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Abstract
A novel electromagnetic energy harvester (EH) with multiple vibration modes has been
developed and characterized using three-dimensional (3D) excitation at different frequencies.
The device consists of a movable circular-mass patterned with three sets of double-layer
aluminum (Al) coils, a circular-ring system incorporating a magnet and a supporting beam.
The 3D dynamic behavior and performance analysis of the device shows that the first vibration
mode of 1285 Hz is an out-of-plane motion, while the second and third modes of 1470 and
1550 Hz, respectively, are in-plane at angles of 60◦ (240◦) and 150◦ (330◦) to the horizontal
(x-) axis. For an excitation acceleration of 1 g, the maximum power density achieved are
0.444, 0.242 and 0.125 μW cm−3 at vibration modes of I, II and III, respectively. The
experimental results are in good agreement with the simulation and indicate a good potential in
the development of a 3D EH device.

(Some figures may appear in colour only in the online journal)

1. Introduction

In recent years, research on MEMS-based energy harvesters
(EHs) from environmental vibrations has been developing
rapidly. Possible applications of such EHs are in powering of
wireless sensor nodes and biomedical devices [1–4]. A typical
MEMS EH normally converts kinetic energy into electrical
energy using piezoelectric, electromagnetic and electrostatic
transduction mechanisms [5–12]. In a resonant-based EH,
the vibration energy can only be scavenged within a narrow
bandwidth where the mechanical resonant frequency of the EH
matches with the frequency of an ambient vibration source
[13]. More specifically, a cantilever type EH generates the
highest output amplitude at the first out-of-plane mechanical
resonance along its normal axis, i.e. z-axis [14–17], while
an in-plane energy harvesting structure deploys springs with

3 Author to whom any correspondence should be addressed.

extremely low spring stiffness along the x or/and y-axis to
enlarge the in-plane vibration displacement [18–20]. In either
case, this type of EH has a disadvantage of employing only a
single resonant frequency and is designed to scavenge energy
mainly along one particular direction. It is not effective to
scavenge energy from a vibration source with multiple
frequencies or directions. However, in practice a vibration
source may exhibit several frequency peaks in one dominant
direction or even in three-dimensional (3D) directions [21].
Hence, it would be useful to develop EHs which are able to
harvest energy in these vibration scenarios.

To harvest energy from vibration sources with different
frequencies, numerous prototypes and devices based on
frequency tunable and wideband approaches have been
developed [22, 23]. Sari et al [24] and Shahruz et al [25]
have integrated a series of energy harvesting cantilevers
with different resonant frequencies for realizing a wideband
operation range. Other wideband EHs have been developed by
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using magnets [26, 27], mechanical stoppers [28–30], bi-stable
beams [31] and nonlinear springs [32, 33]. In general, most
of these wideband EHs work in a continuous frequency range.
They are not able to scavenge energy from a vibration source
with discrete frequency peaks over a much wider range. For
example, a compressor base exhibits three frequency peaks
of 29.5, 59 and 354 Hz [34]. An HVAC vent exhibits three
discrete frequency peaks of 21.8, 29 and 127.3 Hz according
to Reilly’s survey [35]. A multiple-frequency EH operating
at several discrete resonant frequencies is more applicable to
such scenario.

At present, most of the reported multi-frequency EH
can only achieve three different resonant peaks. Ching et al
[36] developed an electromagnetic EH using a magnetic mass
attached to a circular spiral copper spring and three different
resonant modes in the vertical and horizontal directions were
achieved. A multi-frequency EH with three magnets, three sets
of copper coils and a supporting acrylic beam was reported
by Yang et al [37]. In this prototype, the energy can be
harvested at the first three resonant modes of 369, 938 and
1184 Hz. Recently, a piezoelectric generator with a nonlinear
spring oscillator for providing multiple resonant modes was
also proposed [38]. There is one reported piezoelectric EH
which exhibits about seven resonant peaks [39]. However,
this prototype integrates nine off-the-shelf beam structures
together, which is very large in size and actually not a micro-
device. To date, there are few reported MEMS-based multi-
frequency EHs until this study.

