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Compact electret energy harvesters, based on a design recently introduced, are presented. Using

electret surface potentials in the 400 V regime and a seismic mass of 10 g, it was possible to generate

output power up to 0.6 mW at 36 Hz for an input acceleration of 1 g. Following the presentation of

an analytical model allowing for the calculation of the power generated in a load resistance at the

resonance frequency of the harvesters, experimental results are shown and compared to theoretical

predictions. Finally, the performance of the electret harvesters is assessed using a figure of merit.

Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4960480]

Energy harvesting is defined as the conversion of energy

from environmental sources into electrical energy that can be

stored and used to power electrical circuits such as wireless

sensor nodes.1,2 Unlike classical battery-equipped systems,

energy harvesters do not require external charging or battery

replacement, which is advantageous for applications where

electrical circuits are placed in remote locations. Typical envi-

ronmental sources for energy harvesting are light, electromag-

netic waves, thermal gradients, or mechanical vibrations.

Energy from mechanical vibrations may be converted into

electrical energy using electromagnetic, piezoelectric, or elec-

trostatic transduction.

Piezoelectret3–7 and electret energy harvesters8–10 are a

particular kind of electrostatic harvesters. These basically

consist of an electrically polarized capacitor whose capaci-

tance is modulated in response to input vibrations. This mod-

ulation is either a change of the overlapping area of the

electrodes with constant air gap thickness (“in-plane”

type)11–19 or a variation of the air gap thickness with con-

stant overlapping area (“out-of-plane” type).11,12,20–23 In the

case of electret energy harvesters, the polarization voltage is

generated by an electret film placed between the capacitor

electrodes, eliminating the need for an external voltage in

the regime of a few hundred volts. These harvesters are most

frequently based on Micro-Electro-Mechanical System

(MEMS) technology.14–19,21–23 More recently, electret bias-

ing has also been suggested to replace the external polariza-

tion of dielectric elastomer generators.24,25

The electret energy harvesters investigated in this study

are of the out-of-plane type. Their simple design is based on

electret harvesters presented previously10 with compressive

cellular polypropylene (PP) spacers between electret and

ground electrode. The goal of the present experiments was to

lower the resonance frequency from values above 1 kHz to

the range around 100 Hz or below, where conditions for

vibration-based energy harvesting are much better.1 It was

also intended to increase the power output of the device,

even for a reduced seismic mass. Both goals were to be

achieved with a modification of the compressive cellular

spacers.

In the following, the design of the electret harvesters and

the experimental setup are discussed, followed by an analyti-

cal model. Then experimental results for the charge sensitiv-

ity, damping ratio, and generated power of the harvesters are

shown and compared with theoretical calculations. Finally,

after an analysis of the results, conclusions are presented.

The experimental setup of the electret energy harvesters

is shown in Fig. 1 and described in more detail in the supple-

mentary material.26 The harvesters consist of a fluoroethy-

lene propylene (FEP) electret film metalized on one side and

glued with its metalized side to a seismic mass made of

brass. A ground electrode is separated from the electret by

an air gap maintained by three or four small stacks made of

cellular polypropylene (PP) films.26 These stacks are inserted

in holes of the ground electrode. Since the height of the

stacks is larger than the thickness of the ground electrode,

they stick out of the holes and thus govern the thickness of

the air gap. The elastic properties of these stacks27 determine

largely the restoring force of the device and thus its reso-

nance frequency. A plastic membrane fixed to the housing

applies a static pressure on the seismic mass and prevents it

from moving sideways. Its contribution to the restoring force

is relatively small. The charge generated by the harvester in

a load resistance Rl is measured using a charge amplifier that

is in series with Rl.

The power P generated by an electret energy harvester

in Rl in response to the input acceleration a at the circular

frequency x is derived from the equation of motion of the

harvester. In analogy to the power obtained from a piezo-

electret harvester of similar design,6 it can be written as10

P ¼
Rl

Cs er VE

x2
0 er tA þ tEð Þ

x a

� �2

x2

x2
0

� 1

 !2

þ 4 f2 x
x0

� �
2

2
4

3
5½1þ Rl Cs xð Þ2�

¼ Rl

1þ Rl Cs xð Þ2
q0 xð Þ2; (1)
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where Cs is the harvester capacitance, er is the dielectric per-

mittivity of FEP, VE is the electret surface potential, tA is the

air gap thickness, tE is the electret film thickness, f ¼ Dx=2x0

is the damping ratio corresponding to half the half-power

bandwidth Dx/x0, and q0 is the RMS value of the charge gen-

erated in short-circuit (see Ref. 10 for limitations of Eq. (1)).

