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Abstract: To expand the applications of vibrational energy harvesters (VEHSs) as power sources of
wireless sensor nodes, it is of significance to improve the scavenging efficiency for the broadband,
low-frequency, and low-level vibrational energy. The output voltages of electromagnetic vibrational
energy harvesters (EMVEHS) are usually low, which complicates the power management circuit by an
indispensable voltage boosting element. To this end, an impact-based non-resonant EMVEH mainly
composed of an outer frame and an inner frame on rollers is proposed. Numerical simulations based
on a mathematical model of the harvester are conducted to analyze the effects of structural parameters
on the output performance. Under base excitation of 0.1 and 0.3 (where g is the gravitational
acceleration, 1 ¢ = 9.8 m-s~?2), the experimental maximum root mean square voltages of a harvester
prototype across a resistor of 11 k(2 are as high as 7.6 and 16.5 V at 6.0 and 8.5 Hz, respectively,
with the maximum output powers of 5.3 and 24.8 mW, or the power densities of 54.6 and 256 W cm 3.
By using a management circuit without a voltage boosting element, a wireless sensor node driven
by the prototype can measure and transmit the temperature and humidity every 20 s under base
excitation of 0.1 g at 5.4 Hz.

Keywords: vibration energy harvesting; electromagnetic induction; impact; rolling friction; low-frequency;
broadband

1. Introduction

Vibration energy harvesters (VEHSs) are promising substitutes to batteries to power wireless sensor
nodes and implanted systems due to such advantages as long lives and being maintenance-free [1,2].
The vibrations in natural environments (e.g., trees, civil infrastructures, buildings, waves) are typically
broadband (and sometimes time-varying), low-frequency (0.1-30 Hz), and low-level (lower than
1 g, for example, the typical acceleration amplitude on long-span bridges is from 0.01 to 0.3 g) [3-5].
The relatively high natural frequencies and narrow bandwidth of the linear resonant VEHs make them
inefficient in scavenging ambient broadband and low-frequency vibration energy [5,6]. Therefore,
non-resonant VEHs have received increasing attention in recent years [7-10].

A type of non-resonant VEHs utilizing the nonlinearity caused by mechanical impacts is attractive
in low-frequency and broadband vibration energy scavenging. An impact-based piezoelectric VEH
with a low-frequency driving beam and a high-frequency generating beam produced 0.43 mW under
base excitation of 0.4 ¢ at 8.2 Hz [11]. The long length and large displacement of the driving beam
increases the volume of the device, resulting in a relatively low power density of about 25.5 pW cm 3.
Halim et al. developed an electromagnetic VEH (EMVEH) suitable to scavenge low-frequency motions,
by utilizing the impacts between a freely-movable ball and the magnet stacks [12]. The experimental
average output power is about 203 LW under base excitation of 2 g at 4.9 Hz, with the maximum power
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density of 52 uW cm 3. Haroun et al. reported an impact-based EMVEH with a permanent magnet
mass which can move freely within a certain distance before striking the springs [13]. The mathematical
model was derived and effects of the geometrical parameters on the output performance were
simulated. The power magnification effect of this device was verified by experiments. A VEH
based on the impact of a moving mass on piezoelectric bending structures produces an output power
of 600 uW under a harmonic base excitation with the displacement amplitude of 10 cm and frequency
of 10 Hz [14]. As the authors pointed out, the sliding friction between the moving mass and the guiding
channel dramatically decreases the efficiency of the device. In addition, the relatively high sliding
friction makes it not suitable to scavenge low-level base motions. As the rolling friction is usually much
lower than the sliding friction, the impact-based VEHs with a rolling mass are preferred in low-level
vibration energy scavenging. By replacing the sliding mass with a rolling ball, the performance of
low-level vibration energy scavenging is greatly improved [15]. One bimorph of a piezoelectric VEH
with a rolling mass produces 98.0 pW under base excitation of 0.1 g at 8.8 Hz [16]. Accordingly, it may
be concluded that the impact-based non-resonant VEHs with a rolling mass are suitable to scavenge
low-level, broadband, and low-frequency vibration energy.

