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Possible sources of energy for harvesting (left) and opportunities use of this enerc
sensing and actuation (right) that can be considered for flexible/bendable devices.

CananDagdeviren Pauline Joé, OzlemL. Tuzmart, Kwi-Il Park, Keon Jae Lee, Yan SkipnggangHuang, John A. RogerRecent progress in flexible and
stretchable piezoelectric devices for mechanical energy harvesting, sensing and aEixitatiore Mechanics LetteBs(2016 269 281



Main energy harvesting technologies.

Energy Harvesting

\ 4

Application Field

\ 4

Working Principle

\ 4

\ 4

i v
Solar Thermal Radio : : :
Motion/vibration

Energy Energy Frequency |

I } ! _

v 3 I :

Photovoltaic : : _-L
\ 4 \ 4 v y

.| Electromagnetic
—  (Mechanical)

Thermoelectric
nNSeebe

c k 0 (RF)

Electrostatic

DC output

;
|
|
|
Electromagnetic |
|
1
I
|

Piezoelectric

AC output



monocrystal

Polycrystal.
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polycrystal polycrystal after
polarization

Dipoles are
well aligned in monocrystal,
but
random in polycrystal.

The dipoles in
polycrystal can be aligned
through polarization

JeongYeol Yoon, Introduction to Biosensors From Electric Circuits to Immunosensors.
Springer New York Heidelberg Dordrecht Lond@013
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Electrode Electrode Dielectric material
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Fixed charge | Accumulated charge Grain boundary or interface
Mobile charge
(a) (b) (c)
(a) A crystal with equal number of mobile positive ions e ré\
and fixed negative ions. In the absence of a field, C=
there is no net separation between all the positive t
charges and all negative charges. . | o
(b) In the presence of and applied field, the mobile U the relative permittivity
positive ions migrate toward the negative charges or dielectric constant
and positive charges in the dielectric. The dielectric ( the vacuum permittivity
therefore exhibits interfacial polarization. A the area

(c) Grain boundaries and interface between different ~ t  the thickness
materials frequently give rise to interfacial C the capacitance

polarization.
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The piezoelectric effect
(a) A piezoelectric crystal with no applied stress or field
(b) The crystal is strained by applied force that induces polarization in the crystal
and generates surface charges
(c) An applied field causes the crystal to become strained. In this case the field
compress the crystal
(d) The strain changes direction with the applied field and now the crystal
Is extended



Electromechanical coupling factdr

direct piezoelectric effect > Electrical energy converted to megl
) Input of electricalenergy
R=d X

2. _Electrical energy converted to elggtr

converse piezoelectric effect Input of meChzanicai energy
X; =4 § k2: 1. fs
1=1,2,3; j 2,2,...,¢ TcZ
a
d The efficiency of energy conversion,
g=—
& efficiency /1 = QI%

- +
P the induce polarizatioralong somei direction Mechanical(g-ualiy?‘acgg
X the applied mechanical stress along sopdeection m
d; the piezoelectric coefficients a 1
§ the induce strain Q= 2o Df R(

E the applied electric field

g the piezoelectric voltage constant
f, the resonant frequency f, antiresonantfrequency :
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Piezoelectric actuator
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Piezoelectric monomorph

Copper electrodes for convenient
electrical connection

Can be drilled or machined to
create holes for system
integration

Durable protective layers
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Piezoelectric transducer

http://www.ultrasonic
resonators.org/design/transducers/transducer_design.html
https://www.ndeed.org/EducationResources/CommunityColle
ge/UItrasonics/EquipmentTrans/characteristicspt.ﬁtm

HongduoZHAO, JianmingLING* and Jian YU. Journal of the Ceramic Society of Jap2®[8] 317-323 2012
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i) PMN-PT Thin Film on Bulk Wafer  iii) PMIN-PT Thin Film on Flexible Substrate Flexible Energy Harvester \ -
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PMN-PT Piezoelectric Energy Harvester. Adv. Ma2014 26, 0 L 2 .
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Piezoelectric
Energy Harvesters
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Mechanical Input Frequency

Shaded regions indicate the faff of energy harvesting capability at low
frequencies outside of the range of traditional harvesting routes (lefgnd at
high frequencies outside of the range of electrochemical harvesters (right).

Nitin MuralidharanMengyali, Rachel E. Carter, Nichold@@alioto and Cary L. Pint . Ul tltal ow
Mechanical Strain Energy Harvester UsRIg Black Phosphorus NanosheeassCS Ener gy Lett . 2017, 2,
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