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Te variable-fux biaxial energy harvester (VBH) is a novel vibration energy harvester (VEH) architecture in which a ferro-
magnetic mass moves against an assembly of a coil and a stationary permanent magnet. Te varying fux lines induce potential
diferences across the coil terminals. Unlike conventional VEHs, the center frequency of the VBH can be tuned by mechanical,
electronic, or electromagnetic mechanisms to maximize the generated power. In this research, we demonstrate the impact of two
types of loads, purely resistive and complex RC loads, on the harvester center frequency. We also demonstrate a mechanism that
utilizes RC load to tune the center frequency of the VBH. In comparison to conventional purely resistive loads, the introduced
capacitive load allows control of the total VBH stifness and, accordingly, modulates the center frequency and eliminates the need
for mechanical pretuning of the VBH center frequency.

1. Introduction

Te variable-fux biaxial energy harvester (VBH) is a device that
can capture and convert kinetic energy from low-frequency
vibrations into useable electric energy [1, 2]. Tis is achieved
through a unique transduction mechanism that involves dis-
rupting a stationary magnetic feld with a moving ferromagnetic
object, which generates an electromotive force (EMF) across a
stationary coil in the vicinity of the feld. Low-frequency vi-
brations, which occur naturally and are a signifcant source of
kinetic energy, can be found in a range of sources, including
mechanical vibrations (0.6–2.5 Hz) [3], human motion (0.6–5
Hz) [4], and vehicle bouncing (1–10 Hz) [5]. However, har-
vesting kinetic energy from low-frequency vibrations can be
challenging due to the need for large proofmasses and a decrease
in harvesting bandwidth below 10 Hz. Te variable-fux biaxial
energy harvester (VBH) is capable of efectively harvesting low-
frequency vibrations using a small proof mass of only 9.8 grams
as demonstrated in Figure 1 and 2. In addition to this, the center
frequency of the VBH can be tuned mechanically, magnetically,
or electronically.However, the frst twomethods can be complex
and require human intervention, which may be difcult in

inaccessible environments and can be costly. In contrast, elec-
tronic tuning is simpler, requiring fewer electronic components,
and can be automated to reduce the need formanual tuning. It is
also more cost-efective compared to the other methods [6–9].

Te VBH is composed of an impact oscillator connected
to an inductive circuit. Te oscillator consists of a steel
sphere and mechanical end springs. Te inductive circuit
includes a top magnet, a coil, and a moving steel sphere. Te
topmagnet is the source of the magnetic force, and the coil is
wound around a dielectric tube with a single magnet placed
on top. Te ferromagnetic sphere can move freely along a
track inside the tube, and the VBH’s peak frequency is
adjusted through the use of two springs attached to the end
caps of the tube. Te VBH is mounted on an electrically
nonconductive material with the center lines of the magnet
and coil aligned with the track’s midsection. Te specif-
cations of the VBH are listed in Table 1.

To provide context, the VBH relies on two types of
restoring forces: a magnetic force from a permanent magnet
and a mechanical force from compression springs mounted
on the ends of the travel track. Te magnetic restoring force
Fm, which is the primary restoring force component, is a
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function of the magnetic feld characteristics (residual fux
density and demagnetization force) and the distance be-
tween the permanent magnet and the steel ball. Te system
was simulated using QuickField FEA software [12], and the
results shown in Figures 3 and 4 demonstrate the variation in
the magnetic fux density B, magnetic feld intensity H, and
force exerted on the steel ball as shown in Table 2. With the
position of the steel ball along the travel track, the VBH
output voltage waveform is shown in Figure 5. Tis causes
the permanent magnet to act like a virtual decompression
spring, leading to the use of the term “magnetic restoring
force” as a synonym for a mechanical spring restoring force.
Te mathematical model for the VBH is [2]
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Figure 1: Side and end views of the VBH (not to scale).
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Figure 2: Variable-fux biaxial energy harvester internals (a) and exteriors (b).

Table 1: VBH mechanical and electrical specifcations.

