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Investigation on Mechanically Bi-stable MEMS
Devices for Energy Harvesting from Vibrations

Bruno Ando,Member, Salvatore BaglioSeniorMember, Gaetano L'Episcopo and Carlo Trigona

Abstract—In this paper, mechanically bi-stable MEMS de-
vices are investigated for energy harvesting from mechana
vibrations. This approach is particularly suitable when random,
weak, and broadband vibrations in the low frequencies rangere
considered. These working conditions are in fact quite ch&nging
and are often approached via arrays of linear resonant micre
devices. Our approach allows, with a single device, to effiently
collect kinetic energy in the whole spectrum of frequenciesf the
incoming signal.

Bi-stable behaviours are achieved through purely mechanal
and fully-compliant micro-mechanisms. Different structures have
been analytically and numerically investigated, both in satic and
dynamic working conditions, and optimized results are propsed.

The advantages of the proposed device, which exploit bi-diée
dynamic behaviors, over linear and mono-stable strategiesre
presented in this paper: in the case of the incoming kineticrergy
spread over a large bandwidth and confined at low frequencigs
a larger fraction of the input mechanical energy is transfered to
the mechanical-to-electrical conversion section of the heester
and, therefore, to the final user.

A complete device design is proposed in this paper by taking
into account a dedicated fabrication process which allowsa
obtain large inertial masses; electrostatic conversion s been
considered and embedded into the device to evaluate the degi
performances in terms of the electric energy scavenged.

Index Terms—MEMS, Energy Harvesting, Mechanical Vi-
brations, Bi-stable Dynamical Systems, Compliant Micro-
Mechanisms, Electrostatic Mechanical-to-Electrical Traasduc-
tion.

|I. INTRODUCTION

Ambient energy harvesting has been, in recent years,
recurring target of a number of research efforts aimed

Ambient mechanical vibrations come in a large variety of
forms such as induced oscillations, seismic noise, vehicle
motion, acoustic noise , multi-tone vibrating systems aden
generally noisy environments. Sometimes the energy to be
collected may be confined in a very specific region of the
frequency spectrum, as in the case of rotating machines [9],
but very often energy is distributed over a wide spectrum
of frequencies. In particular several scenarios exist wteer
significant fraction of energy is generally distributed et
lower part of the frequency spectrum, below 500 Hz [10].

Vibration generators based on electromagnetic [11], elec-
trostatic [12] and piezoelectric mechanical-to-electrimn-
version [13] have been suggested in literature [14]. These
devices are generally linear resonant devices which show
optimal operating conditions when the system is excited at
resonance [15]. Thus, the typical approach is based on the
design of energy harvesting devices so that the systenarline
resonance matches a peak excitation frequency within the
source spectrum.

This can induce some inconvenient constraints on both
design and fabrication, in particular when micro-systems a
low frequencies are addressed [16]. In fact, MEMS resosator
can be very sensitive to small dimensional imperfectiorth wi
resulting disadvantageous fluctuations in efficiency. Muoeg,
the achievement of very low resonance frequencies (e.g., in
the order of few hundred hertz or lower) with a significantly
large quality factor is a challenging issue at micro-scald a
therefore the devices will generally have a poor efficiency.
£ further reduction is experienced in the case of wideband

provide an autonomous solution to power up small-scaydrations, since linear resonant devices collect energinly
and low-power electronic devices. Several applications caround their resonance peak [17]. o . _
be listed [1] both in the area of autonomous sensors, sucHn the attempt to overcome these limits several interesting

as self-powered sensors [2] or implanted sensor nodes

[@ngroaches have been proposed [18]-[20]. One of thesesadopt

and in general in the field of autonomous micro-systems fultiple linear converters with different frequency respes
recharge the batteries [4], to power up unmanned vehicles [ order to obtain a wider equivalent bandwidth [19]. Anathe
to provide energy to human-powered systems [6] and to sméffategy aims to widen the bandwidth by using a mechanical

systems [7].

stopper to nonlinearly limit the amplitude of the reson§26y.

Among different solutions, vibration energy harvesting A different approach, proposed in literature in the latter
plays a major role because mechanical vibrations represent years [21], consists in the exploitation of the propertiés o

of the most ubiquitously available sources that can paa#nti
deliver a significant amount of energy [8].
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non-resonant oscillators characterized by a nonlineaahjn
response. In this specific field, it has been shown that non-
resonant mechanical structures, in particular bi-stalyie s
tems [22] under proper conditions [23], can provide bet&sr p
formances, compared to linear resonant or generic moresta
oscillators, in terms of the amount of energy extracted from
low frequencies random vibrations with a wide spectrum [24]
Another work presents a piezoelectric micro-machined ul-
trasonic transducer that can produce power in both linear
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and nonlinear working conditions [25]. A bi-stable micro- [I. DEVICE MODELING

generator, composed of a MEMS cantilever with a couple The mechanical structure investigated here is composed of
of permanent magnets used to induce bi-stable behaviour Pyentral mass (CM) connected, via two short flexural pivots
exploiting magnetic levitation principle, has been prexiy (LCFP and RCFP), to two slanted rigid links (LRL and RRL).
proposed by the authors [26]. These links are joined, via two short flexural pivots (LSFH an

