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Abstract

This paper proposes the use of an electrostaticeléy improve the performance of MEMS
piezoelectric harvesters in the presence of matwiag uncertainties. Different types of
uncertain parameters have been considered andmasetbaccording to their experimentally
measured statistical properties. It has been dstradad that manufacturing uncertainty in
MEMS harvesters results in a lower output power.ndoCarlo Simulation is used to
propagate uncertainty through the MEMS mathematadlel. It has been found that the
uncertainty effects can result in two sets of s&splhe first set of samples are those with
resonance frequency higher than nominal valuestia@decond set includes samples with
resonance frequencies lower than the nominal valilee device proposed in this paper can
compensate for the effects of variability in thevester by tuning the resonance frequency to
the nominal design. This device is composed ofnansgtrical arrangement of two electrodes,
which decrease the resonance frequency from itanamalue. However, achieving precise
symmetrical conditions in the device on a microlscanot feasible. Therefore, the effects of
an unsymmetrical arrangement due to manufacturargability are also investigated. The
device includes two arch-shaped electrodes that bsarused to increase the resonance
frequency.

Keywords: Uncertainty; MEMS; Energy harvester; Beectric, Nonlinear dynamics



1[, Stochastic parameters &35 Permittivity component at constant

strain
M, Tip mass 2a Angular of overlap between the
fingers
Zy Amplitude of base I Radial gap between the comb
excitation fingers
0 Frequency of base Jo1 Air gap between the micro-beam
excitation and the straight electrode
Fr Follower force o2 Air gap between the micro-beam
and the straight electrode
[ Damping of the €31 Equivalent piezoelectric coefficient
harvester
£o Permittivity of free L. Length of piezoceramic layers
space
U Damping coefficient v Voltage across each piezoceramic

layer

I ntroduction

In our environment, there are a variety of ambegrgy sources such as solar, temperature,
wind and vibration. Converting waste ambient enengy small amounts of electrical energy
can power many useful low energy consuming MicrecEb Mechanical systems (MEMS)
in different applications ranging from wireless s@nnetworks to medical implants [1-5].
Using vibration sources has gained more populaluty to their high availability in various
environments. There are different transduction weghthat can be used to convert
mechanical vibrations into electrical energy. Th@stmcommon types of transduction
mechanisms are electrostatic, electromagnetic amekzog@lectric. Electrostatic energy
harvesters can convert ambient vibrations intoteted energy using a charged variable
capacitor. The capacitance changes based on thbameal vibrations. Any change in
capacitance results in a charge rearrangement efetbctrodes of the capacitor and,
consequently, the charge flows through the eledtgacuit [6]. Electromagnetic vibration-
based energy harvesters usually consist of a aopermanent magnet and a suspension
spring. According to the Faraday law of electronegninduction, when the coil experiences
a change in the magnetic flux because of a relatiggon between the magnet and the caoil,
electrical energy is generated [7]. In piezoelecemergy harvesters, the mechanical energy
of vibrations is transformed into electrical enerdpy piezoelectric material. When
piezoelectric material is deformed, the centralenoles in the crystal become polarized and
form a dipole. If the dipoles are arranged suitatilgn two of the material surfaces become
positively and negatively charged [8]. Due to tbhenpatibility between piezoelectric material
deposition and the MEMS fabrication process, piksgc convertors have been recognized
as offering more benefits [9].



efficiency of the VBEHSs: broadening the bandwidihd tuning the resonance frequency of
the harvester [10, 11].

In the last few years, many studies have focusethese methods to improve the harvested
power of VBEHs. Masana and Daqaq [12] developeédlactromechanical nonlinear model
of an axially loaded energy harvester. They illaistd that the axial static load can be used to
tune the system over a wide range of frequenciball&et al. [13] investigated a vibration
energy harvesting device with autonomously tunaeonance frequency. They used a
piezoelectric cantilever beam array with magnetached to the free ends of cantilever
beams to tune the system resonance frequency byati@dorce. Miller et al. [14] proposed

a passive self-tuning beam resonator with slidingpp mass along the beam. This model
enables the energy harvesting system to adjushd#beral frequency of the system and
thereby increase the energy harvested over timawrkEmand Inman [15] investigated
broadband high-energy orbits in a bistable piezoratuglastic energy harvester over a range
of excitation frequencies. Malaji and Ali [16] aps¢d broadband energy harvesting using
multiple linear harvesters. They showed that thedladth of harvesting can be increased by
using an array of coupled pendulums with mechamgoalnding. In addition, they found that
the bandwidth and the total harvested power sasiraith the number of pendulums.

