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Energy-autonomous sensors and
microsystems that  sense and t rans-
mit  informat ion wirelessly are a key
issue for future mobile applicat ions
with small portable products. In the
near future - with increasing matu-
rity of  the underlying technologies
- these highly funct ional minia-
turised systems will enable innova-
t ions in many branches.
Low weight , small size, highly reli-
able devices t hat  operate mainte-
nance-f ree - realised with integrat-
ed power supplies that  harvest  en-
ergy f rom the environment - are
key components for a broad range
of  applicat ion f ields like:
health care, consumer electronics,
automot ive technology, environ-
mental technologies, home and 
security.



fuel cell







Ch. Hebling, A. Hakenjos and C. Agert

Fuel cells for portable elect ronic
devices have gained an increasing
amount of  at tent ion within the last
few years as a result  of  some signif -
icant  int rinsic advantages com-
pared to bat teries. Depending on
the applicat ion and the boundary
condit ions, small fuel cell systems
can be used both as a subst itute
and as a supplement  to bat teries.
They can be customized exact ly ac-
cording to the power demand of
the respect ive electronic device, the
operat ion t ime aimed at  as well as
the geomet rical form factor.
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The emerging technology of  micro-
Solid Oxide Fuel Cells (micro-SOFC)
is discussed in this paper with re-
gard to its origin f rom state-of-the-
art  SOFCs, it s compet itors, such as
Li-ion bat teries, as well as fabrica-
t ion and characterizat ion issues. A
micro-SOFC design for an ent ire
system and, in more detail, for the
core SOFC is presented and evaluat -
ed in terms of  specif icat ions, costs,
and safety issues. Micro-fabricat ion
and elect rochemical characteriza-
t ion results f rom thin f ilms deposit -
ed by spray pyrolysis prove the fea-
sibility of  the concept  and provide
an insight  into the potent ials and
challenges of  this new kind of  bat -
tery replacement .
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The thermal generator 
Init ial f indings as well as prototype
and execut ion phases suggested that
useful results could be obtained with
material combinat ions of  silicon and
aluminium, the aim being to consid-
erably improve internal resistance
and energy ef f iciency. In order to
achieve higher mechanical stability
and a larger cooling surface, the ob-
long solut ion was given up in favour
of  a square solut ion. Two dif ferent
surface sizes were envisaged to real-
ize this. The realist ic size was def ined
with 3.8mm x 3.8 mm. If  it  is possible
to obtain a higher degree of  integra-
t ion, we can also have samples pro-
duced with a size of  2.5mm x 2.5mm.
For both versions an integrat ion of
1,600 thermocouples is envisaged.
The smallest  required st ructure will
be have a resolut ion of  around 1.5
µm and/or 0.8µm.

The thermal generator is now capa-
ble of  supplying the appropriate sen-
sors and microprocessors with energy
and of  storing the measured data in
the microprocessor. Our thermal gen-
erator sensor serves to generate
power for the small range (f rom µW
to mW), convert ing ambient  or pro-
cess heat  to energy.

Ranges of  applicat ion 
The applicat ions of  the thermal gen-
erator are enormous and apply to
nearly all applicat ions of  sensors,
ranging f rom the medical f ield, such
as data obtained on the human
body, the safety of  children, women
and older people, and of  buildings,
through the sports clothing industry
to the automot ive and consumer 
sectors. 

sudden heart  failure and to send this
informat ion, by radio, to the on-
board system so that  the vehicle can
be automat ically brought  to a safe
halt . The sensors can pick up dif fer-
ent  data like temperature, the num-
ber of  revolut ions, the posit ion of
dif ferent  actuators and also the 
status.

In this way one can dispense with a
wire inside a vehicle or for inpat ients
with sensors on the body and t rans-
mit  the data by radio to the on-
board computer or into the nurses’
room. As we have pointed out  earli-
er, this can be done with the help of
a radio link, observing appropriate
t ime limits in order not  to use too
much energy for data communica-
t ion.

Several thermal generators can com-
bine to produce the power needed,
thus increasing the power supply.
The energy obtained in this way can
be used for data t ransmission, pick-
ing up data or controlling actuators
and supplying a radio t ransmit ter. In
combinat ion with a radio network,
the thermal generator is conceivable
as a replacement for wire-guided 
data communicat ion. 

If  mere data recording is extended to
cover control and regulat ion, the
transmit ter and receiver modules
have to be replaced with t ransceiver
modules.

Potent ial concepts
For the funct ion of  energy produc-
t ion, the thermal generator does
need a temperature dif ference,
which depending on the applicat ion,
is generated by dif ferent  elements.
The temperature dif ference can be
produced by the ambient  air, the air
inside the vehicle or by the heat  of
the engine. Sun exposure, inside and
outside temperatures in buildings as
well as body temperature and room
air temperature can also result  in
temperature dif ferences. 

the high temperature dif ference be-
tween the circulat ing air and the en-
gine. When the vehicle comes to a
stop and the engine starts taking on
the temperature of  the ambient  air,
there will also be a decrease in the
energy of  the thermal generator. 

Af ter the vehicle has stopped, it  must
be possible to start  it  safely again af-
ter an extended period of  t ime with-
out  dispensing with funct ions, e.g. by
a pre-def ined start ing posit ion of  the
actuators. Another possibility would
be adding up small energy values of
the thermal generator in energy
stores such as Goldcaps or Accus. 

This is possible because the thermal
generator works when temperature
dif ferences are st ill very small. If , for
example, the temperature dif ference
is approximately one Kelvin, the ther-
mal generator will start  producing
several µA. This can be done when
the engine is st ill cold, since the am-
bient  air usually has a temperature
deviat ing f rom that  of  solid materi-
als. Here the system benef its f rom
the inert ia of  a temperature change
from solid to gaseous substances.

Thermal generator integrated in a
but ton cell 
If  thermal generators are being inte-
grated into appropriate but ton cell
housings, the lat ter may be used for
many applicat ions to opt imize the
heat  f low. These devices do not  need
a “ bat tery change”  any more. 

