of the param-
eters, it can be shown that the parameters of the model are identical to the ones
calculated previously. This, fortunately, allows identifying the parameters using the
method described there.

Using the equivalent circuit model of Fig. 4.10, which is valid for short circuited
electrical port, it becomes obvious that in this case α is the ratio between the elec-
trical current i and the velocity v.

α = im

ẋ
= i

ẋ

∣∣∣∣
ip ≡ 0

; im = ip + i (4.31)

The velocity v = d/dtx of the modal coordinate x and the current i can be
measured directly providing an alternative method for the identification of the
parameter α.

4.6 Overall PEG System Analyses Using Piezoelectric Equivalent
Circuit Models

This section shows how the piezoelectric equivalent circuits models can be used to
study the effect of the electrical load on the PEGs power capabilities. The applica-
tion of piezoelectric equivalent circuit models in design optimization will also be
addressed.
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4.6.1 Piezoelectric Equivalent Circuit Model with Electrical Load

In the following, the mechanical excitation of the PEG is described by the velocity
d/dty of the base motion. Dielectric losses are neglected, and the electrical load
is modeled by a resistive load RLoad. Under these assumptions, Fig. 4.11 gives the
overall piezoelectric equivalent circuit model in both mechanical and electrical rep-
resentations. The equations of motion are:

cm(x(t) − y(t)) + dm (ẋ(t) − ẏ(t)) + m1 ẍ(t) = −α F(t)

1

Cp
(α x(t) − Q(t)) = F(t)

RLoad Q̇(t) = F(t)

(4.32)

4.6.2 Analysis of the Maximum Power Output

Obviously, one of the most important characteristics of an energy harvesting circuit
is the maximum power output. The generated power can be calculated by Eq. 4.33.
The voltage amplitude at the output can be expressed by Eq. 4.34, resulting in
Eq. 4.35 for the power output.

P(jω) = UL(j ω) i∗(j ω) (4.33)

UL(j ω) = (cm + j ω dm) α RLoad ẏ

j ω RLoad α2 + (cm + j ω (dm + j ω m1))(1 + j ω Cp RLoad)
(4.34)

P(j ω) = UL(j ω)

(
UL(j ω)

RLoad

)∗
; using i = U

R
(4.35)

Maximum power transfer is achieved if the load resistance matches the impedance
of the generator. This can be concluded by introducing a virtual port to the network
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Fig. 4.11 Piezoelectric equivalent circuit model for PEG
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Fig. 4.12 Electric equivalent of loaded piezoelectric element with virtual output for admittance
determination

as shown in Fig. 4.12. Using Kirchhoff’s law, the current isc can be evaluated accord-
ing to Eq. 4.36 and the admittance of the virtual port is given by Eq. 4.37.

iSC = α (j ω dm + cm)

j ω m1 + dm + cm
j ω

ẏ (4.36)

YL = iSC

UL
= 1

RLoad
+ j ω

(
Cp

α2

cm + j ω (dm + j ω m1)

)
(4.37)

Maximum power output occurs if a maximum of current flows over the load and
a minimum over the virtual port. As a consequence YL (jω, RLoad) is zero in the
optimal case. Solving this equation for ω gives the optimal frequency as a function
of the load; and this relation can then be inverted for the determination of the optimal
load resistance as a function of frequency. The optimal frequency is plotted as a
function of the load resistance in Fig. 4.13a; and the corresponding value for the
maximum output power is depicted in Fig. 4.13b. Both diagrams show the results
for different levels of mechanical damping.

The influence of the damping is considerable. Weak damping results in two local
maxima of the power output and strong damping leads to only one maximum. Look-
ing on the frequencies where the maxima are attained reveals that the two peaks
of the power output curve of the weakly damped system are at the resonance and

a) b)

Fig. 4.13 (a) Optimal frequency versus resistive load. (b) Optimal power at the resistor versus its
resistance
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a) weak damping b) medium damping c) strong damping

d) weak damping e) medium damping f) strong damping

Fig. 4.14 Power output of PEG for different levels of mechanical damping

anti-resonance of the unloaded system. For the strongly damped system, the optimal
frequency is between the resonance and anti-resonance frequency of the unloaded
system.

Of course, the output power P(ω, Rload), see Eq. 4.35, cannot only be evaluated
for the optimal case. It also allows the investigation of the whole working range, as
depicted in Fig. 4.14. The system with strong damping can be operated in a wider
range but it has higher internal losses, compared with medium and weak damp-
ing. The task of the design engineer is to find a good compromise in the trade-off
between bandwidth and internal losses.

4.6.3 Experimental Validation of the Piezoelectric Equivalent
Circuit Model for Base Excitation

The piezoelectric equivalent circuit models have been applied to calculate output
voltage and power using the experimentally identified parameters. These results are
compared with the direct measurements of these quantities. Figure 4.15 shows the
measured (dots) and estimated (line) voltage and power at three different load resis-
tances for a system with strong damping. Good agreement is observed for small
and high load resistance. The system output for optimal load resistance, however, is
underestimated.

Figure 4.16 shows the corresponding comparison between theoretical and exper-
imental results for the optimal frequency and for the output power as a function of
the load resistance for strongly and weakly damped systems. Note that the output
power curve has been normalized to its maximum.
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Fig. 4.15 Comparison between measurements (dots) and estimated power (lines), respectively,
voltage for different load resistances as a function of frequency

Fig. 4.16 Comparison between experimental (dots) and theoretical results (lines). (a) Optimal fre-
quency and (b) power output, as a function of the load resistance

4.6.4 Effect of Geometry

Section 4.6.3 showed a strong dependence of the PEG characteristics on the param-
eters of the system. The parameters depend on material properties and geometric
dimensions of the piezoelectric elements used in the PEG. Therefore, these design
parameters can be chosen in such a way that the overall system behavior is of a
desired character for a given load resistance and base excitation.

For a bimorph cantilever beam, the parameters of the piezoelectric equivalent cir-
cuit model have been determined as a function of the material and geometric proper-
ties in chapter 4.4.2. In the following, the effect of the geometry of the piezoelectric
element on the power output will be investigated. In this analysis, the following
parameters and boundary conditions are assumed to be known a priori: frequency of
excitation, velocity of the host system, load impedance.
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a) c)b)

Fig. 4.17 Power output at three resistive loads in a parameter space of length and width

Figure 4.17 shows the output power as a function of the resistive load. The design
parameters of the contour plots are width and free length of the bimorph beam
transducer. The other geometry and material parameters are constant (thickness of
the piezoelectric layer, material parameters, and the properties of the host system).
In the diagram, the color of the areas depicts the output power; dark areas show the
regions with high-electric power output. The dashed line represents perfect reso-
nance matching of the system.

Figure 4.18 shows the power output as a function of the load resistance and width
of the piezoelectric bimorph element. In these calculations, the free length of the
bimorph element was held constant.

4.6.5 Modeling of the Coupling Between the PEG and Its
Excitation Source, Additional Degrees of Freedom

So far a perfect kinematic base excitation has been assumed. For small or lightweight
host structures, this assumption might not be valid and the excitation might be of a
force type rather than of the kinematic type. In some instances, it might even be
necessary to model the dynamics of the host structure. A model for this situation

a) c)b)

Fig. 4.18 Output power as a function of the load resistance and bimorph width for three transducer
of different length



4 Piezoelectric Equivalent Circuit Models 127

mp

xt

F
cm

dm
1

α
mh

cE

dE

mE mt

RLoad

Q
Cp

1

xBxE

Fig. 4.19 Mechanical representation of a piezoelectric equivalent circuit model of the PEG includ-
ing excitation source and host structure, modeled by additional degrees of freedom

a) b)

Fig. 4.20 Influence of system’s masses to power output. The left figure shows the logarithmic
power output over the tip mass mt and the right figure depicts the output over the housing mass mh

is shown in Fig. 4.19 as explained by (Richter and Twiefel 2007). In this system
representation, the coordinate x has been renamed to xt indicating the displacement
of the piezoelectric element’s tip. According to the abbreviations of the new lumped
parameters, the piezoelectric modal mass is indicated by mp and the equivalent mass
of the host structure and excitation source are given by mh and mE. A tuning mass
m t has also been introduced.

An optimal working point of the generator can be found when the modal mass
of the generator matches the modal mass of the housing in some way. In general,
the tip mass as well as the housing mass may be easily changed in the stage of
design. Therefore, the power output with altering tip and housing masses is shown
in Fig. 4.20a and b. The figures show the logarithmic power output in the frequency
domain.

4.7 Summary

The present paper gave a survey on piezoelectric equivalent circuit models for
piezoelectric generators (PEG). First the models have been derived and discussed,
and then an experimental parameter identification method has been presented. The
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results of theoretical predictions and actual experimental results showed good agree-
ment. Piezoelectric equivalent circuit models for both electrical and kinematic base
excitation have been discussed and applied to the optimization of the power output
and other important quantities for PEG.
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Chapter 5
Electromagnetic Energy Harvesting

Stephen P Beeby and Terence O’Donnell

Abstract This chapter focuses on the use of electromagnetic transducers for the
harvesting of kinetic (vibration) energy. The chapter introduces the fundamen-
tal principals of electromagnetism and describes how the voltage is linked to the
product of the flux linkage gradient and the velocity. The flux linkage gradient is
largely dependent on the magnets used to produce the field, the arrangement of
these magnets, and the area and number of turns for the coil. The characteristics
of wire-wound and micro-fabricated coils, and the properties of typical magnetic
materials, are reviewed. The scaling of electromagnetic energy harvesters and the
design limitations imposed by micro-fabrication processes are discussed in detail.
Electromagnetic damping is shown to be proportional to the square of the dimension
and analysis shows that the decrease in electromagnetic damping with scale cannot
be compensated by increasing the number of turns. For a wire wound coil, the effect
of increasing coil turns on EM damping is directly cancelled by an increase in coil
resistance. For a planar micro-coil increasing the number of turns results in a greater
increase in the coil resistance, resulting in an overall decrease in damping. Increas-
ing coil turns will, however, increase the induced voltage which may be desirable
for practical reasons. An analysis is also presented that identifies the optimum con-
ditions that maximise the power in the load. Finally, the chapter concludes with a
comprehensive review of electromagnetic harvesters presented to date. This analysis
includes a comparison of devices that confirms the theoretical comparison between
conventional wound and micro-fabricated coils and the influence of device size on
performance.

5.1 Introduction

Electro-magnetism has been used to generate electricity since the early 1930s, not
long after Faraday’s fundamental breakthrough in electromagnetic induction. The
majority of generators used today are based on rotation and are used in numerous
applications from the large-scale generation of power to smaller scale applications
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in cars to recharge the battery. Electromagnetic generators can also be used to har-
vest micro- to milli-Watt levels of power using both rotational and linear devices.
Provided a generator is correctly designed and not constrained in size, they can be
extremely efficient converters of kinetic energy into electrical. Attempts to minia-
turise the technique, however, using micro-engineering technology to fabricate a
generator, invariably reduce efficiency levels considerably.

This chapter introduces the fundamental principles of electromagnetic induction
before exploring the scaling effects that work against successful miniaturisation.
Conventional discrete magnets and coils are compared with their micro-machined
equivalent and the technical challenges of associated with micro-coils and deposited
magnetic materials are highlighted. The chapter concludes with a comprehensive
and up to date review and comparison of energy harvesters realised to date. The
generators presented demonstrate many of the issues previously discussed.

5.2 Basic Principles

The basic principle on which almost all electromagnetic generators are based is
Faraday’s law of electromagnetic induction. In 1831, Michael Faraday discovered
that when an electric conductor is moved through a magnetic field, a potential differ-
ence is induced between the ends of the conductor. The principle of Faraday’s law
is that the voltage, or electromotive force (emf), induced in a circuit is proportional
to the time rate of change of the magnetic flux linkage of that circuit, i.e.

V = −dφ

dt
(5.1)

where V is the generated voltage or induced emf and φ is the flux linkage. In most
generator implementations, the circuit consists of a coil of wire of multiple turns
and the magnetic field is created by permanent magnets. In this case, the voltage
induced in an N turn coil is given by:

V = −d�

dt
= −N

dφ

dt
(5.2)

where � is the total flux linkage of the N turn coil and can be approximated as,
Nφ, and in this case φ can be interpreted as the average flux linkage per turn. In
general, the flux linkage for a multiple turn coil should be evaluated as the sum of
the linkages for the individual turns, i.e.

� =
N∑

i=1

∫
Ai

B · dA (5.3)
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where B is the magnetic field flux density over the area of the i th turn. In the case
where the flux density can be considered uniform over the area of the coil, the
integral can be reduced to the product of the coil area, number of turns and
the component of flux density normal to the coil area, � = N B A sin(α), where
α is the angle between the coil area and the flux density direction. Consequently, in
such a case, the induced voltage is given by:

V = −N A
dB

dt
sin(α) (5.4)

In most linear vibration generators, the motion between the coil and the magnet
is in a single direction, e.g., let us assume the x-direction, and the magnetic field,
B , is produced by a permanent magnet and has no time variation. For clarity, we
restrict the following analysis to this case and the voltage induced in the coil can
then be expressed as the product of a flux linkage gradient and the velocity.

V = −d�

dx

dx

dt
= −N

dφ

dx

dx

dt
(5.5)

Power is extracted from the generator by connecting the coil terminals to a load
resistance, RL, and allowing a current to flow in the coil. This current creates its
own magnetic field which acts to oppose the field giving rise to it. The interaction
between the field caused by the induced current and the field from the magnets gives
rise to a force which opposes the motion. It is by acting against this electromagnetic
force, Fem, that the mechanical energy is transformed into electrical energy. The
electromagnetic force is proportional to the current and hence the velocity and is
expressed as the product of an electromagnetic damping, Dem and the velocity.

Fem = Dem
dx

dt
(5.6)

In order to extract the maximum power in the form of electrical energy, an impor-
tant goal for the design of a generator is the maximisation of the electromagnetic
damping, Dem. Therefore, it is important to understand the design parameters which
can be used to maximise electromagnetic (EM) damping.

The instantaneous power extracted by the electromagnetic force is given by the
product of the force and the velocity shown in Eq. (5.7).

Pe = Fem(t)dx(t)/dt (5.7)

This power is dissipated in the coil and load impedance. Equating the power
dissipation in the coil and load to that obtained from the electromagnetic force gives:

Fem
dx

dt
= V 2

RL + Rc + jωLc
(5.8)
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where RL and Rc are load and coil resistances, respectively, and Lc is the coil induc-
tance. Using Eq. (5.5), the voltage can be expressed as the product of the flux linkage
gradient and the velocity, and substituting Eq. (5.6) for the force, gives the following
expression for the electromagnetic damping:

Dem = 1

RL + Rc + jωLc

(
d�

dx

)2

(5.9)

As we can see from Eq. (5.9), this depends on maximising the flux linkage
gradient, and minimising the coil impedance. The flux linkage gradient is largely
dependent on the magnets used to produce the field, the arrangement of these mag-
nets, and the area and number of turns for the coil. The properties of typical mag-
netic materials are reviewed in the sections below. At the low frequencies generally
encountered in ambient vibrations (typically less than 1 kHz), the coil impedance is
generally dominated by the resistance. The magnitude of the coil resistance depends
on the number of turns and the coil technology. Common technologies for coil fab-
rication are wire-winding and micro-fabrication. The characteristics of these coil
technologies are also discussed in the sections below.

5.3 Wire-Wound Coil Properties

A fundamental consideration in designing an electromagnetic energy harvester is the
properties of the coil. The number of coil turns and the coil resistance are important
parameters for determining the voltage and useful power developed by a generator.
The number of turns is governed by the geometry of the coil, the diameter of the
wire it is wound from and the density with which the coil wire has been wound.
Insulated circular wire will not fill the coil volume entirely with conductive material
and the percentage of copper within a coil is given by its fill factor. The area of the
wire can be related to the overall cross-sectional area of the coil, Acoil, by assuming
a certain copper fill factor, f , i.e. Awire = f Acoil/N . The copper fill factor depends
on tightness of winding, variations in insulation thickness, and winding shape. Most
coils are scramble wound which means the position of the wire is not precisely
controlled and each layer of the coil will not necessarily be completely filled before
the next layer is begun. The fill factor of scramble wound coils will vary but a figure
of 50–60% could be assumed (McLyman 1988). In orthogonal winding, the wire sits
squarely on top of the wire in the layer below. This requires more careful winding
but can give fill factors up to 78% ignoring wire insulation. The highest fill factors
of up to 90% (again ignoring insulation thickness) can be achieved with orthocyclic
winding where the wire sits in the groove between two wires in the layer below.
At first glance, this may seem easy to achieve but in practice problems occur with
underlying wires being pushed apart and the fact that consecutive layers normally
have opposite ‘threads’, or helical lay, which builds stresses into the coil.
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Table 5.1 Fine copper wire gauge number and properties

AWG
No. Copper diameter (�m)

Wire diameter (including insulation)
(�m)

Resistance
(�/m)

58 10 10.6–12.9 0.22
57 11 11.7–14.1 0.18
56 12.5 13.2–16.5 0.14
55 14 14.7–17.8 0.11
54 15.8 16.5–19 0.09
53 17.8 18.5–21.6 0.07
52 20 21.6–25.4 0.056
51 22 24.1–27.8 0.044
50 25 26.7–30.5 0.035
49 28 29.7–33 0.028
48 31.5 32.8–38.1 0.022
47 35.6 36.8–43.2 0.017

The type of wire used in the coil is clearly very important in defining the proper-
ties of the coil. Copper wire is available in standard gauges ranging from American
Wire Gauge (AWG) number 58 which is 10 �m in diameter to AWG 6/0 which is
14.7 mm in diameter. In miniaturised electromagnetic energy harvesters, fine copper
wire is desirable for minimising coil size while maximising the number of turns. The
finer the wire, however, the greater its resistance per unit length. Various fine copper
wire gauges have been summarised in Table 5.1 to provide an example. Fine copper
wire is typically insulated by thin polymer films (e.g. polyurethane, polyester, poly-
imide) and the specified range of total enamelled wire thickness for each gauge is
also given in Table 5.1. Different insulation materials offer different degrees of sol-
vent resistance, operating temperature range and solder-ability. Self-bonding wire is
an enamelled wire with an additional adhesive layer that enables wires to be bonded
together as the coil is wound. This forms a self-supporting coil and the adhesives
are available in different types depending on the method of activation, e.g. heat or
solvent.

For a conventionally wound coil with key dimensions shown in Fig. 5.1,
Eqs. (5.10), (5.11), (5.12), and (5.13) can be used to predict the number of turns,
length of the wire wound within the coil and the coil resistance.

VT = π
(
ro

2 − ri
2) t (5.10)

Lw = 4 f VT

πw2
d

(5.11)

Rc = ρ
Lw

Aw
= ρ

N LMT

Aw
= ρ

N2π(ro + ri)

f (ro − ri)t
(5.12)

N = Lw

ri + (ro−ri )
2

(5.13)
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ri

t

ro

ri = coil inner radius
ro = coil outer radius
t = coil thickness
wd = wire diameter
Aw = area of wire (conductor only)
Acoil = area of coil
Lw = length of wire
LMT = length of mean turn
N = number of turns
VT = coil volume
f = coil fill factor
ρ = resistivity of coil material
Rc = coil resistance

Fig. 5.1 Coil parameters

Typically, the fill factor is an unknown value and has to be calculated by rear-
ranging Eq. (5.11). The length of the wire can be determined by measuring the coil
resistance and knowing the diameter of the copper conductor within the enamelled
wire or, if the number of turns is known, by applying Eq. (5.13).

The coil inductance can also be expressed as a function of the number of turns
and the coil geometry. However, for a typical analysis, the inductance can be
neglected as the resistive impedance of the coil is always significantly larger than the
inductive impedance at frequencies less than 1 kHz. It can be seen from Eq. (5.12)
that, for a constant number of turns, the coil resistance is proportional to the inverse
of the coil dimension provided that the copper fill factor does not depend on the
scaling.

5.4 Micro-Fabricated Coils

Micro-coils are coils which are fabricated using photolithography techniques to
define the coil pattern, most commonly on substrates such as silicon, flex substrates
or printed circuit boards (PCBs). Such coils are used for a range of applications
such as on-chip inductors, detection coils in sensors, or as a means of producing a
magnetic field in actuators. Micro-coils are fabricated by building up layers of planar
coils, with each layer typically consisting of a square or a circular spiral coil. The
technology which is used to fabricate the spiral coils generally limits the conductor
thickness and the minimum spacing achievable between individual coil turns. There-
fore, the minimum dimensions of the individual turn in the spiral will depend on the
technology used for the fabrication. For example, standard PCB technology may
limit the spacing between turns to greater than 150 �m for a thickness of 35 �m,
whereas a spacing of 1–2 �m for a typical thickness of 1 �m may be achievable
for silicon-based micro-fabrication techniques. As a rough guide for silicon-based
coil fabrication, the minimum spacing may be taken to be equal to the conductor
thickness, although with more advanced techniques it is feasible to obtain aspect
ratios of up to 10 between conductor thickness and minimum spacing.
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Fig. 5.2 Micro-fabricated square spiral coil

In order to quantify the dependence of coil resistance on dimension for the
present analysis, it will be assumed that the micro-coil is a single layer planar
square spiral coil. For such a micro-fabricated coil, the resistance is more conve-
niently expressed in terms of the number of turns, the turn width, w, spacing, s, and
thickness, t , and the coil outer, do, and inner dimensions, di as shown in Fig. 5.2.

If it is assumed that the tracking spacing, track width and thickness are equal
then the length of the mean turn, and the wire cross-sectional area would be;

LMT = 2(do + di) (5.14)

Awire = w2 = (d0 − di)2

(2N − 1)2
(5.15)

Now the coil resistance for a single layer, micro-fabricated coil can be expressed as:

Rc = 2ρcu(do + di)

(do − di)2
(4N3 − 4N2 + N) (5.16)

For large N , the N2 and N terms can be neglected. The dependence of the coil
resistance on the cube of the number of turns, arises in this case from the fact that the
turn cross-sectional area is dependant on the square of the number of turns, i.e. both
track width and thickness decrease with N . Equation (5.15) assumed that the track



136 S.P. Beeby

width, spacing and thickness are equal. It may be possible to achieve a higher aspect
ratio, so that track thickness can be several times the width and spacing. This would
mean lower coil resistance could be achieved; however, the dependence on the cube
of the number of turns would remain. It will be shown later that this dependence
of resistance on the cube of the number of turns proves to be the limiting factor for
the use of micro-coils in vibration generators. The essential difference between the
wire-wound coil and the micro-fabricated coil is that we have assumed that wire-
winding is a 3D technology, whereas micro-fabrication is a 2D, planar technology.
If there existed a micro-fabrication technology, where the number of coil layers
could be arbitrarily high, then the micro-fabricated coil resistance could approach
a dependence on the square of the number of turns. However, in practice, micro-
fabrication techniques are limited in the number of layers which can be practically
achieved.

5.5 Magnetic Materials

The magnetic circuit employed in an electromagnetic generator requires a magnetic
field which is generated by the use of permanent (or hard) magnets. Magnetic fields
can also be generated by electromagnets but these require a current flow and hence
consume power. Therefore, in the case of small-scale low-power devices, the use of
electromagnets is not suitable. Permanent magnets are made from ferromagnetic or
ferrimagnetic materials that remain magnetic after the application of a magnetisation
process.

The atoms of a ferromagnetic material have unpaired electrons and therefore
exhibit a net magnetic moment. These atoms are grouped together in large numbers
and form magnetic domains within which their magnetic moments are aligned in
a particular direction. Taking the magnet as a whole, in the unmagnetised state,
the domains are randomly aligned and there is no net magnetic field produced. In
magnetised materials, the domains become aligned in the same direction producing
a strong magnetic field. Ferrimagnetic materials are subtly different to ferromag-
netic in that they contain atoms with opposing magnetic moments. However, the
magnitude of these moments is unequal and hence a net magnetic field will exist.
Ferrimagnetic materials are of interest since their electrical resistance is typically
higher than ferromagnetic materials and therefore eddy current effects are reduced.
The net magnetic field associated with a permanent magnet is characterised by north
and south poles of equal strength and when placed in close proximity, like pole types
repel while opposing poles attract each other.

These materials can be magnetised by the application of a magnetic field of suf-
ficient strength (coercive force). Some materials are classified as ‘soft’ meaning
they can be easily magnetised and also easily demagnetised (e.g. by vibrations).
‘Hard’ magnetic materials require greater magnetising fields and are also more dif-
ficult to demagnetise. Magnets can be magnetised by other permanent magnets with
sufficient magnetic field or, in the case of harder materials, electromagnets have
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to be used. These require high currents to achieve the necessary magnetic fields
and are typically pulsed with the current applied for a few milliseconds. During
magnetisation, some domains align more easily than others and therefore magnets
can exhibit different degrees of magnetisation depending on the coercive force of
the magnetising field. Magnets with fully aligned domains are saturated and cannot
be magnetised further.

The magnetic field produced by a permanent magnet is typically denoted B. A
term of key importance in electrical power generation is magnetic flux (φ) which
is the product of magnetic field multiplied by the area. It follows that B is also
known as the flux density. The magnetic field strength (and magnetising force) is
denoted H. The terms B and H are linked by Eq. (5.17) where μm is the product of
the permeability of free space times the permeability of the material. The units of
measure for these factors are given in Table 5.2.

B = μm H (5.17)

A useful figure of merit for comparing magnetic materials is the maximum
energy product, BHMAX, calculated from a materials magnetic hysteresis loop. At
this point in the loop, the volume of material required to deliver a given level of
energy into its surroundings is a minimum. Another factor to be considered when
comparing magnets is the Curie temperature. This is the maximum operating tem-
perature the material can with withstand before the magnet becomes demagnetised.

Typically, four types of magnet are available: Alnico, ceramic (hard ferrite),
samarium cobalt and neodymium iron boron. Each type is subdivided into a range
of grades each with its own magnetic properties.

Alnico, developed in the 1940s, is an alloy of varying percentages of aluminium,
nickel, cobalt, copper, iron and titanium. It is stable with temperature and can be
used in high-temperature applications (up to ∼550 ◦C). It is inherently corrosion
resistant and has a maximum energy product only surpassed by that of the rare
earth magnets. Ceramic or hard ferrite magnets have been commercialised since
the 1950s are widely used due to their low cost. They are hard, brittle materials
available in a range of compositions, e.g. iron and barium (BaFe2O3) or strontium
oxides (SrFe2O3). The materials are mixed in powder form and then pressed and
sintered to form the magnet geometries.

Table 5.2 Units of measure for magnetic properties

Unit Symbol SI cgs
Conversion
factor (cgs to SI)

Flux � Weber (Wb) Maxwell (Mx) 108

Flux density B Tesla (T) Gauss (G) 10−4

Magnetic field
strength

H Ampere-turns/m Oersted (Oe) 103/4�

Permeability � H/m – –
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Samarium cobalt (SmCo) and neodymium iron boron (NdFeB) are the most
recently commercialised magnet materials having been available since the 1970s
and 1980s, respectively. They are known as rare earth magnets because they are
composed of materials from the lanthanide series within the rare earth group of
elements. Both types exhibit much higher magnetic fields than Alnico or ceramic
materials. The highest maximum energy product is achieved with NdFeB, but this
material suffers from low-working temperatures and poor corrosion resistance.
Samarium cobalt magnets exhibit good thermal stability, a maximum working tem-
perature of around 300 ◦C and are inherently corrosion resistant. Both types are
fabricated using similar powder metallurgy processes used with ceramic magnets
although NdFeB is also available in bonded form where the powder is held in an
epoxy or nylon matrix. Bonded NdFeB magnets can be made in a wide variety
of geometries but the magnetic properties are reduced compared to the sintered
approach.

For an inertial vibration energy harvesting application, the particular properties
of interest relate to the strength of the magnetic field, the flux density and the
coercive force. An inertial energy harvester can be relatively easily packaged to
minimise risks of corrosion and temperature constraints are also unlikely to be an
issue. Therefore, the strongest range of NdFeB magnets are the preferred option in
the majority of cases since their use will maximise the magnetic field strength within
a given volume. Also they have a high-coercive force and therefore the vibrations of
the generator will not depole the magnets. In most generators, it may be beneficial to
have the magnet contribute all or part of the inertial mass. Magnetic densities have
been included in Table 5.3 and it can be seen that the magnet types have similar
densities, apart from ferrites which are ∼30% lower.

For small-dimension generators, the deposition and patterning of the magnets
using micro-fabrication techniques might be considered. Deposition techniques
such as sputtering and electroplating have been used for the fabrication of microscale
magnets, with electroplating generally being favoured as the more cost-effective
technique for the deposition of thick layers. However, it is the case that the prop-
erties (coercive force, Hc, remanence, Br and energy density, BHmax) achievable
from micro-fabricated magnets are considerably lower than those achievable from
bulk-sintered rare earth magnets such as samarium–cobalt or neodymium–iron–
boron. For example, the highest coercivity and remanence reported for a 90 �m

Table 5.3 Common magnetic material properties, flux density measured at their pole face
with them working at their BHmax points (http://www.magnetsales.co.uk/application guide/
magnetapplicationguide.html)

Material
(BH)MAX

(kJ/m3)
Flux density1

(mT)
Max working
temp. (◦C)

Curie
temp (◦C)

Coercive
force (Hc)

Density
(kg/m3)

Ceramic 26 100 250 460 High 4980
Alnico 42 130 550 860 Low 7200
SmCo (2:17) 208 350 300 750 High 8400
NdFeB (N38H) 306 450 120 320 High 7470
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thick deposited magnet is 160 kA/m and 0.5 T (Ng et al. 2005). This compares to
a values of around 800 kA/m and 1 T for a bulk magnet. Moreover, the properties
tend to degrade with thickness, so that thick (tens of micro metres) micro-fabricated
magnets with good properties are difficult to achieve. Therefore, considerable fur-
ther work is required on micro-fabricated permanent magnets in order to make them
viable as an alternative to discrete sintered magnets for vibration generators.

5.6 Scaling of Electromagnetic Vibration Generators

For vibration generators, it is of interest to understand how the power generated is
related to the size of the generator, and in particular in the case of the electromag-
netic generator, how the power is limited by the interactions of the coils and magnets
as the scale is reduced. In a vibration-powered generator, the available mechanical
energy is associated with the movement of a mass through a certain distance, work-
ing against a damping force. Clearly, this will decrease with the dimensions as both
the mass of the moving object and the distance moved is decreased. Generally, the
damping force which controls the movement will consist of parasitic damping and
electromagnetic damping. The electrical energy which can be usefully extracted
from a generator depends on the electromagnetic damping, which as was shown
earlier depends on flux linkage gradient, the number of coil turns, coil impedance
and load impedance. These factors also depend on scale, so that typically as dimen-
sion decreases, the magnitude of the magnetic fields decrease and the quality of the
coils decrease and hence the ability to extract electrical energy may be reduced.

In order to investigate how the power achievable from an EM generator scales
with the dimension of the generator, an analysis is presented for an example elec-
tromagnetic generator structure shown in Fig. 5.3. This structure consists of a coil
sandwiched between magnets, where the upper and lower magnets consist of two
pairs, oppositely polarised. This opposite polarity creates a flux gradient for the coil
in the direction of movement, which in this case, is in the x-direction. This is a
representation of the type of electromagnetic generator which has been reported in
Glynne-Jones et al. (2004) and Beeby et al. (2007) to have high-power density.

The following assumptions are made in relation to the structure;

� The coil remains fixed while the magnets move in response to the vibration.
Since the magnets generally have greater mass, m, than the coil, movement of
the magnets is more beneficial than movement of the coil.

� A cubic volume, i.e. x = y = z = d where d is the dimension of the device is
assumed.

� Only the magnet and coil dimensions are included in the volume. Any practical
generator must also include the volume of the housing and the spring. Since the
housing and the spring can be implemented in many different ways, these are
neglected for the present analysis. It is assumed that the spring can be imple-
mented so as to allow the required movement of the mass at the frequency of
interest.
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Fig. 5.3 Representation of the electromagnetic generator. In this case, the magnets vibrate relative
to the coil in the x-direction. The peak displacement, xm = (x − xmass)/2

� The movement of the mass in response to the vibrations is assumed to be sinu-
soidal and is well represented by the equations of motion for a mass–spring–
damper system. The frequency of the input vibrations is assumed to perfectly
match the resonant frequency of the device.

For any practical device, the maximum displacement will be constrained by the
volume, i.e. the peak displacement, xm, is given by the difference between the exter-
nal dimension, d , and the dimension of the mass, xmass. Therefore, a choice can be
made to have a thin mass with a large displacement or a wide mass with a small
displacement. In fact there exists an optimum ratio of peak displacement, xm, to
mass dimension, xmass, which maximises the mechanical energy. The average power
dissipated by the damping force of the mass is:

PD = 1

T

T∫
0

FD.U dt = (ma)2

2D
(5.18)

However at resonance the damping, D controls the peak displacement,
according to
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xm = ma

Dω
(5.19)

So that the average power can be expressed as:

PD = m.a.xmω

2
= ρ.xmassy.z.(x − xmass)ω

4
(5.20)

where in the second expression, the peak displacement of the mass is xm = (x −
xmass)/2, and the mass is expressed as the product of the density of the mass material
ρ, and its dimensions, xmass, y and z. Differentiating Eq. (5.20) with respect to xm

and equating to zero gives the optimum mass length for maximum power as:

xmassopt = x

2
(5.21)

From the point of view of the structure in Fig. 5.3, this implies that a single
magnet x-dimension should be taken to be one-fourth of the overall dimension.
These magnets are assumed to extend for the full y-dimension and the z-dimension
of the magnet is taken to be 0.4 times the overall dimension. This leaves the gap
between the magnets as one-fifth of the overall dimension. The coil thickness is
assumed to occupy half of the gap.

For the scaling analysis, it is assumed that as the dimension is reduced, all of
the relative dimensions are retained. Thus, for example, at a dimension of 10 mm
the magnets are 4 mm in height, with a 2 mm gap between them. At a dimension
of 1 mm the magnets are 0.4 mm in height with a gap of 0.2 mm between them.
Now the scaling of the available power is easy to calculate using Eq. (5.20). In
order to do this, the total damping is set so as to limit the displacement to be within
the volume. Fig. 5.4 plots an example of the scaling of the available power versus
the dimension assuming a mass which is made from a sintered rare earth magnetic
material, NdFeB, a vibration frequency of 100 Hz and a vibration acceleration level
of 1 m/s2. This graph shows that the power available is proportional to the fourth
power of the dimension, arising from the dependence on mass (proportional to cube
of dimension) and displacement (proportional to dimension). The corresponding
power density is linearly related to dimension.

Fig. 5.4 plots the power dissipated by the total damping force, with the damping
set so as to contain the displacement within the volume. This represents a fundamen-
tal limit for the achievable power, for the assumptions used. The graph indicates a
power density of approximately 2.3 �W/mm3 (2.3 mW/cm3) for a device occupy-
ing a volume of 1 cm3. It should be remembered that this analysis does not include
the volume of the spring and housing, so that any real generators will necessar-
ily have lower power densities. This graph represents simply the power dissipated
by the damping force, but makes no assumption about how that damping force is
achieved. To maximise electrical power, ideally we would like all of this damping
to be electrical damping, or at least to maximise electrical damping. However, as
Eq. (5.9) shows, the magnitude of the electromagnetic damping depends on the
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Fig. 5.4 Maximum available and power density versus the dimension for the electromagnetic gen-
erator construction in Fig. 5.3, for an acceleration level of 9.81 m/s2 and an acceleration frequency
of 100 Hz

magnet parameters and the coil parameters. The magnetic fields may decrease with
dimension and the resistance of coils tends to increase. These effects place addi-
tional limits on the electrical power which can be achieved and are investigated in
the following sections.

5.7 Scaling of Electromagnetic Damping

From the earlier analysis, the electromagnetic damping was derived as:

Dem = 1

Rc + jωL + RL

(
N

dϕ

dx

)2

(5.22)

which shows that the damping depends on the coil parameters and the flux linkage
which both have a dependence on the dimension.

The flux linkage depends on the gradient of the magnetic field and the area of
the coil. Because the dimension of the gap between the magnets scales with the
dimension of the magnets, the magnitude of the B field remains constant with scale
reduction and hence the gradient of the field would actually increase (Cugat et al.,
2003). However, for a vibration generator, the parameter of importance is the gra-
dient of the flux linkage with the coil, which of course depends on the area of the
coil. Therefore, even though the flux density gradient is inversely proportional to
dimension, the area of the coil will be proportional to the square of the dimension
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and hence the overall effect is for the flux linkage gradient to be directly proportional
to dimension.

The coil parameters such as number of turns, resistance and inductance are not
independent. For a fixed coil volume, the coil resistance and inductance depends on
the number of turns. In the earlier section, the resistance of the wire-wound coil was
defined as:

Rc = ρN2π(ro + ri)

f (ro − ri)t
(5.23)

It can be seen from this expression that resistance of the wire wound coil depends
on the square of the number of turns assuming that the fill factor is constant.

For a single layer, micro-fabricated coil, the resistance was expressed as:

Rc = 8ρ(do + di)

(do − di)2
(4N3 − 4N2 + N) (5.24)

For large N , the N2 and N terms can be neglected. The dependence of the coil
resistance on the cube of the number of turns, arises in this case from the fact that
the turn cross-sectional area decreases with the number of turns squared, i.e. both
track width and thickness decrease with N .

We can see from both the expressions for resistance that for a constant number of
turns, the coil resistance is proportional to the inverse of the scaling factor. However,
another interesting point to note is how, using the above expressions, the electromag-
netic damping depends on the number of turns. In the case of the wire-wound coil,
the resistance is proportional to the square of the number of turns, so that in this case
the electromagnetic damping is independent of the number of turns. However, in the
case of the micro-coil, the resistance is proportional to the cube of the number of
turns, so that the electromagnetic damping is inversely proportional to the number
of turns.

Now considering that the flux linkage gradient is directly proportional to the
dimension, and the coil resistance is inversely proportional to the dimension (for
fixed N), it can be seen that the electromagnetic damping is proportional to the
square of the dimension. Moreover, the analysis shows that the decrease in electro-
magnetic damping with scale cannot be compensated by increasing the number of
turns. This is because for a wire wound coil the effect of any increase in the number
of turns on EM damping is directly cancelled by an increase in coil resistance. For a
planar micro-coil, the situation is worse as for this case, the effect of any increase in
the number of turns results in a greater increase in the coil resistance, resulting in an
overall decrease in damping. Thus, for a planar micro-coil, the highest EM damping
would be achieved for a single turn coil.

It should, however, be noted that the voltage generated always depends directly
on the number of turns, so that from a practical point of view a high number of
turns may be required in order to obtain an adequate output voltage. For planar
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micro-coil implementations, this forces a design compromise between achieving
high-EM damping and high voltage.

Considering these scaling laws we can now look at how much electrical power
might be obtained from our example generator shown earlier in Fig. 5.3 using
both a wire-wound coil and a micro-coil. To do this, finite element analysis can
be employed to estimate the flux linkage gradient which can be obtained for the
coil, using NdFeB magnets. A value of 1.5 × 10−3 Wb/m is obtained for the 10 mm
dimension generator. Coil resistance can be estimated for the wire-wound coil using
Eq. (5.23), assuming a copper fill factor of 0.5. For the micro-coil, resistance can
be estimated using Eq. (5.16). An excitation vibration frequency of 100 Hz with an
acceleration level of 1 m/s2 is again assumed. Note that electromagnetic damping is
a maximum when the load resistance is zero, i.e. a short circuit condition. However,
from a practical point of view, this is not a useful condition as some load voltage is
required. Therefore, we assume that the load and coil resistances are equal. For this
illustrative example, Fig. 5.5 shows the maximum available power, the maximum
electrical power which can be extracted using a wire-wound coil technology and the
maximum electrical power which can be extracted using a planar micro-coil. This
graph illustrates the significant difference between the power which can be extracted
using the different coil technologies.

In the case of the wire-wound coil technology, for larger dimensions, the entire
damping can be provided by electromagnetic damping. However, since the EM
damping is proportional to the square of the dimension, at smaller dimensions only
a fraction of the damping can be supplied by EM damping so that the electrical
power is less than the available power. Note that the number of turns in the coil can
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Fig. 5.5 Maximum available power and electrical power which can be extracted using a wire-
wound coil and a micro-fabricated coil
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be chosen arbitrarily as the damping was shown to be independent of the number
of turns.

In the case of the micro-coil, the situation is quite different, and only a frac-
tion of damping can be supplied by the EM damping at all dimensions. This arises
directly from the fact that the micro-coil resistance is considerably larger than the
wire-wound coil which severely limits the achievable damping. In fact as was shown
earlier, the micro-coil resistance depends on the third power of the number of turns
in the coil, which would mean damping is maximised for a single turn coil. However,
a single turn coil gives rise to an impractically low voltage, therefore to generate
the above curve the number of turns are fixed to be 150, which gives a voltage
of several hundred milli-volts for the larger dimension devices. The actual value
of power extracted may be improved with a different choice of turns but the con-
clusion regarding the limiting effect of the coil resistance for planar micro-coils
remains valid.

5.8 Maximising Power from an EM Generator

In the above analysis, in order to illustrate some theoretical limits, it was assumed
that the motion of the mass was displacement limited, i.e. the maximum displace-
ment of the mass was limited by the volume, and that we were free to design the
total damping (electrical or mechanical) so as to limit the mass to this displacement.
However, in reality, mechanical or parasitic damping, which may arise due to the
material or air damping, can be a major limiting factor for the displacement. It is well
known that for any vibration generator, irrespective of the working principle, that the
maximum electrical power is extracted when the electrical damping is made equal
to the parasitic mechanical damping, Dp, which is always present in the system and
this maximum electrical power, at resonance, can be expressed as:

Pmax = (ma)2

8Dp
(5.25)

In such a case where the generator is limited by parasitic damping, the optimisa-
tion strategy to extract maximum electrical power is to try to make the EM damping
equal to the parasitic damping, by choosing an optimum load resistance (assuming
that the design already maximises flux linkage gradient). Equating the expression
for EM damping to parasitic damping and rearranging to obtain the load resistance,
gives the optimum load resistance which maximises generated electrical power as:

Rl =
N2

(
dφ
dx

)2

Dp
− Rc (5.26)

However, in a practical situation, we want to maximise load power as opposed to
generated power. The optimum load resistance which maximises load power can be
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shown to be given by:

Rl = Rc +
N2

(
dφ
dx

)2

Dp
(5.27)

Note that in the case where parasitic damping is much greater than electromag-
netic damping (parasitic damping much greater than flux linkage gradient term), the
optimum load resistance becomes the coil resistance.

5.9 Review of Existing Devices

This section reviews electromagnetic energy harvesting devices reported to date.
The devices have been grouped according to size with a further section describing
commercial devices. Many of the principles discussed in this chapter are illustrated
in these examples; in particular, the issues relating to device size and fabrication
constraints are clearly demonstrated. The review also highlights some of the linear
magnetic circuits that may be employed in energy harvesting applications. For other
reviews, the articles by Beeby et al. (2006) and Arnold (2007) are recommended.

5.10 Microscale Implementations

The earliest microscale device was reported by researchers from the University of
Sheffield, UK (Williams et al. 1996, 2001, Shearwood and Yates 1997). Figure 5.7
shows the electromagnetic approach. It consists of two parts: an upper gallium
arsenide (GaAs) wafer containing the spring mass arrangement and a lower wafer
that incorporates the planar integrated coil. The seismic mass consists of a vertically
polarised 1 mm × 1 mm × 0.3 mm samarium–cobalt magnet of mass 2.4 × 10−3 kg
which is attached to a 7 �m thick cured polyimide circular membrane that forms the
spring element. The planar coil is formed on the bottom wafer from a 2.5 �m thick
gold (Au) thin film layer is patterned using a lift off process which yielded 13 turns
of 20 �m line width and 5 �m spacing. The two wafers were bonded together using
silver epoxy to form the assembled generator. The overall size of the electromag-
netic transducer described by is around 5 mm × 5 mm × 1 mm and a schematic is
shown in Fig. 5.6.

When the generator is subject to external vibrations, the mass moves vertically
out of phase with the generator housing producing a net movement between the
magnet and the coil. Early design work presented the familiar equation predicting
power output from such a device (Williams and Yates, 1996). This analysis pre-
dicted that +/ − 50 �m inertial mass displacement would produce 1 �W at 70 Hz
and 100 �W at 330 Hz. In these cases, the driving amplitude, Y , was fixed at 30 �m
and, since acceleration A = ω2 Y , the corresponding acceleration levels are 5.8 and
129 m/s2 respectively. The device was tested and generated 0.3 �W at excitation
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Fig. 5.6 Cross section of the electromagnetic generator proposed by Williams et al. (2001)

frequency of 4.4 kHz with external vibrations, Y , equalling 0.5 �m equating to an
acceleration of 382 m/s2. The measured electrical power output was considerably
lower than the predicted value and this was thought to be due to the non-linear
effects arising from the membrane spring. This exhibited the hard-spring effect
where the resonant frequency increases with increasing excitation amplitude. More
significantly, however, is the low electromagnetic damping which would reduce the
practical power output achieved. The damping could be improved by bringing the
coil closer to the magnets. However, the low number of coil turns would always
limit the voltage achievable and increasing the number of turns would only result
in higher coil resistance and decreased EM damping. This highlights the key fabri-
cation challenge facing microscale electromagnetic devices. Another consideration
highlighted by this design is the high-resonant frequency achieved in practice. This
arises from the small device size and is typical for micro-machined generators.

Similar designs to the Sheffield generator have been demonstrated by other
researchers. Huang et al. (2003) have presented a two wafer device that uses an elec-
troplated nickel–iron suspension spring element upon which the magnet is mounted.
The second wafer hosts the integrated coils which were fabricated by electroplating
copper into a 100 �m thick photoresist mould. The coil has an internal resistance of
2 � although the number of turns is not stated. The device is targeted at generating
power from human motion and is reported to generate 0.16 �W from a ‘finger tap’.
The device has a resonant frequency of 100 Hz and when operated at resonance with
an excitation amplitude of 50 �m (19.7 m/s2) it produces 1.4 �W.

Researchers from the University of Barcelona have described a similar structure
in the paper by Pérez-Rodrı́guez et al. (2005). They have bonded a neodymium iron
boron (NdFeB) magnet to a polyimide membrane to form the spring–mass system
with the polyimide membranes being attached to a PCB square frame around which
the coil has been formed. Initial results were from a planar coil made from a 1.5 �m
thick aluminium layer. The power output is reported to be 1.44 �W for an excita-
tion displacement of 10 �m and a resonant frequency of 400 Hz, which equates to
63 m/s2. It was observed that the parasitic damping in this device was far greater
than the electromagnetic damping factor and therefore maximum power output was
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Fig. 5.7 Improved EM generator with electroplated copper coil (after Serre et al. 2008)

not achieved. This is due to the poor method of assembly introducing large damping
effects and the poor electromagnetic coupling factor due to the geometry of the
device. A later paper by the group reported on some improvements and the revised
design is shown in Fig. 5.7 (Serre et al. 2008). The device has a top 1 mm thick
silicon (Si) (100) wafer which contains the 15 �m thick, 20 �m wide electroplated
copper tracks which form a coil with 52 turns and a resistance of 100 �. The spring–
mass element is formed by bonding a Kapton membrane between two PCB frames
with the NeFeB magnet held at the centre of the membrane by a second smaller
holding magnet. The improved version of the device generates about 55 �W at
380 Hz from a 5 �m excitation amplitude which equates to 29 m/s2. Unfortunately,
the device still demonstrates stress stiffening and therefore hysteresis. The use of
polymer membranes, such as Kapton, as the spring element in these devices also
suffers from the potential for creep and fatigue failure.

A similar electromagnetic circuit has more recently been described by Wang
et al. (2007). They have developed a micro-machined electromagnetic generator that
combines an electroplated copper planar spring with an integrated coil. The electro-
plated spring is formed on a silicon substrate with the silicon being etched away
in KOH to leave the freestanding copper structure. A NeFeB permanent magnet is
manually glued to the centre of the spring and the overall structure has resonant
frequencies of around 55, 121 and 122 Hz. A two layer coil was fabricated on a
glass wafer using a combination of spin-coated resists, copper electroplating and
polyimide coating to insulate the two layers. The coil and magnet spring layers
were simply glued together to assemble the device. Maximum output at modes 2
and 3 where around 60 mV generated from 14.7 m/s2.

A team of researchers from The Chinese University of Hong Kong have devel-
oped a magnet spring arrangement which comprises of a NdFeB magnet mounted on
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laser-micro-machined spiral copper spring (Li et al. 2000a, b). Meandering and spi-
ral spring designs were simulated and the spiral design was found to have twice the
deflection. The springs were laser machined from 110 �m thick copper had diam-
eters ranging from 4 to 10 mm with width/gap dimensions ranging from 40/40 �m
to 100/100 �m. The spring–mass structure has a resonant frequency of 64 Hz. The
wire-wound coil is fixed in position on the housing of the structure. The device has
an overall volume of around 1 cm3 and produces 2 V at its resonant frequency. This
is a power output of 10 �W for an excitation amplitude of 100 �m (16.2 m/s2). A
later publication by Ching et al. (2002) describes a similar generator fabricated on
a printed circuit board. An improved spiral spring resulted in a peak-to-peak output
voltage of up to 4.4 V and a maximum power of 830 �W when driven by a 200 �m
displacement in its third mode with a frequency of 110 Hz (equates to 95.5 m/s2).

Mizuno and Chetwynd (2003) proposed an array of micro-machined cantilever-
based electromagnetic generators to boost total power output. Each cantilever
element comprises an inertial mass, an integrated coil and is aligned adjacent to
a common fixed external magnet. The dimensions of the proposed micro-cantilever
beam were 500 �m × 100 �m × 20 �m. The theoretical analysis predicted a power
output of only 6 nW and a voltage output of 1.4 mV for a typical single cantilever
element at a resonant frequency of 58 kHz. For evaluation, the authors fabricated a
larger scale version of their proposed device. The size of the cantilever beam was
increased to 25 mm × 10 mm × 1 mm which was placed next to a fixed NdFeB
magnet whose size was 30 mm × 10 mm × 6 mm. The cantilever contained four
coil turns fabricated from 50 �m thick gold with a track width of 1 mm. The res-
onant frequency was 700 Hz. For an input vibration of 0.64 �m (corresponding to
12.4 m/s2 at 700 Hz), the output power was found to be 320 �V and 0.4 nW across
a 128� resistive load (which matched the four turn coil resistance). Suggested
methods to improve the power output include implementing the array of cantilevers
as described initially and reducing the coil magnet gap. The author’s conclusion
is pessimistic regarding the opportunities for microscale electromagnetic devices,
especially considering the low-output voltage. The device presented does indeed
lead to this conclusion due, as with the Sheffield generator described above, to the
very low-electromagnetic damping achieved with their design.

Another two part micro-machined silicon-based generator has been described by
Kulah and Najafi (2004). The device consists of two micro machined resonant sys-
tems that are bought together in order to achieve mechanical up-frequency conver-
sion. This approach is designed to overcome the high inherent frequency exhibited
by the majority of microscale devices which is not compatible with the majority
of ambient vibration frequencies which are often less than 100 Hz. The generator
is fabricated as two separate chips. The upper chip consists of an NdFeB magnet
bonded to a low stiffness parylene diaphragm giving low resonant frequencies in
the range of 1–100 Hz. The NdFeB magnet is used to excite a lower structure into
resonance through magnetic attraction. The lower chip consists of an array of res-
onating cantilevers again fabricated from parylene. These cantilevers also include
metal tracks which form the coil. These metal tracks are formed using sputtered
nickel the ferromagnetic properties of which also enable the magnetic excitation.
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The microscale designed cantilevers have a resonant frequency of 11.4 kHz. The
analysis of the microscale design predicts a theoretical maximum power of 2.5 �W,
however, a larger millimetre scale mock up only delivered 4 nW in practice (the
level of input mechanical excitation was not quoted). This mock up validated
the frequency conversion principle and little attention was paid to the design of
the electromagnetic energy harvesting circuit.

One of the main limitations of microscale electromagnetic generators is the
limited number of coil turns possible with integrated circuit technology. Scherrer
et al. (2005) have evaluated the potential of using low-temperature co-fired ceram-
ics (LTCC) to fabricate a multi-layer screen printed coil. An LTCC device is made
up from layers of flexible, un-fired ceramic tape. Conductive tracks can be simply
fabricated on the substrate using conventional screen printing. The unfired layers can
also be easily machined to form buried channels or vias for interlayer connection.
The layers are then stacked, compressed and to form a laminated structure which
is finally fired in a furnace. The result is a rigid, strong multilayer device which,
in this case, comprises a coil made up of 96 tape layers and has a total of 576
turns. This stack is located between two beryllium copper springs which enable it
to move vertically in response to an input excitation with a resonant frequency of
35 Hz. The oscillating stack cuts the flux lines of externally mounted magnets and
the theoretical maximum output power was predicted to be 7 mW. This work is of
interest as the LTCC technology employed has the potential to fabricate many coil
layers and hence to overcome the limitations of micro-fabrication techniques, but
still maintaining the advantages of batch fabrication.

In another attempt to overcome the limited number of turns possible with inte-
grated coils, Beeby et al. (2005) attempted to integrate a traditionally wound coil
within a micro-machined silicon-resonant structure. The silicon structure consisted
of a cantilever beam supporting a ‘paddle’ in which a circular recess had been etched
to accommodate the coil. This structure was deep-reactive ion etched through a
standard 525 �m thick silicon wafer and a 600 turn coil wound with 25 �m thick
enamelled copper wire was placed in the recess. The silicon coil layer is sandwiched
between two perspex chips which house four NeFeB magnets, as shown in Fig. 5.8.
The coil and paddle structure is designed to vibrate laterally in the plane of the
paddle. The device has a resonant frequency of 9.5 kHz and has been shown to
generate 21 nW of electrical power from and acceleration level of 1.92 m/s2. This
low-power output is due to the high-damping levels that arise from the frictional
losses from the loose wires that come out from the coil to the edge of device. A pre-
ferred arrangement would be to have the magnets on the moving component and the
coil fixed. Alternatively, integrated coils could be incorporated on the paddle. This
approach was simulated along with various electroplated magnet configurations by
Kulkarni et al. (2006). Theoretically, a 250 turn coil vibrating at 7.4 kHz, moving in
the magnetic field with an amplitude of 240 �m could produce 950 mV and 85 �W.
However, this analysis ignores parasitic damping and assumes high-quality electro-
plated magnetic films with a flux density of 1.6 T.

A device described by Sari et al. (2007) contains an array of parylene cantilevers
arranged around a central square permanent magnet 8 mm × 8 mm × 8 mm in size.
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Perspex housing
for magnets
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Fig. 5.8 A silicon electromagnetic generator with discrete coil (after Beeby et al. 2005)

Each cantilever has a 10 turn coil sandwiched between three parylene layers giv-
ing an overall cantilever thickness of about 15 �m. The cantilevers are released by
deep-reactive ion etching from the back which leaves an opening for the magnet.
Forty cantilevers are fabricated simultaneously in this manner and the key to this
design is that each one has a fractionally different length. This produces a wideband
generator that was shown to deliver 0.5 �W power over a frequency band from 3.3
to 3.6 kHz. The objective of realising a wideband response was achieved but the fact
each cantilever generator resonates independently means the voltage output is just
20 mV. Also, this approach results in a large overall device size of 1400 mm3.

5.11 Macro-Scale Implementations

This section of the review deals with devices that range in size from 150 mm3 to
above 30 cm3. While some of these devices are indeed similar in size to the devices
presented in Section 5.10, they are all fabricated using discrete components rather
than using micro-machining or MEMS processes.

Amirtharajah and Chandrakasan (1998) from the Massachusetts Institute of
Technology describe a self-powered DSP system powered by an electromagnetic
generator. The generator consists of a cylindrical housing in which a cylindrical
mass is attached to a spring and fixed to one end. A permanent magnet is attached
to the other end of the housing and the mass, which is free to oscillate vertically
within the housing, has a coil attached to it. As the mass moves the coil cuts the
magnetic flux and a voltage is generated. The mass was 0.5 g which, for a spring
constant of 174 N/m, gives a resonant frequency of 94 Hz. The peak output voltage
was measured at 180 mV which was too low to be rectified by a diode. The authors
simulated the generator output in a human-powered application and predicted that an
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Core
Beam

Magnets Coil

Fig. 5.9 The electromagnetic generator described by El-Hami et al. (2000)

average of 400 �W could be generated from 2 cm movement at 2 Hz, which equates
to 3.2 m/s2.

El-Hami et al. at the University of Southampton, UK (2000, 2001) presented
the simulation, modelling, fabrication and characterisation of a cantilever spring-
based electromagnetic generator. The cantilever beam is clamped at one end and
has a pair of NdFeB magnets attached to a c-shaped core located at the free end.
The coil is made up of 27 turns of 0.2 mm diameter enamelled copper wire and is
fixed in position between the poles of the magnets. The device volume is 240 mm3

and is shown in Fig. 5.9. The device was found to produce 0.53 mW at a vibration
frequency of 322 Hz and an excitation amplitude of 25 �m (102 m/s2).

The team at Southampton further developed the device concentrating on improv-
ing the magnetic circuit and therefore the power generated. The paper by Glynne-
Jones et al. (2004) describes a cantilever-based prototype with a four magnet and
fixed coil arrangement similar to that shown in Fig. 5.3. The overall generator

Etched stainless
steel cantilever
beam

NeFeB magnet

Coil

Fig. 5.10 Schematic of the four magnet generator arrangement demonstrated by Glynne-Jones
(2004)
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volume is 3.15 cm3 and is shown in Fig. 5.10. At its resonant frequency of 106 Hz
and an acceleration level of 2.6 m/s2, the improved generator produced an output
voltage of 1 V, compared with ∼ 150 mV for the first arrangement. The generator
was mounted on the engine block of a car and its effectiveness naturally depended
on the frequency of vibrations which in turn depended on the engine speed. The
maximum peak power produced was 4 mW, while the average power was found to
be 157 �W over a journey of 1.24 km.

This cantilever-based four magnet arrangement has more recently been realised
in miniaturised form during an EU funded Framework 6 project ‘Vibration Energy
Scavenging’ (VIBES). The miniature device, described by Beeby et al. (2007),
utilises discrete magnets, conventionally wound coils and machined components.
The use of wire erosion and a CNC micro-mill to fabricate these parts has, however,
enabled components with sub-millimetre features to be realised. The use of bulk
magnets maintains high-flux densities and a coil wound from enamelled copper wire
as thin as 12 �m in diameter has resulted in useful levels of energy and power from a
device volume of 150 mm3. The generator produced 46 �W and 428 mV at its reso-
nant frequency of 52 Hz and an acceleration level of 0.59 m/s2 (excitation amplitude
5.5 �m). Further improvements enabling a degree of manual tunability, increased
magnet size and rearrangement of the centre of gravity increased the power output
to 58 �W from the same excitation levels (Torah et al. 2007). This device is shown
in Fig. 5.11.

A linear electromagnetic generator designed to be driven by human motion has
been described by von Buren and Troster (2007). The design consists of a tubular
translator which contains a number of cylindrical magnets separated by spacers.
The translator moves vertically within a series of stator coils and the spacing and
dimensions of the components was optimised using finite element analysis. The
vertical motion of the translator is controlled by a parallel spring stage consisting of
two parallel beams. The stator and translator designs were realised with six magnets,
five coils and a volume of 0.5 cm3, while the total device volume is 30.4 cm3. The
fabricated prototype produced an average power output of 35 �W when located just
below a subject’s knee.

Wires
out 

Coil 

Magnets

Tungsten
masses

Cantilever beam

Plastic base

Fig. 5.11 Miniaturised four magnet cantilever generator (cut away)
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A similar linear arrangement has been demonstrated by Yuen et al. (2007). The
device uses and electroplated copper spring which is released from a substrate on
to which an NeFeB magnet is attached, mass 192 mg. The spring mass assembly
is located within a conventionally wound coil. Two of these generators have been
packaged together with a voltage conducting circuit within a AA battery-sized hous-
ing. Two generators in this arrangement were reported to deliver 120 �W power at
70.5 Hz. The acceleration level was measured at 4.63 m/s2, but this is not consistent
with the stated excitation amplitude which was also observed at 250 �m and equates
to 49 m/s2.

An electromagnetic vibration powered generator has been developed by Hadas
et al. (2007) as part of a European framework six projects ‘WISE – Integrated Wire-
less Sensing’. This project is concerned with wireless aircraft-monitoring systems
and as such the vibration powered generator is designed to operate at relatively low
frequencies in the region of 30–40 Hz. The device presented is 45 cm3 in volume,
resonates at 34.5 Hz and delivers around 3.5 mW from 3.1 m/s2 acceleration levels.
The magnetic circuit is not described in this reference but the device is clearly well
designed producing good power levels from low-vibration levels. The device is large
in size and would have to be miniaturised for the intended application.

5.12 Commercial Devices

The harvesting of kinetic energy for the powering of watches is well known and
relies on the conversion of human motion into rotary motion at the generator.
A Dutch company Kinetron (www.kinetron.nl) specialise in precision electrome-
chanical products and have also developed a range of rotational electromagnetic
generators capable of producing output powers in the range 10–140 mW depend-
ing on the rotational speed available. These have been developed for a range of
applications including self-powered pedal lights for bicycles and water turbines.
Perpetuum Ltd. (www.perpetuum.co.uk) is a UK-based spin out from the Univer-
sity of Southampton. They have developed a series of vibration-powered electro-
magnetic generators for different applications. The PMG17 generator, designed for
industrial condition monitoring applications, is available in 100 or 120 Hz versions.
This generator can deliver 1 mW of power, after power conditioning, from accel-
eration levels of just 0.25 m/s2. As vibration levels increase the electrical damping
levels also rises such that at 2.5 m/s2 the generator delivers 2 mW over a 20 Hz
bandwidth with a peak output of over 10 mW. The device is 135 cm3 in volume
and is certified for use in hazardous environments. A competing product has been
developed by Ferro Solution in the United States. The VEH-360 generator has a
volume of 250 cm3 including the evaluation circuit and delivers an unconditioned
peak power of 0.8 or 0.43 mW after power conditioning at 0.25 m/s2 and 60 Hz fre-
quency (http://www.ferrosi.com/files/VEH360 datasheet.pdf). The final commer-
cially available device has been developed by Lumedyne Technologies who claim
the best known power density value for a vibration energy harvester of 40 mW/cc per
g acceleration (http://www.lumedynetechnologies.com/Energy%20Harvester.html).
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This claim, however, is not well qualified in that little information is supplied in
the data sheet regarding power output over a range of frequencies and accelera-
tion levels. A more recent whitepaper does contain a graph of power output versus
frequency where the power output is about 1 mW for 1 m/s2 acceleration at a reso-
nant frequency of around 53 Hz (Waters et al. 2008). This absolute value is low in
comparison to Perpetuum’s device and the device also exhibits a narrow bandwidth
which is not desirable.

Table 5.4 contains a summary of the performance of electromagnetic generators
reported to date. Comparing different devices is not straightforward since the data
presented in published works vary considerably and selecting a suitable factor is
problematic. We have used a figure for normalised power (NP) and normalised
power density (NPD) to apply a simple comparison between devices. Normalised
power is the stated power output of the device normalised to 1 m/s2 acceleration
level since power output varies with acceleration squared. Normalised power den-
sity is simply the normalised power divided by the volume. These factors are not
perfect since they ignore frequency (which is governed by the application) and,
more importantly, it does not reflect the bandwidth of the generator. In practice,
the bandwidth of a device is as an important consideration as peak power output
in determining the suitability of a generator for a given application. The following
analysis does not, therefore, attempt to judge which is the best generator, rather it is
useful in identifying trends and highlighting broader comparisons such as integrated
versus discrete coil.

Normalised power versus device size has been plotted in Fig. 5.12 for both inte-
grated and discrete coil devices. This figure clearly shows a trend of reducing power
output with reducing device size for a given acceleration level. This is largely in
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Fig. 5.12 Normalised power versus device volume
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Fig. 5.13 Normalised power density versus device frequency

agreement with the scaling analysis presented previously. As a point of comparison,
Fig. 5.5 predicted a normalised power of approximately 2000 �W for a volume of
1 cm3, which compares with the actual achieved powers of approximately 1 �W.
This comparison cannot be taken to be very accurate, as many of the fabricated gen-
erators are very different in construction, the volume includes the spring and housing
and they operate at various frequencies. Nevertheless, the three orders of magnitude
difference might suggest that there is still significant room for optimisation in many
of the devices fabricated to date. The integrated coil devices naturally tend to be
smaller in size and also deliver lower power levels (and voltage levels). Normalised
power density has been plotted against device frequency in Fig. 5.13. This shows
that lower frequency device tend to have higher power densities despite their ten-
dency for larger device size. Once again, discrete coils offer higher performance
levels than their integrated counterpart.

5.13 Conclusions

Electromagnetic power generation is an established technology and the use of
this transduction mechanism in small-scale energy harvesting applications is well
researched. It is clear from the fundamental principles, and from the analysis of
generators tested to date, that electromagnetic devices do not favourably scale down
in size. Future applications for microscale vibration energy harvesters will be best
served by piezoelectric and electrostatic transduction mechanisms that can more
easily be realised using MEMS technology. However, where size is not a constraint
and conventional discrete coils and magnets can be employed, electromagnetic
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generators provide the highest levels of performance achievable to date. Electromag-
netic energy conversion relies only on relative velocity and change in magnetic flux
to generate electricity and therefore an electromagnetic device will not be limited in
amplitude by the fatigue strength of, for example, piezoelectric materials. In an elec-
tromagnetic generator, the design of the spring element can be chosen purely on the
basis of the best spring material and will not be compromised by the inferior spring
properties of a piezoelectric material. The high level of electromagnetic damping
achievable also means these devices demonstrate the broadest frequency bandwidth
over which energy can be harvested compared with other transduction mechanisms.
While this is an important consideration, challenges remain to maximise the con-
version efficiency of small-scale generators and to realise adaptive generators that
can track frequency changes in the environment. Magnetics may find other uses in
these generators as a means to adjust the stiffness of the spring element and achieve
a degree of frequency adjustment in the device.
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Chapter 6
On the Optimal Energy Harvesting from
a Vibration Source Using a Piezoelectric Stack

Jamil M. Renno, Mohammed F. Daqaq and Daniel J. Inman

Abstract The modeling of an energy harvesting device consisting of a piezoelectric
based stack is presented. In addition, the optimization of the power acquired from
the energy harvester is considered. The harvesting device is a piezoceramic ele-
ment in a stack configuration, which scavenges mechanical energy emanating from
a 1D-sinusoidal-base excitation. The device is connected to a harvesting circuit,
which employs an inductor and a resistive load. This circuit represents a general-
ization of the purely resistive circuit, which has received considerable attention in
the literature. The optimization problem is formulated as a nonlinear programming
problem, wherein the Karush-Kuhn-Tucker (KKT) conditions are stated and the
various resulting cases are treated. One of these cases is that of a purely resistive
circuit. For resistive circuits, researchers usually neglect the effect of mechanical
damping in their optimization procedures. However, in this chapter, we specifically
explore the role of damping and electromechanical coupling on the optimization of
circuit parameters. We show that mechanical damping has a qualitative effect on
the optimal circuit parameters. Further, we observe that beyond an optimal coupling
coefficient, the harvested power decreases. This result challenges previously pub-
lished results suggesting that larger coupling coefficients culminate in more efficient
energy harvesters. As for the harvesting circuit, the addition of the inductor pro-
vides substantial improvement to the performance of the energy harvesting device.
More specifically, at the optimal circuit parameters, optimal power values obtained
through a purely resistive circuit at optimal excitation frequencies can be obtained
at any excitation frequency. Moreover, simulations reveal that the optimal harvested
power is independent of the coupling coefficient (within realistic values of the cou-
pling coefficient); a result that supports our previous findings for a purely resistive
circuit.
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Nomenclature

A area, m2

C capacitance of piezoelectric layer, F
I current magnitude, A
M proof mass, kg
Mp mass of piezoelectric layer, kg
P magnitude of harvested power, W
Rl electrical resistance,Ω
V voltage magnitude, V
X displacement magnitude, m
c mechanical modal damping coefficient, N s/m
c33 elasticity coefficient of the piezoelectric layer in the {33} direction, N/m2

e33 piezoelectric constant in the {33} direction, C/m2

k effective stiffness of the harvester, N/m
L inductance, H
m approximate effective mass of the harvester, kg
t thickness, m
x piezoelectric layer displacement, m
xB base displacement, m
ε̄ mechanical strain, dimensionless
ε33 permittivity of the piezoelectric layer in the {33} direction, F/m
θ electromechanical coupling coefficient, N/V
Subscript
e electrode layer property
p piezoelectric layer property
Superscript
E property measured at zero electric field
S property measured at zero strain
T property measured at zero stress

6.1 Introduction

This chapter focuses on some modeling and circuit issues associated with the
design of a piezoelectric stack with polling voltage acting in the same direction
as the applied strain. Sodano et al. (2004) provided a review of piezoceramic-
based harvesting research up until the end of 2003. Sodano et al. (2005a,b) investi-
gated the effects of various electrode and packaging configurations for layered and
cantilevered piezoceramic harvesters (generated field perpendicular to the applied
strain). Beeby et al. (2006) provided a review of piezoelectric-based harvesting
research up to about 2005 and included stack-type configurations. Many researchers
have considered the design and performance optimization of energy harvesters.
Researchers such as Roundy (2005), duToit (2005) investigated possible ways to
maximize the harvested power by analyzing the effect of the design parameters such
as the load resistance and the electromechanical coupling on the extracted power.
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One of the most efficient techniques to maximize the harvested energy is to tune
the impedance of the harvesting circuit to that of the mechanical system. Along
that line, Wu et al. (2006) developed a tunable resonant frequency power-harvesting
device in the form of a cantilever beam. The device utilized a variable capacitive
load to shift the gain curve of the cantilever beam such that it matches the frequency
of the external vibration in real time. Twiefel et al. (2006) also presented a model
that can be tuned to the external excitation frequency. Further, Johnson et al. (2006)
presented the design of a unimorph piezoelectric cantilever beam tuned to harvest
optimal energy from a specific machine application. Grisso and Inman (2006) pro-
posed an integrated sensor “patch” that can harvest energy from ambient vibration
and temperature gradients. This patch would be able to take measurements, com-
pute the structural health of the host, and broadcast the state of the system when
necessary.

Rastegar et al. (2006) presented a class of efficient energy harvesting devices that
are mounted on platforms vibrating at low frequencies. Priya et al. (2006) reported
on the advances of powering stationary and mobile untethered sensors using a fusion
of energy harvesting approaches. Lefeuvre et al. (2006) compared four vibration-
powered generators with the purpose of powering standalone systems. They pro-
posed an approach based on processing the voltage delivered by the piezoelectric
material that would enhance the electromechanical conversion. von Büren et al.
(2006) presented a comparison of the simulated performance of optimized configu-
rations of different harvesting architectures using measured acceleration data from
walking motion of human subjects. Badel et al. (2006) considered the addition of
an electrical switching device connected in parallel with the piezoelectric element.
The switch is triggered on the maxima or minima of the displacement realizing a
voltage inversion through an inductor, hence allowing an artificial increase of the
piezoelectric element’s output voltage. Anderson and Sexton (2006) presented a
model for piezoelectric energy harvesting with a cantilever beam configuration. The
model incorporated an expression for variable geometry, tip mass, and material con-
stants. For further literature review, we refer the reader to Anton and Sodano (2007)
who presented a comprehensive review of research published in the area of power
harvesting between 2003 and 2006.

When optimizing energy harvesting devices, most of the previous research efforts
were simplified by assuming that the maximum power occurs at resonance (Stephen
2006). duToit (2005) showed that this assumption hides essential features of the cou-
pled electromechanical response of the device. This coupling results in another opti-
mal frequency at the anti-resonance. To obtain the complete features of the coupled
response, duToit et al. (2005) used a linearly coupled model to derive an expression
for the extracted power. In the resulting expression, they set the mechanical damp-
ing to zero and analyzed the energy harvesting circuit at short- and open-circuit
conditions to obtain both of the optimal frequencies.

Here, we consider a stack-harvesting device similar to that analyzed by duToit
et al. (2005). However, we propose a harvesting circuit wherein an inductor is
employed with the load resistor (in parallel and in series). Lesieutre et al. (2004)
employed an inductor in the harvester circuit. However, their work focused on the
analysis of the damping resulting from energy harvesting.
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By utilizing the Karush-Kuhn-Tucker (KKT) method (Winston 2003), we inves-
tigate the problem of optimizing the circuit parameters to realize maximum power
at any external excitation frequency. Unlike previous research effort, we account
for the mechanical damping and obtain exact analytical expressions for the optimal
frequency ratios as a function of the damping and electromechanical coupling. Fur-
ther, we show that neglecting the mechanical damping may result in qualitatively
and quantitatively erroneous predictions especially for small quality factors and/or
small electromechanical coupling coefficients. It is also shown that the proposed
circuit can provide a superior performance to a purely resistive circuit. More specif-
ically, at the optimal electrical elements, the proposed circuit can harvest maximum
power at any excitation frequency. However, the performance of this arrangement
cannot be always optimized. This stems from the fact that, the KKT conditions are
violated at low damping ratios (below a bifurcation damping value), and hence the
purely resistive circuit is the only way to optimize the power. At high-damping ratios
(beyond a bifurcation damping value) however, this singularity ceases to exit, and
the device delivers more power than the maximum power achieved by the purely
resistive circuit at any excitation frequency.

In summary, our contribution lies in optimizing the energy harvested from a
piezoelectric-energy-based harvesting device, while including inductance in the cir-
cuit and damping in the structure. Using this optimal circuit results in broad band
optimal harvesting, offering an improvement over previous results which provide
optimal harvesting at discrete frequency values.

Along the way, we present a thorough analysis of traditional purely resistive cir-
cuits. To this end, the role of damping and electromechanical coupling are explored,
and it is shown that there exists an optimal coupling coefficient beyond which the
power cannot increase. In this spirit, this work fills a gap in the literature addressing
the optimization of 1D energy harvesters. This work also questions the suggestion
that a higher coupling coefficient results in higher power values.

The remainder of the chapter is organized as follows. Section 6.2 presents the
analytical model of the system under consideration. We first treat the parallel
configuration of the inductor and resistor. The optimization problem is stated in
Section 6.3. Section 6.4.1 studies the harvesting device equipped with a purely
resistive circuit. The section presents exact analytical solutions for the optimal fre-
quencies, and presents an analysis of the role of damping and coupling coefficient.
In Section 6.4.2, we consider the new circuit (parallel configuration). In Section 6.5,
we treat the series configuration of the harvesting circuit. Finally, conclusions for
this work are drawn in Section 6.6.

6.2 One-dimensional Electromechanical Analytic Model

A stack-type piezoelectric-harvesting device is considered here. Figure 6.1 shows a
schematic of a harvesting device with a generalized circuit that employs inductors in
series and in parallel. A purely resistive circuit is just a special case of Fig. 6.1, and
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Fig. 6.1 Schematic of piezoelectric energy harvesters with a general harvesting circuit

was studied by duToit (2005) and Daqaq et al. (2007). Most circuits considered in
the literature did not involve inductors. In this section, we will derive the equations
governing the behavior of the harvesting device of Fig. 6.1.

The 3D, linear-elastic-small signal constitutive law of piezoelectricity is
given as,

{
T
D

}
=

[
cE −eT

e εS

]{
S
E

}
(6.1)

where

T = [ T11 T22 T33 T23 T13 T12 ]T , S = [ S11 S22 S33 S23 S13 S12 ]T ,

D = [ D1 D2 D3 ]T , E = [ E1 E2 E3 ]T ,

cE = [cE
i j ] with i, j = 1, · · · , 6 ,

εS = [εi j ] with i, j = 1, · · · , 3 ,

e = [ei j ] with i = 1, · · · , 3 and j = 1, · · · , 6 . (6.2)

Since the stress and strain are symmetric tensors, their subscripts are usually
relabeled per Voigt’s notation as,

i i → i and 23 → 4 , 13 → 5 , 12 → 6 . (6.3)

In (6.1), T , D, S and E present the stress, electric displacement, strain, and
electric field, respectively. Moreover, εS is the permitivity of the piezoelectric layer,
measured at zero strain, and e is the piezoelectric material coupling constant relating
the charge density and the strain. The stiffness of the piezoelectric material, mea-
sured at zero electric field, is cE. The device at hand is 1D, and assuming that the
piezoelectric material is poled in the direction of the displacement, x , the constitu-
tive equations reduce to

T3 = cE
33S3 − e33 E3 , (6.4)

D3 = e33S3 + εS
33 E3 . (6.5)
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The strain, stress, electric field, and electric displacement are related to the device
parameters through,

S3 = x

tp
and T3 = −m(ẍ + ẍB)

A
where m = M + 1

3
Mp,

E3 = − v

tp
and D3 = q

A
. (6.6)

Here, the approximate total mass of the system, m, is taken to be analogous to
the effective mass used in a single-degree-of-freedom model of a cantilevered rod
with a tip mass in longitudinal vibrations, duToit (2005). This approximation has no
effect on the analysis presented here, as the system at hand is indeed governed by a
single mechanical degree of freedom. A continuum model would certainly present
a better approximation of the system dynamics (Erturk and Inman 2008a,b). We
neglect the electrode thickness and set te equal to zero.

Substituting the expressions for T3, S3, and E3 of (6.6) in (6.4) yields,

−m

A
(ẍ + ẍB) = cE

33
x

tp
+ e33

v

tp
. (6.7)

Equation (6.7) is multiplied by A and the terms are rearranged to yield,

mẍ + kx − θv = −mẍB where k = cE
33 A

tp
, θ = −e33 A

tp
. (6.8)

Now, substituting the expressions for D3, S3, and E3 of (6.6) into (6.5) and mul-
tiplying by A yields,

q = −θx − Cpv where i = dq

dt
,Cp = εS

33 A

tp
. (6.9)

Turning our attention to the circuit of Fig. 6.1, and recalling the principles of
electric circuits and Kirchhoff’s current law, we can state that

v = RliR + LS i̇R,

i = iR + v

Rp
+ 1

LP

t∫
0

v(τ )dτ . (6.10)

To substitute (6.10) in (6.9), (6.9) should be differentiated with respect to time.
This substitution will allow (6.9) to be formulated in terms of the current passing
through the load resistance, Rl, and its time derivatives only,
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iR + (RliR + LSi̇R)

Rp
+ 1

LP

t∫
0

(
RliR(τ ) + LSi̇R(τ )

)
dτ

= −θ ẋ − Cp(Rli̇R + LSïR) , (6.11)

which can be differentiated with respect to time one more time, and reorganized.
Moreover, proportional damping could be added to (6.8), and the coupled governing
equations are,

mẍ + cẋ + kx − θ (RliR + LSi̇R) = −mẍB ,

Cp LS
...
i R +

(
Cp Rl + LS

Rp

)
ïR +

( LS

LP
+ Rl

Rp
+ 1

)
i̇R + Rl

LP
iR + θ ẍ = 0 . (6.12)

In terms of the voltage across the load resistance, vR, (6.12) is expressed as

mẍ + cẋ + kx − θ
(
vR + LS

Rl
v̇R

)
= −mẍB

θ ẍ + Cp L S

Rl

...
v R +

(
Cp + LS

Rp Rl

)
v̈R +

( L S

LP Rl
+ 1

Req

)
v̇R + 1

L P
vR = 0. (6.13)

In the absence of both inductors, LS and LP, (6.13) identically reduces to the
model derived previously by duToit (2005). Table 6.1 presents numerical values of
the parameters used in the simulations presented in this chapter.

