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1. Introduction

Interest in energy harvesting from ambient
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Abstract

Power harvesters based on the piezoel ectric effect are more promis-
ing in harnessing energy from ambient vibrations. In this paper,
piezod ectric bimorph resonatorsin theform of Polyvinylidinefluoride
(PVDF) cantilevers are studied and used in an array with optimal
terminal combination for maximizing the power generated from low
frequency vibrations. The thickness of the passive sandwich layer
and the poling direction in each film are observed to be crucial in
determining thetotal power generated from the PV DF bimorph. Ex-
perimentally, bimorph cantileversmade of 55 um thick PV DFfilmand
sized to resonate between 30 to 40 Hz are used in similarly poled as
well as oppositely poled configurations and their output measured
asvoltageacrossal MQ |oad resistance. Thesimilarly poled bimorph
outperforms the oppositely poled configuration by more than dou-
bling the output voltage. Further enhancement in the output is ob-
served by introducing a sandwich layer of 50 um thick copper foil
between thetwo similarly poled PV DF layers. Experimentswith three
such devices connected in parallel in an array and resonating at 33
Hz with an input acceleration of 0.8 g resultsin 2.8 uW power gen-
eration. Thisresult showsthe promise of PV DF asacandidate mate-
rial for energy harvesting resonators despiteitslow electromechanical
coupling coefficient (k). Low cost and ease of production may be
especiadly attractivefor PVDF.

battery energy densities over the past two decades
compels us to search for alternatives to the battery

vibrations has increased several foldsin the recent
years. Energy harvested fromvibrationsisinvaluable
for devices operating in remote environments. The
advent of low power consuming electronics
facilitatesthe ability to supply the necessary energy
for operation from the energy in the ambience.
Furthermore, inconsiderable advancement in the

technologies. Smart systems such as structural
health monitoring sensors and wireless sensing
nodes can be powered by the energy from the
ambient motion eliminating the need for periodic
battery replacements [Beeby et al. 2006], [Roundy
et al. 2003]. The necessary power for operation
can be delivered by the harvester exploiting
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electromagnetic, electrostatic or piezoelectric
effect.

In electromagnetic and piezoelectric
conversion mechanisms, the required voltages are
generated directly whilein electrostatic generators,
the conversion process is initiated by a separate
voltage source. Electromagnetic generators are
suitablefor scavenging energy at high frequencies,
while piezoelectric harvesters can outperform the
electromagnetic generators at low frequencies
[Mitcheson et al. 2006]. The normalized power
from the piezoelectric harvesters within 100 Hz is
comparable to that of the electromagnetic
harvesters. Additionaly, the volume occupied by the
piezoelectric harvesters is smaller than the
electromagnetic generators for a given normalized
power density[Beeby et al. 2007]. Piezoelectric
conversion is, therefore, a better mechanism to
scavenge energy at frequencies below 100 Hz.
However, not many piezoelectric materials are
suitable for low frequency resonator designs [Jeon
et al. 2005]. A harvester configuration as a
cantilever bimorph can reduce the natural
frequency. This results in piezoelectric cross
coupling between the stress and the polarization
directionswhichissmaller than the direct coupling.
Nevertheless, a cantilever configuration allows
stress amplification for a given excitation and thus
competes with the direct coupling configurations
of the harvesters [Baker et al. 2005].
Polyvinylidinefluoride (PVDF) is selected here as
the piezoelectric material for harvesters owing to
its low elastic stiffness allowing the design of
resonators with the fundamental mode of vibration
below 100Hz.

