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Batteries ad d siz e, weight, and incon venience
to present-da y mobile computer s. This paper
explores the possibility of harnessing the ener gy
expended during the user's e veryday actions to
generate po wer f or his or her computer , thus
eliminating the impediment of batteries. An
analysis of po wer g eneration thr ough leg motion
is presented in depth, and a sur vey of other
methods suc h as g eneration b y breath or b lood
pressure , bod y heat, and Þng er and limb motion is
also presented.

earable computing is an effort to make com-
puters truly part of our everyday lives by

embedding them into our clothing (e.g., shoes) or by
creating form factors that can be used like clothing
(e.g., sunglasses).1This level of access to computation
will revolutionize how computers are used. Although
the computational hardware has been reduced in size
to accommodate this vision, power systems are still
bulky and inconvenient. Even todayÕs laptops and
PDAs (personal digital assistants) are often limited by
battery capacity, output current, and the necessity of
having an electrical outlet within easy access for
recharging. However, if energy can be generated by
the userÕs actions, these problems will be alleviated.

At this point, a review of vocabulary and units is in
order. Energy is deÞned as the capacity to do work.
For this paper, the joule (J) will be used as the stan-
dard unit of energy. A joule (kg ×m2/sec2, i.e., kilo-
gram multiplied by meters squared divided by
seconds squared) is the product of a force of one new-
ton acting through a distance of one meter. For refer-
ence, Table 1 compares some common sources of
energy. The calorie, which is 4.19 joules, is also often
used as a unit of energy. However, in dietary circles, a

Calorie refers to a kilocalorie or 1000 calories. There-
fore, an average adult diet of 2500 Calories translates
to 10.5 megajoules (MJ).

Power, often confused with energy, is the time rate of
doing work. Power can be measured in watts (W =
kg ×m2/sec3), or joules per second. Table 1 also shows
power requirements for some common computing
devices. The reader should be aware that in some lit-
erature, units of power are combined with units of
time to indicate energy. For example, watt seconds,
watt hours, and kilowatt hours are often used instead
of joule, kilojoule, and megajoule.

As shown by human-powered ßight efforts,2 the
human body is a tremendous storehouse of energy.
For example, the energy obtained from a jelly dough-
nut is

This energy may be stored in fat at approximately

W
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Thus, an average person of 68 kg (150 lbs) with 15
percent body fat stores energy approximately equiva-
lent to

The body also consumes energy at a surprising rate,
generally using between 70000 and 1400000 calories
per hour, depending on the activity (see Table 2). In
fact, trained athletes can expend close to 9.5 million
calories per hour for short bursts.3 In contrast, the
energy rate, or power, expended while sleeping is

Thus, the jelly doughnut introduced earlier would be
Òslept offÓ in 4.7 hours. If only a small fraction of
such power could be harnessed conveniently and
unobtrusively, batteriesper se could be eliminated.
However, dif®culties arise from the acquisition, regu-
lation, and distribution of the power.

Recent technology makes these tasks easier. Comput-
ers are now small enough to disappear into the user's
clothing or body. With such small devices, the main
power consumers, namely theCPU and storage, could
be located near the implemented power source. Inter-
face devices, such as keyboards, displays, and speak-
ers, have limitations as to their placement on the body.
However, these devices may communicate wirelessly
via a Òbody networkÓ as described by Zimmerman.4

They may generate their own power, share in a power
distribution system with the main generator (wired or

wireless), or use extremely long-lasting batteries.
Thus, depending on the user interface desired, wires
may not be needed for power or data transfer among
the components of a wearable computer.

In the following sections, power generation from
breathing, body heat, blood transport, arm motion,
typing, and walking are discussed. Although some of
these ideas are fanciful, each has its own peculiar ben-
e®ts and may be applied to other domains such as
medical systems, general consumer electronics, and
user interface sensors. More attention is given to typ-
ing and walking since these processes seem more
practical sources of power for general wearable com-
puting.

