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Abstract— This paper presents the fabrication, modeling, and
characterization of an in-plane approximated nonlinear MEMS
electromagnetic energy harvester (EM-EH) device. The approx-
imated nonlinearity and frequency broadening of the device are
realized by incorporating small suspension structures, which
introduces the spring hardening effect and thus increases the
operating frequency of the device toward a higher frequency
interval. From the experimental results, the resonant frequencies
during frequency up-sweep have been shifted from the original
resonance of 82 Hz to 123.5, 135, and 146.5 Hz, at the accelera-
tions of 1.0, 2.0 and 3.0 g, respectively. The corresponding power
densities at resonances are 1.6 × 10−8, 2.8 × 10−8, and 5.6 ×
10−8 W/cm3. This paper offers a new design methodology of the
approximated nonlinear MEMS EM-EH device. [2013-0080]

Index Terms— MEMS, electromagnetic energy harvester,
in-plane, nonlinear.

I. INTRODUCTION

RECENT advances in low power consumption and intelli-
gent wireless sensor networks have led to the rapid emer-

gence of the energy harvesting technology to be an alternative
power source of traditional batteries [1]–[4]. A vibration-
based EH [5] scavenges and converts ambient kinetic energy
into electric energy based on the conversion mechanisms of
piezoelectric [6]–[11], electromagnetic (EM) [12]–[15] and
electrostatic (ES) [16]–[19]. A vibration-based EH using res-
onant mechanism only obtains the optimal power within a
narrow bandwidth nearby its resonance. Nevertheless, in the
targeted commonly occurring vibration sources such as build-
ings or industrial machines, the dominant frequency peaks
normally vary in a broadband range instead of a single res-
onant spike [20]–[22]. Such examples have been reported by
Wu et al. [23], where the dominant frequency peaks of the
vertical fan belts distribute in a range of 20 to 45 Hz, while
the vibrations of the HVAC ducts vary in a frequency range of
15 to 80 Hz. In the case that the targeted source vibration
is away from the resonance of the designed EH, the power
generation is too low to be utilized. As a result, EHs integrated
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with tunable or broadband mechanisms are considered to
address the frequency bandwidth limitation.

Frequency tunable approaches can be achieved by shifting
the center of gravity of a proof mass, and varying the effective
spring stiffness attributed to magnetic force or mechanical
stress [24], [25]. However, additional system or energy is
required and the operating frequency needs to be tuned manu-
ally. On the other hand, bandwidth broadening solutions have
been widely developed mainly by two approaches. A straight-
forward way is to integrate a series of small harvesters with
various dimensions and thus different resonances [26]–[28].
The assembled system has a wide operating frequency range
and hence the power spectrum becomes a combination of that
of each individual harvester. The other approach is to change
the effective spring stiffness of the oscillating system by
introducing rigid stoppers or nonlinear springs. Soliman et al.
reported an EM-EH prototype assembled with a rigid stopper
[29], [30]. The effective stiffness of the system increases sud-
denly as the cantilever engages with the stopper. This approach
increases the up-sweep bandwidth to be wider than that of the
prototype without a stopper [31], [32]. Liu et al. have proposed
wideband piezoelectric MEMS EHs [33], [34] by using a metal
base to suppress the vibration amplitude but to change the
stiffness of the piezoelectric microcantilever. The mechanical
model has been built and discussed in ref [35]. The nonlinear-
ity efficacy of a suspension structure has been demonstrated
by the addition of magnetic reluctance forces [36]–[41]. The
use of nonlinear spring structure such as clamped-guided beam
induces tensile stress for large displacement and consequently
increases spring stiffness [42]–[44]. An in-plane Perfluoro-
polymer electret generator was reported by Suzuki et al. [45].
They designed the amplitude limiting dampers to realize
nonlinear behaviors. Nguyen et al. [46]–[48] have reported
another nonlinear ES-EH with strong softening spring effect.
Theoretically, a hard nonlinearity will produce an output
improvement when the device resonance approaches towards
a higher frequency, while a soft nonlinearity will show an
output improvement when the device resonance approaches
towards a lower frequency. However, most of the reported
nonlinear spring structures have a relatively high operating
frequency range, normally several hundreds Hz, unless the
Si spring structure is replaced by soft polymer material, i.e.,
parylene [45].

