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Sustainability is essential for magneto-mechano-electric (MME) energy harvesters that convert low-frequency
magnetic noise into useful electrical energy to be considered a practical power source for implementing real-
life Internet of Things (IoT) sensor networks. In this study, we propose a vertically installed MME energy
harvester based on a piezoelectric lead magnesium niobate-lead zirconate titanate (Pb(Mn;/3Nby,3)O3-Pb(Zr,Ti)
O3, PMN-PZT) single-crystal macro fiber composite cantilever. The MME harvester generates 12.2 mW output
power from a low-amplitude stray magnetic field of 2.5 Oe and exhibits a long-term usable lifetime of 2.5 x 10°
cycles while maintaining over 90 % of its output. An accelerated life test method is employed to predict the
usable lifetime of the MME harvester using an inverse power law-Weibull model with accelerating stress of
magneto-mechanical vibration-induced strain. In addition, a standalone wireless environmental monitoring
system is demonstrated to operate for 10 weeks by exploiting the harvested power from stray magnetic fields
(~2.2 Oe) near the power cables of home appliances. This study paves the way for lifetime assessment and
prediction of sustainable MME harvesters to increase the practicability of self-powered IoT devices in smart
infrastructures.

1. Introduction technology (EHT) is widely adopted to design self-powered wireless

sensor systems [4-6] for the next generation IoT devices by harvesting

The emergence of the industry 4.0 revolution has led to the devel-
opment of Internet of Things (IoT) based smart infrastructures to enable
the communication between various interconnected devices, collect/
access the data in remote control, monitor/manipulate the operations,
provide a direct interface between users and their environment, and
reduce human intervention [1,2]. The practical implementation of the
IoT paradigm requires the proliferation of wireless sensor networks
(WSNs) in infrastructures, which necessitated the utilization of stand-
alone power sources that dealt with the limitations of conventional
power sources (i.e., batteries and capacitors) such as maintenance,
accessibility, and limited lifespan [3]. In this context, energy harvesting
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electrical energy from the surrounding environment such as mechanical
[7-9], thermal [10,11], solar [12,13], and stray magnetic fields
[14-23]. Among them, low-frequency (e.g., 50 or 60 Hz) stray magnetic
fields with amplitudes below 1 mT are ubiquitous around the
current-carrying cables of the infrastructures where WSNs would be
deployed. Thus, stray magnetic fields have emerged as promising
harvestable energy sources for powering [oT devices.

The magneto-mechano-electric (MME) energy harvesting method
that utilizes the magneto-mechanical torque as an excitation source to
produce high power from low-frequency stray magnetic fields has drawn
considerable attention for developing self-powered IoT systems [22,24].
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In general, an MME harvester consists of a resonating cantilever struc-
ture with an attached magnetic proof mass, an elastic layer, and piezo-
electric layers. The MME harvester converts the magnetic noise field into
useful electric energy via two important mechanisms: (a) conversion
from the magnetic field into mechanical vibration by the
magneto-mechanical torque effect and (b) conversion from the me-
chanical vibration to electric field generation through the direct piezo-
electric effect [17]. The concept of MME harvesters to harvest
mechanical, as well as magnetic energy at low frequency (20 Hz), was
proposed by Dong et al. in 2008 [25]. Later, various strategies have been
employed to enhance the output performance of MME harvesters by
utilizing low-loss anisotropic piezoelectric single-crystal fibers [15,20,
22], and high-performance magnetostrictive materials (by replacing the
elastic layer) [17,26] and adopting advanced structural engineering
approaches such as magnetic flux concentration [18], distributed mag-
netic torque [23], multilayered ME composites [19], and tribo-
electrification [16].

In addition to generating sufficient output power in an MME
harvester, it is essential to perform a reliability investigation to ensure a
sufficient lifetime of the device for practical implementation. Although
considerable progress has been made to enhance the output power of
MME harvesters, it is rare to simultaneously present high output and
long lifespan because sustaining a longer life while maintaining high
output power is challenging owing to a trade-off between them. For
example, Lim et al. [16] reported that adopting triboelectrification in
MME generators using water-soluble nano-bullet modified nano-
structures enabled a maximum output power generation of 4.8 mW at
7 Oe; however, it exhibited a shorter usable lifetime of 3.3 x 107 cycles.
In other studies, Annapureddy et al. [20] demonstrated that using a
low-loss lead magnesium niobate-lead zirconate titanate (PMN-PZT)
single crystal-based piezoelectric material dramatically increased the
output power of a magnetoelectric (ME) coupled MME harvester and
displayed a rather low but stable output power of 40 nW (corresponding
power density of 115 nW/cm®) over 10® resonance fatigue cycles
without any significant degradation. Lee et al. reported a novel strategy
to generate high-power (~6.3 mW) from low amplitude stray magnetic
fields (< 5 Oe) using a multilayer ME coupled MME harvester; however,
the reliability of the MME harvester was not performed [19]. Moreover,
although the actual lifetime of an MME harvester is very long, per-
forming the reliability measurement until failure occurs is a
time-consuming and costly process, and a methodology of evaluating
and predicting the reliability of an MME harvester is yet to be estab-
lished. In our previous study, the lifespan of a vibration-based piezo-
electric energy harvester has been evaluated by an accelerated life test
(ALT) using temperature as accelerated stress [8]. Therefore, the ALT
can be applied to predict the power sustainability and lifetime charac-
teristics of MME harvesters at low-amplitude stray magnetic fields. In
addition, studies that can provide reliability investigations and practical
demonstrations using stray magnetic fields, which are crucial for suc-
cessfully deploying MME harvesters as sustainable power sources in IoT
applications, are yet to be conducted.

