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Abstract
This paper presents the modeling, simulation, fabrication and experimental results of a
vibration-based electromagnetic power generator (EMPG). A novel, low-cost, one-mask
technique is used to fabricate the planar coils and the planar spring. This fabrication technique
can provide an alternative for processes such as lithographie galvanoformung abformung
(LIGA) or SU-8 molding and MEMS electroplating. Commercially available copper foils of
20 μm and 350 μm thicknesses are used for the planar coils and planar spring, respectively.
The design with planar coils on either side of the magnets provides enhanced power generation
for the same footprint of the device. The harvester’s overall volume is 1 cm3. Excitation of the
EMPG, at the fundamental frequency of 371 Hz, base acceleration of 13.5 g and base
amplitude of 24.4 μm, yields an open circuit voltage of 60.1 mV, as well as 46.3 mV load
voltage and 10.7 μW power for a 100 � load resistance. At a matching impedance of 7.5 �

the device produced a maximum power of 23.56 μW and a power density of 23.56 μW cm−3.
The simulations based on the analytical model of the device show good agreement with the
experimental results.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Wireless sensor nodes have a wide range of applications from
condition monitoring of rotary machines, such as electric
motors and compressors, to tire pressure monitoring systems
(TPMS) in automobiles. One of the most challenging
problems for wireless sensor nodes is the power source [1, 2].
Batteries have a limited life and their use in wireless
sensor nodes may restrict the application of such devices
in embedded and harsh environments. Harvesting energy
from the ambient will have a significant impact on the
field of wireless sensors. Converting ambient mechanical
vibration into electrical energy for wireless sensor nodes with
vibration-based micro power generators (MPGs) is suitable
for applications such as non-destructive health monitoring
of structures and machines. In industrial machines, such
as electric motors, generators, compressors, reciprocating
engines or turbines, vibration levels for a frequency range of
0–5000 Hz vary from 0.5 to 15 g peak acceleration [3],

whereas the vibration levels for some production machines,
such as lathes and drilling presses, and for household
appliances typically range from 30 to 200 Hz and vary
from 0.01 to 1.1 g peak acceleration [4]. The goal is
to develop vibration-based power generators suitable for
harvesting energy from these commonly available vibration
levels to power wireless transmitters and sensors. The
power levels of vibration-based energy harvesters tend to
be low; however, with the rapid advancement in ultra-low
power (ULP) MEMS sensors and microelectronics, the power
need is on a decline to few μW. The power requirements
of commercially available ULP sensors depend on the type
(pressure, temperature or acceleration) and model of the
sensor. For operation, ULP acceleration sensors need more
power (21.6–324 μW for supply current levels of 1.7–
2.5 μA) in comparison to pressure sensors (1.8–8.4 μW for
supply current levels of 1–4 μA) and temperature sensors
(1.89–37.8 μW for supply current levels of 2.1–2.7 μA).
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The overall power consumption of these ULP sensors ranges
from 1.8 to 324 μW for supply current levels of 1–180 μA
[5]. Due to these ULP needs, energy harvesting has the
potential for integrating into these sensors to provide unlimited
maintenance-free operation. Wireless sensor power needs
are typically a few mW [2], which is relatively high and a
major portion of the power is required for RF transmission.
The current MEMS-scale energy harvesting techniques are
not developed far enough to completely eliminate the battery
from wireless sensor nodes; however, upon subjecting the
device output voltage to an ultra-low voltage (ULV) and ULP
rectifier, and the resulting dc voltage to an ULV dc–dc step-
up converter, these harvesters can be usefully integrated to
supplement the power provided by the battery and increase its
life span.

Several vibration-based power generators, based on
piezoelectric [6], electrostatic [7] and electromagnetic
[8] transduction, have been demonstrated. Out of
these, electromagnetic power generators (EMPGs) have the
advantages of low output impedance and high output current
levels [9]. Vibration-based electromagnetic energy harvesters
typically consist of a permanent magnet, a coil and a
suspension spring. Electrical energy is generated when the
coil experiences a change in the magnetic flux as a result of
a relative motion between the magnet and the coil and an
emf is generated across its ends according to the Faraday
law of electromagnetic induction. There are two well-
known architectures used for EMPGs to achieve this energy
transduction. In one architecture of EMPGs, the magnet is
mounted on a suspension spring and the coil is stationary,
whereas in the other type the magnet is fixed and the coil
rides on a suspension spring. However, the former is preferred
since the magnet acts as the inertial mass and this has the
advantage of lowering the resonant frequency and enhancing
the device’s power generation, since power generation has
direct dependence on the inertial mass [10]. For both EMPG
architectures, different fabrication approaches to produce the
coils and the suspension springs have been reported in the
literature.