A mismatch between resonance frequency and viloraource frequency may exist either
due to changes in working conditions, or excessmamufacturing tolerances and errors. In
MEMS devices due to fabrication processes such askmalignment, deposition,
photolithography, etching and drying, manufacturtoterances are generally high and in
some cases, they can be higher than +10% of nomadaks [17]. Therefore, parameter
uncertainty can significantly affect the performaraf MEMS devices. Uncertainty analysis
of MEMS devices has been studied by several autbbygrevious studies. Agarwal and
Aluru [18] presented a framework to quantify diffat kinds of outputs in MEMS structures
such as deformation and electrostatic pressuréneset devices. Agarwal and Aluru [19]
proposed a framework to include the effect of utaterdesign parameters of MEMS devices.
Based on this framework they investigated the effdcvariations in Young's modulus,
induced because of variations in the manufactupraress parameters or heterogeneous
measurements, on the performance of a MEMS switch.

In this paper, an electrostatic device is propasedrder to compensate for the effect of
manufacturing uncertainties on the performance &W% piezoelectric harvesters. In this
model, the resonance frequency of the harvestaried using an arch electrode and two
straight electrodes. Manufacturing uncertainty doplotentially change the harvester’s
resonance frequency and consequently the deviftbom its nominal value may be positive
or negative. Therefore, there is a need to tunédneester’'s resonance frequency to a higher
(hardening) or lower (softening) frequency. By appy voltage to the aforementioned
electrodes, the resonance frequency of the harveatebe adjusted through hardening and
softening mechanisms. Applying DC voltage to thehashaped electrode creates a tensile
follower force which can increase the resonancejuieaecy of the harvester linearly.



to the system’s first resonance frequency. Thelprolrtonsidered in this paper is non-linear
due to the electrostatic forces. Furthermore, uangy in the model parameters is
considered; therefore, this is a dynamic problerh whe effects of both nonlinearities and
uncertainties. Such problems have not receivedfggnt attention in the literature. In the
presence of uncertainty, a semi-analytical solusoich as Harmonic Balanace (HB) or
Incremental Harmonic Balance (IHB) used by authorgrevious papers [20, 21] cannot be
applied. This is because it is not feasible to qrenfa convergence study on the required
number of truncated terms of nonlinear force faudands of samples generated by Monte
Carlo Simulation. This paper, for the first tineedur knowledge, demonstrates the use of a
shooting method in conjunction with Monte Carlo 8lation (MCS) to solve a nonlinear
uncertain problem. The shooting method may be densd to be more efficient than a time
integration method for uncertainty propagation. sTigaper also shows how nonlinear
electrostatic forces, can be used to improve thdopeance of MEMS devices in the
presence of manufacturing uncertainties.

Model description and mathematical modelling

Fig. 1 shows the proposed model in this paper. fioeel is an isotropic micro-beam of
length L, width a, thicknessh, density p and Young's modulusE, sandwiched with
piezoceramic layers having thickndgs Young’'s modulu€y and density, throughout the
micro-beam length and located between two strasghped electrodes and one arc-shaped
electrode. As illustrated in Fig. 1, the piezocaralayers are connected to the resistafiRe
and the coordinate system is attached to the mafdlee left end of the micro-beam, where
andz refer to the horizontal and vertical coordinatespectively. The free end of the micro-
beam is attached to the two arc-shaped comb fingdneh subtend angle at the base of
the beam and remain parallel to the fixed arc-sthagdectrode. The governing equation of
transverse motion can be written as [22]

2 [ 3w 2w ow . 3%

%2 El(x’lp) %2 + pA(x'Lb)W + CGE + Ff(l/)) %2
. (ds®) dSG - L) (1)
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and subjected to the following boundary conditions

~
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w(0,)=0 Jﬂrlzo (2)
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where 1) denotes the stochastic parameters, which have beed as an input to the
mathematical model.

z(1) = z, cos(Qf

Fig. 1 Schematic of the proposed energy harvester

In Equation (1) is the transverse deflection of the beam relabvies base at the positian
and timet, ¢, is the viscous air damping coefficiefit®) is the Dirac delta functior(t) is
the base excitation functiofi is the follower force which is applied to the hester by the
arc-shaped electrodé, is the electrostatic force which is applied to trevester by the
straight-shaped electrodes(f) is the voltage across the electrodes of each péeamic
layer, 9 is the coupling term which is dependent on thestgh connection between the
piezoceramic layers (i.e. series or parallel cohoes). By considering the parallel
connection between these layers and Kirchhoff'sahe electrical circuit equation can be
expressed by