In this study, we demonstrated a vertically installed MME (VI-MME)
harvester constructed using a ds; mode Mn-PMN-PZT single-crystal
macro fiber composite (SFC), a Ti cantilever structure, and a NdFeB
magnetic proof mass that can generate a high output power exceeding
10 mW power with an outstanding usable lifetime of 2.5 x 10° at a
practically available magnetic field of 2.5 Oe. The usable lifetime of the
MME harvester in a normal use condition (~2.5 Oe) was estimated by
applying an ALT method using the magnetic field-induced mechanical
strain as accelerated stress. Further, a standalone wireless sensor system
was demonstrated using the MME harvester to monitor temperature and
humidity information in real time by harvesting the stray magnetic
fields around the power cable of home appliances for 10 weeks.

Nano Energy 101 (2022) 107567

2. Materials and methods
2.1. Fabrication of the MME harvester

For the fabrication of the MME harvester, solid-state grown ds; mode
undoped and 1 mol% Mn-doped PMN-PZT single crystal-based macro
fiber composites (SFCs) (Ceracomp Co. Ltd, Korea) are used as piezo-
electric layers. The PMN-PZT piezo-fibers are aligned within an epoxy
matrix [28 () x 14 (b) x 0.2 (1) mm?] and symmetrically sandwiched
between 100-nm thick gold (Au) electrodes, 18-um-thick copper (Cu)
electrical lines, and polyimide encapsulation [42 () x 21 (b) x 0.5 (t)
mm?]. The detailed fabrication procedure of the SFCs is provided in our
previous study [27,28]. Flexible titanium alloy (grade 5) cantilevers
having the dimensions of 100 (I) x 20 (b) x 0.3 (¢) mm? are used as
elastic layers and bonded to the SFCs by using a structural epoxy ad-
hesive (DP-460, 3 M). Thin electrical wires are connected to the elec-
trode pads via soldering to measure the output voltage from the SFCs.
NdFeB alloy magnets (N35 grade) with a total weight of 34 g are
attached at the end of the cantilever structure to serve as a magnetic
proof mass to form an MME generator.

2.2. Simulations

Finite element analysis (FEA) modeling was performed using the
COMSOL Multiphysics program (Ver. 5.3) to simulate the gravity effect
on the strain applied to the MME harvester. A geometrical cantilever
structure consisting of a piezoelectric layer (28(1) mm x 0.2(t) mm)
covered with Kapton layers (0.05(t) mm) and attached to a grade-5 Ti
substrate (100()) mm x 0.3(t) mm) was used for performing the FEA. To
adjust the resonance frequency of the structure to 60 Hz, two N35
magnets (10(D) x 12.53(t) mm) were placed at the end of the cantilever.
The electrical and mechanical properties of the materials applied for
structure analysis are provided in Table S1 and S2, Supporting Infor-
mation. To simulate the horizontal MME configuration, the cantilever
with the piezoelectric layer end was fixed and applied the downward
force perpendicular to the body (F = -pg, where p is density and g is
gravitational acceleration) for mimicking the gravity force, as shown in
Fig. S1. The alternating vibration force generated by an external mag-
netic field was applied to the N35 magnets to realize dynamic vibration.

2.3. Characterization

A Helmholtz coil (M-MHC125, MMS company, Korea) with a coil
factor of 6 Oe/A, equipped with a high-speed bipolar amplifier (HSA
4051, NF corp., Japan) and a function generator (WF1948, NF corp.,
Japan), was used to produce a uniform magnetic field. To apply the
magnetic fields homogeneously, the MME generators were placed at the
center point along the axis of the Helmholtz coil. The applied magnetic
field on the MME generator was controlled by the current passing
through the Helmholtz coil and further confirmed using a Gauss meter.
To measure the applied strain on the SFC under the influence of the
applied magnetic field, a strain gauge (MFLA-5-350-11-1LS, Tokyo
Sokki Kenkyujo Co., Ltd, Japan) with a 350 Q resistance was attached on
the top surface of the SFC with an M-bond 200 adhesive, and the
resistance change under a cyclic mechanical force was measured using a
digital data acquisition (DAQ) (USB-2404-UI, Measurement Computing
corp., USA) interfaced computer system. A digital oscilloscope (Wave
surfer 44Xs-A, Lecroy corp., USA) was used to record time-dependent
output voltage waveforms. The output power from the MME harvester
is rectified and regulated using an LTC 3588 power management IC
(Linear Technology corp., USA). To demonstrate the powering of real-
life IoT applications, an integrated wireless sensor communication sys-
tem (LYWSDO3MMC, Xiaomi Inc., China) and a smartphone (Galaxy S20
Ultra, Samsung Electronics Co. Ltd., Korea) were used.
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3. Results and Discussion

3.1. Vertically installed MME generators with high output power and
longer lifetime operation at a low-amplitude stray magnetic field

For efficient power generation from ubiquitous stray magnetic fields
arising from electrical power lines, we propose a novel approach with a
robust MME harvester. Fig. 1a schematically illustrates the basic oper-
ation of the proposed MME harvester and the overall concept of this
work. The MME harvester is designed to operate vertically suspended to
utilize a longer cantilever structure and a heavier magnetic proof mass
as illustrated in Fig. la. The insets in Fig. la further illustrate the
schematics of exceeding 10 mW (1.01 mW/cm®. Oe) power generation
from 60-Hz low-amplitude stray magnetic fields (Fig. la-i), the reli-
ability estimation for the MME generator using statistical failure data
obtained via the ALT method (Fig. 1a-ii), and the practical demonstra-
tion of powering WSN systems using stray magnetic fields generated
from the electrical power line of home appliances (Fig. 1a-iii).

