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Abstract

®

CrossMark

This paper presents the design, theoretical modelling and experimental study of a bi-stable
energy harvester (EH) using rotary-translation motion for ultra-low frequency and low
excitation amplitude energy sources. A spherical magnet is adopted to produce the
rotary-translational motion to convert ultralow-frequency kinetic energy into electricity over a
wide frequency range. The bi-stable mechanism is realized by introducing two tethering
magnets underneath the sphere magnet’s oscillating path, significantly enhancing the operating
range of the harvester. A theoretical model including the impact dynamics, magnetic interaction
and electromagnetic conversion has been established to explore the electromechanical
behaviours of the harvester under different operating conditions. The results illustrate that the
EH operates in intra-well or inter-well motion depending on whether the input excitation is
adequate to conquer the potential barrier depth. A prototype is developed to illustrate the design
and to validate the theoretical model. The prototype generates sufficient power (mW) at
frequencies lower than 2 Hz with excitation amplitudes as low as 0.1 g. A peak output power of
9mW (1.53 mW RMS) is obtained at 2 Hz and 0.7 g with 750 2 external load. The developed
EH is integrated with an off-the-shelf power management solution to power a wireless sensing
system to successfully record real-time temperature variation in the environment.

Keywords: energy harvesting, self-powered sensing, bi-stability, rotary-translational motion,

nonlinear dynamics

(Some figures may appear in colour only in the online journal)

1. Introduction

Evolution of technology with the rise of Internet of things
(IoT) has influenced the development and popularity of
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wireless sensor network (WSN). The devices connected via
IoT vary in terms of size and portability characteristics and
such diversity requires WSNs to connect these devices to the
internet [1, 2]. WSNs consist of a number of stationary or
portable sensor nodes that communicate wirelessly to con-
vey detected, processed and stored signals to their receiv-
ers, requiring uninterrupted power supply [3]. For this pur-
pose, alkaline batteries have dominantly been used but they
come with several drawbacks including their size, mainten-
ance costs, hazardous components and limited lifecycle [4].
Duan et al [5] highlights the current limitations in WSNs

© 2022 The Author(s). Published by IOP Publishing Ltd
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and emphasizes that limited power available for sensors cause
weak network communication life cycle and difficulties are
faced with battery replacement for remote widespread sensors.
In addition to the finite energy capacity of the batteries, their
state of charge (SoC) cannot be easily predicted [6], which
means they are often replaced before full depletion. Hence, to
overcome these challenges, energy harvesting as an alternative
to batteries has been considered as a promising solution [7, 8].

Energy harvesters (EH) are devices that convert ambient
energy sources into electrical energy using various energy
transduction mechanisms [9—11]. Siang et al [12] provides a
taxonomy of potential energy harvesting sources where vibra-
tion sources fall under both ambient environment and external
sources category. Amongst the other sources established such
as solar, thermal, fluid and radio waves, vibration sources
offer a clean, low maintenance method that is not reliant on
climate conditions and can help preserve the environment
in its original state [13]. Hence, vibration-based energy har-
vesting methods have gained popularity due to the availabil-
ity and ease of energy conversion. In recent years, signific-
ant research attention was given towards utilizing vibration
energy harvesting to power remote sensor nodes and address
the major limited-energy-supply bottleneck of WSNs. The
vibration energy used as input for energy harvesting can be
obtained from machines, structures, vehicles, human motion
and fluid flow [14]. The vibration energy can be characterized
based on the dominant frequency content and noise of these
sources and on whether the frequencies are stationary or non-
stationary [15]. The human motion is considered as an external
source of vibration and excitation from this type of motion are
ideally dominant non-stationary frequencies. The main chal-
lenges faced while harnessing energy are regarding utilizing
very low frequencies and effectively converting a wide range
of frequency content available from these sources.

To address these problems, energy harvesters with various
unique nonlinear vibration dynamics and transduction mech-
anisms have been established [16]. Kinetic generator dynam-
ics can be classified based on different design approaches
[17, 18] including multiple-degrees of freedom [19], fre-
quency up-conversion [20, 21] and involving nonlinear mech-
anisms such as nonlinear restoring forces and multi-stability
of the oscillating bodies. To maximize the power conversion,
a combination of these nonlinear mechanisms and other prin-
ciples such as stochastic resonance, end stoppers and Duffing
nonlinearity can be used along with linear EH systems [22].
Wang et al developed a mono-stable EH using a rolling mag-
net with one fixed magnet to harness railway track vibrations
ranging from 10Hz to 400 Hz [23]. The capability of self-
powered sensing for rail corrugation monitoring was success-
fully demonstrated. To utilize a wider range of frequencies and
random excitation, multiple potential wells are implemented
(using magnets [24] or manipulating the oscillating structure
[25]) to create multi-stable oscillators [26]. Tran et al gives a
comparison of different nonlinear techniques used for energy
harvesting in [27]. Their work shows the significance of the
bi-stable approach for improved performance under random

excitation and higher amplitude responses, while mono-stable
designs perform comparatively poorly. Yildirim et al [28] also
mentions the benefits of using bi-stability as a performance
enhancement technique since it increases the power output,
broadens the operating bandwidth without being influenced
under white noise.

