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Design and fabrication of a micro electromagnetic vibration energy harvester�
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Abstract: This paper presents a new micro electromagnetic energy harvester that can convert transverse vibration
energy to electrical power. It mainly consists of folded beams, a permanent magnet and copper planar coils. The
calculated value of the natural frequency is 274 Hz and electromagnetic simulation shows that the magnetic flux
density will decrease sharply with increasing space between the magnet and coils. A prototype has been fabricated
using MEMS micromachining technology. The testing results show that at the resonant frequency of 242 Hz, the
prototype can generate 0.55�Wofmaximal output power with peak–peak voltage of 28mV for 0.5g (g D 9.8m/s2/

external acceleration.
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1. Introduction

Wireless sensor systems are receiving increasing interest
since they offer flexibility, ease of implementation and the abil-
ity to retrofit systems without the cost and inconvenience of ca-
blingŒ1�. At present, the majority of wireless sensor nodes are
simply battery-powered. But sometimes replacing batteries is
not compatible with embedded applications, nor is it feasible
for networks with large numbers of nodes. The advances made
in lowpower wireless systems present an opportunity for alter-
native types of power sourceŒ2�.

Energy harvesting approaches that transform light, heat
and kinetic energy that is available in the sensor’s environment
into electrical energy offer the potential of renewable power
sources that can be used to directly replace or augment the bat-
tery. Such renewable sources could increase the lifetime and
capability of the network and mitigate the environmental im-
pact caused by the disposal of batteriesŒ1�3�.

The vibration energy harvester is a kinetic energy genera-
tor that converts mechanical energy in the form of vibrations
present in the application environment into electrical energy.
Kinetic energy is typically converted into electrical energy us-
ing electromagnetic, piezoelectric or electrostatic transduction
mechanismsŒ4�.

The electrostatic energy harvester has the lowest energy
and usually needs an electret layer. Université Paris-Est has
made an electret-free silicon electrostatic vibration energy har-
vesterŒ5�, which can generate a maximum power output of
61 nW on a 60 M� resistive load, under a vibration level of
0.25 g at 250 Hz. The piezoelectric energy harvester needs very
thin material and usually is not compatible with CMOSŒ6�. The
electromagnetic energy harvester needs a permanent magnet
and has a large volume，but it also has the highest energy and it
can be used in many wireless sensor systemsŒ7�. A silicon elec-
tromagnetic microgenerator with a volume of about 10 mm3

was fabricated by Southampton UniversityŒ8�. It can generate a
maximum power output of 104 nW for 0.4 g input acceleration
at 1.615 kHz. A prototype made by Shanghai Jiaotong Univer-
sity can generate induced voltage (peak–peak) of 18 mV and
output power of 0.61 �W for 14.9 m/s2 external acceleration
at its resonant frequency of 55 HzŒ9�.

The new electromagnetic energy harvester can convert
transverse vibration energy to electrical power. The transverse
stiffness and the damping coefficient of the folded beams are
very small, so the energy harvester can convert low frequency
and low level transverse vibration energy to electrical power.
A prototype has been fabricated usingMEMSmicromachining
technology. It can generate peak–peak voltage of 28 mV and
output power of 0.55 �W for 0.5 g external acceleration at its
resonant frequency of 242 Hz.

2. Design of the energy harvester

2.1. Design of the structure

The structure of the electromagnetic energy harvester is
shown in Fig. 1. The permanent magnet is placed on the spear
plate andwe can adjust the space between themagnet and coils.

The operation principle of the electromagnetic vibration
energy harvester is Faraday’s law of electromagnetic induction,
which is expressed as Œ9�

U D �n
@˚

@t
D �n

@ .B � S /

@t
; (1)

where n is the number of turns of the closed circuit, B is the
magnetic flux in every turn, and S is the area vector of the
closed circuit. The change rate of the magnetic flux through the
coils should be as large as possible. The vibration frequency
of the system is known and unchanged for a given vibration
energy harvester. Therefore, only magnetic field density can be
increased in order to increase the change rate of the magnetic
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Fig. 1. Schematic structure of the electromagnetic energy harvester.

Fig. 2. First modal shape of the vibration.

flux. So a kind of magnet with high magnetic energy product
should be selected. We choose NdFeB N35 permanent magnet
material.

2.2. Design of the spring

Because the energy harvest works at its resonant fre-
quency, at this time the maximum of the average power trans-
ferred to the system isŒ10�

NP .t/ D
mY 2!3

n
4�

D
Y 2!3

n m3=2k1=2

2c
: (2)

If the frequency and the amplitude of the input vibration
are given, themass should be as large as possible and the damp-
ing coefficient should be made as small as possible.

We choose the folded beams, as in Fig. 2.
The mass block is 4000 � 4000 � 420 �m3. The mass of

the block is M D �V D 15:7mg.
The linewidth and thickness of the spring is h and d .
The space of the spring is 160 �m.
For a folded beam, the transverse stiffness, KX, is

KX D 192EIZX; IZ D
dh3

12
; (3)

where E is the Youngs modulus of the materialŒ11�, the crys-
tallographic direction <100>, E D 1.3 � 1011 Pa.

X is a modulus for the folded beam,

X D
64a C 12b

2b2 Œ12a2 � 58 C 30b2 C 4ab � 82�
;

a D 0:11 � 10�3 m; b D 4:97 � 10�3 m: (4)

Fig. 3. NdFeB N35 permanent magnet material.

