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Highlights:
. Multi-frequency MEMS electromagnetic energy harvesting using two novel topologies.
° Multi-frequency operation in the low frequency regime through design innovation.
. Overall improvement in the output power by using novel topologies compared to reported
MEMS electromagnetic energy harvesters.
. Experimental results are qualitatively explained using the theoretical and finite element

models.

Abstract: We report multi-frequency MEMS electromagnetic energy harvesters employing two
different topologies. The first is a single mass system, where different fundamental modes are
obtained within a close frequency range through spring design innovation and by using a large
magnetic proof mass. The second is a dual mass system, which inherently has two major vibration
modes corresponding to the movement of each of the masses. In comparison to the reported MEMS
scale electromagnetic generators, substantial improvement in the output power is achieved in our
design primarily by using the bulk NdFeB magnet as proof mass. This enhanced performance is
validated by benchmarking against a normalized power density parameter. The spring structures are
fabricated on Silicon-on-Insulator (SOI) substrate while voltage is induced in electroplated double
layer copper coils. The 3D finite element analysis on the devices shows that different modes are
activated in the low frequency region. The out-of-plane and torsional modes of the single mass

systems are obtained at 188, 255.1 and 287.9 Hz, respectively whereas the first two modes of dual
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mass device are at 241.4 Hz and 419.6 Hz respectively. At 0.5g, the single mass device produces
0.37, 0.43 and 0.32 pW respectively in mode I, II and III whereas the dual mass device generates
0.22 and 0.024 uW in mode I and II respectively against matched load. The experimental results are
qualitatively explained using the simulation results and indicate a good potential in the development

of multi-frequency energy harvesters for a number of practical applications.

l. Introduction:

Recently, Internet of Things (loT) is regarded among the fastest growing technological platforms as
it is predicted that there will be 25 billion of permanently connected things in few years’ time. The
potentials of such a wirelessly connected ‘smart’ world are huge as it would flourish the
information and communications technology market, save time and resources, and provide
opportunities for innovation and economic growth. The IoT is expected to make our environment
safer and responsive by providing a wealth of information through new forms of automation.
However, a critical issue that constricts this vision is powering of billions of wirelessly
communicating devices. Energy harvesting presents a straightforward and long-term solution for
powering those remote devices easily using clean energy. Among the different ambient energy
sources, the research on harvesting electrical energy out of mechanical vibrations has surged in the
last decade due to its abundance in our surrounding environment. The most commonly used
transduction mechanisms for converting the available mechanical energy into the electrical energy
are electromagnetic [1-3], piezoelectric [4-6] and electrostatic [7-9]. Regardless of the adopted
transduction mechanisms, vibration energy harvesters (VEHS) are, in general, modelled using
spring-mass-damper systems. Such systems are normally characterized by their resonant behaviour
i.e., the peak output response is obtained at the resonance frequency but the response drops
considerably with little shift of the ambient frequency from the resonance. In a number of practical
applications, the operational condition is often unknown and the harvester with fixed resonant

frequency is not suitable for such cases.

In order to address this problem, a number of strategies has been reported in literature to improve
the efficiency of the energy harvesters under frequency varying environment, which can be
categorized mainly under three sections - resonance frequency tuning [10-12], multi-frequency
techniques [3, 13-14] and nonlinear energy harvesting [15-22]. Among these, multi-frequency
techniques are most suitable for Micro-Electro-Mechanical System (MEMS) scale integration as

most of the nonlinear energy harvesters require external components for their operation and



automatized resonance frequency techniques are very rare. The reported multi-frequency
approaches can be classified in two major groups. The first group consists of an array of generators
with different dimensions [3, 23] or different mass [24] to achieve separate resonance frequencies.
Sari et al. [3], utilized an array of 35 parylene cantilevers with different lengths which are connected
serially. An output power of 0.4 uW is obtained from the device with electromagnetic transduction
mechanism working at the operating frequency range between 4.2 — 5 kHz. Ferrari et al. [24]
reported similar array of cantilevers with piezoelectric bimorph structure which work at different
frequencies below 300 Hz. The other group comprises of single structure with closely spaced
vibration modes. Tadesse et al. [25] reported a multimodal generator with multiple (piezoelectric
and electromagnetic) transduction mechanisms. The power output from the device is significantly
increased as the electromagnetic transduction produces more power in the low frequency mode (20
Hz) whereas the piezoelectric method generates higher power in the second mode (300 Hz) due to
the specific design of the device. Liu et al. [26] reported a MEMS electromagnetic multimodal
generator where both in-plane and out-of-plane vibration modes are excited within a single structure
where all of the modes are above 1 kHz. The same group reported another multi frequency MEMS
electromagnetic structure [14] with similar mechanical functionality but different magnet coil
arrangement. In a recent work [27], both the above mentioned approaches are combined so that an
array of multi-frequency VEHSs are reported where nine different frequency peaks are activated
between 189 — 662 Hz within a single chip. The concept of coupled resonators with more than one
proof mass was first proposed by Petropoulos et al. [28] in order to obtain flat response over a
significant operating range by optimizing the different structural parameters. Wu et al. [29] reported
a macro-scale, compact two degrees of freedom piezoelectric generator, where two vibration modes
are developed due to two cantilever beams, one placed inside another, both operating at low
frequencies. Tao et al. [30] recently reported MEMS EM two degrees of freedom VEH, which
comprises of a primary subsystem for power generation and an accessory subsystem for frequency
tuning where the device has two frequency peaks at 326 and 391 Hz, but the output power is