For energy harvesters with relatively weak electromechanical

coupling coefficients (k2� 2f), the backward effect due to the

electromechanical coupling can be neglected (see the supple-

mentary material).26 The natural frequency x0 may be

expressed as

x0 ¼
ffiffiffiffiffiffiffiffiffiffiffi

1

ms cm

r
¼

ffiffiffiffiffiffiffiffiffiffi
Y AP

ms tP

r
; (2)

where ms is the seismic mass, cm is the mechanical compli-

ance of the cellular polypropylene spacers, Y is their

Young’s modulus, tP is their thickness, and AP (different

from the air gap area AA) is their cross sectional area which

supports the seismic mass (see Fig. 1). The measured reso-

nance frequency xres ¼ x0

ffiffiffiffiffiffiffiffiffiffiffiffiffi
1� f2

p
can significantly differ

from x0 for high damping ratios.

With the optimal load resistance,

Ropt ¼ 1=ðCs x0Þ; (3)

the maximum power Popt generated at x0 in response to a
follows from Eq. (1) as

Popt ¼
a2 Cs e2

r V2
E

x3
0 er tA þ tEð Þ2 8 f2

: (4)

Thus, since x0 can be decreased according to Eq. (2)

through the reduction of AP (in the range of 30 mm2 to

3 mm2) or the increase of tP (in the range of 50 lm–1 mm),

it is not necessary to increase ms to generate more power.

This is a major advantage for the design of compact and

lightweight electret energy harvesters. However, one has to

take into consideration that the deflection of the seismic

mass increases with decreasing x0 and eventually reaches

tA. The limits thus imposed are discussed in the supplemen-

tary material.26

With piezoelectret harvesters, measurements were made

with Rl ¼ Ropt (Eq. (3)).5,6 An alternative method is to calcu-

late the maximum power from short-circuit charge measure-

ments and Ropt as

Popt ¼
Ropt q0 x0ð Þ2

1þ Ropt C0 x0ð Þ2
¼ x0 q2

0

2 Cs
: (5)

The main advantage of this method is its simplicity, since it

does not require the use of a resistance precisely matching

the stack impedance, but it necessitates an accurate measure-

ment of the capacitance. In the following figures, the normal-

ized power,28

PN ¼ P
g

a

� �2

; (6)

generated by the energy harvesters, referred to an input

acceleration of 1 g (g ¼ 9:81 m=s2), is plotted.

Measurements of the normalized power generated by an

electret harvester at a resonance frequency of 540 Hz in vari-

ous load resistances are shown in Fig. 2, as well as a calcula-

tion based on Eq. (1), second part, with the measured value

of q0. The agreement between the power values calculated

with Eq. (1) from q0 and those obtained from P ¼ Rl I2,

where I is the measured current through Rl,
5,6 is excellent

and shows that calculations based on q0 are sufficient to

characterize the performance of electret harvesters of known

capacitance.

The charge sensitivity29 9.81q0/a of several electret har-

vesters operating as accelerometers well below their reso-

nance frequency is shown in Fig. 3 as a function of x0. The

FIG. 1. Top: schematics of an electret energy harvester. Bottom: left: support (ground plate) with ground electrode. The cellular PP stacks are inserted in the

holes of the ground electrode. Right: seismic mass with electret film glued on the surface.

053906-2 Pondrom et al. Appl. Phys. Lett. 109, 053906 (2016)
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measured harvester capacitances show some scattering,

reflecting varying air gap thicknesses. In order to take into

account the effect of the capacitance on their performance,

the harvesters are divided into two groups according to their

capacitance. The variation of the resonance frequency in this

and in the following figures is due to the use of the cellular

PP stacks (see above) with diverse stiffnesses obtained by

varying tP and AP (see the supplementary material).26 As

seen in Fig. 3, the sensitivity is proportional to 1/x2
0, as

anticipated from Eq. (14) of Ref. 29. Compared to this earlier

work,29,30 the accelerometer sensitivity shows thus an

improvement of almost a factor of 50 for similar seismic

masses when the resonance frequency decreases from 2000

to 200 Hz. As expected, the accelerometers with greater

capacitance (smaller air gap) are also more sensitive.

The measured damping ratios of the investigated energy

harvesters as a function of their resonance frequencies are

shown in Fig. 4 as well as a linear fit following a dependence

on 1/x0. They were obtained by measuring the half-widths

of the normalized powers in the harvester frequency

responses (see, for example, Fig. 6). The damping ratio f can

be expressed as

f ¼ D

2
ffiffiffiffiffiffiffiffiffiffiffi
ms cm
p ¼ D

2 ms x0

; (7)

where D is the damping coefficient of the energy harvester.31

According to Eq. (3), Popt is proportional to 1/f2. Thus, it is desir-

able to minimize f in order to maximize the amount of power

generated at x0. However, since mechanical vibrations often

occur in a broader frequency range, energy harvesters should

also have a large bandwidth (see below). The results presented in

Fig. 4 show that the measured damping ratio f decreases propor-

tionally to 1/x0, which agrees with Eq. (7) if D is assumed to be

frequency-independent. It also increases with increasing har-

vester capacitance (i.e., decreasing air gap thickness). This can

be explained by greater viscous damping due to air streaming in

thinner air gaps of the harvester.32 Such damping can be reduced

by drilling holes in the backplate of the harvester, which will

shorten the path of air streaming in the air gap.