The electromagnetic, piezoelectric, or electrostatic transduction mechanisms have been used by
VEHs to convert mechanical energy into electricity [17-24]. The advantages of EMVEHs, such as
high power density and high reliability, make them attractive in real applications. Compared with
piezoelectric and electrostatic VEHSs, the output voltage of EMVEH:s is relatively low, with the typical
root-mean-square values lower than 1V [5,8,10,12]. Therefore, a voltage boosting element is required
in the power management circuits [10]. This paper proposed an impact-based electromagnetic VEH
which produces high output voltage even under low-level base excitation, making the voltage boosting
element of the management circuit dispensable. A simple model is used to analyze the effects of some
parameters on the output performance. Prototypes were fabricated and tested and a prototype was
used to power a wireless sensor node.

2. Configuration and Operational Mechanism

The proposed impact-based non-resonant electromagnetic kinetic energy harvester is schematically
shown in Figure 1. The harvester mainly consists of an outer frame, an inner frame, rollers, and springs.
The inner frame is supported on the floor of the outer frame by the rollers. Thin rectangular permanent
magnets, with the magnetic field in the thickness direction, are lined up next to each other along the
width direction to form rows of magnets. The magnetic field directions of two adjacent magnets in the
same row are opposite. Several magnet rows are placed parallel to each other with the same separation
distance. The magnets in the adjacent rows facing each other are arranged in opposite polarities,
making two adjacent rows of the magnet array attract each other. Similarly, rectangular metal coils are
lined up next to each other to form coil rows and a coil array is formed by setting a coil row in the
middle of any two adjacent magnetic rows. The coil array and the magnet array are fixed on the outer
frame and inner frame, respectively. Several springs are fixed on the left and right sides of the inner
frame, respectively. There are initial gaps between the free ends of the springs and the walls of the
outer frame. Under horizontal base excitations, the inner frame moves with respect to the outer frame
on the rollers, resulting in magnetic flux variations through the coils and, consequently, producing
induced electromotive forces in the coils. The restoring forces of the springs are determined by the
relative positions of the outer and inner frames. As shown in Figure 1, when the relative displacement
between two frames exceeds the initial gaps between the springs on the inner frame and the walls
of the outer frame, the springs at the left or right sides of the inner frame are compressed and the
restoring forces make the inner frame return to the center of the outer frame. Otherwise, there are no
restoring forces in the springs and the inner frame is freely movable on the floor of the outer frame.
The energy loss in collisions is decreased by setting springs between the inner and outer frames.
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Figure 1. Schematic of an impact-based electromagnetic kinetic energy harvester: (a) freely movable;
(b) left springs being compressed; and (c) right springs being compressed.

The harvester is suitable to scavenge low-level, broadband, and low-frequency vibrational energy.
It is a non-resonant harvester with a movable proof mass and, as a result, it can be used to scavenge
low-frequency and broadband vibrational energy. In addition, because the rolling friction force
between the rollers and the frames is very small, the inner frame is prone to move with respect to the
outer frame, which is beneficial to low-level kinetic energy scavenging.

The output voltage of this electromagnetic energy harvester can be improved by the following
measures. First, the output voltage can be maximized by electrically connecting the coils in series.
Under the condition of the same volume, the number of the turns of coils increases with the
decrease of the diameter of the coil wire, resulting in an increased induced electromotive force.
Therefore, the output voltage can also be increased by using coils with more turns.

The motion of the proposed EMVEH is schematically shown in Figure 2. It is assumed that the
inner frame with the mass of M is at the center of the outer frame at the beginning and the initial
gaps between the free ends of the springs and the opposite walls of the outer frame are set as S.
The horizontal base excitation is denoted by x;(t) and the displacement of the inner frame with respect
to the outer frame is x,(t).

