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This paper proposes a hula-hoop energy-harvesting system that integrates a hula-hoop motion transformer with an electromagnetic
generator. The hula-hoop motion transformer converts the linear motion from environment, machinery, or even human body into rota-
tional one under specifically designed dynamic conditions. Then, the system can generate power through electromagnetism after com-
bining the electromagnetic generator with the rotational motion. The equations prescribing the relation between induced voltage and
power for the system are derived according to Faraday’s theory. Meanwhile, the physical model of energy-harvesting system is estab-
lished and the governing dynamic equations are derived as well via the Lagrange’s equations. Good agreement of induced voltage and
power between theoretical and experimental results is obtained. The maximum power that the system can generate is approximately 5
mW when the frequency and amplitude of the external excitation are 8 Hz and 11.2 N, respectively.

Index Terms—Electromagnetic induction, energy-harvesting system, Faraday’s theory, hula-hoop motion transformer.

I. INTRODUCTION

T HE energy-harvesting systems have been widely studied
by many researchers in recent years for the utilization,

mainly, of powering sensors of portable devices. Three major
types of generators are employed to scavenge power from vibra-
tions of environment, machinery or even human body: (a) elec-
trostatic, (b) electromagnetic, and (c) piezoelectric generators
[1]. Lately, researchers utilize these energy-harvesting genera-
tors to combine with other portable electronic devices or sen-
sors to generate power from human daily motions. However,
the amount of power is limited due to the small magnitude of
vibration that the generator can use to create power [2]. On the
contrary, the unlimited rotational motion could be adopted to re-
move the restriction of traditional linear-motion generators [3].

Most of the electromagnetic generators produce electricity
by relative motions between the permanent magnets and the
coils. For example, electromagnetic vibro-generators produce
electricity with moving permanent magnets as the armature and
fixed coils as the stator [4]. Besides, Holmes [5] presented an-
other way to generate the power via the axial rotations of perma-
nent magnets. Three types of electromagnetic power generation
systems in the range of microwatts to tens of watts are proposed
by Arnold [6] as well. Sasaki et al. [7] showed a device installed
on a human body and a car engine to generate power under both
resonant and non-resonant excitations. Meanwhile, Spreemann
et al. [8] presented a MEMS generator using the similar prin-
ciple. These two devices demonstrated the occurrence of ro-
tational motions due to translational oscillations. In addition,
some researchers utilized the electromagnetic generators via the
rotational motion to have the power with the high excitation fre-
quencies [9]–[11]. Yoshitake et al. [12] proposed a device on
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the basis of hula-hoop motion for the purpose of quenching ma-
chine vibration while harvesting electricity by electromagnetic
generators. Accordingly, this paper proposes a hula-hoop en-
ergy-harvesting system that is activated under small frequencies
and magnitudes dedicated to human-body motions.

The hula-hoop motion transformer that converted the trans-
lational motion into rotational one under specific dynamic con-
ditions was presented in the authors’ previous paper [13]. The
physical model was first established by the inspiration of the
relative motion between the hula hoop and the human body,
which was followed by deriving the equations of motion via La-
grange’s Method. The occurrence of hula-hoop motion, i.e., the
hula hoop undergoes rotational motion, was investigated.

This work integrates the motion transformer studied previ-
ously with permanent magnets, coils, and the electric circuit to
form an electricity-generating system. Both theoretical and ex-
perimental studies are conducted. The occurrence of hula-hoop
motion is attained by numerical simulation under various fre-
quencies and magnitudes of excitations. Meanwhile, a linear
motor is configured to mimic the harmonic human-body motion
and drive the electromagnetic generator with an attached eccen-
tric mass to rotational motions in the experiment. The generated
power and working region can then be observed and validated
under various excitations and initial conditions of the main and
free masses.

II. THEORETICAL ANALYSIS

The physical model of hula-hoop generator is presented in
Fig. 1 [13]. The human body is considered as the main mass
while the generator with the attached eccentric mass is taken
as the free mass. The gravity of both masses is not considered
in this work. The external excitation drives the main mass with
reciprocations only in -direction. Meanwhile, it is intended to
allow the free mass in revolution. The equations of motion of
the system are derived via Lagrange’s method, as in

(1)
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Fig. 1. Model of the hula-hoop generator.

and

(2)

where , , , , , , , and represent the main mass,
free mass, spring rate, damping capacity of the damper, rota-
tional damping due to the friction between the pin and hole, elec-
trical induced damping, rotational radius between the center of
the free mass and the pin, and the excitation force, respectively.

is the angular displacement of the free mass. represents the
excitation frequency, and is the moment of inertia of the free
mass.

According to the Faraday’s theory [14], the induced EMF
voltage is equal to the negative rate of magnetic flux across a
region enclosed by the coils. Thus, the EMF voltage can be de-
scribed as

(3)

where is the number of coils and indicates the mag-
netic flux linking the coils with respect to the time. From (3),
the magnetic flux can be written as

(4)

that is in accordance with the rotational motion of the free
mass under the variations from N-pole to S-pole. means the
magnetic field variation changed by the rotational velocity with

; furthermore, represents the magnetic
field changed by the distance from each coil to the surface of
magnet

(5)

where is the remnant flux on the surface of magnet, the
height of the magnet, the radius of the magnet, the gap
from surface of the magnet to the coil, and the diameter of coil

wire. And is the vertical turns of one coil, 30 turns in this
research [14], [15], which can be shown as

(6)

where and are the height of one coil and the diameter
of the coil wire, respectively. From (4), presents the area
enclosed by one coil; moreover, changed by the radius of
the surrounding coil can be shown as