The solution based on the exploitation of opposing ma&gSFP), to two lateral fixed-fixed beams (LFB and RFB).
netic forces to achieve the nonlinear bi-stable behavisur i The basic structure is shown in fig. 1 where all the acronyms
particularly suited thanks to the possibility to "shape'e thare defined. Flexural pivots allow for the displacementshef t
potential energy function of the system by altering theatise entire structure interconnecting, as elastic joints,dritinks
between magnets and therefore to "tune” its nonlinear b@-RL and RRL) and side fixed-fixed beams (RFB and LFB),
haviour. However, the presence of magnets and, in particulahile the central mass (CM) accounts for the force applied to
of "moving” magnets, is sometimes not desirable whenewer tthe structure as a consequence of external accelerations.
energy harvester is placed close to other electronic deice

magnetic sensors that may be affected by the fluctuations — central | [ Right Rigid 1o o
L Left Rigid M ght Rigi Right Fixed
the magnetic field. Left Fixed Link ass Link Beam
. . . . Beam (LRL) (cm) (RRL) (RFB)
In this work, a novel approach involving purely mechani: (LFB)

cal, fully-compliant, bi-stable MEMS devices is proposed f

vibration energy harvesting. M/ \ / \
Nonlinear strategies for energy harvesting with nonlinez / ‘@
micro-structures have been presented in literature [0 o

MEMS devices resembling those considered in this pap Left Side Left Central | | Right Central | | Right Side
Flexural Flexural

have been proposed [31] as bi-stable switches [32]-[34]: EV[ Pivot Flexural Pivot | | Flexural Pivot Pivot
(

these mechanisms have been actuated by thermal, eletitrost LSFP) (LcFP) (RCFP) (RSFP)
forces or mechanical probes.

Differently from what has been previously proposed in _ _ _ _ o
literature, the bi-stable micro-structures proposed ig trork Fig. 1. Two-dimensional structure of the basic device psagoin this work.
are actuated by external random mechanical vibrations;twhi
result in forces acting on an inertial mass placed at theecent Three equilibrium positions can be identified: two stable
of the bi-stable micro-mechanism in order to make it "snaf”S1’, i.e. the "fabrication” position, and 'S2’) and one sta-
from one stable equilibrium state to the other one. ble ('U’), as illustrated in fig. 2.

x

The goal of achieving switchings between stable equiliriu
states by means of noisy vibrations, thus widening the ban
width of this device in the frequency-range where vibragion
contain more energy [8], will be tackled in this paper tc
increase the energy conversion efficiency.

. " ; .Fig. 2. The initial position ('S1’) is shown together withetunstable ('U’)
_BOth the MEMS mema! mass dlsplacem_e_nt and Veloc"ﬁ(nd the second stable equilibrium position ('S2’) as résglfrom FEM
will be taken into account, in fact these quantities are looth  simulations.

cial in the mechanical-to-electrical conversion step:chikver

mechanism is used to produce electrical energy, a highefrpis section is focused on the analytical model of this devic
response in terms of displacement and velocity will result g on, the identification of these equilibrium points. Thatist
a higher power harvested from random vibrations. forces necessary to switch between the two stable statés wil
The analytical model of the micro-system will be discussdek derived.
in section Il, where also efforts will be paid to the identtion When a force is applied to the central mass along the y-axis,
of a suitable micro-fabrication technology that will allalve the rigid links LRL and RRL transmit the displacement to
optimization of the bi-stable behaviour in the subsectioA.l the flexural pivots LSFP and RSFP; the displacement along y-
Numerical analyses and their results will be presented axis originated by central mass CM is converted into a motion
the section Ill about the static (subsection IlI-A) and thalong x-axis and a rotation thanks to the deformation of the
dynamic (subsection 11I-B) behaviour of the MEMS devicetwo fixed-fixed beams LFB and RFB.
Afterwards, a realistic case study has been considereddaki Because of their elastic deformations, lateral fixed-fixed
into account the range of accelerations that can be experdenbeams are charged with elastic energy when the system
in automotive applications and a geometrically optimizedeviates from the initial stable equilibrium state ("S1the
structure for these applications is proposed and compaited wenergy stored is released when the system exceeds thelenstab
an "equivalent” mono-stable device in section IV. Finallyequilibrium position ("U”) and converges to the other stabl
the mechanical-to-electrical transduction will be disadsin equilibrium position ("S2”").
section V taking into account the electrostatic transducti By applying the theory of the Pseudo-Rigid Body Model
principle. (PRBM) [35] to the previously qualitatively described com-
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pliant mechanism, its 1-DOF (Degree of Freedom) model can
be derived as in fig. 3. 2

It should be remarked that only the one dimensional be- U(ym) = (K1 + Ka) {arcsin (Zl—m> - 90} +
haviour is studied in this work. Forces along the x-axis are vl ) )
nulled by the device symmetry, while excitations along z, Y 2
which may eventually induce some precession, are for the Kl 1- (—) — cos(fo)
moment neglected. These forces will eventually reduce the ”

overall system performance but will not affect the significa s system has been studied here, both analytically and
of the presented results. numerically, in order to assess its bi-stable behaviourtand
optimize its performances towards an efficient energy rsrve

A ing from environmental vibrations.
m An accurate parameter analysis has been performed in order
@ @ to characterize the effects on the bi-stable behaviour. #gno
1, K, K, 1, all parameters, a special attention has been payed to the ang

K B Vm C K, oy, that is the slope (referenced to the horizontal axis) of the
sb @/ % 1B \}@ rigid links at the intersection with the side beams. In fact,
K; K, this angle is one of the fabrication parameters and it styong

) y . . L
coesresreseeeees | IOTTITIIITeeeeees affects the bi-stable behaviour as can be seen later in fig. 7.