62O 50 L @g) =0 ©

where the internal capacitancé€,), coupling term 1@,) and the current source can be
obtained as [22]

L, h\?  h?
P —
LC 3
i,,(f,l,l”))= h)j aw_(”)dx

%20t
In Equation (4)é;, is the equivalent piezoelectric coefficient afid is the permittivity
component at constant strain with the plane st@ssumption for the beam. Using

(4)
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where
HE®) =H(zx-d,)—H(z—d,) (6)

In Equation (5)g, is the permittivity of free spacél(X) is the Heaviside functiory; is the
applied DC voltage to the straight electrodgs,and g, are the air gaps between the micro-
beam and the straight electrodes. By applying gelt® the arc-shaped electrode shown in
Fig. 1, the amplitude of; can be tuned. Fig. 2 shows for a small angulaled&bn of the
micro-beam @), the angular overlap between the fingers andatobked-shaped electrode is
always2a and the force remains a follower force in all dtinds.

(b)
Fig. 2. A micro-beam with an arc-shaped comb fisgeiits (a) unperturbed state and (b)
perturbed state.

Based on electrostatic principles, the amplitudtheffollower force(F;) can be written as

Fr () =

’La (7)

whereg, is the radial gap between the comb fingers andlaaped electrode, is the width
of the resonatol, is the length of the beam (the thickness of tlzeshaped electrode can be
ignored), andV, is the applied voltage to the arched-shaped el@éeir For convenience,
Equations (1) and (3) can be re-written in a nanatisional form as follows

ow
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where (EI). and (pA). are related to the bending stiffness and massipiedength of the
beam with piezoelectric layers. To eliminate thatsp dependence in Equations (8) and (9)
the Galerkin decomposition method is used. Theed&lin of the micro-beam can be
represented as a series expansion in terms ofgaefenctions of the micro-beam, i.e.

N
w(x, t) = Z Ui(D)p;(x) (11)
i=1

whereg;(x) is theith linear undamped mode shape of the straight riieeom andJ;(t) is
the ith generalized coordinate. Equations (8) and (9) loa converted into a system of
differential equations using this method. A singiede approximation yields the following
equations

U(t) + 2puw, U(t) + w2U(t) — 6, v,(¢)

B . V2H(x) _ VZH(x) 5 (12)
= at-’;) <(1 “ Utk U(p(x))2> @ dx + F Q° cos(Qt)
v, () + v, +BU@) =0 (13)

where

1 1

M= j s, (x, ) ?(x) dx,,C = caj 9*(x) dx,,K; = af szj o (x) " (x)dx, (14)
0 0 0
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Due to the electrostatic nonlinearity in Equati@®, finding an analytical solution to study

the dynamic behavior of the system is quite comapéid. However, there are different

methods to find an approximate analytical soludrEquations (8) and (9). Previously, the
authors (Madinei et al. [20]) have used the harmdmlance method to study the dynamic
behavior of the system by considering an approx@neéectrostatic force using a Taylor

expansion. They assumed a symmetric electrostaiie fin their approximation and showed
that acceptable convergence can be obtained hydimg) terms up to ninth-order. However,

in the presence of manufacturing uncertainties etbetrostatic force could be unsymmetric
due to the variabilities in the air gap, and maamis may need to be included to reach
acceptable convergence. Therefore, using the hacmbalance method makes the
uncertainty propagation tedious because for evéfgrent sample, the number of truncated
terms should be determined. In this study, the shganethod [24] is used to investigate the
dynamic behavior of the system. Generally, the shganethod is a powerful and useful

method to find periodic solutions to a nonlineasteyn, and it is computationally more time
efficient than direct integration methods. The ghmp method can also find unstable

solutions although this is not needed for the amalyndertaken in this paper. By introducing
X, =UX,=Uand X; = vy, Equations (12) and (13) can be rewritten as

Xl = XZJ (15)

X, = F cos(Qt) — 2uw, X, — w2X; + 0,X3

1 H(x) H(x) 16
fa, V2 f ((I_X1¢)2_(T+X1(p)2><pdx (16)

X3 =—AX; - B X; (17)

To find a periodic solution to Equations (15), (1&)d (17), an appropriate set of initial
conditions (n4,1,,7n3) must be identified. To proceed with the shooting technique, for
convenience, the following variables are defined:

