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Ambient Intelligence

Ambient Intelligence
electronic environments
that are sensitive and
responsive to the presence
of people
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Energy-Neutral Aml

* No power and data cable for sensors and controls
» Easy to install (in the optimal position)

* Retrofitting is feasible and inexpensive

« Battery-powered operation > maintenance

Energy-neutral = harvest energy
from the surrounding environment and
store it locally

Multiple Scenarios:
Indoor/Outdoor
Stationary/Mobile/Wearable

* Photovoltaic (outdoor, indoor)

* Inductive coupling

* RF energy

* Air flow

* Motion, vibration |
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The Good News

Mobile terminals Batteries

harvester-aware
design
WSN e
Today’s
Harvesters
Today’s WSNs

ummmp \WSN evolution  |imp nmmmp harvester evolution mmp

The gap between scavengers energy and requirements of digital systems is
shrinking
Exploit energy management strategies and improvements in scavenger
technology

— Overcome traditional energy management strategies (battery-driven)
An new unified design methodology is required

— Smart adaptation

— Design for unreliability

— Exploit unpredictable power sources
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Objective: 100 yW Avg - Energy neutrality becomes “easy”
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Where are we now?

Average rower

Harvesters consumers
Cell phone
Zigh h network nod
1 em?2 a-Si PV — (V\Il R)eﬁrg?ne\?virerllgsgvgernsg% ©

*—— AAA LED flash light
e—— Chipcon CC2500 radio (Tx mode)

in sun lit airplane pax window

T~

1 in? TEG on crease beam ——— _ o _
*—— Wireless dimming window

TEG stringer clip ——

—

6 mm? TEG on hydraulic line —e
Large inductive vibe harvesters —<

Push button harvester ——
1 cm?2 a-Si PV in blue sky —

1 cm? a-Si PV in cabin lighting

*— T1 MSP430 microprocessor (awake)

—— Wireless sensor @ 1 Hz

Push button transmitter

GSE monitoring sensor
(log data every 10sec, Tx 2X per day)

-

Small piezo beam vibe harvesters—

i Chipcon CC2500 radio (asleep)
TI MSP430 microprocessor (asleep)
. | ]

TEG=thermoelectric generator
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EH powered nodes

Generic Load

CPU r ADC
Wireless

EH-management Input

Interface

/ ch \ protection
-mngr N A
A EH-switch "\

Sensors

Supercapacitor Battery

Smart Power Unit Supercapacitor Battery

« General purpose Integrated Architecture

Optimized for Ambient Source and storage, but

o -  Usually maximum efficiency
not for a specific application/load

 Tailored on a specific application/load

* Plug-&-play ) .
: .  Fully integrated (complexity!
» Analog or with Digital Interface for external y J ( plexity:)
power management (standardization? |
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‘) EH Subsystem architecture

* Not all are required for every application and every source

» Rectifier, DC-DC converter and MPPT are the most challenging
and require a very accurate design process (coupling)

« Charger/limiter/protection consumes additional power and are
often to some extent redundant.

s

Ambient

Charger/Protection

Storage
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Energy sources

Non-monotonic & Unpredictable

« E.g. solar power (PV-cells) light T darke
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. “Low power design # Design for neutrality

Hardware Design

Natural progression of , g
« Conversion efficiency

Energy Optimization :
Techniques . Impe_dance Matching
 Maximum power transferred
Low Power Design Software Design
1l . Energy Prediction,
. * Scheduling & Allocation
* QoS adaptation
@ [—— Power Produced by External Sources
—— Power Reguined
Battery Aware Design —_met:f:nﬁ::mw'mm Storage of Slack Power

Erwgy Replenishment

Ersvgy Wasted Porevar Bquinment
| | il T
n

Power

Time i
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— Structural monitoring

¢ SCALOPES www.scalopes.eu
— Video-survelllance

e SOFIA www.sofia-project.eu
— Smart objects & spaces

« Sensaction-AAL
— Auditory Biofeedback

¢ SM|L|NG www.smilingproject.eu
— Training
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How hard?

