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Some numbers about batte\\
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Battery consumption and disposal in Germany
All data taken from ‘Stiftung gemeinsames Ruecknahmesystemf fuer Batterien’ (GRS)
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In 2012 the discrepancy between sold and disposed

batteries via GRS was 18.423 tons!
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Future: BodyS’?Df\Networks (BSN| or BAN
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GLUCOSE
CONSULTING BLOOD PRESSURE
DIAGNOSIS
MONITORING
EMERGENCY
PROTEIN
CELLULAR b s
STORAGE
STATISTICS
LOCAL NETWORK

IMPLANTS
adapted from: Gyselinckx et al. IEEE Int.Circ.Conf. 2005

Attributes: Continuous use 24/7, portable and unobtrusive, Anytime, Anywhere, Anybody
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Future: BodyS’én?.ﬁr

EEG

VISION HEARING

POSITIONING
ECG
NSULTIN GLUCOSE
CONSU G BLOOD PRESSURE
DIAGNOSIS
MONITORING
EMERGENCY
TOXINS
STORAGE
STATISTICS
LOCAL NETWORK

IMPLANTS
adapted from: Gyselinckx et al. IEEE Int.Circ.Conf. 2005

Attributes: Continuous use 24/7, portable and unobtrusive, Anytime, Anywhere, Anybody

Would it not be nice to power such a systems without batteries?
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BODY HEAT 2.4-4.8 W
(CARNOT EFFICIENCY)

EXHALATION 0.40 W
(1.0 W)

BLOOD PRESSURE 0.37 W
O (0.93 W)

BREATHING BAND 0.42 W
(0.83 W)

ARM MOTION 0.33 W
(60 W)

FINGER MOTION 0.76-2.1 mW

(6.9-19 mW) + Biochemical potential

Starner. "Human-powered wearable
v computing.” IBM systems Journal
ory oSO8 W 35 3.4 (1996): 618-629.
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Energy providedibyith Eh u\m
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BODY HEAT 2.4-4.8 W
(CARNOT EFFICIENCY)

-
b

EXHALATION 0.40 W

(1.0W)
BLOOD PRESSURE 0.37 W
O (0.93 W)
BREATHING BAND 0.42 W
(0.83 W)
ARM MOTION 0.33 W
(60 W)
FINGER MOTION 0.76-2.1 m\W
(6.9-19 mW)

+ Biochemical potential

Starner. "Human-powered wearable
v computing.” IBM systems Journal
ory oSO8 W 35 3.4 (1996): 618-629.

How can we access this energy?
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Electromagneticihanves

© Jr

N AU

Working principle Rotary brushless generator

Images: wikimedia

Ve = EMF * wg with: EMF = electromotive force
constant, R = electrical resistance,

_ R, o = angular velocity and
Ry +Re n = efficiency
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Knee 'mounte;d;__ \

Li et al. J NeuroEng and Rehab, 6:22,
2009

Power generation: 4.8 = 0.8 W at 1.5 m/s
Size/Weight: NA/ 1.6 kg
Body location: Knee
Applications: Prosthesis (e.g. C-leg),
Body Sensor Networks
Military

Generator

Bushings
axis of
rotation

one-way

. C|Ut?}h Polentiometer

extension
input Ly Chassis , .———~ Bearing
shaft \" E a)}c T, N Input shaft
flexion Gear train \ Roller clutch
trans- \
mission Shaft—"
generator Connector
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Piezoelectric coupling coefficient:

B \/ mechanical energy applied -

electrical energy stored Y
e

with: d = strain coefficient, Y = Young’s modulus,

e = dielectric constant

29. April 2014 Moritz Thielen, ETH Zurich - DMAVT - Micro and Nanosystems



Platt et al. IEEE/ASME Transaction on SogklFeroc Ticlle
Mechatronics 10(4). 2005 i ! '
Power generation: 4.8 mW (raw), 850 yW (regulated) ; i
Size/Weight:  10x10x20 mm / NA s |  uac
< - 2
Body location: Knee implant % 05 1 15 2 25 3
Applications: In ViVO diagnostics ( duty cycle, 5 { 'PlezoeleftncStack!ReguIated!Output ?
forceS, wear, etc), MUSCIe § 2'8-{ ................ ........ ........ ........ ....... J
stimulation § Pt sowiess v e cvns ....... _— ...... ]
5’ 26 M-«M,MNM,-———U\MJ\_W—,-_
0 R S S S
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LED Output
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, N
Electrochemicaltharvesters

- el .

