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Optimization of Inertial Micropower Generators
for Human Walking Motion

Thomas von Büren, Paul D. Mitcheson, Tim C. Green, Eric M. Yeatman, Andrew S. Holmes, and Gerhard Tröster

Abstract—Micropower generators, which have applications in
distributed sensing, have previously been classified into architec-
tures and analyzed for sinusoidal driving motions. However, under
many practical operating conditions, the driving motion will not
be sinusoidal. In this paper, we present a comparison of the simu-
lated performance of optimized configurations of the different ar-
chitectures using measured acceleration data from walking motion
gathered from human subjects. The sensitivity of generator perfor-
mance to variations in generator parameters is investigated, with
a 20% change in generator parameters causing between a 3% and
80% drop in generator power output, depending upon generator
architecture and operating condition. Based on the results of this
investigation, microgenerator design guidelines are provided. The
Coulomb-force parametric generator is the recommended archi-
tecture for generators with internal displacement amplitude limits
of less than 0.5 mm and the velocity-damped resonant generator
is the recommended architecture when the internal displacement
amplitude can exceed 0.5 mm, depending upon the exact oper-
ating conditions. Maximum power densities for human powered
motion vary between 8.7 and 2100 W cm3, depending upon gen-
erator size and the location of the body on which it is mounted.

Index Terms—Micropower generator, micropower supply,
vibration-to-electric energy conversion.

I. INTRODUCTION

TRADITIONALLY, healthcare has concentrated upon the
short-term treatment of life threatening problems in hos-

pital beds rather than long term monitoring and prevention of
chronic illness [1]. However, many chronically ill patients could
have a significant increase in their quality of life and life ex-
pectancy if certain biological signs could be continually mon-
itored during their daily lives. For example, continually moni-
toring blood pressure in patients with hypertension can signif-
icantly increase medication compliance leading to a significant
reduction in blood pressure [2]. Real-time processing of elec-
trocardiograph traces can be very effective at revealing the early
stages of heart disease [3], [4].
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Medical sensors and sensor networks [5] capable of per-
forming these tasks will only significantly increase quality of
life if they are unobtrusive to the patient. Some of the sensors
are implantable and consequently regular maintenance should
be avoided, so frequent replacement of the power source is
undesirable. Additionally, such body-worn autonomous sensor
systems have many applications in the field of context aware-
ness [6] and the Ubiquitous Computing paradigm [7]. Context
awareness can be described as the ability of a computer system
to detect various aspects of the user’s situation (such as loca-
tion, activity, vital signs, and state of the environment) and to
adapt its behavior accordingly [8], [9]. Many such systems rely
on distributed sensor networks. As with medical systems, very
little or no maintenance is a prerequisite for these applications.

A possible alternative to the use of finite internal energy
sources (i.e., batteries) in these applications is that of scav-
enging energy from the environment of the device. Various
energy-scavenging techniques which could be used to power
medical and other sensors have previously been reported, in-
cluding ones utilizing thermal gradients [10], [11], solar energy
[12], [13], and electromagnetic waves [14]. However, powering
devices from the motion of the devices themselves has attracted
the most interest [15]–[23]. A comprehensive overview of
power sources for wearable electronics is presented in [24].

Two types of motion-powered microgenerators have been re-
ported, these being force-driven generators and inertial (or vi-
bration-driven) generators. In force-driven generators, the me-
chanical energy is converted by the direct application of force.
An example of this type of generator (making use of foot to
ground impact) was presented in [15]. In inertial generators the
energy is coupled into the system by the inertia of a moving
mass within the generator frame [16]–[23]. In this work, only
inertial generators are considered.