lowered due to lower electromechanical coupling.

In this paper, two multi-frequency MEMS electromagnetic (EM) energy harvesting systems are
studied. The first is a single mass system, where different fundamental modes are activated within a
close range through design innovation and realization of the spring architectures on the thin Silicon-
on-Insulator substrate. The second is a dual mass system, which inherently have two major
vibration modes corresponding to the movement of each of the masses. First, a theoretical
framework is developed for the single and dual mass energy harvesting devices along with

description of design methodology and micro-fabrication processes. Then Finite Element Method
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(FEM) simulations are provided to study the static and modal characteristics of the developed
devices. Finally, the devices are characterized experimentally and the output responses are
explained in terms of the FEM analysis provided.

I1. Theoretical Model:

A single degree of freedom (SDOF), vibration based energy harvesting device is generally modelled
as a second order spring mass damper system which was first proposed by Williams and Yates [31].
It consists of a mass mounted on a spring, which vibrates relative to a housing (fixed frame) when
subjected to an external mechanical force. According to Newton’s second law, the equation of

motion of such system is given as
mx(t) + cx(t) + kx(t) = —my(t) 1)

Where x(t) is the relative displacement of the oscillator w.r.t. the fixed frame and m, c, k are
respectively the mass of the oscillator, the total damping co-efficient which includes both
mechanical/parasitic damping co-efficient (cm) and electrical damping co-efficient (ce) such that C =
Cm + Ce, and spring stiffness of the system. For a sinusoidal input vibration of the form y(t) = Ye'®

(Where, Y = vibration amplitude and ® = frequency of vibration), the average output power can be

derived from the above equation of motion as

w
mPe(w—n)SYz0>3

(2o (G )PP+~

Petec = 2)

Where pe and pr are electrical and total damping ratios respectively and wn is the natural frequency.
The above equation shows resonance behaviour i.e., the maximum output is obtained at the
resonance frequency but the response drops as the external vibration frequency drifts from the

resonance frequency.

Fig. 1 (a) on the other hand depicts the model of two degrees of freedom (TDOF) or dual mass
system which requires two independent co-ordinates to describe the motion. The system consists of
a primary and a secondary spring, at the end of each of which the primary and secondary masses are
attached respectively. The coupled second order differential equation of motion for such system can

be written in matrix form as
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Where x1(t) and x2(t) are the relative displacements of primary (m1) and secondary (mz) masses, C1,
c2 are the damping co-efficients of primary and secondary oscillators and ki1 and k; are the effective
primary and secondary spring stiffness values. The secondary damping c2 also include the
electromagnetic damping. For a sinusoidal input vibration of the aforementioned nature, the input

forces on the right hand side of equation (3) can be written as f;(t) = —m;y(t), i=1, 2.

Assuming a steady-state solution of equation (3) of the form x;(t) = X;e'®?, it can be written,

—w?my+iwcy+ks, iwcy+ky 5
X1\ iwcy+ky —w?my+iw(ci+ca)+(kat+ky)| (MW7Y (@)
X2 —w?mq+iw(cy+cy)+(kq1+ky) —iwcy—ky | mszY

—i(x)CZ—kZ —(A)zm2+i(A)C2+k2

Solving the above matrix equation, the displacements of the primary and the secondary masses are

(—w?my+iwcy+ky)myw?Y+(iwey+k)my w2y

Xl(w) = —w2m1+iw(cl+c2)+(k1+k2) —i(l)CZ—kZ | (5)
—iwCZ—kz —w2m2+iwcz+k2
X, (w) = (iwca+ky)miw?Y+(—w?mq +iw(cy+c3)+(kq +ky))myw?Y 6
2 w) = —w2m1+iw(cl+cz)+(k1+k2) —i(L)CZ—kZ | ( )
—iwCZ—kz —w2m2+iwcz+k2

