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The dominant ultra-low frequencies of ambient vibrations pose a significant challenge for highly
efficient energy harvesting. To address this challenge, this study introduces a catapult
mechanism-enabled push-button energy harvester (CMPEH) designed to capture ultra-low fre-
quency motion. It primarily comprises a motion converter, a unique catapult mechanism, and an
electromagnetic transducer. Their synergistic operation transforms small, ultra-low frequency
push-button actions into swift, amplified kinetic motion, allowing the proposed CMPEH to
generate a large output. A simplified theoretical model was developed to provide insights into the
working principle of the CMPEH and guide its design. Simulations and experiments were con-
ducted to assess the performance. It was noted that the buffer springs play crucial roles in
affecting the output. An investigation showed that within the tested spring stiffness range
(0.29-0.98 N/mm), the RMS power output of the harvester increased significantly as the spring
stiffness increased meanwhile, the duration for the magnet to traverse the coils reduced from
0.113 s to 0.053 s. With an external load of 290 Q, the harvester could produce a maximum peak-
to-peak voltage of 40.54 V and achieve a power density of 241.92 W/m® at a spring stiffness of
0.98 N/mm. Moreover, application demonstrations were conducted, showing that subjected to a
single excitation, the CMPEH could light up around 4500 LED bulbs (rated voltage 1.60 V) and
drive a humidity and temperature sensor to function for about 30 s. In general, the results
indicated that the proposed CMPEH excels in capturing ultra-low frequency ambient vibrations
below 1 Hz and converting them into electricity. The approaches and findings presented in this
study offer guidelines for the development of future self-powered systems by utilizing ultra-low
frequency vibration energy.

1. Introduction

With the rapid development of the Internet of Things (IoT), many innovative concepts have emerged, such as smart cities,
buildings, and industries. In this context, an increasing number of IoT node devices are being used for various monitoring applications
[1-6]. However, most IoT node devices rely on municipal power grids or chemical batteries for power supply sources [7]. From a long-
term perspective, existing power supply solutions not only restrict the widespread utilization of IoT node devices but also lead to
substantial maintenance costs, e.g., battery replacement or recharging. One promising solution to address the above issues is the
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vibration energy harvesting technology.

Vibration energy harvesters (VEHSs) can convert ambient mechanical energy, typically characterized by ultra-low frequencies [8],
from human motions [9], railway systems [10], and natural phenomena such as wind [11,12], tides [13] into electricity via elec-
trostatic [14], electromagnetic [15-18], piezoelectric [19-23], and triboelectric [24-28] transduction mechanisms. A well-designed
vibration energy harvester can capture significant energy from its surrounding environment. For instance, Qi et al. [10] conducted a
review of energy harvesting technologies utilized in railway systems, and their findings suggest that vibration energy harvesting holds
great promise. Priya et al. [29] designed a piezoelectric windmill with 12 bimorphs arranged around a rotating shaft. The harvester
they prototyped could generate a power of 10.20 mW at the excitation frequency of 6 Hz. Minami et al. [30] developed a hybrid energy
harvester using an unimorph piezoelectric energy harvester (PEH) and permanent magnets. In the field test, the device could harvest
energy from human motion and generate a maximum power of 1.2 pW at an optimal resistance of 600 kQ2. Asadi et al. [31] designed a
novel pavement to harvest energy from human footsteps. The pavement harvester generates a power output of 0.57 W when a person
walks on it, with each step producing 511.00 mJ with a 900 cm? tile. Hou et al. [32] proposed a rotational pendulum hybrid generator
that integrates triboelectric and electromagnetic mechanisms. At a driving frequency of 2 Hz and an excitation amplitude of 14 cm, the
maximum power densities produced by the triboelectric nanogenerator (TENG) and the electromagnetic generator (EMG) were 79.90
and 3.25 W/m?, respectively.

Although the above energy harvesting devices showed good output performance, their resonant frequencies are much higher than
the ultra-low-frequency ambient vibrations, which are known for their random and irregular nature, typically below 5 Hz and
sometimes as low as 1 Hz [8]. According to the basic principles of vibration energy harvesting, if the excitation frequency of the
ambient vibration does not align with the resonant frequency of the harvester, the energy harvesting efficiency will experience a
notable decrease.