The cantilever configuration of apiezoelectric
harvester with asinglelayer of piezoel ectric materia
is called a unimorph and that with two layers is
called a bimorph. A bimorph can further have two
variants depending on the direction of poling inthe
two piezoelectric layers. A vibrating bimorph with
alternating stresses in the two layers imposes a
series combination of the layers when poling is
opposite and a parallel combination when poling is
similar [Steven et al. 2007]. A generic design
methodol ogy of apiezoel ectric bimorphisdescribed
insection 2. Electromechanical coupling coefficient,
k., isan indicator of the transduction strength in a
piezoel ectric harvester. PV DF bimorph with alow
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k, (<0.1) is a weak harvester. In this paper,
observations specific to low k, bimorphs are made
and efficient schemes of combining the output are
elucidated. Itisanalytically noticed that abimorph
with similar poling in both thefilmsresultsin more
power than that with opposed poling. Moreover,
bimorphs with weak k, tend to show constancy in
the current generated over practical range of load
resistances resulting in power generation governed
solely by thevariationinthevoltage. However, this
trend is not followed at very large load resistances
(>100 ML), but for practical resistances up to 2
MQ power increases with the increase in the load
resistance. These remarks are experimentally
corroborated using PV DF bimorphs made of 55 um
thick film and designed to resonate at 32 Hz as
described in section 4. Power output from asingle
bimorph for 0.8 g input resonating at 32 Hz varies
from 0.9 to 1.4 uW across 1 MQ load depending
on the damping ratio. Power density of a single
PVDF bimorph is estimated to be 12 pyW/cm3.
Although power density from a single harvester is
small, output from an array of bimorphsisobserved
to be sufficient to drive arectifier circuit and have
a net positive power delivered across a load
resistance. Conclusions in section 5 highlight the
characteristics of the designed bimorphs and the
optimum schemefor combining theindividual output
to increase the total power generated.

2. Design and analysis
2.1Piezoelectric Constitutive Relations

Electromechanical modeling of apiezoelectric
beam is carried out using the isothermal stress-
chargeform of piezoel ectric congtitutive equations:

T, = CIEJSJ -e, L, )
D, =e,S, + g{fE_/ )

Here, T and S are stress and strain in Voigt's
notation with subscripts | and J varying from 1 to
6. Electricfield E and el ectric displacement D have
subscripts i and j varying from 1 to 3. Elastic
stiffness at constant electric field and relative
permittivity at constant strain are denoted by c* and
€S respectively. Piezoelectric stress coefficients
forming a third order tensor are condensed due to
the crystal symmetry and denoted by e.
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2.2 Piezoelectric Bimorph in Series

Configuration

Schematic of abimorphin seriesconfiguration
isshowninfigure 1 indicating thedirection of poling
and the electric field. Power from the vibrating
bimorph is delivered across the load resistance, R.

Figurel: Schematic of SeriesBimor ph

Bimorph with electrodes on either side of the
piezoelectric layersresultsin non-zero electricfield
in the thickness direction. Transverse vibrations of
the bimorph result in significant bending stresses
along the longitudinal direction of the beam
simplifying the stress-charge relations. Besides,
mm2 symmetry in PVDF results in the following
reduced form of equations (1) and (2).

T = 615151 —e,E, (3
D, =¢S5, + 53S3E3 4)
2.2.1 Electric field and Strain

The arrangement of the electrodes definesthe
equipotential surfaces for potential distribution
function . Potentia difference between the two
electrodesinasinglelayer isdenoted by v, Potentia
distribution along the thickness is assumed to be
linear with zand is given by:

PRR/AUE )

C
Hence, theelectricfieldin zdirectionisgiven
by:
E=-vp=E@=-" (6)
C

The thickness of each piezoelectric layer is
denoted by c¢ as shown in figure 2. Width b and

Figure2: Equipotential surfacesand axesconventions.
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length | of the electrode are assumed to span over
the entire surface of the beam.

As per the axes conventions illustrated in
figure 2, the strain in x — direction (x is 1 in the
indicial notation) for small slopesis related to the
relative displacement u (x, t) of the beam by:

Sl =—ZU, (7)

Using equations (6) and (7) the constitutive
equations for the vibrating bimorph with v as the
potential across the load resistance are rewritten
as

T; :_CIEIZMHI +e3lﬂ (8)
’ e
D; =-e;zu,,, — 8353 @ (9)

2c
2.2.2 Bending Moment

The bending moment, M,, at a given cross
section along the beam is given by:

M, (x,0)=— ]lezdz (10)

Substituting T, from equation (8) into theabove
equation resultsin the bending moment in terms of
curvature and piezoelectric stress coupling:

2 1
M, (x,0)= gbcaclE]“r,n - 5631V(t)bc‘ (ll)

The second term in equation (11) is obtained
by performing integration over theindividual layer
thicknesses considering the poling and electricfield
directions in the respective layers.