The absolute values of the respective displacements are derived as

|X (w)l _ ((ky—w2my)mqw2Y+ko,myw2Y)2+(w3cy (Mg +msy)Y)2 )
1 o (k1k2+w4m1m2—w2(m1k2+m2k1+m2k2))2+w2(m162+m261+m262)2

(8)

|X (w) | _ ((k1+ky—w2m)myw2Y+ko,mw?Y)2+(w3cy(Mmi+my)Y+w3cym,Y)?2
2 (k1k2 +w4m1m2—w2(m1k2 +m2k1+m2k2))2+(u2(m162 +m2C1+m2C2)2

The generalized time response of the primary and secondary masses is given as
xi(t) = 1X(w)|e*o0,i = 1,2 ©

Where 6; is the phase angle of the respective displacements which can be obtained from equations
(5) and (6).

By setting the damping co-efficients and the external force to zero in equation (3), the resonance

frequencies of the dual mass, two degrees of freedom system can be derived as

B++/B2—4mimykqk
wn — 1772112 (10)
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Where, B = m;k, + m,(k, + k). If the forcing frequency is close to any of the resonance
frequencies of the system, large displacement occurs leading to the large output power. In between
the two resonances, there is one frequency where the displacement is however minimum. This
phenomenon of anti-resonance has been utilized in a number of engineering problems to suppress
the vibration of any structure. The most popular practical application of such ‘tuned vibration
absorber’ is to solve London’s Millennium bridge vibration problem [32]. However, we intend to
take advantage of the two separate resonances of the TDOF system and increase the energy
harvesting capabilities at different input frequencies. The total converted electrical power can be

expressed as

pelec(t) = Cea)|X2(a))|2 (11)

The effect of variation of different parameters on the performance of TDOF system is shown in Fig.
1 (b-d). Other parameters remaining same, the first and second frequency peaks shift towards the
higher frequencies, and reduces in amplitude when the secondary mass (m.) is significantly higher
compared to the primary mass (m1) as shown in Fig. 1 (b). On the other hand, comparatively low
frequency and large amplitude peaks are obtained when m: is much higher than my which is
desirable in energy harvesting applications. It is observed from Fig. 1 (c) that the primary damping
(c1) changes the output response more significantly compared to the secondary damping (c2) in
terms of peak heights and quality factors. The peak amplitudes can be most effectively modulated
through variation of spring constants. When secondary spring constant (k2) is much larger than the
primary spring constant (ki), the first frequency peak is much larger compared to that of the second
peak (Fig. 1 (d)). The difference between this amplitude becomes gradually small as k1 is increased.
When k1 is much higher than kz, the two peak amplitudes are approximately same. Therefore by
optimizing different design parameters, the output response at two different frequencies can be
significantly improved for multi-frequency energy harvesting purpose.

I11. Design of the Multi-frequency MEMS Generators:

(a) Single Mass System: The designed system including the single mass spring structure is shown
in Fig. 2. The central paddle (3x3 mm?) is connected to the fixed frame using four L-shaped thin
beams. The devices are fabricated on Silicon on Insulator (SOI) substrate which has a unique
advantage i.e. the thickness of the spring arms can be defined by the device layer of SOI. The
device layer thickness is set to 50 um in this case. A small NdFeB block magnet (2.5x2.5x2 mm?)
is epoxy bonded onto the movable paddle which provides mass (9.83x10° Kg) to the vibrating
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oscillator. Larger mass increases the generated power according to equation (2). In addition to
increase in power, a large mass together with thin spring arms brings the fundamental vibration
mode frequencies of the resonator down. Hence, the first few modes of the designed structure are
obtained at a relatively low frequency (<300 Hz). The eigen-frequencies of the designed structure
are analysed using finite element analysis software COMSOL Multi Physics and are shown in Fig.
3 (a-c), which are obtained at 180.2 Hz, 234.5 Hz and 245.3 Hz respectively. In the first mode, the
device moves vertically, orthogonal to the device plane. However, in the second and third modes, it
shows torsional movements in two opposite directions. The presence of multiple peaks in the close
frequency range allows generating power from vibration sources with multiple peaks in their

spectra. Detailed dimensions of the spring design are provided in Table 1.

