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Abstract: With the rise of the Internet of Things (IoT) and the ever-increasing number of integrated
sensors, the question of powering these devices represents an additional challenge. The traditional
approach is to use a battery; however, harvesting energy from the environment seems to be the
most practical approach. To that end, the use of piezoelectric MEMS energy has been proven as a
potential power source in a wide range of applications. In this work, a proof of concept for a new
architecture for MEMS energy harvesters is presented. The influence of the dimensions and different
characteristics of these designs is discussed. These designs have been proven to be resilient to process
variation thanks to their unique architecture. This work presents the use of vibration enhancement
petals in order to widen the bandwidth of the energy harvester and provide a non-linear frequency
response. The use of these vibration enhancement petals has allowed the fabrication of three design
variations, each using an area of 1700 pm by 1700 um. These designs have an operating bandwidth
between 3.9 kHz and 14.5 kHz and can be scaled to achieve other targeted resonant frequencies.

Keywords: MEMS; energy harvesters; piezo-electricity; vibrations; aluminum nitride; process
variation; non-linear; multi-mode

1. Introduction

Energy recovery systems and energy harvesting systems are the subjects of growing interest [1-5].
In addition, the number of connected objects is constantly increasing [6], and the energy requirements
of these systems are still growing and many sensors are manufactured without it being physically
possible or economically viable to replace their batteries once they are depleted [5]. The development
of energy recovery and energy harvesting systems makes it possible to increase the lifespan of these
objects, which is important notably in devices placed in remote locations or harsh environments.

Research and development of such energy harvesting systems has been focused on exploring
the use of several different energy sources that can be converted into electrical energy. These energy
sources need to be readily available in the environment. These include heat, light, magnetism, wind,
and vibrations [7,8]. Several systems have been proposed to exploit one or more of these energy sources
to produce electrical energy [9-11].

In this work, the use of vibrations as an energy source is considered by specifically focusing on
piezoelectric energy harvesters. End applications include but are not limited to devices for biomedical,
automotive, industrial or even military application [12-14]. When using vibrations as the main energy
source, the device should be able to power the circuit in which it is integrated. Due to the nature of
vibrations present in various environments, these devices need to have a low resonant frequency, and
provide a sufficient power output while having a wide enough bandwidth to allow powering of the
device over a wide range of vibration frequencies. These devices also need to be compact in order
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to allow their integrations into actual systems. However, achieving one of these objectives generally
results in a challenge in maintaining the others. Therefore, a tradeoff has to be determined between
the size of the device, its main resonant frequency, bandwidth, and maximum output power. Thus,
the development of new structures for the implementation of piezoelectric vibration energy harvesters
(PVEH) is necessary. To this end, this work will propose PVEH structures fabricated in silicon on an
insulator microelectromechanical system (MEMS) fabrication process.

The most basic structure used for the realization of a MEMS PVEH is the cantilever [2,15-18]. The
performance of such harvesters has been studied for energy harvesting purposes, and many different
analytical models have been developed to explain and predict the behavior of this type of device.
While these structures are relatively easy to fabricate and their behavior are well predicted, they are
still the subject of research to overcome their limitations. Namely, the scaling down of the size of
these devices proves to be a complex challenge, as their resonant frequency increases linearly with the
scaling factor [19]. In addition, the smaller the device, the lower the output power.

In previous work, it has been explained how tuning the dimensions of a cantilever to attain a
T-shape will allow for the reduction of up to 30% of the resonant frequency, however, this comes at the
cost of reducing the power output [20]. It also has been theorized that linking four beams with a central
proof mass in a cross design could be a step toward more efficient design than the cantilevers [21].

While it is possible to scale down and even tune the resonant frequency of these cantilevers by
scaling them up, changing the material used for their realization, changing their geometry, using planar
masses or even adding a proof mass [20], tuning the bandwidth of these designs is more difficult.
While modifying the ambient pressure at which the device operates can provide such tuning, it is not
practical and costly to package. The bandwidth of an energy harvester determines both its maximum
output power and the frequency range in which the device can operate. This bandwidth is linked
to the quality (Q) factor, and the higher the Q factor, the higher the maximum power output but the
narrower the bandwidth. On the contrary, the lower the Q factor, the lower the maximum power
output but the wider the bandwidth [8,14,22,23]. A trade-off in terms of the Q factor for the devices
thus has to be realized in order to allow for both a sufficient output power while maintaining a wide
enough bandwidth to accommodate a wide range of vibration frequencies. To overcome this trade-off,
researchers have explored the design of devices using the coupling of two or more structures each
with different resonant frequencies in order to allow for a wider bandwidth without compromising the
maximum output power.