A. The Potential Energy function and some considerations on

Fig. 3. Pseudo-rigid body model of the micro-structure. Tdrens K1 and the fabrication teChnC'lOgy
K> refer to the (2), and’s, to the (3). The goal of this work is focused on obtaining bi-stable
behaviour in an inertial micro-system driven by weak forces
The general form of the elastic potential energy functioferived from e_xternal vibr:_;\tions, therefore both a largsmsi
can be expressed as: mass and a highly compliant structure are needed.
A suitable micro-fabrication process must be identified
1 before proceeding further with the numerical investigatio
Uym) = 5(2K1¢f (ym) + 2K213 (ym) + 2K X% (ym)2 fact, the final design will have also to adhere to the specific
1) design rules while the micro-system performance will depen
with: on process and materials properties.
The technology considered in this work as a target for
future device fabrication is the BESOI (Bulk Etch Silicon

K; = (EDu, (i=1,2) (2) On Insulator) process available through the Centro Nationa
li de Microelectronica (CNM) of Barcelona (Spain). This is

Ky = 192EISb (3) @ custom process that makes use of single crystal silicon
13, as primary structural material [36], [37]. This technology

_ - Ym\ promises interesting performance because of the posgibili

¥ (ym) a arcsm( H) o ) to design a large seismic mass from the whole thickness of

the wafer.
. [ Ym
b2 (ym) = arcsm(a) — o ) The mechanical properties [38] of the structural material

(crystal Silicon) used here are reported in tab. I, while 4ig.
Xsb (Ym) = ln cos<arcsin<?—m>) — Iy cos(fp) (6) illustrates the cross section of this technology.

rl

Where:jKi are the torsional spring constants 9f smqll-lengthM ECHANICAL MATERIAL PROP-II-EAR?I'II_IESIOF SINGLE CRYSTAL SILICON IN
flexural pivots (with reference, for the sake of simplicibply BESOITECHNOLOGY.
to the left side of the structure it will be: LSFP for= 1
and LCFP fori = 2, see fig. 3);K; is the spring constant of Properties Value
side beams (see fig. 3F is the Young modulus of Silicon; Mass density 2330 kg/m?

Young's modulus 169 GPa

I; and I, are the moments of inertia of flexural pivots and - JTIOH
Poisson’s ratio 0.3

side beamsj;, I, andl,; are the length of flexural pivots,
side beams and rigid links respectively,, is the vertical
position of central massy; and i, are respectively the An optimization has been carried out over several parame-
angular displacements of torsional springs and K, and ters in order to minimize the acceleration necessary toimbta
Xsb IS the linear displacement of spring;. the switch between the two stable equilibrium configuration
By taking into account definitions introduced in (2)-(6)eth and the resulting set of values are reported in table II.

potential energy function in (1) can be rewritten in a more A scheme of the variables listed in table Il is shown in
explicit form as: fig. 5.
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Cross section of the BESOI technology from Centroidzd de
Microelectronica (CNM) of Barcelona. Layers not used floe tmechanical

structure are generically indicated as "other layers”. Phgure is not in

scale.

TABLE Il

GEOMETRIC PARAMETERS OF THE MICRGSTRUCTURE IN FIG 1. THE
MICRO-STRUCTURE IS SYMMETRIC ALONG YAXIS. A BASIC SCHEMATIC
OF THE VARIABLES LISTED IS SHOWN IN FIG 5.

Variable Value Description
[ 5.5° Slope of rigid links and flexural pivots
lsfp 200 pm Length of side flexural pivots
L 1500 pm  Length of rigid links
lefp 200 pm Length of central flexural pivots
lsp 150 um Length of side beams
Ws fp 10 pm Width of side flexural pivots
Wy 70 um Width of rigid links
Wefp 10 um Width of central flexural pivots
Wep 10 um Width of side beams
t 15 um Thickness (except the central mass)
tem 467 um  Thickness of the central mass
IrI leP
wsb ‘____——'
— W
Isfp l cfp
Wy
Iy l Wetp
Fig. 5. Basic schematic of the variables listed in the tafoilthe micro-

structure in fig. 1. The picture is not in scale.

Elastic potential energy [N*m]
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Elastic potential energy evaluated by PRBM with= 5.5°. The

stables (S1 and S2) and the unstable (U) equilibrium positere marked.

The potential energy function is shown in fig. 6.
The bi-stable potential is not symmetrical, this is due tdifference between the equilibrium positions evaluatesinfr
the slopef, assigned as a design parameter to the juncti®@RBM and from FEM is observed, this is due to the over-
between the flexures and the rigid links. This means thastimation of the energy contribution of flexural joints fret

flexural pivots are deflected in the second stable equilibriuPRBM [35].

position "S2” and, consequently, the torsional spridgsand
K, are not at rest and give a nonzero contribution to the elastic
potential energy. As a consequence, a higher energy tHeesho
must be overcome to switch from S1 to S2 than from S2 to
S1.

The asymmetrical trend in fig. 6 can be seen as the sum
of two contributions: one, symmetrical, due to the sprikig,
and another, asymmetrical, generated by torsional spdfigs
and K.

The result of parametric analysis is reported in fig. 7 where
the influence of the parametés on the bi-stable behaviour
of the device is shown.

-6

[N*m]
N

Elastic potential energy
-

o
o

0.25]

| | | T T
ngU 7240 -220 -200 -180 -160 -140 *120 -100 -80 -60
Displacement along y axis of central mass from initial position [ |.Lm]

Fig. 7. Elastic potential energy evaluated for differenfuea of the
parameterdy. For g = 4° and the other parameters in table II, the micro-
structure has a mono-stable behaviour. Results refer anpers different
from those in the tab. II.