Vibration EH are also classified based on their energy trans-
duction mechanisms, including piezoelectric [29], electro-
magnetic [30], triboelectric [31] and electrostatic transduction
[32]. Among them, piezoelectric and electromagnetic har-
vesters have gained a great deal of research attention due
to their high electromechanical coupling ability [33]. Piezo-
electric EH (PEH) use deformations in cantilever beam-based
structures to convert mechanical input into electrical energy
[34]. Some low frequency PEH include systems with single
[35] or multiple cantilever beam structures [36, 37], buckled-
beam topologies [38, 39] and direct [40] and indirect plucking-
based [21] (for example, excited by arevolving host) rotational
architectures.

Electromagnetic generators have attracted significant atten-
tion in the research community for sensing applications, since
they offer relatively higher power density, do not require addi-
tional power sources (electrostatic) to operate and are easy to
integrate with sensing circuits [41]. Poulin et al [42] provides a
comparison between piezoelectric and electromagnetic trans-
duction mechanisms. Their study shows that although piezo-
electric harvesters offer a higher power density, electromag-
netic devices have much higher power output for devices with
higher volume. Additionally, damping and natural frequen-
cies of such devices can be adjusted by changing structural
parameters, while for piezoelectric generators, the dielectric
material itself has a large influence on these parameters which
are more difficult to manipulate [43]. Zhang et al [44] pro-
posed a rotational electromagnetic EH (EMEH) design cap-
able of extracting a maximum output power of 3.2 mW with a
low excitation input of 5 Hz and 302 external load. A twist
driving system and a ratchet clutch system were adopted.
Yan et al [45] used the rotational mechanism along with bi-
stability in their EMEH design. At 0.6 g excitation, the device
performed in the interwell mode of oscillation at frequen-
cies higher than 11.2 Hz, with maximum power output of
28 mW at 15.8 Hz with 2k} external load. Oscillating bod-
ies using translation have also been a popular approach for
designing EMEH for low frequency applications. Fan et al
[46] designed a 2-DoF device that uses magnetic levitation
for human motion energy harvesting. Magnetic levitation has
also been implemented in earlier research [47, 48], where
spherical inertial masses have been used along with magnet-
spring assembly to convert translational motion into electrical
energy. Tao et al [49] have focused their study on enhancing
the power density and efficiency of electromagnetic energy
harvesting, and their micro scale device was capable of provid-
ing a maximum instantaneous power output of 244 W with
1 g excitations with 609 4W cm~3. Hybrid EHs are also pop-
ular for broadening power conversion efficiency [31]. How-
ever, they come with complications regarding configuration
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optimization, appropriate power optimization circuit to match
load impedance with input impedance, complex design archi-
tectures and power output is still often marginally improved.
Low frequency energy harvesting has been discussed across
several literature using electromagnetic transduction but har-
nessing enough electrical output from ultra-low frequency
mechanical excitation (e.g. <2Hz) is still challenging for
applications such as random human motion or turbine tower
oscillations. Fu et al [50] proposed a concept of a bi-stable
rotary-translational EH that uses motion of a rolling magnet
as an inertial mass to convert mechanical energy into electrical
energy, but this concept was not experimentally examined.

Hence, to deliver a practical solution for ultra-low fre-
quency energy harvesting, this paper develops a novel bistable
rotary-translational EH and establishes an enhanced theor-
etical model of the rotary-translational EH by considering
impact dynamics of the rolling magnet, in order to study the
electromechanical properties of the harvester and its perform-
ance under varying input excitation. A sphere magnet and a
pair of tethering magnets are adopted to establish bistabil-
ity to enhance the device’s performance. The bistable dynam-
ics in a rotary-translational EH is fabricated and studied for
the first time to harness ultra-low frequency vibrations below
2Hz and 1 g. To realize energy autonomy in the IoT, a self-
powered sensing system for human temperature monitoring
has been developed using the experimental prototype. The rest
of this paper is paper is organised as follows: section 2 intro-
duces the working principle of the EH and theoretical model-
ling; section 3 illustrates the dynamics of the device under dif-
ferent operating conditions, analysing the effects of varying
input excitation; the experimental setup, structural paramet-
ers and output performance of the EH are depicted section 4;
section 5 presents a self-powered temperature sensing system
that employs this EH as the power source; the conclusions are
given in section 6.

2. Energy harvester design and theoretical
modelling

This section explains the techniques used by the proposed
rotary translational EH (RTEH) to harness low-frequency
excitation and convert kinetic energy into electrical energy.
The operating principle and assembly of the RTEH along with
dynamic modelling will be discussed.