(b) Dual Mass System: The dual mass system consists of two cantilevers which act as primary and
secondary springs. But unlike the model shown in Fig. 1, where the secondary spring is extended
away from the primary spring tip, here the secondary cantilever is curved inside the primary
cantilever. The designed dual mass system along with compact spring structure is shown in the Fig.
4. 1t is observed from FEM analysis that if the secondary spring is extended outward from the edge
of the primary spring, the gap between the fundamental frequencies of the two cantilevers becomes
very large. Like the single mass device, this device is also fabricated on SOI substrate. The bulk
silicon paddle at the end of the primary spring defines the primary mass whereas the silicon paddle
along with an attached NdFeB magnet (2x2x2 mmq) defines the secondary mass making it quite
large compared to the primary mass. The eigen-frequency analysis of the dual mass harvester
without and with the magnet is shown in Fig. 5 using COMSOL. The analysis shows that the first
two fundamental frequencies of the spring structure without the magnet are at 945.8 Hz and 1218.1
Hz where the primary and secondary mass exhibits maximum displacements respectively. With the
magnet attached, the first two fundamental modes appear at 227.2 Hz and 434.5 Hz respectively, where the
secondary and primary masses undergo maximum displacements. An interesting observation here depicts
that though the movements of the primary and secondary masses are in the out-of-plane direction,
the tip of the magnet follows an arc of a circle with small angle, which can be approximated as an
in-plane motion. Hence, the dual mass system offers three-dimensional energy harvesting
capabilities, being out-of-plane in the first mode and in-plane in the second fundamental mode.
Thus energy harvesting capabilities in different directions can be obtained from the same device.

Different physical parameters for the designed device are tabulated in Table 2.

(c) Electromagnetic model: The relative motion between the static double-layer copper coil and the

moving magnet is used to induce electrical voltage in the coil. According to the Faraday’s law, the



electromotive force (EMF) induced in the coil is proportional to the negative rate of change of the
magnetic flux experienced by the coll.

d d
g=—"C=——3N (B.4) (12)

Where ¢ is the magnetic flux, N is the total number of turns in the coil, B is the magnetic flux
density and A is the area included in the i-th loop. However, the magnetic flux is not same for both
the in-plane and the out-of-plane movement of the magnet. For the single mass device, the magnet
moves out-of-plane w.r.t the coil in the different vibration modes. However, the magnet motion is
in-plane in the first mode and out-of-plane in the second mode for the dual mass system. The
variation of the magnetic flux w.r.t the magnet displacement for both in-plane and out-of-plane
motion is shown in Fig. 6. For in-plane motion, the magnetic flux becomes maximum when the
magnet is in the center position. For out-of-plane motion, the magnetic flux becomes maximum
when the magnet comes closest to the coil and reduces gradually as it moves away from the coil.

Both the curves are fitted using third order polynomial functions as
@ = asx3 + a,x* + a;x + aq (13)

Where as.o are constants. The values of these constants for in-plane and out-of-plane movement of
the magnet are given in Table 3. For a rectangular block magnet, the magnetic flux density (B) at a

distance z along the line passing through the center of the magnet is given as [33]

MwM],

- My M
e ——| —sin™! Lt
a2 (2] /2

pr: 7 - (14)
[t (z4+MD)?) (et (z+Mp) )] 2

B =Z[sin!
i 4

Where B is the remnant magnetic flux density, M., Mw and Mt are length, width and thickness of
the magnet respectively. In our designs, NdFeB N52 magnets with residual magnetic flux density
(Br) of 1.4 T are used. The inset of Fig. 6 shows the static magnetic flux line distribution along the
cross-section of the magnet using Maxwell Ansoft 2D software.

IVV. Microfabrication of the Energy Harvesting Devices:

Development of the designed MEMS based energy harvesters involves three major steps. First the
multi-frequency MEMS spring structures are fabricated on Silicon-on-Insulator (SOI) substrate.
Then the double layer, electroplated copper coils are fabricated on a separate silicon substrate.

Finally the different components are assembled together to form the testing devices.



(a) Fabrication of Spring Structure on Silicon-on-Insulator (SOI): The micro-fabrication
process flow of MEMS spring structures is shown in Fig. 7 along their cross-section. (i) This is a
two mask fabrication process which starts with a 500 um thick, double side polished Silicon-On-
Insulator (SOI) wafer with a device layer of 50 um, buried oxide layer (BOX) of 3 um and a bulk
handle layer of 450 um respectively. (ii) 3 pum thick oxide layer is thermally grown using wet
oxidation method in front and backside of the wafer. The front side oxide layer acts as the mask
layer for the front device layer silicon etch whereas the back side oxide acts same for the back
silicon etch. (iii) HiPR 6512 positive photoresist is spun on the front of the wafer, pattern was
transferred using first mask and developed subsequently. This first mask is used to define the shape
of the thin spring structure on the front side of the wafer. The front oxide layer is etched on the
exposed sites using Plasma Enhanced Reactive lon Etching (PERIE) to reach the device layer
silicon. (iv) The resist is stripped off from the front and the same resist is spun on the back of the
wafer and patterned using a second mask to etch the oxide layer for back silicon etching. (v) After
etching of the back side oxide layer, the resist was stripped off. (vi) The device layer silicon in the
front is etched using Deep Reactive lon Etching (DRIE) up to the BOX layer to define the thin
spring structure. 6 um thick Al layer is sputtered in the front to provide mechanical support to the
front silicon spring layer while the back silicon and oxide is etched sequentially. (vii) The handle
layer silicon in the back is then etched using DRIE technique, followed by removal of the BOX
layer. (viii) The wafer is diced and sputtered Al layer is wet etched using commercial etchant