IIl. NUMERICAL ANALYSIS AND RESULTS

Finite Elements Model (FEM) analyses have been carried
out in order to investigate bi-stable behaviour and to comfir
results obtained from PRBM.

A. Satic modeling

The methodology adopted in these simulations consists of
nonlinear static mechanical analyses: a very small displac
ment along y-axis is applied, step by step, to the centrabmas
of the micro-structure and the resultant reaction forcaghp-
axis on central mass is computed. The positions where ogacti
force is equal to zero are the equilibrium points accordng t
equation (8).

_ dU(y)
dy

where F), is the reaction force along y-axis ard(y) is
the elastic potential energy. From (8), elastic potentiergy
is obtained by numerical integration of reaction forcesrove
displacements along y-axis.

Figure 8 shows reaction force along y-axis on central mass
when its position changes, while fig. 9 presents results of
numerical integration of reaction forces.

Figure 9 confirms the expected bi-stable behaviour. A small

By (8)
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Fig. 8. Reaction force on central mass after displacememienically
evaluated by FEM.

" [—PRBM
- --FEM analysis

Elastic potential energy [N*m]
2

I I I I I I I >
—-140 -120 -100 -80 -60 -40 -20 0 20
Displacement along y-axis of central mass from initial position [um]

I I
-180 -160

Fig. 9. Elastic potential energy numerically evaluated BMHdashed line)
compared with the potential (continuous line) obtainednflBRBM (fig. 6).

respect to the external frame,,; is the input acceleration
applied to the external frame andy) is the nonlinear elastic
term expressed by (10):

wy) - S

whereU (y) is the elastic potential energy function, evalu-
ated via a fourth-order polynomial fitting of the FEM results
shown in fig. 9.

From (9), the two-dimensional stochastic differential qu
tions system in Ito form [39] can be derived (11):

(10)

dy = yudi

dy, = % {— CYy — \Il(y)} dt + ZdW; (1)

wherey, represents the velocity of the central mass,
represents the Wiener process, which incrementsdiy.
Wiener process models the stochastic input due to external
mechanical random vibrations. Finalby represents the dif-
fusion coefficient which set the magnitude of the stochastic
inputa.,; by (12) [40]. The input signal is therefore modeled
as:

o dW; o 1
Gert = Tdt T m O Va
wheree, is a dimensionless, random, serially uncorrelated,
normally distributed variable.
The Euler-Maruyama method has been used to solve numer-
ically SDEs model in (11) by using Matlab and to evaluate the

(12)

The deformed structures in U and in S2 are shown tynamic behaviour of the system [39]. Setting= 12 1N +/5,
figure 2 together with the undeformed system in S1. Table the integration time step, = 1 s and taking into account
summarizes the results computed by PRBM and FEM an@ESOI technology parameters, the results shown in fig. 10
yses for the equilibrium configurations and the criticatista have been obtained.

forces necessary to switch between the two stable equitibri

positions.

TABLE Il
SUMMARY OF PRBM AND FEM RESULTS ABOUT EQUILIBRIUM
POSITIONS AND CRITICAL FORCES

PRBM FEM
1st stable equilibrium 0 um 0 um
Unstable equilibrium —76 um —90 um
2st stable equilibrium —125 pm  —150 um
Critical force (1stto 2nd) 5.7 mN 4.07 mN
Critical force (2nd to 1st) 2.6 mN 1.81 mN

B. Dynamic modeling

Bi-stable behaviour is evident in the simulated dynamics.

In order to compare the behaviour of the device proposed
with an equivalent mono-stable system, simulations bench-
marks have been performed by considering the same structure
as in Tab. Il but havingy, = 0°. This device is regarded as
"equivalent” because it is of the same geometrical pararsete
of the proposed bi-stable structure with the exception ef th
base angledy which is equal to zero in order to induce a
mono-stable elastic behaviour. In fact it is shown in fig. 7
that for o = 0° the potential function is mono-stable,
in these conditions the behaviours are similar (apart some
obvious distortions) to those of a conventional linear nest
oscillator.

The same random stochastic input signal has been applied
to both systems. Power Spectral Densities (PSDs) of the mass

In order to investigate dynamic behaviours of the bi-stabfiSPlacement are shown in fig. 11 for both the bi-stable and
micro-structure in the case of random input vibrations, tH€ mono-stable system.

corresponding stochastic differential equations (SDEsy@h
has been considered.
The nonlinear dynamic model is indicated in (9).

mij + cy + V(y) = —maeqt 9

It can be observed that bi-stable system exhibits both a
wider spectrum and a higher gain, at low frequencies, than th
mono-stable one which shows the peak similarly to a linear
resonant device.

Therefore, when subjected to vibrations with wide spectrum
at low frequencies, the bi-stable device is capable to scpve

wherem is the central mass of the systetris the damping a larger fraction of the incoming energy than the equivalent
coefficient,y is the displacement of central mass along y-aximono-stable device.
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75 ‘ wafer area taking into account the BESOI technology param-

HM N Wi M i Mu‘w M w \'“ M
' obtain switching must be performed by taking into account

The worst case to allow switching between stable states is
o o the dynamic behaviour.

