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ABSTRACT The implantable microsystems are conventionally powered using batteries that have limited
life-span and bio-compatibility issues. Hence, energy harvesting as an alternate and continuous power source
in miniaturized implantable medical devices, especially cardiac and neural implants, has been investigated
in this paper. An electret-based electrostatic energy harvester has been proposed with angular electrode
structures along with a switching converter circuit to harvest maximum possible energy. The proposed
harvester incorporates the properties of both area-overlap and gap closing topologies to achieve larger
capacitance variation with respect to displacement, as is observed in the results. The maximum power
that can be scavenged from the proposed harvester with an active surface area of 2.5 x 3.5 mm? and
volume 0.4375 mm? at maximum displacement is 9.6 W along with a maximum power per unit surface
area of 109.71 uW/cm?, which is within the advised limit of power density for in vivo implantable
applications. Hence, the proposed electrostatic harvester can be used as a power source for cardiac and

neural implants.

INDEX TERMS Cardiac implant, electret, electrostatic conversion, energy harvesting, neural implant.

I. INTRODUCTION

The recent developments in the field of electronics, micro-
electro-mechanical systems (MEMS) and wireless technol-
ogy has enabled the intensive integration of system-on-chip
and low power electronics, which has led to a very fast
growth in the medical device industry and has recorded a
great research activity over the past decade [4]—[7]. One such
development has been in wearable and implantable medi-
cal devices (IMDs), such as cardiac and neural implants,
which has improved the healthcare facilities being provided
to patients.

To ensure the proper functioning of the IMDs, a per-
manent and efficient power source is required. Since the
introduction of first cardiac implant pacemaker in 1972 [10],
various batteries have been designed and used in
IMDs [11]-[15]. Lithium-based batteries, owing to their high
energy density and small size, have been commonly used
in the implants [13], [17]. However, these batteries have a
limited life span, which requires the replacement of these
batteries by surgery. Hence, alternative energy sources are
required to power these IMDs. Energy harvesting is one such
concept which can address the problems of life span, energy
density, small size and biocompatibility.

Energy harvesting is the process of scavenging out
energy from different sources in the ambient environ-
ment. Various harvesters are being proposed to harvest
energy for implantable devices. The form of energy used
by the harvester to scavenge the power, defines the
type of energy harvesting. There are four main ambient
energy sources available viz., mechanical energy (vibrations,
deformations) [18]-[20], thermal energy (temperature varia-
tions and gradients) [21]-[23], radiant energy (sun, IR, RF)
[24], [25] and biochemical (bio-fuel cells) [26]-[28].
A comparison of the power densities of these different energy
sources is presented in Fig. 1 [1].

It is observed that a radiant energy source, such as the
Sun, is the most powerful energy source. However, given the
application in concern, radiant energy harvesting is not pos-
sible in implants and same is the case with thermal sources.
Bio-fuel cells can be considered, however, they have lower
power densities compared to vibrational mechanical sources.
Although, the power density of the vibrational source is
only 1-100 uW, it is still sufficient for application in cardiac
and neural implants.

The rest of the paper has been organized as follows.
In section II, vibration based energy harvesters and its types
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FIGURE 1. Comparison of power densities of different ambient energy
sources [1].

are discussed, followed by the discussion on electrostatic
harvesters and its types in section III.

Different topologies of the electrostatic harvesters are pre-
sented in section I'V. The proposed electret-based electrostatic
harvester with angular electrodes is presented in section V.
Finally, the simulation results and discussions are presented
in section VI followed by the conclusion in section VII.

Il. VIBRATION ENERGY HARVESTING

Vibrations are an effective source of mechanical energy
present in the human body, and this energy can be scavenged
using the vibration energy harvester to power the implantable
microsystems. It follows a two-step conversion [1], [29]
shown in Fig. 2. At first the vibrations from the ambient
conditions are converted into relative motion using a mass-
spring system, and then this relative motion is converted
into electricity by the mechanical to electrical converter. The
mass-spring system amplifies the relative motion low level
amplitude, and usually generates maximum power at resonant
frequency.