On the other hand, the reported multi-frequency EH
devices are designed to harvest energy only from a single
vibration-driven direction. Nevertheless, a vibration source
may exhibit several frequency peaks along different directions.
For example, a Statasys 3D printer exhibits three frequency
peaks of 28 (1-axis), 28.3 (2-axis) and 44.1 Hz (3-axis)
along different axes. A W500 Lenovo laptop exhibit two
frequency peaks of 85.2 and 119 Hz along both 1- and 3-axes
[34]. To harvest energy from vibration sources of different
directions, several EHs based on electrostatic mechanism
have been developed. A capacitive EH with in-plane rotary
combs capable of collecting kinetic energy from planar
ambient vibrations was proposed [40]. Bartsch et al [41]
reported a two-dimensional (2D) electrets-based EH which
was able to extract vibration energy from an arbitrary in-plane
motion. However, the level of power generated was rather
low at 100 pW. A 2D MEMS ultrasonic EH device was also
introduced by Zhu et al [42] in which a power of 21.4 nW
was generated. We have developed a 3D vibration-driven
electromagnetic MEMS EH with multiple resonant modes.
The fabricated 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 provides a possible solution for
harvesting energy from vibrations with multiple frequencies
and directions.

2. Device configuration

Figure 1(a) shows a schematic drawing of the proposed 3D
vibration-driven electromagnetic EH device. It consists of a

(a)

(b)

Figure 1. (a) Schematically drawing of the proposed 3D
vibration-driven electromagnetic EH device. (b) A schematic
perspective view of the MEMS EH chip.

MEMS EH chip assembled onto a dual in-line package (DIP)
base separating by a spacer. A permanent magnet of diameter
3 mm and height 2 mm is attached on a supporting beam and
is place on top of the MEMS EH chip with a gap of 1 mm.
A schematic perspective view of the spring-mass suspension
structure of the EH chip is shown in figure 1(b). It consists
of a movable circular-mass with a diameter of 4.5 mm and
a thickness of 450 μm, and is suspended by a circular-ring
system. The circular-ring system consists of three concentric
rings with a width of 30 μm and a height of 150 μm which
are connected to each other at a spacing of 200 μm by a series
of junction blocks placed at an interval of 60◦. The concentric
rings are designed to have similar in-plane spring stiffness,
so as to resonate in two orthogonal in-plane directions with
similar resonant frequencies. Three diamond-shaped Al coils
(coils 1, 2 and 3) are mounted symmetrically about the axes
through a 120◦ sector. Each coil consists of two layers and each
layer contains 17 loops of 1 × 10 μm wires with a 25 μm
spacing between each loop. The coils are connected to their
individual bonding pads. When the circular-mass vibrates in-
plane or out-of-plane, the relative movement between the coils
and the magnet field will induce an electrical current according
to Faraday’s law of induction.
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3. Modeling and simulation

3.1. Mechanical model

A finite element analysis employing Abaqus has been
conducted to study the vibration behavior of the EH. In the
simulation, the material properties of the crystal-orientation-
dependent silicon wafer have elastic stiffness coefficients of
C11 = 165.6 GPa, C12 = 63.9 GPa, C44 = 79.5 GPa at room
temperature [43]. Figure 2 shows the mode shapes of the first
three vibration modes (modes I, II and III) corresponding to
resonant frequencies of 1216, 1497 and 1522 Hz, respectively.
At mode I, the circular-mass oscillates out-of-plane, while at
modes II and III, in-plane oscillations occur along the y- and
x-axes, respectively. A frequency difference of 25 Hz is seen
between the in-plane resonant frequencies of modes II and III,
which is due to the anisotropy of the material property.

3.2. Dynamic model

A vibration-based EH can essentially be considered as a
second-order spring-mass-damping system. The differential
equation of motion is determined by Newton’s second law as

mz̈(t) + bż(t) + kz(t) = −mÿ(t). (1)

In this equation, m, k and b are the mass, spring stiffness
and damping of the system, respectively; z(t) is the relative
displacement of the mass with respect to the supporting base;
y(t) = Ysin(ωt) is a harmonic excitation applied to the system.

