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Background

What's “Piezoelectric Effect”?

DIRECT PIEZOELECTRIC EFFECT CONVERSE PIEZOELECTRIC EFFECT

P=dX
-

~ Ry
Igniter Clock
Microphone Speaker
| Pressure Sensor Actuator

Energy Harvest




Background

ELECTRODE

Piezoelectric Damper %

1980s

Piezoelectricplate o RCE
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Background
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Background

Piezoelectric Damping Principle

3

Induced Electrical Energy

Suppose that 1/2 of U is
consumed as Joule heat per
vibration cycle, the vibration
amplitude decreases at a rate

Ja-ame

per vibration cycle:
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Background PENNSTATE

Piezo Shunting

- Mechanical structure interacts with
electrical circuit via piezo transducer

— Capacitive shunting yields Lo
frequency-dependent stiffness

_________

— Resistive shunting yields
frequency-dependent damping

— Inductive shunting yields
electrical resonant absorber

_________

— Switch-shunting could provide : :
broadband damping, energy harvesting ileznf Z,,




Background

K2 & ACX

el signapplications

From ihe ragional editors

Piezoelectric damper
hones ski performance

Module integrates piezoelectric material and
elertranics in ruggedized package
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Background

From Passive Dampers to Adaptive Dampers
with Energy Harvesting

Mechanical
Noise Passive
Vibration » Damping
] d
1 , 1980s
Piezoelectric Electrical
Material Energy

Ac&ulate 1990s

K. Uchino and K. Ohnishi: Shock Preventing
Apparatus, US patent (#4883248) Energy

M. Sumita and K. Uchino: Damping Harvesting
Materials, Jpn. Patent (3-205293) 11



Background

Piezoelectric Energy Harvesting
- Research Trends -

After 2000s

e Machinery Vibration (Resonance Usage)
— Machine health monitoring

e Human Motion
— Small energy harvesting

e Electrical Engineers’ Approach
— DC/DC converter

e MEMS Engineers’ Approach
— Thin film, Nano fiber

e Military Application
— Programable Air-Burst Munition

12



Background

Smart Diagnostics
(KCF Technologies, PA)




Background

Lightening Switch - Face Electronics

By s S [BEacBr #is
Push the Pluck the

Transmitter bution Piezoelectric element

Mounted in Transmitter

Transmitier
Piezoelectnc

Element

i ) Micromechatronics Inc.
Energy Harvesting with Thunder  (siate College, PA)

14



Background

Piezoelectric Carpet (Keio University)

(https:/ /www.youtube.com/watch?v=RCOBA3Yfm1k)

15



Background

Piezoelectric MEMS for Energy Harvesting

L—zsom
! . 300 um
Photoresist v

30
g MNPV \/SS430
Pt/Ti bottom electrodes 20 mm UDImEIR Captlevers
i
Stainless steel substrate ) "
(300-pm-thick) _— —”
- e ot or iR 250y -
orKME2oum) =49 e 1500
| —&— QOutput Voltage ] 0
E‘ 8_-°-Output Power (Measurement) 1 c
h . =1 Output Power (Theoretical) D
e 6- 41000 2
3 . 4 B
Beam g 4' - &
(30-pm-thick) Pt top electrodes 310 1500 %
g ]
o 2 | '¢<
e B
Tip mass 0 . e

TS 0 50100
Load Resistance [k ()]
Fabrication process of piezoelectric MEMS energy harvesters of PZT-

or KNN-thin films on stainless steel cantilevers.
|. Kanno: J. Physics, Conf. Series 660 (2015) 012001 4



Background

Piezo Nano Generator with ZnO Nanowires

Zigzag electrode

Conductive ™%
substrate

(a) Dir Nerald) using aligned

ZnO N\ rays with a zigzag top electrode.