The MME generator fabricated using a ds mode configured 1 mol%
Mn-doped PMN-PZT based single-crystal macro fiber composite (SFC; 28
(D x 14w) x 0.2() mms) (Ceracomp Co. Ltd, Korea) as a piezo
component, a cantilever structured flexible non-magnetic grade-5 Ti
sheet (100(0) x 20(w) x 0.3(t) mm3) with low mechanical loss and high
elastic modulus (~114 GPa) as an elastic layer, and strong NdFeB per-
manent magnets (grade N35, 34 g) as proof masses. The SFC and Ti
elastic layers were laminated using a structural epoxy adhesive (DP 460)
and rigidly clamped using a Bakelite zig, while the magnetic proof mass
was attached at the other end of the cantilever as shown in Fig. 1b. The
inset of Fig. 1b reflects the flexibility of the SFC and high compliance,
which is essential for driving harsh low-frequency bending motions and
sustaining high strain magnitudes. The schematic of the exploded view
of the SFC is shown in Fig. 1c. The SFC with <011> -d3; crystallographic
orientated single crystal fibers was adapted owing to its high-power
generation ability than other configurations (<001>-d3; and <011>-
ds1) under identical loading conditions [22]. Since the figure of merit
(FOM), i.e., the product of electromechanical coupling factor (kj) and
mechanical quality factor (Qn,) of the piezoelectric single crystals is an
important factor to realize the high-power efficiency, the 1 mol%
Mn-doped PMN-PZT single crystal fibers were used in this study. The
1 mol% Mn-doping significantly reduced the spontaneous polarization
and caused the internal bias field as evidenced from the polarization—
electric field (P-E) loops (Fig. 1d), thus inducing the hardening behavior
in the PMN-PZT single crystals. This behavior is ascribed to the creation
of oxygen vacancies (inset of Fig. 1d) by doping with the acceptor ions
(such as Mn3+’2+) in the B-site of ABO3 perovskite piezoelectric ce-
ramics, which assists clamping the domain wall motion and restricts the
spontaneous polarization and thus inducing the hardening behavior
[29]. In addition, the Qp, estimated from the impedance spectra using
the —3 dB bandwidth method (= f;/Af) showed a 334 % improvement
with 1 mol% Mn-doping (Fig. 1e), which resulted in the enhanced FOM
of the PMN-PZT single crystals and thus output performance of MME
harvesters (Fig. S2). The inset of Fig. 1e shows the photographs of the
PMN-PZT single crystals that were used to measure the material prop-
erties. The detailed electromechanical properties of the SFCs and me-
chanical properties of MME harvester are detailed in Tables S1-S2.