002 003 004 0.05 0.06 007
@ The design strategy will be based on FEM simulations

results to estimate the force level to be applied to the imlert
mass in order to induce switching between the two stable
equilibrium states of the device; the worst case, represent
by the commutation from S1 to S2, will be obviously taken
into account. The dynamic behaviours will therefore be take
into account to refer these results to the external acd@eara
Qegt-

The basic bi-stable structure studied in the previous @ecti
has been considered as first device candidate. For thisedevic

wu

0
25

:

o

represented by the critical force required to staticallynow-

-50

-75
-100
=125
=150
=175
-200
-225

tate from S1 to S2 and that can be evaluated by FEM (see for
A\ example tab. Ill in the case of the previous structure), evhil
008 009 0.1

Displacement [ pm]

a more accurate estimation of the minimal forces required to

0

Velocity [m/s]

T T T T it has been not possible to satisfy all the design goals as the
prplacementlum) minimum acceleration level required for inducing switain
() was larger than the considered design goal.

Fig. 10. Results from numerical evaluation of SDEs model hyeE A modified structure has been therefore considered where

Maruyama method. Time series of the displacements (a) ajettory map of . .
the two system states variables (displacement and velagitgler stochastic a different geometry for the flexural beam has been taken into

input dW; (b). The bi-stable behaviour is clearly visible. account in order to increase the device flexibility. The fixed
fixed beams (LFB and RFB) have been replaced by a rigid part

Power Spectral Density (Left Rigid Part, LRP, and Right Rigid Part, RRP) intercon-

o ‘ ‘ ‘ ‘ necting respectively each of the original side flexural fsvo
§-1ZOWWM 1 (LSFP and RSFP) to two flexural pivots (Left Side Upper

g7 .1 Flexural Pivot, LSUFP, and Left Side Lower Flexural Pivot,
g™ il | LSLFP, Right Side Upper Flexural Pivot, RSUFP, and Right
gzz Md Side Lower Flexural Pivot, RSLFP). These two additional
I R \‘I}W l‘ “ flexural pivots are joined to two fixed-fixed beams (Left Upper

éi_m S ”m Fixed Beam, LUFB, Left Lower Fixed Beam, LLFB, Right
peolL_mono-stabie] | ‘ ‘ Upper Fixed Beam, RUFB, and Right Lower Fixed Beam,
' 1 Frequency (Hz) 10000 RLFB). Figure 12 illustrates the aforesaid changes on the

micro-structure and the nomenclature of the new components
Fig. 11. Comparison between power spectrum densities dfatemass of the micro-structure. for the left side
displacements of bi-stable micro-structure and monolstame under the ' ’
same stochastic stimuludV;.

Left Upper
Fixed Beam
(LUFB)

Left Fixed

Beam Left Rigid
(LFB) Part (LRP)

This difference will result also in a large amount of elexti
energy whatever mechanical-to-electrical energy conwers
strategy will be used in this energy harvester.

Left Side Upper
Flexural Pivot
(LSUFP)

IV. DESIGN OF VIBRATION MEMS ENERGY HARVESTING . R LOWer Lert SIE Loviar
A Fixed Beam Flexural Pivot

In this section, the design of a bi-stable MEMS structuré tha (LLFB) o s
can profitably harvest energy from low level vibrations, wfo

energy is spread over a |arge bandwidth at low frequen(sesﬁg 12. Basic illustration of the substitutions, only ftretleft side, made
proposed to the micro-structure in fig. 1 in order to make it more flegibChanges and

. . nomenclature are analogous on the right side.
Several scenarios are considered, including automotive,

where vibrations appear as a noisy signal [8] with acceaterat

peak of about 2 m/s? and bandwidth of few hundreds Hertz, In order to improve the mechanical stability of the micro-

eventually up to aboui00 H z. structure and to reduce the incidence of some unwanted-vibra
The design goal is focused on a bi-stable MEMS device thnal modes, the number of arms that hold the central mass

can show low critical forces, mechanical robustness, tiejec has been increased to four and the total thickness of the BESO

of unwanted vibrational modes and a limited occupation e@fafer @67 um) has been exploited in the implementation of
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these arms. This also allows the use of larger central mas: Lo

without affecting the robustness of the structure and itthma Iwufb
vibrational mode (along y-axis). A complete picture of the

new micro-structure is shown in fig. 13.

Fig. 13. Three-dimensional model of the new proposed mstnacture.

Thanks to these substitutions, the new structure is mo
compliant than the previous one and its increased mecHani
flexibility leads to lower values of critical forces requdréor

commutations between stable states.

A parameter analysis like the one shown in fig. 7 give
the optimum parameters in tab. IV for the structure shown i
fig. 13. A basic schematic of the variables listed in tab. IV it
illustrated in fig. 14. Switchings between the two stableesta
is now allowed by external vibrations with peak acceleratio
of 12 m/s?. The square central mass @00 wm side length
allows to convert the external acceleration into a forcdiegp
to the structure. The micro-structure occupies an &reamm

long and1.33 mm wide.

GEOMETRIC PARAMETERS OF THE MICRGSTRUCTURE IN FIG 13. THE
MICRO-STRUCTURE IS SYMMETRIC ALONG YAXIS. A BASIC SCHEMATIC

TABLE IV

OF THE VARIABLES LISTED IS SHOWN IN FIG 14.

Variable Value Description
0o 0.5° Slope of rigid links and flexural pivots
lsfp 450 um  Length of side flexural pivots
L 600 um  Length of rigid links
lefp 450 um  Length of central flexural pivots
lrp 35 um Length of rigid parts
lsufp 120 um  Length of side upper flexural pivots
lsifp 120 um  Length of side lower flexural pivots
lufp 120 um  Length of upper fixed beams
Lo 120 um  Length of lower fixed beams
Ws fp 10 pm  Width of side flexural pivots
Wy 60 um  Width of rigid links
Wefp 10 yum  Width of central flexural pivots
Wrp 35 pm  Width of rigid parts
Weufp 12 yum  Width of side upper flexural pivots
Wl fp 12 yum  Width of side lower flexural pivots
W b 12 wm  Width of upper fixed beams
wi fp 12 yum  Width of lower fixed beams
t 467 um  Thickness of the entire structure

sufp |
Isufp - / cfP
W,
] e

Wy

fP
| l wsfp
rp w

—, " 9

l Wslfp
slfp| *>

lefb
—

IIfb

Fig. 14. Basic schematic of the variables listed in the tsbior the micro-
structure in fig. 13. The picture is not in scale.

