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a  b  s  t  r  a  c  t

A  multi-frequency  vibration-based  MEMS  electromagnetic  energy  harvesting  (EH)  device  has  been  pre-
sented, fabricated  and  characterized  in  this  paper.  It consists  of a permanent  magnet  and  a circular
suspension  structure  on a MEMS  EH  chip.  By emulating  the  magnetic  field  of  a cylinder  magnet,  the gap
distance  between  the  magnet  and  EH  chip  is optimized  to be zero  for achieving  larger  magnetic  flux
eywords:
icroelectromechanical systems (MEMS)

lectromagnetic
nergy harvesting device

change  and  higher  output  performance.  From  the  experimental  results,  the  vibration  energy  can  be har-
vested  at  three  excitation  frequencies  of 840,  1070  and  1490  Hz,  which  corresponds  to  the  out-of-plane
(mode  I),  torsion  (mode  II/III) and  in-plane  (mode  IV/V)  vibrations  of the  EH  device,  respectively.  The
maximum  power  densities  at these  three  frequencies  are  0.157,  0.014 and  0.117  �W/cm3,  respectively,
for  a matched  load  resistance  of  626  � and  an input  acceleration  of  1.0 g. The  feasibility  study  results

ion  po
ulti-frequency show  promising  applicat

. Introduction

With the growing demands of self-powered wireless sensor
odes and electronic devices, energy harvesters have been widely
eveloped for converting ambient wasted solar [1,2], thermal [3,4]
nd kinetic [5–8] energy into electrical energy. Researchers have
eported and reviewed various vibration-based energy harvesters
ased on electromagnetic [9–11], electrostatic [12], piezoelectric
13,14] and ferroelectret [15] approaches. In order to get the max-
mum output power, an EH device is typically designed to match
ts mechanical resonance with the frequency of ambient vibration
ource [16]. However, in practical case, the dominant frequencies
f most vibration sources exhibit multiple peaks. Such examples
an be found in [17,18]. A W500 Lenovo laptop exhibits two fre-
uency peaks of 85.2 and 119 Hz, while a HVAC vent exhibits three
iscrete frequency peaks of 21.8, 29 and 127.3 Hz. It is therefore
ore effective for an EH device with multiple matched resonant
requencies.
To harvest energy from vibration sources of different frequen-

ies, there are mainly two categories of EH solutions reported.
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tentials  for harvesting  energy  from  vibrations  of multi-frequency.
© 2013 Elsevier B.V. All rights reserved.

First of all, various broadband energy harvesters have been
demonstrated utilizing generator array [19], mechanical stoppers
[20–22], nonlinear springs [23,24] and magnetic coupling [25–27].
But their operating frequencies are only applicable within a certain
frequency range. For the second group of energy harvesters with
multiple vibration modes, they are more suitable for the vibra-
tion scenarios of discrete frequency peaks. Ching et al. [28] have
demonstrated an electromagnetic energy harvester with three res-
onant modes by using a laser-machined copper spring connected
with a magnetic proof mass. Yang et al. [29] have incorporated a
magnet array attached on an acrylic beam and a copper coil array
to form a multi-frequency electromagnetic energy harvester. Yang
et al. [30] have reported a piezoelectric energy harvester with non-
linear spring to provide vibrations of multi-frequency. Liu et al. [31]
have developed a MEMS  electromagnetic EH device with multiple
resonant modes by using circular suspension structure. The device
is able to scavenge energy from out-of-plane vibration at mode
I as well as in-plane vibration at modes II and III, which would
potentially be used to harvest energy from vibrations with multiple
frequencies and directions. El-Hebeary et al. [32] have investigated
various V-shaped and delta-shaped plates for harvesting energy
from two or more closely spaced modes vibrations using electro-
magnetic approach.

