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There is an abundance of low-frequency and irregular human motion energy that can be harvested.
In this work, a non-resonant rotational electromagnetic energy harvester (REH) for scavenging
low-frequency (<10Hz) and irregular human motion is presented. The energy harvester simply
introduces a cylindrical stator and a disk-shaped rotor forming a movement of a higher pair.
Without any complicated transmission mechanism, the rotor can easily rotate around the stator by
magnetic attractive force. Driven by a broadband frequency vibration, the magnetic rotor is coupled
with surrounding wound coils to operate electromagnetic energy harvesting. Theoretical and exper-
imental investigations of the REH are studied, and numerical simulations show good agreement
with the experimental results. The treadmill tests at various motion speeds are performed to demon-
strate the advantage of the REH in harvesting energy from irregular human motion. At a driving
frequency of 8 Hz, the electromagnetic coils can provide the maximum power of 10.4 mW at a load
resistance of 100 Q. The REH exhibits outstanding output performance and has potential applica-
tions for powering intelligent wearable or portable electronic devices. Published by AIP

@CrossMark

Publishing. https://doi.org/10.1063/1.5053945

In recent years, harvesting kinetic energy from human
motion has been extensively studied, as it can potentially
achieve energy autonomy for wearable electronics and porta-
ble devices."> There are three major mechanisms for vibration
energy harvesting, which are piezoelectric,”™ electromag-
netic,""™'* and triboelectric.>* Various piezoelectric and elec-
tromagnetic energy harvesters have been explored due to their
advantages of simple configuration and high output perfor-
mance.”” However, the main disadvantage of such linear reso-
nant harvesters is that the output power drops dramatically
under off-resonance conditions. Realizing a multiple resonant
mode of a harvester is an efficient way to deal with the narrow
bandwidth issue.''™'® Meanwhile, this issue has inspired
intensive investigations of nonlinear mechanisms to broaden
the operation bandwidth and improve the energy harvesting
efficiency.”'*2! A nonlinear electromagnetic energy har-
vester from hand shaking was presented in our previous
work.”!® The nonlinear magnetic-spring configuration was
employed for generating sufficient power from hand shaking
of irregular and low-frequency vibrations. Pit er al.'® intro-
duced an inertial energy harvester for human body applica-
tions combining the frequency up-conversion principle, in the
form of piezoelectric beam plucking through magnetic cou-
pling with a rotating proof mass. Fan er al.'” developed a
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nonlinear piezoelectric energy harvester via introducing the
magnetic coupling between a ferromagnetic ball and four pie-
zoelectric cantilever beams. The numerical and experimental
performances of bi-stable'® and tri-stable'” nonlinear harvest-
ers with different potential well functions were investigated
under harmonic excitations by Cao et al. In addition, Zhou
et al® and Wang er al*' proposed similar nonlinear mono-
stable and bi-stable energy harvesters to broaden the band-
width from low-level ambient vibrations, respectively.
Considering the characteristics of human motion such as
walking, running, and arm shaking, the random and irregular
vibrations are always at ultra-low frequency (<10Hz). The
nonlinear energy harvesters reported above were operated at
relatively high frequencies and cannot efficiently harvest
human motion energy. Moreover, the reported energy har-
vesters work in a single direction of vibration, and the
amount of power is limited due to the irregular magnitude
and direction of vibrations. On the contrary, unlimited rotary
motion could be used to eliminate the restriction of tradi-
tional linear and nonlinear harvesters. Spreemann et al.*
presented a non-resonant rotational vibration-to-electrical
power generator which can scavenge for a wide frequency
spectrum. Pan er al.>> and Yang et al.** successively pro-
posed an in-plane rotary electromagnetic micro-generator.
Then, an energy-harvesting system integrating a hula-hoop
motion transformer was proposed by Lu et al.,*>*® which
can scavenge energy from machinery or human body. When

Published by AIP Publishing.
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the external excitation frequency was 8 Hz, the maximum
power of the system can be about 5 mW. In a recent article,
Halim et al.?’ designed an electromagnetic rotational energy
harvesting device using an improved eccentric rotor structure
to harvest kinetic energy from a pseudo-walking signal. The
prototype with optimal spring stiffness generated a maxi-
mum power of 61.3 uW at the rotational amplitudes of =25°
and the frequency of 1 Hz. Therefore, such a rotational elec-
tromagnetic energy harvester can easily scavenge energy
from walking and running in daily life.

