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Abstract. This paper discusses the design of an 
electrostatic generator, power supply component of the 
self-powered microsystem, which is able to provide enough 
energy to power smart sensor chains or if necessary also 
other electronic monitoring devices. One of the 
requirements for this analyzer is the mobility, so designing 
the power supply expects use of an alternative way of 
getting electricity to power the device, rather than rely on 
periodic supply of external energy in the form of charging 
batteries, etc. In this case the most suitable method to use 
is so-called energy harvesting – a way how to gather 
energy. This uses the principle of non-electric conversion 
of energy into electrical energy in the form of converters. 
The present study describes the topology design of such 
structures of electrostatic generator. Structure is designed 
and modeled as a three-dimensional silicon based MEMS. 
Innovative approach involving the achievement of very low 
resonant frequency of the structure, while the minimum 
area of the chip, the ability to work in all 3 axes of the 
coordinate system and the ability to be tuned to reach 
desired parameters proves promising directions of possible 
further development of this issue. The work includes 
simulation of electro-mechanical and electrical properties 
of the structure, description of its behavior in different 
operating modes and phases of activity. Simulation results 
were compared with measured values of the produced 
prototype chip. These results can suggest possible 
modifications to the proposed structure for further 
optimization and application environment adaptation. 
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1. Introduction 
Due to great progress in the microelectronics there are 

applications with large demands on the individual 
components of the application chain. One example is an 
intelligent wireless sensor network [1] where each node 
needs to maximize the time that the sensor works and is 
independent of the energy supply from an external source. 
Using conventional batteries is not always convenient, 
because it requires human intervention for their replace-

ment. For this reason it is a major problem to get electricity 
needed to operate these devices. One way to ensure power 
is to use other types of energy that are available in the 
vicinity of the powered device. Most of these devices use 
(depending on usage field) the heat, light or mechanical 
energy. In this way, gaining power can meet energy 
requirements throughout the life of the powered device. 
The process of obtaining energy from the environment, 
converting it into consumable electricity is generally 
known as energy harvesting. Devices using the principles 
of gathering energy are usually referred to as energy 
generators.  

1.1 Sources of Energy Harvesting 

The classification of energy harvesting can be 
organized on the basis of the form of energy they use to 
scavenge the power. For example piezoelectric harvesting 
devices scavenge mechanical energy and convert it into 
usable electrical energy. The various sources for energy 
harvesting are wind turbines, photovoltaic cells, thermo-
electric generators and mechanical vibration devices such 
as piezoelectric devices, electromagnetic devices. Tab. 1 
shows some of the harvesting energy sources with their 
power generation capability. The general properties to be 
considered to characterize a portable energy supplier are 
described by Fry, et al. [2]. 
 

Energy Source Power Density 

Acoustic 
Pressure 

0,003 Wcm-3 (75 dB)  
0,96 Wcm-3 (100 dB) 

Temperature 10 Wcm-3 
HF EM field 1 Wcm-2 

Light 
10 mWcm-2 (direct sun light) 

100 Wcm-2 (office conditions) 

Vibrations 
4 Wcm-3 (human power) 
800 Wcm-3 (machines) 

200 Wcm-2 (piezo) 
Airflow 1 Wcm-2 

Tab.1. Power density of different energy sources. 

Typical forms of ambient energy can be considered as 
solar radiation, mechanical (vibrational) energy, thermal 
energy or RF or microwave radiation. Sources working on 
the principle of collecting electrical energy can be used to 
extend run-time or can be used as an additional source in 
conjunction with a conventional power source (battery) or 
they can completely replace these primary power units [3]. 



232

Th
use
and

1.2

con
bec

can
a p
pro
Th
0.7
(DR
wa
lay
sili
bee
(Al
pre
PZ
900

dev
com
and
Tw
the
fac
can
in 
fre
21 

ine
of 
afte
ma
cap

in F
alu
film
ma
inte
usi
cito
100
boa
one
res
res
cha
by 
 

2 V. JAN

e device, pow
ed in inaccess
d report status

2 Energy H

In recent y
ncepts of sm
coming a key 

Micromach
ntilevermass 
project funded
ogrammes ent
e device, sho

75 mm area 
RIE) from an

afer, 2 μm thic
yer. The suppo
icon layer on
en simulated w
lN) and PZT 
edicted 100 nW

ZT device at
0 Hz [4]. 