As such, work in [16] presents a structure allowing a maximum power output of 20 uW, however,
the proposed device is large (15 mm X 15 mm), and the resonant modes of the structure are spaced
between 100 Hz and 1 kHz. Furthermore, is not possible to fabricate the device using MEMS technology,
limiting the miniaturization potential of the design and its batch fabrication. To reduce the resonant
frequency, the design in [17] utilizes the coupling of two cantilever beams to achieve a resonant
frequency of 16 Hz with a bandwidth of about 14 Hz, and a maximum power output of 0.35 uW.
To achieve such performance, this work required a relatively large device (55 mm X 18 mm). Using
the same concept of using several coupled cantilevers, work in [2] presents another structure with an
operating frequency between 10 Hz and 20 Hz. However, once again requiring large dimensions for the
devices (90 mm X 10 mm), but achieving a maximum power output of 249.8 uW. Other strategies for
wideband mechanical energy harvesting are detailed in [18]. A design proposed in [18] is a cantilever
occupying an area of 30 mm X 10 mm with a frequency tuning system in the range of 210 Hz to
280 Hz. Work in [24] presents the use of a tri-legged structure to harvest random vibrations and
produce up to 22 V, however once again the dimensions of the structure are relatively large (diameter of
52 mm). To add to the limitations of these devices, they cannot be integrated into compact embedded
systems and batch fabricated at low cost, as none of these devices were fabricated using MEMS
microfabrication technology.

More compact devices using MEMS microfabrication technology are discussed below. Structures
such as the one described in [1] have been reported with five resonances and 478 Hz of bandwidth,
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while keeping the dimensions relatively small (12 mm X 12 mm) and reporting a maximum output
power of 1.73 uW. The scaling down of this structure proves to be detrimental, as illustrated by [25].
In that work, a similar structure is proposed as a vibration sensor and scaled to 2.35 mm X 2.35 mm
with resonant frequencies of 14.53 kHz, 22.80 kHz and 22.81 kHz As this device is used as a vibration
sensor, no output power is presented, but the work reports a sensitivity of 46 mV/g. Works in [13]
and [3] present the Four-Leaf Clover, a structure with several resonances ranging from 200 Hz to
several kHz and capable of delivering according to simulations a maximum power output of 11 uW at
230 Hz with dimensions of 8 mm X 8 mm. The work in [26] presents the use of structures with two
resonant frequencies close to one another in order to present a much wider bandwidth. Simulations
report a maximum of 10.1 pW and 9.3 uW at frequencies of 2.49 kHz and 2.55 kHz, occupying an area
of 12.8 mm X 4.8 mm. Work in [5] presents the use of coupled cantilevers in an M-shape. The use of
such a design allows for two resonant frequencies at about 1.29 Hz and 1.78 kHz, while the design
occupies an area of 2.9 mm X 1 mm. The power output of that work is not reported.

While at the macro scale the literature seems to use cantilevers in order to reach wider bandwidths,
at the micro scale, works are exploring variations of existing shapes and new shapes to overcome the
limitations of the cantilever in order to increase the performances of vibrational energy harvesters [23,27].
These devices have dimensions ranging from a few millimeters to a few centimeters. Their operating
frequency ranges from few hertz to several kilohertz, and their output power varies from a few
nanowatts to a few microwatts.

This paper presents a new architecture for a PEVH design named herein the squared daisy. This
structure is demonstrated via the PiezoMUMPS microfabrication process by Memscap. It allows for a
structure that is insensitive to process variation and can operate over a relatively wide bandwidth and
over different modes.

The paper is structured as follows: The operating principle of the squared daisy PEVH along
with the finite element method (FEM) simulation results are detailed in Section 2. This is followed in
Section 3 by the presentation of the fabrication process used for the realization of these devices and the
parameters that were selected for fabricated devices. Thereafter, in Section 4, the measurement results
are presented, including the characterization of the devices’ variability, resonant frequency, frequency
response, and mode shape. Section 5 discusses the devices and compares their performance with other
works. Finally, conclusions are presented.

2. Materials and Methods

This paper introduces the squared daisy (SD) as a new geometry for the realization of MEMS
energy harvesters. This structure aims to be a solution to improve the operating frequency range of
MEMS energy harvesters. The visualization of such a structure is presented in Figure 1.