Inertial microgenerators are mixed electromechanical sys-
tems, in which mechanical motion is used to generate electrical
energy through the use of an electric or magnetic field, or a
piezoelectric material. However, it is possible to model ideal
implementations of these generators as a mechanical system
only, i.e., a second-order mass-spring system, where the elec-
trical energy generated is represented as the energy dissipated
in a mechanical damper. The operating principle of inertial
microgenerators is shown in Fig. 1. The inertia of a proof mass

, which is suspended on a spring suspension with spring
constant , causes the mass to move relative to the generator
frame with relative displacement when the frame, with
displacement , experiences acceleration. The maximum
and minimum values of are , imposed by the finite size
of the generator. Energy is converted when work is done against

1530-437X/$20.00 © 2005 IEEE



VON BÜREN et al.: OPTIMIZATION OF INERTIAL MICROPOWER GENERATORS FOR HUMAN WALKING MOTION 29

Fig. 1. Generic model of inertial generator.

a damping force which opposes the relative motion of the
proof mass.

The chosen energy-conversion principle determines the ve-
locity-force characteristic of that damping force, and the char-
acteristic of this force determines the achievable power density.

Inertial microgenerators have been classified into three main
architectures in [25], depending upon the overall operating
strategy of the generator and the velocity-force characteristic
of the energy-conversion mechanism. Fig. 2 shows the oper-
ation of the generators for a sinusoidal displacement input,

, with amplitude 1 mm and frequency 10 Hz, showing the
relative mass-frame velocity , the damping force ,
and the relative displacement . The architectures are briefly
summarized below.

1) Velocity-damped resonant generator (VDRG). In this
device, usually implemented with electromagnetics or
piezoelectrics, the damping force is proportional to the
relative velocity between the proof mass and the gen-
erator frame (i.e., , where is a constant
coefficient, called the damping coefficient) [16]–[21].
The dashed lines in Fig. 2 show the velocity, damping,
and displacement for a VDRG for g, N/m
and Ns/m.

2) Coulomb-damped resonant generator (CDRG). In this
device, usually implemented with electrostatic forces on
capacitor plates, the damping force is of constant magni-
tude, always opposing relative motion between the proof
mass and the generator frame (i.e., ,
where is constant) [18], [22].

An important characteristic of the mass-frame dis-
placement waveform is that a Coulomb-force can cause
the relative motion between the proof-mass and the
frame to reduce to zero for a period of time [26] in which
case the mass “sticks.” During this phase, no energy is
generated. This is shown for two stops per half-cycle,
with the solid line in Fig. 2, where g, N/m,
and mN. Sticking occurs when the mass has
stopped relative to the frame and the absolute value of
the Coulomb-force is larger than the absolute value of
the sum of spring force and inertial force at that time.
As soon as the mass starts to move, the Coulomb-force
acts to oppose the motion and, during a sticking period,
reverses the direction of the resulting relative acceler-
ation. In simulation this causes the mass to oscillate
around a stationary point relative to the generator frame.
As the simulation time-step is decreased the amplitude

Fig. 2. Comparison of the operation of the three generator architectures.
Dashed line is the VDRG, solid line the CDRG, and dotted line the CFPG.
�Z is shown as dashed straight lines.

and period of this oscillation approach zero. Fig. 2
shows the average force for the stationary periods in the
cycle, as the results have been filtered to remove high
frequency oscillation. In a practical CDRG, the capacitor
being repeatedly charged and discharged would be lossy
and consequently the device requires hysteresis around

in order to reduce the frequency of charging.
Thus, in a practical implementation, the mass would
oscillate at reduced frequency but non-zero amplitude.

3) Coulomb-force parametric generator (CFPG). In this
nonresonant device, again usually electrostatic in nature,
the damping force (here also called holding force) is
constant and holds the mass at one end of the travel
(against an end-stop) until the input acceleration exceeds
a threshold, thus ensuring that the distance between the
limits is traveled under the highest possible force [25],
[27]. The mass starts to move relative to the frame when
the inertial force is great enough to overcome the holding
force. Once the mass has reached the opposite side of the
frame, the sign of the holding force is reversed and a new
generation cycle starts. The operation of this generator
is shown by the dotted line in Fig. 2 for g,

mN.
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Previous analysis of these three architectures using sinusoidal
driving motions [25], i.e., , has shown that the
CFPG achieves the highest power density of the three architec-
tures when the amplitude of the driving motion is much
greater than the limit of the generator’s internal travel . How-
ever, one of the main potential applications for microgenerators
is the powering of medical electronics, where the driving mo-
tion for the generator is the motion of the human body. In this
case, the driving motion is not sinusoidal and has a rich spectral
content.

