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Introduction to energy harvesting
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Background: Sensors everywhere!

e Smart House | il
e Distributed Wireless Sensor Networks ... - O o

o
O O Sensor Node

''''''' Sensor Node

Integrate components:

Wikimedia Commons

On humans:
An electronic patch

Energy source

On fish:
Sensor system

Microcontroller

Ultralow power!
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Example: Condition monitoring
Challenge: Measure vibrations on expensive machinery

SET: P9917 SHOFP TYPE: FFT DATE: 18-0CI-95 14:85:90
FOINT ID: P9917 BA MTR DESC: SHOP
HIHDOH: HAMMIHNG LINES: 408 AUVER: 4 FREQ: @8 - 2008 H=
DETECT: RMS RPM: 2965 THRESHOLD: @.08000 UNITS: mm/sec
155.0808 B.5859 3.137 -—-
1.5

1.35
1.2
1.85

Normal

a.9
8.75
8.6
a.45
a.3

8.15

UENCY
Bearing outer race
Motor rotational defect fundamental
frequency 49.4 Hz 155 Hz

Multiple harmonics
of outer race defect
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Powering Distributed Systems
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Harvesting energy from vibrations

» Vision: Eliminate batteries by

introducing energy harvesters enabling a

new generation of distributed wireless

sensing and control systems

» Approach: Harvest ambient vibrational
energy using a piezoelectric

transduction mechanism

Unprocessed
electric energy

Piezoelectric active
structure

Kinetic energy
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PZT thick films — technology and applications
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Integrated piezoelectric materials

Higher integration

Lower cost Smaller size

_ Less material
Lower weight

Less processing

1 mm 100 pm 10 pm 1 pm 100 nm 1nm
. Thin Nano-
" Plates Tech.

Discrete componemg Functional layers on substrates Integrated functicTR
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Challenges and the solution

r Compatibility challenges
» Bulk ceramic is sintered at
1250 - 1300 °C
» At these temperatures PZT will
react with the substrate

r Mismatch between thermal
expansion coefficients causes

delamination Delamination effects
¥ Solution: .
» By introducing a sintering aid, K —
the sintering temperature can L 13
be reduced significantly g 7 P —
L0 6,5
. 6
5,5
5 T T T T
700 800 900 1000 1100 1200

T/°C

Densification at lower temperatures
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Deposition techniques

Screen printing l
| | |

Pad printing
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PZT thick film compatibility

SUBSTRATES

\\

_ Silicon/MEMS**
Ceramics

Stainless steel LTCC*

*) in cooperation with Thick Film Microsystems Lab, Wroclaw Univ. of Tech., Wroclaw, Poland

**) in cooperation with DTU Nanotech, Lungby, Denmark
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' PZT thick films — areas of application

¥ Transducers
» Medical imaging (high frequency,
high resolution)
r p-MUTs
¥ Actuators
» Micro-valves
» Micro-pumps
7 Micro-mirror positioning
» Linear or angular positioning
¥ Sensors
» Accelerometers
Strain gauges
Knock sensors
Pressure sensors
Hydrophones
» Viscosity sensors

¥ Energy harvesting

N

A |

N

A |
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High-performance PZT thick film for energy harvesting
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High performance PZT thick films

¥ The piezoelectric properties of the PZT thick film can be improved by
using an additional processing of the green films in high pressure

Micrograph of standard PZT Micrograph of PZT thick film (on
thick film (on silicon) silicon) modified using high
pressure processing
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¥ Test structures, have been
manufactured using InSensor® PZT

W=3or2mm

et

: L=12.50r25mm

Test structures

Clamp-on seismic mass

thick films
» Standard (STD) TF2100 (hard PZT _
based) PZT thick film (30 um) .
: op electrode (Al, ~0.5 um)
» Modified (MOD) TF2100 (hard PZT PRI obetrate (350 wm)
Bottom electrode/diffusion barrier

based, high pressure treated)

¥ 30 um thick film (both STD and
MOD) has been deposited on
360 um thick silicon substrate with
dimensions equal to

r 12.5x2 mm?2
7 12.5x3 mm?2
r 25x8 mm?

» Pt based bottom electrode served
also as diffusion barrier layer during
the PZT sintering process

¥ Top electrode has been deposited
using evaporation technique (0.5
wm thick)
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Experimental setup

» Before the measurements the
devices were glued to PCB fixtures

» The whole fixture was mounted on
a shaker, imposing a sinusoidal
acceleration at the base of the
cantilever

» A reference accelerometer was
fixed to the vertical axis of the
shaker, in order to measure the
vertical acceleration

» Three different values of seismic
mass have been used in the
experiments (125 mg, 191 mgq,
286 mQ)

¥ The measurements were
performed at around 1 m/s?
acceleration
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Test structures, bonded to PCB fixture (top), on the
shaker with clamped-on seismic mass (bottom)
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Measurement results — direct comparison

Power/ Acceleration2 W sA/mz]
.2 4, 2
Power / Acceleration [uW s /m°]

Standard PZT thick film High performance PZT thick film
InSensor® TF2100 InSensor® TF2100