In general, the MME generator’s output performance mainly depends
on the magneto-mechano vibration from the excitation force and the
applied stress magnitude on the piezoelectric phase [17-19]. Previous
research suggested that the magnetic proof mass volume (or weight)
determines the magneto-mechano vibration amplitude and the reso-
nance frequency of an MME harvester [19]. For the bending vibration in
the cantilever beam, the force exerted on the cantilever due to the
magneto-mechano torque (t = (M x B). V) of the magnetic proof mass
generated under the external magnetic field (B) (schematically shown in
Fig. S3) is proportional to the magnetization (remnant flux density) and
the volume of the magnetic proof mass. Therefore, adding a heavy
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magnetic proof mass can generate higher magnetic torque and increase
the vibration amplitude of the cantilever beam, which leads to an
enhanced output power even under low-amplitude alternating current
(AC) magnetic fields. However, the addition of heavy proof mass to
realize high output power from the MME harvester in the fundamental
flexural mode will have the consequences of (1) larger shift in the
resonance frequency from the desired frequency of 50/60 Hz and (2)
early failure of MME harvester due to the large tip displacement. In this
scenario, utilization of the 2™ harmonic resonance mode allows the
addition of heavier magnetic proof mass, thereby enhancing the power
efficiency of the MME harvesters [16,30]. Fig. 2a shows the COMSOL
Multiphysics simulation for the vibration displacement profile of the
MME harvester under 2°¢ harmonic resonance condition. As can be seen
from the Fig. 2a and Fig. S2b, the maximum displacement is appeared
around the center of the cantilever beam, which can apply relatively
larger stress on the piezoelectric phase despite the smaller tip
displacement amplitude, thus enhancing the power efficiency. There-
fore, we adopted the 2" harmonic resonance mode for the MME
harvester in this study. However, the heavy magnetic proof mass at the
end of the cantilever causes initial bending due to the gravitational force
(Fig. 2b and Fig. S1), and its effect is theoretically simulated by finite
element analysis (FEA) using the COMSOL Multiphysics as shown in
Fig. 2c and Fig. S1. The mechanical strain applied to the SFC is simulated
for the gravity-affected MME harvester (i) and the non-gravity MME
harvester (ii) under the vibration via magnetic-mechano torque. Fig. 2d
shows that the magnitude of the simulated strain is similar in both
conditions (epeak to peak ~ 2190 pe with gravity and 2180 pe without
gravity); however, a significant pre-strain (~1570 pe) is identified at the
MME harvester model under the influence of gravity. To minimize the
effect of the downward stress of the SFC due to gravity on the durability
of the device, we proposed to install the MME harvester in a vertical
direction. To analyze the applied stress on the SFC, we experimentally
measured the applied strain on the SFC using strain gauges (Fig. 54) by
mounting the MME harvester in horizontal and vertical directions under
a 2.5 Oe magnetic field at the resonance condition (60 Hz). The MME
harvesters exhibited similar peak-to-peak strains installed in the vertical
(~2480 pe) and horizontal (~2680 pe) configurations. The vertically
installed MME harvesters did not show significant pre-strain compared
to when installed horizontally (~1450 pe). In addition, the generated
output voltage waveform with the horizontal configuration shows an
asymmetric voltage waveform and exhibited a slightly higher root mean
square power (P;ns) than that with the vertical configuration (Fig. 2e
and Fig. S5, Supporting Information). Here, the Py (= meS/RL) of the
harvesters was estimated by measuring the output voltage (Vins) at
various load resistances (Ry) from 1 kQ to 1 MQ. We also investigated
the fatigue behavior of the MME harvester in both configurations by
measuring its life cycles at the resonance frequency (60 Hz) with an
optimized load resistance condition as shown in Fig. 2f. The obtained
fatigue results indicated that the vertical installation effectively reduced
the gravity-induced stress on the SFCs as well as changes in the reso-
nance frequency, thereby enhancing the lifetime of the MME harvesters.
Therefore, the proposed vertical configuration can fabricate reliable
MME harvesters with longer lifetimes and efficiently harvest the power
from low-amplitude 50/60 Hz AC magnetic fields. Further, we opti-
mized the cantilever length (~10 cm) and the required tip mass (~34 g)
at the end of the cantilever (Fig. S6) to generate a sufficient output
power (> 10 mW) from the MME harvester to realize the self-powered
WSNs in a low magnetic field of 2.5 Oe at 60 Hz [24,31].

3.2. Lifetime prediction of the vertically installed MME harvester using
accelerated life test (ALT) method

Assessing the reliability of the VI-MME harvesters in terms of fatigue
evaluation or usable lifetime estimation is necessary for their deploy-
ment in practical applications. However, the VI-MME harvester has
demonstrated an excellent fatigue endurance up to 10% cycles, and
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Fig. 1. Overall concept of VI-MME harvester (a) Schematic illustration describing the working mechanism and structural design of magneto-mechano-electric (MME)
energy harvester to produce high power from the low-amplitude magnetic noise around the electric power cables. Schematic illustrations showing the i) high power
generation at resonance condition by scavenging the low-amplitude 60 Hz stray magnetic fields, ii) statistical prediction of lifetime using accelerated life test method,
and iii) demonstration of self-powered wireless sensor network system. (b) Photograph of the fabricated MME harvester, showing the SFC and permanent magnets
bonded to Ti elastic layer. (c) Schematic showing the exploded view of the SFC and crystallographic orientation of single crystal macro fibers. (d) Polarization-electric
field hysteresis loops and (e) impedance spectra of the undoped and 1 mol% Mn-doped PMN-PZT single crystals. The insets of (d) and (e) represents the Mn-doping
induced hardening behavior in PMN-PZT single crystals and the photograph of the used single crystals, respectively.



M.S. Kwak et al.
a
Tipmass Max
“ o
SFC .g
Clamped l §
1 ]
3
(1]
Body bending 2
i) Horizontal config.
\ 4 Max
7]
=
ii) Vertical config. g.
e
0
e

| = Horizontal config.
- \ertical config.

100

Voltage (V)
o 8

&

A

o

=]
1

0.05 0.10 0.15

Time (s)

0.00

Q.

Nano Energy 101 (2022) 107567

i) Horizontal config. i) Vertical config.

Ground

3000
2000 |-
i 1000 |
£ ol
g Pre-strain
& -1000 | \/
Simulation with gravity
2000 Simulation without gravity
== Measurement in horizontal config.
3000 —I MeaSL:rement iln verti(:allconfic_:;.l .
0.00 0.01 0.02 0.03 0.04 0.05
Time (s)
f 25 - .
== Horizontal config.
’;“ 20 = \/ertical config.
E
S
g 15J Short life time
o R P
o 10
g Longer life time
x 5t
0 anl . ol l ol ol
10' 102 10° 10* 10° 10° 10" 10°
Time (Cycles)
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without gravity. (d) Comparison of strain results obtained theoretically and experimentally for the MME harvesters configured in horizontal and vertical directions.
Comparison of (e) open-circuit voltage waveforms and (f) working life (or fatigue behavior) of the MME harvesters operated in horizontal and vertical configurations.

further evaluation until failure occurs in the harvester is a time-
consuming and costly process. Therefore, the ALT method is essential
to determine the reliability of the VI-MME harvesters. It provides a
feasible way to assess the reliability of a specimen under normal use
conditions in an affordable time by conducting the measurement at
higher stress conditions, such as elevated temperature, mechanical
stress, electric/magnetic field, humidity, and vibration. Also, the sta-
tistically acquired time-to-failure data are applied to an appropriate
stress-response lifetime regression model to extrapolate to normal con-
ditions [32].