The electr
veloped by B
mprises micr
d a wire-woun

wo of the mag
e two Pyrex w
ce of the silic
ntilevered pad
the plane of

quency of 9.
nW of electri

Fig. 3 sho
ertia generator

active compo
er finishing 

aximize the st
pacitance shou

Tashiro [7]
Fig. 4 made u

uminium evap
m each 5 μm 
ated together u
ervals. Then 
ing a doubles
or with 20 c
0 cells. The c
ards using 12
e of the acr
sonator was 1
sulting in a re
arging the cap

a simulation

NICEK, M. HUSA

wered by such
sible places o
s information r

Harvester S

years, many p
mall energy 
topic for toda

hined silicon
geometry h

d by the Eu
itled vibration
own in Fig. 
inertial mass

n SOI wafer 
ck buried oxid
orting cantilev

nly and is 750
with 1 μm thic

piezoelectric
W for the AlN
t resonant fr

romagnetic e
Beeby et al
omachined p
nd coil [5]. T
gnets are loca

wafers, which 
con wafer. Th
ddle, which is
f the wafer. 
.5 kHz and h
ical power from

ows an equiv
r. The electron
onents, i.e., m

charge pro
tored energy i
uld be designe

] describes a h
up by folding a
porated on on

thick by 30 m
using a double
the sheets w

sided tape. Th
cells per laye
capacitor was
2 springs and
rylic boards. 
1100 Nm−1 w
esonant frequ
pacitor to 45 V
n of the mov

AK, J. JAKOVE

h energy gener
or areas dange
remotely.  

Structures 

published pape
harvesters, b

ay's mobile ap

n MEMS v
has been de
uropean Unio
n energy scave
1, consists o

s deep react
with a 400 μ

de and a 5 μm 
ver is fabricat
0 μm long. T
ck layers of al
c materials. M
N device and
requencies of

energy harve
. A silicon-b

paddle, four N
The device is 
ated within et
are anodically

he coil is loca
s designed to 

The device 
has been sho
m 1.92 ms−2 r

valent electric
nic circuit in 
microprocesso
ocess at the 
in a capacitor
ed as the optim

honeycomb str
a strip of a po

ne surface. Tw
mm wide and
e-sided adhesi

were folded a
his produced 
er and 50 lay
s suspended 

d an inertial m
The spring 

with a total m
uency of 6 Hz
V the generato
vement produ

NKO, J. FORMA

rator can then
erous to hum

ers show seve
because this 
plications.  

version of 
eveloped un
on Framewor
enging (VIBE
of a 1.5 mm
tive ion etch
μm thick han
thick top silic
ted from the 

The structure h
luminium nitr

Modelling resu
600 nW for 

f approximat

ester has be
based genera
NeFeB magn
shown in Fig
ched recesses
y bonded to ea
ated on a silic

vibrate latera
has a reson

own to gener
rms. 

c circuit of 
the fuze cons
ors and opera

capacitor. 
r, the capacito
mized one. 

ructure as sho
olyester film w
wo sheets of 
d 5 m long w
ive tape at 5 m

and joined ag
a variable ca

yers resulting
between acry

mass attached
constant of 

mass of 0.78 
z. After initia
or was shaken
uced by the 

ANEK, DESIGN

n be 
mans 

eral 
is 

the 
nder 
rk 6 
ES). 
m × 
hed 

ndle 
con 
top 
has 
ride 
ults 
the 

tely 

een 
ator 
nets 
g. 2. 
s in 
ach 
con 
ally 
nant 
rate 

the 
ists 
ates 
To 

or’s 

own 
with 

the 
were 
mm 
gain 
apa-
g in 
ylic 
d to 
the 
kg 

ally 
n at 
left 

F

F

F

F

ventri
a mea
as hig
this m

1.3 E

T
the e
availa
beam 
dimen
optim
availa

N AND FABRICA

Fig. 1. Microma
generato

Fig. 2. A silicon

Fig. 3. A silicon

Fig. 4. Honeyco

cular wall m
an power of 36
gh as 500 μW

movement to b

Energy Ha

The main goa
electrostatic 

able on the m
structure is

nsional silicon
ize the dim

able productio

ATION OF 3D E

achined silicon c
r [4]. 