Ambient/Extemal
Mechanical Vibrations

l VEH

Mechanical-to-Mechanical
Converter

Mechanical-to-Electrical
Converter

Electrical Signal
FIGURE 2. Vibration energy harvesting (VEH) conversion process.

The vibration based energy harvesters can be modelled as
shown in Fig. 3. It consists of a movable mass (m) suspended
by a spring, with spring constant (k), to the fixed frame
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FIGURE 3. Vibration energy harvester equivalent model.

and damped by electromechanical force (feec) and friction
force (fiec). Electricity (feec) is scavenged from the kinetic
energy induced due to relative motion x(t) = Xsin(wt + )
upon subjection of external vibration y(z) = Ysin(wt) on the
harvester. The electromechanical and friction forces [1] can
be modelled as

. dx(1)

felec = be dt (1)
o dx(?)

fmec = by, dt (2)

Where, b, and b, are the electrical and mechanical damp-
ing coefficients respectively. The relative motion can thus
be modelled as a differential equations [1] governed by the
Newton’s second law as

PO L BID )+ foe e =0 3)
m m =
dr2 dr2 mec elec
This can be further simplified as
d’x(t) w0 5 felee __d?Y(0)
— t =— 4
2 + on + wpx(t) + - i @
Where, wp = +/k/m is the angular frequency and

Om = mwy /by, is the quality factor. The maximum mechani-
cal power that can be scavenged is then given by [1], [30]
mY 20)(3) Onm

P=—" ®)

In order to extract this mechanical energy, a mechanical-
to-electrical converter is required. Generally there are three
such converters viz., piezoelectric, electrostatic and electro-
magnetic converters.

A. PIEZOELECTRIC CONVERTER

The ability of piezoelectric materials to produce charges
under applied stress/strain (as shown in fig. 4) forms the prin-
ciple in piezoelectric energy harvesting [29], [31]. The piezo-
electric property produces electrical energy from mechanical
energy (energy due to relative motion). When an electric field
is created upon mechanical deformation, the effect is called
as the direct piezoelectric effect. On the other hand, when
an applied electric field causes mechanical deformation, it is
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FIGURE 4. Piezoelectric mechanical-to-electrical converter concept
model.

called an indirect piezoelectric effect. In energy harvesting,
the concept of direct piezoelectric effect is used to convert
mechanical energy into electrical. The materials such as put-
tered zinc oxide, quartz, lead zirconate titanate (PZT), and
polyvinylidenefluoride (PVDF) [29], [32] exhibit this effect

B. ELECTROSTATIC CONVERTER

This converter uses a variable capacitor structure, as shown
in Fig. 5, to generate charges whenever relative motion is
induced due to external vibrations. The electrostatic converter
uses the electrostatic interactions [29], [33] between two con-
ductor plates of the capacitor which are electrically isolated
by air, vacuum or any dielectric material. Whenever there is a
relative motion between the plates due to external vibration,
the harvester operates against the electrostatic attraction, and
transduces the mechanical energy into electrical charges that
are stored on the conductor plates.

\ A=

Electrode

Movement

Electrode

FIGURE 5. Electrostatic mechanical-to-electrical converter concept model.

C. ELECTROMAGNETIC CONVERTER
It is based on the Faraday-Neumann-Lenz law, according to
which, a time-variable magnetic flux and voltage are gener-
ated due to the relative motion between a coil and a permanent
magnet [29], [32], [34], as shown in Fig. 6. The amount of
electricity generated depends on the strength of the magnetic
field, velocity of the relative motion and the number of turns
on the coil.

A comparative analysis of these converters is presented
in Table 1 [1], [3], [29]. It is observed that although
piezoelectric converters produce the highest voltage and
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FIGURE 6. Electromagnetic mechanical-to-electrical converter concept
model.

