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Vibration-based energy harvesting with stacked piezoelectrets
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Vibration-based energy harvesters with multi-layer piezoelectrets (ferroelectrets) are presented.
Using a simple setup with nine layers and a seismic mass of 8 g, it is possible to generate a power
up to 1.3 uW at 140 Hz with an input acceleration of 1g. With better coupling between seismic
mass and piezoelectret, and thus reduced damping, the power output of a single-layer system is
increased to 5uW at 700 Hz. Simulations indicate that for such improved setups with 10-layer
stacks, utilizing seismic masses of 80g, power levels of 0.1 to 1 mW can be expected below
100 Hz. © 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4874305]

Piezoelectric energy harvesting has long been considered
a prime method to generate electrical energy from mechani-
cal motion.! Several different piezoelectric transduction
mechanisms, such as bending devices, membranes, or thick-
ness elements, have been suggested to accomplish this task.
Also, a variety of piezoelectric materials has been used for
the transduction process. Foremost among these are the ce-
ramic material lead zirconate titanate (PZT) and the polymer
material polyvinylidenefluoride (PVDF).>™

The appearance of another group of piezoelectric materi-
als, namely, charged, cellular polymers, referred to as ferroe-
lectrets or piezoelectrets, has opened up an alternate avenue
to energy harvesting. Such ferroelectrets have relatively high
dynamic piezoelectric charge coefficients ds3 (up to about
500 pC/N), they are lightweight and flexible, and they can be
made in a wide variety of shapes and sizes.” Early ferroelec-
trets have been primarily made of foamed polypropylene
internally charged by a corona process,”’ and their resonance
behavior has been explained by dielectric measurements.®
Later on, the ds; coefficient of ferroelectrets was improved
by pressure expansion”'® and DC-biasing,'' resulting in a
high figure of merit'? ds3 g33, where gs3 is the piezoelectric
voltage coefficient. Recently, also some other materials with
better thermal stability of the piezoelectric activity, primarily
based on fluoropolymers, have been suggested.'*™'> The use
of ferroelectrets in energy harvesting has only been described
in a few papers.I6_19

In the present paper, vibration-based energy harvesting
with ferroelectrets utilizing the piezoelectric thickness effect
is discussed. As compared to the previous work, pressure
expanded piezoelectrets in arrangements consisting of stacked
film layers are used. This increases, for the same weight and
size of the setup, the electric power generation by a consider-
able amount. In the following, after a short analysis of the
power generation, measurements of produced charge and
power are presented, and the limits of this kind of energy har-
vesting with respect to output power are evaluated.

“Electronic mail: ppondrom@nt.tu-darmstadt.de

0003-6951/2014/104(17)/172901/5/$30.00

104, 172901-1

A vibration-based piezoelectric energy harvester basi-
cally consists of a seismic mass applying a stress on a pie-
zoelectric element. When this system is subjected to
acceleration, electric voltage and current are generated,
which depend mostly on the seismic mass and on the piezo-
electric coefficients of the used material. After rectification,
the transduced energy can be used to supply power to elec-
tronic components.

An efficient way of optimizing the mechanical to elec-
trical conversion with piezoelectrets without increasing the
seismic mass is to fold and stack the films and thus to
increase the number of layers subjected to the mechanical
force. A similar procedure was used to improve the sensitiv-
ity of piezoelectret transducers.”’>* Assuming that a film
strip is folded (p — 1) times (see Fig. 1) to form a folded ele-
ment of p film layers connected in parallel, one obtains an
increase of the charge output and of the capacitance. In a
second step, s such folded elements are combined to form a
piezoelectret stack. For such a stack, the elements are con-
nected electrically in series; thus the output voltage will be
increased and the capacitance will be reduced. The total

seismic mass

piezoelectret
stack

FIG. 1. Schematic of experimental setup consisting of energy harvester and
shaker. In the illustrated example, a piezoelectret stack of s =2 folded ele-
ments, each with p=3 layers, is shown. The stack is placed between the
seismic mass and the ground plate and these are held together by two mag-
nets. For the measurements, this harvester is positioned on an electrody-
namic shaker. The resistor R, allows one to measure the electrical power
generated by the mechanical vibrations.

© 2014 AIP Publishing LLC
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number of layers in the stack is then n=sp, as seen in Fig.
1, for the case p=3 and s =2.