In this regard, a quantitative accelerated test Type B was applied
based on international standards (IEC 62506:2013) [33], which esti-
mates the expected life of the specimen by inducing a significant

cumulative damage in a shorter time than the predicted life. The
detailed procedure for applying the ALT is provided in our previous
study [8], which involves (1) design of the test (identification of po-
tential failure modes/mechanisms and selection of accelerating stress,
accelerating stress levels, test duration, and number of testing samples),
(2) progress of the test (performance of experimental run-test based on
defined failure criteria), (3) reliability analysis (estimation of usable
lifetime in the normal use condition using time-to-failure distributions
and life-stress relations), and (4) failure analysis.

Since most of the physical and chemical processes involving MME
harvester failures such as delamination, cracks, and fatigue behavior of
the components depend on the applied magnetic field-driven mechani-
cal stress, the magnetic field was chosen as the accelerated stress to
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induce/accelerate the failure mechanisms in the VI-MME harvester [34].
The fatigue behavior of MME harvesters can be more severe under high
magnetic field environments than the normal magnetic noise around the
power cables. Therefore, a quick failure data at high magnetic field
stress levels yields information on the lifetime distributions and allow
the lifetime estimation of the MME harvesters under normal use
conditions.

The purpose of designing and fabricating the proposed high-
performance MME harvesters is to harvest useful electrical energy
from ambient stray magnetic fields to power wireless sensor network
systems. Although it varies from country to country, in general, the
amplitude of stray magnetic fields in household environments lies up to
3 Oe with a frequency of 50/60 Hz near the electric devices; especially
near high joule heating generators, such as air conditioners, space
heaters, and hairdryers [19]. For example, in the main electricity envi-
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(Fig. 3a), and the MME harvester generated a P;ys of 12.2 mW (corre-
sponding power density is 1.01 mW/cm®. Oe) at an optimum load
resistance of 80 kQ (Fig. 3b). Here, the power density of the VI-MME
harvester is estimated by including the volumes of piezoelectric layer,
elastic layer, and magnetic proof mass. The obtained output power
density from this VI-MME harvester is much larger than that of the
state-of-the-art of the ME coupled MME harvesters as listed in Table 1.
Herein, the enhanced output performance is attributed to the adequate
structural design with the addition of the heavy magnetic proof mass,
which significantly amplified the magneto-mechano vibration and stress
applied to the piezoelectric SFC, thereby achieving an enhanced output

Table 1
Output power density comparison of the state-of-the-art MME harvesters.

ronment of 220 V and 60 Hz, a current-carrying cable of an air condi- MME harvester structure Power density [mW,/cm®.0¢] Ref.
tioner generates a magnetic noise of approximately 2.5 Oe at a distance
. . . PMN-PZT SFC / Fe-Ga 0.46 [12]
of 5 mm (Fig. S7). Therefore, we attempted to investigate the output Piezoelectric MFC / Metglas 0.208 [14]
performance of the proposed MME harvester by applying a 60 Hz PZT-5A / Metglas 0.31 [16]
magnetic field of 2.5 Oe using a Helmholtz coil. Under this applied Low-loss PMN-PZT SFC / Ni 0.3 [17]
magnetic field, the SFC experienced a maximum strain of 1300 pe VI-MME PMN-PZT SFC / Ti 101 This work
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Fig. 3. Lifetime estimation of VI-MME harvester using ALT method (a) Measured resonance frequencies of the VI-MME harvester and applied mechanical strain on the
SFC as a function of magnetic field strengths. The generated RMS output power (P,s) from the VI-MME harvesters as a function of (b) load resistances, and (c) fatigue
cycles measured at normal use (2.5 Oe) and accelerated stress conditions (4.5, 6, and 7.5 Oe). Normalized output power of the VI-MME harvesters as a function of
fatigue cycles measured at the accelerated stress conditions of (d) 2000 pe, (e) 2500 pe, and (f) 3000 pe. Seven different samples (S stands for sample) are used at each
stress condition to obtain statistical values of the lifetime. The black color dotted line indicates the 10 % power reduction level. (g) The probability density function of
Weibull distribution of the obtained statistical failure data of the VI-MME harvesters. (h) The inverse power law-Weibull (I-W) model fitting curves to predict the
usable lifetime of the VI-MME harvesters at the normal use condition (1300 pe) by using a maximum likelihood estimated shape parameter of 2.38. The purple-
shaded area represents the 95 % confidence interval. (i) The extrapolated life-stress curves to estimate the lifetimes of VI-MME harvester at the normal use con-

dition with different failure percentiles.
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power even from weak magnetic fields. For instance, we fabricated the
VI-MME harvesters with different polycrystalline piezoelectric ceramics
and measured their output performance under identical excitation
conditions to accentuate the significance of the proposed harvester’s
design. Although the power density of polycrystalline ceramic-based
VI-MME harvesters (0.3-0.35 mW/cm?, Oe) is almost three times less
than the SFC-based VI-MME harvester (Fig. S8), they still exhibited
higher power density than the ME coupled MME harvesters (Table 1).
Moreover, it is interesting to note that the VI-MME harvester generated a
highly stable output power over 108-fatigue cycles (Fig. 2f) without any
significant degradation, demonstrating the durability of the proposed
harvester.