In order to obtain a closed-form analytical solution of the system’s displace-
ment and the magnitudes (half peak-to-peak value) of the voltage developed and the
power extracted on can proceed as follows. First, we obtain the Laplace transform
of the displacement and voltage. These are obtained as,

X(s) = Nx (s)

D(s)
and VR(s) = Nv(s)

D(s)
, (6.14)

Table 6.1 Data used to simulate the energy harvester

Piezoceramic harvester’s properties

Proof mass, M (kg) 0.01
Thickness, tp (m) 0.01
Cross-sectional area, Ap (m2) 0.0001
Mass, Mp (kg) 0.00075
Permittivity, ε33 (F/m) 1.137 × 10−8

Coupling coefficient, k33 (dimensionless) 0.75
Leakage resistance, Rp (�) 5 × 109

Base acceleration magnitude 1g (g = 9.81 m/s2)
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where

Nx (s) = −m XB(s)s2(ϕ(s) + ψ(s)) ,

Nv(s) = LPm Rl RpθXB(s)s4 ,

D(s) = LP Rps2θ2(Rl + LSs) + m(ϕ(s) + ψ(s))(s2 + 2ζωns + ω2
n) ,

ϕ(s) = Rl(Rp + LPs + Cp LP Rps2) ,

ψ(s) = s(LS Rp + LP(Rp + LSs + Cp LS Rps2)) .

Now, assuming a harmonic base excitation of amplitude X̄B and frequency ω,
the displacement and voltage amplitudes can be obtained by finding the magni-
tude of the complex quantities X(jω) and V (jω). Moreover, these amplitudes can
be normalized with respect to the base acceleration amplitude, X̄Bω

2. Our choice of
normalization is motivated by practical intuition, as the measurement of acceleration
is widely used in experimental settings (e.g., using accelerometers).

6.3 Power Optimization

In this section, we address the problem of maximizing the flow of energy from a
vibrating structure to a given electric load. In specific, we consider optimizing the
load resistance, Rl, and either one of the inductors. Towards that end, we cast the
optimization problem as a nonlinear programming problem with the Karush-Kuhn-
Tucker (KKT) conditions. The KKT technique is a generalized form of the long
celebrated method of Lagrange multipliers (see, for instance, Winston 2003). The
objective function to be optimized is a nonlinear function of two variables, P(α, β)
and the optimal values for α and β are constrained to be nonnegative. Hence, the
nonlinear optimization problem and the associated constraints can be stated as fol-
lows,

Find the min
α,β

(−P) subject to gi (α, β) ≤ 0, i = 1, 2 . (6.15)

The negative sign in (6.15) indicates that we are seeking a maximum of P(α, β).
The constrain functions gi(α, β) declare the nonnegativity of α and β, hence they
are given by

g1(α, β) = −α and g2(α, β) = −β . (6.16)

The necessary KKT conditions are stated as follows: if the pair (αopt, βopt) is a
local optimum, then there exists constants μi ≥ 0 (i = 1, 2), such that

−∇P(αopt, βopt) + μT.∇g(αopt, βopt) = 0 and μi gi (αopt, βopt) = 0, i = 1, 2 ,
(6.17)
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where ∇P is the gradient operator producing a column vector when operating on a
scalar function (P(α, β)), and a square matrix when operating on a column vector
(g(α, β)). Expanding the above expression yields

�P
�α

∣∣∣∣
(αopt,βopt)

+ μ1 = 0 and μ1αopt = 0 , (6.18a)

and

�P
�β

∣∣∣∣
(αopt,βopt)

+ μ2 = 0 and μ2βopt = 0 . (6.18b)

Moreover, the KKT necessary conditions state that if the sufficient conditions,
stated in (6.18), are satisfied, and the objective function P(α, β) and the constrain
functions gi (α, β) are convex, then the pair (αopt, βopt) is a global optimum. The
functions gi (α, β) are convex. Moreover, one can obtain the Hessian of P(α, β) and
show that it is positive definite. The Hessian of P is not presentable, and hence
will not be stated here. However, the global optimality is guaranteed through the
necessary and sufficient conditions of the KKT conditions.

6.4 Optimality of the Parallel-RL Circuit

In the absence of the series inductance LS, the objective function to be optimized,
P , in this case presenting the magnitude of the harvested power, reduces to

P = (ω2 X̄b)2

ω3
n

kαβ2κ2Ω4

B
. (6.19)

Furthermore, the normalized steady-state amplitude of the stack displacement
and voltage across the resistive load are given by

∣∣∣∣ X

ω2 X̄b

∣∣∣∣ = 1

ω2
n

√
β2Ω2 + α2(βΩ2 − 1)2

√
B

, (6.20)

∣∣∣∣ VR

ω2 X̄b

∣∣∣∣ = 1

|θ |
mαβκ2Ω2

√
B

, (6.21)

where

B = ((β + 2αζ )Ω − β(1 + 2αζ )Ω3)2

+ (α − (2βζ + α(1 + β + βκ2))Ω2 + αβΩ4)2 . (6.22)

Here, ωn is the natural frequency of the mechanical system, α and β are dimen-
sionless time constants, κ is an alternative electromechanical coupling coefficient,
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Ω is the frequency ratio, and ζ is the modal damping ratio of the mechanical system.
These quantities are given below,

ωn =
√

k

m
α = ReqωnCp β = ω2

n LpCp ,

κ2 = θ2

kCp
Ω = ω

ωn
ζ = c

2mωn
.

(6.23)

The equivalent resistance Req represents the parallel resistance of the load and
leakage resistances, Rl and Rp, respectively. The leakage resistance, Table 6.1, is
usually much higher than the load resistance (Sood 2003). Consequently, in the
remainder of this work, we assume Req ≈ Rl, and we only refer to the load resis-
tance Rl. A note regarding the quantity κ is also in order. Throughout this work, κ
will be loosely referred to as the coupling coefficient. This quantity is not to be con-
fused with the more traditional coupling coefficient referred to in the literature, k33,
given by

k2
33 = d2

33

sE
33ε

T
33

. (6.24)

Both quantities, k33 and κ , are positive. However, k33 cannot exceed 1, whereas
κ is not bounded by 1(0 < k33 < 1, 0 < κ). Both coefficients are related through
duToit (2005),

κ2 = k2
33

1 − k2
33

= e2
33

cE
33ε

S
33

.

Lesieutre and Davis (1997) provide a useful discussion on the coupling coeffi-
cient of a piezoelectric device and that of its active material.

Next, we turn our attention to the optimization problem. The resulting system
of equalities and inequalities obtained through the KKT conditions requires thor-
ough analysis to obtain the possible optimal solutions for the couple (αopt, βopt). A
preliminary investigation reveals the existence of the following cases:

(a) CASE I (μ1 = 0 and μ2 �= 0): In this case, βopt = 0, which yields a purely
resistive circuit. As such, the optimization problem reduces to solve the following
equation:

�P
�α

∣∣∣∣
αopt

= 0 . (6.25)

(b) CASE II (μ1 = 0 and μ2 = 0): Here, αopt �= 0 and βopt �= 0 which represent a
parallel RL circuit. In this case, the optimization problem reduces to solving the
following nonlinear equations,
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�P
�α

∣∣∣∣
(αopt,βopt)

= 0 and
�P
�β

∣∣∣∣
(αopt,βopt)

= 0 . (6.26)

It will be shown that this case is a separable optimization problem that would
yield an interesting expression for the optimal magnitude of the harvested power.

(c) CASE III (μ1 �= 0 and μ2 �= 0): This yields αopt = βopt = 0 as per (6.18). This
result violates the purpose of the problem, as no power can be extracted in the
absence of an electric circuit.

(d) CASE IV (μ1 �= 0 and μ2 = 0): Accordingly, αopt must be 0, and the problem
reduces to

�P
�α

∣∣∣∣
(0,βopt)

= 0 and
�P
�β

∣∣∣∣
(0,βopt)

= 0 .

An optimal inductor value βopt can be obtained, however, since we are seeking to
optimize the flow of energy to the load which is the element that extracts the power
in this case, this solution is not meaningful.

By virtue of the preceding discussion only, CASE I and CASE II should be further
analyzed as they are the only physically meaningful among the four possible cases.
In the following, CASE I and CASE II will be treated in detail.

6.4.1 The Purely Resistive Circuit

CASE I suggests that one can utilize a purely resistive circuit to optimize the flow of
energy. In this case, the solution of (6.25) yields

α2
opt = 1

Ω2

(1 −Ω2)2 + (2ζΩ)2

([1 + κ2] −Ω2)2 + (2ζΩ)2
. (6.27)

The preceding expression suggests that for a given frequency ratio, Ω , one
can maximize the flow of energy to the load by choosing the optimal resistance
according to (6.27) and (6.23). The question that becomes legitimate here is what
frequency ratio would yield optimal power. The answer can be obtained by dif-
ferentiating equation (6.19) with respect to Ω and solving the resulting equation
together with equation (6.27) for the optimal frequency ratios, Ωopt, and the opti-
mal load resistance, αopt. Having said that, it turns out that the solution cannot be
easily obtained as the resulting optimization problem yields a polynomial of the
12th degree in Ωopt. One way to facilitate the solution of the resulting equation is
to assume a small damping ratio, ζ . In the following, we present a detailed analysis
based on the small damping assumption.
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6.4.1.1 Small Damping Assumption

To facilitate the optimization problem, duToit (2005) among others (Stephen 2006),
(Wu et al., 2006) set the damping ratio, ζ , to zero then analyzed the harvesting circuit
at short- and open-circuit conditions by letting the dimensionless time constant α
approach 0 and ∞, respectively, to obtain two optimal frequency ratios for which
the amplitude of the harvested power is maximum. These two frequency ratios are
denoted as the resonance frequency, Ωr, and the anti-resonance frequency, Ωar,
given by

Ωr = 1 and Ωar =
√

1 + κ2 . (6.28)

At zero damping ratio, the preceding expressions accurately describe the optimal
frequency ratios for which the power harvested is indeed maximum. In fact, it has
been shown previously that for very small damping ratio, ζ , one can utilize the ratio
Ωr/Ωar to experimentally obtain the coupling coefficient κ of a given piezoceramic.
At these frequencies, the optimal load time constant reduces to

α2
opt,r = 4ζ 2

4ζ 2 + κ4
, (6.29)

α2
opt,ar = (1 + κ2)2 − 2(1 + κ2) + 4ζ 2(1 + κ2) + 1

4ζ 2(1 + κ2)2
. (6.30)

Now, assuming that ζ is at least one order of magnitude smaller than κ2, i.e.,
ζ/κ2 << 1; equation (6.29) and (6.30) can be further simplified as

α2
opt,r = 2ζ

κ2
, (6.31)

α2
opt,ar = κ2

2ζ (1 + κ2)
. (6.32)

Substituting (6.28), (6.31), and (6.32) into (6.19) yield the following expression
for the optimal power

Popt

∣∣
Ω=Ωr,Ωar

= ω2 X̄bk

8ζω3
n
. (6.33)

It is worth noting that the preceding expression is not a function of the cou-
pling coefficient κ . This implies that for very small damping and ζ << κ2, the
maximum power obtained by optimizing the load resistance at the resonance and
anti-resonance frequencies does not depend on the coupling coefficient. In other
words, the process of optimizing the load while tuning the excitation frequency to
the resonance and/or anti-resonance frequency of the system completely eliminates
the effect of electromechanical coupling on the output power. This result is very
interesting as it suggests that if one can design a circuit which can tune itself to



6 On the Optimal Energy Harvesting from a Vibration Sound 177

the resonance and anti-resonance frequency while optimizing its load in real time,
then the output power would be the same, (6.33), regardless of whether the material
has high or low electromechanical coupling, provided that ζ << κ2. However,
one has to keep in mind that the optimal value for the resistive load depends on κ .
For instance, at resonance, the optimal load is inversely proportional to κ2. It is also
worth noting that, for very small damping and ζ << κ2, the optimal power obtained
at the resonance and anti-resonance frequencies is equal.

6.4.1.2 Effect of Damping

While the preceding analysis accurately describes the optimal harvesting problem
for very small damping, it is imperative to study and understand the effect of damp-
ing on the optimal parameters. More specifically, it is well understood that, for many
mechanical systems, the assumption of small damping is not always valid, thereby
such assumption could yield erroneous predictions of the optimal values and might
hide many of the essential features of the actual system. For instance, (6.28) suggests
that the optimal frequency ratios remain constant as the damping ratio is varied. In
addition, the goal of harvesting is to subtract energy from the structure, which in turn
serves to increase the effective damping. In the following, it will be shown that this
suggestion is inaccurate. As such, and to gain a better understanding of the effect of
damping on the optimal parameters, we plot the numerical solutions of the optimal
frequency ratios versus the damping ratio, ζ , at a given coupling coefficient κ , as
displayed in Fig. 6.2a.

At ζ = 0, the system has three real positive extrema: two maxima and a mini-
mum. The maxima are Ωr = 1 and Ωar = √

1 + κ2 as predicted by duToit (2005).
The third root is a minimum, given as

Ωmin = 1√
6

√
2 + κ2 +

√
16 + 16κ2 + κ4 . (6.34)

0 0.05 0.1 0.15 0.2
1

1.05

1.1

1.15

1.2(a) (b)

0.5 0.7 0.9 1.1 1.3 1.5
0

5

10

15

20

25

30

35

40

Fig. 6.2 Optimal frequency ratios and harvested power at κ = 0.6 and corresponding αopt
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Examining Fig. 6.2a, the following can be inferred. As the damping ratio is increased,
the value ofΩr increases whereas the value ofΩar decreases. On the other hand, the
value of the minimum,Ωmin, decreases slowly relative to changing values of ζ . The
variation of these three roots strongly resembles a subcritical pitchfork bifurcation
with the damping ratio being the bifurcation parameter. More specifically, for damp-
ing ratios that are less than a particular damping ratio (bifurcation damping ratio ζb),
the optimal power resembles a double-peak single-well potential function with the
double peaks representing the two maxima and the well representing the minimum,
Fig. 6.2b. At ζb, the power expression becomes of the single-peak potential-type
and the values of the three extrema coincide. As such, one extremum, a maximum
exists only. This solution is an extension of the minimum solution prior to crossing
ζb. Further increase in ζ beyond ζb results in a decrease in the optimal frequency
ratio. For the case considered here, the bifurcation damping ratio was found to be
ζb = 0.084.

The associated magnitudes of the voltage and displacement are displayed in
Fig. 6.3a and 6.3b, respectively. Figure 6.4a displays the magnitude of the current
passing through Rl. It is worth noting that, at the resonance frequency ratio, Ωr, the
current magnitude is at a maximum, whereas the voltage magnitude is at a minimum.
Hence,Ωr is a suitable operating point for applications requiring high current, such
as charging a storage device, (duToit, 2005). This observation is reversed at the
anti-resonance frequency ratio, Ωar. At Ωar, the voltage is at a maximum, whereas
the current is at a minimum. This operating condition is suitable for applications
requiring high voltage, such as wireless sensors (duToit, 2005) which use mainly
diodes and transistors. Furthermore, the optimal value of the displacement behaves
similar to the voltage. It assumes a small value at the resonance frequency, Fig. 6.4b.
Recall that the time constant α is proportional to the load resistance, Rl. However,
the power is inversely proportional to the load resistance. Hence, to maintain the
same harvested power, the voltage and the resistance have to behave similarly. The
magnitude of the voltage and Rl are both small atΩr and both attain maxima atΩar.
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Fig. 6.3 Voltage and displacement magnitude at different damping ratios with κ = 0.6



6 On the Optimal Energy Harvesting from a Vibration Sound 179

0.5 0.7 0.9 1.1 1.3 1.5
0

20

40

60

80

100(a)

0.5 0.7 0.9 1.1 1.3 1.5
0

1

2

3

4

5

6

7(b)

Fig. 6.4 Current magnitude and optimal time constant at different damping ratios with κ = 0.6

Exact solution for optimal frequencies: Using the numerical bifurcation dia-
gram of Fig. 6.2a, exact analytical expressions for the resonance, Ωr, and anti-
resonance,Ωar, frequency ratios can be obtained. The process of determining these
roots involved numerous trail-and-error approaches. These roots are,

Ωr =
√

2 − 4ζ 2 + κ2 −
√

16ζ 4 − 16ζ 2 − 8ζ 2κ2 + κ4

√
2

,

Ωar =
√

2 − 4ζ 2 + κ2 +
√

16ζ 4 − 16ζ 2 − 8ζ 2κ2 + κ4

√
2

. (6.35)

Now, one has to find the exact solution for Ωmax which represents the middle
branch of the bifurcation diagram displayed in Fig. 6.2a. Equation (6.35) yields
complex quantities when ζ > ζb. This can be exploited to solve for Ωmax, since
the two roots obtained so far, Ωr and Ωar constitute four roots as the conjugate of
a complex root is a root. Moreover, the opposite of these roots and their conjugates
are also roots of the ensuring equation. Hence, by eliminating the eight known roots,
one can solve a polynomial of the 4th degree instead of solving a polynomial of the
12th degree. The root presenting the middle branch turns out to be,

Ωmin =
√

6
√

2 − 4ζ 2 + κ2 +
√

16 + 16ζ 4 + 16κ2 + κ4 − 8ζ 2(2 + κ2)

6
. (6.36)

As the three branches of the bifurcation diagram are obtained analytically, further
analysis can be conducted to expand our understanding of optimal energy harvesters.

Criticality treatment: The expressions of Ωr and Ωar are interesting and pro-
voke some investigation. For instance, note that these quantities are complex when,

f (ζ, κ) = 16ζ 4 − 16ζ 2 − 8ζ 2κ2 + κ4 < 0 . (6.37)
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Fig. 6.5 (a) 3D display of the function f (ζ, κ). (b) f (ζ, κ) versus ζ for constant values of κ

Figure 6.5a displays a surface representing the variation of this function with
varying values of ζ and κ . As ζ is increased for constant values of κ , f varies from
being large and positive (three optimal frequency ratios) to being small and negative
(only one optimal frequency ratio). At f (ζ, κ) equal to zero, equation (6.37) can be
solved to yield an exact value for the bifurcation damping discussed previously

ζb = 1

2
(−1 +

√
1 + κ2) . (6.38)

Equation (6.38) reveals that the bifurcation damping ratio is independent of the
harvesting circuit parameters since α does not appear in the equation. Further,
it is evident that ζb is only a function of the coupling coefficient κ , and hence
depends only on the properties of the piezoceramic used. As κ approaches zero, ζb

approaches zero, and hence the transition bifurcation takes place at lower values of
ζ . On the other hand, as the coupling coefficient increases, the bifurcation damping
increases. In other words, the two branches ofΩr andΩar coexist for larger values of
damping, Fig. 6.6a. This is favorable as the existence of these two branches provides
an operating point, Ωr for low-voltage/high-current, and another operating point,
Ωar, for high-voltage/low-current as discussed earlier.

Neglecting the effect of mechanical damping when optimizing the frequency
ratio does not only affect the optimal frequency ratios; it affects also the optimal
time constant αopt and hence the value of the optimal load resistance. Figure 6.6b
illustrates variation of the optimal time constant αopt with the damping ratio ζ at
κ = 0.6. As predicted earlier by duToit (2005), for ζ = 0, short-circuit condi-
tion (Rl = 0) maximizes the power at resonance, whereas open-circuit condition
(Rl → ∞) maximizes the power at anti-resonance. However, as ζ is increased, the
optimal time constant obtained via equations (6.31) and (6.32) deviates from the
actual values. More specifically, for values of ζ beyond ζb, the negligible damp-
ing assumption predicts that two values of Rl maximize the power. However, for
damping ratios beyond ζb, there is only one value for Rl that maximizes the power.
This value can be obtained analytically by substituting the solution of the optimal
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Fig. 6.6 (a) Bifurcation diagrams of the optimal frequency ratios versus the damping ratio ζ for
different values of κ . (b) Variation of the optimal time constant αopt with the damping ratio ζ at
κ = 0.6. Dashed lines represent results obtained via the small damping assumption

frequency ratio for ζ > ζb, (6.36), in the expression determined for the optimal time
constant αopt, (6.27). The optimal resistance values can then be obtained.

Similar to the bifurcation damping ratio, one can also define a bifurcation cou-
pling coefficient κb. This parameter is given by solving (6.37) for κ and obtaining

κb = 2
√
ζ + ζ 2 . (6.39)

For constant ζ values, f (ζ, κ) is negative for small values of the coupling coef-
ficient and becomes positive when the coupling coefficient crosses the bifurcation
coupling coefficient value, κb. This behavior can be concluded from Fig. 6.7a and
indicates the existence of another bifurcation diagram that is “opposite” to the one
obtained previously. It turns out that, for small values of κ , one extremum, a maxi-
mum, only exists. Beyond the value, this maximum becomes a minimum, and two
roots branch out. These two branches represent maxima. Fig. 6.7b illustrates bifur-
cation diagrams that are obtained by varying κ and solving (6.35) and (6.36) for
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Fig. 6.7 (a) f (ζ, κ) versus ζ for constant values of κ . (b) Bifurcation diagrams of the optimal
frequency ratios versus the coupling coefficient κ for different values of ζ
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different values of ζ . It is noted that for all the values of damping ratio used, all the
branches of the bifurcation diagram coincide for high values of the coupling coeffi-
cient. Moreover, the middle branches (Ωmax before κb, Ωmin after κb) differ slightly
before κb, and practically coincide after crossing κb. Additionally, the bifurcation
coupling coefficient increases as the damping increases, which is also evident from
(6.39).

6.4.1.3 Effect of Electromechanical Coupling

In order to gain a better understanding of the effect of the electromechanical cou-
pling coefficient κ on the power harvested from a purely resistive circuit, we use
(6.12) to relate the power harvested directly to the displacement of the system. This
is obtained as,

|P | = kακ2Ω2ωn

1 + α2Ω2
|X |2 (6.40)

Equation (6.40) clearly states that for a constant Ω , α, and |X |, the harvested
power increases as κ increases. However, althoughΩ and α can be maintained con-
stant, it is almost impossible to maintain the displacement magnitude |X | constant.
More specifically, equation (6.20) indicates that, for constant input acceleration
amplitude, as κ increases, the displacement magnitude |X | decreases. Therefore,
for constant input acceleration amplitude, an increase in κ is not necessarily accom-
panied by an increase in the harvested power.

Furthermore, according to (6.20), as κ approaches zero, |X | is maximized, there-
fore all the energy supplied by the environment is transferred to the structure. How-
ever, this energy cannot be harvested as per (6.19).

The above discussion suggests that a larger κ does not always imply a more
efficient energy harvester. The coupling coefficient κ also acts as a damping term
that minimizes the flow of energy from the environment to the harvesting device. For
a given frequency ratio and time constant,Ω and α, the optimal coupling coefficient
can be obtained by setting the derivative of (6.19) with respect to κ equal to zero,
and then solving for κ to obtain

κ2
opt = 1

αΩ

√
(1 + α2Ω2)(1 + (4ζ 2 − 2)Ω2 +Ω4) . (6.41)

Note that (6.41) has a solution for every possible physical value of α, Ω , and ζ .
This stems from the fact that the quantity under the square root is always positive,
unless ζ = 0 and Ω = 1 (note that Ω = Ωr = 1 at ζ = 0, (6.35)). But, in this case,
κopt = 0 and in turn, the harvested power approaches infinity according to (6.19).
This is physically unrealizable and emanates from the fact that the displacement
amplitude |X | unrealistically approaches infinity at resonance for zero damping ratio
and zero coupling coefficient. Figure 6.8a shows the variation of the harvested power
with the coupling coefficient for different values of load resistance at the resonance
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Fig. 6.8 Variation of the power and displacement with the coupling coefficient for different values
of load resistance, Rl, at Ω = Ωr and ζ = 0.01

frequency and with ζ = 0.01. For a given Rl, as the coupling coefficient increases,
the harvested power increases until it reaches a maximum value at κopt. Further
increase in κ results in a decrease in the harvested power which approaches zero as
the coupling coefficient increases.

At the optimal load resistance, Rl,opt, the harvested power reaches a saturation
limit at the optimal coupling coefficient, κopt. Moreover, the displacement reaches
a limit value as well, Fig. 6.8b. These results might be surprising, yet they are
supported by the equations governing the behavior of the system. Replace the
expression of the optimal time constant, (6.27), in the expression of the power
and displacement magnitude, (6.19) and (6.20). Then, compute the limit of these
expressions as κ approaches infinity,

|Pκ→∞| = kΩ

2(2ζΩ+
√

1+(4ζ 2−2)Ω2+Ω4)ω3
n

,

|Xκ→∞| = 1

ω2
n

√
2+2Ω((4ζ 2−2)Ω+Ω3+2ζ

√
1+(4ζ 2−2)Ω2+Ω4

. (6.42)

The expressions in (6.42) can be used to verify the saturation limits displayed in
Fig. 6.8a and 6.8b.

6.4.2 The Parallel-RL Circuit

The second case resulting from the power optimization problem suggests utilizing
an inductor in parallel with the resistive load. In this case, we solve (6.26) which
yields the following optimal values for α and β:

αopt = Ω4 + (4ζ 2 − 2)Ω2 + 1

2ζκ2Ω2
, (6.43a)



184 D.J. Inman et al.

and

β
(1)
opt = 0 ≥ 0 and β

(2)
opt = Ω4 + (4ζ 2 − 2)Ω2 + 1

Ω2(Ω4 − (2 + κ2 − 4ζ 2)Ω2 + κ2 + 1)
≥ 0 .

(6.43b)
Note that αopt and βopt are independent of each other. In other words, the opti-

mization problem at hand is of an additive (separable) nature. This implies that
the power can be independently optimized with respect to each electric element.
Now, turning the attention to the solutions obtained for βopt, one realizes that there
are two solutions. The first solution, β (1)

opt, implies that no inductor is added to the

circuit. Section 6.4.1 treated this case in details. The second solution, β (2)
opt, reveals

interesting results and requires further attention. For instance, while the first solution
obtained, β (1)

opt, always satisfies the constraint βopt ≥ 0, the second solution β (2)
opt is

less than zero and hence violates the KKT conditions when

Ω1 < Ω < Ω2 and ζ ≤ ζb , (6.44)

where

Ω1 =
√

2 − 4ζ 2 + κ2 −
√

16ζ 4 − 16ζ 2 − 8ζ 2κ2 + κ4

√
2

,

Ω2 =
√

2 − 4ζ 2 + κ2 +
√

16ζ 4 − 16ζ 2 − 8ζ 2κ2 + κ4

√
2

.

(6.45)

It turns out that the values of Ω1 and Ω2 are nothing but the resonance and anti-
resonance frequency ratios obtained using the purely resistive circuit as demon-
strated in equation (6.35). Hence, β (1)

opt optimizes the system, always satisfies the

KKT conditions, and was treated in Section 6.4.1. The other optimal solution, β (2)
opt

violates the KKT conditions when Ω1 ≤ Ω ≤ Ω2 and ζ ≤ ζb, and in such circum-
stance, the first optimal value β (1)

opt is used to optimize the power.

Through the rest of this work, βopt will refer solely to β (2)
opt unless specified oth-

erwise. Based on these findings, an optimal power expression can be obtained by
substituting αopt and βopt in (6.19), yielding

Popt = k

8ζω3
n
. (6.46)

Equation (6.46) is extremely important and quite interesting as it states the
following:

(a) The optimal power is independent of the coupling coefficient κ . This idea was
discussed in Section 6.4.1.3, where it was shown that increasing the coupling
coefficient κ does not necessarily cause an increase in the harvested power.
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Moreover, it was shown in Daqaq et al. (2007) that, at the optimal resistance
of the purely resistive energy harvesting circuit, the power saturates and does not
increase as κ increases. The result obtained here is along these lines. However,
(6.46) suggests that the harvested power would remain constant even when the
coupling coefficient κ becomes arbitrarily small or arbitrarily large and regard-
less of the value of ζ . To investigate this, we examine the expressions of the
optimal voltage and current,

∣∣∣∣ Vopt

ω2 X̄b

∣∣∣∣ = k
√

C(1 + κ2 − (2 + κ2 − 4ζ 2)Ω2 +Ω4)

4Cpζκ(1 + (4ζ 2 − 2)Ω2 +Ω4)ω2
n

, (6.47a)

∣∣∣∣ Iopt

ω2 X̄b

∣∣∣∣ = Cpκ(1 + (4ζ 2 − 2)Ω2 +Ω4)

2
√

C(1 + κ2 − (2 + κ2 − 4ζ 2)Ω2 +Ω4)ωn

, (6.47b)

where

C = Cp(1 + (4ζ 2 − 2)Ω2 +Ω4)3

kΩ2(1 + κ2 − (κ2 − 4ζ 2 + 2)Ω2 +Ω4)2
. (6.47c)

Examining (6.47) shows that,

lim
κ→0

|Vopt| = ∞ and lim
κ→0

|Iopt| = 0 , (6.48a)

and

lim
κ→∞ |Vopt| = 0 and lim

κ→∞ |Iopt| = ∞ . (6.48b)

Equation (6.48) remove any potential confusion, and elaborate that (6.46) is only
valid for realistic values of κ . For very small (or very large) values of κ , the
voltage and current values are not useful.

(b) The optimal power is independent of the frequency ratio. Previous works usually
concluded that maximum power can be achieved at the resonance frequency
(Stephen 2006). This concept was advanced with the work of duToit (2005)
where it was shown that two frequency ratios, resonance and anti-resonance,
maximize the value of the harvested power. Further, it is worth noting that the
optimal power expression in (6.46) is the same approximate expression obtained
for the purely resistive circuit at the resonance and anti-resonance frequency
ratios for small values of ζ and under the assumption (ζ/κ2) << 1, (6.33).
However, while the expression derived earlier is obtained at the resonance and
the anti-resonance frequency and is based on small values for (ζ/κ2), (6.46) is
valid for all frequency ratios and any value of (ζ/κ2) provided that βopt > 0. This
implies that, adding and inductor to the circuit provides a new degree-of-freedom
that can be optimzied and hence eliminates the effect of the frequency ratio from
the optimal power, thereby tuning the inductor and resistor of the energy har-
vesting circuit to their optimal values which depend on the frequency ratio, it is
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possible to harvest optimal power everywhere in the frequency domain making
the proposed circuit superior to the purely resistive circuit.

(c) Another interesting notion is realized by deriving the expression for the optimal
strain rate within the piezoelectric element. This can be obtained by calculating
the magnitude of ˙̄ε = ẋ/tp, and substituting the optimal circuit elements values
αopt and βopt which simplifies to

∣∣∣∣
˙̄ε

ω2 X̄b

∣∣∣∣ = 1

4tpζωn
.

The above expression implies that, for constant base acceleration (force), to
achieve optimal power everywhere in the frequency domain, the harvesting cir-
cuit has to maintain a constant optimal strain-rate (velocity). Therefore, it can be
concluded that the power optimization problem can be reduced to a strain opti-
mization problem because simply the power is the product of force and velocity.
Therefore, a circuit that could tune itself in real time to maximize the power by
changing αopt and βopt according to (6.43a) and (6.43b) would in essence change
the effective stiffness and damping of the system such that the piezoceramic
strain rate is constant.

6.4.2.1 Analysis and Practicality of Optimization Results

Figure 6.9a displays the optimal power at a coupling coefficient, κ = 0.6, and a
damping ratio ζ = 0.04 < ζb = 0.085. The presence of the inductor helps trans-
form the power figure of Fig. 6.8a into a broadband–constant curve as shown in
Fig. 6.9a. Figure 6.10a and 6.10b display the voltage and current, respectively. It is
worth noting that, the power, voltage, and current coincide with those obtained for
CASE I when Ωr < Ω < Ωar (βopt = 0). To further examine the practicality of
the optimal results, one has to check the values obtained for the optimal resistance
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Fig. 6.9 (a) Optimal harvested power at κ = 0.6 and ζ = 0.04 < ζb (inductor in parallel). (b)
Optimal displacement at κ = 0.6 and ζ = 0.04 < ζb (inductor in parallel)
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Fig. 6.10 (a) Optimal voltage at κ = 0.6 and ζ = 0.04 < ζb (inductor in parallel). (b) Optimal
current at κ = 0.6 and ζ = 0.04 < ζb (inductor in parallel)
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Fig. 6.11 (a) Optimal resistance at κ = 0.6 and ζ = 0.04 < ζb (inductor in parallel). (b) Optimal
inductance at κ = 0.6 and ζ = 0.04 < ζb (inductor in parallel)

and inductance. As illustrated in Fig. 6.11a and 6.11b, these values are for the most
part practical quantities that can be found off the shelf or even manufactured, if
needed. For instance, at Ω = 2, the optimal values for the load resistance and
inductance are, respectively, 22 k and 55 mH which are achievable values. It is worth
noting that, near the anti-resonance and for very small excitation frequencies, the
optimal inductance can be rather large, however, it can be achieved by connecting a
number of inductors in series.

The behavior of the optimal time constants αopt and βopt is depicted in Fig. 6.12.
As the damping ratio ζ increases, we notice that the optimal time constant α
decreases throughout the frequency ratio span, Fig. 6.12a. On the other hand, the
outcome of the optimization problem changes as ζ increases and crosses ζb. We
notice that a solution for βopt exists throughout the frequency ratio range. However,
the values of βopt are very close when Ω < Ωr and Ω > Ωar.

Figure 6.13 shows the optimal power with the same coupling coefficient used
previously (κ = 0.6) and a damping ratio ζ = 0.2 > ζb. A constant optimal power
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Fig. 6.12 Optimal time constants αopt and βopt at κ = 0.6 and ζ = 0.04, 0.06, and 0.085
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Fig. 6.13 Optimal power at κ = 0.6 and ζ = 0.2 > ζb (inductor in parallel)

can still be harvested if optimal circuit elements are used, as per (6.46). Moreover,
the power harvested via the proposed circuit is higher than the maximum power that
can be obtained via the circuit utilized by duToit et al. (2005). It is also worth noting
that the expression of (6.46) cannot describe the optimal power harvested using the
circuit of duToit (2005) as the ratio (ζ/κ2) is not small any more.

6.5 The Series-RL Circuit

For the purpose of completion and comparison, we consider in this section, the
optimization problem when the inductor is connected in series with the resistive
load (Fig. 6.1 in the absence of LP). In this case, the governing equations are
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mẍ + cẋ + kx − θ (q̇ Req + q̈ LS) = −mẍb

Cp L Sq̈ + Cp Reqq̇ + qθx = 0 where i = dq

dt
(6.49)

For sinusoidal base excitation, the magnitude of the response is given as
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∣∣∣∣ P

ω2 Xb

∣∣∣∣ = kακ2Ω2

ω3
nC

(6.52)

where

C = Ω2(α+2ζ+ακ2−(α+2βζ )Ω2)2+(1−(1+β+2αζ+βκ2)Ω2+βΩ4)2 (6.53)

Again, we cast the same optimization problem with the KKT conditions of (6.15)
through (6.18) with P given by

P = kακ2Ω2

Ω2(α + 2ζ + ακ2 − (α + 2βζ )Ω2)2 + (1 − (1 + β + 2αζ + βκ2)Ω2 + βΩ4)2

The analysis gives rise to four cases (similar to the analysis in (6.4.1) and (6.4.2)).
The results are presented in Section 6.5.1.

6.5.1 Optimality Results for Series RL-Circuit

The presence of the inductor in series with the resistor leads to the same optimal
power achieved in Section 6.4.2. The optimal power expression obtained here is
identical to that of (6.46). As such, the results illustrated in Fig. 6.14a are identical
to those shown in Fig. 6.9a. Similarly, as demonstrated in Fig. 6.9b and Fig. 6.11b,
the displacement behavior remains unchanged. Having said that, one would expect
that the voltage and current results will change due to the fact that the parallel
configuration acts as a current divider while the series configuration represents a
voltage divider. As a result, comparing Fig. 6.10a and Fig. 6.15a, it is evident that,
in general, the optimal voltage is higher for the case of an inductor in parallel. On
the other hand, this notion is reversed for the magnitude of the current as observed
by comparing Fig. 6.10b and Fig. 6.15b. These observations suggest that a series
connection is more favorable when charging a storage device, which requires high
current. However, the parallel configuration is favored when supporting applications
that require high voltage such as wireless sensors.
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Fig. 6.14 (a) Optimal harvested power at κ = 0.6 and ζ = 0.04 < ζb (inductor in series).
(b) Optimal displacement at κ = 0.6 and ζ = 0.04 < ζb (inductor in series)
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Fig. 6.15 (a) Optimal voltage at κ = 0.6 and ζ = 0.04 < ζb (inductor in series). (b) Optimal
current at κ = 0.6 and ζ = 0.04 < ζb (inductor in series)
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Fig. 6.16 (a) Optimal resistance at κ = 0.6 and ζ = 0.04 < ζb (inductor in series). (b) Optimal
inductance at κ = 0.6 and ζ = 0.04 < ζb (inductor in series)
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The optimal resistance and inductance values are shown in Fig. 6.16. When the
damping ratio is lower than ζb, we see that the optimization procedure fails when
Ωr < Ω < Ωar, Fig. 6.16b. Moreover, comparing Fig. 6.16b and Fig. 6.11b, we
notice that the values of the optimal inductance are generally lower for the series
connection case. On the other hand, the behavior of the optimal resistance values is
the same for the parallel and inductor series, Fig. 6.16a and Fig. 6.11a.

Figure 6.17 shows the behavior of the power and optimal inductance when ζ =
ζb. In this case, the optimization problem yields values for the complete frequency
range, Fig. 6.17b. Moreover, and once again, the presence of the inductor proves
to provide higher power than the maximum power achieved by the purely resistive
circuit, Fig. 6.18 and Fig. 6.13.
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Fig. 6.17 (a) Optimal harvested power at κ = 0.6 and ζ = 0.085 = ζb (inductor in series). (b)
Optimal inductance at κ = 0.6 and ζ = 0.085 = ζb (inductor in series)
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Fig. 6.18 Optimal power at κ = 0.6 and ζ = 0.2 > ζb (inductor in series)
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6.6 Conclusions

This chapter treats the optimization problem of a vibration-based energy harvester
that utilizes a circuit design consisting of a resistor and an inductor. Utilizing the
Karush–Kuhn–Tucker (KKT) technique, the optimization problem is cast as a non-
linear programing problem with two constraints that guarantee the nonnegativity of
the optimal values for the circuit parameters. When treating the parallel and series
configurations, the optimization problem gives rise to two physically meaningful
cases. The first of which suggests utilizing a purely resistive circuit. While this case
has received considerable attention in the literature, most of the previous research
efforts neglected the effect of mechanical damping on the optimal parameters. As
such, in this work, we account for mechanical damping and demonstrate its imper-
ative role. More specifically, it is shown that for damping ratios that are below a
bifurcation damping ratio, the power has two maxima (at the resonance and anti-
resonance frequencies) and one minimum. On the other hand, beyond the bifurca-
tion damping ratio, the power exhibits only one maximum. In addition, we explore
the effect of electromechanical coupling on the optimal power and show that mate-
rials with higher electromechanical coupling coefficients do not necessarily yield
higher output power.

The second case resulting from the optimization problem suggests that by employ-
ing an optimal inductor in the circuit, one can substantially enhance the harvested
power. Specifically, we demonstrate that for damping ratios that are less than the
bifurcation damping ratio, one can acquire the maximum power obtained at the
resonance and antiresonance frequency for the purely resistive circuit everywhere
in the frequency domain except for excitation frequencies between the resonance
and anti-resonance. On the other hand, when the damping ratio is higher than the
bifurcation damping ratio, the harvested power through the proposed circuit can be
much higher than that obtained via a purely resistive circuit. The results obtained in
this chapter have critical implications as they suggest the following. First, adding an
inductor to the circuit allows for tuning the energy harvesting device to scavenge the
optimal power for a broad range of excitation frequencies. This implies that it is not
necessary to tune the natural frequency of the mechanical element to the resonance
and anti-resonance frequency to obtain optimal power. Second, in order to maintain
optimal power for any excitation frequency it is essential to maintain an optimal
strain rate. As such, the power optimization problem is equivalent to optimizing the
strain rate of the mechanical element and is not related to the magnitude of the strain
itself. In summary, we believe the work presented herein provides a solid bases for
more involved optimization studies of other energy harvesting configurations such
as unimorphs and bimorphs.
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Chapter 7
Energy Harvesting Wireless Sensors

S.W. Arms, C.P. Townsend, D.L. Churchill, M.J. Hamel, M. Augustin,
D. Yeary, and N. Phan

Abstract Breaking down the barriers of traditional sensors, MicroStrain’s energy
harvesting wireless sensors eliminate long cable runs as well as battery maintenance.
Combining processors with sensors, the wireless nodes can record and transmit data,
use energy in an intelligent manner, and automatically change their operating modes
as the application may demand. Harvesting energy from ambient motion, strain, or
light, they use background recharging to maintain an energy reserve. Recent appli-
cations include piezoelectric powered damage tracking nodes for helicopters as well
as solar powered strain and seismic sensor networks for bridges.

Keywords Energy Harvesting · Wireless Sensors · Piezoelectric · Mote · Node

7.1 Introduction

Recent developments in combining sensors, microprocessors, and radio frequency
(RF) communications holds the potential to revolutionize the way we monitor and
maintain critical systems (The Economist 2007). In the future, literally billions of
wireless sensors may become deeply embedded within machines, structures, and the
environment. Sensed information will be automatically collected, compressed, and
forwarded for condition-based maintenance.

But who will change the billions of dead batteries?
We believe the answer is to harvest and store energy from the environment –

using strain, vibration, light, and motion to generate the energy for sensing and
communications. Combined with strict power management, smart wireless sensing
networks can operate indefinitely, without the need for battery maintenance.
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7.2 Background

MicroStrain has been active in adaptive energy harvesting electronics for wireless
sensor networks. Our electronics feature smart comparators – switches that consume
only nanoampere levels of current – to control when to permit a wireless sensing
node to operate. This insures that the energy “checkbook” is balanced. In other
words, the system waits till there is a sufficient energy to perform a programed task.
Only when the stored energy is high enough, the nanoamp comparator switch will
allow the wireless sensor to draw current (Hamel et al., 2003). This is critical for
applications where the ambient energy levels may be low or intermittent. Without
this switch, the system may never successfully start up, because stored energy levels
may always remain insufficient for the task at hand (Arms et al. 2005).

MicroStrain’s miniaturized energy harvesting sensing nodes feature a precision
time keeper, non-volatile memory for on board data logging, and frequency agile
IEEE 802.15.4 transceiver (Fig. 7.1). Sampling rates, sample durations, sensor off-
sets, sensor gains, and on board shunt calibration are all wirelessly programmable.

7.3 Tracking Helicopter Component Loads
with Energy Harvesting Wireless Sensors

Traditionally, helicopter component loads were monitored on only one or two strain
gauge instrumented flight test aircraft, using slip rings. These techniques are too
costly and difficult to maintain for application to an entire fleet of vehicles. The
fatigue life of critical components, such as the pitch links, pitch horns, swash plate,
yoke, and rotor were conservatively estimated based on the aircraft’s flight hours,

Fig. 7.1 Block Diagram of Wireless Transceiver
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rather than actual usage (Moon & Simmerman 2005). Energy harvesting, combined
with advanced, micropower wireless sensing electronics, will enable the realization
of direct tracking of the operational loads on these critical structures, resulting in
improved condition-based maintenance, and enhanced safety (Arms et al. 2006,
Maley et al. 2007).

The design of an optimized energy harvesting system for sensing requires a com-
prehensive knowledge of the strain and/or vibration energies available in the oper-
ational environment. Furthermore, the sensing requirements must be well defined,
including the sensor types and number of channels, their burst sample rates, duty
cycles, and wireless data communications rates and range.

A block diagram of the electronics used to sense, record, transmit, and receive
wireless data from an array of strain gauges is shown in Fig. 7.1. Circuits for
converting piezoelectric material strain into useable electrical energy have been
previously described (Churchill et al. 2003, Hamel et al. 2003, Arms et al. 2005).
Key elements for piezoelectric energy conversion include impedance-matching cir-
cuits and an energy management circuit, which monitor the voltage levels on the
energy storage elements. The energy storage monitor was comprised of a pro-
grammable comparator, or “smart switch”, which itself drew only nanoampere
current levels.

The programmable comparator’s mission was to prevent the system from draw-
ing energy from the storage elements, unless sufficient energy was stored to per-
form the pre-programmed sensing/processing/logging/communication task(s). This
technique allowed the energy storage elements, which may include a rechargeable
battery and/or a super-capacitor, to store up enough energy to perform for the spe-
cific task, before allowing the task to actually be performed. This approach enabled
adaptive sensing, which will operate in applications where the ambient energy levels
are low, variable, or intermittent.

Time-stamped sensor data may be logged to non-volatile memory at programm-
able sample rates or they may be logged and transmitted over a wireless link.
Two megabytes of non-volatile, electrically erasable, programmable memory (EEP-
ROM) were included to enable on board data logging. The bi-directional wireless
communications link was comprised of a programmable, frequency agile IEEE
802.15.4 standard spread spectrum radio transceiver, operating in the license-free
2.4 GHz band. The base station was comprised of a notebook personal computer
operating Windows XP and connected over the Universal Serial Bus (USB) port to
a standard base station from MicroStrain, Inc. (Williston, Vermont).

The energy harvesting wireless pitch link was installed on a Bell Model 412
experimental rotorcraft and successfully flight tested at the Bell XworX facilities in
Fort Worth, Texas during February 2007. The pitch link is a critical component on
rotorcraft, as it is subject to large compressive and tensile loads (to thousands of
pounds), and these loads increase dramatically during severe usage conditions. For
example, it has been reported that the Sikorsky H-60 pitch link loads are six to eight
times higher during gunnery turns and pull-ups when compared with the straight and
level flight (Moon et al. 1996). Therefore, the pitch link provides a strong measure
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of usage severity, and is therefore a good candidate for wireless structural health
monitoring (SHM).

Piezoelectric composite fiber material (PZT, type P2, Smart Material Corp., Sara-
sota, Florida) was epoxy-bonded to the shaft of the pitch link to support strain energy
harvesting. Each patch measured approximately 3 in. by 1 in. (75 mm by 25 mm),
and was ∼ .010 in. (250 �m) thin. This flexible composite is composed of many
PZT fibers, and is highly damage tolerant and fatigue resistant. The cyclic loads on
the Bell M412 pitch link are dominated by the cyclic revolution rate of the rotor,
which is ∼ 5 Hz. The PZT supplier has reported ongoing fatigue test results which
indicated that these patches can tolerate over 10 billion cycles at ±500 microstrain.
This translates into ∼ 27 years operational life at 10 cycles/sec. The strain levels
of the Bell M412 pitch link were reported to be relatively low during straight and
level flight (±35 microstrain), and the component itself is relatively small in size.
These limitations required that multiple PZT elements be bonded to the M412 pitch
link in order to generate enough energy to support continuous loads monitoring.

The pitch link system featured wirelessly software programmable strain gauge
offsets, amplifier gain, and shunt calibration as well as pulsed and regulated bridge
excitation. The electronics module (Fig. 7.2) weighed 8.2 g, the PZT weight was
4.3 g/patch, with a total of 12 patches to weigh 52 g in total.

Strain gauges bonded to the pitch link were monitored by both wireless and con-
ventional methods, both in the lab and during flight tests, as a means of checking
the wireless results. The strain gauges were arranged on the pitch link to amplify
tension and compression, and to cancel bending and thermal effects. The accuracy of
MicroStrains’ wireless strain measurement node was measured against a hard-wired
reference system (HBM model MGC plus, Darmstadt, Germany) using a Baldwin
precision calibrator as a strain reference. The accuracy of the wireless strain sens-
ing node was measured at ±2.5 microstrain, with offset temperature coefficient of
−.007%/◦C, and span temperature coefficient of 004%/◦C.

The pitch link module included a precision nanopower real-time clock (RTC)
with ±10 PPM time reference accuracy. The RTC time was synchronized at the
beginning of the flight test to the time provided by the hard-wired instrumentation,

Fig. 7.2 ESG-Link Wireless Module
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which used the global positioning system (GPS) for a time reference. The worst case
accumulated time error for the RTC over 1.5 h flight test may be estimated to total
54 ms without any compensation. Compensation for RTC clock drift was provided
by an end of flight RTC synchronization to GPS time and then assuming a linear
error accumulation.

Environmental packaging for the pitch link was based on polyurethane sealant
(Hi-Tak, Av-DEC, Aviation Devices and Electronic Components, LLC, Fort Worth,
Texas) combined with cold shrink tubing (3M, Minneapolis, Minnesota) which
weighs 7 g/in. × 8 in., with a total of 56 g. However, Bell Helicopter’s flight test
engineers chose to use a method based on clamps with a counterbalance rather than
the cold shrink method in order to facilitate servicing if required. A photograph
of the completed Bell M412 pitch link assembly, including the microelectronics
module, bonded PZT material, and clamping system have been previously described
(Arms et al. 2007).

Electromagnetic interference (EMI) testing was performed prior to flight testing.
Flight test data were collected over a 1 h period. Data were sampled, logged, and
transmitted wirelessly to a base station mounted on the ceiling of the cockpit, behind
the pilot. A photograph of the installed energy harvesting pitch link, installed on the
rotating structures of the Bell M412 helicopter, is shown in Fig. 7.3.

In addition to the flight testing on helicopters, MicroStrain, Inc. has also demon-
strated vibration energy harvesting wireless sensors for use aboard Navy ships. The
application identified by NAVSEA program managers was sensing of heat stress
within various compartments of aircraft carriers. Traditionally, heat stress sensing
has been performed using a suite of sensor, hand carried to various compartments

Fig. 7.3 Pitch-Link Installed on Bell 412 Helicopter
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of the ship, and readings noted by hand. These sensors included a blackbody tem-
perature sensor (to measure heating by radiation), a dry, and a wet bulb tempera-
ture sensor. Existing commercial wet bulb sensors require a reservoir of distilled
water, which evaporates over a wick (comprised of a tubular knitted “sock”) which
completely covers the wet bulb temperature sensor (Model HS-32, Metrosonics,
Oconomowoc, WI). Moisture climbs up the wick due to capillary action, and as this
moisture evaporates, this sensor provides a measure of evaporative cooling. There-
fore, a major drawback to existing commercial heat stress nodes is the requirement
that the user maintain the reservoir with distilled water. A second limitation is that
no sensor network exists to automate the data collection process.

To facilitate shipboard automated monitoring, MicroStrain engineers developed
new wireless heat stress nodes (HSNs) which eliminated the wet bulb sensor (and
its reservoir and wick) in favor of a micromachined relative humidity (RH) sensor
(Sensirion, Model SHT15, Westlake Village, CA). The tiny RH sensor was pro-
tected from direct contact with liquid water but permitted contact with water vapor
using a filter cap (Model SF1, Sensirion). In addition to the miniature RH sensor,
a dry bulb temperature sensor and blackbody temperature sensor was provided.
These sensor data were combined and processed using on board algorithms to com-
pute each ship compartments’ wet bulb globe temperature (WBGT) and heat stress
indexes.

Navy stay time tables for various work tasks within the ship were wirelessly
uploaded to each heat stress node to allow automated heat stress recording and
reporting from various instrumented compartments. MicroStrain’s prototype HSN
nodes were directly compared with Metrosonics’ model HS-32 measurements of
Wet Bulb, Dry Bulb, and Black Body Globe temperatures. The wireless HSNs were
found to be accurate to within ±1.1 ◦C, which met the US Navy’s requisite error
band for all measured and calculated temperatures. A successful demonstration of
the heat stress nodes’ wireless connectivity was also provided on the USS George
Washington aircraft carrier (CVN-73) at VASCIC in collaboration with Northrop
Grumman at Newport News, VA.

Photographs of the vibration energy harvesting heat stress nodes are provided
in Fig. 7.4a & b. The vibration harvester was tuned to the predominant vibration
frequency of the machine to which it was designed to be affixed, which was an
air compressor. This represented a very challenging application, as the available
energy for harvesting was approximately equivalent to a 52 Hz sinusoid at vibration
amplitudes of only 30–40 mg.

Results showed that a balance of the energy checkbook was achieved through
a combination of strategies, including the development of embedded, energy aware
operational modes. Micropower sleep modes were used as much as possible, includ-
ing using sleeping between samples. The average pitch link microelectronics power
consumption was 34 �A at 3 VDC excitation (102 �W), w/4500 � strain gauge
bridge logged at 32 samples/sec. This leads to a power consumption “figure of
merit” of ∼ 3.2 �W/sample/sec, where sample/sec is the programmable strain
gauge bridge sampling rate. Time-stamped pitch link loads were recorded/



7 Energy Harvesting Wireless Sensors 201

Fig. 7.4 a & b Wireless Heat Stress Node
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transmitted at programmable sample rates. Power consumption results for four oper-
ational software modes are described below.

Mode 1: Real Time Transmission: Highest power mode – device was pro-
grammed to both transmit and log data to non-volatile (flash) memory. Device logs
data at a specified rate, and once 100 samples are acquired, the system transmits
data. Power consumption at 32 samples/sec was ∼ 250 �W.

Mode 2: Real Time Transmission with Energy Aware Option: Device logs data at
specified rate, once 100 samples are acquired, the system checks to see if enough
energy has been stored to permit transmission of data over the RF link. If enough
power is available, data are transmitted, if not, data are logged to memory and
are not transmitted. Power consumption at 32 samples/sec was ∼ 250 �W pro-
vided enough power was available. Otherwise consumption varies with available
energy.

Mode 3: Real Time Data Logging: Lowest power mode – data were logged to
memory for download at the end of the flight test. Power consumption at 32 sam-
ples/sec was ∼ 100 �W.

Mode 4: Data Transmission When Storage Capacitor Reaches Threshold: This
mode simply charges an energy storage capacitor to a certain level; once this level
was reached, a nanopower comparator switch turned the circuit on, and then a pre-
determined amount of data were transmitted. This differs from Mode 2 in that no
data were logged in the background and the system cannot consume any power until
sufficient energy has been stored. Average power consumption varies with available
energy, timekeeper draws 9 �W.

The average power generated by the pitch link strain harvester representative of
straight and level flight, was measured at 280 �W. Note, however, that the actual
energy generation is higher, due to the presence of higher frequency components on
the actual pitch link when in flight. Furthermore, due to time constraints, the M412
flight tests were performed with the aircraft not fully loaded (i.e., underweighted). A
fully loaded vehicle would generate higher pitch link strains, and therefore, it would
produce more energy within the strain-harvesting elements.

When power generation tests were replicated using the 500 Hz data collected
from the pitch link’s hard-wired slip ring system, the strain harvester produced
∼40% more energy. For the maximally loaded pitch link (dive test), the power out-
put was 34 �W/patch × 12 patches = 408 �W, which supports continuous logging
of data at 128 Hz. For conditions of low load (straight and level flight), the power
output was 25 �W/patch × 12 patches = 300 �W, which supports logging of data
at 90 Hz.

EMI test results. The wireless pitch link transmitter exhibited no interference
with flight test instrumentation, radios, or control systems, including the auto pilot.
The high-power telemetry system that communicates data from the flight instrumen-
tation aboard the helicopter to a ground test station with 50 mile range had no effect
on the wireless pitch link’s data transmission.

Flight test results. The wireless pitch link was programmed to record the time-
stamped pitch link loads during flight, and to periodically transmit data to a radio
transceiver in the cabin (Fig. 7.6). Pitch link load data were collected for
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approximately 1 hr of flight for a variety of typical flight maneuvers. Data were
communicated from the rotating pitch link to the aircraft cabin with less than 1%
digital packet error rate. In addition, all flight data were logged internally on the
sensor and downloaded for post-flight data verification. Wireless data were collected
at 64 Hz, while hard-wired data were collected (through slip rings) at 500 Hz. Wire-
less data tracked hard-wired data, but higher sampling rates would improve wireless
fidelity (Fig. 7.5). A lab test was performed using an electro-dynamic shaker which
replicated the pitch link’s complex waveform. Wireless strain data were sampled at
512 Hz and hard-wired data at 4 kHz. At these higher sampling rates, the wireless
data were essentially indistinguishable from hard-wired data.

Shipboard test results. Each heat stress node update required that the node sample
all three sensors (RH, dry bulb, and black body), compute a heat stress result, and
then transmit the data. Power consumption for the wireless heat stress nodes, using
strict power management, was under 200 �W with an update rate of once every
2 min. The vibration harvester was tuned to the fundamental rotation frequency of
the air compressor’s electric motor (52 Hz), and produced 3–4 mW at 150 mg. Power
generation for the vibration energy harvester was dependent on the frequency and
level of ambient vibration. For extremely low levels of vibration, such as the ship-
board air compressor, operating at only 30 mg, the nanoamp comparator switch was
essential for reliable heat stress node operation, because the sensing elements must
not be allowed to draw power until sufficient energy is stored. Using software mode
4, and operating at 30 mg, HSNs would update every 5 min, which was satisfac-
tory for the shipboard heat stress-monitoring applications. Successful wireless tests
were performed aboard the George Washington aircraft carrier (CVN-73) using a

Wireless PitchLink Loads
VNE dive test Flight Record #36
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battery-powered version of the heat stress nodes, and supported by a multi-hop “Zig-
bee” networking scheme. A single AA Li–ion battery (Tadiran Corp, Port Washing-
ton, NY) has 2400 mA h capacity. Within a battery-powered HSN updating every
2 min, and consuming only 67 �A, the HSN would operate for 4 years.

In conclusion, energy harvesting using piezoelectric materials to power energy-
aware wireless sensor nodes was demonstrated. Self-powered wireless pitch link
load sensors and shipboard heat stress nodes were developed and tested aboard a
helicopter, and an aircraft carrier. Under the conditions of low-ambient energy levels
for harvesting, the amount of energy consumed was less than the amount of energy
harvested. This enables on board wireless sensors to operate perpetually without
battery maintenance. Our current and planned research includes the development
and testing of highly efficient energy generators to support those applications that
demand higher sampling rates.

7.4 Monitoring Large Bridge Spans with Solar-Powered
Wireless Sensors

These techniques can also be applied to other applications, such as monitoring large
civil structures. Recently, sudden structural failures of large bridge spans, such as the
Interstate 35 W Bridge in Minneapolis, and the Chan Tho Bridge in Vietnam have
resulted in the tragic loss of lives. Three years ago, the Federal Highway Administra-
tion reported that ∼ 20% of the US interstate bridges (nearly 12,000 bridges) were
rated as deficient. Developing and deploying cost-efficient methods for monitoring
bridges – and for determining which bridges require immediate attention – should
be an important priority for the United States and the world.

Wireless sensor networks have the potential to enable cost-efficient, scaleable-
monitoring systems that could be tailored for each particular bridge’s requirements.
Eliminating long runs of wiring from each sensor location greatly simplifies system
installation and allows a large array of sensor nodes to be rapidly deployed.

We have recently supported two major wireless installations that are actively
monitoring the structural strains and seismic activity of major spans. Leveraging
energy harvesting technology supported by the US Navy, these wireless sensor net-
works are powered by the sun, and therefore do not require battery maintenance.

MicroStrain has previously described battery-powered wireless strain sensors for
structural health monitoring (Townsend et al. 2002, Galbreath et al. 2003, Arms
et al. 2004). One example is the Ben Franklin Bridge, which spans the Delaware
River from Philadelphia, PA to Camden, NJ. The monitoring system was accessed
remotely over commercial cellular telephone networks, and sensor data were pro-
vided to the customer via secure access to a web-based server. The wireless nodes
measured structural strains in the cantilever beams as passenger trains traversed
the span. Measurements taken over several months’ time, under contract from the
Delaware River Port Authority (DRPA), were used to document the bridge’s cyclic
structural strains.
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Fig. 7.6 Typical strain data collected from location #2 from the Ben Franklin Bridge with train
crossing (slide courtesy DRPA, reference 8). The strain pattern reflects the dynamic loads resulting
from the train’s axles into the bridge’s instrumented cantilever beam steel-supporting structure

At the locations tested, the measured strains and calculated stresses were far
below the endurance limit (Fig. 7.6). Repeated cyclic stress above the endurance
limit results in the gradual reduction of strength, or fatigue. Therefore, bridges are
designed to operate at stress levels below this limit. From the information automati-
cally collected by the wireless strain sensors, DRPA engineers concluded that cyclic
stress fatigue due to train crossings was not a problem (Rong & Cuffari 2004)..

MicroStrain’s first solar-powered bridge installation was recently made in Corinth,
Greece. This system uses arrays of wireless tri-axial accelerometer nodes to monitor
the span’s background vibration levels at all times. Each node and solar panel is
packaged within watertight enclosures for outdoor use. In the event that seismic
activity is detected at any one of the nodes, the entire wireless network of nodes is
alerted, and data are collected simultaneously from the entire network. Photographs
of this bridge and the wireless G-LINK R© nodes as installed in Corinth are shown
in Fig. 7.7.

The second solar-powered installation is on the Goldstar bridge in New London,
Connecticut, in collaboration with John DeWolf, Ph.D. of the University of Con-
necticut. This system monitors not only vibration, but also the strains and temper-
atures from key structural elements of the span (Fig. 7.8). Intended for long-term
monitoring, these new installations overcome the limitations of older types, which
required that the wireless node’s batteries be replaced or recharged periodically.
Maintenance of batteries is simply not practical on bridges, where sensor nodes must
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(a) (b)

Fig. 7.7 Solar-powered wireless G-Link R© seismic sensors on Corinth Bridge, Greece

Fig. 7.8 Goldstar Bridge over the Thames River in New London, Connecticut. Multiple solar-
powered nodes monitor strains and vibrations at key locations on this structure
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be placed on, under, and within the structure in locations which may be extremely
difficult to access.

The Connecticut Goldstar bridge program is a long-term project developed to
learn how bridge-monitoring systems can be used for evaluation of in-service behav-
ior, for long-term structural health monitoring of each bridge, and for assisting the
Connecticut Department of Transportation to manage the State’s bridge infrastruc-
ture (DeWolf 2006).

7.5 About MicroStrain Inc.

MicroStrain is a privately held corporation based in Williston, Vermont. MicroStrain
produces smart, wireless, microminiature displacement, orientation, and strain sen-
sors. Applications include advanced automotive controls, health monitoring, inspec-
tion of machines and civil structures, smart medical devices, and navigation/control
systems for unmanned vehicles. For further information, please visit MicroStrain’s
website at www.microstrain.com or call 802-862-6629.
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Chapter 8
Energy Harvesting using Non-linear Techniques

Daniel Guyomar, Claude Richard, Adrien Badel, Elie Lefeuvre
and Mickaël Lallart

Abstract Recent progresses in both microelectronic and energy conversion fields
have made the conception of truly self-powered, wireless systems no longer chimeri-
cal. Combined with the increasing demands from industries for left-behind sensors
and sensor networks, such advances therefore led to an imminent technological
breakthrough in terms of autonomous devices. Whereas some of such systems are
commercially available, optimization of microgenerators that harvest their energy
from their near environment is still an issue for giving a positive energy balance to
electronic circuits that feature complex functions, or for minimizing the amount of
needed active material. Many sources are available for energy harvesting (thermal,
solar, and so on), but vibrations are one of the most commonly available sources
and present a significant energy amount. For such a source, piezoelectric elements
are very good agents for energy conversion, as they present relatively high coupling
coefficient as well as high power densities.

Several ways for optimization can be explored, but the two main issues concern
the increase of the converted and extracted energies, and the independency of the
harvested power from the load connected to the harvester.

Particularly, applying an original nonlinear treatment has been shown to be an
efficient way for artificially increasing the conversion potential of piezoelectric ele-
ment applied to the vibration damping problem. It is therefore possible to extend
such principles to energy harvesting, allowing a significant increase in terms of
extracted and harvested energy, and/or allowing a decoupling of the extraction and
storage stage.

The purposes of the following developments consist in demonstrating the ability
of such microgenerators to convert ambient vibrations into electrical energy in an
efficient manner. As well, when designing an energy harvester for industrial appli-
cation, one has to keep in mind that the microgenerator also must be self-powered
itself, and needs to present a positive energy balance. Therefore, in addition to the
theoretical developments and experimental validations, some technological consid-
erations will be presented, and solutions to perform the proposed processing using a
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negligible part of the available energy will be proposed. Moreover, the behavior of
the exposed technique under realistic vibrations will be investigated.

8.1 Introduction

The last two decades of the 20th century have been particularly prolific in the
semiconductor industry. The developments have been incredibly strong toward an
increase in the computing and speed capabilities as well as integration and decrease
of supply voltage and power. The development of GSM technology, which increased
from 1 million user market in 1993 to nearly 600 millions by 2001, and marketing
trends for portable or nomad equipments, specifically battery-powered, had also
pushed forward even more the development of low-power electronics. Under this
market pressure, digital electronics as well as analog circuits or RF chips under-
went similar progresses. As a matter of example, the MC6805 microcontroller from
Motorola, universally used in the late 1980s, needed approximately 25 mW of power
supply under 5 V with a computing capability of about one MIPS. Recent microcon-
troller such as EM6680 from EM Microelectronics features a 300 �W power need
for a 3 V supply voltage for similar computing performances. This constant decrease
in power requirements for electronic circuitry opened-up a very exciting research
field consisting in the developments of techniques allowing the gathering of energy
in the immediate surrounding of the electronic device. Exploiting either ambient
light or vibration or heat enables the design of completely self-powered, standalone
functions that can even be part of a network using low-power RF links. Among the
many suitable technologies, the use of piezoelectric systems allowing the conversion
of structural vibrations or motions into usable energy is of major interest. The idea
of using piezoelectrics as an electric generator is not new, gas igniters using user
pressure have been one of the most common portable energy generators for years.
In the same way, many military applications relied on piezoelectrics to generate
the energy needed for various ammunitions. Inversely, using piezoelectrics for sup-
plying complex functions is a very recent field and the perspectives of these new
applications are very demanding as a matter of optimization of these generators.

A lot of effort has been invested in two fields. On one hand, the design of suitable
electromechanical devices, comprising a mechanical system allowing the conver-
sion of ambient motions into usable strain applied on the piezoelement. On the other
hand, the architecture of the electrical network, connected on the piezoelement,
allowing the management of the converted energy. This paper will focus mainly
on this later field. Most of the developed piezoelectric energy management devices
were based on the same scheme. It is composed of a rectifier bridge which allows
charging a capacitance for filtering purpose and then a DC–DC converter provides
the energy to the load, adjusting both the voltage and the global electrical impedance
in order to optimize the power flow. Very few works in fact were devoted to optimize
the energy management device in order to increase the power extracted from the
mechanical structure.
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In the development proposed here, a nonlinear technique is proposed. It consists
in adding in parallel with the piezoelement, a switching device leading to a distorting
of the generated piezovoltage in order to shape it as a nearly square signal in phase
with the derivative of the strain. This technique which was primarily applied for
mechanical resonance suppression was extended to the field of energy harvesting.
It resulted in an extraordinary increase in the extracted energy, especially for non-
resonant structures.

The first chapter is an introduction to the nonlinear technique starting from
the point of view of vibration damping. Structural models used along this paper
and basic technological considerations are detailed. Then, the nonlinear energy-
harvesting technique is developed in the case of steady-state harmonic vibrations.
Standard and nonlinear techniques are compared at and out of the mechanical res-
onances, taking into account the damping effect due to the modified energy bal-
ance. The comparison is extended in the case of pulsed operation corresponding
to many implementation cases. Different architectures relying on nonlinear voltage
processing for the optimization of the extracted energy are described and discussed.
Finally, the discussion is completed with the case of broadband signals for which
the switching control relies on a statistic analysis of the voltage or mechanical strain
signal.

8.2 Introduction to Nonlinear Techniques and their Application
to Vibration Control

8.2.1 Principles

As outlined in the previous paragraph, the converted energy of a piezoelectric ele-
ment can either be stored or directly dissipated. In a mechanical point of view, both
of these processes are equivalent to mechanical losses. However, the control strate-
gies are different whether the final aim is to control vibrations or use the converted
energy in order to supply an electronic circuit.

In this section, a brief overview of the nonlinear vibration control techniques, in
order to have a comprehensive view of the underlying principles of the electrome-
chanical conversion, is proposed. As it will be seen, the vibration control princi-
ples are very close to those of energy harvesting. As well, this section proposes
a simple, but realistic modeling of an electromechanical structure excited around
one of its resonance frequencies. This model is sufficient for the following analyses
as the large majority of the electromechanical energy is within the first resonance
frequency bands.

8.2.1.1 Modeling

It is proposed here a simple lumped model for an instrumented structure as shown in
Fig. 8.1. This model is derived from the piezoelectric constitutive equations recalled
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Fig. 8.1 Vibrating structure with piezoelectric elements bonded on the surface

in Eq. (8.1), with S, T, E, and D the strain tensor, stress tensor, electric field, and
induction field, respectively, and sE, d , and εT the mechanical compliance tensor of
the short-circuited piezoelectric element, the piezoelectric constant, and the dielec-
tric constant of the piezoelectric material at constant stress, respectively. Such a
model permits an analytical analysis for vibration damping and energy harvesting
techniques, while being simple but realistic. A detailed analysis of this model can
be found in Badel et al. (2007).

{
T = cES − et E

D = εS E + eS
(8.1)

It can be shown (Badel et al. 2007) that the equivalent lumped model for a
monomodal structure is given by a simple spring–mass–damper system with an
electromechanical coupling described by Eq. (8.2) and represented in Fig. 8.2. u,
F, V, and I are the flexural displacement, the applied force, the piezoelectric voltage,
and the current flowing out the piezoelectric element, respectively. Definitions of
the model parameters are given in Table 8.1. The system presents one mechanical
degree of freedom (u) and one electrical degree of freedom (V ).

The electromechanical coupling coefficient k can also be expressed using the
model parameters, yielding Eq. (8.3).

Fig. 8.2 Lumped model for an instrumented structure
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Table 8.1 Model parameter

Parameter Denomination

M Dynamic mass
C Structural damping coefficient
KE Short-circuit stiffness
α Force factor
C0 Clamped capacitance of the piezoelectric element

{
Mü + Cu̇ + KEu = F − αV

I = αu̇ − C0V̇
(8.2)

k2 = α2

C0 KE + α2
(8.3)

It is important to note that this model represents a simple, but realistic behavior
of the electromechanical structure near a resonance frequency. This is sufficient for
the following developments as:

– In the case of vibration control, only the forces that drive the system at one of its
resonance frequencies lead to significant displacement.

– In the case of energy harvesting, the large majority of the energy that can be
harvested is concentrated within the resonance frequency bands.

8.2.1.2 Vibration Damping Principles

This section exposes the general principles of the so-called “Synchronized Switch
Damping” (SSD) method for vibration control, depicted in Fig. 8.3. According to
the switching network, several techniques can be achieved: SSDS (short-circuit:
Richard et al. 1998), SSDI (inductor: Richard et al. 2000), SSDV (voltage source:
Lefeuvre et al. 2006a), adaptive SSDV (voltage source tuned on the displacement:
Badel et al. 2006a).

V IS

Displacement u (1)
Piezoelectricvoltage V (2)
Inversion current IS (3)

Electrical
Network

t

t

VM
Vm

tt

b)a)

(2)

(3)
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Fig. 8.3 SSD method: (a) general block schematic and (b) associated waveforms
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This section proposes a common theoretical development for all of these meth-
ods. The main difference between all of these method is that SSDV and adaptive
SSDV methods require an external energy supply (semi-active techniques), but the
SSDI and SSDS are not (semi-passive techniques). The latter can beside be made
self-powered.

Starting from the constitutive equations (Eq. (8.2)) of the electromechanical
structure, the uncontrolled system with the piezoelement in open-circuit condition
(I = 0) and considering null initial conditions leads to the simplified expression
(Eq. (8.4)), which can be expressed in the Fourier domain as Eq. (8.5). KD is given
as the open-circuit stiffness. Considering a weakly damped system allows to con-
sider the resonance frequency very close to the natural frequency, leading to the
expression of the angular resonance frequency ω0 given by Eq. (8.6). Therefore,
in the case of the uncontrolled system, excited by a driving force of amplitude FM

and considering that the speed and the force are in phase at the resonance1, the
expression of the uncontrolled displacement magnitude uM yields Eq.(8.7).

Mü + Cu̇ +
(

KE + α2

C0

)
u = F

⇔ Mü + Cu̇ + KDu = F (8.4)

U (ω)

F(ω)
= 1

−Mω2 + jCω + KD
(8.5)

ω0 =
√

KD

M
(8.6)

(uM)uncont = 1

Cω0
FM (8.7)

The general circuit for the SSD techniques is presented in Fig. 8.4. According
to the chosen configuration, L and/or VS are null or not. The principles of the SSD
are to close for a very short time period, the switch SW1 or SW2 in each time an
extremum of electrostatic energy is reached. As the switching time period is very
brief, the piezoelement is almost always in open-circuit condition. As well as the
charges available on the piezoelectric element are matched with the voltage and
displacement, the extrema actually occur when the displacement or the voltage

1 This is a good approximation for weakly damped systems



8 Energy Harvesting using Nonlinear Techniques 215

L 

PZT
VS VS

SW1 SW2

(a) 
(b) 

(c1) (c2) 

(d) 

Fig. 8.4 General SSD circuit

reaches an extremum. Typically, SW1 is closed when the voltage or the displace-
ment reaches a maximum and SW2 is closed when the voltage or the displacement
reaches a minimum. When SW1 is closed, there is therefore a current flow through
(a) → (b) → (c1) → (d), and through (d) → (c2) → (b) → (a) when SW2 is
closed. Obviously, when no voltage source is used, only one switch is needed for
both minima and maxima.

The effect of the switch is a quick inversion of the piezoelectric voltage, as shown
in Fig. 8.3(b). The time duration of the inversion is typically given by the half-
pseudo-period (Eq. (8.8)) of the resonant electric circuit shaped by the piezoelement
(with a blocking capacitor C0) and the inductor L. After this time period, the switch
is opened and the piezoelement let in open-circuit condition until its voltage reaches
a new extremum.

This inversion is, however, not perfect due to internal losses in the switching cir-
cuit, and is characterized by the inversion ratio γ , that can be expressed as Eq. (8.9)
considering the electrical quality factor Qi of the inversion circuit.

ti = π
√

LC0 (8.8)

γ = e−(π/2Qi) (8.9)

In the steady-state case, the controlled voltage can be seen as the sum of a voltage
proportional to the displacement and a piecewise function h with amplitude H , as
defined in Eq. (8.10). In other terms, the voltage proportional to the displacement
corresponds to the open-circuit condition (I = 0), while the piecewise function h
results from the change in initial conditions induced by the switch event. h can also
be expressed considering the speed in Eq. (8.11) as follows:

V = α

C0
(u + h) (8.10)

h = H × sign(u̇) (8.11)

Considering the absolute value of the voltage before and after the inversion, noted
VM and Vm, respectively, yields Eq. (8.12). This leads to the expression of h defined
as Eq. (8.13).



216 D. Guyomar et al.

⎧⎪⎨
⎪⎩

(Vm − VS) = γ (VM + VS)

VM − Vm = 2 α
C0

uM
1
2 (VM + Vm) = α

C0
H

(8.12)

h = 1 + γ

1 − γ

(
uM + C0

α
VS

)
sign(u̇) (8.13)

Therefore, considering that the displacement remains purely sinusoidal allows
approximating the piecewise function by its first harmonic in the Fourier space as
Eq. (8.14). Thus, expressing the motion equation of the structure given by Eq. (8.2)
yields Eq. (8.15) in the Fourier space, or equivalently Eq. (8.16). Consequently, it
is possible to express the controlled displacement magnitude uM at the resonance
frequency as Eq. (8.17).

h ≈ j
4

π

1 + γ

1 − γ

(
U (ω) + C0

α
VS

)
(8.14)

(−Mω2 + jCω + KE
)

U (ω)

= F(ω) − α2

C0

(
1 + j

4

π

1 + γ

1 − γ

)
U (ω) − jα

4

π

1 + γ

1 − γ
VS (8.15)

[
−Mω2 + j

(
Cω + α2

C0

4

π

1 + γ

1 − γ

)
+ KD

]
U (ω)

= F(ω) − jα
4

π

1 + γ

1 − γ
VS (8.16)

(uM)cont = 1

Cω0 + 4
π
α2

C0

1+γ
1−γ

(
FM − α

4

π

1 + γ

1 − γ
VS

)
(8.17)

The attenuation is obtained from Eqs. (8.7) and (8.17) and yields Eq. (8.18). This
attenuation can also be expressed considering the overall coupling coefficient of
the electromechanical structure k and its mechanical quality factor QM, leading to
Eq. (8.19).

A = (uM)cont

(uM)uncont
= 1

1 + 1
Cω0

4
π
α2

C0

1+γ
1−γ

(
1 − α

4

π

1 + γ

1 − γ

VS

FM

)
(8.18)

A = (uM)cont

(uM)uncont
= 1

1 + 4
π

1+γ
1−γ k2 QM

(
1 − α

4

π

1 + γ

1 − γ

VS

FM

)
(8.19)

Table 8.2 gives the parameters according to the considered technique and the
corresponding attenuation at the resonance. β is given as the control gain of the
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Table 8.2 Synchronized Switch Damping: parameters of derived methods and related attenuations

Method Inversion coefficient
Voltage
source Attenuation

SSDS 0 0
1

1 + 4

π
k2 QM

SSDI γ 0
1

1 + 4

π

1 + γ

1 − γ
k2 QM

SSDV γ VS

1 − α
4

π

1 + γ

1 − γ

VS

FM

1 + 4

π

1 + γ

1 − γ
k2 QM

Adaptive SSDV
(1 + β)(1 + γ ) + γ − 1

(1 + β)(1 + γ ) − γ + 1
0

1

1 + (1 + β)
4

π

1 + γ

1 − γ
k2 QM

adaptive SSDV defined as Eq. (8.20). Particularly, it can be noted that the SSDV
technique admits a minimum force magnitude given by Eq. (8.21), and therefore
can leads to instability problems, as exposed in Badel et al. (2006a) and Lallart
et al. (2008).