In this paper, we compare the optimal performance of these
different architectures using actual measured acceleration wave-
forms from nine locations on the body of walking human sub-
jects. The generated power is determined by calculating the
power dissipated in the damper of the model of Fig. 1. Analyt-
ical solutions for generator performance with these measured
acceleration signals are not feasible and, in addition, the spec-
tral content across different human subjects differs making a
general analysis difficult. Consequently, the approach presented
here is numerical. Models for all three generator types have been
implemented in Matlab. Operation of the resonant models was
verified in Simulink [28] and the parametric generator (CFPG)
model verified in the circuit simulator PSPICE. The generator
parameters were then optimized.

The simulation models of the three architectures with mea-
sured acceleration data can be used to investigate several as-
pects of the optimization of microgenerators for realistic condi-
tions. It is possible to compare which body locations yield the
most power, which generator architecture is best suited to which
body location and how this result depends on the size limita-
tion of the generator. It is also possible to assess how sensitive
the power yield is to variation in generator parameters from the
optimal values or to variation in movement data from one sub-
ject to another.

It was shown in [25] that for sinusoidal driving motions, max-
imum power output from any architecture of generator is pro-
portional to the value of the proof mass, assuming all other
parameters are held constant. It can be shown that this pro-
portionality holds for any shape of input waveform. Therefore,
where appropriate in this paper, graphs of generated power have
been normalized by the proof mass.

II. DATA COLLECTION

A custom-made wearable sensor system, PadNET [29], was
used to acquire the acceleration signals. The system consists
of three tri-axial sensor-modules based on ADXL210E (range

10 g) and ADXL202E (range 2 g) sensors [30], i.e., the
system is able to record acceleration from all three axes from
three independent locations at a time. Two ADXL sensors pack-
aged in a small, light-weight PVC box form one sensor-module
which has a substantially lower weight than typical commercial
three-dimensional (3-D) acceleration sensors [31]. The accel-
eration signals were filtered by a second-order low pass filter

dB Hz before being sent to an iPAQ PDA which
recorded the data with a sampling rate of 150 Hz. The sensor
modules were tightly fastened to the body using elastic straps

Fig. 3. Left: sensor module. Right: module mounted on wrist.

Fig. 4. Locations of measurement points on test subject (3-D model courtesy
of Fred Dowling).

with velcro ends, as shown in Fig. 3, to ensure that there was
little relative acceleration between the body and the sensor.

Eight test subjects [male, age: 27.3 2.5 years, weight: 71.6
7.4 kg, height: 179 6.5 cm (mean s.d.)] wearing normal

walking shoes were asked to walk normally for 60 s on a tread-
mill running at constant 4 km/h, while the acceleration data was
recorded. The sensor modules were attached to the nine loca-
tions shown in Fig. 4. Three independent measurements were
taken for each location and each subject.

It is important to note that every recorded acceleration signal
in this setup is based on a moving reference frame (i.e., moving
acceleration sensor). Consequently, the orientation of the ac-
celeration sensors cannot be determined without additional in-
formation from a gyro and so in this case it is not possible to
compute the 3-D trajectory of the measurement points. How-
ever, by double integrating the recorded acceleration signals it
is possible to obtain an equivalent position signal that, when fed
into the generator model, leads to the same relative motion of
the generator proof-mass as the actual body motion. In Fig. 5,
an example acceleration waveform and its equivalent position
waveform are shown.