The sensor can thus be placed in the
but ton cell housings, with the but ton
cell cover corresponding to the posi-
t ive pole and at  the same t ime to the
cooling surface for releasing the heat
energy. The lower surface of  the but-
ton cell is both the negat ive pole and
the heat  accumulator for the supply
of  the higher temperature to the
sensor.

The thermal generator sensor can
thereby replace lithium bat teries,
but ton cells or small accumulators

Miniaturized Thermal Generators
U. Pfeif fer

Thermal generators based on the
Seebeck ef fect  do have widespread
future applicat ions as an energy
source. This art icle focuses on ther-
mal spring generator applicat ions
and markets as well as on possible
future developments and applica-
t ions. 
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cont rol units such as funct ion wrist -
watches, car keys and remote radio
cont rol. 

Applicat ions in an integrated wrist -
watch car key allow adding new
funct ions. To open and lock the car
door it  is suf f icient  to press a key on
the wristwatch. Further data like per-
sonal set-points (seat ing posit ion, in-
terior temperature, favourite radio
stat ion), DCF77-radio controlled val-
ue and so on can be t ransmit ted to
the on-board system.

The wristwatch has now become the
fully electronic ignit ion key, making
the ignit ion lock superf luous. A key is
pressed on the steering wheel or on
the wristwatch start ing the engine.
Further applicat ions are likely to be
found in the medical and consumer
sectors.

Automat ic tyre pressure monitoring
Today in most  of  the newer t rucks
the tyre pressure is already being
monitored by radio through a sensor.
In the USA tyre pressure monitoring
has been compulsory since November
2003. If  addit ionally a thermal gener-
ator is used, the elect ronics become
independent  of  the lithium bat tery.
The demands made on the lithium
battery are very high. On the one
hand, an ambient  temperature of
more than 100°C is needed and, on
the other hand, a lifet ime of  more
than 10 years is required. For the ex-
tension of  the lifet ime, the volume to
be t ransmit ted is already being kept
at  a minimum. Today you measure
more of ten than you t ransmit .

The types of  thermal generator sen-
sor setups st rongly depend on the
applicat ions and the performance re-
quired and should be discussed with
each customer with a view to their
opt imizat ion. Here we are faced with
the alternat ive to work w ith
t ransponders, which, however, f rom
our point  of  view is substant ially
more expensive than the thermal
generator solut ion.

What 's already on the market?
A good example is the Cit izen wrist -
watch. In this watch a ring was inte-
grated as thermal generator produc-

in miniaturized design
with a volume of  only 0.2
cm3 was developed by
D.T.S. Further develop-
ments of  this technology
have been advanced by
MicroPelt , which can be
visited at  www.micro-
pelt .com. 

If  the ef f iciency of  ther-
mal generators is consid-
ered in terms of  energy output  per
area required, semiconductor tech-
nology has a higher degree of  ef f i-
ciency than convent ional thin-f ilm
technology. However, it  should be
seen that  for some applicat ions thin-
f ilm technology provides advantages
due to a low internal resistance, for
which a higher price must  be paid. 

Possible future developments
Our goal is to obtain a high energy
supply f rom the thermal generator to
also act ivate actuators which require
a higher power input . Here there are
def initely certain limits that  exclude
certain actuators. This problem could
be solved by microsystem-oriented
actuators of  the future, since these
need substant ially less energy. Re-
garding the opt ical development of
cameras, the IMS (Inst itute for Mi-
crosystems) in Stut tgart  has shown
that  it  is possible to reduce power re-
quirements down to 10% through

certain chip solut ions (personal com-
municat ion: Prof . Höf linger).

New f ixed and f lexible materials will
be developed and explored and will
be examined in terms of  higher ener-
gy and more inexpensive thermal
generators. Addit ionally, there is the
higher degree of  integrat ion in the
nano range, which allows new hori-
zons of  applicat ion. We will have, in
future, energy recovery in connect ion
with an energy-storage system in the
vehicle, as only 10 to 20% of  the pri-
mary energy for the movement  of
the vehicle can be converted.

Contact:
Pfeif fer, Ulrich A.F.
THERM-O-TECH GmbH i.G.
Business Park Lindenberg
Lauenbühlstr. 59
88161 Lindenberg, Germany
Phone: +49 8381 928 166
mobile: +49 179 533 65 75

Figure 1: Thermal generator in a button cell
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Fuel cell principles
Fuel cells operate on the same princi-
ple as bat teries, electrochemically
convert ing energy. But  fuel cells are
“ open”  systems where the reactor
size and conf igurat ion determines
the power output  while the available
energy is determined by the size of
the fuel storage. Since a single fuel
cell has an operat ion voltage of  ca.
0.5-0.7 Volts, for higher operat ion
voltages a mult itude of  cells are
needed. A fuel cell can be subdivided
into three const ituent  component
groups: The Membrane Electrode As-
semblies (MEAs), which fulf ill the
electrochemical funct ion of  the fuel
cell, the f low f ield with current  col-

and conductive electronic paths, and
the Gas Dif fusion Layers (GDL), which
are inserted between MEAs and f low
f ield to dist ribute the reactants uni-
formly. Fuel cells of  the air-breathing
type use ambient  air as an oxidant .
PEM fuel cells operate with hydro-
gen. Direct  methanol fuel cells 
(DMFC) use methanol or somet imes
other alcohols. Alcohol-fed fuel cells
are more pract ical than PEM cells for
portable applicat ions. The reason is
that  they have no need for high-pres-
sure hydrogen tanks or other special
fueling equipment. But  power densi-
ty of  DMFCs is current ly three to f ive
t imes lower than the power of  hydro-
gen-fed systems. Therefore we use a
specif ic approach were the hydrogen
is produced on demand in a coin-
sized generator.

When relat ing to the architecture of
fuel cells, there exist two dif ferent
types: the stack and the planar de-
sign. The power density of  stacks is in
most  cases higher than that  of the
planar fuel cell. An important advan-
tage of the planar design is that the
open cathode side allows a complete-
ly passive, self -breathing operation of
the fuel cell. In contrast to this, a fuel
cell w ith stack design needs addit ion-
al peripherals such as fans and pumps.

