
Joe Paradiso 
Responsive Environments Group 

MIT Media Laboratory 

CC - March 2000 joep@media.mit.edu 

A Whirlwind tour... 
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18650 Li-ion Cell Energy Density
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Highest energy density of today’s rechargables 

Extrapolated, Nomura Inst. 

Courtesy of 
Marc Doyle, 

DuPont 



Consume a substance with higher specific energy 

DOD Study 



www.plugpower.com 

Breathe Air 

Fuel Inlet Waste 



Chicago Transit Authority 



www.hpower.com 
The fuel cell 
shown here is 
    rated at 50 

watts, 
  which is 50 
times more 

  powerful than 
the typical 9 
  Volt battery  

         35 W 
         12 V 

           3.5 kg 
Metal Hydride Storage 



www.ovonic.com 



Methanol 
4500 Watt-hr/L 

Compressed H2 
600 Watt-hr/L 

Liquified H2 
2400 Watt-hrL 

Metal Hydrides 
2000-5000 Watt-hr/L 

Li-Ion Rechargable 
400 Watt-hr/L 



Photo showing conceptual Motorola/LANL fuel-cell-phone 

Motorola Mobile Charger: 

2” x 4” x 0.5” (10/01) 
Belt holder 
1 month of calls per charge 
2-4 years 
200 million units by 2010 
Other players: 
NEC,  
Mechanical Technology, 
Manhattan Scientifics 
Fraunhofer Institute 



Micro Turbo
Generator

LiSO2 Battery
(BA5590)

Power Output 50 W 50 W
Weight 50 grams 1000 grams
Specific Energy 3500 W-hr/kg 175 W-hr/kg

112 inch 

0.5 inch 

Microturbine with electric-field induction generator 

Marty Schmidt and collaborators, MIT Microsystems Technology Laboratory (MTL) 





A. Mehra and I. Waitz 

•  2.4 MRPM (1.2 now; geometry/precision) 
•  Rotor breaks the sound barrier 
•  Rotor supported on laminar air bearings 

•  Silicon carbide parts where higher temperature 
•  Combustion in Silicon (this year?)  
•  And, of course, making generator work! 

MIT Microsystems Technology Laboratory (MTL) 



Jean-Pierre Fleurial, NASA/JPL 





Jean-Pierre Fleurial, NASA/JPL 

30 cm 

6 cm 



Amorphous Silicon 
13% 

Crystalline Silicon 
22% 

III-V devices, concentrators, etc. 
30% 

Solar roofs in Japan Media Lab’s Locust Position Beacon 

Franhofer ISE Freiberg 
1 Watt under halogen 

20% eff. 



RECENT ACCOMPLISHMENTS:!
•  2-D Grid antenna array that will receive and rectify 
(AC-to-DC) a dual polarized wave consisting of many 
non-directional waves, at >75% efficiency for low 
frequencies; 10 and 30 GHz"

•  First time ever demonstration of  room temperature 
optical rectification with a non-linear, unbiased planar 
Nb/NbOx/Ag quantum tunneling diode at 60 THz (10 
µm); >73% quantum efficiency (10% power 
efficiency)."

• Fabrication of resonant diode structures with low-
cost, parallel processing techniques; dipole a) and 
MIM diode b) shown at right.!

• Use of grid antenna array  for energy 
concentration/transport in combination with a 
MIM tunneling diode for energy extraction!

CONCEPT:!OBJECTIVE:!
•  Development of a power generation 
device which directly converts 
available electromagnetic radiation 
into electric power at >40% efficiency"

Antenna!
MIM!

Rectifier!

(+)!

(-)!

Solar Concentration/Focusing!AC          DC!
Rectification!

Metal  Insulator Metal!

Lens!

a)! b)!

Bruce Lanning (ITN), Eric Grossmann (NIST) 



http://www.satcon.com/sub/beacon/index.html 

Beacon Power Systems (SatCon subsidiary) 





Flowing Water 
Natural energy 
present at site 

Flow Energy 
Converting Eel 

Converts  
flow energy to 

mechanical 
energy 

Electricity 
Generating Eel 

Generates 
electricity from 
mechanical energy 

Energy Storage 
DC used or 
stored for later 
use 

Power Electronics 
Converts variable 
AC frequency and 
power level to DC 
power 

Energy storage 
(2 places) Eel 

Control electronics 

Eel 

Electrode area with 
concave curve 

Electrode area with 
convex curve 

Top View 

Side View Water Flow 

Hydrodynamic shape 
to control flow path 

Water Flow 
Layer in 
compression 

Layer in tension 

Ocean Power Technologies, New Jersey, oceanpwr@aol.com 

•  Eel now PVDF - Will become piezo copolymer or electrostrictor 
•  Anticipate 0.5 Watts from 18” eel in 1 m/sec flow 
•  Demonstration in 12-15 months 

18” 

1 mm 

5” 

Bluff Body 
shed vortices 

Bluff Body 
shed vortices 



Bluff Body 

Eel 

Positioning 
Rod 



MCNC, Chappel Hill 



Anantha Chandrakasan, Jeff Lang - MIT MTL 





Resonance = f(T,P,F,a,...) 
Chip Tags Shoplifting Tags 

Printed Electronics! 