To enhance energy conversion efficiency and power output under low-frequency vibration excitations, researchers have developed
various approaches to broaden the operating bandwidth of energy harvesters. The frequency up-conversion (FUC) technique is one of
the typical methods that can be used to address the mismatch between the low-frequency excitation and the high resonant frequency of
the harvester. The early work by Umeda et al [33] introduced an impact-based frequency up-conversion method and provided
fundamental insights into maximizing energy conversion from mechanical impacts to electrical outputs. Drawing inspiration from this
idea, many researchers proposed different methods to address this challenge. Edwards et al. [34] developed an electromagnetic energy
harvester that uses a magnet as the end mass of a cantilever beam with a stopper. It achieved a 91.5 % increase in power output over
the frequency range of 3-7 Hz compared to a traditional cantilever beam. Zhang et al. [35] proposed an impact-and-rope-driven
piezoelectric energy harvester. They showed that their design could achieve a bandwidth ranging from 2.5 to 10 Hz by adjusting
the rope length. Tan et al. [36] developed a magnetostrictive energy harvester to convert ultra-low frequency energy from human
walking into electricity through a two-stage frequency up-conversion. The magnetostrictive energy harvester achieved a maximum
output of 10.06 V and 31.30 mW, sufficient to power 100 LEDs. Fan et al. [37] designed an inertial nonlinear piezoelectric energy
harvester to be installed in a shoe. Their experiments showed that the power output of the harvester increased from 0.03 to 0.35 mW as
the walking speed increased from 2 to 8 km/h.

However, the frequency up-conversion technique may produce high-frequency noises [34,38], result in large mechanical damping
[39], and reduce energy conversion efficiency [40]. Therefore, many other researchers focused on developing nonlinear energy
harvesters. These nonlinear harvesters can significantly broaden the frequency bandwidth and, in some cases, enhance the response
amplitude [41,42]. Upadrashta et al. [43] designed an array of nonlinear piezo-magnetoelastic harvesters. Each harvester comprises
two piezoelectric cantilevers with tip magnets and can achieve an effective bandwidth of 3.3 Hz, producing a power output of 100 uW
when subjected to a harmonic excitation of 2 m/s?. Yang et al. [44] presented a hybrid design that combines bistability and internal
resonance for broadband vibration energy harvesting. Because of the internal resonance phenomenon, the system’s response exhibited
two frequency curves bending in opposite directions on the frequency response graph. As a result, the operating bandwidth of the
harvester was doubled compared to other bistable harvesters without internal resonances. Although numerous researchers have
proposed various methods to address the frequency mismatch issue, most existing energy harvesters can still only operate within an
excitation frequency range of 2-10 Hz [35-37]. When faced with ultra-low frequency excitations, such as human motions, these
harvesters produce low power outputs and have poor energy harvesting efficiency. Therefore, it is crucial to design energy harvesters
capable of efficiently harnessing ultra-low-frequency excitations with superior conversion efficiency and high-power density.

In this paper, we present a catapult mechanism-enabled push-button energy harvester (CMPEH) designed to efficiently capture
ultra-low frequency motion and convert it into electrical energy. Unlike conventional designs, the CMPEH utilizes a unique catapult
mechanism that transforms small, ultra-low frequency excitations into rapid, amplified motion of a magnet array. This innovative
design uses a simple yet effective structure to achieve high energy output. The high efficiency of this energy harvester is proven and
demonstrated through theoretical analysis and experimental validation. The finite element (FE) simulation offers insights into the
magnet arrangement and predicts performance. Experimental results validate the capability of the harvester to generate notably high
voltage and power outputs. Two demonstration applications showcase the potential of the harvester to sustainably power a variety of
low-power electronic devices, highlighting the feasibility of deploying self-powered systems by harnessing ambient ultra-low fre-
quency motions.
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2. Structure design and working principle
2.1. Structure and mechanism

The designed push-button energy harvester shown in Fig. 1 consists of a motion conversion unit and an energy conversion unit. The
motion conversion unit transforms vertical motion into axial motion, primarily through a button mechanism designed to capture
vertical excitations. The top lid is assembled with the bottom lid, forming the framework of the motion conversion unit to house sliders
and other components. Pressing the button causes the two sliders to move between the top and bottom lids, allowing vertical motion to
be converted into axial motion. Two miniature springs are positioned in the groove of the bottom lid, and this setup supports two limit
blocks, which are used to constrain the movement of the sliders. The limit blocks are made of iron

thus, they can be magnetized by the magnet array in the energy conversion unit. The magnet array can only attract the limit block
on its adjacent side due to distance limitations, while the limit block on the other side remains unaffected. This setup guarantees that
each excitation results in the lateral displacement of the slider on just one side.