VS = β
α

C0
uM (8.20)

(FM)min = α
4

π

1 + γ

1 − γ
VS (8.21)

8.2.1.3 Physical Interpretation

The effect of the nonlinear treatment applied to the voltage by the switching process
thus creates a force that is opposed to the speed and the driving force at the resonance
frequency (Fig. 8.5). Compared with the uncontrolled system where the piezoelec-
tric elements are left in open-circuit condition, this opposed force is applied by the
piecewise function h. In other terms, that means that the switch effect can be seen
as a dry friction. The losses induced by this kind of friction are thus independent of
the frequency. However, the difference with pure dry friction is that the amplitude
of the force created by the switch is proportional to the displacement magnitude.

The magnitude of the generated force depends not only on the electromechan-
ical figure of merit k2 QM, but also on the type of the used technique. Typi-
cally, the inductor used in SSDI aims at artificially increasing the opposite force
when compared with the SSDS technique, and the voltage source in SSDV con-
sists of enhancing the inversion. The adaptive SSDV technique aims at stabilizing
the SSDV.

In an energy point of view, the energy balance is obtained by multiplying the
motion equation (Eq. (8.2)) by the velocity u̇, and integrating over the time, yielding
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Eq.(8.22). The last term corresponds to the transferred energy and can also be
expressed as Eq. (8.23).

∫
Fu̇ dt = 1

2
Mu̇2 + 1

2
KEu2 +

∫
Cu̇2 dt + α

∫
V u̇ dt (8.22)

α

∫
V u̇ dt = 1

2
C0V 2 +

∫
V I dt = 1

2
C0V 2 +

∫
V dQ (8.23)

For vibration-damping purposes, the principles of the damping consists of maxi-
mizing the transferred energy in order to reduce the kinetic and elastic energies (i.e.,
the two first terms of the second member of Eq. (8.22) respectively).

In steady state, the variation of kinetic energy, elastic energy, and electrostatic
energy (first term of the second member of Eq. (8.23)) is a constant. Thus, the energy
balance can be simplified as Eq. (8.24) and the transferred energy can be seen as the
area of the cycles αV (u̇) or V (Q) for one period. In the case of the SSD control,
the transferred energy for one period is given as Eq. (8.25). Transferred energies as
well as energy cycles for each technique are presented in Table 8.3 and Fig. 8.6,
respectively. It can be noted that the SSDV voltage VS and adaptive SSDV voltage
coefficient β can be chosen such as the two techniques have to the same cycles.
However, it is reminded that the SSDV suffers from instabilities problems.

∫
Fu̇ dt =

∫
Cu̇2 dt + α

∫
V dQ (8.24)

(ET)SSD = α2

C0

∫
1 cycle

hu̇ dt = 4
α2

C0
H uM (8.25)
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Table 8.3 Synchronized Switch Damping: Transferred Energies

Method Transferred energy

SSDS 4 α
2

C0
u2

M

SSDI 4 α
2

C0

1+γ
1−γ u2

M

SSDV 4 1+γ
1−γ

(
α2

C0
u2

M + αVSuM

)

Adaptive SSDV 4(β + 1) α
2

C0

1+γ
1−γ u2

M
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Fig. 8.6 SSD normalized energy cycles

8.2.1.4 Practical Consideration

The practical implementations of the switching devices are presented in Fig. 8.7.
Typically, there are two ways of implementation.

The first one (Fig. 8.7 (a)) consists of two switches in parallel: one for pos-
itive switching and the other for negative switching. Diodes are inserted within
the switching branches in order to ensure the stop of the switching process when
the current sign changes. In other words, the diodes stop the switching process
when the half of the pseudo-period of the LC0 circuit is reached. Such a circuit
presents the advantages of having a transistor command voltage independent of the
switching electrical circuit. Indeed, the command is typically a square voltage that
is equal to the sign of the speed. However, such a circuit necessitates two distinct
switch branches (one for positive switching and the other for negative switching).
Moreover, the diodes introduce an additional voltage gap that needs to be negligible
when compared with the piezoelectric element voltage.

The second way of implementation (Fig. 8.7 (b)) uses only one switching branch,
and operates both for positive and negative switchings. As well, the voltage gap
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(b)(a)

Fig. 8.7 Practical implementations of the switching device: (a) using diodes (b) diode-free

introduced by the transistors is usually less than the voltage gap introduced by
the transistors and the diodes in the previous schematic. However, in this case, the
control voltage needs to be pulse voltage with a high-state duration that has to be
exactly equal to the inversion time period (i.e., half of the pseudo-period of the LC0

circuit) to ensure a proper inversion with an optimal inversion coefficient. Thus,
changing the switching inductor needs to modify the time duration of the command
voltage high-state. It has to be noted that using the SSDV or adaptive SSDV requires
either doubling the switching branch in the second case (i.e., one branch for positive
switching with negative voltage and the other branch for negative switching with
positive voltage) or using a tuneable voltage source (which is nevertheless necessary
in the case of the adaptive SSDV), while there are still two branches with the first
implementation technique.

(a) 

(b) 

Fig. 8.8 (a) Principles of the self-powered switching device and (b) practical implementation for
a single phase (Richard et al. 2007)
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Figure 8.8 shows the implementation of the self-powered switching system
(Richard et al. 2007). This system is more likely to be used with semi-passive meth-
ods (SSDS or SSDI), instead of semi-active methods (SSDV and adaptive SSDV), as
these latter require external power supply. Typically, an extrema is detected when the
absolute envelope detector voltage is greater than the absolute piezoelectric voltage.

As previously seen, the synchronized switch damping process creates a piece-
wise function. Particularly, in steady state, this function is a crenel function. Con-
sequently, the voltage presents odd harmonics of the vibration frequency that could
excite the structure on a higher mode. This could be overcome by the uses of a larger
inductance2 that would smooth the voltage during the switch process.

8.3 Energy Harvesting Using Nonlinear Techniques
in Steady-State Case

Piezoelectric electrical generators (PEGs) are generally used to supply electronic
circuits with low-average consumption (from a few microwatts to several hun-
dred milliwatts) that usually require DC power supply, obtained by rectifying and
filtering the AC voltage supplied by a piezoelectric insert. A DC–DC converter is
sometimes placed between the filtering capacitor and the circuit to be supplied.
According to case, this converter can be used as an impedance adapter to optimize
energy transfer or as a voltage regulator.

The proposed technique is fully compatible with the structures of standard PEG.
It consists of adding the SSDI switching system in parallel with the standard energy
harvesting circuit, in order to artificially extend the electromechanical conversion
cycles. This nonlinear energy harvesting technique is called SSHI3 for synchronized
switch harvesting on inductor. The results presented in this section were published
in Guyomar et al. (2005) and Badel et al. (2006b).

The aim of this section is to describe the behavior of the SSHI technique in
the case of sustained sinusoidal stress and compare this technique with standard
energy harvesting technique. This section examines the case of an electromechanical
structure excited in sinusoidal steady state. Under these conditions, the deforma-
tion of the piezoelectric elements is proportional to the displacement linked to the
vibration. Thus, the extrema of deformation and displacement are mentioned indif-
ferently.

Two cases will be considered, according to whether the energy harvesting pro-
cess causes or does not lead to vibration damping. In each of the cases considered,
the power and efficiency of the standard technique and the SSHI technique will be
calculated.

2 Even in this case, the inductance in SSD is still much smaller than the needed inductance in
purely passive control
3 SSHS in the case where no inductance is used. This case can be calculated from the SSHI results
for � = 0
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8.3.1 Principles4

8.3.1.1 Standard Technique

The simplest technique for harvesting energy is to connect the electric circuit to be
supplied directly to the piezoelectric elements through a bridge rectifier followed by
a smoothing capacitor CR. This setup is shown in Fig. 8.9(a). The voltage applied to
the load R is continuous. When the piezoelectric voltage V is lower in absolute value
than the rectified voltage VDC, the bridge rectifier is blocked. The current I leaving
the piezoelectric elements is therefore null so the voltage varies proportionally with
the strain. When the absolute value of voltage V reaches VDC, the bridge rectifier
conducts, which stops V changing. The bridge rectifier stops conducting when the
absolute value of the displacement u decreases. The waveforms of the considered
signals are shown in Fig. 8.9(b).

8.3.1.2 Parallel Synchronized Switch Harvesting on Inductor (SSHI)
technique

In comparison to the standard DC technique described earlier, the switching system
is simply added in parallel with the piezoelectric elements for operation of the SSHI
technique. This setup is shown in Fig. 8.10(a).

As long as the piezoelectric voltage V is lower in absolute value than the rectified
voltage VDC, the current IP conducted through the bridge rectifier is null, and the
voltage varies proportionally to the displacement. When the absolute value of V

(a) (b)

Displacement  u (1)
Piezoelectric voltage V (2) 
Rectified voltage VDC (3) 
Piezoelectric current  I (4)

V 

I

VDC
R

CR

t

t 

t1 t2

V,VDC,u 

I 

(3)

(4)

(2)

(1)

Fig. 8.9 Standard DC technique: (a) setup, (b) waveforms associated with sinusoidal steady state

4 AC energy harvesting techniques (i.e. without AC-DC converter and smoothing capacitor) are
not exposed here (as their applications are limited), but an analysis can be found in (Guyomar et al.
2005). As well, for clarity reasons, theoretical developments for the standard technique are not
described, but are similar to those exposed for the SSH technique. These developments can also be
found in (Guyomar et al. 2005).
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Fig. 8.10 DC SSHI technique: (a) setup, (b) waveforms associated with sinusoidal steady state

reaches VDC, the bridge rectifier conducts, and the evolution of V is stopped. The
bridge rectifier ceases to conduct when the displacement u decreases in absolute
value, i.e., when a displacement extremum is reached, which coincides with the
beginning of the voltage inversion through L I. The cancelation of the current IP

absorbed by the bridge rectifier therefore corresponds to the release of the current
IS in the inversion inductor. The waveforms of the signals considered are shown in
Fig. 8.10(b).

8.3.2 Analysis Without Induction of Vibration Damping

In this part, we study the power and efficiency of a PEG for which the energy har-
vesting process does not induce vibration damping. The latter can be very weakly
coupled structures, structures excited out of the resonance, or structures for which
displacement is imposed. The electromechanical structure can be modeled around a
resonance frequency using the previously exposed lumped model and whose equa-
tions are given by Eq. (8.2). In the framework of a study in which a structure, whose
displacement is not affected by energy harvesting is considered, only the constitutive
electric equation in Eq. (8.2) is necessary.

8.3.2.1 SSHI Technique

This technique consists of simply adding the switching system in parallel with the
piezoelectric elements in comparison to the standard rectified technique mentioned
previously. The bridge rectifier is assumed to be perfect and the rectified voltage
VDC is constant. Here is considered a particular half-period corresponding to the
interval [t1, t2] represented in Fig. 8.10(b). t1 and t2 correspond to two consecutive
inversions. t1 is taken just before the first inversion and t2 just before the second. The
electric charge extracted from the piezoelectric elements between instants t1 and t2
is equal to the sum during this same half-period of the electric charge having flown
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through the resistor R and the electric charge having flown through the switching
system, giving Eq. (8.26). The current flowing in the switching system is always
null, except during the inversion phase just after instant t1, where it is directly linked
to the derivative of the piezoelectric voltage V . The electric charge having passed
through the switching system is then given by Eq. (8.27). Using Eq. (8.26) and
Eq. (8.27) and considering the constitutive electric equation (Eq. (8.2)), the rectified
voltage VDC can be expressed as a function of the magnitude of displacement, the
load resistor, and parameters α and C0 of the model. This expression is given by
Eq. (8.28).

t2∫
t1

I dt =VDC

R

T

2
+

t2∫
t1

IS dt (8.26)

t2∫
t1

IS dt = −C0

t1+tI∫
t1

dV = −C0VDC(1 + γ ) (8.27)

VDC = 2Rα

RC0(1 − γ )ω + π
ωuM (8.28)

The harvested power is expressed by Eq. (8.29). It reaches a maximum Pmax for
an optimal resistance Ropt. The expressions of Pmax and Ropt are given in Eq. (8.30).
The maximum harvested power can then be expressed as a function of the maximum
elastic potential energy in the structure (Eq. (8.31)) and the coupling coefficient, as
shown in Eq. (8.32). The ratio of the maximum power with the SSHI technique over
the maximum power with the standard technique is equal to 2/(1 − γ ). It is equal
to 2 in the case of the SSHS technique (γ = 0) and can become very high if the
electric inversion is good (e.g., 20 for γ = 0.9).

P = V 2
DC

R
= 4Rα2

(RC0(1 − γ )ω + π)2
ω2u2

M (8.29)

Ropt = π

C0(1 − γ )ω
and Pmax = α2

πC0(1 − γ )
ωu2

M (8.30)

Ee = 1

2
KEu2

M (8.31)
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Pmax = k2

1 − k2

2Ee

π(1 − γ )
ω (8.32)

The energy cycle corresponding to the transferred energy ETopt in the case where
the PEG supplies the resistance Ropt is shown in Fig. 8.11(b). In this case, the rec-
tified voltage is given by Eq. (8.33). The maximum energy EUmax consumed by the
resistance Ropt during a period is given by Eq. (8.34) and the energy EIopt dissipated
in the switching system by Eq. (8.35). The expression of the transferred energy ETopt

is given by Eq. (8.36). A graphic interpretation of energies EUmax and EIopt is shown
in Fig. 8.11(b).

VDCopt = α

C0(1 − γ )
uM (8.33)

EUmax = 2α2

C0(1 − γ )
u2

M = 2αuMVDC (8.34)
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standard technique and u is normalized in comparison to uM



226 D. Guyomar et al.

EIopt = C0V 2
DC(1 − γ 2) = αuMVDC(1 + γ ) (8.35)

ETopt = EIopt + EUmax = α2

C0

3 + γ

1 − γ
u2

M = k2

1 − k2

2Ee(3 + γ )

1 − γ
(8.36)

As it can be seen, the maximum energy harvested on R does not correspond to
the maximum energy transferred. Indeed, the transferred energy is maximal when
resistor R tends towards infinity, but in this case, the harvested energy is null. It can
also be seen that the optimal ratio of the harvested energy over the extracted energy
tends toward 1/2 when γ tends toward 1 and equals 2/3 with the SSHS technique
(i.e., γ = 0).

If the vibration damping caused by the energy harvesting is negligible, then the
energy supplied to the structure is given by Eq. (8.37). The efficiency of the system
is therefore given by Eq. (8.38). This efficiency is maximal when the PEG supplies
a resistance Ropt. In this case, the expression of the maximum efficiency is given
by Eq. (8.39). This efficiency is necessarily very low in order to comply with the
negligible damping effect assumption. However, it is 2/(1 − γ ) times greater than
the efficiency with the standard technique.

PF = Cω2u2
M

2
(8.37)

η = 8Rα2

C(RC0(1 − γ )ω + π)2
(8.38)

ηmax = 2α2

πCC0(1 − γ )ω
= 2k2 Qm

π(1 − γ )
(8.39)

8.3.2.2 Performance Comparison

Figure 8.12(a) represents the harvested power as a function of the load resistance
R for the different techniques. This chart is normalized along the x- and y-axis
in relation to the optimal resistance value and to the maximum harvested power,
respectively, in the case of the standard technique. The advantage of this normaliza-
tion is that this chart becomes totally independent of the model parameters. Only the
electric inversion coefficient γ is required to plot the power in the SSHI case. For
this chart, γ is set to 0.76, which corresponds to the experimental setup described
further. This chart can also be interpreted as the representation of the PEG efficiency
for the different techniques, normalized in comparison to the maximum efficiency
with the standard technique.

For γ = 0.76, the power harvested with the SSHI technique is nearly eight times
greater than the power harvested with the standard technique. Since the power gain
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Fig. 8.12 Comparison of techniques at constant vibration magnitude: (a) harvested powers nor-
malized as a function of normalized load resistor, (b) normalized optimal energy cycles

is given by 2/(1 − γ ), the quality of the electric inversion is a crucial parameter.
For the SSHS technique, this gain equals 2, and tends towards infinity when γ tends
towards 1. In practice, it is very difficult to obtain inversion coefficients higher than
0.9, which corresponds to a power gain by a factor of 20.

The optimal energy cycles for the different techniques are shown in Fig. 8.12(b).
The area of these cycles corresponds to the energy transferred in one period. The
cycles are normalized by the magnitude of displacement (x-axis) and by αVDC

(y-axis) with the standard technique. Thus, the cycles no longer depend on the
model parameters. Only the inversion parameter γ is required to plot the cycles
corresponding to the SSHI techniques.

Figure 8.12(b) clearly shows the increase of the electromechanical conversion
cycles generated by the nonlinear technique.

8.3.3 Damping Effect

In an electromechanical system, converting a part of the vibrational energy into
electric energy is equivalent, from the mechanical point of view, to an increase in
the internal losses. Therefore, when a sinusoidal driving force of constant magnitude
is imposed, the energy harvesting process inevitably induces a vibration damping
phenomenon. The latter is negligible in the case of systems for which the product
k2 Qm is very low or for systems excited far beyond their resonance frequencies.
The value of k2 Qm beyond which damping can be reasonably neglected will be
precised in this section.

Naturally, the development presented in this part does not apply to systems
with imposed vibration magnitude, as in the case of excitation using a shaker, for
example.
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In the literature, most of the analyses performed on PEGs use a fixed vibration
magnitude that does not reflect a realistic excitation of electromechanical structures.
Lesieutre et al. (2004) take damping effects into account in their analysis, but the
global expression of the harvested power and the induced damping effect are not
clearly defined. In this part, we study the behavior of a PEG excited at its resonance
frequency by a sinusoidal force of constant magnitude. In the followings, a particular
attention is paid to the power, efficiency, and damping induced by the PEGs for the
two techniques described previously.

The squared coupling coefficient of most PEGs does not generally exceed a few
percent. Consequently, we consider here that the angular resonance frequencies ωE

in short-circuit and ωD in open-circuit are very close. The angular resonance fre-
quency ωr of the loaded PEG will be defined as the angular frequency for which the
exciting force and the speed of vibration are in phase. This angular frequency must
be between ωE and ωD and by assumption be assimilable with one or the other of
these angular frequencies.

8.3.3.1 SSHI Technique

Here is considered the energy balance of the structure over a half-period correspond-
ing to instants t1 and t2 defined in Fig. 8.10(b). The supplied mechanical energy is
equal to the sum of the viscous losses in the structure, the energy harvested into
the load and the energy lost during inversion, which is expressed in Eq. (8.40). At
the resonance frequency, and by assuming that the displacement remains sinusoidal,
the energy balance Eq. (8.40) can be simplified. This permits expressing the magni-
tude of the displacement as a function of the applied force magnitude, as shown in
Eq. (8.41). The expression of the induced damping is then given by Eq. (8.42).

t2∫
t1

Fu̇ dt =C

t2∫
t1

u̇2 dt + 1

2
C0V 2

DC(1 − γ 2) + V 2
DC

R

T

2
(8.40)

uM = FM

Cωr + 4Rωrα
2

π

(RC0(1−γ 2 )ωr +2π )
(RC0(1−γ )ωr +π )2

(8.41)

A = 20 log

⎛
⎝ C

C + 4Rα2

π

(RC0(1−γ 2)ωr+2π )
(RC0(1−γ )ωr+π )2

⎞
⎠ (8.42)

The power supplied by the PEG is expressed by Eq. (8.43), as a function of the
load R, the magnitude of the driving force, the electric inversion coefficient γ , and
parameters α, C , and C0 of the model. It is obtained from Eqs. (8.29) and (8.41). A
numerical study of this function for realistic values of the parameters shows that it
still supplies a single optimal resistor for which the power reaches a maximum.
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P = 4Rα2

(RC0 (1 − γ )ωr + π)2

× F2
M(

C + 4Rα2

(RC0(1−γ )ωr+π )2

RC0(1−γ 2)ωr+2π
π

)2 (8.43)

The power supplied by the PEG is given by Eq. (8.44) and the efficiency of the
electromechanical conversion is given by Eq. (8.45). As for the power, a numerical
study shows that the efficiency reaches a maximum for a single optimal resistor.
However, this resistor is not the same as that giving the maximum power, except
of course when k2 Qm tends towards zero, which corresponds to the case of very
weakly coupled structures.

PF = F2
M

2
(

C + 4Rα2

(RC0(1−γ )ωr+π )2

RC0(1−γ 2)ωr+2π
π

) (8.44)

η = 8Rα2

(RC0 (1 − γ )ωr + π)2

× 1(
C + 4Rα2

(RC0(1−γ )ωr+π )2

RC0(1−γ 2)ωr+2π
π

) (8.45)

The normalized power, efficiency, and damping generated by the SSHI technique
are shown in Fig. 8.13. The loads are normalized in relation to the critical optimized
resistor with the standard technique. The charts depicted are not functions of the
model parameters, but only of the way in which k2 Qm is made to evolve and of the
electric inversion coefficient γ . For these charts, γ = 0.76, which corresponds to
the experimental system that will be presented further.

The first curves represent the maximum power harvested, which tends towards
power Plimit when product k2 Qm increases. In this case, the efficiency tends towards
50% and the damping towards −6 dB.

The second curves represent the maximum efficiency, which is an increasing
function of product k2 Qm. When observing the maximum efficiency of the PEG, the
harvested power is first an increasing function of k2 Qm, before reaching a maximum
and then decreasing. The induced damping continues to increase and is higher than
the damping corresponding to the maximum harvested power.

It should be noted that contrary to the standard technique, the maximum damp-
ing corresponds neither to the maximum efficiency nor to the maximum harvested
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Fig. 8.13 SSHI technique: (a) normalized power, (b) efficiency, (c) damping, as a function of the
normalized resistor and product k2 Qm

power. Damping is maximal when the load resistor tends towards infinity, which
logically corresponds to the semi-passive SSDI vibration damping technique.

8.3.3.2 Performance Comparison

Figure 8.14(a) shows the progression of the normalized harvested power in compari-
son to Plimit, efficiency, and damping in the case where the load resistance is chosen
to maximize the power supplied by the PEG. These magnitudes are plotted as a
function of k2 Qm for the standard, SSHS, and SSHI techniques. For the SSHI tech-
nique, γ was fixed at 0.76. The results would be very similar in the AC case. These
charts confirm that the harvested power is limited by Plimit. This value is reached for
k2 Qm ≥ π in the case of the standard technique, whereas for the SSH techniques,
the power tends asymptotically towards this value. Likewise, the efficiency reaches
or tends towards 50% and the damping reaches or tends towards −6 dB.

The same amplitudes are shown in Fig. 8.14(b) when the load resistance is
chosen in order to maximize the efficiency. In this case, the harvested electric
power initially increases, and then it reaches a maximum before decreasing. In the
case of the standard technique, the harvested power passes to a maximum when
k2 Qm = π and then tends towards Plimit. The SSH techniques reach a maximum
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Fig. 8.14 Progression of the normalized power, efficiency, and damping as a function of k2 Qm:
when maximizing the (a) power and (b) efficiency

power for k2 Qm < π , but this maximum power is lower than Plimit. Logically,
the damping is greater when maximizing the efficiency than when maximizing the
power of the PEG, though it is still less than the damping generated by the SSDI
technique.

Figure 8.15 permits comparing the maximum power and efficiency of SSH tech-
niques to the standard technique as a function of k2 Qm. The advantages of the SSH
techniques can be seen clearly in the case of structures for which k2 Qm is low. When
k2 Qm tends towards zero, the power and efficiency increase twofold in the case of
the SSHS technique and by more than eightfold in the case of the SSHI technique.
This gain corresponds to the power gain at a vibration of constant magnitude, when
k2 Qm tends to zero, the damping induced by energy harvesting also tends to zero.
It should be noted that the gain obtained with the SSHI technique depends greatly
on the electric inversion coefficient γ , which was fixed at 0.76. The evolutions of
the maximum power and efficiency are shown in Fig. 8.16 for other values of γ .

If we consider that the quantity of used piezoelectric material is proportional
to k2 Qm, then the obtained results mean that to recover a certain percentage of
the maximum recoverable power Plimit, SSH techniques permit reducing dramati-
cally the quantity of piezoelectric materials in comparison to the standard DC tech-
nique. For γ = 0.75, for example, the quantity of piezoelectric materials required



232 D. Guyomar et al.

0 1 2 3 4 5 6
0

1

2

4

6

8

10

0 1 2 3 4 5 6
0

1

2

4

6

8

10

k²Qm

k²Qm

PSSH / Pclass.

ηSSH / ηclass.

SSHI techniqueSSHS technique

Fig. 8.15 Ratio of the maximum power and efficiency of SSH techniques over the maximum power
and efficiency of the standard technique

to recover 75% of Plimit is four times less with the SSHI technique than with the
standard technique.

Likewise, the SSH techniques permit significantly reducing the quantity of mate-
rials required to reach a certain efficiency. Thus, again for γ = 0.75, an efficiency of
60% was obtained with the SSHI technique for about four times less piezoelectric
materials than with the standard technique.

8.3.4 Experimental Validation

The experimental setup is shown in Fig. 8.17. Sixty-eight small ceramic patches
(type NAVY III) were arranged on both sides of the plate, distributed in four rows
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of 17 (two rows above and two rows below). The geometric characteristics of these
patches are given in Table 8.4. The patches were bonded close to the clamped end,
and their direction of polarization was perpendicular to the beam. The coupling
coefficient of the beam could be varied by linking more or fewer inserts in paral-
lel with the energy harvesting circuit. The connection of the patches to the energy
harvesting system was ensured by a box to enable the selection, via jumpers, of the
patches to be used.

Rigid mounting 

Steel plate 
Electromagnet 

Embedded
link  

Piezoelectric
patches  

Contact box 

Fig. 8.17 Experimental setup
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Table 8.4 Geometry of the piezoelectric patches

Number 68
Length 15 mm
Width 5 mm
Thickness 500 �m
Distance of embedding 14 mm

Table 8.5 Measurements and model parameters

fE 60.18 Hz
fD 60.46 Hz
Qm 520
� 31,000 V/m
C0 74.9 nF
A 0.0023 N/V
k2 0.92%
KE 7730 N m−1

M 54 g
C 0.039 N m−1 s−1

The structure is modeled with a simplified lumped model (second-order spring–
mass–damper model), described in the first section. The measurements carried out
to identify the parameters when all the patches were used are given in Table 8.5.
For low levels of stress, Qm remains relatively constant. In the case of the measure-
ments presented here, the mechanical stress applied to the structure was deliberately
limited so that the mechanical quality factor remained constant and high.

The beam is excited at about 65 Hz. Under these conditions (apart from reso-
nance), the magnitude of displacement is quasi-constant whatever the load and the
treatment applied to the voltage supplied by the inserts. A single range of patches
is used. Under these conditions, the experimental inversion coefficient γ is equal to
0.76. Figure 8.18 represents the harvested power as a function of the load resistance
R for the different techniques. This chart is normalized in the same way as for the
theoretical study presented previously and shows that the experimental results are in
good agreement with the predictions given by the model. According to the model,
the ratio between the maximum powers for the standard and nonlinear techniques
only depends on coefficient γ . Thus, the same ratio should be obtained between the
maximum powers whatever the number of patches used. In practice, a deterioration
of γ is observed with the decrease in the surface area of piezoelectric elements
used. When the number of piezoelectric elements used decreases, the ratio between
the piezoelectric capacitance C0 (proportional to the number of patches connected)
and the parasite capacitances of the electronic circuit ensuring the switching also
decreases, affecting electric inversion quality. It should be underlined, however,
that the development of better adapted electronics would probably limit this phe-
nomenon.

When beam is excited at its resonance frequency, the magnitude of the displace-
ment depends on the electric load connected to the inserts and the treatment applied
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Fig. 8.18 Harvested powers normalized as a function of normalized load resistor. Comparison
between the experimental measurements (squares) and theoretical results (plain line)

to the piezoelectric voltage. For each technique, the harvested power is measured
as a function of the load applied, respectively, when all the inserts are connected
(k2 = 0.92%), when a row of inserts is connected (k2 = 0.24%), when five
inserts are connected (k2 = 0.072%) and when only two inserts are connected
(k2 = 0.027%). Since the resonance frequency of the structure is influenced by
the resistive load connected, the excitation frequency must be adjusted for each
measurement.

The coupling coefficient is intended to vary proportionally to the surface area of
the piezoelectric elements used. Under these conditions, parameters α and C0 are
proportional to the quantity of the patches connected, whereas dynamic mass M
and the stiffness in open circuit KD remain the same. The stiffness in short-circuit
KE varies slightly and can be determined from KD, α, and C0.

In reality, the coupling coefficient is not perfectly proportional to the number
of patches connected, since the coupling of the piezoelectric elements making up
the two rows closest to the clamped end is better. The variations of model param-
eters, α and C0, are therefore performed proportionally to the coupling coefficient
measured experimentally for each configuration and not proportionally to the num-
ber of patches connected. Stiffness KD and mass M remain the same.

The inversion coefficient γ , which increases with the number of patches con-
nected, is determined experimentally for each configuration. The comparisons of
the theoretical and experimental results are presented for the standard DC technique
in Fig. 8.19(a) and for the DC SSHI technique in Fig. 8.19(b). In these figures, the
powers are normalized in relation to the maximum power Plimit and resistances in
relation to the optimal resistance at which the power reaches Plimit for k2 Qm = π ,
which corresponds to the normalization performed in the previous theoretical
studies.
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Fig. 8.19 Normalized harvested powers as a function of normalized load resistor. Comparison
between experimental measurements (squares) and theoretical results (lines) for different cou-
plings: (a) standard technique and (b) SSHI technique

For these measurements, the maximum harvested power is in the region of
10 mW and corresponds to slight displacements of the structure. In reality, the max-
imum power that the experimental setup can supply is far greater. For example, for
a displacement magnitude of 1.5 mm, the harvested power in SSDI is 80 mW when
γ = 0.76.

8.4 Energy Harvesting in Pulsed Operation

In the previous section, it has been considered an electromechanical structure
excited in steady state by a sinusoidal force. Under these conditions, energy is con-
stantly supplied to the structure and the energy harvesting device continuously deliv-
ers electrical power. In this section, the case where energy is supplied punctually to
the electromechanical structure is considered. This type of behavior corresponds,
for example, to a structure excited by a force pulse, or by a static stress followed by
a release. The aim of the energy harvesting device is, therefore, to convert the energy
present in the structure after each mechanical stress and store it in a capacitor. The
results presented in this section have been published in Badel et al. (2005).

Consequently, it is considered a structure with a certain initial internal energy
that has to be transferred as electrostatic energy to a storage capacitor. During the
energy harvesting process, the external mechanical excitation is assumed to be null
and the structure is assumed to vibrate in pseudo-periodic state around one of its
resonance frequencies.

It is considered that the lumped model is adequate for describing the electrome-
chanical structure. This implies that the movement generated by the mechanical
stress is pseudo-sinusoidal and thus that the response of the electromechanical struc-
ture can be assimilated with that of a second-order.
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8.4.1 SSHI Technique

The theoretical results presented in the present and the following paragraphs are
determined using a lumped model. The values of the used parameters are given in
Table 8.5.

It is considered that a force pulse is applied to the structure at instant t0. The
energy supplied is, therefore, a step function, i.e., that for t > t0, EF(t) = EF(t0).
The function of the energy harvesting device is to transfer this energy to a capacitor
CR. The SSHI technique consists of connecting a bridge rectifier followed by the
capacitor CR to the terminals of the piezoelectric elements. Then the SSHI switching
system is added in parallel with the piezoelectric elements, as shown in Fig. 8.20.

The constitutive equations of the model are recalled by Eqs. (8.46) and (8.47). At
instant t0, a force pulse is applied to the structure. At each instant t > t0, the supplied
energy EF is equal to the sum of the energy ER remaining in the electromechanical
structure, the energy ED dissipated in the form of viscous losses, the energy EU

harvested in the capacitor CR, and the energy EI dissipated in the switching system.
The energy dissipated in the switching system corresponds to the losses during the
voltage inversion process. These losses can be modeled by a resistor rI in series
with the inversion inductor L I. The value of rI can be determined from the quality
factor QI of the electric inversion determined experimentally. The expression of rI

as a function of QI is given by Eq. (8.48), while Eq. (8.49) recalls the relationship
between QI and inversion coefficient γ . The expressions of these energies are given
in Table 8.6.

I = αu̇ − C0V̇ (8.46)

F = Mü + KEu + Cü + αV (8.47)

rI = 1

QI

√
L I

C0
(8.48)

V VC
CR

I

Fig. 8.20 Nonlinear energy harvesting device
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Table 8.6 Definition of the energies

Energy remaining in the system ER = 1
2 KEu2 + 1

2 Mu̇2 + 1
2 C0V 2

Energy dissipated by viscous losses ED =
t∫

t0

Cu̇2 dt

Energy dissipated in the switching system Ei = 1
2 C0V 2

i (1 − γ 2)

Harvested energy EU = 1
2 CRV 2

C

γ = e−π/2QI (8.49)

It is assumed that the voltage of the capacitor CR is null at the start of the energy
harvesting process (i.e. t = t0). When the absolute value of piezoelectric voltage V
is lower than the rectified voltage VC, the bridge rectifier is blocked and the current
I flowing out the piezoelectric elements is null. The voltage V is then linked to
the displacement by Eq. (8.50) and VC remains constant until the absolute value
of V reaches VC. Then the bridge rectifier conducts. The voltage V is therefore
linked to the displacement by Eq. (8.51) and the voltage VC is equal to the absolute
value of V . The bridge rectifier ceases to conduct when the displacement reaches an
extremum. This instant also corresponds to the instant of closing of the electronic
switch. During the electric inversion, the voltage in linked to the displacement by
Eq. (8.52).

I = 0 ⇒ αu̇ = C0V̇ (8.50)

I = CRV̇ ⇒ αu̇ = (C0 + CR) V̇ (8.51)

V = L I İ + rI I ⇒ αL Iü + αrIu̇ = V + L IC0V̈ + rIC0V̇ (8.52)

The energy harvesting process ends when voltage VC no longer increases, i.e.,
when the absolute value of V becomes lower than VC. At this instant, the energy ER

remaining in the system is not null, but cannot be harvested.
Figure 8.21 shows the structure’s electromechanical response obtained by the

numerical integration5 of Eqs. (8.47), (8.50), (8.51) and (8.52), when a force pulse
is applied to the structure at instant t0. For this simulation, the value of the capacitor
CR is fixed at 3.2 �F while that of electric inversion coefficient γ is 0.9. As shall
be seen later on, the value of CR is close to an optimum and γ corresponds to the
experimental setup described earlier.

Figure 8.22 is the result of the same simulation. It shows the temporal evolution
of the energies defined in Table 8.6 as well as the energy EI lost in the inversion
circuit. These energies are, once again, normalized in relation to supplied energy

5 4th order Runge Kutta numerical integration
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Fig. 8.22 Temporal evolution of energies normalized in relation to supplied energy EF – Simula-
tion by numerical integration: γ = 0.9, CR = 3.2 �F

EF. For this simulation, the efficiency of the conversion reaches about 58%, which
clearly shows the advantage of the nonlinear treatment of the voltage. The SSHI
technique permits a better and faster extraction of mechanical energy, thereby lim-
iting the viscous losses in the structure and reducing the energy remaining in the
structure at the end of the energy harvesting process.

For a given electromechanical structure, it is interesting to know the harvested
energy as a function of capacitance CR. In the previous section, we made use of
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analytical formulae to directly determine the power harvested as a function of load
resistance. Here, this type of analytical formula is not available to us, so several
simulations have to be carried out successfully. In order to save time in comparison
to simulations by numerical integration, another far faster tool has been developed
based on iterative energetic analysis.

Two consecutive displacement extrema ui and ui+1, their instants of occurrence
ti and ti+1 and the two corresponding piezoelectric voltages Vi and Vi+1 are consid-
ered. Also considered are displacement uD and the corresponding voltage VD when
the bridge rectifier starts conducting. All these magnitudes are shown in Fig. 8.21.
Equations (8.53) and (8.54) are, respectively, deduced from Eqs. (8.50) and (8.51),
and equation Eq. (8.55) corresponds to the conduction condition of the bridge
rectifier.

VD + γ Vi = α

C0
(uD − ui ) (8.53)

Vi+1 − VD = α

CR + C0
(ui+1 − uD) (8.54)

VD = −Vi (8.55)

On the basis of Eq. (8.53), Eqs. (8.54) and (8.55), ui+1 and Vi+1 can be expressed
as a function of ui and Vi , respectively, as shown in Eq. (8.56).

Vi+1 − α

Cr + C0
ui+1 = −Vi

Cr + γC0

Cr + C0
− α

Cr + C0
ui (8.56)

The energy Ed dissipated by viscous losses between instants ti and ti+1 can be
approximated by considering that the displacement during this half pseudo-period
is sinusoidal and its amplitude is equal to the average of the absolute values of ui

and ui+1. These considerations are expressed by Eq. (8.57).

Ed =
ti+1∫
ti

Cu̇2 dt ≈ 1

2
πCω

(
ui+1 − ui

2

)2

(8.57)

The energy Ei dissipated in the switching system between instants ti and ti+1

corresponds to the energy lost during the voltage inversion phase. It is equal to
the difference in electrostatic energy on the piezoelectric elements before and after
voltage inversion, as shown by Eq. (8.58).

Ei = 1

2
C0V 2

i (1 − γ 2) (8.58)
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Now it is considered the energy balance of the system composed by the elec-
tromechanical structure plus the energy harvesting device. The elastic energy plus
the electrostatic energy in the system at instant ti is equal to the elastic energy plus
the electrostatic energy at instant ti+1 plus the dissipated energy Ed plus the energy
Ei lost in the inversion circuit. This balance leads to Eq. (8.59), which links ui+1

and Vi+1 to ui and Vi , respectively.

1

2
KEu2

i +
1

2
(C0 + Cr)V 2

i

=1

2
KEu2

i+1 + 1

2
(C0 + Cr )V 2

i+1 + 1

2
πCω

(
ui+1 + ui

2

)2

+ 1

2
C0V 2

i (1 − γ 2)

(8.59)

ui+1 and Vi+1 can then be obtained from ui and Vi using Eqs. (8.56) and (8.59).
The system is initialized by forcing the first extremum u1 in such a way as to fix
the energy supplied to the electromechanical structure, as shown by Eq. (8.60). The
simulation is terminated when |Vi+1| < |Vi |, we then obtain VC = |Vi |.

1

2
KEu2

1 = EF (8.60)

Figure 8.23(a) shows the different energies at the end of the energy harvesting
process as a function of capacitance CR. The energies are normalized in relation
to EF while capacitances CR are normalized in relation to C0. The calculations
were performed with the iterative technique defined previously. The values of the
model’s parameters are those provided in Table 8.5, but the normalization of this
figure only makes it a function of product k2 Qm (which in this case is equal to 2.3)
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for a given inversion coefficient γ (0.9 in this case). It can be clearly seen that the
SSHI technique allows significantly reducing the energy ER remaining in the system
at the end of the energy harvesting process. This leads to a strong increase of the
maximum harvested energy and a decrease in optimal capacity, amounting in this
case to 20C0 = 1.5 �F. It should be noted that this decrease in optimal capacitance
permits considerably decreasing viscous losses in comparison to the standard tech-
nique. The SSHI technique thus permits more efficient and faster energy transfer.

Figure 8.23(b) shows the evolution of the harvested power as a function of the
capacitance CR and the product k2 Qm. The power and capacitance CR are normal-
ized as previously. The evolution of k2 Qm is performed in the same way as in the
previous section, i.e., by considering a variation of the surface of the piezoelectric
elements connected to the energy harvesting device. The harvested energy normal-
ized in relation to the energy supplied also corresponds to the efficiency of the elec-
tromechanical conversion. Logically, it is an increasing function of k2 Qm and for a
fixed product k2 Qm, a unique optimal capacity exists that maximizes the harvested
energy. Normalized in this way and for a given inversion coefficient, Fig. 8.23(b)
depends solely on the way in which k2 Qm is made to vary. This figure shows that
the amount of energy harvested using the SSHI technique is far greater than that
harvested with the standard technique (Fig. 8.24), especially for the low values
of k2 Qm.

Normalized in this way, Fig. 8.23(b) also shows the efficiency of the energy har-
vesting process. This efficiency is only linked to the electromechanical conversion
itself and does not take into account the energy required to detect the extrema of the
displacements and to control the switching system. It should be noted that in prac-
tice, these tasks are either performed using an external generator, or self-powered.
The use of an external generator is very practical for experiments, but obviously
does not represent real applications. The technical description of the self-powered

10
1

10
2

10
3

10
4

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

(a) (b)
10

0
10

5

EUE
ED
ER

E

CR

EU

CR

k²Qm

Fig. 8.24 Standard technique. Energies normalized in relation to EF as a function of capacity CR

normalized in relation to C0: (a) different energies for k2 Qm = 2.3 and (b) harvested energy as a
function of k2 Qm



8 Energy Harvesting using Nonlinear Techniques 243

system is given in Richard et al. (2007). The energy required for the self-powering
of the SSHI technique generally does not need more than 3–5% of the harvested
energy.

8.4.2 Performance Comparison

The two methods can be compared by observing in each case the evolution of the
maximal energy harvested as a function of product k2 Qm. Figure 8.25 shows the
evolution of the maximum harvested energy for the standard, SSHS, and SSHI
methods as well as the gain provided by the SSH methods in comparison to the
standard technique. In the case of the SSHI technique, several curves corresponding
to several values of electric inversion coefficient γ are plotted. We recall that the
SSHS technique corresponds to the case where γ = 0.

Figure 8.25 is independent of the model parameters and is valid for any elec-
tromechanical structure that can be modeled by a second-order system. It shows
that the performances of SSH methods are always better than those of the standard
technique and that the gain provided by the SSH methods is as high as product k2 Qm

is low. These results are similar to those obtained in the previous section in the case
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of sustained sinusoidal stress. The crucial importance of inversion coefficient γ on
the performances of the SSHI technique is clearly highlighted here.

8.4.3 Experimental Validation

The experimental setup is the same as that used in the previous section. Measure-
ments performed to identify the model and the parameter values obtained are almost
the same than those presented in Table 8.5. Although slight changes actually occurs
between two parameter identifications (especially on the mechanical quality factor
Qm), the previous identification remains valid with an acceptable tolerance. The
difference in the identification can be explained by changes regarding the limit con-
ditions. As well, nonlinear effects such as the increase in aerodynamic losses with
the amplitude of vibrations also alter the parameters, especially Qm.

The beam is excited at its first resonance frequency so that its internal energy
reaches 14 mJ, which corresponds to a displacement magnitude of the free end of
the beam of 1.7 mm. The excitation source is then cut, and the energy harvesting
device is connected to 68 piezoelectric elements (t = 0). Acquisitions of piezo-
electric voltage V and voltage VC on the capacitor and displacement u of the free
end of the beam were carried out for the standard technique and for the SSHI tech-
nique, respectively, for CR = 18 �F and CR = 3.2 �F. These results are shown in
Figs. 8.26 and 8.27. The theoretical and experimental results are in good agreement.
The only marked difference concerns the piezoelectric voltage after the end of the
energy harvesting process in the case of the SSHI technique. Experimentally, when
the displacement becomes very weak, the detection of the extrema is no longer
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Fig. 8.27 Waveforms of the experimental piezoelectric voltage V and voltage VC on the capacitor
and displacement u in the case of the SSHI technique

operational and the voltage is no longer inverted. This can be seen in Fig. 8.27, but
it does not affect the quantity of energy harvested.

For these measurements, the switching device is not self-powered and the value
of the inversion inductor is 120 mH. The inversion coefficient γ is equal to 0.9,
which corresponds to an electric quality factor QI of 16. Regarding the measure-
ments presented in this section, we used an air core inductor, which is larger than a
classical magnetic core inductor, but whose losses are much lower.

The harvested energy using each of the two methods is measured as a function of
capacitor CR when all the patches are connected (k2 = 0.94%), when three quarters
of the patches are connected (the two upper and the lower rows furthest from the
clamped end – k2 = 0.62%), when half the patches are connected (the two rows
furthest from the clamped end: k2 = 0.37%), and when a quarter of the patches are
connected (the lower row furthest from the clamped end: k2 = 0.18%).

It can be observed that the coupling coefficient is not exactly proportional to the
number of piezoelectric elements connected. Indeed, the electromechanical cou-
pling of the patches located in the two rows closest to the clamped end is higher
than that of the patches located in the two furthest rows.

For the same reasons as those mentioned in Section 8.4.2, the inversion coeffi-
cient is an increasing function of the quantity of piezoelectric elements connected.
It is measured experimentally for each of the four configurations. The theoretical
and experimental results are shown in Fig. 8.28 and are in very good agreement.
The results were measured for a supplied energy of 14 mJ. The maximal energy har-
vested was 3.2 mJ with the standard technique and 8.7 mJ with the SSHI technique.
In reality, the beam could be excited more strongly in order to harvest more energy.
For example, for a displacement of the free end of the beam of 2.5 mm, the energy
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harvested would be 18 mJ with the SSHI technique, by assuming that the system
had a linear behavior.

The ratio of the maximum energy harvested using the SSHI technique over the
maximal energy harvested with the standard technique is shown in Fig. 8.29 as a
function of the product k2 Qm. This figure clearly highlights the gain provided by
the SSHI technique, which varies from 250% for four rows to 450% for one row.
Once again, the SSHI technique proved to be particularly interesting for structures
with a low product k2 Qm, also meaning that for a given quantity of energy, the
SSHI technique permits considerably reducing the required quantity of piezoelectric
material.
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Fig. 8.29 Theoretical (solid line) and experimental (squares) comparison of the ratio of the energy
harvested using the SSHI technique over the energy recovered using the standard technique as a
function of k2 Qm
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8.5 Other Nonlinear Energy Harvesting Techniques

This section presents two other energy harvesting methods that both draw advantage
from the increased electromechanical conversion capacities brought about by the
nonlinear treatment of the piezoelectric voltage. The first, called series SSH, is sim-
ilar to the SSH technique presented previously, except for the configuration of the
bridge rectifier which is connected in series to the switching system and not in par-
allel. The second technique presented in this section is called synchronous electric
charge extraction (SECE). From the standpoint of the structure, this technique has
the same effect as the SSDS damping method, but implements synchronous extrac-
tion of the electric charges generated on the electrodes of the piezoelectric elements.
This section details the performances of these two new methods, by emphasizing
their advantages and disadvantages in comparison to the parallel SSH technique.
The methods will be studied in the case of a sinusoidal excitation. Two cases will be
considered, according to whether the energy harvesting process leads to vibration
damping or not.

8.5.1 Series SSHI Technique

8.5.1.1 Principles

The series SSHI technique was described under another name in Taylor et al. (2001).
The system used by this technique is shown in Fig. 8.30(a). In this configuration,
the voltage on the load resistor is continuous. The AC version of this technique, not
studied here, consists of connecting the load resistance directly in series with an
inversion inductor. In the series SSHS technique, the inversion inductor is replaced
by a short circuit. The results obtained with the series SSHS technique can be
deducted from the results obtained with the series SSHI technique by taking γ = 0.

The piezoelectric current I is always null, except during the voltage inversion
phases. A perfect bridge rectifier is considered and the smoothing capacitor CR is

V

I

VDC
CR

R

Displacement u (1)
Piezoelectric voltage V (2)
Rectified voltage V     (3)DC

Piezoelectrique current I (4)

t

t

t1 t2

VM

Vm(a) (b)
(2)

(1)
(3)

(4)

Fig. 8.30 Series SSHI technique: (a) device and (b) associated waveforms in a steady sinu-
soidal state
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assumed to be large enough to consider that the voltage VDC is constant. During the
voltage inversion phases, the voltage at the bridge rectifier input is equal to +VDC

when the voltage switches to negative and −VDC when it switches to positive. From
the structural point of view, the energy harvesting device behaves exactly like a
semi-active damping device (SSDV) whose direct voltage is −VDC (Badel et al.
2006a; Lefeuvre et al. 2006a). The waveforms of the considered signals are shown
in Fig. 8.30(b).

8.5.1.2 Theoretical Development Without Damping Effect

A structure animated by a sinusoidal movement of constant magnitude uM is con-
sidered. It is recalled that it could be either a very weakly coupled structure, or
a structure excited outside the resonance frequency, or a structure for which the
displacement is imposed, in order to fulfil the assumption of negligible damping
effect.

The inversion of the piezoelectric voltage around voltage VDC is expressed by
Eq. (8.61), whereas Eq. (8.62) expresses the evolution of the voltage between
two switching instants. The corresponding half-period is considered as the interval
[t1, t2[ defined in Fig. 8.30(b). The energy EU harvested during this half-period
corresponds indifferently to the energy absorbed by the bridge rectifier during the
inversion of the voltage and to the energy consumed by load resistance R. This is
summarized in Eq. (8.63).

Vm + VDC = γ (VM − VDC) (8.61)

VM = Vm + 2α

C0
uM (8.62)

EU = VDC

t2∫
t1

I dt = C0VDC (VM + Vm) = π

ω

V 2
DC

R
(8.63)

The expression of the voltage VDC can be obtained from Eqs. (8.61), (8.62)
and (8.63), as shown in Eq. (8.64). The harvested power is expressed by Eq. (8.65).
It has a maximum Pmax for an optimal resistance Ropt. The expressions of Pmax and
Ropt are given in Eq. (8.66). The maximum power can be expressed as a function of
the maximum elastic potential energy Ee in the structure, defined by Eq. (8.31), and
the coupling coefficient, as set out in Eq. (8.67).

VDC = 2αR (1 + γ )

2RC0ω (1 + γ ) + π (1 − γ )
ωuM (8.64)
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P = 4Rα2 (1 + γ )2

(2RC0ω (1 + γ ) + π (1 − γ ))2ω
2u2

M (8.65)

Ropt = π

2C0ω

1 − γ

1 + γ
and Pmax = α2

2πC0

1 + γ

1 − γ
ωu2

M (8.66)

Pmax = k2

1 − k2

Ee

π

1 + γ

1 − γ
ω (8.67)

Figure 8.31(a) represents the harvested electric power as a function of the load
resistance R for the series and parallel SSH methods as well as for the standard
technique. This chart is normalized along x- and y-axis in relation to the optimal
resistance and the maximum power harvested in the case of the standard technique,
respectively. Normalized in this way, the chart is solely a function of the inversion
coefficient γ , set to 0.76 in this case.

The ratio of the maximum harvested power with the series SSHI technique to the
maximum harvested power with the SSHI parallel technique is equal to (1 + γ )/2.
It is equal to 1/2 in the case of the SSHS technique (γ = 0) and tends towards one
when the electric inversion improves. The series SSHS technique provides exactly
the same performances as the standard technique. For a sufficiently large inversion
coefficient, the performances of the series and parallel SSHI methods are very close
and their respective optimal resistances are distributed symmetrically on a logarith-
mic scale of R, in comparison to the optimal resistance with the standard technique,
as expressed in Eq. (8.68).
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Fig. 8.31 Comparison of series and parallel SSH methods at constant vibration magnitude: (a)
harvested power normalized as a function of normalized load resistance and (b) normalized optimal
energetic cycles
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For γ → 1,

√(
π

2C0ω

1 − γ

1 + γ

)(
π

C0 (1 − γ )ω

)
≈ π

2C0ω
(8.68)

The series SSHI technique therefore permits harvesting the energy at much lower
levels of voltage. In the case shown in Fig. 8.31(a), the optimal resistance is 58
times weaker with the series SSHI technique than with the parallel SSHI tech-
nique, meaning that for the same harvested power, the voltage is 7.6 times lower.
For the experimental device presented previously, for example, the optimal voltage
for a 1 mm displacement of the free end of the beam is 120 V in the parallel SSHI
technique whereas it is only 15.5 V in the series SSHI technique. This reduction
of the optimal resistance therefore provides an advantage for piezoelectric systems
with high-output impedances and high-voltage levels. The expression of the optimal
transferred energy, corresponding to the case where the PEG supplies the resistance
Ropt, is given by Eq. (8.69). This energy is twice as high as the energy consumed
by the resistance Ropt, meaning that half of the transferred energy is dissipated in
the switching circuit. The optimal energetic cycles corresponding to series SSH
methods are shown in Fig. 8.31(b), as well as the energetic cycles corresponding
to parallel SSH methods and to the standard technique. It can be verified that in
the case of the series SSHS technique, the energy transferred is twice as high as in
the case of the standard technique, even though the maximum harvested power is
the same.

ETopt = 2α2

C0

1 + γ

1 − γ
u2

M = 4k2

1 − k2

1 + γ

1 − γ
Ee (8.69)

A structure excited at its resonance frequency by a sinusoidal force F is con-
sidered. It is assumed that this structure is sufficiently weakly coupled so that the
energy harvesting process does not affect the vibration magnitude. The power sup-
plied to the structure by the exciting force F is given by Eq. (8.70). It is by hypoth-
esis not a function of the energy harvesting device. The efficiency of the PEG is
equal to the power dissipated in the resistor over the power supplied, as expressed
in Eq. (8.71). The efficiency reaches a maximum ηmax for a resistance Ropt defined
previously. It can be expressed very simply as a function of the structure’s coupling
coefficient, its mechanical quality factor, and electric inversion coefficient, as set out
in Eq. (8.72).

PF = Cω2u2
M

2
(8.70)

η = 8Rα2 (1 + γ )2

C (2RC0ω (1 + γ ) + π (1 − γ ))2
(8.71)
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ηmax = α2

πCC0ω

1 + γ

1 − γ
= k2 Qm

π

1 + γ

1 − γ
(8.72)

8.5.2 Theoretical Development with Damping Effect

In the following, the behavior of a PEG excited at its resonance frequency by a
sinusoidal force of constant magnitude is studied, taking into account the damping
effect. Focus is given on the PEG’s power, efficiency, and damping effect.

As with the study of the parallel SSH technique presented in the second section,
we focus on the structure’s energy balance for a half period corresponding to the
interval [t1, t2[ as shown in Fig. 8.30(b). The energy supplied to the structure is
equal to the sum of the viscous losses, the energy lost during inversion, and the
energy consumed by the load resistor, which is expressed by Eq. (8.73). At the
resonance frequency, and by assuming that the displacement remains sinusoidal,
this energy balance can be simplified and used to obtain the expression (Eq. (8.74))
of the magnitude of displacement. The damping is then given by Eq. (8.75).

t2∫
t1

Fu̇ dt =C

t2∫
t1

u̇2 dt + 1

2
C0 (VM − VDC)2

(
1 − γ 2

)+ V 2
DC

R

T

2
(8.73)

uM = FM

CωD + 4α2

C0

1+γ
2RC0(1+γ )ωD+π (1−γ )

(8.74)

A = 20 log

(
CωD

CωD + 4α2

C0

1+γ
2RC0(1+γ )ωD+π (1−γ )

)
(8.75)

The power supplied by the PEG is expressed by Eq. (8.76), as a function of load
R, the magnitude of the exciting force, the electric inversion coefficient γ , and the
parameters α, C , and C0 of the model. It is obtained by substituting Eq. (8.74) in
Eq. (8.65).

P = 4Rα2 (1 + γ )2

(2RC0ωD (1 + γ ) + π (1 − γ ))2

× F2
M(

C + 4α2

C0ωD

1+γ
2RC0(1+γ )ωD+π (1−γ )

)2

(8.76)

The mechanical power supplied to the PEG is given by Eq. (8.77) and the effi-
ciency of electromechanical conversion by Eq. (8.78). The efficiency reaches a
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maximum for a single optimal resistance that is different from the resistance that
maximizes the power delivered by the PEG.

PF = F2
M

2
(

C + 4α2

C0ωD

1+γ
2RC0(1+γ )ωD+π (1−γ )

) (8.77)

η = 8Rα2 (1 + γ )2

(2RC0ωD (1 + γ ) + π (1 − γ ))2 (8.78)

× 1(
C + 4α2

C0ωD

1+γ
2RC0(1+γ )ωD+π (1−γ )

)

The normalized power, efficiency, and damping generated by the series SSHI
technique are shown in Fig. 8.32. The evolution of the product k2 Qm is performed
in the same way as in the previous sections, i.e., by considering a variation of the
surface of the piezoelectric materials used. The load resistances are normalized in

(a)          

(c)

Represents maximum power  
Represents maximum efficiency

k²Qm

R

P

k²Qm

R

η

k²Qm

R

A

(b)

Fig. 8.32 Series SSHI technique: (a) normalized power, (b) efficiency, and (c) damping, as a func-
tion of the normalized resistance and product k2 Qm
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relation to the critical optimized resistance with the standard technique (correspond-
ing to the case where Pmax reaches Plimit) and the power in relation to power Plimit.
The first curves are related to the maximum power harvested, while the second
curves are related to the maximum efficiency.

Contrary to the parallel SSHI technique, maximum damping is obtained for a null
load resistance and not for an infinite load resistance. When the bridge rectifier is
short circuited, the series SSHI technique is exactly the same as the SSDI damping
technique. This difference in behavior explains why, contrary to the parallel SSHI
technique, the maximum efficiency is reached for a resistance lower than that of the
one which maximizes the power. It can also be observed that the value of the optimal
resistance, whether in terms of harvested power or efficiency, is less sensitive to
variations of product k2 Qm than in the case of the parallel SSHI technique.

Figure 8.33(a) shows the evolution of the harvested power, efficiency, and damp-
ing in the case where a load resistance is chosen to maximize the power supplied
by the PEG, while Fig. 8.33(b) shows these same magnitudes in the case where a
load resistance is chosen to maximize the efficiency. These magnitudes are plotted
as a function of k2 Qm for the standard, series SSH, and parallel SSH methods. The
harvested power is normalized in relation to Plimit and γ has been fixed at 0.76 for
the SSH methods.

The performances obtained with the series SSHS technique are far less interest-
ing than those obtained with the parallel SSHS technique. The series SSHS tech-
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nique is even less efficient than the standard technique (except for very low values
of k2 Qm where they are similar). On the other hand, for usual values of the inversion
coefficient γ , the series SSHI technique is almost as efficient as the parallel SSHI
technique. In reality, the performances of the parallel SSHI technique are always
higher, but the curves of Fig. 8.33 representing these two methods tend to superpose
when γ tends to 1.

8.5.3 Synchronous Electric Charge Extraction (SECE) Technique

8.5.3.1 Principles

A device able to extract the electrostatic energy on the piezoelectric elements within
a very short period of time is considered. The device used to implement the SECE
technique is shown in Fig. 8.34(a). The electrostatic energy of the piezoelectric
elements is extracted at each extremum of displacement, bringing the voltage of the
piezoelectric element back to zero. The waveforms associated with this technique
are shown in Fig. 8.34(b). For a positive alternation of voltage between instants t1
and t2, VM represents the maximum voltage on the piezoelectric elements.

This energy harvesting method leads to the voltage waveforms similar to those
exhibited when using the SSDS technique.

8.5.3.2 Theoretical Development Without Damping Effect

It is considered a structure animated by a sinusoidal movement of constant magni-
tude uM. The relation (Eq. (8.62)) expressing the evolution of the voltage between
the two switching instants is still valid, but the cancelation of the voltage leads to
a harvested energy at each half-period given by Eq. (8.79). The power expression
Eq. (8.80) is obtained from Eq. (8.79). It corresponds to the expression of the power
harvested as a function of the magnitude of displacement and the model parameters
α and C0. P can also be expressed as a function of the coupling coefficient and the
maximum elastic energy in the piezoelectric elements, as shown in Eq. (8.81).

Displacement u (1)
Piezoelectric voltage V (2)
Piezoelectric current I (3)

I

Non-linear
energy

extraction
unit

t

t

t1 t2

VM

(3)

(2)

(1)

Fig. 8.34 SECE technique: (a) device and (b) waveforms associated in sinusoidal steady state
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EU = 1

2
C0V 2

M (8.79)

P = 2α2

πC0
ωu2

M (8.80)

P = k2

1 − k2

4Ee

π
ω (8.81)

Figure 8.35(a) shows the power harvested as a function of load resistance R for
the SECE, parallel SSH, and standard harvesting methods. This chart is normalized
as previously.

The power extracted with the SECE techniques is not a function of the input
impedance of the device to be supplied, since by assumption, the piezoelectric volt-
age is not a function of the electric load but only of the quantity of energy extracted
before each extraction process.

The ratio of the maximum power harvested with the SECE technique over the
maximum power harvested with the parallel SSHS techniques is equal to 2. The
SECE technique is therefore twice more efficient than the parallel SSHS technique.

The energy transferred during a period when the PEG supplies the resistance
Ropt is given by Eq. (8.82) and the ratio of the harvested energy from the transferred
energy is therefore equal.

ETopt = 4α2

C0
u2

M = 8k2

1 − k2
Ee (8.82)
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Fig. 8.35 Comparison of standard, SECE, and parallel SSH methods at constant vibration mag-
nitude: (a) normalized harvested powers as a function of the normalized load resistance and (b)
normalized optimal energetic cycles
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The energetic cycles corresponding to the SECE method is compared in
Fig. 8.35(b) to the energetic cycles corresponding to the parallel SSH methods and
the standard technique.

A PEG excited at its resonance frequency is considered. It is assumed that the
energy harvesting leads to negligible vibration damping, which amounts to saying
that the electromechanical structure is characterized by a very weak product k2 Qm.
The efficiency of this PEG when the SECE technique is implemented is given by
Eq. (8.83).

η = 4α2

πCC0ω
= 4k2 Qm

π
(8.83)

8.5.3.3 Theoretical Development with Damping Effect

Here, an electromechanical structure excited at one of its resonance frequencies is
considered with particular attention paid to the power and efficiency of the device by
taking into account the vibration damping induced by the extraction and conversion
of the mechanical energy in the structure.

From the standpoint of the electromechanical structure, the SECE technique is
equivalent to the SSDS semi-passive vibration damping technique. The magnitude
of displacement is therefore given by Eq. (8.84) and the expression of the damping
by Eq. (8.85).

uM = FM

CωD + 4α2

πC0

(8.84)

A = 20 log

(
CωD

CωD + 4α2

πC0

)
= 20 log

(
1

1 + 4
π

k2 Qm

)
(8.85)

The harvested power is given by Eq. (8.86) as a function of the parameters
of the model and by Eq. (8.87) as a function of more physical characteristics. It
is calculated by substituting Eq. (8.84) in Eq. (8.80). It allows a maximum for
k2 Qm = π/4 and thus reaches Plimit, as stated in Eq. (8.88).

P = 2α2

πC0ωD

F2
M(

C + 4α2

πC0ωD

)2 (8.86)

P = 2πk2 Qm(
π + 4k2 Qm

)2

F2
M

C
(8.87)
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dP

d
(
k2 Qm

) = 0 ⇒
{

k2 Qm = π
4

P = Plimit = F2
M

8C

(8.88)

For k2 Qm ≥ �/4, the maximum harvested power is given by Eqs. (8.89)
and (8.90). The study of its derivative in relation to k2 Qm shows that the maximum
power is a decreasing function of k2 Qm, that it is maximal for k2 Qm = �/4 where
it reaches Plimit. The continuity of P as a function of k2 Qm is therefore verified.

Pmax = 2α2

πC0ωD

F2
M(

C + 4α2

πC0ωD

)2 (8.89)

Pmax = 2πk2 Qm(
4k2 Qm + π

)2

F2
M

C
(8.90)

The power supplied to the PEG is given by Eq. (8.91) and the efficiency of the
electromechanical conversion by Eq. (8.92) and Eq. (8.93), which is an increasing
function of k2 Qm.

PF = F2
M

2
(

C + 4α2

πC0ωD

) (8.91)

η = 4α2

πC0ωD

1(
C + 4α2

πC0ωD

) (8.92)

η = 4k2 Qm(
π + 4k2 Qm

) (8.93)

Figure 8.36 shows the comparison of the performances of standard, parallel SSH,
and SECE methods as a function of product k2 Qm. For the SSHI method, γ is fixed
to 0.76. Fig. 8.36(a) shows the evolution of the harvested power, efficiency, and
damping in the case where the load resistance is chosen to maximize the power
supplied by the PEG. It clearly shows that the curves corresponding to the SECE
method reaches the power Plimit for k2 Qm = �/4, i.e., for product k2 Qm four times
lower than that required to reach Plimit with the standard technique. This means that
from a theoretical standpoint, SECE method permits obtaining power Plimit for four
times less piezoelectric material. For low k2 Qm values (lower than 1), the SECE
technique is the most efficient. In practice, the efficiency of the charge extracting
device is not perfect and so the power harvested is lower, but the SECE technique is



258 D. Guyomar et al.

(a) (b)

0 1 2 3 4 5 6
0

0.2

0.4

0.6

0.8

1

0 1 2 3 4 5 6
0

0.2

0.4

0.6

0.8

1

0 1 2 3 4 5 6
0

5

10

15

20

0 1 2 3 4 5 6
0

0.2

0.4

0.6

0.8

1

0 1 2 3 4 5 6
0

0.2

0.4

0.6

0.8

1

0 1 2 3 4 5 6
0

5

10

15

20

25

P

η

A

k²Qm

k²Qm

k²Qm

P

η

A

k²Qm

k²Qm

k²Qm

Standard (1)
Parallel SSHS (2) 
Parallel SSHI (3)
SECE (4)

(1) (1)

(3)

(2)

(3)

(2)
(4)

(4)

(4) (4)

(3)
(2)

(1) (1)

(4) (4)

(3)

(3)

(2) (2)
(1) (1)

(3)
(2)

Fig. 8.36 Evolution of the normalized power, efficiency, and damping as a function of k2 Qm for
the SECE, parallel SSH, and standard methods: when maximizing (a) power and (b) efficiency

certainly worthy of interest, especially because the energy transfer is not a priori a
function of the input impedance of the device supplied.

Figure 8.36(b) represents the harvested power, the efficiency, and damping in the
case where the load resistance is chosen to maximize the efficiency. It can be seen
that the efficiency of the SECE method is greater than that of parallel SSH methods.

8.5.4 Experimental Validation

The experimental setup is the same as that used for the experimental results previ-
ously obtained. The measurements performed to identify the model, as well as the
values of the parameters obtained are roughly the same than those summarized in
Table 8.5 (the drifts are explained by the same reasons than those in the previous
section).

8.5.4.1 Series SSH Technique

Figure 8.37 shows the power harvested at constant vibration magnitude for the
series and parallel SSH methods as a function of load resistance. The power and
resistances are normalized as usual, in relation to the maximum power and optimal
resistance to the standard technique, respectively.
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Three series of measurements were performed, for QI = 13, QI = 8, and
QI = 5, respectively, in order to highlight the crucial influence of electric inversion
quality on the power harvested. For QI = 8 and QI = 5, a resistor was added in
series with the inversion inductor in order to reduce the electric inversion quality.
The theoretical results agree very well with the experimental results, and confirm
that the series SSHI technique is almost as efficient as the parallel SSHI technique,
particularly when the electric inversion quality factor is high.

For these experimental measurements, the magnitude of displacement at the free
end of the beam was fixed at about 1.7 mm. The power harvested with the parallel
SSHI technique when QI = 13 is therefore about 140 mW on an optimal resistance
of 490 kΩ , which corresponds to a DC voltage of 260 V. With the series SSHI tech-
nique, the power harvested is slightly lower, 132 mW, but the optimal resistance is
also lower, 56 kΩ , which permits limiting the voltage to 86 V.

8.5.4.2 SECE Technique

A possible setup for a load extraction circuit corresponding to the SECE technique
is shown in Fig. 8.38. This circuit is composed of a bridge rectifier and a DC–DC
switching mode converter. The electric load is represented by resistance R. In this
section, the flyback-type converter will be used.

The converter is controlled by the voltage gate VG of the MOSFET transistor T .
This voltage is determined by a control circuit that detects maxima and passages
at zero of rectified voltage VR. When voltage VR reaches a maximum, a voltage of
15 V is applied to the transistor gate. The transistor is then in on-state and permits
the transfer to inductance L of the electrostatic energy of the piezoelectric elements.
When all the electric charges present in the electrodes of the piezoelectric patches
have been extracted, the control circuit detects the cancelation of rectified voltage VR

and applies a null voltage to the transistor gate. This operation blocks the transistor
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Fig. 8.38 Examples of wiring diagram of the SECE device: (a) flyback architecture and (b) buck-
boost architecture

and the piezoelectric elements are once again in open circuit and the energy present
in the coupled inductor L flows to the capacitor CR. The waveforms of the dis-
placement, voltages, and currents mentioned previously are shown in Fig. 8.39.
According to these timing diagrams, the piezoelectric elements are in open circuit
for 8.3 ms, whereas the load extraction lasts about 10 �s. The theoretical efficiency
of the ideal flyback converter is one. The output power is therefore equal to the input
power of the converter and is not a function of load resistance R. This also means
that the output voltage VDC of the DC–DC converter is only determined by load
resistance R.

In practice, the efficiency of the converter is obviously not perfect and is a func-
tion of load resistance R Fig. 8.40(a) shows the power at the converter input and the
power harvested as a function of the load resistance at a fixed vibration magnitude.
The power and resistances are normalized as before. The power at the converter
input also corresponds to the power extracted from the piezoelectric elements. In
its normal operating range, the efficiency of the converter is about 70%. The power
harvested is therefore 2.8 greater than with the standard technique, for a much wider
range of resistance, almost two decades for this non-optimized set-up.

With the standard technique, the maximum power reaches 4.3 mW for an optimal
resistance of 55 kΩ and a displacement magnitude of the free end of the beam of
about 0.9 mm. For this same displacement magnitude, the power extracted from
the piezoelectric elements with the SECE technique is four times higher whatever
the load resistance, which corresponds to 17.2 mW. The flyback converter therefore
delivers a useful power of 12.3 mW for a load resistance between 500Ω and 55 kΩ ,
corresponding to an output voltage between 2.5 and 25 V. This operating range cor-
responds to a converter efficiency of 70%. The consumption of the flyback converter
is 4.9 mW. Three quarters of this energy are dissipated in the power circuit shown in
Fig. 8.38, and about a quarter is consumed by the self-supplied control circuit (not
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shown). The technology of the converter could probably be optimized in order to
obtain a better efficiency and an even wider operating range.

Figure 40(b) shows the extracted and the harvested powers with the SECE tech-
nique as a function of the product k2 Qm. These powers are normalized with respect
to power Plimit and are compared with the maximum power harvested with the
standard technique. The extracted power corresponds very well with the theoreti-
cal predictions. The theoretical harvested power is equal to the extracted power. In
reality, as the efficiency of the converter is 70%, the harvested power decreases by
as much. The power harvested with the SECE technique is, however, higher than
that harvested with the standard technique, as long as k2 Qm < 1. When k2 Qm is
very low, the gain in power is 2.8.

The design of the SECE device required the use of a DC–DC converter to supply
the electric load. In practice, the use of any other technique (standard, series SSH,
and parallel SSH) also requires implementing such a converter to ensure realistic use
of the PEG. A converter must be used to adapt the voltage level and/or impedance
between the PEG and the load. Assuming that the efficiency of the converter is of
the same order as that used for the SECE technique, it is reasonable to postulate
that the SSDS extraction technique permits a reduction of 75% of the quantity of
materials required to obtain power Plimit (or 70% of Plimit by taking into account the
efficiency).

In addition, the higher the voltage delivered by the PEG, the poorer the efficiency
of the converter intended to reduce the voltage to a level suitable for supplying a
standard electronic circuit. This means, for example, that in the case of a realistic
application making use of a DC–DC converter, the series SSHI technique would
perhaps be more efficient than the parallel SSHI technique, since it supplies its
maximum power with a lower voltage.

8.6 Energy Harvesting Techniques under Broadband Excitation

The case of sinusoidal or pulsed excitation is practically unachievable in real appli-
cations. Realistic systems would be more likely excited by a random force. In this
case, ambient vibrations are neither of constant amplitude nor on a single frequency.
It is, therefore, difficult to achieve a proper tuning of the load resistance.

Thus, in this case, the self-adaptive nature of the synchronous electric charge
extraction technique (as shown Fig. 8.35) is particularly well adapted to the random
distribution of the excitation. This section proposes to compare the performances
of the standard energy harvesting technique to the SECE technique under various
broadband, random vibrations. In this section, the implementation of the SECE is
done using a buck-boost type DC–DC converter as shown in Fig. 8.38(b). The par-
allel and series SSHI techniques will not be exposed here, as these methods present
the same drawbacks than the standard technique in the case of broadband excitation.
The results exposed in this section have been published in Lefeuvre et al. (2007).
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8.6.1 Multimodal Vibrations

The previous development considered separated harmonic excitation (i.e., monochro-
matic excitation). In the case of a combination of vibrations at different frequencies,
the amount of power that can be harvested is different from the sum of the harvested
power for each mode. Experimental results are depicted in Fig. 8.41.

Although the SECE technique still outperforms the standard technique and offers
a rather constant value of the harvested power over a wide range of resistance value,
the ratio of the harvested powers becomes smaller. This ratio can be increased by
a proper selection of the switching extrema, as for vibration damping (Guyomar
and Badel 2006; Guyomar et al. 2007a). It is interesting to note that the SECE
still exhibits a constant value of the extracted power over the full range of resis-
tance value.

8.6.2 Random Vibrations

Figure 8.42 shows the average extracted power with driving forces on different
frequency bands from a 200 s recording of the instantaneous powers. The first
frequency band includes the first three bending modes (56, 334, and 915 Hz), the
second, the two first modes (56 and 334 Hz), and finally, the last frequency band
only corresponds to the first bending mode (56 Hz). The performances of the SECE
technique over the standard are still evident, but the gain is limited to 2, while it can
reach a factor of 3 in harmonic operation.
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Fig. 8.41 Performance of the SECE technique over the standard DC technique with three
modes mixed
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8.7 Conclusion

Even if the energy delivered by a piezoelectric generator is usually in the range of a
few microwatts to a few milliwatts, this power is now compatible of many advanced
functions that can be implemented by low-power electronic devices (Guyomar et al.
2007b). In most of the applications, the electromechanical device including the
piezoelement always has to cope with size and mechanical constraints resulting
in a low-global electromechanical coupling factor. The question of optimizing the
extracted power for a given device, while making a proper usage of the piezoele-
ment, appears therefore of major importance. The SSHI (series or parallel) tech-
niques discussed in this paper appear to be effective techniques allowing a strong
increase of the total extracted power. SSHI applied to a non-resonant steady-state
structure motion allows extracting 10 times more energy than a conventional tech-
nique for a given strain. Applied on resonance mode or in pulsed mode, the nonlinear
techniques allow the extraction of a given energy with much smaller devices exhibit-
ing much lower electromechanical coupling factors. The SECE technique which
mixes nonlinear technique with a buck converter topology allows extracting four
times more energy than a conventional technique along with a total independence
of the energy extraction performance with the load impedance or voltage matching.
The extension of these techniques to complex or broadband signal emphasizes the
universal aspect of this approach which can be summarized as a better usage of a
piezoelectric element as an electromechanical converter.
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Chapter 9
Power Sources for Wireless Sensor Networks

Dan Steingart

Abstract Many environmental and industrial monitoring scenarios require wireless
instrumentation with a small form factor and a long service life, a combination that
forces designers to move beyond batteries and into energy harvesting techniques.
This chapter considers the average requirements of wireless sensor networks, and
assesses the suitability of modern thermal, photonic, and vibration-harvesting meth-
ods to power such networks across various application spaces.

9.1 Introduction

Wireless sensor nodes are tiny computers with sensors and radios (Fig. 9.1) capable
of measuring aspects of their environment from simple quantities such as tempera-
ture, pressure, humidity, and insolation to complex recordings of images, audio, and
video. These devices transmit this data to either a central aggregation point or other
peer nodes on the network that can act on this data. These networks can form intri-
cate topologies (Fig. 9.2), and there are multiple routing protocols and standards,
which attempt to minimize power consumption while maintaining network and data
integrity.

Applications for wireless sensor networks to date have focused on environmental
monitoring and industrial automation on the milli-Hertz scale. Measurements are
taken every few seconds to hours to provide a time-lapse view of a given process or
phenomenon.

The focus in powering these nodes lies in long-term stability rather than short-
term resolution, and as such these nodes provide an interesting challenge to the
power and energy research community.

These nodes tend to:

1. Have low-duty cycles
2. Have low-power sleep states (10 to 300 �W)
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Fig. 9.1 An example of a small wireless galvanostat produced by the author which uses wireless
mesh network communication

Fig. 9.2 Simple wireless sensor network example with one base station, multiple nodes, and a
logging PC

3. Have relatively high power on states (where polling, sending, and receiving is
done). These on states can be anywhere from 500 �W to 60 mW, and if a radio
is involved, is typically at last 2 or 3 mW. The pulse duration is rather short,
500 ms or less.

Table 9.1 lists the four main states of a wireless sensor node, sleeping, polling,
sending, and receiving. Note that a “high-power” sensor node may always be in a
listening state, but truly low-power nodes use either a lower power reactive radio
that wakes up a main receiver (and is included as an interrupt in the power budget),
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Table 9.1 Table of Wireless Sensor States and Associated Power Consumption

Function Duration (s) Power (mW) Description

Sleep 10−1 to 104 10−1 to 10−3 A minimal power state allowing
the device to “wake up” on
event interrupts and power an
internal clock

Polling 10−5 to 1 10−4 to 100 The power required to interact with
the node’s environment, from
sensing to actuating, and
whatever data processing are
required on node

Transmitting 10−6 to 1 1 to 100 The power and time required to
send a data packet to another
node or a base station. This
packet includes sensor ID,
routing information, and sensor
data value. The power required
scales with the distance the data
need to travel and the rate at
which the information is sent.

Receiving 10−3 to 2 10−1 to 1 The power and time required to
listen for a data packet note that
listening takes more time than
sending to ensure data are
received

Fig. 9.3 Representative power trace for a wireless sensor node

or a time synchronized protocol to turn the receiver on when a package in expected
(Pletcher 2004). Figure 9.3 shows a common power trace, the most simple state flow
for a transceiver equipped wireless sensor node. Robust wireless sensor networks
generally poll multiple times before triggering a send event, and when data are
exchanged rather than a single send–receive pair nodes will often send an acknowl-
edgment packet. These techniques increase reliability but tend to decrease the power
budget (Polastre et al. 2004).
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Wireless sensor nodes, at a circuit level, are simply traditional micrcontrollers
with serial communication routed through a dedicated digital radio, as opposed to
conventional communication approaches such as RS-232, ethernet, USB, and so on.
Generally, the microcontroller provides the necessary digital and analog inputs and
outputs, but in cases where enhanced accuracy or extensive channels are required
“daughter” chips may be added.