Fuel Inflow
(Glucose)

Oxidant Inflow
(Oxygen)

29. April 2014

Anode
(High-Surface-Area Platinum)

Glucose Oxidation

# CaH1205 + HiO — CoHysOy + 2H" + 26

20

2H'

Separator Membrane
(Cation-Selective Nafion)

Only Positive lons (H" but not e”)
Can Flow from Anode to Cathode
Through the Separator

A

Cathode

(Single-Walled Carbon Nanotubes)
=

g

Reduction of Oxygen to Water H.o
Y20, + 2H  + 28 — H;O

—_—

Rapoport et al. PLoS ONE, 7-6-e38436, 2012
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Depleted Fuel Outflow
(Gluconolactone)

Electrons are
Forced Through an
External Load

AG =-2.51 x 10° J mol”
UW=130V

Electrons Recombine
with Hydrogen lons and
Oxygen at Cathode
to form Water



Rapoport et al. PLoS ONE, 7-6-e38436, 2012

Power generation: 3.4 - 180 uwW/cm2,
Size/Weight: scalable up to 40 cm2
Body location: Head, chest (possible)
Applications:  Brain computer interfaces,

pacemaker, drug delivery, hearing
aids

Not implanted in humans yet
encapsulation issues

Notes:

- BB

IR

|1 8]]!
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Oxygen Gradient
Oxygen Reduction at Cathode Prevents
Oxygen from Reaching Anode

RS SIS ST EEe et ettt s ittt ettt ettt s ise.
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GIHSOIHIS Cathode ededeteloteteteletetetetetelede
lotetetetotetetetetetetedetete! adedetetoletetetedetotedetote!
RXXRXHXHXRHAXLHXAXXKS  Single-Walled Carbon Nanotube Mesh  aeeeeleettriXRRARRHK
% :,o}o‘o%‘o‘o’»‘o%‘o’»‘é ot 00002020000 e 02 e tete e %y
o

Impermeable Substrate
TiN-Coated Silicon Dioxide

Glucose Gradient
Carbon Does Not Catalyze Glucose Oxidation
Porous Nanotube Mesh and Permeable Nafion Pass Glucose
Freely to Anode
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Thermoel/ec-tn‘c‘h'awes’c\hr\
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Seebeck effect (1928): A combination
of different physical phenomena

= Thermodiffusion

= Diffusion coefficient / mobility
= Phonon drag

= Charge accumulation — E-field

Seebeck coefficient: a [V/K]

V=(ag—ay) " (T,-T)) = a, AT

Temperature gradient = Electric potential
T,

A
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Thermoelec—tn""mw

Seebeck effect (1928): A combination
of different physical phenomena

= Thermodiffusion

= Diffusion coefficient / mobility
= Phonon drag

= Charge accumulation — E-field

Seebeck coefficient: a [V/K]

VZ
Poye =V =1 = 4 RL

for an electrically matched load (R = R|)

Temperature gradient = Electric potential
T,

A
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Hot Side

“ Hot Side
* n/p-Type ‘
mThermocouple
‘ j n-type p-type

AR
V v
Cold Side ‘.'

Cold Side

® ©
—..*

Attributes: Robust, no moving parts, small and light-weight, cheap

Moritz Thielen, ETH Zurich - DMAVT - Micro and Nanosystems




KG| | ATG

29. April 2014

Hot Side

¥

m * n/p-Type
Thermocouple

Cold Side

Hot Side

Y-

n-type p-type

A
A
et

Cold Side

@nt

!
!