Bod y heat

Since the human body eliminates energy as heat, it
follows naturally to try to harness this energy. How-
ever, Carnot ef®ciency puts an upper limit on how
well this waste heat can be recovered. Assuming nor-
mal body temperature and a relatively low room tem-
perature (20° C), the Carnot ef®ciency is

In a warmer environment (27° C) the Carnot ef®-
ciency drops to

Table 2 indicates that for sitting, a total of 116 W of
power is available. Using a Carnot engine to model
the recoverable energy yields 3.7Ð6.4 W of power. In
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Table 1 Comparisons of common energy sources and common power requirements

Energy Sour ces Common P ower Requirements

AA alkaline battery
Camcorder battery
Liter of gasoline
A calorie
(Dietary) Calorie
Average human diet

Desktop (without monitor) computer
Notebook computer
Embedded CPU board
Low-power microcontroller chip
Average human power use over 24 hours
Average human diet

104 J
105 J
107 J

4.19 J
4,190 J

1.05´  107 J

102 W
10 W
1 W

10-3 W
121 W

1.05´  107 W
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more extreme temperature differences, higher ef®-
ciencies may be achieved, but robbing the user of heat
in adverse environmental temperatures is not practi-
cal.

However, even under the best of conditions (basal,
non-sweating), evaporative heat loss accounts for 25
percent of the total heat dissipation. This ªinsensible
perspirationº consists of water diffusing through the
skin, sweat glands keeping the skin of the palms and
soles pliable, and the expulsion of water-saturated air
from the lungs.5 Thus, the maximum power available,
without trying to reclaim heat expended by the latent
heat of vaporization, drops to 2.8±4.8 W.

The above ef®ciencies assume that all of the heat radi-
ated by the body is captured and perfectly trans-
formed into power. However, such a system would
encapsulate the user in something similar to a wet
suit. The reduced temperature at the location of the
heat exchanger would cause the body to restrict blood
ßow to that area.5 When the skin surface encounters
cold air, a rapid constriction of the blood vessels in
the skin allows the skin temperature to approach the
temperature of the interface so that heat exchange is
reduced. This self-regulation causes the location of
the heat pump to become the coolest part of the body,
further diminishing the returns of the Carnot engine
unless a wet suit is employed as part of the design.

Although a full wet suit or even a torso body suit is
unsuitable for many applications, the neck offers a
good location for a tight seal, access to major centers
of blood ßow, and easy removal by the user. The neck
is approximately 1/15 of the surface area of the ªcoreº
region (those parts that the body tries to keep warm at
all times). As a rough estimate, assuming even heat
dissipation over the body, a maximum of 0.20±0.32 W
could be recovered conveniently by such a neck brace.
The head may also be a convenient heat source for
some applications where protective hoods are already
in place. The surface area of the head is approxi-
mately three times that of the neck and could provide
0.60±0.96 W of power given optimal conversion.
Even so, the practicality, comfort, and ef®cacy of such
a system are relatively limited.

Breath

An average person of 68 kg has an approximate air
intake rate of 30 liters per minute.3 However, available
breath pressure is only 2 percent above atmospheric
pressure.6,7 Increasing the effort required for intake of
breath may have adverse physiological effects,7 so
only exhalation will be considered for generation of
energy. Thus, the available power is

During sleep the breathing rate, and therefore the
available power, may drop in half, whereas increased
activity increases the breathing rate. Forcing an ele-
vated breath pressure with an aircraft-style pressure
mask can increase the available power by a factor of
2.5, but it causes signi®cant stress on the user.5

Harnessing the energy from breathing involves breath
masks that encumber the user. For some professionals
such as military aircraft pilots, astronauts, or handlers
of hazardous materials, such masks are already in
place. However, the ef®ciency of a turbine and gener-
ator combination is only about 40 percent,8 and any
attempt to tap this energy source would put an addi-
tional load on the user. Thus, the bene®t of the esti-
mated 0.40 W of recoverable power has to be weighed
against the other, more convenient methods discussed
in the following sections.