Figure 9.4 shows, perhaps, the most simple block diagram for a wireless sensor
network, discounting passives such as resistors, diodes, and capacitors, as well as
any timing crystals. Figure 9.5 shows a more complicated node requiring digital
communication on board with varied chips. As the number elements for digital com-
munication increase on chip, so does the power consumption, unless the additional
elements are treated as interrupts to use external control signals (temperature change
or reactive radio signal (Pletcher 2004) through a comparator, for an example) to
trigger an input. Generally, a board such as the one in Fig. 9.5 is used as an envi-
ronmental characterization tool for a few hours or days, and is generally fairly large
(any device with 24 sensor inputs is going to be bulky), and is not powered through
environmental harvesting. For the purposes of this chapter, we will consider devices
closer to Fig. 9.4.

There are extensive reviews on applications and details about the nature of
the power consumption; the following thoughts are provided to give the reader a
boundary on the expected values. Overall, these networks are used for simple data
quantities that require low data rate sampling (typically milli-Hertz) and infrequent
communications, at most a few times a minute per node. It must be considered
that these are generally multi-hop networks, where each node acts as both a sensor
and a relay. As the network density increases, the power consumption of each node
increases as its likelihood of relaying a packet increases (Shnayder et al. 2004).

A low-power node is generally in a “sleep” state for most of its life. However, the
nature of that sleep depends on the configuration of the network. If the network is

Fig. 9.4 Simple wireless sensor node block diagram
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Fig. 9.5 Complex wireless sensor node block diagram

simply a star topology, and thee nodes are simply transmitters, each node can enter
a low-power state that floats a simple clock and the basic volatile memory of a node.
Most advanced nodes, however, function in a mesh topology, and therefore require
receivers as well.

Once a receiver is required, it has to be turned on in order to be useful. The
general power requirements of a receive state can be on the order of 500 �W to
2 mW, a few orders of magnitude greater than the previously mentioned sleep state.
The degree to which this receive state can be duty cycled is a balance between
overall power consumption and reliability. Clock timing is temperature and humid-
ity sensitive, so if the receiver-on state is too brief packets will be missed at an
unacceptable rate.

Transmit cycles can be based on a clock cycle or an event trigger. The power
required to transmit goes as 1/R2 as described later. Thus, decreasing the transmit
distance only increases the need for a mesh network, reinforcing the receiver timing
issue previously mentioned.

9.2 Primary Batteries

Take a low-power node with an average sleep state of 80 �W and receive-poll-
transmit cycle of five to ten times an hour for an overall average power draw
of 100 �W. This device would require 876 mW h to run for 1 year. In 2007, it
is arguable whether such a device, reliable enough for commercial consumption,
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exists, but chipsets and algorithms exist that, at least in research environments, are
capable of realizing this power budget in a sparse network configuration. Radio
frequency identification (RFID) tags meet these power specifications, but due to the
need for a large, power intensive reader node such a setup cannot be considered
autonomous.

A small lithium cell with an open-circuit potential of 3 V and a capacity of
300 mA h would meet this goal, discounting self-discharge and the poor high-
current pulse response common to such cells. Packaged, this battery weighs under
5 g, is roughly 5 mm3, and is a highly reliable solution. Any on-chip energy-
harvesting, storage and management system must surpass this benchmark to be a
competitive solution. Not only is this the benchmark for density, but for shelf life
as well. Lithium–sulfur and lithium–manganese dioxide primary cells have a useful
shelf life of more than 10 years.

Beyond size and energy density, economics must considered. Alkaline batteries
deliver on the order of 10 W h per dollar. Thus if size was not a constraint, this
provides a good benchmark price. As of this writing, the battery described in the
previous paragraph costs roughly $3 USD. Discounting cost, three requirements are
used to filter an application’s suitability for use of environmental energy harvesting
in place of batteries.

1. Lifetime
2. Size
3. Environment

The first principle approaches to battery degradation are difficult to generalize,
but qualitative boundaries can be used to frame the comparison. Lifetime and size
are balanced about the energy density of a cell in the short term (1–18 months),
beyond two years the self-discharge of a cell becomes a complicating factor. The
environmental concerns are superimposed on top of this calculation. In general:

� Depending on the battery chemistry, monthly self-discharge1 is on the order of
0.1 to 5% a month. A typical LiMnO2 coin cell loses 0.1% of its charge while in
storage at room temperature, so this should be taken into account when designing
a long mission cell.

� Repeated high-current pulses diminish the capacity of a cell disproportionally.
Based on the “C”2 methodologies ratings, rates above C/5 for a Li–MnO2 cell
will hasten cell depletion. For large cells this is not a problem, but for thin film
cells (Bates et al. 2000), this may be a concern as peak currents may reach 20 C.

� High-temperature exposure (temperatures consistently in excess of 40 ◦C) tend to
increase the rate of self-discharge for batteries. The severity of this relationship
is also chemistry dependent.

1 Self-discharge is the degree to which batteries lose charge without any load placed across the
cells.
2 “C” rates are short-hand for describing the charge or discharge current of a cell based on the
capacity of cell. For a 1000 mA h cell, C/5 indicates a rate of 200 mA, C/2 a rate of 500 mA, and
C a rate of 1000 mA.
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Thus, if an application can be flexible in terms of size and is in moderate cli-
mate, primary batteries are the most cost-effective choice for wireless sensor nodes.
Beyond cost, batteries:

� require little or no environmental calibration
� do not influence the placement of sensor nodes (no need for thermal, vibrational,

or photonic exposure beyond the sensor goals)
� do not place exotic packaging requirements on sensor nodes
� do not depend on environmental variables
� have predictable behavior
� require less energy conversion overhead

Particularly for academic research, where environmental studies tend to range
from a few weeks to a year, batteries allow researchers to quickly implement systems
in packaging that is protected from the environment and in locations where it is not
obtrusive the environment to be monitored or its habitat (Werner-Allen et al. 2005).

9.3 Energy harvesting

Despite the ease of use and cost-effectiveness of batteries, certain applications can
simply not depend on primary cells as the sole source of power. Such applications
may include:

� Industrial installations: Industrial sensors often operate in harsh environments
on a continual basis. Lifetime expectancies for almost all continuously operat-
ing industrial processes exceed 10 years, and most industries would not rely on
technicians to service batteries for such sensors.

� Biomedical devices: Perhaps, the “holy grail” of micropower harvesting devices
such as defibrillators and pacemakers that require routine invasive surgeries
simply to replace the power source could be run “indefinitely” from a device
that converted a small fraction of the body’s 120 W (Starner 1996) of continu-
ous power.

� Environmental sensors for regulatory purposes: The use of smart dust in forests
to prevent forest fires and pollution detection.

9.3.1 Energy Harvesting versus Energy Scavenging

Energy scavenging refers to environments where the ambient sources are unknown
or highly irregular, whereas energy harvesting refers to situations where the ambient
energy sources are well characterized and regular.

Though this difference seems pedantic, the author feels the semantic nuances
reveal a deep need of all existing environmental power generating solutions: an
extensive understanding of the nature of environment to be “mined” for energy.
As of 2007, it is a pipe dream to be able to drop a sugar cube-sized node into an
unknown environment without a primary battery and expect any useful information
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to speak forth. Each of the sources of environmental generation covered in this
chapter (photonic, vibrational, and thermal) require both energy harvesting devices
tailored for specific applications, and unfortunately, a hard limit on the energy bud-
get for an existing application. As a farmer must understand and prepare the land
to harvest a predictable and useful crop, an engineer must understand the bound-
aries and gradients of an environment to harvest enough energy to produce a useful
application.

With this subtle but important distinction considered, a brief survey of energy-
harvesting technologies examined with respect to use in wireless sensor networks
follows.

9.3.2 Photonic Methods

Traditional silicon solar cells have been widely demonstrated as a power source for
wireless sensor networks. Roundy et al. (2003) demonstrated a simple, battery-free
transmitting only matchbox-sized device that sent a simple radio packet (through
a custom, low power 1.9 GHz radio) with a temperature reading when an attached
solar panel charged a capacitor back to a threshold potential (Table 9.2). In the same
vein of simplicity, Warneke et al. (2002) demonstrated a small node that used optical
communications and was also solar powered.

Jiang et al. (2005) created a more complex system that integrated a small solar
panel with a combination of super-capacitors and lithium–ion–polymer batteries
which powered a fully functional Berkeley Telos B (Polastre et al. 2005) mode. A
DC–DC converter with a comparator determined whether the lithium–ion–polymer
should be used rather than the solar cells for power. The device could automatically
change between power sources to account for diurnal cycles. Studies have been
undertaken that demonstrate the effectiveness of systems inclusive of this complex-
ity range (Dutta et al. 2006).

All of the aforementioned examples used silicon solar cells, typically amorphous
silicon (a-Si), which are able to convert at most 11% of incident radiation into useful
energy, and generally at an open-circuit potential of 700 mV. Since most of the shelf
wireless sensor nodes require at least 2 V, three cells must either be placed in series,
or a DC–DC converter must be used to boost the potential by diminishing current
(discussed later).

The cost-per-area considerations for photovoltaics are secondary as most nodes
have at most a few square centimeters of exposed surface. This makes multi-
ple band-gap systems attractive. Multi-gap systems have multiple excitation states

Table 9.2 Power available for a variety of lighting conditions (Roundy et al. 2003)

Condition Power incident (mW/cm2)

Mid-day, no clouds 100
Outdoors, overcast 5
10 ft from an incandescent bulb 10
10 ft from a CF bulb 1
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allowing them to make more use of the solar spectrum than traditional solar cells
(Barnett et al. 2007). These solar cells have yet to reach market: however, if the
results achieved in laboratory testing can be maintained though commercial scaling,
the size of a solar cell for a given application can decrease by almost 60%.

Organic systems (Hoppe and Sariciftci 2004) and copper indium gallium selenide
(CIGS) (Dherea and Dhere 2005) systems have demonstrated flexibility and dura-
bility innate to their design with minimal packaging, however, their conversion
efficiency is on par with that of a-Si. While clever “wrap” designs have been demon-
strated, it has to be considered that a solar cell face touching a surface provides little
or no power. Thus, one can only assume, realistically, only a twofold performance
gain in using all sides of a wireless sensor node for harvesting, not a sixfold gain.
What multiple angled cells do allow, however, is longer high exposure to the sun
given during a diurnal cycle and, perhaps, arbitrary placement of a device (air drop-
ping nodes, for example) (Table 9.3) (Fig. 9.6). However, assuming that node pack-
aged in a solar panel will see any light when blindly positioned neglects effects of
dirt, animals, and seasonal vegetation change. Wrap-around cells for indoor nodes,
to be powered from ambient electrical light sources, ease placement but do not
increase energy production substantially, again, due to angle of incidence concerns.

Table 9.3 Various photovoltaic technologies and reported maximum conversion efficiencies
(Green et al. 2005)

Technology Best reported conversion efficiency (%)

a-Si 11
p-Si 18
SC-Si 25
Dye-sensitized 11
Organic 5
CdTe 15
CIGS 19
Multi-gap 35

Fig. 9.6 Example of a cubic node covered with solar panels with respect to position of the sun
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Unless data are only required at night, all outdoor solar methods need a sec-
ondary cell or super capacitor for energy storage. In indoor situations, incident light
intensity decreases significantly (90%), requiring a backup battery/capacitor and an
extremely low-duty cycle or a relatively large area to compensate (roughly 10 times
more area for the harvesting unit than an outdoor solution).

Complicating factors aside, photovoltaic-harvesting methods remain the most
widely available harvesting resource for both research and commercial applications,
and the most promising method for long-term (10 years and beyond) installations
given proper energy-handling components and placement.

Depending on the nature of the environment and the area available is a DC–DC
converter may not be necessary. For example, if a single 1 in.2 CdTe cell provides
13 mA at 700 mV, and the application only needs to run during the day, five of the
cells could be strung in series to provide the 3.3 V most low-power microcontrollers
require. The most efficient DC–DC converters available have a 5% cost, but provide
optimal regulation.

9.3.3 Vibrational Methods

While photovoltaic methods are a natural fit for providing energy for powering an
outdoor wireless sensor network, ambient indoor light intensity is difficult to har-
vest in footprints of 2 cm2 or less. Vibrational energy sources, particularly in indus-
trial settings, appear quite promising. Common methods for harvesting vibrations
include:

� Piezoelectric materials: Systems in which mechanical strains across a material
layer generate a surface charge, and when an oscillating load is placed on the
structure an AC power source results.

� Inductive systems: Systems in which a magnet moving through a wound coil
induces a current through the coil, akin to an electric motor.

� Capacitive systems: Systems in which a charge on a capacitor is “pumped” by
varying the distance between the plates of the capacitor. In this case, the harvester
always requires a voltage source from which to pump.

Williams and Yates (1996) developed an equation that gives a good first-order
approximation of the theoretical power available from a vibrating surface:

P = mζe A2

4ω(ζe + ζm)2
(9.1)

A is the acceleration on a proof mass m, ω is the frequency at which the system
is vibrating, ζe is the electrical damping coefficient, and ζm is the mechanical damp-
ing coefficient. From a cursory analysis, it can be surmised that power increases
with increasing mass and acceleration, and decreases with increasing frequency and
dampening coefficients. This model is valid regardless of the harvester geometry or
scavenging mechanism.
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Fig. 9.7 Power per cubic centimeter for varying accelerations and frequencies given a constant
mass and damping factor based on Roundy and Wright (2004)

Roundy et al. (2004) demonstrated available power from such vibrations given a
constant mass and damping coefficients (Fig. 9.7). Given varying input vibrations,
it is almost always better to choose a larger acceleration.

Lead zirconia titanate has been demonstrated by Roundy and Wright (2004) and
Beeby among others. The use of polyvinylidene fluoride (PVDF), a piezoelectric
polymer, has been proposed by Starner and Paradiso (2004). Inductive designs have
been developed (Beeby et al. 2007a) and commercialized (Beeby et al. 2007b).
Capacitive designs tailored for energy harvesting have been proposed and developed
by various groups (Miyazaki et al. 2004, Yaralioglu et al. 2003).

Overall, the energy to be harvested mechanically is limited by kinetic initiator
(the moving sources), and practically only a few percent of the initial source can
be converted into electricity with these methods. Most designs are sensitive to driv-
ing frequencies, they can provide peak power only in a narrow band. Of course,
multiple bands can be accounted for by multiplexing generators, but this decreases
the overall power density of the device. As applied to wireless sensor networks,
this constrains the design of nodes: each harvester must be matched to a particular
application. Tunable designs have been demonstrated (Leland and Wright 2006),
but these require a technician to manually set the frequency of the device at the time
of installation. Table 9.4 lists a brief comparison of achievable power from various
techniques.

Beyond power, lifetime of these benders must considered. As power increases
with mass and acceleration, the fatigue stresses on these devices becomes significant

Table 9.4 Comparison of various vibrational-harvesting technologies for use with Wireless sensor
networks

Technology Power Conditions Size Source

PZT 0.375 mW 9.1 g, 2.25 m/s2,
85 Hz

1 cm3 Roundy (2005)

Electromagnetic 3 mW 50 g, 0.5 m/s2,
50 Hz

41.3 cm3 Beeby et al.
(2007)

Capacitive 3.7 �W 1.2 mg, 10 m/s2,
800 Hz

0.75 cm3 Mitcheson et al.
(2003)
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as power density increases. Techniques such as magneto-restriction (Li et al. 2004)
to optimize strain of piezoelectric devices while minimizing fatigue are currently
being investigated, but it is always important to optimize instantaneous power in
light of device lifetime.

Since these harvesting systems produce an inherently AC signal, it needs to be
rectified and conditioned for use in any circuit (as opposed to the DC signals pro-
duced by photovoltaic and thermoelectric elements). This makes piezoelectric con-
version perhaps the most difficult case for power circuitry. Figure 9.8 shows a basic
example. It is important to note that photonic and thermal harvesting are generally
steady-state phenomena, while vibrations may be transient or steady state. In the
case of transient inputs, it is necessary to build a buffering circuit (generally, a bank
of capacitors) to store accumulation of charge over a period of time that will then fire
a burst of current into a secondary battery or directly into the device. Such circuitry
is cumbersome, but adds flexibility (Roundy et al. 2003). This scheme is not to be
confused with buffering schemes for overnight storage such as Jiang’s work (Jiang
et al. 2005). In the vibrational case, this buffering may be critical to have the device
work in any situation, while in the photonic case the buffering is only required if the
device is to run overnight. If multiple structures are used in a harvesting array, it is
critical to independently rectify each independent unit to avoid compensation and
wave cancelation.

Fig. 9.8 Example of steps necessary to condition a vibrational-harvesting signal
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9.3.4 Thermal Methods

Conventional Bi2Te3 thermoelectric devices have successfully been applied to wire-
less sensor nodes. Schnieder et al. (2006) demonstrated a system that functioned
purely from a temperature gradient across an exhaust duct of a Hall–Héroult
aluminum smelter, without any secondary storage whatsoever. This design was
later commercialized. Other successful implementations of thermoelectrics for low
power include a wrist watch developed by Seiko (Kishi et al. 1999) capable of oper-
ating from skin gradients, and other body-centric systems Paradiso (2006).

Like photovoltaics, thermoelectric device requirements for micropower are nearly
identical to those of their larger counterparts in terms of materials. Also similar is
the constraint of a minimal footprint. For small devices, it may be difficult to achieve
the necessary temperature gradient.

Overall, a balance must be struck between the leg area of thermoelectrics, which
determines current and the number of legs in series which determine potential. If
this balance is met, DC–DC conversion may be unnecessary, which would allow
more volume for energy generation and improve the overall power-train efficiency.
The maximum energy that can be harvested is capped by the available gradient, as
described by the Carnot efficiency, η:

ηCarnot = THigh − TLow

THigh
(9.2)

where the maximum power attained from the heat flux, q ′ is determined by con-
ductivity k, gradient �T and distance L.

Pmax = q ′ = k
�T

L
(9.3)

Thus

Pactual = PmaxηCarnot (9.4)

Roundy et al. (2004) calculated that based on a k of 140 W/mK and a length
of 1 cm, a gradient of 5 K above room temperature would produce a heat flux of
7 W/cm2. Given the Carnot efficiency, this would produce a maximum of
117 mW/cm2. Unfortunately, most thermoelectric devices only realize a fraction
of that power. Microscale heat engines have been proposed and designed (Epstein
2004, Frechette et al. 2003) but none have been realized at a scale useful for wireless
sensor networks.

When using thermoelectrics, unless there are sufficient leg-pairs to create requi-
site potential at the temperature gradient in use, a DC–DC converter is necessary, as
with a photovoltaic system. Unlike piezoelectric harvesters, these devices produce
DC signals, and are generally not subject to the same cycling stresses. Most indus-
trial applications operate at temperature well above room temperature night and
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Table 9.5 Reported performance of various thermoelectric systems

System Power (mW) Conditions Source

Bismuth telluride 60 20 ◦C above RT,
16 cm2

Schneider et al.
(2006)

Bismuth telluride 0.67 5 ◦C above RT,
1 mm2

Bottner et al.
(2004)

Bismuth telluride 45 5 ◦C above RT,
28 mm2

Stordeur and
Stark (1997)

day and therefore provide large, constant gradients from which to generate energy.
These sensor locations also tend to be at high temperatures, often above 60 ◦C, are
are therefore environments which shorten the working life of a primary battery.

On the other hand, maintaining a useful temperature gradient requires separation
of the physical plates, which adds bulk to packaging. While industrial gradients are
readily available, human gradients are just under the threshold for useful sensors
currently, but they are perhaps useful for next-generation ultra-low-power nodes.

9.4 Alternative Methods

While these methods fall outside the scope of harvesting technologies, they are
nonetheless interesting as a basis of comparison.

9.4.1 RF Power

A cousin to wireless sensor networks, RFID tags are nodes that are either powered
entirely a received RF transmission (passive tags), or activated by said RF transmis-
sion and then powered by an internal battery or power source (semi-active tags). It
is problematic to classify passive tags as a harvesting technology because the power
source for these nodes exists solely to power these nodes and communicate. To
approximate the range from a large power source, these nodes would work, a simple
Gaussian model (Smith 1998):

PRF = P0λ
2

4πR2
(9.5)

where PRF is the power incident on the node, P0 is the radiative power, λ is the
wavelength, and R is the distance between the reader and the node. Assume that the
maximum distance between the power transmitter and any sensor node is 5 m, and
that the power is being transmitted to the nodes is Zigbee protocol, so the frequency
is 2.4 GHz. Regulations limit P0 to 1 W, so the maximum power 5 m away would
be on the order of 50 �W. This falls below our stated 100 �W requirement, and is
generally illustrative of the difference in application space between RFID tags and
the active wireless sensor nodes discussed here.
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9.4.2 Radioactive Sources

Power sources for wireless sensor nodes that exploit radioactive decay have been
explored (Lal and Li 2005, Duggirala et al. 2006) mostly with 63Ni. Radioactive
sources have an enormous potential energy density, generally greater than 40,000
W h/cm3. The power density of such a cell is inversely proportional to the half-life
of the given isotope. 32Si has an energy density of roughly 100,000 W h/cm3, and
a half-life of 172 years, for an average power density of 60 mW/cm3. If only 10%
of this energy could be utilized, existing nodes would be able to operate for over a
century. Safety and environmental issues aside, it is clear that radioactive sources
are by far the most effective source of energy per unit mass or volume, providing
an effective method to harness the decay. This utilization remains a challenge to be
overcome in the laboratory, let alone a field installation.

9.5 Power Conversion

For all of the aforementioned techniques, a DC–DC converter is required. For most
situations outside the thermal–industrial case, there are elements of randomness or
cycling for the power, such as vibrational harvesting on humans as well as diurnal
solar cycles. These cases require a super-capacitor at minimum, or more likely a
secondary battery.

DC–DC conversion is generally 90–95% efficient assuming a low-drop out
(LDO) boost circuit. These designs require large inductors, which require a rela-
tively large area. This prevents such DC–DC converters from being used in wireless
sensor nodes smaller than 1 cm3. Switched capacitor designs, which are smaller (as
they lack large inductors) and can run from lower initial potentials (due to the lack
of a diode) run, at best, at 70% efficiency and generally can only obtain 50–60%
efficiency (Maksimovic and Dhar 1999).

9.6 Energy Storage

The generally low-duty cycles of wireless sensor node cause energy density and
cycle life requirements take precedent over power density. Thin-film batteries have
shown promise for the past decade, and are on the brink of mass commercializa-
tion, but low capacity per area and high-processing temperatures are still engi-
neering obstacles to be overcome (Bates et al. 2000). Thick-film approaches will
improve capacity, but a compatible, effective solid-polymer electrolyte has yet to
be deployed commercially (Arnold et al. 2007, Steingart et al. 2007). While liquid-
phase electrolytes are an option for wireless sensor nodes, the packaging costs and
environmental restraints required are generally prohibitive as nodes approach 1 cm3

or smaller.
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9.7 Examples

In this section, we will consider a few examples of how to determine an optimal
power source for a wireless sensor network application.

9.7.1 Sensors in a Cave

Given the recent human loss in mining accidents in the US, and the continued
reliance on mined ores for energy and materials production, the use of wireless sen-
sor networks within mining operations is of great interest, particularly for location
tracking and environmental monitoring.

Unfortunately, caves provide very little in the way of harvestable energy. There
is very little light, vibrations are sporadic, and thermal gradients exist but over dis-
tance not amenable to node placement. In this environment, primary batteries or line
power with secondary battery reserves are most feasible.

Fortunately, modern mines require significant power and internal infrastructure
for operations, and line power is generally readily available. In an emergency, when
line power is cut, the secondary batteries can kick in and depending on the size of
the node support activity for a matter of hours to a few months.

9.7.2 Sensors in an Industrial Plant

Industrial plants provide a rich variety of sources from which to harvest energy.
Most high-temperature operations, even when insulated, create large areas with gra-
dients of at least 10 ◦C with the ambient environment. These operations include:

� Smelters
� Blast furnaces
� Roasting operations
� Crackers
� Distillation columns
� Evaporation chambers

In large-scale operations, most of the aforementioned units are run continuously,
and therefore can be run completely without any type of secondary power source.
The previously mentioned work (Schneider et al. 2006) obtained 60 mW from a 4 in2

bismuth telluride thermoelectric unit at a gradient of 25 ◦C. For most low-power
units, the size of the area is 1/20th would be sufficient.

While the area required for thermoelectric harvesting can decrease with size
needs, there must always be adequate thickness to the entire device (thermoelectric
and convective/conductive surface) to ensure a sufficient physical barrier between
the heat source and the sink.
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Beyond thermal gradients, regular vibrations are also widely available in these
environments. Motors, conveyors, and other mechanical assembly are often, as a
side benefit of tolerance required for high yield, design to operate with a particular
resonant frequency. As long as the attached harvesting device is of a negligible mass
when compared with the vibrating source (as a guide less than 1/100th of the mass
of the source) the additional mass of the sensor should not alter the frequency of the
vibrating object.

While it may be counter-intuitive to consider energy harvesting for sensing on
units that are receiving (massive) amounts of power while operating, remember:

1. These units are quite large and wiring may be an impediment to proper operation
2. The areas where these units are implement are quite hostile, and wires running

more than a meter have an increase chance of failure
3. In the case of high-current and/or high-voltage units, wires are a safety issue for

workers

When we consider the sheer number of sensors that may be required in a given
operation, it becomes clear that the added liability of wires for data transmission
can quickly outweigh the added complication and cost of energy harvesting for each
sensor.

9.7.3 Sensors in Nature

Perhaps, the most demonstrated use of wireless sensor networks to date is outdoor
monitoring. This includes:

� Vineyards
� Animal habitats
� Volcanos
� Water resources

The majority of these applications use photovoltaic harvesting because the sun,
of all harvestable quantities, is the most reliable and least costly. What must be
determined is the necessity of data at night: if this is required, a system capable of
buffering overnight must be used (Jiang et al. 2005).

Particularly difficult in outdoor applications away from the relative constancy of
the roofs in which most solar panels lie are the accumulative effects of moisture
and dust and the sporadic influences of flora and fauna. While the sun may be more
reliable than a spinning motor or a smelter, industrial environments tend to be more
predictable and regularly maintained. Placement must consider these factors, and
software design of the sensors should include alarms which are tripped when the
harvesting mechanism are compromised. An unforeseen benefit, however, of this
addition is that the harvesting mechanism becomes a crude sensor!
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9.8 Conclusion

Primary batteries provide a drop-in solution for wireless sensor networks. In this
case, placement of nodes can be based purely on the sensing and actuation mis-
sion of the units. The author believes if the mission is within 3 years, and a size
of ∼50 cm3 is acceptable, most wireless applications, providing moderately long
sense and send intervals, would be most easily met by such a solution. Given the
robustness of current multi-hop algorithms, and the decreasing cost of nodes, it may
be more cost effective when considering labor to simply replace an entire node than
to change its batteries.

If a mission is of sufficient duration, duty cycle, and environment that primary
cells do not meet an investigator’s needs, energy harvesting methods should be con-
sidered. Given an outdoor application, photovoltaic methods, supplemented with a
battery backup for nocturnal operation, are currently the most cost effective choice.
In industrial operations, where thermal gradients exist persistently, thermoelectric
modules may be used without secondary energy storage. Vibrational energy scav-
enging remains attractive in theory, but mechanical coupling issues and narrow-band
frequency response remain obstacles to widespread implementation. In all cases, the
energy harvesting solutions do not yet provide significantly smaller form factors than
their primary battery counterparts.

Ultimately, there is no one correct solution for powering wireless sensor nodes.
The system integrator must survey the application space and choose the correct
solution based on fabrication and maintenance budgets, lifetime, duty cycle, and
node density.
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Chapter 10
Harvesting Microelectronic Circuits

Gabriel A. Rincón-Mora

Abstract This chapter focuses on how to most efficiently transfer and condition
harvested energy and power with emphasis on the imposed requirements of
microscale dimensions. The driving objective is to maximize operational life by
reducing all relevant power losses. The chapter therefore briefly reviewes the elec-
trical characteristics and needs of available harvesting sources and the operational
implications of relevant conditioners. It then discusses the energy and power losses
associated with transferring energy and useful schemes for maximizing system effi-
ciency. It ends by presenting a sample microelectronic harvester circuit.

Increasingly dense microelectronic solutions spark an expanding new wave of non-
invasive wireless microsensor and bio-implantable devices in commercial, military,
space, and medical applications for monitoring, control, and surveillance. The driv-
ing features of this technology are self-power, long life, wireless telecommunica-
tion, and sensing-control functionality. Integration, however, in spite of its progress
over the years, hampers the growth of such applications because energy and power
are scarce when conformed to microscale dimensions. The fact is, even with the
most energy-dense state-of-the-art battery, the operational life of a miniaturized sys-
tem capable of sensing, storage, and wireless telemetry is relatively short, maybe on
the order of minutes or less, depending on its needs, requiring periodic maintenance
by personnel, which is costly and in many cases prohibitive and/or dangerous.

Harvesting energy from the surrounding environment is of growing interest to
the research community because of its ability to not only replenish energy into an
otherwise easily exhaustible reservoir but also substitute more expensive and per-
haps less environmentally friendly alternatives. The ultimate promise of successful
harvesting technologies is indefinite life. Unfortunately, practical realities challenge
and limit its viability and ability to penetrate the market.
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At a fundamental level, the output power of state-of-the-art harvesting technolo-
gies is not yet commensurate with power-hungry high-performance loads such as
transmitting power amplifiers (PAs) and their associated antennae whose propagated
energy in the far field space decreases by the square of the distance traveled, increas-
ing its energy demands with telecommunication distance. The fact the power is not
in a usable state has adverse compounding effects. For one, harvesting does not
necessarily increase its output power in response to transient load (power) dumps.
What is more, the power delivered is not necessarily in the form required, as loading
applications often demand specific voltage and impedance characteristics. Transfer-
ring energy and conditioning power also require energy and power, substantially
reducing the already limited capabilities of the system.

10.1 Harvesting Sources

10.1.1 Energy and Power

Before embarking on the means of transferring and storing harvested energy, it
is important to understand the implications of limited energy and power in a
microscale system. To extend operational life, for instance, power-hungry functions
are predominantly off to conserve energy while subjecting the system to deep low-
power conditions. The power the system demands may therefore extend to five to
six decades, from maybe 100 nW (e.g., 1 V and 100 nA of load power) during idle
conditions to 20 mW (e.g., 2 V and 10 mA) when fully loaded. Under these variable
conditions, an energy-constrained environment limits the life of the system, even
in its low-power mode, while power deficiency impedes the operation of specific
power-demanding features like transmission. As a result, self-contained microsys-
tems demand both high-energy and high-power densities.

Energy-dense storage devices, however, often exhibit low-power densities, and
vice versa, as shown in the Ragone plot of Fig. 10.1. Atomic betavoltaic bat-
teries and fuel-constrained fuel cells, on one hand, are probably most notable
for their high-energy densities, or similarly, high-specific energies (Joules per
kilogram). They consequently yield long operational lives, but only when lightly
loaded because their power densities are substantially low. Capacitors, on the other
hand, provide instantaneous and seemingly unbounded current and power, but only
momentarily, because their energy densities are low. Inductors may store consider-
able energy, but they must continue to receive, release, or lose it, making them ideal
for transferring energy but not storing it for longer periods. Lithium–ion batteries
(Li Ion) are popular because they yield a happy compromise between these two
extremes, providing moderate energy and power levels.

The most appealing attribute of the harvester is that it draws energy from the
surrounding environment, from a practically boundless supply, and its most debili-
tating drawback is low-power density. Like the fuel cell, it is an energy-conversion
device, but unlike the fuel cell, its fuel supply is not constrained to a small reservoir.
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Fig. 10.1 Ragone plot: comparative energy-power performance of various energy-sourcing
technologies

Its seemingly infinite energy density, in fact, is the driving motivation behind this
book and all related research. Its most useful metric is therefore power, but only
when coupled and normalized to practical ambient conditions. Note the harvester
cannot replace the power source in a microscale system, only the energy source,
because it can extend operational life under idling conditions but not supply power
to seldom-occurring but power-demanding functions like transmission.

10.1.2 Energy Sources

DC sources: In designing a suitable power conditioner, it is important to ascertain
and model the impedance, voltage, and current levels a particular harvesting tech-
nology produces because the conditioner, in effect, matches the impedance of the
load to its source. A photovoltaic solar cell, for instance, is a pn-junction diode
that generates photon-induced steady-state current iPH when exposed consistently
to light so its model can take the form of a dc Norton-equivalent current source, as
shown in Fig. 10.2(a). Not all harvested current iPH reaches the target load, however,
because (1) charge carriers recombine before reaching their intended destination and
(2) diode current iD diverts a portion of iPH to ground, as illustrated in the model.
The periphery of the photovoltaic cell also presents a load to the current harvested
near the edges of the device, effectively losing current to parallel resistance RR.
Lastly, as with any practical device, the medium through which the carriers traverse
offers resistance and series source resistor RS models that effect.

Applying a temperature gradient across p- and n-type segments joined at their
high-temperature terminals (i.e., thermocouple) results in a heat gradient that induces
high-energy charge-carrier diffusion to the low-temperature ends of the device.
The electron and hole carriers flow in opposite directions and therefore constitute
a net current, whose ionizing effects on the terminals of the thermocouple pro-
duce voltages across each segment, the series combination of which is shown in
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Fig. 10.2 (a) Photovoltaic and (b) thermoelectric circuit-equivalent models

the model of Fig. 10.2(b) by Thevenin-equivalent voltage vTH. This voltage and
its associated power are directly proportional to the Seebeck coefficient of the
thermoelectric material (Seebeck refers to the flow of charge carriers in response
to heat) and the temperature differential across the thermocouple. As with the pho-
tovoltaic cell, the material offers thermal impedance and electrical resistance to heat
and charge-carrier flow, respectively, the linear effects of which series source resistor
RS models.

AC sources: Unlike solar and thermal energies, which produce a steady flow
of charge carriers, kinetic energy in vibrations, much like a pendulum, stresses
harvesters in alternating directions, the result of which are ac voltages and ac cur-
rents. Unfortunately, rectifying and/or synchronizing the harvester circuit to vibra-
tions requires energy in the form of higher intrinsic losses through series asyn-
chronous diodes or more work on the part of the conditioner and the synchronous
switches it controls. The peak–peak voltages that these technologies produce is
important because, on one hand, they must be high enough to drive metal-oxide-
semiconductor (MOS) switches, bipolar-junction transistors (BJTs), and diodes
(e.g., 0.4–0.8 V), and on the other hand, low enough to avoid incurring breakdown
events (e.g., less than 1.8 V).

Harvesting kinetic energy in vibrations may take one of several forms based on
piezoelectric, electrostatic, and/or electromagnetic means. A piezoelectric device,
for example, produces a voltage in response to strain or deformation caused by the
movement an attached mass produces under vibrating conditions. The voltage is
proportional to the mechanical–electrical coupling of the material, that is, its piezo-
electric properties, and the stress applied.

The harvester, as a system, is typically a two-layer bending bimorph fixed on
one end to a stationary base and attached to a free-moving mass on the other end.
The dielectric shim used to separate the piezoelectric bars couples the open-circuit
voltages the rods produce (vPE1 and vPE2, or combined, vPE) electrostatically, as
depicted by coupling capacitor CShim in the model shown in Fig. 10.3; open-circuit
voltage vPE can be on the order of Volts. Series resistor RS, as before, models the
series resistance through the device.

Microscale electrostatic harvesters convert mechanical to electrical energy by
allowing the separation distance or overlap area of the plates in a micro-electromech-
anical systems (MEMS) capacitor to vary. By keeping the charge (Q) or voltage (V )
constant, because charge and voltage relate through capacitance (C),
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Fig. 10.3 Circuit-equivalent model for the two-layer piezoelectric bending bimorph

Q = CV , (10.1)

changes in capacitance produce open-circuit voltage variations (ΔvES) or current
(iES):

ΔvES = QCONST

ΔC
, (10.2)

or

iES = dQ

dt
=
(

dC

dt

)
VCONST . (10.3)

Practical electrostatic voltage variations reach 25–200 V with initial voltages of
0.125–1 V and under 1–200 pF variations. Modeling these effects, because the har-
vester is already an electrical component, amounts to using a vibration-dependent
variable capacitor (i.e., varactor CVAR), as shown in Fig. 10.4(a). Capacitors CPAR.A,

CPAR.B, and CPAR.C describe the parasitic capacitances present at each terminal of
the device and across it, while resistors RS.A and RS.B model the parasitic series
resistance each plate and terminal offers to moving charges.

RS.A

CVAR

CPAR.B
CPAR.A

CPAR.C

RS.B i   ES

RS

v    O

RS

v    ES

(c)(b)

i   O
C     PAR

(a)

v    EM

or

Fig. 10.4 Equivalent circuit models of a variable parallel-plate capacitor (varactor) with (a) vari-
able capacitance CVAR, (b) charge-constrained voltage source vES (and equivalent electromagnetic
circuit model), and (c) voltage-constrained current source iES
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Under charge-constrained conditions, the model may simplify to Thevenin-
equivalent open-circuit voltage vES and series resistance RS, as depicted in the model
of Fig. 10.4(b), although loading the model with a resistor violates charge-constrained
conditions, changing the characteristics of theharvester. A voltage-constrained capac-
itor, on the other hand, conforms best to Norton-equivalent current iES, and as before,
series resistance RS. Note the model includes parasitic capacitor CPAR because it
shunts and diverts some of the electrostatic current generated to ground. From
an electrical engineering perspective, the purely passive model first described is
appealing because it conveys more physical information about the system, applies
to either charge- or voltage-constrained scenarios, and circumvents the need for
transposing the voltage or current generated into source equivalents vES or iES.

Electromagnetic harvesters harness kinetic energy in vibrations by moving a coil
across the magnetic field established by a stationary magnet (or moving a magnet
through a stationary coil), thereby inducing, as Faraday’s law dictates, a voltage
across the coil. The Thevenin-equivalent model shown in Fig. 10.4(b) also aptly
describes electromagnetic open-circuit voltage vEM and the series resistance the coil
offers to moving charges (RS). Given the microscale dimensions of the system, how-
ever, the voltages induced across the coil are on the order of micro-Volts, which fall
below the driving requirements of most semiconductor devices.

Conditioning notes: Although the underlying mechanism through which solar
and thermal harvesters generate electrical energy is moving charges in one direc-
tion and producing a dc current, the voltages they induce preclude them from
directly channeling the charges to low-impedance secondary (rechargeable) batter-
ies or loads. Photovoltaic cells, for one, are more practical for outdoor applications,
where its power levels for a square centimeter are on the order of milli-Watts; indoor
lighting produces power levels on the order of micro-Watts under similar area con-
straints. As to thermoelectric harvesters, conforming them to microscale dimensions
produce substantially low power levels because the temperature differential a typical
semiconductor-based microchip sustains without extraneous heat sinks is relatively
low, maybe around 5–10 ◦C, ultimately yielding considerably low voltages, which
are also difficult to manage.

One of the most challenging aspects of harnessing kinetic energy in vibrations is
the oscillating or pendulum-like (ac) nature of the resulting voltages and currents.
To scavenge reasonable amounts of energy, the conditioner must therefore tune and
synchronize itself to the vibrations. Asynchronous full- or half-wave rectifiers, that
is, diode-based ac–dc converters, circumvent the need for synchronization, but at
the cost of Ohmic power losses and voltage drops, which electromagnetic devices
are fundamentally less able to accommodate. Alternatively, synchronizing the con-
ditioner to the vibration so as to only drive or supply energy in the positive cycles
also requires work on the part of the controller circuit.

Using a semiconductor microelectronic conditioner imposes additional parasitic
devices and restrictions on the foregoing harvesters. Mainstream complementary
metal-oxide-semiconductor (CMOS), bipolar, and mixed bipolar-CMOS
(BiCMOS) technologies, for example, suffer from limited breakdown voltages. The
fact isfinerphotolithographicdimensionsnecessarilyexposesemiconductor junctions
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to more intense electric fields, inducing breakdown conditions at relatively low volt-
ages, at around 1–5 V, which are incompatible, for instance, with charge-constrained
electrostatic harvesters whose voltages exceed this limit by a large margin.

Another technological restriction is leakage current because highly doped pn
junctions and tunneling and impact-ionization effects resulting from high-electric
fields, which are prevalent in high-density technologies, shunt and divert harvested
energy to ground, reducing the efficacy of the harvester; a resistor in parallel with
the harvester models this energy loss. Additionally, voltage headroom also presents
another limitation because diode and bipolar-junction transistors (BJTs) conduct
current when the voltages across their respective forward-biased pn junctions are
approximately 0.6–0.7 V. Similarly, MOS field-effect transistors (FETs) conduct
current when their gate–source voltages are on the order of 0.4–1 V, even under
sub-threshold conditions. As a result, thermoelectric and electromagnetic voltages,
which are considerably below 1 V, impose additional challenges, as mentioned ear-
lier, because the conditioner requires higher voltages to operate.

10.2 Power Conditioning

A power conditioner massages voltage and current so as to supply the needs of a
loading application. This typically amounts to converting and regulating a voltage
(or current) by supplying whatever current (or voltage) is necessary to sustain it.
When considering wireless microsensors, however, the field narrows because the
electrical requirements of most loads are moderate-to-low dc voltages (e.g., 0.5–
2 V) demanding anywhere from 100 to maybe 20 mA. As such, only conditioners
that can supply dc voltages are considered in this chapter. Additionally, since the
source can be dc or ac, this section describes dc–dc and ac–dc converters, all of
which, in one way or another, conform to linear and/or switching strategies.

The purpose of this section is not to present the general discipline of power condi-
tioning, which can easily monopolize an entire textbook, if not more, but illustrate
how it generally relates and applies to the foregoing harvesting technologies. As
such, for brevity and purpose, this section discusses some devices, physics, feed-
back control, and circuit details not intrinsic to harvesting in broad terms. To better
evaluate what is and not important and consequently avoid tangential deliberations,
the section starts with a system block-level overview of the harvesting microsystem,
incorporating many of the comments from the previous section. The discussion then
leads to an overview and comparison of various converter topologies, evaluating
them according to the needs of the general microsystem presented.

10.2.1 Microsystem

As noted earlier, energy-dense sources do not supply the most power, and oversiz-
ing a sourcing technology to compensate for its deficits is in direct conflict with
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Fig. 10.5 Harvesting microsystem

integration and the general goals of non-invasive microsystems. As a result, the
most space-efficient solution is a hybrid structure that exploits the complementary
advantages of its constituent parts, as shown in Fig. 10.5. The harvester, for instance,
because of its boundless energy supply and deficiency in power, is the energy source
of the system. The secondary battery yields higher output power but stores less
energy so it functions as a power cache (i.e., source), supplying power when required
but otherwise constantly receiving charge from the harvester.

The harvester, battery, and wireless sensor load all have different voltage and cur-
rent characteristics. The battery voltage (vB) across a thin-film Li Ion, for instance,
is around 2.7 V when discharged and 4.2 V when charged, and overloading or over-
charging it past its fully discharged or charged states, respectively, is destructive,
appreciably decreasing the capacity of the device. The load, on the other hand,
may not survive supply voltage (vO) variations exceeding 0.25 V around a nomi-
nal value of maybe 1–1.5 V. The harvester’s output voltage (vH) and current also
differs vastly from that of the battery and load. As a result, an intermittent dc–dc
or ac–dc trickle-charger circuit and dc–dc voltage regulator combination is used to
transfer and condition energy from the harvester, through the battery, and to the load,
effectively matching the impedances of the various components in the system and
suppressing the effects of voltage and current variations in the harvester and battery
from affecting the load.

Although the art of designing voltage regulators is not new, as most systems
today derive their energy and power from a Li Ion, its requirements are more
stringent in microsystems because light loading conditions are pervasive and any
power losses associated with the circuit, irrespective of its magnitude, decreases
operational life. These performance requirements worsen when considering inte-
gration into microscale spaces limits the number of low-loss in-package capaci-
tors (e.g., 0.1–1μF) and inductors (e.g., 1–10μH) to maybe one or two. On-chip
inductors and capacitors, unfortunately, do not typically surpass 20–50 nH and
100–200 pF, forcing the accompanying circuits to perform more work and conse-
quently consume more energy and power.

The difference between the trickle charger and the voltage regulator is typically
output impedance because the latter regulates a voltage and the former delivers a
charging current. The nature of the feedback loop used to control the circuit helps
define this, as shunt negative feedback at the output regulates voltage and series
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negative feedback regulates current. The input of the charger may mimic that of the
voltage regulator if harvester voltage vH is at a reasonably high steady-state dc level,
which is normally not the case. Motion harvesters, for instance, source characteris-
tically low ac voltages and photovoltaic and thermoelectric devices low dc voltages.
Nonetheless, the general strategies for transferring energy and conditioning power
efficiently (i.e., without incurring considerable losses), be it linear or switching,
amplifying or attenuating, apply to both.

10.2.2 Linear DC–DC Converters

Perhaps, the most straightforward means of converting high to low dc voltages is
through a linear regulator, which is nothing more than an operational amplifier
(op amp) in non-inverting configuration, as shown in Fig. 10.6(a). The
differences between an op amp and a regulator are loading conditions and require-
ments. For one, the variable and unpredictable nature of the load imposes stringent
stability requirements on the regulator, which often lead to vastly different filter-
compensation strategies. Additionally, the current demands of a regulator substan-
tially exceed those of an op amp.

Within the context of supply circuits, the most attractive features of a linear reg-
ulator are low noise and relatively fast response times. The fact is no systematic
ac variations or noise appears in the output because there are no periodic switch-
ing events polluting it. Additionally, its response time is relatively fast because its
loop, when compared with more complicated switching converters, is simpler and
consequently quicker. However, even with fast response times, low-value output
capacitors (e.g., 150 pF), when exposed to substantial load dumps (e.g., 0–5 mA),
still droop considerably (e.g., 0.8–1 V), as shown with the experimental results of
Fig. 10.6(b). Higher bandwidth (i.e., a faster loop), higher output capacitance, or a
lower load step reduce this voltage excursion.
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Fig. 10.6 Linear regulator (a) circuit and (b) typical transient response to quick load dumps
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The general strategy for stabilizing the feedback loop of a linear regulator is to
establish a dominant low-frequency pole either at the output, where a larger output
capacitor (CO) also helps suppress transient load-dump-induced variations, or inside
the loop, at a high-gain node, which typically offers high resistance. Ensuring a
single pole predominates over all others is often difficult, however, because the
load is unpredictable, CO is typically large to suppress noise, the tolerance of CO’s
equivalent series resistance (ESR) RESR is relatively high, and quiescent current
must remain low to reduce drain current drawn from the battery, which means the
parasitic poles in the op amp reside at low-to-moderate frequencies. As a result,
designers often sacrifice loop gain and bandwidth to accommodate all these ill-fated
variations and scenarios, trading off dc- and ac-accuracy (i.e., conditioning) perfor-
mance for electrical stability.

Ultimately, within the context of harvesting circuits, linear regulators suffer from
considerable power losses and therefore shorter lifespan performance because out-
put current IO flows directly from input VIN to output vO through the regulator
(i.e., through a pass device). The regulator, therefore, dissipates an average power
that is equivalent to the product of the average voltage dropped across the regula-
tor (i.e., pass device) and IO, in addition to losses induced by quiescent current IQ

through the op amp and across the input:

PLIN = (VIN − VO) IO + VIN IQ, (10.4)

where VO is the steady-state value of output voltage vO. Because this power is
strongly dependent on input–output voltages VIN and VO, respectively, neither of
which is typically a free design variable, linear regulators do not appeal to appli-
cations that require moderate-to-high voltage drops and high-power efficiency. The
fact that the regulator can only down-convert (or buck) a voltage further limits its
use, given intermittent trickle chargers often amplify (or boost) harvested voltages.

10.2.3 Switching DC–DC Converters

Switching supplies fall under two broad categories: electrostatic and magnetic. Elec-
trostatic converters or charge pumps, as they are typically called, use only capacitors
to transfer energy and condition power. Magnetic-based switching supplies, on the
other hand, use capacitors only for storage and inductors for transferring energy.
Fundamentally speaking, though, irrespective of the category, switching power sup-
plies enjoy higher power-efficiency performance than linear regulators (i.e., they
yield lower power losses) because the voltages impressed across the power transis-
tors (i.e., switches), unlike the pass devices in linear regulators, are small in steady
state (on the order of 50–150 mV), irrespective of input voltage VIN and target output
voltage VO. They are sometimes exposed to higher voltages, but only momentarily,
limiting the total energy lost during those instances.

Electrostatic switchers (charge pumps): Charge pumps work in phases, charging
capacitors and connecting them to the output in alternate cycles. The basic strategy
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in step-up or boosting charge pumps, for instance, is to charge one or several capac-
itors to input voltage VIN, as shown in Fig. 10.7(a)–(b), and then connect them in
series with VIN to output voltage vO. Because each capacitor holds an initial voltage
equivalent to VIN across it, their series combination with VIN sums to (N + 1)VIN,
where N refers to the number of pumping capacitors. Bucking or step-down switch-
ers are similar in principle but reversed, because they charge a series combination of
capacitors to VIN (Fig. 10.7(c)–(d)), initializing each capacitor to VIN/N , and then
connect all capacitors in parallel with vO, producing an initial voltage equivalent to
VIN/N at vO.

To increase the amplification across N capacitors in the boosting case, designers
often connect several low-gain (i.e., 2×), one-capacitor charge pumps in series, as
shown in Fig. 10.8, to use the boosted output of one to charge the next stage, and
so on. Each stage consequently amplifies the pre-charge voltage of the subsequent
stage, ultimately achieving a higher overall gain of 2N VIN. The pre-charge and pump
cycles of each stage complements the next to ensure the pre-charge voltage is ready
for the subsequent stage. As a result, the clock signals between adjacent charge
pumps are out of phase.
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... CP         NCP        2CP        1

2x 2x
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v   ≅ 2  V    O                   IN
    N

4V        IN
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Fig. 10.8 Cascaded charge-pump configuration
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To avoid disconnecting the charge-pumping capacitors from vO for long, which
would otherwise further exhaust output capacitor CO, designers also add comple-
mentary parallel stages so that, while one capacitor charges, the other pumps the
output in complementary fashion. Figure 10.9 shows a practical CMOS realization
and the resulting measurement results of such a case, of a 2× CMOS boosting
charge pump with 30μA, 30 pF, 3 MHz, and 1.8 V of IO, CO, switching frequency
fS, and VIN, respectively. When the clock is at VIN, n-channel field-effect transistor
(FET) MPre−Charge1 charges pump capacitor CP1 to VIN while its bottom terminal is
at ground. As the clock cycles to ground, the bottom plate of CP1 connects to VIN,
raising the top plate to twice VIN, since CP1 holds VIN across its plates. At this point,
the top asynchronous diode switch forward biases and conducts charge to vO. While
CP1 pumps vO, CP2 charges to VIN so that it can then pump vO when CP1 cycles
back to its charging state. Note the top-plate voltages of CP1 and CP2 also provide
sufficient gate drive for switches MPre−Charge1 and MPre−Charge2 to conduct and fully
charge their counter capacitors.

The fundamental drawback of a charge pump is that a considerable fraction of the
energy delivered is lost across the connecting switches. The initial voltage across the
pumping capacitors (CP) during the charging phase, for example, is below its target
value of VIN (Fig. 10.10(a)), because the load partially discharged it in the previous
cycle. As a result, fully charging CP to VIN incurs an energy loss in VIN that is
directly and linearly proportional to voltage differenceΔV , VIN, and CP:

ΔEIN = VINiCt = VIN QC = VINCPΔV , (10.5)

where iC is the capacitor current, t is time, and QC is the charge delivered to CP.
Considering the energy in CP increased from 0.5CP(VIN-ΔV )2 to 0.5CPVIN

2 by

ΔEC = 0.5CP[V 2
IN − (VIN −ΔV )2] = CPVINΔV − 0.5CPΔV 2, (10.6)
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the energy lost in the switch (ΔESW) is

ΔESW = ΔEIN −ΔEC = 0.5CPΔV 2 = 0.5QCΔV , (10.7)

which is directly and linearly proportional to QC andΔV , respectively.
Similarly, transferring energy from pump capacitors CP to CO also incurs energy

losses (Fig. 10.10(b)). When connected, CP shares its charge with CO and conse-
quently produces a final combined voltage that is between the initial pre-charged
value of CP and the loaded value of CO. Much like in the previous scenario, the
difference in energy lost in CP (ΔECP) and energy gained in CO (ΔEO), which is
the loss incurred by the switch, is directly proportional to charge transferred QC and
the initial voltage difference between CP and CO (ΔV ),

ΔESW = ΔECP −ΔEO = 0.5QCΔV = 0.5(CP ⊕ CO)ΔV 2, (10.8)

or equivalently, linearly proportional to the series combination of CP and CO (i.e.,
CP ⊕ CO) and the square of ΔV .

Generally, basic power losses in a charge pump decrease with output current IO,
or more specifically, with the lower voltage droop a smaller IO causes in vO. Par-
tially discharging CO with IO forces the circuit to transfer charge from VIN to CO via
charge-pump capacitors CP, losing energy in every operation of the charge-pumping
sequence. Note IO not only includes the load current but also any and all parasitic
leakage currents at vO, which are more pervasive and therefore more troublesome
in fined-pitched modern CMOS technologies. Also note regulating vO to a target
value with negative feedback amounts to decreasing vO from its highest possible
charge-pumped value, thereby increasing voltage differenceΔV and decreasing the
overall efficiency of the circuit. Ultimately, because of these foregoing reasons,
charge pumps tend to be most practical and useful in unregulated (i.e., open loop
and therefore low accuracy) light-to-no load applications, which exist but not to the
extent regulated and loaded applications do.

Magnetic switchers: Magnetic-based dc–dc converters circumvent these basic
switch-related losses by transferring energy through a quasi-lossless inductor rather
than a switch. The idea is to energize and de-energize an inductor from input volt-
age VIN to output voltage vO in alternate cycles, as shown in Fig. 10.11(a)–(b).
The voltages across the energy-steering switches are substantially low because the
inductor, to prevent its current from varying instantaneously, allows its voltage to
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Fig. 10.11 (a) Energizing and (b) de-energizing phases in magnetic-based dc–dc converters

change instantly, in the process cutting the time the switch undergoes any voltage
drop to nearly zero. Generally speaking, as inferred from the particular switching
configuration shown in the figure, the average value of vO is independent of VIN

and can therefore reach above or below VIN, depending on the duty cycle of the
alternating phases.

Energizing and de-energizing an inductor do not require the voltage drop across
L to be any particular value with respect to VIN or vO, as long as the voltage across
the inductor reverses in the de-energizing state relative to its energizing counterpart.
As such, a step-down or bucking magnetic-based dc–dc converter, because VIN is
higher than vO, energizes inductor L from VIN to vO, instead of VIN to ground, as
accomplished by switch S1 or its p-channel FET realization in Fig. 10.12(a)–(b).
The de-energizing cycle, as in Fig. 10.11(b), de-energizes from vO to ground via
switch S2 or its asynchronous diode realization. Considering the average voltage
across L is zero, vO’s average voltage equals vPH’s average voltage, which is VIN

times the fraction of time S1 applies VIN to vPH (i.e., S1’s duty cycle):

νO(avg) = VO = νPH(avg) = VIN DS1, (10.9)

where VO is the average value of vO and DS1 is S1’s turn-on duty cycle, whose value
is necessarily less than one. Applying negative feedback, as shown in Fig. 10.12(b),
ultimately modulates DS1 with pulse-width modulated (PWM) signal vPWM to reg-
ulate vO about reference voltage VREF.

The use of diodes for switches carries both advantages and disadvantages. The
appeal, when possible and practical, is no synchronizing signal is necessary to drive
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Fig. 10.12 (a) Conceptual and (b) circuit-level magnetic-based buck (step-down) dc–dc converter,
and (c) corresponding waveforms
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a diode because it switches on its own, asynchronously, whenever the forward-bias
voltage exceeds approximately 0.6–0.8 V. Because vPH switches from VIN to ground
during the energizing and de-energizing cycles, respectively, a diode in place of S2

naturally conducts and clamps vPH when it decreases below ground, as S2 should,
and shuts off when S1 raises vPH above ground. The drawback of the diode is its
relatively high switch-on voltage, which translates to power losses and consequently
lower overall system efficiency and shorter operational life. As a result, designers
often replace S2 with a synchronous NFET switch, which like S1, requires a syn-
chronizing signal to switch.

The experimental vO and vPH waveforms shown in Fig. 10.12(c) correspond to a
CMOS buck converter with synchronous switches for both S1 and S2. Although not
directly shown, the current square-wave voltage vPH induces through L is triangular
because current ramps up with constant positive inductor voltages (vL = Ldi/dt)
and similarly ramps down with negative inductor voltages. The output shown (vO)
mimics this behavior because the difference in inductor current iL and output cur-
rent IO is the ac ripple current driven into output capacitor CO, whose equivalent
series resistance (ESR, not shown in Fig. 10.12(a)–(b)) translates into the trian-
gular voltage shown in Fig. 10.12(c). The output voltages produced by low-ESR
(i.e., high-frequency) capacitors are more sinusoidal in nature because the ESR
voltage is negligible with respect to the charging and discharging voltage across
CO that results from driving said triangular ripple current into CO.

The buck regulator exploits the fact VIN is greater than vO to energize L directly
from VIN to vO and reduce the number of switches associated with the vO side of
L. Taking advantage of this characteristic, however, limits the circuit to bucking
applications only. Nevertheless, a boosting or step-up converter can also similarly
exploit vO is greater than VIN by de-energizing L from vO to VIN, rather than ground,
in the process reducing the number of switches associated with the VIN side of L,
as shown in Fig. 10.13(a). In this case, S1 or its NFET equivalent, as shown in
Fig. 10.13(b), energizes L from VIN to ground and S2 or its diode equivalent de-
energizes it from vO to VIN.
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Fig. 10.13 (a) Conceptual and (b) circuit-level magnetic-based boost (step-up) dc–dc converter,
and (c) corresponding waveforms
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Because the average voltage across L is zero, average phase node voltage VPH is
VIN, which means vPH swings below and above VIN. As such, VPH is its peak voltage
(VPK) times the fraction of time S2 applies VPK to vPH (i.e., S2’s duty cycle):

νPH(avg) = VPH = VIN = VPK DS2. (10.10)

Switch S2 or its diode equivalent and CO constitute a peak detector, which means
the average value of vO (or VO), assuming the voltage drop across S2 is negligibly
small, is VPK and therefore related to VIN and DS2, or equivalently, one minus the
turn-on duty cycle of S1 (or 1-DS1) by

νO(avg) = VO ≈ VPK = VIN

DS2
= VIN

1 − DS1
, (10.11)

Since DS1 is necessarily less than one, VO is greater than VIN.
As in the buck case, PWM feedback signal vPWM modulates DS1 to regulate vO

about target voltage VREF. Similarly, synchronous FET switches can implement S2

to decrease the turn-on voltages associated with the diodes to 50–150 mV levels
and consequently improve the energy and power efficiency of the system. As in
the buck case, vPH remains a square wave, except it now swings from ground to
vO (i.e.,VPK). Because the circuit also applies a square wave across L, the resulting
inductor current (iL) is also a ripple (Fig. 10.13(c)). Unlike the buck case, however,
not all of iL flows to vO, only the fraction S2 conducts. As a result, vO discharges with
IO when S2 is off (i.e., L energizes and iL increases) and charges with the difference
of iL and IO when S2 conducts (i.e., L de-energizes to vO and iL decreases), the main
result of which is a rippling vO. As before, the magnitude of CO’s ESR relative to
its capacitance dictates the exact nature of the output ripple voltage.

In addition to the difficulties present in the linear regulator with respect to sta-
bilizing the negative feedback loop, such as load variations, ESR tolerance, the
presence of additional parasitic poles, and so on, magnetic-based converters suffer
from the complex-conjugate poles L and CO produce, which tend to fall at relatively
low-to-moderate frequencies. The general compensation strategy is to convert them
into a single pole by regulating the inductor current with one loop up to higher
frequencies so that L behaves like a current source at lower frequencies. Another
loop then regulates vO about VREF with a bandwidth that falls below that of the
current loop to ensure L remains a current source throughout its bandwidth, in the
process turning the complex-conjugate pole pair into a single RC pole, as prescribed
by CO and the equivalent resistance present at vO.

This dual-loop approach, however, limits system bandwidth (i.e., the speed of the
voltage loop) and increases circuit complexity. Unfortunately, the only other means
of compensating the loop is to add a substantially lower frequency pole, limiting the
bandwidth even further. As a result, magnetic-based converters tend to respond more
slowly to transient load dumps than linear regulators. Note charge pumps do not
normally regulate vO because efficiency degrades with regulation so the variation its
output experiences under load-dump events is even greater.
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Fig. 10.14 (a) Half- and (b)–(c) full-wave rectifying ac–dc converters

10.2.4 Switching AC–DC Converters

Switching ac–dc converters, or as they are often called, inverters or rectifiers invert
ac signals to dc or rectify ac power into dc form by appropriately channeling charge
into a holding capacitor. The basic strategy, as shown in Fig. 10.14(a), is to transfer
energy in the form of positive current iP from input voltage source VIN into out-
put capacitor CO only when VIN is positive with respect to ground. Diode D and
capacitor CO, as in the magnetic-based boost converter, constitute a peak and hold
detector; that is to say, D captures VIN’s peak voltage and CO holds it until VIN

is again ready, as it cycles through, to channel more charge and therefore energy
back into CO. Typically, ac–dc converters are open-loop architectures, as they do not
regulate their outputs about a reference, so designers often cascade dc–dc converters
to their outputs as a means of regulating vO.

The single diode-capacitor combination, however, only rectifies the positive
phase of the cycle, which means CO must be sufficiently large to sustain output cur-
rent IO without allowing the voltage across CO to droop considerably. Unfortunately,
larger capacitors are bulky and expensive, which impede integration and market pen-
etration, respectively. Figure 10.14(b)–(c) illustrates how to combine two half-wave
rectifiers to implement a full-wave rectifier, otherwise called a Wheatstone Bridge,
easing the holding requirements of CO and consequently reducing the total variation
of vO. Considering the positive half of the cycle, when top voltage vT is positive with
respect to ground, DP1 and CO constitute a simple rectifying circuit, except DP2 is
in series to source current and complete the circuit. During this time, because vT

and bottom voltage vB are above and below zero, respectively, DN2 and DN1 are
reverse biased and therefore off. Conversely, when vT and vB are below and above
zero, respectively, during the other half of the cycle, DN1 and CO half-wave rectify
VIN, DN2 sources the current from ground and completes the circuit, and DP1 and
DP2 are off.

Asynchronous diodes may ease the design of the circuit but only at the expense of
power losses, given they drop approximately 0.6–0.8 V across them every time they
conduct current to vO. As such, designers normally replace them with synchronous
MOSFET switches, which drop considerably lower voltages, maybe on the order of
50–150 mV. The drawback to MOSFETs, as before, is that they require synchroniz-
ing signals to switch when desired, which means the overall circuit is more complex.
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Also, as in charge pumps, switches channel input energy to the output capacitor,
incurring similar charge-sharing energy losses as electrostatic-based converters do.

Another problem with diodes is that VIN must exceed 0.6–0.8 V for them to con-
duct, which is possible with piezoelectric harvesters but not necessarily so with
electromagnetic devices. MOSFETs also help in this regard, but only by shifting
the problem to their control input terminals (i.e., gates). For a MOSFET to conduct
current, its control voltage must exceed its low-voltage terminal (i.e., source) by a
technology-defined threshold voltage, which is typically on the order of 0.5–0.7 V.
In these cases, however, much like a car uses a battery to start the engine, a pre-
charged Li Ion may be used to start the switches and allow the harvester to sustain
the charge in the battery during operation; a self-starting, low ac voltage harvester
is difficult to realize.

10.2.5 Comparison

Table 10.1 presents a comparison of the foregoing power-conditioners with respect
to their fundamental performance limits. To start, when considering the most impor-
tant metric of microscale harvesters is output power, magnetic- or L-based convert-
ers are the most appealing structures because they incur, in theory, no power losses,
allowing most of the sourced power to reach the load. Electrostatic- or C-based
converters (or charge pumps) and linear regulators, on the other hand, dissipate
finite power across their connecting switches, and the latter loses more energy than
the former because the power lost depends strongly on VIN and the targeted VO,
irrespective of the load.

L- and C-based converters enjoy the flexibility of their linear regulator and ac–dc
counterparts do not, which is the ability to buck or boost VIN. The drawback to
L-based regulators with respect to linear regulators is ac accuracy because the nega-
tive feedback loops of the former are more difficult to compensate and consequently
lead to slower response times. Charge pumps enjoy the benefits of an all-capacitor
solution, which perceivably achieves the goals of integration, but not necessarily so
in practice. The fact is accurate charge pumps require substantially large capacitors,
on the order of micro-Farads, which are as difficult to integrate as micro-Henry
inductors. Co-packaging one or two off-chip components, however, be it capaci-
tors, inductors, or a combination thereof, is not necessarily prohibitive because the

Table 10.1 Fundamental comparison table of power-conditioning circuits

DC–DC linear DC–DC C-based DC–DC L-based AC–DC

Power losses High Moderate Low Moderate
DC accuracy High Low High Low
AC accuracy (speed) High Low Moderate Low
Control One loop Open loop Two loops Open loop
Buck VIN Yes Yes Yes No
Boost VIN No Yes Yes No
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dimensions of state-of-the-art off-chip capacitors and inductors are on the order of
2 × 2 × 1 mm3, conforming to the packaging dimensions and integration objectives
of targeted system-in-package (SiP) solutions. The challenge, in these cases, would
be to constrain the solutions to only a few off-chip power devices.

10.3 Power Losses

In practice, magnetic-based converters are not completely lossless, charge pumps
incur more losses than just the energy lost in connecting switches, and linear regu-
lators require quiescent current to operate. Because microharvesters generate nec-
essarily low power levels, any and all power losses in the conditioner constitute a
considerable portion of its output power, if not all of it, leaving little to no power
left for the system. The objective of this section is to therefore understand the power
losses associated with practical energy- and power-supply circuits.

By and large, power losses result because switches, inductors, and capacitors,
in real life, present parasitic diodes, resistances, and capacitances, and controllers
require quiescent current. To illustrate these losses in a general manner, it is useful to
use a sample circuit that is comprehensive enough to include all power-consuming
mechanisms, yet sufficiently simple to visualize, understand, and evaluate, drawing
relevant and perhaps far-reaching conclusions. The magnetic-based buck converter
shown in Fig. 10.15 is one such example. To start, it uses switches (e.g., MOS
switches MP and MN), just as charge pumps and linear regulators do, the latter
in the form of a power pass device. These high-power switches present finite series
resistances to the conduction path, parasitic capacitances to their incoming control
signals, and pn-junction diodes across their conduction terminals. Output capacitor
CO and power inductor L, the former of which is present in all conditioners and
the latter applies only to L-based converters, present equivalent series resistances
(ESRs) to incoming charges (e.g., RC.ESR and RL.ESR for the capacitor and inductor,
respectively). Finally, the feedback loop in linear regulators and L-based topologies
demand quiescent current to operate (e.g., iQ).
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Fig. 10.15 Magnetic-based buck dc–dc converter and its parasitic devices
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The approach adopted in this section is to categorize the additional power losses
these parasitic devices induce into (1) dc and ac conduction, (2) switching, and (3)
quiescent losses. Conduction losses refer to the power dissipated in resistors in the
power-flowing path, switching losses to the power lost during clock-like transient
transitions, and quiescent losses, as before, to the power required to operate the
controller. To better evaluate the system ramifications of inductor current iL, it is
also helpful to decompose it into its average value iL(avg) or IL and its ac or ripple
component iL(ac) or il, both of which share some but not all of their current-flowing
path, as seen in Fig. 10.15.

10.3.1 Conduction Losses

Because iL cannot change instantaneously, given the basic nature of L, iL flows
linearly and continuously. As such, in the buck converter shown in Fig. 10.15, high-
and low-side switches MP and MN conduct in alternate phases and each therefore
supplies a fraction of iL and combined continuously supply all of iL. The collec-
tive equivalent resistance MP and MN present to iL, as depicted by RSW in the
equivalent conduction-loss circuit of Fig. 10.16, is roughly the sum of their respec-
tive turn-on resistances RMP and RMN when weighted by the fraction of time they
each conduct iL. Although not necessarily so but often the case, RMP and RMN

are on the same order and, for the purposes of the foregoing analysis, assumed
equal (i.e., RMN ≈ RMP ≡ RON). As such, because MP and MN conduct with
complementary duty cycles DMP and DMN (i.e., DMN ≈ 1 − DMP), DMP and
DMN add to one and series resistance RSW approximately equals switch turn-on
resistance RON:

RSW = RMP DMP + RMN DMN

≈ RMP(DMP + DMN) ≈ RMP ≈ RMN ≡ RON. (10.12)

The average or dc portion of iL (iL(avg)), which equals output current IO, conse-
quently flows through equivalent switch resistance RSW, L, and L’s ESR RL.ESR.
As such, RSW and RL.ESR incur dc conduction losses proportional to the square
of IO:
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Fig. 10.16 Equivalent conduction-loss circuit of the buck dc-dc converter
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PC,DC = i 2
L(avg)(RSW + RL.ESR)

= I 2
O(RSW + RL.ESR) ≡ I 2

O RC.DC, (10.13)

where RC.DC represents the equivalent dc conduction resistance. The ripple or ac
part of iL (iL(ac)) also flows through RSW, L, and RL.ESR; but instead of reaching
the load, it flows to ground through CO and CO’s ESR RC.ESR. Note L suffers from
skin effects at higher frequencies, so if the switching frequency is sufficiently high,
current crowds on the outer edges of the inductor coil, decreasing the equivalent
conductance of the coil and presenting a larger ESR.

All resistances in the conduction path incur ac power losses proportional to the
square of the root-mean-square (RMS) of iL(ac), which increases with peak-to-peak
inductor currentΔIL. The magnitude of the voltage across L(i.e.,vL), inductance L,
and switching frequency fSW determine the peak-to-peak value of triangular current
iL, as ΔIL depends on the rising (or falling) rate of iL (i.e., diL/dt = vL/L) and the
time iL continues to rise (or fall), when high-side switch MP conducts from VIN to
vO (or low-side switch MN conducts from vO to ground). Voltage vL, which is the
difference between phase voltage vPH and vO, in turn, depends on VIN, ground, and
predominantly the average value of vO. In other words, VIN, average output voltage
VO, L, and fSW dictate the value ofΔIL:

ΔIL = (VIN − vO)tMP

L
≈ (VIN − VO)tMP

L
= (VIN − VO)dMP

L fSW
, (10.14)

where duty cycle dMP refers to the on-duty cycle of MP (i.e., dMP = tMP fSW). As
a result, ac conduction losses PC.AC increase linearly with series conduction resis-
tances and decrease with L and the square of fSW:

PC.AC = i 2
L.AC(rms)(RSW + R′

L.ESR + RC.ESR)

=
(
ΔIL√

12

)2

(RSW + R′
L,ESR + R′

C.ESR) ≡
(

(VIN − VO)dMP

L
√

12

)2 ( RC.AC

f 2
SW

)
,

(10.15)

where RL.ESR
′ is L’s ESR at the ripple frequency (RL.ESR

′ is slightly larger than
RL.ESR), ΔIL/

√
12 is the root-mean-square current of ac triangular current iL(ac)

about zero and RC.AC represents the combined ac-conduction resistance of the
circuit.

These ac-conduction losses, because they do not decrease with IO, incur pro-
hibitively detrimental energy losses in micropower harvesting applications, monop-
olizing most if not all available power. Decreasing these power losses amounts to
decreasing the ac ripple in iL by increasing inductance, which contradicts the limits
of integration; increasing switching frequency, which increases switching losses, as
will be noted later; or entering discontinuous-conduction mode (DCM), a condition
where L is allowed to deplete all its energy before the end of the switching period.
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Fig. 10.17 Inductor current iL for a magnetic-based buck converter as it transitions from (a)–(b)
continuous-conduction mode (CCM) to (c)–(d) discontinuous-conduction mode (DCM) (i.e., as
output current IO decreases from 1 A to 32 mA)

Figure 10.17 shows iL as a buck converter transitions from continuous-conduction
mode (CCM) to DCM, the latter of which is characterized by a delay discontinuity
(tDCM in Fig. 10.17(d)) between triangular ripple events.

The onset of DCM is natural in buck converters that use a diode for low-side
switch MN because the diode prevents iL from reversing direction and flowing
back to ground, which would have otherwise occurred in a bidirectional CMOS
switch like MN. To be more specific, before the onset of DCM, as before, iL(avg)

flows to vO to supply IO and iL ripples about iL(avg) or IO (Fig. 10.17(a)–(b)); but
when IO falls below half the peak-to-peak value of the ripple current (0.5ΔIL), MN
allows iL to fall below zero, drawing current to ground (instead of from ground),
and therefore losing energy through the conducting Ohmic switches. A diode in
place of MN blocks this negative current flow and consequently clamps iL’s negative
peak to roughly 0 A (Fig. 10.17(c)–(d)), while slowly decreasing the positive peak
and increasing delay discontinuity tDCM with decreasing IO. This type of bucking
switching supply is said to be asynchronous because the diode used is essentially an
asynchronous switch.

Following the same methodology as in CCM, dc conduction losses PC.DC remain
valid in DCM because average current continues to flow through RC.DC to IO. With
switching bidirectional transistor MN, rippling current iL momentarily falls below
zero for low IO values, keeping the circuit in CCM so ac conduction losses PC.AC, as
before, apply. In DCM, however, ac current iL(ac) is different and PC.AC is therefore
no longer valid. As such, following the prescribed approach, subtracting IO losses
from all iL losses equates to ac conduction losses in DCM, now an abstract but
equally valid variable.

Because iL(avg) necessarily equates to IO, peak inductor current iL(peak) depends
on the duration of each triangular current (ttr) event and IO:

IO = iL(avg) = 0.5t tr iL(peak)

TSW
or iL(peak) = 2I O

ttr fSW
. (10.16)
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Peak current iL(peak), as inΔIL, increases with the rising rate of iL (or VIN − VO)/L)
and rising time tL(rise), except tL(rise) differs in DCM:

iL(peak) = tL(rise) (VIN − vO)

L
≈ tL(rise) (VIN − VO)

L

or

tL(rise) ≈ Li L(peak)

VIN − VO
. (10.17)

Time tL(rise) relates to ttr and high-side duty cycle dMP in DCM as it does to switching
period TSW and dMP in CCM because the energy VIN delivers to L must equal the
energy released to vO in steady-state:

tL(rise) =
(

tMP

TSW

)
ttr = dMP ttr . (10.18)

Combining the last three relations to solve for ttr reveals ttr is directly proportional
to IO

0.5 and L0.5 and inversely proportional to fSW
0.5:

ttr = tL(rise)

dMP
≈ iL(peak) L

dMP (VIN − VO)

= 2I O L
ttr fSW dMP (VIN − VO)

=
√

2I O L
fSW dMP (VIN − VO)

. (10.19)

Ultimately, subtracting IO
2- from iL

2-conduction (i.e., resistor) losses amounts to
subtracting IO

2 from the square of RMS current iL(rms), which by using the previous
relation, yields an equivalent ac conduction-loss current (iL(ac).DCM) with one term
proportional to IO

1.5/ fSW
0.5 and the other, by definition, to −IO

2:

i 2
L(ac).DCM = i 2

L(rms) − i 2
L(avg) =

(
i 2
L(peak)

3

)(
ttr

TSW

)
− I 2

O =
(

2I O

fSW ttr
√

3

)2

(
ttr fSW

)− IO
2 = 4

3

√
dMP (VIN − VO) IO

3

2L f SW
− IO

2 ≡ A

√
IO

3

fSW
− IO

2.

(10.20)
In other words, DCM ac conduction losses PC.AC.DCM increases with IO

1.5 and
decreases with fSW

0.5 and L0.5:

PC.AC.DCM = i 2
L.AC.DCM(RSW + R′

L.ESR + RC.ESR)

=
⎛
⎝4

3

√
dMP (VIN − VO) IO

3

2L f SW
− IO

2

⎞
⎠ RC.AC .

(10.21)
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10.3.2 Switching Losses

There are three basic types of switching power losses: (a) shoot-through and dead-
time losses, (b) gate-drive, and (c) current–voltage overlap. All of these, as the cate-
gory implies, are directly proportional to frequency because, as frequency increases,
more power-consuming instances occur. As a result, switching frequency, to start,
is a critical design parameter, and the higher the frequency, the higher the switching
losses, generally.

Shoot through and dead time: Shoot-through current through conducting switches
across VIN and ground (in this case, MP and MN) incur considerable power losses
because they momentarily short-circuit VIN to ground. This loss is not specific to
power conditioners, but is especially troublesome because the switches involved
are typically large, thereby conducting considerably higher currents and doing so
for relatively longer periods. The power lost by VIN during a shoot-through event
(PSW.ST) through turn-on resistances RMP and RMN occurs twice per period and is
proportional to the square of VIN and the fraction of time they both conduct (ratio of
shoot-through time tST and switching period TSW):

PSW.ST = 2

(
V 2

IN

RMP + RMN

)(
tST

TSW

)
= 2V 2

INtST fSW

RSW.ST
, (10.22)

where RSW.ST models the combined equivalent shoot-through resistance (i.e., RSW.ST

= RMP + RMN = 2ROW).
Shoot-through losses in the power stage are often prohibitive and therefore

eliminated by introducing dead time (tDT) between low- and high-side switching
instances. Inductor L, however, prevents iL from dropping to zero during dead time,
swinging phase voltage vPH until one of the parasitic diodes MP and MN present
forward biases and conducts iL. The diodes therefore incur power losses during
dead time that are approximately proportional to diode voltage vD (or 0.6–0.8 V)
and the value of iL at those times, that latter of which refers to iL ’s positive peak
value in one transition (i.e., iL+ = iL(avg) + 0.5ΔIL) and negative peak in the other
(i.e., iL− = iL(avg) − 0.5ΔIL). The average switching dead-time losses (PSW.DT) that
result are therefore directly proportional to vD, iL(avg) or IO, and fSW and indepen-
dent of peak-to-peak currentΔIL, since iL+ exceeds iL(avg) by the same amount iL−
falls below iL(avg):

PSW.DT ≈ vD(iL+ + iL−)

(
tDT

TSW

)

= 2vD iL(avg) tDT fSW = 2vD IO tDT fSW . (10.23)

Designers often place off-chip Schottky diodes across power switches to shunt
current away from the parasitic diode, which would otherwise induce current flow
through the substrate of the IC. In doing so, they also reduce the voltage drops across
the switches during dead time and therefore its related dead-time power losses. Note
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the circuits driving the switches must also conduct considerable current to charge
and discharge the parasitic capacitors the power switches present so they are also
large and incur additional shoot-through losses. Dead time is often included in the
stage driving the power switches, but it is impractical and costly in terms of speed
and silicon real estate to do so for all remaining driver stages.