® ©
—..*

Attributes: Robust, no moving parts, small and light-weight, cheap

So where is the catch? - Efficiency (1-10%), interfacing

Moritz Thielen, ETH Zurich - DMAVT - Micro and Nanosystems




Thermoel esSTtiNg romithehuman bosJy‘.

Passive _ .
Heat Sink >  AIr C
1 J Y AT N
Sensor I s — | 33
Skin
32
.. 3
Characteristics:
- Poor thermal coupling 30
- low AT (~1K) 29
Challenges: 28
- Thermal matching with skin and air 27
- Cooling of the skin
22<26
- Wearability, comfort, usability
www.adrenalin.co.uk
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Commercial
finger sensor

Blood oxym CiE
Torf et al. Sens. Trans. J. 80(6). 2007 —
- Thermoelectric
Sensor type: Blood oxygen content
Power consumption: 89 uW for 15 s interval <

0 generator

4 )

Body location:  Wrist, radial artery R " -

Notes: Commercial finger sensor
Custom electronics (CMOS)

13 cm? heat sink

THERMOELECTRIC POWER SUPPLY
Therm.o- Charging Storage
| w——p | eleCtric |———p circuit | = capacitor
. @ generator
— L o7-2v

Human body Electrical — DC/DC
heat flow power g Altie 1.
~10 mW/cm? at 100-200 pW } ’Scucwt ’|converter
radial artery at 22°C  at 22°C : 2,05V

Sensor [* | Processing
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Van Hoof. Cohesi Workshop. 2012

Sensor type:
Power consumption:
Energy harvesting by:

Body location:

Desired features:

EEG, ECG, UV, etc.

not stated

TEG, PV + supercapacitor
Any skin surface

Thin / light weight

Flexible / stretchable

Low cost, Disposable /
Biodegradable
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Body PowerediSenseProject

" nano-tera.ch
= Project objective: Wearable zero-power IT can e
be effectively applied in medical devices AN o

= Specific applications
= Alzheimer’s detection in high risk adults
= Epilepsy seizure diognosis in children

§ A [

= Long-term (10 d) measurement outside the lab — ;(;gé_nsﬁch

= Project partners

L

ECOLE POLYTECHNIQUE
FEDERALE DE LAUSANNE

ETH:zurich

Centre hospitalier
universitaire vaudois

K NDEIISPI:I'AVI.HZURICH@

Univers ithts-Kindark liniken - Elsonerenstittung

from intuition to precision

- W
ByElement=
Solutions
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BPS Project+

Photovoltaic

Energy harvesting

¥

*

Thermoelectric

Piezoelectric

Energy conversion &
Short-term storage

Patient monitoring

EEG

FEcE™

Signal processing
Communication
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Energy harvesting

~-

Photovoltaic Thermoelectric Piezoelectric

Energy conversion & Patient monitoring Signal processing
Short-term storage Communication
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1. Simulation based on numerical solving of heat balance 3. Calculation of output based on TEG

EDITOR PUBLISH VEW

,;13 ™ E grmruu Insert 5 fx il v <0 E @ @ (Sironeean

Comment % % GoTo ¥
New Open Save % 5 oA Run | Runand Runand [ Advance

Breakpoints
v v v Pt v Indent [5] )“m e[ 1 ~ | Tme Advance
—— FME = ‘v EDIT | NAVIGATE | BREAKPOINTS| RUN =

" Power_of_commercial TEGs.m X‘[Power_of_commer:ial_TEGs_appvox.m XI

(@) This file can be published to a formatted document. For more information, see the publishing video or help.