A typical electromagnetic EH device employs fixed coils and
moving magnet for increasing the transduction efficiency. The bulk

magnet is assembled onto a spring structure (such as cantilever
[33] or membrane [34]) to form a spring-mass oscillation system.
The main problem of such MEMS  prototype is that the microfabri-
cated spring structure is very easy to be broken when conducting

dx.doi.org/10.1016/j.sna.2013.09.015
http://www.sciencedirect.com/science/journal/09244247
http://www.elsevier.com/locate/sna
http://crossmark.crossref.org/dialog/?doi=10.1016/j.sna.2013.09.015&domain=pdf
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ig. 1. Schematic drawing of the multi-frequency MEMS  electromagnetic EH device.

he magnet assembly. In addition, the spring-mass structure is
trongly restricted by the size and specification of the magnet. In
his work, we present a multi-frequency MEMS  electromagnetic
H device by using fixed magnet and moving coils. A circular sus-
ension structure incorporated with metal coils has been retained

ncluding a circular mass and three circular rings. A bulk magnet
s fixed above the suspension structure. The gap distance between
he moving coils and fixed magnet can by simply adjusted by the
pacer in between. Comparing with the moving magnet and fixed
oils design, it has the main advantage of easy assembly. More-
ver, this prototype employs a more flexible spring-mass structure
or multi-frequency vibration harvesting. The resonant frequencies
an be adjusted by the width, thickness and diameters of the cir-
ular spring and proof mass. In Section 2, the device design and
ode analysis are presented, and the micro-fabrication process

f the MEMS  EH chip is described. The gap distance between the
agnet and the metal coils on the circular mass has been var-

ed and optimized in Section 3. The vibration modes of the device
ncluding out-of-plane, torsion and in-plane have been investigated
nd the corresponding output performance has been discussed in
ection 4.

. Device design and fabrication

Fig. 1 presents a schematic drawing of the proposed MEMS
lectromagnetic EH device with multiple frequencies. As shown in
ig. 1a, a MEMS  EH chip of 10-mm-long, 8-mm-wide and 0.25-mm-
hick is assembled on a supporting spacer. A cylindrical magnet of
-mm-high and 1.5-mm-radius is attached on an acrylic plate and
laced at the center of the circular suspension structure. Fig. 1b
hows a sectional drawing of the circular suspension structure of
he MEMS  EH chip. The center circular mass has an outer radius r1

f 2.5 mm and inner radius r2 of 2 mm which allows the magnet to
e placed inside the circular mass. The circular mass is suspended
y three circular rings with a width w of 25 �m and each ring is

inked to one another with a space s of 200 �m through a series of
tors A 204 (2013) 37– 43

connection blocks at an interval of 120◦. The thickness of the
circular mass t1 and circular rings t2 are 350 �m and 100 �m,
respectively. The metal coils patterned on the circular mass have
two layers and each layer contains 7 winding cycles of wires of
10-�m-wide, 1-�m-thick and 40-�m-space. As the circular sus-
pension structure of the EH device oscillates in response to the
environmental vibration, the magnetic flux across the moving
metal coils will be varied and thus electricity will be induced
according to Faraday’s law of induction.

A finite element analysis using Abaqus has been conducted to
study the vibration behavior of the EH device as shown in Fig. 2.
In the simulation, the dimension parameters are kept the same as
the design condition. The Young’s modulus of Si material is taken
as 169 GPa. The first five vibration modes of the circular suspension
structure are considered in the mode analysis results. At mode I of
988 Hz, the circular mass shows an out-of-plane oscillation along
z-axis. At mode II of 1333 Hz and mode III of 1355 Hz, torsion vibra-
tions of the circular suspension structure occur along x- and y-
axes, respectively. The in-plane oscillations appear at mode IV of
1494 Hz and mode V of 1513 Hz along x- and y-axes, respectively.
It is because of the symmetric configuration of the circular suspen-
sion structure that the frequencies at torsion modes II and III are
almost similar, while the frequencies at in-plane modes IV and V
are approximately the same.