Gate drive: Gate-drive losses refer to the energy used to charge and discharge the
parasitic capacitors (e.g., iC in Fig. 10.15) the power switches (e.g., MP and MN)
introduce to their respective driving pulse-width modulated signals. This gate-drive
power (PGD) is directly proportional to parasitic switch capacitance CG, the square
of the voltage transitionedΔVC, and switching frequency fSW:

PGD = vCiC

(
ΔtC
TSW

)
= ΔVC

(
CG
ΔVC

ΔtC

)(
ΔtC
TSW

)
= ΔV 2

C CG fSW, (10.24)

where ΔtC is the time required to charge CG ΔVC Volts. As it turns out, most para-
sitic capacitors MP and MN in the buck converter shown in Fig. 10.15 transition to
and from VIN and ground so ΔVC reduces to VIN. This is not normally true, though,
for MP’s parasitic capacitor to vPH because, as its driving gate signal transitions from
VIN to ground, vPH transitions from ground to VIN, forcing a total capacitor–voltage
variation of twice VIN (ΔVC = VIN−(−VIN) = 2VIN). Nevertheless, the difference in
voltage variation is a constant and can therefore be absorbed, for the purposes of this
discussion, into total equivalent gate-drive capacitance CG.EQ. As a result, switching
gate-drive losses PSW.GD increase with the square of VIN, CG.EQ, and fSW:

PSW.GD = V 2
INCG.EQ fSW, (10.25)

where CG.EQ increases with the number of switches used, their respective dimen-
sions, and increasing gate-drive voltages.

IV overlap: As the voltage across a switching transistor transitions, current flows
through the device, dissipating in the process what is typically called IV-overlap
power. Consider top-side switch transistor MP in Fig. 10.15, for instance, just before
it conducts. First, immediately after low-side switch MN stops conducting, dead
time tDT prevents MP from turning on, which means L, because current must flow
continuously, swings phase voltage vPH below ground until MN’s parasitic diode
conducts iL, which at this point is at its minimum value of iL(avg) − 0.5ΔIL. Con-
currently, the voltage across MP is approximately VIN and its current zero, as in the
initial conditions shown in Fig. 10.18.

After dead time tDT, as MP’s gate drive increases, MP’s current iMP rises, but
vPH does not rise until iMP exceeds iL by enough to charge the parasitic capacitance
present at that node. As such, MP’s voltage vMP does not fall until iMP reaches
iL(avg) − 0.5ΔIL, after which vPH rises to VIN and vMP, therefore, falls near zero.
Inductor L subsequently energizes for the duration MP is on until its current reaches
its peak value of iL(avg) +0.5ΔIL, at which point the reverse process occurs: as MP’s
gate drive decreases and IMP drops slightly, L quickly swings vPH low until MN’s
parasitic diode conducts the difference, after which IMP transitions to zero.
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Fig. 10.18 IV-overlap power losses in high-side switching transistor MP

Low-side switch MN undergoes the same sequence of events, except the voltage
across the device, instead of swinging to and from VIN and ground, swings to and
from a diode below ground and ground, as dictated by L during dead time tDT.
As a result, IV-overlap losses normally apply to one of the two switches in a buck
converter, not both. In any case, the switching IV-overlap power lost (PSW.IV) is the
energy associated with the overlap of iMP and vMP and is equal to the two areas
highlighted in Fig. 10.18, when normalized to switching period TSW, the sum of
which is directly proportional to the total voltage variation ΔVMP or in this case
peak voltage VIN, average peak current iL(avg) or IO, average overlap time ΔtIV(avg),
and switching frequency fSW:

PSW.IV = 0.5ΔVmpiL(avg)(tI.R + tV.F)

TSW
≈ VIN IOΔtIV(avg) fSW, (10.26)

where tI.R and tV.F correspond to the rise and fall times of iMP and vMP, respectively.

10.3.3 Quiescent Losses

Feedback control, protection, and other functions normally attached to what is
termed the controller, while not directly supplying output current IO, which the
power stage does, require quiescent current to operate, as generally depicted by
ground current iQ in Fig. 10.15. Input voltage VIN normally supplies this current
and therefore incurs a quiescent power loss (PQ) proportional to VIN and the average
value of iQ:

PQ = VINiQ(avg) = VIN IQ, (10.27)

where IQ is the average value of iQ. Note VIN also supplies gate-drive energy to the
switches via the controller.
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10.3.4 Losses Across Load

One of the most difficult challenges to conquer in microscale harvester systems
is to produce a net power gain, that is to say, a net profit because the energy and
power costs of channeling and conditioning scavenged power can easily surpass
the limited mechanical revenue produced by a harvesting device. The power levels
under consideration, to provide some perspective, given volumes under 5 × 5 ×
5 mm3, are on the order of micro-Watts, which means the losses associated with
the harvester circuit must fall below those levels to achieve a net gain. Fortunately,
dc and ac conduction in discontinuous-conduction mode (DCM) and IV-overlap
and dead-time switching losses decrease with the square and linearly with respect
to output current IO, respectively, as discussed earlier and shown in Fig. 10.19(a).
The main problem at these micro-Watt power levels is reducing IO-independent
losses such as quiescent and shoot-through and gate-drive switching losses, which
do not normally scale with IO and consequently lead to power efficiencies on the
order of 20–40% or less (Fig. 10.19(b)). If a harvesting electromechanical device,
for example, generates 50μW, a magnetic-based step-down conditioner, given the
possible but somewhat optimistic conditions defined in Fig. 10.19, produce 15μW
of conditioned output power.

The conditions identified in Fig. 10.19, in actuality, apply to a theoretical 2–1 V
buck converter with an off-chip 2 × 2 × 1 mm3 25μH inductor and a fast sub-
threshold-operated 10-MHz CMOS controller, all of which describes a relatively
simple case with hopeful attributes. Many harvesting conditioners, to start, are more
complex than a buck converter, requiring more switches and drivers and therefore
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incurring more IO-independent losses. Scavenging kinetic energy from vibrations
electromagnetically, for instance, demands an ac–dc rectifier or synchronizer with a
series boost converter, which requires five to six more power switches and the same
number of relevant drivers. The same example just cited would also present a larger
input–output voltage spread, considering electromagnetic voltages from microhar-
vesters are on the order of micro- and milli-Volts and the Li–Ion batteries they are
meant to charge (Fig. 10.5) are at 2.7–4.2 V. Additionally, replacing the off-chip
device with a 20–100 nH on-chip inductor increases ac conduction losses by an
order of magnitude, and increasing the number of off-chip inductors violates the
integration objectives of these microsystems. Lastly, designing a 15μA, 10 MHz
CMOS controller is optimistic, given present-day technologies, the driving require-
ments of the switches in the power stage, and the functionality requirements of the
system.

Research is currently underway to achieve a net power gain, even if at low power
efficiencies. One way of increasing efficiency is to decrease the switching frequency
with decreasing IO, which trades off ac conduction losses (because of larger ripple
inductor currents) for switching losses. Another approach is designing nano-Watt
converters and decreasing the switching frequency to accommodate the speed of
the circuit, trading off ac conduction losses for quiescent losses. There is also the
issue of operating in discontinuous-conduction mode (DCM) in more complicated
topologies, and controlling its onset without compromising the electrical stability
of the system. Low-power and high-performance control-loop architectures are also
under scrutiny in research circles.

From a system viewpoint, as described in this text, the harvester-charger sys-
tem presented in Fig. 10.5 is generally under investigation, but so are harvester-
supply systems, the latter of which attempt to condition the power directly from
the harvester to the output, incurring additional losses in the process. Charge-
pump approaches have been proposed but overcoming the need for multiple off-
chip capacitors to suppress power losses and maintaining performance remains a
challenge. Ultimately, the power-management system must supply the energy and
power needs of wireless microsensors, which demand milli-Watts during transmis-
sion events and micro-Watts when idling. The operational needs, in fact, are often
sporadic and diverse, requiring more functionality in the controller in the form of
power modes, all the while attempting to increase idling conditions so as to decrease
energy use.

10.4 Sample System: Electrostatic Harvester

The objective of this section is to illustrate by way of an example how to apply
some of the teachings derived from the previous discussions. Of the energy har-
vesters discussed in Section II, drawing power from the kinetic energy in vibra-
tions is probably the most practical alternative because vibrations are abundant,
and in many cases, consistent and systematic. In considering microscale integration,
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though, thermoelectric devices exhibit small thermal gradients and therefore, much
like their electromagnetic counterparts, produce low-voltage levels, which are chal-
lenging to process. Piezoelectric devices are difficult to integrate on chip, and they
also supply power in the form of an ac voltage signal, requiring a synchronizer
or an ac–dc converter and incurring the additional losses associated with the same.
Variable parallel-plate micro-electromechanical systems (MEMS) capacitors are on-
chip electrostatic harvesters that produce charge when constrained to a particular
voltage. The integration qualities and voltage flexibility of these latter devices echo
the needs of a CMOS microsystem, albeit at the cost of synchronizing hardware.
The foregoing example, because of its integration features, is on an electrostatic
harvesting system.

Because the power demanded by a wireless microsensor load exceeds what
a microharvester can generate, it is perhaps more practical to target a harvester-
charger scheme, like the one shown in Fig. 10.5, as opposed to a harvester supply.
In conditioning the incoming scavenged power, the trickle-charger (i.e., harvest-
ing) circuit must not dissipate much energy so the least power-consuming converter
topology is best. Although linear regulators are faster and less noisy and charge
pumps moderately low power and inductor-free, magnetic-based converters are fun-
damentally more efficient and therefore adopted in the example offered.

10.4.1 Harvesting Current

Changing the distance between the parallel plates of a capacitor, when constrain-
ing the voltage across its terminals, induces charge flow. If variable capacitor CVAR

decreases from 101 to 1 pF (i.e., �C/�t is negative) in 1ms, for instance, when con-
strained to a capacitor voltage of 3.6 V, charges flow out (i.e., �QC/�t is negative)
of the capacitor at a rate of 360nA:

iH = �QC

�t
= �(CVARvC)

�t
=
(

�CVAR

�t

)
VC, (10.28)

where iH is the harvesting current and VC is the dc value of capacitor voltage vC; sim-
ilarly, charges flow into the capacitor (i.e., �QC/�t is positive) when CVAR increases
(i.e., �C/�t is positive). When considering a harvester-charger system, however,
only current flowing out of the capacitor (when capacitor decreases) charges a bat-
tery.

10.4.2 Trickle Charging Scheme

Since only decreasing capacitances harvest current, the circuit must detect and syn-
chronize to vibrations so as to harvest only when varactor CVAR decreases. Detecting
when CVAR reaches its maximum value of CVAR(max) (Fig. 10.20(a)) therefore marks
the onset of the harvesting sequence, the first phase of which is to charge CVAR
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Fig. 10.20 (a) Onset of the voltage-constrained electrostatic-harvesting sequence (at CVAR(max))
and its subsequent (b) pre-charge, (c) harvest, (d) recover, and (e) reset phases

with charge current iChg to battery voltage VBAT (Fig. 10.20(b)). Pre-charging to
this target voltage paves the way for harvesting current iH to flow back to VBAT

when CVAR decreases (Fig. 10.20(c)) because CVAR remains clamped to VBAT, that
is, voltage-constrained to VBAT.

Once CVAR reaches its minimum value of CVAR(min), the harvesting phase ends
and the battery recovers the energy left in CVAR by discharging it from voltage
VBAT to ground with recover current iR (Fig. 10.20(d). Once the circuit completely
drains CVAR of charge, the reset cycle begins (Fig. 10.20(e)), as CVAR again reaches
CVAR(max). Note that, because practical vibrations are most abundant at 50–300 Hz
and microelectronic circuit delays are on the order of micro- to milliseconds, the
pre-charge and recovery phases, which are under the control of the harvester circuit,
occur substantially faster than the harvesting and reset phases, whose frequency is
set by the vibrations.

The charging phase (with iChg) actually constitutes an investment (drain) in
energy from VBAT, so the objective for the trickle charger is to harvest sufficient
energy to exceed this amount, ultimately increasing the battery’s state of charge
(SOC) in steady state. Assuming the trickle charger incurs no losses in the charging
process, the energy lost by the battery (ΔEInvest) to charge CVAR to VBAT is

ΔEInvest = 0.5CVAR(max)ΔV 2
c = 0.5CVAR(max)V

2
BAT. (10.29)

The energy harvested (ΔEHarvest) is the difference in energy in VBAT as a result of
CVAR’s harvesting current iC as CVAR transitions from CVAR(max) to CVAR(min) or

ΔEHarvest =
∫

VBAT iC dt = VBAT
2
∫ (

�CVAR

�t

)
dt = VBAT

2ΔCVAR, (10.30)

whereΔCVAR is the total variation in capacitance. At this point, however, CVAR is at
VBAT and recovering the energy associated with that charge adds energy back to the
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battery (ΔERecover) equivalent to

ΔERecover = 0.5CVAR(min)ΔV 2
c = 0.5CVAR(min)V

2
BAT, (10.31)

which means the net energy gain of the system is

ΔEGain = ΔEHarvest −ΔEInvest +ΔERecover − ELosses

= 0.5ΔCVAR VBAT
2 − ELosses, (10.32)

where ELosses refers to the conduction, switching, and quiescent power losses asso-
ciated with the circuit and all energy transfers, from charging CVAR and harvesting
current back into VBAT to recover the energy left in CVAR.

In this scheme, like a car, the battery must have an initial charge to start or ignite
the system (i.e., invest energy). Starting the system with a fully discharged battery
is difficult with a single source and research is underway to discover new ways
of doing so. Hybrid solutions may address this by using another harvester whose
output may more easily charge CVAR during a start-up sequence, like a piezoelec-
tric device in combination with an ac–dc converter. Besides acting as a starter, the
second harvester can also harvest energy during regular operation, except its output
must exceed the power required to harvest and mix with the primary harvester for
the effort to merit consideration.

10.4.3 Harvesting Microelectronic Circuit

All pre-charge, harvest, and recovery phases cost energy and power. To reduce the
investment in pre-charging variable capacitor CVAR, a magnetic-based pre-charger
is chosen, as shown in the switch-level circuit of Fig. 10.21. The basic idea is to first
energize inductor L with battery VBAT by connecting it between VBAT and ground
via energizing switches SE1 and SE2 and then de-energize and channel its energy
to CVAR by connecting it from ground to CVAR via de-energizing switches SD1 and
SD2. In implementing the harvesting function, it is possible to invert the energy
flow in the pre-charger by reversing the energizing and de-energizing source–load
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Pre-Charger

Harvester

Fig. 10.21 Switch-level harvesting circuit
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combination (i.e., energize with CVAR and de-energize to VBAT), except CVAR must
remain charged to VBAT to achieve voltage-constrained conditions, which the charger
cannot do. As a result, harvesting switch SH short-circuits VBAT to CVAR while allow-
ing harvesting current iH to flow to VBAT; little power is lost across SH because the
voltage across it, in theory, nears zero.

Harvesting switch SH would have also worked for the pre-charge function but
the power losses would have been prohibitively high (on the order of the harvested
power) because the initial voltage difference between the fully discharged CVAR

and VBAT is substantial (e.g., 3.6 V) and the energy loss associated with charg-
ing the capacitor is proportional to CVAR at its maximum value and the square of
the aforementioned voltage difference (0.5 CVAR(max)ΔVC

2 or 0.5 CVAR(max)VBAT
2).

Switch SH does not work for the recovery phase either, when CVAR is at CVAR(min),
because SH cannot discharge CVAR to ground while connected to VBAT. It is possible,
however, for the pre-charger to reverse its operation and energize L with CVAR and
de-energize it to VBAT. The only problem is the energy left in CVAR is relatively
low because its capacitance is at its minimum value (0.5CVAR(min)VBAT

2) and the
switching and quiescent energy losses of the charger can easily exhaust it, negating
the benefits of a recovery phase.

Figure 10.22 shows the practical implementation of the microelectronic harvest-
ing circuit, including all relevant parasitic devices. Varactor CVAR presents parasitic
capacitance CPAR to ground, slightly increasing the minimum capacitance from
CVAR(min) (e.g., 1 pF) to the sum of CVAR(min) and CPAR (e.g., 1.5 pF). Contact-
ing CVAR also introduces equivalent series resistance (ESR) RC.ESR in the power-
conduction path, dissipating additional power during both the pre-charge and the
harvesting phases as a result. Referring to Fig. 10.4, because one of the CVAR’s
terminals is at ground, CPAR.A and CPAR.B roughly reduce to CPAR, RC.ESR includes
the effects of RS.A and RS.B, and CPAR.C incurs inconsequential effects. Battery
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VBAT also offers series source resistance RS, again incurring losses during both said
phases and reducing the overall efficiency of the circuit.

N- and p-type transistors implement energizing and de-energizing switches
SE1–SE2 and SD1–SD2 in the charger. They all introduce power-consuming
series Ohmic resistances in the conduction path equivalent to their switch-on resis-
tances (RON), which are in turn a function of their size (i.e., width-to-length ratio)
and the peak voltage their controlling gates receive from the controller (i.e., gate
drive); they also present parasitic diodes some of which incur dead-time losses.
Switches SE1, SE2, and SD1 are all single-transistor devices because their gate-
driving voltages are with respect to VBAT and ground and therefore sufficiently high
to produce reasonably low turn-on resistances. The gate-drive voltage of SD2, on the
other hand, is at first between VBAT (as supplied from the controller) and ground
(initial voltage across CVAR or vVAR), which is enough to drive NMOS transistor
SD2.N, but then between VBAT and a rising vVAR voltage whose ultimate target value
is VBAT, which is not enough to drive SD2.N. As a result, PMOS device SD2.P is
added in parallel to help conduct and charge CVAR when vVAR nears VBAT; note
SD2.P has similar gate-drive problems when vVAR is near ground, which is why a
complementary switch (i.e., transmission gate) is used.

A PMOS transistor or the asynchronous diode shown in Fig. 10.22 can implement
harvesting switch SH. The diode allows current to flow back to VBAT during the
charging phase, though, if overcharged, but this is acceptable because that energy
would have otherwise constituted a larger than needed investment on the part of
VBAT and channeling it back to VBAT restores some of it (the conducting diode loses
a power equivalent to the product of the induced overcharging current and diode
voltage VD). The parasitic diode, PMOS transistor introduces, by the way, has an
equivalent effect.

Using a PMOS device, however, incurs an additional power loss because of
the parasitic pnp bipolar-junction transistor (BJT) it presents when fabricated on
a standard n-well, p-substrate technology. To ensure the pn-junction diode is not
in the direction where it forward-biases when vVAR is below VBAT, which would
otherwise bypass the pre-charger during the pre-charge phase and charge CVAR with
a lossy diode, the back gate (n-well) of the PMOS must connect to VBAT, as shown
in Fig. 10.23(a), where the emitter-base terminals of the parasitic BJT shown in
Fig. 10.23(b) and modeled in Fig. 10.23(a) includes said pn junction. As a result,
in events when L de-energizes more energy than required to charge CVAR to VBAT,
capacitor voltage vVAR may exceed VBAT by diode voltage VD before the onset of the
harvesting phase, allowing the parasitic pn junction to conduct what amounts to base
current iB. The problem with this scenario is allowing this pn junction to conduct
current effectively forward-biases the parasitic vertical pnp BJT, conducting current
gain β times higher current to ground than to VBAT, where β may be 40–100, losing
considerable power (i.e., βiB(VBAT + VD)) and energy across the BJT instead of
recovering it back to VBAT.

Energizing L with just enough energy to charge CVAR to VBAT and ensuring the
charging current and RC.ESR do not produce a voltage higher than VD altogether
circumvents the substrate-BJT scenario just described. In practice, though, CVAR’s
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Fig. 10.23 (a) Equivalent schematic and (b) physical-profile view of a p-channel metal-oxide-
semiconductor (MOS) field-effect transistor (FET) in an n-well, p-type substrate

initial voltage may not always be at ground, given its dependence to possibly
inconsistent vibrations, offsetting its energy-investment requirement from what the
system supplies through L; and the voltage across RC.ESR compounds this effect,
although not necessarily by much. Moreover, the tolerance and temperature-drift
variations of the circuit also vary the total energy transferred during the pre-charge
phase, and regulating the energy with a loop requires more work (quiescent current),
which may defeat the purpose of saving energy.

A solution to the PMOS dilemma is to realize the switch with a more complex
structure involving at least another series PMOS device with its n-well connected in
the opposite direction. The motivation to pursue this path is the diode incurs losses
in channeling harvesting current iH back to VBAT equivalent to the product of iH and
VD and the shunting effect of a parallel PMOS transistor decreases this voltage and
consequently the power it incurs. However, justifying the additional complexity and
gate-drive switching losses the more complicated structure introduces in practice
over the harvesting losses associated with the simple diode shown in Fig. 10.22
is not apparent, which is why the foregoing example, for the time being, adopts
the diode.

Figure 10.24 shows the relevant single- and multiple-cycle waveforms gen-
erated by the electrostatic voltage-constrained harvesting microelectronic circuit
shown in Fig. 10.22 when subjected to a manually varied 60–250 pF trim capaci-
tor. The pre-charger circuit is in discontinuous-conduction mode (DCM) because it
charges CVAR in one sequence for microseconds and remains off for the remain-
der of the switching period, which is over 700 ms. The long switching period
implies switching gate-drive, IV-overlap, and shoot-through losses are relatively
low. The harvesting phase lasted over 250 ms, collecting roughly 10 nJ per cycle
with 10–30 nA by investing 1.7 nJ per cycle and harnessing over 60 nJ in six cycles
by investing 10.2 nJ. The experimental results shown, however, do not include
the power losses of the controller because part of it was off chip and not ide-
ally suited for the experiment, especially with respect to steady-state quiescent
power.
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Fig. 10.24 Sample (a) single- and (b) multiple-cycle response of an electrostatic voltage-
constrained CMOS harvesting circuit when sourced with a manual 60–250 pF trim capacitor

10.5 Summary

Irrespective of the source, electromechanical harvesters generate characteristically
low-power levels. While linear regulators are relatively easier to implement and
charge pumps are inductor free, magnetic-based converters are fundamentally more
efficient, if switched at low frequencies and operated in discontinuous-conduction
mode (DCM). On-chip inductors, however, are low, on the order of 50–100 nH, and
present challenges in the form of instantaneous peak power. Fortunately, microscale
off-chip inductors conform to 2 × 2 × 1 mm3, and possibly smaller dimensions in
the future, making single-chip system-in-package (SiP) solutions viable, only if no
more than one inductor is used, as another off-chip capacitor is already necessary to
suppress the ac variations load dumps produce.

Magnetic-based converters may be fundamentally more efficient but not com-
pletely lossless in practice. Although dc- and ac-conduction and dead-time and IV-
overlap losses are important, they decrease with output current (if allowed to operate
in DCM) so their impact on efficiency is often less pronounced than quiescent,
gate-drive, and shoot-through losses; and decreasing these latter losses amounts
to operating at low switching frequencies and in sub-threshold operation. Practi-
cal microelectronic circuits, however, impose additional challenges in the form of
deficient gate drive for the switches, power losses through parasitic current paths,
start-up requirements, and functionality in synchronizing to vibrations, among
others.

Research continues, nonetheless, exploring and improving both the mechanical
and the electrical performance of the transducing agent and accompanying harvest-
ing microelectronic integrated circuit (IC). Ultimately, the motivating force behind
microscale harvesters rests on the potential ramifications of realizing self-powered
wireless microsensors and microimplantable technologies, which can range from
optimizing and monitoring the use of energy in rooms, factories, and cities to rean-
imating limbs and managing debilitating biological functions and life-threatening
deficiencies in vivo, in situ, and in tempo.
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Chapter 11
Thermoelectric Energy Harvesting

G. Jeffrey Snyder

Abstract Temperature gradients and heat flow are omnipresent in natural and
human-made settings and offer the opportunity to harvest energy from the envi-
ronment. Thermoelectric energy harvesting (or energy scavenging) may one day
eliminate the need for replacing batteries in applications such as remote sensor net-
works or mobile devices. Particularly, attractive is the ability to generate electricity
from body heat that could power medical devices or implants, personal wireless
networks or other consumer devices. This chapter focuses on the design principles
for thermoelectric generators in energy harvesting applications, and the various ther-
moelectric generators available or in development. Such design principles provide
good estimates of the power that could be produced and the size and complexity of
the thermoelectric generator that would be required.

11.1 Harvesting Heat

Environments that naturally contain temperature gradients and heat flow have
the potential to generate electrical power using thermal-to-electric energy conver-
sion. The temperature difference provides the potential for efficient energy conver-
sion, while heat flow provides the power. Even with large heat flow, however, the
extractable power is typically low due to low Carnot and material efficiencies. In
addition, limited heat availability will also limit the power produced. Nevertheless,
for systems with exceptionally low-power requirements, such as remote wireless
sensors, thermoelectric energy harvesting has shown to be a viable technology and
promise to become more prevalent as the power requirements for such applications
drop (Paradiso and Starner, 2005).

A good example of thermoelectric energy harvesting is the thermoelectric wrist-
watch that converts body heat into the electrical power that drives the watch. At least
two models have been built, one by Seiko and another by Citizen. The Seiko watch
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Fig. 11.1 Seiko Thermic, a wristwatch powered by body heat using a thermoelectric energy
harvester. (left) the watch, (right) cross-sectional diagram. Copyright by Seiko Instruments Inc.,
reprinted with permission

(Kishi et al. 1999) under normal operation produces 22 �W of electrical power
(Fig. 11.1). With only a 1.5 K temperature drop across the intricately machined
thermoelectric modules, the open-circuit voltage is 300 mV, and thermal-to-electric
efficiency is about 0.1%.

11.2 Thermoelectric Generators

Thermoelectric generators are solid-state devices with no moving parts. They are
silent, reliable, and scalable, making them ideal for small, distributed power gener-
ation, and energy harvesting.

The thermoelectric effects arise because charge carriers in metals and semicon-
ductors are free to move much like gas molecules while carrying charge as well as
heat.(Snyder and Toberer, 2008) When a temperature gradient is applied to a mate-
rial, the mobile charge carriers at the hot end preferentially diffuse to the cold end.
The buildup of charge carriers results in a net charge (negative for electrons, e− and
positive for holes, h+) at the cold end, producing an electrostatic potential (voltage).
An equilibrium is thus reached between the chemical potential for diffusion and the
electrostatic repulsion due to the build up of charge. This property, known as the
Seebeck effect, is the basis of thermoelectric power generation.

Thermoelectric devices contain many thermoelectric couples (Fig. 11.2a) con-
sisting of n-type (containing free electrons) and p-type (containing free holes)
thermoelectric elements wired electrically in series and thermally in parallel
(Fig. 11.2b). The best thermoelectric materials are heavily doped semiconductors.

A thermoelectric generator utilizes heat flow across a temperature gradient to
power an electric load through the external circuit. The temperature difference pro-
vides the voltage (V = α�T ) from the Seebeck effect (Seebeck coefficient α), while
the heat flow drives the electrical current, which therefore determines the power
output. The rejected heat must be removed through a heat sink. The thermoelectric
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Fig. 11.2 Schematic of a thermoelectric generator. Many thermoelectric couples (inset bottom) of
n- and p-type thermoelectric materials are connected electrically in series and thermally in parallel
to make a thermoelectric module (top) or thermopile. The height of the thermoelectric elements and
the area of the substrates are used to determine the thermal resistance of the module (see Eq. 11.14).
Copyright Nature Publishing Group (Snyder and Toberer, 2008), reprinted with permission

figure of merit of the materials (zT ) depends on the Seebeck coefficient (α), abso-
lute temperature (T ), electrical resistivity (ρ), and thermal conductivity (κ) of the
material:

zT = α2T

ρκ
(11.1)

The maximum efficiency of a thermoelectric device is determined by its figure
of merit (Z T ), which is largely an average of the component materials’ zT values.

For the past 40 years, solid-state thermoelectric generators have reliably provided
power in remote terrestrial and extraterrestrial locations, most notably on deep space
probes such as Voyager. One key advantage of thermoelectrics is their scalability to
small sizes, making them the most appropriate thermal-to-electric technology for
energy harvesting.
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11.3 Design of a Thermoelectric Energy Harvester

Energy harvesting systems, because they use natural chemical-potential gradients,
are best designed for their particular environment and are typically not amenable to
a one-size-fits-all solution. This is in stark contrast to batteries where the chemical-
potential gradient is known, stable, and well regulated as it is an integral part of
the power source. Thus, a battery can supply similar voltage and power in many
different environments, but the power output of an energy harvester could vary by
orders of magnitude depending on its location and use.

11.4 General Considerations

Viable energy harvesting systems need to outperform a battery solution in terms of
energy density, power density, and/or cost. Typically, the niche for energy harvesting
is in long-lived applications where energy density is critical and routine maintenance
(replacing batteries) is not an option. A likely scenario for use of an energy harvester
is as a means of recharging a battery. In this case, the battery supplies high power
(mW or W) during a short period of time (e.g., sensing and communications for few
seconds or milliseconds), while the majority of the time the energy harvester trickle
charges the battery (�W).

While heat is a form of energy, the useful work content of heat is limited by the
Carnot factor,

ηCarnot = �T

Th
(11.2)

where �T = Th − Tc is the temperature difference across the thermoelectric. This
puts thermoelectric energy harvesting at a distinct disadvantage when compared
with the other forms of energy harvesting that are not Carnot limited. Visible light,
for example, has high useful work content that enables photovoltaics to outper-
form thermoelectrics when sunlight or bright lighting is available. Photovoltaics
can produce 100 mW/cm2 in direct sunlight and about 100 �W/cm2 in a typically
illuminated office—significantly more than the wristwatch in Fig. 11.1.

11.5 Thermoelectric Efficiency

A thermoelectric generator converts heat (Q) into electrical power (P) with effi-
ciency η.

P = ηQ (11.3)

The maximum efficiency of a thermoelectric converter depends heavily on the
temperature difference �TTE across the device. This is because the thermoelectric
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generator, like all heat engines, cannot have an efficiency greater than that of a
Carnot cycle (Eq. 11.2).

η = �TTE
ηr

Th
(11.4)

Here ηr is the reduced efficiency, the efficiency relative to the Carnot efficiency.
While the exact thermoelectric materials’ efficiency is complex (Snyder, 2006),

the constant properties approximation (Seebeck coefficient, electrical conductivity,
and thermal conductivity independent of temperature) leads to a simple expression
for efficiency:

η = �T

Th
·

√
1 + Z T − 1√

1 + Z T + Tc/Th
(11.5)

Here, Z T is the thermoelectric device figure of merit. Fig. 11.3 shows this is quite
a good approximation for a typical commercial thermoelectric device made from
bismuth telluride alloys. The efficiency of an actual thermoelectric device should
be about 90% of this value due to losses from electrical interconnects, thermal and
electrical contact resistances, and other thermal losses.

The efficiency of a thermoelectric generator increases nearly linearly with tem-
perature difference (Fig. 11.3), indicating ηr/Th (Eq. 4) is fairly constant. In energy-
harvesting applications, where the temperature difference �T is small the efficiency
is, to a good approximation, directly proportional to the �T across the thermoelec-
tric. For good bismuth telluride devices, the efficiency is approximately 0.04% for
each 1 K of �T .
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Fig. 11.3 Efficiency of a bismuth telluride-based thermoelectric module (cold side at 300 K,
assuming no additional losses)
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η = η1 · �T (11.6)

η1 ≈ 0.05%/K

11.6 Matched Thermal Resistance

If the temperature across the thermoelectric, �TTE, could truly be kept constant, the
power output, P , could be made arbitrarily large by engineering the harvester to
conduct more heat. Unfortunately, most real heat sources cannot supply arbitrarily
large heat fluxes without loss of temperature difference (the heat exchange to the
thermoelectric has non-zero thermal impedance).

Figure 11.4 shows a simple thermal model of a thermoelectric energy harvester.
�Tsupply is the temperature difference between the heat source and the cold bath,
ΘTE is the thermal resistance of the thermoelectric, andΘHx is the combined thermal
resistance (impedance) of the hot and cold side heat exchangers in series with the
thermoelectric. Heat exchangers used as sinks and sources are often well character-
ized by a thermal resistance ΘHx, according to:

�THx = Q�Hx�THx = Q�Hx (11.7)

Note that this implies that the heat supplied to the thermoelectric is proportional
to the temperature drop across the heat exchanger.

If all the available �T is across the thermoelectric with no �T across the heat
exchangers (�THx = 0), the heat exchangers supply no heat (Q = �THx/ΘHx) and
therefore no power is produced. Since the �T across the heat exchanger increases,
the heat flux supplied increases, increasing the power output, but the temperature
drop across the thermoelectric generator will decrease (�TTE = �Tsupply − �THx),
reducing efficiency. Even if the heat source has low-thermal impedance, the same
consideration applies to the cold-side heat sink. Invariably, some of the �T will be
needed to transport heat through the heat exchangers to the heat source and/or sink
which will reduce �TTE to less than �Tsupply.

For maximum power, it can be shown (see below) that the thermal resistance
of the heat source and sink should be designed to match (Stevens, 2001). If either
the heat source or heat sink has a large thermal resistance, the thermoelectric must

Fig. 11.4 Typical thermal circuit in a thermoelectric energy harvesting device
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have a large thermal resistance to build a significant �TTE across the thermoelec-
tric. If both the heat source and the sink have low thermal resistance, then the low-
thermal resistance for the thermoelectric will enable large heat flow and therefore
high power.

From this thermal circuit, one can show that the temperature difference across
the thermoelectric is given by

�TTE = �Tsupply
�TE

�Hx + �TE
(11.8)

and the heat flow through the circuit is given by

Q = �Tsupply

�Hx + �TE
(11.9)

Combining these with the linear relationship between efficiency and �TTE

(Eq. 11.6) gives power:

P = η1�T 2
supply

�TE

(�Hx + �TE)2
(11.10)

From this analysis, it is clear that larger heat sinks (with smaller heat sink
impedance,ΘHx) provide higher power.

Once the largest heat sink viable for a particular application has been selected
(ΘHx now a constant), the highest power is provided when the thermal resistance of
the thermoelectric is designed to match that of the heat exchangers (ΘHx = ΘTE)
(Stevens, 1999).

Pmax = η1�T 2
supply

4�Hx
(11.11)

Under the matched condition, the temperature difference across the thermo-
electric is exactly half of the total temperature difference across the cold and hot
heat baths.

�TTE ≈ �Tsupply

2
(11.12)

η ≈ η1�Tsupply

2

From this simple analysis, the efficiency (and even the number of couples needed
for a particular voltage) can be estimated for a given application with only the
knowledge of �Tsupply.

Thus, to at least a first approximation, the thermal resistance of the thermoelectric
should be designed to be equal to that of the heat exchangers. This is particularly
true in energy harvesting where power and size are more important than efficiency,
and heat exchangers typically limit size.
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11.7 Heat Flux

Typically, power and size are the primary concerns in energy harvesting. Obviously,
a bigger device that utilizes more heat Q will produce more power P . Similarly, the
use of twice as many power converters will naturally produce twice the power and
consume twice the heat.

Thus, without a specific application in mind, it is natural to focus on power per
unit harvested area (P/A) produced and heat flux (Q/A) rather than absolute power
and heat consumed. This is particularly convenient for thermoelectric power gener-
ation because the systems are so easily scalable: a large system can simply be an
array of smaller systems.

P

A
= η

Q

A
(11.13)

For maximum power flux (P/A), it is necessary to maximize both heat flux
(Q/A) and efficiency.

At a constant temperature difference across the thermoelectric (�TTE) and the
thermal conductance (K = κA/ l), the inverse of thermal resistance and there-
fore, the heat/area absorbed into the thermoelectric generator can be modified by
adjusting its height, l (Fig. 11.2), and therefore engineered for thermal impedance
matching with the heat exchangers.

Q

A
= κeff�TTE

l
(11.14)

This relation holds because, to a good approximation, the thermoelectric device
acts as a simple heat conductor. The effective thermal conductivity, κeff, of the ther-
moelectric module depends not only on the thermal conductivity of the n- and p-type
materials but also on the thermoelectric material filling fraction, parallel heat losses
within the module, and Peltier and Thomson effects.

11.8 Matching Thermoelectrics to Heat Exchangers

Heat exchangers also scale with size, larger heat exchangers carry more heat and
have lower thermal resistance. In this way, the product of thermal resistance times
the area, ΘA, is a relatively constant quantity (ΘA = 1/h, where h is the heat
transfer coefficient). A low but achievable ΘA value for air cooled heat sinks is
5 K cm2/W. For a forced fluid heat exchanger a typical value is 0.5 K cm2/W.

Heat exchangers are likely to be the physically largest component in an energy-
harvesting system (Fig. 11.5), and thermoelectrics are typically small in comparison.
Because of this, even when space is at a premium, it is usually best to size the ther-
moelectric to achieve the most power from a given allowed size of heat exchanger.
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Even before the exact size and design of the heat exchanger is selected, the
general size and type of thermoelectric module can be determined from available
heat flux from the heat exchangers. Specifically, because ΘTE and ΘHx should be
matched for maximum power, the size-independent quantities ΘTE A and ΘHx A
should also be matched.

TheΘA value for a thermoelectric is derived using the effective thermal conduc-
tivity from Eq. (11.14),

�TE A = �TTE

Q/A
= 1

κeff f
(11.15)

but now including a filling factor, f , in case the heat exchangers also act as heat
spreaders ( f < 1). The filling factor is the ratio of the area of the thermoelectric to
the area of the heat exchangers. In Fig. 11.5, f = 1.

Matching ΘTE A and ΘHx A for a given type of heat exchanger (e.g., natural
convection air cooled, forced convection, or water cooled) then determines the
length, l, of the thermoelectric module. This is because the heat transfer coefficient,
h = 1/ΘA, will be relatively constant, which gives

l = κeff f

h
(11.16)

for an impedance-matched thermoelectric generator.
Typical bulk thermoelectric modules have 0.1 cm < l < 0.5 cm. Custom mod-

ules and thermopiles can be made outside this range. Thin bulk devices routinely
have l as small as 0.02 cm (Semenyuk, 2001), while unicouples and miniature ther-
mopiles (Snyder et al., 2002) can be made with l > 2 cm. A typical densely packed
thermoelectric module (thermopile) has κeff of about 0.02 W/cm K. From such val-

Thermoelectric
Module

Cold Side
Heat Exchanger

Heat Source

Fig. 11.5 Schematic of a thermoelectric energy harvesting system consisting of a hot and cold side
heat exchanger and a thermoelectric module
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Fig. 11.6 Available design space for energy harvesting from commercial thermoelectric genera-
tors. Approximate limits of air and water coolings are shown. Traditional bulk devices are most
appropriate for low heat flux (Q/A), passive air-cooled heat exchangers. High performance air-
cooled heat exchangers require higher heat flux than is available with thin bulk modules. To utilize
the very high heat fluxes at the limit of water cooling, thin film devices are needed. Highest power
is achieved from both large heat flux and �T , in the upper right corner of the figure

ues of l and κeff in available devices, one can map out the available design space
(Fig. 11.6) for thermoelectric generators.

11.8.1 Thin Film Devices

Recently developed thin film devices have very thin thermoelectric material, ranging
from about 0.0005 to 0.004 cm. In out-of-plane devices (Snyder et al., 2003; Böttner
et al., 2004, 2006), this provides a very small value for l, which allows exception-
ally high-heat fluxes and low-thermal resistances. These thin films have the great-
est advantage when the heat exchangers are nearly ideal, having very low-thermal
resistances, such as in forced water cooling (Fig. 11.6). So far, these devices have
lower efficiency due to the larger fraction of electrical and thermal contact resistance
losses.

Thin film thermoelectrics used in the in-plane direction have the capability of
producing a much greater number of higher thermal impedance couples (Stark and
Stordeur, 1999). The large number of couples produces significantly higher voltage
and the higher thermal impedance is more appropriate for low-heat flux energy-
harvesting applications. The inherent disadvantage of in-plane thermoelectrics is
that the substrate used to deposit the thermoelectrics acts as a thermal short, reducing
the efficiency.
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11.9 Additional Considerations

Power conditioning of a thermoelectric energy harvester should also be a consider-
ation. Even in steady-state, maximum-power operation, the output voltage of a gen-
erator is small due to the low voltage per couple, typically 0.2 mV/K. Modules have
many couples in series, but even these may use a DC–DC transformer to achieve the
few Volts necessary for most applications (e.g., the Seiko watch in Fig. 11.1). When
the energy harvester is recharging a battery, the power conditioning also protects the
battery from overcharging.

When the temperature changes, power conditioning is needed to stabilize the out-
put voltage. If no battery is present then the power conditioning circuitry may itself
require a minimum voltage to start, which will be a challenge for a thermoelectric
harvester when the temperature difference is small.

Since high power and efficiency of a thermoelectric system require optimizing
the thermal impedance of the harvester with respect to the environment, changes in
environmental conditions will adversely affect performance. Devices are typically
designed for a steady thermal supply. If the heat and temperatures drop dramat-
ically, the power and voltage produced will rapidly fall. Increases in temperatures
may damage contacting solders or the thermoelectric materials themselves. Altering
the thermal impedance of the harvester or redirecting the heat to only a portion of
the thermoelectric generator would increase power, but methods for such thermal
switching are not common.

11.10 Summary

Natural thermal gradients are omnipresent sources of available energy for powering
remote, low-power electronics. Thermoelectric generators are the ideal converter
for such applications because of their small size and solid-state, maintenance-free
operation. The development of several micro-fabrication techniques to build small
thermoelectric modules ensures that devices will be available for even the smallest
applications.

The most power is provided when the thermal resistance of the thermoelectric
device is matched with that of the heat sinks. Under the matched condition, the tem-
perature difference across the thermoelectric is exactly half of the total temperature
difference across the cold and hot heat baths. The power output can then be easily
estimated using the performance of the available heat exchangers.
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Chapter 12
Optimized Thermoelectrics For Energy
Harvesting Applications

James L. Bierschenk

Abstract This chapter highlights the design characteristics of thermoelectric gen-
erators (TEGs), electronic devices capable of harvesting power from small tem-
perature differences. Power produced from these generators is low, typically in the
microwatt to low milliwatt range. Due to the TEG’s unique nature, not only does the
TEG’s electrical resistance have to be matched to the connected electrical load, the
TEG also needs to be thermally matched to the attached heat sink, which is used to
dissipate heat to the surrounding ambient. Proper TEG-to-heat sink thermal match-
ing is required to produce sufficient power and voltage to continuously power small
wireless sensors, switches, and other wireless devices from temperature differences
as small as 5−10 ◦C. Traditional bulk thermoelectric devices and thin film thermo-
electric devices are not well suited for these low �T , low heat flux applications.
When used with small, natural convection heat sinks, TEGs containing hundreds of
thermocouples with extreme length-to-area ratios are necessary. New TEG device
structures which incorporate thin, adhesive-filled gaps to separate the TEG elements
are the best TEG device configuration for small �T energy harvesting applications.

12.1 Introduction

Bismuth telluride thermoelectric (TE) technology is well established in many small-
scale cooling applications, including picnic boxes, auto seats, telecommunications
lasers, military smart munitions, and satellite applications. However, applications
using thermoelectrics in the power generation mode, which harvest power from
small temperature differences, are much less mature and not as well understood.
This chapter highlights the TE design characteristics for low �T energy harvesting
thermoelectric generators (TEGs) and utilizes the term “energy harvesting” to
describe small-scale power production scavenged or harvested by thermoelectrics
from small temperature differences. Typically, harvested power is in the micro to
milliwatt power range at sufficient voltages to power electronic circuits. The uses for
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energy harvesting TEGs include powering wireless sensors for structural buildings
or bridge health monitoring, sensors for engine health monitors, sensors for bat-
tlefield surveillance, and reconnaissance, as well as medical sensors and implants.
Traditional bulk thermoelectric devices and thin film thermoelectric devices are
not well suited for these low �T , low heat flux applications due to the mismatch
between the TEG and the heat sink thermal resistances. This chapter will focus on
the optimization of thermoelectrics specifically for energy harvesting applications.
Performance comparisons between bulk TEG devices and new thin film thermoelec-
tric approaches will also be provided.

12.2 Basic Thermoelectric Theory

Thermoelectric generators join dissimilar p and n semiconductor materials electri-
cally and thermally to produce electrical power from the input of thermal energy.
The amount of useful power produced, Pout, divided by the heat flowing through the
TE device, qh, defines the efficiency of a thermoelectric generator:

η = Pout

qh
(12.1)

where Pout is defined by the electrical load resistance, RLoad, times the square of the
internal current, I :

Pout = I 2 RLoad (12.2)

and the heat flow through the TEG being a function of the thermoelectric material
properties and TE element geometries:

qh = N(αp − αn)I Th + K (Th − Tc) − 1

2
I 2 R (12.3)

In the above equations, the following relationships for current (I ), TEG thermal
conductance (K ), and TEG electrical resistance (R) are defined:

I = Voc

Rt
= N(αp − αn)(Th − Tc)

(R + RLoad)
(12.4)

K = N

[
λp Ap

Lp
+ λn An

Ln

]
= 2Nλ

A

L
(12.5)

R = N

[
Lpρp

Ap
+ Lnρn

An

]
= 2Nρ

L

A
(12.6)

where Th and Tc are the TE element hot and cold side temperatures, respectively,
and αp is the p-type and αn is the n-type Seebeck coefficients.
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Fig. 12.1 TE power generator device

The relationships can be further simplified assuming the p- and n- type materials
have the same element cross-sectional area (A) and length (L), and similar elec-
trical resistivity (ρ), and thermal conductivity (λ). Rload is the electrical resistance
of the component or circuit (load) which connects to the thermoelectric as shown
in Fig. 12.1. In Fig. 12.1, only a single thermoelectric couple (comprised of a sin-
gle p-type and single n-type thermoelectric element) is shown. Most thermoelectric
devices contain many couples wired electrically in series and configured thermally
in parallel. In each of the above equations, N represents the number of thermocou-
ples wired electrically in series.

The efficiency of a TEG is influenced by the electrical load attached to the device.
Therefore, it becomes useful to define the ratio of the electrical load resistance,
RLoad, to the TE internal electrical resistance, R, with the variable m:

m = RLoad

R
(12.7)

By substituting Eq. (12.4) for current into Eq. (12.2) and putting it in terms of
the load ratio, m, the efficiency can be defined as a function of the Carnot efficiency,
ηc, load resistance, and a TE material parameter, Z Th (Cobble, 1995):

η = ηc
m

(m+1)2

ZTh
+ (m + 1) − ηc

2

(12.8)
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The Carnot efficiency defines the theoretical maximum efficiency for a heat
engine operating between the temperatures Th and Tc and is given by:

ηc = Th − Tc

Th
(12.9)

TE energy harvesting devices using the best bulk materials and operating near
room temperature typically run approximately 14% of the Carnot efficiency. It is
also useful to evaluate two special thermoelectric efficiency conditions: the effi-
ciency when a TEG produces maximum power output and the maximum theoretical
thermoelectric efficiency.

For a given thermoelectric device, maximum power output is achieved when the
electrical load matches the TEG electrical resistance (Cobble, 1995), thus m = 1.
The resulting efficiency can be determined by substituting m = 1 into Eq. (12.8):

ηmp = ηc
1

2 + 4
ZTh

− ηc

2

(12.10)

In the design of a TEG operating between temperature difference Th − Tc, when
the TE element length is a design variable, the maximum thermoelectric efficiency,
is determined by differentiating Eq. (12.8) with respect to m, setting the resulting
equation equal to 0, and solving for m (Ioffe, 1956):

m = RLoad

R
=

√
1 + Z TM (12.11)

Substituting this value of m back into Eq. (12.8), the maximum efficiency is
shown to be:

ηmax = (Th − Tc)

Th

√
1 + Z TM − 1√
1 + Z TM + Tc

Th

= ηc
m − 1

m + Tc
Th

(12.12)

It appears that the resistance ratio for maximum power is in conflict with the
ratio for maximum efficiency and thus a conflict between ηmp and ηmax. For a given
TEG with an electrical resistance, R, operating between two temperatures Th and
Tc, maximum power output is achieved when R is equivalent to RLoad (m = 1).
The efficiency associated with this operating point is ηmp. There also exists a single
optimum TEG, one having different TE element dimensions (different R), for each
respective combination of Tc and Th operating points, that can be connected to the
same electrical load RLoad, that will produce the same power output but at a lower
heat flow and higher efficiency. TEGs with the optimum element dimensions can
operate at the maximum efficiency for these conditions, ηmax. When designing a
thermoelectric system with heat exchangers, ηmax from Eq. (12.12) should always
be used (Snyder, 2006).
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Fig. 12.2 TEG efficiency as a function of load ratio for different TEG �T s. Tc = 27 ◦C for all
cases, Z T = 1

In each of the above equations, the dimensionless thermoelectric Figure of Merit
(ZT) is a measure of the efficiency of a TE material comprised of temperature (T ) in
Kelvin, material Seebeck coefficient (α) in V/◦C, thermal conductivity (λ) in W/m
K, and electrical resistivity (ρ) in � m2. In the present day, bulk materials have a
Z T value of approximately 1 near room temperature. The higher the Z T , the better
the material is.

Z T = α2

λρ
T (12.13)

As stated previously, the electrical load attached to the TEG impacts the TEG’s
efficiency. This is shown in Fig. 12.2, where TEG efficiency is plotted against the
load resistance ratio, m, for several different temperature differences and a Z T = 1
material. As can be seen from the curves, the maximum efficiency, ηmax, occurs at
a load ratio of approximately 1.4. Efficiency drops off considerably for load ratios
less than 1, while the losses with load ratios greater than 1 are less severe.

12.3 Device Effective ZT

Z T is normally a measure of the material efficiency. However, as any material is
incorporated into an actual working device, passive losses within the device derate
this material efficiency. Therefore, it becomes useful to think in terms of an effective
device Z T, ZeT (Bierschenk and Miner, 2007; Miner, 2007), that can substituted
into the theoretical equations in this paper in order to provide improved estimates of
device performance. This metric takes the material performance, Z T , and includes
the effect of all the passive losses that degrade the thermoelectric performance from
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the classical theory. This effective device ZeT includes the impact of electrical
contact resistance, interconnect resistance, exterior ceramic conduction losses, and
substrate-to-substrate conduction losses in the gaps that separate the TE elements.
If the material is very thin, the electrical losses can be quite significant. Likewise, if
the spaces between TE elements are filled with thermally conductive polymers and
those gaps are not minimized, these device losses can also be appreciable.

Equation (12.14) defines this effective device Z T in terms of the material Z T
times the degradation factors. In this relation, Kb is the thermal conductance of
parasitic heat flow paths from the hot to the cold side that bypass the elements: K is
the thermal conductance through the elements (Eq. 12.5); Ri is the series sum of all
electrical interface resistances (electrical contact and interconnect resistances); and
R is the series sum of all element electrical resistances given in Eq. (12.6).

ZeT = Z T
1(

1 + Kb
/

K
) (

1 + Ri
/

R
) (12.14)

With most bulk material devices used for energy harvesting, the losses Kb and
Ri are small and have historically been ignored. However, for thin film materials,
these losses become significant and cannot be ignored. Some of the highest per-
forming thin film TE materials are the superlattice materials with material ZT values
in excess of 2 (Venkatasubramanian et al., 2001). The electrical losses, Ri, associ-
ated with fabricating a working couple from these materials reduces this Z T = 2
material to an effective ZT of only 0.65 (Venkatasubramanian et al., 2006). This
value is further reduced when the thermal conduction losses associated with these
extremely high heat flux elements are also taken in account. These conduction losses
further reduce the device performance to an effective ZT less than 0.4 (Bierschenk
and Miner, 2007), i.e., device ZeT < 0.4. For these thin film devices, the derated
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Fig. 12.3 TEG load-matched efficiency (ηmax: solid lines and ηmp: dashed lines) as a function of
TEG ZeT and �T
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device effective ZeT values should be used instead of ZT with the equations in this
chapter in order to estimate device and system performance.

Using Eqs. (12.10 and 12.12), Fig. 12.3 shows the impact of TE generator effi-
ciency as a function of TEG �T for different device ZeT values ranging from 0.25
to 2. As Fig. 12.2 indicates, TEG efficiency increases with increasing �T and with
increasing device ZeT . For most low �T energy harvesting applications, TEG effi-
ciency will be quite low, likely less than 1%. Figure 12.3 also shows the differences
between ηmp and ηmax for the same ZeT values. For the present day devices, oper-
ating over small temperature differences, there is little difference between the ηmp

and ηmax given in Eqs. (12.10 and 12.12), respectively.

12.4 System Level Design Considerations

The previous sections demonstrated the electrical performance of the TEG for vari-
ous TEG temperature differences. In the design of actual energy harvesting systems,
when the TEG is connected thermally with a small natural convection heat sink, one
cannot assume that the desired temperature difference can be achieved across the
TEG. The TEG must be matched thermally to the available heat sink in order to
maximize the power output and voltage.

Many energy harvesting applications can be represented thermally by the follow-
ing simple analogous electrical circuit (Fig. 12.4). For small temperature differences
existing between a heat source and the local ambient, the temperature difference is
divided between the TEG and the heat sink.

Tsource

θTEG

θHS

Th

Tc

T amb

Tsink

θ

Fig. 12.4 Electrical representation of the thermal circuit of a simple energy harvesting system
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The thermal resistance of the heat sink is characterized by:

θHS = THS − Tamb

qh
(12.15)

Likewise, the thermal resistance of the TEG is the inverse of the TEG thermal
conductance. For typical bulk thermoelectric devices, the thermal resistance is dom-
inated by the resistance of the TE elements. In the cases where thin film materials
are used, or devices where the gaps between TE elements are filled with thermally
conductive polymers, it may be necessary to adjust this TEG thermal resistance to
account for additional conductive losses:

θTE = 1

K
= 1

2Nλ A
L

(12.16)

Ignoring the impact of bolts or other fasteners that may be used to secure the
TEG between the heat sink and the heat source, the heat flow through the system
will be given by:

qh = Tsource − Tamb

θTE + θHS
(12.17)

Since these resistances are in series, Eq. (12.17) can be broken down and com-
bined with Eq. (12.1).

qh = qHS = Tsource − THS

θTE
= THS − Tamb

θHS
= Pout

η
(12.18)

12.5 System Optimization for Maximum Power Output

In the following example, the impact of the heat sink and TEG thermal resistances
on the output power of an energy harvesting system is analyzed. It is assumed that
the TEG electrical resistance is optimally matched to the attached load thus the
maximum efficiency and power output is produced for the given heat flow and TEG
�T . In addition, the thermal interface losses between the heat sink and the TEG cold
side, and between the heat source and the TEG hot side are assumed to be negligible
(Tc ∼ THS and Tsource ∼ Th).

Using Eqs. (12.12 and 12.18), the heat flow through the system, TEG efficiency,
and the resulting power output can be plotted as functions of the TEG to heat sink
resistance ratio, θTEG/θHS, as shown in Fig. 12.5. If the thermal resistance of the
TEG is greater than the thermal resistance of the heat sink, a larger proportion
of the source-to-ambient �T is across the TEG. As a result, the TEG efficiency
increases. In this case, however, the amount of heat flow through the TEG and heat
sink becomes limited. Even though the heat flowing through the TEG is converted at
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Fig. 12.5 TEG power output, efficiency and heat flow as a function of TEG and heat sink thermal
resistance ratio

a higher efficiency, the total power output is limited. Similarly, if the TEG thermal
resistance is much lower than the heat sink thermal resistance, the larger proportion
of the source-to-ambient �T is across the heat sink. Since the TEG �T decreases,
the resulting TEG efficiency suffers, as does the output power. Peak power output
occurs when the TEG and heat sink thermal resistances are equivalent. Therefore,
for maximum power output, TE element length and cross sections should be tailored
so that the TEG thermal resistance matches that of the heat sink. With the matched
thermal resistance, the system �T is equally split between the heat sink and the TEG
(Mayer and Ram, 2006). It can also be shown when heat exchangers are placed on
both sides of the TEG, the sum of all the thermal resistances including the heat sinks
and thermal interface resistances should equal the thermal resistance of the TEG for
maximum power output (Stevens, 2001).

Today, several types of thermoelectric materials exist, ranging from bulk to thin
film, even materials with superlattice structures. These materials vary significantly
in thickness (and thus in element length), ranging from several millimeters thick
for bulk materials to as low as 5–10 �m thick for the thin film superlattice mate-
rials. Material thickness influences not only the electrical resistance of the TEG
(Eq. 12.5), but also the thermal resistance (and conductance) as shown in Eqs. (12.6
and 12.16). It should be noted that the electrical resistance is a function of the
length-to-area ratio (L/A) of the TEG. Ignoring the electrical contact resistance and
interconnect losses, different thickness TE elements will have the same electrical
resistance as long as the length-to-area ratio is constant. Likewise, different thick-
ness elements can have the same thermal conductance if the area-to-length ratio is
maintained.

The impact of material thickness on the design of a TEG system is best demon-
strated by the following example. Consider an ideal TEG energy harvesting system
having a 10 ◦C heat source-to-ambient temperature difference where the TEG is
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attached to a small 2.5 ×2.5 cm natural convection heat sink having a thermal resis-
tance of 20 ◦C/W. In this example, 1.0 V is needed to power a low-voltage circuit.
Assume the following parameters will be held constant as the material thickness is
varied and the resulting TEG size is determined:

� Bi2Te3-based materials with αp = |αn| = 220 �V/◦C
� λp = λn = 1.4 W/mK
� matched electrical load for maximum efficiency (Eqs. (12.11 and 12.12))
� 35% packing factor (percentage of TEG cross-sectional area occupied by TE

elements)
� ZeT = 0.8

Since maximum power is produced when the ratio of TEG to heat sink thermal
resistances is 1.0 (Fig. 12.5), the 10 ◦C system �T is evenly split between the heat
sink and the TEG and the resulting TEG �T is 5 ◦C. In addition, with a matched TE
electrical resistance and electrical load and the 1 V output voltage requirement, the
TEG open-circuit voltage is 2Voc. Using Eq. (12.4), approximately 900 couples are
needed to produce the 2 Voc and using Eq. (12.16), the TE element area-to-length
ratio (A/L) of 0.02 mm is required to achieve θTE = θHS = 20 ◦C/W. The impact of
material thicknesses ranging from 10 mm to 10 �m on the TEG size, heat flux, and
element dimensions is summarized in Table 12.1. In addition, assuming the ZeT of
the device is constant for all material thickness, the power output for all material
thickness is approximately 600 �W.

Several items are noteworthy from Table 12.1

� With the 35% fill factor, the 10 mm thick material device exceeds the heat sink
area by almost 60%. At the other extreme, the 30 and 10 �m thick material
devices cover only a very small fraction of the heat sink, 0.47 and 0.16%, respec-
tively.

� TEGs that are too small to mechanically support the heat sink mass will require
fasteners to secure the TEG between the heat sink and the heat source. These fas-
teners, made from materials many times more thermally conductive than the TE
materials, will provide additional thermal paths for the system heat flow. If the
heat passes through the fasteners and not through the TEG, it cannot be converted

Table 12.1 TEG element and device dimensions needed to produce maximum power output
and 1 V for a 20 ◦C/W heat sink with 10 ◦C �T

TE Element Height
(Thickness) mm 10 3 1 0.1 0.03 0.01

TE Element Width
(mm)

0.443 0.243 0.140 0.044 0.024 0.014

TEG Width (mm) 31.9 17.5 10.1 3.2 1.7 1.0
% coverage on 2.5 (cm)

sq. heat sink
158 47 16 2 0.47 0.16

TEG Heat Flux
(W/cm2)

0.025 0.082 0.245 2.45 8.17 24.50
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to electricity, and the system efficiency drops. Likewise, these parallel heat paths
to the TEG will decrease the effective TEG thermal resistance, reducing the TEG
�T and thus further decreasing the system efficiency.

� For the natural convection heat sink in this example, the heat flux dissipated
would be approximately 0.04 W/cm2. As noted in Table 12.1, as the TE material
thickness is decreased to below 100 �m, the mismatch in TEG versus heat sink
heat flux becomes extreme. With these large heat fluxes through the TEG, ther-
mal interface losses, ceramic conduction losses, and spreading losses can become
appreciable further decreasing the TEG �T resulting in decreased efficiency and
power output.

12.6 Design Considerations for Maximizing Voltage Output

When typical manufacturing design guidelines are taken into account for the differ-
ent material thicknesses, many of the TE element dimensions that are required to
achieve the 1 V output at maximum power output are not achievable. Therefore, it is
useful to determine for each of the material thicknesses, how many couples could be
incorporated into the device and what the resulting voltage would be. These values
are summarized in Table 12.2.

In Table 12.2, the material thicknesses are labeled to represent typical device
types. Superlattice materials are typically no more than approximately 10 �m thick.
Thin film sputtered devices have materials that are approximately 30 �m thick.
Miniature bulk devices, as used in the Telecom Industry, have TE elements limited to
approximately 1.4 mm tall and elements in traditional large bulk devices are around
2 mm thick. The compact bulk devices represent a variety of devices produced with
adhesive-filled gaps between the elements, enabling very long aspect ratio elements,
and very high fill factors (Anatychuk and Pustovalov, 2006; Elsner et al., 1999;
Kishi et al., 1999). For each of these device types, the minimum TE element cross

Table 12.2 Typical TE element limitations for different device types and resulting couples
and voltage for 20 ◦C/W heat sink with 10 ◦C �T

Traditional
Bulk

Miniature
BulkCompact Bulk Sputtered Superlattice

Max TE Element Height
(Thickness) mm (est)

20 3 2 1.4 0.03 0.01

Minimum TE Element
Width (mm) (est)

0.30 0.15 1.0 0.25 0.035 0.10

Length to Area Ratio
(L/Acm−1)

2200 1330 20 225 245 10

Max # Couples for
θTE = θHS

3968 2381 36 400 437 17

Output Voltage
θTE = θHS

4.4 2.6 0.04 0.44 0.48 0.02

Device ZeT 0.60 0.70 0.75 0.86 0.32 0.37
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section is estimated. The resulting A/L of the TE elements then represents the mini-
mum thermal resistance elements for each device technology. As can be noted from
Table 12.2, for the bulk devices and the thin film devices (sputtered and superlattice),
the number of thermocouples needed to match the thermal resistance of the heat sink
are quite limited. As a consequence, the resulting output voltage is very low, too low
in many cases to power even a voltage multiplier circuit.

Since these voltages are very low for most CMOS circuits, deviating from the
“max power” assumption is necessary. It is possible to design for less than the theo-
retical maximum output power in order to achieve higher voltages as demonstrated
below. Keeping the same assumptions as before (20 ◦C/W heat sink, source-to-
ambient �T = 10 ◦C, αp = |αn| = 220 �V/◦C, λp = λn = 1.4 W/m K) and
a matched electrical output load condition, Fig. 12.6 summarizes the output power
versus voltage capabilities of the various TEG configurations and material thick-
nesses. The approach taken is to maximize the number of high-thermal resistance
elements (longest length/smallest cross-sectional area) in the TEG device. As the
number of couples is increased, voltage and power output increase. Peak power out-
put occurs when the heat sink and TEG themal resistances are equal. As additional
couples are added, the TEG thermal resistance decreases, becoming increasingly
less than the heat sink thermal resistance and the TEG �T decreases. The voltage
increase that accompanies the additional couples is partially offset by the decreased
TEG �T . As can be seen from Fig. 12.6, higher voltages can be achieved, but only
at the expense of a rapid drop-off in TEG output power. In addition, a point of
diminishing returns is quickly reached in which adding additional thermocouples
to the TEG only makes very marginal increases in voltage, but significantly greater
decreases in TEG output power.
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Fig. 12.6 Matched load power output versus voltage for different TEG device types for 20 ◦C/W
heat sink with 10 ◦C �T
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Key items to note from Fig. 12.6:

� The impact of the device ZeT is clearly seen in the peak output power for each
configuration. Since the superlattice TEGs and sputtered material TEGs have
lower device ZeT (Bierschenk and Miner, 2007), output power is considerably
lower than that of achievable with the bulk materials.

� Figure 12.6 ignores any bolt or fastener thermal loads used to sandwich the heat
sink to the heat source. For many of the bulk configurations, it is possible to
use the TEG as a structural member and “glue”, the heat sink directly to the
TEG. However, as noted in the previous example, for the much smaller thin film
devices these bolt conductive loads will be appreciable, significantly decreasing
both the power output and the voltage as the available heat partially bypasses the
TEG in favor of the lower thermal resistance bolts.

� Both traditional bulk TEGs and superlattice TEGs have very low output voltage
for the small �T systems being analyzed, but for different reasons. TE element
aspect ratios, limited by the cross-sectional area in the traditional bulk device and
by the thickness of the superlattice device, limit the thermal resistance of each
individual TE element. Low-device thermal resistance severely reduces the TEG
�T and voltage output.

Clearly, the best performance is achievable from devices that can be built with the
lowest A/L ratio. To achieve these extreme area-to-length ratios on the TE devices,
various approaches have been implemented, all of which incorporate adhesives to
provide structural rigidity to the TE elements. Similar constructions were utilized
for harvesting energy from body heat to power watches. Figure 12.7 shows one
of the many devices produced by Marlow Industries that incorporate very long
aspect ratio TE elements with adhesive filled spaces between TE elements, creat-

Fig. 12.7 Example of marlow compact bulk energy harvester
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ing a structurally sound energy harvesting TEG that is designed to match the ther-
mal resistance of the heat sink while providing structural support and high-voltage
output.

12.7 Conclusions

The optimization of TEG energy harvesting systems requires proper matching of
the TEG with the heat sink to be used in the application. Maximum power output is
achieved when the temperature difference between the heat source and the ambient
is equally split between the TEG and the heat sink. To achieve reasonable output
voltages, large numbers of thermocouples are required. These thermocouples must
collectively have a thermal resistance equaling the thermal resistance of the heat
sink. With traditional bulk and thin film devices, it is difficult to obtain the TE
element area-to-length aspect ratios needed to achieve the desired device thermal
resistance. In addition, the thin film energy harvesting devices will inherently be
very small devices with drastically different heat fluxes than the small natural con-
vection heat sinks. As such, these devices will incur higher thermal interface losses
and likely require the use of fasteners to support the mass of the heat sink, both
of which further degrade the TEG system performance. Device configurations that
enable TEG devices with long aspect ratio TE elements provide the highest power
and voltage outputs. These are typically devices with low conductivity adhesive
fillers to support the long, small cross-section thermoelectric elements. These device
designs can easily produce sufficient power and voltage to power a variety of low-
power sensors, even when harvesting energy from temperature differences as low as
5–10 ◦C. Traditional bulk TEGs and the thin film TEGs will only be applicable in
energy harvesting applications when large temperature differences exist and when
means of heat sinking beyond natural convection are available.
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Chapter 13
Thin Film Batteries for Energy Harvesting

Nancy J. Dudney

Abstract Batteries are one solution for charge accumulation and storage of energy
from harvesting and scavenging devices. Because many harvesting devices capture
low levels of ambient energy, only very small batteries are required for most appli-
cations requiring energy storage and intermittent use. This chapter highlights the
fabrication and performance of research batteries and recently commercialized thin
film batteries (TFB) including the energy and power densities, charging require-
ments, cycle-life and shelf-life, and also oerformance at both high and low tempera-
tures. With flexible charging models and excellent cycle life, thin batteries are very
promising for paring with a variety of energy harvesting devices including solar
cells and piezoelectrics.

13.1 Introduction

Batteries are one solution for charge accumulation and storage of energy from har-
vesting and scavenging devices. Because many harvesting devices capture low levels
of ambient energy, only very small batteries are required for energy storage and
intermittent use. Particular applications include self-powered wireless sensors or
wearable electronics. Very small batteries are commonly referred to as microbat-
teries, although common units for power, energy, and capacity are in the milliwatt
(mW), milliwatt-hour (mW h), and milliamp-hour (mA h) range.

This chapter will present the results for thin film batteries (TFB) based on Oak
Ridge National Laboratory’s (ORNL) materials and designs which have been devel-
oped and recently commercialized by several manufacturers (Cymbet Corp, Excella-
tron, Front Edge Technologies, Infinite Power Solutions, Oak Ridge Micro-Energy).
No attempt is made to review all the literature and advances on thin film battery
design or materials, rather the focus is to highlight the performance characteristics
of these batteries that is of particular interest for energy harvesting. Issues where
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the performance differs substantially from larger and more common rechargeable
batteries will also be emphasized.

Surprisingly, there are only a few publications demonstrating the use of harvest-
ing devices with different conversion circuits for charging small batteries and none
that we know of with TFBs. Sodano et al. (2005) demonstrated partial charging of a
40 mA h Ni metal hydride battery with a piezoelectric plate and diode bridge circuit
and, in a later publication, demonstrated charging at higher power with thermoelec-
tric generators. At the time, these investigators avoided the available lithium–ion
batteries because they would have required additional components for voltage regu-
lation. Although unpublished, TFBs have been successfully recharged using power
from solar cells and piezoelectric devices (personal communication).

13.2 Structure, Materials, and Fabrication of TFB

As constructed by ORNL (Bates et. al. 2000a, Dudney 2005), a thin film battery
is all solid state and fabricated by a sequential series of physical vapor deposition
processes. A cross section for a common battery layout supported on an insulat-
ing substrate is shown in Fig. 13.1. Each of the component layers is 0.3 to several
micrometers thick. Ideally, the substrate is also a component of the device; other-
wise even with very thin substrates, the weight and volume of the battery is largely
determined by the inactive support. Thin film batteries are being developed using a
variety of supports, including silicon, mica, alumina, polymers, and metal foils. As
shown in Fig. 13.2, many of the batteries are not only thin, but also quite flexible.
As yet, these TFBs are limited to a single layer on a substrate surface, as there are
engineering hurdles to depositing a multicell stack. Typical active areas are several
square centimeter, but cells with active areas from < 1 mm2 to 25 cm2 have been
fabricated. Capacities are in the range of < 1 to 10 mAh.

As demonstrated by extensive work at Oak Ridge, a variety of materials may
be used for the active cathode and anode of the batteries. Being intercalation or
insertion compounds, each of these materials can reversibly incorporate and release
atomic lithium with each charge and discharge of the battery. Choice of the electrode
materials determine the cell voltage profile, and to some extent the capacity, energy,
and power. Both “lithium batteries,” utilizing metallic lithium as the anode, and

Fig. 13.1 Schematic cross section of TFB
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(d) (e)

(a) (b) (c)

Fig. 13.2 Examples of prototype batteries manufactured by (a) Oak Ridge Micro-Energy, (b) Infi-
nite Power Solutions, (c) Excellatron, (d) Front Edge Technology, and (e) Cymbet Corporation

“lithium-ion batteries,” with a compound or alloy for the anode, have been inves-
tigated (Neudecker and Zuhr 2000). In addition, a “lithium-free battery” lacks an
anode material until lithium is electrodeposited at the current collector during the
first charge (Neudecker et al. 2000).

With the exception of lithium metal, the active anode and cathode materials are
deposited as single-phase films by magnetron sputter deposition processing onto
unheated substrates. The resulting films are typically X-ray amorphous or composed
of very fine crystallites. Subsequent annealing at temperatures of 300–800 ◦C gives
a crystalline microstructure capable of more rapid lithium diffusion and hence a
higher power battery. Many of the active compounds and alloys for the TFBs are
also used in conventional lithium–ion batteries, but because the films have smaller
and well-connected grains, the materials are typically more robust when cycled over
a wider voltage range than conventional lithium–ion battery materials (Jang et. al.
2002). Stresses due to volume changes upon cycling limit the thicknesses of the
anode and cathode films.

The solid electrolyte film is the most critical battery component. For batteries
described here, a glassy lithium phosphorus oxynitride, now known as Lipon, is sput-
tered deposited over the cathode film. Lipon has been shown to have a wide voltage
stability window, 0–5.5V versus Li+/Li, an ionic conductivity due to mobile Li+ ions
of 1–2 �S/cm, and an electronic resistivity in excess of 1014� cm (Yu et. al. 1997).
Furthermore, because there are no grain boundaries and the Lipon is mechanically
rigid, short-circuit paths and lithium dendrites do not penetrate the electrolyte film.

Work to improve the manufacturability of these batteries has resulted in a num-
ber of improvements and variations over the original research from the group at
ORNL. Advanced materials and faster, more efficient deposition practices have
produced batteries that are being used or evaluated for a variety of applications
(Cymbet Corp., Excellatron, Front Edge Technologies, Infinite Power Solutions,
Oak Ridge Micro-Energy). Researchers at NASA’s Jet Propulsion Laboratory have
developed processes for lithographic patterning of the battery components for true
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micropower batteries (West et. al. 2002). Because of the very reactive materials,
the batteries must be protected from air. A variety of protective layers have been
evaluated. Ideally, a conformal coating would provide a hermetic barrier. Multilay-

ers of Parylene
TM

and titanium, with a total thickness of 7 �m have been used at
ORNL, but this only provides protection of the battery for several months at room
temperature and humidity. More effective barriers are provided by manufacturers.

13.3 Performance of TFBs

13.3.1 Energy and Power

Typical discharge and charge curves for different lithium batteries (i.e., with a
lithium metal anode) are shown in Fig. 13.3. These were measured at low-current
densities, so that there is little loss due to polarization of the battery materials. The
horizontal axis is the capacity in microampere hour normalized by the active area
of the battery and thickness of the cathode. The cathode limits the capacity of these
TFBs and may be as much as 2–4 �m thick (Dudney and Jang Y-I 2003). Much
thicker cathode films are under development (personal communication). The batter-
ies with the crystalline cathodes show distinct constant voltage plateaus and steps in
the discharge/charge profiles reflecting two- and single-phase composition ranges
of the cathode material, respectively. Where changes in the host lattice are small,
the charge curve nearly overlaps the discharge curve at low current. In contrast,
batteries with cathodes which are either amorphous or poorly crystalline have grad-
ually sloping voltage profiles. For these cathodes, there is often a large voltage gap
between the discharge and the charge curves which reduces the energy efficiency of

1.5

2.5

3.5

4.5

–120 –80 –40 0 40 80 120

LiMn2O4

LiCoO2

a LixMn2O4

Li3V2O5

a LixV2O5

B
at

te
ry

 V
ol

ta
ge

  (
V

)

Capacity (µAh/cm2-µm)

Discharge Charge

Fig. 13.3 Battery voltage for a low-current discharge and charge cycle of five different batteries
with metallic lithium as the anode. The capacity is normalized by the active battery area and the
thickness of the cathode. The cathodes are identified in the legend. X-ray amorphous cathodes are
denoted as a; other cathodes are crystalline



13 Thin Film Batteries for Energy Harvesting 359

the battery cycles. Voltage profiles for lithium–ion batteries (i.e., with an alternative
anode) differ somewhat from those shown in the figure for the lithium batteries as
the voltage reflects the electrochemical potential of lithium in both the anode and the
cathode. Damage to the electrode materials may occur from over charge or discharge
when the lithium content is forced beyond the highly reversible composition range.
Some lithium–ion batteries are less susceptible to these conditions and can recover
from dead shorts (Oak Ridge Micro-Energy).

When batteries are discharged at higher current densities, increased polarization
within the electrolyte and electrodes reduces the capacity that can be utilized before
the cell voltage drops below a useful cutoff. When discharged at higher power, the
effective energy is reduced. This information is best presented as a Ragone plot of
the energy versus power, such as shown in Fig. 13.4. Each of the curves shows the
performance of a different battery normalized to the active area. Often these curves
cross each other highlighting the tradeoff between batteries with thinner electrodes
that can be discharged faster versus batteries with thick electrodes and hence more
available energy. The TFBs, and any battery, should be optimized for the particular
duty cycle. For thin film batteries fabricated at ORNL, the maximum power realized
for batteries under continuous discharge is about 10 mW/cm2, and the maximum
energy at lower power is about 1 mW h/cm2. Pulsed discharge duty cycles can uti-
lize the battery capacity most efficiently, as polarization can relax during the rest
periods. The best performance by far is for crystalline LiCoO2 cathodes; this layered
crystal structure facilitates a particularly high-lithium intercalation rate. Figure 13.4
also includes axes showing the volumetric energy and power densities. For this
estimate, the substrate for the TFB has been excluded, but all other components
and protective coating have been included. This represents the ideal case where the
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TFB is integrated with the harvesting device such that substrates or packaging are
shared. Compared with the other lithium–ion batteries and various ultracapacitors,
these energy and power densities are very attractive. However, unless the active area
of the TFB is very large, the energy provided is small.

13.3.2 Charging

Most of the published performance of the TFBs emphasizes the discharge perfor-
mance, however for energy harvesting applications, charging the battery is equally
or more important. For maximum efficiency and battery life, the harvesting circuit
and battery storage voltage must be well matched (Guan and Liao 2007).

The voltage requirements for charging the TFBs are stringent, while the current
can vary widely. The voltage profiles in Fig. 13.3 indicate the minimum voltage that
must be applied in order to charging the cell continuously, while the maximum is
the voltage of the fully charged cell, Vcharged. Higher voltages can be tolerated, but
only for short times. This gives a strict voltage target for most TFBs and control is
needed to prevent discharge when the charging voltage is low or interrupted. The
variety of battery materials offers some flexibility to match the battery with the
voltage output of the harvesting device, and in addition, nearly identical batteries
can be connected in series to achieve higher storage voltages. Cycle tests of thin
film batteries connected in series have given the expected performance and are not
degraded by small variations in the cell-to-cell properties (Bates et. al. 2000a,b).

The charge current, on the other hand, can vary by orders of magnitude from
a trickle charge to about 10 mA/cm2. The high-current densities obviously give
the most rapid charge. For thin film batteries, rapid charge is achieved by simply
applying Vcharged delivering a high-initial current to the battery which decays as the
cell approaches full charge. An example of such a rapid continuous charge is shown
in Fig. 13.5. Pulsed charge is also acceptable and the maximum applied voltage
may be extended by the ohmic voltage so the Vmax . = Vcharged + i Rcell, where i is the
current and Rcell is the internal cell resistance. A stepwise charge with this extended
voltage is also shown in Fig. 13.5.

For some energy harvesting devices, the charging current may be very low,
referred to as a trickle charge. Currents used for the battery charging shown in
Fig. 13.1 are quite low, only 5–20 �A/cm2, but from tests of self-discharge it is
clear that effective charge can be realized at any currents greater than ∼ 1 nA/cm2.

13.3.3 Cycle-Life and Shelf-Life

Most studies of TFBs report deep cycles, from full charge to complete discharge,
at continuous or pulsed currents. Here several thousand cycles are realized with
minimal degradation. For use with energy harvesting, actual cycles may be shallow
and/or more variable. Although not specifically evaluated, shallow cycles present
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less stress to the battery and may extend the cycle life. Interruptions in cycling also
cause no degradation and if the battery is at open circuit, there is an almost negligible
selfdischarge of the cell. While most often tested with a fully charged cell, results
in Fig. 13.6 demonstrate negligible self-discharge over 80 days for a discharged
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battery. Here, the cell voltage increases from 3.3 V continuously over at least 80
days with equilibration of the cell overwhelming any self-discharge. This and other
tests indicate that self-discharge is < 1 �A h/cm2/year for most cells with Lipon
electrolyte and metallic Li anode. Obviously, it is essential that the leakage current
through the control electronics be minimized to preserve the battery charge.