TABLE 1. Comparative analysis of different vibration based harvesters.

Feature Piezoelectric Electrostatic  Electromagnetic
Output Voltage High voltage High voltage Low voltage
(2-10V) (2-10V) (<1V)
MEMS Difficult to Compatible Hard to fabricate
Implementation integrate and easy to at micro level
integrate
External Source  Not required Required in Not required
electret-free
converters
Energy Density High Increase with Low
size
reduction
Low Frequency  Self-discharge Suitable for Low efficiency
Operation at low low at low

frequencies frequency frequencies
Other Poor coupling Parasitic Ohmic loss in
Drawbacks of piezo films capacitance coils
at micro scale losses
power, electrostatic harvesters can be preferred for

implantable microsystems since they are easy to fabricate and
integrate at the MEMS level, compared to electromagnetic
and piezoelectric converters. Also, they are more suitable for
low frequency applications while providing high output
voltage levels. Hence, an electrostatic based harvester has
been proposed in this paper for the cardiac and neural
implants.

Ill. ELECTROSTATIC ENERGY HARVESTING

The electrostatic harvesters consists of two conductive plates
which are electrically isolated by air, vacuum or dielectric
material, and the relative motion between the plates leads
to a capacitance variation, and hence the flow of electri-
cal charges. These are classified into two categories viz.
electret-free electrostatic converters and electret-based elec-
trostatic converters.

19633



IEEE Access

S. Ahmed, V. Kakkar: Electret-Based Angular Electrostatic Energy Harvester

A. ELECTRET-FREE ELECTROSTATIC HARVESTERS

These are passive converters that use many conversion cycles
made of charging and discharging of the capacitor, and hence
require an external circuit to convert the mechanical energy
into electrical. This active external circuit must be synchro-
nized with the capacitance variation so as to provide the
appropriate charge cycle on the harvester structure.

1) PRINCIPLE OF CONVERSION

There are two modes of charging the harvester viz., charge-
constrained cycle and voltage-constrained cycle, as shown in
Fig. 7 [1], [3], [29], [35]. Both conversion cycles begin at
maximum capacitance (Cpax). In charge-constrained conver-
sion, a charge is injected by the external source to polarize it
at Crpax.

0

A V-constrained cycle

L

Conversion

Charge

injection Q-constrained cycle

Q.

Charge is collected

FIGURE 7. Energy conversion cycles of electret-free electrostatic
converters [1].

An electric charge Qg at voltage Vg is stored at the capac-
itor at this moment. The structure, when open-circuited, starts
moving to a position of minimal capacitance (Cpin) while
keeping the charge Qg constant, which leads to the increase
in voltage across the capacitor due to the decrease in the
capacitance. At Cpjp, the capacitor reaches at its maximum
voltage Vmax and the electric charges are removed from the
structure by connecting the structure to the load, as shown
in Fig. 7. This completes one conversion cycle and the total
amount of energy converted in each cycle is given by:

1 1
QCS[ (Cmm Bl Cmax) (6)

On the other hand, in a voltage-constrained conversion,
which also starts initially with maximal capacitance, the
structure is polarized by a voltage Vg at Cpax. In this case,
the voltage is kept constant, and with decreasing capaci-
tance due to mechanical motion, the charge on the capaci-
tor increases thereby generating a current that is scavenged
and stored. The plates when disconnected from the voltage
source and connected to the load, result in the voltage drop
and transfer of the charge from the plates to the load, as
shown in Fig. 7. The amount of energy converted per voltage-
constrained cycle is given by