Results of the reaction forces against structure displace-
ments, evaluated by FEM analysis, and the corresponding
elastic potential energy are shown in fig. 15.

=
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Elastic Potential Energy [N*m]
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=

e
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o
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—%5 -30 -25 -20 -15 -10 -5 0
Displacement along y-axis of central mass from initial position [um]

010

Fig. 15. Reaction force (dashed line) on central mass ardlielpotential
energy (continuous line) evaluated by FEA for configuratmntable IV of
the micro-structure proposed in figure 13. Equilibrium fioss are indicated.

The unstable equilibrium position U is at13.75 pm from
initial position along y-axis and the second stable eqiilin
position S2 is at-26.7 um from initial position. The critical
force to switch from S1 to S2 i29.1 uN, while the required
static force to commutate from S2 to S1 is ab8w u V.

Several dynamic analyses, using the model in (11), have
been performed in order to characterize the behaviourseof th
new structure in fig. 13, when the parameter values reported
in tab IV are adopted.

The number of commutations between the two stable
equilibrium states as a function of the RMS value of the
external acceleration, considered as a stochastic siaal,
been considered as quantifier of the device performance. In
fig. 16 the results obtained are shown in terms of average
number of switching events, over a simulation time66of s,
and standard deviation. The largest energy value reponted i
the horizontal axis corresponds to peak accelerations up to
about14 m/s.

A comparison between this bi-stable behaviour and its
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Input acceleration RMS [m/s‘] bi-stable (blue curve) and the mono-stable (yellow curveXhe case of
under-threshold excitation (acceleration peak value oty m/s2) when

Fig. 16. Results from several stochastic analyses for e@t@ns having he pi-stable system oscillates around its first stablelibguim state.
different RMS values. Points represent the mean values efntmber of

commutations between stable equilibrium states in a tinberval of 60 s

-90 T T

and 30 simulations for every simulated value of input peak acediens; -100) N RS ‘

while "x” represent the standard deviation. :ngwkw i ?
50 :
@ -150

Q i
"equivalent” mono-stable is performed again by taking int(gzggg
account the same structure but haviig= 0°. The elastic &%
potential of the equivalent mono-stable device is shown i“}?;g e
fig. 17 in comparison with the elastic potential of the bibdta 25— Biseble | ,‘ -

micro-structure. 10" 10° 10" 10°

Frequency [Hz]

ower/Fi

(b) Simulation results: plot of PSD of central mass dispiaeet for the bi-
stable (blue curve) and the mono-stable (yellow curve) endase of above-
threshold excitation (acceleration peak value of abidutn/s2) when the
8 bi-stable system bounces between its two stable states.

_x10~°

—Bi-stable
1.81-|- - ~Mono-stable|

Fig. 18. Simulation results of the comparison between thienged bi-stable
I device and the same structure operating in the mono-stabtie ip = 0°)
[ with respect to a stochastic vibration applied to the systerthe case of
] under-threshold excitation (a) and above-threshold aeit (b).

Elastic Potential Energy [N*m]

stable equilibrium states, its behaviour is considerabrem

T T iacement alunt y-axs of central mass from ital posiion il 0 0 efficient than the mono-stable one (fig. 18b).

In fig. 19 the total energy gathered is plotted, for both the
Fig. 17. Elastic potential energy numerically evaluated®BM of the mono- mono-stable and the bi-stable structures, as a functioheof t
stabl(_e device (dashed line) compared with the potentiaitiiwaous line) of RMS value of input acceleration. The energy is evaluated
the bi-stable one. . . .

as the normalized PSD integral, in the frequency range of

0.1 H2-500 Hz of the central mass displacement. Normaliza-

In fig. 18 the PSDs of central mass displacements aién is performed with respect to the input acceleratiorrgye
reported both for the bi-stable and for the mono-stableagevi in the same frequency range.
the case of a stochastic input acceleration smaller than then fig. 19 it is shown that the bi-stable device harvests more
minimum value allowing for device switching is shown inmechanical energy than the mono-stable one as soon as the
fig. 18a; the case of input acceleration large enough to all@Xcitation signal becomes large enough to induce switshing
commutations between the two stable states of the device Begween the two stable equilibrium states.
shown in fig. 18b.

The integral of the PSD of central mass displacement in thQ/ CONSIDERATIONS ON MECHANICALTO-ELECTRICAL
frequency range of interes0.Q Hz-500 Hz) represents the
mechanical energy scavenged by the micro-structure fr@am th
random environmental vibrations; the device performarsce i The electrostatic mechanical-to-electrical transductivat-
estimated as the ratio between the energy transferred to égy is considered for this device. Voltage constrained, [#it]
mechanical-to-electrical conversion system and the eaterplane overlap varying [14] interdigitated capacitors hbeen
vibrations energy in the frequency range of interest. designed on both the upper and lower sides of the central

A slightly better performance at low frequencies is obsérvenass in order to exploit the displacements along y-axisén th
in the mono-stable structure when the bi-stable one does roergy transduction. A three dimensional model of the devic
switch between its stable equilibrium states (fig. 18a)s thi is illustrated in fig. 20.
due to a lower resonant frequency with respect the bi-stableThe fingers of the capacitors have a total thickness of
one. When the bi-stable structure begins to switch betwisen467 um, as all the three layers of the BESOI wafer (see fig. 4)

ENERGY CONVERSION
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1.4*10;_51‘3“8 ‘ - the y-axis from its initial position.