13.3.4 High and Low Temperature Performance

Because of the stability of the materials, TFBs can withstand high and low tem-
perature extremes (Bates et. al. 2000a). At −25 ◦C, the lithium transport in both
the electrolyte and the electrodes becomes sluggish, so discharge and charge pow-
ers are reduced. Batteries have been cycled for long periods at 100 ◦C (Dudney
et. al. 1999), yet for some electrode materials, the cycle life is compromised.
Also, lithium-free and lithium–ion batteries can withstand short times at very high
temperatures, ∼ 250◦C, needed for solder-bonding processes (Neudecker et al.
2000). Several manufacturers (Excellatron, Front Edge Technologies, Oak Ridge
Micro-Energy) have presented results demonstrating good performance at more
extreme conditions, including: cycles at −40 ◦C, and hundreds of cycles at 150 or
175 ◦C. Further, batteries suffer no degradation in performance from treatments of
20 min over 220 ◦C with excursions to 265 ◦C.

13.4 Outlook and Summary

With robust performance and excellent cycle life, thin film batteries are very promis-
ing for pairing with energy harvesting devices. The best scenario is for the TFB to
be full integrated with the harvesting device, both in shared components and also in
a shared fabrication line. This will complicate manufacturing, but ultimately greatly
reduce the weight or volume of the device compared to add-on components. Per-
haps, the biggest challenge is design of electronics to efficiently match the output of
the harvesting device with the voltage requirements of the TFB to ensure the most
efficient energy storage from ambient sources.
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Chapter 14
Materials for High-energy Density Batteries

Arumugam Manthiram

Abstract Lithium-ion batteries have emerged as the choice of rechargeable power
source as they offer much higher energy density than other systems. However,
their performance factors such as energy density, power density, and cycle life
depend on the electrode materials employed. This chapter provides an overview
of the cathode and anode materials systems for lithium-ion batteries. After pro-
viding a brief introduction to the basic principles involved in lithium-ion cells,
the structure-property-performance relationships of cathode materials like layered
LiMO2(M = Mn,Co, and Ni) and their soiled solutions, spinel LiMn2O4, and
olivine LiFePO4 are presented. Then, a brief account of the carbon, alloy, oxide,
and nanocomposite anode materials is presented.

14.1 Introduction

Batteries are the main energy storage devices used in modern society. They power
invariably the portable devices we use in our daily life. They are also being pursued
and developed intensively for widespread automobile applications. With respect to
the topic of this book, batteries are also critical to store the energy harvested from
various sources like solar, wind, thermal, strain, and inertia and to use the harvested
energy efficiently when needed. In all of these applications, the energy density of
the battery, which is the amount of energy stored per unit volume (W h/L) or per unit
weight (W h/kg), is a critical parameter. The amount of energy stored depends on
the capacity (amount of charge stored) per unit volume (A h/L) or per unit weight (A
h/kg) and the voltage (V) each cell can deliver. In addition, rechargeability, charge–
discharge cycle life, and the rate at which the cell can be charged and discharged are
also important parameters. Moreover, cost and environmental impact considerations
need to be taken into account. All of these parameters and properties are related to
the battery chemistry and materials involved.
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Fig. 14.1 Comparison of the gravimetric and volumetric energy densities of lithium–ion batteries
with those of other rechargeable systems

Among the various rechargeable battery chemistries known to date, lithium–ion
batteries offer the highest energy density when compared with the other recharge-
able battery systems such as lead–acid, nickel–cadmium, and nickel–metal hydride
batteries as shown in Fig. 14.1. The higher volumetric and gravimetric energy den-
sities of the lithium–ion cells are due to the higher cell voltages (∼4 V) achievable
by the use of non-aqueous electrolytes in contrast to <2 V achievable with most of
the aqueous electrolyte-based cells. This chapter, after briefly providing the basic
principles involved in lithium–ion cells, focuses on the various materials systems
employed or being currently pursued to maximize the energy density, power den-
sity, or both, while keeping in mind the other parameters like cycle life, cost, and
environmental concerns.

14.2 Principles of Lithium–Ion Batteries

Lithium–ion batteries involve a reversible insertion/extraction of lithium ions into/
from a host matrix during the discharge/charge process as shown in Fig. 14.2.
The host matrix is called as a lithium insertion compound and serves as the elec-
trode material in the cell. The present generation of lithium–ion cells mostly uses
graphite and layered LiCoO2 as the lithium insertion compounds, which serve,
respectively, as the anode and cathode materials. A lithium-containing salt such as
LiPF6 dissolved in a mixture of aprotic solvents like ethylene carbonate (EC) and
diethyl carbonate (DEC) is used as the electrolyte. During the charging process,
the lithium ions are extracted from the layered LiCoO2 cathode, flow through the
electrolyte, and get inserted into the layers of the graphite anode, while the electrons
flow through the external circuit from the LiCoO2 cathode to the graphite anode in
order to maintain charge balance. Thus, the charging process is accompanied by
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Fig. 14.2 The charge/discharge process involved in a lithium–ion cell consisting of graphite as an
anode and layered LiCoO2 as a cathode

an oxidation reaction (Co3+ to Co4+) at the cathode and a reduction reaction at
the anode. During discharge, exactly the reverse reactions occur at the anode and
cathode with the flow of lithium ions (through the electrolyte) and electrons from
the anode to the cathode. The free energy change involved in the relevant chemical
reaction 14.1 is taken out as electrical energy during the discharge process:

LiCoO2 + C6 → Li1−x CoO2 + Lix C6 (14.1)

The open-circuit voltage Voc of such a lithium–ion cell shown in Fig. 14.2 is given
by the difference in the lithium chemical potential between the cathode (μLi(c)) and
the anode (μLi(a)) as follows:

Voc = μLi(c) − μLi(a)

F
(14.2)

where F is the Faraday constant. Figure 14.3 shows a schematic energy diagram of
a cell at open circuit. The cell voltage Voc is determined by the energies involved in
both the electron transfer and the Li+ transfer. While the energy involved in electron
transfer is related to the work functions of the cathode and the anode, the energy
involved in Li+ transfer is determined by the crystal structure and the coordination
geometry of the site into/from which Li+ ions are inserted/extracted (Aydinol and
Ceder, 1997). Although the cell voltage is a function of the separation between the
redox energies of the cathode (Ec) and anode (Ea), thermodynamic stability consid-
erations require the redox energies Ec and Ea to lie within the bandgap Eg of the
electrolyte, as shown in Fig. 14.3, so that no unwanted reduction or oxidation of the
electrolyte occurs during the charge–discharge process. Thus, the electrochemical
stability requirement imposes a limitation on the cell voltage as follows:

FVoc = μLi(c) − μLi(a) < Eg (14.3)
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Fig. 14.3 Schematic energy diagram of a lithium cell at open circuit. HOMO and LUMO refer,
respectively, to the highest occupied molecular orbital and lowest unoccupied molecular orbital in
the electrolyte

Several criteria should be satisfied in order for a lithium insertion compound to
be successful as a cathode or an anode material in a rechargeable lithium cell. Some
of the most important criteria are listed below.

� The cathode should have a low-lithium chemical potential (μLi(c)) and the anode
should have a high-lithium chemical potential (μLi(a)) to maximize the cell volt-
age (V ). This implies that the transition metal ion Mn+ in the lithium insertion
compound LixMyXz should have a high oxidation state to serve as a cathode and
a low oxidation state to serve as an anode.

� The lithium insertion compound Lix MyXz should allow an insertion/extraction
of a large amount of lithium per unit weight or per unit volume to maximize
the cell capacity (A h/L or A h/kg). This depends on the number of lithium
sites available in the lithium insertion/extraction host for reversible lithium inser-
tion/extraction and the accessibility of multiple valences for M in the lithium
insertion/extraction host. A combination of high capacity and cell voltage can
maximize the energy density (W h/L or W h/kg), which is given by the product
of the cell capacity and cell voltage.

� The lithium insertion compound Lix MyXz should support a reversible inser-
tion/extraction of lithium with no or minimal changes in the host structure over
the entire range of lithium insertion/extraction in order to provide good cycle life
for the cell. This implies that the insertion compound LixMyXz should have good
structural stability without breaking any M–X bonds.

� The lithium insertion compound should support both high-electronic conductiv-
ity (σe) and high-lithium–ion conductivity (σLi) to facilitate fast charge/discharge
(rate capability) and offer high-power capability, i.e., it should support mixed
ionic–electronic conduction. This depends on the crystal structure, arrangement
of the MXn polyhedra, geometry, and interconnection of the lithium sites, nature,
and electronic configuration of the Mn+ ion, and the relative positions of the Mn+

and Xn− energies.
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� The insertion compound should be chemically and thermally stable without
undergoing any reaction with the electrolyte over the entire range of lithium
insertion/extraction.

� The redox energies of the cathode and anode in the entire range of lithium
insertion/extraction process should lie within the bandgap of the electrolyte
as shown in Fig. 14.3 to prevent any unwanted oxidation or reduction of the
electrolyte.

� The lithium insertion compound should be inexpensive, environmentally benign,
and lightweight from a commercial point of view. This implies that the Mn+ ion
should preferably be from the 3d transition series.

In addition to the criteria outlined earlier for the cathode and the anode materials,
the electrolyte should also satisfy several criteria. The electrolyte should have high
lithium–ion conductivity, but should be an electronic insulator in order to avoid
internal short-circuiting. A high-ionic conductivity in the electrolyte is essential to
minimize IR drop or ohmic polarization and realize a fast charge–discharge process
(high rate or power capability). With a given electrolyte, the IR drop due to elec-
trolyte resistance can be reduced and the rate capability can be improved by having
a higher electrode interfacial area and thin separators. The electrolyte should also
have good chemical and thermal stabilities without undergoing any direct reaction
with the electrodes. It should act only as a medium to transport efficiently the Li+

ions between the two electrodes (anode and cathode). Additionally, the engineer-
ing involved in cell design and fabrication plays a critical role in the overall cell
performance including electrochemical utilization, energy density, power density,
and cycle life (Linden, 1995). For example, although ideally high-electronic con-
ductivity and lithium–ion diffusion rate in the electrodes are preferred to minimize
cell polarizations, the electronic conductivity of the electrodes can be improved by
adding electronically conducting additives such as carbon. However, the amount
of additive should be minimized to avoid any undue sacrifice in cell capacity and
energy density. Finally, cell safety, environmental factors, and raw materials and
processing/manufacturing costs are also important considerations in materials selec-
tion, cell design, and cell fabrication.

14.3 Cathode Materials

Intensive materials research during the past three decades has led to the identi-
fication and development of several lithium insertion compounds as cathodes for
lithium–ion batteries (Whittingham and Jacobson, 1982; Gabano, 1983; Venkatasetty,
1984; Pistoia, 1994; Julien and Nazri, 1994; Wakihara and Yamamoto, 1998; Nazri
and Pistoia, 2003). Although initial efforts were focused on transition metal chalco-
genides (sulfides and selenides), their practical use was limited as it is difficult
to achieve high-cell voltages with the chalcogenide cathodes. The cell voltage is
limited to <2.5 V versus metallic lithium anode with the chalcogenides due to an
overlap of the higher valent Mn+ : d band with the top of the nonmetal:p band
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and the inability to stabilize higher oxidation states of the transition metal ions in
chalcogenides. For example, an overlap of the Mn+ : 3d band with the top of the
S2− : 3p band results in an introduction of holes into the S2− : 3p band to form
S2

2− ions rather than oxidizing the transition metal ions and accessing higher valent
Mn+. Recognizing this difficulty with chalcogenides, Goodenough’s group at the
University of Oxford focused on oxide cathodes during the 1980s (Mizushima et al.,
1980; Goodenough et al., 1980; Thackeray et al., 1983). The location of the top of
the O2− : 2p band much below the top of the S2− : 3p band and a larger raising of
the Mn+ : d energies in an oxide when compared with that in a sulfide due to a larger
Madelung energy make the higher valent states accessible in oxides. For example,
while Co3+ can be readily stabilized in an oxide, it is difficult to stabilize Co3+ in a
sulfide since the Co2+/3+ redox couple lies within the S2− : 3p band.

Accordingly, several transition metal oxide hosts crystallizing in different struc-
tures have been identified as cathode materials during the past 25 years. Among
them, oxides with a general formula LiMO2 (M = Mn, Co, and Ni) having a
layered structure, LiMn2O4 having the spinel structure, and LiFePO4 having the
olivine structure have become appealing cathodes for lithium–ion batteries. These
three systems of cathodes are discussed in the sections below.

14.3.1 Layered Oxide Cathodes

LiMO2 with M = Co and Ni crystallize in a layered structure in which the Li+

and M3+ ions occupy the alternate (111) planes of the rock salt structure so that the
MO2 sheets alternate with Li+ layers along the c-axis as shown in Fig. 14.4. The
structure consists of a cubic close-packed oxygen array with the Li+ ions occupying
the octahedral interstitial sites and three MO2 sheets per unit cell. Accordingly, this
structure is designated as the O3 layer structure in which the letter “O” refers to the
presence of the alkali metal ions in the octahedral sites and the number “3” refers
to the number of MO2 sheets per unit cell. While the interconnected lithium–ion
sites through the edge-shared LiO6 octahedral arrangement between the strongly
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MO2 
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MO2

Fig. 14.4 Crystal structure of layered LiMO2 (M = Co or Ni) showing the arrangement of Li+

ions between the strongly bonded MO2 sheets
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bonded MO2 layers provide high lithium–ion conductivity σLi, the edge-shared MO6

octahedral arrangement with a direct M–M interaction provides good electronic
conductivity σe, which are critical to realize fast charge–discharge rates. A large
charge and ionic radii differences between the Li+ and Co3+ ions offer a good
ordering without any mixing between the cations in the lithium and transition metal
layers. Also, a strong preference of the low spin Co3+ : 3d6 (t6

2ge0
g) ions for the

octahedral sites prevents the migration of the Co3+ ions from the transition metal
layer to the lithium layer via the neighboring tetrahedral sites during the charge–
discharge process unlike in the case of other layered oxides like LiMnO2. On the
other hand, the highly oxidized Co3+/4+ redox couple with a large work function
offers a high-discharge voltage of around 4 V versus Li/Li+ (Mizushima et al.,
1980). Moreover, with a direct Co–Co interaction and a partially filled t2g orbital for
Co4+ (t5

2ge0
g) ions, Li1−x CoO2 becomes a metallic conductor on partially charging it.

As a result LiCoO2 has become an attractive cathode, and most of the lithium–ion
cells presently use LiCoO2 as the cathode.

However, only 50% of the theoretical capacity of LiCoO2, which corresponds to
a reversible extraction of 0.5 lithium ions per LiCoO2 formula and around 140 A
h/kg, could be utilized in practical cells. Although early studies attributed this limi-
tation in practical capacity to an ordering of lithium ions and consequent structural
distortions (hexagonal to monoclinic transformation) around x = 0.5 in Li1−x CoO2

(Reimers and Dahn, 1992), more recent characterizations of chemically delithi-
ated samples suggest that the limitation is primarily due to the chemical insta-
bility at deep charge for (1 − x) <0.5 in Li1−x CoO2 (Venkatraman et al., 2003;
Choi et al., 2006). This is supported by the fact that the reversible capacity of
LiCoO2 has been increased significantly close to 200 A h/kg with a reversible extrac-
tion of 0.7 lithium ions per formula unit on modifying the surface of LiCoO2 by
other oxides like Al2O3, ZrO2, and TiO2 (Cho et al., 2001a, b). The surface modifi-
cation prevents the direct contact of the highly oxidized Co3+/4+ with the electrolyte
and thereby improves the chemical stability. The chemical instability of Li1−x CoO2

at deep charge also leads to safety concerns.
The chemical instability of Li1−x CoO2 is due to a significant overlap of the redox

active Co3+/4+ : t2g band with the top of the O2− : 2p band as shown in Fig. 14.5 and
the consequent introduction of significant amount of holes into the O2− : 2p band
at deep charge (i.e. (1 − x) <0.5). Although the analogous layered Li1−x MnO2

and Li1−x NiO2 offer better chemical stability than Li1−x CoO2 as the redox active
Mn3+/4+ : eg and Ni3+/4+ : eg bands lie well above the O2− : 2p band or barely
touches the top of O2− : 2p band (Fig. 14.5), Li1−x MnO2 suffers from a migration of
the Mn3+ ions from the transition metal plane to the lithium plane to form a spinel-
like phase while Li1−x NiO2 suffers from phase changes during the charge–discharge
process. As a result, both LiMnO2 and LiNiO2 are not promising cathodes.

Although both LiMnO2 and LiNiO2 by themselves could not be used as cath-
odes, solid solutions among LiMnO2, LiCoO2, and LiNiO2 have become attractive
cathodes. For example, layered LiNi1/3Mn1/3Co1/3O2 has emerged as a replace-
ment for LiCoO2 as it offers a lower cost and better safety when compared with
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Fig. 14.5 Comparison of the energy diagrams of LiCoO2, LiNiO2, and LiMnO2

LiCoO2. While the lower cost arises from a lower raw material cost of Mn and
Ni when compared with that of Co, the better safety is due to the lying of the
Mn3+/4+ : eg and Ni3+/4+ : eg bands above the O2− : 2p band when compared
with the Co3+/4+ : t2g band as seen in Fig. 14.5. The better chemical stability also
allows Li1−x Ni1/3Mn1/3Co1/3O2 to be charged to higher cutoff charge voltages with
a higher reversible capacity of around 180 A h/kg when compared with Li1−x CoO2

(Choi and Manthiram, 2004).
More recently, solid solutions between layered Li[Li1/3Mn2/3]O2, which is com-

monly designated as Li2MnO3, and layered Li[Ni1−y−zMnyCoz]O2 have also become
interesting as they exhibit much higher capacities of around 250 A h/kg, which is
nearly two times higher than that found with LiCoO2 (Lu et al., 2002; Armstrong
et al., 2006; Thackeray et al., 2007; Arunkumar et al., 2007a, b). These layered solid
solutions between Li[Li1/3Mn2/3]O2 and Li[Ni1−y−zMnyCoz]O2 exhibit an initial
sloping region A, which corresponds to the oxidation of the transition metal ions
to 4+ state, followed by a plateau region B, which corresponds to an oxidation of
the O2− ions and an irreversible loss of oxygen from the lattice, during the first
charge as seen in Fig. 14.6. After the first charge, the material cycles with a sloping
discharge–charge profile involving a reversible reduction–oxidation of the transition
metal ions.
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Fig. 14.6 First charge–discharge profiles of solid solutions between layered Li[Li1/3Mn2/3]O2 and
Li[Ni1−y−zMnyCoz]O2
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Fig. 14.7 First charge–discharge profiles of the layered (1 − x) Li[Li1/3Mn2/3]O2 −
xLi[Ni1/3Mn1/3Co1/3]O2 solid solutions before and after surface modification with Al2O3 followed
by heating at 400 ◦C

However, these layered solid solution cathodes tend to exhibit a large irreversible
capacity loss in the first cycle, i.e., a large difference between the first charge capac-
ity and the first discharge capacity as seen in Fig. 14.6. This large irreversible capac-
ity loss is generally believed to be due to the extraction of lithium as “Li2O” in the
plateau region B in Fig. 14.6 and an elimination of the oxide ion vacancies formed
to give an ideal composition “MO2” without any oxide ion vacancies existing in the
lattice at the end of first charge, resulting in a less number of lithium sites avail-
able for lithium insertion/extraction during the subsequent discharge–charge cycles
(Armstrong et al., 2006; Thackeray et al., 2007). However, a careful analysis of the
first charge and discharge capacity values recently with a number of compositions
suggests that part of the oxide ion vacancies should be retained in the layered lattice
to account for the high-discharge capacity values observed in the first discharge
(Wu et al., 2008).

The irreversible capacity loss observed during the first cycle could also be
reduced by a modification of the cathode surface with other oxides like Al2O3

(Wu et al., 2008; Park et al., 2001). For example, Fig. 14.7 shows the first charge–
discharge profiles of a series of solid solutions between layered Li[Li1/3Mn2/3]O2

and Li[Ni1/3Mn1/3Co1/3]O2 before and after surface modification with Al2O3, while



374 A. Manthiram

0 5 10 15 20 25 30

200

250

300 Unmodified
Al2O3 modified x = 0.7

D
is

ch
ar

ge
 C

ap
ac

ity
 (

m
A

h/
g)

Cycle number

200

250

300 x = 0.6

200

250

300

200

250

300

x = 0.5

x = 0.4

200

250

300 x = 0.3

Fig. 14.8 Cyclability of the layered (1 − x) Li[Li1/3Mn2/3]O2 − xLi[Ni1/3Mn1/3Co1/3]O2 solid
solutions before and after surface modification with Al2O3 followed by heating at 400 ◦C

Fig. 14.8 shows the corresponding cyclability data. Clearly, the surface
modified samples exhibit lower irreversible capacity loss and higher dis-
charge capacity values than the pristine, unmodified samples. This improvement
in the surface modified samples has been explained on the basis of the retention of
more number of oxide ion vacancies in the layered lattice after the first charge when
compared with that in the unmodified samples. It is remarkable that the surface
modified (1 − x) Li[Li1/3Mn2/3]O2 − xLi[Ni1/3Mn1/3Co1/3]O2 composition with
x = 0.4 exhibit a high-discharge capacity of 280 mA h/g, which is two times higher
than that of LiCoO2. These oxides have high potential to increase the energy density
values significantly. However, these layered oxides require charging up to about
4.8 V and more stable, compatible electrolyte compositions need to be developed.
Moreover, oxygen is lost irreversibly from the lattice during the first charge, and it
may have to be vented appropriately during cell manufacturing before sealing the
cells. Furthermore, the long-term cyclability of these cathodes under more aggres-
sive environments such as elevated temperatures need to be fully assessed.

14.3.2 Spinel Oxide Cathodes

LiMn2O4 crystallizes in the normal spinel structure in which the Li+ and the
Mn3+/4+ ions occupy, respectively, the 8a tetrahedral and 16d octahedral sites of
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the cubic close-packed oxygen array (Fig. 14.9) to give (Li)8a[M2]16dO4. While the
interconnection of the 8a tetrahedral sites via the neighboring empty 16c octahedral
sites offers a fast 3D lithium–ion diffusion (high σLi) within the covalently bonded
[Mn2]O4 framework, the edge shared MnO6 octahedra with a direct Mn–Mn interac-
tion provide good electronic conductivity σe needed for high rate capability. Unlike
the layered LiMO2 cathodes that could suffer from the migration of the transition
metal ions from the transition metal layer to the lithium layer, the 3D [Mn2]O4

spinel framework provides excellent structural stability, supporting high rate capa-
bility. Additionally, the lying of the Mn3+/4+ : eg band well above the O2−:2p band
as seen in Fig. 14.5 offers excellent chemical stability unlike the Co3+/4+ couple.
Moreover, Mn is inexpensive and environmentally benign. As a result, LiMn2O4

with a discharge voltage of about 4 V (Thackeray et al., 1983) has become appeal-
ing as a cathode, particularly for high-power applications such as hybrid electric
vehicles (HEV).

However, only about 0.8 lithium ions per LiMn2O4 formula unit could be
reversibly extracted, which limit the practical capacity to <120 A h/kg. Although
an additional lithium could be inserted into the empty 16c sites of (Li)8a[M2]16dO4

around 3 V versus Li/Li+ to give the lithiated spinel {Li2}16c[M2]16dO4, it is accom-
panied by a transformation of the cubic (Li)8a[M2]16dO4 into tetragonal {Li2}16c

[M2]16d O4 due to the Jahn–Teller distortion associated with the high spin Mn3+ :
3d4 (t3

2ge1
g) ion. This results in poor capacity retention during cycling in the 3 V

region due to huge volume changes, so the 3 V region cannot be utilized in practical
cells. In addition to the lower capacity (<120A h/kg) when compared with that of
the layered oxides, the LiMn2O4 spinel cathode encounters severe capacity fade
even in the 4 V region particularly at elevated temperatures. This has been attributed

Fig. 14.9 Crystal structure of LiMn2O4 spinel with LiO4 tetrahedra and edge-shared MnO6

octahedra
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to a disproportionation of Mn3+ ions into Mn4+ and Mn2+ ions in the presence of
trace amounts of hydrofluoric acid generated by a reaction of the LiPF6 salt with
the parts per million levels of water present in the electrolyte solution; while the
Mn4+ ion remains in the solid, Mn2+ leaches out into the electrolyte and poisons
the anode, resulting in capacity fade.

Several efforts including cationic and anionic substitutions and surface mod-
ifications (Park et al., 2001; Kannan and Manthiram, 2002) have been pursued
to overcome the capacity fade problem. Among them, optimized substitutions
like Li[Mn1.8Ni0.1Li0.1]O4 suppresses Mn dissolution drastically and improves the
capacity retention significantly as seen in Fig. 14.10 (Shin and Manthiram, 2003;
Choi and Manthiram, 2006, 2007). However, such substitutions increase the man-
ganese valence and decrease the capacity to around 80 A h/kg. Nevertheless, the
capacity values could be increased to around 100 A h/kg without increasing the
manganese dissolution by a partial substitution of fluorine for oxygen. For example,
oxyfluoride compositions like Li[Mn1.8Ni0.1Li0.1]O3.8F0.2 exhibit excellent capacity
retention at ambient and elevated temperatures (Fig. 14.10) along with the high-
rate capability (Choi and Manthiram, 2006, 2007). Although the capacity values

70

80

90

100

110

120 25 oC

C
ap

ac
ity

 (
m

A
h/

g)

0 10 20 30 40 50

60

80

100

120 60 oC

Cycle Number
Fig. 14.10 Comparison of the capacity retention of LiMn2O4 (solid circles), Li[Mn1.8Ni0.1Li0.1]O4

(solid triangles), and Li[Mn1.8Ni0.1Li0.1]O3.8F0.2 (open squares) spinel cathodes at 25 and 60 ◦C



14 Materials for High-energy Density Batteries 377

of the spinel cathodes are lower when compared with that of the layered oxides
discussed in the previous section, the low cost of Mn and the high charge–discharge
rate capabilities make the optimized oxyfluoride spinel cathodes appealing for high-
power applications such as power tools and hybrid electric vehicles. Interestingly,
the capacity values of the spinel cathodes could also be increased by blending with
appropriate amounts of a layered oxide like LiNi1/3Mn1/3Co1/3O2 without sacrific-
ing the cost and rate capability benefits.

One interesting way to increase the energy density of LiMn2O4 spinel is to
increase the operating voltage. For example, substitution of other transition metal
ions like Ni2+ for Mn3+/4+ to give LiMn1.5Ni0.5O4 has been found to increase
the operating voltage to 4.7 V with a capacity of about 130 A h/kg (Zhong et al.,
1997). In LiMn1.5Ni0.5O4, Mn is present as Mn4+ and Ni is present as Ni2+, and
the oxidation of Ni2+ to Ni3+ and Ni4+ during the charging process and the oper-
ation of the Ni2+/3+ and Ni3+/4+ couples along with an extraction/insertion of
lithium from/into the tetrahedral sites offers a voltage of 4.7 V when compared
with 4 V for the Mn3+/4+ couple. It is interesting to note that while the Ni3+/4+

couple with an octahedral site lithium operates around 4 V in the layered oxides like
LiNiO2, the same couple with a tetrahedral site lithium operates around 4.7 V in the
spinel LiMn1.5Ni0.5O4. This is a direct reflection of the contributions of the energies
involved in both the electron transfer (work function) and the Li+ ion transfer (site
energy) to the cell voltage as discussed in Section 14.2. Although the synthesis of
LiMn1.5Ni0.5O4 encounters the formation of a small amount of NiO impurity, appro-
priate cationic substitutions to give compositions like LiMn1.42Ni0.42Co0.16O4 and
LiMn1.5Ni0.42Zn0.08O4 eliminate the impurity phase with a significant improvement
in capacity retention (Arunkumar and Manthiram, 2005). However, the major issue
with this class of spinel cathodes is the electrolyte stability at 4.7 V. Development of
more stable, compatible electrolytes could make these cathodes attractive for high
power applications with a significantly increased energy density when compared
with the LiMn2O4 cathode.

14.3.3 Olivine Oxide Cathodes

One disadvantage with layered oxide cathodes containing highly oxidized redox
couples like Co3+/4+ and Ni3+/4+ is the chemical instability at deep charge and
the associated safety problems. Recognizing this, oxides like Fe2(XO4)3 that con-
tain the polyanion (XO4)2− (X = S, Mo, and W) were initiated as lithium inser-
tion/extraction hosts in the late 1980s. Although the lower valent Fe2+/3+ couple in
a simple oxide like LiFeO2 would be expected to offer a lower discharge voltage
of <3 V, the covalently bonded groups like (SO4)2− lower the redox energies of
Fe2+/3+ through inductive effect and increase the cell voltage to >3 V (Manthiram
and Goodenough, 1987, 1989). Following this, LiFePO4 crystallizing in the olivine
structure (Fig. 14.11) and offering a flat discharge profile around 3.4 V with a theo-
retical capacity of around 170 A h/kg was identified as a cathode (Padhi et al., 1997)
in late1990s. Despite a higher capacity, the lower discharge voltage when compared
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a

c

Fig. 14.11 Crystal structure of olivine LiFePO4 with LiO6 and FeO6 octahedra and PO4 tetrahedra

with that of the layered and spinel oxides together with a less dense olivine structure
reduces particularly the volumetric energy density. Nevertheless, as Fe is inexpen-
sive and environmentally benign and the covalently bonded PO4 groups together
with the chemically more stable Fe2+/3+ couple offer excellent safety, LiFePO4 has
become an appealing cathode.

However, the major drawback with LiFePO4 is the poor lithium–ion conductiv-
ity resulting from the 1D diffusion of Li+ ions along the chains (b-axis) formed
by edge-shared LiO6 octahedra and poor electronic conductivity resulting from the
little solubility between LiFePO4 and FePO4 (lack of mixed valency) and the corner
shared FeO6 octahedra with highly localized Fe2+ or Fe3+ ions. These problems
have been overcome in recent years by cationic doping, decreasing the particle
size through solution-based synthesis, and coating with electronically conducting
agents like carbon (Chung et al., 2002; Ellis et al., 2007; Kim and Kim, 2006;
Vadivel Murugan et al., 2008). Among them, a microwave-irradiated solvother-
mal approach offers nanorod morphologies with controlled particle size as seen in
Fig. 14.12 within a short reaction time of 5 min at temperatures as low as 300 ◦C,
offering important savings in manufacturing cost (Vadivel Murugan et al., 2008).
The nanorod dimension could be controlled by altering the reaction conditions such
as the reactant concentrations. The transmission electron microscopic (TEM) data in
Fig. 14.12 reveal the highly crystalline nature of the products. The samples obtained
by the microwave-solvothermal method followed by coating with a mixed ionic–
electronic conducting polymer at ambient temperatures offers close to theoretical
capacity with excellent capacity retention as seen in Fig. 14.13. The small lithium
diffusion length also offers excellent rate capability.

Although LiFePO4 offers a lower voltage (3.4 V), the analogous LiMnPO4,

LiCoPO4, and LiNiPO4 offer much higher voltages of, respectively, 4.1, 4.8, and
5.2 V. These materials could also be prepared as nanorods with controlled dimen-
sions by the microwave-solvothermal approach. However, the extremely low-elec-
tronic conductivity and the Jahn–Teller distortion associated with LiMnPO4 lead to
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Fig. 14.12 (a) SEM image of the LiFePO4 nanorods prepared by the microwave-solvothermal
method. (b) SEM image of the LiFePO4 nanorods after coating with a mixed ionic–electronic
conducting polymer, p-toluene sulfonic acid (p-TSA) doped poly(3,4-ethylenedioxythiophene)
(PEDOT). (c) TEM image of LiFePO4 nanorods (25 ± 6 nm width and up to 100 nm length). (d)
High resolution TEM image of LiFePO4 nanorods after coating with p-TSA doped PEDOT
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Fig. 14.13 (a) First charge–discharge profiles and (b) cyclability of LiFePO4 nanorods (25±6 nm
width and up to 100 nm length) after coating with p-toluene sulfonic acid (p-TSA) doped poly(3,4-
ethylenedioxy thiophene) (PEDOT)

poor performance, while the lack of stable electrolytes at higher voltages leads to
poor performance for LiCoPO4 and LiNiPO4. Development of alternate electrolytes
that are stable around 5 V could make these olivine cathodes attractive for both
high-energy density and high-power applications.
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14.4 Anode Materials

Although the concept of rechargeable lithium batteries was initially pursued with
metallic lithium anodes (Whittingham and Jacobson, 1982; Gabano, 1983; venkata-
setty, 1984; Pistoia, 1994; Julien and Nazri, 1994), the dendrite formation during
cycling and the associated safety concerns and capacity fade forced the replace-
ment of metallic lithium anode by lithium insertion compounds. The use of lithium
insertion compounds both as anode and as cathode led to the lithium–ion cell con-
cept discussed in Section 14.2 (Fig. 14.2). With this strategy, carbon with a low
atomic weight and a redox energy close to that of metallic lithium has become
an attractive anode in the present generation of lithium–ion cells (Wakihara and
Yamamoto 1998; Winter et al., 1998; Megahed and Scrosati, 1994). Graphite
exhibits a high theoretical capacity of 372 A h/kg, which corresponds to an insertion
of one lithium per six carbon atoms (x = 1 in Lix C6). With a discharge potential
close to 0 V versus Li/Li+, coupling of graphite anode with the layered LiMO2

or spinel LiMn2O4 cathodes offers around 4 V per cell. In addition to graphite,
highly disordered hard carbons have also attracted much attention as they offer
higher capacities than graphite (Sato et al., 1994; Dahn et al., 1995). Several mecha-
nisms such as adsorption of lithium in the microcavities, on both the sides of single
graphene sheets, and on internal surfaces of the nanopores formed by monolayer
and multilayer graphene sheets have been proposed (Sato et al., 1994; Dahn et al.,
1995; Mabuchi et al., 1995; Zheng et al., 1996). However, one of the drawbacks
with the carbon anodes is the occurrence of a significant amount of irreversible
capacity loss during the first discharge–charge cycle due to unwanted, irreversible
side reactions with the electrolyte. The reaction with the electrolyte produces a
solid-electrolyte interfacial (SEI) layer, which could also pose safety concerns with
large cells.

The difficulties with carbon anode have generated a lot of interest in alternative
anode materials. Among them, alloying with other elements like Si, Sn, and Ge
has become appealing as some of them exhibit much higher theoretical capacities
(>1,000 A h/kg) when compared with carbon (Chan et al., 2008a, b; Kim et al.,
2007). However, the major drawback with such alloys is the huge volume change
occurring during the discharge–charge process, resulting in cracking and crumbling
of the electrodes and a severe capacity loss during cycling. Several approaches are
being pursued to overcome this problem. One of them is an active/inactive nanocom-
posite concept in which while one material reacts with lithium, the other material
acts as an electrochemically inactive matrix to buffer the volume variations dur-
ing the alloying process (Tarascon and Armand, 2001; Hassoun et al., 2007). With
this approach, the use of the nanosize metallic clusters as lithium insertion hosts
suppresses the associated strains considerably and improves the reversibility of the
alloying reaction. Another approach is to use 1D Si or Ge nanowires that can accom-
modate large strain without pulverization while providing good electrical contact
(Chan et al., 2008a, b). The nanowire strategy has been found to improve the cycla-
bility significantly with high capacities, but it could lead to a significant reduction in
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overall volumetric energy density and difficulties for cost-effective manufacturing
of large volume of materials.

More recently, there has been considerable interest in a variety of nanoarchitec-
tures as anode hosts, employing novel synthesis approaches (Wen et al., 2007; Deng
and Lee, 2008; Zhang et al., 2008). For example, mesoporous SnO2 grown on multi-
walled carbon nanotubes, hollow core–shell mesospheres of SnO2 and carbon, and
tin particles encapsulated in hollow carbon spheres have been pursued. They exhibit
high capacities and further work is needed to realize their full potentials.

Another class of anodes is the metal oxides that undergo displacement reac-
tions during the charge–discharge process and exhibit high capacities. For example,
oxides like SnO2 react with lithium to form Li2O and nanosize tin particles (Idota
et al., 1997; Courtney and Dahn, 1997; Brousse et al., 1998; MacKinnon and Dahn,
1999). The Sn particles remain finely dispersed in the Li2O matrix, which by sur-
rounding the tin particles accommodates the mechanical stresses occurring during
the alloy formation–decomposition process. This greatly improves the cycling per-
formance although there is a significant irreversible capacity loss during the first
cycle and agglomeration of tin particles tend to occur during prolonged cycling.
Other oxides like FeO, NiO, and CoO involving displacement reactions with lithium
to form Li2O and Fe, Ni, or Co have also been pursued as anode materials, but they
exhibit higher voltages versus Li/Li+ when compared with carbon anodes, resulting
in a lower cell voltage (Poizot et al., 2000).

In addition, several other materials have been pursued over the years as anode
hosts, but they tend to exhibit higher voltages versus Li/Li+ and lower capaci-
ties than carbon, resulting in a significantly reduced voltage and energy density.
For example, nanocrystalline Li4Ti5O12 crystallizing in the spinel structure exhibits
excellent lithium insertion/extraction properties with very little volume change, and
it is often referred to as a zero strain material. More importantly, unlike carbon
anodes, it does not suffer from solid-electrolyte interfacial (SEI) layer problems or
any serious safety problems (Ferg et al., 1994). Unfortunately, it exhibits a much
lower capacity of 175 A h/kg with a much higher voltage of 1.5 V versus Li/Li+.
Thus, coupling of Li4Ti5O12 with the layered LiMO2 or spinel LiMn2O4 cathodes
results in much reduced cell voltages of around 2.5 V and lower energy densities.
Other materials that have been pursued over the years are MoO2 (Auborn and Bar-
beiro, 1987), WO2 (Abraham et al., 1990), MnP4 (Souza et al., 2002), intermetallic
compounds like Cu6Sn5 (Kepler et al., 1999) and Li2CuSn (Vaughey et al., 1999),
and nitrides like Li7−x MnN4 and Li3−x FeN2. However, they could not compete with
carbon anode in terms of overall performance.

14.5 Conclusions

This chapter has provided an overview of the cathode and anode materials systems
for lithium–ion batteries. With respect to maximizing the energy density and other
performance factors, layered LiCoO2, spinel LiMn2O4, and olivine LiFePO4 have
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become attractive cathodes, while carbon has become an attractive anode. Each
cathode material has its own advantages and disadvantages with respect to the
various performance factors, and their adoption will depend on the energy versus
power needs, cost and safety considerations, and type of applications (e.g., portable
electronic devices versus automobile versus stationary energy storage). More recent
work suggests that it is possible to achieve capacities as high as 300 A h/kg with
some layered oxide cathodes when compared with the ∼150 A h/kg achievable
with the present generation of cathode materials. Similarly, the use of olivine cath-
odes like LiNiPO4 and LiCoPO4 as well as spinel cathodes like LiMn1.5Ni0.5O4

can increase the energy density significantly due to their higher operating voltages
(∼5 V). However, compatible, robust electrolytes that can operate at the higher volt-
ages of 5 V need to be developed to realize the full potential of these cathodes. On
the other hand, although carbon is the choice of anode in the present generation
of lithium–ion cells, other materials like Si and Sn offer great promise due to their
higher capacities. Novel synthesis and processing approaches including nanotech-
nology to overcome some of the persistent problems (huge volume changes) with
these anodes could make them commercially viable. Moreover, search for entirely
new class of cathode and anode materials as well as compatible electrolytes could
advance the field.
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Chapter 15
Feasibility of an Implantable, Stimulated
Muscle-Powered Piezoelectric Generator as a
Power Source for Implanted Medical Devices

B.E. Lewandowski, K. L. Kilgore, and K.J. Gustafson

Abstract A piezoelectric energy generator that is driven by stimulated muscle and is
implantable into the human body is under development for use as a self-replenishing
powersourcefor implantedelectronicmedicaldevices.Thegeneratorconcept includes
connecting a piezoelectric stack generator in series with a muscle tendon unit. The
motor nerve is electrically activated causing muscle contraction force to strain the
piezoelectric material resulting in charge generation that is stored in a load capac-
itor. Some of the generated charge is used to power the nerve stimulations and the
excess is used to power an implanted device. The generator concept is based on the
hypothesis that more electrical power can be converted from stimulated muscle con-
tractions than is needed for the stimulations, a physiological phenomenon that to our
knowledge has not previously been utilized. Such a generator is a potential solution
to some of the limitations of power systems currently used with implanted devices.

15.1 Introduction

Implanted electronic medical devices provide beneficial therapies and increase the
quality of life of many patients. In particular, functional electrical stimulation (FES)
devices, also referred to as neural prostheses, restore some neurological function
in spinal cord injured (SCI) patients. There are approximately 11,000 new cases of
SCI each year in the United States (NSCISC, 2006), resulting in various degrees
of impairment of the many functions humans take for granted. Motor function for
reaching and grasping objects, interacting with computers and other machines or
appliances, bending, and walking can be impaired along with involuntary functions
such as respiration and bladder control. FES devices use electrical current pulses
to artificially stimulate nerves in patterns that result in muscle contractions that
allow these various functions to be restored to some extent (Bhadra et al., 2001;
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Bhadra and Peckham, 1997; Creasey, 1993; Glenn et al., 1986; Keith et al., 1989).
FES devices improve the quality of life of persons with SCI by allowing them to
perform activities of daily living independently and in some cases return to work.
FES devices are implanted into the body and require electrical power for operation.
Power is obtained from either batteries implanted along with the device or from an
external transcutaneous power source.

The majority of spinal cord injuries occur in young adults between the age of 16 and
30 (NSCISC, 2006). Therefore, the timeframe over which the FES device is needed
can be quite long, potentially 50 years or longer, as life expectancy for SCI patients
with less severe injuries are only slightly less than people without SCI (NSCISC,
2006). Batteries that are implanted with an electronic device need to be replaced when
they are depleted. Battery depletion may occur several times over the lifetime of the
device, requiring surgery each time battery replacement is needed. Replacement of
implanted batteries requires frequent, costly surgerieswith increasedrisk ofcomplica-
tions. Documented clinical experience with pacemakers and implanted defibrillators
highlight the limitations of implanted batteries. The mean time to when pacemaker
battery replacement is needed is 8 years after the initial implantation (Kindermann
et al., 2001). Depletion of implanted batteries is the reason for more than 70% of pace-
maker replacement surgeries and the complication rate after a replacement surgery
is three times greater than for the initial implant (Deharo and Djiane, 2005). For
implanted defibrillators, patients require battery replacement surgery 3–4 years after
initial implantation with costs up to $10,000 (Vorperian et al., 1999).

Transcutaneous energy transfer systems provide high levels of power to neural
prostheses through radio frequency energy transfer between external and internal
coils. These systems require bulky external equipment including a coil fixed to the
chest, a coil driver power supply and wire leads between the driver and the coil
(Puers and Vandevoorde, 2001). The external equipment can be damaged and the
wires can tangle, it is burdensome to carry, cosmetically unappealing and it is unable
to be used in the shower or in a rehabilitation pool. Small movements of the external
or internal coils out of alignment will reduce the efficiency of the power transferred
and large misalignments can severely reduce the power transferred, resulting in situ-
ations of device malfunction (Ozeki et al., 2003; Puers and Vandevoorde, 2001). The
resistance inherent in the internal coil causes the coil to heat during operation. The
heat that is generated has the potential to cause tissue necrosis or an inflammatory
reaction (Puers and Vandevoorde, 2001). So while implanted medical devices are
very beneficial to patients, there is room for improvement in how power is sup-
plied to the devices. A totally implanted generator driven by a physiological process
resulting in a replenishable and sustainable source of power is an attractive solution
to the limitations of the power sources currently used to power FES devices.

15.2 Generator Driven by Muscle Power

Our generator will be driven from the force and power associated with the phys-
iological process of muscle contraction. Muscle contraction is initiated through
natural or artificial electrical stimulation of the motor nerve, resulting in an action
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potential traveling the length of the nerve. When the action potential reaches the
nerve ending acetylcholine is released. This causes acetylcholine-gated channels
on the muscle fibers to open, allowing sodium ions to flow through. The increase
in sodium ions within the muscle fibers causes an action potential to be gener-
ated and propagated throughout the muscle fiber. The muscle fiber action poten-
tial causes the sarcoplasmic reticulum to release calcium ions. These calcium ions
play a role in activating the attraction between the actin and myosin filaments
within the muscle fiber, which is what causes the contractile forces of the mus-
cle to occur. Prior to the attraction between the actin and the myosin filaments,
the chemical energy available from adenosine triphosphate (ATP) is utilized by
the myosin filaments to cause a conformational change in a portion of the fila-
ments. The conformational change allows the myosin filament to be in the correct
position for interaction with the actin filament and to have the energy needed for
the muscle to produce contractile forces and mechanical power (Guyton and Hall,
2000).

There is a large body of literature available reporting the force characteristics
of muscles when they are artificially stimulated with current pulses (Ding et al.,
2007, 2005, 2000; Griffin et al., 2002; Gustafson et al., 2006; Karu et al., 1995;
Lertmanorat et al., 2006; Parmiggiani and Stein, 1981; Wexler et al., 1997). A single
current pulse, ranging in amplitude from 0.5 to 1 mA, with a pulse width ranging
from 10 to 500 �s, applied to a motor nerve will cause the muscle to produce a
single burst of force, referred to as a twitch. Figure 15.1A provides an illustration
of a twitch force burst with a generalized amplitude and time scale. The ampli-
tude of the force burst depends on the size of the muscle and its duration depends
on the muscle fiber type. When a train of current pulses are applied to the motor
nerve multiple force bursts result. At lower frequencies (1–30 Hz), the force bursts
will look like individual twitches repeated at regular intervals, at higher frequen-
cies (30–50 Hz) the force bursts occur more quickly resulting in each subsequent
force burst in the train adding to the one before it, as shown in Fig. 15.1B. When
current pulse trains are applied to the motor nerve at the frequencies greater than
approximately 50 Hz, the force bursts fuse together to form one large force burst

Fig. 15.1 Generalized example of muscle force production resulting from current pulse application
to the motor nerve. (A) A single pulse of current produces a low-amplitude burst of force. (B) A
train of current pulses applied at a mid-range frequency (30–50 Hz) results in addition of the force
bursts but they are un-fused. (C) A train of current pulses applied at high frequencies (>50 Hz)
results in a fused, high-amplitude force burst
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(Fig. 15.1C). As the frequency continues to increase, the amplitude of this force
burst will increase to a maximum level, after which increases in the frequency will
no longer result in increases in the force. An estimate of the maximum contraction
forces can be found by multiplying the muscle’s physiological cross-sectional area
by a conversion factor of 35 N cm−2 (Guyton and. Hall, 2000). The force produced
by a twitch contraction is approximately 10–30% of the maximal contractive force
of the muscle. The physiological cross-sectional area of the muscles of the limbs and
trunk of the human body range from 0.2 to 230 cm2 (Fukunaga et al., 1992; Marras
et al., 2001; Maurel, 1998; Pierrynowski, 1995) and therefore have the capacity to
produce maximal forces of 8–8000 N.

While the muscles have the capability to produce enormous amounts of force,
they are unable to sustain this force production for very long due to muscle fatigue.
The sustainable mechanical output power of a muscle is a function of the force pro-
duced by the muscle, the distance traveled by the muscle fibers during contraction
and the contraction rate. As an example, a study experimentally quantifying the
sustained output power of muscle used a muscle contraction force over the range
of 10–30 N, a change in muscle length of 1–3 cm and a contraction rate of 30–60
contractions per minute (Gustafson et al., 2006). The results of this study and others
found a conservative estimate of the sustained output power of stimulated, condi-
tioned muscle producing isotonic maximal contractions to be 1 mW/g (Araki et al.,
1995; Gustafson et al., 2006; Trumble et al., 1997). The mass of the muscles of the
limbs and trunk of the human body range from 3 to 814 g (Pierrynowski, 1995) and
therefore have the capacity to produce up to approximately 800 mW of mechanical
power. If this muscle power is generated from electrical stimulation, an estimate of
the range of electrical stimulation power needed to produce this amount of muscle
output power is 0.05–6 �W. The high end of this range is based on 1 mA, 500 �s
current pulses, applied at 50 Hz for 250 ms per contraction at a rate of 1 contraction
per second, assuming a 1 k� impedance. The low end of the range is based on
single current pulse of 500 �A for 200 �s through a resistance of 1 k�, operating
at 1 Hz.

When comparing the mechanical output power to the electrical power necessary
for motor nerve stimulation, we see that muscle acts as a power amplifier. Just a
small amount of electrical power initiates the chemical reaction that converts the
chemical energy within the muscle to mechanical power. Our generator will exploit
this power amplification characteristic of muscle, a physiological phenomenon that,
to our knowledge, has not been previously utilized. An illustration of the funda-
mental concept of our implantable generator is shown in Fig. 15.2. A generator
that converts mechanical energy to electrical energy is connected in series with a
muscle-tendon unit and bone. Repetitive stimulation of the nerve innervating the
muscle results in repetitive muscle contractions that are used to drive the gener-
ator. The generated power is stored in energy storage circuitry. A portion of the
generated output power will be used to power the nerve stimulator and the remain-
ing power will be available to power the targeted application. Existing conversion
techniques will be used to convert the mechanical power of the muscle to electrical
power.
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Fig. 15.2 The generator concept includes a piezoelectric stack connected in series with a muscle-
tendon unit and bone. Stimulation of the motor nerve results in repetitive muscle contractions that
strain the piezoelectric material producing charge that is stored in load circuitry. A portion of the
generated output power will be used to power the nerve stimulator and the remaining power will
power the targeted application

15.3 Selection of Mechanical-to-Electrical Conversion Method

The most common method for converting mechanical-to-electrical energy is an
electromagnetic induction generator. Electromagnetic induction generators convert
kinetic energy to electricity through the movement of a magnet through a coil, or
visa versa. A simple example of a linear electromagnetic generator is shown in
Fig. 15.3A. A force pushes the magnet through the coil, the spring reverses the
motion and pushes it back through the coil, resulting in the magnet moving through
the coil in a back and forth motion. The open-circuit voltage generated by the linear
electromagnetic generator (VMag) is:

VMag = N B ACoilv (15.1)

where N is the number of turns of the coil, B is the magnetic strength of the mag-
net, ACoil is the cross-sectional area of the coil, and v is the velocity of the magnet as
it travels through the coil (Roundy et al., 2004). While this method is appropriate for
many different applications, it is not an appropriate application for an implantable,
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Fig. 15.3 Simple illustrations of mechanical-to-electrical energy conversion methods. (A) Lin-
ear electromagnetic generator. (B) Piezoelectric cantilever beam generator. (C) Piezoelectric stack
generator

muscle driven generator. The reason for this is that the voltage produced in the coil
is dependent on velocity. More voltage, and ultimately power, is available from the
system the faster the magnet moves relative to the coil. As can be seen from the
paragraphs above, fast, vibratory movement is not what the muscle produces. It
produces large amounts of force, but with small displacements. To avoid fatiguing
the muscle, contraction repetition rates must be kept at 1 Hz or less. The velocity
could potentially be increased with the use of a spring or other mechanical device,
but implantation complications will arise with such a design. When a device of any
type is implanted into the body, the body’s response is to encapsulate it with fibrous
growth. Previous attempts at chronically implanting power-generating devices that
require movement for operation have resulted in reductions in the efficiency of the
generator due to the fibrous growth. For example, after 12 weeks of operation a 65%
reduction in output pressure was found with a device used to convert muscle power
to pneumatic pressure for cardiac assist (Mizuhara et al., 1996).

The method that will be used to convert mechanical-to-electrical energy in our
system is through the use of piezoelectric material, which has a unique property
where charge is generated when the material is strained by an external stress. There
are two popular types of piezoelectric generators, cantilever beam generators and
stack generators, as shown in Fig. 15.2B and C. Force is repetitively applied at the
tip of a cantilever beam made of piezoelectric material in the cantilever beam piezo-
electric generator. The resulting open-circuit voltage of this generator (VPBG) is:

VPBG = 3

4

g31 L F

Wt
(15.2)

where g31 is the piezoelectric constant of the material for the case when the force
is applied perpendicular to the direction in which the material is poled, L is the
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length of the piezoelectric beam, W is the width of the piezoelectric beam, t is the
thickness of the beam, and F is the force application (http://www.americanpiezo.
com/piezo theory/chart2.html#, 2005). The displacement of the beam depends on
the length of the beam and the elasticity of the material. An estimate of the dis-
placement for our application would be in the millimeter range. While this is less
displacement than in the case of the electromagnetic generator, this still would most
likely suffer from a decrease in efficiency after implantation, as was seen in a gen-
erator developed for powering a pacemaker. A mass was placed on the end of a
single piezoelectric cantilever beam ceramic wafer (2 × 5 × 1 cm) and packaged
– in a box for attachment to the heart. When 80 bpm mechanical pulses shook the
box, the piezoelectric material was vibrated at 6.5 Hz, resulting in 160 �W of power
(Ko, 1966; 1980). When chronically driven by actual canine heart contractions, the
efficiency of the generator was reduced to a sustained output power of 30 �W (Ko,
1980). The reduction in efficiency was due to the reaction of the tissue to wall-off
the generator thus minimizing force transfer to the generator.

A piezoelectric stack generator is made up of many thin layers of piezoelectric
material mechanically connected in series and electrically connected in parallel. As
shown in Fig. 15.1C, a compressive force applied to the stack will result in an open-
circuit voltage (VPSG):

VPSG = g33t F

A
(15.3)

where g33 is the piezoelectric constant of the material for the case in which the
force is applied in the same direction the material is poled, A is the cross-sectional
area of the piezoelectric material, t is the thickness of the individual layers of the
stack, and F is a compressive force applied to the stack (http://www.americanpiezo.
com/piezo theory/chart2.html#, 2005; Roundy et al., 2004). The displacement of the
piezoelectric stack generator is in the micrometer range for force applications in the
range possible from muscles. This amount of movement should be undetectable by
the surrounding tissue. This minimal excursion of the piezoelectric material dictates
that isometric muscle contractions be used. While shortening muscle contractions
and long excursions of a power-generating device is the ideal scenario for power
production by muscle and may initially appear to be more advantageous, in the long
term the efficiency of such a device will decrease. In contrast, the efficiency of our
conversion device should not decrease due to tissue encapsulation.

15.4 Properties of Piezoelectric Material Relevant
to the Generator System

An illustration of a circuit representation of a piezoelectric generator and a simple
load circuit that can be used to harness the charge developed from strained piezo-
electric material is shown in Fig. 15.4. A piezoelectric generator can be electrically
represented as a voltage source (Vp) in series with a capacitance (Cp). A simple load
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Fig. 15.4 Circuit representation of a piezoelectric generator and a load circuit

circuit includes a diode bridge, a load capacitor (CL) and a load resistor (RL). Vp

depends on the type of piezoelectric generator used and is described by equations
equating the piezoelectric voltage to force such as in Eqs. (15.2) and (15.3). Cp is
described by the equation:

Cp = nEr Eo A

t
(15.4)

where n is the number of layers of piezoelectric material, Er is the dielectric
constant of the piezoelectric material, Eo is the dielectric constant of free space
= 8.9 pFm−1, and A and t are as defined above (Cobbold, 1974). The diode bridge
rectifies the piezoelectric voltage and the charge generated by the piezoelectric gen-
erator is stored in the load capacitor. The charging time increases and the leakage
current decreases as the size of the load capacitor increases. The load resistor is
matched to the impedance of the piezoelectric generator for maximum power con-
version:

RL = 1

f Cp
(15.5)

where f is the frequency of force application (Ottman et al., 2003). Calculation
of the output power of the generator is achieved using the steady-state voltage (VLss)
across the load resistor with the equation:

Pout = V 2
Lss

RL
(15.6)

When the impedances are matched, the steady-state output voltage will equal to
one-half of the peak piezoelectric voltage, neglecting the voltage drop in the diodes:

VLss = Vpm

2
= g33t

2A
Fm (15.7)

Fm is the peak amplitude of the input force pulse and Vpm is the peak piezo-
electric voltage. Substituting Eqs. (15.2) into (15.4) and Eqs. (15.4) and (15.5) into
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(Eq. 15.3) result in the following equation for the average optimal output power
(Pout opt) in terms of the system parameters:

Pout opt = V 2
pm f Cp

4
= g33

2 Fm
2tnEr Eo f

4A
(15.8)

From the above equations, it is evident that the output power of the generator
is dependent on the material properties of the piezoelectric generator. Ceramic and
polymer materials are the two main classes of material from which commercially
available piezoelectric material is made. Variations in the composition of materials
within these two classes have resulted in many different types of materials with dif-
ferent piezoelectric properties. Table 15.1 lists some different types of ceramic and
polymer piezoelectric materials and their piezoelectric and dielectric material prop-
erties. The output power of the generator is dependent on the square of the voltage
generated by the piezoelectric material, its capacitance, and the frequency at which
the generator is driven. The piezoelectric voltage is dependent on the piezoelectric
constant of the material and the input force and the capacitance is dependent on the
dielectric constant of the material. While for maximum power all of these variables
should be maximized, through inspection of Table 15.1, we see that a tradeoff exists
since there is an inverse relationship between the piezoelectric constants and the
dielectric constant. The polymer materials have much higher piezoelectric constants
than the ceramic materials, but also have a much lower dielectric constant.

PVDF is typically manufactured into a thin film. From the values in Table 15.1
and the above equations, one can see that the capacitance of PVDF thin films will
be very small in low-frequency applications. This will cause the impedance to be
large and difficult to match in the load circuit. This is not well suited for use
in a muscle-driven generator since the frequency of muscle contractions needs to
be kept low to avoid fatigue. In addition, application of large forces will result in
the production of extremely large piezoelectric voltages. Since the forces available
from the muscle are high, a method would be needed to step down the generated
voltage to a usable level. This would add more complexity and sources of loss

Table 15.1 Properties of some example piezoelectric materials

Material type g31 (V m N−1) g33 (V m N−1) Er

Ceramic
Lead magnesium

niobate–lead titanate
−0.024 0.043 4629

Lead zirconate titanate −0.0095 0.013 5400
Lead metaniobate −0.007 0.032 270
Barium titanate −0.005 0.013 1250
Bismuth titanate −0.004 0.017 120
Polymer
Polyvinylidene fluoride 0.216 N/A 12.5
Copolymer of

polyvinylidene
fluoride

0.162 N/A 7.5
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to the system. However, others have successfully used PVDF generators in their
low-power biological applications. The feasibility of a PVDF piezoelectric material
mounted on a simply supported beam for use as a bone strain sensor and telemeter
has been assessed. The prototype produced sub-microwatts of power (Elvin et al.,
2001). In another application, PVDF piezoelectric material was rolled into a tube
and connected between two ribs in a canine. The rib displacement during breathing
produced a strain on the piezoelectric material, which produced 17 �W of power for
a microprocessor-controlled insulin delivery pump application (Hausler and Stein,
1988). While PDVF was suitable for these low power applications, a ceramic piezo-
electric stack was selected for our application in an effort to achieve greater out-
put power. A ceramic stack will produce an operating voltage in a useable range
in response to the force levels that will be produced by the muscle and it has a
larger capacitance so that the load impedance can be more easily matched at the
low-operating frequencies.

15.5 Predicted Output Power of Generator

Further development and analysis of our generator is reported in more depth else-
where (Lewandowski et al., 2007), but is summarized here. A software model of the
generator concept was developed to aid in the design of our system and simulations
were performed to predict the output power of the generator. To verify the accuracy
of the software model, simulated output power was compared to output power from
experimental tests. In the experimental tests, a material testing system (MTS) (MTS
Systems Corporation, Eden Prairie, MN) was used to apply 250 ms compressive,
triangular force pulses, with peak values of 25, 50, 100, 150, 200, and 250 N, to
a PZT stack (part number T18-H5-104, Piezo Systems, Inc. Cambridge, MA) at
1 Hz for 240 s. The output power of the generator was calculated from the recorded
steady-state load voltage. A mathematical representation of muscle force was used
as input to the software model. The dimensions and material properties of the stack
were entered into the software model and simulations were run using the same input
force conditions as in the experimental tests to find the predicted output power.
An example of a 100 N input force is shown in Fig. 15.5A. Figure 15.5B shows
the resulting load voltage from the simulations and the experimental tests. There
is a good comparison between the simulated and the experimental output power
(Fig. 15.5C), verifying the accuracy of the software model.

With the accuracy of the software model confirmed, an analysis was completed
to determine the affect of the system parameters on the output power. The system
parameters were varied within their physical and physiological constraints. The result
of the analysis was size and material property specifications for a piezoelectric stack
best suited for our application. We identified that the cross-sectional area (A) of the
stack should be minimized and the length (L) (the number of layers times the thickness
of one layer) should be maximized. The length ofour generatorwill essentially replace
the tendon of the muscle and will depend on the space available for implantation.
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Fig. 15.5 Approximation of the force produced by muscle twitches used as input to the software
model. This force was also applied to a prototype stack with an MTS machine in experimental
trials. (B) Simulated and experimental load voltage of the generator system. (C) Simulated and
experimental output power of the generator as a function of peak input force

A relationship for Er and g33 was determined from data sheets for several commer-
cially available piezoelectric materials. Values for g33 and Er which balanced the
tradeoff between these values were identified. The input force (F) will depend on the
size of the muscle used to drive the generator and the frequency ( f ) will depend on
the rate at which muscle contractions can be sustained without fatigue.

Using parameter values resulting from our analysis, Fig. 15.6 shows the pre-
dicted output power of the generator over a range of input force. As stated above,
the power necessary to stimulate the motor nerve will range from 0.05 to 6 �W.
In addition to the power necessary for stimulation, power will also be needed
for circuitry to control and deliver the stimulation parameters. We estimate that a
simple controller designed with commercially available electronics will consume
approximately 2–8 �W of power. Therefore, the total input power for our design is

Fig. 15.6 Predicted output power of generator system with system parameters best suited for this
application over a range of input force. Also included is the range of input power necessary for
motor nerve stimulation
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the controller power plus the stimulation power, or approximately 2–14 �W. This
range is highlighted in the graph in Fig. 15.6 so that a comparison between the
predicted output power and the required input power can be made. We can see that
a force of approximately 55 N is needed to produce 14 �W of power. Therefore,
we predict that a muscle that can produce a sustained force greater than 55 N will
produce power in excess of that needed for stimulation. The larger the force the
muscle can produce, the more excess power there will be for the target application.
Additional increases in power can occur as improvements in the material properties
of piezoelectric generators are realized.

15.6 Steps Towards Reduction to Practice

Thesoftwaremodelof thepiezoelectricgenerator indicated that it should be feasible to
convert mechanical power from muscle into electrical power in excess of that needed
for motor nerve stimulation. The next step toward practical application of this concept
is to demonstrate generator operation in acute animal studies. The purpose of the
acute animal tests is to demonstrate that it is possible to charge the generator using
physiologicalmusclecontractions.Stimulationandloadcircuitry willbedesigned and
built to assess the ability to generate electrical power from a muscle in excess of that
needed for motor nerve stimulation. Following the success of acute animal studies,
chronic animal studies will be needed to prove long-term operation of the generator
and to address issues such as a permanent tendon and bone attachment strategy and
the biocompatibility of the materials used in the system.

As stated above, the generator will be attached between a muscle-tendon unit and
bone. Some preliminary work has been completed on a mechanical device designed
to hold the piezoelectric generator in place and to convert the tensile force produced
by stimulated muscle contractions into a compressive force that is applied to the
piezoelectric material (Lewandowski et al., 2007). The MTS testing demonstrated
that the enclosure converting tension into compression produced very little loss in
the force transmitted to the piezoelectric generator. Attachment to the tendon will
likely be with artificial tendon. Artificial tendon is a commercially available product
(for example, CardioEnergetics, Inc., Cincinnati, OH) that has been used for other
purposes. For example, Trumble et al. (2002) found that connecting their ventricular
assist device to artificial tendon made of polyester fibers and incorporating it into
the natural tendon was more stable than connecting the device directly to natural
tendon. Additionally, it is likely that existing bone attachment strategies developed
for orthopedic prosthetics can be used to attach our generator to a bone in close prox-
imity to the tendon. Ideally, the muscle–tendon–generator system will be attached
across the length of a single long bone so that no limb movement is produced during
electrical stimulation of the muscle.

Since the piezoelectric generator is intended to be chronically implanted inside
the body, it must be safe to the tissue, i.e., biocompatible. There are two strate-
gies for achieving biocompatibility. One alternative is to identify a biocompatible
piezoelectric material which is safe for direct contact with the body. The second
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alternative is to encapsulate the entire piezoelectric generator in a biocompatible
material, which is the approach commonly taken with most implantable electronic
devices. The following paragraphs contain a summary of studies investigating bio-
compatible piezoelectric material and encapsulation of piezoelectric material.

There are some types of piezoelectric material that may be biocompatible. Bar-
ium titanate (BaTiO3) is a material that can be made to have piezoelectric properties
and studies have provided evidence that it is biocompatible. It was implanted subcu-
taneously in the backs of rabbits for 20 weeks and into the canine femurs for up to
99 days. In both cases, the histology results showed no evidence of inflammation or
foreign body reactions and only a thin fibrous capsule surrounded the implant (Park
et al., 1981, 1977). The purpose of the studies was to assess the feasibility of using
BaTiO3 as a material at bone implant interfaces since its piezoelectric properties
could be used as a current supply to help with the bone implant healing process.
Further studies showed tissue growth into the cylinders of porous BaTiO3 implanted
into canine femurs after 16 days and a mature, healthy bone implant interface after
86 days (Park et al., 1980). Polarized BaTiO3 was also implanted into the jaw
bone of dogs for up to 12 weeks and showed an improvement in osteogenesis over
non-polarized ceramic implants (Feng et al., 1997). Another application in which
piezoelectric material is in direct contact with biological tissue is an electrode for
stimulation or sensing such as in a pacemaker. Piezoelectric materials suitable for
implantation have less attractive piezoelectric properties, resulting in large current
consumption (Ljungstrom et al., 2003). This has led researchers to develop biocom-
patible piezoelectric materials with improved piezoelectric properties consisting of
different combinations of Na, K, and NbO3 (Ljungstrom et al., 2003).

Another strategy for maintaining biocompatibility includes coating the entire
generator, electrical circuitry and leads with a soft encapsulate such as silastic or
enclosing it in a titanium case. The key design consideration for the piezoelectric
generator is that the externally applied tendon tension must be transmitted through
the encapsulation material to the piezoelectric component with a minimum of loss.
A few studies have reported the use of PZT in encapsulated medical devices that
have been chronically implanted into humans and experimental animals. Piezoelec-
tric material has been used as a transducer in implantable hearing aids (Zenner et al.,
2000, 2004), as ultrasound transducers for cardiac dimensional and functional anal-
ysis (Olsen et al., 1984) and as actuators to produce current to aid in bone fracture
healing (Cochran et al., 1988). In these cases, the piezoelectric material has been
encapsulated in a hermetically sealed package made of biocompatible material such
as titanium or Teflon or sealed in epoxy. In these studies, the function of the active
piezoelectric element was not affected due to the encapsulation.

15.7 Conclusion

The conclusion of this investigation is that theoretically it is possible to generate
electrical power in excess of the amount necessary for motor nerve stimulation
from stimulated muscle contractions, using a piezoelectric stack generator. Such
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a generator has the potential to replace or augment power systems currently used
to power neural prostheses, reducing or eliminating some of the limitations of the
power systems currently used with these devices.
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Chapter 16
Piezoelectric Energy Harvesting
for Bio-MEMS Applications

William W. Clark and Changki Mo

Abstract This chapter presents an analysis of piezoelectric unimorph diaphragm
energy harvesters as a potential tool for generating electrical energy for implantable
biomedical devices. First the chapter discusses current and developing biomedical
devices that require energy, and the need for capture of energy from the environment
of the implant. Next, a general discussion of piezoelectric harvesters is presented,
and a case is made for the use of 31 mode diaphragm harvesters for conversion of
energy from blood pressure variations within the body. The chapter then presents
derivations of available electrical energy for unimorph diaphragm harvesters, start-
ing with general boundary conditions, and then proceeding to simply supported and
clamped conditions of various piezoelectric and electrode coverage. Using these
analytical results, the chapter ends with by presenting a brief set of numerical results
illustrating the amount of power that could be harvested for a particular size of
device, and how that power may be used as a source for a given implanted medical
device. In summary, it is shown that the harvester could potencially provide enough
power to operate a 10 mW device at reasonable intermittent rates. The relationships
provided here may enable other optimal designs to be realized, for medical or for
many other applications.

16.1 Introduction

Implantable biotechnology has undergone rapid advances during the past two
decades. Of particular interest in this chapter is the technology that has bene-
fited from down-scaling in size and power requirements of electronics and from
down-scaling in the size of mechanical and chemical sensors and actuators due to
the advances in micro-electro-mechanical systems (MEMS). A host of implantable
devices are either realities today, or are currently being investigated (Pelletier, 2004),
including cochlear implants, artificial retinas, electrical neuro-stimulators, enhanced
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inter-device telemetry, automated wireless alarm signaling, advanced sensors, and
drug-delivery systems, advanced sensors and so-called “laboratories-on-a-chip.”

While small size opens the door to previously unattainable applications, there are
other factors, such as packaging for structural soundness and harsh environments,
and power requirements, which may limit the feasibility of some applications. Of
primary interest to this chapter is the considerable energy that is required over the
lifetime of many implantable devices, which can dictate the useful lifetime of many
implants due to either the longevity of the power source or the ability to recharge
the batteries (Soykan, 2002). This chapter addresses the energy issue by considering
the amount of power that can be reasonably harvested from within the human body.
Specifically addressed it the question of how much energy can be obtained from a
blood pressure source driving a piezoelectric diaphragm harvester.

The number of publications on energy harvesting topics has exploded in recent
years, however, those focused specifically on biomechanical sources have been
limited. One of the earliest and most-cited studies is by Starner (1996) in which
human body power sources (e.g., chest motions during breathing and footsteps dur-
ing walking) were quantified for wearable computer applications. This paper has
spurred many additional studies, but they have primarily focused on harvesters that
are external to the body and which extract energy from biomechanical motions.
For example, another classic early study on human-powered energy harvesting by
Kymissis et al. (1998) evaluated energy harvesting from heel strikes during walking.
Niu et al. (2004) analyzed joint motions as sources of power and reported some of
the largest available estimates on the amount of power that could be generated.

Obviously, implanted devices require implantable power sources. Efforts in this
area are much rarer. Starner (1996; Starner and Paradiso, 2004) suggested power
availability from internal sources (e.g., blood pressure), but only recently have
works appeared that have begun to analytically and experimentally quantify the
amount of power available from within the body. Suzuki et al. (2002, 2003) have
suggested a charging device composed of a small generator and a permanent-magnet
coupling, as well as a hybrid device using magnetic and ultrasonic energies through
magnetostriction and piezoelectric vibrators. Platt et al. (2005) carried out an exper-
imental study of energy harvesting in an artificial knee joint after total knee replace-
ment surgery.

Clark and Ramsay (2000) outlined the basic relationships for assessing the
amount of power that can be generated from a volume of piezoelectric material,
and then used those relationships as a guide to design a harvester for a biomedical
implant that utilizes blood pressure as a source of energy. In this chapter, we follow
up on that original work, following the same theme of converting blood pressure
energy to electrical energy by way of a diaphragm structure. The focus is not mem-
brane stretching, as described in that paper, but is on a bending diaphragm, so the
31-mode of the piezoelectric material is still utilized.

Section 16.2 will review the general conversion principles for a volume of piezo-
electric material, as done in the original paper, and then a detailed model will be
developed in which the available electrical energy for conversion is derived for
a number of different boundary and electrode conditions. There are a significant
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number of previous works on unimorph piezoelectric circular plates as actuators
(Liu et al. 2003; Mo et al. 2006; Prasad et al., 2002), but not as energy har-
vesters. The fully covered PZT circular diaphragm with clamped edge was devel-
oped and tested in previous work (Kim et al. 2005a, b), and the simply supported
case was shown by Mo et al. (2007). This chapter follows a similar modeling
approach as was done in the previous works, but does so by presenting a uniform
modeling approach for arbitrary boundary conditions. Finally, the chapter ends
with an analysis of the amount of power available to operate a given bio-MEMS
application.

16.2 General Expression for Harvesting Energy
with Piezoelectric Device

There are many factors that govern the total electrical power output of a piezo-
electric device. In this section, we outline the piezoelectric effect for mechanical-
to-electrical energy conversion, identifying the variables that govern the overall
electrical power output. The expressions for output voltage, current, and power
derived in this chapter will be referred to as “available” quantities, which are the
voltage, charge per time, and power that appear on the electrodes of the piezoelectric
material. These quantities do not necessarily reflect the harvested voltage, current,
or power, since the amount of energy that is actually stored or used by the load
will depend greatly on the electrical properties of the harvesting circuit or the load.
Available power, however, does provide a good means for designing the harvesting
device itself, and for comparing one design to another, since it is independent of the
attached circuit. An ideal harvesting circuit would transfer all of the available power
to the storage device or load.

When used as a motor, a piezoelectric element undergoes a change in dimensions
when it is stressed electrically, or as a generator it produces an electric charge when
stressed mechanically. We will make use of the generator behavior of the piezoele-
ment. The relationship between mechanical input and electrical response depends
on the piezoelectric properties of the material, the size, and shape of the element,
and the direction of mechanical excitation and electrical response.

Three orthogonal axes, 1, 2, and 3, are typically used to identify the directions
within a piezoelectric element. The 3-axis is conventionally taken to be parallel to
the direction of polarization of the material, established during manufacture. Two
common generator modes of operation of a piezoelectric element are shown in
Fig. 16.1. The “33” mode, Fig. 16.1a, implies that a tensile or compressive mechan-
ical force is applied along the 3-axis (in the direction of polarization) on the same
surface that charge is collected (charge is collected on electrodes placed on opposite
sides of the element along the 3-axis). The “31” mode, shown in Fig. 16.1b, implies
that the force is applied along the 1-axis (perpendicular to the direction of polariza-
tion) and charge is collected on the same surface as before (Jaffe et al., 1971; IEEE
Std., 1978).
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Fig. 16.1 Schematic of force/charge relationship on piezogenerator elements; element in
(a) 33-mode, (b) 31-mode

For a given applied force, the electrical energy that can be extracted from a piezo-
electric element is

Energy = V Q (16.1)

where V and Q are the charge and voltage on the element, respectively. For the
element in 33-mode, the charge and voltage can be written as

Q = Fd33, V = Fg33T

LW
(16.2)

and for the 31-mode

Q = Fd31 L

T
, V = Fg31

W
(16.3)

In Eqs. (16.2) and (16.3), F is the applied force L, T, and W are the element’s
length, width, and thickness (as shown in Fig. 16.1), and the di j and gi j coeffi-
cients are the strain and voltage constants of the material, respectively. For one
application of the mechanical stress, the electrical energy available for extraction
from the piezoelement is determined by Eq. (16.1), or by the product of the charge
and voltage terms of Eqs. (16.2) and (16.3). In this analysis, we assume that one can
obtain an average power output of the element assuming the mechanical stress is
applied repeatedly during some time period. Assuming a frequency of application
of the stress of f (Hz), the available electrical power output, P , of the element is

P = V Q f (16.4)
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Table 16.1 Typical constants for a common piezoelectric material, PZT-5H

d33 d31 g33 g31

Young’s
modulus

PZT-5H 380 × 10−12 −260 × 10−12 12.5 × 10−3 8.0 × 10−3 ∼ 6.2 ×
1010

Units (C/m2)/(N/m2) (C/m2)/(N/m2) (V/m)/(N/m2) (V/m)/(N/m2) N/m2

Table 16.2 Unit power factors for different PZT-5H modes (When the numbers shown are mul-
tiplied by the coefficients at the bottom of each column, the product will be in units of Watts)

Fixed coefficients:
g, d (other terms variable)

Fixed coefficients:
g, d, L = W ≡ 0.01 m

Fixed coefficients:
g, d, L = W = 0.01 m,
T = 127 × 10−6 m

33-mode 31-mode 33-mode 31-mode 33-mode 31-mode

Unit
Power
Factor

4.75 × 10−12 2.08 × 10−12 4.75 × 10−16 2.08 × 10−16 6.03 × 10−20 2.645 × 10−20

Multiplier σ 2T W L f σ 2T W L f σ 2T f σ 2T f σ 2 f σ 2 f

For each mode this is

33-mode : P = σ 2g33d33T W L f (16.5)

31-mode : P = σ 2g31d31T W L f (16.6)

Equations (16.5) and (16.6) show the influence of each variable on the power
output of a piezoelectric element. With an eye toward designing a power generator,
we will discuss each variable.

First, the strain and voltage constants, d and g, are dependent on the choice
of material. Table 16.1 shows typical values for these constants for a commer-
cially available piezoelectric material PZT-5H. Based on the products of d- and
g-constants in Table 16.1, it would seem that the 33-mode is the better choice for
energy generation, given the order of magnitude difference between the modes.

To illustrate this, Table 16.2 shows what can be called “unit power factors”
for the different materials and modes. The first two columns show the influ-
ence of the d- and g-constants, with no particular choice for the other variables.
The 33-mode holds an approximate order of magnitude advantage in terms of the
material constants only.

If a unit square (1 × 1 cm) area of material is considered, then the unit power
factors are as given in the third and fourth columns. Finally, considering a typical
thickness for these materials (127 �m), the unit power factors are as shown in the
fifth and sixth columns of Table 16.2. From these numbers, the 33-mode advantage
is maintained.

Now the final two coefficients, applied mechanical stress, σ , and frequency of
application, f , can be considered. It is important to maximize these two variables
in the generator, since power output is proportional to the square of applied stress,
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and linearly proportional to the frequency of application of that stress (with no con-
sideration given for the electrical dynamics of the circuit). While it is possible to
introduce frequency multiplication devices in a harvester, it is assumed that this will
change the absolute energy generated in the devices but not the relative amount of
energy between devices. Here, the source is taken to be the heart beat, so a frequency
of 1 Hz is assumed.