Ey = VCZS, (Cmax - Cmin) (7)
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B. ELECTRET-BASED ELECTROSTATIC HARVESTERS
Contrary to the electret-free converters that require an
external high voltage polarization source to polarize the
capacitor at the beginning of each cycle, the electret-based
converters use the electrically charged dielectrics that are in a
quasi-permanent electric polarization state (electric charges
or diploe polarization). The term ‘electret’ was coined by
Oliver Heavsisde [1] by combining two words electricity
(elect) and magnet (et). The electret layers are added to either
one or both the plates of the capacitor and are able to polarize
the harvesters throughout their lives, thereby enabling the
direct mechanical to electrical conversion without any exter-
nal source. Based on the polarization method, electrets are
classified into two categories viz. oriented-dipole electrets
and real-charge electrets, as shown in Fig 8. The fabrication
procedures of oriented-dipole and real-charge electrets can be
studied in [36]-[38].
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FIGURE 8. Standard electret-based electrostatic converters (a) dipole
oriented (b) real-charge electrets.
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In accordance with Gauss’s law, charge injection or dipole
orientation leads to surface potential V on the electret and
can be expressed as

Vo= — (8)
EEQ

Where, o is the surface charge density of the electret
layer, ¢ is electret’s dielectric permittivity, &g permittivity of
vacuum and d is the electret layer thickness. The equivalent
model of an electret layer is given in Fig. 9 which consists of
a capacitor in series with a voltage source equivalent to the
surface voltage of the electret.

Vs
N 1.
E |d é
INSNNNSNNNNNNNNNNNNY
V=0
FIGURE 9. Electret layer and its equivalent model.
The capacitance is given by
Acggg
C=—— 9)
7 (

Where, A is the area of overlap. Some of the materials
used as electrets along with their properties are presented in
Table 2. As far as implantable microsystems are considered,
minimum possible size is the priority. It can be seen from
Table 2, that SiO; based electrets have minimum thickness
while providing highest surface charge densities, along with
higher dielectric strength compared to the other electrets.
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TABLE 2. Different available electrets and their electrical properties.

. Dielectric ~ Surface

) Rel.atllve. Maximum  Strength Charge

Electret Material ~ Permittivity Thickness (V/um) Density

€ (mC/m?)

Teflon 2.1 ~100 um 100-140  0.1-0.25

(PTFE/FEP/PFA)

Si0,/SiN; 4/7.5 <3 pum 500 5-10
Parylene (C/HT) 3 ~10 pm 270 0.5-1
CYTOP 2 20 pm 110 1-2

Teflon AF 1.9 20 pm 200 0.1-0.25

Hence, a SiO, based electret has been considered in this
paper.

1) PRINCIPLE OF CONVERSION

An electret-based electrostatic converter, shown in Fig. 10,
is a two plate capacitor structure which consists of a counter
electrode (movable electrode) and electret layer over the other
electrode. In accordance with the Gauss’s law, the electret
layer induces charges on electrodes and counter electrodes
i.e., if charge on electret layer is Q., Q; the charge on elec-
trode and Q; on counter electrode, then

Qe =01+ (10)

/@/; Counter Electrode I

+++++++++H+ S+ +

Direction of
Motion

-

FIGURE 10. Electret-based Electrostatic converter concept model.

On facing the mechanical vibrations, the counter electrode
moves towards/away from the electret and the electrode,
thereby varying the gap and effect of the electret layer over
the counter electrode. This change in the capacitor geometry
due to the relative motion leads to reorganization of charges
between the electrode and counter electrode via the load resis-
tance as shown in Fig. 11 and hence the current circulation
through the resistance. In this manner, a part of mechanical
energy is converted into electrical energy by the electret-
based electrostatic converter.

The equivalent model of this converter is ideally a volt-
age source in series with a variable capacitor as shown in
Fig. 12(a) [1]. The current flowing through the converter in
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FIGURE 11. lllustration of charge circulation process in Electret-based
Electrostatic converter.
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FIGURE 12. Equivalent model of (a) ideal electret-based electrostatic
converter and (b) practical electret-based converter with parasitic
capacitance.

this case follows the following differential equation

doy _ Vi 0
d ~ R C(R

(11)

