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Investigation on Mechanically Bi-stable MEMS
Devices for Energy Harvesting from Vibrations
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Abstract—In this paper, mechanically bi-stable MEMS de-
vices are investigated for energy harvesting from mechanical
vibrations. This approach is particularly suitable when random,
weak, and broadband vibrations in the low frequencies rangeare
considered. These working conditions are in fact quite challenging
and are often approached via arrays of linear resonant micro-
devices. Our approach allows, with a single device, to efficiently
collect kinetic energy in the whole spectrum of frequenciesof the
incoming signal.

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

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

A complete device design is proposed in this paper by taking
into account a dedicated fabrication process which allows to
obtain large inertial masses; electrostatic conversion has been
considered and embedded into the device to evaluate the device
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 Transduc-
tion.

I. I NTRODUCTION

Ambient energy harvesting has been, in recent years, the
recurring target of a number of research efforts aimed to
provide an autonomous solution to power up small-scale
and low-power electronic devices. Several applications can
be listed [1] both in the area of autonomous sensors, such
as self-powered sensors [2] or implanted sensor nodes [3],
and in general in the field of autonomous micro-systems to
recharge the batteries [4], to power up unmanned vehicles [5],
to provide energy to human-powered systems [6] and to smart
systems [7].

Among different solutions, vibration energy harvesting
plays a major role because mechanical vibrations representone
of the most ubiquitously available sources that can potentially
deliver a significant amount of energy [8].
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Ambient mechanical vibrations come in a large variety of
forms such as induced oscillations, seismic noise, vehicle
motion, acoustic noise , multi-tone vibrating systems and more
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 where a
significant fraction of energy is generally distributed in the
lower part of the frequency spectrum, below 500 Hz [10].

Vibration generators based on electromagnetic [11], elec-
trostatic [12] and piezoelectric mechanical-to-electriccon-
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 systems linear
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 and
low frequencies are addressed [16]. In fact, MEMS resonators
can be very sensitive to small dimensional imperfections with
resulting disadvantageous fluctuations in efficiency. Moreover,
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-scale and
therefore the devices will generally have a poor efficiency.
A further reduction is experienced in the case of wideband
vibrations, since linear resonant devices collect energy mainly
around their resonance peak [17].

In the attempt to overcome these limits several interesting
approaches have been proposed [18]–[20]. One of these adopts
multiple linear converters with different frequency responses
in order to obtain a wider equivalent bandwidth [19]. Another
strategy aims to widen the bandwidth by using a mechanical
stopper to nonlinearly limit the amplitude of the resonator[20].

A different approach, proposed in literature in the latter
years [21], consists in the exploitation of the properties of
non-resonant oscillators characterized by a nonlinear dynamic
response. In this specific field, it has been shown that non-
resonant mechanical structures, in particular bi-stable sys-
tems [22] under proper conditions [23], can provide better per-
formances, compared to linear resonant or generic mono-stable
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-
generator, composed of a MEMS cantilever with a couple
of permanent magnets used to induce bi-stable behaviour by
exploiting magnetic levitation principle, has been previously
proposed by the authors [26].

The solution based on the exploitation of opposing mag-
netic forces to achieve the nonlinear bi-stable behaviour is
particularly suited thanks to the possibility to ”shape” the
potential energy function of the system by altering the distance
between magnets and therefore to ”tune” its nonlinear be-
haviour. However, the presence of magnets and, in particular,
of ”moving” magnets, is sometimes not desirable whenever the
energy harvester is placed close to other electronic devices or
magnetic sensors that may be affected by the fluctuations in
the magnetic field.

In this work, a novel approach involving purely mechani-
cal, fully-compliant, bi-stable MEMS devices is proposed for
vibration energy harvesting.

Nonlinear strategies for energy harvesting with nonlinear
micro-structures have been presented in literature [27]–[30].
MEMS devices resembling those considered in this paper
have been proposed [31] as bi-stable switches [32]–[34]: all
these mechanisms have been actuated by thermal, electrostatic
forces or mechanical probes.

Differently from what has been previously proposed in
literature, the bi-stable micro-structures proposed in this work
are actuated by external random mechanical vibrations, which
result in forces acting on an inertial mass placed at the center
of the bi-stable micro-mechanism in order to make it ”snap”
from one stable equilibrium state to the other one.