III. METHODOLOGY AND JUSTIFICATION

A. Processing of Acceleration Signals

Orientation (i.e., in terms of azimuth and elevation) and, con-
sequently, the oscillation axis of the proof-mass motion relative
to the body can be selected to maximize energy yield. It was
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Fig. 5. Example acceleration waveform and equivalent position waveform
(location 8).

decided to align the generator in a direction for which the accel-
eration signals had the highest variance, as this gives a reason-
able indicator of the orientation which would provide maximum
power. Thus, the 3-D acceleration signal from each location
was reduced to a one-dimensional (1-D) signal in the chosen
direction.

Simulations to determine the optimal parameters and max-
imum available power densities were performed on 10 s of data
from one subject. The waveform data gathered from the other
subjects was used to analyze the variations in generator perfor-
mance across subjects as described in Section IV.

B. Effects of Static Acceleration on Generator Performance

The acceleration sensors measure both dynamic (ac) acceler-
ation and static (dc) acceleration. Because the sensors are based
on the measurement of the force acting on their proof-mass,
gravity affects their output signal. Therefore, a dc component in
the acceleration sensor signal can be due to the effect of gravity
or a steady acceleration.

For the resonant generators, static acceleration affects the qui-
escent position of the mass within the frame, thus lowering the
possible amplitude of relative mass-to-frame motion and con-
sequently lowering the generated power. Ideally, static accel-
eration should be compensated out. This can be achieved by
adding a constant offset force to the damping, i.e., using dif-
ferent damping forces in the up and down directions.

In this paper, it is assumed that the static acceleration can be
compensated out by using different damping forces in each di-
rection and so the 1-D acceleration signals were high-pass fil-
tered with a third-order Butterworth filter with break frequency
0.4 Hz.

C. Optimization

The resonant generator models have two parameters to be op-
timized: The resonant frequency (set by ) and the damping
force ( for the VDRG and for the CDRG). The parameters

were varied in the simulations to obtain maximum power while
obeying the displacement constraint described in Section III-D.
Because of the unknown shape of the optimization surface, and
because an exhaustive full parameter search is too computation-
ally intensive, adaptive simulated annealing (which is less likely
than gradient methods to become stuck in a local minimum)
has been used as the optimization method [32] for the resonant
generators. As the CFPG has only one parameter to optimize
(the value of the Coulomb-force ) the maximum power for
the CFPG has been found by sweeping this parameter across a
range.

The lower limits for the parameters of and were set
to zero for the optimization. The upper limits chosen can be
justified as follows. The CFPG and the CDRG generate energy
until the Coulomb-force is increased to a point where the force
is too large to allow any relative movement between the mass
and frame. The value at which the Coulomb-force becomes
large enough to stop relative mass-frame motion was the value
used for the upper limits of the search space.

The upper limit of spring constant was set to a value which,
even with very little damping, still limited the internal mass-
frame displacement to less than . Care was taken to ensure that
the resulting maximum undamped resonant frequency

k m was well above the bandwidth of the input motion. This
guarantees that the optimal value of is included in the search
space.

The same argument was used to set an upper limit on the
value of velocity damping coefficient . The damping coeffi-
cient should not be greater than that which restricts the motion
of the mass from moving the distance in one period, because
in an optimal configuration, the mass will likely make full use
of the allowed travel.

D. End-Stop Limited Travel

The collision of the proof mass with the generator frame has
different effects upon the different architectures.

• CFPG: This device is designed to operate with the proof-
mass snapping backward and forward between end-stops.
If the holding force (Coulomb force) has been set opti-
mally for a particular flight, the mass arrives at the op-
posite side of the generator frame with zero velocity. If
the holding force is set below the optimal value then the
mass simply arrives at the opposite side of the frame with
a non-zero velocity, and some kinetic energy will be lost
in the impact.

Because the modeling of this collision is very depen-
dent upon the generator type, structure and materials used,
the simple assumption used in this work is that the rela-
tive mass-frame velocity becomes zero upon impact. This
may lead to an underestimate of the generated energy.

• VDRG and CDRG: While a resonant generator may in-
deed work if the proof-mass collides with the constraining
end-stops, it is no longer acting in a resonant mode. Thus,
solution sets for which the resonant generators exceed the
displacement constraint are ignored.
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TABLE I
GENERATOR CONFIGURATIONS USED

E. Generator Configurations

The generator configurations in Table I were used in the sim-
ulations for all generator architectures, in order to investigate
the effect of size on generator performance.