2.1. Design and operating principle

The schematic of the RTEH is presented in figure 1. A poten-
tial application of self-powered monitoring of wind turbines
is illustrated in figure 1(a), where the ultra-low frequency har-
vester is mounted on a turbine tower to harness the oscilla-
tion energy of the turbine tower. A sphere magnet is contained
within a cuboid casing, where the magnet can roll along the
length of the casing, as shown in figure 1(b). The casing also
provides end stops at either end of the sphere’s rolling path.
Underneath the rolling path, two tethering magnets are placed

such that the attracting forces between the rolling magnet and
the tethered magnets can generate two stable positions for the
system.

The magnetization direction of the tethering magnets is rel-
atively reversed to create attractive forces at both stable pos-
itions. The distance between the tethering magnets is set as
mry, or 0.5 times the circumference of the sphere magnet, as
labelled in figure 1(d). Consequently, as the sphere magnet
moves from its resting position above one of the tether mag-
nets and completes a half rotation, it switches the magnetiza-
tion direction, and a second stable position is secured by the
tethering magnet with reversed magnetization direction. This
is demonstrated in figure 1(e), where a strong enough input
excitation results in the sphere to conquer the potential well
depth of its resting position and travel towards the right tether-
ing magnet, rotating by 180° during its travel distance. Thus,
two stable positions are secured on its rolling path and bi-
stability is realized for the RTEH to harness ultra-low excit-
ation inputs. To convert this motion into electrical energy, two
copper coils are mounted directly on top of the sphere’s rolling
path, aligned with the tethering magnets. During oscillations,
the sphere magnet rotates, causing change of the magnetic flux
within the coils, which induces voltage through the electro-
magnetic induction.

The advantages of the proposed energy harvesting solution
include: (a) the potential well of the harvester generated by
the tethering magnets can be adjusted easily by changing ver-
tical gap between the tethering magnets and the rolling mag-
net, allowing ultra-low frequency and low-excitation energy
harvesting; (b) the rolling magnet-based design allows the sys-
tem to operate at much lower frequencies compared to beam-
based design; and (c) The unique magnetic restoring force
provided by the tethering magnets allows the device to exhibit
a special potential energy distribution, enabling the harvester
to oscillate in a very large displacement range even under low-
excitation conditions.

2.2. Governing equations

The equation of motion for the sphere magnet can be derived
by considering its rotational and translational motion. Using
Newton’s second law of motion, as shown in figure 1(c), the
following equation has been derived.

n

Cmérm+ZFimagrm 7fsf(:)]:mxa (1)

i=1

where m and r,, are the mass and radius of the sphere magnet,
6 is the angular velocity, c,, is the damping coefficient, F' g
is the lateral component of the force due to the ith tethering
magnet (i = 1,2), O is the electromagnetic coupling factor, /
is the coil current, f is the static friction and x is the accelera-
tion, which is also expressed as rf (since x = r,,0). Assuming
that the sphere rolls on its path without slipping, the torque is
expressed as follows:

JO = firm, 2)
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(b) Stable position ! !
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Figure 1. Self-powered applications in wind turbines (a) and schematic of the rotary-translational energy harvester (b), with freebody
diagram of the sphere magnet (c), intra-well (d) and inter-well (¢) modes of operation.

where 6 is the angular acceleration and J = %mr,fl is the rota-

tional inertia of the sphere magnet. Based on this expression
of J and equation (2), equation (1) is expressed as follows.

TNt g
gmi= Cmx + ZFinag -0/ 3)

i=1

By considering the EH as a voltage source connected in
series with internal impedance, the following equation can be
derived using Kirchoff’s voltage law:

LI+ (R.+R))I—6v,, =0, )

where L is the coil inductance, v,, = érm is the translational
velocity of the sphere, R; and R, are the load resistance and
coil resistance, respectively. The lateral magnetic force F'p,,
from equation (3) can be modelled by considering the force
exerted between the centre of masses of the rolling magnet and
the tethering magnets due to their dipole moments [51]. This
dipole—dipole interaction force can be modelled as follows:

3
Flmagzﬁ (mr'ri)mz+<mt'ri>mr
+(m,.,i)ri_wn 5)

i

where r; is the distance between the sphere and iy, tethering
magnet (i = 1,2), o is the permeability of free space or mag-
netic constant, m, and m;, are the dipole moments of the rolling
and tethering magnets, respectively. Expressions for the mag-
nets can be given as follows:

4Br

e = 37 [rnsin (6).0,rcos 9)] ©

Br
my = —17[0,0,15,/2] (7)
Ho
where Br is the residual magnetic flux density and its equation
is established in [50]. The distance between the left and right
tethering magnets and the sphere magnet is given by:

1

rn= |:9rm - 27Trma0ahrt:| (8)
1

= |:0rm+27rrm707hrt:| ) (9)

The electromotive force (emf, € = évm) induced in the coils
is equal to the rate of change of the magnetic flux passing
through the coil

d‘bm_a@)m@_dém
dt ~ ds dt ds

€= Vi = Ovy. (10)
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Figure 2. Tethering magnet force (a) and potential energy (b) profiles.