Mechanical vibration drives the generator,

and the output current is continuous. (b) A —— o5
Zigzag electrode and its contact with the (a) Time (s)

NWs and the resulting current.
Z. L. Wang: IEEE Perv. Comp. Vol 7, p.49 (2008) 1/



Background

Piezo Generators for Ammunmons
Programmable Air Burst P,

Munition (PABM) - reyen ‘“\g .

after the ‘"o -S T G

in 2001. m“\“‘p .S without " —
collapsir g Suidings.

¥

- PiezoML | |
\Q/ ATK & Micromechatronics

Impact force generates electricity. Inc. (State College, PA) 18



Background

Piezoelectric Energy Harvesting
- Uchino’s Frustration-

(1)

(2)

(3)

(4)

Though the electromechanical coupling factor k is the smallest
among various device configurations, the majority of researchers
primarily use the ‘unimorph’ design. Why?

Though the typical noise vibration is in a much lower frequency
range, the researchers measure the amplified resonance response
and report these unrealistically harvested energy. Why?

Though the harvested energy is lower than 1 mW, which is lower
than the required electric energy to operate a typical energy
harvesting electric circuit with a DC/DC converter, the researchers
report the result as an energy ‘harvesting’ system. Why?

Few papers have reported energy flow or exact efficiency from the
input mechanical noise energy to the final electric energy in a

rechargeable battery via the piezoelectric transducer step by step.
Why?

The unanimous answer to my questions ‘why’ is
“because the previous researchers did so !".
19




Background

Development Misconception
Case | (Design Problem)

In order to damp vibration in an aluminum cantilever beam, a
mechanical engineer uses a shunted soft-piezoelectric composite
(Macro Fiber Composite) bonded on the beam. This is NOT an
ideal design from the two viewpoints:

(1) Mechanical/acoustic impedance matching Z, and

(2) Electromechanical coupling factor k

Vibration damping of an aluminum
cantilever beam using a piezoelectric
composite bonded on the beam.




Background

Development Misconception
Case Il (Volume Problem)

Piezoelectric MEMS is researched popularly with the PZT thin film
thickness around 1 um for the actuators and piezo-energy
harvesting applications. What are the three major problems to be

solved on a popular design shown in Figure?

- , , ————————————3~— Pt (120 nm)

AL

vvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvv

R \{ W N\ \\\ N \\ Sg\ ( T o AR \)I\ \\\\ N\ \\ N \I\
\\\\\\l \ 201’\[m Y AR '

Ti (10 nm)

SiO, (500 nm)

Piezoelectric MEMS structure with the PZT thin film thickness
around 1 um for the actuators. 21



Background

Development Misconception
Case lll (Application Problem)

» Grand Central Station: 750,000 visitors per day,
average of 31,250 visitors per hour
e Assumptions:

o Potential Energy of a person of 75kg stepping on
a tile which gives in about 10mm to convert into a g—L 5’
bending/strain motion ~ 7.4J per step

o Tile is 50cm by 50cm "

o Person does on average 500 steps in one hour in
the station, one step per tile (all tiles are the same) 3 1

« This converts to 19.2 kWh raw potential energy!

» Typical efficiency of harvester, minus energy
being stored in the tile spring to bend back the tile,
about 2% (actually measured)

 Total harvested energy ~ 384 Wh, it would power
just 4 bulbs of the ~4,000 bulbs at Grand Station
but at what costs!

SMARI “MAI ERIAL




Background Development MOdel |
Penn State Univ & DENSO)
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Background

Development Model ||

(Penn State Univ & Smart Materials)