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

Both the MEMS inertial mass displacement and velocity
will be taken into account, in fact these quantities are bothcru-
cial in the mechanical-to-electrical conversion step: whichever
mechanism is used to produce electrical energy, a higher
response in terms of displacement and velocity will result in
a higher power harvested from random vibrations.

The analytical model of the micro-system will be discussed
in section II, where also efforts will be paid to the identification
of a suitable micro-fabrication technology that will allowthe
optimization of the bi-stable behaviour in the subsection II-A.
Numerical analyses and their results will be presented in
the section III about the static (subsection III-A) and the
dynamic (subsection III-B) behaviour of the MEMS device.
Afterwards, a realistic case study has been considered taking
into account the range of accelerations that can be experienced
in automotive applications and a geometrically optimized
structure for these applications is proposed and compared with
an ”equivalent” mono-stable device in section IV. Finally,
the mechanical-to-electrical transduction will be discussed in
section V taking into account the electrostatic transduction
principle.

II. D EVICE MODELING

The mechanical structure investigated here is composed of
a central mass (CM) connected, via two short flexural pivots
(LCFP and RCFP), to two slanted rigid links (LRL and RRL).
These links are joined, via two short flexural pivots (LSFP and
RSFP), to two lateral fixed-fixed beams (LFB and RFB).

The basic structure is shown in fig. 1 where all the acronyms
are defined. Flexural pivots allow for the displacements of the
entire structure interconnecting, as elastic joints, rigid links
(LRL and RRL) and side fixed-fixed beams (RFB and LFB),
while the central mass (CM) accounts for the force applied to
the structure as a consequence of external accelerations.

Fig. 1. Two-dimensional structure of the basic device proposed in this work.

Three equilibrium positions can be identified: two stable
(’S1’, i.e. the ”fabrication” position, and ’S2’) and one unsta-
ble (’U’), as illustrated in fig. 2.

Fig. 2. The initial position (’S1’) is shown together with the unstable (’U’)
and the second stable equilibrium position (’S2’) as resulting from FEM
simulations.

This section is focused on the analytical model of this device
and on the identification of these equilibrium points. The static
forces necessary to switch between the two stable states will
be derived.

When a force is applied to the central mass along the y-axis,
the rigid links LRL and RRL transmit the displacement to
the flexural pivots LSFP and RSFP; the displacement along y-
axis originated by central mass CM is converted into a motion
along x-axis and a rotation thanks to the deformation of the
two fixed-fixed beams LFB and RFB.

Because of their elastic deformations, lateral fixed-fixed
beams are charged with elastic energy when the system
deviates from the initial stable equilibrium state (”S1”);the
energy stored is released when the system exceeds the unstable
equilibrium position (”U”) and converges to the other stable
equilibrium position (”S2”).

By applying the theory of the Pseudo-Rigid Body Model
(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.

It should be remarked that only the one dimensional be-
haviour is studied in this work. Forces along the x-axis are
nulled by the device symmetry, while excitations along z,
which may eventually induce some precession, are for the
moment neglected. These forces will eventually reduce the
overall system performance but will not affect the significance
of the presented results.

Fig. 3. Pseudo-rigid body model of the micro-structure. ThetermsK1 and
K2 refer to the (2), andKsb to the (3).

The general form of the elastic potential energy function
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where:Ki are the torsional spring constants of small-length
flexural pivots (with reference, for the sake of simplicity,only
to the left side of the structure it will be: LSFP fori = 1
and LCFP fori = 2, see fig. 3);Ksb is the spring constant of
side beams (see fig. 3);E is the Young modulus of Silicon;
Ii and Isb are the moments of inertia of flexural pivots and
side beams;li, lsb and lrl are the length of flexural pivots,
side beams and rigid links respectively;ym is the vertical
position of central mass;ψ1 and ψ2 are respectively the
angular displacements of torsional springsK1 and K2 and
χsb is the linear displacement of springKsb.

By taking into account definitions introduced in (2)-(6), the
potential energy function in (1) can be rewritten in a more
explicit form as:
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This system has been studied here, both analytically and
numerically, in order to assess its bi-stable behaviour andto
optimize its performances towards an efficient energy harvest-
ing from environmental vibrations.

An accurate parameter analysis has been performed in order
to characterize the effects on the bi-stable behaviour. Among
all parameters, a special attention has been payed to the angle
θ0, that is the slope (referenced to the horizontal axis) of the
rigid links at the intersection with the side beams. In fact,
this angle is one of the fabrication parameters and it strongly
affects the bi-stable behaviour as can be seen later in fig. 7.