However, the capacitance generated by the electrostatic
converter is quite low. Hence, it is important to include the
effect of parasitic capacitance on the structure. The equivalent
model in this case is shown in Fig 12(b) [1] and consists of
an additional parasitic capacitor in parallel with the converter.
The differential equation then gets modified as [1], [39]

do» 1 <VS 0 ( 1 Cpar dC(t)))
dt (1. Ga\\R = 2
dt (1 N g,w R RC(t) C2(t) dr

(12)
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The power generated by the electret-based electrostatic
converter is directly proportional to the variation in capaci-
tance due to the external mechanical vibrations and the sur-
face voltage of the electret material used, and is given as [40]

,dC

Poc Ve (13)
IV. DIFFERENT ELECTROSTATIC HARVESTER
TOPOLOGIES
The electrostatic transduction mechanism, as already dis-
cussed, is a variable capacitor whose capacitance varies
with the mechanical displacement and in order to achieve
maximum amount of harvested energy, and the capacitance
variation needs to be as large as possible. There are var-
ious topologies for the MEMS electrostatic devices which
differ in terms of the plane of motion and the actuation
direction. These topologies can be used in both electret-free
and electret-based electrostatic converters. In this section,
the description of each structure along with their capacitance
values and electrostatics forces is discussed. The capacitance
values are calculated using simple plane capacitor model
having an electret layer shown in Fig. 13. To use it as an
electret-free structure the thickness of the electret layer has to
be reduced to zero (d=0). The total capacitance of the single
electrode structure of the converter is the series combination
of two capacitances C; and Cy, and is given by

C t C A 1)&
Clt) = 106 Ao (14
Ci+Cy  gt)+d/e
Where, Ci(t) = % and C) = A(tﬂ)lsso
Area of
| Overlap ‘A(t) :
X .
_l_ M Tb|
o ey crebl
Electret
% <+—— Electrode
/ 4 Electrod

o

FIGURE 13. Generalized capacitance model of an electret based simple
plane converter.

The electrostatic force induced is given by

4 a1 )\ d [(QXx)
Fetee = - (Wetee) = - (ECWW) ) T dx (20(x>)

15)

Where, Wl is the total amount of energy stored, Q. is the
charge and V(x) is the voltage across capacitor C(x)
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FIGURE 14. (a) Generalized structure of an electret-based in-plane gap
closing electrostatic converter (b) close view of capacitances between
two electrode fingers of the harvester.

A. IN-PLANE GAP CLOSING CONVERTER

In this structure, the electrodes are inter-digitated as shown
in Fig. 14, and due to the external mechanical vibra-
tions there is a variable in-plane gap closing between the
fingers, which lead to the capacitance variation. The capac-
itance of the single electrode element is equal to the par-
allel combination of capacitances Ci(x) and C»(x) and is
given as

Cilx) = — 280 (16)
! B go+d/e+x
_ Aegg
G0 = (17)

2NAego(go +d/¢)
(g0 +d/e)* —x2

Here, N is the number of electrodes in the entire harvester
structure, g is the initial gap between the fingers and A is the

area of overlap between finger edge and the movable mass
(fixed electrode).

Clx) = N[C1(0)][C2(x)] = (18)
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The electric force Fele. for charge constrained cycle is
give as

QX
Felee = L (19)
260N (g0 +d/e)A
And for the voltage-constrained cycle, it is given as
2V2 xeoNA +d/e
Felec — cst 0 (gO / ) (20)

(g0 +d/e)? — x2)°

B. OUT-OF-PLANE GAP CLOSING CONVERTER

A variation in the gap between the fixed electret layer elec-
trode and movable electrode occurs due to the out of plane
motions between these electrodes, as shown in Fig. 15.

Area of
Overlap ‘A’

A
\4

| Direction of
Motion

g(X)=9go-x Ca(x)

FIGURE 15. Generalized structure of an electret-based out-of-plane gap
closing electrode elements.