2.1. Operating Principle of the Squared Daisy

The SD structure can be simplified into two separate designs: A central proof mass (in orange in
Figure 1) suspended by a predefined number of supporting beams (in green in Figure 1) and cantilevers
attached to that central mass (in blue in Figure 1). A cross-section is illustrated in Figure 2. The central
proof mass is suspended by a predefined number of supporting beams. The fundamental resonant
frequency of the structure in Figure 2 can be expressed as a function of E, the modulus of elasticity of
the material, I is the area moment of inertia for that structure, a function of its shape, Rm is the radius
of the proof mass, H is the height of the proof mass, the density of the material p and L is the length of
the structure [14]. It is given by:

1 48X EXI
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As governed by (1), the greater the force, the lower the resonant frequency. The values of H and a
are fixed, therefore increasing the value of Rm should be favorable to reduce the resonant frequency of
the device by increasing the force applied to the device. However, increasing the value of Rm reduces
the effective length of the device, L.y This parameter is used to represent the reduction of the length of
the supporting cantilevers due to the proof mass. The value of L. can be expressed in the function of
the total length of the design, Rm and a scaling factor Sc. The expression of Ly is given by:

Leff =L- (2 me) X Sc (2)

By combining (1) and (2), the resonant frequency of the design can be shown to be given by:

1 48 X EX1I
fo:(ﬂ)x\/(?_anRmxpr)x(L—(ZXRm)xSc) ©)

Three main factors have an influence on the resonant frequency of the device: The total length of
the device, the radius of the proof mass and the length of the arms. These parameters are linked by the
fact that the size of the design is equal to two times the length of the arms and two times the radius
of the central mass. While this basic model gives an understanding of the influence of modifying
the value of Rm, it should be noted that it does not take into account the shapes of the cantilevers
supporting the central mass and the fact that not all sides of the proof mass are supported.

Vibration enhancement petal Central proof mass

Anchored Petal

Figure 1. Visualization of the squared daisy design and identification of the main components of the
daisy design: A central mass (orange) suspended by a predefined number of supporting beams (green)
and the vibration enhancement petals attached to the central mass (blue).

Length of the
structure

Length of the Length of the
supporting beam supporting beam

Figure 2. Visualization of a cross-section of the anchored structure.
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To allow for a more complete representation of the behavior of the system, finite element modeling
(FEM) of the structure has been carried out using the COMSOL Multiphysics software. The result
in terms of the resonant frequency of such a system when modifying the radius of the proof mass
and keeping the length of the structure constant is illustrated in Figure 3. To provide a general
case, the resonant frequency has been normalized to its lowest value and the proof mass radius, Rm,
is expressed as the percentage of the total length of the structure.

It should be noted that if Rm is below 5% of the length of the structure then the behavior of this
structure changes and is closer to a clamped-clamped cantilever. If Rm is equal to 50% of the length
of the structure, then the diameter of the proof mass is equal to the length of the structure, and no
supporting beams remain.

Two main factors influence the resonant frequency of the system: The longer the supporting
beams, the lower the frequency. However, an increase of the length of the arms also implies, for a
given total length, a reduction in the radius of the proof mass and therefore an increase of the resonant
frequency. It can be seen in Figure 3 that these two effects work in an opposite fashion creating a region
where the influence of these two effects counteracts the other. That region is seen in Figure 3 where it
can be observed that a change in radius of the proof mass between 10% to 23% of the structure length
has little influence on the resonant frequency of the system. This region can be leveraged to reduce the
sensitivity of the structure to process variations during device fabrication.
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Radius of the central proof mass as % of the total structure

Figure 3. Simulation of the influence of the size of the proof mass on the devices.
2.2. Vibration Enhancement Petals

For the vibration enhancement petals attached to the central mass, these can be modelled as
cantilevers. As such, the undamped resonant frequency in the case of a rectangular cantilever can be
expressed as a function of a factor used to represent the vibration mode k;, the length of the cantilever
L, and the cross-sectional area A [8] such that:

k2 ExI
- f 4
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In the case of a rectangular beam of sufficient length such that the width of the cantilever can be
neglected, the fundamental resonant frequency can be expressed as a function of its length as:

1.8752 ExI
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It should be noted that in this case, while all the vibration enhancement petals are situated around
the central proof mass, they do not have the same properties, in terms of length and width at the end,
it is therefore expected that these small variations will result in small resonant frequency variations
that will allow for a wider overall bandwidth.

It should be noted that in a trapezoidal beam such as that of the petals, the cross-sectional area is
not a constant over the length of the cantilever as the width of the cantilever is equal to wb1 at one end
and wb?2 at the other. As such, the expression of the aforementioned expressions can only give a rough
estimate of the fundamental mode.