A. The Potential Energy function and some considerations on
the fabrication technology

The goal of this work is focused on obtaining bi-stable
behaviour in an inertial micro-system driven by weak forces
derived from external vibrations, therefore both a large seismic
mass and a highly compliant structure are needed.

A suitable micro-fabrication process must be identified
before proceeding further with the numerical investigation; in
fact, the final design will have also to adhere to the specific
design rules while the micro-system performance will depend
on process and materials properties.

The technology considered in this work as a target for
future device fabrication is the BESOI (Bulk Etch Silicon
On Insulator) process available through the Centro Nacional
de Microelectrónica (CNM) of Barcelona (Spain). This is
a custom process that makes use of single crystal silicon
as primary structural material [36], [37]. This technology
promises interesting performance because of the possibility
to design a large seismic mass from the whole thickness of
the wafer.

The mechanical properties [38] of the structural material
(crystal Silicon) used here are reported in tab. I, while fig.4
illustrates the cross section of this technology.

TABLE I
MECHANICAL MATERIAL PROPERTIES OF SINGLE CRYSTAL SILICON IN

BESOITECHNOLOGY.

Properties Value
Mass density 2330 kg/m3

Young’s modulus 169 GPa
Poisson’s ratio 0.3

An optimization has been carried out over several parame-
ters in order to minimize the acceleration necessary to obtain
the switch between the two stable equilibrium configurations
and the resulting set of values are reported in table II.

A scheme of the variables listed in table II is shown in
fig. 5.
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Fig. 4. Cross section of the BESOI technology from Centro Nacional de
Microelectrónica (CNM) of Barcelona. Layers not used for the mechanical
structure are generically indicated as ”other layers”. Thepicture is not in
scale.

TABLE II
GEOMETRIC PARAMETERS OF THE MICRO-STRUCTURE IN FIG. 1. THE

MICRO-STRUCTURE IS SYMMETRIC ALONG Y-AXIS . A BASIC SCHEMATIC
OF THE VARIABLES LISTED IS SHOWN IN FIG. 5.

Variable Value Description
θ0 5.5◦ Slope of rigid links and flexural pivots
lsfp 200 µm Length of side flexural pivots
lrl 1500 µm Length of rigid links
lcfp 200 µm Length of central flexural pivots
lsb 150 µm Length of side beams

wsfp 10 µm Width of side flexural pivots
wrl 70 µm Width of rigid links
wcfp 10 µm Width of central flexural pivots
wsb 10 µm Width of side beams
t 15 µm Thickness (except the central mass)

tcm 467 µm Thickness of the central mass

Fig. 5. Basic schematic of the variables listed in the tab. IIfor the micro-
structure in fig. 1. The picture is not in scale.
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Fig. 6. Elastic potential energy evaluated by PRBM withθ0 = 5.5◦. The
stables (S1 and S2) and the unstable (U) equilibrium positions are marked.

The potential energy function is shown in fig. 6.
The bi-stable potential is not symmetrical, this is due to

the slopeθ0 assigned as a design parameter to the junction
between the flexures and the rigid links. This means that
flexural pivots are deflected in the second stable equilibrium

position ”S2” and, consequently, the torsional springsK1 and
K2 are not at rest and give a nonzero contribution to the elastic
potential energy. As a consequence, a higher energy threshold
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 springKsb

and another, asymmetrical, generated by torsional springsK1

andK2.
The result of parametric analysis is reported in fig. 7 where

the influence of the parameterθ0 on the bi-stable behaviour
of the device is shown.
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Fig. 7. Elastic potential energy evaluated for different values of the
parameterθ0. For θ0 = 4

◦ and the other parameters in table II, the micro-
structure has a mono-stable behaviour. Results refer to parameters different
from those in the tab. II.

III. N UMERICAL ANALYSIS AND RESULTS

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

A. Static modeling

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

Fy =
dU(y)

dy
(8)

whereFy is the reaction force along y-axis andU(y) is
the elastic potential energy. From (8), elastic potential energy
is obtained by numerical integration of reaction forces over
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
difference between the equilibrium positions evaluated from
PRBM and from FEM is observed, this is due to the over-
estimation of the energy contribution of flexural joints in the
PRBM [35].
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Fig. 8. Reaction force on central mass after displacement numerically
evaluated by FEM.
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Fig. 9. Elastic potential energy numerically evaluated by FEM (dashed line)
compared with the potential (continuous line) obtained from PRBM (fig. 6).