Tz

o

3 -

4

5

& STy T
7 %% output power of commercial TEGs i . [ pata setection Dilogue .= ] = [
8

9 % Calculates the maximum output power of a generator with optimized load Select data region in Excel worksheet.
10 % impedance from the generator specifications given in the datasheet Click OK ta continue in MATLAE

11

12 |

13 %% Load TEG specification from Database

14 $ Specifications of commercial TEGs are stored in excel sheet 'specs.xlsx'

15 $ Tunning the skript opens a dialoge and the excel file. Marking the respective column and clicking of 'Ok' in the dia
16

s & o filename = 'specs.xlsx'; % Generates file from excel database

28 = load = xlsread(filename,-1); % Allows to select tr TEG and writes the specs into a vector

19 - specs = load.'; % Transopses load to get a horizontal vector

20

a1 A R s | A S

2. Loading of TEG specifications from database

specs and boundary conditions

600

500 = -------ie oo

Output Voltage [mV]

-100

0 10

20 30 40
Temperature on the cold side [°C]

TEG Output Power [iWicm?]
N
w

T

Trough hair

forehead - no electrode

T

el
)

w

N

o

=

05

0

10

0 20 30 40
Temperature on the cold side [°C]

@j specs [Read-Only] I =} E
A B % D E F H i J K e M N o
1 Manufacturer Thermalforce |Thermalforce |Lairdtech Micropelt Micropel greenTEG Quick-cool (covI Hi-Z Hi-Z Hi-Z Hi-Z EURECA IEURECA
2 Model TEG 017-150-29|TEG 127-175-26|0T20 HV 56 MPG-D751 MPG-D655 STEG A QC-32-0.6-1.2 |HZ-2 HZ-9 HZ-14 HZ-20 TEG1-9.1-9.9-0.JTEG1-30-30-2.1
3 Dil ions and Weight
4 |Length (m) 0.0150} 0.0300} 0.0123 0.0031} 0.0042] 0.0033 0.0071} 0.0080| 0.0290 0.0627| 0.0627| 0.0750| 0.0091] 0.0300}
5 |width (m) 0.0150} 0.0300} 0.0062] 0.0033 0.0034] 0.0025 0.0071 0.00830| 0.0290] 0.0627] 0.0627) 0.0750) 0.0115| 0.0300}
6 Height (m) 0.0037] 0.0038] 0.0006| 1.0900 0.0011} 0.0010| 0.0026 0.0043] 0.0066) 0.0051] 0.0051] 2.3000 0.0036}
7 Area({cm”2) 2.2500 9.0000| 0.7626 0.1023 0.1429| 0.0823 0.5041 0.6400 8.4100| 39.3129 39.3129 56.2500 1.0465 9.0000}
8 Volume (cmA3) 0.8325| 3.4200 0.0000} 0.0058 15.5764 0.0091} 0.0504 0.1664| 3.6247| 26.0645 19.9710| 28.5750 240.6950| 3.2400
9 Weigth (g) 10.0 12.0 0.6} 1.0 1.0 1.0 2.5 13.5] 105.0] 82.0| 115.0 1.0] 15.0
10
11 Electric resistance (Ohm) 0.2300) 1.3600 1.6200 11.2600| 300.0000| 170.0000| 353.0000| 2.7000 1.8400| 0.6400 0.1000 0.3000) 8.8500) 3.4100
12 Seebeck coefficient (V/K) 0.000235| 0.000465| 0.000259] 0.000277 0.000169 0.000316) 0.000316) 0.000316 0.000316|
13 Thermal resistance (K/W) 29.4000 1.4290 13.1000 12.5000 22.0000| 42.0000 30.0300 3.2050
14 Number of thermocouples () 17| 127 540 288 142 32 97| 97| 49 71
15 Generator net seebeck volta; 0.004000 0.059000 0.000000| 0.000000| 0.139860| 0.079776 0.023998| 0.000000| 0.030652 0.030652 0.015484 0.022436 0.027000 0.053700
16 Figure of merit
17
ETO load generator parameters into Matlab, select column anclclick ‘ok' _I
19 Datasheetvalues at 300 K
20 Calculated from datasheet
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N, B\ = ’;: , ' o
Dynamic measurement of single generator Static simulation (ideal electrical matching)
400 T T T
—m— dT between hot and cold side of generator, measured with thermocouples 1 KAW = SiZE Of heat Sink :
—m— Open circuit voltage produced by TEG, measured with Keithley 3
3.5 T T : l : I ' I T [ 0.020 L o B T e e R o R e S 2
4 initial peak
504 -0018
] . . . ~-0.016
2.5+ stationary subject  forced convection i SEEl ik et e Lo o U omis o Lwe o
| natural convection 1.5 m/s -0.014
— 204 - 21
o - - 0.012 : : :
a 154 stationary '_0_010 E NE o g ] s TR, NS ............... PP RRTS ................
I_| - - O = : : :
S o L 0.008 D <
= U A =
0] A= 11 §
= T 0.006 D I s N s A A R A R A AT .
0.5 1 g
] - 0.004 o »
L E— o .
>0 [ 0002 ‘% B e A e N R R R D R A <
I o
05 , . , . , . , . 0.000 21 1y
0 200 400 600 800 1000 : :
equilibrium Time [s] 100
(table top) rambozsc rHsezokw  ABesoRees NN .............. =
50 - ........... s .............. -
0 i I B e
0 10 20 30 40