The relative mass displacement z(t) can be derived from
the steady-state solution of equation (1) and is expressed as

z(t) = Y (ω/ωn)
2√

(1 − (ω/ωn)2)2 + (2ς(ω/ωn))2
sin(ωt − ϕ), (2)

where ω is the base excitation frequency; ωn is the resonant
frequency of the structure ωn = 2π fr = √

k/m;ς is the overall
damping ratio; Y and ϕ are the base excitation amplitude
and phase angle, respectively. From equation (2), the relative
velocity of motion is given by

ż(t) = Yω(ω/ωn)
2√

(1 − (ω/ωn)2)2 + (2ς(ω/ωn))2
cos(ωt − ϕ). (3)

When the excitation frequency and direction matches with the
resonant frequency and direction at one of the vibration modes
(ω = ωn), the relative displacement and velocity of motion are
given by

z(t) = Y

2ς
sin(ωnt − ϕ) (4)

ż(t) = Yωn

2ς
cos(ωnt − ϕ). (5)

3.3. Electro-magnetic model

An electrical model of the proposed 3D electromagnetic EH
is constructed to determine the induced voltage and power.
Figure 3 shows a schematic illustration of the top view of a
circular mass with three coils (coils 1, 2 and 3) placed in a
magnetic field which is assumed to be uniform with strength

(a)

(b)

(c )

Figure 2. Finite element analysis (a) mode I at 1216 Hz; (b) mode II
at 1497 Hz; (c) mode III at 1522 Hz.

�B in area A (shaded area). Each coil consists of two layers and
each layer contains 17 loops (shown as 2 loops for simplicity).
Since the magnetic field covers a smaller area than that of
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Figure 3. Schematic drawing of the top view of a vibrating mass
with coils (coils 1, 2 and 3) placed in a magnetic field.

the circular mass, some loops would fall outside the magnetic
field. From Faraday’s law of induction, the electromotive force
(emf) ε of a coil is proportional to the negative of the rate of
change of the magnetic flux:

ε = −d�

dt
= − d

dt

n∑
i=1

(
�B · �Ai

)
, (6)

where � is the magnetic flux density; t is the time; i is the
order number of each loop; n is the total number of loops of
a coil; Ai is the magnetic field area included in the ith loop.
Equation (6) can further be expanded to give

ε = −
n∑

i=1

d�B

dt
· �Ai −

n∑
i=1

�B · d�Ai

dt
. (7)

Equation (7) is a general expression of the induced voltage,
which includes both the change of the magnetic field strength
and the area in each loop. In the out-of-plane motion (mode
I), the magnetic field area Ai included in each loop is assumed
constant, thus the second term is ignored and a simplified
induced voltage εout by out-of-plane motion is given as

εout = −dB

dt

n∑
i=1

Ai. (8)

For the first vibration mode, as shown in equation (8), the
induced voltage is related to the rate of change of the magnetic
field strength as well as the total effective magnetic field area
of a coil. For a cylindrical magnet, the magnetic field strength
B(t) is given by [44]

B(t) = Br

2

[
(d(t) + h)

[r2 + (d(t) + h)2]1/2
− d(t)

[r2 + d(t)2]1/2

]
, (9)

where Br is the residual magnetic field strength; r and h are the
radius and length of the magnet, respectively; d(t) is the gap
distance from the coil to the magnet. The variation of the gap
distance d(t) is related to the difference between the initial

(a)

(b)

Figure 4. (a) Output voltage of each coil with respect to the in-plane
mass motion; (b) schematic illustration of the relationship between
the input velocity and the resultant driving velocity at resonant
mode.

gap d0 and the vertical mass motion z1(t). Hence, the rate of
change of the magnetic field strength Ḃ(t) can be obtained.
The total magnetic area Ai of each coil can be calculated
numerically and subsequently the out-of-plane motion induced
voltage εout.