The electromagnetic coupling coefficient 6 represents the
rate of change of magnetic flux through the coils with respect
to the translational displacement of the rolling magnet. The
magnetic flux passing through the coils can be calculated by
[52].

Since the inertial mass will face two impact zones while
oscillating in the inter-well motion, it is important to define
conditions for the velocity profile of the sphere before and
after impacts. It has been established that the sphere can rest in
equilibrium in two stable positions where the tethering mag-
nets are situated. By setting the centre of the rolling path as the
reference where the sphere starts oscillating upon excitation,
the conditional statements for the sphere’s displacement can
be represented as follows.

Vim0,
Vin =
—€Vimo,
where v, is the velocity of the sphere after considering the
influence of the impacts, v, is the velocity of the sphere before

impacts, L,,, is the length of the rolling path and e is the coef-
ficient of restitution.

when |0 < 0.5L,,

1D
when |6] > 0.5L,,

3. Dynamics of the energy harvester

A numerical model is developed in MATLAB based on the
governing equations established in section 2.2. Different input
excitation conditions, sizes of components and gaps between
the rolling and tethering magnets are considered for investig-
ating the dynamics and electrical performance of the EH. The
potential energy and force profiles of the rolling magnet are
established by considering the force components on the hori-
zontal axis applied by the tethering magnets, as depicted in
figure 2. From the combined force profile represented by the
black lines (figure 2(a)), two sinusoidal waves represent the
attractive forces offered by the tethering magnets. The areas
where the magnetic forces equal zero are the stable equilib-
rium positions (as depicted by the red dots in (figure 2(a))). The
stable positions are further illustrated in figure 2(b) through

the potential energy of the rolling magnet against displace-
ment. The depth of the potential barriers can be varied easily
by changing the vertical distance between the tethering mag-
nets and the sphere magnet; this is illustrated as the amplitudes
of the potential energy and magnetic forces vary as the vertical
magnetic gap is changed between 12.5 mm to 14.5 mm.

With the established potential wells on the rolling path, the
sphere magnet can oscillate in a few distinguishable operat-
ing modes. If the input excitation is low, the sphere’s kinetic
energy is not enough to conquer the potential barrier created,
and hence it oscillates near a tethering magnet. This type of
motion is called the intra-well motion as shown in figure 1(d).
For high excitation, the energy of the sphere is higher than
the depth created by the tethering magnets, and it can oscil-
late across the full length of the rolling path, thus achieving
the inter-well motion. Chaotic motion is expected when the
sphere’s maximum kinetic energy matches with the potential
barrier depth, which causes the inertial mass to travel chaotic-
ally between two stable positions.

The magnetic flux density distribution of the rolling mag-
net at the mid-point of mounted coils is given in figure 3.
Figures 3(a) and (b) shows the magnetic flux density distri-
bution in the left coil, and that of the right coil is depicted in
figures 3(c) and (d). In figure 3(a), the vertical magnetic flux
density is positive and maximum at —0.57r,,. As the polar-
ity reverses at 0.57r,,, the negative peak with same amplitude
occurs, as seen in figure 3(c). In figures 3(b) and (d), it can
be seen that the amplitude of flux density at the coil centres
reduces as a result of increasing the vertical gap between
the coils and the rolling magnet. Finally, the combined mag-
netic flux density profile of both coils is shown in figures 3(e)
and (f). When the rolling magnet oscillates between two
sets of coils, the maximum magnetic flux density occurs
when the rolling magnet is passing by the coils, generating
the maximum change of magnetic flux and improved output
power.

Figure 4 presents the dynamic behaviour of the EH under
three different excitation amplitudes at 2 Hz excitation fre-
quency, generated using the numerical model. For the same
frequency, intra-well (figure 4(a)), chaotic (figure 4(d)) and
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EH prototype
on slider

Figure 5. Physical prototype (a), copper coil (b) and laboratory setup (c) including prototype on a vibration simulator, oscilloscope and a

high frame rate camera.

periodic inter-well (figure 4(g)) motions are obtained with dif-
ferent excitation amplitudes. The output voltage depicted in
figure 4(c) is relatively low since the sphere magnet oscillates
below one of the two mounted coils in the intra-well mode
with small travelling displacement and velocity amplitudes.
During the inter-well motion, it is apparent from figures 4(f)
and (i) that the output voltage amplitude is enhanced and the
voltage frequency is higher than the input excitation frequency
or the displacement frequency in figures 4(d) and (g). This fre-
quency amplification occurs due to the effectively designed
coil-magnet orientation. The magnetic flux density varies three
times during each half cycle of sphere’s rotation during the
inter-well motion, which results in the output voltage fre-
quency of the device to occur six times the input excitation
frequency. This ratio can be varied by changing the electro-
magnetic coupling factor, which relies on the gap between the
coils and the sphere magnet.