2.2.3 Enclosed Charge

The charge in between the electrodes is
obtained from the Gauss's law by performing
integration over the electrode areal” as follows,

0= [Dedl = [Dydydx (12)

Substituting equation (9) into equation (12)
results in the expression for enclosed charge:

Q=—e,zbu, , —&i,bl, U0 (13
’ 2¢
2.2.4 Equations of Motion

The equations of motion are coupled between
the potential v across the load resistance and the
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relative displacement u, of the beam. One coupled
equation of motion is obtained from equation (13).
The second equation isderived from the equilibrium
of thedifferential element of the vibrating bimorph.
The force balance equation in terms of the
equivalent mass per unit length (pA) and the
damping coefficient (C)) for a given ground
displacement U, is

M, +Cu

a’rt

+ pAuV,ﬂ = _pAug,tt (14)

Before substituting the bending moment from
equation (11) into equation (14), the second termin
the bending moment expressionismultiplied by the
Heaviside step function, thus introducing the
electromechanical coupling. Employing the
separation of variables by expressing the relative
displacement u, as a product of spatial variation
2(x) and temporal variation r(t), the partial
differential equation is transformed to an ordinary
differential equation. Invoking the orthogonality of
the mode shapes, the equations of motion for a
bimorph of mass M, layer capacitance C, and
coupling coefficient w_are given by:

P () +28,0,7 () +ar, (1) - % w(t)=-a, (19

nn

C

SO0 +07,0)=0 1o
where,
17)
(18)
(19)
w(x) = cos ax — cosh ax — {w} ‘ (20)
sina, +sinha,

(sin ax —sinh ax)

The coefficient a _ in u_for n™ mode is
obtained from the transcendental equation for a
cantilever as given by:

cosha, cosa, +1=0
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It isto be noted that equation (16) is obtained
by differentiating the charge in equation (13) with
time and equating it to the current flowing into the
load resistance [Sodano et al. 2004], [Jiang et al.
2005].

2.3Piezoelectric Parallel

Configuration

Bimorph in

When the poling inthetwo piezoelectric layers
is alike then the layers have to be connected in
parallel as shown in figure (3). The formulation
described in section 2.2 holds even in the pardlel
configuration. Equations of motion for the bimorph
in this configuration are also as described in
equations (15) and (16). However, the coefficients
6 and Cp described in equation (18) are to be
multiplied by 2 before substituting into the equations
of motion. Thereason for multiplying 2 in the case
of coupling coefficient 8isthat the net electricfield
inparallel configurationistwiceof that intheseries
configuration. Also, the effective capacitance of the
bimorph is double the layer capacitance as the two
filmsarein parallel. Moreover, apassive sandwich
layer of thickness a and elastic modulus c_between
the two layers modifies the bending moment as

(21)

p B
N e

Figure3: Schematic of Parallel Bimor ph
3. Complex Harmonic Response

Steady state frequency response for voltage
and power are obtained by assuming a complex
forcing function. The linear differential equations
are solved by defining the complex harmonic

response functions as:
a (t)y=A4,e’ r(t)y=Re’™ v(t)=Ve'

Substituting the above expressions in
equations of motion (15) and (16), the complex
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harmonic voltage, assuming thefirst mode operation,
is obtained as follows.

V= Ofﬂk: MA/
(a(1+k2=p7)+2¢) B+ (B (1+2a¢)-1) O
(22)
where,
a=C,Rw,; B= @, K’ :‘972 (23)
o, ‘' Mo,

The complex form of the current flowing into
the load resistance is obtained from Ohm’s law:

= (24)

Rl
The power P delivered at the load resistance
isobtained from the product of rmsvaluesof voltage
and current:
V2 V2

_ _rms

R 2R,

(25)

The power output given by equation (25) is
maximized with respect to load resistance and the
optimum load resistance [duToit et al. 2005], [Shu
et al. 2006] corresponding to the maximum power
generationisgiven by:

% (26)

Ru) -
"C okt +4g?

For small valuesof eectromechanical coupling
coefficient k_ and the piezo layer capacitance o
theoptimum load resistanceislargeasitisinversely
proportional toC " Operating at such large optimum
load resistance is ot always practical. However, it
will be evident from equation (27) that in weak K,
devices, the current at resonance isindependent of
load resistance. From equations (22) and (24), the
complex harmonic current response at resonance
can be approximated as

C wk’

p " n’e

(27)

=

It is evident from the above equation that the
current from the bimorph with weak k_ is
independent, at least for most practical values, of
load resistance and hence, bimorphs can be
combined in parallel for increasing the total power
generated. These observations are verified
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experimentally by fabricating weak k, bimorphs
made of PVDF film as discussed in the next
section.

