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which limits the maximum capacitance of the
INTRODUCTION
transducer.
Vibration Energy Harvesters (VEH) catch
Several in-plane overlap comb-drive eVEHs have
mechanical energy trough a spring mass system, and
been presented [2][3]. The main issue with such
then convert the largest part as possible of this energy
architecture is the difficulty to obtain a large
into electrical power. Electromagnetic, piezoelectric
capacitance variation, so they required several tens of
or electrostatic transduction can be used, and
volts for the pre-charge or/and a high frequency of
sometimes a combination of them. VEH with
operation to get a significant amount of power.
electrostatic transduction (eVEH) present interesting
In this paper, we report the design, fabrication and
features which can make the difference with the other
testing of a fully batch fabricated MEMS electrostatic
types of transduction: they are well suitable for
eVEH based on a gap-closing comb-drive structure
fabrication in silicon-based MEMS technologies
which delivers a few µW to a resistive load at
through fully batch fabrication process [1][2][3].
frequencies around 250 Hz.
Moreover, the bulk crystalline silicon keeps elastic
properties even in strong deformation mode [5].
Therefore, it can be used for fabrication of nonlinear
springs for wideband VEH [6]. The main drawback is
that contrary to electromagnetic and piezoelectric
VEH, eVEH need to be pre-charged in order to
initiate the conversion process. So, to obtain a totally
battery-free system, an electret or a piezoelectric layer
need to be added [7].
In a previous work we have presented MEMS
eVEH based on an In-Plane Overlap-Plate structure
working at 250 Hz. This device had generated around
1 nJ per mechanical oscillation in a continuous mode
of operation [8], but only 2.4 pJ in a charge-pump
)LJXUH6FKHPDWLFYLHZRIWKHDFWLYHSDUWRIWKHH
conditioning circuit [9][1] because of its low
9(+ ,QVHW 6(0 FORVHXS YLHZ RI WKH IDEULFDWHG
capacitance variation. One of the main advantages of
GHYLFH
this transducer geometry is the possibility to obtain a
multiplication of the frequency of the transducer
DESCRIPTION OF THE HARVESTER
capacitance variation with regard to the mechanical
The MEMS device
vibration frequency factor, and a possibility to deposit
The eVEH is a variable capacitance based on two
an electret layer. On the other hand, it is hard to obtain
interdigited combs having a variable gap between the
a small gap between the two electrodes because of the
fingers (cf. fig. 1). The mobile mass is attached to the
electrostatic instabilities (pull-in and Paschen effects),
frame by 4 linear springs, and mechanical stoppers
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capacitor (~1-10 mF) to a smaller &VWRUH capacitor (1-10
nF). Since the energy of electrical charges is inversely
proportional to the capacitance value, this transfer
corresponds to an increase of the electrical energy in
the network &UHV&VWRUH. This gained energy comes from
the mobile mass vibrations.
An exploitation of this gained energy requires a
flyback circuit returning the charges from &VWRUH to &UHV.
In this paper we used a simple resistive flyback (fig.
3-b): the load resistor connected between &UHV and
&VWRUH experience a current, hence, energy. It can be
seen that if the load consumes the converted energy,
in absence of leakage, the average energy of the
capacitive system remains constant.
To compensate the unavoidable charge loss due to
the load supply and/or to the capacitor leakage, an
alternative and more complex flyback circuit has been
proposed by Yen [11] which use an inductive flyback.
Several other works presents a study about the design
of such conditioning circuit [13][14]; this subject if
out of scope of this paper.

between the mass and the frame prevent from shorts
circuits between the fingers. The total area of the
active parts (mass+springs+comb’s fingers) is 1.1
cm². The mobile parts are etched by DRIE (Bosh
process) in a 380 µm-thick doped silicon wafer using
an aluminum mask. The silicon wafer is then
anodically bonded on a glass wafer which has been
pre-etched by liquid HF below the mobile parts. After
the dicing, the MEMS are glued on to a PCB and
mounted on a vibrating table, as shown in fig. 2.

)LJXUH3LFWXUHRIWKHH9(+PRXQWHGRQWKHYLEUDWLQJ
WDEOHXVHGIRUWKHH[SHULPHQW,QVHWZDIHUZLWKPXOWLSOH
GHYLFHVMXVWDIWHUWKHGLFLQJ

The conditioning circuits
The role of the conditioning circuit (C.C.) is to
implement a cyclic charge-discharge of the capacitive
transducer as required for the electromechanical
energy conversion [1]. To test the device presented in
this article, two C.C. were used. The first one is that
implementing a continuous charge-voltage 49 cycle.
A large reservoir capacitance is used for a pre-charge
of the transducer. In absence of leakage, the average
energy of the reservoir capacitance remains constant,
and the current through the load is due to the variation
of the transducer capacitance. Because of the zero
leakage requirement, this circuit is not suitable fully
autonomous applications. For evaluation, the reservoir
capacitance is often replaced with a constant voltage
source, so to avoid the issues related with a real
capacitor leakage. This was the case in our test
experience (fig. 3-a), whose results are presented in
the next section.
To provide an additional validation, the fabricated
MEMS devices were tested with conditioning circuit
based on a charge pump composed of two diodes, one
large reservoir capacitor and one intermediate
capacitor (proposed by Roundy in [10]). The
variations of the transducer capacitance are used to
transfer (to pump) the charges from the large &UHV