n electromagnetic

n electromagnetic

omb-type variable

motion of a c
6 μW (15 μA a

W. Accelerome
e about 1 ms−

arvester Pro

al is to design
generator in

market. Structu
s designed 
n based MEM
ensions of t
n technology,

ELECTROSTAT

cantilever mass 

c generator ([5]). 

c generator [6]. 

e capacitor [7]. 

canine heart a
at 2.4 V) with
eter measurem
−2 at 6 Hz. 

opose 

n the structure
n standard 
ture based pa
and modele

MS. The ma
the structure 
, optimize the

TIC ENERGY…

 
piezoelectric 

 

and produced
h peak powers
ments showed

e topology of
technologies

artly on basic
ed as three-
ain task is to

due to the
e geometry of

… 

 

 

d 
s 
d 

f 
s 
c 
-
o 
e 
f 



RADIOENGIN

the structure 
the generato
energy. Com
expect to w
makes the s
energy and m
Another par
mechanical 
description o
phases of ac
tures in the s
the productio
specified in 
The fabricate
functions an
simulated va

2. Desig
The des

electrostatic 
up power so
CoventorWa
models. For 
deformation 
harmonic an
structure of 
uses the forc
the plates of 
the electrod
between them
capacity is a 
properties of
a mass m in
capacity cha
mechanical m
the variable
circuits. Ther
used to imple
continuous m

Fig. 5. I

2.1 Switch

In the c
between the 
allows time
(charging, di
its maximum

EERING, VOL. 

itself with re
or will be us
mpared to a

work in all 3 
system more 
makes it poss
rt of this wo
and electric

of its behavior
ctivity. After 
simulations th
on data in ac
the by the ma
ed prototype w
nd these resu
alues.  

gning the 
signed power 
and piezoelec

ource) in the f
are we desig
a given struct
and mechanic

nalysis we obt
the excitatio

ces generated 
a charged cap

des depends 
m according t
function of g

f materials th
n the range o
anges betwee
movement ex

e capacity is 
re are basicall
ement the elec

mode. 

Inertia generator 

hing Mode

case of using s
generator an

e-dependent 
ischarging). W

m capacity is

21, NO. 1, APR

gard to the en
sed and obtai
already publis

axes of Cart
effective to 

sible to use a
ork is a sim
al properties
r in different o
verifying the

he next task i
ccordance wi
anufacturers d
was characteri
lts will be la

Harveste
source is usin

ctric generato
form of MEM
gned layout 
ture solving n
cal stress were
tained respons
on signal. Ele

between the 
pacitor. Separa
on the pote

to equation Q
geometry (topo
at surround th
of z(t), as sh
en CMAX an
xtracted energ

connected 
ly two basic t
ctrostatic gene

principle. 

e – Constan

switching mod
nd the rest o
reconfiguratio

When a pre-c
s disconnected

RIL 2012 

nvironment in 
ining the exc
shed proposa
tesian system
environment 

all energy ava
mulation of e
s of the stru
operating mod
e behavior of
is the preparat
ith the design
delivered desi
ized, tested on
ater compared

er 
ng a combina

or (as required
MS structures. 

topology an
network equati
e defined. Usi
se to changes
ectrostatic gen
opposite char
ation of charg
ential differen
 = CVVAR. Th
ology) and ele
hem. When m
own in Fig.
d CMIN. Fro
gy depends o
to other elec
techniques tha
erator - switch

 

nt Charge 

des there is a 
of the circuit
on of the 
charged capac
d from all ex

n which 
citation 
als we 

m. This 
waste 

ailable. 
electro-
ructure, 
des and 
f struc-
ation of 
n rules 
ign kit. 
n basic 
d with 

ation of 
d start-
 Using 
nd 3D 
ions of 
ing the 

s in the 
nerator 
rges on 
ge Q on 
nce V 

he CVAR 
ectrode 
moving 

5, the 
om the 
on how 
ctronic 
at were 
hing or 

switch 
which 
device 

citor at 
xternal 

cir
of 
res
be
the
to 

co
in 
cre
Fig
cy
an
fro
dis
oth
(2-
cy
ge
tra
en

2.