12@ ) Taking into account the applied mechanical-to-electrical
. ) o ° conversion system, the model in (9) modifies [8] in (15) :
%8 = oo |
] )
@ﬁo.sf o o® .| mij + ¢y + be(y) + ¥(y) = —maca (15)
ge0 . ] The parameter* in (15) represents the mechanical damping
§§°'4’ o ° 1 caused predominantly by the slide film effect in the interdig

0.2 o® '.. . 8 itated capacitors and is stated by the (16) [43].

Input acceleratlon RMS [m/s] ’ ) C* = 4M (16)

9

Fig. 19.  Energy of central mass displacements normalizeith wiput wheren is the dynamic viscosity of airn(= 18 uPa - s
energy from vibrations versus the RMS value of the input kecaon signal. " y v ' H )

Points represent the computed values for the bi-stableorsitucture at each The termb, is t_he eleCtr.ical_ damping that. mOd(_al.S the
acceleration peak value, while the "x” for the mono-stakiwice. effect of the electrical polarization of the two interdagitd

capacitorsC4¢(y) and Cpe(y) on the mass movement and
) is defined by (17) [8]:
Z‘i Interdigitated
capacitors

eoNst s e€oN st
be(y) — OT”VACQ _ 0 gf fV302 (17)

where the termd/4¢ and V¢ are respectively the polar-
Pad for ization voltages of the capacitofssc and Cpc. The signs
connection in (17) indicate the directions of the damping forces from
the two capacitors (when each of them is polarized) that
are opposite to the direction of the motion of the central
mass. According to the (13)—(14) and considering the titsta
dynamic operation of the proposed device, if any overshoots
in the displacement of the central mass are neglected, the
capacitanceC 4 presents its maximum value in S1 while
Cpc its minimum; analogously, in SZ;4¢ is at its minimum
while Cpc at its maximum.
Fig. 20. Three dimensional model of the device incorpogatine micro- O-n the basis C?f the opc_eratlng CyCI-e of vo!tage con-
structure in fig. 13 and the mechanical-to-electrical tdaieion mechanism. strained electrostatic mechan'Cal—to_eleotr'cal_ transon sys-
The letters "A”, "B” and "C” indicate the pads for the elects connection tems [44], the voltag®’s¢ is equal to the applied voltadg,,
of the plates of the interdigitated capacitors. only when the central mass goes from S1 to S2 and in the
other cased’4¢ is equal to0 V, while Vg is equal toV;,
when the central mass comes from S2 to S1 and in the other
have been considered. This gives higher mechanical raésstrtases/sc is equal tod V. The energy harvested respectively
to the fingers and increases the inertial mass applied to #éthe capacito’s¢ in each cycle of commutation from S1
micro-structure. However, only5 pm in single crystalline to S2 and by the capacité’sc in each cycle of commutation
silicon are exploited for the electrical capacitors beeaas from S2 to S1 are expressed B, and Epc in (18) and
electrical insulation due to buried oxide layer between tHa9) [41]:
single crystalline silicon and the substrate.

Trenches for
electrical insulation

The two overlap varying interdigitated capacitofsc 1 -
(between the stator "A” and the rotor "C” in fig. 20) adtsc Bac = 2 (Cac(S1) = Cac(52))Vin (18)
(between the stator "B” the rotor "C” in fig. 20) are defined 1 2
in (13) and in (14) [42]: Bro = 3(Cao(52) = Cae(S1)Van (19)
If a time series of lengths is observed, an estimation of the
Nfeot 7 (z fo— y) power harvested by the whole system during the observation
Cacly) = (13)  time ts can be done by counting the number of commutations

<

Njﬁotf (lfo i y) from S1 to S2,N12, and from S2 to S1)Vy;, and taking into

Cpc(y) = (14) account the (18)—(19) in the (20) [41]:
where Ny is the number of flngers (on the rotor side of pP= &EAC + &EBC (20)
the capacitor)¢ is the electrical permittivity of air{; is the ts ts

thickness of the electrical layer in the capacitgiis the air The computed values of the parameters of the interdigitated
gap,lyo is the length of the overlap between two fingers facinfingers for the mechanical-to-electrical energy conversice
each other ang is the displacement of the central mass alorigsted in the tab. V. The choice of these values is motivated
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by the need to ensure an adequate extraction of enefdy) H z [8]. This range of low frequency vibrations is the most
without affecting the robustness of the fingers and taking incritical to be explored in order to exploit the benefits of the
account the movements of the structure between the twaestagpoposed bi-stable device with respect to linear or moablst

equilibrium states. systems. Models in (15)—(20) have been taken into accouht an
TABLE V parasitic effects are neglected.
PARAMETERS OF THE ADOPTED MECHANICALTO-ELECTRICAL As the displacements of the central mass in the mono-
TRANSDUCTION MECHANISM FOR THE DEVICE IN FIG 20. VALUES ARE  Stable structure do not always have the same amplitude (ne-
EQUAL FOR BOTH THE CAPACITANCESU4c AND Cpc- glecting any overshoots) when the device is forced by noisy
vibrations, there are no fixed maximum and minimum values
Variable  Value  Description for the capacitance§’ s and Cg¢ in the system dynamics,
]lVf 29 Number of fingers on rotor differently from the bi-stable device. In order to adopt the
7 150 um  Total length of each finger . . .
L5 75 wm  Initial overlap length between two fingers models in (15)—(20) and the same strategies of the bi-stable
t 467 pm  Mechanical thickness of each finger device in the polarization of the capacitancgsc and Cgc,
fuf 155 ::; w('jct‘;“gfszscfh”;ﬁ]ggpduc“"e layer two values of displacements to ¢, have been imposed as
gf 15 um  Air gap between two fingers thresholds to control the polarization and the depolaonatf

the transduction capacitors (in the same way of the position
and S2 in bi-stable device). So, in the mono-stable case,
¢ is polarized byV;,, when the central mass comes from the
Qégher threshold;, to the lower threshold,, analogoushCzc