Interdigitated electrode Structural epoxy
L ] - pattern on polyimide film Inhibis crack propenation in
(top and bottom) 7 cevamic, bands actuafor
Pormits In-plane poling and ¢ née fogeony
octuaiiaon of plezo-ceranmve
(dyy vs. 33 advantage) ,w%,
sheet of aligned

rectangular piezo-
ceramic fibers

and fexitnliy relative 0
monoltive coramic

1-5mW

Charging the
electronic devices

Flexible
piezoelectric
textile

Flexible energy
harvest circuit

T RN
/ WA "d 24
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FOM . v A . .
Figures of Merit in Piezoelectrics

a) Piezoelectric Strain Constant d
Electric Field — Strain (For Actuation): X = d E
Stress = Polarization: P =d X

b) Piezoelectric Voltage Constant g
Stress — Electric Field (For Sensing): E = g X
Related with d by g = d/gye, (g,;: permittivity)

c) Electromechanical Coupling

Electromechanical Coupling Factor k
Energy Transmission Coefficient A
Efficiency n

k? = (Mech.Stored Energy/Electr.Input Energy) = d?/g s
(s: elastic compliance)

A = (Mech. Output Energy / Electr. Input Energy) = (1/4~1/2) k?
n = (Mech. Output Energy / Electr. Consumed Energy) = 98%

d) Acoustic Impedance Z

Mechanical — Mechanical (Acoustic Energy Transfer)
Z? = p c (p: density, c: elastic stiffness)

26




FOM

Figures of Merit in Energy Harvesting
1. Constant Stress Input P =d X

1
Electric Energy = (Zs s) P?
0

(o

* Input mechanical energy is not constant = Elastic
compliance changes with electric load.

2. Constant Mechanical Energy Input
Electric Energy Ug = k* Uy,

K2 = () =[d- g/s"

sEege

27



FOM

: 4D
Energy Calculation O R .
In a Piezoelectric |
x=x0:eTi‘”t 0 %] ”
-4k (8)  Stress vs Flect ﬁeren‘
\ D p“a nce \S d‘ d\t\O“ \
E E‘ast\c 0 the S\’\“““ o Short
Z, =1/jwC I iliin 7 liout accol'd\\’\g o= z
PS: (L-kA)sEXpf========-=-== 10pen
Piezo-actuator| | ! ‘
i 0 Xo ]
L tvtvte (b) Stress vs Strali nX

Output electric. energy maximum
Z=\|Z,=1/wC

Short D

Energy transmission coefficient z
d/egy) X, en
—[(1/K) V(1K) - 1 ]=(1/4~1/2) k2 >

= (Elec. Output Energy / Mech. Input Energy)

max o .
(c) Electric Displacement vs Field

O



IEMS‘upposition ‘Infinite mechanical energy pool’!
Optimization of Load on the Piezo-Device

D=gy* E + dX X=Xoel "
x=d E4s"X L L lo X
* Open circuit: z ﬂilfiwc X oD
D=0, E, = —(d/eg,¥)X ]P ilim Z 1' g Gpen Z
x=(1-k*)s*X Si 'Elegffic Displacement vs Field
« Short circuit: B

E=0, D=dX x=s"X = T
. Z connection: @ Z(dx{) =
L
1.2 _1, (wdXo)? g
[P=32l0ue=5 (1+(wCZ)2Y When 3]
1 wd?X3 <
Z=1/wC, |P|=> Ll
4 C 45
i Q
Load should be impedance-matched 5 0 Lo
O Load Z

with the actuator capacitance.
29



FOM

Energy Flow of the Piezoelectric Generator

Phase |
Mechanical

Energy Transfer

Mechanical-Electrical
Energy Transduction

Phase 11

Environment [

Excitation Energy|,

Mechanical

Vibration Energy

q

h

Mechanical Loss

=Mechanical strength

*Mechanical impedance

=Damping factor

\

Phase 111

Electrical Energy

Transfer

Electrical

Energy Generated

— Electrical

| Energy Output

e

8

Mechanical-Electrical
Transduction Loss

=Coupling factor (k)

=Piezoelectric coeff. (d, g)

Electrical Loss

»Electrical impedance
=Circuit loss

30
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Mech. Impedance

Mechanical Impedance Matching

Work W=Fx AL

F=0

“Pushing a curtain,

Wow, and pushing a wall”
heavy = (Japanese proverb)