Parameters Value
Travel track total length (mm) 72
Unstretched end-spring length (mm) 14.5
Compressed end-spring length (mm) 13.5
End-spring inner diameter (mm) 8.9
End-spring outer diameter (mm) 10.75
Stainless steel ball diameter (mm) 13.05
Stainless steel ball mass (grams) 8.9
Proof-mass travel distance (mm) 30
Distance between top magnet and coil (mm) 14
Distance between side magnets (mm) 26.3
Coil inductance (μH) 3.4
Coil resistance (Ω) 10.6
Coil number of turns 970
Top magnet part number [10] BY0X08DCS
Side magnets’ part number [11] BX082CS-S
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where €x and _x represent the acceleration and velocity of the
proof mass, respectively, while cm and ce are the mechanical
and electrical damping coefcients, c3 is the cubic damping
coefcient resulting from impact losses, m is the mass of the
moving object (in this case, a metallic ball), Fs is the me-
chanical spring’s restoring force, and €y(t) is the external
excitation. Te term (1/m)(−5.19x3 − 23.05x2 + 14.28x+

2.92) represents the magnetic restoring force, Fm, exerted by
the permanent magnet on the moving ferromagnetic object
(a steel ball in the experimental setup). A detailed analysis
and derivation of the magnetic restoring force for the
variable-fux biaxial energy harvester (VBH) can be found in
[2].

Te output power generated by the VBH at resonance
can range from 0.11 to 127.16 μW, depending on the values
of the attached RC load. Tis is sufcient to power, low-
power microcontrollers, such as the nanoWatt XLP eXtreme
low power PIC microcontrollers family from Microchip
Technology [13–15], the STM8L/STM8AL [16], and
STM32L [17] microcontroller families from STMicroelec-
tronics. While the amount of power generated by the VBH
may be considered low, it is sufcient to power ultralow-
power wireless communication modules and protocols such
as EnOcean STM300 [18], SX1262, RFM95, inAir9 [19],
Zigbee, and Tread [20], which only require a few tens of
microWatts.

2. Experimental Results

Experiments conducted on earlier prototypes of the VBH [1]
with purely capacitive loads showed a signifcantly diferent
voltage-frequency response in comparison with purely re-
sistive loads and open-loop operation, in which no loads
were connected to the output. Te observed change in the
center frequency established grounds to test the VBH with
an in-series resistor-capacitor complex load structure to
study the efect of added stifness and damping to the system
due to the load resistance and capacitance and how the load
can be used to tune the center frequency without any me-
chanical or magnetic pretuning such as changing the proof
mass or the magnetic feld intensity [6, 7]. Te experimental
setup to test the VBH with in-series RC load is shown in
Figures 6 and 7. A basic demonstration setup, shown in
Figure 8, was used to visually demonstrate the generated
power using a low-power light emitting diode (LED) and a
1 :10 step-up transformer.

All experiments were conducted in the frequency range
of 5–25 Hz at a sweep rate of 5 Hz/min and amplitude of 0.9
g (1 g � 9.81 m/s2) to mimic the amplitude of human
walking. It is worth noting that every experiment was
conducted multiple times to ensure the validity and re-
producibility of the results.

Experimental results exhibited that using a load con-
sisting of in-series resistor-capacitor pair with the output of
the VBH, as shown in in Figure 9, afects the center fre-
quency, which is a result of increased stifness introduced by
the capacitance component of the load, to the VBH system.
Figure 10 and Table 3 demonstrate the measured voltage-
frequency response and center frequency of the VBH for
diferent in-series RC loads, respectively. Te governing
equation for the center frequency as a function of stifness
and damping for a mass on spring oscillator is [21]

ωn �

��

k

m



, (2)

and [21]

η �
BmZL +(Bl)

2

2ZL

���
mk

√

�
Bm

2ωnm
+

Bl
2/ZL

2ωnm

� ηm + ηe,

(3)

Strength
H (105 A/m)

7.540

6.786

6.032

5.278

4.524

3.770

3.016

2.262

1.508

0.754

0.000

Figure 4: Magnetic feld intensity H distribution for diferent
locations of the moving object simulated with QuickField.