Stationary, Outdoor, low-bandwidth = ‘Easy’

ationary, Indoor/outdoor, high bandwidth-> ‘Not Easy’

! IMobile, Indoor/outdoor, high bandwidth-> Hard
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Wireless Video WSNSs

« Features:
— Video acquisition analysis in real time (detection)
— Multi Sensor
— Data Fusion

 WSN challenges
— High data rate = needs local processing
— High power consumption due to

* huge quantity of data produced in by image sensors
» Useless processing occurring when the scenario doesn’t change

Low Power HW is not enough
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HARDWARE

— STM SPEAr 600plus il
« ARM A9 dual-crore PIIR
* Video HW accelerator SENSOR USB CAMERA

— USB camera UNIT

SPEAr600

— Infrared pyroelectric
sensor (PIR)

SOFTWARE

CPU

Peripherals

128MB RAM

— Embedded Linux Kernel 2.6.27(CPUfreq + PM framework)
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Multi-level + Multi-modal

* Interaction Application /
Resource Manager

« Dynamically scales
processor frequencies
and application features

» Reduction of the power
Consumption

« Dynamic tuning of
video algorithm and
application

 Variable Quality of
Service (FR, Accuracy)

Interrupt(PIR) ake up CPU

ACQUIRE FRAME

bl ** STORED

APPLICATION

BACKGROUND

RESULTS

RM INTERFACE

< 7 N
- N|  RESOURCES
POLICIES APPLICATION N MONITORS

RM

HW SPEAr DRIVER
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Results

Ten random
events
every hour

600 \\\ MO RM - NO PIR
\ \\ e Oinily PIR - Mo RM

400 \ \\ s PR+ RV

200

ﬂ 1 1 1
o 3 \\5 9 12 \ 15 IME [h]

Reduction of power consumption up to about 60%

1000

800
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Multi-ML + Distributed

Camera + PIR onboard !
(previous work) NEW APPROACH Bluetooth
Further reducing
cameras activities g _
/. Tier 2
& \ fo Camera
2 #

/ | “Cpordinator nodes
¢ |\
ﬁk Il

=4

Tier 1
PIR nodes




Example

Scenario with onboard PIRs

[ =R

CAMERA 2

i

¢ 4
CAMERA 1 \ /

75% of events in the room both cameras
awake —>large overhead

Prolongation of network’s lifetime!
IF:

WAKE-UP RULES:
CAMERA 1 = PIR1 & PIR2

CAMERA 2 = PIR2 & PIR3
energy awareness

Radio energy < Energy savings

from reducing cameras activities!
|
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Results

« Camera’s lifetime prolongation for the Scenario with a PIR
nework for lower WOR duty cycles

95% lifetime prolongation

% 30 - Osoev/h
E B80ev/h
E 10 -
=
w
-E -10
o
|
-30

Overhead of transceiver power consumption!

# Working on physical-layer Wake-up radio and system implicatl'ons
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Energy Generation Options

Solar + Wind + High-frequency kinetic together do the jOb

+ aggresswe network power management e —
—#— 11000 LUX
I~ A WE W S —
sowce | PowerDensiy | :
» Solar 1-100  mW/cm?
Vibration Capacitive 100 HW/cm3 . .
Vibration Inductive 10-15 UW/cm3 | (ol B T B
» Vibration Piezoelectric 300 - 500 UW/cm?3 T 1';50@””0%399(\5?5 I
Thermoelectric 6—15 UW/cm3 et 5k (
High frequency vibration 100 UW/cm3 ,\.le,l.::‘ |- Qg —Fanie I'{'f{.l'\'
Ambient radio frequency <1 uW/ecm? | " jtj' :7 o ' [ ‘;‘;:
Vibrational : o]
_ 800 (@ kHz) UW/cm?3 RIFREEE
microgenerators 3
» Ambient airflow 1 mW/cm? | L - HQ—E fit | | \

Load resistance R, ()
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How hard?

ionary, Outdoor, low-bandwidth - ‘Easy’

ionary, Indoor/outdoor, high bandwidth-> ‘Not Easy’

outdoor, high bandwidth-> Hard

Wearable, high bandwidth-> Very

Wearable, high bandwidth, high-power=> Un
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£ \,
SEnsAcCTION-AAL

Monitoring, alerting, training

: Home environment

Action

o seme N Actuators
e

S & |_
K\§§=;”’,/ Movement
Action
Sensors
microcomputer

8 @ ( Real-time biofeedback

Netion_~ o
a Remote monitoring
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Closed loop scenario:
Blofeedback for rehabilitation

kel i1

) aza}
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e e e (]
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../../Documenti/work/Lectures/WSN/VIDEOLIBRARY/Bio.mpeg

Clinical validation trial

- & WoFeedbick o 4z 1532 ok

* Subjects
10 subjects with 5C1, lesion level range C6-TG
Patients were randomly assigned to:

4 TG, treatment group, & subjects

4 06, control group, 4 subjects

* Protocol
First day Last day
| 3 weeks of |
= traiming
Baseline « AVBF training for TG Post-
{20 min & day, in addition o Treatment
Testing the conventianal therapy) Testing

» Conventional therapy for CG
{120 min)

@

o 421532 ok

s Calibraticn

an
Fratiecr! Nacnw | o018
—T ]
s
|-Tr:'.szﬂ|
SensAction - AAL | Packats
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@ Dt :
Fal ton

i
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24 %

57% (last trial)

Svay Area 21158 (last |
2% 0 s [ T a 015

22 015 A1 Q08 0 ee & 0¥ 02

99 %

17% (last trial)

’.
L
|

Sway Area:5078

Svay Area 14277 (last trial)

First trial

Last trial
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« Add application specific strategies.

* Important factors in the perception of a
tactile stimulation:
— Vibration frequency
— Vibration amplitude
— Stimulation location
— The Adaptation behavior.

 We produce stimulation through on- off

pulses in a square-wave shape. -

— By changing the duty cycle of these pulses we add
another control variable to the system

= E
2 o

Nl ate —

;"‘ f \ ll\ W/ A &
o000 g" f \ .’l \ |
] 1 >t i L O 7 A L\
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Bring Sensaction-AAL Home

« Extend battery lifetime

¢ Strategy:

— Reduction of energy requirements:
« Low-power node design and component selection
* On board processing — minimize wireless transmission
« Context-aware power management

— Reduce QoS: simplest feedback

— Harvest energy
* Indoor PV?
« EM?
» Kinetic?
 Thermal?
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voltage supply range (usually
between 1V and 4V ) (R R e
Tmote Sky  2,1-3,6V  [EEEIGHTERE
TinyNode 584 2,4-3,6V — z
[usolar scavenger 10mm?

Tl Node 1,8 -3,6V PV surface: Brunelli, Benini]
* Powering sensor nodes with unregulated and variable voltage
supply from the solar cell > adaptive Active-Recovery DC
— Minimize the energy used for DC/DC or linear regulation

— Automatically adapt duty-cycle with analog thresholds (comparators)
on voltage supply

— Optimize thresholds for MPP in low-lighting condition (no tracking at
high lighting as energy is over-abundant)
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Approach

* Select the desired light intensity and find the solar cell MPP
* Awindow (Vthl , Vth2) is defined around the MPP forcing the
senor node to operate in this range of values.

350 —

P [uW]

300 MPP

250 : :
High Intensity —

200

150
100

20 Low Intensity

0 Vth1  Vth2 VMmPP,,.

0 1 2 3 4 vV’ |
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Motion and Vibrations

Electromagnetic Piezoelectric

— Strain——— M i ,;

Mass I Motion =

3 > Staine_____

ot 5 ::anlage s - /{/,
= 3 /

S —— Energy —— Vertical
F cdameling = harvastin g L] displacement
— force
| Magnet
eMore easily eTypically output AC eThe output voltage is
implemented in voltages is below 1 volt irregular and depends
standard micro- in magnitude on the constructions
machining processes
eRequires a separate eAn overvoltage

voltage source (such eNot easy to implement protection circuits is
as a battery) to begin with MEMS technologies required
the conversion cycle.

~4 mJ/cm?3 ~12 mJ/cm3 ~36 mJ/cm3.
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Kinetron (NL)

Size 6,5x2,5x2,5cm
Weight ~80 g
Storage Capacitance 4700 uF

(10x more than piezo!)

Average power (2 Hz) 206 yW
Energy per minute 12,4 mJ

Major challenge: Mechanical Coupling with the body
|
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* Harvesting Thermal Energy

)

aoElectric current
< Cooling & Cégling

Electrode on low
temperature side

€ S0
-] s L=
Electron Y8 o Positive hole
o
i A
n-type @ & p-type
semiconductor | ) 2} semsconductor
()
i a
e ————

m’Heaﬁm

Thermocouple

> Contact

Thermopiles
- thermally in parallel
- electrically in serial

Nature 413, Oct. 2001

Thermoelectric Seebeck Effect

\_

/Temp. gradient drives heat row\

i

Electrons and holes flow in

N-type and P-type lags made
of semiconductor materials

a

Carnot Efficiency
= AT/TH

J

Low Efficiency

04

0.3

0.2

Efficiency

0.1

0.0

300 400 500 600 700 800 900 1000

Temperature
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]‘ P~ 20 uW/em?