)LJXUHD &RQWLQXRXVPRGH&RQGLWLRQLQJ&LUFXLW
E ,PSURYHGFKDUJHSXPS&&

)LJXUH&DSDFLWDQFHPHDVXUHPHQWVRIWKHH9(+DW
DWPRVSKHULFSUHVVXUHDQGP7RUU
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output voltage is highly non harmonic because of the
nonlinear variation of the capacitance and is not
rectified, so the power dissipated across the loads is
calculated as:

EXPERIMENTAL RESULTS
Dynamic characterization of the capacitance
The measurement of the transducer capacitance
&YDU has been performed by measuring the phase shift
in a 5&YDU circuit [1]. Measurement results are shown
in fig. 4. At atmospheric pressure, the maximal
variable capacitance ratio for 1 J sinusoidal vibrations
is &YDUBPD[ / &YDUBPLQ = 130 pF / 70 pF at 162 Hz. When
the pressure decreases, a higher displacement of the
mobile electrode is obtained due to the reduction of
the fluid damping. At 150 mTorr the &YDUBPD[ / &YDUBPLQ
ratio becomes 320 pF / 70 pF at 250 Hz. This large
frequency shift shows that the transducer behavior is
highly non-linear with the amplitude of the mobile
electrode. It should be noted that the experimental setup adds a parasitic capacitance of 30 pF to the
measured capacitances.
We can also observe in fig. 4 an alternation
between 2 maximum values. A similar behavior has
also been observed in a mixed VHDL-AMS/ELDO
simulation [12] during the energy conversion process
using the continuous mode C.C., as shown in fig. 5.
When the two electrodes become close enough, the
electrostatic force induces an asymmetry in the mass
displacement which leads to a period doubling of the
capacitance variation. If the displacement continues to
increase, the variation of the capacitance will becomes
irregular and the electrostatic pull-in finally occurs.
Another explanation of the alternation of the
maximum capacitance could be that the mobile
electrode hits the stoppers which are not fully elastic.
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The measurements have been performed at 150
mTorr. The optimum output resistance is between 500
kW and 1 MW. Up to 2.3 µW have been obtained for a
voltage 8 = 10 V, which corresponds to ~9 nJ per
mechanical oscillation or ~4.5 nJ per electrical cycle.
For higher 8, pull-in instability occurs, leading to
short-circuit between fixed and movable electrodes.

)LJXUH   0HDVXUHPHQWV RI WKH PD[LPXP KDUYHVWHG
SRZHUXVLQJWKHFLUFXLWRIILJXUHDIRUGLIIHUHQWYDOXHV
RISUHFKDUJH8R


)LJXUH0L[HG9+'/$066SLFHRIDQLQSODQHJDS
FORVLQJH9(+LPSOHPHQWHGLQDFRQWLQXRXVPRGH&&
DQGIRUDOLQHDUUDPSRIDFFHOHUDWLRQ


)LJXUH   0HDVXUHPHQWV RI WKH PD[LPXP KDUYHVWHG
SRZHUXVLQJWKHFLUFXLWRIILJXUHEIRUYDOXHVRISUH
FKDUJH8R
Harvested power with the charge pump C.C.
The measurements of the maximum harvested
power using the circuit of figure 3-b are shown in
fig. 7. Similar experimental conditions are used, i.e.
150 mTorr and a sinusoidal vibration of 1 J at 250 Hz.
In the first experiment, the voltage source is

Harvested power with ³FRQWLQXRXVPRGH´&&
Fig. 6 shows the harvested power with the
conditioning circuit in fig. 3-a, for various load
resistances and polarization voltages 8. The
excitation is a 250 Hz sinus of 1 J in amplitude. The
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continuously connected to &UHV. For 8R = 10.6 V
(~10 V on &YDU) the maximum harvested power is
1.8 µW for a resistive load around 15 MW. This
corresponds to ~7 nJ per mechanical cycle and is
slightly less than when using the continuous mode
conditioning circuit.
We also have monitored the harvested power
versus time in similar conditions but in autonomous
mode. To do so, the system is initially pre-charged at
10.6 V and the voltage source 8 is disconnected from
&UHV. Measurements of voltages across &UHV and &VWRUH
are shown in fig. 8. The corresponding harvested
power starts with 1.4 µW and quickly decreases to
1.1 µW after 100 sec of operation. Afer that, we
observe an almost constant decrease of the power with
rate of about 20 nW per 50 sec due to capacitance
leakages.

)LJXUH   0HDVXUHPHQWV RI 8UHV DQG 8VWRUH YHUVXV WLPH
XVLQJWKH FLUFXLWRIILJERQD0WORDG8RLVVHWWR
9DQGLVGLVFRQQHFWHGDWW V

CONCLUSION
We have presented an in-plane gap-closing and
batch-fabricated eVEH, working without electret, able
to harvest up to 9 nJ at 250 Hz on a 1 MW load and
with an area of 1.1 cm². The maximum efficiency of
the device is limited by the undercut of the combfinger electrodes during the etching process which
drastically decreases the value of the maximum
capacitance. In addition, the minimum value of &YDU is
strongly affected by the parasitic capacitance
introduced by the experimental setup. The device
behavior is highly non-linear with regard to the
amplitude of vibrations, even though the springs are
supposed to be linear. Further analyses are ongoing.
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