1.1. Moving magnet EMPGs

This type of EMPG mostly consists of a bulk permanent
magnet bonded to a microfabricated planar spring, and a coil,
which is either a microfabricated planar coil or a wound coil.
Wang et al [11] have reported a moving magnet-type MPG,
comprised of a NdFeB magnet, a two-layer planar copper coil
on a glass substrate and a planar copper spring fabricated on
a double-side thermally oxidized silicon wafer. The planar
spring is fabricated by selective etching of SiO2 with buffered
hydrofluoric acid (BHF), sputtering of Cr/Cu as a seed layer,
molding and electroplating of copper, and backside wet etching
of silicon and SiO2. Each layer of the coil is produced by
molding and electroplating of copper. A 150 nm Cr/Cu seed
layer is sputtered for this purpose. A cured, grinded and
polished polyimide layer is used as insulation between the two
copper coils. A 2 mm × 2 mm × 1 mm NdFeB magnet is
attached to the platform of the planar spring, which is then

bonded onto the substrate containing the copper coils to form
a MPG. The reported maximum 60 mV peak-to-peak open
circuit voltage was generated at 121.3 Hz for 1.5 g base
acceleration. A silicon MPG for wearable micro devices
reported in [12] consists of a planar spring and a magnet
which moves within a central recess of the substrate carrying
the coil. The nickel–iron (Ni-Fe) spring is fabricated on a
silicon wafer with the following process steps: application of
nitride by low pressure chemical vapor deposition (LPCVD),
backside patterning of nitride, and etching of silicon with
potassium hydroxide (KOH) to obtain a supporting 30 μm
silicon membrane, deposition of a Ti/Cu seed layer on the front
side, molding and electroplating of a 20 μm thick Ni-Fe layer,
and finally the etching of the backside silicon membrane and
nitride by reactive ion etching (RIE) releasing the suspension
spring. The planar copper coil is fabricated on the second
silicon wafer using backside patterning of the nitride layer,
silicon etching with KOH to achieve the supporting silicon
membrane, sputtering and patterning of an aluminum layer
on the front side, plasma-enhanced chemical vapor deposition
(PECVD) of oxide as an insulation layer, sputter deposition of
Ti/Cu as a seed layer, followed by molding and electroplating
of 100 μm thick copper. As a last step, a backside silicon
and nitride etch by RIE produces the central recess for the
movement of the magnet. After mounting the NdFeB magnet
on the center plate of the spring wafer, it is adhesive bonded
to the coil wafer to form a 6 mm × 6 mm × 1 mm MPG.
The MPG generated 1.4 μW when excited at 100 Hz and
50 μm base amplitude. Pan et al [13] reported the development
of a two-wafer MPG, in which a sputtered iron–platinum
(Fe-Pt) magnet on a spiral planar spring is used instead of
a bulk magnet. In their device the silicon spiral spring
is fabricated by bulk micromachining with a double-sided
polished silicon wafer. The fabrication involves selective deep
reactive ion etching (DRIE) to define the spiral, depositing
a SiO2/Si3Ni4 layer, backside selective etching of silicon
by KOH to form a spiral spring and then sputtering of the
magnetic Fe-Pt film. A planar copper coil is made with a
4-mask process that needs a buffer layer coating, copper seed
layer sputtering, molding and electroplating of routing copper,
insulator polyimide layer coating and mold electroplating of
copper. The two wafers are then joined by a low temperature
bonding process to form a 0.45 cm3 device. The authors
reported a 40 mV voltage amplitude and 100 μW power
generation at the excitation frequency of 60 Hz. A membrane-
type EMPG, containing a 127 μm thick kapton membrane to
support NdFeB magnets, that moves within a recess provided
in a silicon wafer (wafer 1), and within a printed circuit board
(PCB) frame (wafer 2) has been reported by Serre et al [14].
The recess is produced by bulk micro-machining. A 52 turn,
15 μm thick electroplated planar copper coil, fabricated on a
recessed silicon wafer is bonded to the recessed PCB wafer.
The kapton membrane is glued to the backside of the PCB
wafer to form the complete device. The response of their
fabricated device is nonlinear. Under resonant condition at
5.1 μm base amplitude it produced a maximum power of
50 μW at matched load and a maximum voltage of 180 mV at
a resistance load of 100 k �.
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A combined electromagnetic and piezoelectric generator
for harvesting energy from a computer keyboard is reported
in [15]. The electromagnetic element of the device consists
of a NdFeB magnet, a rubber cushion spring and a micro-
machined bi-layer planar aluminum coil. Five masks are
used to fabricate the bi-layer aluminum planar coil on a thin
lead zirconate titanate (PZT) plate. The fabrication comprises
0.5 μm thick parylene deposition and patterning with RIE to
open the contact pads for the PZT electrode, sputter deposition
of 0.6 μm thick aluminum and patterning for the first spiral
coil, deposition and patterning of 0.5 μm parylene as an
insulation layer, sputtering and patterning of 0.6 μm thick
aluminum for the second spiral coil, and lastly deposition of
0.5 μm parylene as a passivation layer. For electromagnetic
conversion the authors reported a maximum of 1.15 μW with
a 35 � load for a typing speed of 40 words per minute. The
development of a wound copper coil harvester with NdFeB
magnets and a tungsten proof mass on the tip of a laser etched
beryllium copper (BeCu) cantilever beam is reported in [16].
The detailed fabrication of the 2800 turn stationary coil and
50 μm thick BeCu beam is not reported. The 150 mm3