W pDV=

0.02 1.013 105kg´
m sec2×

----------------------------------è ø
æ ö 30l

1min
------------è ø

æ ö 1min
60sec
--------------è ø

æ ö 1m3

1000l
--------------è ø

æ ö=

1.0W=

Table 2 Human energy expenditures for selected
activities (derived from Reference 3)

Activity Kilocal/hr

Sleeping
Lying quietly
Sitting
Standing at ease
Conversation
Eating a meal

70
80

100
110
110
110

Watts

Strolling
Driving a car
Playing violin or piano
Housekeeping
Carpentry
Hiking, 4 mph
Swimming
Mountain climbing
Long-distance running
Sprinting

140
140
140
150
230
350
500
600
900

1400

81
93

116
128
128
128
163
163
163
175
268
407
582
698

1048
1630
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Another way to generate power from breathing is to
fasten a tight band around the chest of the user. From
empirical measurements, there is a 2.5 centimeter
(cm) change in chest circumference when breathing
normally and up to a 5 cm change when breathing
deeply. A large amount of force can be maintained
over this interval. Assuming a respiration rate of 10
breaths per minute and an ambitious 100 N force
applied over the maximal 0.05 m distance, the total
power that can be generated is

A ratchet and ¯ywheel attached to an elastic band
around the chest might be used to recover this energy.
However, friction due to the small size of the parts
may cause some energy loss. With careful design, a
signi®cant fraction of this power might be recovered,
but the resulting 0.42 W is a relatively small amount
of power for the inconvenience.

Blood pressure

Although powering electronics with blood pressure
may seem impractical, the numbers are actually quite
surprising. Assuming an average blood pressure of
100 mm of Hg (mercury) (normal desired blood pres-
sure is 120/80 above atmospheric pressure), a resting
heart rate of 60 beats per minute, and a heart stroke
volume of 70 milliliters (ml) passing through the aorta
per beat,9 then the power generated is

Although this energy rate can easily double when run-
ning, harnessing this power is dif®cult. Adding a tur-
bine to the system would increase the load on the
heart, perhaps dangerously so. However, even if 2 per-
cent of this power is harnessed, low-power micropro-
cessors and sensors could run. Thus, self-powering
medical sensors and prostheses could be created.

Upper limb motion

A comparison of the activities listed in Table 2 indi-
cates that violin playing and housekeeping use up to
30 kcal/hr, or

of power more than standing. Most of this power is
generated by moving the upper limbs. Empirical stud-
ies done by Braune and Fischer10 at the turn of the
century show that for a particular 58.7 kg man, the
lower arm plus hand masses 1.4 kg, the upper arm 1.8
kg, and the whole arm 3.2 kg. The distance through
which the center of mass of the lower arm moves for a

full bicep curl is 0.335 m, and raising the arm fully
over the head moves the center of mass of the whole
arm 0.725 m. Empirically, bicep curls can be per-
formed at a maximum rate of 2 curls/sec, and lifting
the arms above the head can be performed at 1.3 lifts/
sec. Thus, the maximum power generated by bicep
curls is

and the maximum power generated by arm lifts is

Obviously, housekeeping and violin playing do not
involve as much strenuous activity as these experi-
ments. However, these calculations do show that there
is plenty of energy to be recovered from an active
user. The task at hand, then, is to recover energy with-
out burdening the user. A much more reasonable num-
ber, even for a user in an enthusiastic gestural
conversation, is attained by dividing the bicep curl
power by a factor of eight. Thus, the user might make

100N( ) 0.05m( )
10 breaths

1min
-------------------------è ø

æ ö 1min
60sec
--------------è ø

æ ö 0.83W=

100mm Hg( )
1.013 105kg m sec2×¤´

760mm Hg
---------------------------------------------------------è ø

æ ö 60beats
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-------------------è ø
æ ö

1min
60sec
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æ ö 0.07l
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------------è ø

æ ö 1m3

1000l
--------------è ø
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30kcal
1hr

----------------- 4.19J
1calorie
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æ ö 1hr
3600sec
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æ ö 35W=