On the other hand, a typical vibration-based EM-EH utilizes
a permanent magnet as proof mass attached on a flexible
spring structure, while the ambient metal coils are able to
generate electricity due to the net displacement between the
out-of-plane moving magnet and stationary coils [49], [50].
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Fig. 1. (a) Schematic drawing of the proposed in-plane broadband MEMS EM-EH device; (b) a schematic perspective view of the MEMS energy harvesting
chip; (c) a zoom-in view of the SMSS; (d) measured output voltage against frequency for the SMSS at 1.0 g.

TABLE I

DIMENSION PARAMETERS OF THE LMSS AND SMSS

However, this architecture is quite difficult to be achieved
in wafer-scale due to the relative poor properties of planar
magnets and the integration issue of a silicon flexible structure
and a bulk magnet. The counterpart approach is to assem-
ble a stationary bulk magnet with a micromachined spring-
mass structure patterned with micro-scale metal coils [51].
In this paper, the authors propose an in-plane MEMS EM-EH
device incorporating additional small suspension structures.
The approximated nonlinearity of the EM-EH device is real-
ized on a single micromachined silicon chip and does not rely
on magnetic force or additional assembled stoppers. By using
folded springs and large proof mass, the EM-EH device is
capable of achieving a relatively low operating frequency

range of less than 200 Hz. It reveals a simple approach of
in-plane EM-based energy harvesting with the advantage of
broadband operation range in low frequency domain which
aims at environmental available vibrations.

II. DESIGN AND MICROFABRICATION

A. Device Configuration

A schematic drawing of the in-plane MEMS EM-EH device
is shown in Fig. 1(a). The device consists of a MEMS energy
harvesting chip (10 mm long × 8 mm wide × 0.4 mm thick)
and a permanent magnet with height of 2 mm and diameter
of 3 mm attached on an acrylic cover. In Fig. 1(b), the energy
harvesting chip contains a large mass-spring structure (LMSS)
which is a large movable mass suspended by two large folded
springs. Each folded spring contains three and half folds with
beam length, width and spacing of 4 mm, 30 μm, and 120 μm,
respectively (as shown in Table I). Two layers of metal coils
with coil width of 10 μm and spacing of 20 μm are spirally
patterned on the movable mass and electrically connected to
bonding pads via the folded springs. When the LMSS responds
to an external in-plane vibration, the induced voltage will be
generated due to a relative movement between the in-plane
moving coils and the stationary magnet according to Faraday’s
law of induction.

For the realization of approximated nonlinear behavior,
four small mass-spring structures (SMSSs) are incorporated at
the four sides of the LMSS. Fig. 1(c) shows a zoom-in view
of the SMSS, which contains a small folded spring including
2.7 folds with beam length, width and spacing of 1.5 mm,
30 μm and 70 μm, respectively, and a small mass of 1 mm
long, 0.8 mm wide, and 0.15 mm thick. The small mass is
patterned with double-layer metal coils for the sake of mea-
suring the resonant frequency of the SMSS. Fig. 1(d) shows
that a resonant peak of 0.095 mV is observed at the excitation
frequency of 685 Hz and acceleration of 1.0 g. Since the small
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Fig. 2. Microfabrication process of the EM energy harvesting chip. (a) Deposition of Si3N4 on the front side of the SOI wafer; (b) Deposition and patterning
of the 1st Al layer (Mask 1) followed by Si3N4 deposition and via opening (Mask 2); (c) Deposition and patterning of the 2nd Al layer (Mask 3) followed by
Si3N4 deposition and contact opening (Mask 4); (d) Deposition of SiO2 followed by frontside feature patterning and DRIE (Mask 5); (e) Wafer grounding
followed by SiO2 patterning (Mask 6) and backside DRIE stopped on the BOX layer; (f) Dry etch of SiO2 to release the device.

mass area is quite small and it is far away from the magnetic
field center, the power generator of the SMSS is negligible
comparing to that of the LMSS. The initial gap distance d
between the small mass and the micro bump on the large mass
is designed as small as 80 μm. As long as the linear oscillator
of LMSS deflects over the initial gap distance of 80 μm, the
SMSSs will be engaged and induce spring stiffening effect on
the LMSS. Thus the linear oscillators of SMSSs are serving
as small suspensions for the enforcement of approximated
nonlinear behavior of the LMSS. The dimension parameters
of the LMSS and SMSS are summarized and illustrated in
Table I.