4. Prototyping and experimental study

4.1. Experimental setup

An energy harvesting prototype is fabricated and assembled,
as shown in figure 5(a) to validate the design and the the-
oretical model. The casing for the harvester was 3D printed
with indents on the rolling track for the neodymium iron boron
(NdFeB) tethering magnets to be fitted. The gap between the
rolling and tethering magnets was kept constant but it can be
adjusted by placing printed thin plates of different thickness
between them to vary the strength of the tethering forces. A
spherical NdFeB magnet of dimensions as shown in table 1
was placed in the casing and two copper coils of identical
properties (see figure 5(b)) were mounted above the rolling

Table 1. Design parameters and material properties.

Symbol Description Value
m Sphere magnet mass 294 ¢
¢ Mechanical damping ratio 0.046
T'm Sphere magnet radius 10 mm
B, Residual flux density 13T
Tt Tethering magnets’ radii 1.5 mm
Iy Tethering magnet height 2mm
he Vertical gap between sphere and 22 mm
tethering magnet
hre Vertical gap between sphere 12 mm
magnet and coil
ay Coil inner width 3mm
a Coil outer width 12mm
a3 Coil outer length 20 mm
Ly Sphere magnet’s travelling 60 mm
length
L Coil inductance 152.7mH
R. Coil resistance 38002
e Coefficient of restitution 0.4

path and connected in series. The coils were fabricated using
a manual winding machine where they were fed around a
clamped metal slit, resulting in the oval shape instead of cir-
cular geometry as represented in the theoretical modelling.
An equivalent circular shape was adopted in the numerical
study to ensure the close match between the experimental and
numerical results.

The fabricated prototype was fixed on a slider platform
powered by a Kollmorgen EN60034 servomotor to simulate
low-frequency input excitation up to 2 Hz, given that the dis-
placement was within the range of the slider’s length. The
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Figure 6. Damping measurement test setup (a) and displacement against time graph (b) to calculate damping parameters.

slider was controlled by a Kollmorgen variable frequency
drive. To understand the electrical properties, the voltage
output from the coils were recorded using an oscilloscope.
In order to analyse the mechanical properties of the rotary-
translational sphere magnet, an incision was made on the cas-
ing to partially expose the sphere. The sphere’s full range of
motion relative to the casing was visible through the window
and it was recorded using a Photron FASTCAM SA3 high-
speed camera (labelled in figure 5(c)). An accelerometer was
also used to capture the casing’s motion.

4.2. Determination of motion parameters

The damping ratio was measured using the experimental setup
shown in figure 6. The sphere magnet was allowed to freely
oscillate on a wide arched path fabricated using the same
material as that of the harvester casing. The displacement data
shown in figure 6(b) was used to calculate the damping coef-
ficient c as follows:

§
c=——" =0.0351kgs ™",
Var2 4+ 62 g

where 9 is the logarithmic decrement expressed as:
1 !
5= ~log (x( °)> —0.221,
n x(t,)

where n is the number of peaks, x(#) and x(#,) are the first
and final peak displacements. Finally, the damping ratio can
be derived as follows:

(=

12)

13)

C Cc

Ve
(—10)/m

= 0.046, (14)

2mw, - 2m-

where w,, is the resonant frequency, #y and 7, are the first and
final peak displacement periods. With the coefficient of restitu-
tion and damping ratio measured and the other physical para-
meters of the prototype confirmed, the theoretical model was
tuned to validate the experimental results.

In order to determine the energy lost during hard impacts
between the sphere magnet and the casing end stops of the
rolling path, the dynamic behaviour of the sphere magnet is
investigated by observing impacts between the sphere mag-
net and the inside end walls of the fabricated casing. With
the information obtained from figure 7, the characteristics
of the sphere before and after collisions can be quantified.
The coefficient of restitution (COR) is a parameter used to

characterise collisions between objects and is quantified by

values between 0-1. It is defined as the ratio of the velocity

after the separation of two bodies to the velocity before impact

[53]. COR can be expressed as follows:
V2

e =
Vi

5)

where v, and v, are the velocities after and before impact
and e is the COR. As discussed earlier, two stable equilib-
ria of this device means the system can perform in intra-well
and inter-well modes of oscillations. During the periodic inter-
well motion, since the sphere magnet can travel the full range
of motion provided by the rolling path, impacts are apparent
between both ends of the casing and the sphere. The incident
and rebound velocities of the sphere was measured by record-
ing its motion at a high frame rate. Using an average of COR
measured at both hard impact zones before and after collision,
the mean value for COR was calculated as 0.401.