In this study, the magnetic field of 2.5 Oe is considered as the normal
use condition because most of the household current-carrying cables can
generate the maximum magnetic noise in the range of 2-3 Oe. There-
fore, we perform the ALT at three different magnetic field environments
of 4.5 Oe, 6 Oe, and 7.5 Oe using the Helmholtz coil under identical
measurement conditions such as identical clamping, weight, and posi-
tion of the magnetic proof mass to avoid other artifacts. We chose these
accelerated stress levels to satisfy the conditions of international stan-
dards for ALT type B, such as the accelerating stress should not be so
large as to cause the unexpected damage that would not occur under
normal operating conditions, and the experiment should not take longer
times under the accelerated stress conditions. A bipolar amplifier
equipped with a function generator is used to control the magnetic field
produced by the Helmholtz coil. To record the usable lifetime of each VI-
MME harvester, the output power of the harvesters is continuously
monitored (until failure occurs) during the tests. The ALT experiment is
performed with seven samples at each accelerated stress condition for
better repeatability of the measured lifetime.

To quantify the applied magnetic field-induced mechanical stress on
the VI-MME harvesters, we measure the mechanical bending strain
experienced by the piezoelectric SFCs under various magnetic field en-
vironments using the strain gauge method and provided the estimated
maximum strain values as a function of the applied magnetic field
strength in Fig. 3a. The measured maximum strain amplitudes at 2.5,
4.5, 6.0, and 7.5 Oe magnetic fields are 1300 + 100, 1900 + 140, 2550
+ 170, and 3050 + 200 pe, respectively. Similar to the magnetic field-
induced mechanical strain, the generated output Py also exhibited a
linear relation with the applied magnetic field as shown in Fig. 3b. The
corresponding sinusoidal voltage waveforms measured under optimized
load resistance conditions are shown in Fig. S9. The peak Py is pro-
gressively increased by increasing the accelerating stress as 17.6, 21.7,
and 25.6 mW generated under 4.5, 6.0, and 7.5 Oe magnetic fields,
respectively, whereas the resonance frequency decreased from 60 Hz to
57.8 Hz as evidenced in Fig. 3a-b. This is because of the amplified
magneto-mechanical torque-induced enhanced bending moment (or
mechanical stress) of the MME harvester under high magnetic field
environments. Fig. 3c depicts the comparison of the fatigue behavior of
the VI-MME harvesters measured at various magnetic field stress con-
ditions. Notably, a significant decrease in a usable lifetime is noticed
with an increase in the accelerated stress intensity, which indicates that
the magnetic field (strength) can be used as accelerated stress to accel-
erates the life of the VI-MME harvesters.

Since the relationship between the accelerated stress and the induced
mechanical strain is established, the fatigue evaluation of the VI-MME
harvesters is performed at the accelerated stress conditions by subject-
ing them to the strain values of 2000, 2500, and 3000 pe. In this study,
the VI-MME harvesters are considered as failed when one of these events
occurs: (1) 10 % reduction in the output power and (2) functional failure
in the sample [35-37]. Fig. 3d-f show the variation in the normalized
Pims of the VI-MME harvesters as a function of the fatigue cycles
measured at different stress conditions. Here, the normalization is done
with respect to the initial Py value. The time-to-failure (TTF) of each
VI-MME harvester used in this ALT is obtained based on the defined
failure criteria, as seen in Table S3. The average TTFs of the VI-MME
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harvesters measured at 2000, 2500, and 3000 pe strain levels are
4.11 x 107, 3.81 x 10°, and 5.10 x 10° cycles, respectively. A detailed
failure analysis has been conducted to identify the most vulnerable
points that affect the lifetime of the VI-MME harvester under accelerated
stress conditions, and the results are provided in Fig. S10. It revealed
that the magneto-mechanical vibration-induced cracks on top Cu elec-
trodes are attributed to the VI-MME harvester failure at high accelerated
stress conditions. In addition, the reusability of the failed VI-MME
harvester is demonstrated by using the repaired top Cu electrodes
(Fig. S11).

To analyze the distribution of the TTFs at various stress levels and
assess the reliability in the normal use condition, using a suitable
probability distribution for the TTFs and establishing a life-stress rela-
tion that relates the life behavior to the stress levels are essential.
Mathematical functions for analyzing the theoretical distribution of
lifetimes of devices include exponential, lognormal, gamma, and chi-
square distribution models [38]. In this study, a two parameter Wei-
bull distribution function is utilized to describe the obtained ALT data
and analyzed using a statistical software (Minitab 19, Minitab Inc., USA)
as this method is versatile, flexible and generally works best with data
sets with smaller sample sizes that contain a complete data [39]. The
Weibull probability density function (PDF) for the distribution of the
TTFs can be expressed by the following equation, and the fitting results
are shown in Fig. 3g.