The final parameter to consider in Eqs. (16.5) and (16.6) is the mechanical stress.
The mode of operation of the piezoelectric element is again important. In the 33-
mode, the mechanical stress is applied along the three-axis as shown in Fig. 16.1.
Unless a mechanical advantage is used then the stress will be directly proportional
to the applied force on the piezoelectric element. Achieving a high-power factor
using the 33-mode can be difficult to do, given the relatively low forces observed
in biomedical applications. For example, normal blood pressure variations are
5300 N/m2 (or 40 mmHg), which in a 33-mode application is the stress imparted to
the piezoelectric material. In order to increase power output, then, one can increase
the thickness of the active material, achieving a linear increase in power. It was
shown in Clark and Ramsay (2000) that since 5300 N/m2 is well below the limit of
operating stress in these materials, one could achieve much higher generated power
by increasing the active stress. A way to do this is to operate the material in the
31-mode, such as in a stretching or a bending diaphragm subjected to the same blood
pressure. Since power relates to the square of the stress, this enables a quadratic as
opposed to a linear increase in generated power. For that reason, this chapter focuses
on diaphragm-type harvesters that undergo bending due to pressure loading.

In the following sections, the equations for the available power from various
pressure-driven unimorph diaphragm structures are derived (bimorph structures
would follow the same approach). The general approach is to derive expressions
for the energy in the structure (both the mechanical strain energy and the coupled
electrical energy) due to application of a pressure load. The available energy for
harvesting is that portion of the energy that is converted to electricity.

16.3 Unimorph Diaphragm in Bending

This section derives the expressions for generated electrical current and voltage for
a unimorph piezoelectric plate with general boundary conditions. The solution used
follows the restrictions that there is no shear strain and no stress along the thickness
direction (z-dir) and that the deflection is smaller than the thickness of the plate.
An energy method will be used to describe the total energy in a pressure-loaded
piezoelectric plate, and to ultimately calculate the electrical charge generated from
a pressure source for arbitrary boundary conditions. Once the general expression
is obtained, specific boundary conditions will be applied and example calculations
will be made for certain cases.

The structure to be studied is shown (in cross section) in Fig. 16.2, and includes
a piezoelectric layer bonded to a substrate. The piezoelectric layer is assumed to
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Fig. 16.2 Cross section of unimorph PZT circular plate with arbitrary boundary conditions

be covered on the top and bottom with an electrode. Neither the electrode nor the
bonding agent is assumed to have any effect on the model.

At this point, several generalities are included in the derivation, as depicted in the
figure. First, the boundary conditions are shown to be arbitrary, so that both clamped
and simply supported boundaries can be studied. Second, the piezoelectric layer is
shown to have arbitrary radius, R1, which allows the piezoelectric layer to be of
arbitrary size, including full coverage of the substrate where R1 = R2.

The general approach taken for deriving the generated electrical energy is to first
derive the total energy in the structure from an applied load, and then to extract
the coupled energy. For the plate structure, the energy for small volumes of the
piezoelectric and substrate materials can be described as

dUp = 1

2
erσrp + 1

2
eθσθp + 1

2
D3 E3

dUm = 1

2
erσrm + 1

2
eθσθm

(16.7)

where subscripts p and m denote piezoelectric and substrate (metal) layers and
subscripts r and θ denote radial and circumferential directions, respectively. The
symbol e is strain and σ is stress, D3 is charge density on the piezoelectric material
and E3 is electric field strength. Following conventions used in the piezoelectric
constitutive equations, the radial (r ) direction is taken to be 1, the angular (θ ) direc-
tion is 2, and the direction perpendicular to the surface (z) is 3. The subscripts r and
θ are used instead of 1 and 2 for the stress and strain, respectively.

In order to distinguish between inner and outer regions, since layers or electrodes
will be different, two different sets of energy expressions are defined. For the inner
region (r < R1)

dU (i)
p = 1

2
e(i)

r σ
(i)
rp + 1

2
e(i)
θ e(i)

θp + 1

2
D3 E3

dU (i)
m = 1

2
e(i)

r σ
(i)
rm + 1

2
e(i)
θ σ

(i)
θm

(16.8)
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and for the outer region (R1 ≤ r ≤ R2)

dU (o)
m = 1

2
e(o)

r σ
(o)
rm + 1

2
e(o)
θ σ

(o)
θm (16.9)

which includes only the substrate material since there is no piezoelectric material
in this region. It is clear from Eqs. (16.7), (16.8) and (16.9) that the substrate has
only strain energy (purely mechanical), while the piezoelectric material can possibly
have electrical energy (depicted by the last term which represents stored energy in its
capacitance due to applied electric field) and coupled energy that represents either
strain energy due to applied electric field or, in the energy harvesting case, electri-
cal energy due to applied mechanical load. By integrating Eqs. (16.7) and (16.9)
over the total volume of the structure, the total energy and therefore the generated
(coupled) electrical energy can be found as

U =
R1∫

0

2π∫
0

⎛
⎜⎝

hp∫
0

dU (i)
p dz +

0∫
−hm

dU (i)
m dz

⎞
⎟⎠ r dθ dr

+
R2∫

R1

2π∫
0

⎛
⎜⎝

hp∫
0

dU (o)
p dz +

0∫
−hm

dU (o)
m dz

⎞
⎟⎠ r dθ dr

(16.10)

where hp and hm are the thickness of the respective layers, as shown in Fig. 16.2.
In general, the total energy is expressed in three specific terms as

U = UP2
0
(P2

0 ) + UP0 E3 (P0V ) + UE2
3
(V 2) (16.11)

where the first term represents the mechanical (strain) energy, the third term rep-
resents the electrical energy (stored energy in the capacitance of the piezoelectric
material due to externally applied voltage, which does not exist in this problem),
and the second term is the coupled electro-mechanical energy from mechanical
deformation or applied voltage, which in this study will be isolated as the generated
energy available for harvesting. One can further analyze this term by differentiating
with respect to voltage to get the generated charge; by obtaining the effective capac-
itance of the device from the relation Q = CV ; and finally using the capacitance
relationship to find the generated voltage. These analyses will be done for each of
the structures of interest in the following sections.

To carry out the integration in Eq. (16.10), stresses and strains in Eqs. (16.8)
and (16.9) must be found in terms of the applied load. The piezoelectric constitutive
equations (IEEE Std., 1978) can be written for the plate as
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e(i)
r = sE

11(σ (i)
rp − vσ

(i)
θp ) − d31 E3

e(i)
θ = sE

11(σ (i)
θp − vσ (i)

rp ) − d31 E3

D3 = −d31(σ (i)
r + σ

(i)
θ ) + εT

33 E3

(16.12)

where sE
11 is the piezoelectric material’s elastic compliance at constant electric field,

υ is its Poisson ratio (−sE
12/s

E
11), εT

33 is the permittivity of the piezoelectric mate-
rial at constant stress, and d31 is the piezoelectric constant. The poling direction is
assumed to be downward in Fig. 16.2. Using Eq. (16.12), stress can be described in
terms of strain and electric field. For the piezoelectric layer, the stress is

σ (i)
r = 1

sE
11(1 − v2)

[e(i)
r + ve(i)

θ + (1 + v)d31 E3]

σ
(i)
θp = 1

sE
11(1 − v2)

[ve(i)
r + e(i)

θ + (1 + v)d31 E3]
(16.13)

and for the non-piezoelectric layer

σrm = 1

sm(1 − v2)
(er + veθ )

σθm = 1

sm(1 − v2)
(ver + eθ )

(16.14)

where sm is the elastic compliance of the substrate material and Eq. (16.14) is the
same in the inner and outer regions. By substituting Eqs. (16.12), (16.13) and (16.14)
into Eqs. (16.8) and (16.9), the differential energy expressions will be written in
terms of strain and electrical field only as

dUp = 1

2sE
11(1 − v2)

(e2
r + e2

θ + 2ereθv) − 1

2

(
2d2

31

sE
11(1 − v2)

+ εT
33

)
E2

3

dUm = 1

2sm(1 − v2)
(e2

r + e2
θ + 2ereθv)

(16.15)

The following derivation relates strain to the applied pressure. The moments at
any point in the plate can be found by integrating the stresses over the height of the
layers (over the dimension, z). For the inner region this is

M (i)
r =

hp∫
0

σ (i)
rp (z − zc)dz +

0∫
−hm

σ (i)
rm(z − zc)dz

M (i)
θ =

hp∫
0

σ
(i)
θp (z − zc)dz +

0∫
−hm

σ
(i)
θm(z − zc)dz

(16.16)
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and for the outer region

M (o)
r =

0∫
−hm

σ (o)
rm (z − zc)dz

M (o)
θ =

0∫
−hm

σ
(o)
θm(z − zc)dz

(16.17)

Substituting the stress terms from Eqs. (16.13) and (16.14) these become

M (i)
r =

hp∫
0

(
e(i)

r + ve(i)
θ

(1 − v2)sE
11

+ (1 + v)d31 E3

(1 − v2)sE
11

)
(z − zc)dz +

0∫
−hm

e(i)
r + ve(i)

θ

(1 − v2)sm
(z − zc)dz

M (i)
θ =

hp∫
0

(
ve(i)

r + e(i)
θ

(1 − v2)sE
11

+ (1 + v)d31 E3

(1 − v2)sE
11

)
(z − zc)dz +

0∫
−hm

ve(i)
r + e(i)

θ

(1 − v2)sm
(z − zc)dz

M (o)
r =

0∫
−hm

e(o)
r + ve(o)

θ

sm(1 − v2)
(z − zc)dz

M (o)
θ =

0∫
−hm

ve(o)
r + e(o)

θ

sm(1 − v2)
(z − zc)dz

(16.18)

An alternate way to obtain the moments in the plate is to use the deformation.
The general equations governing the transverse deflection, bending, and shear of
a circular plate subjected to a uniformly distributed constant pressure load P0 are
given by (Vinson, 1974)

∇4W = 1

r

�

�r

(
r

�

�r

(
1

r

�

�r

(
r

�W

�r

)))
= P0

D
(16.19)

Mr = −D

(
�2W

�r2
+ v

r

�W

�r

)

Mθ = −D

(
1

r

�W

�r
+ v

�2W

�r2

) (16.20)

Qr = −D
�

�r

(
1

r

�

�r

(
r

�W

�r

))
(16.21)
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where W is the deflection of the plate in the z-direction, P0 is the uniform applied
pressure, and D is the flexural rigidity of the plate.

Equating Eqs. (16.18) and (16.20) results in

− Dc

(
�2W

�r2
+ v

r

�W

�r

)
=

hp∫
0

(
e(i)

r + ve(i)
θ

(1 − v2)sE
11

+ (1 + v)d31 E3

(1 − v2)sE
11

)
(z − zc)dz

+
0∫

−hm

e(i)
r + ve(i)

θ

(1 − v2)sm
(z − zc)dz

− Dc

(
1

r

�W

�r
+ v

�2W

�r2

)
=

hp∫
0

(
ve(i)

r + e(i)
θ
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1
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�W

�r
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�r2

)
=
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−hm

ve(o)
r + e(o)

θ

sm(1 − v2)
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(16.22)

where Dc and Dm are the flexural rigidity of the inner region and the outer region of
the plate, respectively.

One can solve for the strain in the r and θ directions as functions of deflection
and generated electric field for both inner and outer regions as

e(i)
r = 2smsE

11(1 − v2)Dc

h2
msE

11 − h2
psm + 2zc(hpsm + hmsE

11)

�2W

�r2

+ smhpd31(hp − 2zc)

h2
msE

11 − h2
psm + 2zc(hpsm + hmsE

11)
E3

e(i)
θ = 2smsE

11(1 − v2)Dc

h2
msE

11 − h2
psm + 2zc(hpsm + hmsE

11)

�W

r�r

+ smhpd31(hp − 2zc)

h2
msE

11 − h2
psm + 2zc(hpsm + hmsE

11)
E3
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e(o)
r = 2sm(1 − v2)Dm

hm(hm + 2zc)

�2W

�r2

e(o)
θ = 2sm(1 − v2)Dm

hm(hm + 2zc)

�W

r�r
(16.23)

The final differential energy expressions then become
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(16.24)

where

B11 = h2
msE

11 − h2
psm + 2zc(hpsm + hmsE

11).

Note that these expressions are for any circular plate with pressure loading. One
needs only to solve for the actual deflection of the plate for the specific boundary
conditions and then integrate the energy over the total volume of the structure.

16.3.1 Simply Supported Unimorph Diaphragm that Is Partially
Covered with Piezoelectric Material

In this section, the energy is solved for the case in which the boundaries of the
composite plate are simply-supported. The general solutions of Eq. (16.19) for this
case include eight constants for the inner and outer regions. Boundary conditions
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consist of a finite value at r = 0 (which force two constants to vanish) and two edge
conditions (Mo et al., 2006; Prasad et al., 2002).

dWr

dr

∣∣∣∣
r=0

< ∞, Wr|r=R2
= 0, Mr|r=R2

= 0 (16.25)

The matching conditions at the interface (at r = R1) for the other four con-
stants are

W (i)
r

∣∣
r=R1

= W (o)
r

∣∣
r=R1

dW (i)
r

dr

∣∣∣∣
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= dW (o)
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dr

∣∣∣∣
r=R1

Q(i)
r

∣∣
r=R1

= Q(o)
r

∣∣
r=R1

M (i)
r

∣∣
r=R1

= M (o)
r

∣∣
r=R1

(16.26)

where the superscripts (i) and (o) indicate inner and outer regions of the plate,
respectively. The general solutions of the transverse displacement for the piezo-
electric composite plate are then given by

W =
{

C1 + C2r2 + P0r4

64Dc
when r ≤ R1

C3 + C4 ln(r ) + C5r2 + P0r4

64Dm
when R1 < r ≤ R2

(16.27)

where
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C2 = − Po
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The flexural rigidities for the inner composite plate and for the outer annular
plate are

Dc = 1

12

4h3
psE

11smhm + h4
ps2

m + h4
msE2

11 + 4h3
mhpsE

11sm + 6h2
mh2

psE
11sm

sE
11sm(1 − v2)(hmsE

11 + hpsm)
and

Dm = 1

12

h2
m

(1 − v2)

By substituting Eq. (16.27) into Eq. (16.22), one can solve for the strains, which
can then be used in Eqs. (16.8)–(16.14) to find the total energy in the composite
diaphragm structure.

The total energy can be found as

U = UP2
0
P2

0 + εT
33πR2

1hp

2

(
1 − 2

(1 − v)

B35

B31
K 2

31

)
E2

3

− 3

2

πR3
2 R2

1d31sE
11smhmSh Sf B33hp(hm + hp)

B31 B34
E3 P0

(16.28)

where UP2
0

is long and complex coefficient.
Substituting for the electric field E3 with V/h p, where V is applied voltage and

differentiating with respect to voltage (V ) produces the expression for the electric
charge
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Q = εT
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The generated charge can be found (by differentiating the coupled energy term
with respect to voltage) to be

Qgen = −3

2
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2 and K31 is the electro-mechanical coupling coef-

ficient and is defined as K31 = d2
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√
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From the relation Q = CV , open-circuit capacitance is

C f ree = εT
33πR2
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and the voltage that appears on the electrodes is

Vgen = Qgen

C f ree
= −3
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33 B31 B34

(
1 − 2

(1−ν)
B35
B31

K 2
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Thus, the electrical energy generated by external pressure P0 is

Ugen = 1

2
Qgen · Vgen = 9

8
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11 s2
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16.3.2 Clamped Unimorph Diaphragm that is Partially Covered
with Piezoelectric Material

In this section, the derivation is repeated for the plate with the clamped edge. The
general solutions of the transverse displacement for the piezoelectric composite
plate are given by

W =
{

C6 + C7r2 + C8 Dmr4 when r ≤ R1

C9 + C10r2 + C8r4 when R1 < r ≤ R2
(16.34)

where
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The electric charge can be expressed as
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where
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The generated charge can then be found to be

Qgen = −3
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1 R3
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2 − R2
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B31 B36
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Noting that open-circuit capacitance is similar to Eq. (16.31), the voltage that
appears on the electrodes is

Vgen = Qgen

Cfree
= −3

2
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2d31sE
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The electrical energy generated by the pressure P0 is

Ugen = 1

2
Qgen · Vgen = 9
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16.3.2.1 Clamped Unimorph Diaphragm with Fully Covered Electrode
(Unmodified Case)

The first case to be considered is the case where not only does the piezoelectric
material extend to the boundaries, but also the electrode fully covers the piezo-
electric material with no breaks (the so-called unmodified case). Equations (16.19),
(16.20) and (16.21) can be applied to this case, however only four constants are
required in the solution (the matching conditions at r = R1 are not needed since
there is no discontinuity in the composite diaphragm). Boundary conditions consist
of a finite value at r = 0 (which force two constants to vanish) and two clamped
edge conditions (Mo et al., 2006; Prasad et al., 2006),

Wr |r=R2 = 0,
�Wr

�r

∣∣∣∣
r=R2

= 0 (16.39)

The deflection solution can be found to be

Wr = P0(R4
2 − 2R2

2r2 + r4)

64D
(16.40)

The flexural rigidity, D, of the composite plate can be derived as

D = 1

12

4h3
phmsE

11sm + h4
ps2

m + h4
msE2

11 + 4h3
mhpsE

11sm + 6h2
mh2

psE
11sm

sE
11sm(1 − ν2)(hmsE

11 + hpsm)
(16.41)

In solving the energy, there is no outer region, so only the inner region equations
need to be applied. Substituting Eq. (16.41) into Eq. (16.22) and solving for strain,
and then substituting this result into the energy expression (Eq. 16.10) produces the
following energy for the diaphragm:
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Electric field is assumed to be constant throughout the piezoelectric struc-
ture. After integrating the total energy, the electric field (E3) can be replaced in
Eq. (16.42) by V/hp to give

U = πR6
2sE

11sm(hpsm + hmsE
11)(1 − ν2)
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(16.43)

Since Eq. (16.43) has no coupled term, we can conclude that this model predicts
no net electrical energy conversion from the applied pressure on the unmodified
clamped plate. The result of no net energy generation is not intuitive. Presumably
relaxing the assumption of bending strain only, (no strain of the neutral axis) or
allowing elastic boundary conditions would change this result. Nonetheless, this
model does offer some interesting insights for different electrode patterns (which
are supported by experimental results, (Kim et al., 2005b)).

Given the assumption of pure-bending strain in the unimorph, a physical expla-
nation for the prediction of zero net electrical energy generation is as follows. It
is clear that even though there is no net electrical energy generated from uniform
applied pressure, there is stress in the plate. In fact, locally there is substantial stress
in the piezoelectric layer due to the applied pressure (Fig. 16.3), but some of it
results in positive charge (regions in which the piezoelectric layer is in tension) and
some results in negative charge (compressive regions). When integrated (Eq. 16.42),

Compressive Region (Upper surface)

Tensile Region (Upper surface)

Fig. 16.3 Deflection and stress of clamped plate
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the positive contributions cancel the negative contributions, so the net generated
electrical energy for the clamped boundary condition using this model is zero.

To extend the above idea, the partial energy of the plate was calculated and com-
pared to Eq. (16.43) for an inner volume defined by a radius r1 where 0 ≤ r1 ≤ R2,
where r1 is an arbitrary constant. The energy for this volume is
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(16.44)

This equation shows that the mechanical–electrical-coupling term (the term con-
taining P0V ) approaches zero when r1 goes to R2; and when r1 = R2, Eqs. (16.44)
and (16.42) are identical. By inspecting the coupled energy term in Eq. (16.44), the
coupled energy has the following relation:

Ucoupled ∝ r2
1

(
R2

2 − r2
1

)
(16.45)

Therefore, the maximum coupled energy for this inner plate volume can be
obtained when Eq. (16.45) is maximum, which occurs when r1 = √

2/2 = 0.707R2.
Since the plate is fully covered with electrode, the outer region is also generating
energy, albeit with the opposite charge. So if the charge in the outer region were to
be reversed and combined with that of the inner region, the total energy would be
maximized if the regions were separated at a radius of r1 = 0.707R2. This separa-
tion and inversion of sign is defined as “regrouping” of the electrodes (Kim et al.,
2005a).

16.3.2.2 Clamped Unimorph Plate with Segmented Electrode
(Regrouped Case)

In this analysis, the electrodes on the piezoelectric layer of the plate will be divided
into two areas corresponding to the regions of positive and negative stress (and thus
positive and negative charge), as shown in Fig. 16.4. The electric field directions
of these inner and outer regions will be opposite to each other as a result of the
stress distribution from constant pressure. By separately collecting the charge on
these regions (e.g., by reversing the leads that attach the respective electrodes), one
will get a net addition of charge as opposed to the cancelation that occurs when the
electrode is fully covered.
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Re
R2

+ + + - - - + + +

- - - + + + - - -

Fig. 16.4 Cross section of the regrouped PZT layer showing the reversal of polarity on the charge
that would be observed after regrouping of the electrodes

The division of positive and negative charge (or stress) occurs at a radius Re,
so two new inner and outer regions are defined. Now the inner region is defined
by r < Re and the other is the outer region by Re ≤ r ≤ R2. The inner region
defined here behaves exactly the same as that in earlier sections. The outer region,
however, has two differences. The first difference is that the outer region will use
the opposite electric field direction, so its constitutive equations have a sign change.
The constitutive equations for the inner region then are (same as Eq. 16.12)
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σ
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(16.46)

and for the outer region
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The second difference is that the outer region in this case now includes both
piezoelectric and substrate layers. The differential energy for the inner region is
the same as given in Eq. (16.8), but the outer region has an additional term for the
piezoelectric layer. Eq. (16.9) becomes

dU (o)
p = 1

2
e(o)

r σ
(o)
rp + 1

2
e(o)
θ σ

(o)
θp − 1

2
d31

(
σ (o)

rp + σ
(o)
θp

)
E3 + 1

2
εT

33 E2
3

dU (o)
m = 1

2
e(o)

r σ
(o)
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2
e(o)
θ σ

(o)
θm (16.48)

For the piezoelectric layer, the stresses in the inner and outer regions are
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and for the non-piezoelectric layer

σrm = 1
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σθm = 1
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(νer + eθ )

(16.50)

where once again there is no need to distinguish between inner and outer regions of
stress and strain in the substrate material.

Given the deformation, W , the strain in Eq. (16.22) can be found and then substi-
tuted into the preceding equations to finally find the differential energy. The bound-
ary conditions for this case are the same as for the unmodified case (Eq. 16.39) and
the deflection solution is also the same (Eq. 16.40), so the same procedure as above
can be followed, with the exception that the integration of energy must be separated
into inner and outer regions of the diaphragm to account for the differences in stress
and strain.
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The first integral term in Eq. (16.8) is for the inner region, so the appropriate
stress and strain terms are used in forming dU (i)

p , and the second integral term is for
the outer region. This energy equation can be reduced to the unmodified diaphragm
energy, Eq. (16.43), by substituting Re = R2. The generated charge from applied
pressure can be found to be
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The open-circuit capacitance is
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and the voltage that appears on the electrodes is
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In this case, the generated voltage and charge are non-zero and they can be max-
imized with the proper choice or Re.
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16.4 Simulation Results and Analysis

A simple design study to investigate the performance of power generation based
on analysis in the preceding sections is presented here. In this analysis, PZT-5H is
adopted as the piezoelectric material in a circular plate to examine energy harvest-
ing performance using the energy Eqs. (16.33), (16.38), and (16.55), assuming a
uniform pressure load. It is assumed that one can obtain an average power output of
the device assuming the mechanical stress is applied repeatedly during some time
period. A 40 mmHg (5330 Pa) uniform pressure with 1 Hz frequency is assumed to
be applied to the harvesting devices. Material properties used in this analysis include
d31 = −320 × 10−12, Poisson ratio of 0.3, relative permittivity equal to 3800, and
mechanical compliance of s11

E = 1.61 × 10−11. The properties used in this analysis
are based on the PZT-5H of Piezo Systems, Inc.

It was shown in the earlier works that there is an optimal radius ratio (R1/R2) of
the piezoelectric layer to the substrate or an optimal regrouped radius ratio (Re/R2),
where optimal is defined as maximum electric power output (Kim et al., 2005a,b
and Mo et al., 2007). This ratio varies depending on the types of piezoelectric
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Fig. 16.5 Power-generating performance of the simply supported PZT circular plate with partially
covered electrode

and substrate materials, and it shifts according to the thickness ratio (hp/hm) of
these layers.

Figure 16.5 shows the power-generating performance of the simply supported
PZT diaphragm harvester with a partially covered electrode. In this simulation, the
radius of substrate (R2) is fixed to 1.27 cm and the optimal thickness ratio of PZT to
aluminum substrate is used. This device can generate maximum power at the ratio
of R1/R2 = 0.6.

The generating performance of the clamped PZT plate with partially covered
electrode is shown in Fig. 16.6. The generated power is reduced when compared
with the simply supported case. For this case, maximum power can be generated at
the ratio of R1/R2 = 0.87. It is also noted that the generated power is zero as R1/R2

goes to 1, which is the fully covered electrode or unmodified case as described in
Section 16.3.2.1.

The generated power is zero for the unmodified case with the clamped edge,
but it can generate positive power when the electrode is regrouped. Figure. 16.7
shows power-generating performance of the clamped PZT circular plate with fully
covered regrouped electrode. Maximum power occurs at the ratio of Re/R2 = 0.7
as described in Eq. (16.45).

The various designs described so far are assumed to be exposed on one side
to the periodic blood pressure, and on the other side to some constant pressure
chamber. The output power is calculated assuming an excitation frequency of 1 Hz
(60 beats per minute) and a pressure of 5333 N/m2 (or 40 mmHg). According
to theoretical analysis and numerical simulation, the available power results for
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Fig. 16.6 Power-generating performance of the clamped PZT circular plate with partially covered
electrode
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Table 16.3 Power generation for continuous and intermittent usage by blood pressure

Harvesters
Design∗

specification
Generated power for
continuous use (�W )

Required time for
intermittent use of 10 mW

Plate (127 �m PZT) ss, pce 47.0 4 min.
cl,pce 18.5 9 min.
cl,fcr 2.6 1 h 4 min.

∗ss: simply supported, pce: partially covered electrode, cl: clamped, fcr: fully covered and
regrouped electrode

the best case are listed in Table 16.3. It is noted that the effective loss due to
the necessary rectification and regulation electronics is neglected from all calcu-
lations. The power outputs listed in Table 16.3 may not be high enough to con-
tinuously power implantable devices such as a DNA chip, which requires 10 mW
for operation and telecommunication (Cain et al., 2001, Sohn et al., 2005). How-
ever, calculation of usage (or effectively a duty cycle), which represents the time
for energy consumption related to the time for energy harvesting, shows the fea-
sibility of providing intermittent power instead of continuous power. The usage
is expressed as required harvesting time for the intermittent use of 10 mW in
Table 16.3. These results show that for even a relatively high-power (10 mW) con-
suming implantable device, it is theoretically possible to generate sufficient amounts
of power with a simple blood pressure harvester to operate the device at reasonable
intermittent times.

16.5 Conclusions

This chapter has presented a brief analysis of 33- versus 31-mode harvesters for
implantable devices, and has made an argument for the case of using the 31-mode
because of the potential for generating high stresses, and therefore relatively higher
power, with the mechanical advantage of the 31-mode for the relatively low excita-
tion forces within the body. The chapter then proceeded to present a derivation for
the available electrical energy for a general pressure-loaded piezoelectric unimorph
diaphragm structure. Using this framework, the expressions of generated energy
were derived for specific boundary conditions, piezoelectric coverage conditions,
and electrode conditions. While the complete population of possible configurations
was not exhausted, enough cases were presented to provide an understanding of the
key features to consider when designing such a harvester. Using the resulting rela-
tionships, the chapter then calculated the generated power for a specific geometry
(a 1.27 cm diameter diaphragm). It was shown that while the device would not
be able to continuously power, say a 10 mW implanted sensor device, it could
potentially provide enough power to operate the device at reasonable intermittent
rates. The relationships provided here may enable other optimal designs to be
realized.
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Chapter 17
Harvesting Energy from the Straps
of a Backpack Using Piezoelectric Materials

Henry A. Sodano

Abstract Over the past few decades the use of portable and wearable electronics
has grown steadily. These devices are becoming increasingly more powerful; how-
ever, the gains that have been made in the device performance have resulted in the
need for significantly higher power to operate the electronics. This issue has been
further complicated due to the stagnate growth of battery technology over the past
decade. In order to increase the life of these electronics, researchers have begun
investigating methods of generating energy from ambient sources such that the life
of the electronics can be prolonged. Recent developments in the field have led to the
design of a number of mechanisms that can be used to generate electrical energy,
from a variety of sources including thermal, solar, strain, inertia, etc. Many of these
energy sources are available for use with humans, but their use must be carefully
considered such that parasitic effects that could disrupt the user’s gait or endurance
are avoided. These issues have arisen from previous attempts to integrate power
harvesting mechanisms into a shoe such that the energy released during a heal strike
could be harvested. This chapter will present research into a novel energy harvesting
backpack that can generate electrical energy from the differential forces between
the wearer and the pack. The goal of this system is to make the energy harvesting
device transparent to the wearer such that his or her endurance and dexterity is not
compromised, therefore to preserve the performance of the backpack and user, the
design of the pack will be held as close to existing systems as possible.

17.1 Introduction

The advances in low-power electronics, wireless technology, and wearable-compu-
ting devices have led to an ever increasing amount of electronics carried by a person.
While these devices increase our ability to communicate they can also be cum-
bersome and require the use of electrochemical batteries to supply power to each
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device. In the case of emergency personnel, field-based environmental researchers,
or backcountry sport enthusiasts, these devices also result in substantial loads. These
loads are greatly increased due to the need to carry heavy electrochemical batteries
as the energy source for each device. Additional complications occur due to stag-
nant battery technology which has not progressed along with the increasing power
demands of current electronics, as shown in Fig. 17.1. Furthermore, since each bat-
tery only contains a finite lifespan additional backup batteries must be carried to
ensure that the devise can maintain functionality.

Power harvesting is the act of converting ambient energy into electrical energy
that can then be used to power other devices. Recent developments in the field have
led to the design of a number of mechanisms that can be used to generate electrical
energy from a variety of sources, including thermal, solar, strain, inertia, and so on.
Many of these energy sources are available from humans, but their integration must
be carefully considered such that parasitic effects that could disrupt the user’s gait
or endurance are avoided. Using the power harvested, it is desirable to construct the
system such that it can be used to provide a direct energy source to the electronics,
as a means of supplementing the electrochemical battery to increase its life, or to
recharge the battery.

Several studies have been performed to investigate the energy available from
various sources of human power. Perhaps, the earliest of these was published by
Starner (1996), who examined the energy available from the leg motion of a human
and surveyed other human sources of mechanical energy, including blood pressure,
breathing, and typing. The author claimed that 8.4 W of useable power could be
achieved from a PZT device mounted in a shoe to harvest the force generated dur-
ing walking. While the extraction of energy from walking motion can generate high
levels of power, the device typically interferes with the user’s gait resulting in a
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Fig. 17.1 Advances in computer and battery technology since 1990. (Data from Paradiso and
Starner, 2005.)
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reduction of the wearer’s endurance. Several studies have been performed to inves-
tigate the power available from the force generated between the heel and the shoe.
Kymissis et al. (1998) examined the three different devices that could be built into a
shoe to harvest excess energy and generate electrical power parasitically while walk-
ing. The devices that were considered included a “Thunder” actuator constructed of
piezoceramic composite material located in the heel, a rotary magnetic generator
also located under the heel, and a multilayer PVDF foil laminate patch located
in the sole of the shoe. The Thunder actuator was developed by NASA and has
a rainbow (arch) configuration that allows the impact of the heel to be translated
into bending strain for electrical power generation. The electromagnetic generator
used the pressure of the heel to spin a flywheel and rotary generator to extract the
power from the pressure of the heel during walking. The last device used was a
laminate of piezofilm, or “stave”, which was used to harness the energy lost during
the bending of the sole. In order to compare the performance of the three methods, a
working prototype was constructed for each and its performance was measured. The
peak powers were observed to approach 20 mW for the PVDF stave, 80 mW for the
PZT unimorph, and the shoe-mounted rotary generator averaged to about 250 mW.
For a full review of power harvesting using piezoelectric materials, see Sodano et al.
(2004a), Anton and Sodano (2007).

More recently, SRI International built a dielectric elastomer generator that was
designed to replace the sole of a soldier’s boot (Kornbluh et al., 2002). The study
configured the dielectric elastomer materials such that when the heel pressed down
it ballooned between a set of holes built into the frame, thus increasing the strain
applied to the material. The device was capable of generating 800 mW of power
per shoe when walking at a pace of two steps per second. While the system was
demonstrated to effectively generate large power levels, it requires a substantial
bias voltage and a switching circuit to pull energy from the material and maximize
charge. This can make the energy harvesting system difficult to implement.

Several studies have also investigated the storage of electrical energy generated
by a power-harvesting device. Umeda et al. (1997) investigated the characteristics
of energy storage by a piezogenerator with a bridge rectifier and capacitor. Their
study used a small piezoelectric bender as the energy source and varied several
parameters to determine the effect on energy storage. Kymissis et al. (1998) also
investigated the storage of energy in a capacitor and developed a circuit that used a
capacitor to accumulate the electrical energy along with various other components
to regulate the charging and discharging cycle of the capacitor. The circuit was found
to function well in their application, but the capacitor charged and discharged very
quickly resulting in only intermitted power output, as shown in Fig. 17.2. Later
Sodano et al. (2005a,b) performed a series of studies investigating the use of an
electrochemical battery as the energy storage device. The authors showed that a
piezoelectric patch could recharge a small nickel metal hydride battery in a few
hours when excited with the level of energy available on an automobile engine.

Previous studies have demonstrated that it is difficult to obtain electrical energy
from a shoe without disrupting the wearer’s gait or endurance. To avoid these issues,
researchers have begun to look into obtaining electrical energy from the differential
forces between a human and backpack that occur during walking. Rome et al. (2005)
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Fig. 17.2 Plot of the capacitor’s voltage and the corresponding voltage output for a commonly
used power-harvesting circuit (Sodano et al. 2005a)

investigated the design of a backpack that could convert mechanical energy from the
vertical movement of carried loads to electricity. The study designed the backpack
such that a linear bearing and a set of springs suspended the load relative to a frame
and shoulder harness. This configuration allows the load to move vertically relative
to the frame. This relative motion was then converted to electrical energy using a
rotary electric generator with a rack and pinion, as shown in Fig. 17.3. This system
was demonstrated to generate a maximum power of approximately 7.37 W. How-
ever, the authors indicate through analysis of the O2 intake and CO2 produced by
the wearer that the motion of the pack increased the energy expended by 19.1 W or
about a 3.2% increase over the energy expelled without the harvesting device (Kuo,
2005). While the backpack does generate significant power levels, the additional
degree of freedom provided to the load could impair the user’s dexterity and lead to
increased fatigue.

While many of these systems are compatible with the energy present around
an emergency worker or soldier, they typically do not generate sufficient energy,
are cumbersome, or interfere with the gait of the wearer. Thus, the focus of this
research is to design the system such that the power-harvesting backpack provides
no additional stress or load to the wearer over that of a conventional backpack. The
research effort presented here will utilize two systems to harvest the dynamic energy
from a backpack, namely, the piezoelectric polymer polyvinylidene fluoride (PVDF)
and mechanically amplified stack actuators. Piezoelectric materials function in such
a way that an applied electric potential forms a mechanical strain and an applied
strain results in the formation of an electrical charge.

The PVDF bulk material is widely available, and is low cost; however, it requires
processing to obtain piezoelectric properties. In order to make the backpack as close
to a typical design as possible, the fabric straps are to be replaced with a PVDF poly-
mer strap. As the soldier walks with the backpack, the differential forces between
wearer and backpack would be transferred to the polymer straps which then convert
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Fig. 17.3 Schematic showing the energy harvesting backpack developed by Rome et al. (2005)

the applied force to electrical energy. PVDF polymer is a high-density polymer and
has an elastic modulus approximately equal to that of nylon or PVC, which makes
it well suited for this application because a 100 N load on a 100 �m thick strap will
only result in a 0.6% strain of the strap. This indicates that the strap would perform
very similarly to the traditional strap in this application. This level of strain does
not pose an issue for the PVDF material; however, typical electrodes consist of a
solid metallic film that is applied to the surface of the polymer using sputter coating
and cannot withstand high levels of cyclic strain or the high shear stress associated
with the proposed design. Therefore, the use of a PVDF polymer strap necessitates
the application of an advanced electrode that can withstand the intended environ-
ment. To overcome this issue, a nanostructured electrode has been fabricated using
NanoSonic, Inc.’s proprietary self-assembly process. This electrode design provides
the required robustness and durability such that the functionality of the pack can be
guaranteed in the harsh conditions experienced during outdoor activities.

The second energy harvesting system presented here will use piezoelectric stack
actuators for energy harvesting. Stack actuators have seen little use for power-
harvesting applications due to their high stiffness which makes straining (power
proportional to strain) the material difficult under typical ambient vibration levels.
This issue can be alleviated using the mechanically amplified stack actuator which
employs a simple kinematic design to transform the low force in the strap to a high
force at the piezoelectric stack. This design can be effectively used to significantly
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reduce the system stiffness to a level appropriate for use in energy harvesting appli-
cations.

This chapter will first describe the development of a piezoelectric polymer-based
strap followed by a study into the use of mechanically amplified stack actuators.
A theoretical model will be first developed to predict the power generated by the
piezoelectric strap followed by experimental testing to validate its accuracy. Follow-
ing the validation of the model, simulations will be performed using actual loading
data measured from the straps of a backpack during walking to predict the energy
available from the backpack. The model will then be modified to describe the ampli-
fied piezoelectric stack and testing will again be performed to validate its accuracy
on this system. The results will show that both systems could be used as a power
supply for low-power electronics or sensors.

17.2 Model of Power-Harvesting System

In order to predict the energy generated by a strap of piezoelectric material sub-
jected to a dynamic tension, the piezoelectric constitutive equations are used in
coordination with a single degree of freedom model. When defining the constitutive
equations, it is typical that the poling direction of the strap be defined as the 3 direc-
tion and loading be in the −1 direction for this application, as shown in Fig. 17.4.
The linear constitutive equations for piezoelectric materials are defined as

S1 (t) = sE
11T1 (t) + d31 E3 (t)

D3 (t) = d31T1 (t) + εT
33 E3 (t)

(17.1)

Fig. 17.4 Schematic of the sign convention used in the piezoelectric constitutive equations
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where S1(t) is the strain, s11 is the compliance, T1(t) is the stress, d31 is the piezo-
electric coupling coefficient, E3(t) is the electric field, D3(t) is the electric displace-
ment, ε33 is the dielectric permittivity, and the subscripts represent the direction of
each property. The first equation defines the mechanical response of the material,
while the second equation defines the electrical response. Because our system is not
operating over a wide range of frequencies and assuming the strap is subjected to a
known tension (neglecting bending, see Sodano et al. (2004b) for general power har-
vesting models) from the experimental characterization, the constitutive equations
can be simplified using the following relationships

S1 (t) = x (t)

L
T1 (t) = F (t)

Acs
E1 (t) = v (t)

t
D3 (t) = Q3 (t)

A
(17.2)

where x(t) is the displacement, Q(t) is the charge, L is the length of the strap, t is
the material thickness, Acs is the cross-sectional area, A is the surface area, F(t) is
the applied force to a single strap, and v(t) is the voltage. Because the system will
include a number of straps mechanically in parallel to strengthen the strap while
maintaining a desired capacitance, the number of straps, n, is introduced into the
equations. This term affects the capacitance as well but has been omitted from the
equations because the variation is dependent on the electrical connection between
each strap, which can be modified. Substitution of these terms allows the constitutive
equations to be written as

x (t) = L

n AcsY
F (t) + d31 L

t
v (t) (17.3)

Q (t) = d31L

t
F (t) + εT

33 A

t
v (t) . (17.4)

where Y is the modulus of elasticity. With the constitutive equations in a convenient
form they can be used with the single degree of freedom model shown in Fig. 17.5
to define the dynamics of the strap. The mass shown in Fig. 17.5 only represents the
effective strap mass because the strap tension is directly measured using a load cell,
therefore capturing the gravitational and inertial effects of the pack load. Solving
the force balance in Fig. 17.5, substituting the piezoelectric force in Eq. (17.3),
and realizing v(t) = Q(t)/C allows the mechanical response of the system to be
written as

Mẍ = −Cp ẋ − Fp (t) + F (t)

⇒ Mẍ + Cp ẋ + Y n Acs

L
x (t) − d31Y n Acs

t
C−1 Q (t) = F (t) (17.5)

where M is the mass, Cp is the damping of the PVDF material, C is the capacitance
defined as C = ε33 A/t, FP(t) represents the stiffness and actuation force of the
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Fig. 17.5 Single degree of freedom representation of the piezoelectric strap

piezoelectric polymer, and F(t) is the dynamic tension or force in the strap measured
using a load cell. The electrical response can then be defined by solving for v(t) in
Eq. (17.4) and substituting the longitudinal stiffness k = E A/L to give

−v (t) − C−1 d31 AY

t
x (t) + C−1 Q (t) = 0. (17.6)

Once the dynamics of the system have been coupled to the electrical response
of the piezoelectric material, the electrical boundary conditions can be included by
defining the load resistance R as

v (t) = −RQ̇ (t) (17.7)

Substituting Eq. (17.7) into Eqs. (17.5) and (17.6) gives the coupled electro-
mechanical response of the power-harvesting system as

Mẍ + Cp ẋ + Y n Acs

L
x (t) − d31Y n Acs

t
C−1 Q (t) = F (t)

RQ̇ (t) − C−1 d31 AY

t
x (t) + C−1 Q (t) = 0

(17.8)

where i (t) = Q̇ (t), and the voltage output of the system across the load resistance
is defined by the v (t) = RQ̇ (t) term. The power output can then be calculated
assuming that the load impedance will be the same as the source defined as

Z = 1

jωC
= t

jωεT
33 A

(17.9)

where ω is the walking frequency and j defines the complex impedance of the
capacitive piezoelectric material. Using the defined impedance (here a resistance
between the electrodes) of Eq. (17.9), the power can then be defined as



17 Harvesting Energy from the Straps of a Backpack Using Piezoelectric Materials 439

P (t) = v(t)2

R
. (17.10)

With the equation defined above, the electric response of the strap material when
subjected to a known dynamic tension can be determined.

17.2.1 Experimental Testing of Piezoelectric Strap

In order to identify the level of energy available from a backpack instrumented with
a PVDF polymer strap, the dynamic tension resulting from walking with a 220 N
(50lb) load was identified. The varying tension was measured using a load cell inte-
grated into the top and bottom of the backpack strap to allow direct measurement of
the tension, as shown in Figure 17.6. A 220 N (50lb) steel plate was placed inside
the pack to act as the load and the pack was worn during walking on a treadmill
at speeds ranging from 2-3mph (0.9–1.3 m/s). The results of these tests showed
that the load from pack was not evenly distributed through the strap. The resulting
force measured in the top and bottom sections of the strap are shown in Figure 17.7.
These results indicate that the load is very close to evenly dispersed over the top and
bottom straps of the pack. The mean load in the top strap was determined to be 84
N (18.81 lbs) and 83 N (18.67 lbs) measured in the bottom strap. The data obtained
from these tests can be directly used along with a teoritical model to predict the
power output from the alternating force in the PVDF strap.

After characterizing the loading in the backpack straps, a set of PVDF straps
were fabricated for experimental characterization and validation of the model. The
flexibility of the harness design requires a series of equally flexible electrodes which
can withstand the rigors of everyday use. To be successful in this application,
the electrodes must possess four distinct properties. The first is the flexibility and
conformability of the electrode to avoid failure and prevent interference with the

Fig. 17.6 Instrumented backpack used to experimentally determine the loading in the straps
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Fig. 17.7 Resulting load applied to the top and bottom straps of the pack

mobility of the wearer. The second is the resistance properties of the electrode as
a function of strain and high-cycle loading. The third feature corresponds to the
adhesion and durability properties of the electrode, while the fourth is the patterning
capabilities of the electroding method.

Typically, PVDF sensors use a thin-metallized film for electrodes of either
aluminum which cannot withstand high-strain and cyclic loading or a silver ink
which has poor adhesion properties. Therefore, the sensor developed here uses
a self-assembly method which offers the ability to produce highly uniform coat-
ings and electrodes which range from nano- to macro-scale. The electrostatic
self-assembly (ESA) process is shown in Fig. 17.8, and consists of the simple
soaking of a chosen substrate into alternate aqueous solutions containing anionic
and cationic materials resulting in covalently bonded layers with a nearly per-
fect molecular order of the individual monolayers. The design of the individual
precursor molecules, and control of the order of the multiple molecular layers

Fig. 17.8 Summary of the electrostatic self-assembly process
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through the thickness of the film, allows control over the macroscopic proper-
ties. For this specific application, NanoSonic’s proprietary nanocomposite Metal

Rubber
TM

offers performance capabilities that can be tailored to meet the necessary

requirements for this power-harvesting system. Metal Rubber
TM

has the ability to
undergo strains of 1000% while maintaining conductivity, and return to its origi-
nal shape and conductivity when released. The modulus properties can be tailored
from less than 0.1 MPa to greater than 500 MPa and the resistive properties can be
tuned to provide near constant conductivity for strains less than 5%. NanoSonic
has also demonstrated the ability to fabricate complex electrode patterns using their
self-assembly process.

Several 20.32 × 24.4 cm samples of the unmetallized 28 and 52 �m films were

self-assembled with Metal Rubber
TM

using systematic variations in the initial chem-
ical treatment of the samples to prepare them for the ESA process. This initial treat-
ment corresponds to the first step in the ESA summary shown in Fig. 17.8. Electrode
thickness is estimated to be ∼100 nm based on the number of cycles used in the ESA
process. The electrode resistance was measured along each edge of the samples, and
along the diagonal. The surface resistance slowly increases over 4 s when probes are
applied to the electrode, rising from 0 to 5.8 � where it stabilizes. This behavior
was also seen in the metallized samples purchased from MSI and occurs due to the
samples capacitance. The samples were then poled using a 71 MV/m field on the
28 �m films and a field of 36 MV/m on the 52 �m films. Two separate field values
were used due to limitations in the power supply used for poling. However, both
samples exhibited equally high coupling.

Once the PVDF samples had been fabricated, experimental testing was per-
formed to characterize their use for energy harvesting in a backpack strap and to
validate the accuracy of the model such that predictions on the available power out-
put from the entire backpack harness could be made. Testing was performed using
a material testing system (MTS) with one to four straps, such that the energy output
could be identified for various strength straps and the effect of the electrical connec-
tion between the samples could be identified. This configuration was used such that a
controlled tension equivalent to the measurements made during testing of the back-
pack could be applied to the sample, while the energy output was measured. The
MTS machine with the PVDF samples is shown in Fig. 17.9. Since the straps did
not have any protective coating applied, multiple straps were electrically separated
using spacer blocks. These spacers had electrical contacts to complete the circuit
with the piezoelectric and allowed for wiring in series and parallel configurations.
A preload of approximately 40 N was applied to the straps to simulate the static
weight in the backpack, while a 20 N sine wave with frequency of 5 Hz was applied
to simulate the alternating load in the backpack. This load was chosen because it is
representative of the force found during testing of the loaded backpack. The MTS
load cell was fixed to the stationary clamp to avoid its inertia affecting the dynamics
of the system. Tests of two or more straps were run using load control; however,
single strap tests required position control because the PVDF is too compliant for
the MTS to auto-tune its controller.
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Fig. 17.9 Experimental setup used to apply a controlled tension to the strap, while the power
output is measured

For each test, the capacitance of the piezoelectric straps was measured and a
resistive load with matched impedance was applied across the piezoelectric strap.
The resistance was matched for each configuration taking into account the input
impedance of the oscilloscope and attached probe. The voltage output was mea-
sured using a Tektronix (model TDS 2002) digital oscilloscope with a 10× probe
to increase the voltage range of the oscilloscope. The oscilloscope was set to record
a time history of the voltage output of the piezoelectric and the tensile force on
the strap during the test. These two datasets were used in modeling the system to
validate its accuracy. Tables 17.1 and 17.2 summarize the strap properties and test
configurations performed. Because the force applied to the strap is directly measured

Table 17.1 Mechanical and electrical properties of the PVDF materials

PVDF thickness

Material property Symbol 28 �m 52 �m

Elastic modulus E 4 GPa 5 GPa
Piezoelectric coupling d31 25 pC/N 27 pC/N
Permittivity E33 110 pF/m 110 pF/m
Strap width W 21.7 mm 21.7 mm
Strap active length L 180 mm 180 mm
Strap mass M 0.33 g 0.60 g
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Table 17.2 Capacitance and impedance of the PVDF strips

Series Parallel

Capacitance Resistance Capacitance Resistance
Thickness No. of straps (nF) (M�) (nF) (M�)

28 �m 1 19.5 1.65 19.5 1.65
2 9.6 3.20 39.0 0.83
3 7.0 4.70 60.0 0.57
4 5.2 6.60 75.0 0.43

52 �m 1 10.5 0.78 10.5 0.78
2 5.0 6.10 21.0 1.46
3 3.4 8.90 32.0 1.00
4 2.6 10.00 41.0 0.77

using a load cell, the mass in the back can be neglected and only the effective mass
of the strap needs to be used in Eq. (17.8).

17.2.2 Results and Model Validation

Experimental tests were performed with one, two, three, and four straps with both
parallel and series configurations. The data collected from each of the test scenarios
were used to validate the accuracy of the theoretical model such that a prediction of
the total power output from a complete backpack could be identified. The first set
of tests performed was for the straps wired in series. Connecting the piezoelectric
straps in this way increases voltage output, decreases capacitance, and increases
impedance. However, since the testing was performed using load control, the volt-
age output remained fairly consistent even when the number of straps was altered.
This is due to a decrease in strain per strap as the number of straps was increased
for the same load. Figure 17.10 shows the comparison between the voltage and
the corresponding power for the experimental and simulated data for one and four
strips, respectively, in parallel and series configurations. The plots show that the
model accurately predicts the voltage output and the system dynamics. The pre-
dicted power amplitude for a single strap is slightly lower than the experimental data
because the model underpredicts power for single strap tests. This may result from
overstraining the piezoelectric strip in the test stand leading to a nonlinear stiffness
and higher strain than the model would predict under the same load. Figure 17.10c
depicts the voltage and power output of four straps wired in parallel. In this con-
figuration, the voltage output is decreased while the current output is increased,
resulting in approximately the same amount of power as the four strip test wired in
series. Again, the model accurately predicts the voltage and power output.

Figure 17.11a–d shows plots of the mean power against the number of straps
for the 28 �m (Fig. 17.11a and b) and 52 �m (Fig. 17.11c and d) thicknesses in
series (Fig. 17.11a and c) and parallel (Fig. 17.11b and d) wiring configurations.
From these figures, it can be seen that the model accurately predicts the power
output over each of the 14 configurations tested. The plots display the decreasing
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Fig. 17.10 Measured and simulated voltage and power output, (a) one strap, (b) four straps in
series, and (c) four straps in parallel

power output as the number of straps is increased, which results due to less strain
applied to each strap. The apparent dip in the mean power output for the 28 �m,
three strap configuration results because the load impedance was not tuned to the
piezoimpedance as well as in the other runs. This was because of the difficulty
in creating an appropriate resistance while using the 10× probe and oscilloscope.
However, the model captures the impedance mismatch, thus demonstrating that it
can be accurately used to predict the cases in which the load electronics may not
be tuned to the piezoelectric’s impedance. The test of a single, 52 �m strap also
did not have impedance matched exactly, resulting in a lower than expected power
output. Table 17.3 lists the mean power output and the percent difference between
the experimental and simulated results. The model is capable of predicting power
output within 13% of the actual value for all cases.

17.2.3 Backpack Power Prediction

Once the model had been validated using the results of the experimental tests, it was
used to predict the power that could be generated by a backpack-containing piezo-
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Fig. 17.11 Mean power output for each case tested, (a) 28 �m series, (b) 28 �m parallel, (c) 52 �m
series, and (d) 52 �m parallel

electric straps. The power output was theoretically predicted rather than experimen-
tally identified, because the MTS machine could not support the length of PVDF
strap required. Table 17.4 lists the backpack strap parameters used to estimate the
power output from a loaded pack. In order to generate the highest level of power

Table 17.3 Mean power output for each case experimentally tested and the error in the
predicted output

Mean power in series (mW) Mean power in parallel (mW)

Thickness
Number
of straps Exp. Sim. Percent difference Exp. Sim. Percent difference

28 �m 1 3.75 3.28 12.6
2 1.89 1.94 2.8 1.85 1.83 0.8
3 0.68 0.76 10.4 0.71 0.78 10.2
4 0.87 0.94 7.6 0.93 1.01 9.3

52 �m 1 1.36 1.33 2.3
2 1.02 1.12 9.1 1.05 1.06 1.1
3 0.68 0.75 9.9 0.73 0.71 2.5
4 0.53 0.57 7.5 0.60 0.62 4.9
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Table 17.4 Mechanical and electrical properties and dimensions used to simulate a PVDF
backpack harness

PVDF thickness

Material property Symbol 28 �m 52 �m

Elastic modulus E 4.0 GPa 5.0 GPa
Piezoelectric coupling d31 25 pC/N 27 pC/N
Permittivity ε33 110 pF/m 110 pF/m
Strap width W 51 mm 51 mm
Strap active length (top) L 1.016 m 1.016 m
Strap active length (bottom) 203 mm 203 mm
Mass per strap m 3.5 g 6.3 g

possible, the strap length must be maximized. This is achieved using a continuous
strap running through the pack’s frame and making a complete loop as shown in
Fig. 17.12. From this table, it can be seen that the total strap length is 1.2 m. The
loading applied in this simulation was identical to that identified through testing
of an instrumented backpack carrying a 444 N load as previously discussed. The
strap tension walking data were then used to run the simulation. Figure 17.13 shows
the estimated power output for a backpack with two, 52 �m thick piezoelectric
straps per backpack shoulder strap (four 52 �m piezoelectric straps total) connected
electrically in parallel. From this simulation, the maximum instantaneous power

Fig. 17.12 Schematic of the backpack with piezoelectric straps
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Fig. 17.13 Predicted power output for a PVDF backpack harness with a single piece of 52 �m film
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Fig. 17.14 Mean power output for the each of the simulated conditions

can be seen to be 0.345 W and an average power of 45.6 mW over the duration
of the simulation. This configuration of strap thickness and number does not gen-
erate the highest power, but was found to provide enough strength to carry the
simulated load.

The plot shown in Fig. 17.14 shows the power output for the two shoulder straps
based on the load in the backpack and the number of piezoelectric straps per shoul-
der strap for a 52 �m strap thickness. Due to the high impedance of the PVDF
material, the energy output is at a very large voltage, but low current. For this reason,
a parallel wiring configuration is typically chosen to generate lower voltages with
higher current levels. The increase in current compared with a series configuration
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Fig. 17.15 Mean power output for several loads and number of straps: (left) 52 �m and (right)
28 �m

would be more beneficial when used for charging small batteries or supercapacitors.
As is seen in the figure, the load plays a very important role in the level of power
generated by the energy harvesting system. Also, fewer straps create more power
because they have higher associated strains. Figure 17.15 provides a surface plot
demonstrating the mean power output (continuous power) for a variety of loads and
number of straps. It is anticipated that the actual power obtained from a strap of
PVDF would be higher than the predictions due to bending effects. The resulting
power output could certainly be used to power some small, low-power electronics
or could be accumulated over the duration of the excursion leading to supplemental
energy and lower number of batteries carried without increasing the mass of the
pack or inducing parasitic effects on the wearer. This backpack design will lead to
minimal parasitic effects therefore making it a feasible method of gathering energy
from human motion.

17.3 Energy Harvesting Using a Mechanically Amplified
Piezoelectric Stack

Two practical coupling modes exist in piezoelectric materials: the −31 mode and
the −33 mode. In the −31 mode, a force is applied in the direction perpendicular to
the poling direction, an example of which is a bending beam that is poled on its top
and bottom surfaces. In the −33 mode, a force is applied in the same direction as
the poling direction, such as the compression of a piezoelectric block that is poled
on its top and bottom surfaces. An illustration of each mode is shown in Fig. 17.16.
Conventionally, the −31 mode has been the most commonly used coupling mode
(the piezoelectric polymer backpack strap used this mode); however, the −31 mode
yields a lower coupling coefficient, k, than the −33 mode. This mode of operation
is typically capitalized on by stacking a large number of thin piezoceramic wafers
together, called the stack configuration, with the electric field applied along the
length of the stack.
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Fig. 17.16 Illustration of −33 mode and −31 mode operation for piezoelectric materialspt

Baker et al. (2005) have shown that for three different types of piezoelectric
materials, the −31 mode has a lower coupling coefficient, k, than the −33 mode.
Upon comparing a piezoelectric stack operating in the −33 mode to a cantilever
beam operating in the −31 mode of equal volumes, however, it was observed that
although the stack was more robust and had a higher coupling coefficient, the can-
tilever produced two orders of magnitude more power when subjected to the same
force. This result is due to the high-mechanical stiffness in the stack configuration
which makes straining of the material difficult. It was concluded that in a small
force, low-vibration level environment, the −31 configuration cantilever proved
most efficient, but in a high-force environment, such as a heavy manufacturing facil-
ity or in large-operating machinery, a stack configuration would be more durable and
generate useful energy. This result was also presented by Roundy et al. (2003), who
concluded that the resonant frequency of a system operating in the −31 mode is
much lower, making the system more likely to be driven at resonance in a natural
environment, thus providing more power.

While the piezoelectric stack actuator has a higher energy density than benders
due to their operation in the d33-direction; they have seen little use in energy harvest-
ing applications because typical ambient vibration levels cannot effectively strain
the material. This issue can be alleviated through the use of a mechanical amplifi-
cation system to transform a low load/high displacement input into a high force on
the stack. This amplification is typically achieved using relatively simple kinematic
designs, and can be effectively designed to reduce the system stiffness to a level
appropriate for use in energy harvesting applications. Figure 17.17 shows the design
of the mechanical amplifier used in to convert the low forces in the strap of the pack
to high forces on the stack actuator. A finite element model of the system was used
to design the compliant mechanism such that it could both support the load in the
pack and provide an amplification factor that would allow the device to function
effectively as an energy harvesting system. The device was fabricated from 2024-
T351 Aircraft grade aluminum with a modulus of elasticity of 73.1 GPa and density
of 2780 kg/m3. Figure 17.18 shows the CAD model of the mechanical amplifier
and the loading applied to simulate the static load in the strap. The finite element
simulation was performed with Tetra4 Mesh elements with an element size of 1 mm.
The resulting deformation is shown in Fig. 17.20 with respect to the original shape.
By taking the ratio of the deformation of the bolt hole (0.026 mm) to that of the
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Fig. 17.17 CAD model of the mechanically amplified piezoelectric stack actuator
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Fig. 17.18 FEA results of the mechanically amplified stack actuator; the color scale represents the
displacement magnitude. The design shown provides a force magnification of 10.8

piezoelectric stack face (0.00479 mm), it can be determined that the amplification
ratio for this design is 10.8.

17.3.1 Model and Experimental Validation
of Energy Harvesting System

Once the amplification factor is known, a model similar to that developed in
Section 17.2 can be formulated to predict the energy generated by the amplified
piezoelectric actuator when subjected to a dynamic tension. Using the piezoelec-
tric constitutive equations of Eq. (17.1) and the relationships shown in Eq. (17.2),
the equations defining the electrical and mechanical responses of the material can
be modified to account for the piezoelectric stack. Because a stack actuator has
many layers of piezoelectric material, the number of layers, n, is introduced into



17 Harvesting Energy from the Straps of a Backpack Using Piezoelectric Materials 451

Fig. 17.19 Schematic of piezoelectric stack actuator indicating the notation used

the equations using the relationship that L = nt as shown in Fig. 17.19, this results
in the capacitance of the stack being defined as C = nε33 A/t . Accounting for the
affect of the multilayer stack properties, the coupled electromechanical equations
for this energy harvesting system are defined as

Mẍ + kx (t) − d33kL

t
C−1 Q (t) = αF (t)

RQ̇ (t) − C−1d33nkx (t) + C−1 Q (t) = 0

(17.11)

where α is the amplification factor modifying the force applied to the stack, and
i (t) = Q̇ (t), and the voltage output of the system across the load resistance
defined by the v (t) = RQ̇ (t) term. Like the equations defined in Section 17.2,
the power output from the stack can be identified through the voltage and load
resistance.

In order to validate the model of Eq. (17.11), experimental testing was performed
using a servo-hydraulic Instron load frame. The loading identified through experi-
mental testing in Section 17.3 was used to scale the force input. As before, various
input forces were used to characterize the performance of the stack amplifier such
that the energy output, however, all loading was representative of the forces in the
backpack strap. A preload of approximately 40 N was applied to the stack to sim-
ulate the static weight in the backpack, while various frequencies and amplitudes
were applied to simulate the alternating load in the backpack and provide different
conditions to test the model with. This load was chosen because it is representa-
tive of the force found during testing of the loaded backpack. The MTS load cell
was fixed to the stationary clamp to avoid inertial effects corrupting the dynam-
ics of the system. All tests were run under position control due to the inability of
the MTS to compensate for the high compliance of the stack amplifier under load
control.

The voltage output of the stack was measured using a dSPACE data acquisi-
tion system (model RTI1104) with a 10× probe to increase the measurable voltage
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Table 17.5 Mechanical and electrical properties of the stack actuator

Material property Symbol

Elastic modulus E 44 GPa
Piezoelectric coupling d33 650 pC/N
Permittivity ε33 6200 pF/m
Capacitance C 1.59 �F
Stack area A 25 mm2

Stack active length L 16 mm
Stack mass m 2.3 g
Number of layers n 130
Stack amplification amp 10.9

Table 17.6 Parameters of each test configuration performed

Test number Amplitude (mm) Frequency (Hz) Resistance (k�)

1 0.35 5 4.94
2 0.35 5 9.72
3 0.35 5 19.2
4 0.35 5 28.3
5 0.35 5 37.0
6 0.35 2.5 37.0
7 0.35 10 9.72
8 0.2 5 19.2
9 0.5 5 19.2

range. The dSPACE was set to record a time history of the voltage output of the
piezoelectric, the displacement of the MTS, and the tensile force on the stack
amplifier during each test. The force and time histories were then directly applied
to the model allowing a verification of the models accuracy. Tables 17.5 and 17.6
summarize the piezoelectric actuator properties and test configurations performed,
respectively.

17.3.2 Results and Model Validation

Experimental tests were performed with the configurations provided in Table 17.2.
The first five tests were used to verify that the model could predict the power gener-
ation of the system with a load resistance that was not tuned to the impedance of the
stack. Tests 6 and 7 investigated the effect of frequency on the system and the last
two tests were to verify the predicted power under different input amplitudes. The
data collected from each of the test scenarios were used to validate the accuracy of
the theoretical model such that a prediction of the total power output from a com-
plete backpack could be identified. Figures 17.20 and 17.21 compare the voltage and
power experimentally measured and predicted for the parameters of test 2 (matched
impedance) and test 4 (detuned impedance), respectively. The plots show the model
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Fig. 17.20 Measured and simulated voltage and power output for test 2 with matched load
impedance
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Fig. 17.21 Measured and simulated voltage and power output for test 4 with detuned impedance
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Fig. 17.22 Mean power output for each test scenario, (a) Impedance tuning, (b) varying frequency,
and (c) varying amplitude
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Table 17.7 Mean power output for each case experimentally tested and the error in the predicted
output

Test
number

Experimental
(mW)

Simulation
(mW)

Absolute
difference

Percent
difference

1 0.750 0.767 0.17 2.3
2 0.0535 0.473 −0.62 11.6
3 0.843 0.771 −0.73 8.8
4 0.938 0.928 −0.10 1.1
5 0.868 0.882 0.14 1.6
6 0.484 0.478 −0.06 1.2
7 1.939 1.956 0.17 0.9
8 0.329 0.337 0.08 2.5
9 1.909 1.920 0.10 0.6

accurately predicts the voltage for a tuned and detuned system. These results were
also representative of the other tests performed.

Comparisons between the model and experimentally measured data for each of
the three varied parameters, load impedance, frequency, and amplitude are shown
in Fig. 17.22. From these figures, it can be seen that the model accurately predicts
the power output for all of the test cases. The optimal energy is harvested when the
load impedance is matched to the source, in this case a 19.2 k�. Table 17.7 provides
the mean power output and the percent difference between the experimental and the
simulated results for each test. The model is capable of predicting power output
within 12% of the actual value for all cases, providing confidence in its prediction
for the backpack loading.

Once the model had been validated using the MTS machine, the stack amplifier
was connected as shown in Fig. 17.23. This setup was used to measure the force

Fig. 17.23 Stack amplifier installed in series with a force transducer for simultaneous measurement
of force and voltage
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Fig. 17.24 Measured force on the stack amplifier with a 176 N (40 lb) load in the backpack

0 1 2 3 4 5 6 7
0

1

2

x 10–3

Time (s)

P
ow

er
 (

W
) Experimental Power

Simulated Power

0 2 4 6
–4
–2

0

2

4
6

Experimental Voltage

Time (s)

V
ol

ta
ge

 (
V

)

0 2 4 6
–4
–2

0

2

4
6

Simulated Voltage

Time (s)

V
ol

ta
ge

 (
V

)

Fig. 17.25 Experimental and simulated voltage and power output for the amplified piezoelectric
device in the backpack with a 176 N (40 lb) load

on the stack amplifier as well as the voltage from the stack amplifier. The stack
was designed for testing in the MTS machine with loads up to 220 N (50 lb). To
minimize the chance of breaking the device, only 176 N (40 lb) was loaded into the
backpack in the form of dumbbells. Figure 17.24 shows the measured load. The
force transducer data were fed into the model and the resulting voltage and power
time histories are shown in Fig. 17.25. The average simulated power was 0.175 mW
and the average measured power was 0.176 mW (0.6% difference).

17.3.3 Backpack Power Prediction

With the model validated under both sinusoidal and walking loads, it can be used to
predict the level of power that could be generated by a backpack that contain vari-
ous loading. The loading applied in this simulation was identical to that identified
through testing of an instrumented backpack carrying a 220 N load as previously
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Fig. 17.26 Simulated mean power output for the amplified piezoelectric device with respect to the
load in the backpack

discussed in Section 17.2.1. Using the loading data measured from the backpack,
the piezoelectric stack was simulated to identify the level of energy available. The
results of this simulation are shown in Fig. 17.26 for a backpack with a stack in
each strap (two in total) and demonstrate that the available power increases with
increasing load as would be expected. At a load of 100 lb, the continuous power
output would be ∼16 mW, which is sufficient to power some small, low-power
electronics or could be accumulated over the duration of the excursion leading to
emergency energy when needed. This backpack design will lead to minimal para-
sitic effects, therefore, making it a feasible method of gathering energy from human
motion.

17.4 Conclusions

The past decade has seen a rapid increase in the number of wireless sensors deployed
and portable electronics carried by the modern individual. Each of these devices
is typically powered using a traditional electrochemical battery which can lead to
issues due to their finite lifetime. To overcome this issue, the field of power har-
vesting has grown, which looks to convert ambient energy surrounding the system
to usable electrical energy. This chapter has presented the development of a novel
energy harvesting system, which generates electrical energy from the differential
forces generated in the straps of a backpack during walking. Two systems were
developed to generate electrical energy from this source, the first used the piezo-
electric polymer PVDF to replace the nylon strap in a typical backpack and generate
electrical energy, and the second used a mechanically amplified stack actuator.
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A theoretical model was developed for each system and experimental testing was
performed to both validate the model and determine the level of energy available
through each system. To ensure the polymer strap could withstand the rigors of
use in an outdoor environment and high-cyclic loading, a compliant electrode was
grown on the surface using electrostatic self-assembly (ESA) processes. Once the
model had been verified, simulations were performed to predict the energy avail-
able from a complete backpack. The results showed that 45.6 mW of continuous
power could be obtained from the PVDF polymer system, while ∼16 mW could be
obtained by the amplified stack.

The development of energy harvesting systems that can generate electrical energy
could lead to improved life of portable electronics or in the ideal case to power the
electronics for their useful life. However, many systems that are currently being
designed result in significant parasitic effects to the wearer. The backpack proposed
and investigated here is designed to preserve both the wearer and the pack perfor-
mance by holding the system as close to existing harnesses as possible.
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Chapter 18
Energy Harvesting for Active RF Sensors
and ID Tags

Abhiman Hande, Raj Bridgelall, and Dinesh Bhatia

Abstract This chapter highlights the importance and significance of energy har-
vesting in applications involving use of active RF sensors and ID tags. The chapter
begins by providing a basic overview on radio frequency identification (RFID) oper-
ation, various types of RFID tags, and the need for energy harvesting, especially for
active RFID tags. Unlike passive tags, active tags utilize a battery to emit rather
than reflect or backscatter RF energy. Advantages of active tags include improved
range and read rate in electromagnetically unfriendly environments and improved
link quality. Typical applications include monitoring enterprise/supply chain assets
(e.g. laptops, computers, peripherals, electronic equipment, pallets, inventory items,
etc.), personnel, patients, vehicles, and containers. Although a battery can substan-
tially improve performance, it limits maintenance-free operational life. Therefore,
harvesting energy from sources such as vibration or light has been shown to address
this shortcoming but these sources must be adequate, available throughout the life
of the application, and highly efficient. These available energy harvesting technolo-
gies are described, and basic design procedures and components for such systems
are identified. This includes three key components namely, the energy harvesting
transducer, power management circuit, and energy storage device. Each component
of the energy harvesting system is described and important design criteria are high-
lighted. Specific emphasis is placed on the design of the power management compo-
nent and the available energy storage device technologies. Disadvantages of using
off-the-shelf DC-DC converters and rectifiers are emphasized and possible power
management solutions for solar and vibrational energy harvesting are explained.
Finally, the chapter concludes by describing the future directions and scope includ-
ing development of integrated multiple source energy harvesting systems on thin-
film substrates.
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18.1 Introduction

Radio frequency (RF) sensors and tags find applications in several areas including
inventory control, pallet/container tracking, identification (ID) badges and access
control, fleet maintenance, equipment/personnel tracking in hospitals, parking lot
access and control, car tracking in rental lots, monitoring product health in man-
ufacturing, and so on. Potentially, one of the fastest growing RFID applications
is within the retail supply chain. Major retailers need to track goods to and from
their worldwide suppliers as containers are transported overseas, and through dis-
tribution centers and warehouses. They are seeking technology that provides a high
return on investment, whereby manual labor and cost overhead can be eliminated
through increasing degrees of automation. Figure 18.1 maps typical demands within
an important functional space of RFID technologies by studying the logistics of
tracking goods throughout the supply chain. Retailers want the ability to reliably and
transparently track pallets, stacks of boxes, and various other forms of traded units,
transport devices, and logistical units as they move through portals that are up to
4 m wide and tall. Major retailers and manufactures such as Walmart have begun to
successfully deploy RFID tag technology to enable communications with high-value
items that move through the supply chain. There is strong evidence that suggests
RFID tag technology will soon provide the long awaited, cost-effective mechanism
that will fully automate supply chain logistics (Bridgelall, 1999). Automation will
deliver greatly improved efficiencies and productivity, while significantly improving
product availability.

End-users plan to deploy larger scale RFID tag communications infrastructure as
initial pilots validate their expected return on investment. Initially, this RFID infras-
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tructure will be separate from a wireless local area network (WLAN) but in time
both will become more highly integrated. As the growing demand for RFID tags
continue to accelerate their cost reduction, the technology will begin to penetrate the
retail point-of-sale. Multi-bit RFID tags have already begun to upgrade the existing
single-bit electronic article surveillance (EAS) security tags. Pervasive deployment
of wireless infrastructure that provides dual-mode WLAN and RFID tag commu-
nications will provide the necessary foundation for even larger scale deployment,
and hence more substantial cost reduction. At some point, it is expected that the
value proposition for tagging individual low cost items will reach an equilibrium
state.

The existence of a robust and pervasive dual-mode communications infrastruc-
ture for WLAN and RFID tags will trigger numerous opportunities for applications
around m-commerce. Consumers will eventually utilize PDA-size multi-technology
mobile computers that incorporate both wireless network connectivity and RFID tag
communications. Imagine being able to automatically sense and physically locate
the exact model of a digital camcorder or TV in a showroom, then view its webpage,
evaluate its performance and features, compare prices, and finally place an on-line
purchase via the WLAN connection.

Most of these RF devices are traditionally passive without any energy storage
device on board. However, as will be seen in the following section, there are appli-
cations that require a battery on board for better throughput and performance that
consequently results in limited life and the need for replacement. This chapter will
review the potential for energy harvesting (EH) for such RF sensors and ID tags.
There will be a concerted focus in EH from vibrations and light. Feasible applica-
tions and potential circuits will be identified accordingly.

18.2 RFID Tags

RF sensor and ID tag products appear in the 125 kHz, 13.56 MHz, 915 MHz, and
2.45 GHz (Microwave) frequency bands, thereby providing evidence that no one
technology can equally meet the demands of all application requirements. RFID tag
technology falls into two broad categories: passive or active. Simply stated, active
has an on board power supply (e.g., a battery), while passive relies on capturing
and reusing a small portion of the wake up signal’s energy to transmit its RFID tag
ID back to the receiver. Passive tags have the advantage of being manufactured and
sold at a much lower price point today than active tags. This is a critical element
in many RFID supply chain applications requiring the tagging of millions of units.
However, passive tags often struggle to provide reliable reads given the performance
limitations of a technology using only a small amount of power to push its signal
off metal surfaces, through layers of palletized products, and so on. In addition,
passive tags sometimes struggle to provide a highly reliable signal when supply
chain goods are in motion. Therefore, active tags have an innate performance advan-
tage over passive tags when it comes to providing a consistently robust, penetrating
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signal. So the higher value assets (e.g., at the pallet level) often require active tags.
Considering the total cost of ownership, an active tag’s higher cost is offset by a
lower cost reader and processor infrastructure making the cost justification easier.
Containers, trucks, and trailers are the best examples of high-value items that require
active tags.

The three fundamental RFID architectures in use today are passive, battery-
assisted passive (BAP), and active. This section provides an overview of each type
of RFID architecture.

18.2.1 Passive RFID

Passive RFID tags backscatter or reflect RF energy to the reader and they do not
require batteries for operation. These tags are low cost and their construction is
relatively simple. A high-performance passive RFID tag shown in Fig. 18.2 consists
of a tiny integrated circuit chip, a printed antenna, and an adhesive label substrate
for application to items.

Passive RFID systems have improved substantially since the introduction of
first generation of ultra-high frequency (UHF) systems. Improvements in range

Integrated Circuit
(Die)

Packaging
(Adhesive Label)

Printed Antenna
(Substrate)

Die Attach
(Inlet)

Fig. 18.2 Example of a passive RFID tag
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and interoperability, multi-tag arbitration speed, and interference susceptibility were
promised and delivered with the ratification of EPC Class I Generation 2 (C1G2) and
the ISO 18000-6 standards (EPCglobal Inc., 2005). Although passive UHF RFID
performance enhancements, cost reduction, and end-user mandates helped to
improve the technology adoption rate, the level of deployment has yet to meet
industry expectations. A dominant reason for the slow adoption rate of RFID
is a mismatch in expectations between technological capabilities and application
requirements. The passive tag’s read rates, localization accuracy, interference
resilience, infrastructure simplicity, and maintenance costs have not met the needs of
several high-profile applications (United States Government Accountability Office
(GAO), 2006; Holt, 2007).

18.2.2 Battery-Assisted Passive (BAP) RFID

BAP tags also backscatter RF energy to the reader. However, a battery is used
to improve the tag’s receiving sensitivity, avoid remote power transfer from the
reader, and improve omnidirectional range (Bridgelall, 2002). It will be seen that
utilizing a battery for a tag to transmit power instead of reflecting or backscatter-
ing power will provide a relatively large magnitude of improvement in omnidirec-
tional range especially with small antennas. BAP tags are also sometimes called
semi-passive tags.

18.2.3 Active RFID

A tag that utilizes the battery to emit rather than reflect or backscatter RF energy is
often called an active tag. Although a battery can substantially improve performance,
it will also limit maintenance-free operational life. Harvesting energy from sources
such as vibration or light has been shown to address this shortcoming, but these
sources must be adequate and available throughout the life of the application
(Hande, 2007).

Active tags substantially improve range and read rate in electromagnetically
unfriendly environments. Greater range improves the link quality in most applica-
tions but also exacerbates the problems of RF interference and position determina-
tion. Multi-path interference causes signal nulls and signal reflections. This makes
it difficult to pinpoint a tag’s location and provide for directionality of movement,
even when using sophisticated computational techniques (Assad, 2007). UHF RFID
systems, whether active, passive or semi-passive, propagate a signal in the far-field
that can also generate interference for nearby readers and tags (Leong et al., 2006).
Some active systems such as Wi-Fi, ZigBee, and Bluetooth incorporate complex
protocols to reduce the impact from multi-path interference, but the trade-off is
increased power consumption (IEEE Std. 802.11; IEEE Std. 802.15.4; IEEE Std.
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802.15.1-2002).Complex air-interface protocols will require larger and more expen-
sive batteries than a simpler protocol.

Table 18.1 provides a brief comparison of the key RFID tag system parameters
and how they compare with those of other wireless communication systems with
which they must coexist. It can be observed that an RFID tag is simply another
short-range device (SRD) amongst other popular wireless entities, and may interfere
with the operation of other systems sharing nearby channels. This issue will become
more pronounced as RFID technology becomes pervasive for item identification and
tracking (Bridgelall, 2003).

Equipment manufacturers, end-users, and standards organizations are progres-
sively addressing the traditional barriers to significant RFID deployment. These are
no different from the initial barriers to significant deployment of cellular telephony
and IEEE 802.11 WLAN networks. A recent acceleration in the performance and
cost reduction trends for RFID tags is being witnessed. Commercially available
passive RFID systems now operate robustly at a distance of 20 ft, and provide hun-
dreds of tags per second throughput. This range is expected to reach 50 ft within
the next 2 years. Manufacturers have recently demonstrated novel manufacturing
processes to provide end users soon with low-cost RFID tags (Alien Technology
Corporation).

In summary, passive and active RFID capabilities are related, but they are dis-
tinctly different technologies which should be matched to the application’s technical
and economic requirements. Automatically identifying personnel, assets, and vehi-
cles are “active” applications and the cornerstones of automated visibility, security,
and quality improvements in the enterprise. In the supply chain, for example, total
visibility, security, and quality can only be attained by utilizing both. Figure 18.3
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Fig. 18.3 Enterprise DotTM architecture
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shows one such architecture of the Enterprise DotTM tag (Axcess International, Inc.)
that is a multi-mode hybrid architecture capable of operating both as a passive and
as an active RFID tag (Bridgelall, 2008). The EH module forms an integral part of
the architecture to ensure near perpetual operation.