0X X X
_ 044 y. = 20 y = %n

4 = 6_771} 5 — E; 6 — 6_173
0X, 0X, 0X,
Xp==2, Xg=o2, Kg=—: (18)
7 ony ® on, K ons
0X; 0X; 0X;

10:6_771' 11:6_772} 12:6_173



X1(0) =140, X5(0) = 13, X3(0) = 730, X4(0) =1,
Xs(0) =0, X,(0) =0, X,(0) =0, Xg(0) =1, (29
X9(0) =0, X10(0) =0, X11(0) =0, X12(0) =1

N10,M20 and 13, are initial guesses for the initial condition thasult in a periodic solution.
Generally, these initial guesses deviate from Kaeievalues by an error or correctién. By
calculating the values df, — X;, at one period and substituting them in the algelsgstem
of equations below, the error can be found for esstlof initial guesses [24].

Xy Xs Xg ony N10 — X1(T, M10, M20, M30) (20)
X;  Xg  Xo|—=[I|[6n2] = |m20 — X2(T, M10, 20, N30)
X0 X11 X1z 613 N30 — X3(T,M10,M20,M30)

By trying different initial guesses and using Egomat(20), the errordn,, dn, and én3) can
be minimized and convergence is achieved. Thenpdla& power through the resistance can
be obtained by substituting, into the following equation

- P
Py = R (21)

Numerical Results and Discussion

To demonstrate the analysis presented in the prs\gection, a bimorph piezoelectric micro

cantilever beam is considered with the geometacal material properties as listed in Table
1.

Table 1. Geometrical and material properties eftthrvester.

Length,L (um) 3000
Width, a (um) 1000
Thicknessh (um) 4
Thicknessh, (um) 2
Young’'s modulusk (GPa) 169.6
Young’s modulusk, (GPa) 65
Air gap, go (Lm) 40
Air gap, g, (Hm) 3
Damping coefficientg,(N.s/m) 0.002
Density of Si beany (kg/m3) 2330
Density of PZT p,(kg/m3) 7800

Equivalent piezoelectric coefficierd;;(Cm~2) -11.18
Permittivity component£3, (nF/m) 13.48




parametric uncertainties, that may be categorinéal two groups: (i) probabilistic and (ii)

non-probabilistic. There are several models withinese two categories for modelling
uncertainty in numerical models. Details of thesedals and methods of uncertainty
propagation through numerical model can be founf2f 26]. However, these are not the
concern of this paper.

Table 2. Most sensitive parameters to manufagurircertainties [17].

Data Mean Std CQOV (%)
Thicknessh (um) 4 0.35 8.75
Thicknessh, (um) 2 0.175 8.75
Young’s modulusk (GPa) 169.6 16.58 9.78
Young’'s modulusk, (GPa) 65 6.35 9.78
Air gap, go (um) 40 2.52 6.3
Air gap, g, (um) 3 0.18 6.3
14 40
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Fig. 3. (a)Variation of the piezoelectric peak powgh load resistance at nominal resonance
frequency (b) Displacement frequency response ouitlethe optimal resistance

Considering the mean parameters of the micro-béaenoptimal resistance of the harvester
is obtained at its resonance frequency. As showign 3a, by exciting the harvester at its
resonance frequency, 12.6 nW power can be harvastie optimal resistance. In addition,
as Fig. 3b shows, the maximum deflection of thenbatithe resonance frequency is less than
40um. To investigate the effect of the manufacturimgertainties on the performance of
the MEMS piezoelectric harvester, different numbefssamples are generated, and the
Monte Carlo simulation is used for uncertainty @oggtion. Fig. 4a shows that the
Probability Density Function (PDF) of the power dasot significantly change when the
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Fig. 4: Probability density function of (a) harvedtpower and (b) resonance frequency.