A possible solution to increase the energy harvested in ea(Sc;;%
cycle of commutationF 4 and Eg¢ in the (18)—(19) is to A

increase the difference in the maximum and minimum valuIS olarized when the system goes frono ¢,. Three different
of the capacitance€' 4 andCgc. This can be achieved by P 4 9 .

" ; o . airs of thresholds have been analyzed in the comparisons
exploiting also the thickness of the silicon substrate ia tiP y P

. - . . ith the bi-stable devicet;, = d = — ,
interdigitated capacitors through an adaptation of the (BES\tNI _ 10e rrlLSaidf :e\fclzg hm aidu?iln;g . l: 13 ??5/“7;1
technology process (see fig. 4). The modification consists j di _M 13 35l m Th/é last ;;air 0, ’_h 13 35' m” i
the creation of an electrical connection between the singte b 09 KM h | ; fd' IM

| sil I d the sili bstrate th h 1 = —13.35 um) presents the same length of displacements
crystal si icon fayer and the silicon substrate throug epa between the two equilibrium stable states of the bi-stable
of the buried oxide and a selective deposition of metal (prob

.- . X .\ T rdevice.
bly aluminium). The creation of suitable trenches in thiesii : .
: . . Results are presented as the mean values3iviéme series
substrate, from the bottom, and in the single crystal silico

. .. _0f 100 s each of the power harvested evaluated through (20)
from the top, ensures the separation of the areas at d|ffer%1r different RMS input accelerations. Fig 22 summarizes th
electric potential, with also the help of the buried oxidgela ’

This concept is illustrated in fig. 21. results forVi, =30 V.

-9
10
7 i 35 -
| Metal (Al) | | Trench | |S|ngle crystal silicon | 3.05] @ Bi-stable S S o
"1l X Mono-stable (+/- 5 pm) Ll
/ B —~+ Mono-stable (+/- 10 pm) o°
Z 2272 Mono-stable (+/- 13.35 um) *® ]
i 225 .0°. 1
Buried oxide (SiO,) | T o .." 1
< 1750 O 1
Q L
Silicon substrate | 7 19
> 1.251
©
< 1r
Bulk Trench § o7sf
£ o05F
0.25F 2%
Fig. 21. Basic conceptual schematic of the proposed motidfieain the e e 195 2 225 25 295 3 395 35 375
BESOI technology. "A” and "C” represent areas at differeleic&ic potential. Input acceleration RMS [m/s?]

The picture is not in scale.
Fig. 22. Power harvested at several RMS value of input act@e for the
. . . bi-stable device and its "equivalent” mono-stable one. Aapmation voltage
Thanks to this modification in the technology process, th# 30 v and the parameters for the transduction mechanism in thevtab

thickness of the conductive layer on each finggrcomes With ¢y =465 pm, are considered.
from 15 pm to 465 pum (see fig. 4). This increases the values

of the two capacitance§’sc and Cpc from (13)~(14), the  pog s in fig. 22 confirm the improvement in performance

difference between their maximum and minimum values angf the bi-stable device over the mono-stable one as soon as
frolm (1?_(19)’ tht(_e aToutEt of the elictricalthgr\éesttehd WEF 5he input acceleration is able to put it in commutation betwe
n orcer o esimate the power harvested by e WNOR two stable equilibrium states.

system from (20) as a benchmark of the proposed concept,
the same micro-structures studied in section IV (the Hista
micro-structure and its "equivalent” mono-stable one)wtite
same mechanical-to-electrical transducers have beenareahp In this work, an analytical and numerical study of mechan-
in simulations for several accelerations having differesgo- ically bi-stable MEMS devices has been proposed in order to
ciated energy, random dynamics and a spectrum wide abbatvest kinetic energy more efficiently than traditionalekr

VI. CONCLUSIONS
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resonant or mono-stable micro-generators. Weak, widebgmng
vibrations at low frequencies have been considered. Linear
devices are designed to collect kinetic energy at theirmasb [14
frequency, therefore arrayed solutions have to be coresider
to cover large bandwidths. In the case of bistable systems, i
order to produce switching between stable states it is giffic
to have an incoming signal whose amplitude allows to pass the
"threshold”: the frequency is not anymore a fundamentaléss
Therefore kinetic energy is collected in a larger frequencl%/6
range.

Development of these micro-structures has been described
together with the process for optimally "shaping” their bilt"]
stable elastic potential.

A complete design is proposed by taking into account 28]
dedicated microfabrication process. Electrostatic gnean-
version strategy has been considered from producing &aktr |19
output.

In order to have consistent benchmark, the same structH
has been considered where design parameters have been
chosen such to achieve a monostable behaviour.

In the paper it has been shown as, in the case of bistald
device, a larger fraction of mechanical energy is scavenged
from input vibrations and transferred to the mechanical-t¢2]
electrical transducer. (23]
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