co
mo
sur
be
co
op
be
rem

ge
is 
co
cap
ele

rcuitry and th
f its capacity,
sponding to 

etween the ele
en be used to
implement th

Fig. 6. Prin
cons

Two parall
uld move awa
the case of co

eates a const
g. 6 shows th

ycle. First, the
nd the electro
om point 1 to 
sconnected fro
her while mai
-3). Finally, 

ycle (3-1). Th
enerator is rea
ajectories con
nergy generate

2 Switchin

If the capa
nnected to th
oving panels 
rface charge 

etween the ch
nstant voltag

perated in slid
etween the pla
main constant

Fig. 7. Prin
cons

Fig. 7 show
enerator worki

pre-charged 
nnected to a
pacity due to
ectrode) and t

e electrodes m
but also to 

overcome th
ectrodes. This

power the ci
is system is sh

ciple of operation
stant charge mode

lel plate electr
ay from each 
onstant charge
tant force be

he QV charac
e capacitor is 
des are charg
point 2). The

om the source
ntaining a con
the charge is
e capacity is 

ady for a new
nnecting point
d. 

ng Mode – 

acitor is charg
he constant vo
to each other 
density and in

harges on the 
ge method. 
ding mode, as
ates in the di
t. 

ciple of operation
stant voltage mod

ws the QV ch
ing in constan
at its maximu
a power sour
o mechanical 
the charge ret

movement lea
the generatio

he electrostat
s additional en
ircuit. The mo
hown in Fig. 6

on of electrostatic
e and its QV char

rodes are arra
other. This ki
e on both plat
etween these 
cteristic of the

connected to
ged to the low
en the capacit
e and moved 
nstant charge 
s discharged 
then increase

w cycle. The 
ts 1 to 3 co

Constant V

ged in advan
oltage source

r increases; it 
increase the e
e capacitor pl

If the capa
s shown in F
irection of re

on of electrostatic
de and its QV cha

haracteristic of
nt voltage mod
um capacity 

urce, there is
motion (rece

turns back to 

ads to a reduct
on of work, c
tic forces act
nergy gained 
ost common w
6. 

c generator in the
racteristics. 

anged so that t
ind of movem
tes of a capaci

two electrod
e whole work
o a power sou
w voltage (ju
tor electrodes 
away from e
on the electro
within the th

ed again and 
area bounded
rresponds to 

Voltage 

ce and then, 
e, its capacity

will increase 
electrostatic fo
lates. This is 
acitor plates 
Fig. 7, the for
elative movem

c generator in the
aracteristics. 

f the electrost
de. The capac
(1-2). Then, 
 a reduction
eding from e
the source (2

233 

tion 
cor-
ting 
can 

way 

 
e 

they 
ment, 

itor, 
des. 
king 
urce 
ump 

are 
each 
odes 
hird 
the 

d by 
the 

still 
y by 

the 
orce 

the 
are 

rces 
ment 

 
e 

tatic 
citor 
still 

n in 
each 
2-3). 



234

Th
dis
cap
at 
cur
pro

3. 

gen
mo

3.1

Fig
a c
the

ele
Th
the
due
sto
for
the
sys
ele
exc
sho

3.2

see
the
dir
cha
bet

4 V. JAN

is is the gene
sconnects the 
pacity is grad
its initial val
rve in the QV
oduced. 

Harvest
There are

nerator topolo
ovement of fix

1 In-Plane

The first t
g. 8 is called 
apacitive diff

e direction sho

Fig. 8. In-Pl

This movem
ectrodes chang
e maximum d

e direction of 
e to impact o

ops to be used.
rming the die
ereby determi
stem. Howeve
ectrodes it is n
citation, whic
ort circuit betw

2 In-Plane

The second
e Fig. 9, uses t
e direction o
ection used 
ange is direc
tween the elec

Fig. 9. In-Pl

NICEK, M. HUSA

eration part o
capacitor fro

dually increasi
ue (3-1). Aga
V characteris

ters Topo
e three diffe
ogies, which 
xed and movab

e Overlap T

type of gener
"In-Plane Ov

ference in the
own in Fig. 8. 

lane Overlap Top

ment causes t
ges, leading to
displacement i
f motion. To 
of both electr
. Mechanical s
electric in th
ning the max
er, due to the
necessary to ta
ch causes tor
ween the elect

e Gap Closi

d type known
the same topo

of the electro
for type "I

ctly proportion
ctrodes. 

lane-Gap Closing

AK, J. JAKOVE

of the cycle. 
om the power
ing and stabil
ain, the area 
stic is the am

ology 
erent types 
differ in the

ble electrode. 