The experimental setup for characterizing a piezoelec-
tret energy harvester is also schematically presented in Fig.
1. The harvester consists of a seismic mass placed on top of
one or several layers of piezoelectret films on a ground plate,
held in place with two magnets. This device is subjected to
an acceleration by an electrodynamic shaker (B&K 4809),
which is fed by an audio analyzer (UPD R&S) through a
power amplifier (B&K 2706). The acceleration thus applied

Psp =

m? R/ (p d33)2 w?a?

Appl. Phys. Lett. 104, 172901 (2014)

to the energy harvester is measured with an accelerometer
(B&K 4332) placed directly on the shaker, using the substi-
tution method. A resistor R; is connected to the outer electro-
des of the piezoelectret stack. The charge flows into a charge
amplifier (B&K 2635) in series with R; and is measured with
the audio analyzer. A parasitic capacitance of the arrange-
ment of about 3 to 5 pF was determined.

The power generated by a device consisting of a piezo-
electret stack with n=sp layers may be derived from its
equivalent circuit?® and is given by

(D

In this equation, a is the acceleration, m; is the seismic mass
including the upper magnet, o is the angular frequency, {,, is
the damping ratio of the stack, Cy is the capacitance of a sin-
gle layer, and C,,, is the parasitic capacitance of the electri-
cal circuit. Furthermore, wg, is the resonance frequency of
the harvester, which is given by

YA

@Won = ) (2)
ntmy

where ¢ is the thickness of a single layer, Y is the Young’s
modulus of the entire piezoelectret stack, and A is the sup-
port area of the seismic mass. For n=1, Eq. (1) follows
from the literature if the coupling coefficient k2 < 1 (see,
e.g., Ref. 25). It is reasonable® to use the energy harvester at
the resonance frequency wg,. The maximum power har-
vested at this frequency is directly obtained from Eq. (1) for

1

— 3
(,{)O‘n C! ) ( )

Rlﬁopt =

where

/

c:§@+qm. (4)

Thus, when operating the energy harvester at w ,, maximum
power is harvested if wg,, is also the upper cut-off frequency
. of the electrical circuit.

The power at the resonance frequency wy, is then

P _ p2 m32 d%} aZ w(),n (5)
optn — 8 Cz C, .

If Cpar < pCo/s, then C,,, can be neglected in Eq. (5). Thus,
with n=sp (see above), this equation yields for the power
dissipated at wg ,, in the optimal load resistance

2 02 2 2 02 2
m-ds,a 0.n m-ds,a 0.1
s 33 s \/ﬁ s 33 )

Popin = 6
" 8 2 Co 8 2 Co ©

[((0/@0a)’ = 1) +4 & (0/won)*][1+ (R (¢ Co + Cpar) )]

Since the load resistance R,,,, depends on the kind of con-
nection of the film layers (series or parallel), it is remarkable
that, according to Eq. (6), the maximum power that can be
harvested from mechanical vibrations only depends on the
number of layers and not on the kind of connection of the
layers, as long as C,,. < p Cy/s is again assumed.

The parameters Y, {,,, and ds3, required for the calcula-
tion of P, from Eq. (1), were obtained from the measured
charge sensitivity of piezoelectret energy harvesters in short
circuit, such as shown in Fig. 2, below. The parameters for
the theoretical curves in Figs. 3-5 are shown in Table I.
Some disagreement of the various values of ds3, {,,, and Y
will be noticed. The variations of ds; are typical for piezo-
electret materials and are due to the irregular cellular struc-
ture.”® Fluctuations of {,, and ¥ can be partially explained by
the roughness of the piezoelectret films (cf. inset of Fig. 1).
Due to their uneven surfaces, irregular areas of contact exist
between film surfaces, ground plate, and seismic mass. The
resulting air gaps are therefore of irregular shape.
Vibrational excitation causes air streaming in these gaps,
which gives rise to a damping ratio {,, that varies from sam-
ple to sample. The effective Young’s modulus Y of the film

T L S L | W
ms=69,cf=15pF
|| A=25mnm’ ]
= 100
~
O
= S
> 10} :
2
=
e
o 1y R |
wn ——short circuit —— 5.6 MOhm
—— 3.3 MOhm —— 10 MOhm
20 MOhm —— 50 MOhm
0.1 ' :
10 100 1k 10k

Frequency [HZz]

FIG. 2. Charge flowing from the energy harvester with a single ferroelectret
layer for an acceleration of 1g=9.81 m/s’ through various load resistances
from 0 Q to 50 MQ.
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0.0001 el . s
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FIG. 3. Power generated by a single piezoelectret layer across several load
resistances connected to the electrodes of the piezoelectret energy harvester.
The full lines represent measured data, obtained from the charge measure-
ments in Fig. 2, the dashed ones show the results calculated with Eq. (1).

arrangement, as measured between ground plate and seismic
mass, is similarly affected by the contact areas and air gaps
and is therefore also expected to be different for different
samples. Note that the single-layer harvesting device
described in the third to last column, in which the film is
glued to the ground plate and seismic mass (see below), has
considerably lower damping.