4. Experimental Results
4.1 PVDF Bimorph

Seriesand parallel configurationsof bimorphs
are fabricated with 55 um thick PVDF film.
Conductive adhesive is used to glue the two layers
integrated with electrodes. Length of the bimorphs
isset to 30 mm to obtain the fundamental resonance
frequency below 100 Hz asthe resonator represents
a composite beam. Density, elastic modulus,
piezoelectric strain coefficient, and relative
permittivity for the selected PV DF film used in the
simulations are 1750 kg/m?, 2.8 GPa, 8 pC/N, and
10 respectively. Bimorphs are subjected to a sine
sweep from 10 Hz to 150 Hz for various input
accelerations up to 0.8 g. The experimental setup
is schematically shown in figure 4.

Figure 4: Schematic of experimental test setup. The
bimor phisdriven by theshaker, and controller. Power
developed by bimorph is measured across the load
resistance.

The predicted first mode resonance
frequencies, depending onthedimensionsfor series
and paralel bimorphs, are 53.6 Hz and 71.1 Hz;
and experimentally observed values are 54.5 Hz
and 71.0 Hz, respectively. The voltage output from
these devicesfor 0.7 g input isshown infigure 5. It

Figure5: Voltageoutput from PVDF bimorphfor R =1
MQ and 0.7 g input acceleration (a) in series
configuration (b) in parallel configuration.
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isevident fromtheplot that the bimorph with parallel
configuration results in higher voltage, increasing
thetotal power. Anayticaly, voltageisobtained from
the equations (18) and (22).

Additionally, another set of bimorph cantilevers
of 30 mm length, 10 mm width, and 0.2 mm
thickness resonating at 32 Hz with 0.5 g input
resulted in 0.61 V across 1 MQ load resistance
while the bimorphs with opposed poling read only
0.28V. Hence, parale configuration of the bimorph
ismore effectivefor agiven volume of the material.
Moreover, it can beinferred from equation (21) that
sandwiching a passive elastic layer enhances the
bending stresses and hence, the potential developed.
A copper foil of thickness 50 um between the two
piezo layersresultsink, = 0.02. Thisincreaseink,
(equation (23)) with the addition of copper fail is
attributed to considerable increase in the index of
coupling 6, compared to theincreasein M, and w,,
as C is constant. Unless otherwise stated, the
subsequent discussion on bimorph refers to the
parallel configuration of the harvester with
sandwiched copper fail.

Simulations reveal the dependence of voltage
and current from the bimorph on theload resistance
asshowninfigures6 and 7 respectively. Voltageis
observed to increase with the increase in load
resistance while current is observed to be constant.
The constant value of current at resonance matches
with that evaluated using equation (27) within 8%.
It has to be noted, however, that the current given
by equation (27) isvalid only at resonance.

Figure6: Voltagefrequency responseof bimor ph for
0.8ginput

For smulations, thelength, width and thickness
of the bimorph are taken as 35 mm, 10 mmand 0.2
mm respectively.

Similarly the power generated is evaluated
using equation (25). Asthecurrent from the bimorph
is constant, the power generated follows the
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Figure7: Current frequency response of bimor ph for
0.8ginput

variationinvoltage. Power delivered increaseswith
the load resistance as shown in figure 8 which is
similar to the voltage variation. Simulations reveal
that power output close to 1.4 uW is delivered
across 1 MQ load.

Figure8: Power frequency responseof bimor ph for 0.8
ginput

The response of the parallel configuration
bimorph of length 35 mm for a0.5 g sine sweep at
3.2 oct/min from 10 Hz to 100 Hz is depicted in
figure 9. Prediction matches with the experimental
results within 15% over the frequency range from
20 Hz to 100 Hz. Furthermore, it can be noticed
from the plot that the voltage output at resonance
(34 Hz)is1.3 V.

Figure9: Voltageresponseof PVDF bimorphfor R =1
MQ duringvibration test. Also shown isthevariation
intheexcitation frequency with time. Onecan read the
voltage at a particular frequency by matching the
corresponding time of occurrence.
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Voltages measured at resonance from this
device for an acceleration input of 0.8 g across 1
MQ and 2 MQ load resistances are 1.76 V and
3.21V. Theestimated currentsinto thetwo resistors
arethus 1.77 pA and 1.60 pA. These values match
with calculated current from equation (27) within
8%. Itisnoticed from figure 10 (equation (24)) that
the current output remains constant for 1 MQ and
2 MQ load resistances.