Heat dissipation from top case into air l

v/ N\ /. Quartz Watches: ~40 uW

Conversion efficiency at AT=5K: ~0.3% (not a problem!)

£ £ ! £ £
Movemeant

(hitpfwww_roachman.comithermic/)

|
THEFIITI-ﬂl and module
insulation management Back case Seiko {45|JW] Citzen {']4L1W]

i
Power storage Thermoelectric

In order to obtain an operating voltage of 1.5V, over 2000 pairs of Bi, Te,
thermocouples are required.

very costly using conventicnal
module fabrication technology
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Energy Generation & Storage

* One size does not fit all for generation

— Environmental energy sources are
(intrinsically) highly heterogeneous

— Their availabllity strongly depends on
application context

 ...and for storage

— Major tradeoffs in density vs. peak current vs.
# of recharge cycles vs. cost

ALMA MATER STUDIORUM ~ UNIVERSITA DI BOLOGNA



Energy Storage Options

Ultimate energy deposit,
but difficult to delivery
and reload

Good density, easy to recharge,
but lifetime is an issue with

irregular recharging patterns

1%
:@ S /
= 100 Conventional
=3 batteries 1 hour 1 second
> 10
w
& 1 10 hours
©
==
o
@ 0.1
-
LU

0.01

10 100 1000 100\0

Power density (W/kg Poor density, good with peaks,
but difficult to deliver efficiently,
great with recharging

|
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Putting It all together: the
Smart EH Unit

Heterogeneous EH + Storage




Harvester architecture

Ambient N T osen » Electrical
energy MPPT jy: energy
source circuit ¢

k AN

MPPT = Maximum Power Point Tracking
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Harvester architecture

N—
[ Single-source E.H. #1 g
MPPT
source
#1 \ circuit Ij
Ambient /Single-source EH. #2 B
ener — : :
sourgz » MPPT —iL Powe Embedded
H#o circuit I_ anageme system
< ~
[ Rechargeable
Ambient /Single-source EH. #n A battery
energy _ .
source MPPT i
#n circuit —F
—
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Ambient

energy »
source

#1

Ambient

energy »
source

#2

Ambient
energy

source
#n

[ Single-source E.H. #1 )

MPPT
circuit
o

/Single-source EH. #2 )

Wizl

MPPT
circuit

/.

Wislsl

/Single-source EH. #n )

MPPT
circuit
o

Wizl

Harvester architecture

Energy harvesting
subsystems

« QOperate independently
of each other

« Each one performs
MPPT

« Each one stores the
collected energy in its
own supercapacitor (or
battery)
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Harvester architecture

Powermanagemepigiecdbyrce E.H. #1 )

eneﬁ)&c;,dei Ring — | § Energy harvesting
soJfEE MPPT —a 18 subsystems
e #enables circuit I_
addition =
subsystems; . _
Amb'i*é‘r‘i“ﬂéer Single-source E.H. #2 Operate independently
anepfjjharvest ecan  — of each other
soufﬁgtr;‘pl ‘”&m L §- Eachone perfoF@ﬁS:fd
#2eservoi 3/ MPPT

« Each one stores the
collected energy in its
own supercapacitor (or
battery)

_Energy reservoirs:

* supercapacitor (main)
Ambiedtiargealsmbpttayurce E.H.  #n R

eneBtherI% ainst
sousgerc rcHéfgel

voftagdt

I
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Putting It all together

*Power unit with
radio trigger
capabilities

*To provide the

nodes with a smart

power management

II
sub-system i N
il\ _________________________ /'i i S ————————— -
*Policies for power | 777" T ARG N
[ 1 1
management ' il 11| ccao !
i FuELCELL | 1 i i
' I ¥ ' RADIO |
*Dynamic duty ] T T - ,'
. 1 1 I e -
cycling | POWER STAGE TS \
1 1 | 1N 1
QuTPUT
+ Advanced i;— E &
wakeup/sleep "\ N W M \‘ \ POWER STAGE /
. , / 2\ T EmEmEmEmEmEmEmE==
mechanisms ST =

e

______________ 71
1

- —— 1
I, \\ :
] : 1
| | INTERFACES | !
1 1 1
1 1 1
1 1
1 1 1
: SENSORS : I
I I :
1 1 1
1 1
1 1 1
: MEMORY : :
] ¥
v, PERIPHERALS 7/
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Commercial harvesters

« PV: quite mature, with many products

— Flexible PV materials are interesting e.qg.
www.powerfilmsolar.com

 Solution provides
— www.enocean.com (Piezo, kinetic, solar)
— www.kinetron.com (EM — kinetic)
— www.micropelt.com (thermal)
— www.powercast.com (RF —transmission)
— www.microstrain.com (Piezo)

 ...and many others — EH forum
— www.energyharvesting.net
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http://www.powerfilmsolar.com/
http://www.enocean.com/
http://www.kinetron.com/
http://www.micropelt.com/
http://www.powercast.com/
http://www.microstrain.com/

Now, let's make It really hard!