solution to release the mechanical structure.

The Scanning Electron Microscope (SEM) image of the single and double mass spring structures
are shown in Fig. 8 (a) and 8 (c) respectively. The thin spring arms and bulk silicon masses are
identified in the tilted images in Fig. 8 (b) and 8 (d).

(b) Fabrication of the double layer copper coil: The double layer electroplated copper coil is
fabricated on a separate Silicon substrate and the corresponding process flow is also shown in Fig.
7, which is a three mask process. (i) The fabrication process starts by deposition of 1um oxide layer
on Si by wet oxidation followed by sputtering of Titanium/Copper (Ti/Cu) layer of 20/200 nm
thickness which act as seed for electroplating. (ii) The substrate is then patterned using first mask
after AZ9260 positive photoresist of 18.6 um thickness is spin coated. The first layer of copper is
electroplated up to 15 pum thickness using digital matrix plating line and the resist is stripped off.
(iii) Then an optimized double spin coating process is used to develop 38 um thick AZ9260 resist
layer where the via layer is patterned using a second mask. The copper is again electroplated by 10
um to fill the via. (iv) After the resist is stripped and seed layers are etched, SU-8 insulation layer is

spun to a thickness of 28 um to isolate the bottom copper tracks from the top layer. Similar seed
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layers (Ti/Cu) as the bottom is sputtered again on SU-8. (v) The corresponding layer is patterned
using a third mask using AZ9260 resist (19 pum thick) again and then top layer copper is
electroplated up to a height of 12.5um. Similar to the bottom layer, the resist is stripped off and
seed layers are etched using HF acid. Finally another layer of SU-8 (28 um thick) is spun to provide

passivation to the structure.

The electroplated copper tracks after first layer of coil deposition is depicted in Fig. 9 (a) using
SEM imaging. The cross-sectional image of the complete two layer coil is shown in Fig. 9 (b),

which clearly shows the two conductive copper layers of the coil connected at the middle.

(c) Device Packaging: The magnets are epoxy bonded on the silicon paddle under the optical
microscope in a relatively precise manner. Using finite element analysis, it has been observed that a
slight mismatch in the alignment of center of magnet with that of the coil does not affect the output
significantly [48]. The image of the packaged single mass and double mass devices are shown in

Fig. 10 (a) and 10 (b) respectively where each of the packaged devices has a volume of 0.14 cm®.
I11. EXPERIMENTAL RESULTS AND DISCUSSIONS:
(a) Experimental Procedure:

The fabricated devices are experimentally characterized using a test set up which comprises a Briiel
& Kjeer LDS V455 computer controlled Permanent Magnet Shaker, an LDS Comet USB vibration
control system, an LDS PA 1000L power amplifier and an oscilloscope (Picoscope 3000 series).
The sweeping sinusoidal signal is produced by the vibration controller via the power amplifier to
get a constant input acceleration level which is monitored by a miniature piezoelectric CCLD
accelerometer (LDS 4394). Since the expected output signals from the devices are very low (as in
the case for most MEMS EM VEH devices), the devices and the bread board circuit consisting of
the electrical loads are encapsulated within a ground-connected aluminium box to minimize the
effect of external electromagnetic noise on the device output. The grounded aluminium enclosure
including the device and load circuitry is placed on a vibrating stage attached to the shaker which
generates sinusoidal excitation in the vertical direction. The devices are tested under different input
acceleration levels (0.05g — 1g, 1g = 10 m/s?) while the input frequency is varied in each case.