(7)

where is the horizontal turns of one coil, 22 turns in this
work, and then can be derived from

(8)

where and are the outer and inner radii of one coil,
respectively. The rotational velocity is assumed to be a con-
stant in this work, this makes ; furthermore, the fre-
quency of the induced voltage has the relation to the excitation
frequency with where represents the pair of
magnets [9]. Accordingly, the generator performs continuous
revolutions, and the magnetic flux is assumed to be in a har-
monic form in this work. Thus, the induced EMF voltage is pre-
sented as

(9)
where , 0.59 in this work, is the geometrical factor including
the effects of exact windings of each coil, gap from magnets
to coils, and actual distribution of each magnetic flux [5], [8].
Then, we can have the induced rms voltage

(10)

Therefore, the output average power is given by

(11)

where and are the coil resistance and load resistance,
respectively.

III. NUMERICAL ANALYSIS AND EXPERIMENT

The system parameters are listed in Table I. Fig. 2 presents the
region of occurrence of hula-hoop motion, which is obtained by
numerical simulation based on the equations of motion. The fac-
tors that influence the occurrence of hula-hoop motion are the
frequency and amplitude of the external excitation as well as the
initial conditions, and of the free mass. The zone featuring
blue o’s in Region II of Fig. 2 presents that the hula-hoop motion
exists; on the contrary, the zones with red ’s are where there
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TABLE I
SYSTEM PARAMETERS AND INITIAL CONDITIONS (I.C.)

is no motion but with oscillations such as Region I and Region
III. Meanwhile, the transition regions between Region I and Re-
gion II observed with cyan ’s shows the system works on re-
versal motions repeatedly. Note that the system in region II that
is represented by the cyan o’s demonstrates hula-hoop motion
at the transient state and oscillates with a different frequency.
However, it becomes unstable at a steady state condition, i.e.,
no hula-hoop motion.

The experiment is carried out by using the linear motor to
drive the hula-hoop energy-harvesting generator in Fig. 3. The
linear-motor stage is utilized, herein, as the main mass for trans-
lational motions, which is constrained with two springs whose
spring rate is listed in Table I to maintain oscillating about the
middle position of the guide rail. The energy-harvesting gener-
ator with an attached eccentric mass made by copper, considered
as the free mass of the system, is mounted on the linear-motor
stage, and is also connected with a potentiometer to record the
number of rotational turns of the generator. The motion of the
linear-motor stage is controlled through a function generator
with tunable frequency and amplitude. The designed generator
with the diameter 6 cm, thickness 3 cm, and total weight 0.088
kg is shown in Fig. 4. The upper part of generator as the free
mass has 18 magnets inserted and accompanied with
an eccentric mass whose weight is 0.027 kg, and the lower part

Fig. 2. Occurrences of hula-hoop motion obtained from direct numerical
integration.

Fig. 3. Experimental setup of the hula-hoop energy-harvesting system.

Fig. 4. Model of the hula-hoop energy-harvesting generator.

is accompanied with 18 coils. The results are observed via the
oscilloscope.

Taking the excitation 5 Hz with the amplitude 24 N as an
instance, Fig. 5(a) presents that the maximum induced EMF
voltage 2.3 V with the frequency near 45 Hz. Meanwhile,
Fig. 5(b) shows that the revolution of free mass recorded by
the potentiometer is recognized as 5 Hz, same as the excitation
frequency. Because of the periodic behavior of the free-mass
revolutions, the induced voltage is observed only from 0 s to
0.1 s, as shown in Fig. 5(a). Besides, a small amount of phase
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Fig. 5. (a) Induced EMF voltage by the generator. (b) Angular displacement of
free mass (Excitation: 5 Hz, 24 N).

Fig. 6. Comparison between experimental and theoretical results for induced
rms voltage and power (Excitation frequency: 0 Hz to 8 Hz).

difference is shown in Fig. 5(a) between the experimental and
theoretical results because of the assembly error between the
generator and the potentiometer, and also the unsteady voltage
provided by the function generator. Furthermore, the response
frequency of induced EMF voltage is 9 times the excitation
frequency due to the alternate permutation from N-pole to
S-pole for the magnets that have 9 pairs in this work.

Fig. 6 shows good agreement between the theoretical and ex-
perimental results for the induced voltage and power from exci-
tation frequency 0 Hz to 8 Hz. The theoretical induced voltage
depicted via red thick line is followed to increase by raising the
excitation frequency, and so does the experiment featured with

blue square. Likewise, the power with red dotted line is also in-
creased by increasing the excitation frequency theoretically, and
the corresponding experimental results make the same trend as
well. That proves the effectiveness of (9) which represents the
equation of the induced voltage from the generator. The max-
imum generated power is approximately 5 mW when the excita-
tion frequency and amplitude are 8 Hz and 11.2 N, respectively.

IV. CONCLUSION

A design of the hula-hoop energy harvesting system was con-
ducted both theoretically and experimentally in this paper. The
system is composed of a hula-hoop motion transformer and an
electromagnetic generator. The physical model of the hula-hoop
motion transformer was first established which was followed by
dynamic analysis to find the range where the hula-hoop motion
occurred under certain excitation and initial conditions. Fur-
thermore, the equation of induced voltage for the electromag-
netic generator was derived via Faraday’s law. The induced rms
voltage and power of the energy-harvesting generator were at-
tained from both the experiment and numerical simulation; good
agreement between them was obtained, which verified the ef-
fectiveness of the proposed design of the hula-hoop energy-har-
vesting system.
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