Table 2: Mechanical force applied on the moving steel ball at
diferent locations simulated with QuickField.

Steel ball location Force (N)

Position a −7.93
Position b −13.46
Position c 7.31
Position d 11.7
Position e 6.8

Flux Density
B (T)

0.6240

0.5616

0.4992

0.4368

0.3744

0.3120

0.2496

0.1872

0.1248

0.0624

0.0000

Figure 3: Magnetic fux density B distribution for diferent lo-
cations of the moving object simulated with QuickField.
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where ωn is the natural frequency, k is the total stifness of
the oscillator, and m is the proof-mass of the moving object,
η, ηm, and ηe are the total, mechanical, and electrical
damping factors, respectively, Bm is the energy extraction
damping factor, B is the magnetic fux density, l is the coil
length, and |ZL| is the magnitude of load impedance. For a
complex RC load, the magnitude is

ZL


 �

��������

R
2
L + Xc



2



, (4)

where RL is the resistive component and |Xc| is the mag-
nitude of the capacitive reactance component of the load
impedance, where the capacitive reactance is a function of
capacitance and generated EMF frequency:

Xc �
1

ωcC

�
1

2πfcC
,

(5)

where ω is the center angular frequency of the voltage across
the capacitor, which can be substituted with the term 2πfc,
fc is the center frequency in Hertz, and C is the capacitance
in Farad. Experiments conducted with purely resistive and
complex RC loads (as listed in Tables 4 and 3) demonstrated

that the center frequency changed, indicating a change in
system stifness k. Te proof mass was kept constant across
all experiments to emphasize that the change in center
frequency was due solely to the change in the system’s
stifness. To further validate this observation, the VBH was
tested with complex loads of diferent capacitance values,
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Figure 6: A schematic of the experimental setup of the VBH with in-series RC load.
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Figure 5: VBH output voltage waveform.

Figure 7: Te experimental setup of the VBH.
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while keeping the value of the resistive component un-
changed. Results showed a variation in the center frequency
of 0.33 Hz for capacitance values between 10 and 25100 μF.
Furthermore, comparing test results conducted with a
purely resistive load with tests conducted with in-series RC
load that uses the same resistance value, the center frequency
has dropped by 0.4–0.65 Hz when capacitance is added,
indicating a reduction in system stifness k. Experimental
results for RC load and purely resistive load versus center
frequency are shown in Tables 3 and 4, respectively.

To test the VBH in a real-world scenario where DC
output power, and not AC, is required to power up diferent
electronic devices, the VBH output was connected to a step-
up transformer with a primary-to-secondary coil turns ratio
of 1 :10, followed by a Schottky-based full-wave rectifer and
ripple fltering capacitor to provide a complete power unit
design. Tis power unit design is meant to resolve two main
challenges:

(i) Output voltage amplitude is too low for most
electronic devices to operate on

(ii) Generic silicon diode-based full-wave rectifers
cannot rectify AC signals smaller than 700–800 mV

A Schottky diode-based full-wave rectifer was used for
its low forward voltage (150–450 mV) compared to generic
silicon diode rectifers, and the ripple flter capacitor at the
output stage is added to smooth the output signal and
eliminate ripples. A schematic of the power unit is shown in
Figure 11.

Experiments showed that the flter capacitor adds extra
stifness to the system resulting in a higher center frequency
fc with the increase of the capacitance value. Tis confrms
the previously discussed conclusion of the directly pro-
portional efect of output capacitance on the VBH’s total
stifness. Figures 12 and 13 show the V-F response of the
power unit for a frequency sweep 5–25 Hz at 0.9 g exci-
tation; a comparison of diferent flter capacitor values
versus center frequency is shown in Table 5.Te hysteresis in
V − F response might catch the attention of the reader; an

early conclusion explains such hysteresis is due to additional
nonlinear components to the output load network repre-
sented by the step-up transformer and Schottky diode full-
wave rectifer; however, it is not of interest in the scope of
this article.