An analytical model of the SD structure is beyond the scope of this work. More advanced material
on the analytical modeling of cantilevers and more complex structures can be found in [7,8,14,22,23].

These cantilevers are introduced by vibration enhancement petals (VEP), as their presence allows
the addition of their resonant frequency to the global resonant behavior of the structure. Furthermore,
by having the VEP supported from the central mass, the structure exhibits different properties in terms
of frequency response and fundamental resonant mode, as will be discussed later.

2.3. Resilience to Process Variation

Process variation is an issue in microfabrication. In this particular case, the PiezoMUMPS process
allows for an edge bias of up to 50 pm in the trenches below the silicon structure of the SD [28]. This can
vary the length of the suspended structure and affect resonant behavior. Accordingly, in order to limit
the influence of such process variation, two main strategies have been used. The first strategy used was
to anchor the design on all sides such that the surrounding silicon structure overhangs the underlying
trench at the perimeter of the structure, as demonstrated in an ultrasonic transducer demonstrated
in [29]. However, while this strategy reduces the influence of the process variation on the anchoring at
the perimeter of the structure, it will have no influence on process variation touching the central proof
mass. This proof mass is a key component in this design to reduce the resonant frequency. Therefore,
a variation of the proof mass radius by up to 50 um would render such a design difficult to fabricate
reliably. However as stated previously, in this design, a region in which the variation of the radius of
the proof mass has a negligible influence on the resonant frequency of the design exists, as seen in
Figure 3. This increases the resilience of the device to process variations of the SD design and ensures
that the resonant frequency does not vary significantly.

3. Fabrication

In the previous section, the operating principle of the squared daisy has been overviewed. The
fabrication process used to realize and validate the operation of these devices is detailed, along with
the device parameters that have been selected.

The layout for the fabrication of these devices has been scripted using the SKILL language using
the layout tool Cadence Virtuoso. SKILL was used to describe one parameterized cells (PCell) that
contained the layout of the SD design. This PCell describes the layout of the devices, and allows for
easy scaling of the device and variation of its parameters. The different layers of one variation of the
SD design are shown in Figure 4, outlining each of the masks of the process. In that design all the
dimensions are controlled via dimensions that are parameterized and each petal can be defined as an
anchored petal or as a vibration enhancement petal.

The fabrications of these prototypes were carried-out using the PiezoMUMPs process from
MEMSCAP. This process is a piezoelectric-based MEMS process that provides cost-effective access to
MEMS prototyping. This process has been used and described for the creation of several resonators and
energy harvesters [20,21,25,30,31]. The fabrication process includes five masks and is carried out on an
N-type double-side polished silicon-on-insulator (SOI) wafer. The 10 pm-thick silicon layer (Figure 4d)
is doped to increase its conductivity. Then, an insulating 0.2 um-thick layer of silicon dioxide is grown
and patterned on the SOI wafer (Figure 4c). A 0.5 pm-thick piezoelectric layer of aluminum nitride
(AIN) is then deposited and patterned (Figure 4b). Then, a layer of metal is deposited, this layer
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consists of a stack of 0.02 pm-thick chromium (Cr) and of 1 pm-thick aluminum (Al) (Figure 4a). The
silicon device layer is then patterned (Figure 4d). Lastly, the 400 um substrate is etched from the
backside to form the trench below the structure and free the proof mass to enable the structure to
vibrate (Figure 4e). Further details pertaining to the fabrication process can be found in [28]. It is worth
noting that this process allows for the use of the suspended substrate to be used as a proof mass. Upon
reception of the device from the foundry, no post-processing step was applied to the devices.

Figure 4. Illustration of the PiezoMUMPs process layers that compose the square daisy: (a) Metal
aluminum pads, (b) piezoelectric AN, (c) silicon dioxide insulator, (d) silicon device layer, and (e)
trenched silicon substrate (left: Isometric view, right: Top view).

In order to validate the use of the SD design and the validity of the frequency enhancement petals,
three different design variations were created. The parameters used to create these structures are
presented in Table 1. The size parameter of the design represents the side of the square in which the
design fits, however, this does not take into account the space needed to place the bond pads. The
parameter radius of the proof mass represents the radius of the circle that is used to create the proof mass.
The separation on the VEP parameter is used to determine the distance between the end of the vibration
enhancement petals and the substrate. The radius of the circle of deposited piezo parameter is used to
determine the area covered in piezo material on the VEPs. The petals used as anchors and petals used as a
VEP parameter are complementary (each petal is either used as an anchor or a VEP) and are used to
determine the anchoring of the structure. The use of these parameters allowed the realization of the
three variants using a single PCell.