generator produced a power of 58 μW at 52 Hz and 0.6 m s−2

acceleration, and successfully powered an RF accelerometer
sensor. An AA battery size power generator for wireless
applications, which is composed of a hand wound coil and a
spiral planar spring to support the magnet, is reported in [17].
The spiral spring is fabricated by laser micromachining as well
as by SU-8 molding and electroplating. A magnet is attached
to the central platform of the spring and an inner housing,
having a recess for the movement of the magnet, is bonded on
either side of the spring. A wire is wound on the inner housing
to form a coil for the power generator. It has been shown that
when two such power generators are integrated with a power
management circuit (rectifiers and a capacitor) and packaged
into an AA battery size container, it produced 1.6V dc when
subjected to vibration and charged for less than 1 min.

1.2. Moving coil EMPGs

In a moving coil EMPG the coil moves relative to a fixed
permanent magnet with the help of a suspension spring to
generate the electrical power. A proof mass has to be
used to tune the resonant frequency and enhance the power
generation. Sari et al [18] developed a moving coil-type
EMPG for wideband environmental vibrations that consists
of an array of coil embedded cantilever beams and a fixed
magnet. The EMPG is fabricated with a 5-mask process. The
fabrication steps involved are the thermal growth of 1 μm
thick SiO2, deposition and patterning of 1 μm thick parylene
with RIE, sputtering and patterning of Ti/Au as a coil
material, deposition and patterning of 1 μm thick parylene
as an isolation layer, metal deposition for electrical routing,
deposition of 13 μm thick parylene to define cantilevers,
backside silicon etching by DRIE, and finally the sacrificial
oxide etching by BHF resulting in the release of the beams.
With an array of 35 beams and excitation at 1 μm base
amplitude the reported device produced 10 mV voltage and
0.4 μW power over a bandwidth of 800 Hz (4.2–5 kHz).

Kulkarni et al [19] developed an MPG consisting of four fixed
NdFeB magnets and a planar copper coil fabricated on a silicon
paddle. The fabrication of the planar coil and the silicon
paddle comprised of chemical vapor deposition (CVD) of
0.5 μm thick oxide, sputtering and patterning of a 2 μm thick
copper layer for electrical routing, deposition and patterning
of 1.8 μm thick polyamide, molding and electroplating of the
copper as coil, and DRIE with a patterned photoresist to form
the silicon paddle, beam and frame. Two NdFeB magnets are
assembled in a polymethylmethacrylate (PMMA) chip that
is fabricated by conventional milling. The silicon chip and
two such PMMA chips are then bonded together to produce a
0.1 cm3 MPG. At the resonant frequency of 9.84 kHz and
for 9.8 m s−2 acceleration the MPG has shown to generate a
maximum power of 23 nW at a load of 52.7 �. An EMPG
developed with standard silicon micromachining is reported
in [20]. The EMPG consists of four fixed NdFeB magnets,
a cantilevered paddle and a wound coil. The silicon paddle,
frame and cantilever beam are fabricated by DRIE. A V groove
in the cantilever beam (to channel the copper wire from the
wound coil to the pads) is produced by selective etch of
SiO2/Si3Ni4 and KOH etch of the silicon, and the aluminum
pads are made by metallization and selective etching. Two
magnets are positioned within the mechanically machined
recess in the capping PMMA chip. One of such PMMA chips
is then bonded onto either side of the silicon chip to form a
100 mm3 device. The device generated 122 nW of power for
0.4 g input acceleration at 9.5 kHz. An EMPG that consists of
a hand wound coil attached to an etched stainless steel beam,
which moves between two fixed NdFeB magnets is reported
in [21]. The device has a natural frequency of 322 Hz and
generated a maximum power of 37 μW at a base amplitude of
13 μm. Soliman et al [22] report a wideband energy harvester
consisting of four fixed magnets, a seismic mass and a wound
coil supported by an aluminum cantilever beam. The 1 cm2

wound coil has 22 turns and is made out of 160 μm thick
copper wire. The details of the fabrication of the beam are not
reported. A sliding stopper is used to restrict the motion of
the beam to transform the harvester from a linear oscillator to
a piecewise-linear oscillator. It has been shown that with this
transformation a broad bandwidth is obtained in the vicinity
of the natural frequency.