Configurations 1 and 2 correspond to MEMS implementa-
tions of microgenerators, with 1 being smaller than reported
configurations, and 2 being the typical size of previously re-
ported generators. Configurations 3–5 correspond to generators
which could be fabricated using standard precision engineering
techniques. Configuration 5 is larger than could be tolerated in
many suggested applications, but is included for comparison
purposes and to give a broader indication of generator scaling
effects.

F. Measurement Noise in Acceleration Signals

In order to ensure that noise in the acceleration signals was
not a large contributing factor to the power generated, data from
stationary sensors was recorded and the same optimization
process was carried out as previously for the actual measured
waveforms. In most cases, the power generated from these
signals is negligible compared to the power generated from the
signals from the walking motion. The exception is the smallest
generator configuration used (configuration 1), where, in the
worst case, the power generated from the noise rises to 35% of
the power obtained from walking motion. However, the median
for configuration 1 is only 5%.

IV. PERFORMANCE COMPARISON

The performance metric for microgenerators is described
by the product of two terms [25]: the coupling effectiveness
(coupled power/maximum possible coupled power) and an
efficiency (useful power output/coupled power). Coupled
power is the amount of power dissipated in the damper, i.e.,
coupling effectiveness gives an indication of how much power
the damper extracts from the source (which in turn is the upper
limit for the generated electrical power). Useful power output
is the power available to drive external circuitry after suitable
power processing, and is beyond the scope of this paper.

The plots of Fig. 6 show the maximum coupled power from
2 different sizes of generator, after optimization (i.e., when the
coupling effectiveness is equal to 1). Results are given for all the
three architectures on each of the nine measured locations on
the body. Fig. 6(a) shows the maximum coupled power for con-
figuration 2, and Fig. 6(b) shows the performance of the larger
configuration 5. Locations 2–6 are on the upper body, and 7–9
the lower body, with location 1 being on the head.

Fig. 6. Generator architecture absolute performance. (a) Configuration 2
(Z = 250 �m, m = 300 mg). (b) Configuration 5 (Z = 20 mm, m = 2 g).

For inertial generators under walking conditions, the lower
body locations yield around four times more power than the
upper body locations. This is to be expected because the accel-
erations on the lower body have higher RMS values.

Fig. 6(a) and (b) shows that optimized generator performance
on locations 2–6 (on the upper body and the sacrum) are similar,
and performance from locations 7–9 (on the knee and lower leg)
are also similar. Consequently, in order to reduce the complexity
of some of the following plots, two data sets have been formed,
with the power equal to the mean of the values of the set from
the various locations. The sets are: “upper body,” consisting of
locations 2–6 and “lower body” consisting of locations 7–9.

As can be seen, the CFPG is a marginally better choice for
small generator sizes for most locations. As the generators
increase in size, the resonant devices start to outperform the
CFPG. The CDRG is never as good as the VDRG. The VDRG
is the best choice for the larger scale devices.

In Fig. 7, the averaged normalized power values have been
plotted against for the two data sets. By interpolating between
the computed points it is possible to estimate the generator di-
mension (represented by ) where the resonant devices start to
outperform the CFPG. For the upper body, this cross-over
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Fig. 7. Comparison of architecture performance for generators mounted on
the upper and lower body (power normalized by the proof mass,m).

point is located at about 200 m and for the lower body at about
800 m.

V. OPTIMAL PARAMETERS

The variation in the optimal generator damping parameters
with generator size is shown in Fig. 8. As with the plots for
generator output power, the VDRG damping coefficient , and
the Coulomb-force, , have been normalized to the value of
the proof mass (because the optimal trajectory is maintained
for constant and values). It should be noted that the
relationships between optimal damping, optimal spring constant
and discussed in this section are solely based upon the five
generator sizes which have been simulated.

