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ÅEnergy harvesting fundamentals

ÅMicro- to nano-scale vibrational energy harvesters

ÅPiezoelectric micro-structures for EH

ÅMEMS electrostatic systems for EH

ÅFinalconsiderations
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Historical human-made energyharvesters
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Crystal radio - 1906Sailing ship (XVI-XVII century)

Self-charging Seiko 
wristwatch 

First automatic wristwatch, Harwood, 
c. 1929 (DeutschesUhrenmuseum, Inv. 
47-3543)

First automatic watch. 
Abraham-Louis Perrelet, 
Le Locle. 1776 

Wind mill (Origin: Persia, 3000 years 
BC)

SELF-poweredby Radio Frequencies!!!

http://en.wikipedia.org/wiki/Abraham-Louis_Perrelet
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Energy havesting applications

Nanomedicine 

Healthcare sensors
Emergency medical response
Monitoring, pacemaker, defibrillators

Military applications
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Microscale energy harvesters
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MEMS-based drug delivery systems

BohmS. et al. 2000

Body-powered oximeter

Leonov, V., & Vullers, R. J. (2009).

D. Tran, Stanford Univ. 2007

Heart powered pacemaker

Pacemaker 
consumption is 40uW. 

Beating heart could 
produce 200uW of 
power

Micro-robot for remote monitoring 

A. FreitasJr., Nanomedicine, LandesBioscience, 1999

The input powera 20 mg 
robotic fly is10 ς100 uW
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Energy Harvesting research
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Dynamical model of VEH
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Vibrational energyharvesting

F. Cottone - IESRES Erasmus+ Teaching Activity 2-6 October 2017 - Vitoria-Gasteiz, Basque Country

Vibrationto electricity 
energy conversion 

techniques

Magnetostrictive Piezoelectric

Electromagnetic
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The transducer can be PIEZOELECTRIC, ELECTROSTATIC OR 
ELECTROMAGNETIC in general

Dynamical model of VEH
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Dynamical model of VEH
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At micro/nanoscale direct force generators are much more efficient 
because not limited by the inertial mass!!!
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Inertial generators
requires only one
point of attachment
to a moving
structure, allowing
a greater degreeof
miniaturization.
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For LINEAR mechanicaloscillators

By substitutings=jwin , we can calculatethe electrical
power dissipatedacrossthe resistiveload

Dynamical model of VEH
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Dynamical model of VEH

The maximum power is obtained when de=dm therefore

In approximate version (William et al.) 
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Piezoelectricconversion
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Governing equations

Inertia area moment of the beam  
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Equivalent circuit
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Electrostaticconversion

F. Cottone - IESRES Erasmus+ Teaching Activity 2-6 October 2017 - Vitoria-Gasteiz, Basque Country

Ὧ

Ὧ

Ὣ

ά

Ὑ

ὠ

Ὠ

( )
2 2

2 2

( )
,a i

d x dx dU x d y
m c c m

dt dt dx dt
+ + + =-

0( ) ,L

d
R C V V U

dt
Ö + =

2 2

0 lim

2 2

0 lim

1 1
( ) ,             for     

2 2
( )

1 1
( ) ( ) ,  for  

2 2

sp

sp st

k x C x U x x

U x

k k x C x U x x

ë
- <îî

=ì
î + - ²
îí

Governing equations



NiPSLaboratory ςDepartment of Physics and Geology ςUniversity of Perugia 
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Technique Advantages Drawbacks

Piezoelectric Å high output voltages 
Å well adapted for 

miniaturization
Å high coupling in single crystal
Å no external voltage source 

needed

Å expensive
Å small coupling for 

piezoelectric thin films 
Å large load optimal impedance 
ǊŜǉǳƛǊŜŘ όaҠύ

Å Fatigue effect

Electrostatic Å suited for MEMS integration
Å good output voltage (2-10V)
Å possiblityof tuning 

electromechanical coupling
Å Long-lasting

Å need of externalbias voltage
Å relatively low power density 

at small scale

Electromagnetic Å good for low frequencies (5-
100Hz)

Å no external voltage source 
needed

Å suitable to drive low 
impedances

Å inefficient at MEMS scales: 
low magnetic field, micro-
magnets manufacturing issues

Å large mass displacement 
required.
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Microscale energy harvesters
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Chang. MIT 2013

Jeonet al. 2005

D. Briand, EPFL 2010 

M. Marzencki2008 ςTIMA Lab (France)

ZnOnanowires 
Wang, Georgia Tech (2005)

Piezoelectric 
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Microscale energy harvesters

F. Cottone - IESRES Erasmus+ Teaching Activity 2-6 October 2017 - Vitoria-Gasteiz, Basque Country

EM generator, Miao et al. 2006

Cottone F.,  Basset P.  ESIEE Paris 2013

Mitcheson2005 (UK)
Electrostatic generator 20Hz 
2.5uW @ 1g

Le and Halvorsen, 2012

Electrostatic and electromagnetic
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First order power calculus with William and Yates model
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that is

At resonance, that is w=wn , the maximum power is given by
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First order power calculus with William and Yates model
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First order power calculus with William and Yates model
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ÅLow efficiency off resonance

ÅHigh resonant frequency at 
miniature scales

ÅPower Ą A2l4 where A is the 
acceleration and l the linear 
dimension
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Microscale energy harvesters: scaling issues
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NEMS-VEHs

MEMS-VEHs

MEMS-VEHs

NEMS-VEHs
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ZnO forestZnO Pillar

Why ZnO
Å Non-toxic Ą bio-compatible
ÅWurzite structure
Å Easy to fabricate
Å Vast morfology