Large power sinks
or
Ultra-small for factors
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Smaurt Prosthetics

 Local project with « Motors involved...
INAIL: that is Watts!

— Smart node based on
electromiographic
sensors to drive a
prosthetic arm+hand

— Embedding
intelligence on board
(pattern recognition)
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"Big" Harvesters

www.bionicpower.com

8-14W power from comfortable
walking pace (2 devices)
1.5m/s on level ground

Larry Rome, University of Pennsylvania, 2005

5 cm up-down hip movement from
walking reacting with 20-38 kg inertial
load generated up to 7 Watts

Up to 1-2W
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« Embedded coil and
microelectronics module are
hermetically sealed within a
titanium package.

* Implant monitors static & dynamic
forces and moments across knee
in vivo.

US patents 6529127, 7256695

Current state of the art = Inductive power coupling |
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Cathode s
Current Lithium Anode

Collector Electrolyte

T
L

Anode Current
Substrate Collector

Image Courtesy DOE-ORNL
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Micro Power Transmission

Energy harvested from RF waves,
generated by a transmitter
(wireless power transmission)

S )
e

« Store the energy with
supercapacitor like energy buffer

v Rectenna / DC Voltage

v |
Impedance oMage |yl eensors X
\Matchmg

Power

Harvester Regulator

RFID
transmitter

868 MHz




Power Transfer Efficiency

4,6 l —
— 4.9 WISP - 2009 H vy B
2 44 I
Q
&
= 4.3 —
S
£ 4.2 —
o |
£ 41 Power Cast -
x 1
) 2009
2 4

3,9

0 2 4 6 8 10 12

Distance [m]

Power levels are low (tens of pW)
Advanced RF & Antenna design is needed
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. Harvesting-aware Management

« Tasking aware of battery status & harvesting opportunities
— Richer nodes take more load
— Looking at the battery status is not enough

* Learn the energy environment

\_
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Topology
Learn Local Energy Control
Characteristics Distributed
Predict Future Decision _
Energy for Routing
Opportunity SChedU“ng
Learn
Consumption .
Statistics Clustering
_J




\
Eq(t
energy source S.( )> energy storage ED (t) _
: | > environment
(T - Ec(®),
: I J
‘ _ } A
E(t, k) Ry ()
estimation |F----- »on-line controllerf- - - -+ application _
Y T > run_tlme
! ! platform
. system state |« - -
J

Models for application, quality/utility, system behavior
Optimization problem
Efficient run-time implementation |
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Example: MPC for harvesting

* Optimization problem: finite horizon control

— Example: Linear program for
sensing/transmitting optimization

maximize (A — p) subject to: (14)

Rate of acquisition si(t+k-L)>\ VO < k< N
Memory usage ﬂj(f_ +N)<p
Stored energy Ec(t+k-L)= Ec(t)+ Zﬁ (} E(

— > (L-[0.1 0.9]-S(t+ - L)) 0 VI<k<N
Used memory ﬂj(f +k-L)=DM(t)+

+L2J o |1 —1]-S(t+j-L)> Vi<k<N

Final stored energy Ec(t+ N -L)> Ec(t) — 150
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MPC at Work

I I I I Bl
wonl predicted energy F (¢, 0) o Storedenergy E(t) Example 1
ool harvested energy Eg(t) i Sl A ] | sensing rate control
W0Fs g : minimize interval
TS [ T R/ Y N .t 3 '# between samples
1000 %. 3 ’%;I % il éﬁ el u . i 'E ',' " "i.:: ' 4 !_'. ﬁ
b [ HH LR -'h‘h' Byt ? 4 LN 1"} v -‘:..l !:“ :'l ) 3 i : 1 A "JLE ; f;
LA WA L A AW AW s AL WL AW W A j
500 1000 1500 2000 2900

Example 2
2000

rate control with
memory buffer

1200

1000

TR
==L SR
3

500 ! ji . ! .
N [ ) ‘. R #7 eminimize interval
. . . . . r between samples
2000 |- &~ occupied memory M (t) N
N \

*minimize amount
1500

of stored data
1000 f \ /\ i
500 - / communication rate RQ

stored energy Ec(t)

Ol — — | | —r— — — —|
1700 1800 1900 2000 21 IJD EEDD EBDD 2400 2500




100

10 1) gl gyd Ll S b g

Rechargeable battery
or super capacitor _
adaptation

imii I iﬁ . : é . Task reconfguratlon [Acquavwa[lﬁ]
buffer
E‘_:' = i &
adaptation
scattered sensor nodes ﬁ P
Spatial power profile (ex fire detection) Routing,

distributed scheduling
Heterogeneous, Collaborative EH + Power transmission
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An exciting future...