Fig. 8(a) shows the variation of the damping coefficient
with for the VDRG. Over much of the range, the data forms
a straight line on a log-log plot, and over that range, .
Once exceeds 5 mm, this relation no longer holds for all
positions.

Fig. 8(b) shows the normalized Coulomb-Force for the
CDRG. As can be seen, for a given location, the force is ap-
proximately constant for mm before starting to decrease
for some locations.

Fig. 8(c) shows the dependence of the optimal holding force
of the CFPG on . It should be noted that as the value of
increases, it is expected that the optimal holding force would
reduce to allow the mass to travel further in one flight.

Fig. 9 shows the dependence of the optimal resonant fre-
quencies on generator size. Fig. 9(a) shows the variation of
optimal resonant frequency for the VDRG. For mm,

, i.e., . When is larger than this, the
relation no longer holds for all locations, with resonant frequen-
cies rising above that predicted by this relationship.

Fig. 9(b) shows the dependence of the CDRG optimal reso-
nant frequency upon the value of . While these lines are not
completely parallel, the relationship between the and the op-
timal resonant frequency is approximately , i.e., the
same as the VDRG.

Fig. 8. Optimal generator damping. (a) Optimal VDRG damping coefficient.
(b) Optimal CDRG damping force. (c) Optimal CFPG damping force.
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Fig. 9. Optimal generator resonant frequency. (a) Optimal VDRG resonant
frequency. (b) Optimal CDRG resonant frequency.

The changes in the relationships between the parameters
(i.e., a proportional relationship until exceeds a certain
value followed by a different choice of optimal parameter)
suggests that the optimal operation for the generators shifts
between modes, which correspond to the system changing from
being overdamped or underdamped, i.e., once has exceeded

m, resonant amplification is possible. This is shown
in Fig. 10, with the resonant generators producing an output
which is much closer to a sinusoid for configuration 5 (which
operates underdamped) than configuration 2 (which operates
overdamped).

VI. SENSITIVITY OF POWER TO GENERATOR PARAMETERS

AND INTER-SUBJECT VARIATIONS

It is important to consider the sensitivity of power output to
changes in generator parameters. First, the measured data is for
a narrow range of walking speed, and the resonant frequency
will probably not be dynamically adjustable. By varying the
spring constant in the simulation we can alter the relation be-
tween resonant frequency and walking speed, which, assuming
a similar harmonic content, gives a reasonable approximation to

Fig. 10. Relative position waveforms for two sizes of each architecture for one
input acceleration waveform. The dashed line is configuration 2. and the solid
line configuration 5.

varying walking speed. Although the damping coefficient may
be dynamically varied, how precisely it is optimized will depend
on the control circuitry and other factors so the dependence of
power on the deviation of damping from optimality is also of
interest.

Therefore, the parameters of spring constant (for resonant
generator types only) and damping term (for all generator types)
were varied. For every optimum, both parameters were varied
in seven discrete steps to deviate 20% from the optimal value.
The results have been grouped and averaged for the upper body
and the lower body groups as before.

The damping parameter is regarded as adjustable online
during generator operation and consequently when varying the
spring constant, the damping parameter was re-optimized each
time. In contrast, the spring constant is regarded as fixed during
generator operation and was, hence, held constant during the
variation of the damping parameter.

In Fig. 11, the generator coupling effectiveness for two gener-
ator sizes (configuration 2, small, and configuration 5, large) is
shown. For the resonant generator types, points with damping
parameter values below the optimum are not shown because
they all violate the displacement constraint.

For most cases, generated power does not fall more than 20%
for a deviation of 20% in parameters from optimal. Exceptions
are the CDRG for the upper body and the CFPG with an above
optimal damping parameter. For the CFPG, this is due to the
fact that the number of flights of the proof-mass is strongly re-
duced with the damping force above optimal, while below the
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Fig. 11. Sensitivity of coupling effectiveness to changes in generator parameters. (a) Coupling effectiveness with deviation in k, upper body. (b) Coupling
effectiveness with deviation in damping, upper body. (c) Coupling effectiveness with deviation in k, lower body. (d) Coupling effectiveness with deviation in
damping, lower body.

optimum the generated power is approximately proportional to
the damping force. For the CDRG, the reason may be due to an
increase in the number of times the mass motion sticks relative
to the frame.