But  why are micro-systems technolo-
gies used for manufacturing fuel
cells? The main reason is that  the use
of  new technologies and designs
should lead to a signif icant  improve-
ment of  fuel cell performance when
micro scale phenomena are exploit -
ed. However, such benef its can only
be realized if  the fuel cell devices can
be fabricated using available manu-
facturing techniques. They are in
most  cases adapted f rom semiconduc-
tor and microsystems technology.
Some of  these technologies may have
the potent ial to solve problems,
which are crit ical in the convent ional
stack technology. Another reason is
that  the majority of  research on mi-
cro-scale fuel cells is also aimed at  mi-
cro-power applicat ions. Miniaturiza-

Technology of  foil-type micro fuel
cells
The micro fuel cells at  Fraunhofer IZM
are based on thin f ilm and micro pat-
terning technologies and use wafer
level and foil processes. Planar PEM
fuel cells between 1 mm2 and approxi-
mately some cm2 were developed. The
invest igat ions focused on pat tering
technologies for the membrane elec-
t rodes, serial interconnect ion of single
cells in a planar arrangement, lami-
nat ing and assembling processes. Al-
though wafer technologies were ap-
plied, foil materials were used that  al-
low low-cost fabrication in future pro-
duct ion. Gas diffusion layers are not
necessary due to the micro pat terning
of  channels (see f igure 2). Figure 1
shows a micro fuel cell based on foil
technology. The foil-type planar micro
fuel cell is based on the following key
technologies:

Sandwich laminate of  polymer-
stainless steel foils
Lithography and pat terning of
f ree standing grid micro-st ructures
Micro pat terning of f low f ields
Subtract ive pat terning of  MEA-
electrodes
Adhesive sealing and electrical in-
terconnect ion

Low  Cost  Manufacturing of  Foil-Type Micro Fuel Cells
S. Wagner, R. Hahn, R. God and H.-P. Monser

The energy demand of  future and
emerging electronic products will
dramat ically increase. These elec-
t ronic products are usually powered
by primary and secondary bat teries.
Although the bat tery technology is
constant ly being improved, it  is not
keeping up with the demands of
handheld equipment. Fuel cells are
becoming increasingly popular as
candidate solut ions for miniature
power sources, especially in re-
sponse to the rapid growth of  mo-
bile comput ing and electronic de-
vices. Fuel cells are well known for
high energy density and ease of
scaling for applicat ion-specif ic pow-
er requirements. At  the Fraunhofer
IZM (Berlin) a technology for planar
micro fuel cells was developed,
which is based on wafer level tech-
nologies and the use of  metal-poly-
mer foils. This technology makes a
low-cost  mass product ion possible.
Reel-to-reel processing is a well ac-
cepted and w idely spread concept
in the industry. Whenever substrate
and materials become very thin and
f lexible this product ion technology
of fers many benef its for ef f icient
and low-cost  manufacturing of  mi-
cro systems. In this art icle we will
present  a glimpse ahead for the de-
sign and manufacturing of  foil-type
micro fuel cells.

Figure 1: Foil-type planar micro fuel cell
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Characterizat ion of  foil-t ype micro
fuel cells
Prototypes of  self -breathing PEM fuel
cells with a size of  1 x 1 cm2 and 200
µm thickness were fabricated. V/I
curves were measured for many dif -
ferent  designs at  a variety of  ambient
condit ions. Ambient  temperature and
humidity have a signif icant  inf luence
on fuel cell performance since power
density depends on the water con-
centrat ion inside the polymer mem-
brane and the removing of  water
produced by the react ion of  oxygen
and hydrogen at  the cathode.

Fuel cells with 40 mA output  current
at  1.5 V (= 120 mW/cm2, 25°C, 50 %
RH) have been successfully demon-
strated (see f igure 3). In this conf igu-
rat ion the three cells are arranged in
parallel with a distance of  200 µm
and use the same membrane, which
simplif ies sealing. Cell performance
was validated under varying ambient
condit ions. Stable long-term opera-
t ion at  80 mW/cm2 was achieved. The
total performance of  the micro fuel
cells is in the same range of  current
and power density compared to the

best  convent ional
planar PEM fuel
cells. At  the same
t ime this technolo-
gy of fers a high de-
gree of  miniaturiza-
t ion and the capa-
bility for mass pro-
duct ion, which is a
clear success of  our
micro pat terning
approach.

Reel-to-reel manu-
facturing concept
The foil-based de-
sign of  the fuel cell
facilitates an ef f i-
cient  and low cost  reel-to-reel manu-
facturing process. The basic plat form
used in this process is a high precision
pick-and-place equipment, which is
well known as chip or die bonder in
the semicon-ductor industry.

An endless substrate tape with the
anode structure is transported into
the machine (see f igure 4) and the
f irst  process step is the deposit  of
sealing material onto the anode

structure. In a second process step the
MEA is accurately placed into the pre-
viously formed gasket . The placement
is controlled by a sophist icated vision
system, ensuring that  the micro-st ruc-
tured MEA f its perfect ly onto the an-
ode st ructures of  the incoming sub-
strate tape. Finally, a curing process
seals together both the substrates,
anode and MEA, and the tape is
winded onto the take-up spool.

Figure 3: V/I curves of planar micro fuel cell demonstrator. Three cells se-
rial connected (on top) and single cells (below ).

Advertisement
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Mount ing the cathode foil comprises
the same product ion steps as those
previously used for the MEA place-
ment, and thus the process f low de-
scribed above can be applied in a sec-
ond run for f inalizing the foil-based
fuel cell package: deposit  of  conduc-
t ive glue for f ixing and interconnect-
ing the cathode, placing the cathode
foil, curing and rewinding the prod-
uct . In a later aimed mass product ion
the two cycles will be run in two con-
secut ive machine modules, interfaced
by a substrate buf fer.

The result ing endless belt  is ready to
be used for further processing. The
act ive area of  the fuel cell will be
punched out  and sealed onto the 
hydrogen manifold. Electrodes will
be interconnected to end up with the
f inal product .