For the in-plane motion (modes II and III), the magnetic
field strength of each coil is assumed uniform. Thus, the first
term of equation (7) is ignored and the induced voltage εin by
in-plane motion is given as

εin = −B
n∑

i=1

dAi

dt
= −

n∑
i=1

Bvli sin θi, (10)

where li is the effective length of each loop included in the
electromagnetic field; θ i is the angle between the in-plane
velocity v and the induced current direction along each wire. In
our design, a coil loop consists of four wires. Hence, in a given
loop, angle θ i in each wire could vary. The effective coil length
and angle θ i are determined numerically and subsequently the
induced voltage εin (by in-plane motion) is obtained using
equation (10).

3.4. Simulation of induced voltage due to in-plane motion

To study the induced voltage of each coil due to an in-plane
motion, the circular-mass is assumed to move in an arbitrary
direction at a constant velocity of 0.3 m s−1. For a gap distance
of 0.5 mm between the magnet and the circular-mass, the
electromagnetic field strength is 0.2 T. Figure 4(a) shows
the induced voltages of coils 1, 2 and 3 in a polar coordinate
system, where the polar radius represents the rms voltage value
of each coil and the angular values represent the directions
of the mass motion with respect to the x-axis. As seen, the
maximum voltages of coils 1, 2 and 3 occur at angles of
90◦ (270◦), 30◦ (210◦) and 150◦ (330◦), respectively, while
the minimum voltages occur at angles perpendicular to these
angles. For a mass motion at an angle of 60◦, coils 1 and 2

4
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(a) (e )

(f )

(g )

(h)

(b)

(c )

(d )

Figure 5. Microfabrication process of the electromagnetic EH chip.

show similar output voltages as indicated by points A and A’.
At this angle there is little or no voltage output in coil 3 as
indicated by point O. However, when the mass motion is at
an angle of 150◦, the output voltage of coil 3 is maximum
(as indicated by points B and B’), which is more than twice
that of coils 1 and 2 (as indicated by points C and C’). The
similar voltage output of coils 1 and 2 at angles of 60◦ and
150◦ are due to their symmetrical layout along the 150◦ axis
as indicated in figure 3. The coils experience a similar change
of magnetic flux when the mass moves along these two axes.
However, for coil 3, it would experience a maximum change
of magnetic flux when the mass moves along the 150◦ axis and
a minimum when it moves along the 60◦ axis.

The above discussion is based on the assumption of a
constant mass motion velocity. As shown in figure 4(b), in
a case that an external excitation is applied to the EH with
a driving velocity amplitude vo and an angle α, while the
resonant mode of the EH is at an angle β. The effective
driving velocity amplitude ve is actually the projection of
the external driving velocity along the resonant direction,
which is expressed as ve = v0 cos(γ ), where γ = β −α is the
angle between the external excitation and resonant direction.
From equation (5), the resultant mass motion velocity in the
resonant direction can be written as v(t) = ve

2ς
cos(ωnt −ϕ). It

means for an external excitation at resonant frequency with an

arbitrary angle, the resultant mass motion is along the resonant
direction with a modified velocity as

v(t) = vo cos(γ )

2ς
cos(ωnt − ϕ). (11)

Therefore, the resultant mass motion is influenced not only
by the external excitation, but also the resonant mode
of the EH. The maximum and minimum mass motion
velocities are obtained when the external excitation direction
is perpendicular and parallel to the resonant direction,
respectively. In the case that the excitation velocity vo is
perpendicular to one of the resonant axes, the effective driving
velocity ve would be zero. The resultant mass motion becomes
zero as well. If the external excitation is along the resonant
direction, the resultant mass motion will reach the maximum
in the resonant direction. From the mass motion velocity, the
output voltage can be calculated according to equation (10).

4. Fabrication process

The fabrication process flow is illustrated in figure 5. A SOI
wafer consisting of a 150 μm thick Si device layer, a 1 μm
thick buried oxide (BOX) layer and a 725 μm thick Si handling
layer is used. A 0.1 μm thick Si3N4 insulation layer is first
deposited on the frontside surface of the SOI wafer using a
plasma-enhanced chemical vapor deposition (PECVD) system
(figure 5(a)). A 1 μm thick Al layer is then deposited by

