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Abstract. This study is dedicated to investigation of rectdag and trapezoidal-shaped
cantilevers for achieving improved efficiency o&tpiezoelectric micropower generation. The
developed finite element model of a unimorph piemtducer with a proof-mass at the tip is
used to examine how different cantilever shapes @modf-mass dimensions influence stress
distribution, dynamic response and voltage outguthe microgenerator. Numerical results
indicate that cantilevers with increasingly trialegushape permit markedly larger kinematic
excitation magnitudes and generate slightly lavgétiages for a comparable deflection level.

Keywords: energy harvesting, piezoelectric micropower getoeyainimorph transducer, finite
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1. Introduction

Rapid advances in wireless technology and low-powksctronics have led to the
deployment of autonomous wireless sensor networks vhrious applications including
environmental and structural health monitoring, gad chemical sensing, motion and explosive
detection, etc. Current wireless devices are desdign employ electrochemical batteries for
powering. However the use of batteries can becommeeasingly troublesome because of their
limited lifespan and inadmissibly high cost relatedheir replacement in hardly accessible and
remote locations (battery replacement costs $80-%fuding labor and it exceeds the price of
a sensor [1]). These issues together with the esdeogncept of self-powered MEMS-based
sensing devices have triggered active researchabpower harvesting technologies during the
last 10 years or so. Different harvesting approadre considered but vibrational energy has
gained the most of attention due to its widespeaadlability. Vibration-to-electricity converters
are usually based on electromagnetic, electrossatit piezoelectric transduction. The latter is
regarded to be the most promising for realizatidnp®zoelectric micropower generators
(PMPGs) due to relatively easy microfabricationm@ie geometry and fewer peripheral
components resulting in lower device cost [2-3].

Cantilever-type PMPGs attracted the largest atianiti the research community. They are
very efficient when the driving vibration matchéir resonant frequency. However when they
are not operated in resonance the output powendih@s by orders of magnitude [4]. Therefore
such PMPGs are highly suitable only for applicatianth well-defined excitation frequency.

A lot of studies have been conducted on PMPGs dtlerpast decade however their
efficiency is still very low. State-of-the-art PMRgBototypes currently harvest only about 5% of
the available power [5]. Thus, considerable redeavork is still needed in different fields in
order to improve efficiency of the microgeneratons.terms of materials research, current
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efforts are directed towards development of pieadek materials with higher coupling
efficiency and low parasitic damping. Most popytéazoelectric materials in energy harvesting
are PZT, ZnO and PVDF [6Dn the electronics side, improvements in perforceanf ac/dc
conversion circuitry and on-board storage are dsdeind, finally, in the structural domain
boosting of charge density is required therefortintiped geometric designs should be sought in
order to enhance the utilization of piezoelectratenials.

This paper deals with investigation of geometripeass of PMPG design with focus on
simulation of cantilevers with variable width piefin order to examine influence of shape on
stress distribution as well as dynamic and eleaitdbaracteristics of the microgenerator.

2. Finite element model of a cantilever-type PMPG

The design of the considered PMPG is based on manph cantilevered piezoelectric
transducer with a proof-mass attached at the frek (Big. 1 and Table 1). The supporting
cantilever layer and the proof-mass are made frdlinos, while PZT-5A is used for
piezoelectric layer, which is positioned on the tdhe supporting layer and is poled along the
thickness direction resulting in a transversds ) operation mode. It is assumed that the
piezoceramic layer is sandwiched between two platectrodes, which provide a uniform
voltage along the piezoceramic surface. Uniforngfyelectric field is assumed because the
electrodes are considered to be perfect conductdrite the piezoceramics is characterized by
the uniform dielectric constant. The electrodes assumed to be sufficiently thin so as they
exert negligible effect on the mechanical propsrié the structure (they only facilitate the
electromechanical coupling in the piezo-layer). Tiiekness of the passive and active layers is
kept constant in the course of simulations whike thriable parameters include cantilever width
along its length, aspect ratio of the cantilevestisea and dimensions of the proof-mass. The
shape of the cantilever structure is varied frore@angular one to a nearly triangular one (Fig.
1(b)) with intermediate trapezoidal shapes resglima total of 6 different shapes as indicated
in Table 1.