The only difference between these three variants is the way the petals are used. In the first variant,
eight petals are used as anchors while eight are used as VEP. In the second and third variant, it was
chosen to use only four petals as anchors while the 12 others are used as vibration enhancement petals.
Pictures of the realized structures are shown in Figure 5. Fifteen copies of each of these devices were
received. In that figure, the measurements points “Center”, “VEP1” and “VEP2”, respectfully in blue,
red and orange are clearly identified for the variants and will be referred to in the measurements
presented in Section 4. For the isometric view provided for variant 1, it is not possible to see the central
proof mass due to the too small opening between the petals at the center of the structure.



Sensors 2019, 19, 3247 8of 17

Table 1. Overview of the parameters for each of the three variations of the SD design.

Variant 1 Variant 2 Variant 3
Size of the design (um) 1700 1700 1700
Radius of the proof mass, Rm (um) 200 200 200
Separation on the VEP (um) 10 10 10
Radius of the circle of deposited
piezo material on VEP(um) 500 500 500
Petals used as anchors 13579111315 15913 371115
Petals used as a VEP 2468101216 234678110611121415 1245689101213 14 16

500 pm 500 pm 500 pm

] I
SU8230 1.0kV 8.3mm x45 LM(L) 1.00mm
(d)

Figure 5. Presentation of the 3 fabricated designs the variant 1 in (a) has 8 anchored petals and 8

vibrations enhancement petals, while both variant 2 in (b) and variant 3 in (c) have 4 anchored petals
and 12 vibration enhancement petals. An isometric view of variant 1 is provided in (d).

4. Measurement Results

In this section, the characterization of the performance of the fabricated SD designs is presented.
This includes the measurement of their resonant behavior, the characterization of their frequency
response in terms of power output, and the visualization of their mode shapes.
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4.1. Characterization Using a Vector Network Analyzer

To characterize the resonant frequency of the designs in terms of frequency response, a vector
network analyzer (VNA) type E5061B from Keysight was used with a probe station. A hole is present
below the devices in order to allow the displacement of the central proof mass. By measuring the S
parameters of these devices (521 and 512), this test allowed a quick characterization of the variants. The
resonant frequency of all the devices were recorded and stored, for each variant the median, average
and the standard deviation of the resonant frequency was calculated. For variant 3, the extraction of
the first resonant mode with the VNA was not possible due to limitation of the test setup. However,
the extraction of the second mode at 7.3 kHz was possible and should be indicative of the variation
of the 1st mode. The fundamental mode of variant 3 was extracted using a vibrometer, as discussed
in Section 4.2. Table 2 presents a summary of these measurements. It can be noted that the good
agreement of the simulations and the measurements. The maximum standard deviations in terms
of resonant frequency is below 3.11% over the 15 devices measured for each variant. These results
validate both of the approaches used in order to reduce the sensitivity of the structure to process
variations and also validate the FEM simulations in terms of resonant frequencies.

Table 2. Summary of the resonant frequency of the three variations of the squared daisy (SD) design.

Variant 1 Variant 2 Variant 3 *
Simulation (Hz) 10,600 8100 7300
Median (Hz) 10,680 8120 7286
Mean (Hz) 10,637 8141 7308
Standard deviation (Hz) 129 196 227
Standard deviation (%) 1.21 241 3.11

* Second mode.

4.2. Characterization Using a Vibrometer

A vibrometer is capable to make non-contact vibration measurements of a surface. It is possible
to use it to acquire the frequency response in terms of velocity of a point. This frequency response
allows the identification of the resonant mode. Furthermore, the use of a vibrometer allows the
visualization of the mode shape of the device, via the measure of the speed of 2500 points at regular
intervals over the area covered by the MEMS device. A data management system from Polytec is used,
the vibrometer controller used is the OFV-2570 from Polytec and the laser unit is the OFV-534 from
Polytec. This equipment setup is presented in Figure 6. To obtain these results, the excitation of the
PVEH is provided using a function generator type 33,250A from Agilent. This excitation source is used
to generate a sweep in frequency from 1 kHz to 20 kHz at a constant amplitude.

I:l——eDe o

I 9

. AV

Data Mla;:ialgement [ Controller] [ Laser Control ] [ Device Under Test ]

(O]

Figure 6. Schematic of the vibrometer test bench.