The deformed structures in U and in S2 are shown in
figure 2 together with the undeformed system in S1. Table III
summarizes the results computed by PRBM and FEM anal-
yses for the equilibrium configurations and the critical static
forces necessary to switch between the two stable equilibrium
positions.

TABLE III
SUMMARY OF PRBM AND FEM RESULTS ABOUT EQUILIBRIUM

POSITIONS AND CRITICAL FORCES.

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

B. Dynamic modeling

In order to investigate dynamic behaviours of the bi-stable
micro-structure in the case of random input vibrations, the
corresponding stochastic differential equations (SDEs) model
has been considered.

The nonlinear dynamic model is indicated in (9).

mÿ + cẏ +Ψ(y) = −maext (9)

wherem is the central mass of the system,c is the damping
coefficient,y is the displacement of central mass along y-axis

respect to the external frame,aext is the input acceleration
applied to the external frame andΨ(y) is the nonlinear elastic
term expressed by (10):

Ψ(y) =
dU(y)

dy
(10)

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 equa-
tions system in It ō form [39] can be derived (11):







dy = yvdt

dyv = 1

m

[

− cyv −Ψ(y)

]

dt+ σ
m
dWt

(11)

whereyv represents the velocity of the central mass,Wt

represents the Wiener process, which increments bydWt.
Wiener process models the stochastic input due to external
mechanical random vibrations. Finallyσ represents the dif-
fusion coefficient which set the magnitude of the stochastic
input aext by (12) [40]. The input signal is therefore modeled
as:

aext =
σ

m

dWt

dt
=

σ

m
ǫt

1
√

dt
(12)

whereǫt 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
dynamic behaviour of the system [39]. Settingσ = 12 µN

√
s,

the integration time stepts = 1 µs and taking into account
BESOI technology parameters, the results shown in fig. 10
have been obtained.

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. II but havingθ0 = 0◦. This device is regarded as
”equivalent” because it is of the same geometrical parameters
of the proposed bi-stable structure with the exception of the
base angleθ0 which is equal to zero in order to induce a
mono-stable elastic behaviour. In fact it is shown in fig. 7
that for θ0 = 0◦ the potential function is mono-stable,
in these conditions the behaviours are similar (apart some
obvious distortions) to those of a conventional linear resonant
oscillator.

The same random stochastic input signal has been applied
to both systems. Power Spectral Densities (PSDs) of the mass
displacement are shown in fig. 11 for both the bi-stable and
the mono-stable system.

It can be observed that bi-stable system exhibits both a
wider spectrum and a higher gain, at low frequencies, than the
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 scavenge
a larger fraction of the incoming energy than the equivalent
mono-stable device.
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Fig. 10. Results from numerical evaluation of SDEs model by Euler-
Maruyama method. Time series of the displacements (a) and trajectory map of
the two system states variables (displacement and velocity) under stochastic
input dWt (b). The bi-stable behaviour is clearly visible.
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Fig. 11. Comparison between power spectrum densities of central mass
displacements of bi-stable micro-structure and mono-stable one under the
same stochastic stimulusdWt.

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

IV. D ESIGN OF VIBRATION MEMS ENERGY HARVESTING

In this section, the design of a bi-stable MEMS structure that
can profitably harvest energy from low level vibrations, whose
energy is spread over a large bandwidth at low frequencies, is
proposed.

Several scenarios are considered, including automotive,
where vibrations appear as a noisy signal [8] with acceleration
peak of about12 m/s2 and bandwidth of few hundreds Hertz,
eventually up to about500 Hz.

The design goal is focused on a bi-stable MEMS device that
can show low critical forces, mechanical robustness, rejection
of unwanted vibrational modes and a limited occupation of

wafer area taking into account the BESOI technology param-
eters.

The worst case to allow switching between stable states is
represented by the critical force required to statically commu-
tate from S1 to S2 and that can be evaluated by FEM (see for
example tab. III in the case of the previous structure), while
a more accurate estimation of the minimal forces required to
obtain switching must be performed by taking into account
the dynamic behaviour.