@ (b)

Fig. 2. (a) General schematic of a finite element modelaofinimorph piezoelectric cantilever-type
micropower generator with a proof-mass at the éee€. Zoomed area illustrates bi-layer structuréhef
cantilever consisting of the passive Si laye(Eg=200 GPa,5=0.33, p5=2330 kg/ni) and piezoactive
PZT-5A layert, (0,=7750 kg/m). (b) Visualization of the finite element model micropower generator
with trapezoidal-shaped cantilever structure

Cantilever configuration in PMPGs is preferred sing) for a given force input it produces
relatively high average axial strain, which dirgctletermines the electric field (and power,
which is a function of electric field squared); for a given generator size a relatively low
resonant frequency is achieved (which may be funtguced by an additional proof-mass that
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is mounted at the free end of the cantilever stingt c) it is relatively ease to realize it in a
microfabrication process.

Finite element model of the PMPG was realized im€al Multiphysics 3.5a [7]. For the
complete description of the developed finite elenmeadel the readers are referred to the earlier
publication of the authors [8].

Table 1. Geometric parameters of the simulated rectangiiaped and trapezoidal-shaped piezoelectric
micropower generators

Cantilever Larger bas{ Smaller basd ength of cantilevg  Thickness of Thickness of
width width sectionl, passive Si layet;, | PZT-5A layert,
shape No.
pm
1 570 30
(the most triangula
2 540 60
3 450 150 2500 20 5
4 400 200
5 350 250
6 (rectangular) 300 300 Variable

3. Numerical study of influence of cantilever geontey on harvesting performance

In the case of traditional rectangular-shaped kamis only the clamped region is
characterized by a maximum stress and contributesmost to generation of the electrical
energy, while the predominant remaining part of piezoelectric film produces little effect.
Uniformity of induced electric potential throughdbt length of the structure is preferable since
the equipotential surface leads to a constant geltin this case the whole piezoelectric volume
equally contributes to the mechanoelectrical tran8dn making it more efficient. Therefore,
consideration of various alternatives for improveief design geometry is necessary in order
to increase PMPG performance. First of all, ieiasonable to optimize cantilever geometry with
respect to maximization and homogenization of stiesthe piezoelectric material taking into
account that the area of the material is the desmmstraint because it determines the size
(weight) and cost of the PMPG. Bending strain ispprtional to the beam curvature, which is
the second spatial derivative of the displacementtion. This implies that generation of the
electric field is the most productive when the slag the cantilever is monotonic, which is the
case only in the fundamental mode, where the cureatever alternates its sign. Meanwhile, for
the stress distribution to acquire a constant vahes bending moment and area moment of
inertia must have an identical dependency direction. To this aim the application of triangula
shape is considered in this paper. It is known ftbeory that in this case the surface electric
energy density is three times larger in comparisorthe case with rectangular cantilever.
However, in performing the considered design imprognt one must be cautious and avoid
overstraining, i.e. the stress inside the piezdetematerial must not exceed the yield stress.
Thus, with triangular-shaped cantilever structurésiessential to ensure that the material is
uniformly stressed to values that are well belogvyiteld point.

Fig. 2 illustrates computed stresses in the castike of various shapes presented as a
function of position inx direction. These stress curves allow to judge abwai corresponding
strain distribution. Strain curves are proportiotalthe amount of electrical energy that is
generated along the length of the cantilever, wititeamount of charge induced at some point
along its length is proportional to the productstfin and width of the corresponding section.
Simulations results in Fig. 2(b) demonstrate thatihcreasingly triangular trapezoidal geometry
is characterized by a flatter stress profile ober length of the structure: it allows to distribute
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the stress in the lateral direction of the candlemuch more evenly, such that maximum strain
is induced at the predominant part of the unimatpbicture. However, numerical results in Fig.
2(c) reveal that the triangular shape of the cawdit for stress homogenization is only valid for
beam with a larger proof-mass at the end becausssicase the inertia of the mass significantly
exceeds that of the cantilever section and the ap@merator may be represented as a beam
loaded with a force acting on its end.
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Fig. 2. Distribution of stress throughout the length of dantilever section of the piezoelectric transduce
at resonance obtained from harmonic analysis:qa)hie case when fundamental frequenciy470 Hz,
proof-mass/beam-mass ratio is in the range of qix)0for the case when fundamental frequency equal
f1=2300 Hz and proof-mass/beam-mass ratio is 0.95t(ess distribution obtained from modal analysis fo
the case when proof-mass/beam-mass ratio equals(@arves: shape-dred solid line—Y—, shape 2