4.3. Results and discussion

For different input excitation levels, the harvester oscillates
in different modes, including intra-well, chaotic double-well
and periodic double-well oscillation modes, as illustrated in
figure 7. During each test, the device was excited from station-
ary state, and the rolling magnet is initially resting in one of
the stable positions. When there is input excitation, the rolling
magnet starts oscillating from said resting positions. At 2 Hz
and 0.1 g, figure 7(a) shows repeatable intra-well motion since
the sphere magnet oscillates near one of the tethering mag-
nets and is unable to conquer its barrier depth, hence the dis-
placement profile shows low amplitude motion (<30 mm). At
slightly higher amplitudes in figures 7(b) and (c), intra-well
motion with occasional inter-well movements is apparent as
the rolling magnet occasionally travels between the stable pos-
itions and the inter-well motion becomes more frequent at
0.3g. At 0.4 g in figure 7(d), hard impacts against both ends
of the casing are visible and the oscillations between stable
positions become more frequent at 0.5 g (figure 7(e)). At0.6 g
(figure 7(f)), the sphere continues to travel between two stable
regions, taking advantage of the full range of motion to max-
imize the rate of change of the magnetic flux and to enhance
the energy harvesting performance.

Figure 8 presents open-circuit voltage from the RTEH pro-
totype under varying excitation conditions to show how output
voltage behaves under different excitation frequencies. The
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Figure 9. Validation of the magnetic force calculation using the dipole model. (a) Testing rig with an Instron machine; (b) comparison
between the theoretical and experimental results against rolling magnet displacement.

output voltage profiles from figures 8(a)—(c) shows that the
output voltage increases as the excitation amplitude increases,
indicating that the rolling magnet transitions from intra-well to
inter-well motion, especially for those regions where the out-
put voltage has share changes. In figure 8(a), it is apparent that
the inter-well motion occurs from 0.2 g onwards at 1 Hz while
it requires over 0.5 g amplitudes to behave periodically at 2 Hz
in figure 8(c). However, figures 8(d)—(f) demonstrates that
higher input frequency results in output voltage also having
a proportionally higher frequency, resulting in greater average
voltage.

4.4. Comparison between the numerical and experimental
results

The magnetic force between the rolling magnet and the teth-
ering magnet is calculated using the dipole model as shown in
equation (5). In order to examine the capability of this model,
the magnetic force was tested using an Instron machine and
a testing rig with the rolling and tethering magnets mounted
in the same way as those in the RTEH prototype, as shown
in figure 9(a). The Instron machine can accurately capture
the applied forces to counterbalance the magnetic force along
the rolling path for different displacement. The comparison
between the theoretical and experimental results is shown in
figure 9(b), and a good match is obtained, especially for the
range near the peak value.

In order to validate the theoretical model for the RTEH
design, a comparison between the numerical and experimental
output voltage results with fixed resistive external load is illus-
trated in figure 10 for the harvester operating between excit-
ation amplitudes of 0.1 g-0.9 g at 2 Hz excitation frequency.
The trend of increasing peak-to-peak voltage for higher input
amplitudes is very similar between figures 10(a) and (b).
However, the prototype behaves optimally at 0.7 g excitation

amplitude and at higher amplitudes, the harvested output plat-
eaus. In addition, the experimental results are a bit unstable
and noisy compared to the numerical results which is quite
repeatable.

Several reasons that lead to the differences between the
experimental and numerical results are discussed below:
(a) input excitation noise from the low-frequency slider in
the experimental setup, as shown in figure 10(c), (b) uneven
3D printed rolling surface of the prototype, (c) impacts of
the rolling magnet on the harvester casing. These factors are
not included in the theoretical model. Although there is some
mismatching between the experimental and numerical results,
the theoretical model can still describe the system dynamics
overall.

For the results in figure 10, the EH was connected with
a 7502 resistive load, matching the internal impedance of
the device for maximum power output. This optimal resist-
ance was obtained in an impedance matching test, as shown in
figure 11. The orange curve shows the trend of output power as
aresult of changing load resistance when the prototype is given
fixed input excitation of 0.7 g amplitude and 2 Hz frequency,
and as highlighted, maximum power of 6.8 mW is extracted at
750 €2.

Figure 12 illustrate the comparison of the numerical and
experimental results for different excitation amplitudes and
frequencies. A good match was obtained between these res-
ults, validating the theoretical model. Intra-well motion at
0.1 g shows oscillations with relatively higher amplitudes in
theory in figures 12(a) and (b), compared to experimental dis-
placement trace in figures 12(c) and (d). Figures 12(e)—(h)
show that for periodic inter-well motion, the characteristics
are mostly congruent. At periodic inter-well mode of opera-
tion, the results offer a very reliable match and are compar-
able. In figures 12(i) and (j), two comparable full cycles fol-
lowed by a half cycle voltage during a half cycle of the sphere’s
oscillation is apparent from both experimental and numerical
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energy harvester.

time histories, and the pattern of the output reverses as the
sphere magnet travels backwards during the second half of the
oscillation.