The design strategy will be based on FEM simulations
results to estimate the force level to be applied to the inertial
mass in order to induce switching between the two stable
equilibrium states of the device; the worst case, represented
by the commutation from S1 to S2, will be obviously taken
into account. The dynamic behaviours will therefore be taken
into account to refer these results to the external acceleration
aext.

The basic bi-stable structure studied in the previous section
has been considered as first device candidate. For this device
it has been not possible to satisfy all the design goals as the
minimum acceleration level required for inducing switching
was larger than the considered design goal.

A modified structure has been therefore considered where
a different geometry for the flexural beam has been taken into
account in order to increase the device flexibility. The fixed-
fixed beams (LFB and RFB) have been replaced by a rigid part
(Left Rigid Part, LRP, and Right Rigid Part, RRP) intercon-
necting respectively each of the original side flexural pivots
(LSFP and RSFP) to two flexural pivots (Left Side Upper
Flexural Pivot, LSUFP, and Left Side Lower Flexural Pivot,
LSLFP, Right Side Upper Flexural Pivot, RSUFP, and Right
Side Lower Flexural Pivot, RSLFP). These two additional
flexural pivots are joined to two fixed-fixed beams (Left Upper
Fixed Beam, LUFB, Left Lower Fixed Beam, LLFB, Right
Upper Fixed Beam, RUFB, and Right Lower Fixed Beam,
RLFB). Figure 12 illustrates the aforesaid changes on the
micro-structure and the nomenclature of the new components
of the micro-structure, for the left side.

Fig. 12. Basic illustration of the substitutions, only for the left side, made
to the micro-structure in fig. 1 in order to make it more flexible. Changes and
nomenclature are analogous on the right side.

In order to improve the mechanical stability of the micro-
structure and to reduce the incidence of some unwanted vibra-
tional modes, the number of arms that hold the central mass
has been increased to four and the total thickness of the BESOI
wafer (467 µm) has been exploited in the implementation of
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these arms. This also allows the use of larger central masses
without affecting the robustness of the structure and its main
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 micro-structure.

Thanks to these substitutions, the new structure is more
compliant than the previous one and its increased mechanical
flexibility leads to lower values of critical forces required for
commutations between stable states.

A parameter analysis like the one shown in fig. 7 gives
the optimum parameters in tab. IV for the structure shown in
fig. 13. A basic schematic of the variables listed in tab. IV is
illustrated in fig. 14. Switchings between the two stable states
is now allowed by external vibrations with peak acceleration
of 12 m/s2. The square central mass of1200 µm side length
allows to convert the external acceleration into a force applied
to the structure. The micro-structure occupies an area3.74mm
long and1.33 mm wide.

TABLE IV
GEOMETRIC PARAMETERS OF THE MICRO-STRUCTURE IN FIG. 13. THE

MICRO-STRUCTURE IS SYMMETRIC ALONG Y-AXIS . A BASIC SCHEMATIC
OF THE VARIABLES LISTED IS SHOWN IN FIG. 14.

Variable Value Description
θ0 0.5◦ Slope of rigid links and flexural pivots
lsfp 450 µm Length of side flexural pivots
lrl 600 µm Length of rigid links
lcfp 450 µm Length of central flexural pivots
lrp 35 µm Length of rigid parts

lsufp 120 µm Length of side upper flexural pivots
lslfp 120 µm Length of side lower flexural pivots
lufb 120 µm Length of upper fixed beams
llfb 120 µm Length of lower fixed beams
wsfp 10 µm Width of side flexural pivots
wrl 60 µm Width of rigid links
wcfp 10 µm Width of central flexural pivots
wrp 35 µm Width of rigid parts

wsufp 12 µm Width of side upper flexural pivots
wslfp 12 µm Width of side lower flexural pivots
wufb 12 µm Width of upper fixed beams
wlfb 12 µm Width of lower fixed beams
t 467 µm Thickness of the entire structure

Fig. 14. Basic schematic of the variables listed in the tab. IV for 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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Fig. 15. Reaction force (dashed line) on central mass and elastic potential
energy (continuous line) evaluated by FEA for configurationon table IV of
the micro-structure proposed in figure 13. Equilibrium positions are indicated.

The unstable equilibrium position U is at−13.75 µm from
initial position along y-axis and the second stable equilibrium
position S2 is at−26.7 µm from initial position. The critical
force to switch from S1 to S2 is29.1 µN , while the required
static force to commutate from S2 to S1 is about8.2 µN .