B. Microfabrication

Figure 2 shows a microfabrication process flow of the
energy harvesting chip across the section A-A′ (indicated in
Fig. 1). It starts from a silicon-on-insulator (SOI) wafer with
a 150 μm thick Si device layer, a 1 μm thick buried oxide
(BOX) layer, and a 725 μm thick Si handle layer. As shown in
Fig. 2(a), a 0.1 μm thick insulating plasma-enhanced chemical
vapor deposition (PECVD) silicon nitride (Si3N4) layer is
first deposited on the frontside surface of the SOI wafer.
A 1 μm thick aluminum (Al) layer is subsequently deposited
by physical vapor deposition (PVD) and patterned by reactive
ion etching (RIE) to form the electromagnetic coils and bond-
ing pads through Mask 1. This is followed by the deposition
and via opening of a 0.8 μm thick PECVD Si3N4 insulation
layer through Mask 2 as shown in Fig. 2(b). Similar to the
first coil layer process, 1 μm thick Al and 0.8 μm thick
Si3N4 are again deposited, patterned and etched in Fig. 2(c)
to form the second coil layer and contact pads through Masks
3 and 4. In Fig. 2(d), a 2 μm thick silicon dioxide (SiO2)
layer is then deposited on the top surface as a passivation

Fig. 3. (a) Photograph of the fabricated MEMS energy harvesting chip;
the inset figure shows a top view of the assembled MEMS EM-EH device;
(b) microscope image of the SMSS and micro bump with a gap distance of
80 μm.

layer. Through Mask 5, the SiO2 layer is patterned as a hard
mask together with the photoresist (PR) for further RIE of the
Si3N4 using CF4. It is followed by deep reactive ion etching
(DRIE) of the 150 μm thick Si device layer to define the
frontside silicon features, i.e. the LMSS and SMSSs of the
energy harvesting chip

After all the frontside processes are completed, a backside
grinding and polishing of the SOI wafer is conducted. The
thickness of the Si handle layer is reduced from 725 μm to
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300 μm and thus the whole thickness of the SOI wafer is
reduced to be approximately 450 μm. In Fig. 2(e), a 2 μm
thick PECVD SiO2 is then deposited on the backside of the
wafer and a thick PR layer is patterned through Mask 6.
Both the PR and SiO2 can function as resist layers for the
subsequent backside Si DRIE process to a depth of approxi-
mately 250 μm. To ensure that the entire backside Si is fully
etched away, several fine DRIE steps of five minutes each are
conducted to gradually remove the remaining Si handle layer
of 50 μm. Eventually the DRIE process is terminated at the
BOX layer and a final release process including dry etching
of the remaining SiO2 on the frontside and BOX layers by
CHF3 plasma is conducted in Fig. 2(f). Figure 3(a) shows the
fabricated MEMS energy harvesting chip. An enlarged view
of the SMSS and micro bump with a gap distance of 80 μm is
shown in Fig. 3(b). The energy harvesting chip is wire-bonded
onto a dual-in-line package (DIP). A cylindrical neodymium
(NdFeB) magnet is attached to an acrylic cover and is placed
on top of the chip center with a gap distance of 1 mm.

III. MODELING

A. Electro-Magnetic Model

According to Faraday’s law of induction, the induced volt-
age of the in-plane EM-EH device is proportional to the
negative rate of change of the magnetic flux. It can further
be expanded as a general expression which is a combination
of both the negative terms of the rate of change of the magnetic
flux density and the magnetic field area in a winding coil as:

ε = −d�

dt
= −

n∑

i=1

d �B
dt

· �Ai −
n∑

i=1

�B · d �Ai

dt
(1)

where ε is the electromotive force (emf) of a winding coil;
t is the time; � is the magnetic flux; B is the magnetic flux
density. i is the coil loop order; Ai is the magnetic field area
included in the i -th loop; and n is the total loop numbers of
a winding coil. For the LMSS, there are two winding coils
symmetrically patterned on the large movable mass. Each
winding coil consists of two layers and each layer contains
19 loops. Due to the in-plane movement of the LMSS, the
magnetic flux density through a winding coil is assumed to be
uniform as �B in an effective area �A. Hence, the first term of
Eq. (1) can be ignored in the calculation as:

ε = − �B
n∑

i=1

d �Ai

dt
(2)

For a cylindrical permanent magnet, the magnetic flux density
B at a distance d is given by [52]:

B = Br

2

[
(d + h)

[r2 + (d + h)2]1/2 − d

[r2 + d2]1/2

]
(3)

where Br is the residual magnetic flux density; d is the gap
distance between the magnet and the coils; r and h are the
radius and length of the magnet, respectively. Based on Eq. (3),
the relationship of the magnetic flux density and the gap
distance between the magnet and coils is shown in Fig. 4. The
inset figure also indicates the magnetic two-dimensional (2-D)
flux line distribution along the cross-section plane by ANSYS.

Fig. 4. Relationship of the magnetic flux density and the gap distance between
magnet and coils.

Fig. 5. Spring force versus displacement of the LMSS; inset figure shows the
mechanical model of the approximated nonlinear system including a LMSS
and four SMSSs as small suspensions.

It is seen that the magnetic flux density decreases as the gap
distance increases. At a gap distance of 1 mm, a magnetic
flux density of 0.24 T is obtained by assuming the residual
magnetic flux density is 1.4 T. For a specific vibration fre-
quency, the rate of change of the effective area of each coil
loop through the magnetic field can be calculated numerically
and the induced voltage εin by an in-plane motion is obtained
subsequently.

B. Mechanical Model and Simulation

Figure 5 shows the spring force versus displacement of
the LMSS, based on the mechanical model of the approx-
imated nonlinear system with a LMSS and four SMSSs
as small suspensions. In the model, the LMSS is consid-
ered as a primary suspension system with a proof mass M
(12.35 × 10−6 kg) suspended by two folded springs of stiff-
ness K and damper C . The maximum allowable displacement
D of the LMSS is limited as 480 μm when the folded spring
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Fig. 6. Simulation results of the vibration amplitude of the large mass against
frequency sweeping up and down at an acceleration of 1.0 g.

is packed together at one side. The SMSS is considered as
a secondary suspension system with proof mass m, spring
stiffness k, and damping factor c. The initial gap distance
between the SMSS and large mass is d . As the displacement
of the large mass x is smaller than the gap distance d , the
system retains an overall spring stiffness of K0 (3.2 N/m)
which is equivalent to two parallel connected folded springs
of stiffness K . When the relative displacement is larger than d
the engagement of the small suspensions induces the variation
of spring stiffness from K0 to K1 (13.5 N/m) until the large
mass reaches its displacement limit D.

Based on piecewise linear curve of the spring force-
displacement, curve fitting has been done to approximate the
spring stiffness into a nonlinear curve as indicated in a red
dash-dotted line in Fig. 5. The spring restoring force Fs is
represented as Fs = k1x + k3x3, where k1 and k3 are fitted
as 6.8 and 3.6 × 107 N/m, respectively. Such approximated
nonlinear force-displacement curve indicates a spring hard-
ening characteristic that the spring restoring force increases
more rapidly than the displacement. Higher spring stiffness
increases the effective resonant frequency of the LMSS and
enables the resonance to shift towards a higher frequency.
By using duffing equation of the nonlinear spring-mass system,
the displacement of the large mass can be written as:

Mẍ + Cẋ + k1x + k3x3 = −M ÿ (4)

where y(t) is the external excitation with a vibration ampli-
tude Y and frequency ω, i.e. y(t) = Y sin(ωt). The damper
C of the nonlinear system can be obtained by 2ς0ω0 =
C/M , where ς0 is the damping ratio of 0.04 and ω is
the resonant frequency of the LMSS. Hence, the vibration
amplitude X of the large mass as a function of the excitation
frequency can be obtained analytically from Eq. (4) by using
MATLAB.