Foil handling and sealing
ASEM GmbH has profound knowl-
edge in handling ult ra thin silicon
chips at  the highest  speed. Within a
funded BMBF project
(www.innosi.de) a die bonder was
modif ied with newly developed pro-
cess units such thermal die eject ion
system and miniaturized screen 
printer.

The thermal die eject ion system al-
lows handling of  30 µm or even thin-
ner silicon chips. A heat  react ive
wafer foil instantaneously ejects the
die when t reated with heat . For re-
leasing chips individually, a heated
needle t ip contacts the area of  the
heat  react ive wafer foil below the
chip for only a few milliseconds. Im-
mediately the wafer foil decreases
adhesion st rength down to zero and
a pick-up tool can take away the thin
piece of  silicon.

Interest ingly, this handling concept
can be t ransferred to pieces of  poly-
mer foil and other foil-type material
(see f igure 5 on top). Even 7.6 µm
thin polymer foil was already success-
fully handled with the system. With
an enlarged heat ing stamp the re-
leasing speed stays in the 200 ms
range, even for bigger pieces of  e.g.
10 x 10 mm2. This ensures a very quick
and stable process for high-volume
product ion.

The handling technique will be modi-
f ied for foil-type micro fuel cells. In-
stead of  using a wafer, the st ructured
foil material w ill be fed into the ma-
chine by an endless tape with heat
react ive coat ing. Pick-up and place of
the individual pieces, vision correc-
t ion during placement and curing will
be done in a way very similar to a
classical die bonding process.

A challenging process step will be the
deposit  of  the sealing material be-
tween the foil layers to form a gas-
ket . Known methods for this process
step are dispensing or jet t ing the
glue. Screen print ing is another
method of  choice where ASEM GmbH
has a lot  of  know-how. This process is
used for micro-st ructured and very
thin glue deposit ion in the die bond-
ing process (see f igure 5 below). Es-
pecially for short  process t imes and
highest  repeatability and accuracy of
the pat tern, screen print ing is the
preferred method.

Figure 6 shows a miniaturized screen-
print ing device with double squeegee
system and material cart ridge. It  is
aimed to achieve very uniform and
homogeneous st ructured sealing by
transferring this print ing process to
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Figure 6: Miniaturized screen printer

Figure 4: Process f low  of  the reel-to-reel manu-
facturing system
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Int roduct ion
The current  t rend to-
wards miniaturiza-
t ion, portability and,
more generally, ubiq-
uitous intelligence has
led to the develop-
ment of  a wide range
of new products such
as laptops, cellular
phones, PDAs, etc.
However, the power
requirements of  such
systems have received
much less at tent ion:
typically, t radit ional
bat tery-operated elec-
t ronic systems are used. Nevertheless,
the energy density of  most  fuel types
is st ill 100 t imes higher than that  of
the best  rechargeable bat teries,
which makes the use of  a fuel-based
micro power unit interest ing. Such

power units can be based on a wide
range of  operat ing principles, rang-
ing from fuel cells and thermo-elec-
t ric devices to combust ion engines
and gas turbines. While fuel cells are
expected to offer the highest  ef f icien-

Micro Pow er Generat ion Based on 
Micro Gas Turbines: a Challenge
J. Peirs, F. Verplaetsen, J. Driesen, R. Belmans, R. Puers, D. Verst raete, P. Hendrick, M. Baelmans, 
R. Van den Braembussche and D. Reynaerts

Mobile electronic devices require
more and more electrical power
putt ing stress on battery technolo-
gy. As the energy density of  most
fuel types is about 100 t imes higher
than that  of  the best  rechargeable
bat teries, fuel-based micro power
units could of fer an alternative. The
micro gas turbine developed by the
PowerMEMS project  will be in the
cm range and will have an output  of
about  100 W. A f irst  prototype of  a
turbine driven by compressed air
shows that speed is the limit ing fac-
tor for both power and eff iciency.
The next  step, the development of a
complete gas turbine, is many t imes
more diff icult , and is not  simply the
scaling down of  larger gas turbines.
Major problems are the high rota-
t ional speed (> 500,000 rpm) and
temperature (> 1200 K), and the ef-
f iciency of  the components.

Figure 1: Micro gas turbine layout .
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cy, micro gas turbines are expected to
of fer the highest  power density.

The micro gas turbine developed by
the Belgian PowerMEMS project  [1]
will be in the cm range and will pro-
duce a power output of about  100 W.
The system basically consists of  a com-
pressor, recuperator, combust ion
chamber, turbine and electrical gen-
erator, as illust rated in f igure 1.

Air pow ered turbine
To gather init ial experience, a simple
turbine driven by compressed air was
built  f irst , instead of a complete gas
turbine. The rotor has a diameter of
10 mm and is supported by two ball
bearings. Figure 2 shows a subassem-
bly of  nozzle disc, rotor, and bear-
ings. The turbine is tested for a supply
pressure of  0.8 bar. To avoid break-
down of  the bearings, the speed is
limited to 130,000 rpm, far below the
(theoret ical) opt imal speed of  210,000
rpm. Up to 50 W mechanical power is
generated with an ef f iciency of  up to
24%. From the results it  was clear
that  power and eff iciency would in-
crease further with speed, beyond the
speed limits of  the ball bearings. So, a
major lesson drawn f rom this test  set-
up is that speed is the limit ing factor
for the performance and ef f iciency of
micro turbomachinery. The obtained
ef f iciency may be suf f icient  to oper-
ate an air powered turbine, but  lies
far below the eff iciency required for
gas turbine aero-components.

Micro gas turbine
The development of  a complete gas
turbine is many t imes more diff icult
than of  an air powered turbine. Sure-
ly, it  is not  simply the scaling down of

the components. This requires new
concepts for the bearings, electrical
generator, recuperator, etc. 

Thermodynamic cycle
The main dif ference between a small
and large gas turbine is the amount
of  gas submit ted to an almost un-
changed thermodynamic cycle. Veloc-
ity and pressure levels remain the
same when scaling down a gas tur-
bine. The work exchange between
compressor or turbine and f luid is
proport ional to the peripheral speed,
such that  the rotat ional speed should
scale inversely proport ional to the di-
ameter, result ing in speeds of more
than 500,000 rpm for rotor diameters
below 20 mm.