Several dynamic analyses, using the model in (11), have
been performed in order to characterize the behaviours of the
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 signal,has
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 time of60 s,
and standard deviation. The largest energy value reported in
the horizontal axis corresponds to peak accelerations up to
about14 m/s2.

A comparison between this bi-stable behaviour and its
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Fig. 16. Results from several stochastic analyses for accelerations having
different RMS values. Points represent the mean values of the number of
commutations between stable equilibrium states in a time interval of 60 s
and 30 simulations for every simulated value of input peak accelerations;
while ”x” represent the standard deviation.

”equivalent” mono-stable is performed again by taking into
account the same structure but havingθ0 = 0◦. The elastic
potential of the equivalent mono-stable device is shown in
fig. 17 in comparison with the elastic potential of the bi-stable
micro-structure.
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Fig. 17. Elastic potential energy numerically evaluated byFEM of the mono-
stable device (dashed line) compared with the potential (continuous line) of
the bi-stable one.

In fig. 18 the PSDs of central mass displacements are
reported both for the bi-stable and for the mono-stable device:
the case of a stochastic input acceleration smaller than the
minimum value allowing for device switching is shown in
fig. 18a; the case of input acceleration large enough to allow
commutations between the two stable states of the device are
shown in fig. 18b.

The integral of the PSD of central mass displacement in the
frequency range of interest (0.1 Hz–500 Hz) represents the
mechanical energy scavenged by the micro-structure from the
random environmental vibrations; the device performance is
estimated as the ratio between the energy transferred to the
mechanical-to-electrical conversion system and the external
vibrations energy in the frequency range of interest.

A slightly better performance at low frequencies is observed
in the mono-stable structure when the bi-stable one does not
switch between its stable equilibrium states (fig. 18a): this is
due to a lower resonant frequency with respect the bi-stable
one. When the bi-stable structure begins to switch between its
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(a) Simulation results: plot of PSD of central mass displacement for the
bi-stable (blue curve) and the mono-stable (yellow curve) in the case of
under-threshold excitation (acceleration peak value of about 4 m/s2) when
the bi-stable system oscillates around its first stable equilibrium state.
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(b) Simulation results: plot of PSD of central mass displacement for the bi-
stable (blue curve) and the mono-stable (yellow curve) in the case of above-
threshold excitation (acceleration peak value of about12 m/s2) when the
bi-stable system bounces between its two stable states.

Fig. 18. Simulation results of the comparison between the optimized bi-stable
device and the same structure operating in the mono-stable mode (θ0 = 0

◦)
with respect to a stochastic vibration applied to the systemin the case of
under-threshold excitation (a) and above-threshold excitation (b).

stable equilibrium states, its behaviour is considerably more
efficient than the mono-stable one (fig. 18b).

In fig. 19 the total energy gathered is plotted, for both the
mono-stable and the bi-stable structures, as a function of the
RMS value of input acceleration. The energy is evaluated
as the normalized PSD integral, in the frequency range of
0.1 Hz–500Hz of the central mass displacement. Normaliza-
tion is performed with respect to the input acceleration energy
in the same frequency range.

In fig. 19 it is shown that the bi-stable device harvests more
mechanical energy than the mono-stable one as soon as the
excitation signal becomes large enough to induce switchings
between the two stable equilibrium states.

V. CONSIDERATIONS ON MECHANICAL-TO-ELECTRICAL

ENERGY CONVERSION

The electrostatic mechanical-to-electrical transduction strat-
egy is considered for this device. Voltage constrained [41], in-
plane overlap varying [14] interdigitated capacitors havebeen
designed on both the upper and lower sides of the central
mass in order to exploit the displacements along y-axis in the
energy transduction. A three dimensional model of the device
is illustrated in fig. 20.

The fingers of the capacitors have a total thickness of
467 µm, as all the three layers of the BESOI wafer (see fig. 4)
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Fig. 19. Energy of central mass displacements normalized with input
energy from vibrations versus the RMS value of the input acceleration signal.
Points represent the computed values for the bi-stable micro-structure at each
acceleration peak value, while the ”x” for the mono-stable device.

Fig. 20. Three dimensional model of the device incorporating the micro-
structure in fig. 13 and the mechanical-to-electrical transduction mechanism.
The letters ”A”, ”B” and ”C” indicate the pads for the electrical connection
of the plates of the interdigitated capacitors.

have been considered. This gives higher mechanical robustness
to the fingers and increases the inertial mass applied to the
micro-structure. However, only15 µm in single crystalline
silicon are exploited for the electrical capacitors because of
electrical insulation due to buried oxide layer between the
single crystalline silicon and the substrate.