Measurements of the AC-charge flowing from the
energy harvester through various resistors for an input accel-
eration of 1g (with “g” in italics equal to the gravity of earth)
are presented in Fig. 2. A seismic mass of 6 g was placed on
a single layer of piezoelectret film and various resistors were
connected to the film electrodes. Below the resonance fre-
quency, the measured charge sensitivity in short circuit of 17
pC/g corresponds to a piezoelectric ds; coefficient of about
280 pC/N. The resonance occurs at 700 Hz.

The frequency responses with non-zero values of the
resistances show the properties of first order low-pass filters
with the cut-off frequency .. For example, for a resistance
of 50 MQ, the cutoff frequency amounts to 200 Hz. At con-
siderably lower frequencies, the absolute value of the film

10 T T ooy T T g T LI —.
ms=8g
1 A=25mm2_
& C=5pF
>
< o1 5
=
—
2 oo !
o
o v
0.001E| ——one layer, 20 MOhm i
Y| ——101ayers, s =10, p =1, R =200 MOhm
——9layers,s =3,p=3, R =100 MOhm
0.0001
10 100 1k 10k

Frequency [Hz]

FIG. 4. Power generated by energy harvesters with various numbers of pie-
zoelectret layers. The full lines represent data from the measurements, the
dashed lines show the simulation results. The 10 layer stack consists of pie-
zoelectret films connected in series (s =10, p=1), and the 9 layer stack of 3
films, each folded twice, and then connected in series (p =3, s =3).
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impedance is much larger than the resistance R;, which can
be neglected, whereas at far higher frequencies the circuit
can be approximated as an open circuit.

Measurements and calculations of the power converted
in several load resistances by the ferroelectret film of Fig. 2,
subjected to a base acceleration of 1g, are presented in Fig.
3. The experimental data were obtained from the relation

P =R, I’ =R, 0*Q?, (7)

where the charge Q is taken from Fig. 2. The calculations
were carried out with Eq. (1), using the parameter values
from Table I.

At the resonance frequency, a maximum power of
0.5uW is generated in a resistance of 20 MQ. Further
increasing the value of the resistance shifts the cut-off fre-
quency w, of the electric circuit below the resonance
and thus lowers the maximum harvested power (see statement
after Eq. (4)). The agreement between the calculated curves
and the measured data in Fig. 3 is generally very good.

Figure 4 shows the power produced by energy harvesters
made either with a single film or with an arrangement of
folded and/or stacked films, as explained in the caption of
Fig. 4. Increasing the number of layers and optimizing the re-
sistance value to make the cut-off frequency w,. of the circuit
equal to the resonance wy,, (see above) results in an enhance-
ment of the converted power. The maximum values are
0.5 uW at 540 Hz for one layer, 1.3 uW at 140 Hz (9 layers),
and also 1.3 uW at 200 Hz (10 layers). Thus, while the gener-
ated power increases by a factor of 2.6, the frequency of
operation of the harvester is lowered by a factor of 2.7 (10
layers) to 3.9 (9 layers). This reduction of the operating fre-
quency is generally considered to be advantageous in actual
applications, since the vibrations available in the environ-
ment are usually below 100 Hz.>” The load resistances cho-
sen agree approximately with the values obtained from Eq.
(3) if the parasitic capacitances (between 3 and 5pF, see
above) are considered. The fact that the resonance frequency
of the 9 layer harvester is lower than that of the 10 layer har-
vester is due to the scattering of Young’s modulus discussed
above.