We choose h D 35 �m, d D 180 �m, the two folded
beams,

K�
X D 2KX D 46:65

kg
s2

; fX D
1

2�

r
K�

X
M

� 274Hz: (5)

By mechanical simulation, the first modal shape of the vi-
bration is shown in Fig. 2 and the value of the natural frequency
is 277 Hz, similar to the calculated value. The vibration of the
mass of the block is transverse vibration, as in our design.

2.3. Electromagnetic simulation

We choose NdFeB N35 permanent magnet material, and
Br D 1.2 T , R D 2 mm, T D 2 mm. The simulation result of
the flux densities on the transverse surface using the software
of Maxwell 3D is shown in Fig. 3(a).

For a given cylinder magnet, the magnetic flux density B

is given by equationŒ10�,

B D
Br

2

264 d C Th
R2 C .d C T /2

i1=2
�

d

.R2 C d 2/
1=2

375 ; (6)

where d is the distance from the coil to the magnet, Br is the
residual magnetic flux density, and R and T are the radius and
thickness of the magnet, respectively.

Figure 3(b) shows the relationship between the magnetic
flux density and the space of magnet and coils based on the
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Fig. 4. Fabrication process of the prototype.

Fig. 5. The fabricated energy harvester. (a) SEM picture of the struc-
ture. (b) SEM picture of the copper coils. (c) SEM picture of folding
beam and conducting wire. (d) Photo of the prototype, magnet and
package of the energy harvester.

equation. It is clear that the flux density will decrease sharply
with increasing space between the magnet and coils.

A smaller space between the magnet and coils is attributed
to a higher output performance.

3. Fabrication process

The prototype that has the same structure as the modified
model shown in Fig. 1 has been fabricated by MEMS tech-
nology. The fabrication process of the prototype is shown in
Fig. 4.

(1) First, an oxide layer is formed on the silicon substrate,
lithography on the backside, using KOH etching the place for

Fig. 6. Schematic of the testing setup.

vibration, get rid of SiO2. (2) An oxide layer is formed again,
lithography on the backside, using KOH etching the thick-
ness of the spring, the rest SiO2 is used for isolation. (3) Sili-
con–silicon bonding. (4) Form the copper conducting wire by
sputtering TiW/Cu. (5) An oxide layer is formed on the sili-
con substrate by PECVD, used for isolation. Lithography, etch
and form the contact openings of the two pads and the two
copper conducting wires. (6) Sputter TiW/Cu and pattern the
first metal, lithography of the thick film. (7) Copper coils are
formed by electroplating. Remove the superfluous TiW/Cu by
ionbeam. (8) The silicon is etched by DRIE and the devices are
released.

Figures 5(a)–5(c) show the SEM pictures of the structure,
the copper coils and the folded beam, respectively. The width
and the gap of the coils are 60 �m and 20 �m, the height is
16�mand the number of turns is 26. Figure 5(d) shows a photo
of the package of the energy harvester. First, the permanent
magnet is fixed on the spear plate. Second, the prototype is
placed on the purpose made ceramic tube (12 � 11 � 5 mm3/,
then fabricates the electrode leaders. Finally, the spear plate is
fixed in the ceramic tube. The space of the magnet and coils is
0.8 mm.

4. Experimental results and discussion

In addition to the induced voltage in the coils, the output
power is another important evaluation parameter for the vibra-
tion energy harvester. The power generated on the outer circuit
is

P D

�
U

RH C RL

�2

RL; (7)

where RH and RL are the inner resistance of the harvester and
that of the outer circuit, respectively.WhenRL D RH, the max-
imum output power can be determined from PM D U 2=4RH.
So the maximum output power is inversely proportional to the
inner resistance of the harvester. The calculated value of the
RH is

RH D Rwire C Rcoils D
�l1

S1

C
�l2

S2

D 37 �: (8)

The testing value of the fabricated prototype is 89 �. This
is because the contact resistance between the coils and the cop-
per conducting wire, the electrodes and the fabricated electrode
leaders is very large.

The output performance of the prototype is measured us-
ing the experimental setup shown in Fig. 6. A B&K vibrator
is used to supply mechanical vibration for the prototype. A
B&K power amplifier incorporated with a waveform generator
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Fig. 7. Resonant frequency of the energy harvester.

Fig. 8. At the resonant frequency of 242 Hz, the peak–peak voltage
for 0.5g external acceleration.

is used to drive the vibrator and regulate its vibration strength.
The prototype is glued on the top of the vibration generator.

Figure 7 shows that the resonant frequency of the energy
harvester is 242 Hz.

Figure 8 shows that voltage (peak–peak) is 28 mV for 0.5g

external acceleration at its resonant frequency of 242Hz. So the
maximum output power is 0.55 �W.

5. Conclusion

The subject of this paper is a new micro electromagnetic

energy harvester. It mainly consists of folded beams, a perma-
nent magnet and copper planar coils. The transverse stiffness
of the spring is very small, so the energy harvester can convert
low frequency transverse vibration energy to electrical power.
A prototype has been fabricated usingMEMSmicromachining
technology. It can generate peak–peak voltage of 28 mV and
output power of 0.55 �W for 0.5g external acceleration at its
resonant frequency of 242 Hz.
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