In figures 12(i) and (j), the experimental and numerical res-
ults are slightly different at 60.4s and 60.6s. As discussed
earlier, the main reasons include (a) input excitation noise
from the experimental setup, as shown in figure 10(c), (b)
uneven rolling surface of the sphere, (c) impacts of the rolling
magnet. However, the overall trend and amplitudes are very
close, showing the validity of the theoretical model.

4.5. Parametric study

To illustrate the capability of the RTEH under broadband
low excitation inputs, its crucial to undertake a parametric

1

investigation. In figure 13, bifurcation diagrams are presented
for excitation frequencies of 1 Hz in figure 13(a), 1.5Hz in
figure 13(b) and 2 Hz in figure 13(c). For each of these input
frequencies, the numerical model is tested under excitation
amplitudes between 0—1 g acceleration to observe periodic and
chaotic behaviours and to establish the optimal conditions to
harness vibrations.

At 1Hz (figure 13(a)), chaotic behaviour was observed
initially between 0.01 g-0.04 g and following that the sys-
tem resumes periodic inter-well oscillations. At high amp-
litudes with 1 Hz input, the system is mostly stable since the
impacts between the end barriers and the sphere magnet are
repeatable, resulting in stable oscillations without chaos. The
system behaves mostly stable with a chaotic region between
0.1g-0.23 g at 2Hz. The chaos is apparent since at low
excitation, the sphere often travels between potential wells
with occasional collisions at the impact zones, as shown
in figure 13(c). At 1.5Hz, although the system is mostly
stable from 0.1 g onwards, chaotic operation can be observed
between 0.7 2-0.88 g region, before the system stabilises
again. The system seems chaotic since the sphere magnet’s
travelling acceleration changes gradually while it conquers the
potential barrier depth created by the tethering magnets.

The restoring forces created from the hard impacts from the
casing is also responsible for this chaotic region. To explain
the seemingly chaotic behaviour, the phase portraits from the
chaotic regions are generated in figure 14. In figure 14(a),
chaotic behaviours can be observed. The rolling magnet oscil-
lates within the casing randomly. In figures 14(b)—(d), the
phase portraits show that although these excitation amplitudes
seemed chaotic in figure 13(b), the sphere does oscillate in
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Figure 13. Bifurcation diagrams for varying excitation amplitudes at 1 Hz (a), 1.5 Hz (b) and 2 Hz (c).

periodic inter-well motion. This is further supported using the
voltage histories in figures 14(e)—(h), corresponding to the
excitation inputs used in figures 14(a)—(d) respectively. The
bifurcation diagram shows chaos since the travelling velo-
cities change due to the influence of the impact. Addition-
ally, at higher amplitudes (figures 14(c) and (d)), a second
small impact is often visible as the sphere reaches either
ends of its rolling path, which also contributes to the chaotic
behaviour.

In order to further examine the optimum operating condi-
tions of the proposed EH, parametric studies are performed to
evaluate the output power characteristics for varying excita-
tion inputs and changing the gap between the tethering mag-
nets and the rolling magnet in figure 15. In figure 15(a), the
outcome of frequency sweep between 0.4 Hz to 2Hz with
fixed excitation amplitude of 0.8 g for with different vertical

magnetic gaps are illustrated. Changing the vertical gap allows
the strength of the potential energy wells created by the
tethering magnets to be varied; increasing the gap weakens
the attractive forces and the restoring forces from the end
stops are more dominant. The effect of the vertical gap on
the output power can be understood further in the projec-
ted map in figure 15(b) with labelled parameter space A, B
and C. Region A with the blue area within 1.5 Hz—2 Hz and
4 mm-9 mm vertical gap shows gradual increase in power as a
result of increasing both frequency and vertical gap (in effect
reducing potential energy well strength and attractive forces
from the tethering magnets towards the sphere magnet). The
behaviour indicates that the rolling magnet operation trans-
itions from intra-well to inter-well mode with hard impacts.
This phenomenon is also present in region C, as represented
between 0.4Hz-1.3Hz for the full range of vertical gap
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considered. The orange region in space C indicates that the
device is operating in inter-well mode with stronger impacts
against the end stops provided by the casing. Most optimal
operating conditions are present in the yellow space in the map
labelled as region B, as the output power plateaus around a
maximum value of 7.9 mW. The hard impacts occurring due
to the presence of the casing causes the slight fluctuations in
output power, and implies that the rolling magnet is travelling
with inter-well operating mode with impacts (utilizing the full

length of available rolling path) throughout this region. With
fixed vertical gap of 11 mm and same frequency sweep range
used in figure 15(a), the output power behaviour is derived for
an excitation range of 0.1 g—1 g amplitude in figure 15(c). As
expected, a general trend of increasing power up to 10 mW
is observed as excitation inputs are increased. In figure 15(d),
two more parameter spaces D and E are labelled to represent
the effects of restoring forces from impacts on the output
power, which are dominant in region E compared to D.
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5. Self-powered sensing application