(b) Characterization of the Single Mass Device (SMD):

The open circuit voltage time trace for the generator is shown in Fig. 11 (a) where the input
frequency is swept from 100 to 300 Hz at 0.5g at a rate of 1.67 Hz/sec. The three peaks denote the

three fundamental modes of the MEMS spring structure. The corresponding RMS open circuit
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voltage frequency response (Fig. 11 (b)) is obtained using the Fast Fourier Transform (FFT)
technique of the time domain data. Three voltage peaks of 14.8, 17.05 and 16.8 mV are obtained at
the resonance frequencies of 188, 255.1 and 287.9 Hz, respectively. Based on the modal analysis
results shown in Fig. 3, these three frequencies actually correspond to the out-of-plane motion
(mode 1) at 180.2 Hz, torsion motion (mode II) at 234.5 Hz and torsion motion in another direction
(mode I11) at 245.3 Hz, respectively. The obtained modal frequencies match reasonably well with
the experimental results but the observed deviation could be due to the slight geometrical variation

of the spring structure during the DRIE etch process.

The variation of the RMS open circuit voltage with the input acceleration is shown in the Fig. 12
where the output voltage increases with the input excitation level as expected being only 4.2, 2.6
and 2.8 mV at 0.05g for the three different resonance modes which rises up to 17, 29.7 and 21.3 mV
at 1g. It is to be noted here the output response from the three modes are comparable in amplitude.
Although the device is designed for large out-of-plane motion, the attached large magnet mass
could possibly aid the torsional movements in mode 2 and 3 which helps in achieving large output
from those two modes as well. The open circuit quality factors of the resonant energy harvesting

system are 38.69, 80.91 and 59.92 in the three different modes respectively which are calculated

fr

using the formula Qy¢ = =

where f; is the resonance frequency and f; and f. are lower and

higher cut-off frequencies.

Next, load resistance is connected to the generator to dissipate electrical power. The variation of the
load power of the three modes with the load resistance is shown in Fig. 13 (a). The matched load is
found to be 190 Q which is quite close to the coil resistance (Rc = 187 Q) value. As described
earlier, if the magnetic flux linkage is small so that the electromagnetic damping co-efficient is
much lower than the mechanical damping, then the maximum load power is obtained when the
resistive load is equal to the coil resistance. The maximum power of 0.37, 0.43 and 0.32 uW are
obtained at the matched load for input acceleration of 0.5g which rises to 0.6, 1.5 and 0.9 pW
respectively at 1g as shown in Fig. 13 (b).

(c) Characterization of the Dual Mass Device (DMD):

The time history of the DMD under no-load condition is depicted in Fig. 14 (a) as the input
vibration frequency is varied from 100 to 500 Hz at a fixed acceleration of 0.5g at the same rate as
that mentioned for the SMD. It is observed from the time trace that the large amplitude voltage peak
is generated at the lower frequency which is due to the large amplitude motion of the magnet in the

low frequency mode, creating higher electromagnetic flux linkage. On the contrary, the range of
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motion of the magnet is much smaller in the high frequency mode as observed from the modal
analysis in Fig. 5(d), and produces much lower voltage. From the FFT plot in Fig. 14 (b), the two
peaks are generated at 241.4 Hz and 419.6 Hz respectively. The experimentally obtained
frequencies are close to simulated modal frequencies of 227.2 Hz and 434.5 Hz. Similar to the SMD
case, here also the reason of discrepancy could be due to the mismatch between the designed and
the fabricated geometric parameters. The calculated open circuit quality factors (Qoc) of the two
modes are 46.28 and 39.33 respectively.

The load power variation of the two natural modes of the device for varying load resistance (RL) is
shown in Fig. 15(a) at an acceleration of 0.5g. The matched load in this case is also equal to the
internal load of the coil (Rc=191 Q). In the first mode, the maximum electrical power that is
transferred to the load is 0.22 pW. That value reduces to 0.024 uW in the second vibration mode
due to the aforementioned reason. The maximum load power rises to 1.13 uW and 0.066 pW

respectively at 1g acceleration respectively as shown in Fig. 15 (b).

Table 4 summarizes the results and provides a comparative study between the output performances
of the SMD and DMD respectively.

(d) Benchmarking:

Comparing different VEHs is not straightforward as the amount of data presented in published
works varies considerably in terms of their operating conditions such as input acceleration and
frequency. Hence, direct comparison of the output electrical parameters such as voltage, current or
power is not justified. Beeby et al [34] derived a figure-of-merit for resonant VEH devices called,
Normalized Power Density (NPD), which is simply the output power (P) of the device normalized
w.r.t. input acceleration level (A) and volume (V) of the device. Frequency is not considered in the
figure-of-merit as resonant generators are fixed in frequency whereas acceleration levels applied
during testing can be varied. NPD can be defined as

P
2

NPD = — (15)