It is a great challenge to work out a resonant system
working at a high g or amplitude but a low frequency
(<10Hz) shaking condition. In this work, we developed a
non-resonant rotational electromagnetic energy harvester
with a simple configuration that can meet these criteria. The
energy harvester simply introduces a cylindrical stator and a
disk-shaped rotor forming a movement of higher pair. Under
the excitation such as linear reciprocating motion, rotary
motion, and swing motion in different directions, the rotor
can easily rotate around the stator by the magnetic attractive
force. Theoretical simulations and experimental tests show
that the proposed rotational electromagnetic energy harvester
(REH) can not only harvest energy from the ultra-low fre-
quency (0-10Hz) of human motion but also be sensitive to
vibration excitation along multiple directions. Different exci-
tations including linear reciprocating motion, rotary motion,
and swing motion were evaluated. In addition, the proposed
REH was attached on one tester’s wrist and ankle to harvest
random walking and running motion energy on the treadmill
at ultra-low frequencies.

A schematic diagram of the proposed REH is shown in
Fig. 1(a), which consists of a magnetic stator, a magnetic
rotor, and four wound coils embedded in a bottom casing
with a dimension of ®65mm in diameter and 18 mm in
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FIG. 1. (a) The physical structure of the REH; (b) the magnetic field distri-
bution of the stator and rotor; (c) two typical application scenarios for the
REH, where the rotor magnet of the REH attached on the wrist and ankle
does clockwise and anticlockwise rotation around the center stator magnet;
and (d) physical model of the REH when the rotor magnet rotates.
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height. A cover is fixed on the top of the casing by bolt. Both
the stator and rotor are made of NdFeB magnets. The cylin-
drical stator magnet of ®10mm x 5 mm is fixed in the center
of the casing, and the disk-shaped rotor magnet of ®25 mm
x 3mm is attached on the circle edge of the stator by the
magnetic attractive force F);. Without assembling any shaft
or bearing structure, the magnetic stator and rotor of theoreti-
cal line contact formed a higher pair of movement. A small
displacement of the external excitation will lead to the attrac-
tion of the stator to the rotor, thus making the rotor rotate
around the stator. Therefore, the magnetic rotor can be easily
driven to do clockwise and anticlockwise rotation around the
center stator by external excitation force, avoiding unneces-
sary surface friction. An excitation from any direction is able
to trigger the rotor rotation around the stator to achieve
energy harvesting. Meanwhile, due to the magnetic attraction
force, the rotor could not leave the stator by the influence of
centrifugal force within a certain range of angular velocity.
The four wound coils are arranged in a circular pattern
around the center stator, and each has a dimension of
®25mm x 4mm. The coils are connected in series. Figure
1(b) shows the magnetic field distribution of the stator and
rotor. The rotational motion of the rotor magnet will induce
a magnetic line cutting across each wound coil, and electrical
voltage will be induced in the electromagnetic coil accord-
ingly. Two typical application scenarios for the REH are
shown in Fig. 1(c). For human walking and running, the rotor
magnet of the REH attached on the wrist and ankle does
clockwise and anticlockwise rotation around the center stator
magnet. Figure 1(d) shows the physical model of the REH
when the rotor magnet rotates under external force F applied
in the y-direction. M, m, C,,, C,, R, r, 0, and f denote the
mass of the housing, the rotor magnet mass, the rotational
damping force due to the friction between the stator and the
rotor magnet, the electric-magnetic resistance force due to
the rotating between the rotor magnet and coils, the radius of
rotor magnet, the radius of the stator magnet, the angle at
which the rotor rotates, and the inertia force, respectively. In
the simulation, the REH is confined to be excited along the
y-direction and parallel to the ground. No gravitational force
affects its motion. On the basis of the dynamic characteris-
tics of the model, the motion of the stator magnet is defined
as X, = (R+r)sinf and y, =y+ (R + r)cos), where x,,
and y,, denote the absolute displacements of the rotor magnet
in the x- and y-directions, respectively. y denotes the recipro-
cating motion of the main mass. By differentiating x,, and y,,
with respect to time, the velocity of rotor magnet can be
obtained as X,, = (R +r)fcosfandy,, =y — (R+r)0sinf.
Then, the kinetic energy T can be expressed as

T = %M}')z + %m(j}z +2(R+7)y0sin0+ (R + r)292>

1 .2
=1 1
+29, (1)

where [ is the mass moment of inertia of the rotor magnet.
With the kinetic energy, potential energy, and generalized
forces, the equations describing the motion of the system can
be derived by using Lagrange’s equations. Thus, the equa-
tions governing the motion of the rotor magnet are written as
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(M +m)5 +m(R +r)(@ cos 0 — 6%sin 0) + cy

F cos(wt) [m(R + 1) 1[0+ 0+ .0 2
= —m(R +r)ycos 0.