The normalized power PN (see above) generated by the

electret harvesters in Ropt at x0 is shown in Fig. 5. The

FIG. 2. Measurement of normalized power PN generated by an electret

energy harvester into various load resistances at a resonance frequency of

540 Hz. The harvester capacitance is 47 pF.

FIG. 3. Measured and calculated charge sensitivity of various energy har-

vesters used as accelerometers below their resonance frequency, as a func-

tion of their resonance frequency. The discrete values represent measured

sensitivities and the full lines show the results calculated with Eq. (14) of

Ref. 29.

FIG. 4. Measured damping ratio f and linear fit for various electret energy

harvesters as a function of their resonance frequency. The solid lines are

best fits assuming an inverse dependence of f on x0.

FIG. 5. Measured and calculated normalized power PN generated by various

electret energy harvesters as a function of x0. For the calculations, the same

parameter values are used as in Fig. 3.
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theoretical curves were calculated from Eq. (3) using the

same parameters as for the sensitivities shown in Fig. 3 (see

Table I) and the linear fits of the damping ratio shown in Fig.

4. The measured dependence on x0 agrees well with the cal-

culations. The maximum power at resonance is only propor-

tional to 1/x0, instead of 1/x3
0 as predicted by Eq. (3). This

difference is due to the dependence of f on x0 (see Fig. 4)

and the proportionality of Popt to 1/f2. Almost no increase of

the power for smaller air gaps is noticed, which can also be

explained by the greater damping due to air streaming

through the smaller gap.

According to this dependence of Popt on x0, the gener-

ated power theoretically increases strongly towards low fre-

quencies. However, since the deflection of the seismic mass

is limited by the air gap thickness, the generated power is

also limited. Larger seismic mass deflection requires increas-

ing air gap thickness, but this results in decreasing electric

field inside the air gap and thus in smaller harvester sensitiv-

ity (see Eq. (1)).

Finally, measured frequency responses of several elec-

tret energy harvesters are shown in Fig. 6. For all curves, the

observed rise of the response below resonance is approxi-

mately proportional to x2 while the drop-off above reso-

nance shows nearly a proportionality to 1/x4, as predicted by

Eq. (1). The flexibility in the design of such harvesters

allows for covering a frequency from well below 100 Hz to

1 kHz. The most sensitive harvesters have the lowest reso-

nance frequency (see Eq. (3)), which is advantageous as

most energy from mechanical vibrations is concentrated in

this range. In particular, with a seismic mass of only 10 g it

was possible to achieve a maximum normalized power of

0.6 mW at a resonance frequency of 36 Hz with a relative

half-power bandwidth of 45%.

To assess the performance of the electret harvesters and

compare them with previously reported harvesting devices

as a function of their size and relative bandwidth Dx/x0, the

Bandwidth Figure of Merit (FoMBW)1 can be used. The

FoMBW of the electret harvesters with resonance frequencies

of 70 Hz and 36 Hz is equal to 0.1%.

In this paper, compact energy harvesters based on a pre-

vious design10 are presented. The circular polypropylene

spacer rings were replaced with several polypropylene stacks

to reduce the mechanical stiffness and, thus, the resonance

frequency of the harvesters, and increase the generated

power. Hence, it was possible to increase the normalized
power by two orders of magnitude to 0.6 mW at a frequency

of 36 Hz. It should be noticed, however, that the actual maxi-

mum achievable power is smaller than this, since the deflec-

tion of the seismic mass cannot exceed tA. This is the case

for26 an acceleration of 0.25 g, corresponding to a power of

37 lW. The backward coupling effect, expressed by the

inclusion of k2
33, was neglected in Eq. (1) since its contribu-

tion to the harvested power of the present harvesters is negli-

gible. It should be noted, however, that by decreasing the

resonance frequency below the above value or decreasing

the air gap thickness, k2
33 must be included.26

Despite the harvesters’ relatively simple design and low

weight, the achieved maximum bandwidth figure of merit

FoMBW of 0.1% is considerably higher than those of d33-

based piezoelectret harvesters of similar design5,6 and is

comparable to that of d31-based piezoelectret harvesters33

and recent piezoelectric harvesters.34,35 The present design

can also be used in very sensitive accelerometers for low-

frequency use. This opens an avenue to applications combin-

ing lightweight and very sensitive accelerometers and energy

harvesters, for example, in structural health monitoring or

medical instrumentation.
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