Mass Outer Frame

R

-2 s Ié 9' s <
Roller —/'9() O

—
xp(t)

Spring N

Figure 2. Model of the impact-based kinetic energy harvester.
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The equation of motion of the inner frame is given by [13]:

M5y + (C + Co)ier + K(|x,| — S) + ‘zr“uMg: — M5, )
r

where a dot represents a derivative with respect to time, u is the coefficient of rolling friction.
The mechanical damping coefficient C,; can be expressed as C; = C, + C; [13,25], where C, is the
linear viscous damping coefficient and C; is the additional damping coefficient when the springs are in
contact with the outer frame. The expression of C; is as follows [13]:

C(xr < =5)
Ci={ 0(-S<x<8S) 2)
C(xr>S)

By neglecting the effects of the coil inductance, the electrical damping coefficient C, can be
expressed as [13,25]:

(dD/dx,)?
Rc+Rg
where @ is the total magnetic flux going through the coil turns, and R¢ and Ry, are the resistance of the

coils and the electrical load, respectively. The effective stiffness of the springs K is given by [13]:

Ce = (3)

—K (xy < =5)
K=4¢ 0(=S<x<5) 4)
K (x> 8)

Under base excitations, the displacements x, and velocities x, of the inner frame with respect to
the outer frame can be obtained by solving Equation (1). According to Faraday’s law of induction,
the induced electromotive force in the coils due to the relative motion of the mass and the outer frame
is given by [13]:

do do

g:_E:_di_X’,xr (5)

Therefore, the output voltage across the electrical load is about:

R, do.

Vo= —— L 29
0 Rc—O—Rderxr

(6)

To obtain the output voltage across the electrical load, the rate of change of total magnetic flux with
respect to the relative displacement (d®/dx;) has to be obtained in advance. The total magnetic flux ¢
and its rate of change d®/dx, at any specified displacement x, can be derived from the configuration of
the coils and the distribution of magnetic flux density between two rows of magnets. After substituting
d®/dx, into Equation (3) to obtain the electrical damping coefficient C,, the displacement x, and
velocity x, of the inner frame with respect to the outer frame can be derived from Equation (1). Then,
the output voltage across the load can be obtained from Equation (6).

3. Numerical Simulations and Discussions

The initial gap between the free ends of the springs and the outer frame and the stiffness of the
springs affect the performance of the proposed harvester [13]. As an example, the responses of a
harvester with a coil at the center of a 2 x 2 magnet (N-50 graded NdFeB) array, with the parameters
listed in Table 1, was simulated. The inner and outer side lengths of the coils are about 3 and 9 mm,
respectively, with a cross-section of about 3 mm x 3 mm. Here, the finest commercially-available
copper wire with a diameter of 50 pm is used to wind the coils. By setting the copper fill factor as 0.55,
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we obtained the number of coil turns, about 2500 [26]. As the coefficient of rolling friction is as low as
0.002 [27], the friction force is neglected in the simulations.

Table 1. Parameters of the harvester in simulations.

Parameter Value
Magnetization of Magnets 750 kA /m [28]
Separation between magnet rows 7 mm
Magnet dimension 20 mm X 10 mm X 4 mm
Coil dimension I8 mm X 9mm X 3 mm
Dimension of the coil through-hole 12mm X 3mm x 3 mm
Diameter of the wire 0.05 mm
Number of coil turns 2500
Coil resistance 800 ()
Mass of the inner frame 0.1kg
Viscous damping coefficient 0.68 [25]
Damping coefficient of springs 0.68

By using the commercial finite element software ANSYS (ANSYS Inc., Pittsburgh, PA, USA) to
establish the three dimensional finite element model of the magnet array, the magnetic flux density in
the air gap between the two adjacent pairs of magnets was simulated. Figure 3 gives the distribution
of the magnetic flux density along the centerline of the air gap. The average magnetic flux field density
is about 0.25 T, and polarity reversals occurs at the junction (position = 10 mm) between the two sets

of magnets.
0.50 T T . T / :
Magnet 1 Magnet 2
= 025 B
i’) Flux density distribution
; Average flux density
5 000f i
%
é Average flux density
Q
°
5 -025
<
=
Magnet 3 Magnet 4
_0'50 1 L 1
0 5 10 15 20

Position (mm)

Figure 3. The distribution of the magnetic flux density.