Approximating the magnetic field of the rotor magnet to
uniform, the output voltage across each wound coil is only
related to the number of turns N, the angular velocity of the
rotor, and the radius of the coils. The voltage can be
expressed as

point2
E(f) = NBLy = NB J Oldl, 3)

pointl

where piontl and point2 are the coordinates of the two points
at which the outer diameter of the magnet intersects the coils.
When the rotor magnet rotates, there will be electric-
magnetic resistance force C, and rotational damping force
C,,.. C, and C,, can be expressed as

point2 .
oldl .
E(t J oin point2
Ce:NBIL:BQL:N2B2LJ Ul
RC RC pointl (4)
Cp = 2mcy, RLH(R + )0,

where B means the magnetic field density. Because the stator
magnet and rotor magnet attract each other, the magnetic
field intensity is relatively lower, and the value in the simula-
tion is small. L is the effective length of the coils when the
magnetic induction line cuts the coil; R, is the impedance of
the coils and c,, is the mechanical damping coefficient.

Based on Egs. (2)—(4), the relationship between the
input excitation force F and output voltage E(f) can be inves-
tigated by the Matlab/Simulink model. To perform the theo-
retical simulations, the system parameters are shown in
Table I.

In order to investigate the output performance of the
REH, the experiment is carried out by using a linear motor to
drive the REH as shown in Fig. 2(a). The REH is fixed on the
fixed base. The linear motor stage is controlled through a
function generator with tunable frequency and amplitude.
Figures 2(b) and 2(c) show the theoretical and experimental
open circuit voltages of the REH at different frequencies and
amplitudes. All the experimental data are acquired by an

TABLE I. Identified system parameters.

Parameters Description Value
M (kg) The mass of the housing 1.5
m (kg) Rotor mass 0.1
R (m) Rotor radius 0.0125
7 (m) Stator radius 0.005
B (T) Flux density of the magnets 0.03
Cm Damping ratio of the rotor 0.02
N Number of coils 500
R.(Q) Internal resistance 72

c Damping ratio of the housing 0.3

Appl. Phys. Lett. 113, 203901 (2018)

oscilloscope DSOX2022A without additional load. When the
frequency of the excitation force is varied from 0.5 Hz to S Hz
with the amplitude staying at a constant of 5cm, the output
peak-to-peak voltage increases from 0.1 to 0.9 V, as shown in
Fig. 2(b). While the amplitude of the excitation force changes
from 1 to 10cm with the frequency remaining constant of
3 Hz, the output peak-to-peak voltage increases from 0.1 to
1.5V, as shown in Fig. 2(c). It is verified that in a certain fre-
quency and amplitude range, when the amplitude is constant,
the energy harvesting effect increases with the increase in the
frequency. However, when the frequency is constant, the
larger the amplitude, the better the energy harvesting effect.
The experimental results agree well with theoretically derived
results, with a small amount of bias between them. Taking a
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FIG. 2. The output voltage of the fabricated REH tested on the linear motor.
(a) The photograph of the REH tested on the linear motor; (b) the output
peak-to-peak voltage of the REH for a varied frequency from 0.5 to SHz
with a constant amplitude of 5cm; and (c) the output peak-to-peak voltage
of the REH for a varied amplitude from 1 to 10 cm with a constant frequency
of 3Hz.
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frequency of 4 Hz and an amplitude of 6 cm of the excitation
as instance, the theoretical simulation output voltage is similar
to experimental output voltage waveforms with a duration of
2 s as shown in Figs. 2(b) and 2(c).

The experiments are carried out to verify the character-
istics of the REH under rotation in horizontal plane, vertical
plane, and swing motion conditions. A wireless accelerome-
ter module of MPU-6050 is used to measure the acceleration
of the REH. The output waveform of the REH and the accel-
eration under different motion conditions are shown in Fig.
3. Figure 3(a) shows the REH rotating on the horizontal
plane. It can be seen that the z-axis keeps the acceleration of
1 g due to the gravity, and the sinusoidal waveform of the x-
axis and y-axis presents an in-plane acceleration of 0.3 g and
a frequency of 1.5Hz. The output peak-to-peak voltage is
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FIG. 3. The acceleration waveform and output peak-to-peak voltage wave-
form of the REH under different motion conditions: (a) the REH rotates hor-
izontally; (b) the REH rotates vertically; and (c) the REH swings left-right-
back-forward.
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FIG. 4. (a) Photograph of the rotational REH which was attached on the test-
er’s wrist and (b) ankle on a treadmill; (c) open circuit voltage of the rota-
tional REH attached on the tester’s wrist and (d) ankle at different running
speeds.