— magenta dash-dot line—+—, shape 3- yellow dashed line—O—, shape 4- green solid line
—%— shape 5- black solid line———, shape 6- blue solid line—[—)

A series of frequency response analyses were peefbwith rectangular-shaped (No.6 in
Table 1) and the most triangular trapezoidal-shgpkxl) cantilevers in order to determine the
influence of the geometry on dynamic and electrie@ponse of the PMPG. During these
simulations all the parameters were not modifiedepx for the shape of the cantilever, i.e. the
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lateral dimensions (aspect ratio) of the rectamgudad trapezoidal-shaped cantilevers were
adjusted so as they occupy identical volume ane hia@ same fundamental frequency of about
2300 Hz (a constant area of the piezoelectric 1§yex10’ m?) was maintained). The size of
the proof-mass was constant and selected so gadbémass/beam-mass ratio is equal to 0.9.
Simulated responses in Figs. 3(a-b) reveal thatlfersame excitation magnitude aflg the
trapezoidal-shaped cantilever produces 3.58 tirass tlisplacement and output voltage. Figs.
3(c-d) illustrate these characteristics for theecaten rectangular-shaped cantilever is excited
with a=1g, while the trapezoidal one wit=3.58). These results indicate that the trapezoidal-
shaped cantilever tolerates a considerably largeitagion amplitude and generates slightly
larger open-circuit voltage (Fig. 3(d)) for the quamable deflection level (Fig. 3(c)).
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Fig. 3. Amplitude-frequency characteristics (a-c) and egponding voltage characteristics (b-d) of
rectangular-shaped cantilever No.6 (red dashed hnd trapezoidal-shaped cantilever No.1 (bluedsoli
line), obtained in the vicinity of their fundamehfeequency (~2300 Hz) when: (a-b) both cantilevars
excited with identical acceleration magnitudeasflg; (c-d) cantilever No.6 is excited witli=1g, while
No.1- a=3.58

Increase in voltage output is also observed inrdselts of transient simulations (Fig. 4),
which were performed by assuming a damping ratiapgfroximately 0.005 (research results in
[9] indicate that this is a reasonable assumptidhgrefore, for the Rayleigh damping model a
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coefficientp=1x10°was applied during transient analysis in Comsahuated time responses
in Fig. 4 obtained for rectangular- and trapezoeghaped cantilever structures are not
completely concurrent due to slight difference (31 fundamental frequency of the two
different structures (~2300 Hz).
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Fig. 4. Time response of tip displacement (a) and gergrapen circuit voltage (b) during sinusoidal
kinematic excitation of the microgenerators witltederation magnitude ai=1g for rectangular-shaped
cantilever (dashed red line) aad3.58) for trapezoidal-shaped cantilever No.1 (blue slifid). Excitation
frequency corresponds to the fundamental frequehtlye microgenerators (~2300 Hz).

The obtained result, which indicates that a trajueteshaped cantilever needs a higher force
to achieve the same deflection as the rectangulayis attributed to different mass distribution
in the considered structures: the distance of dmer of gravity to the clamped edge is only a
third of the total length for the trapezoidal-shdpmntilever and half of that length for the
rectangular one, which leads to an increased bgrddifiness of the former. At equal deflections
the trapezoidal-shaped cantilever generates osliglatly higher voltage (Fig. 4), which implies
that for the considered case the benefits duerainstiniformity are nearly cancelled out by the
"unfavorable" mass distribution leading to a lefficient conversion of excitation energy into
the mechanical one in the case of the trapezoldgdes

Another series of frequency response simulation® warried out in a completely different
PMPG design scenario: a much larger proof-mass/baass ratio of 60-70 was used in order to
model a piezoelectric microgenerator with a mom&cpically applicable fundamental frequency
of 170 Hz (in this case the height of the proof-smass slightly adjusted for each shape in order
to maintain the same fundamental frequency). Nuwakresults obtained for this case (Fig. 5)
are different from the previous one: comparabléed&ibns and voltage outputs are achieved for
the same excitation amplitude &f1g for all the considered cantilever shapes. The prely
observed effect of higher tolerance for excitattonplitude does not manifest here. It could be
rationalized that in this case the inertia of thegf-mass is so much larger with respect to the
inertia of the cantilever section that the aforetiwered differences in mass distributions
between the rectangular- and trapezoidal-shapetilesars do not have appreciable influence
on the overall dynamic response of the PMPG.