1.8kg( )
9.8m
sec2
------------è ø

æ ö 0.335m( )
2curls

sec
---------------è ø

æ ö 2arms( ) 24W=

3.2kg( ) 9.8m
sec2
------------è ø

æ ö 0.725m( ) 1.3lifts
sec

-----------------è ø
æ ö 2arms( ) 60W=

Power generation by body heat,
breath, or motion can potentially

power a computer.
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one arm gesture every two seconds. This, then, gener-
ates a total of 3 W of power. By doubling the normal
load on the user©s arms and mounting a pulley system
on the belt, 1.5 W might be recovered (assuming 50
percent ef®ciency from loss due to friction and the
small parts involved), but the system would be
extremely inconvenient.

A less encumbering system might involve mounted
pulley systems in the elbows of a jacket. The take-up
reel of the pulley system could be spring-loaded so as
to counterbalance the weight of the user©s arm. Thus,
the system would generate power from the change in
potential energy of the arm on the downstroke and not
require additional energy by the user on the upstroke.
The energy generation system, theCPU, and the inter-
face devices could be incorporated into the jacket.
Thus, the user would simply don the jacket to use his
or her computer. However, any pulley or piston gener-
ation system would involve many inconvenient mov-
ing parts and the addition of signi®cant mass to the
user.

A more innovative solution would be to use piezoelec-
tric materials at the joints that would generate charge
from the movement of the user. Thus, no moving parts
per se would be involved, and the jacket would not be
signi®cantly heavier than a normal jacket. However,
as will be seen in the following sections, materials
with the appropriate ¯exibility have only 11 percent
ef®ciency, making the recoverable power 0.33 W.

Walking

Using the legs is one of the most energy-consuming
activities the human body performs. In fact, a 68 kg
man walking at 3.5 mph, or 2 steps per second, uses
280 kcal/hr or 324 W of power.3 Comparing this to a
standing or strolling rate implies that up to half this
power is being used for moving the legs. While walk-
ing, the traveller puts up to 30 percent more force on
the balls of his feet than that provided by body weight
(Figure 1). However, calculating the power that can be
generated by simply using the fall of the heel through
5 cm (the approximate vertical distance that a heel
travels in the human gait10) reveals that

of power is available. This result is promising given
the relatively large amount of available power com-
pared to the previous analyses. Even though walking
is not continuous like breathing, some of the power
could be stored, providing a constant power supply
even when the user is not walking. The next three sub-
sections outline the feasibility of harnessing this
power via piezoelectric and rotary generators, and the
fourth subsection presents calculations on harnessing
wind resistance.

68kg( )
9.8m
sec2
------------è ø

æ ö 0.05m( )
2steps

sec
---------------è ø

æ ö 67W=

Figure 1 Empirical data taken of eff ective f orce perpendicular to the gr ound on the f oot while walkin g for a 58.7 kg man
(from Ref erence 10); this data cur ve should scale r oughl y based on weight
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Piezoelectric materials. Piezoelectric materials cre-
ate electrical charge when mechanically stressed.
Among the natural materials with this property are
quartz, human skin, and human bone, though the lat-
ter two have very low coupling ef®ciencies. Table 3
shows properties of common industrial piezoelectric
materials: polyvinylidene ¯uoride (PVDF) and lead zir-
conate titanate (PZT). For convenience, references for
data sheets and several advanced treatments of piezo-
electricity are included at the end of the paper.11,12,14±16

The coupling constant shown in Table 3 is the ef®-
ciency with which a material converts mechanical
energy to electrical energy. The subscripts on some of
the constants indicate the direction or mode of the
mechanical and electrical interactions (see Figure 2).
ª31 modeº indicates that strain is caused to axis 1 by
electrical charge applied to axis 3. Conversely, strain
on axis 1 will produce an electrical charge along axis
3. Bending elements, made by an expanding upper
layer and a compressing bottom layer separated by a
shim, are made to exploit this mode in industry. In
practice, such bending elements have an effective
coupling constant of 75 percent of the theoretical due
to storage of mechanical energy in the mount and
metal shim center layer.