2.1. Discussion. Te complex RC load adds extra damping
and stifness to the system; however, the added damping and
stifness are not of the samemagnitude. Experimental results
in Table 3 show that the added damping due to the resistive
component of the load, represented by 3dB bandwidth as a
measure, is qualitatively small, ranging only between 2.51
and 2.72 Hz for tested values included in the experimental
results, even when the resistive component is multiple folds
of the VBH parasitic resistance, Rcoil, where Q is the quality
factor and ζ is the damping ratio. On the contrary, the
complex load’s capacitive component increases the com-
pliance of the system (compliance is the reciprocal of
stifness), resulting in a change in the VBH total stifness that
ranged between 23.128 and 26.25 for the diferent complex
load values included in the experimental data, which con-
sequently resulted in a change in center frequency, fc,
between 8.07 Hz and 8.64 Hz which is close to 7% when
compared to the open-loop center frequency. In conclusion,
the complex load RC components can be selected to tune the
center frequency to a selected value or range to maximize
energy harvesting and power transfer without a signifcant
impact on the harvesting bandwidth.

2.2. Power Analysis for RC Load. Te power generated in
magnetic-induction generator through sinusoidal excitation
is given by [21]

Figure 8: A simple demonstrator using the VBH with a step-up
transformer and light emitting diode (LED).
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Figure 9: Representation of the variable-fux biaxial energy har-
vester, VBH, with complex RC load impedance, where Lcoil, Rcoil,
RLoad, CLoad, m, k, and bm are the harvester’s coil inductance, coil
resistance, load resistance, load capacitance, moving proof-mass,
mechanical stifness, and mechanical damping, respectively.
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Table 3: VBH center frequency for diferent RC network loads.

Resistance
(Ω)

Capacitance
(μF)

Center
frequency

(Hz)

Maximum
voltage
(mV)

RMS
current
(mA)

Resistive power
(S � I2Xc)μVA

Real power
(P � I2R)μW

Bandwidth
(Hz)

Total
stifness

(k � ω2m)

Power
density
(W/m3)

5 10 8.2 104.3 0.18 62.86 0.16 2.62 23.644 0.00081
5 100 8.22 102.8 0.627 76.09 1.97 2.72 23.760 0.009828225
5 670 8.2 88.2 2.5 180.98 31.25 2.55 23.644 0.15625
5 820 8.45 84.7 3.1 220.65 48.05 2.51 25.108 0.24025
5 1000 8.23 79.8 3 173.98 45.00 2.52 23.818 0.225
5 1200 8.15 73.7 3.2 166.57 51.20 2.54 23.357 0.256
5 7700 8.45 34.39 4.6 51.74 105.80 2.65 25.108 0.529
5 25100 8.11 29.8 4 12.50 80.00 2.67 23.128 0.4
8.4 1000 8.44 81.1 2.8 147.78 65.86 2.52 25.049 0.32928
11 200 8.2 101.24 1 97.01 11.00 2.66 23.644 0.055
11 470 8.23 91.96 1.8 133.26 35.64 2.57 23.818 0.1782
11 680 8.23 84.41 2.3 150.38 58.19 2.57 23.818 0.29095
11 820 8.47 81.42 2.6 154.84 74.36 2.51 25.227 0.3718
11 1000 8.2 77.57 2.6 131.15 74.36 2.51 23.644 0.3718
11 2200 8.4 60.89 3.2 88.15 112.64 2.53 24.812 0.5632
11 3100 8.4 55.84 3.3 66.53 119.79 2.54 24.812 0.59895
11 4400 8.64 52.5 3.4 48.38 127.16 2.646 26.250 0.6358
11 5400 8.46 52.09 3.4 40.26 127.16 2.61 25.167 0.6358
11 22000 8.72 50 3.4 9.59 127.16 2.59 26.738 0.6358
15 100 8.15 86.79 0.37 26.72 2.05 2.57 23.357 0.0102675
16 2200 8.54 60.69 2.7 61.73 116.64 2.6 25.646 0.5832
16 4400 8.52 62.29 2.8 33.27 125.44 2.55 25.526 0.6272
16 22000 8.54 60.69 2.8 6.64 125.44 2.59 25.646 0.6272
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where m is the proof mass of the moving object, A2
o is the

amplitude of the excitation signal, η and ηe are the total and
electrical damping factors, and ω and ωn are the operating
and natural frequencies, respectively. Te maximum power
is generated; when the operating frequency ω is equal to the
natural frequency ωn, the maximum power will reduce to
[21]
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mηeA