Another major problem with the
miniaturisat ion of  micro turbines is a
large decrease in Reynolds number,
result ing in higher viscous losses and
lower overall cycle eff iciency.
Also the required temperature is a
problem. As a pressure rat io of  3 is
envisaged, the turbine inlet  tempera-
ture should be at  least  1200 K to ob-
tain a posit ive cycle ef f iciency, and
higher temperatures would consider-
ably boost  the overall ef f iciency. In
large turbines, the blades are cooled
by internal cooling channels and pro-
tected by thermal barrier coatings. In
case of  micro turbines, internal cool-
ing of blades a few millimetres in size
is unrealist ic. Therefore, temperatures
of  1200 K and higher can only be
reached with ceramic materials.
Another major consequence of  the
small dimensions is the extreme tem-
perature gradient  between the hot
turbine and colder compressor. The
result ing massive heat  f lux provokes a
non-negligible decrease in both com-
pressor and turbine eff iciency.
A gas turbine net  power output  is the
small dif ference between the large
turbine power output  and the large
compressor energy requirements. This
amplif ies the ef fect  of  the perfor-
mance reduct ion of  the individual
components on the overall ef f iciency.
Therefore, careful opt imisat ion is
needed to guarantee a posit ive out-
put . However, lit t le knowledge is
available on aero-thermodynamics at
these small scales. There is also no
guarantee that  the exist ing f low

Bearings
The bearings must  operate through-
out the whole domain of  possible
temperature condit ions f rom start -up
to steady state operation. Maximum
temperatures between 100ºC and
1000ºC can be expected depending
on the exact  locat ion of  the bearings.

It  is clear that  convent ional ball bear-
ings are not feasible in terms of  speed
and temperature. Magnetic bearings
could of fer a solut ion regarding
speed, but the high temperature dis-
suades the use of  permanent mag-
nets as these could demagnet ise. Con-
sequent ly, such bearings should be
constructed with electromagnets that
consume a considerable amount  of
electrical energy.

Air bearings seem most  suited for this
applicat ion. Aerostat ic as well as
aerodynamic ones can be used. Aero-
stat ic bearings can be fed by tapping
a small amount  of  compressed air
f rom the compressor. This results in
problems at  start -up and moreover
decreases the overall ef f iciency.
Aerodynamic bearings are self -pres-
surising and therefore need no exter-
nal supply. However, the phase of  dry
f rict ion during start-up is a major
drawback. Addit ionally, self -excited
instabilit ies (half -speed whirl) limit
the maximum at tainable speed.
For the applicat ion presented here,
aerodynamic bearings are the most
promising choice on condit ion that
the issue of  instability is tackled.
It  is generally known that  an unload-
ed or light ly loaded aerodynamic
bearing has a st rong tendency to-
wards self -excited vibrations at high
speeds. Small-scale systems very of ten
encounter this problem as with minia-
turisat ion rotor mass decreases much
faster than bearing load capacity.
Several stabilizing techniques exist,
but most  promising for this applica-
t ion are bearings with conformable
surfaces, more specif ically aerody-
namic foil bearings. These bearings
are virtually immune to half -speed
whirl and suf fer less from centrifugal
and thermal rotor growth.

Compressor and turbine
As stated before, the ef f iciency of  all
components is crit ical. This is especial-

Figure 2: Air turbine, diameter 10 mm.
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numbers obtained for the air driven
turbine shown in f igure 2. Thus, it  is
clearly a challenge to obtain the re-
quired ef f iciency despite the low
Reynolds numbers, increased heat
t ransfer, and lower relat ive geometric
accuracy of  the components. It  is not
evident to manufacture 3D micro-im-
pellors with suf f icient ly high accuracy
and low roughness in exot ic materials.

To cope with the high temperatures,
the turbine impellor is made f rom a
Si3N4-TiN composite. In the short  
term, electro-discharge machining is
used for prototyping while ceramic
powder inject ion moulding is envis-
aged for future series production.

Recuperator
Heat  recuperat ion is often used to im-
prove the overall cycle ef f iciency of
standard gas turbines. In small-sized
gas turbines this improvement is,
however, much more quest ionable.
Indeed, pressure drops are much larg-
er compared to conventionally sized
gas turbines. The addit ional pressure
drop introduced by the small chan-

nels in the recuperator should not  un-
do the benef its of  heat  recuperat ion.

In convent ionally sized recuperators,
complex, well-designed f in configura-
t ions are used to improve the gas-air
heat  t ransfer. In order to avoid these
costly and dif f icult  to machine f in
conf igurat ions, alternative recupera-
tor designs are needed for micro-scale
applicat ions.

Generator
The generator will operate at  much
higher speeds and temperatures than
convent ionally. To withstand the high
centrifugal st resses, a solid rotor
st ructure is chosen. Permanent  mag-
nets and coils are placed on the stator
to avoid damage result ing f rom high
stresses.

The high speed also results in high op-
erat ing f requencies int roducing skin
ef fects in the electrical circuit  and ed-
dy currents in the magnet ic circuit .

The generator concept  is based on a
reluctance machine, which also serves

as a start -up motor. The necessary
magnet ic f lux can be created with
coils or with permanent  magnets. The
use of  coils may be interest ing in high
temperature environments but  causes
addit ional energy consumpt ion. The
temperature problem of  permanent
magnets is bypassed by placing the
magnet  on the lowest  temperature
side of  the turbine (the compressor
side) and by extra cooling with the 
inlet  air.
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There are numerous scenarios in
which autonomous robots would be
extremely useful for humankind. For
example, they could be employed in
missions that  are dangerous, undesir-
able or inconvenient  for human be-
ings. An autonomous agent  could be
used in underwater explorat ions
feeding on plankton and sending
useful informat ion on the ecology of
the ocean. On the other hand, it
could be sent  to monitor the sewer
system of  a cit y, and by cleaning
blockages, generate energy for its
maintenance. Organic waste pro-
duced at the domest ic or industrial
level might  even be used as the fuel
for such a robot  that may be pa-
t rolling the premises.