In EMPGs, the fabrication of micro-coils, accurate
mounting of the high flux density permanent magnets, and
the spring that supports the magnets or coil are challenging
steps. Multi-mask microfabrication processes are typically
used to produce planar coils and springs for EMPGs
adding complexity to fabrication and contributing to high
fabrication cost of such devices. Most of the previously
reported approaches use silicon-based multi-mask or complex
fabrication methods to develop planar coils and planar springs.
Applications to low cost wireless sensors require a simple and
cost effective fabrication process with a small number of masks
and fabrication steps, using low cost materials and eliminating
expensive process steps.

This paper reports the fabrication of vibration-based
EMPG in which the planar coil and the planar spring are
fabricated by a novel, low cost, one mask process. The planar
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Figure 1. Cross-sectional view of the developed EMPG.

Figure 2. Exploded view of the EMPG.

copper coils and the planar spring to support the motion of the
permanent magnets have been fabricated from commercially
available copper foils. Two identical coils are used, one on
either side of the magnets in order to enhance the power
generation for the same footprint of the EMPG. The detailed
modeling and simulation for a device configuration in which a
magnet is vibrating on top of a coil is performed and is found in
good agreement with the experimental results. The equivalent
electrical circuit model is used to extract the electrical damping
ratio for load power computation.

2. Design and modeling

The EMPG presented in this paper consists of two NdFeB
magnets (K & J Magnetics Inc. Jamison, PA, USA) mounted
on a planar copper spring as shown in figure 1. Planar copper
micro-coils, fabricated on a glass substrate are placed on
either side of the magnet assembly. The magnets and the
micro-coils are held apart by 2 mm thick polycarbonate plastic
spacers (Sheffield Plastics Inc. Sheffield, MA, USA). Figure 2
illustrates the exploded view of the device.

Figure 3. Square spiral planar coil.

By modeling the EMPG shown in figure 1 as spring-
mass-damper system with base excitation, the amplitude of
the relative displacement

Z = (Yω2)

ω2
n

√[
1 − (

ω
ωn

)2]2
+

[
2ζT

(
ω
ωn

)]2
(1)

and the amplitude of the relative velocity

U = Aω

ω2
n

√[
1 − (

ω
ωn

)2]2
+

[
2ζT

(
ω
ωn

)]2
(2)

between the magnets and housing of the device are determined
in terms of the frequency of excitation ω, the natural
frequency ωn, the base amplitude of vibration Y, the base
acceleration A = ω2Y and the total damping ratio ζ T .

The induced open-circuit voltage in a single coil of
the device is approximated according to Faraday’s law of
electromagnetic induction [23, 24] as

VG = −U
dBz

dz
S, (3)

where Bz is the normal magnetic flux density and S is the sum
of the areas Si of the individual coil turns.

For a square spiral planar coil, figure 3, with the length L1

of the side of the first turn, line width w and spacing b between
the adjacent turns, S can be approximated as

S =
n∑

i=1

Si ≈
n∑

i=1

L2
i (4)

Li = L1 + 2(i − 1)(w + b), (5)

where Li is one side length of a turn.
The magnetic flux density for a rectangular block magnet

[25] along a line normal to its center

Bz = Br

π

{
sin−1

[
WD

4
[(

W 2

4 + z2
)(

D2

4 + z2
)]1/2

]

− sin−1

[
WD

4
[(

W 2

4 + (z + T )2)(D2

4 + (z + T )2)]1/2

]}

(6)
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depends on the remanent flux density Br , the width of magnet
W , the length of the magnet D, the thickness or the combined
thickness of the two magnets T in our case and the distance
from the magnets z.

For the analytical computations, dBz

dz
is obtained by

differentiating equation (6) with respect to z and then setting
z equal to the gap between the magnet and a coil at rest.

The amplitude of the voltage

VL =
(

RL

RL + RC

)
S

dBz

dz

Aω

ω2
n

√[
1 − (

ω
ωn

)2]2
+

[
2ζT

(
ω
ωn

)]2

(7)

and the amplitude of the power

PL = V 2
L

2RL

(8)

delivered to the load depend on the load resistance RL and the
coil resistance RC .

The maximum voltage

VL,1 =
(

RL

RL + RC

)
S

dBz

dz

A

2ωnζT

(9)

occurs at resonance.
The analytical model (equation (7)) predicts very good

estimates for the EMPGs in which the planar coil is much
smaller than the magnet and for small gaps between the coil
and the magnet. However, it will slightly overestimate the
EMPG performance if the outer edges of the coil face a
smaller flux density than the maximum flux density given by
equation (6).