1) = g(%)”*‘exp[, (m, 120, 0,850, )

where f(t) is the failure probability density function, t is the usable
lifetime (or TTF), 7 is the scale parameter or characteristic life (at which
63.2 % of the total samples fail), and f is the shape parameter. The
distributions at each stress level are constructed with a two-sided 95 %
confidence interval (i.e., the probability of wrong fitting, a = 0.05).
Here, the parameter p, which represents the degree of reliability/accu-
racy of the test hypothesis, is found to be approximately 0.71 (>>a). It
indicates that the life of the VI-MME harvesters is accelerated by the
applied mechanical strain. The estimated fitting parameters of # and g
from the cumulative distribution curves (Fig. S12) by software are listed
in Table 2.

Interestingly, the scale parameter shows an inverse relation with the

applied accelerated stress. Therefore, the inverse power law (IPL) is
employed to establish a mathematical relation between the applied
mechanical strain (e, accelerated stress) and the corresponding esti-
mated characteristic lifetimes () [40].
’7(8) - @: ( )
where #(¢) represents a strain-dependent characteristic lifetime, and K
and n are the model parameters to be determined. By combining the
Weibull life distribution and IPL life-stress relation using the Egs. (1) and
(2) under the assumption of constant j for all accelerated stress condi-
tions, the combined IPL-Weibull distribution can be written as below.

f(l‘, 8) = pKe" (Ké‘”t)ﬁf]g*(’(f”l)/} -

The maximum likelihood estimation (MLE) method has been utilized
to estimate the IPL-Weibull parameters (3, K, and n) to fit the obtained
ALT data well, and the obtained best-suited parameters are f = 2.38, In

Table 2
The estimated Weibull distribution parameters of MME harvesters under
different mechanical strain conditions.

Strain [pe] Scale parameter (17) Shape parameter ()

2000 4.60 x 107 2.98
2500 4.32 x 10° 2.08
3000 9.75 x 10° 2.44
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(K) = — 89.6, and n = 9.48. In general, the shape parameter  >1
represents an increase in the failure rate with the fatigue cycles, which is
similar to the wear-out failure part of the well-known bathtub curve
[37]. Fig. 3 h displays the probability of the failure (or unreliability) of
the VI-MME harvesters as a function of the fatigue cycles at different
stress levels. Notably, the experimentally obtained ALT statistical failure
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data are well-fitted (or reproduced) with the IPL-Weibull model using
the MLE parameters. The Anderson-Darling values (represent the
goodness of the fit) of 2.46, 1.81, and 2.22 are obtained for the stress
levels of 2000, 2500, and 3000 pe, respectively. Further, the probability
of failure at the normal use condition (i.e., 1300 pe) with a 95 % con-
fidence interval is estimated by extrapolating the ALT data with the
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Fig. 4. Demonstration of self-powered IoT sensor using the Helmholtz coil. (a) Schematic circuit diagram of self-powered wireless sensor network system that comprising
of VI-MME harvester, power management circuit, and wireless sensor module. (b) Photograph of the experimental setup used for demonstrating a self-powered
wireless sensor system. (c) Charging-discharging characteristics of a 0.1 mF energy storage capacitor during the IoT sensor operation by using the energy gener-
ated from the VI-MME harvester. (d) The acquired temperature and humidity data for 10 weeks continuously from the IoT sensor powered by the VI-MME harvester

using the magnetic field (2.5 Oe) produced by a Helmholtz coil.
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IPL-Weibull model, as indicated by the black line with purple shaded
area in the Fig. 3 h. The estimated average lifetime of the VI-MME
harvester with a 62.3 % failure probability is approximately 2.5 x 10°
cycles, which is equivalent to the continuous working life of 482 days at
60-Hz operation. The acceleration factors (AF = (g, / &,)") for the
accelerated stress conditions of 2000, 2500, and 3000 ue with respect to
the normal use condition are found to be around 59, 492, and 2773,

a Air conditioner MME harvester

) .

Stray magnetic field

LTC circuit

Wireless sensor

~

LTC circuit

Power cable 2cm
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respectively, demonstrating the importance of ALT in reducing the time
as well as cost for assessing the reliability of VI-MME harvesters. Here, &,
and g, are the strain levels at the accelerated stress and normal use
conditions, respectively. The estimated lifetimes of the VI-MME har-
vesters at different failure percentiles as a function of the applied strain
are depicted in Fig. 3i. At the normal use condition, the predicted life-
times of the VI-MME harvester with the failure percentiles of 10 %, 50
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Fig. 5. Demonstration of self-powered IoT sensor using the stray magnetic fields. (a) Conceptual schematic of the working mechanism of Bluetooth-enabled self-powered
wireless sensor system using the VI-MME harvester by scavenging the stray magnetic fields around the power cable of an air conditioner. (b) Photograph of the used
experimental setup. (c) Captured images of the environmental (temperature and humidity) data monitoring application on a smartphone. (d) The sensed temperature
and humidity data collected for 10 weeks from the Bluetooth-enabled self-powered IoT sensor system powered by VI-MME harvester, i) averaged daily data, and ii)
the captured image of data logged in the monitoring application on a smartphone.
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%, and 90 % are approximately 9.8 x 10%, 2.2 x 10° and 3.6 x 10° vi-
bration cycles, respectively. Therefore, the proposed VI-MME harvester
having longer lifetime can serve as a sustainable power source for
self-powered wireless sensor nodes.