When a coil is at the center of the magnet array, as shown in Figure 4, the base excitation
causes the inner frame to move in x, direction with respect to the outer frame, resulting in an
induced voltage across the coil. By setting the magnetic flux density with the value of 0.25 T for
0 mm < position < 10 mm and —0.25 T for 10 mm < position < 20 mm, the rate of change of total
magnetic flux with respect to the relative displacement was worked out with =5 mm < x, < 5 mm,
as shown in Figure 5. The rate of change of total flux takes the maximum value of about 19 Wb m~!
when the relative displacement x; is close to zero.
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Figure 4. The schematic of the coil in the magnetic field.
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Figure 5. The rate of change of total flux versus the relative displacement.

After the relationship between d®/dx, and x, was obtained, the responses of the device can
be obtained by using MATLAB (Math Works Inc., Natick, MA, USA). In the simulations, the time
interval is set as At, and the initial conditions are set as x, = 0 and x, = 0 at the beginning with t = 0.
The electrical damping coefficient C, at this moment can be obtain from Equation (3). Substituting C,
and the base acceleration x;, at t = 0 into Equation (1), the displacement x, and velocity x, at t = At
can be obtained. And the voltage across the resistance at t = At can be calculated form Equation (6).
Step by step, the responses of the harvester at time t = iAt, where i is an integer, can be worked out.
The accuracy of the responses can be improved by decreasing the time interval At.

First, the effects of the spring stiffness were simulated. The initial gap between the free ends
of the springs and the outer frame is set as 5 mm. Under the harmonic base excitation with the
acceleration amplitude of 0.2 g, for the prototypes with the spring stiffness of 100, 200, 400, 800,
and 1600 N m~!, the simulated root-mean-square (RMS) voltages across a resistor of 800 Q versus the
excitation frequency are given in Figure 6. The excitation frequency corresponding to the maximum
output voltage decreases with the reduction of the spring stiffness. In other words, more flexible
springs should be used to scavenge vibrational energy at lower frequencies.
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Figure 6. Effects of spring stiffness on RMS voltages under the base excitation of 0.2 g.

To evaluate the effects of initial gap between the free ends of the springs and the outer frame,
the output voltage of the devices with the spring stiffness of 300 N m~! was simulated. The initial gap
issetas 1, 1.5, 2, 2.5, and 3 mm, respectively. Under the harmonic base excitation of 0.2 g, the simulated
output voltages across the resistor of 800 (1 are given in Figure 7. The excitation frequency corresponding
to the peak voltage decreases when the initial gap increases. Accordingly, the initial gap should be
increased to collect vibration energy with lower frequency. However, as Haroun et al. pointed out [13],
the base excitation exerts restrictions on the selection of the initial gap. To make the inner frame strike
one side of the outer frame, followed by another collision with the other side in every excitation period,
the displacement amplitude of the base excitation should be somewhat larger than the initial gap.

1.2 T T T T T T T T T T
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S
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Voltage (V)
f=]
s

T

=]
S8}
T
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Figure 7. Effects of initial gaps on RMS voltages under base excitation of 0.2 g.