The transformation factor G is an important parameter
in inertial EMPGs. It describes the coupling between the
mechanical and electrical energy domains and it therefore
describes the energy conversion between the mechanical and
the electrical domains. The open-circuit induced voltage
across the coil

VG = GU (10)

is therefore expressed by the transformation factor, and the
force

Fe = GI (11)

acts on the magnet due to the current I flowing through the
coil. Using equations (10) and (11), an inertial EMPG can be
represented by the equivalent electrical circuit model shown
in figure 4. In the mechanical domain m, bm and k represent
the inertial mass, mechanical damping coefficient and spring
stiffness, respectively. By ignoring the coil self-inductance LC

that corresponds to a very small impedance at the frequencies
of interest and combining the load and coil series resistances,
the input impedance at the transformer element is expressed
as

rm = RL + RC

G2
. (12)

In the equivalent electrical circuit in figure 4(b), the total
damping coefficient of the EMPG bT = bm + be includes the
electrical damping coefficient

be = 1

rm

= G2

RL + RC

. (13)

(a)

(b)

Figure 4. (a) Equivalent circuit model for an inertial EMPG,
(b) equivalent circuit with the combined damping coefficient.

The transformation factor

G = S
dBz

dz
(14)

for our device configuration can be found from equations (3)
and (10). The electrical damping coefficient be and critical
damping coefficient bc describe the electrical damping ratio ζe,
and using equations (13) and (14) the electrical damping ratio
of the device can be expressed as

ζe = 1

2mωn(RL + RC)
S2

(
dBz

dz

)2

. (15)

Equations (8), (9) and (15) yield the load power at resonance

PL,1 =
(

RL

RL + RC

)
mζe

4ωn

(
A

ζm + ζe

)2

(16)

in terms of the electrical damping ratio ζ e and the mechanical
damping ratio ζm, where ζ e + ζm = ζ T .
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(a)

(b)

(c)

(d )

Figure 5. Fabrication steps of the copper micro-coil: (a) spin coat a
PDMS layer on a glass wafer, and force bond a copper foil, (b) spin
coat photoresist and perform photolithography, (c) copper etch using
a dilute nitric acid solution, (d) strip off photoresist.

By eliminating the damping ratios ζ e and ζm,
equation (16) can be expressed in the form

PL,1 = G2S2m2

2

RL

[bm(RL + RC) + G2]2
, (17)

which is more suitable to derive the optimum power condition
for impedance matching. Optimizing equation (17) with
respect to RL yields the condition for optimum power transfer
to the load as

RL,opt = RC +
G2

bm

. (18)

In EMPGs with large transformation factor G and small
mechanical damping coefficient bm the second term on the
right-hand side of equation (18) can be significant; however,
for meso- and micro-scale EMPGs with planar coils, this term
is negligible in comparison to the coil resistance RC and can
be ignored as will be shown for our device.

3. Fabrication of the prototype

The fabrication process of the planar copper coils is illustrated
in figure 5. A 20 μm thick copper foil (Comet Metal Inc.,
Walton Hills, OH, USA) is bonded onto a glass substrate with
polydimethylsiloxane (PDMS) (Dow Corning Corporation,
Midland, MI, USA). PDMS (mixture of 10 parts elastomer
base and 1 part elastomer curing agent) is spun on the glass
substrate at 500 rpm for 10 s followed by 1000 rpm for 30 s.
Then the copper foil is pressed onto the uncured PDMS
layer, using a weight of 196 N on top of the copper foil at
room temperature to provide a uniform pressure for bonding,
figure 5(a). Cleanroom wipes are used between the dead
weight and the substrate in order to prevent direct contact of
the weight and the foil. After 1 h the weight is removed and
the sample is put into an oven at 80 ◦C for 2 h in order to
cure the PDMS, which results in bonding of the copper foil to
the glass substrate. Photoresist SPR 220–7 (Rohm and Haas

(a)

(b)

Figure 6. (a) Microscopic image of a copper micro-coil,
(b) detailed view of a section of the coil.

Company, Philadelphia, PA, USA) is then spun on, exposed
with a mask aligner using a mask and is then developed,
figure 5(b). The copper foil is etched with a dilute solution of
nitric acid (80 ml HNO3 and 160 ml H2O) at room temperature
for 10 min, figure 5(c). Finally, the photoresist is stripped off
using acetone, figure 5(d). Microscopic images of a fabricated
micro-coil are shown in figure 6.