The capacitance of the single electrode structure is the
series combination of the C;(t) and C, capacitances and
given as

Ci(x)Cy _ NAegg
Cix)+C,  go+d/e —x

Cx)=N 21)
Where, C;(x) = ;O‘L_Ox and C; = *%
N is the number of electrode elements in the entire har-
vester structure. The electric force Fe. for charge con-
strained cycle is give as

Qgstx
Felee = 22
elec 260NA (22)
And for the voltage-constrained cycle, it is given as
V2,80NA
elec = o (23)

2(go+d/e —x)?

C. IN-PLANE AREA OVERLAP CONVERTER

In this structure, the electrodes are inter-digitated as shown
in Fig. 16 and due to the external mechanical vibrations there
is a variable in-plane area overlap between the fingers, which
leads to the capacitance variation. The whole structure can be
viewed as an array of two capacitances Cg; and Cg».
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FIGURE 16. (a) Generalized structure of an electret-based in-plane area
overlap electrostatic converter (b) close view of capacitances between
two electrode fingers of the harvester.

As Cg; increases, capacitance Cgp decreases and vice
versa. These two capacitances are given by

2N eggw(lp — x)

Cpl = ——— =~ 24

£l 2+ dje 24
2N egw(lp + x

Cpy = w (25)
go+d/e

The total capacitance on the entire harvester structure is N
times the series combination of these two capacitances, where
N is the number of electrodes elements.

The electric force Feje. for charge constrained cycle in this
case is give as

0%, (go+d/e)

Felec = (26)
e eoNw (o + x)2
And for the voltage-constrained cycle, it is given as
V2,0
Fetee = 502 @7)
2(go+d/e)
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FIGURE 17. Illustration of the proposed electret based electrostatic
energy harvester depicting the mobile generator/seismic mass,
suspensions/springs and angled electrodes.

V. PROPOSED ELECTRET-BASED ANGULAR HARVESTER
The basic electrostatic harvester topologies discussed earlier
can be categorized as area-overlap and gap-closing convert-
ers [1], [41]-[45]. However, they provide small capacitance
variation. Hence, a new electret based electrostatic energy
harvester with angular electrodes, shown in Fig. 17, has been
proposed which obtains larger capacitance variation with
respect to displacement of the generator mass. The operation
of this harvester is similar to that of simple electret-based
harvester discussed in section III, subsection B.1. One such
trapezoidal electrode structure based electret-free harvester
has been proposed in [46]. Fig. 18 shows the zoomed view of
a single proposed electret based angular electrode structure
wherein 6 is the angle of the electrodes, L, the initial elec-
trode fingers overlap length, L is the length of an electrode
finger and Wr its width. The capacitance between the inter-
digitated electrodes is dependent on the height of the elec-
trode fingers Hr, which is equal to the device layer thickness,
gap g(x) between the electrodes and the overlap length /(x).
The total capacitance of the proposed harvester consists of
two components viz., capacitance due to gap closing of elec-
trode finger tips and capacitance due to gap and area overlap
variation.
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FIGURE 18. Illustration of the structure of the proposed electret based
angular electrode.

The capacitance due to gap closing of finger tips, shown
in Fig. 19, is given as

C e 2 H
Co(x) = 2 1(x) - C2 _ eowrHF 28)
Cix)+ G d/e + 7+ (Xmax — X)
H
Ci(x) = SOWFHAF (29)
8
H
Gy = ssosz F (30)

Where, z is the minimum gap between the fingertip and
base of the electret layer and ¢ is the permittiity of the
electret.

The gap g(x) between the electrodes is a linear function of
displacement x and is given as

8(xX) = gmin + (¥max — x) - sin(f) €1y

Here the minimum gap gmi, between the electrodes
is obtained for maximum displacement X=Xpax. The
overlap length of the inter-digitated electrodes can be
computed as

Iy = Ymax ¥
cos(0)

The capacitance for the single inter-digitated electrode
element due to area overlap and gap variations, shown

+ g(x) - tan(0) (32)
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Movable
Electret Layer

on Fixed Electrode
Electrode

FIGURE 19. Zoomed view of capacitances due to gap closing in the
fingertips of the electret based angular electrodes.

in Fig. 20, is given as

C; = % (33)
Cpx) = AR (34)
gx)

CE()C) . C3 _ ZEOI(X)HF
Ce)+C3 — g)+d/e

Cox) =2

(35)

Movable
Electrode

oy

Electret Layer

on Fixed
Electrode O,

o
M, ..,
o’lb ”q oF

FIGURE 20. Zoomed view of capacitances in the angular sides of the
electret based electrodes.