Topology 

rator shown s
verlap". This g
e plane of vib

pology [3]. 

the overlappin
o a desired cha
is limited by t
prevent dama

rodes we prop
stops define th
e comb elect
ximum capaci
e topology of
ake such a ris
rsion structur
trodes. 

ing Topolog

n as "In-Plane
ology as the pr
ode is perpe
In-Plane Ove
nal to the w

g Topology [3]. 

NKO, J. FORMA

Then the swi
r supply volta
lizing the cha
bounded by 

mount of ener

of electrosta
way of mut

 

schematically
generator crea
bration device

ng area of co
ange in capac
the spatial gap
age to structu
pose mechani
he minimum g
trode structur
ity of the ent
f the two fin
sk of mechani
res and possi

gy 

e Gap Closin
revious type, 

endicular to 
erlap". Capac

width of the g

ANEK, DESIGN

itch 
age, 
arge 

the 
rgy 

atic 
tual 

y in 
ates 
e in 

 

omb 
city. 
p in 
ures 
ical 
gap 
res, 

ntire 
nger 
ical 
ible 

ng”, 
but 
the 

city 
gap 

 

L
limita
to the 
topolo
motio

3.3 O

T
to as 
previo
motio
Oscill
capaci

F

T
dampi
finger
perfor
a vacu
in out
depen
necess
movab
would

4. E
F

be de
reache
what 
to rea
overla
type (
electro
the w
genera
becau
For th
solely
genera
the sh
energy
structu
value 
power
VSTART

the ele
point B

A
to mo
electri

N AND FABRICA

Like the prev
tions that requ
system. Roun

ogy is more m
n and therefor

Out-Of-Pla

The last type o
"Out-of-Plane

ous two solu
n is perpe
lating movem
ity change. 

Fig. 10. Out-of-P

Topology "Ou
ing caused by
rs of the elec
rmance, this 
uum. Then it i
tput. The poss
nds on the a
sary to consid
ble electrode
d lead to a sho

Energy C
For each of th
fined the rela
es the maxim
distinguishes 

ach this maxim
ap change bet
(In-Plane Clos
odes and Out-

whole electro
ating method
se it requires 
his reason, f

y on this me
ator, we assum
hape of electro
y conversion 
ure. At this ti
CMAX and th

r supply that 
T. This voltage
ectrodes. The 
B in Fig. 11.

After charging
ove away fr
ically separat

ATION OF 3D E

vious type, th
uire mechanic
ndy et al. [8] 
manageable a
re it is most of

ane Topolo

of topology sh
e". Based aga
utions, but th
ndicular to 
ent of the elec

Plane Topology [3

ut-of-Plane" is
y air flow in
trodes. In ord

topology is
is possible to 
sibility of enca
actual applic
der the mecha
 from conta
rt circuit. 

onversion
he above desc
ative position
mum or mini

these three to
mum value. In
tween the fin
sing Gap) cha
-of-plane type
de plates. G

ds has the 
only one sou

further theore
ethod. In de
me the existen
odes forming 
cycle begins 

ime the capac
e capacity is 
charges the 

e can now be 
whole proces

g the capacito
from each ot
ted from eac

ELECTROSTAT

his topology h
cal stops to pr
points out tha

and less prone
ften used in p

ogy 

hown in Fig. 
ain on the top
his time the 

the surfac
ctrode surface

3]. 

s largely influ
n thin spaces 
der to achiev
s suitable to
achieve subst
apsulation int
cation. In ad
anical stops t
acting the gr

n Cycle 
cribed topolog
n of electrode
imum capacit
opologies apa
In-Plane Over
nger electrode
anges the gap
e changes the

Greater popul
constant cha

urce of energy
etical analysi
escribing the 
nce of a syste
 a capacitor s

s with the vib
citor reaches 
s connected to

capacitor pla
measured dire

ss is a path fro

or to VSTART th
ther. The el

ch other and 

TIC ENERGY…

has the same
event damage
at this type of
e to torsional
ractice. 