5



J. Micromech. Microeng. 22 (2012) 125020 H Liu et al

physical vapor deposition (PVD) followed by reactive ion
etching (RIE) for patterning the first coil layer and bonding
pads using mask 1 (figure 5(b)). Subsequently, a 0.8 μm
thick Si3N4 insulation layer is deposited by PECVD and pad
openings are formed by RIE process using mask 2 (figure 5(c)).
Using masks 3 and 4, 1 μm thick Al and 0.8 μm thick
Si3N4 are again deposited, patterned and etched to form the
second coil layer and contact pads (figure 5(d)). A 2 μm thick
SiO2 layer is then deposited on the top surface as a passivating
and hard mask layer followed by patterning and RIE of the
SiO2, Si3N4 layers using CHF3 (for SiO2) and CF4 (for Si3N4).
A Si device layer with a depth of 150 μm is then deep reactive
ion etched (DRIE) to form the frontside features, such as the
circular-mass and rings of the device (figure 5(e)).

After all the frontside processes are completed, the SOI
wafer is flipped over and covered by a UV tip for protecting
the frontside pattern. The handling layer thickness is reduced
from 725 μm to be around 300 μm by backside grinding
and polishing. Thus, the thickness of the SOI wafer is
approximately 450 μm. Later on, the protection of the frontside
UV tip can be removed by the exposure of UV light. A 2 μm
thick SiO2 is then deposited on the backside of the wafer as
a hard mask layer. A thick photoresist layer is subsequently
patterned on the SiO2 layer using mask 6 (figure 5( f )) followed
by a backside DRIE to a depth of approximately 250 μm
(figure 5(g)). To avoid breakage during the later etching and
release processes, the wafer is diced into chips. The diced
device chips are evenly attached on a dummy wafer coated with
1 μm thick SiO2 layer. To ensure that the entire Si handling
layer is fully etched away, several fine DRIE steps of 5 min
each are followed to gradually remove the remaining 50 μm
of Si handling layer. After each fine DRIE step, the backsides
of the device chips are inspected by an optical microscope so
as to eventually terminate at the BOX layer. The final process
involves dry etching of the remaining SiO2 on the frontside
and BOX layers by CHF3 plasma (figure 5(h)).

The final released MEMS EH chip is assembled onto a
DIP and its bonding pads are wire bonded to the DIP by gold
wires as shown in figure 6(a). A scanning electron micrograph
(SEM) of an enlarged section of the EH chip is shown in
figure 6(b). The width of the circular-ring is reduced from
30 μm to approximately 20–25 μm after the frontside DRIE
process. The height of the circular mass has been reduced
from 450 μm to less than 400 μm due to over etching of
the backside DRIE process. Depending on the location of the
chip on the wafer, the circular-ring may display asymmetrical
undercut. Such geometrical imperfection may lead to changes
in resonant axes and frequencies [45].

5. Experimental work and discussion

The experimental setup included a shaker, a power amplifier,
an accelerometer and a dynamic signal analyzer coupled to a
computer through a GPIB port. The EH was attached onto a
breadboard and mounted on a rotation stage. As shown in
figure 7, the rotation stage was attached to a L-shaped holder
to perform both out-of-plane and in-plane motions. As the
EH was excited with different frequencies, amplitudes and

(a)

(b)

Figure 6. (a) Photograph of the fabricated MEMS EH chip
packaged to a DIP; (b) SEM image of an enlarged section of the
MEMS EH chip.

directions, the generated voltages of each of the three coils are
recorded by different channels of the dynamic signal analyzer
and the computer as well.

5.1. Out-of-plane behavior (mode I)

The output voltages of coils 1, 2 and 3 for excitation
frequencies of 1200 to 1400 Hz at an acceleration of 1 g
are shown in figure 8. As the permanent magnet was placed
above the center of the vibrating-mass, the coils experienced
similar magnet flux change and hence would generate similar
output voltages (around 3.5–3.6 mV at resonant frequency of
1285 Hz). It is noted that the mode I frequency of 1285 Hz
is about 5.7% higher than the simulated result of 1216 Hz
(as shown in section 3.1). The discrepancy is mainly due to
the difference in the material property as well as a slight
variation in the dimensions of the actual fabricated device.
The simulated voltage εout of a single coil obtained using
equation (8) is also included in figure 8, and the results
agree well with the experimental data. Details of the various
parameters used in the simulation are given in table 1. When the

6
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(a) (b)

Figure 7. Schematic illustrations of measurement setup for (a) out-of-plane and (b) in-plane excitations.
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Figure 8. Experimental and simulated output voltages at excitation
frequencies of 1200 to 1400 Hz with out-of-plane input acceleration
of 1 g.