One important  factor for robots is,
therefore, that  of  self -sustainability.
In order to be self -sustainable, robots
will be required to extract  energy
f rom the environment and in many
ways they will face the same prob-
lems as animals. The aim of  our work
is to build self -sustainable (energet i-
cally autonomous) robots which 
operate on power derived by bacteri-
al metabolism. These robots are nov-
el in the sense that  they will incorpo-
rate in their behavioural repertoire
act ions that  involve searching for
and collect ing real food. They will al-
so have to remain inact ive unt il ener-
gy is suf f icient  to do the next  task;

lect ion mechanisms have been de-
signed so far.

The EcoBot project  focuses upon the
creat ion of  a smart  on-board art if icial
‘digest ion’ system for an autonomous
robot . The art if icial ‘gut’ is current ly
designed around the novel Microbial
Fuel Cell technology (MFC). Energy
output  f rom the MFC is not , at  this
stage, intended to sustain cont inuous
mot ion act ivity (although computa-
t ion can be cont inuous). The robot
will therefore employ a ‘pulsed’ be-
haviour mode. The goals of  this study
are to  (1) produce new types of  MFC
that in contrast  to conventional MFC
can operate over long periods of
t ime, (2) produce suf f icient  power for
autonomous robot  operat ion, (3)
ut ilise natural food substrates. Energy
needs to be accumulated f irst before
being accessible to the robot and we
argue, is more realist ic than simply
managing a f ixed energy budget . This
issue will eventually need to be ad-
dressed by autonomous robots, but  at
the present  moment, development of
eff icient on-board MFC’s is the main
challenge. These need to be portable,
replenishable and sustainable and ca-
pable of  using a wide range of  natu-
ral foodstuf fs. By judicious choice of
dif ferent  food/f lora combinat ions,
the techniques envisaged will be ca-
pable of  exploit ing any organic food

source on land and sea, and can po-
tent ially therefore be employed by
terrestrial and marine robots. 

Our work is focusing upon the use of
plant or insect  material as a source of
energy. The project  is code-named
EcoBot and the f irst  stage of  this in-
vest igat ion (EcoBot I) has been com-
pleted (see www.ias.uwe.ac.uk). The
next  stage, which is called EcoBot II,
also performs phototaxis but at  the
same t ime senses the ambient  tem-
perature and reports the sensed data
remotely. It  is powered by MFCs, con-
taining a f lora of  microorganisms
originat ing f rom sewage sludge and
fed with unref ined dead f lies or rot -
ten f ruit .

Microbial Fuel Cells (MFCs)
A microbial fuel cell is a bio-electro-
chemical transducer that  converts the
bio-chemical energy produced by bac-
teria metabolising ref ined or unre-
f ined substrates into electrical energy.
There are two compartments in an
MFC; the anode and the cathode and
there is a proton exchange mem-
brane (PEM) that  separates the two.
In the aqueous solut ion of the anode
compartment , bacteria metabolise a
given substrate and produce bio-
chemical energy used for their main-
tenance. A port ion of  this energy, in
the form of  electrons, is extracted

EcoBot  II: Tow ards Self -sustainable Robots
I. Ieropoulos, C. Melhuish, J. Greenman and I. Horsf ield

EcoBot II is a robot  that  follows the
light  (phototact ic), senses the ambi-
ent  temperature (thermo-sensit ive)
and t ransmits the temperature in-
format ion wirelessly to a remote
base-stat ion. This robot  is unique
because it  does not  employ any
form of  convent ional power sup-
ply, such as bat teries or solar pan-
els; it  is solely powered by bacteria
that  eat  dead f lies!  It  also ut ilises
oxygen f rom f ree air to stay in
(chemical) balance. EcoBot II is
therefore the world’s f irst  to exhib-
it  some part ial form of  self -sustain-
ability (a.k.a. energet ic autonomy)
by ut ilising raw unref ined substrate
as its fuel and oxygen f rom f ree air.
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f rom the bacterial metabolic cycle
and diverted onto the electrode sur-
face, also found in the anode. At  the
electron extract ion (or reduct ion)
stage, hydrogen ions (protons) are al-
so released from the bacterium cell
into the liquid solut ion. Electrons and
protons f low into the cathode com-
partment , via dif ferent routes. Elec-
t rons f low through an external cir-
cuit , which is connected to the elec-
t rode terminals of both the anode
and cathode, and protons f low
through the PEM, thus ‘closing’ the
circuit . An oxidant in the cathode
takes up the electrons and protons.
This is known as the oxidation stage.
In general, these processes are known
as redox react ions and are shown be-
low in Figure 1.

There are 3 main electron t ransfer
mechanisms from the bacterium cell
to the electrode surface in an MFC
that  ent irely depend on the bacterial
species employed. These are: (a) syn-
thet ic mediator, (b) natural mediator
and (c) direct  contact. Synthetic medi-
ators are manually added in the 

anode and degrade with operat ion
t ime, thus having to be replenished.
Natural mediators, on the other
hand, are electro-act ive metabolites
produced by certain microbes as part
of their metabolic processes. These do
not  need replenishing, but  can only
be produced f rom certain nutrients
that  must  be present in the fuel.

Some bacterial species t ransfer elec-
t rons to the electrode surface direct ly
by attaching to the electrode surface,
thus forming a monolayer biof ilm (di-
rect  contact).

Two systems are known to be used in
the cathode of  MFCs; the f irst works
with liquid ferricyanide (K3Fe[CN]6)

Figure 2: EcoBot II fully assembled.
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and the second with oxygen (O2) gas.
Ferricyanide is a good laboratory
standard used in analyt ical studies
that  is highly ef f icient , to start  with,
but like the synthet ic mediator in the
anode, degrades with operat ion t ime.
Oxygen, on the other hand, is avail-
able f rom f ree air and of fers a stable
and in some cases improved perfor-
mance over operat ion t ime. The only
condit ion is that  the electrode must
be kept  moist  in order for H+ ions to
f low. Since water is formed when
electrons (via the circuit) combine
with H+ ions (via the PEM) and O2
molecules (f ree air) at the cathode
electrode surface, this system eventu-
ally becomes self -sustainable. The
weight  of  an O2 cathode MFC is ~
80g.