2
oω

3
n

4η2
. (7)

For VBH, the power generated across an RC load cannot
be calculated directly. Real power (for resistive loads) and
reactive power (for capacitive loads) must be calculated

separately and then combined to calculate the apparent
power S. Te generated power formula (7) was cross-vali-
dated against experimentally measurements listed in Table 3;
measured power was calculated using the following formula:

P � I
2
rmsZ, (8)

where Irms is the measured RMS current in Ampere and Z is
the resistance or capacitive reactance.

Te electrical damping factor (ηe) from [21] is modifed
to calculate the reactive power (for a capacitive load):

ηe �
Bl

2/Xc

2ωnm
, (9)

and for real power (for a resistive load), ηe is modifed as well
to become

Table 3: Continued.

Resistance
(Ω)

Capacitance
(μF)

Center
frequency

(Hz)

Maximum
voltage
(mV)

RMS
current
(mA)

Resistive power
(S � I2Xc)μVA

Real power
(P � I2R)μW

Bandwidth
(Hz)

Total
stifness

(k � ω2m)

Power
density
(W/m3)

22.5 0.1 8.23 102.41 0.0022 0.94 0.00 2.69 23.818 5.445E−07
22.5 10 8.18 103.36 0.071 9.80 0.11 2.66 23.529 0.000567113
22.5 100 8.21 85.59 0.355 24.42 2.84 2.57 23.702 0.014177813
22.5 1000 8.25 23.07 0.564 6.13 7.16 2.55 23.934 0.0357858
100 10 8.23 101.8 0.065 8.17 0.42 2.66 23.818 0.0021125
100 1000 8.07 48.7 0.365 2.63 13.32 2.66 22.901 0.0666125
1000 10 8.14 100.7 0.04 3.13 1.60 2.67 23.300 0.008
1000 1000 8.25 93.5 0.07 0.09 4.90 2.62 23.934 0.0245

Table 4: VBH center frequency for purely resistance loads.

Resistance (Ω) Center frequency (Hz)

0 8.75
5 8.84
8.6 8.86
22.6 8.81
100 8.83
1000 8.84
2000 8.79
3240 8.84
9000 8.66
Open loop (no load) 8.18
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Figure 11: Schematic of a power supply unit using the VBH as a power source.
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Figure 13: Voltage vs. frequency response of the power supply unit at 100K Ω resistive load and 1000 μF flter capacitor.

Table 5: A center frequency (fc) comparison for the PSU up and down sweeps using 10, 100, and 1000 μF flter capacitors for 100 Ω
resistive load.

Filter capacitor value
(μF)

fc (up sweep)
(Hz)

fc (down sweep)
(Hz)

Max voltage in up sweep cycle
(mv)

Max voltage in down-sweep cycle
(mv)

10 8.52 8.37 907 894
100 8.72 8.17 991 969
1000 9.2 7.83 661 712
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and apparent power, S, is given by
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�������
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where P is the real power and Q is the reactive power.

3. Conclusion

In this article, we introduce a new mechanism to tune the
center frequency of a variable-fux biaxial energy harvester
(VBH) using an in-series RC load. Adding a capacitive
component in series with the resistive load increases the total
system stifness, resulting in changing the center frequency.
Te presented mechanism reduces the dependence on
mechanical and magnetic pretuning of the VBH, allowing
the VBH to retune its center frequency and increase the
generated power for any operating frequency. Experimental
results for the presented system showed a change in center
frequency between 8.19Hz and 8.72Hz for selected RC load
values.

Data Availability

Te data used to support the fndings of the study are
available within the article.
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