about 0.69 V. Figure 3(b) shows the REH rotating on the ver-
tical plane at the same frequency. The maximum output
peak-to-peak voltage is 0.8 V, which is a little bit larger than
that of horizontal rotation. This is because when the REH
rotates on the vertical plane, the y-axis direction obtains
larger acceleration due to the action of gravity, which makes
the rotor’s angular velocity faster. In particular, under the
action of gravity, the waveform of Fig. 3(b) is less regular
than Fig. 3(a). Figure 3(c) shows the wrist swings in four
directions (left, right, backward, and forward). The rotor
magnet rotates under the action of gravity, the frequency of
each action is approximately 0.4Hz, and the maximum
acceleration in the x-axis and y-axis is 0.5 g. The resulting
output peak-to-peak voltage is 0.46 V. Compared with Figs.
3(a) and 3(b), distinct crests and troughs can be seen in Fig.
3(c). It is because when the swing motion changes from one
phase to the other, the output voltage reaches its maximum
immediately and then damped gradually until the next phase
change.

It is known that human motion is irregular and compli-
cated. The vibration frequency is extremely low of less than
10Hz and the motion direction is not always along the
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FIG. 5. (a) The output voltage and power under different external loading
resistances with a hand shaking frequency of 8 Hz; (b) the open-circuit volt-
age and (c) short-circuit current of the REH under a rotational frequency of
8 Hz.
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TABLE II. Performance comparison among published energy harvesters for human motion.

Appl. Phys. Lett. 113, 203901 (2018)

Author Mechanism Volume (cm?) Frequency or speed Power (mW)
Our previous work’ Electromagnetic 5.18 6.7Hz 0.569 mW
Pit et al.'® Piezoelectric 1.85 25Hz 0.1 mW
Fan et al."” Piezoelectric 324 8 km/h 0.35 mW
Halim er al.*’ Electromagnetic 20.1 1Hz 0.0613 mW
This work Electromagnetic 33.1 8Hz 10.4 mW

vertical or horizontal plane. To demonstrate the effectiveness
of the energy generation, one participant tester with a weight
of 53kg and a height of 165 cm was walking and running on a
treadmill at a speed of 2-8 km/h (2 km/h for walking, 4-6 km/
h for jogging, and 8 km/h for running). The REH was attached
on the tester’s wrist and ankle as illustrated in Figs. 4(a) and
4(b). Figures 4(c) and 4(d) show the voltage waveforms of the
REH excited by wrist shaking and ankle moving at different
running speeds of 2-8 km/h, respectively. The open-circuit
voltages of the REH attached on the wrist reach 0.45, 1.14,
1.35, and 1.81V at running speeds of 2, 4, 6, and 8km/h,
respectively. The corresponding voltages of the REH attached
on the ankle are 0.6, 1.2, 1.5, and 1.92'V, severally. It is obvi-
ous that the open-circuit voltages of both the REH attached on
the wrist and ankle increase accordingly with increasing speed,
where a high-speed running possesses a high vibration ampli-
tude and frequency. Under the action of inertial force, the mag-
netic rotor is able to rotate rapidly by hand shaking. Figure
5(a) illustrates that the output voltage of the REH increases
with the increasing load resistances, resulting in a maximum
output power of 10.4 mW under a matched load resistance of
100 Q. The relative movement between the rotor magnet and
wound coils of the REH generates output voltage and current
under a hand shaking frequency of 8 Hz as depicted in Figs.
5(b) and 5(c). Some reported devices operated for the human
motion energy harvesting are listed in Table II for comparison.
It is obvious that the rotational REH provides a relatively good
output performance for low-frequency human motion.

In summary, a theoretical model of a non-resonant REH
is established based on the rotation characteristic of a rotor.
The harvesting performance of the REH is varied with the
frequency and amplitude on a linear motor. The detailed out-
put values of the non-resonant REH are experimentally mea-
sured, and the corresponding output voltage waveforms
show the validity of the theoretical model. As a result, the
non-resonant REH is sensitive to harvest energy from human
motions with different amplitudes, frequencies, and direc-
tions, such as hand shaking, walking, or running. It has the
potential capability as a sustainable power source for wear-
able electronics. Furthermore, the experimental results verify
that the non-resonant REH exhibits good performance when
it is used to harvest energy from human motion on treadmill.

This work was funded by the National Science
Foundation of China (Grant Nos. 41527901 and 61673287),

Qingdao National Laboratory for Marine Science and
Technology (Grant No. 2017ASKJ01), and HIFES Seed
Funding-2017-01 grant (R-263-501-012-133) “Hybrid
Integration of Flexible Power Source and Pressure Sensors”
at the National University of Singapore.
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