EcoBot II
A total of  8 MFCs, employing the O2
cathode, were used to power EcoBot
II (see Fig. 2). The robot weighed 780g
when fully assembled and had a diam-
eter of 27cm. Two photodiodes in the
front were used to detect  the light .
These were connected crosswise to
the two motors (actuators), thus al-
lowing the robot to move towards the
light. A bank of  6 capacitors was used
as the onboard energy accumulator.

The MFCs were connected in a series
conf igurat ion and the robot  moved
in a discont inuous (‘pulsed’) mode.
This means that  when there was not
enough energy onboard, the robot
simply remained inact ive. During this
t ime, energy f rom the MFCs was accu-
mulated in a bank of  6 capacitors (ac-
cumulator) until a threshold level was
reached. At that  point  in t ime, EcoBot
II resumed power and moved towards
the light  whilst  wirelessly t ransmit -
t ing the temperature at  that point  in
t ime. An electronic circuit directed
power to either or both motors (de-
pending on the reading f rom the
photodiodes), the temperature sensor
and the wireless t ransmit ter.

Mixed bacterial cultures from sewage
sludge were used in the MFCs on-
board EcoBot II. This of fered,
amongst many other advantages, the
potent ial of  ut ilising a wide variety of
substrates due to the diversity of  the
microbial community. Several sub-
strates (pect in, chit in, sucrose) in re-
f ined form were tested in the init ial
experiments. Chit in, which is mainly
found on the exoskeleton of  insects,
mollusc and crustacean organisms,
proved to be one of  the best . 

In terms of  robot ic autonomy, sub-
strates such as f ruits and insects, espe-
cially the ones considered as pests,
were very at t ract ive. Hence, in the
EcoBot II experiments, both dead f lies
and rotten f ruits were employed as
the ‘food’ for the bacteria. The exper-
iments were split  in two dif ferent  cat-
egories: (a) short  distance (50cm) and
(b) long distance (cont inuous). In the
f irst  case, ref ined sucrose, unrefined
rot ten peach and unref ined whole
f lies were tested for comparison and
the dead f lies substrate proved to be
bet ter. This was the substrate used in
the long distance cont inuous experi-
ments, in which EcoBot II was able to
run cont inuously, with minimum hu-
man intervent ion for 12 days.     
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Micro Energy Harvest ing, i.e. the
conversion of  ambient  energy into a
microsystem node’s supply, promises
a much bet ter approach for operat-
ing a dist ributed system, as it  would
make the nodes energy-autonomous.
We do this in the macro world by

Energy Harvest ing for Autonomous Microsystems
P. Woias, Y. Manoli, T. Nann and F. v. Stet ten

Today, we are surrounded by a high
diversity of  distributed and decen-
t ralized systems. Pilot  applicat ions
are easily ident if ied with mobile
phone, notebook and PDA. How-
ever, dist ributed systems – of ten
based on MEMS devices – have
meanwhile penetrated not only the
IT sector but  almost  every area of
our daily living. Examples are the
steadily growing applicat ion of
MEMS devices in cars, distributed
sensor and actuator systems in
buildings and industrial fabricat ion,
distributed MEMS devices in medical
care and, recently, MEMS-RFID tags
in t ransport  and logist ics.
While RF communicat ion may serve

This requires a complicated and 
error-prone power grid that  is 
usually installed by hand, not  easily
maintained and, above all, does
const itute a substant ial cost factor.
The use of  bat teries and other ex-
haustible energy sources is restricted
to low power systems that  are easily
accessible for service and thus not a
real alternative in many cases.
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varying energy supply, t he need to
bridge power-down phases and the
environmentally f riendly design of
the power stat ions. These challenges
do mult iply if  we tackle the f ield of
“ micro energy harvest ing” . A simple
replacement of  the bat t ery or the
supply cord by a “ micro power
plant ”  will not  solve the task. In con-
t rast , micro energy harvest ing relies
on a thorough design of  the whole
system (Figure 1). Converters have to
be provided with a size and funct ion
compat ible to the respect ive applica-
t ion site. The varying availability of
ambient  energy will require an ef f i-
cient  intermediate storage to
bridge phases of  low supply, as
the back-up power grid is not
available. A dedicated energy
management has to t ransfer
the electrical energy between
all subsystems in an opt imal
way. And, f inally, the energy
consumpt ion of  the system
node itself  has to be minimized
to a high extent  by design and
control measures.
Full compat ibility with the
main system funct ions and the
ambient  condit ions is the
prominent  requirement for all
energy harvest ing methods.
This is most ly accomplished by
choosing the appropriate con-
version principle. It  is, for in-
stance, not  pract ical to employ
a disturbing thermoelectric
converter when the systems
main task is temperature sens-
ing. It  is also impossible to use
a large generator when the mi-
crosystem has to operate in a
small environment , e.g. as a
medical implant . This calls for
conversion principles with a
suf f icient ly high degree of
miniaturizat ion, high conver-
sion ef f iciency and the capabili-
ty of  easy system integrat ion. 
Several promising candidates
for mechanical, thermal, opt i-
cal and chemical energy har-
vest ing are discussed in the fol-
lowing.

Piezoelectric converters
Mechanical st ress in a piezo-
electric material, like PZT ce-
ramics or PVDF polymer, gener-

A dynamic mechanical load, e.g.
f rom ambient  vibrat ion or sound,
will result  in an AC current . Miniatur-
ized piezoelectric converters can de-
liver high elect rical voltages (up to
several volts) with currents in the mi-
croampere range. They do, however,
require a careful mechanical design
to provide a homo-geneous mechan-
ical st ress dist ribut ion in the piezo-
elect ric material. Otherwise, the elec-
t rodes will short  elect rical charge
f rom highly st ressed regions with
charge f rom low-stress regions. This
internal short  circuit  w ill consider-
ably reduce the conversion ef f icien-

cy. A st ress-homogenized geometric
design of  the converter can provide a
homogeneous st ress dist ribut ion and
therefore maximum conversion ef f i-
ciency [1].