The simulation result of the amplitude of the large mass
against frequency sweeping up and down for an acceleration
of 1.0 g is shown in Fig. 6. Initially the amplitude of the large
mass follows a linear response curve and increases gradually
until it reaches to point O, i.e., the initial gap distance of
80 μm. Henceforward, the large mass starts to engage the

SMSSs and the nonlinear behavior of the LMSS occurs.
As the excitation frequency sweeps up, the spectrum appears
a notable shift towards a higher frequency interval. The ampli-
tude of the large mass increases monotonically until point A
of 0.32 mm at 124 Hz. Beyond point A, the amplitude of
the large mass drops dramatically to point A′ of 0.04 mm
and reverts to the original linear response trace until the
sweeping frequency ends up at 200 Hz. As the frequency
sweeps down from 200 Hz, the mass amplitude increases
gradually through point A′, point O′ until point B′ of 0.13
mm at 112 Hz. As the frequency continues to sweep down,
the large mass amplitude is not able to go to the unstable
trace from B′ to A but rises up directly from point B′ to
B of 0.25 mm. Thereafter, it follows the nonlinear response
trace and decreases through point O until the end at 50 Hz.
In the figure, due to the hard nonlinearity effect, both the up-
sweep and down-sweep resonant peaks (point A at 124 Hz
and point B at 112 Hz) are shifted greatly from the original
resonance of 82 Hz. The corresponding normalized resonance
offsets (NRO), which is the resonance offset divided by its
original resonance, are achieved to be 51.2% and 36.6%,
respectively. As the excitation acceleration increases, both
the amplitude and resonance of the nonlinear system will be
increased accordingly.

In this nonlinear response trace, the jump phenomenon can
be seen clearly. Points A and B are thus named as jump-
down and jump-up points, respectively, which are actually the
resonant frequencies of the nonlinear system during frequency
up-sweep and down-sweep. In fact, the jump from A to A′ or
from B′ to B is not instantaneous in time but requires a few
cycles of vibration to establish a steady-state vibration at the
new amplitude. In the figure, there is an unattainable portion of
the response trace in between sections A-A′ and B-B′. There
appears to be three possible amplitudes of vibration but only
the upper and lower can actually exist. If by some means it
is possible to initiate a steady-state vibration with just the
proper amplitude and frequency to correspond to the middle
branch (A-B′), the condition would be unstable. At a slightest
disturbance, the motion would jump to either of the other
two states of motion. It is thus the hysteresis phenomenon of
the frequency response is observed. The up-sweep response
has provided a 10.7% wider bandwidth and a 28% higher
amplitude than those of the down-sweep.

IV. RESULTS AND DISCUSSION

The broadband behavior of the in-plane MEMS EM-EH
device is characterized by using a vibration testing system
as shown in Fig. 7. It contains a vibration shaker, a power
amplifier, a dynamic signal analyzer, an accelerometer and its
controller. The assembled device is attached to the vertical
surface of an L-shaped plate and further assembled to the
shaker. The vibrations of the mass-spring structures are parallel
to the device plane along z-axis and perpendicular to the
magnetic field. On the large mass of the LMSS, there are
two winding coils symmetrically patterned. Thus the output
voltages of the two metal winding coils are collected to the
dynamic signal analyzer through channels 1 and 2 and further
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Fig. 7. Schematic illustration of the measurement setup.

Fig. 8. Measured and simulated output voltage of the EM-EH device for
frequency sweeping up and down at an excitation acceleration of 1.0 g.

recorded to the laptop through a GPIB port. An accelerometer
is attached to the lateral surface of the L-shape plate for
the measurement of z-axis accelerations. The dynamic signal
analyzer inputs a sinusoidal signal to the shaker at different
frequencies and amplitudes through the power amplifier. The
measured acceleration data is collected to the dynamic signal
analyzer through channel 3 and further monitored by the
laptop.

In the experiment, the excitation frequency is swept up and
down in the range of 50–200 Hz at an excitation acceleration
of 1.0 g. Fig. 8 shows the measured output voltage produced
by one winding coil of the EM-EH device as indicated by red
(up-sweep) and blue (down-sweep) marked lines. It is seen
an obvious nonlinear resonance peak offset from the original
resonance of 82 Hz due to the engagement of the SMSSs.
From the energy point of view, the part of the vibrational
energy absorbed by the LMSS is transferred to the SMSS
during the engagement, which results in a loss of energy. Such
energy loss is considered to be a large damping of the LMSS
resonating with a composite stiffness K1 and could result in
a reduced voltage output of the device. The up- and down-
sweeps resonant peaks A and B are found to be 0.74 mV
at 123.5 Hz and 0.58 mV at 112 Hz, respectively. The trace
dependence for up- and down-sweep is the result of transition
of stiffness at the gap distance of 80 μm.