The two overlap varying interdigitated capacitorsCAC

(between the stator ”A” and the rotor ”C” in fig. 20) andCBC

(between the stator ”B” the rotor ”C” in fig. 20) are defined
in (13) and in (14) [42]:

CAC(y) = 2
Nfǫ0tf

(

lf0 − y
)

g
(13)

CBC(y) = 2
Nfǫ0tf

(

lf0 + y
)

g
(14)

whereNf is the number of fingers (on the rotor side of
the capacitor),ǫ0 is the electrical permittivity of air,tf is the
thickness of the electrical layer in the capacitor,g is the air
gap,lf0 is the length of the overlap between two fingers facing
each other andy is the displacement of the central mass along

the y-axis from its initial position.
Taking into account the applied mechanical-to-electrical

conversion system, the model in (9) modifies [8] in (15) :

mÿ + c∗ẏ + be(y) + Ψ(y) = −maext (15)

The parameterc∗ in (15) represents the mechanical damping
caused predominantly by the slide film effect in the interdig-
itated capacitors and is stated by the (16) [43].

c∗ = 4
Nfηtf lf0

g
(16)

whereη is the dynamic viscosity of air (η = 18 µPa · s).
The term be is the electrical damping that models the

effect of the electrical polarization of the two interdigitated
capacitorsCAC(y) andCBC(y) on the mass movement and
is defined by (17) [8]:

be(y) =
ǫ0Nf tf
g

VAC
2
−
ǫ0Nf tf
g

VBC
2 (17)

where the termsVAC andVBC are respectively the polar-
ization voltages of the capacitorsCAC andCBC . The signs
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 bi-stable
dynamic operation of the proposed device, if any overshoots
in the displacement of the central mass are neglected, the
capacitanceCAC presents its maximum value in S1 while
CBC its minimum; analogously, in S2,CAC is at its minimum
while CBC at its maximum.

On the basis of the operating cycle of voltage con-
strained electrostatic mechanical-to-electrical transduction sys-
tems [44], the voltageVAC is equal to the applied voltageVin
only when the central mass goes from S1 to S2 and in the
other casesVAC is equal to0 V , while VBC is equal toVin
when the central mass comes from S2 to S1 and in the other
casesVBC is equal to0 V . The energy harvested respectively
by the capacitorCAC in each cycle of commutation from S1
to S2 and by the capacitorCBC in each cycle of commutation
from S2 to S1 are expressed byEAC andEBC in (18) and
(19) [41]:

EAC =
1

2

(

CAC(S1)− CAC(S2)
)

Vin
2 (18)

EBC =
1

2

(

CBC(S2)− CBC(S1)
)

Vin
2 (19)

If a time series of lengthts is observed, an estimation of the
power harvestedP by the whole system during the observation
time ts can be done by counting the number of commutations
from S1 to S2,N12, and from S2 to S1,N21, and taking into
account the (18)–(19) in the (20) [41]:

P =
N12

ts
EAC +

N21

ts
EBC (20)

The computed values of the parameters of the interdigitated
fingers for the mechanical-to-electrical energy conversion are
listed in the tab. V. The choice of these values is motivated
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by the need to ensure an adequate extraction of energy
without affecting the robustness of the fingers and taking into
account the movements of the structure between the two stable
equilibrium states.

TABLE V
PARAMETERS OF THE ADOPTED MECHANICAL-TO-ELECTRICAL

TRANSDUCTION MECHANISM FOR THE DEVICE IN FIG. 20. VALUES ARE
EQUAL FOR BOTH THE CAPACITANCESCAC AND CBC .