10,000 ——
——one layer, m_=8g
1,000 ¢ - - -one layer, m_= 80 g]
— /‘\ VLT - -10layers, m =80 g
= 100¢ /I \ ,I\ 3
s \
i 10F P \ // \ A=25mm’| 4
—_ 4
o 1~ ]
: e
a 01y _~ ]
0.01¢ ]
0.001 PR AN R Y NN
10 100 1k 10k
Frequency [Hz]

FIG. 5. Simulation of power generated by improved energy harvesting devi-
ces with various seismic masses and number of layers. The full line repre-
sents the measurement of the power generated with one layer and a mass of
8g.
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TABLE I. Parameters ds3, Y, {,,, and m; used for the calculation (Eq. (1)) of the frequency dependence of the power generated by various piezoelectret energy
harvesting devices. The optimal generated power P, at the resonance frequency f, is also shown. The last two columns refer to systems not yet implemented.

Parameters and results 1 layer® (Figs. 2 and 3) 1 layer® (Fig. 4) 9 layers® (Fig. 4) 10 layers® (Fig. 4) 1 layer® (Fig.5) 1 layer® (Fig.5) 10 layers® (Fig. 5)

ds3 [pC/N] 250 220 290
Y [MPa] 0.22 0.2 0.17
L 0.11 0.15 0.23
fn [Hz] 700 540 140
mg [g] 6 8 8

Pope [WW/g] 0.5 0.5 12

300 220 220 220
0.3 0.3 0.3 0.3
0.15 0.06 0.06 0.06
200 700 220 70
8 8 80 80
1.2 5 240 720

Layers not glued.
"Layer glued.
“Layers glued, calculated power.

Very recently, measurements of the generated power
from an arrangement with enhanced coupling of the seismic
mass were performed. The better coupling was achieved by
gluing the piezoelectret layer on its two sides to the seismic
mass and to the ground plate, respectively. This also dimin-
ishes the irregular air gaps on the two sides of the piezoelec-
tret layer and thus reduces the damping due to air streaming
in these gaps during the vibrational excitation. The damping
ratio {,, is therefore lowered from about 0.14 (average for
three arrangements) to 0.06, as seen in Table I. Fig. 5 shows
(solid black curve online) that this improvement resulted in
the generation of about 5 uW at 700 Hz from a single piezo-
electret layer. According to Eq. (5), for a reduction of {,, by
a factor of 2.3, an increase in the harvested power by a factor
of about 5 is expected. This agrees reasonably well with the
above experimental results. It should be mentioned, how-
ever, that the reduced damping also results in a reduction of
the bandwidth of the resonance.

Based on this recent finding, an estimate of the power
generated with enhanced coupling, a larger number of layers,
and an increased seismic mass has been made. The results of
this simulation, based on the experimental data from the
improved single-film sample, are also shown in Fig. 5. Using
such arrangements with glued layers and an increased seis-
mic mass of 80 g, the generation of a power of 700 pW at
70 Hz with an input acceleration of 1g in the favorable fre-
quency range below 100 Hz (Ref. 27) is estimated.

It has thus been shown that piezoelectret energy harvest-
ing devices in a simple arrangement, where a seismic mass
of 8 g is placed on one or several piezoelectret layers, can
generate a power of 1.3 uW at 140 Hz with an input accelera-
tion of 1g. This is a considerable improvement compared to
previous energy harvesters with ferroelectrets of similar
design utilizing the piezoelectric thickness effect, where the
generated power has always been below 0.1 uW, even for
considerably higher seismic masses. It is made possible
because of the increased piezoelectric ds; coefficient of the
present ferroelectrets and because of the use of multiple
layers. With improved coupling between seismic mass, pie-
zoelectret film, and ground plate, it was even possible to gen-
erate SpUW at 700Hz with a single film. Optimizing the
harvester with a larger number of layers and/or increasing
the seismic mass would allow one to generate electric power
of the order of 0.1 to 1 mW at frequencies below 100 Hz.
However, using reduced damping in the harvesters, due to

the improved coupling, results in smaller resonance band-
width (see below).

The optimized designs whose generated power is shown
in Fig. 5 have a maximal volume figure of merit” of 0.06%.
An important aspect is the resonance bandwidth of the trans-
ducers. The present harvesters, both with and without the
improved coupling, have larger relative bandwidths than the
conventional designs, which is of advantage for broadband
applications. This is reflected in the definition of the band-
width figure of merit.? This figure of merit is, for the opti-
mized harvesters described above, considerably higher than
for a majority of the electromagnetic or electrostatic energy
harvesters and similar to those for piezoelectric cantilever or
compression based devices.”'***?° Compared to most of
these harvesters, the present transducers are of much simpler
design.

The authors are grateful to the Deutsche Forschungsge-
meinschaft (DFG) for supporting this project.
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