Figure 9. Overall output rms voltage and power against load
resistance at mode I.

Table 1. Structural and simulation parameters of the EH device.

Structural and simulation parameters Values

Magnet type NeFeB (1.2T)
Magnet diameter 3 mm
Magnet height 2 mm
Initial gap distance 1 mm
Circular-rings width 30 μm
Circular-rings thickness 150 μm
Circular-rings spacing 200 μm
Metal line width 10 μm
Metal line thickness 1 μm
Metal lines spacing 25 μm
Coil turns of each layer 17
Resistance of coil 1 640 �
Resistance of coil 2 600 �
Resistance of coil 3 560 �
Circular-mass diameter 4.5 mm
Circular-mass thickness 450 μm
Overall damping ratio 0.0018
MEMS EH chip size 10 × 8 × 0.45 mm3

three coils are connected in series at mode I for an acceleration
of 1 g, the overall output rms voltage and power for various
load resistances are shown in figure 9. When the load resistance
matches the total internal resistance of 1.8 k�, a maximum
output power of 0.016 μW is achieved. This translates into a
power density of 0.444 μW cm−3 (when normalized by the
chip volume).

5.2. In-plane behavior (modes II and III)

The output voltages at excitation frequencies of 1200 to
1700 Hz and an acceleration of 1 g were recorded for different
in-plane excitation angles in increment of 30◦. From the
simulated results, modes II and III are expected to occur
along the y- and x-directions, respectively. In reality, due to
the material anisotropy and variation in the dimensions of the

7



J. Micromech. Microeng. 22 (2012) 125020 H Liu et al

(a)

(b)

Figure 10. Output rms voltages with an input acceleration of 1 g as
a function of frequency at excitation angles of (a) 60◦ and (b) 150◦.

actual fabricated device, they occur at angles of 60◦ and 150◦.
The geometrical imperfections may break the symmetry of the
device and lead to a rotation in the resonant axes about 30◦.
As shown in figure 10(a), at an excitation angle of 60◦, the
rms peak voltages of coils 1 and 2 at mode II (1470 Hz) are
3.6 and 2.9 mV, respectively, while the peak voltage of coil 3
at mode III (1550 Hz) is hardly notable. In figure 10(b), at an
excitation angle of 150◦, a peak voltage of 2.6 mV is generated
by coil 3 at mode III. For coils 1 and 2, peak voltages are also
observed at both modes II and III resonance. The results show
that at both excitation angles of 60◦ and 150◦, the simulated
frequencies of 1497 Hz (mode II) and 1522 Hz (mode III)
agree well with the measured values to within 1.8%.

To further study the performance of the device, the output
rms voltages at modes II and III resonance as a function of the
excitation angle ranging from 0◦ to 180◦ in increment of 30◦

are shown in figure 11. Since the harmonic excitations from
180◦ to 360◦ show identical response due to symmetry, the data
are extended to the full range of 360◦. By using the parameters
in table 1, the simulation results (using equation (10)) are
shown as S-coils 1, 2 and 3, while the experimental results
are shown as E-coils 1, 2 and 3. In general, the simulated
results agree well with the experimental data. Since the
experimental data are plotted as polygonal lines without curve
fitting, the conjunction points are seen between each excitation

(a)

(b)

Figure 11. Experimental and simulated output voltages with input
acceleration of 1 g as a function of excitation angle α for (a) mode II
of 1470 Hz and (b) mode III of 1550 Hz.

angle. Another reason could be due to the fluctuation of the
experimental condition, such as the excitation angle may not
exactly align with the predetermined angle.