Fig. 9. Output voltage of one winding coil as a function of vibration
frequency at different accelerations of 1.0 g, 2.0 g and 3.0 g for frequency
up-sweep and down-sweep.

Based on the previous simulation result of the amplitude-
frequency spectrum in Fig. 6, the induced voltage can be
obtained from the change of the rate of the magnetic field
area included in the winding coils at every frequency point
by using Eq. (2). The simulated result indicated in green
dashed line is shown in the same figure for comparison.
It is observed that there is a good correlation between the
measured and simulated values. The simulation trace exhibits
a similar resonant offset and voltage peak as the measurement
result. However, it appears a relatively higher Q factor and
narrower bandwidth. The discrepancy could be induced by
the approximation of the nonlinear spring stiffness in the
duffing equation. On the other hand, the simulation parameters
such as the damping ratio may not exactly coincide with the
measurement condition.

In the same manner, the frequency up- and down-sweeps
have been conducted at the excitation accelerations of 2.0 g
and 3.0 g. Fig. 9 shows the output voltages of one wind-
ing coil as a function of vibration frequency at these three
accelerations. It is obvious that the jump-down and jump-
up points are dependent on the excitation amplitude. Higher
excitation acceleration leads to higher resonant frequency and
output voltage simultaneously. For the frequency up-sweeps,
both the output voltages and resonant frequencies of the
approximated nonlinear system are increased towards higher
values of 0.74 mV at 123.5 Hz, 0.96 mV at 135 Hz and 1.4 mV
at 146.5 Hz (indicated by jump-down points A1, A2 and A3),
respectively, as the acceleration increases from 1.0 g, 2.0 g
to 3.0 g. The corresponding NRO have been obtained to be
as high as 50.6%, 64.6% and 78.7%. The frequency response
of the down-sweep follows a similar trace as that of the up-
sweep. However, due to the hysteresis phenomenon, the jump-
up points (B1, B2 and B3) have relatively lower values than
the corresponding jump-down points (A1, A2 and A3), which
are 0.58 mV at 112 Hz, 0.86 mV at 125.8 Hz and 1.22 mV
at 135 Hz at the respective accelerations of 1.0 g, 2.0 g and
3.0 g. It is noted that at the excitation acceleration of 3.0 g,
the movement of the LMSS has reached its displacement limit.
Hence, the dynamic response of the LMSS will be affected
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TABLE II

PERFORMANCE OF THE IN-PLANE APPROXIMATED NONLINEAR EM-EH DEVICE AT DIFFERENT ACCELERATIONS

Fig. 10. Overall optimal power as a function of frequency up-sweep at the
excitation accelerations of 1.0 g, 2.0 g and 3.0 g.

by the boundary limit afterward. Such effect would suppress
the vibration amplitude but broaden the operating bandwidth.
The detailed discussion can refer to ref [35]. A summary of the
frequency and voltage values of all the jump-down and jump-
up points during up- and down-sweeps has been presented in
Table II.

By connecting the winding coil with its matched load
resistance of 540 �, the optimal output power can be obtained
accordingly. Since the EM-EH device contains two winding
coil patterns on the large mass, the overall optimal power as
a function of frequency up-sweep are calculated and shown
in Fig. 10. The peak power and power density are evaluated
in Table II. It is observed that the peak power generated by
the EM-EH device for points A1, A2 and A3 are increased
gradually from 5 × 10−10 (at 1.0 g), 9 × 10−10 (at 2.0 g)
to 1.8 × 10−9 (at 3.0 g) W. The corresponding peak power
density, which is obtained from the peak power divided by the
device volume of 0.032 cm3, are 1.6 × 10−8, 2.8 × 10−8 and
5.6 × 10−8 W/cm3.