The fabrication process of the planar copper spring used
to support the permanent magnet is shown in figure 7. The
process starts with spinning a sacrificial layer of the negative
photoresist SU-8 2075 (MicroChem Corp., Newton, MA,
USA) onto a silicon wafer, followed by force bonding of a
350 μm thick copper foil (Storm Copper Components Co.,
Decatur, TN, USA) to the wafer, figure 7(a). Again, the dead
weight of 196 N is used for 1 h, to provide a uniform pressure
to bond the copper foil to the wafer. The weight is removed
and the wafer is then soft baked on a hot plate at 95 ◦C for
10 min. Photoresist SPR 220–7 is then spun on, exposed and
developed, figure 7(b). The selective etching of the copper
foil is then performed using a 50% dilute solution of nitric
acid (80 ml HNO3 and 80 ml H2O) at room temperature for
15 min, figure 7(c). The fabricated structures are then
separated from the wafer using SU-8 developer, figure 7(d).
Finally the separated structures are cleaned with acetone to
remove the photoresist, figure 7(e). Figure 8 shows the
fabricated structures.

6



J. Micromech. Microeng. 20 (2010) 125006 F Khan et al

(a)

(b)

(c)

(d )

(e)

Figure 7. Fabrication steps of the planar spring: (a) spin cast
photoresist SU-8 2075 and force bond a copper foil to the wafer,
(b) spin coat photoresist SPR 220–7 followed by exposure and
development, (c) copper etch in dilute nitric acid, (d) strip off SU-8
in developer solution, (e) strip off SPR 220–7 with acetone.

The assembly of the EMPG is done under a stereo
microscope (Olympus SZ61, Olympus Imaging America Inc.,
Center Valley, PA, USA). First, the two permanent magnets
are mounted on the planar spring with the help of a specially
designed jig, as shown in figures 9(a) and (b). No adhesive is
used to bond the magnets to the copper spring, but rather the
force of attraction between the magnets is exploited to tightly
sandwich the planar spring between the magnets, figure 9(c).
Two polycarbonate plastic spacers are then bonded on either
side of the planar spring with epoxy; by doing so the sides
of the planar spring are firmly sandwiched between the two
spacers, figure 9(d). Finally, the glass substrates, containing
the micro-coils are bonded to the spacers, using the same
adhesive, as shown in figures 9(e) and (f ). The dimensions
and parameters of the assembled EMPG are listed in table 1.

4. Experimental setup and results

Figure 10 shows the schematic of the experimental setup
used for the measurement of natural frequencies, vibration
amplitude and voltage output from the EMPG. The laser head
and vibrometer (Polytech Inc., Northbrook, IL, USA) are used
for the measurement of the vibration of the mass (magnets)
and the device housing. The voltage output signal from the
device and the signal from the vibrometer are simultaneously
read by the oscilloscope. The function generator and power
amplifier control the frequency and vibration amplitude of the

(a)

(b)

Figure 8. Photographs of batch fabricated planar springs:
(a) processed copper foil on a silicon wafer with nine planar springs,
(b) one of the planar springs.

shaker (Type 4809, Bruel & Kjaer, Naerum, Denmark). A
7 cm thick Teflon spacer block is mounted onto the shaker
table to safeguard the device from the ferromagnetic parts of
the shaker. The EMPG and an accelerometer (MMA1200EG,
Freescale Semiconductor, Austin, TX, USA) are bonded to the
Teflon block by a double-sided adhesive tape.

Figure 11 shows the amplitude of the relative displacement
between the magnets and a coil as a function of excitation
frequency. The experimental data are obtained without the top
coil in place; instead, a transparent glass piece is bonded to
the top plastic spacer, such that the laser from the vibrometer
could be focused on the top magnet. A 100 � load resistance
is connected to the bottom coil and the EMPG is subjected
to a frequency sweep from 200 to 800 Hz at A = 13.5 g
base acceleration amplitude. The experimental results show
the first three natural frequencies 371, 616 and 725 Hz, with
the relative displacement between the magnets and the coils
at these frequencies at 142.4, 52 and 38.6 μm, respectively.
For simulation purposes the total damping ratio was calculated
using the relationship

ζT = Y

2Zmax
= A

8π2f 2
1 Zmax

, (19)

where Zmax is the relative displacement between the magnets
and the coil at the fundamental frequency f 1. At the resonant
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(a) (b)

(c) (d )

(e ) (f )

Figure 9. Photographic images of the prototype during various
stages of assembly: (a) jig for mounting magnets onto planar spring,
(b) magnets and planar spring in the jig, (c) magnets mounted onto
the planar spring, (d) planar spring sandwiched between the plastic
spacers, (e) glass substrates, containing the micro-coils bonded to
the spacers, (f ) top view of the assembled EMPG.

Table 1. Dimensions and parameters of the EMPG prototype.

Description Value

Device size 12 mm × 12 mm × 7 mm
Magnet (NdFeB), Br 1.2–1.32 T
Magnet dimensions 6 mm × 6 mm × 1.5 mm
Mass of each magnet 0.465 g
Coil size 8 mm × 8 mm
Gap between magnet and coil 500 μm
No of turns of coil 21
Resistance of coil 7.5 �
Spring beam length 8 mm
Spring beam thickness 350 μm
Spring beam width 600 μm

frequency of f 1 = 371 Hz equation (19) yields a total damping
ratio ζ T = 0.0857.