As mentioned in Section III-A, the generators have been
optimized for the input waveforms of one subject. However,
the variations in generator performance across subjects have
also been considered. This was done by feeding acceleration
waveforms from the seven other subjects into the optimized
generator models. The damping parameter was re-optimized
for every waveform since it is considered adjustable online
during generator operation. The output power values for the
other subjects were comparable to the ones of the main subject
(same order of magnitude, typically not deviating more than

50%).
While the CFPG has the inherent advantage of not having

a resonant frequency and, therefore, offering the potential of
being fully optimized dynamically to suit the operating condi-

tions, Fig. 11(a) and (b) shows that the loss of power for the
small VDRG, for example, with loss of tuning is not rapid.

VII. PRACTICAL CONSIDERATIONS

An important question is what minimum generator size and
mass would be needed to realize the required parameters found
in Section V. Here, the issues are only briefly discussed, as an
in-depth analysis is beyond the scope of this paper. A simple re-
alization of a VDRG is a cylindrical coil moving in and out of
a homogeneous magnetic field region and connected to a resis-
tive load. The Lorentz force that occurs is the damping force.
A CDRG/CFPG can be implemented by a parallel plate capac-
itor, where one plate is movable. Here, the damping force is the
electrostatic force between the capacitor plates. There are two
basic types: The gap-opening type is operated in constant charge
mode and the sliding-plates type is operated in constant-voltage
mode. For these configurations, it can be shown that when all
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dimensions are scaled by the same factor the VDRG force is
proportional to while the CDRG/CFPG force is proportional
to , where is the dimension of length. Hence, for decreasing
sizes, the electromagnetic damping forces drop more rapidly
than the electrostatic ones and it becomes increasingly diffi-
cult for the former to achieve the required damping to operate
optimally.

In order to adapt to different driving motions, the damping
force needs to be adjustable online. In an electromagnetic
VDRG implementation this can be done by changing the load
resistance. In electrostatic generators the damping force is
controlled via the voltage of the capacitor.

As stated in Section III-B, it was assumed that static acceler-
ation can be compensated out by adding a constant offset force.
While this is difficult to do for the electromagnetic and piezo-
electric generators, it is much easier to achieve for electrostatic
generators, i.e., the CDRG and the CFPG. In electrostatic gen-
erators, the offset force can easily be realized by using different
electrostatic forces in the up and down directions, which in turn
can be achieved by pre-charging the capacitor to different values
depending upon the relative direction of travel of the mass.

Another practical issue is startup. While an electromagnetic
generator based on permanent magnets can start up with zero
electrical energy stored, an electrostatic generator needs a min-
imum energy to charge the capacitor. In principle, it is possible
to use an electret to precharge the capacitor [33]; however, in
that case, the damping force is not easily adjustable.

VIII. DISCUSSION

Fig. 7 shows that for human walking movements, the gen-
erator architecture with the highest power density is dependent
upon generator size and the position on the body on which the
generator is mounted. The CFPG is the optimal architecture
on the lower body when m and the VDRG for

m. For the upper body, the architecture choices are
the same, but the cross over point is at 200 m.

For sinusoidal motion, the cross-over point between architec-
tures can be defined in terms of the ratio of and
[25], where is the amplitude of the driving motion. With
inputs containing multiple frequencies, this distinction cannot
easily be made because and have no clear meaning. How-
ever, it can be noted that the displacements on the upper body
are smaller than the lower body. So, it is reasonable to expect
that the value of for which there is a change in optimal archi-
tecture is smaller for the upper body locations.