Variable Value Description
Nf 29 Number of fingers on rotor
lf 150 µm Total length of each finger
lf0 75 µm Initial overlap length between two fingers
t 467 µm Mechanical thickness of each finger
tf 15 µm Thickness of the conductive layer
wf 5 µm Width of each finger
g 15 µm Air gap between two fingers

A possible solution to increase the energy harvested in each
cycle of commutationEAC andEBC in the (18)–(19) is to
increase the difference in the maximum and minimum values
of the capacitancesCAC andCBC . This can be achieved by
exploiting also the thickness of the silicon substrate in the
interdigitated capacitors through an adaptation of the BESOI
technology process (see fig. 4). The modification consists in
the creation of an electrical connection between the single
crystal silicon layer and the silicon substrate through a pattern
of the buried oxide and a selective deposition of metal (proba-
bly aluminium). The creation of suitable trenches in the silicon
substrate, from the bottom, and in the single crystal silicon,
from the top, ensures the separation of the areas at different
electric potential, with also the help of the buried oxide layer.
This concept is illustrated in fig. 21.

Fig. 21. Basic conceptual schematic of the proposed modifications in the
BESOI technology. ”A” and ”C” represent areas at different electric potential.
The picture is not in scale.

Thanks to this modification in the technology process, the
thickness of the conductive layer on each fingertf comes
from 15 µm to 465 µm (see fig. 4). This increases the values
of the two capacitancesCAC andCBC from (13)–(14), the
difference between their maximum and minimum values and,
from (18)–(19), the amount of the electrical harvested energy.

In order to estimate the power harvested by the whole
system from (20) as a benchmark of the proposed concept,
the same micro-structures studied in section IV (the bi-stable
micro-structure and its ”equivalent” mono-stable one) with the
same mechanical-to-electrical transducers have been compared
in simulations for several accelerations having differentasso-
ciated energy, random dynamics and a spectrum wide about

500Hz [8]. This range of low frequency vibrations is the most
critical to be explored in order to exploit the benefits of the
proposed bi-stable device with respect to linear or mono-stable
systems. Models in (15)–(20) have been taken into account and
parasitic effects are neglected.

As the displacements of the central mass in the mono-
stable structure do not always have the same amplitude (ne-
glecting any overshoots) when the device is forced by noisy
vibrations, there are no fixed maximum and minimum values
for the capacitancesCAC andCBC in the system dynamics,
differently from the bi-stable device. In order to adopt the
models in (15)–(20) and the same strategies of the bi-stable
device in the polarization of the capacitancesCAC andCBC ,
two values of displacementstl to th have been imposed as
thresholds to control the polarization and the depolarization of
the transduction capacitors (in the same way of the positions
S1 and S2 in bi-stable device). So, in the mono-stable case,
CAC is polarized byVin when the central mass comes from the
higher thresholdth to the lower thresholdtl, analogouslyCBC

is polarized when the system goes fromtl to th. Three different
pairs of thresholds have been analyzed in the comparisons
with the bi-stable device:th = 5 µm and tl = −5 µm,
th = 10 µm and tl = −10 µm and, finally,th = 13.35 µm
and tl = −13.35 µm. The last pair (th = 13.35 µm -
tl = −13.35 µm) presents the same length of displacements
between the two equilibrium stable states of the bi-stable
device.

Results are presented as the mean values over30 time series
of 100 s each of the power harvested evaluated through (20)
for different RMS input accelerations. Fig 22 summarizes the
results forVin = 30 V .
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Fig. 22. Power harvested at several RMS value of input acceleration for the
bi-stable device and its ”equivalent” mono-stable one. A polarization voltage
of 30 V and the parameters for the transduction mechanism in the tab. V,
with tf = 465 µm, are considered.

Results in fig. 22 confirm the improvement in performance
of the bi-stable device over the mono-stable one as soon as
the input acceleration is able to put it in commutation between
its two stable equilibrium states.

VI. CONCLUSIONS

In this work, an analytical and numerical study of mechan-
ically bi-stable MEMS devices has been proposed in order to
harvest kinetic energy more efficiently than traditional linear
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resonant or mono-stable micro-generators. Weak, wideband
vibrations at low frequencies have been considered. Linear
devices are designed to collect kinetic energy at their resonant
frequency, therefore arrayed solutions have to be considered
to cover large bandwidths. In the case of bistable systems, in
order to produce switching between stable states it is sufficient
to have an incoming signal whose amplitude allows to pass the
”threshold”: the frequency is not anymore a fundamental issue.
Therefore kinetic energy is collected in a larger frequency
range.

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

A complete design is proposed by taking into account a
dedicated microfabrication process. Electrostatic energy con-
version strategy has been considered from producing electrical
output.

In order to have consistent benchmark, the same structure
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 bistable
device, a larger fraction of mechanical energy is scavenged
from input vibrations and transferred to the mechanical-to-
electrical transducer.
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