It is to be noted that acceleration (A) is taken in equation (15) in square form as the power varies
with square of acceleration as mentioned in equation (2). In Fig. 16, the NPD of different MEMS
scale EM energy harvesters are compared w.r.t their operating frequency (Fig. 16(a)) and device
volume (Fig. 16(b)). It is to be noted here, we have compared different MEMS scale VEH devices
regardless of their operating principles, including resonant, multi-frequency and nonlinear energy

harvesters. For wideband nonlinear devices, the peak power generated at the down jump frequency
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is considered which is not fully justified but makes the comparison easy. In terms of the level of
integration, the fully integrated MEMS EM harvesters [35-41] have lowest NPD due to the low
efficiency of the integrated magnets. Integration of thick permanent magnet while retaining their
performance comparable to that of bulk magnets is a challenging task which has been undertaken in
a number of reported works and is a major field of research [49-51]. Thus in most of the reported
literatures [1-3, 14, 19, 26-27, 42], bulk NdFeB magnets are used whereas the spring structure and
pick-up coils are integrated using CMOS compatible MEMS techniques. Coils are mostly integrated
on the vibrating elements while a single or an array of static magnet is used to create the varying
magnetic field. The output power is found to be low in such cases due to poor magnetic flux linkage
and smaller proof mass. In some reported literatures [1, 14, 19, 26-27], sputtered metallic coil is
used to induce electrical voltage. Generally the thickness of the sputtered layers is quite low which
affect the final output. Silicon is the most commonly used material in MEMS devices due to their
suitability with CMOS compatible fabrication processes and its mechanical robustness. But due to
its large elastic modulus (Y=170 GPa), the operational frequency increases significantly with
dimensional miniaturization. Hence, many researchers have exploited other polymeric materials like
PDMS [39, 44] and parylene [3, 43] for development of the spring structure in order to reduce the
resonance frequency within the same footprint. The low Young’s modulus not only brings the
resonance frequency to a lower value but also increases the displacement amplitude as the spring
constant is reduces. However, reliability of these materials for long term applications is a concern

which is yet to be verified in reported literatures.

In this reported work, a magnet proof mass architecture is used where NdFeB bulk magnet is
bonded on the silicon paddle to increase the mass as well as the output power. The high
performance obtained from the MEMS energy harvesters is also due to the development of
integrated, double layer, and thick copper micro-coil, which enhances the electromagnetic coupling
with the moving magnet. This factors lead to the NPDs of 0.0429, 0.1071 and 0.0643 kg.s/m?
respectively in the first three vibration modes of SMD and 0.0807 and 0.0047 kg.s/m? respectively
in the first two modes of the DMD, which are among the higher values for MEMS scale EM VEH
devices. The performances can further be improved through even more optimization of the different
design parameters as described in the theoretical model section. With further improvements, the
reported devices can be employed in a number of practical applications where the input vibration
consists of multiple frequency peaks below 1 kHz [47, 52]. Power requirement in such applications
are further reduced by optimizing the active and sleep mode duty cycles of operation of the sensors.
Thus, the proposed methodology can be applied with required modifications for efficient and

perpetual energy supply in numerous 10T based emerging applications.
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V1. Conclusions:

This paper investigates the potential of multi-frequency MEMS EM VEH devices for a number of
practical applications employing two different topologies. The first system is a single mass
topology, where different fundamental modes are obtained within a close range through spring
design innovations. The second system is a dual mass topology, which inherently have two major
vibration modes corresponding to the movement of each of the masses. The output power is
improved in our designs in general by using the bulk magnet as proof mass compared to the
reported MEMS scale EM generators. The 3D finite element analysis on the devices shows that
different modes are activated in the low frequency region. The out-of-plane and torsional modes of
the single mass systems are obtained at 188, 255.1 and 287.9 Hz, respectively whereas the first two
modes of dual mass device are at 241.4 Hz and 419.6 Hz respectively. The spring structures are
fabricated using Silicon-on-Insulator (SOI) substrate while moving magnets attached to the spring
induce voltage in the electroplated double layer copper coils fabricated on silicon substrate. At 0.5g,
the single mass device produces 0.37, 0.43 and 0.32 uW respectively in mode I, II and III whereas
the dual mass device generates 0.22 and 0.024 uW in mode I and II respectively against matched
load. The experimental results are qualitatively explained using the simulation results. Finally, the
high performances of the reported devices are benchmarked against the existing MEMS scale EM

VEH devices using ‘normalized power density’ figure-of-merit.
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Fig. 1: (a) Model of a Two Degrees-of-freedom (TDOF) system. Parametric study of the TDOF

system: (b) m2/mg, (c) c2/c1 and (d) ko/ky are changed while other parameters are kept constant.
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Fig. 2: Schematic depiction of the Single Mass Device (SMD). For clarity, the spacer is not shown

on the front sides.
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(a) Mode I: 180.2 Hz x10?