Substituting g(x) and 1(x) from equations (31) and (32)
into (35), we get the expression of the capacitance variation
with respect to the displacement as

2e0HF [xg&_xg)x + g(x) - tan(@)]
gx)+d/e

Co(x) = (36)
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Cul) — 260HF [Xmax X+ gmin-$in(6) + (¥max —x)-sin*(6)]
g = %cos(@)—i—gmin - c0S(0) 4 (Xmax —x)-sin(0) cos(0)
(37)

The total capacitance of the proposed electret based energy
harvester is given as

Cr(x) = N() - [Co(x) + Cp(x)] = N(O)Cse(x)  (38)

Here Csg(x) is the total capacitance of single electrode
structure shown in Figure 18 and N(#), a function of angle 6,
is the number of electrode fingers in the proposed harvester,
given as

Lt
2[wr + (Ly +d) - tan(6)]

The maximum capacitance of single electrode element can
be computed for maximum displacement and is given as

N(@) = (39)

2 in - sin(@
Cﬁx(e) — 2¢0Hy |: Xmax T &min * $IN(0) WF ]

T cos(0) + gmin - cos(0)  d/e
(40)

And the total maximum possible capacitance of the pro-
posed electret based harvester can then be computed as

Cr(©) = N™(0) - Cgg™(0) (41)

The output of the energy harvester is fed to the switching
converter shown in Fig. 21, where Vj is the surface potential
of the electret, SW1 and SW2 are the switches which are
opened during most part of the conversion process. Cpy is
the parasitic capacitance and Cgy is the storage capacitor.
The cycle begins with both switches open and the vibrating
mass at maximum deflection. The capacitance of the variable
capacitor Cr is at maximum value (C7'*). SW1 closes and
the charge is transferred from the electret surface to the mov-
able electrodes of the capacitor Ct. Then SW1 opens and the
deflection of the vibrating mass decreases. When the variable
capacitance reaches its minimum (C?i”) at X = —Xay, the
voltage across the capacitor has to increase. Then SW2 closes
and the charge moves to the storage capacitor (Cgior). The
deflection then increases and the next conversion cycle starts
again. When the amount of energy on the storage capaci-
tor stays constant, maximum energy is scavenged from the
harvester.

VI. RESULTS AND DISCUSSIONS

The minimum gap between the electrodes g, is the dis-
tance between the electrodes when displacement is max-
imum x = X,.. Based on the fabrication set-up and
limitations of [46], the minimum allowable feature size
is 2.5 pum, hence the minimum gap g,,;, must be greater
than or equal to 2.5 um. When simulated in MATLAB,
from equation (31) it is observed that for gu;, >
2.5 um, the angle 6 must be greater than 5.74° as
shown in Fig. 22. The shaded portion highlights the pro-
hibited values of 6. For length (Lr) and width (wp)
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FIGURE 21. Generic model of a switching converter to store the
generated charge from the proposed electrostatic converter.
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FIGURE 23. Plot of maximum capacitance of a single electrode element
of the proposed electret-based converter with respect to the angle of the
electrode.

of electrode finger as 45um and 4um respectively, and
the maximum possible displacement x,,,; of 20 um,
the maximum capacitance of a single electrode structure
given in equation (40) increases with increasing value of 6,
as shown in Fig. 23 and the overlap length /(x) approaches to
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FIGURE 24. Plot of maximum capacitance of the proposed electret-based
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FIGURE 25. Variation of capacitance of a single electrode element with
respect to the thickness of the electret layer.

infinity for 6 = 90°, however due to the design area limita-
tion, it is not possible. Hence, instead of considering C¢g” (x)
as the criteria for selecting the value of 6, the variation of
maximum total capacitance of the entire structure C7**(x) at
different values of 6 is considered.