Fig. 3 shows the fabrication processes of the MEMS  EH chip,
which starts from a silicon on insulator (SOI) wafer of 100-�m-thick
Si device layer, 1-�m-thick buried oxide layer and 250-�m-thick Si
handling layer. In Fig. 3a, a 0.1-�m-thick Si3N4 insulating layer and
1-�m-thick Al metal layer are firstly deposited on the frontside sur-
face by plasma-enhanced chemical vapor deposition (PECVD) and
physical vapor deposition (PVD), respectively. The first winding coil
layer is patterned by reactive ion etching (RIE) through mask 1 and
then a 0.8-�m-thick PECVD Si3N4 insulating layer is deposited and
etched to form the via openings through mask 2. In Fig. 3b, a 1-�m-
thick Al coil layer and 0.8-�m-thick PECVD Si3N4 insulating layer
are similarly deposited and patterned to form the second wind-
ing coil layer and opening pads through masks 3 and 4. In Fig. 3c,
a 2-�m-thick PECVD SiO2 is deposited and etched as a passivat-
ing layer through mask 5. It is followed by a series of frontside
RIE and deep RIE (DRIE) processes to create the circular suspen-
sion structure of the EH chip. In Fig. 3d, a backside DRIE process
is conducted by using the patterned photo resist and 2-�m-thick
SiO2 layer through mask 6. Finally, a CHF3 plasma etching process
is performed to eventually remove the remaining SiO2 layers and
release the suspension structure as shown in Fig. 3e. Fig. 4 shows a
photograph of the micro-fabricated EH chip assembled onto a dual
in-line package (DIP). The enlarged views of parts A and B by micro-
scope are shown in figure. It is observed that during the frontside
DRIE process, the width of the circular ring is over-etched from
25 �m to approximately 20 �m.  Such geometrical variation leads
to the change of the resonant frequencies of the EH device.

3. Magnetic field analysis

According to Faraday’s law of induction, the induced voltage of
metal coils is proportional to the negative of the rate of change of
the magnetic flux across the closed-loop coils:

ε = −d˚

dt
= − d

dt

n∑
i=1

(�Bi · �Si) (1)

where  ̊ is the magnetic flux; t is the time; n is the total circles

of the winding coils; i is the circle order; Bi is the magnetic field
in the i-th circle and Si is the area included in the i-th circle. As
the multi-frequency electromagnetic EH device resonates at out-
of-plane, torsion or in-plane modes, the change of the magnetic
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Fig. 2. Finite element analysis results: (a) mode I at 988 Hz; (b) mode II at 13

ux across the coils will induce electric voltage. In order to experi-
nce the maximum magnetic flux change of the winding coils and
ventually achieve the maximum induced voltage, it is essential to
nalyze the magnetic field of the cylinder magnet and optimize the
osition between the magnet and coils. The distribution of the mag-
etic field of a permanent cylinder magnet can be calculated using
agnetic scalar potential [35], which is given by a triple integral in

ylindrical coordinate as:

(�, z) = �0

4�
M

∫ ∫ ∫
(z − Z)RdRdϕdZ

[�2 − 2R� cos ϕ + R2 + (z − Z)2]
3/2

= �0

4�
M

×
(∫ ∫

RdRdϕ√
�2 − 2R� cos ϕ + R2 + (L/2 − z)2

−
∫ ∫

RdRdϕ√
�2 − 2R� cos ϕ + R2 + (L/2 + z)2

)
(2)

here it can be interpreted as originating from two  parallel
ppositely charged monopolar disks of radius r separated by a per-
endicular distance L; M is the saturation magnetization and �0 is
he permeability of vacuum (�0M = 1.61 T); R, ϕ and Z are the three

ariables in the cylindrical coordinate; (�, z) represents an arbitrary
oint in a 2-dimentional (2-D) section plane through the center axis
f the cylindrical magnet. By doing the numerical computations, the
agnetic field components of B� = −∂˚/∂� and BZ = −∂˚/∂z are
; (c) mode III at 1355 Hz; (d) mode IV at 1494 Hz and (e) mode V at 1513 Hz.

given in double integrals as:

B� = − �0

4�
M

∫ 2�

0

∫ r

0

(
R(2� − 2R cos ϕ)