The vibrometer is used to acquire the displacement velocity of each point as a function of the
frequency. Using a positioning controller type Corvus Evo from PI and 2 positioners type VT-80 Linear
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Stage from PI. Using this equipment, 2500 points linearly spaced in a 50 x 50 grid around the design
can be defined. Using this grid, the movement of the structure can be reconstructed at a defined
frequency, as the exact coordinates where the points are measured are known. An example of the
representation of the mode shape for variant 1 at its first resonant frequency is shown in Figure 7.

| -

135° 180° 2250

270° 315° 360°

Figure 7. Representation of the 1st mode shape of variant 1 as a function of the phase.

To realize this measurement, variant 1 was exposed to a sinusoidal signal of amplitude 10 V at
a frequency of 10.86 kHz. At this frequency, the resonant mode of the variant 1 is a combination of
three vibration patterns. The first is caused by petals number 2, 6, 10 and 14 and presents the maximal
displacement. The second is caused by petals number 4, 8, 12 and 16, with an amplitude that is lower
than the first one. These two resonant patterns are different as the dimensions of these petals are
different as shown in Figure 5, leading to different resonant frequencies for both. Finally, the third
vibration pattern is one of the central proof mass with an amplitude that is the lowest but that also
causes the displacement of the petals number 1, 3,5,7,9, 11, 13 and 15.

This analysis is consistent with the data presented in Figure 8, which shows the velocity frequency
response of three different locations on the device. For each of the variants, the frequency response in
terms of velocity from 1 kHz to 22 kHz has been characterized at the Center, VEP1 and VEP2 points
on the device, while it is subjected to a sinusoidal electrical excitation signal of 20 V amplitude. The
positions of the measured points on the device are outlined in Figure 5. The test setup used is the
same as described previously. These results are presented in Figure 8. It can be observed that each
design possesses several resonant modes between 1 kHz and 22 kHz, in addition, several of these
modes present non-linear properties. Concerning the amplitude of these modes, it is noticeable that
the amplitude of the velocity of points VEP1 and VEP2 is usually higher than the one of the center.
Furthermore, some modes present a higher velocity. These modes are expected to achieve a higher
power output. The characteristics of the resonant modes of the central proof mass when exposed to a
sinusoidal excitation signal of 20 V amplitude are summarized in Table 3. Some modes have been
omitted from this table as they are not present in all of the three measured points or because they
only are relatively weak, becoming apparent after a higher level of excitation has been applied. FEM
simulation results of the resonant frequency have been included to highlight the good agreement
between measurement and simulation.

It should be noted that for the nonlinear modes, the start frequency, the resonant frequency,
and stop frequency will vary as a function of the amplitude of the excitation [32], furthermore this
non-linear behavior will only occur after a sufficient level of excitation has been reached, as can be
observed in Figure 9 for the first resonant mode of variant 1. In this figure, the displacement velocity of
the central point is represented from 8 kHz to 13 kHz for several levels of excitation. If the amplitude
of the sinusoidal excitation signal is below 5V, then the behavior of the device is linear. However, if the
amplitude is higher than 10 V then the behavior will start to appear as non-linear. This behavior is
consistent with the behavior of duffing oscillators such as described in [33].
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Figure 8. Velocity response of the variant 1 in (a), variant 2 in (b) and variant 3 in (c) from 1 kHz to

22 kHz.

Table 3. Summary of the characteristics of the resonances for the three variants at 20 V excitation.

Variant 1 Variant 2 Variant 3
Start Frequency (Hz) 10,696 7466 3906
Resonant Mode 1 Rg:;’ﬁ;‘;:ﬁl;fﬂ;t&dz) 10,860 | 10,800 7902 | 8100 3971 | 4050
Stop Frequency (Hz) 10,887 7922 4138
Linearity Non-linear Non-linear Non-linear
Start Frequency (Hz) 14,216 12,839 7098
Resonant Mode 2 Rgggﬁ;ﬁ‘}igi’:ﬁ;t&) 14485]15000  12941]13,100 7166|7243
Stop Frequency (Hz) 14,507 12,973 7243
Linearity Non-linear Non-linear Linear
Start Frequency (Hz) - 20,744 12,688
Resonant Mode 3 joﬁ;ﬁfﬁl;ﬁ:ﬂ;tﬁz) - 20,871120987  12,757|12,833
Stop Frequency (Hz) - 20,987 12,833
Linearity - Non-linear Linear

These measurements, combined with the frequency response of the device validates the hypothesis
about the use of several vibration enhancement petals. The petals used as VEP allow increasing the
amplitude of the frequency response of the device in addition to offering additional resonant modes.
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Furthermore, these petals present resonances at the same frequency as the central proof mass, this
behavior should allow an improvement of the power output of the device at these frequencies.