From Fig. 24 it is observed that the total capacitance
decreases with increasing value of 6, hence the minimum
possible value of 6 i.e. 5.74° is selected as the optimal value
of the angle of the electrodes to achieve maximum capaci-
tance variation. Another design parameter to be considered
while designing the electret-based harvester is the thickness
of the electret layer. The capacitance varies inversely with
increasing electret thickness d, as shown in Fig. 25, hence
the minimum possible feature size of 0.5 um is selected as
the electret thickness.

After finalizing these design parameters, the capacitance
characteristics of a single electrode element Csg(x) and the
complete harvester structure Cr(x) was simulated for dis-
placement range of —20 um to 20 um at different 6 angles

VOLUME 5, 2017



S. Ahmed, V. Kakkar: Electret-Based Angular Electrostatic Energy Harvester

IEEE Access

Capaciztance (pF)
[=]
&

f— . T .
-20 15 -10 -5 0 5 10 15 20
Displacement x (um)
FIGURE 26. Capacitance variation of single electrode element with
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FIGURE 27. Capacitance variation of proposed harvester structure with
respect to the displacement due to external vibrations at different angles
of electrodes.

and are shown in Fig.26 and Fig. 27 respectively. It is evident
that maximum capacitance is obtained when 6 = 0°. How-
ever, due to the design limitations discussed earlier, this value
cannot be considered.

The proposed design thus gives maximum capacitance
variation for & = 5.74°. For the same design specifications,
when the proposed electret-based electrostatic harvester is
compared with the electret based area-overlap [1] and gap
closing harvesters [1], it is evident from Fig. 28 that the pro-
posed harvester provides much better performance and larger
capacitance variation. The converter is able is scavenge a
maximum power of around 9.6 ©'W when the proposed active
generator, of active layout size 2.5x3.5 mm? and volume
0.4375 mm3, is displaced to a maximum value of x = Xy,
as shown in Fig. 29.

The performance comparison of the harvester with
other state-of-the-art electret-based harvesters is presented
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TABLE 3. Comparison of various electret-based electrostatic harvesters.

Power per Unit Area

Harvester Power (uW)  Area (cm?) (WW/em?)
2] 20.6 T 206
[8] 0.0004616 0.3 0.000154
/9] 40 9 4.44
[16] 4.04 234 1.726

Proposed 9.6 0.0875 109.71

in Table 3. It is observed that the proposed electret-based elec-
trostatic harvester with angular electrodes provides highest
power per unit area and lies within the maximum limit of
power density of IOO;LW/mm2 [47], [48] in order to avoid
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any damage to the human tissue and can thus be safely used
for application in neural and cardiac implants.

VII. CONCLUSION

A SiO; electret-based angular electrode structure is designed
for incorporation into an electrostatic energy harvester with
an aim to provide an alternate energy source to miniaturized
cardiac and neural implantable medical devices. Mathemat-
ical modeling and analysis showed that the angle 6 of the
electrodes and the electrode layer thickness d are the impor-
tant design parameters, constrained by the minimum fabrica-
tion feature size available to achieve maximum capacitance
variations. The results showed that in comparison to the stan-
dard area-overlap and gap-closing topologies, the proposed
harvester provides larger capacitance variation with respect
to displacement. The output of the harvester structure when
fed to the switching converter is able to scavenge energy up
t0 9.6 W at maximum displacement. A dc-dc converter can
further be applied to generate a regulated voltage from the
harvester. Thus the proposed harvester, being small in size of
only 2.5x3.5 mm? and volume of 0.4375 mm?> can be used
as an energy source for cardiac and neural implants, as they
consume power in the range of ~10 uW.
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