2(R2 + (L/2 + z)2 + �2 − 2R� cos ϕ)
3/2

− R(2� − 2R cos ϕ)

2(R2 + (L/2 − z)2 + �2 − 2R� cos ϕ)
3/2

)
dRdϕ (3)

Bz = − �0

4�
M

∫ 2�

0

∫ r

0

(
R(L/2 + z)

(R2 + (L/2 + z)2 + �2 − 2R� cos ϕ)
3/2

− R(L/2 − z)

(R2 + (L/2 − z)2 + �2 − 2R� cos ϕ)
3/2

)
dRdϕ (4)

From Eqs. (3) and (4), the magnetic field components B� and Bz

can be obtained for any specific position (�, z) in a 2-D section plane
through the center axis of a cylindrical magnet. As shown in Fig. 5a,
the magnetic field vector B around a cylinder magnet of 2-mm-
height and 1.5-mm-radius is represented in blue arrows in view of
the magnitude and direction. � and z are the horizontal and vertical
displacements to the center O of the magnet. The circular mass is
positioned below the magnet center with a variable vertical dis-
placement from 0 to −1.5 (-1.5 < z < 0) mm,  while the metal coils

on the circular mass is in between the horizontal displacements of
2 to 2.5 (2 < � < 2.5) mm and −2.5 to −2 (−2.5 < � < −2)  mm.
Fig. 5b shows the magnetic field component Bz (in blue) and the
change of the magnetic field 	Bz (in red) versus different vertical
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Fig. 3. Micro-fabrication processes of the EH chip.

Fig. 4. (a) Photograph of the micro-fabricated EH chip assembled onto a DIP; 
tors A 204 (2013) 37– 43

displacements for a fixed horizontal displacement � = 2 mm (line
A–A′). It is seen from the figure that the maximum change of the
magnetic field 	Bz occurs at the vertical displacements of z = −1
and z = 1 mm.  As the circular mass is positioned at z = −1 mm,  which
means the gap distance between the circular mass and the magnet
is zero, the winding coils would experience a maximum change of
magnetic flux and subsequently induce a maximum voltage output.
Such trend has been verified to be similar for any circle of winding
coils in between horizontal displacements of 2 to 2.5 mm and −2.5
to −2 mm.

In the case that the winding coils experience a peak-to-peak
vibration displacement of about 0.12 mm,  the maximum and min-
imum vertical displacements are z max  of −0.94 mm and z min of
−1.06 mm,  respectively, with respect to the initial position z initial
of −1 mm.  According to Eq. (4), the magnetic field component
Bz against different horizontal displacement can be calculated at
z max  = −0.94 and z min  = −1.06 mm as shown in Fig. 6. The
change of the magnetic field Bz delta for the peak-to-peak vibra-
tion displacement of the moving coils experienced is plotted in
the same figure by subtracting the magnetic field component Bz
at z max  from that at z min. It is found that for the winding coils
located from −2.5 to −2 mm (indicated in shadow C) and from 2 to
2.5 mm (indicated in shadow C′) experience a maximum change of
magnetic field Bz delta from 0.118 to 0.164 T.

4. Dynamic characterization

In the experiment, the multi-frequency EH device is mounted
on a vibration shaker. A dynamic signal analyzer is used to gener-
ate a sweep-sine signal in a frequency range or a single sinusoidal
signal at a specific frequency to the shaker through an amplifier.

The output voltage of the EH device is collected to the dynamic
signal analyzer. At an input acceleration of 1.0 g, Fig. 7 shows the
various output voltages of the device at mode I of 840 Hz, as the ver-
tical displacement of top surface of the circular mass changes from

(b) enlarged views of parts A and B of the EH chip taken by microscope.



H. Liu et al. / Sensors and Actuators A 204 (2013) 37– 43 41

Fig. 5. (a) Magnetic field distribution around a cylinder magnet of 2-mm-height and 1.5-mm-radius; (b) magnetic field component Bz and magnetic field change 	Bz against
the  vertical displacement for a fixed horizontal displacement of 2 mm.