Page 20
20



Results - continued

0.9

084 | ©STD12x2RI=61.4kOhM | - _ e o
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Summary of results

» Output power P,,,, of a vibration energy harvesting generator with a seismic mass
m can be expressed in the following way:

o ~ M &2/ Inm———  FoM = P, £/ (M &)= {Pryla® f./m

P

Planar Piezoelectric Resonance Maximal measured FoM
dimensions thick film frequency; output power,
[mm x mm] f [Hz] normalized;
P../@ [14W s/m?]
TF2100 STD 493.2 0.95 1.6
12.5x 2
TF2100 CIP 512.1 2.46 4.4
TF2100 STD 617.4 0.87 1.9
12.5x 3
TF2100 CIP 612.6 1.71 3.9
TF2100 STD 191.2 418 2.8
25x3
TF2100 CIP 205.0 7.56 5.4

*) All values have been measured for seismic mass of 286 mg at matching resistive load
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Complete wireless sensor system
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I From single harvester to a system

24
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' Practical implementation of wireless sensor

Electrical

energy _
Microcontroller

module

Energy
—>» managementand ——>
storage module

Kinetic energy sensor

Wireless
communication
module

¥ Harvesters convert kinetic energy into electrical
energy

¥ Electrical energy is stored and conditioned

” When sufficient electrical energy is available, the
load is powered

¥ Microcontroller repeats acceleration measurement
and performs intermittent data transmission

|
|
|
|
|
|
|
|
|
Acceleration :
|
|
|
|
|
|
|
|
|
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' Characteristics of acceleration measurement

¥ 3D acceleration measurement performed

¥ Sampling frequency: 1600 Hz

¥ Resolution: 13 bits (38 mm/s? per LSB)

¥ Number of acquired samples for each axis: 60
¥ Acquisition time: 37.5 ms

Page 26
26



' Early prototype characteristics

Electrical

energy Energy

—>» managementand ——>
storage module

Microcontroller
module

Kinetic energy sensor

Wireless
communication
module \i/
¥ 3-4 harvesters excited at the same resonance frequency
¥ Resonance tuned adding extra mass (f ., = 167 Hz)
¥ Minimum RMS acceleration: 5 m/s?

¥ Wireless data transmission demonstrated above 1 m distance

|
|
|
|
|
|
|
|
|
Acceleration :
|
|
|
|
|
|
|
|
|
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I Conclusions (1): PZT thick films

¥ The properties of the PZT thick film can be substantially improved by
high pressure processing

¥ Modified PZT thick films show superior performance over the standard
ones and allow to significantly increase the output power of energy
harvesting devices

¥ Figure of merit of the high performance based devices is approximately
two times as high as one for the standard PZT thick film based devices

¥ The presented technology is a very promising candidate for fabrication of
integrated and miniaturized devices on silicon (MEMS) comprising both
sensors and energy harvesting micro-generators

¥ The high-performance InSensor® PZT thick films based MEMS devices
can be manufactured at wafer-scale making it very attractive for high
volume production
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' Conclusions (2): energy harvester

¥ Power harvesters realised with silicon micromachining
technology and screen-printed PZT thick films
»  Open-circuit voltage up to 4 V @ 5 m/s? peak
r Maximum power range up to 14 uW @ 5 m/s? peak

¥ Self-powered wireless sensor prototype
» Harvester resonance frequency tuned by adding mass
(fos = 167 Hz)
7 Intermittent data transmission
» 3D acceleration measurement

» Radio frequency data transmission demonstrated
¥ More work will be put in harvesting at lower frequencies
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Working principle

S L
» Ambient mechanical vibrations accelerates .~ fum _
the seismic mass which strains the e H
piezoelectric cantilever beam. / PZT cantilever M
» Energy is harvested by electrodes on the e
sides of the strained piezoelectric layer. - o
» Most effective at resonance: - Seismic
Mass
~
R A 4
P = V2 Bl = Electrode
(R+ Ry)? ¢
Power output:
Ma?
Rg; R; P ~ f(d31,833)g(Y, I/)h(L,H,) "
Vg A Electrical Mechanical Geometrical
parameters parameters parameters
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Modelling the resonance frequency

L Ly,

<& »
< > <

v

Real device

_ 37 H3WY (20L2M2+5ML,, (6LM~+3ML,,))
wo = L(5040 L M3+3M L, (5040L3 M2 +7 L, (945 L2 M2+30M Ly, (2LLM+6ML,))))

Too naive ®

L—|—%Lm A

IS 0 = 5 |
0 2 (L—I—LTm)BM

Good approximation ©
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Modelling the resonance frequency

3000

— Full model

2500 -
— Point mass M, L=L+Lm 2

2000 - Point mass M at L

1500 -

1000 -

500 -

0.000 0.002 0.004 0.006 0.008
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Resonance frequency

W 1 H3WY
0 2 (L—I—LTm)BM

_ /2 H3Y
Lm (2L+Lm)3 (HPPZT_I_hmpSi)

Does not depend on the width of the beam!
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