32



Mech. Impedance
Phase | : Mechanical Energy Transfer
Solutions for Mechanical Matching
- For a high force mechanical source
eHigh stiffness and rigid
eHigh coupling factor

L T—— fﬁﬁm

Metal Endcap

J For a small force mechanical source
eHigh flexibility and soft Smart Material

eHigh coupling factor

Interdigitated e Structural epoxy
electrode pattern on A~ , Inhitzts crack
polyimide film (top and —. s /L propagation in ceramic
bottom) / / Bond's actuator
' »s/ components together.
Permits in-plane . v
‘»/‘, 3
" 4

poling and
actuation of
ozocemmic (d,,
Versus d,,
advantage)

. Sheet of aligned
—— rectangular
piezoceramic fibers

llllllll



Mech. Impedance _
Experimental Setup

Cymbal

----------

=

-__; Actual Force Levels ~ 1kN

Max Force from the setup ~ 70N
34



Mech. Impedance

Endcap Materials/Thickness

=Elastic constant, Thickness, Cavity of the metal endcap.
=Mechanical impedance increases with thickness. (The
Softer is the better)

—— 1mm (0.3 mm Steel @40N) —=— 0.3mm Steel @40N
— 1mm (0.5 mm Steel @60N) —— 0.4mm Steel @55N
——— 1mm (0.5 mm Spring Steel @60N) ~— 4 0.4mm Steel @70N
—— 1mm (0.4 mm Steel @60N) —w— 0.5mm Steel @55N

300

200

100 -

*—o
—e
e

o

-100

| t * R
=2 N ) v W 15 ay s

Cymbal Voltage [V]
]

-300 - ] v
o.Bo ' 0.51 ' 0,62 ' 0_63 ' ° 0 I 1<|)0 I 2c|>o I 360 I 4(|)o I 5c|>o I 6(|)0 I 7(|)o I 8(|)O I 9(|)0 I10|00I11|oo
. Time [sec] oad [kQ]
100 Hz Drive 300 kQ L'dad

LOAD DEPENDENCE

*Pre-stress (66 N) and Applied Force (55 & 70N) at 100Hz
*Max power : 53mW at 400 kQ with a 0.4mm steel endcap at 70N
0.3 mm Steel does not endure for 70 N. 35



@ PennState ICAT

Misconceptions in Piezoelectric Energy

Harvesting System Development

Kenji Uchino

Int’l Center for Actuators & Transducers
The Pennsylvania State University, PA

1. Background of Piezo-Energy Harvesting
Piezo-Dampers, Research Trends

2. Figures of Merit in Energy Harvesting
d-g, EM Coupling factor, Energy transmission coefficient

3. Mechanical Impedance Matching
ICMA
2021

4. Mechano-Electric Energy Transduction
5. Electrical Impedance Matching

6. Summary and Future

36



Energy Transduce

Phase II: Mech. to Elec. Energy Transduction

X=X elwt
Operation Principle I__T_\ﬁ
 Sinusoidal Drive I
- Engine 100 Hz | Sn =G |
- EM Motor 50 Hz P oc g -d E IPS l'in Z l'out
« Water/wind flow 10 Hz !
° BUI'dlng 1 Hz : )2 L,
—l ;2 —l a)dXO . AL — 1 shun osed-circui
/P/_ Zlout_ 2 Z(1+(0)CZ)2) 2ss. Xol o B .h tLA - (,j\ t
2 ! ‘Y
WhenZz=1/wC, [P|=224%8 it 1 : /\ /\

* Pulse Drive \ ; \f —

n
1 1 __m E _
iy _ T k2)e 20
2" UMZK1 2k>e M] =d- g/s AN CE x2/2)""
n=0
1 1_[(1_%k2)6_2QMl Total energy reaches input mechanical
=3 k“Upy T energy Uy, for high Q,

1-(1—3k2)e %M (1/2)k?U,, for low Q..