The achievable power density for inertial microgenerators
does not remain constant for changes in generator size (specif-
ically for changes in ) [25] and so absolute power densities
cannot be quoted. For optimal implementations of resonant mi-
crogenerators with sinusoidal inputs, the volume of the proof
mass will be half of the generator volume [25] (because the
generated power is proportional to both and ). While this
does not hold exactly for nonsinusoidal motion, Fig. 7 shows
that for all architectures and for mm, the power is ap-
proximately proportional to . Consequently, setting the mass

to occupy half the volume is a good approximation to obtaining
the highest power density for small generators. However, this
assumption will underestimate the maximum power density for
the larger generators.

The achievable power densities have been calculated for
the sizes of generator studied in this paper based upon the
assumption that the mass occupies half the volume. With

m this gives a total length of the generator (in the
direction of mass motion) of 1 mm, allowing for the height of
the mass. Assuming the generator is cube shaped, then the total
volume of an optimal mass, made of gold, is 0.5 mm , giving a
total mass of 10 mg. This gives power densities of 140 W cm
for location 9, and 8.7 W cm for location 1, for CFPGs. For

mm, the power density is 2100 W cm for location
9 and 134 W cm for location 1, in this case, for VDRGs.

For wearable applications, sensor nodes will usually be mon-
itoring environmental conditions or biological functions and,
thus, have modest data rate requirements. For example, heart
rate monitoring has been estimated to require only 80 bits/min
[34]. It can be shown that transmission at up to 1 kbit/s over a
1-m range can be provided with submicrowatt power levels [35].
Recently, A-D converters have been reported with power con-
sumption of 1 W with sampling rates above the requirements
for health monitoring applications. This suggests that power
levels as low as 1 W may be sufficient for realistic sensor
nodes. Consequently the minimum size of a microgenerator for
use on the human body to allow it to drive a sensor and wireless
link lies between 1 mm and 1 cm depending on the location
of the generator on the body, and the duty cycles of the motion
and the sensor operation.

IX. CONCLUSION

The simulated performance of the three microgenerator ar-
chitectures has been investigated with the input motion being
human walking motion. Acceleration data were measured from
nine body locations on eight human test subjects. One test sub-
ject was chosen and the generator parameters were optimized
on 10 s of the data from that subject for all body locations. Five
different sizes of generator have been investigated and their op-
timal parameters have been plotted against generator size. For
the resonant generators with values less than 1 mm, the op-
timal values of spring constant and damping are proportional to

. For mm, the optimal values no longer obey this
proportionality, which suggests a change in the mode of gener-
ator operation.

The generated power for generators where mm is
proportional to . For generators with larger , this relation-
ship breaks down, with generated power increasing less rapidly
with . This suggests that as generators get large, an optimal
microgenerator configuration will contain a proof-mass which
occupies more than half the volume of the generator. The max-
imum power output of a generator for a given input and value
of is proportional to the value of the proof mass and, thus,
optimal values of the parameters, , , and also scale with
the value of proof mass.
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It has been shown that the CFPG is the architecture which
achieves the highest power density for smaller generators and
the VDRG for larger generators, with the cross over points being

m for generators mounted on the upper body and
m for the lower body. The CDRG did not outper-

form the other two architectures for any location or for any size
of generator. The scaling laws of electrostatic forces and elec-
tromagnetic forces also demonstrate the suitability of the CFPG
to small generators and the VDRG to larger generators. There is
a distinct difference between the energy generated from upper
and lower body locations for walking motion, with there being
approximately four times as much energy available from the
lower body locations. However, it should be noted that many
sensors, especially implanted medical sensors, would need to be
mounted on specific locations, and, hence, it might not be pos-
sible to place them at the locations which achieve the highest
power densities.

The coupling effectiveness of the VDRG is less sensitive to
changes in spring constant than is the coupling effectiveness of
the CDRG. The coupling effectiveness of the CFPG is less sen-
sitive to a reduction of the damping force than to an increase.
When, for a given optimal spring constant, the damping param-
eter for the resonant generators is set to below the optimum, the
proof-mass hits the end stops, which shows that under optimal
operation, the resonant generators operate to the displacement
limit.
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