Ambient temperature [°C]
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[°C]

Delta TG

Dynamic measurement of single generator

—m— dT between hot and cold side of generator, measured with thermocouples

—m— Open circuit voltage produced by TEG, measured with Keithley

35 . . . . . 0.020
4 initial peak I
3.0 4 i 0.018
] . . . - 0.016
25 stationary subject  forced convection I
i natural convection 1.5 m/s
2.0 1
1.5 - stationary -—0.010 >,
1.0 \
0.5+
0.0 ~0.002
05 : , . , 0.000
0 200 600 800 1000
equilibrium Time [S]
(table top) Tamb = 25C, RHS = 29 K/W

Promising for compact power supply.
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Static simulation (ideal electrical matching)

ower [uWcm?]

400

350

300

250

200

1 Ky = siz%a of heat sink

0 10 20
Ambient temperature [°C]

25C 30 40

Micro and Nanosystems



[°C]

Delta TG

Static simulation (ideal electrical matching)

400

—m—dT between hot and cold side of generator, measured with thermocouples 1 KA = SiZie of heat Sil’]:k
—m— Open circuit voltage produced by TEG, measured with Keithley . 3
3.5 T T ' T T I T T T [ 0.020 Qe N R R S R =
4 initial peak
304 -0018
i : : _ - 0.016 : : :
25 stationary subject  forced convection i T B o S e o
l natural convection 1.5 m/s - 0.014 : : :
2.0 - 21 :
] o012 Feeliﬁg of cold
15 stationary _0_0102 NE" ORI, ..o TR T
| I 0] g (Estimation)
-0.008 2 :
1.0 4 X = 11 b Q= dT / Rth
1 0.006 TR S o
0.5 1 g
] - 0.004 o ®
L - al 5
>0 [ 0002 *§_ 150 PEadierasiin
I S 150 [ < 2
0.5 : . , . , . , . 0.000 21 1%
0 200 400 600 800 1000
equilibrium Time [s] 5
(table top) ot < 256, RHS < 25 KW e e TR A A L e e |
__ ) PO Jvon. . ot T M s RO VORI o
Promlsmg for compact power Supply.
Engineering vs human centered design! 03 10 20 30 0
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Ambient temperature [°C]




T T T T 40 4
| 26 M /
old
= ~ \ \ Heat
= L 830 © :
= o \ sink
o)
= - 25 *3 f . :
= g Hot side Cold side
>
5 20 § |
S £ TEG p——
o) :
5 R f/
) =z i ;
=10
Generator voltage
b —— Ambient temperature
0.00 T | T | T | A} | 5
0 20 40 60 80 100 120
Time (min)

Measurement time: 2h

Average Voltage 74mV

Max. Voltage 170mV

Min. Voltage 40mV

Average Power 0.55mW

Max. Power 2.62mwW

Min. Power 0.14 mwW
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T T T T 40 x
| 26 M /
old
= ~ \ \ Heat
= L 830 © :
= o \ sink
)
= - 25 *3 f . :
= g Hot side Cold side
>
5 20 5 |
S £ TEG p——
() A
(D < i 4
- 10
Generator voltage
b —— Ambient temperature o
0.00 T | T | T | A} | 5
0 20 40 60 80 100 120
Time (min)