4. Experimental Investigation

4.1. Prototypes of the Impact-Based EMVEH

Prototypes with three rows of magnets and two rows of coils were fabricated, as shown in Figure 8.
The parameters of the coils and the magnets (N-50 graded NdFeB) were given in Table 1. There are
six magnets in a row of magnets and seven coils in a row of coils. The net distance between the
two rows of magnets is 7 mm. The inner dimensions of the outer frame are 84 mm x 33 mm x 35 mm,
with the internal volume of about 97 cm3. Three prototypes with the parameters listed in Table 2 were
fabricated. Prototypes VEH 1 and VEH 2 have the same spring stiffness, but different initial gaps.
Prototypes VEH 2 and VEH 3 have the same initial gap but different spring stiffness. The masses of
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the inner frames of the three prototypes are almost the same, of about 0.108 kg. The effective spring
stiffness was worked out from the shear modulus, the wire diameter, the mean diameter, and the
number of active coils of the springs [29].

ITEER

Magnet array ., Coil array Spring

Figure 8. Photographs of a prototype harvester.

Table 2. Parameters of the prototypes.

Prototypes  Initial Gap S (mm)  Spring Stiffness K (N/m)

VEH 1 1.5 380
VEH 2 2.5 380
VEH 3 2.5 1220

4.2. Experiments and Discussions

The experimental setup is given in Figure 9. The fabricated VEHs were horizontally mounted
on an electromagnetic shaker. A harmonic voltage signal from the signal generator of an oscilloscope
was enlarged by a power amplifier to drive the shaker. The acceleration of the shaker and the output
voltages of the VEH were monitored by the oscilloscope.

Signal'generator

Shaker

Harvester prototype—+—

Figure 9. Experimental setup.

To investigate the optimal electrical load, the RMS voltages of VEH 1 across resistors with different
resistances were measured. The output powers of the harvesters can be worked out according to the
experimental RMS voltage. The curves of the output power versus the load resistance under harmonic
base excitations with the acceleration amplitudes of 0.1, 0.2, and 0.3 g at 6 Hz are shown in Figure 10.
The output power reaches the maximum values when the load impedance is about 11 k(), very close
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to the total resistance of the coil array 11.2 k(). In the following, a resistor of 11 k() was connected
with the prototypes to evaluate the performances.

10 T T T T T T T T T T T T
8+ /././l~l\.\.\.\._._._._.7.\. .
M A, \'\-—l\. |
p Va Y ak -A-A_ A"“‘LA-ANLA\
~ 6f e A-a |
= J A e A o SV
E WA /0/‘
5 1
2 4r B
S -/
Ay /A
2_./ —— 0.1 gat6 Hz| |
£ ¥ —A— (.2 gat 6 Hz
P g —a— (.3 gat 6 Hz
o
¥, L T T TR N RO R S S|
0 2 4 6 8 10 12 14 16 18 20 22 24 26

Load resistance (kQ)
Figure 10. Output power versus load resistance under different base excitations.

Under the base excitations of 0.3 g, the experimental RMS voltages and output powers of the
three prototypes were plotted in Figure 11. As shown in Figure 11a, the maximum RMS voltages of
VEH 1, VEH 2, and VEH 3 across the resistor of 11 k() are 16.5, 13.9 and 11.0 V, with the excitation
frequency of 8.5, 7.9, and 8.7 Hz, respectively. As the initial gap of VEH 2 is wider than that of VEH 1
and the spring stiffness of VEH 1 is smaller than that of VEH 3, the experimental results demonstrate
that, just as the simulation predicts, increasing the initial spacing and decreasing the spring stiffness of
the harvester can shift the peak voltage to a lower frequency [13]. The maximum output powers of the
three prototypes are about 24.8, 17.6, and 11.0 mW, with the maximum power densities of about 256,
181, and 113 pW cm 3, respectively.

18 T T T T 30 T T T T
| |—A— VEH 1 —a— VEH 1
16 - |—e—VEH2 A/A 25 |—*— VEH2
b |—=— VEH3 J/ e VEH 3
14 - A/A’/.\
L 4‘."0 * 20
_12r o =
S ‘_,‘.c“' =
o L E 15k
& 10 o o =
:o o8 ._I’./ %
- o® N
> 8 -.o ._._.7./.—I . < 10k “.‘.‘
/ o®'
6 4 o
L 5p9%" o m-m-m-E"
4+ 7
L 1 1 1 1 0 1 1 1 1
5 6 7 8 9 10 5 6 7 8 9 10
Frequency (Hz) Frequency (Hz)
(a) (b)

Figure 11. Output performances of VEHs under base excitation of 0.3 g: (a) output RMS voltage;
and (b) output power.