10 is referred
pology of the

direction of
e generator.
e provides the

 

uenced by the
between the

e satisfactory
o operate in
tantial growth
o the vacuum

ddition, it is
o prevent the
round, which

gies there can
es at which it
ty. However,
art is the way
rlap type uses
s, the second

p between the
e gap between
larity of the
arge method,
y (eg battery).
is will focus

electrostatic
em moving in
structure. The
bration of the
its maximum
o an external
ate to voltage
ectly between
om point A to

he plates start
lectrodes are
the physical

… 

e 
e 
f 
l 

d 
e 
f 
. 
e 

e 
e 
y 
n 
h 

m 
s 
e 
h 

n 
t 
, 

y 
s 
d 
e 
n 
e 
, 
. 
s 
c 
n 
e 
e 

m 
l 
e 
n 
o 

t 
e 
l 



RADIOENGIN

distance betw
itself an act
electricity (i
charge on th
decreases to 
between cap
Finally, whe
minimum v
seduced bac
represented b
cycle closes
capacitor to 
limits the ma
as to avoid e
the capacitiv
capacitor bu
With the ad
generated vo
into shapes. 

 

 
CONE

 

where ECONV

conversion o
conversion c

5. Topo
The Co

of the comb 
net, and to 
CoventorWa
simulation s
speed to add
filled with 
efficiently sim
sensors (acce
sensors, res
solvers prov
specific mu
mechanics, 
effects. The 
real products

The wh
parts (see Fig

 Movabl
mass) –

 Fixed e

 Spring 

While t
the perspect
 

EERING, VOL. 

ween them beg
t of convers
in Fig. 10, B
he plates rem

a minimum C
pacitor plates 
en the variab
alue CMIN, t

ck into the p
by the path fro
s. A CPAR c
the structure

aximum size o
exceeding the 
ve structures o
ilt in the form

ddition of this
oltage and the

MAX C

C
V 

STARTNV C

C
V 2

2

1

STCONV VE 
2

1

V represents th
of mechanical 
ycle. 

logy Desi
ventorWare w
capacitor stru
provide the

are is an in
oftware that 
dress real-wor
MEMS-speci
mulating all ty
elerometers an
onators, and 
vide compre

ulti-physics, s
piezoelectric
goal is to ver

s agree with si

hole topology
g. 12); 

le bomb elec
– green (part A

electrodes – re

suspension – b

the first two p
tive of comm

21, NO. 1, APR

gins to grow. 
sion of mech
B to C). Dur

mains constant
CMIN, and the 

increases to 
ble capacitor
he charge o
power source
om C to A, w
capacitor is 
 of the MEM

of the voltage 
dielectric stre
or switches. S
m of parasitic
s capacitor in
e energy obta

STA
PARMIN

PARMAX V
CC

CC





PARMIN

PARMAX C
CC

CC




 MAXMAXTART CV

he amount of 
energy into e

ign and M
was used to cre
ucture, the 3D

e electromech
ntegrated sui
has the accu
rld MEMS d
ific features 
ypes of MEM
nd gyros), mi

actuators. T
ehensive cov
such as ele
, piezoresist
rify that the c
imulated resul

y can be divid

ctrode (buildi
A) on picture; 

ed (part B) on 

blue (part C) 

parts are paid 
mon areas in 

RIL 2012 

This is a step
hanical energ
ring this phas
; however, ca
potential diff
a maximum

r again reach
on the capac
e (battery). T

where the conv
parallel con

MS capacitor, 
on the electro

ength and dam
Sometimes th
c capacity stru
nto the equati
ained is transf

TART
, 

MINMAX CC  ,

MINC  

energy obtain
electricity in a

Models 
eate topology 
D model, simu
hanical simul
ite of design
uracy, capacit
esigns. The s
for accuratel

MS, including i
icrophones, pr
The included
verage of M
ctrostatics, e
ive, and da

characteristics 
lts. 

ded into three

ng also the 

picture; 

on picture. 

attention only
order to ma

p that is 
gy into 
se, the 
apacity 
ference 

m VMAX. 
hes its 

citor is 
This is 
version 
nnected 

which 
odes so 
mage to 
his is a 
ructure. 
ions of 
formed 

(1) 

(1) 

(3) 

ned by 
a single 

y layout 
ulation 
lations. 
n and 
ty, and 
suite is 
ly and 
inertial 
ressure 
d field 
MEMS-
electro-
amping 
 of the 

e main 

central 

y from 
aximize  

sur
ne
for
ob
the
fre
of 

wh
ele
sto
dis
to 

su
of 
a s
the
eff
 

Fig. 11. Con
char

Fig. 12. Basi

Fig. 13. Topo

rface capacit
eglected while
r many param

bjective in the
eir rigidity, m
equencies and
f change). 