©
~

©
w

Velocity (mm/s)
o o
N )

0
8000 8500 9000 9500 10000 10500 11000 11500 12000 12500 13000

Frequency (Hz)

Figure 9. Frequency response around first resonant mode of variant 1 in terms of the velocity of the
center point as a function of the amplitude of the excitation signal provided.

4.3. Characterization Using a Shaker

The performance in terms of output power and voltage output was characterized with a shaker
type 4809 from Briiel&Kjeer. This shaker is controlled by a Comet unit from Briiel&Kjeer, a power
amplifier type 2718 Briiel&Kjeer, used with an accelerometer type 4517 from Briiel&Kjeer in order to
allow for proper control of the excitation signal in terms of acceleration and frequency. Regarding the
data acquisition, an oscilloscope type DSO-X 3034A from Keysight is used. Once recorded, the data is
submitted to an FFT algorithm to extract the amplitude of the harvested voltage. An illustration of the
test setup is provided in Figure 10. However, due to frequency range operation limitations, the current
test setup does not allow to characterize the performance of variant 1.

The frequency response in open circuit of variants 2 and 3, when subjected to an acceleration
of 10 g, has been characterized around resonant mode 1, and is presented in Figures 11a and 12a,
respectively. This data allowed the confirmation of the resonant frequency of 7.85 kHz for variant 2
where a maximum of 106 mV (amplitude) is harvested, and 3.9 kHz for variant 3 where a maximum of
64 mV (amplitude) is harvested. These frequencies will be the one used to further characterize the
performances of these harvesters.

In Figures 11b and 12b, the variation of the open circuit voltage output is presented as a function
of the acceleration. The apparition of non-linearity in the voltage output can be noted if the device is
subjected to an acceleration greater than 6 g and 3 g, respectively for variant 2 and 3. This behavior is
consistent with the data presented in Figure 9 for variant 1, and of the behavior of duffing oscillators [33].
It should be noted that accelerations of 6 g at 7.85 kHz or of 3 g at 3.9 kHz correspond in both variants
to a displacement speed of about 1.2 mm/s. However, this corresponds to a displacement of about
0.15 pm in variant 2, while it corresponds to a displacement of about 0.30 pum in variant 3.

[ Accelerometer H Device Under Test ]

[ e f © /\/
.. AN

[ Computer | [ Controller | [ Amplifier |

Figure 10. Presentation of the mechanical test bench for MEMS devices.
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Figure 11. (a) Frequency response of variant 2 when subjected to an acceleration of 10 g between 7 and
9 kHz, (b) variation of the voltage output amplitude as a function of the input acceleration, (c) variation
of the voltage output as a function of the load at resonance, and (d) and variation of the power output
as a function of the load at resonance.
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Figure 12. (a) Frequency response of D3 when subjected to an acceleration of 10 g between 3 kHz and
5 kHz, (b) variation of the voltage output amplitude as a function of the input acceleration, (c) variation
of the voltage output as a function of the load at resonance, and (d) variation of the power output as a
function of the load at resonance.
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Finally, Figure 11c,d present the output voltage and power as a function of the load for variant 2,
while Figure 12¢,d present the output voltage and power as a function of the load for variant 3.
For variant 2, a maximum of 20 nW is harvested, while for variant 3 a maximum of 3.1 nW of
power is harvested when excited at their respective resonant frequency. It is worth noting that both
these maximum were reached with a load of 150 k() for both devices. The difference in terms of
maximum output power between these two variants is consistent with the velocity of the displacement
measured and presented in Figure 8. Indeed, when excited at resonance with a similar signal amplitude,
the velocity of variant 2 is much higher than that of variant 3. A higher velocity results in more
displacement over a given time, and in turn more strain variation over the piezo material, resulting in
higher output power.

For each of these structures, their multimode ability has been demonstrated, a visualization of the
main resonant modes of the structures has been provided. In addition, their frequency response in
terms of output voltage and power has been quantified. Furthermore, if a sufficient level of excitation
is reached, then non-linear characteristics can be observed. This observation has been confirmed for
both types of excitation: Electrical or mechanical. The low sensitivity to process the variation in terms
of variation of the resonant frequency of the SD has been characterized for each variant. Concerning
the reliability of the devices, these tests have occurred over a period of one year, and no device has
failed during excitations that were applied. Due to their small size and high resonant frequencies, it is
possible to expose them to high accelerations (~10 g) without risking their destruction.

5. Discussion

This section presents a comparison of the proposed devices with devices found in the literature.
The performance of the SD design and of others are summarized and compared.