Inductively coupled Electrostatically Coupled 
(Motorola Bistatix) 

RF Coupled (Amgen) 

Magnetostrictor 

LC Tag 

Close Proximity - Limited bandwidth 





Thermal energy watch 

1.7mm 2.14mm 

1.27mm 

2.36mm 2.14mm 
Thermoelectric module 

Thermoelectric unit 

arm Booster IC Adiabatic case 

Battery 

Heat flow 
Watch movement 

Thermoelectric  (Photo) 

Low ΔT, limited surface area, low efficiency -> Microwatts... 







Generator always run at 
optimum rate (10-15K RPM) 

Power stored on spring until 
threshold is exceeded 

Generator pulsed for 50 msec 
Yields 6 mA at >16 Volts 

Current integrated onto 
capacitor 



The image cannot be displayed. Your 
computer may not have enough memory 
to open the image, or the image may have 
been corrupted. Restart your computer, 
and then open the file again. If the red x 
still appears, you may have to delete the 
image and then insert it again.

Charge	
 control 
circuit 

The image cannot be displayed. Your 
computer may not have enough memory 
to open the image, or the image may have 
been corrupted. Restart your computer, 

Drive	
 circuit Gear	
 train 
Rotor 
Stator 

Coil 

Oscillating	
 weight 

The image cannot be displayed. Your 
computer may not have enough memory 
to open the image, or the image may have 
been corrupted. Restart your computer, 
and then open the file again. If the red x 
still appears, you may have to delete the 
image and then insert it again.

Secondary 
power	
 supply 

The image cannot be 
displayed. Your 
computer may not 
have enough memory 
to open the image, or 
the image may have 
been corrupted. 
Restart your 
computer, and then 
open the file again. If 
the red x still 
appears, you may 
have to delete the 

Rotor Coil 

Oscillating 
	
 weight 
Oscillating 
	
 weight	
 gear 

Transmission	
 gear 

Stator 

Oblique view KINETIC outline 
diagram 





Shake! 

Squeeze! 

Step! 

Crank! 

Trevor Baylis (Baygen) 

•  Freeplay/Motorola windup cellphone charger                
 (30 sec = 6 min for $49.) 

• Windup Landmine detector 

•  60 turns (1 min) stores 0.6 Watt-hr 
•  40% efficient 

•  Today’s laptop supply roughly 50 W-hr 
•  Wrists? 





Thad Starner, Human-Powered Wearable Computing, IBM Systems Journal 35, pp. 618-629 (1996). 

Watt-level available 



 
Vout = g31

F
W

Piezoelectric Voltage Constant 
(Mechanical-to-Electrical conversion) 

Vout 

Dominant (3-1) 

Stretching input (F) 

W  



PVDF = Polyvinylidineflouride  
Piezoelectric Film material 

Thanks to K. Park and M. Toda at AMP Sensors (now Measurement Specialties) 

Bend 

Bend 



Press 

Stretch 

Rigid substrate 



PVDF Stave 
Molded into sole 

Energy from bend 
Ppeak ≅ 10 mW 

<P> ≅ 1 mW 

Flex PZT Unimorph 
Under insole 

Pressed by heel 
Ppeak ≅ 50 mW 
<P> ≅ 10 mW 

Responsive Environments Group 
MIT Media Lab 

1998 IEEE Wearable Computing Conference 

Raw Power 
circa 1% efficient 

unnoticable 



Responsive Environments Group - MIT Media Lab 



Nate Shenck - Draper Fellow and Media Lab Student 





Normal Overloaded 



A parasitically-powered boot heater, US Patent 4845338, 1989 



•  Attaches lever-driven flywheel/generator to shoe 
 - 3 cm deflection, bulky 
 - Suboptimal (e.g., better integration, hydraulics...) 

•  Produces a quarter watt average (≅ 1 W peak), but very obtrusive! 

Responsive Environments Group - MIT Media Lab 



•  Mechanical generators entirely in insole 
•  Produces about 60 mW average power 
•  Use of a spring to store energy between footfalls can bring a Watt 
•  Mechanically complex and fragile… 

Jeff Hayashida’s thesis - 1999 



DARPA Research Projects 
Nesbit Hagood’s Lab, MIT Aero/Astro Dept. 

8 mm 







DARPA Research Projects 
Ron Pelrine, Roy Kornbluh - SRI International 

2-4 mm 





Crisan, A. (Compaq), Typing Power,  
US Patent No. 5,911,529, June 15, 1999 

Johnson, et al., Transmitter Circuit, 
US Patent No. 3,796,958, March 12, 1974. 

Zenith ‘Space Command” Pipi "Kodomo No Omocha" pager toy 









•  ~0.5 mJ at 3 Volts per push 
•  Sends 12-bit RFID 6-8 x throughout wide area (50 ft.) 
•  More power than needed... 
•  Demo!! 
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Adam Heller, University of Texas 



Carlo Montemagno, Cornell University 

http://falcon.aben.cornell.edu/ 





The Matrix, film by the Wachowski Brothers, United Artists 1999 

They will use us in more creative ways... 