Figure 10: Harmonic Response of Current for 0.8 g
acceleration

4.2 Array of PVDF Bimorphs

The PVDF bimorph modeled here asacurrent
source with the film capacitance in parallel alows
connecting a set of such devices in paralel for
increased total power. The open circuit voltage
from five parallel bimorphs for 0.8 g input
acceleration is shown in figure 11.

Figure 11: Open circuit array voltage from 5 PVDF
bimorphs in staggered configuration activated
sequentially.

Differencesin the capacitances of the adjacent
devices and distortion in the waveforms of the
bimorphs can adversely affect the total power
generated. However, given similar devices, the
voltage builds linearly and hence the array of
bimorphs can favorably be used to drive the
necessary regulating electronics and obtain a net
positive power. The AC output from the array of
three devices under a sinusoidal excitation at 33
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Hz isrectified and filtered using a 47 uF capacitor.
The plot of voltage build-up is shown in figure 12.
Power is estimated by connecting a known load
resistance across the terminals.

Figure12: Rectified output from an array of 3bimor phs.

The rectified voltage output from an array of
three parallel bimorphs resonating at 33 Hz for 0.8
g input loaded with 1 MQ and 2 MQ resistancesis
shown in figure 13. In steady state, the power
delivered by the array excluding the losses in
processing electronics (from figure 13) is 2.8 uyW
whilethe estimated power without lossesis 3.2 uW
for 1 MQ load resistance.

Figure 13: Rectified voltage across selected load
resistances

The power output from the array has been
verified by measuring both voltage and current

Figure 14: Current and voltage measur ed acr 0ss 500

kQ load.
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simultaneously for a load resistance of 500 kQ
(figure 14). The expected power from the three
devices is 1.5 uW while the measured power is
1.35 uW.

Rectification and regulation of the output from
three parallel bimorphs is carried out using a
commercialy available IC [Jiang et al. 2010] LTC
3588-1. The output from the IC isregulated to 1.8
V as shown in figure 15, where the intermittent
drop corresponds to the inadequate power input.

Figure 15: Regulated voltage measured using LTC-
35881

Experiments corroborate that bimorphs made
of weak k, such as PVDF can be combined in
parallel to increase the total power generated. In
particular, the direction of poling in the two layers
of the bimorph proves to be a critical factor in
maximizing the power. The effectiveness of
electronicsisnot addressed completely here, asthe
focus of the current work is on the method for
combining bimorphs in an appropriate manner to
maximize power output. The characteristic

Tablel. Comparison of power developed by variouslow
frequency harvesters

Reference Power | Freque| Accele | Power/

(Y] ncy | ration | volume
(Hz) | (m/s®) | (uWicc)

This work

(PVDF) 0.9 33 7.8 12

SodanoH A

et al, 2004

(Mide tech.

- QP40N) 11.9 30 - 6.1

Lel Gu2011

(PZT) 1500 20 39 93.2

Arroyo E

etal, 2012

(PZT) 3000 130 | 196 125

Journal of ISSS

parameters of harvesters developed in
various research groups are listed in the
following table.

5. Conclusions

Performance of weak k, bimorph harvesters
made of PVDF is addressed in this paper. The
steady state voltage and power from the bimorph
at its resonance are observed to be higher when
thedirection of polingintwo filmsof thebimorphis
alike and when an elastic layer is used between the
two layers. Hence, the parallel configuration of the
bimorph resultsin higher potential and output power.
Furthermore, simulations reveal that the bimorph
made of piezoelectric material with weak k, has
very high optimal load resistance making the device
behave as a constant current source irrespective
of the magnitude of load resistance. Average power
output from a single bimorph at resonance, for 0.8
g input across 1 MQ load, is 0.9 uW resulting in
power density of 12 uW/cmd. Designed bimorphs
which are 35 mm long, 10 mm wide and 0.2 mm
thick including the passive central copper foil
resonate at 33 Hz. Bandwidth of the bimorph can
be improved by operating the harvester in a
feedback |oop. However, the associated additional
energy requirements have to be meticulously
calculated. On the performance metric of
normalized power density (power per acceleration
squared per unit volume), the proposed PVDF
bimorph stands at 0.2 kgs/m?®. Reported values
range from 3 to 60 kgs/m? for strong k, harvesters
[Roundy et al. 2004], [Hong et al. 2005]. Bimorphs
with weak k, behave as constant current sources
and hence, it isrecommended that PV DF bimorphs
be combined in parallel to form an array with
increased total power demonstrating aviable energy
harvesting at large scale in low frequency realms.
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