Figure 2: Piezo-polymer composite [3]

Advert isement
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Today, autonomous RF power
switches are available based on
piezoelectric converters [2]. For these
as for other applicat ions (e.g. t ire
pressure sensing), a f lexible and low-
cost  fabricat ion and integrat ion con-
cept  is a premier demand. We have
developed a piezo-polymer compos-
ite technology that  integrates PZT
ceramics into an almost  deliberately
shaped polymeric st ructure [3]. Al-
though primarily developed for Mi-
croactuators, this concept  is usable
for an easy integrat ion of  piezogen-
erators, e.g. to make energy-deliver-
ing push but tons in polymeric elec-
t ronic encasements or vibrat ion con-
verters in moulded IC housings.

Thermoelectric converters (TEGs) are
based on the Seebeck ef fect , i.e. the
generat ion of  an electrical voltage in
a thermocouple located in a temper-

ature gradient . Suit -
able thermoelect ric
materials exhibit  a
high thermoelectric
coef f icient , low elec-
t rical resist ivit y and
low thermal conduc-
t ivity, such as bis-
muth-telluride alloys,
polysilicon or silicon-
germanium. If  prop-
erly designed, a chip-
based micro-TEG ex-
hibits a typical power
density of  0.6
µW/mm². This is suf f i-
cient  for low power
electronics, e.g. in
wristwatches. Howev-
er, the low voltage
level (around 100 mV)

has usually to be boosted by elec-
t ronic means.

Nanocomposite Solar Cells
Photovoltaic energy conversion is
among the oldest  principles of  ener-
gy harvest ing. Especially f lexible so-
lar cells can be integrated in chal-
lenging applicat ion sites (e.g. in
smart  text iles) to supply energy-au-
tonomous systems [4]. We have
worked on f lexible solar cells that
use Cd-Te-nanocrystals embedded in
a polymer semiconductor mat rix [5].
These solar cells can be fabricated by
spin coat ing technologies and are
therefore much cheaper than silicon-
based devices. When compared to
pure polymeric concepts, their long-
term stabilit y should be higher. Also,
the absorpt ion spectrum can be tai-
lored by applying appropriate
nanocrystals.

Biofuel Cells
The sustainable pow-
er supply is a special
problem for im-
plantable microsys-
tems. Current ly such
devices use secondary
power cells that  need
surgical replacement
at  the end of  their
lifet ime. Within the
framework of  the Eu-
ropean “ Healthy
Aims”  project  [6] we
invest igate im-

body energy into electrical energy.
For this, biofuel cells are superior to
other technologies in terms of  con-
t inuous power output , longevity,
minimal invasive implantability and
biocompat ibilit y. However, not  all
t ypes of  fuel cells show the same ad-
vantages. Enzymat ic fuel cells have a
high reactant  specif icit y, allowing a
simple one-compartment  design.
They do, however, lack longevity and
amenability to steam sterilizat ion.

Due to their self -regenerat ing capa-
bility, microbial fuel cells have shown
superior longevity. Unt il now, they
have not  been considered as im-
plantable due to the infect ive nature
of  most  known microorganisms. A
third opt ion, direct  glucose fuel cells,
is the focus of  our current  research
due to their longevity, amenability
to sterilizat ion, and biocompat ibility.
A basic manufacturing protocol has
already been established and tested,
as shown in Figure 3. Typical energy
densit ies of  such biofuel cells are in
the range of  0.1 to 100 µW/cm².

Energy and System Management
Most  ambient  power sources will 
only deliver a low level of  usable 
energy. An energy management  sys-
tem will therefore have to seek ways
to maximize the ef fect iveness of  the
power converter. Solar cells, for ex-
ample, require an adapt ive operat-
ing point  in order to deliver their
maximum power. This will be also
t rue for all other sources. This adap-
t ive cont rol has to be intelligent
enough to f ind the opt imum set
point  without  requiring too large
amounts of  energy it self . Of  course,
also the rest  of  the system needs to
follow low-power concepts and must
include extensive power manage-
ment mechanisms.

So diverse the energy sources are,
even more wide-ranging are the con-
version principles that  can be applied
to convert  the available energy to
elect rical power. For example, vibra-
t ion energy can be converted
through piezoelectrical means as de-
scribed before, but  also by electro-
magnet ic or capacit ive principles.
And, although the energy source is
one and the same, these conversion

Figure 3: Polymer electrolyte glucose direct  fuel cell: membrane unit
w ith polymer coat ing (size approx. 30 x 30 mm²)
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which have similar propert ies at  their
output  and can be covered by similar
circuit  concepts. The f irst  group in-
cludes all mechanisms that  deliver
high output  voltages but  small cur-
rents, like piezoelectric converters.
The second group is const ituted by
converters with low output  voltages
but  high currents, like capacit ive,
thermoelect ric or electromagnet ic
generators.

In both cases the major requirement
for ef f icient  energy extract ion is a
proper impedance matching be-
tween t ransducer and conversion 
circuit  in order to compensate for
changes in the parameters of  the
generator or the energy source.
Adapt ive DC-DC converters are espe-
cially needed for piezoelect ric t rans-
ducers. Capacit ive converters do re-
quire an even more complicated cir-
cuit  st ructure with a synchronous
switching to the energy source 
(f igure 4). Naturally, the conversion 
circuit  itself  should be low power. It

should be capable of  est imat ing the
amount of  energy extractable f rom
the ambient . It  should cease conver-
sion as soon as the energy input  is
below its own requirements in order
not  to waste power.

Many systems will not  be able to rely
on just  one power source, either be-
cause of  the amount  of  energy re-
quired or due to f luctuat ions of  the
ambient  energies. Thus, hybrid sys-
tems will be required with dif ferent
microgenerators, dist inct  conversion
elect ronics and an even more de-
manding power management .

The development of  micro energy
harvest ing is a challenge for science
and engineering and st ill in it s begin-
ning. However, the vision of  self -sup-
plying networking microsystems that
can be operated at  remote sites and
without  service is an ef f icient  com-
mercial driver for progress in this pi-
oneering area.
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