In this work, the small suspensions employed in the in-plane
MEMS EM-EH device strengthen the nonlinear hardening
effect and thus enable to shift the operating frequency to
a higher and wider frequency interval. By comparing with
the recent published MEMS-based EHs employing various
nonlinear springs as shown in Table III, the proposed EM-
EH device gains a strong nonlinearity effect and thus a
relatively higher NRO of 78.7% at the acceleration of 3.0 g.
Such nonlinear effect is achieved by the design configuration
itself without the use of pre-stress or extra force. Comparing
with the design of nonlinear beam spring, it normally has
a high spring stiffness thus resulting in a high operating

TABLE III

NONLINEARITY EFFECT COMPARISON BETWEEN THIS WORK AND

PUBLISHED MEMS-BASED EHs USING NONLINEAR SPRINGS

TABLE IV

THEORETICAL ESTIMATIONS OF THE POWER GENERATION FOR THE

UP-SWEEP RESONANCE OF POINT A3 IN CASES I, II AND III

frequency range of about 500–700 Hz or even several kHz
[44], [46], [47]. One of the main advantages of this design
is its relatively low operating bandwidth of less than 200 Hz,
which exhibits in the common vibration sources. Moreover,
the proposed nonlinear mechanism can be easily adapted to
different targeted vibration scenario. To be more specific, the
dimension parameters of the folded springs of the LMSS
and SMSS can be varied and optimized to realize either a
harder or softer spring stiffness of K0 and K1 based on the
practical application. The spring stiffness K0 determines the
natural frequency of the system and the composite spring
stiffness K1 of the combination of LMSS and SMSSs affects
the nonlinear hardening performance. A low spring stiffness
of the small suspension incorporated would weaken the non-
linearity of the system but enable the increment of the output
power, while a high spring stiffness of the small suspension
would strengthen the nonlinearity effect and enable the device
resonance approaching towards a higher frequency interval.
The present study offers the design and optimization method-
ology of realizing frequency broadening and shifting simul-
taneously, while the presented methodology can be further
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TABLE V

COMPARISON OF MEMS-BASED EM-EHs

studied and optimized by varying the stiffness and the gap
distance of the small suspensions.

It is noteworthy that the power and power density of the
present device are relatively low, which leaves us a room
to further improve its energy harvesting performance. There
are three approaches that can be implemented: (a) increasing
the winding coil density and layer; (b) decreasing the gap
distance between the magnet and coils; and (c) increasing
the amplitude limit of the LMSS. Table IV has summarized
the theoretical estimations of the power generation for three
different cases (cases I, II and III). Case I shows the varying
parameters of the present device, which are winding coil
of 2 layers, magnet gap distance of 1 mm, and amplitude
limit of 0.48 mm. The power and power density for the
up-sweep resonance of point A3 are 1.8 × 10−9 W and
5.6 × 10−8 W/cm3, respectively, at the acceleration of
3.0 g. In cases II and III, the winding coils on the large
mass is increased to 4 and 6 layers, while the magnet
gap distance is decreased to 0.7 and 0.4 mm, respectively.
By increasing the spacing of the large folded springs and
adjusting the layout, the amplitude limit of the LMSS can
be increased from 0.48 to 0.75 mm (case II) and 1 mm
(case III) under the same volume. Therefore, the theoreti-
cal power density for cases II and III at point A3 can be
increased greatly to 4.3 × 10−7 and 2 × 10−6 W/cm3,
respectively. A comparison of the output performance of the
developed device in this work with other published MEMS-
based EM-EH devices with a relatively small device volume
is given in Table V. Due to the incorporation of small
suspensions, the output performance of this work is rel-
atively low, but it has the main advantages of relatively
low center frequency of 82 Hz and strong nonlinearity
effect.

V. CONCLUDING REMARKS

This work demonstrates the first prototype of an in-plane
MEMS EM-EH device incorporating additional small suspen-
sions. The approximated nonlinear behavior has been inves-
tigated in the mechanical model. The experimental results
show a qualitative match to the simulation results. At the
accelerations of 1.0 g, 2.0 g and 3.0 g, the NRO of the
approximated nonlinear EM-EH device has been achieved to
be as high as 50.6%, 64.6% and 78.7%, respectively, while
the peak power densities of 1.6 × 10−8, 2.8 × 10−8 and
5.6 × 108 W/cm3 have been obtained correspondingly. Theo-
retically, the peak power density can be further improved to be
as high as 2 × 10−6 W/cm3, by increasing the winding coil
to 6 layers, decreasing the magnet gap distance to 0.4 mm
and increasing the amplitude limit to 1 mm. The present
prototype offers a flexible and feasible design methodology of
approximated nonlinear EM-EHs for adapting to the targeted
vibration scenarios.
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