The most ef®cient energy conversion, as indicated by
the coupling constants in Table 3, comes from com-
pressingPZT (d33). Even so, the amount of effective
power that could be transferred in this way is minimal
since compression follows the formula

whereF is force,H is the unloaded height,A is the
area over which the force is applied, andY is the elas-
tic modulus. The elastic modulus forPZT is 4.9´ 1010

N/m2. Thus, it would take an incredible force to com-
press the material a small amount. Since energy is
de®ned as force through distance, the effective energy
generated through human-powered compression of
PZT would be vanishingly small, even with perfect
conversion.

In contrast, bending a piece of piezoelectric material
to take advantage of its 31 mode is much easier.
Because it is brittle,PZT does not have much range of
motion in this direction. Maximum surface strain for
this material is 5́ 10±4. Surface strain can be de®ned
as

where x is the de¯ection, t is the thickness of the
beam, andLc is the cantilever length. Thus, the maxi-
mum de¯ection or bending for a beam (20 cm) of a
piezoceramic thin sheet (0.002 cm) before failure is

DH FH
AY
--------=

S xt
Lc

2
-------=

x
S( ) Lc

2( )
t

-------------------- 5 10 4±´( ) 0.2m( )2

0.00002m
------------------------------------------- 1cm= = =

Table 3 Piezoelectric c haracteristics of PVDF and PZT
(adapted fr om Ref erences 11, 12, and 13)

Proper ty Units

Relative
permitivity

Elastic
modulus

Piezoelectric
constant

Coupling
constant

Density

e/e0

1010N/m

10±12C/N

CV/Nm

g/cm3

PVDF

12

0.3

d31=20
d33=30

0.11

1.78

PZT

1700

4.9

d31=180
d33=360
k31=0.35
k33=0.69

7.6

Figure 2 DeÞnition of ax es for piezoelectric materialsÑ
note that electr odes are mounted on axis 3 13
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Thus,PZT is unsuitable for jacket design or applica-
tions where ¯exibility is necessary.

PVDF, in contrast, is very ¯exible. In addition, it is
easy to handle and shape, exhibits good stability over
time, and does not depolarize when subjected to very
high alternating ®elds. The cost, however, is that the
coupling constant forPVDF is signi®cantly lower than
that forPZT. Also, shapingPVDF can reduce the effec-
tive coupling of mechanical and electrical energies
due to edge effects. Furthermore, the ef®ciency of the
material degrades depending on the operating climate
and the number of plies used. Fortunately, from an
industry representative,17 we know a 116 cm2 40-ply
triangular plate with a center metal shim de¯ected 5
cm by 68 kg three times every 5 seconds results in the
generation of 1.5 W of power. This result is a perfect
starting point for the calculations in the next subsec-
tion.

Piezoelectric shoe inserts. Consider the use ofPVDF
shoe inserts for recovering some of the power in the
process of walking. There are many advantages to this
tactic. First, a 40-ply pile would be only (28 microme-
ters)(40) = 1.1 mm thick (without electrodes). In addi-
tion, the natural ¯exing of the shoe when walking
provides the necessary de¯ection for generating
power from the piezoelectric pile (see Figure 3).PVDF
is easy to cut into an appropriate shape and is very
durable.11,12 In fact, PVDF might be used as a direct
replacement for normal shoe stiffeners. Thus, the
inserts could be easily put into shoes without moving
parts or seriously redesigning the shoe.

A small woman©s shoe has a footprint of approxi-
mately 116 cm2. Knowing that the maximum effective
force applied at the end of a user©s step increases the
apparent mass by 30 percent, the user needs only 52
kg (115 lbs) of mass to de¯ect thePVDF plate a full 5
cm. Although the numbers given in the last section
were for a 15.2 cm by 15.2 cm triangular 40-ply pile,
the value can be used to approximate the amount of
power an appropriately shaped piezoelectric insert
could produce. Thus, scaling the previous 1.5 W at
0.6 de¯ections per second to two steps per second,

of electrical power could be generated by a 52 kg user
at a brisk walking pace.