To give more details of the electrical outputs, the time histories of the voltage across the resistor
for VEH 1 under base excitations of 0.3 g at 5.5, 8.5, and 10 Hz are given in Figure 12. When the
excitation frequency increases from 5.5 to 8.5 Hz, there are stable collisions between the inner and the
outer frames, as shown in Figure 12a,b. Each collision causes the harvester to produce a relatively
high peak voltage, the peak-to-peak voltages are about 26 and 65 V, respectively. When the excitation
frequency increases to 10 Hz, as shown in Figure 12¢, the inner frame does not impact with the outer
frame, and the peak-to-peak voltage is about 14 V, much lower than that at 5.5 to 8.5 Hz.
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Figure 12. Time histories of voltages at different excitation frequencies: (a) 5.5 Hz; (b) 8.5 Hz; and (c) 10 Hz.

The effects of the base acceleration amplitude on the electrical output of the harvester were
measured. For VEH 1, Figure 13 gives the experimental RMS voltages across the resistor under base
excitation of 0.1, 0.2, and 0.3 g, respectively. The experimental maximum RMS voltages are 7.6, 12.1,
and 16.5V at 6.0, 7.5, and 8.5 Hz, respectively. The maximum powers are about 5.3, 13.3, and 24.8 mW,
with the maximum power density of about 54.6, 137, and 256 puW cm 3, respectively. Therefore,
with the increase of the base acceleration amplitude, the maximum output voltages increase greatly
and the excitation frequencies corresponding to the peak electrical output increases.

20 T T T T T T T
18+ —a—0.1g| 4
F ——0.2g 1
16 x —=—0.3g|
L ) i
14 + - B
./f
—12F ' B
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0 L 1 1 " 1 1
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Frequency (Hz)

Figure 13. RMS voltage versus excitation frequency.
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Under the base excitations with the acceleration amplitude of 0.2 g, the experimental up-sweep
and down-sweep RMS voltages of VEH 1 across the 11 k() resistor are given in Figure 14. The maximum
output powers of up-sweep and down-sweep are 13.3 and 12.1 mW at 7.5 and 7.2 Hz, respectively.
The maximum output power and corresponding frequency of the up-sweep are about 12% and
4% higher than the down-sweep, respectively.

15 T T T T T

- —u— Up-sweep
|
{ —e— Down-sweep
12 B
~9F B
2
g
5
gor 1
=%} 7'/
3F o B
q.
S
0 1 1 1 1 1
5 6 7 8 9 10 11
Frequency (Hz)

Figure 14. Output power versus excitation frequency with up-sweep and down-sweep.

The performances of prototype VEH 1 are compared with some reported EMVEHs in Table 3.
The output voltage and power of VEH 1 are the highest. Its power density is the second highest, lower
than the EMVEH in [30], resulting from the relatively low acceleration amplitude of base excitation.
The power density of the harvester developed by Haroun et al. is high [31]. As the resistance of their
coil is only 1.8 ), the RMS output voltage is very low, about 12 mV. Their experiments show that,
when the resistance increased to 2.38 () by using coil with more turns, the output voltage increased
but the power density decreased. Therefore, the power density does not always increase with the
turns of the coil. Owing to the optimized configuration and the large number of the turns of the
coils, the output voltage of VEH 1 is the highest, and its power density is also comparable with those
reported in literatures.

Table 3. Comparison between some reported electromagnetic vibrational energy harvesters (EMVEHs)
and this work.