Fig. 13 s
hich already 
ectrodes, mod
ops (highlight
splacement in
the structure a

Fig. 14 s
spensions are

f the girder 
suspension str
e suspension b
fective area. B

version cycle o
rge method princi

ic comb structure 

ology No. 4. 

ance density,
e spring suspe

meters of the re
e design topo
minimum area
d amplitude (p

hows the 4th

contains a co
dified spring 
ted), limiting 
order to avoi

and short-circ

shows the 8
formed by w

type. Thanks
ructure, which
beam of great 
Because of tec

of generator ba
iple. 

e topology. 

 

 

 

 

 

 

 

 

, the third p
ensions prope
esulting gener

ology of sprin
a, the distance
proportional t

h designed to
omplete set o
suspensions 
the amplitud

id possible me
cuit between th

8th version, i
wrapping the p
s to this we
h is mechanica
t length, but o
chnological re

 
sed on constan

 

art is somew
erties are cru
rator. The ove

ng suspension
e between mo
to the magnit

opology vers
of both types
and mechan

de of mechan
echanical dam
he electrodes.

in which spr
periodic struct
e achieved s
ally equivalen
n a much sma

eason we chan

235 

nt 

what 
ucial 
erall 
ns is 
odal 
tude 

ion, 
s of 
nical 
nical 
mage 

 

ring 
ture 

such 
nt to 
aller 
nged 



236

the
the
to 
bet
stru
fro
wh
con
wh
sim
 

6. 

sim
the
 

6 V. JAN

e position of tw
e asymmetrica
the moving e
tween the 1s

ucture. In the 
om one type o
hich leads to
nversion cycl
hich was sent t
mulations. 

Fig. 14. Final

3D Mod
A 3D mod

mulations in C
e generated 3D

Fig. 15. 3D M

 

Fig. 16. Topo
sions

NICEK, M. HUSA

wo contact pa
al handle of sp
electrode we o
st and the 2
case of fine o

of conversion 
o increased e
le. Fig. 13 sh
to production 

l 9th topology. 

del 
del has been c
CoventorWare
D model. 

Model of topology

ology No. 9 (me
s). 

AK, J. JAKOVE

ads on solid el
pring suspensi
obtained very
2nd modal fr
oscillations a s

mechanism to
efficiency an
hows the fin
foundry and 

created for el
e. Figs. 15-17

y No. 9 (only 2 st

echanical stops, 

NKO, J. FORMA

lectrodes. Due
ons (see Fig. 

y little differen
equency of
smooth transit
o another occ

nd yield of
nal 9th topolo
was modeled 

 

lectromechani
 show details

 
tops visible). 

spring suspen-

ANEK, DESIGN

e to 
14) 
nce 
the 

tion 
curs 
the 

ogy, 
for 

ical 
s of 

 
-

F

7. S

7.1 M

M
resona
librium
(lossle
unlim
mecha
Coven
directi
genera
becau
of mo
showi
The sc
the rea

F

N AND FABRICA

Fig. 17. Topology

Simulatio

Modal Ana

Modal analys
ance frequenc
m. On these f
ess) system re
ited deflectio
anical simula
ntorWare. Fig
ion of the d
ator only the f
se in them the

ovable electrod
ing the effect 
cale of deflec
al and solid el

  
Fig. 18. 1st and 2n

ATION OF 3D E

y No. 9 (comb ele

ons 

alysis 

sis can be o
cy of the me
frequencies th
eacts to extern
on. The foll
ations perform
gs. 18 and 
deflection str
first 4 natural 
ere is the grea
de. Other natu
of several ord

ction is due to
lectrodes are n

nd modal frequenc

ELECTROSTAT

ectrodes, central 

obtained from
echanical sys
he mechanical
rnal motion ex
lowing figure
med on the 
19 show the
ructure. For 
l frequencies a
atest change in
ural frequencie
ders of magn

o small shifts 
not shown. 

cy simulation. 

TIC ENERGY…

 
mass). 

m the natural
stem in equi-
lly undamped
xcitation with
es show the

structure in
e degree and

the function
are important,
n the position
es are already
itude smaller.
multiplied by

 

 

… 

l 
-
d 
h 
e 
n 
d 
n 
, 

n 
y 
. 
y 



RADIOENGIN

Fig. 19. 3

Another
(Fig. 20) in
vibrations. T
capacitor str
topology of 
the frame ch
floating elec
the movable
deflection of
oscillation o
mechanical p
weight is ge
increase the d

Fig. 20. M
m

7.2 Harm

Using h
response of 
Fig. 21 sho
response of 
oscillations i
excitation in
frequency in 
modal freque
directions X 
curves X (bl
193 Hz has a
maximum of
which the str
axis is seen 
The 5th moda
mainly in th

EERING, VOL. 