0.5

(b)  Mode Il: 234.5 Hz x10°

(c)  Mode Ill: 245.3 Hz <10°

Fig. 3: First three fundamental modes of SMD from COMSOL - (a) Mode I: Vertically up and

down movement, (b) Mode II: Torsional motion, (c) Mode I11: Another torsional movement.
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Fig. 4. Schematic depiction of the Dual Mass Device (DMD). For clarity, the spacer is not shown

on the front sides.
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Fig. 5: First two fundamental modes of DMD without [(a) and (b)] and with [(c) and (d)] the
magnet from COMSOL — The primary mass undergoes the maximum displacement in mode |
without the magnet whereas secondary mass undergoes maximum displacement in mode Il. This

reverses in presence of the magnet mass.
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Fig. 6: Flux linkage variation for in-plane and out-of-plane motion of the magnet. The inset shows

the static magnetic flux distribution of the magnet.
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Fig. 7: Three level Fabrication process flow for the MEMS EM Harvesters: Fabrication of the
spring structures on SOI, Fabrication of the double layer copper coil, Assembly and packaging of

the individual components.
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Bulk Silicon Mass

Fig. 8: SEM images of the (a) Single mass spring structure (b) Corresponding tilted image showing

bulk silicon mass and thin spring.(c) Double mass spring structure (d) Corresponding tilted image.

Fig. 9: SEM image of the micro-coil after bottom layer development which shows one electrical
connection and central pad for via development. (b) SEM image of the cross-section of the coil
indicating two layers of copper and a via layer.
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Fig. 10: Fabricated and fully packaged (a) single mass (SMD) MEMS harvester (b) dual mass

(DMD) MEMS harvester
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Fig. 11: (a) Time history for output open circuit voltage of the SMD as the input frequency is swept

from 100 to 300 Hz at 0.5g. (b) The corresponding frequency response.
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Fig. 13: (a) Variation of load power of the different modes of SMD with load resistance and (b)
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Fig. 14: (a) Time history for output open circuit voltage of the DMD as the input frequency is swept
from 100 to 300 Hz at 0.5g. (b) The corresponding frequency response.
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Table 1: Different parameters of the MEMS Single Mass Device (SMD)

Parameters Values
Length of a single beam 3.45 mm
Width of the beams 0.2 mm
Thickness of the beams 50 um
Dimension of movable paddle 3x3x0.5 mm?
Mass attached (magnet) 9.83x107° kg
Magnet dimensions 2.5x2.5x2 mm?®
Coil footprint 2.8%2.8 mm?
Coil no. of turns 144

Coil Resistance (Rc) 187 Q

Gap between magnet and coil 0.8 mm

Table 2: Different parameters of the MEMS Dual Mass Device (DMD)

Parameters Values
Length of the primary beam 3.25 mm
Width of the primary beam 1 mm
Length of the secondary beam 1 mm
Width of the secondary beam 1.5mm
Thickness of the beams 50 pm
Primary Mass 2.5x10° kg
Secondary (magnet) Mass 68x107° kg
Magnet dimensions 2x2x2 mm?®
Coil footprint 2.8x2.8 mm?
Coil no. of turns 144

Coil Resistance (Rc) 191 Q

Gap between magnet and coil 0.8 mm




Table 3: Flux linkage constants for in-plane and out-of-plane motion of the magnet

Flux Linkage Constants | In-plane motion Out-of-plane motion
as (Wh/m?) 4668.05 31574.84

a2 (Wh/m?) 74.23 -96.66

a1 (Wh/m) 0.0143 0.17

a0 (Wh) -2.65x107 -2.49x10"

Table 4: Comparison of experimental output performances of SMD and DMD

Output Parameters

SMD

DMD

Resonance Frequencies (Hz)

188 (mode 1), 255.1 (mode II),
287.9 (mode 111)

241.4 (mode 1), 419.6 (mode 1)

RMS Open Circuit Voltage at

14.8 (mode 1), 17.05 (mode II),

12.8 (mode 1), 4.34 (mode II)

0.5g (mV) 16.8 (mode I11)
Matched Load (Q2) 190 190
Load Power at 0.5g (nW) 0.37 (mode 1), 0.43 (mode II), [ 0.22 (mode 1), 0.024 (mode II)

0.32 (mode I11T)

NPD (kg.s/m?3)

0.0429 (mode 1), 0.1071 (mode
I1), 0.0643 (mode I1I)

0.0807 (mode 1), 0.0047 (mode
)]
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