Energy Transduce

Piezoelectric Energy Harvesting
- Uchino’s Frustration-

(2) Though the typical noise vibration is in a much
lower frequency range, the researchers measure
the amplified resonance response (> 1 kHz) and
report these unrealistically harvested energy.
Why?

!

Forget this approach
“because the previous researchers did so !”.

38



Energy Transduce

Phase II: Mech. to Elec. Energy Transduction

Piezoelectric Selection

1

5 L
=593 dy3 F -7 f

A

Hard (APC 841) | Soft (APC 850) | high g (D210)
g 1350 1750 681
K,,(%0) 0.60 0.63 0.58
d;; (10-12C/N) 109 175 120
U3 (103Vm/N) 10.5 12.4 20
Qn 1400 80 89.7
T.(°C) 320 360 340
g31 - ds3q 0.99E-12 1.97E-12 2.4E-12
1
P = E CVZ ’ f

39



Energy Transduce
Phase Il : Mech. to Elec. Energy Transduction

JCeramic-Metal Composite Transducer “Cymbal”

Metal Endcap

Cymbal

Oy =g+ A‘d:%l‘

=Larger displacement £ DI
=Larger generative electric field 2 CavityDepth

=Higher piezoelectric coefficient, d,;
(roughly 40 times higher)

40



Energy Transduce

Energy Flow (Transmission & Conversion)
keffin Cymbal = 0.25-0.30

Transmission

Muchstettefthan Bimorph!

Source PZT transducer Capacitor
EMechagicaI Mechanical Storega Electrical
nergy source Vibration Energy Or ergy
— " \arger |
. | \\< .
eff IN CY‘“ tftag Conversion
K 20Sec = ay» b“ﬁ Rate
it T‘: 2.22] L—_’ 02] | 7.5%
17% 91%
8Sec
87% 9%
048] |— | 822) | |— || 0.74J 7.8%
13% 91%
Elastically too rigid!
46% 6.25%
1.2 ||=— 110563 | |=—|] 0.0353 | 2.9%
54% 93.75% “




Energy Transduce

Piezoelectric Energy Harvesting
- Uchino’s Frustration-

(1) Though the electromechanical coupling factor k is
the smallest among various device
configurations, the majority
of researchers primarily use
the ‘unimorph’ design. Why?

'

- Use stiff actuator

- Electromechanical
coupling factor
- Use k;; actuator



Energy Transduce

Elastic shjm Piezogeramic plate
+
(a) — t
fC
2 i

Unimorph/ £pergy sersion Rat
Bimorph .

Moonie/ e
Cymbal i

/ / Polarization direction

Internal electrode

Platen
P.p.lfnk ribbon

Multilayer \Uﬁ e
+ Hinge Lever 7 M

Polarization
lirection

1% 10%

0.5-2
kHz

10-40
kHz

50-300
kHz

1-20
kHz
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Energy Transduce

Piezoelectric Energy Harvesting
- Uchino’s Frustration-

(3) Though the harvested energy is lower than 1
mW, which is lower than the required electric

energy to operate a typical energy harvesting
electric circuit with a DC/DC converter, the

researchers report the result as an energy
‘harvesting’ system. Why?

- —— Pt (120 nm)
R ,,,——,— \ PZT (1 um)
NN L SEB00N \ VT (10 nm)
NN LUUMMMMN

 Volume Problem

« Thickness Ratio
- Electromechanical Coupling Factor

SiO, (500 nm)

44



Energy Transduce

Piezoelectric Energy Harvesting
- Uchino’s Frustration-

Required Energy for Practical Applications

* Charging electricity into a battery: 30 — 100 mW

e Soaking blood from a human vessel: 10 — 20 mW
 DC-DC converter spends 2 -3 mW

* Sending electronic signal: 1 =3 mW

e Minimum 1 mW is required for the
energy harvesting devices.

e Less than 1 mW is called “sensor
devices”.