Due to the variability of the parameters, thereaislarge deviation in the resonance
frequencies of the samples, and this can signifigatbecrease the performance of the
harvester. Fig. 4b shows that the mean resonamcgidncy of the harvester is 406 Hz,
however, there are many samples which have resen@equencies either greater or less
than the mean value. On the other hand, becausgeso¥ariability in resonance frequency,
the harvested power of most samples deviates frenpower of the system with the mean
parameters when it is excited at the mean/nomesalirance frequency (see Fig. 4a). In order
to compensate for the effect of manufacturing uwagaties, the resonance frequency of
samples can be adjusted by applying voltage telderodes. Fig. 5a shows that by applying
voltage to the straight electrodes, the resonarezmpuéncy of the micro-beam decreases due
to the softening nonlinearity of the electrostditedd. Considering this nonlinearity, there are
multiple solutions for the micro-beam response witthe frequency range close to the
frequency of the vibration source. In order to lestymore power, the micro beam response
should be at the higher of the two solutions amselto the resonance frequency. However,
being at the higher solution depends on the intiedditions and therefore the response at the
higher amplitude cannot be guaranteed. Adjustiegaibplied DC voltage can ensure that the
response of the harvester will be in the highentsmh. For a given excitation frequency if the
harvester response happens to be in the lower @malsolution the DC voltage is increased
until a region is reached where the harvester baly a single solution. The DC voltage is
then slowly reduced and the harvester follows fagtplitude solution until the resonance is
obtained.
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Fig. 5. Tuning resonance frequency of micro beaimgu&) softenindd, — d; = 0.5L) and (b)
hardeningla = 30”) mechanism

As shown in Fig. 5a, by applying 8 V to the eledes, the resonance frequency of the
sample is decreased by 7.5 percent to match thadney of vibration source. Consequently,
the harvested power can be increased by 13.2 n¥l. 3b shows that the resonance
frequency of the micro-beam can be increased byymgpa follower force. In Fig. 5b, an
arbitrary sample with a resonance frequency lems #4906 Hz has been considered. Using the
hardening mechanism and applying 13.6 V, the resmmdrequency of the sample can be
increased by 7.7% and therefore more power carahested.

In both mechanisms, the resonance frequency of sdmaple is tuned based on the
electrostatic force. The magnitude of this force && controlled by voltage, air gap and
overlapping area between electrodes. Generally, d@ihegap and overlapping area are
considered to be designed parameters and theyastant. However, based on Table 2, the
air gaps between electrodes will be affected by ufenturing uncertainties. Therefore,
depending on the air gaps between electrodes.egmance frequency of a sample can be
tuned by applying DC voltage. In the hardening na@esm, by applying voltage to the arch-
shape electrodes, the resonance frequency of thedter is changed linearly. However, due
to the geometric configuration of the electrodesthie softening mechanism the behavior of
the harvester is affected by electrostatic nonlitea



10}

Symmetric model
V.=10.1V
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Fig. 6. (2)Tuning resonance frequency of symmdtrizadel (go; = go2 = 40um) (b) comparison of
symmetrical and unsymmetrical modg{ = 44.6um, gy, = 36um)

In addition, due to the variabilities in the aimpgaetween two straight electrodes the system
may become unsymmetrical. According to Equation (8¢ amplitude of the electrostatic
force can be controlled by applying a DC voltagg) @nd changing the air gap between
electrodes. As shown in Fig. 6a, by consideringakqunitial gaps between electrodes
(go1 = go2 = 40um), the resonance frequency of the sample can bedttm the nominal
frequency by applying 10.1 V to the electrodes. Eesv, by including the variabilities in the
air gaps, the resonance frequency for the giverpamay be changed by applying 8 V to
the electrodes (See Fig. 6b). Therefore, in corspariwith the symmetrical model,
depending on the initial gaps between electrodéisarunsymmetrical model, the applied DC
voltage may either be increased or decreased. diti@i as shown in Fig. 7, the output
power due to the steady state response for themunsyrical model can be different in
comparison with the symmetrical model. In the unsyatrical model, due to the nonzero
static deflection, the output voltage will be atet by a DC offset. Therefore, the output
voltage will swing between two different valuesstead of the usuakv,. and —v,.
Consequently, there will be double peaks in thadstestate response of the output power in
the unsymmetrical model (see Fig. 7a).
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Fig. 7. Output power due to the steady state respah406 Hz (a) unsymmetrical model
(V; = 8V) (b) symmetrica(V; = 10.1V)

Generally, in nonlinear energy harvesters, maximuower can be harvested when the
harvester responds on the upper branch in theityianf its resonance frequency. For any
changes in the initial condition, the harvesterdtemo jump down to the lower branch,
thereby decreasing harvested power significantly.shown in Fig. 8a, by jumping down
from pointP, in Fig. 6b the harvested power decreases by 89%.
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Fig. 8. (a) The output power of the harvester @nltlwerbranch (2 = 406 Hz,V; =
8 V) (b) Moving from the lower branch to the higher doyedecreasing the voltage.