For mode II resonance in figure 11(a), it is seen that at
an excitation angle of 60◦, coils 1 and 2 exhibit similar output
characteristics with maximum voltages of 3.6 and 2.9 mV,
respectively. While at an excitation angle of 150◦ which is
perpendicular to 60◦, the output voltages generated are at their
minimum. The output voltage decreases gradually from the
peak value to the minimum as the excitation angle changes
from 60◦ to 150◦. For coil 3, the output voltage at any excitation
angle is generally negligible. In figure 11(b), for mode III
resonance at excitation angle of 150◦, the measured maximum
output voltage of coils 1, 2 and 3 are 1.1, 1.3 and 2.6 mV,
respectively. The minimum output voltages of these coils are
only 0.2–0.3 mV at a perpendicular excitation angle of 60◦.

It is found that the output voltages of coils 1 and 2 are
similar at any arbitrary excitation angle. This is because as

8
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(a)

(b)

Figure 12. Calculated overall optimum (a) power and (b) power
density for modes II and III with respect to different excitation
angles at input acceleration of 1 g.

the excitation angle varies from 0◦ to 360◦, the mass motion
direction is always at the resonant angle of 60◦ for mode II or
150◦ for mode III, as long as the excitation frequency matches
with modes II or III. Since the layout of coils 1 and 2 are
symmetrical to the angle of 150◦, they experience the same
magnetic flux changes as the mass moves at angles of 150◦

and 60◦ as shown in figure 4(a). For coil 3, the output voltage

is almost zero and hardly notable at mode II (in figure 11 (a)),
and is over twice the voltage of coils 1 and 2 at mode
III (in figure 11(b)). This is because the layout of coil 3
itself is symmetrical to the angle of 150◦. It experiences the
maximum and minimum magnetic flux changes as the mass
moves at angles of 150◦ and 60◦, respectively. Therefore, as an
excitation angle varies from 0◦ to 360◦, the output voltage of
coil 3 becomes zero at the resonant angle of 60◦ and reaches
the maximum at the angle of 150◦.

From the measured voltages for both modes II and III,
the optimum power of each coil is calculated when the
load resistance matches with the coil resistance. The overall
optimum power for modes II and III with respect to different
excitation angles is shown in figure 12 (a). The corresponding
power density is shown in figure 12(b). As expected the
maximum power and power density for both modes II and
III correspond to their resonant directions at 60◦ and 150◦. For
mode II, the maximum power and power density achieved are
approximately 0.0087 μW and 0.242 μW cm−3, respectively,
while for mode III, the maximum power of 0.0045 μW and
power density of 0.125 μW cm−3 achieved are only about
half of those for mode II. A summary of the overall output
performance is also shown in table 2.

6. Concluding remarks

We have designed, fabricated and characterized a novel
MEMS electromagnetic EH which is driven by both out-of-
plane and in-plane excitations. The vibration is characterized
by three vibration modes (modes I, II and III) which are
perpendicular to each other at resonant frequencies of 1285,
1470 and 1550 Hz at an excitation acceleration of 1 g. The
corresponding optimized power density at these frequencies is
approximately 0.444, 0.242 and 0.125 μW cm−3, respectively.
The output power could further be improved by increasing the
excitation acceleration, the number of coils and layers and
the magnetic field strength. With further optimization in the
design and dimensional parameters, it is expected that the
three vibration modes would be brought nearer to a common
resonant frequency which would improve the effectiveness in
harvesting the ambient kinetic energy from a 3D vibration
source. The results have shown a good potential for realizing
a practical 3D vibration-driven EH device.

Table 2. Experimental results of vibration behavior and output performance of the EH device.

peak rms voltage (mV)

Mode shape Resonant Overall Power
direction frequency (Hz) Coil 1 Coil 2 Coil 3 power (μW) density (μW cm−3)

Mode I z-axis (out-of-plane) 1285 Hz 3.6 3.5 3.6 0.016 0.444
Mode II 60◦ with respect to 1470 Hz 3.6 2.9 0.04 0.0087 0.242

the x-axis (in-plane)
Mode III 150◦ with respect to the x-axis (in-plane) 1550 Hz 1.1 1.3 2.6 0.0045 0.125
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