45



Energy Transduce

Power Den5|ty In Plezoelectrlcs

Piezoelectric
Devices

}

Heat
eneration

23. i 588 v

Dfﬁ“
Contowr Fill of Stress, X<-stress
J 1} !

46
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Energy Transduce

rower Density in Piezoelectrics

2000 «B -
9 1500 QA _
E‘: 10001 ﬁm \—P
L heatef
. eram ]
PZT beco |empR?5r:ture ‘\ B-type
0.01 0. 02 0105 6-1 0-2 {l)-5 1
Vibration Velocity vg (m/s)

e Maximum Vibration Velocity 0.6 m/s (rms)
e Power density 30 W/cm?3in PZT

¢ Minimum PZT volume 0.1 mm3for 1 mW

« 30 pm thick films with 3 X 3 mm? device area

e MEMS devices with less than 1 um thin PZT films are
useless for energy harvesting

g8 &
Temperature Rise AT (°C)

1w
Q

=%
o

o

a7



Energy Transduce

MEMS Energy Harvesting

J=—P1t (120 nm)

AL A

TR O spﬂ (1 um)
NN AN
L SHE500 \T. (10 nm)
NN
LAY Si0, (500 nm)
2
dy, EI2Y, t

AN

N\
 Thickness Ratio  © = {y [ —(1, ~t,)7+ Y. [(t, +1.)" - 1)

Displacement is max ; _ Ltn @t +4t,)Y, +1Y,

att, ~t ° 6t t, (t.+t,)Y

m

 Electromechanica’
N S U“‘

%
D
>
9
=

w
o

N
o
Resonance Frequency (kHz)

BT
o

P. Muralt, Integrated Ferroelectrics,
Vol. 17: 297 — 307 (1997). 0 5 10 15 20

Silicon Thickness (um)
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Phase lll : Electrical Energy Transfer

High voltage Low voltage
Low current 1 High current
W0
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(1) Mechanical Impedance Matching
(2) Mechanical-Electrical Energy Conversion
(3) Electrical Impedance Matching

 Various converter topologies can step down the voltage:
Forward converter, Buck Converter, Buck-Boost

Converter, Flyback Converter etc. 0



Switching Regulator: Step-down buck chopper

Ton
TontToff
If the loss is zero, Input power = Output power

Average: v, = dE = E, d: Duty Factor (2%)




DC-DC Buck Converter with 12V Battery
=Shifting of matching impedance, 300kQ to 5kQ.

The Buck Converter increased the charging by 10 times.

* The power loss in the Gate Drive Circuit of Buck Converter is only “5mW.

* Buck DC-DC Converter harvests at the optimal duty cycle D, ;;,.., (2% = 502
impedance change) for a given mechanical excitation.

4(;‘ —_— - 140 Tlconverter:42'75rn\/\//\r)smvv
u] ~ O
3 . / 20 81/0
~ o Vy | I
. T ] charge3.D0MA
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H M.T[' 1
d— Buck Converter

53 mW 43 mW
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Output Power [mW]

100

90 4

80 4

70

60 -

50 -

40

Output from Multilayered PZT Cymbals

U Single layer (Imm and 0.5mm) and Multilayer (100 um 10-layer)
U Output current of multilayer is 10 times higher at lower impedance
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LED Lighting
2 5.3V, 10mA, 53mW, 5000
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Future

Piezoelectric Energy Harvesting
- Uchino’s Frustration-

(4) Few papers have reported energy flow or exact
efficiency from the input mechanical noise
energy to the final electric energy in a
rechargeable battery via the piezoelectric
transducer step by step. Why?

!

You should learn how to
measure the energy flow.



Future

Energy Flow (Transmission & Conversion)

Table 4 Energy flow/conversion analysis in the cymbal energy harvesting process.