Fig. 8b shows that in the case of jumping downhi lbwer solution ¥,), the applied DC
voltage is increased until a region is reached wlilee harvester only has a single solution.
Then by delivering a gradually decreasing voltagethe fixed frequency direction, the
harvester follows the high amplitude solution urggonance is obtained.

The voltage source in both symmetrical and unsymoattmodels can be charged through
the harvested power from the electrostatic sidee@adly, electrostatic harvesters require an
energy cycle to convert mechanical energy to etdtenergy [27]. The energy conversion
cycles mostly rely on charge or voltage constraoricepts. In both cycles, electrical charge



capacitors are charged and discharged continu@mslythey can charge the voltage source
(V;) based on the voltage constraint cycle. Therefarbpth symmetrical and unsymmetrical
models the voltage source is self-chargeable aachénvested power from the electrostatic
side is used to keep the voltage source constaht [2
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i | Min Max

(a) (b)
Fig. 9. (a)Variable capacitors in the proposed mg)eElectrical circuit

Considering all samples, as shown in Fig. 10, iphapg different voltages to the electrodes
the resonance frequency of the samples matchediation frequency and more power can
be harvested. Fig. 11 shows that by applying DGagel to the straight electrodds)(up to
26.6 V and the arch-electroddg )X up to 24 V, the harvested power of the sampleshbea
improved significantly. Consequently, in compariseith Fig. 4a, most samples are shifted
to the region around the power of the system vhth mean parameters. As shown in Fig.
11a, the mean applied DC voltage to the straigitteddes (point A) is 8.5 V and in most
cases the harvested power of the samples is dobe tpower of the system with the mean
parameters.
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Fig. 10. Harvested power of samples based on {8nsog and (b) hardening mechanism

However, for the hardening mechanism, the meanepplC voltage (point B in Fig. 11b) is
12.2 V, which is 3.7 V greater than the mean appligC voltage for the softening
mechanism. Furthermore, the mean harvested powedheofsamples for the hardening
mechanism is less than 12 nW. Therefore, the elgetiic nonlinearity in the softening
mechanism can make the tuning mechanism moreaesffioh comparison with the hardening
mechanism.
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Fig. 11: (a) Applied DC voltage versus harvestedgrdor softening mechanism and (b)
hardening mechanism

In the current analysis, a constant optimal resd70 kQ) is used for all samples; however
this resistance can be optimized for each sam(@l [& addition, since the axial deflection
of the beam is negligible, the power loss of vatagurcé/, is small. Considering the results
of both mechanisms, as shown in Fig. 12 by usiegethctrostatic force in both mechanisms,
the effect of manufacturing uncertainties can bmmensated and after tuning the resonance
frequencies of the samples, the harvested powireasamples varies between 8 to 14 nW.
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Fig. 12. Harvested power of samples before and aftplying DC voltage

Conclusions

In this paper, the effect of manufacturing uncettes on the performance of MEMS
piezoelectric harvesters was investigated. Thelgteate solution was obtained by using the
shooting method and 2,000 samples were considexeeldbon the Monte Carlo simulation.
From this study, the following important conclussonere drawn:

- The results showed that variability in a MEMS hatee will significantly reduce its
performance. This is because the resonance fremseoicthe samples in most cases
deviate from the excitation frequency and resultkower harvested power. It should
be noted that the experimental data in the liteeatvere used to randomise the model
parameters.

- Two tuning mechanisms were proposed in this pdfery can be used to compensate
for the effect of manufacturing uncertainty. Forcleasample depending on its
resonance frequency, appropriate DC voltage wasliegppBased on these
mechanisms, it was observed that the harvestedrpoavebe increased by applying
DC voltage to the straight electrodes and arch-ethagbectrode up to 26.6 V and 24
V, respectively.

The problem in this paper is a nonlinear uncerdgimamic problem. One important challenge
with these problems is the computational time nesgto solve them. It is found that using
shooting method in conjunction with MCS is an eéfit tool for solution of these types of

problems. Future work will involve developing maticient methods to solve this type of

nonlinear uncertain problem, investigating the rofeglobal sensitivity analysis on the

selection of uncertain parameters, and robust desiguch a system to passively minimise
the adverse effects of uncertainty in the harvester
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. An electrostatic device to minimise the effect of manufacturing uncertainties in MEMS
energy harvesters is proposed.

. The resonance frequency of the MEMS piezoelectric harvester is tuned by applying
voltage.

Stochastic Nonlinear analysis of the vibration based MEMS Piezoelectric Harvester is
investigated by using shooting method.