Amplitude Frequency Volume Voltage Power Power Density

Reference (m s?) (Hz) (cm?) V) @W)  (@Wem3)
Galchez 2011 [10] 0.54 2 43 0.059 2.3 0.0535
Ashraf 2015 [30] 9.8 18 27.38 1.44 9360 342
Haroun 2015 [31] 12.38 3.33 0.461 0.012 82.9 180
Lee 2013 [32] 1.96 8 21 0.28 65.3 3.1
Jo 2012 [33] 25 8 10 - 430 43
VEH 1 3 85 97 16.5 24,800 256

4.3. A Self-Powered Wireless Sensor Node

A wireless temperature and humidity sensor node powered by VEH 1, similar to the wireless
temperature sensor node powered by a piezoelectric wind energy harvester [34], was developed.
Since the output voltage of the proposed EMVEH is high enough, the power management circuit
without a voltage boosting element, which has developed for a piezoelectric harvester [34], was used
directly here. The power management module is composed of LTC3588-1 and LT3009, and MSP430
and nRF24L01 are selected as the processing core and the main transceiver. The temperature sensor
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TMP102 was replaced by the temperature and humidity sensor of SHT11, and the capacitor of 2200 uF
was replaced by one of 10,000 uE.

The prototype VEH 1 was used to power the wireless temperature and humidity sensor node,
as shown in Figure 15. For the self-powered wireless sensor node, the temperature and humidity were
transmitted by the nRF24L01 transceiver to a computer. As the impedance of the power management
circuit is different from the harvester’s optimal load (11 k), the frequency corresponding to the
shortest charging times is about 5.4 Hz, which is different from the frequency at which the output
powers across the optimal resistance reaches maximum value (as shown in Figure 13). Under base
excitation with the amplitude of 0.1 g at 5.4 Hz, the voltages on the capacitor are given in Figure 16.
It took about 58 s for the harvester to charge the capacitor from 0 to 4.6 V. As soon as the capacitor
reached the upper threshold voltage of 4.6 V, the node was powered on and started measuring the
temperature and humidity, and then sent the results to the computer. When the voltage across
the capacitor is higher than 3.6 V, the wireless sensor node was set to measure and transmit the
temperature and humidity every 2 s. With the consumption of the electrical energy stored in the
capacitor, the voltage across the capacitor decreased, before the voltage decreased to the lower threshold
voltage of 3.6 V, the node can steady work for 8 s. After that, the node was switched off, and the
capacitor was recharged. It took about 12 s for the harvester to charge the capacitor from 3.6 to 4.6 V
again. Therefore, the wireless sensor node can measure and transmit the temperature and humidity
every 20 s. The energy consumption for one operation is about 4.9 mJ. When the voltage decreases
from 4.6 V to 3.6 V, the capacitor releases electrical energy of about 41 mJ, which are much higher than
the requirements of the wireless sensor node. In the future, other sensors, such as pressure sensors,
will be added into the node.

Reference temperature

and humidity monitor

Voltage (V)

0 1 1 1 1 1 1 1 1 1

0 10 20 30 40 50 60 70 80 90 100
Time (s)

Figure 16. Voltage across the capacitor under base excitation of 0.1 g at 5.4 Hz.
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5. Conclusions

A non-resonant EMVEH with a high output voltage based on the mechanical impact was proposed
to scavenge low-level, broadband, and low-frequency vibration energy in natural environments.
Numerical simulations and experiments show that the scavenging efficiency of low-frequency vibration
energy can be improved by increasing initial gap or decreasing the stiffness of the springs. Under base
excitation with the acceleration amplitude of 0.3 g at 8.5 Hz, the maximum output power of the
prototype (VEH 1) is about 24.8 mW, with the power density of about 256 uW cm~3. By using a power
management circuit without a voltage boosting element, it took about 58 s to use this prototype to
charge a capacitor of 10,000 uF from 0 to 4.6 V under a base excitation of 0.1 g at 5.4 Hz. A wireless
sensor node powered by the prototype can measure and transmit the temperature and humidity every
20 s.
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