The relative displacement given by equation (1) is also
plotted in figure 11 using the measured fundamental natural
frequency of 371 Hz and the measured damping ratio ζ T .
A modal analysis performed in COMSOL multiphysics R©

confirms that the fundamental resonant frequency of 371 Hz
corresponds to the mode during which the magnets vibrate
normal to the plane of the spring, whereas the two higher

Figure 10. Schematic of the experimental setup.

Figure 11. Relative displacement of the magnets versus input
frequency at 13.5 g base acceleration amplitude.

resonant frequencies of 616 and 725 Hz correspond to the
rotational modes where the magnets rotate about an axis
parallel to the plane of the coil [26].

Open circuit potentials (OCP) of 31.9 and 28.2 mV are
produced by the two coils when the EMPG is excited at the first
resonance frequency of 371 Hz at 13.5 g. The difference in the
output signals of the coils is postulated to be due to fabrication
inaccuracies. A 100 � resistance is connected to each coil
and voltage signals across the resistances are mathematically
summed in the oscilloscope to obtain the combined load
voltage generated by the EMPG.

Figure 12 shows the load voltage amplitude measured
experimentally and computed based on the model equation (7)
using dB/dz = 124.8 T m−1. When the EMPG is subjected to
a frequency sweep from 200 to 800 Hz at 13.5 g acceleration
amplitude, a maximum voltage of 46.3 mV is generated at the
load at the fundamental frequency of 371 Hz. The voltage
delivered at the second and third modes are 16.8 and 17.9 mV,
respectively.

The power delivered to the 100 � load resistance as a
function of frequency is plotted in figure 13. The measured
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Figure 12. Load voltage for a 100 � load versus frequency at 13.5 g
base excitation.

Figure 13. Power delivered to the load versus frequency for a 100 �
load resistance and 13.5 g base excitation.

voltage across the 100 � load resistance is used to compute the
power delivered to the load resistance whereas the analytical
values are obtained from equation (8). The experimental
data indicate that both coils are capable of producing a
combined power of 10.7, 1.4 and 1.6 μW at 371, 616 and
725 Hz, respectively. Good agreement was found between the
analytical and experimental results for displacement, voltage
and power around the fundamental frequency. However, at
relatively higher frequencies (beyond 390 Hz) a deviation
between the curves appears, which is due to the presence of
higher resonant modes and indicates that the device is no longer
following the assumed single degree of freedom analytical
model.

Figures 14 and 15 show the load voltage and power versus
resistive load. Different load resistances were connected to
the EMPG and it was excited at the first mode resonance
frequency of 371 Hz at 13.5 g acceleration. The simulated
load voltage and power are found using equations (9) and
(16), respectively. For simulation purposes the electrical
damping ratio ζ e is calculated with equation (15) for different
load resistances. Knowing the electrical damping ratio at
100 �, the mechanical damping ratio ζm is extracted from

Figure 14. Load voltage versus load resistance at 371 Hz and
24.4 μm (13.5 g) base excitation.

Figure 15. Power versus load resistance at 371 Hz and 24.4 μm
(13.5 g) base excitation.

the experimentally computed total damping ratio at 100 �.
Figures 14 and 15 indicate that the larger the load resistor, the
larger is the measured voltage and the smaller is the through
current. The maximum voltage measured was 49.5 mV for
the maximum load resistance 200 � in our experiments and
the maximum power obtained from the EMPG was about
23.56 μW for a load resistance of about 7.5 � that is identical
to the resistance of the coils. The term G2/bm in the expression
for the optimum load (equation (18)) is only 0.014 � for our
device, which is small in comparison to the coil resistance
of 7.5 � and can be ignored as mentioned earlier. Based on
the harvester overall volume of 1 cm3 and operating at the
matching impedance the optimum power density of the device
is 23.56 μW cm−3.

The voltage levels generated by the developed EMPG
are in the mV range (46.3 to 60.1 mV); however, due to
the low optimum load impedance of the device, which is
only 7.5 �, relatively high current levels are expected. The
EMPG has sufficient power producing capability to operate
the majority of the ULP sensors mentioned in the introduction.
However, for the relatively high supply voltage (1.8 to 2.7 V)
requirements of these sensors, the low output ac voltage
signal of the EMPG will need to be conditioned with an

9
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Table 2. Summary of vibration-based EMPGs.