Rotary generator conversion. Through the use of a
cam and piston or ratchet and ¯ywheel mechanism,
the motion of the heel might be converted to electrical
energy through more traditional rotary generators.
The ef®ciency for industrial electrical generators can
be very good. However, the added mechanical friction
of the stroke-to-rotary converter reduces this ef®-
ciency. A normal car engine, which contains all of
these mechanisms and suffers from inef®cient fuel
combustion, attains 25 percent ef®ciency. Thus, for
the purposes of this section, a 50 percent conversion
ef®ciency will be assumed for this method, which
suggests that, conservatively, 17±34 W might be
recovered from a ªmechanicalº generator.

How can this energy be recovered without creating a
disagreeable load on the user? A possibility is to
improve the energy return ef®ciency of the shoe and
tap some of this recovered energy to generate power.
Speci®cally, a spring system, mounted in the heel,
would be compressed as a matter of course in the
human gait. The energy stored in this compressed
spring can then be returned later in the gait to the user.
Normally this energy is lost to friction, noise, vibra-
tion, and the inelasticity of the runner's muscles and
tendons (humans, unlike kangaroos, become less ef®-
cient the faster they run3). Spring systems have
approximately 95 percent energy return ef®ciency,
whereas typical running shoes range from 40 percent
to 60 percent ef®ciency.18,19 Volumetric oxygen stud-
ies have shown a 2±3 percent improvement in running
economy using such spring systems over typical run-
ning shoes.19 Similarly suggestive are the ªtunedº run-
ning track experiments of McMahon.20 The stiffness
of the surface of the indoor track was adjusted to
decrease foot contact time and increase step length.
The result was a 2±3 percent decrease in running
times and seven new world records in the ®rst two
seasons of the track. Additionally, a reduction in inju-
ries and an increase in comfort was observed. Thus, if
a similar spring mechanism could be designed for the
gait of normal walking, and a ratchet and ¯ywheel
system is coupled to the upstroke of the spring, it may
be possible to generate energy while giving the user
an improved sense of comfort (Figure 3). In fact,
active control of the loading of the generation system
may be used to adapt energy recovery based on the
type of gait at any given time.

Since a simple mechanical spring would not provide
constant force over the fall of the heel but rather a lin-
ear increase (for the ideal spring), only about half of
the calculated energy would be stored on the down-

1.5W( )
2 steps/sec

0.6 steps/sec
------------------------------è ø

æ ö 5 W=
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step. An open question is what fraction of the return
energy of the spring can be sapped on the upstep
while still providing the user with the sense of an
improved ªspring-in-the-stepº gait. Initial mock-ups
have not addressed this issue directly, but a modern
running shoe returns approximately 50 percent of the
10 J it receives during each compression cycle18 (such
ªair cushionº designs were considered a revolutionary
step forward over the hard leather standard several
decades ago). Given a similar energy return over the
longer distance of the spring system, the energy stor-
age of the spring, and the conversion ef®ciency of the
generator, 12.5 percent of the initial 67 W is har-
nessed for a total of 8.4 W of available power.

Air r esistance.A ®nal potential method of generating
power is to harness air drag while the user is walking.
At a run of 6 miles per hour (mph), only 3 percent of
the expended energy (103 W) is performed against air
resistance.3 Although 30 W of power is a signi®cant
amount, little of this energy could be harnessed with-
out severely encumbering the user. At more reason-
able walking speeds, the available power declines

sharply. Thus, it seems pointless to pursue a hard-to-
recover energy source that can only yield 3 percent of
the user©s total energy when leg motion may consume
over 50 percent of the total energy during the same
activity.