18.3 RFID Operation and Power Transfer

Backscatter tags transmit data by “reflecting” the continuous wave (CW) energy
received from a reader. The rate of change between energy absorption and reflection
states encodes the bits. For example, the reader will interpret the time between magni-
tude and/or phase changes of the reflected energy as information bits. Hence, this type
of communications is sometimes referred to as modulated backscatter transmission.
Passive backscatter tags harvest energy from the reader to power their circuits. It is
also possible for tags to harvest energy from other sources such as vibration and light.
BAP tags utilize a battery to power their circuits instead of harvesting RF energy.

Given regulatory power and bandwidth limitations, the link margin between the
reader and the backscatter tag is constrained by either tag receiver sensitivity or
reader receiver sensitivity. The higher the tag receiver sensitivity, the weaker the
signal, and the further away it can reliably decode reader commands. The reader’s
transmitted power diminishes at the rate of (1/r2) in the unobstructed far-field,
where r is the separation distance between the reader and tag antennas. The tag
receives power as given by Eq. (18.1),

Ptag rx = ψr(1/r2) (18.1)

The parameter ψr is proportional to the reader transmitted power and the car-
rier wavelength (Bridgelall, 1999). This equation is accurate only in the far-field.
The near-field/far-field boundary is typically defined as a distance from the antenna
where the wave impedance quickly approaches the free-space impedance value of
377 � (Krause, 1950). The near-field radius is a function of the carrier wavelength,
λ and is given by equation (18.2),

RNF = λ/(2�) (18.2)

For most practical far-field UHF RFID systems, this distance is less than 1 ft.
Upon decoding the reader command, the tag backscatter modulates a response.
Some of the energy incident on the tag’s antenna will be lost to impedance boundary
absorption. Therefore, the propagating reader signal is further weakened before it is
reflected from the tag. In addition to these absorption losses, the signal undergoes
a return path loss that is identical to the forward link path loss. Therefore, the total
backscatter signal loss will be a function of (1/r4) as given by Eq. (18.3),

Preader rx = Ψt(1/r4) (18.3)
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The parameter Ψt includes losses from energy absorbed by the tag (Bridgelall,
2002). A tag reader can decode the reflected signal if it has adequate receiver sen-
sitivity. For most commercially available systems, passive tag range is typically
limited by tag receiver sensitivity rather than reader receiver sensitivity. This is due
to a design trade-off between optimizing for maximum RF EH and optimizing for
maximum receiver sensitivity. Since RF EH is not a requirement for semi-passive
tags, their designs can be optimized for maximum receiver sensitivity. Consequently,
the reader receiver sensitivity typically becomes the limiting factor for semi-passive
RFID range. Reader receiver sensitivity is, in turn, limited by its architecture, which
is constrained by the RADAR backscatter problem of isolating a transmitted signal
from a co-located receiver (Skolnik, 1980).

These technical constraints in receiver sensitivity adversely limit the far-field
backscatter RFID link margin. Tags are generally required to operate in electromag-
netically unfriendly environments consisting of liquids and metals. Liquids absorb
RF energy. Metals contribute to multi-path reflections that can cause signal can-
celation when reflected signal components combine at the receiver in anti-phase.
While the free-space path loss for backscatter RFID systems is of (1/r4), an RF
absorptive and reflective environment can contribute an even greater signal loss of
(1/r12) (Smith, 1998).

Active far-field tags transmit a signal by emitting energy transformed from its
power source rather than reflecting incident energy from the reader. A typical active
tag can transmit orders of magnitude more power than a backscatter tag will reflect at
the same distance. For example, a 4 W (∼36 dBm) signal transmitted from a passive
RFID reader at 915 MHz will become approximately 3 �W (−25.36 dBm) after trav-
eling a distance of 100 ft in free-space. This is with respect to the maximum signal
level legally allowed in North America for transmission in the unlicensed 915 MHz
frequency band (U.S. Code of Federal Regulations (CFR)). A backscatter tag, whether
battery assisted or not, reflects a portion of this signal to the passive tag reader.
A low-power active tag in the same band will typically transmit a signal at 1 mW.
The radiated signal power from the active tag is over 300 times greater than that
of the backscatter signal power reflected from a passive tag. Thus, a 915 MHz reader
antenna will receive an active tag signal from 100ft away that is over 300 times greater.
A stronger signal improves a tag’s chances of being received in any application.

Although this improved link margin can result in higher read rates, the stronger
signal can also degrade tag localization accuracy. Multi-path interference adversely
affects far-field passive, semi-passive, and active RFID systems in the same manner.
Zone control and tag directionality are compromised when signals reflect uncontrol-
lably in a highly cluttered environment. Attempts to increase range by radiating a
stronger signal only exacerbates this problem (Skolnik, 1980).

18.4 Battery Life

Although a battery adds initial material cost over passive solutions, the savings accu-
mulated from “soft” benefits could compensate for this added expense over the life
of the tagged item. For many applications, these soft benefits include improved data
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capture reliability, greater asset visibility, ease of deployment, and negligible upfront
business process adjustments. In general, the longer the battery life, the lower the
amortized cost of an active tag over the life of a tagged item.

Given a tag’s battery, its useful life is a function of both the tag’s sleep mode
power consumption and activation duty cycle. Power consumption depends on the
electronic architecture, anti-collision protocol, and power management schemes.
The architecture complexity is primarily determined from the wireless standard that
a tag is designed to support. For example, Wi-Fi tags must be compatible with
the IEEE 802.11 series of standards that were developed for high-speed wireless
internet applications. ISO 18000-7 tags are designed for operation within a less
complex narrow-band channel at 433.92 MHz (ISO 18000-7, 2004). In general, a
lower complexity protocol will require fewer transistors to implement the hardware
and also fewer processor instructions to complete the information exchange, thereby
consuming less power.

Thin-film and printed battery technologies promise to dramatically lower the
cost of active RFID technologies because they will be compatible with high-volume
roll-to-roll electronic manufacturing assembly processes. However, these emerging
battery technologies cannot yet provide the energy densities of standard “coin-cell”
or cylindrical batteries (Starner, 2003). Low-power consumption architectures that
implement low-complexity RFID protocols can best leverage this early stage low-
capacity battery technology to provide many months of maintenance-free operation.

18.5 Operational Characteristics of RF Sensors and ID Tags

Active RFID solutions will continue their cost reduction trend as chipsets become
more widely available. Given similar costs and form-factors, chip-set differentiation
will tend to focus on omnidirectional range, multi-tag arbitration speed, and battery
life. It has been discovered that even when a design achieves the optimum balance
between range, speed, and battery life for one application, it is not necessarily
the solution that is preferred across all applications. Therefore, a solution that can
adapt to an application’s requirements is desirable. Domain knowledge indicates
that an architecture based on software definable radio (SDR) techniques can meet
the majority of these needs most of the time.

RFID and wireless technologies tend to utilize a single mode of operation and are
consequently limited in their application scope. The chart of Fig. 18.4 summarizes
the four fundamental RFID or wireless sensor categories and their operational char-
acteristics in terms of key benefits and deficiencies. Each type utilizes one of several
standards indicated. There are also numerous variations in operational character-
istics within each category. For example, active far-field devices are available for
both narrow-band and wide-band channels. Narrow-band RFID devices utilize tens
of kilohertz of spectrum and typically operate in the globally available 433.92 MHz
band. Wide-band RFID typically utilizes tens of megahertz of spectrum and requires
spread spectrum, orthogonal-frequency-division-multiplexing (OFDM), or ultra-
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Fig. 18.4 Operational characteristics of RFID and wireless sensors

wide band modulation techniques in order to co-exist and share the spectrum.
Depending on the power consumption requirements, any of the technologies in each
of these four fundamental categories can harvest energy or utilize a battery. The
energy source may be utilized to power only the logic and sensing circuits or to also
radiate energy for communications.

Near-field backscatter tags use a low-frequency (LF) magnetic field ranging from
100 to 150 kHz initiated from a near-field reader or generator. Once the pream-
ble is recognized and the protocol identified, the RF sensor or ID tag can respond
with synchronous backscatter or load modulation using the appropriate sub-carrier
modulation type. Such digital modulation procedures include amplitude shift keying
(ASK), frequency shift keying (FSK), or phase-shift keying (PSK), and the appro-
priate symbol-encoding scheme, for example, Manchester or Miller. Alternatively,
one of several proximity access control protocols can be instantiated by vectoring to
the appropriate instruction sequence within on board non-volatile memory.

Far-field backscatter tags include UHF carriers ranging from 860 to 960 MHz
using ASK modulation. Most tags use the EPC C1G2 (ISO18000-6c) protocol.
Far-field active tags utilize a UHF carrier within the 433.92 MHz band. “Class-IV”
bi-directional protocol based on noise adaptive multiple access techniques can be
used (US Patent #6034603, 2000). Such devices may also be utilized for com-
munications with other wireless devices in a wireless sensor network (US Patent
#7005985, 2006). Applications include asset protection and security. For example,
a belt worn tag may continuously query and monitor for the presence of specific
items within a specified communications range.
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18.6 Why EH Is Important?

The widespread need for RF sensors and tags is evident from the proliferation of
short-range wireless standards such as Bluetooth, ZigBee, Wi-Fi, and RFID. Sensor
nodes for wireless personal area network (WPAN) that utilize smart mesh network
protocols are traditionally designed to optimize for low cost and low power. Each
wireless node is intended for deployment in large quantities at remote locations to
sense critical data and relay its measurements to other network nodes for monitoring
and control purposes. In this new era of high security and vigilance, wireless sensors
are being deployed at major events so as to predict catastrophes such as acts of
terrorism (Axcess International Inc., 2007). Another application combines the data
from vehicular sensors, such as wheel hub-odometers, tire pressure sensors, and
asset tags to improve safety, reliability, and reduce fleet maintenance costs. As these
types of applications proliferate, it will become necessary to deploy RF sensors
in hard to reach places. Once thousands of low-cost RF sensors are deployed for
any given application, replacing batteries will become an impractical task. There-
fore, self-sufficient devices that can operate for an indefinite period of time will
be required. The availability of small, rugged, low-cost, and self-powered wireless
sensors and tags will revolutionize the supply chain industry and open up numerous
applications in both the military and the commercial sectors. Many foresee these
embedded system devices in applications ranging from industrial automation to
home networking (Rabaey et al., 2000; Gates, 2002; Hitachi, 2003). RFID devices
are used for personnel (e.g., badges for unattended access control, work-force man-
agement, personnel safety, and regulatory compliances) and asset (laptops, medical
equipment, pallets, and so on) tracking will require energy harvesting solutions for
extended life. Other applications include temperature and light monitoring in remote
locations, sensing chemicals in traffic-congested areas, measuring tire pressure, and
monitoring acceleration in automobiles.

Active RF sensors and ID tags have fairly moderate densities and consume
power of the order of several megawatts, while receiving and transmitting data
packets but they are designed to draw a few microwatts in their sleep state. These
devices can form dense ad hoc networks transmitting data from 1 to 10 m indoors
and as high as 100–150 m outdoors. In fact, for indoor communication over dis-
tances greater than 10 m, the energy-to-transmit data rapidly dominate the system
(Rabaey et al., 2002).

The issue of powering these systems becomes critical when one considers
the prohibitive cost of wiring power to them or replacing their batteries. Obvi-
ously, such devices have to be small in size so that they can conveniently be
placed in remote locations. This places a severe restriction on their life if alka-
line or similar batteries are used to power them. To make matters worse, bat-
tery technology has not improved in terms of energy density and size over the
last decade, especially for low-power mobile applications such as sensor net-
works (Paradiso and Starner, 2005). While an effort is being made to improve
the energy density of batteries, additional energy resources need to be investi-
gated to increase the life of these devices. Exploiting renewable energy resources



18 Energy Harvesting for Active RF Sensors and ID Tags 471

in the device’s environment offer a power source limited by the device’s phys-
ical survival rather than an adjunct energy source. EHs true legacy dates to the
water wheel and windmill, and credible approaches that harvest energy from waste
heat or vibrations have been around for many decades (Starner, 1996; Starner and
Paradiso, 2004). Nonetheless, the field has encountered renewed interest as low-
power electronics, wireless standards, and miniaturization conspire to populate the
world with RF tags, sensor networks, and mobile devices (Roundy et al., 2004;
Joseph and Srivastava, 2005).

18.7 EH Technologies and Related Work

There are several sources of energy that can be used to power RF sensors and ID
tags. Table 18.2 compares the power generation potential of some of the typical EH
modalities which include ambient radiation (Yeatman, 2004), temperature gradients
(Stevens, 1999), light (Schmidhuber and Hebling, 2001), and vibrations (Shearwood
and Yates, 1997; Amirtharajah and Chandrakasan, 2004; Meninger et al., 1999,
2001; Roundy et al., 2003; Min et al., 2002; Chandrakasan et al., 1998; Glynne-
Jones et al., 2001; Ottman et al., 2003). Among these sources of energy, solar EH
through photovoltaic conversion and vibrational energy through piezoelectric ele-
ments provide relatively higher power densities, which makes them the modalities
of choice. However, the design of both EH modules involve complex tradeoffs due
to the interaction of several factors such as the characteristics of the energy sources,
chemistry, and capacity of the energy storage device(s) used, power supply require-
ments, and power management features of the embedded system, and application
behavior. It is, therefore, essential to thoroughly understand and judiciously exploit
these factors in order to maximize energy efficiency of the harvesting modules.
Moreover, the power output from both these sources is highly nonlinear in nature
and depends on a variety of factors.

There have been a few concerted efforts towards developing EH circuits to power
RF sensor nodes. Among others, the UCLA-Center for Embedded Networked Sens-

Table 18.2 Power densities of energy harvesting technologies

Energy Scavenging Source Power Density (�W/cm3) Information Source

Solar (Outdoors) 15,000 – Direct Sun Commonly Available
150 – Cloudy Day

Solar (Indoors) 6 – Office Desk Experiments
Vibrations 100–200 Roundy et. al.
Acoustic Noise 0.003 at 75 dB Theory

0.96 at 100 dB
Daily Temp. Variation 10 Theory
Temp. Gradient 15 at 10◦ Celsius Stordeur & Stark, 1997
Piezo Shoe Inserts 330 Starner 1996

Source: Reprinted from Roundy et al. (2003), with permission from Elsevier.
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ing (CENS) (Joseph and Srivastava, 2005; Raghunathan et al., 2002, 2005; Kansal
et al., 2004) and UC Berkeley (Roundy et al., 2003, 2004), in particular, have inves-
tigated solar EH and piezoelectric vibration EH, respectively. Several publications
are available that document the strategies used and power output available from
the prototypes. The CENS group investigated solar energy harvesting to energize
a variety of motes, including MICA2, MICAz, Telos, and Intel’s Stargate mote
(Crossbow Technologies, 2008). The Heliomote platform in particular uses outdoor
solar energy to power MICA2 motes with rechargeable NiMH batteries serving as
the energy storage device. The EH setup has useful features such as battery over-
charge and undercharge protection, regulated 3 VDC output, intermediate battery
status transmission to base node, and environmental aware routing. As seen from
Table 18.2, it is clear that although solar energy is the most efficient natural energy
source available for outdoor applications, for indoor applications it is important to
note that the efficiency of photovoltaic cells is very low. Typically, the indoor light-
ing intensity found in hospitals and offices is less than 10 W/m2 when compared
with 100–1000 W/m2 outdoors. Monocrystalline solar cells have an efficiency of
less than 1–3% under typical indoor lighting conditions (Randall and Jacot, 2002).
However, in spite of such poor efficiencies, these cells still have a power density
of at least 0.5–1 mW/cm2 under indoor 1–5 W/m2 light intensity conditions, which
is higher than their nearest EH competitor. Also, amorphous (flexible) solar cells
have been found to have slightly higher efficiencies of 3–7% under indoor condi-
tions (Randall and Jacot, 2002). Similarly, publications by UC Berkeley (Roundy
et al.) have focused on circuits that harvest energy from piezoelectric vibration gen-
erators. Detailed power output data with respect to vibration frequency have been
documented.

A system-level block diagram of an RF sensor operating on a natural source
of energy is shown in Fig. 18.5. Typically, such a device consists of an 8/16 bit
microcontroller with adequate resources to operate its kernels. The microcontroller
manages power to the sensors and data acquisition elements, as well as responds
to commands (e.g., from the reader). For example, an Axcess International RFID
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Fig. 18.5 Block diagram of an energy harvesting RF sensor
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tag uses a 16 bit TI MSP430 microcontroller with necessary coils and power ampli-
fier circuit (Axcess International Inc., 2008). Similarly, ZigBee-based RF sensors
such as the TI EZ430-RF2500 use an MSP430 microcontroller integrated with an
IEEE 802.15.4 compliant, ZigBee ready CC2500 transceiver (TI EZ430-RF2500,
2008). Typically, primary non-rechargeable batteries are used to provide a 3 VDC

output voltage for the device’s microcontroller, sensor board, and transceiver. The
device consumes about 15–20 mA during full operation and about 6–10 �A during
the dormant or sleep mode.

18.8 EH Design Considerations

Several key issues have to be addressed before embarking upon designing EH cir-
cuits for RF sensors and tags. First, the natural source of energy has to be harvested
by an EH system and second, there has to be an efficient means of storing this energy
(Rahimi et al., 2003). The system must also effectively route the stored energy to the
RF sensor. This means that there has to be an intelligent power management strategy
in place. Obviously, this strategy must be efficient and should serve to lengthen the
life of the energy storage devices.

18.8.1 Energy Storage Technologies

Perhaps, the most complex (and crucial) design decision involves the energy storage
mechanism. The two practical choices available for energy storage are batteries and
electrochemical double layer capacitors – also known as ultra-capacitors. Batteries
are a relatively mature technology and have a higher energy density (more capacity
for a given volume/weight) than ultra-capacitors. Four types of rechargeable bat-
teries are commonly used: nickel cadmium (NiCd), nickel metal hydride (NiMH),
lithium–ion (Li-Ion), and sealed lead acid (SLA). Of these, SLA and NiCD batteries
are not preferred because the former has a relatively low-energy density and the
latter suffers from temporary capacity loss caused by shallow discharge cycles. The
choice between NiMH and Li–ion batteries involves several tradeoffs. Li–ion batter-
ies are much more efficient than NiMH batteries, have a longer cycle lifetime, and
involve a lower rate of self-discharge. However, they are more expensive, even after
accounting for their increased cycle life (Berndt, 1997; Linden, 1984). An additional
consideration is battery aging due to charge–discharge cycles. For example, NiMH
batteries (when subjected to repeated 100% discharge) yield a lifetime of about 500
cycles, at which point the battery will deliver around 80% of its rated capacity.
The residual capacity is significantly higher if the battery is subjected to shallow
discharge cycles only. At the rate of one discharge cycle per day, the battery will
last for several years before its capacity becomes zero.

Several other battery-related factors, which are usually insignificant for
conventional mobile devices, also play a role due to the nature of the target
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system/application. First, the battery non-ideality termed as rate capacity effect is
non-existent since the system’s current draw (few tens of milliampere) is an order
of magnitude less than the rated current of most present day batteries. Second, the
operating temperature of the batteries will vary, leading to changes in battery charac-
teristics. For example, battery self-discharge rate approximately doubles with every
10 ◦C increase in ambient temperature (Raghunathan et al., 2005). Thus, the choice
of battery chemistry for a harvesting system depends on its power usage, recharging
current, and the specific point on the cost-efficiency tradeoff curve that a designer
chooses.

Ultra-capacitors have a higher power density than batteries and have tradition-
ally been used to handle short duration power surges. Batteries are not as robust as
ultra-capacitors in terms of depth of discharge, and they tend to lose capacity when
exposed to outdoor temperatures (Raghunathan et al., 2005). Ultra-capacitors are
rated for several thousand charge–discharge cycles when compared with a few hun-
dred cycles for Li–ion batteries. Battery cycle life is severely reduced when exposed
to cold temperatures as well (Berndt, 1997). On the other hand, ultra-capacitors pos-
sess robust characteristics over a wide temperature range (Burke, 2000). Recently,
such capacitors have been explored for energy storage, since they are more effi-
cient than batteries and offer higher lifetime in terms of charge–discharge cycles.
However, they suffer from severe leakage and are expensive.

Therefore, the choice of energy storage device will depend on a variety of factors
including peak power requirements, cycle life, energy storage capacity, cost, and
form factor. It is also possible to implement a tiered energy storage mechanism
using an ultra-capacitor and a battery, to make use of the advantages of both these
devices, although there might be some overhead due to the energy storage overhead
in the power management module.

18.8.2 Energy Requirements and Power Management Issues

The core of any EH system is the harvesting circuit, which draws power from the EH
transducer (e.g., solar cells, piezoelectric vibration generator, and so on), manages
energy storage, and routes power to the target system. The most important con-
sideration in the design of this circuit is to maximize energy efficiency, enhance
device reliability, and lengthen the life of the RF sensor. Figure 18.6 shows a
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Fig. 18.6 EH system for an RF sensor
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simplified diagram of the EH system. The power management circuit is responsible
for both charging the energy storage device as well as routing energy to the sensor.
The RF sensor’s microcontroller will be responsible for effectively implementing
these tasks.

In the case of solar EH systems, it is important to track an optimal operating point
that yields maximal power output. The harvesting circuit should ensure operation at
(or near) this maximal power point, which is done by clamping the output terminals
of the solar panel to a fixed voltage. Since the maximal power point changes slightly
with the time of day (i.e., as the incident radiation changes), a maximal power point
tracker (MPPT) circuit is necessary to continuously track and operate at the opti-
mal point (Raghunathan et al., 2005). This forms an essential portion of the power
management module. The use of a switch-mode DC–DC converter is therefore war-
ranted to assist in achieving optimal power flow. The DC–DC converter provides
regulated supply voltage to the embedded system.

In case of systems with a piezoelectric element, depending on the frequency
of excitation an AC voltage is generated. This voltage needs to be rectified and
therefore such systems will require a rectifier circuit with a low-pass filter (Ottman
et al., 2003). A DC–DC converter is used for maximum power transfer and forms an
essential part of the power management module (Chi-ying et al., 2005; Shengwen
et al., 2005). The choice of DC–DC converter depends on the operating voltage
range of the energy storage device as well as the supply voltage required by the
target system. If the supply voltage falls within the voltage range of the energy
storage device, a buck-boost converter is required, since the rectified voltage will
have to be increased or decreased depending on its state. However, if the supply
voltage falls outside the battery’s voltage range, either a boost converter or a buck
converter is sufficient.

To enable harvesting aware power management decisions, the harvesting module
must have energy measurement capabilities. The power management scheme can
contain a low-power monitor IC that will track the status of the energy storage banks.
The target system microcontroller would be able to query the harvesting module
for the instantaneous power that is available. The terminal voltage of the energy
storage device would provide information on their respective energy status. With
this information in hand, it is possible for the RF sensor microcontroller to learn
the power availability pattern from the EH transducer, and build and train a power
macro-model that provides information about future power arrival (Raghunathan
et al., 2002; Kansal et al., 2004; Pedram and Rabaey, 2002; Min et al., 2000; Shah
and Rabaey, 2002).

18.8.3 Vibrational Energy Harvesting

Mechanically excited piezoelectric elements possess their own distinct characteris-
tics. A vibrating piezoelectric device differs from a typical electrical power source
in that it has a capacitive rather than inductive source impedance, and maybe driven
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by mechanical vibrations of varying amplitudes (Kymissis et al., 1998; Shenck and
Paradiso, 2001; Smalser, 1997; Glynne-Jones et al., 2001). Piezoelectric devices
such as Quickpack QP20 W from Mide Technology Corp. are available as a
two-layer device that generates an AC voltage when vibrated in a direction per-
pendicular to its mid-plane (Mide Technology Corp., 2008). Therefore, EH circuits
that use such devices as sources of energy require a rectifier and low-pass filter to
obtain a DC voltage for the embedded system. These components must have low
power loss to ensure high-system efficiency. The magnitude of current, and hence
the optimal rectifier voltage may not be constant as it depends on the vibration level
exciting the piezoelectric element. This creates the need for flexibility in the circuit,
i.e., the ability to adjust its average input impedance to achieve maximum power
transfer. This means such EH setups will need a DC–DC converter between the
rectifier and the energy storage mechanism (Ottman et al., 2002).

Previous studies have characterized the performance of the three important types
of vibration energy transducers: piezoelectric, electrostatic, and electro-magnetic.
Energy is produced by the vibration work done to change strain, capacitance, and
inductance in the three types of transducers, respectively, shown in Fig. 18.7.

Piezoelectric generators work by straining a piezoelectric material to produce
charge separation across the material. For most approaches, the amount of power
generated is proportional to the g-force acceleration experienced by an oscillating
mass, as well as the oscillating frequency.

Figure 18.8 shows the two operating modes (d33 and d31) in which the piezo-
electric material can be used to generate power. In d33 mode, both the mechanical
stress and the output voltage act in the three directions. In d31 mode, the stress acts
in the one direction and voltage acts in the three directions. Operation in the d31
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Fig. 18.7 Types of vibration transducers (Courtesy of Shad Roundy, LV Sensors, Inc.)
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Fig. 18.8 Piezoelectric conversion modes (Reprinted from Roundy et al. (2003), with permission
from Elsevier)

mode leads to the use of thin-bending elements such as bimorphs, in which two
separate sheets are bonded together, sometimes with a center shim in between them.
The electro-mechanical coupling for d31 mode is lower than for d33 mode. However,
d31 systems can produce larger strains with smaller input forces. Also, the resonant
frequency is much lower. An immense mass would be required in order to design
a piezoelectric converter operating in d33 mode with a resonant frequency below
60 Hz. Therefore, this mode of operation is most suitable for powering RF sensors
and ID tags. Experiments show that a practical generator of 1 cm3 is capable of
producing more than 300 �W of power from an oscillating mass that experiences
0.25 g of acceleration at 120 Hertz (Roundy and Wright, 2004).

Electrostatic generators can utilize a micro-electro-mechanical structure (MEMS)
to modulate the capacitance between two surface areas so as to amplify a reference
voltage across another fixed value capacitance. The input voltage to the structure is
amplified by the mechanical work done against the electrostatic forces between the
two plates. It is important to note that electrostatic generators require an initial volt-
age source to create the initial charge separation for amplification. These converters
are not capable of converting as much power per unit volume. However, they are
still attractive because they offer more potential for integration with microsystems.

There are several types of devices that can transform vibrations into capacitance
changes. UC Berkeley developed three types of MEMS structures and evaluated
two types referred to as in-plane overlap and in-plane gap (Roundy et al., 2002). The
study concluded that the former required large spring deflections and high Q-factors
to produce maximum power, while the latter has an optimum spring deflection and
can accommodate lower Q-factors. The Q-factor is of significant interest. A high
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Q-factor will be more vibration–frequency selective, while a lower Q-factor can
accommodate a wider range of vibration frequencies. Therefore, it might become
necessary to invent a resonant adaptive structure. A significant portion of any initial
design involves carefully characterizing the acceleration profile of vibration sources
for the intended application. This determines the design parameters and optimiza-
tion criteria for a vibration transducer that can deliver maximum energy.

Electro-magnetic generators work by moving a coil through a magnetic field (or
a permanent magnet through a coil) to induce an electric current in the coil. Existing
commercial products such as the crank radio and the shaker flashlight works on
this principle. These types of generators produce very small voltages of less than
1 V. This low voltage increases the difficulty of designing power efficient DC–DC
converters.

These studies indicate that piezoelectric cantilever structures operating in d31

mode seem to be a good choice for powering active RF sensors and ID tags. Note
that such tags typically draw about 6–10 �A during sleep mode and about 15–20 mA
for short periods of about 20 msec when operational (DotTM, 2008). Therefore, a
continuous EH source providing at least 100–200 �A hr should be more than suffi-
cient to power these tags.

In order to harvest energy from vibrations, the first step involves obtaining the
vibration spectrum from the source or structure. It is important to determine the
range of frequencies at which maximum force (acceleration) occurs. For exam-
ple, vibrational transducers for vehicle monitoring RFID tags that are placed on
the windshield will generate optimal power if they are designed to resonate at the
windshield vibrational frequency (Hande et al., 2008). A suitable accelerometer
can be used for measuring the acceleration profile. Next, the frequency spectrum is
obtained by running a fast Fourier transform on the data. Figure 18.9 shows one such
dataset for a 2003 Honda Civic under city-driving conditions. These data are used
to define the frequency band for transducer design. It is conceivable that multiple
bimorphs can be integrated within this frequency spectrum to improve transducer
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Fig. 18.10 Equivalent model of piezoelectric generator

energy output. Typical values of frequency and acceleration for this application can
be seen to reside in the range of 10–15 Hz and 0.1–0.3 g, respectively.

An appropriate piezoelectric bimorph can be designed with adequate specifica-
tions (e.g., width, length, thickness, tip mass, and so on) that provides the necessary
output power at the desired resonance frequency. Since, this application requires
resonant frequency ( fo) to be in the 10–15 Hz, it might be necessary to use a large
tip mass to lower fo. Other applications such as industrial health monitoring might
need transducers with fo at 60 Hz and consequently, lower tip mass.

It is important to model the piezoelectric transducer at fo using a typical model
such as an AC voltage source with series capacitance (C2) and resistance (R1) as
shown in Fig. 18.10 (Lefeuvre et al., 2007). This model works well under resonant
operating conditions where the transducer output impedance (Zo) is inversely pro-
portional to fo and given by:

Zo = 1/(2� foC) (18.4)

Such a model also provides information on maximum power that can be obtained
at matching load impedance. Zo is required for designing a DC–DC converter
with average input impedance (Z in) equal to Zo for maximum power transfer.
For example, Fig. 18.11 shows that maximum power of 16 �W was obtained at
38 Hz resonant frequency with a 220 k� load for a PZT-5 based cantilever size of
0.3 cm3 at 0.5 g excitation. This would, therefore, require the DC–DC converter to
be designed for Z in ≈ 220 k�.

18.8.4 Solar Energy Harvesting

Solar cells have vastly differing characteristics from batteries. For example, the
V-I characteristics of a single 3.75 in. × 2.5 in. 4-4.0-100 solar panel from Solar
World, Inc., under indoor fluorescent lighting conditions are shown in Fig. 18.12
(Hande et al., 2006). Similar curves can be observed under outdoor light conditions
as well. The V–I curve shows that two parameters, the open-circuit voltage (VOC)
and the short-circuit current (ISC), influence the panel operation. These form the
x- and y-intercepts of the V–I curve, respectively. From Fig. 18.12, it is clear that
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Fig. 18.12 V-I characteristics of a SolarWorld 4-4.0-100 panel (indoor lighting conditions)

a solar panel behaves as a voltage limited current source (as opposed to a battery
which is a voltage source). Also, there exists an optimal operating point at which
the power extracted from the panel is maximized. Finally, as the amount of incident
solar radiation decreases (increases), the value of ISC also decreases (increases).
However, VOC remains almost constant (Panasonic Corporation, 1998). Due to its
current source-like behavior, it is difficult to power the target system directly from
the solar panel, since the supply voltage would depend on the time varying load
impedance (Voigt et al., 2003; Krikke, 2005). A power management scheme is
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therefore required to provide regulated power to store energy in devices such as
batteries and ultra-capacitors.

Efficient solar energy harvesting involves monitoring the maximum power point
tracking (MPPT). For example, Fig. 18.12 indicates a 7.5 mW window wherein
maximum power is obtained. This voltage window is fairly constant for different
levels of solar light intensity. Circuits need to be designed to optimally track this
window so that maximum power is transferred to the storage device. Researchers
at UCLA have developed an analog approach to implement this task for outdoor
energy harvesting applications. The circuit consists of comparators and references,
and is active all the time (Raghunathan et al., 2005).

Figure 18.13 shows a typical method wherein a DC–DC buck converter is used
for the energy conversion process. Here, voltage across the input capacitor is moni-
tored until it reaches Vhigh. At this point, the MOSFET switch is turned on to route
energy to the storage device. When voltage across the input capacitor reduces to
Vlow, the converter is turned off, thus realizing maximum power transfer and conse-
quently, higher efficiency.

A similar approach has been adopted by researchers at UT Dallas for indoor
solar energy harvesting from overhead fluorescent lights (Hande et al., 2006). This
setup was designed for an application, wherein RF sensors were used to monitor
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patient vital sign data from a remote location in hospital premises. It consisted
of an adequate number of solar panels to charge ultra-capacitors that were used
as energy storage devices which in turn supply regulated power to the RF node.
The core of the energy harvesting module consisted of a power management cir-
cuit, which draws power from the solar panels and manages energy storage and
power routing to the RF node. The power management circuit provided regulated
power to the RF node and also simultaneously stored energy in ultra-capacitors. It
ensured node operation at the optimal MPPT point for maximum power transfer.
Figure 18.14 shows the router node with its EH circuit. The node harvests energy
from indoor overhead 34 W fluorescent lights. An adequate number of Solar World
4-4.0-100 monocrystalline solar panels rated at an open-circuit voltage (OCV) of
4 VDC and short-circuit current of 100 mA under 1000 W/m2 light conditions were
used in series–parallel to support charging of the ultra-capacitor bank. Later, higher
efficiency Solar World PowerFilm amorphous cells rated at an OCV of 4.8 VDC

and short-circuit current of 100 mA were used. The ultra-capacitor bank is com-
prised of two Maxwell PC5-5 ultra-capacitors. Both overcharge and undercharge
protection circuits are implemented along with the programmable regulated output
voltage for operating RF nodes with different voltage requirements. The power man-
agement circuit provides an efficiency of 82% which bodes fairly well for most
applications.

RF sensors and tags will vary their power consumption depending on the task
performed at any given moment in time. For example, during data logging, the
tag must activate appropriate sensors and convert an analog value (voltage or cur-
rent) into a digital value. The analog-to-digital converter will require some amount
of power during this process. The processor must then store the digital value
in memory. Also, when queried, the tag must transmit data to the reader. Each
of these processes require a different level of energy consumption. A DC–DC
converter must allow optimum power transfer while adapting to the variable power
demand.
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18.9 Relevant Circuits and Systems

Figure 18.15 shows the typical architecture for an EH system. The EH transducer
output can be an AC or DC voltage. In the case of piezoelectric vibrational trans-
ducers, an AC voltage is generated. Therefore, in this case, the first stage involves
design of an AC–DC rectifier. This is not required for solar EH systems. The second
stage involves DC–DC converter design.

18.9.1 AC–DC Rectifier

Several different strategies are available for rectifier design. The most basic, using
pn junction diodes as a bridge rectifier, is relatively straightforward. However, each
silicon diode requires a 0.6–0.7 VDC voltage drop to be overcome before conduction
begins. This forward voltage drop causes power loss during conduction and conse-
quently lower efficiency. Alternatively, germanium diodes have a relatively lower
0.3 VDC forward voltage drop. But this is still fairly large when input power flow
from the piezoelectric cantilever structure is of the order of only hundreds of
microwatts. Low leakage (<200 nA) Schottky diodes have lesser forward voltage
drop (≈0.2 VDC) and work well (Lefeuvre et al., 2007). Also, synchronous rectifiers
can be used instead of Schottky diodes to improve efficiency. Here, the body diode
of a MOSFET is used instead of a discrete pn junction diode. The transistor is turned
on when the body diode begins conduction. Due to the extremely low Rds(on) (few
milliohms) specifications of MOSFETs, the voltage drop across the body diode dur-
ing conduction is negligible, consequently yielding very low power loss and high
efficiency. Han et al. have tried using two diode rectifiers with comparators to aid
in transistor turn-on (Lefeuvre et al., 2007). Similarly, Guo et al. have developed
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Fig. 18.15 Energy harvesting architecture
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Fig. 18.16 Synchronous rectifier

high efficiency bridge rectifiers with comparators using 0.35 �m CMOS technology
(Guo and Lee, 2007). Figure 18.16 shows such a circuit where the diagonally oppo-
site leg diodes turn on during each half cycle using the source AC voltage. Use of
zero-threshold MOSFETs that are available from Advanced Linear Devices might
make the system even more efficient (Zero Threshold MOSFETs, 2008).

18.9.2 DC–DC Switch-Mode Converters

The second stage involves design of a high-efficiency DC–DC converter to provide
regulated DC voltage at the output. The overall efficiency of the system depends
on efficiency of the rectifier in conjunction with the DC–DC converter. There are
several DC–DC converter topologies to choose from. Typically, non-isolated switch-
mode DC–DC converters seem to be the energy conversion device of choice due to
relative ease in matching the transducer impedance. The three most basic converter
topologies: buck (step-down), boost (step-up), and buck-boost (step-up/step-down)
can all be used to achieve impedance matching. Alternatively, charge pumps or
switched capacitor converters are also feasible in certain cases due to ease of integra-
tion on an integrated circuit (IC). These converters have the advantage of consisting
of only capacitors and MOSFETs (no inductor). However, from a maximum power
transfer standpoint, their input resistance cannot be easily tuned to match the output
impedance of the transducer. Low dropout (LDO) regulators are not considered as
candidates since they suffer from poor efficiency and can only step down the voltage
(no step-up possible).
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18.9.2.1 Buck Converter

Ottman et al. and Lesieutre et al. have shown that it is feasible to use a DC–DC
buck converter operating in the discontinuous conduction mode (DCM) along with
a pulse-charging circuit to maximize harvested power from piezoelectric elements
(Ottman et al., 2002, 2003). Continuous conduction mode (CCM) operation causes
reduced efficiency because feedback circuits need to be employed to measure output
voltage and current causing additional power loss. The optimal duty cycle of the
converter is dependent on output filter inductance, switching frequency, the piezo-
electric element’s output capacitance, and the frequency of mechanical excitation.
Kim et al. have also shown that such a converter can significantly reduce the match-
ing impedance of the circuit (Kim et al., 2007). This is very important because unlike
typical voltage sources, many EH transducers (such as piezoelectric elements) are
capacitive in nature with high output impedances, while typical loads such as bat-
teries have an impedance of the order of few hundred ohms. Without appropriate
impedance matching, there can be significant loading issues on the voltage source
element causing inefficient power transfer.

A typical DC–DC buck converter with a MOSFET input switch is shown in
Fig. 18.17. The freewheeling diode (D1) can be replaced with a synchronous recti-
fier for higher efficiency. It has been shown that maximum energy harvesting effi-
ciency is obtained at the optimal duty cycle (D) given by:

D = √(4ωLCp fs/�) (18.5)

where

(a) ω is the resonant frequency of the mechanical host structure,
(b) L is the output filter inductance,
(c) Cp is the piezoelectric element capacitance, and
(d) fs is the switching frequency.

This equation only holds good for large input-to-output converter voltage differ-
ence (Vrect >> Vbat). High efficiencies (≈ 65–70%) were observed at high levels
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Fig. 18.17 DC–DC buck converter with battery load
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of input excitation (OCV > 45 VDC). Another version had an efficiency of about
74–78% (Kim et al., 2007).

18.9.2.2 Buck-Boost Converter

The buck-boost converter circuit works for input voltages higher and lower than its
output voltage. This allows optimization of different EH transducers with energy
storage cells of different voltages. Figure 18.18 shows the schematic of a typical
buck-boost converter. Under DCM, the average input resistance (Rin) is given by
(Lefeuvre et al., 2007):

Rin = (2L f s)/(D2) (18.6)

This indicates that for a constant switching frequency ( fs), inductance (L), and
duty cycle (D), Rin is constant and does not depend on the output battery voltage
(VB1) and current (Ibat). Unlike the buck converter, it is not necessary to have a
high input-to-output converter voltage differential. The converter can also operate
in CCM with Rin given by (Lefeuvre et al., 2007):

Rin = ((1 − D)/D)2(Vbat/Ibat) (18.7)

Here, Rin is not constant and is necessary to incorporate feedback circuits to
measure VB1 and Ibat, and adjust D to obtain desired Rin for appropriate impedance
matching. The constraint to enable DCM mode of operations is as follows:

Vrect < Vbat(1 − D)/D (18.8)

Each of these converters typically supply DC power to an energy storage element
at their output.
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Fig. 18.18 DC–DC buck-boost converter with battery load
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18.10 Future Directions and Scope

The future directions seem to suggest integration of EH transducer, circuits and
systems, energy storage devices, power management, and tags on flexible thin-film
substrates thus realizing smart active labels. Figure 18.19 shows the concept for a
vibrational EH smart label. Similarly, one can envision amorphous solar cells form-
ing one of the layers or a combination of solar and vibrational EH layers.

For energy from vibrations, piezoelectric MEMS-based transducers seem to
be the obvious choice. Although these systems are not commercially available,
researchers in China and MIT have designed such cantilevers. The MIT system con-
sists of a composite micro-cantilever beam with a PZT thin film layer and electrode
layer operating in d33 mode (Sood, 2003). A single piezoelectric micro-power gen-
erator (PMPG) device could deliver about 1 �W at 2.36 VDC with energy density of
0.74 mW hr/cm2. The second generation PMPG could provide 0.173 mW at 3 VDC

with 1 g excitation at 155.5 Hz (Xia et al., 2006). Investigators from Micro/Nano
Fabrication Technology, Shanghai, China have shown that at the resonant fre-
quency of about 608 Hz, a MEMS-based generator prototype can output about
0.89 V AC peak–peak voltage output with output power of 2.16 mW (Fang et al.,
2006).

Flexible amorphous silicon and other nano-based materials are available to har-
vest energy from light. Amorphous silicon seems to be the current choice, but
these are relatively inefficient under outdoor conditions and expensive. However,
higher efficiency amorphous panels are available from vendors such as PowerFilm,
Inc. (http://www.powerfilmsolar.com/). Alternatively, other nano-based compounds
such as solar cells made out of CIGS (copper indium gallium selenide) are being
pursued by many companies, including Nanosolar (http://www.nanosolar.com/).
Other companies such as Konarka have developed nano-enabled polymer photo-
voltaic materials that are lightweight, flexible and more versatile than traditional
solar materials (http://www.konarka.com/).

Thin-film solid-state energy storage device research and production are also mak-
ing considerable progress. Infinite power solutions (IPS) offer Lite Star batteries
operating with standard 4.2 VDC constant voltage chargers that recharge to 90% of
capacity in few minutes (http://www.infinitepowersolutions.com/). These devices
can operate for thousands of charge–discharge cycles with no memory effect and

Flex    Circuit Antenna, OLED, Circuit Wiring            

ChipXTALCoils Coils

Printed Resistors and Capacitors

Barcode Label and Graphics

Rechargeable Thin-Film Battery

Piezoelectric MEMS Array & Wiring

Recharging
Chip

Fig. 18.19 Smart active label
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minimal charge loss over time. The IPS LS101 version is rated at 0.7 mA hr/in.2

(110 �m thickness) and the second generation (LS201) will be designed with higher
capacity. Similarly, Cymbet Corporation has two versions of EnerChip solid-state
batteries that have 12, 50, and 85 �A hr capacity and require 4.1 VDC charging
circuit (http://www.cymbet.com/content/products.asp). These devices are surface
mount chips and rated for several thousand charge–discharge cycles.

Progress made by the above technologies indicate good feasibility towards devel-
opment of smart active labels. Obviously, initially each layer of the tag will have
to be developed individually with roll-to-roll manufacturing and then integrated to
realize the smart active label. Such devices will reduce the form factor and weight of
existing active sensors used in applications such as asset and personnel monitoring,
and open the door to new applications such as smart bandages, labels, stamps, and
so on.

18.11 Conclusions

The design of EH circuits for active RF sensors and ID tags is very important pri-
marily because of the rapid development of this market and secondly, due to the
limited life of battery and consequently, replacement. This, in particular, adds cost
and limits deployment of these devices to high-value asset and limited life applica-
tions. Although the advantages of these devices are enormous in terms of commu-
nication range, throughput, and reliability, the cost of battery, and its replacement
do hamper adoption rates. Feasible EH from vibrations and solar energy can extend
battery life and at the bare minimum replenish idle energy consumption, which is a
dominant factor in battery life reduction. Design of new RF sensor fabrication (e.g.,
smart labels) and device technology (e.g., communication protocols) are steadily
decreasing the energy requirements and therefore, smart power management and
EH techniques allow a realistic possibility for perpetual node life.
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Chapter 19
Powering Wireless SHM Sensor Nodes through
Energy Harvesting

Gyuhae Park, Kevin M. Farinholt, Charles R. Farrar, Tajana Rosing,
and Michael D. Todd

Abstract The concept of wireless sensor nodes and sensor networks has been
widely investigated for various applications, including the field of structural health
monitoring (SHM). However, the ability to power sensors, on board processing,
and telemetry components is a significant challenge in many applications. Sev-
eral energy harvesting techniques have been proposed and studied to solve such
problems. This chapter summarizes recent advances and research issues in energy
harvesting relevant to the embedded wireless sensing networks, in particular SHM
applications. A brief introduction of SHM is first presented and the concept of
energy harvesting for embedded sensing systems is addressed with respect to vari-
ous sensing modalities used for SHM and their respective power requirements. The
power optimization strategies for embedded sensing networks are then summarized,
followed by several example studies of energy harvesting as it has been applied
to SHM embedded sensing systems. The paper concludes by defining some future
research directions that are aimed at transitioning the concept of energy harvesting
for embedded sensing systems from laboratory research to field-deployed engineer-
ing prototypes.

19.1 Introduction

Structural health monitoring (SHM) is the process of detecting damage in aerospace,
civil, and mechanical infrastructure. The goal of SHM is to improve the safety,
reliability, and/or ownership costs of engineering systems by autonomously mon-
itoring the conditions of structures and detecting damage before it reaches a critical
state. To achieve this goal, technology is being developed to replace qualitative
visual inspection and time-based maintenance procedures with more quantifiable
and automated condition-based damage assessment processes. The authors believe
that all approaches to SHM, as well as all traditional non-destructive evaluation
procedures can be cast in the context of a statistical pattern recognition problem

G. Park (B)
The Engineering Institute, Los Alamos National Laboratory, Los Alamos, NM 87545, USA
e-mail: gpark@lanl.gov

S. Priya, D.J. Inman (eds.), Energy Harvesting Technologies,
DOI 10.1007/978-0-387-76464-1 19 C© Springer Science+Business Media, LLC 2009

493



494 G. Park et al.

(Farrar et al., 2001; Sohn et al., 2004; Doebling et al., 1996). Solutions to this
problem require the four steps of (1) operational evaluation, (2) data acquisition,
(3) feature extraction, and (4) statistical modeling for feature classification. Inherent
in parts 2–4 of this paradigm are the processes of data normalization, data compres-
sion, and data fusion.

A major concern with any embedded wireless sensing networks is their long-
term reliability and sources of power. If the only way to provide power is by direct
connections, then the need for wireless protocols is eliminated, as the cabled power
link can also be used for the transmission of data. However, if one elects to use a
wireless network, the development of micro-power generators is a key factor for
the deployment of the network. A possible solution to the problem of localized
power generation is technologies that enable harvesting ambient energy to power the
instrumentation. Although energy harvesting for large-scale alternative energy gen-
eration using wind turbines and solar cells is mature technology, the development of
energy harvesting technology on a scale appropriate for small, low-power, embed-
ded sensing systems is still in the developmental stages, particularly when applied
to SHM sensing systems. Given these reasons, the amount of research devoted to
energy harvesting has been rapidly increasing, and the SHM and sensing network
community have investigated the energy harvesters as an alternative power source
for the next generation of embedded sensing systems.

This chapter summarizes the state-of-the-art in energy harvesting as it has been
applied to SHM embedded sensing systems. First, various existing and emerging
sensing modalities used for SHM and their respective power requirements are sum-
marized followed by a discussion of power optimization strategies. This chapter
also addresses current SHM energy harvesting applications and system integration
issues. It should be, however, noted that much of the technologies discussed herein is
applicable to powering any type of low-power embedded sensing system regardless
of the application.

19.2 Sensing System Design for SHM

For efficient SHM, one must establish an appropriate sensor network that can ade-
quately observe changes in the system dynamics caused by damage and manage
these data for suitable signal processing, feature extraction, and classification. The
goal of any SHM sensor network is to make the sensor reading as directly correlated
with, and as sensitive to, damage as possible. At the same time, one also strives to
make the sensors as independent as possible from all other sources of environmental
and operational variability, and, in fact, independent from each other (in an informa-
tion sense) to provide maximal data with minimal sensor array outlay. To meet best
these goals, the following design parameters must be defined, as much as possible, a
priori: types of data to be acquired; sensor types, number, and locations; bandwidth,
sensitivity, and dynamic range; data acquisition/telemetry/storage system; power
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requirements; sampling intervals; processor/memory requirements; and excitation
source needs (for active sensing).

With these design parameters and issues in mind, the sensing systems for SHM
that have evolved to date consist of some or all of the following components: trans-
ducers that convert changes in the field variable of interest to changes in an electrical
signal; actuators that can be used to apply a prescribed input to the system; analog-
to-digital (A/D) and digital-to-analog (D/A) converters; signal conditioning; power;
telemetry; processing capability; and memory for data storage.

19.3 Current SHM Sensor Modalities

The sensing component (transducer) refers to the transduction mechanism that con-
verts a physical field (such as acceleration) into an electronically measurable form
(usually an electrical potential difference). If the sensing system involves actuation,
then the opposite is required, i.e., a voltage command is converted into a physical
field (usually displacement). The most common measurements currently made for
SHM purposes are, in order of use: acceleration, strain, Lamb wave, and electrical
impedance.

The use of accelerometers and strain gauges by far the most common approach
used in SHM applications today, primarily because of the relative maturity and com-
mercial availability of associated hardware. The energy consumed by these devices
themselves is very small because of their passive nature, but the centralized multi-
plexing, amplification, and signal conditioning units required to obtain usable data
can often have power requirements that approach a few Watts. There is a consider-
able recent work suggesting the use of micro-electromechanical systems (MEMS)
accelerometers for SHM applications, but to date this type of accelerometer has seen
little actual use in SHM applications.

Most wave propagation approaches to SHM make use of piezoelectric patches
as both sensors and actuators. Arrays of these devices can be configured to sequen-
tially induce local motion at various locations on the structure, and the same array
can also be used to measure the response to these excitations. In this mode, the
sensor–actuator pairs interrogate a structure in a manner analogous to traditional
pitch–catch or pulse-echo ultrasonic inspection. Alternatively, many researchers
have measured the electrical impedance across a piezoelectric patch as an indictor
of damage (Park et al., 2003). It has been shown that this electrical impedance is
related to the local mechanical impedance of the structure, with the assumption that
the mechanical impedance will be altered by damage.

In the passive sensing mode, piezoelectric transducers would consume much less
energy, compared with accelerometers or strain gauges, because they do not require
any electrical peripherals such as signal conditioning and amplification units, which
are typically embedded and required for piezoelectric accelerometers to operate.
However, this low-power consumption characteristic will be modified if one needs
to use charge amplifiers or voltage follower circuits to improve the signal-to-noise
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ratio depending on applications or frequency range of interest. When used in an
active sensing mode, a D/A converter and a waveform generator are also needed
along with higher speed A/D converters, additional memory, and possibly multi-
plexers in order to control and manage a network of piezoelectric transducers. These
extra components will inherently demand more energy.

19.4 Energy Optimization Strategies Associated with Sensing
Systems

This section will discuss strategies to minimize the energy demands of a sensor
network in an effort to efficiently power these sensing systems.

Embedded system design is characterized by a tradeoff between a need for good
performance and a low-power consumption. The proliferation of wireless sensing
devices has stressed even more the need for energy minimization as the battery
capacity has improved very slowly (by a factor of 2–4 over the last 30 years), while
the computational demands have drastically increased over the same time frame, as
shown in Fig. 19.1.

Since the introduction of wireless computing, the demands on the battery lifetime
have grown even more. In fact, in most of today’s embedded sensing devices, the
wireless connectivity consumes a large fraction of the overall energy consumption.
Figure 19.2 shows a power consumption breakdown for a small sensor node (top
of the figure) and a larger embedded device based on a strong ARM processor
(200 MHz) coupled with a wireless local area network for communication. On small
sensor nodes, as much as 90% of the overall system power consumption can go
to wireless communication, while on the larger devices, such as the one shown at
the bottom of the Fig. 19.2, the wireless takes approximately 50% of the overall

Fig. 19.1 Battery capacity versus processor performance
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Fig. 19.2 Power consumption of two different embedded system designs (Source: Sensors Tuto-
rial, 7th Annual International Conference on Mobile Computing and Networks)

power budget. In both cases, the second most power-hungry device is the processor.
Therefore, in order to achieve the desired energy efficiency, both optimization of
both computing and communication energy consumption are critically important.

Better low-power circuit design techniques have helped to lower the power con-
sumption (Chandrakasan and Brodersen, 1995; Rabaey and Pedram, 1996; Nabel
and Mermet, 1997). On the other hand, managing power dissipation at higher levels
can considerably decrease energy requirements and thus increase battery lifetime
and lower packaging and cooling costs (Ellis, 1999; Benini, and De Micheli, 1997).
Two different approaches for lowering the power consumption at the system level
have been proposed: dynamic voltage scaling, primarily targeted at the processing
elements, and dynamic power management, which can be applied to all system com-
ponents. The rest of this section provides an overview of state-of-the-art dynamic
power management and dynamic voltage scaling algorithms that can be used to
reduce the power consumption of both processing and communication in wireless
sensing devices.

19.4.1 Dynamic Voltage Scaling

Embedded sensing systems are designed to be able to deliver peak performance
when needed, but in most cases, their components operate at utilizations less than
100%. One way of lowering the power consumption is by slowing down the exe-
cution, and, when appropriate, also lowering the component’s voltage of operation.
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Fig. 19.3 Dynamic voltage scaling on a single processor

This power reduction is done with dynamic Voltage Scaling (DVS) algorithms.

Pdyn ∝ f V 2
dd (19.1)

f ∝ (Vdd − Vthreshold)2/Vdd (19.2)

The primary motivation comes from the observation that dynamic power con-
sumption, Pdyn, is directly proportional to the frequency of operation, f , and the
square of the supply voltage, Vdd

2 (see Eq. 19.1). Frequency, in turn, is a linear
function of Vdd (see Eq. 19.2), so decreasing the voltage results in a cubic decrease
in the power consumption. Clearly, decreasing the voltage also lowers the frequency
of operation, which, in turn, lowers the performance of the design.

Figure 19.3 shows the effect of DVS on power and performance of a processor.
Instead of having longer idle period, the central processing unit (CPU) is slowed
down to the point where it completes the task in time for the arrival of the next pro-
cessing request, while at the same time saving quite a bit of energy. DVS algorithms
are typically implemented at the level of an operating system’s (OS) scheduler.
There have been a number of voltage scaling techniques proposed for real-time sys-
tems. Early work typically assumed that the tasks run at their worst case execution
time, while the later research work relaxes this assumption and suggest a number
of heuristics for the prediction of task execution time. A more detailed overview on
various DVS algorithms can be found in Kim and Simunic Rosing (2006).

19.4.2 Dynamic Power Management

In contrast to DVS, system-level dynamic power management (DPM) decreases the
energy consumption by selectively placing idle components into lower power states.
DVS can only be applied to CPUs, while DPM can be used to reduce the energy
consumption of wireless communication, CPUs, and all other components that have
low-power states. While slowing down the CPU with DVS can provide quite a bit
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Fig. 19.4 Dynamic power management for a single device

of power savings, applying DPM typically increases the savings by at least a factor
of 10, and in many systems by significantly more than that. On the other hand,
changing processor speed happens relatively quickly, while the transitions in and
out of sleep states can be quite costly in terms of both energy and performance.
Figure 19.4 shows both power and performance overheads incurred during the tran-
sition. At a minimum the device needs to stay in the low-power state for long enough
(defined as the break even time, TBE) to recuperate the cost of transitioning. The
break even time, as defined in Eq. (19.3), is a function of the power consumption in
the active state, Pon, the amount of power consumed in the low-power state, Psleep,
and the cost of the transition in terms of both time, Ttr, and power, Ppr.

TBE = Ttr + Ttr
Ptr − Pon

Pon − Psleep
(19.3)

If it were possible to predict ahead of time the exact length of each idle period,
then the ideal power management policy would place a device in the sleep state
only when an idle period would be longer than the break even time. Unfortunately, in
most real systems, such perfect prediction of idle periods is not possible. As a result,
one of the primary tasks, DPM algorithms have to predict when the idle period will
be long enough to amortize the cost of transition to a low-power state, and to select
the state to transition to. Three classes of policies can be defined – time-out-based,
predictive, and stochastic. Time-out policy is implemented in the most operating
systems. The drawback of this policy is that it wastes power while waiting for the
time-out to expire. Predictive policies developed for interactive terminals (Srivastava
et al., 1996; Hwang and Wu, 1997) force the transition to a low-power state as soon
as a component becomes idle if the predictor estimates that the idle period will
last long enough. An incorrect estimate can cause both performance and energy
penalties. Both time-out and predictive policies are heuristic in nature, and thus do
not guarantee optimal results. In contrast, approaches based on stochastic models
can guarantee optimal results. Stochastic models use distributions to describe the
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times between arrivals of user requests (interarrival times), the length of time it
takes for a device to service a user’s request, and the time it takes for the device to
transition between its power states. The optimality of stochastic approaches depends
on the accuracy of the system model and the algorithm used to compute the solution.

Finally, much recent work has looked at combining DVS and DPM into a single
power management implementation. Shorter idle periods are more amiable to DVS,
while longer ones are more appropriate for DPM. Thus, a combination of the two
approaches is needed for the most optimal results. It should also be pointed out that
the studies in the current SHM sensing hardware development (Spencer et al., 2004;
Lynch, and Loh, 2006) have not yet fully incorporated the power-awareness design
described in this section.

19.5 Applications of Energy Harvesting to SHM

Although the energy harvesting techniques are still in a development stage, sev-
eral conceptual designs for applications into SHM have been proposed. Elvin
et al. (2002) proposed a self-powered damage detection sensor using piezoelectric
patches. A network of self-powered strain energy sensors were embedded inside a
structure, and a moving cart capable of applying a time-varying dynamic load was
driven over the structure. The piezoelectric harvesters convert this applied load into
electricity and provide a power for sensors in order to measure the strain and to send
the results to the moving cart, as shown in Fig. 19.5.

James et al. (2004) also proposed a prototype of self-powered system for con-
dition monitoring applications. The devices, using a low-power accelerometer as a
sensor, are powered by a vibration-based electromagnetic generator, which provides
a constant power of 2.5 mW. However, the systems are not equipped with a local
computing capability and only send out the direct sensor readings.

Discenzo et al. (2006) developed a prototype self-powered sensor node that per-
forms sensing, local processing, and telemeters the result to a central node for pump

Fig. 19.5 Implementation of self-powered sensors for damage detection (Source: Elvin et al.,
2002)
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Fig. 19.6 Self-powered sensor node (Source: Discenzo et al. (2006) reprinted with permission of
Sound and Vibration Magazine)

condition monitoring applications, shown in Fig. 19.6. A wireless mote system
was integrated with a piezoelectric energy harvesting technique. The device was
mounted on an oil pump, and a cantilever piezoelectric beam tuned to the excitation
frequency was embedded with the sensor node to extracted energy from the pump
vibration. The maximum power output of 40 mW was achieved.

Pfeifer et al. (2001) investigated the development of self-powered sensor tags that
can be used to monitor the health of a structure. A micro-controller was powered by
a piezoelectric patch (7.5 × 5 cm). Once powered, the micro-controller operates the
sensor array, performs the local computing, and saves the results of computation into
a RFID tag. By storing the data in nonvolatile memory, the data can be retrieved by
a mobile host, even if the sensor node does not have enough power to operate. In
a laboratory setting, the piezoelectric harvester can deliver enough energy to the
micro-controller for 17 s of operation.

Inman and Grisso (2006) propose an integrated autonomous sensor node that
contains the elements of energy harvesting from ambient vibration and temperature
gradients, a battery charging circuit, local computing and memory, active sensors,
and wireless transmission. These elements could be autonomous, self-contained,
and unobtrusive when compared with the system being monitored.

Mascarenas et al. (2007) experimentally investigated the radio frequency (RF)
wireless energy transmission as a power source for wireless SHM sensor nodes. They
experimentally demonstrated that the delivered RF energy could be stored and used
to successfully operate the radio, which is the largest power consumer in a SHM
sensor node. This work was based on the new and efficient SHM sensing network,
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whereby the electric power and interrogation commands are wirelessly provided
by a mobile agent (Farrar et al., 2006; Todd et al., 2007). This approach involves
using an unmanned mobile host node to generate an RF signal near sensors that
have been embedded on the structure. The sensors measure the desired response at
critical areas on the structure and transmit the signal back to the mobile host again
via the RF communications. This research takes traditional sensing networks to the
next level, as the mobile hosts (such as UAV), will fly to known critical infrastruc-
ture based on a GPS locator, deliver required power, and then begin to perform an
inspection without human intervention. The mobile hosts will search for the sen-
sors on the structure and gather critical data needed to perform the structural health
evaluation, which schematically described in Fig. 19.7. This integrated technology
will be directly applicable to rapid structural condition assessment of buildings and
bridges after an earthquake. It should be emphasized that this technology can be
hybrid in that the sensor node is still equipped with energy harvesting devices and
the mobile host would provide additional energy if the energy harvesting device is
not able to provide enough power to operate the sensor nodes. Even the energy har-
vesting device provides sufficient power, the mobile agent can wirelessly trigger the
sensor nodes, collect the information, and/or provide computational resources, which
significantly relax the power and computation demand at the sensor node level. Their
recent work shows that 0.1 F supercapacitor can be charged in less than 30 s, which
provides enough power to operated an SHM active-sensor node (Farinholt, in press).

Ha and Chang (2005) assessed the suitability and efficiency of energy harvest-
ing techniques for an SHM system based on the network of piezoelectric sensors
and actuators. They concluded that total power requirement of the piezoelectric
Lamb-wave-based SHM far exceeds the current energy harvesting capability. How-
ever, they suggested that the passive sensing system, which uses passive acoustic

Fig. 19.7 A new sensing network that includes wireless energy transmission and energy harvesting
and that is interrogated by an unmanned robotic vehicle



19 Powering Wireless SHM Sensor Nodes through Energy Harvesting 503

Fig. 19.8 A prototype of sensor node with piezoelectric energy harvester. (Source: image courtesy
Microstrain, Inc. (http://www.microstrain.com/) reprinted with permission)

emission and detects an accidental impact event, would be a good candidate for
energy harvesting technology because of the low power requirement and very low
duty-cycle.

Although vibration-based energy harvesters are still under the development
stage, several commercial solutions are available. Most research efforts are still in
proof-of-concept demonstrations in a laboratory setting. Microstrain, Inc. (http://
www.microstrain.com/) developed a prototype of piezoelectric-based energy har-
vester, shown in Fig. 19.8. The sensor node is equipped with temperature and humid-
ity sensors with wireless telemetry. It is claimed that the piezoelectric harvester
can produce up to 2.7 mW of instant power at 57 Hz vibration. Perpetuum, Inc.
(http://perpetuum.co.uk/)commercialized electromagnetic energy converters, which
are capable of generating up to 3.3 V and 5 mW of instant power under the 100 mg
vibration. The operating frequencies could be tuned in the range of 47–100 Hz. Ferro
Solution, Inc. (http://www. Ferrosi.com/) also produced electromagnetic generators
that have a 9.3 mW power capability with 100 mg input vibration.

Energy harvesting is slowly coming into full view of the SHM and the more
general sensing network communities. With the continual advances in wireless
sensor/actuator technology, improved signal processing technique, and the contin-
ued development of power efficient electronics, energy harvesting will continue
to attract the attentions of researchers and field engineers. However, it should be
emphasized that a tremendous research effort is still required to convert, optimize,
and accumulate the necessary amount of energy to power such electronics.

19.6 Future Research Needs and Challenges

While it is noted that there is tremendous research into the development of energy
harvesting schemes for large-scale alternative sources such as wind turbines and
solar cells and that these large-scale systems have made the transition from research
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to commercial products, energy harvesting for embedded sensing systems is still in
its infancy. Also, there is no clearly defined design process to develop such energy
harvesting for embedded sensing systems. Therefore, some future research areas for
energy harvesting will be outlined in order to transition the current state-of-the-art
to full-scale deployment in the current practice of embedded sensing networks.

As identified, the major limitations facing researchers in the field of energy har-
vesting revolve around the fact that the energy generated by harvesting devices
is far too small to directly power most electronics. Therefore, the efficient and
innovative methods of storing electric energy are the key technologies that will
allow energy harvesting to become a source of power for electronics and wire-
less sensors. It should also be emphasized that, when using any storage medium,
the duty cycle of the application must be considered, as this factor drastically
changes the design parameters and associated electronics. It is necessary to match
the duty cycle to the time required to store enough energy until it is needed by
electronics.

Research on energy harvesting materials has focused mainly on determining the
extent of power capable of being generated rather than investigating applications
and uses of the harvested energy. The practical applications for energy harvesting
systems, such as wireless self-powered SHM sensing networks, must be clearly
identified with the emphasis on power management issues. Application-specific,
design-oriented approaches are needed to help with the practical use of these tech-
nologies. It is also suggested that the biggest roadblock for using energy harvesting
devices is the lack of clear design guidelines that help determine how to charac-
terize the ambient energy, what circuits and storage devices are best for a given
application, and what strategies are best to integrate the harvesting devices into
embedded sensor units. Developing such guideline demands substantial research
efforts to define the key parameters and predictive models affecting efficient energy
harvesting.

Reliability is an essential requirement for any energy sources. Because many
vibration-based harvesters are designed to operate at their resonances, the systems
will be inherently unstable after the long operation cycles. Also, any energy sources
for field use should be able to withstand harsh environmental conditions. The reli-
ability and robustness must be proved before the energy harvesting techniques can
be used in practice.

Few studies addressed the integrated use of available energy harvesting devices.
Each energy harvesting scheme needs to be compared precisely to the other methods
and, if necessary, integrated together to maximize the energy generation under a
given environmental condition. To realize this integration, a general standard should
be established to address the technical capabilities of each energy source for system
integrators so that they can easily assemble components for final design.

The goal of maximizing the amount of the harvested energy involves sev-
eral factors, including electronics optimization, characterization of the available
ambient energy, selection and configuration of energy harvesting materials, inte-
gration with storage mechanisms, along with the power-optimization and power-
awareness design. Few studies have addressed these issues in an integrated manner
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from the multidisciplinary engineering perspective. Finally, it has been identified
that, although several energy harvesting devices are developed and fabricated as
a prototype, the performance of these techniques in real operational environments
needs to be verified and validated.

19.7 Conclusion

This chapter presents the state-of-the-art in energy harvesting as it has been applied
to SHM embedded sensing systems. Various existing and emerging sensing modal-
ities used for SHM and their respective power requirements were first summa-
rized and several sensor network power optimization strategies were discussed. This
chapter also summarizes the current energy harvesting applications to SHM or other
embedded sensing systems. Some future research directions and possible technol-
ogy demonstrations are also discussed in order to transition the concept of energy
harvesting for embedded sensing systems from laboratory research to field-deployed
engineering prototypes.
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Appendix A
First Draft of Standard on Vibration
Energy Harvesting

At the Second Annual Energy Harvesting Workshop held on January 30–31, 2007
in Fort Worth, TX, a committee was formed consisting members from academia,
industry, and federal labs. This committee was assigned the task of compiling cur-
rent practices used to characterize the vibration energy harvesting devices and come
up with a metric which can allow the comparison of all prototype harvesters. This
first draft of standard is just a start and will be discussed in detail at the Fourth
Annual Energy Harvesting Workshop to be held on January 28–29, 2009 in Virginia
Tech (http://www.cpe.vt.edu/ehw). Following is the list of the committee members:

Committee Members (alphabetical order)

Bob O’Neil, Morgan Electroceramics
Brad Mitchell, Boeing
Chris Ludlow, Mide Technology Corporation
Dan Inman, Virginia Tech
Farhad Mohammadi, Advanced Cerametrics, Inc.
J. K. Huang, Ferro Solutions
Jan Kunzmann, Smart Material
John Blottman, Naval Undersea Warfare Center
M. G. Prasad, Stevens Institute of Technology
Robert O’Handley, MIT/Ferro Solutions
Roger Richards, Naval Undersea Warfare Center
Shashank Priya, Virginia Tech

Energy harvesting: Energy recovery from freely available environmental resour-
ces. Primarily, the selection of the energy harvester when compared with the other
alternatives such as battery depends on two main factors: cost effectiveness and
reliability. Another goal for energy harvesters has been to recharge the batteries in
existing applications.

In the recent years, several energy harvesting approaches have been proposed
using photovoltaic, thermoelectric, electromagnetic, piezoelectric, and capacitive
schemes. This first draft of standard addresses the issues related with the vibra-
tion energy harvesting which primarily utilizes electromagnetic, piezoelectric, and
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Fig. A.1 Common structures utilized for harvesting mechanical energy using piezoelectric
transducers

capacitive schemes. Most means of vibration energy harvesting (VEH) are based on
a mechanically resonant device that is, hopefully, matched to the vibration spectrum
of source. There are elements of various devices (inductive, piezo benders, magneto-
electric) that are common, because they are all based on the forced, damped har-
monic oscillator. Figure A.1 shows some of the common configurations used for
piezoelectric harvesters consisting of cantilever, patches, and diaphragms.

It is also possible to make non-resonant VEH devices. These fall into at least two
categories: (1) mechanical systems that have zero restoring force (therefore fr = 0)
such as the shaker flashlights in which the freely moving proof mass (the permanent
magnet) essentially remains stationary while the flashlight case is shaken and (2)
systems designed to harvest impact or impulse forces.

A.1 Potential Vibration Sources for Energy Harvesting

Following is a list of vibration sources classified according to their elastic stiffness
and Table A.1 lists the sources according to the surrounding.

– Stiff structures which make a movement by their own (ships, containers, mobile
devices, housings of fans, escalators and elevators in public places, appliances,
refrigerator, bridges, automobiles, building structures, and trains)

Table A.1 Sources of energy available in the surrounding which are/can be tapped for generating
electricity

Human body Vehicles Structures Industrial Environment

Breathing, blood
pressure,
exhalation,
body heat

Aircraft, UAV,
helicopter,
automobiles,
trains

Bridges, roads,
tunnels, farm
house
structures

Motors,
compressors,
chillers,
pumps, fans

Wind

Walking, arm
motion, finger
motion,
jogging,
swimming,
eating, talking

Tires, tracks,
peddles,
brakes, shock
absorbers,
turbines

Control-switch,
HVAC
systems, ducts,
cleaners, etc.

Conveyors,
cutting and
dicing,
vibrating
mach.

Ocean currents,
acoustic
waves,
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– Elastic structures which show an elastic deformation of their walls (rotor blades,
wind mill blades, aircraft wings, pumps, motors, HVAC Ducts, and rotorcraft)

– Soft structures with very low-elastic modulus and high-deformation ratios
(different textiles, leather, rubber membranes, and piping with internal fluid flow)

A.2 Parameters Required to Describe the Source

(i) The source of vibrations should be described to clarify the extent to which the
source is diminished or degraded by harvesting some of its energy. Sources
undiminished by the VEH would be earth tremors or heavy machine vibrations
while the sources diminished to some extent by VEH would include small
machines or an energy harvester attached to the body.

(ii) The acceleration values for vibration source should be reported as peak-to-peak
g level. The preferred unit for acceleration is in m/s2 described in terms of “g”
where 1 g = 9.8 m/s2. Acceleration can be further categorized as low (less
than 10 mg), mid (10–100 mg), and high (above 100 mg).

(iii) The median frequency for vibration source should be reported in unit of Hertz.
Frequency can be categorized as low (less than 10 Hz), mid (10–120 Hz), and
high (above 120 Hz).

(iv) For non-resonant systems, the external vibration source needs to be described
(by two of the four parameters force, displacement, velocity, and acceleration)
and the resulting motion of the VEH defined. For the impact systems, the
impulse,

∫
F(t)dt , must be defined as best as possible and its frequency of

occurrence or duty cycle specified.

A.3 Theoretical Models Used to Describe the Vibration
Energy Harvesting

A.3.1 Williams-Yates Model

The differential equation of motion describing the system in terms of the housing
vibration (y(t) = Yo cosωt) and relative motion of mass (z(t)) is given as (Williams
et al., 2001):

mz̈(t) + d ż(t) + kz(t) = −mÿ(t) (A.1)

where m is the seismic mass, d is the damping constant, and k is the spring constant.
The total power dissipated in the damper under sinusoidal excitation was found to
be given as:
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P(ω) =
mζY 2

o

(
ω
ωn

)3
ω3

[
1 −

(
ω
ωn

)2
]2

+
[
2ζ

(
ω
ωn

)]2
(A.2)

whereω2
n = k/m is the system resonant frequency and ζ = d/2

√
mk is the damping

ratio. If the vibration spectrum is known beforehand than the device can be tuned
to operate at the resonance frequency of the system, in which case the maximum
power that can be generated is given as:

Pmax = mY 2
oω

3
n

4ζ
(A.3)

A.3.2 Erturk–Inman Model

The previous model was proposed for electromagnetic energy harvesters using the
magnet-coil arrangement as proposed by Williams and Yates. The mechanism of
piezoelectric transduction is relatively complicated, where the mechanical energy
dissipation due to electrical power generation is not in the form of viscous damp-
ing (unlike the case in the Williams–Yates model) (Erturk and Inman, 2008a). The
coupled distributed parameter solution of a piezoelectric energy harvester under the
base excitation (Fig. A.1) was given for unimorph (Erturk and Inman, 2008b) and
bimorph (Erturk and Inman, 2008c) cantilevers (i.e., for cantilevers with one or two
piezoceramic layers).

As summarized in Chapter 2 by Erturk and Inman, for the unimorph cantilever
configuration (Fig. 2.7a), the coupled beam equation can be expressed based on the
Euler–Bernoulli beam theory as

Y I
�4wrel(x, t)

�x4
+ cs I

�5wrel(x, t)

�x4�t
+ ca

�wrel(x, t)

�t
+ m

�2wrel(x, t)

�t2
+ ϑv(t)

×
[

dδ(x)

dx
− dδ(x − L)

dx

]
= − [m + Mtδ(x − L)]

�2wb(x, t)

�t2
,

(A.4)

wherewb(x, t) is the effective base displacement with a translational and small rota-
tional component,wrel(x, t) is the transverse displacement response of the harvester
beam relative to its vibrating base, v(t) is the voltage response across the resistive
load, Y I is the bending stiffness, m is the mass per unit length, ca is the external
viscous damping term (due to air or the respective surrounding fluid), cs I is the
internal strain rate (or Kelvin-Voigt) damping term,), ϑ is the piezoelectric coupling
term, Mt is the tip (proof) mass (if one is attached) and δ(x) is the Dirac delta
function.

If the electrode pair covering the piezoceramic layer operates into a circuit with
a resistive load only, the circuit equation can be obtained as
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εS
33bL

hp

dv(t)

dt
+ v(t)

Rl
= −

∫ L

x=0
e31hpcb

�3wrel(x, t)

�x2�t
dx, (A.5)

where εS
33 is the permittivity at constant strain, b is the electrode width, L is the elec-

trode length, hp is the thickness of the piezoceramic layer, Rl is the load resistance,
e31 is the piezoelectric constant and hpc is the distance from the neutral axis to the
center of the piezoceramic layer.

The coupled voltage response to harmonic base excitation at steady state is

v(t) =

∞∑
r=1

jωϕr Fr

ω2
r −ω2+j2ζrωrω

1
Rl

+ jωCp +
∞∑

r=1

jωϕrχr

ω2
r −ω2+j2ζrωrω

ejωt , (A.6)

whereω is the excitation frequency, j is the unit imaginary number, Cp = εS
33bL/hp

is the internal capacitance of the piezoceramic layer, ϕr is the forward modal cou-
pling term, χr is the backward modal coupling term, ωr and ζr are the undamped
natural frequency and the mechanical damping ratio of the r th mode, respectively,
and Fr is the modal mechanical forcing term. Thus, |v(t)| is the peak voltage ampli-
tude and |v(t)| /√2 is the root mean square voltage. Consequently, the peak power
amplitude is |v(t)|2 /Rl and the average power amplitude is |v(t)|2 /2Rl.

For modal excitations (i.e., ω ∼= ωr ), the voltage expression given by Eq. (A.6)
can be simplified drastically to give the single-mode (reduced) voltage response,
v̂(t):

v̂(t) = jωRlϕr Fr ejωt(
1 + jωRlCp

) (
ω2

r − ω2 + j2ζrωrω
) + jωRlϕrχr

, (A.7)

which yields the following peak power amplitude expression from |v̂(t)|2 /Rl :

∣∣P̂(t)
∣∣ = Rl (ωϕr Fr )2

[
ω2

r − ω2
(
1 + 2ζrωr RlCp

)]2 + [
2ζrωrω + ωRl

[
Cp

(
ω2

r − ω2
) + ϕrχr

]]2 .

(A.8)

A.4 Characterization of Vibration Energy Harvester

(i) Describe whether the VEH is uniaxial, biaxial or omnidirectional in its response.
(ii) In order to make the comparison of various types of vibration energy har-

vesters, a frequency of 60 Hz and acceleration of 1g is being set as the
benchmark.
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Table A.2 Compilation of the power density and optimum operating condition for various
mechanical energy harvesting devices

Power
(�W ) f (Hz) a (m s−2)

Volume
(mm3)

Power density
(�W/mm3)

Acceleration2

(m2/s4) Method Mass (g)

2 80 2 125 0.0168 4 Piezoelectric 10

(iii) The direction of mounting for the optimum output should be specified. The
type of mounting (using fasteners, glue based, permanent, nut-bolts, magnets)
on the vibration source should be described.

(iv) The foregoing table is being given here as an example to illustrate the parame-
ters required for VEH. This is very crucial at this stage as it provides a method
for comparison of various mechanisms and designs. In Table A.2, the volume
refers to the system volume which includes all the VEH components.
Using this table, a figure can be constructed in terms of energy density (power
density/frequency) and square of acceleration. In the near future when the data
become available, we would like to start comparing all the VEHs on this one
figure (see the reference in endnote) (Kim and Priya, 2008).

(v) Describe the maximum operating temperature, range of acceleration, and life-
cycles at the rated frequency.

(vi) The testing of the VEH should include following three measurements: (i) RMS
power as a function of vibration frequency at fixed acceleration (1g) and match-
ing load and (ii) power as a function of acceleration at fixed frequency (60 Hz)
and matching load, and (iii) power as a function of load at fixed acceleration
(1g) and frequency (60 Hz).

A.5 Characterization of the Conditioning Circuit

(i) If the VEH being described is a system such that it includes power condition-
ing, then the rate at which conditioned power can be delivered to a defined load
should be specified, namely, DC voltage level, load impedance, and current
available to that load.

(ii) It should be mentioned that how much of the harvested power is consumed by
the power-conditioning circuit.

(iii) Describe the output on-time rating in X msec at Y mA.
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