Power
Materials Vload Rload Rcoil F (Hz) Pmax Volume Y A density

Type Spring Coil (mVpk) (�) (�) (μW) (cm3) (μm) (gpk) (μW cm−3) References

Cu Cu 30 – – 121.3 – 0.004 – 1.5 – [11]
Ni-Fe Cu – – 2 100 1.44 0.036 50 2a 40 [12]
Si Cu 40 – – 60 100 0.45 – 222 [13]

Planar Kapton Cu 180 100k 100 340 50 1.35 5 2.3a 40 [14]
coil Rubber Al – 35 – – 1.15 – – – – [15]

Cu Cu 9b 33 33 55 0.61 0.13 – 1.52 4.7 [30]
PDMS Cu 84.3 100 10.1 111 61.5 2.25 – 3 27.33 [5]
Acrylic Cu 3.2 0.8 0.8 948 3.2 – 14 50.7a – [27]
– Cu 9 50 50 40–80 0.4 2.27 – 1.9 0.148 [28]
Cu Cu 46.3 100 7.5 371 23.56 1 – 13.5 23.56 This work

Moving
magnet BeCu Cu 931c 15k 2.3k 50 58 0.15 0.08 386.7 [16]

Cu 1440b 100k 111 27 1 250 12.4a 27 [17]
Wound Si Cu 34.5c 110 58.5 10.8 0.15 – 0.06 72 [10]
coil Steel/BeCu Cu 428c 4k 1.5k 52 46 0.15 – 0.06 306.7 [10]

FR4 Cu – 100 100 24.4 144 4.1 – 0.1 35.1 [29]

Moving Planar Parylene Au 10 250 580 4.2–5k 0.4 1.4 1 50 0.286 [18]
coil coil Si Cu – 52.7 55 9.84k 0.023 0.106 – 1 0.217 [19]

Wound Si Cu – 100 – 9.5k 0.122 0.1 0.4 1.22 [20]
coil Steel – 0.6 322 37 0.84 13 5.4a 44 [21]

a Calculated using equation A = Y (2πF)2.
b Open circuit voltage.
c rms voltage.

ULV and ULP rectifier and multiplier circuit. Rectification
can be achieved using ultra-low forward voltage (ULFV)
diodes (example: PMEG2010AEB, NXP semiconductors,
Eindhoven, Netherlands; minimum forward voltage of 30 mV
for a forward current of 0.1 mA) and the voltage can be
amplified up with an ULV dc–dc step-up converter (example:
LTC3108, Linear Technology, Milpitas, CA, USA; operates
from an input of 20 mV to provide a selectable step-up voltage
outputs of 2.35, 3.3, 4.1 and 5 V).

Currently available vibration-based EMPGs are
summarized in table 2. The comparison of the EMPGs is not
straightforward; power density and normalized power density
[2] of the devices are some criteria for the comparison. The
planar coil-type EMPGs, where the number of turns ranges
from 10 to 100, are no match to the EMPGs with more than
1000 turns in their wound coils. The wound coil-type EMPGs
[10, 16, 17] generate relatively high voltages, mostly above
400 mV; however, the resistance of these coils is high which
contributes to more power loss. Moreover, the wound
coil-type EMPGs have lesser prospect in being integrated into
the planar micro fabrication processes. The planar coil-type
EMPGs [5, 11, 13, 14, 18, 27, 28, 30] mostly have less coil
resistance but produce low output voltages (<180 mV) and
will need a special ULV rectifier and multiplier circuit for
practical usage.

The EMPGs [10, 12, 16, 28–30] with a natural frequency
below 100 Hz perform well under base acceleration less than
2 g, and are more suitable for low level vibrations that are
available in household and office environments. However,
these EMPGs are not necessarily suitable for a medium and
high g excitation and are prone to catastrophic failure of
the spring under such conditions. The EMPGs designed for

medium and high g excitations will better survive under low
level of g but the generated power will be insufficient to provide
meaningful amounts of power. The different EMPGs are
designed for different applications such as specific vibration
frequencies and amplitudes, and simply comparing their power
densities might therefore not be justified.

5. Conclusions

The developed prototype vibration-based power generator was
successfully tested. The device, having a volume of 1 cm3,
produced 60.1 mV open circuit voltage, 46.3 mV load voltage
and 10.7 μW power when a 100 � resistor was connected
to the EMPG at 371 Hz, base acceleration 13.5 g and base
amplitude of 24.4 μm. At matching impedance it produced
a maximum power of 23.56 μW corresponding to a power
density of 23.56 μW cm−3. Simulation results using an
electromechanical model of the device are in good agreement
with the experimental results. The power density of the
harvester is comparable to other EMPGs developed using
more involved fabrication processes. The current device is
suitable to harvest energy for condition monitoring sensors
in twin screw compressors and reciprocating engines, for
example, where the vibration frequency band is from 10 to
5000 Hz at 10 to 15 g. However, the spring stiffness can
be readily customized through mask design to achieve other
resonant frequencies for a broader range of applications. By
redesigning the parameters of the devices such as gap and the
number of turns of the coil the device can be optimized in
performance for other applications.
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