To illustrate the applicability of the RTEH prototype, the gen-
erated output from the EH is used to power a wireless sensor
to monitor the temperature from surroundings and to send
the data to a wireless receiver using Bluetooth. Such a self-
powered sensing setup is represented in the schematic shown
in figure 16(a). In order to convert the alternating voltage sup-
ply from the EH to DC voltage, a Schottky diode full-bridge
rectifier is employed. The DC voltage is then used as the input
for a BQ25505EVM power management board consisting of
a boost converter, used to step-up the voltage to a required
3.3 V. This enhanced output is then used to charge a 330 uF
capacitor C effectively, as shown in figure 16(c). When suf-
ficient energy is stored in the capacitor, the BQ25505 board
generates a trigger signal to a Texas Instruments CC2650
micro-controller unit (MCU) that enables control of the reset
mode of the MCU, as shown in figure 16(b). Tprogrammed

such that when C charges up to 3.3V, the MCU turns on
and automatically turns off if C discharges to 1.8V, allow-
ing it to charge back up to 3.3 V. This cycle continues as long
as C is being charged up. An LMTS85LP temperature sensor
is connected to the MCU such that it can power the sensor
and read the output from the sensor through an ADC chan-
nel. A second CC2650 MCU is added to the setup to act as a
receiver. The receiver MCU is connected to a computer and
whenever it receives data from the first MCU, it is conver-
ted into temperature reading using a conversion program setup
in MATLAB.

Figure 16(c) shows the boost converter output charging up
capacitor C up to a steady 3.3 V. The charging and dischar-
ging pattern is illustrated in figure 16(d) and temperature read-
ings corresponding to the 3.3V peaks when the transmitter
MCU turns on in real time is presented in figure 16(e). The
obtained data in figure 16(e) shows the change in temperat-
ure as the sensor is on a desk, near human body, touching a
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fingertip and cooling down back to room temperature when
kept on desk. The recorded room temperature was 25.7 °C and
skin temperature of the test subject was around 33 °C, which
corresponds with the values collected by the LMT85LP tem-
perature sensor powered by the developed RTEH. Figure 16(b)
shows the receiver MCU receiving instantaneous data via
Bluetooth when the capacitor voltage reaches 3.3 V. The capa-
citor was charged while the RTEH was exposed to 0.8 g and
2 Hz vibrations. The recharging periods in figure 16(d) shows
that the capacitor takes between 15 to 45 s to recharge once.
Then the capacitor is depleted to 1.8 V after power is con-
sumed by each sensing cycle. The varying period was caused
since the prototype occasionally travelled in the intra-well
mode due to random energy loss, which resulted in dips in the
output power, and in turn causing in a delay in recharging of
the capacitor.

In terms of wireless communication distance, two CC2650
launchpad micro-controllers were used for the purpose of
transmitting sensed temperature data using Bluetooth low
energy 5.1, and several meters wireless data communication
distance was realized in lab environment. From the literature
[54], the wireless data communication range for Bluetooth 5.1
is 10-100 m.

6. Conclusions

A bi-stable rotary-translational EH is developed in this paper
using an enhanced theoretical model. Rotary-translational
motion of a sphere magnet is adopted to harness ultra-low fre-
quency random vibrations. Bi-stability is realised by employ-
ing two tethering magnets on the sphere’s rolling path to create
two stable equilibria, to allow the EH to operate over a broad
bandwidth. A theoretical model including impact dynamics is
developed to investigate the performance of the EH. The the-
oretical study shows that the sphere magnet can operate from
the intra-well to the chaotic, and to periodic inter-well modes
of oscillation, depending on the excitation amplitudes and fre-
quencies. Generally, higher excitation amplitude or reduced
magnetic tethering forces results in the periodic inter-well
motion. A rotary-translational bistable energy harvesting pro-
totype is fabricated in this work for the first time and tested
under different excitation conditions to experimentally valid-
ate the numerical model. The harvester effectively operates in
the periodic inter-well mode between 1 and 2 Hz at low excita-
tion amplitude (between 0.2 g—0.6 g). A peak output power of
9mW (1.53 mW RMS) was obtained at2 Hz and 0.7 g. A wire-
less sensor node with a temperature sensor, a micro-controller
and a Bluetooth module was fully powered by the developed
EH, illustrating the ability of the device to realize self-powered
sensing in real-time monitoring using ultra-low frequency and
low-amplitude energy sources. Future work includes system
integration for a compact self-powered-sensing system and
enhancement of the EH’s performance with other dynamics
such as multi-stability and parametric resonance for long-term
self-monitoring applications, especially for cases where the
available energy sources is with ultra-low frequency and excit-
ation amplitude.
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