Measurement time: 2h

Average Voltage 74mV

Max. Voltage 170mV

Min. Voltage 40mV

Average Power 0.55mW

Max. Power 2.62mwW

Min. Power 0.14mwW
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ctive EEG electr

Generator: micropelt MPG-651
[

Heat sink

Shielded

cable
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Conclusions:

= The human body provides a variety of energy
resources
= Movement

= Biochemical
= Heat

= We can tap into these resources with matchire s
harvesters I
= Electromagnetic
= Piezoelectric
= Electrochemical
= Thermoelectric

Cold Side

= TEG based energy harvesters can be used to
power body sensor networks

oK)l N
»‘, J & ‘]
< 3w
http://BodyPoweredSenSE.ch
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v : ~ . :
EHT = 10.00 kV Signal A = SE2 Date :16 Jan 2007
WD = 43 mm Mag = 357 X Time :15:07:32
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Headset -;LH'C‘;T%@??Q?\E

»
“. ‘\
A

1:100
|'— C1  VSTORE N

q 0.1F
THERMOELECTRIC
GENERATOR | 330pF HiHG :'_: e
y =
|_ C2 glg; PGOOD ’
20mV T0 500mV = = y
m = sw oo |22 1

2.2yF
——=“P" | SENSORS
33V =

VS2 Vout
_[ i RF LINK
T

— 4704F
VS1 Vourz en
| VAUX GND 3108 TAOta
=l

- Uin =20 mV - 500 mV -
- Rin=2-10 Ohm 2'34_' WWWWW
- Efficiency = 40% (1:100,V;,=60mV,V,,=4.5V) - oo
s ] \ | \ r\\
3 2304 2350 ‘ \ \
- Stable output of 2.3 V produced with headset = | oy ‘ l \
2.28 2340
- Can trickle charge capacitor - ook | \ \
2.26 Z‘:
- Bllnklng Of LED J o0 101 102 103 104 105 106 107 108 109 11
2.24 —

o I ! I ! I B I ! I g I B 1
0 50 100 150 200 250 300 350 400
Time (s)
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- »‘ : . \::;\\
Wearable battery=free wire

les:

RN
e \

'~

Van Bavel et al. Sens. Trans. J. 94(7).
2008

Sensor type: Electroencephalogram (EEG)
Power consumption: 0.8 mW
Body location: Forehead

Notes: Channels: 2
2.4 GHz radio transceiver
CMOS based EEG frontend
40 s to startup
Temperature range: 21-26 ° C
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Implanted:

Thermostat water bath

Characteristics: cmlatrgpipes

- Good thermal coupling (fluid, forced
convection)

- Small size (typically < 1cm?)

Ch al I en g es. Thermal couples :
Yang et al. J. Phys. D: Appl. Phys. 40. 2007

- Biocompatibility of materials

- Packaging 70-100uW
- Corrosive environment /
towards core of towards inner
body surface of skin
Current stage: In-vivo testing -— —
(animals) Tu=37°C U U T yi=36°C

AT:Thot - Tcold =1 .OOC

Based on: Venkatasubramanian et al. 6t Int. Workshop on Micro and
Nanotechnology for Power Gen. and Energy Conversion Appl. 2006
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= 2009 Foundation of greenTECG
= Products:

Heat Flux Sensing
gSKIN®

Energy Harvesting
gTEG ®

Available

= Applications: = Applications: = Applications:
= Heat flux in buildings = Wireless sensor nodes " Automotive industry
=  Fluid flow measurements = Consumer electronics = Power plants
= Solar, infra-red and laser = Ships

power sensing




Flexible Bi lies PTEGs

= Fabrication process requirements:
= Scalable and low-cost fabrication method
= Flexibility in design parameters
= High thermocouple length (~100-300 pm)
= Fabrication approach used at MINS:
= Electrochemical deposition (ECD)
— low temperature, high deposition rate,
large scale batch fabrication

= Substrate: polymer mold

geenTEG

— cheap, flexible, light