Meanwhile, the results in Fig. 2(a) reveal highbriable stress distributions throughout the
length for different cantilever shapes. For the tmw@ngular shapes (No.1 and No.2) a
considerable increase in stress value is obsemedrds the cantileveproof-mass junction
place. This suggests that gradual widening of thatilever towards its end would be a

© VIBROENGINEERINGJOURNAL OF VIBROENGINEERING SEPTEMBER2011.VOLUME 13,ISSUE3. ISSN1392-8716 583



670.NUMERICAL STUDY OF CANTILEVERS WITH NONUNIFORM WIDTH FOR ENHANCING THE PERFORMANCE OF VIBRTION-DRIVEN
MICROPOWER GENERATOR BASED ON PIEZOELECTRIC CONVERSI. R. DAUKSEVICIUS, G. KULVIETIS, V. OSTASEVICIUS, |. MILASAUSKAIT E

reasonable shape modification: it would reducesthess to the safer levels and because of the
larger width the generated charge would not bemdshed (or even slightly increased resulting
in a larger PMPG efficiency).
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Fig. 5. Amplitude-frequency characteristics (a) and theresponding voltage characteristics (b) of
microgenerators with cantilevers of different stgpebtained in the vicinity of their fundamental

frequency (~170 Hz) when excited with identical elecation ofa=1g. (Curve notations are identical to
those of Fig. 2).

In addition, it could be also mentioned that pregioesearch results on cantilever dynamics
[10] suggest that in the considered case of vegelproof-mass/beam-mass ratios the changes
in modal behavior may also occur and additionafifluence the electrical response of the
PMPG. Considerable enlargement of the size andhwv@ifya proof-mass may eventually alter
the boundary conditions of the structure: with @agingly heavier proof-masses the structure
will gradually transform from a cantilever-type tofixed-fixed beam. This implies that the
magnitude of the fundamental mode of the cantilestercture will be constantly decreasing in
this case until the limiting case is reached whieis mode is entirely suppressed and is
ultimately converted into a fundamental mode ofxad-fixed beam, which slope is no longer
monotonic and may therefore lead to a considerdidege cancellations inside the piezoceramic
material. This aspect is of particular importance the case when PMPG under random or
impact-type excitations is considered since highierations modes are induced in this case and
must, therefore, be taken into account when dewrdothe piezoelectric configuration of the
microgenerator.

Conclusions

Results of the research may be summarized as f®llow

Conducted numerical study demonstrated that caetibewith increasingly triangular shape
are highly beneficial in providing improved straggformity over the length of the structure for
the case when the weight of the proof-mass is aimtl that of the cantilever section. It is safe to
assume that this would also remain valid for sonsvdrger proof-mass/beam-mass ratios (up
to 5 at least). It is obvious that for the consididy larger ratios of 60-70 the effect of much
larger proof-mass is no longer advantageous and &y become detrimental for increasingly
triangular shapes. These findings indicate thatcilmeent design trend of incorporating larger
and heavier proof-masses in micro-scale energyelsexs (attempting to achieve sub-100 Hz
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resonant frequencies) has to be approached withicarder to avoid negative consequences in
terms of electrical performance of a PMPG. In addjtin the case of very large and heavy
proof-masses the attenuation of the fundamentatattdn mode of the cantilever and
amplification of detrimental vibration modes witbmmonotonic slopes should also be taken
into consideration, particularly when dealing whittbadband excitations that are characteristic to
many real-life ambient vibration sources.

Cantilevers with increasingly triangular shape eapable of withstanding markedly larger
base excitation magnitudes. However, the generatedtrical output is only marginally
increased for the comparable cantilever defleclewrels. This outcome is governed by a
complex relationship between the opposing effedtsinoreased stress homogeneity and
structural stiffness in a trapezoidal-shaped ceweil. It suggests that in order to achieve a
meaningful gain in PMPG electrical output a cargfbmetry optimization procedure should be
performed in terms of both cantilever and proof-endisnensions taking into account maximum
permissible stress levels at cantilever clampirdy@mtileverproof-mass junction places.
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