Fing er motion

Keyboards will continue to be a major interface for
computers into the next decade.1 As such, typing may
provide a useful source of energy. On a one-handed
chording keyboard (HandyKey©s Twiddler), it is nec-
essary to apply 130 grams of pressure in order to
depress a key the required 1 mm for it to register.
Thus,

is necessary to type. Assuming a moderately skilled
typist (40 words per minute, or wpm), and taking into

0.13kg
keystroke
-----------------------è ø

æ ö 9.8m
sec2
------------è ø

æ ö 0.001m( ) 1.3mJ per keystroke=

Figure 3 Simple dia gram sho wing tw o shoe g eneration systems: (1) piezoelectric Þlm inser t or (2) metal spring with
coupled g enerator system

PIEZOELECTRIC INSERT

METAL SPRING
ALTERNATIVE
GENERATOR SYSTEM
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account multiple keystroke combinations, an average
of

of power is generated. A fast QWERTY typist (90
wpm) depresses 7.5 keys per second. A typical key-
board requires 40±50 grams of pressure to depress a
key the 0.5 cm necessary to register a keystroke (mea-
sured on aDEC PC 433DX LP). Thus, aQWERTY typist
may generate

of power. Unfortunately, neither method provides
enough continuous power to sustain a portable com-
puter, especially since the user would not be continu-
ously typing on the keyboard. However, there may be
enough energy in each keystroke for each key to
ªannounceº its character to a nearby receiver.21 For
example, the keyboard may have a permanent magnet
in its base. Each key would then have an embedded
coil that would generate a current when the key was
moved. Another possibility is to usePVDF, which
bends at each keystroke, to generate energy (again, 11
percent ef®ciency). Thus, a wearable, wireless key-
board may be possible.

Notebook computer po wer

Current notebook computers offer a unique method
for generating energyÑsimply opening the computer
may supply power. However, this one action needs to
provide power for the entire session; otherwise, users
would be forced to ¯ap their computers open and
closed. From some simple empirical tests, the maxi-
mum force that a user may reasonably expect to exert
when opening a notebook computer is

Assuming a maximum of 0.5 m of swing when open-
ing the computer,

of power would be available for a 10-minute session.
For an hour©s use, the available power drops to 12
mW. For most current applications, these power rates
are inadequate.

Stora ge considerations

Figure 4 shows a summary of the body-driven genera-
tion methods discussed so far. Every power genera-
tion system proposed, with the possible exception of
heat conversion, would require some power storage
device for periods between power generation cycles.
Thus, some attention is necessary regarding the ef®-
ciency of storage.

Electrical storage may be preferable because of its
prevalence and miniaturization. First, however, the
power must be converted to a usable form. For the
piezoelectric method, a step-down transformer and
regulator would be needed. Current strategies for con-
verting the high voltages generated by piezoelectric
materials to computer voltage levels can attain over 90
percent ef®ciency.22 Care is needed to match the high
impedance of the piezo generator properly, and, due
to the low currents involved, the actual ef®ciency may
be lower. For the other generation methods, power
regulators would be needed as well, and aggressive
strategies can attain 93 percent ef®ciency.

The most direct solution to the problem of electrical
storage is to charge capacitors that can be drained for
power during periods of no power generation. How-
ever, simply charging the capacitor results in the loss
of half the available power.23 Unfortunately, a purely
capacitive solution to the problem is also restricted by
size. Currently, small (less than 16 cm3) 5 V superca-
pacitors are rated for approximately 3 farads. Thus,
only

of energy can be stored. Correspondingly, for non-
generative cycles of a minute,

can be provided from a fully charged capacitor. This
amount is acceptable as an energy reservoir for