Fig. 6. Magnetic field component Bz and the change of the magnetic field Bz delta
for the peak-to-peak vibration displacement of the moving coils experienced.

Fig. 7. Output voltage of the EH device against the vertical displacement of the
circular mass from −0.5 to −1.5 mm at vibration mode I.
Fig. 8. Output voltage of the EH device against the excitation frequency sweeping
from 600 to 1800 Hz at 1.0 g.

−0.5 mm (point A), −1 mm (point B) to −1.5 mm (point C) at a shift
step of 0.1 mm.  It is clearly seen that the maximum voltage output
of 0.0037 V is introduced through the winding coils as the top sur-
face of the circular mass is at point B (i.e. zero gap distance), which
agrees well with the theoretical result in Fig. 5b. When the vertical
displacement of the top surface of the circular mass changes step by
step from −1 to −0.5 mm,  the output voltage decreases gradually
to 0.0027 V at point A. Similarly, the output voltage shows a slightly
decreasing trend until 0.0033 V at point C as the vertical displace-
ment of the top surface of the circular mass varies gradually from
−1 to −1.5 mm.  Therefore, the position of the circular mass with
winding coils patterned on the top surface is fixed at point B (i.e.
vertical displacement of −1 mm)  in the later dynamic test for the
sake of optimal output performance.

At the same input acceleration of 1.0 g, the output voltage of the
EH device against the excitation frequency sweeping from 600 to
1800 Hz is shown in Fig. 8. Three voltage peaks of 0.0037, 0.0011
and 0.0032 V are found at resonant frequencies of 840, 1070 and
1490 Hz, respectively. Based on the mode analysis results shown

in Fig. 2, these three frequencies actually correspond to the out-
of-plane (mode I), torsion (mode II/III) and in-plane (mode IV/V)
resonant modes, respectively. For the torsion modes II and III, it
is seen only one frequency peak at 1070 Hz. It could be because
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ig. 9. Output power density versus various load resistances for the three vibration
requencies of 840 (mode I), 1070 (mode II/III) and 1490 (mode IV/V) Hz.

he frequency difference between modes II and III is only 22 Hz in
he simulation. It is hard to distinguish these two  related torsion
requencies in the voltage response trace. Similarly, it is too close
o make a distinction between the two in-plane modes IV and V,
ince the frequency difference is only 19 Hz. Hence, there is only
ne frequency peak at 1490 Hz for in-plane modes IV and V. For
he resonance differences between simulation and experimental
esults, it is mainly due to the geometrical variation of the circu-
ar rings during the frontside DRIE process. The internal resistance
f the winding coils of two layers is 626 �.  As the load resistance
s equal to the internal coil resistance, the optimal power output
f 5.5, 0.5 and 4.1 nW at the respective resonant frequencies of
40, 1070 and 1490 Hz can be achieved. Fig. 9 shows the output
ower density versus various load resistances for the three vibra-
ion modes, where the power density is obtained from the output
ower divided by the device volume of 0.035 cm3 (chip volume of
.02 cm3 and magnet volume of 0.015 cm3). It is found the max-

mum power densities of modes I, II/III and IV/V are 0.157, 0.014
nd 0.117 �W/cm3, respectively, under a matched load resistance
f 626 �.

. Conclusion

In this paper, we have proposed and fabricated a vibration-based
EMS  electromagnetic EH device with multiple frequencies. For

ttaining a good output performance, the magnetic field surround-
ng the cylinder magnet is analyzed, and the position between the

agnet and the EH chip is optimized to be zero gap distance. From
xperimental results, the vibration energy under the three exci-
ation frequencies of 840 (mode I), 1070 (mode II/III) and 1490
mode IV/V) Hz have been investigated. At an input acceleration
f 1.0 g, the corresponding optimal power densities at these three
requencies are 0.157, 0.014 and 0.117 �W/cm3, respectively, for a

atched load resistance of 626 �.  With further increment of the cir-
ular mass area, winding coils and softening of the circular spring,
he proposed EH device could harvest more energy from vibration
ources of multiple frequencies.
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