Source Transducer Transducer Circuit-in Battery
Mechanical | — | Mechanical | Electrical | Electrical | | Electrical
Energy | Energy | Energy “ | Energy | Energy
9.48 J 8.22J 0.74 J 042J 0.34J
87 % 9 o Rectifier- Converter-
’ ’ 57% 81% &
Efficiency 3 6 %
Amorphat \
a
| echan\c
v om ke\}
\eC s the
jgher © nis
jplin
coup‘
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Summary

Summary

] Keys for piezoelectric energy harvesting: (1) Mechanical
Impedance matching, (2) Electromechanical
transduction, and (3) Electrical impedance matching.

J The Cymbal is employed for the energy harvesting from
a high-power mechanical vibration, while the MFC or
PVDF is suitable for a small flexible energy vibration.

J A Buck-Converter is effectively used for the DC/DC
converter for realizing the electrical impedance
matching.

] Key to dramatic enhancement in the efficiency is to use
a high k mode, such as kj3, k;, or k;c, rather than flex-
tensional modes.

58



Future

Piezoelectric Energy Harvesting
- MEMS High k Design Proposals -

Cantilever Support

(a) Unimorph array with wide-frequency-range coverage
(b) Unimorph long-beam design with low resonance frequency

(c) ML & a hinge lever for in-plane vibration
| oo NS

ML Actuator

pa——

_ML Actuator-

|

Side View

(d) ML & wings for out-of-plane vibration
(e) ML & long-wing design with low resonance frequency
(f) ML & hinge lever for out-of-plane vibration

-—

Top View Side View
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Future

Hybrid Energy Harvesting System

 Vibration Noise = Elastic material =2
Piezoelectric effect

« Magnetic Noise > Magnetostrictive material =
Magnetoelectric effect

 Photo lllumination
o Pure light = Elastic material 2
Photovoltaic effect
o Photothermal heat = Elastic material =2
Pyroelectric effect



Future

Magneto-electric Sensor

Penn State Univ & Seoul National Univ
High Piezo
g cgnstant
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Terfenol-D Can detect low frequency
= g rervanen  Magnetic field!
Terfenol-D TMAGNET

~ Ryu,J, A Vazquez Carazo, K. Uchino and H. E. PENNSTATE
@Sm“l National University  imJ. Electroceramics, 7, 17-24 (2001). @

Soarng towards the Future
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Future

Hybrid Energy Harvesting |

00+

FeBSiC layers

Push-pull PZT
fiber lavers ‘H
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(a)

(b)

Experimental: (a) under only a “stray”

ﬂ\"ihmtinnc

magnetic excitation of H3=20e
(f=20Hz), (b) under only a “stray”
vibrational excitation of a=50mg
(f=20Hz), and (c) under both “stray”

magnetic and vibrational excitations.

Junyi Zhai: Ph. D. Thesis, Virginia Tech (2009)
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(b) Under vibration excitation
@ a=50 mg; f=20Hz

| —=—0utVv]
e—DutVv
=

{c) ac magnetic field + vibration
@ Ha3c=20e. Vib. a =50 mg; I = 20 Hz
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Future

Piezoelectric Energy Harvesting
- Personal Perspectives-

(1) A hybrid energy harvesting device which operates under
either magnetic and/or mechanical noises was introduced,
by coupling magnetostrictive and piezoelectric materials.

(2) Two development directions:

(a) Remote signal transmission (such as structure health
monitoring) in [mMW] power level, and

(b) Energy accumulation in rechargeable batteries in [W]
power level for home appliance and automobile
applications.

(3) MEMS/NEMS and ‘nano harvesting’ devices:
(a) Present energy level pW ~ nW is NOT useful.
- Thick film (> 30 pm), k;; mode design
(b) A genius idea is required on how to combine thousands of
these nano-devices in parallel and synchronously in phase.
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END
Thank youl!

Contact: Kenji Uchino, Director
E-mail: kenjiuchino@psu.edu; Phone: 814-863-8035
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