Energy Harvesting Inside the Body - Technology Roadmap 2011-2021

2011 2013 2015 2017 2019 2021
(+) Increased cost of healthcare; earlier diagnesis; better menitoring & disease management; reducing hospital readmissions; retal secior involvement; Thevie
£ Economic emergence of Assisted Living; preventative healthcare S 4
= DM Implantablo medical devices
'g? (+) Cost of monitoring infrastruciure powered by energy
¥ Social (+) Ageing population increasing t safety harvesting within the body
o (+) Data privacy concems; reduct q heaithGare profe ng 3 1 Compatible with surgical
'g (#) Miniaturisation; improved sensor g ?;ﬁ:ﬁ:’, {0 the patient
s Technological  yiraiess communications: implantable d Fitand foraet for life.
‘= (+) Improvements in battery technoiogy i
= Policy {+) Increased monitoring require
{-) Increasingly complex regulatury approva
Mechanical design Low voitage, low Ullra low-power Altemative energy source Non-siicon elecironics no.need for separate
- cunmpalible will low freq., ultra low-power radin / antenna from humen urine fuel cell EH. in-vivo
g jos ;' vy clechonc desgn  picyoe) ) >100 mWem3 density  instruments made
g vibration Very low power TX/RX iezoglectric material : ) Generate power from body fluids from EH materials
5- devicas Biocumpalible "ng:a ally vieble forEH Energy saving logic Incroased diagnoss requirement balsnced by 'soft’ construction of devices for
[ for elecironics New radio systems e.g. 60 GHz video reduced operaling power requirernents better body compatibility
é Very low power (sub- ~ move radiation fo harvest R e e malsiials - ransduction Fuel cell generation)
throshold) clectronics Tracestle & sccurate D ; Y nanisms; flexib ~ 11 from food
; Methodelogies for generate-eficiency-draw RCnEgBIEs; Tiadio
§ methods for messunng  effeciive soupling of EH : i o ) (sugars, aicohol...)
S | Combined sensor & efficiency of EH matena’s geyices to biclogical Rel@hty of devices over rl;zgrl;':g‘qi :uscaﬂazﬁ‘!;g‘ Cameral pil - motor
£ generalor Improved fabrication — tissug, loss<1% decades nuw shuwn vy control using stimulati
§ imﬂf?VEd energy Electronics that work New matenals for energy Pick & choose EH piodulator for tumkey batiery  EH for actuation —fo
densities <100mV traneduction with efficiency >50%  raplacement ‘engfy cube’ oloctronic appligation:
Biodnsoirali 0 & micro-scale structures { composites
fpn Magnetorestrictive S Se#f assembly of ZnO nanowires for large itry
for EH ~ how with surface area transduction Nano-antgfina for ultra
iezoelectric : : EH
" P Self generating lab-on-a-chip Access the body's natural e New implantable
o Send more data for less (power & sensufanalyse storage (ATP) - couple to nofi- consumer applications
] at Shannon lim combined) Do
o energy {be non fimi) biological energy storage possibie e.0. implanted
3 Anplicahility — size Aandwidth. Sub-mm o micron scale Matarials - polymers with high
= Develop standards & operating freq., level, rekanility  Manufacturing technology dielectric Bicinspired chemical fuel cells
= ferminology and electrical {neural) circuils
- Low densily malenals Systems Exgloll aankam {neural)
g Terratertz for EH Low impedance i ey
Materials - ulfrahigh energ piezoelectric materials ~ X
g More regearch into O;It::yaﬁmme: i troadband power Self-tungble generators ' Biofouling & growth
room temp super biccompalible conversion Develop new ways of rectification from
conductvity present few hundred mV fo zero via
Information theory — whera should you novel cloctronios
‘spend’ your energy to get the best  Power conversion cggutry efficient at low Self repair { replace
information voltage - conversioh with non-penodic stmul
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