1.3mJ
keystroke
-----------------------è ø

æ ö 5.3keystrokes
sec

---------------------------------è ø
æ ö 6.9mW=

0.05kg
keystroke
-----------------------è ø

æ ö 9.8m
sec2
------------è ø

æ ö 0.005m( )
7.5keystrokes

sec
---------------------------------è ø

æ ö

19mW=

20lbs( ) 1kg
2.2lbs
--------------è ø

æ ö 9.8m
sec2
------------è ø

æ ö 89.1N=

89.1N( ) 0.5m( )
1

600sec
-----------------è ø

æ ö 74mW=

E 0.5( )CV2 0.5( ) 3F( ) 5V( )2 37.5J= = =

38J
60sec
-------------- 0.62W=
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breathing, blood pressure, and body heat. Capacitive
storage is not suitable for upper limb motion, walking,
or typing, except for domains in which the particular
body action is continuously performed, since power
supplied from the capacitor over an hour drops to 0.01
W. In order to provide even 1 W of power over this
time interval, 100 such capacitors would be necessary.
In such cases, rechargeable batteries may be
employed. Table 4 compares the energy densities,
both by weight and volume, of currently available bat-
teries. The on-time values are of particular interest
since they show the maximum amount of time a 5 W
computer could be run from a battery contained in the
heel of a shoe (assuming 100 cm3 of volume). Note
that the mass of the zinc-air battery would be around
0.12 kg if it could be manufactured in this form factor.

Mechanical energy storage may be more attractive for
some of the generation mechanisms described above.
For example, with walking as a source of power gen-
eration, ¯ywheels, pneumatic pumps, and clock
springs may prove more fruitful in storing power.
However, the possibilities are numerous, and cover-
age of the ®eld is beyond the scope of this paper.

Power requirements f or computing

A recent trend in computing is for more capability to
be packed into smaller spaces with less power con-
sumption. At ®rst this trend was pushed by laptop
computers. With the advent of pen computing and
PDAs, components have become even smaller and

Figure 4 Power fr om bod y-driven sour ces; total po wer f or eac h action is inc luded in parentheses

EXHALATION 0.40 W

BREATHING BAND 0.42 W

FINGER MOTION 0.76-2.1 mW

BLOOD PRESSURE 0.37 W

ARM MOTION 0.33 W

FOOTFALLS 5.0-8.3 W

BODY HEAT 2.4-4.8 W
(CARNOT EFFICIENCY)

(1.0 W)

(0.83 W)

(6.9-19 mW)

(0.93 W)

(60 W)

(67 W)
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more manageable. Now it is possible to make a com-
puter that can be worn and run constantly.1

For example, the author©s wearable computer requires
5 W of power to run all components continuously
(head-mounted display, hard disk, 25 MHz 80386
CPU, 8M RAM, serial/parallel/PCMCIA ports, etc.) A
standard off-the-shelf 1 kg gel cell battery can power
this unit for six hours. However, such a battery has a
volume of 450 cm3. Better battery technology is avail-
able, and the author©s computer does not use power
management.

A viable wearable computer that could be made with
a PIC16C71 processor from Microchip Technology
Inc. This chip requires only 18 mW at 4 MHz and 0.1
mW at 32 kHz.25 With ¯ash memory instead of rotary
disk storage, some driver circuitry, and a Private
Eye** head-mounted display from Re¯ection Tech-
nology Inc., a functional wearable computer (without
communications) could be made with a power con-
sumption of 0.5 W. Thus, signi®cant computing
power can be obtained even on a relatively strict
power budget.

Conc lusion

Although computing, display, communications, and
storage technology may become ef®cient enough to
require unobtrusive power supplies, the desire for the
fastestCPU speeds and highest bandwidth possible
will of fset the trend. In addition, dependence on
power cells requires the user to ªplug inº occasion-
ally. This is impossible in some military and profes-
sional contexts. If body motion is used, it may be
signi®cantly more convenient to shift weight from one
foot to another, for example, than to search for an
electrical outlet.

Each of the generation methods has its own strengths
and weaknesses, depending on the application. How-
ever, power generation through walking seems best
suited for general-purpose computing. The user can
easily generate power when needed, and, in many
cases, the user©s everyday walking may be suf®cient.
A surprising amount of power (5±8 W) may be recov-
ered while walking at a brisk pace, possibly without
stressing the user. If less power is needed, piezoelec-
tric inserts may be used, reducing the mechanical
complexity of the generation system. However, issues
of energy storage and human factors still have to be
resolved. Thus, the natural next step is to prototype a
generator.
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