As stated in the introduction, several other designs have been proposed to overcome the
limitation in terms of the operational bandwidth of cantilevers [1,13,34-36]. The performance and main
characteristics of these works are summarized in Table 4. This table allows a quick overview of the
performance of several devices intended to be used as MEMS PVEH energy harvesters.

Table 4. Performances of the designs and comparison with the state of the art.

Var;ant Var;ant 1] [13] [34] [35] [36]

Volume (mm?) 1.156 1.156 57.6 25.6 14.4 112 6500

Piezo material AIN AIN AIN AIN AIN AIN PZT
Operating bandwidth (Hz)  7466-7922 39064138 730-1000 190 85-95 859.9-924.5 387-398
Linearity Non-linear Non-linear Non-linear Linear =~ Non-linear Non-linear Linear

Acceleration (g) 10 10 1 15 02 2 0.05

Output Voltage (mV) 54.2 21.52 770.3 130 1000 4433 1000
Load 150 k) 150 kO 70 kQ 1 MO 1 MO 100 kO 1 MO

Output Power (nW) 20 3.1 1730 169 136 82240 52900

FOM nW-mm~3.g~2 0.17 0.3 30.03 0.03 236.11 183.82 3255

In order to compare the performances of these devices, one of the most common figures of merit
(FOM) has been considered. The FOM expresses the maximum power output of the device in function
of the volume used by the harvester and the intensity of the acceleration the device was subjected to,
it is therefore expressed in nW-mm~3-g=2. However, it should be noted that this figure of merit has
several limitations, as it is unable to express the difference between an acceleration of 10 g at 100 Hz
versus an acceleration of 10 g at 10 kHz, as the first one corresponds to a displacement of 156 um while
the second one corresponds to a displacement of 0.156 um. This difference is important as in the case
of piezoelectric energy harvester, the energy is created by straining of the piezo material, and therefore
the displacement magnitude has an impact on the output power. Furthermore, this figure of merit does
not consider the operating bandwidth of the devices, which is an important metric of PVEH devices.
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Accordingly, the FOM performance of the presented devices falls behind, as they exhibit high
resonant frequencies and thus smaller displacement for a given acceleration. The performance of
variant 2 is better according to this FOM than variant 3 while the operating frequency of variant 2 is
about two times higher than the one of variant 3. Small devices with non-linearity and multimode
capability [34] or bigger devices [36] are able to respond to very low accelerations, at low frequency,
resulting in a large displacement, increased output power, and better FOM. Future work will be based
on increasing the surface of piezo material where strain is present to maximize the power output of the
SD device. Additional effort will be made to augment the number of resonant modes of the structures
and their non-linearity. Scaling this device up in order to reduce the resonant frequency, reduces the
acceleration needed to achieve sufficient displacement, and increasing the maximum power output
will allow the devices to better compare with other works using the FOM.

The current dimensions, operating frequency range, response to very small displacement, and their
ability to exploit several nonlinear resonances yielding operational bandwidth versatility, renders these
prototyped harvester suitable for use in acoustic energy harvesting applications.

Moreover, a scale up the devices should allow the placement of proof masses on the vibration
enhancement petals, in order to reduce their resonant frequency further and add more resonances to
the system such as the ones observed in [3].

According to FEM simulations, if the size of the design is set to 4200 pm to occupy a full area of
a block of the PiezoMUMPS process, the resonance frequency can be reduced. The volume is thus
increased to 7.056 mm?, and the operating frequency of variant 2 becomes 1.1 kHz, and that of variant
3 becomes 550 Hz. At these frequencies, the acceleration needed to obtain a similar displacement to
the one presented in this table is of 0.2 g for variants 2 and 3. These values are consistent with the ones
presented in [13,32,34], and indicate the potential of the design towards significantly increasing its
FOM, when scaled to operate at frequencies similar to those of other works. In addition, note that this
scale up does not assume that additional proof masses that could be added to a larger structure further
reducing the resonant frequency.

6. Conclusions

This paper presented a new proof of concept architecture for the realization of MEMS PVEH: The
squared daisy. This architecture allows for the operations of a nonlinear multi-mode energy harvester.
In addition, this harvester is relatively immune to process variations due to its unique architecture.
The concept of vibration enhancement petals was introduced and three variants of the designs were
fabricated. The performance in terms of frequency response and variation of the power output as
a function of the acceleration amplitude was given, and the visualization of the mode shape of the
device, when excited at one of its resonant frequency, was provided. Future work will investigate
scaling up of these devices in order to improve their power output and reduce their frequency range to
allow for their use in energy harvesting applications.
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