3.3. Demonstration of self-powered IoT sensor using VI-MME harvester

To verify the feasibility of powering a wireless sensor system for
longer durations using the power generated by the VI-MME harvester,
we demonstrated continuous powering of a wireless environmental IoT
sensor with a Bluetooth-based data transmission system for 10 weeks
under the normal use condition (1300 pe). Fig. 4a shows the schematic
of the operation of a wireless sensor system. For this demonstration, a
Helmholtz coil to produce the uniform magnetic field at 60 Hz, a
commercially available LTC 3588 power management IC to rectify the
output voltage from the VI-MME harvester and regulate the output
power to drive the wireless IoT device (LYWSDO3MMC, Xiaomi, China)
that consisted of humidity and temperature sensors, and a smartphone
to monitor the acquired sensing data via Bluetooth communication are
used. Fig. 4b shows photograph of the assembled VI-MME harvester-
powered IoT wireless sensor system. Fig. 4c depicts the charging and
discharging profile of a 0.1 mF energy storage capacitor during the
operation of the IoT wireless sensor system. Notably, the VI-MME
harvester can charge the capacitor up to 3.6 V within approximately
4 s and power the IoT sensor module to sense as well as transmit the
temperature and humidity information to the smartphone in real time
via Bluetooth communication without any significant drop in the ca-
pacitor’s voltage. The generated open-circuit voltage waveform under a
uniform magnetic field (~2.5 Oe) produced by the Helmholtz coil is
shown in Fig. S13. The power requirement for the IoT sensor during the
wake-up and sensing states is estimated based on the time-dependent
discharge curve of a 4.4 mF energy storage capacitor, which is approx-
imately 0.1 mJ/s and 0.015 mJ/s, respectively (Fig. S14). Fig. 4d dis-
plays the ambient temperature and humidity data profiles collected
continuously from the wireless sensor for 10 weeks. It suggests that the
proposed VI-MME harvester supplies adequate power to continuously
drive the wireless sensor systems for longer times without any
communication interruption.

Further, we utilize the low-amplitude stray magnetic fields gener-
ated from the power lines of home appliances to demonstrate the VI-
MME harvester as a sustainable power source for driving real-life IoT-
based wireless applications, as schematically presented in Fig. 5a. The
power cables of home appliances can produce 50/60 Hz magnetic fields
up to several Oe, and these magnetic fields can be harvested and used for
the condition monitoring of various home appliances. Therefore, we
installed the VI-MME harvester inside a specially designed module/
chamber near the power cable of an air conditioner (video S1), and then,
the harvested energy is rectified via an LTC 3588 energy conversion
circuit and supplied to an IoT temperature and humidity sensor, as
shown in Fig. 5b. The estimated magnetic field inside the chamber
containing a power cable of the air conditioner in the working/ON
condition (with a set of temperature of 22 °C) is approximately 2.2 Oe
(Fig. S15). The VI-MME harvester generated a 60 Hz root mean square
(RMS) power of 10.6 mW under the stray magnetic field of 2.2 Oe,
which is almost similar to the output power generated by using the
Helmholtz coil (12.2 mW at 2.5 Oe). This means that the VI-MME
harvester can generate high output power even in the realistic condi-
tions without any significant degradation. The “no signal” image in
Fig. 5c-i represents the disconnected state of the sensor or switch off
state of the air conditioner. When the air conditioner is turned on, the VI-
MME harvester quickly charges the energy storage capacitor up to 3.6 V.
Then the charged capacitor supplies the power to operate the sensor and
simultaneously send the temperature and humidity information to the
smartphone, as seen in the real-time data display on the monitoring
application of the smartphone in Fig. 5c-ii (“transferred data” image)
and video S2. The averaged data profiles of the temperature and
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humidity information collected during the daytime for 10 weeks are
displayed in Fig. 5d-i and ii. Further, the sensitivity and detection limits
of the self-powered wireless sensor system to the stray magnetic fields
were provided in Figs. S16-S18. The above demonstrations prove that
the utilization of the vertical installation and heavy magnetic proof mass
enhances the output performance of the MME harvester in terms of
output power and lifetime, providing a sustainable power source to
operate real-life IoT applications.

Supplementary material related to this article can be found online at
doi:10.1016/j.nanoen.2022.107567.

4. Conclusions

A highly sustainable MME energy harvester with enhanced output
performance is demonstrated by applying the vertical configuration of a
cantilever with a heavy magnetic proof mass. The adoption of the
heavier magnetic proof mass facilitated the amplification of magneto-
mechanical bending vibration in a low magnetic field, while the verti-
cal installation extended the lifetime of the MME harvester by reducing
the gravity-induced bending effect on the cantilever structure. The VI-
MME harvester generated a maximum output power of 12.2 mW
under a magnetic field of 2.5 Oe, which is much larger than that of
previously reported ME coupled MME harvesters. The ALT method is
utilized to predict the lifetime of the VI-MME harvester under the
normal use condition (~2.5 Oe) by establishing a relation between the
lifetime and different stress levels of 2000, 2500, 3000 pe using the IPL-
Weibull model. The estimated usable lifetime of the VI-MME harvester
with a 62.3 % failure probability is approximately 2.5 x 10° cycles. The
practicability of the VI-MME harvester is confirmed by continuously
operating the environmental (temperature and humidity) sensors and
wireless data communication systems for 10 weeks by harvesting the 60
Hz stray magnetic fields of below 2.2 Oe. The obtained results provide a
new approach to enhance the power efficiency and longevity of the
MME harvesters.
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