3rd modal frequen

r important 
nside the st

The most com
ructures in pu
a simple brid
hip and on t
trode. After e
e electrode s
f the assemb
f the mechan
properties of 

enerally to red
deflection and

Mechanical excit
modal frequency 

monic Analy

harmonic ana
the system w

ows the stati
structure to 

in all three ax
n X, Y and 
Hz. On frequ

ency) the stru
and Y. Thus

lue) and Y (r
a major move
f the green cu
ructure exhibi
in the local m
al frequency a

he Z axis. The

21, NO. 1, APR

ncy simulation. 

aspect is the
tructure caus

mmonly used 
ublished pape

dge from one 
the other sid
exposure to m
starts to swin
ly depends o

nical excitatio
the material 

duce the natu
d internal stres

tation (left) and 

ysis 

alysis, we can
with harmoni
istical study 

random exc
xes. The vert

Z. The hor
uencies around
ucture shows a
s, there are lo
red). The 3rd 
e in the Z axis
urve. The 4th 
its rotational m
maxima of bo
at 305 Hz sho
e local minim

RIL 2012 

e mechanical 
sed by mech
method of h

ers is based 
side firmly fi

de connected 
mechanical vib
ng. The max

on the frequen
on, the total w

and topology
ural frequenci
ss. 

internal stress on

n find the dy
cally variable
of the mech

citation of pe
tical axis show
rizontal axis 
d 100 Hz (1st a
a movement i
cal maxima o
modal freque
s, suggesting 
modal freque

motion around
oth curves X a
ws again mov

ma at the 4th a

 

stress 
hanical 

hanging 
on the 

fixed to 
to the 

bration 
ximum 
ncy of 
weight, 
y. The 
ies and 

 
n 3rd 

ynamic 
e load. 
hanical 
eriodic 
ws the 
shows 

and 2nd 
in both 
of both 
ency of 
a local 

ency at 
d the Z 
and Y. 
vement 
and 5th 

mo
to 
is 

8.

60
of 
 

Sh
if
t
‐
st
at
is
ti
ca
ld
at
a
(m

m
2
H
z‐
1
)

odal frequenc
movement ar
located within

Fig. 21. Rand
a con
Hz. 

. Fabrica
The propo

0 µm Tronics®

f the laboratory

Fig. 22. Real

Fig. 23. Deta

1E‐12

1E‐11

1E‐10

1E‐09

1E‐08

0,0000001

0,000001

0,00001

0,0001

9

Sh
if
t 
‐
st
at
is
ti
ca
l d
at
a 
(m

m
.H
z
)

ies are equiva
round the axis
n the housing 

don vibrations e
nstant statistical 
Acceleration 350

ation 
sed generator 

® technology. 
y sample. 

l sample of energ

ails of the real sam

90

x

alent to the st
s or point of s
structure. 

excitation in all 
distribution from

00 (mm.s-2)2.Hz-1.

r was produce
Figs. 22 and

gy harvester. 

 

mple of energy ha

190

Frequ

x y

tanding wave 
symmetry, wh

three axis with
m 90 Hz to 350
 

d by SOI HAR
d 23 show det

arvester. 

290

uency (Hz)

z

237 

due 
hich 

 
h 
0 

RM 
tails 

 

 



238 V. JANICEK, M. HUSAK, J. JAKOVENKO, J. FORMANEK, DESIGN AND FABRICATION OF 3D ELECTROSTATIC ENERGY… 

9. Characterization 
A measurement chain for modal frequencies can be 

seen in Fig. 24. We use Capacitance Bridge with periodic 
signal excitation. The generator is placed on a vibration 
table KCF ES02 with KCF PA5100 signal generator. 

 
Fig. 24. Measurement chain for generator characterization, 

10. Conclusions 
The proposed generator is able to work in all 3 axes, 

has very low modal frequencies (about 108 Hz), in-build 
stops-structures against damage of the electrodes and very 
small dimensions. These properties make it possible to use 
this generator in embedded systems. It is proposed to be 
used in combination with piezoelectric source which acts as 
start-up source. 
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