In the energy conversion unit, kinetic energy is converted into electricity via electromagnetic induction. When the button is
pressed, the lateral displacement of the slider on one side causes the corresponding torsion arm to rotate, which in turn rotates the
torsion spring and pushes the magnet array to the left/right side. In the meantime, the two springs that connect the magnet array to the
bottom case are being compressed, and potential energy is stored in the buffer springs.

It is noteworthy that the magnet array is supported by small ball bearings to minimize the mechanical energy loss in this process.
When the button is pressed past a certain point, the torsion arm rotates at a significantly large angle, unable to withstand the reaction
force from the side buffer springs acting on the magnet array. This causes the magnet array to be released, with the potential energy
stored in the buffer springs transformed into the kinetic energy of the magnet array. The overall process resembles a catapult launching
a projectile. As coils are installed beneath the sideway of the magnet array, electromotive forces will be induced, and voltage outputs
will be produced. The magnets within the array are strategically arranged in an S-N-S pole configuration to increase the magnetic flux
change rate. The generated AC voltage is converted into DC through a rectifier bridge, further regulated by an energy management
circuit, and stored in a capacitor. The stored energy can then be efficiently utilized to power electrical devices such as lamps, LEDs, and
Sensors.

Fig. 2(a) depicts the mechanical modulation and electromechanical conversion processes in the CMPEH. In the initial state, as
shown in Fig. 2(a) i, the magnet array is locked between the torsion arm and the buffer springs on the right-hand side. The magnet
array attracts the nearby limit block (see Fig. 1 for a detailed view) in the motion conversion unit, compressing the miniature spring
into the groove on the bottom lid. The two sliders in the motion conversion unit tend to move outward in response to vertical exci-
tation. However, the limit block on the left side, located far away from the magnet array, experiences minimal influence from the
magnetic force and, thereby, cannot enter the groove on the bottom lid. Consequently, only the slider on the right side, close to the
magnet array, is able to move out, thus completing the motion conversion as shown in Fig. 2(b) i. The slider then pushes the torsion
arm, causing it to rotate. This rotation movement displaces the magnet array, resulting in the compression of the right-hand side buffer
springs and the conversion of external excitation into elastic potential energy stored in buffer springs, as shown in Fig. 2(a) ii. When the
magnet array is pushed to the critical position, the torsion arm is unable to maintain its grip on the catch of the magnet array.
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Fig. 1. The schematics showcase the key components of the proposed catapult mechanism-enabled push-button energy harvester (CMPEH).
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Fig. 2. (a) Mechanical modulation and electromechanical conversion processes in the CMPEH (b) the magnetic field distribution of the magnet
array in each state, (c) the flowchart illustrates the different operation states of the CMPEH aligned with Fig. 2(a).

Therefore, the magnet array will be propelled like a projectile as the elastic energy stored in the buffer springs is released. Subse-
quently, the magnet array will traverse over a set of coils positioned below with an initial velocity, and an induced voltage will be
generated in the coils due to the electromagnetic induction phenomenon. As illustrated in Fig. 2(b) iii, in the energy conversion stage,
the elastic energy stored in the buffer springs is first converted into kinetic energy and then electricity. Meanwhile, it is worth noting
that the torsion arm, driven by the torsion spring, rotates back, returning the slider to its original position and resetting the button for
the next round of action. Once the magnet array moves to the opposite side, it strikes the impact block, compressing the buffer springs.
At this point, the catch on the magnet array is secured by the torsion arm on the left-hand side. Following this, the magnetic force
attracts the adjacent limit block into the groove on the bottom lid, unlocking the slider on the same side and resetting the system, as
illustrated in Fig. 2(a) iv and Fig. 2(b) iv. This signifies the completion of one energy harvesting cycle for the CMPEH. The magnetic
field distributions of the magnet array, corresponding to the states shown in Fig. 2(a), are plotted in Fig. 2(b). The flowchart in Fig. 2(c)
succinctly outlines the entire process for ease of understanding and clarity.
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Fig. 3. The simplified lumped parameter model of the moving magnet array.
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2.2. Theoretical model

To facilitate the analysis of the motion of the magnet array, which plays a vital role in energy conversion, we developed a simplified
lumped parameter model, as shown in Fig. 3. In this model, a represents the impact block that connects to the side springs, and b
represents the magnet array.

To ensure that magnet array b can reach the opposite side after being launched from one side propelled by the potential energy
released from the side buffer springs, the below condition must be satisfied:

1
§k|x0‘2 > Ceva (x| + |x1]) + Eioss + p(|xo| + |x| + |x1]) 1)

where k represents the spring stiffness, x( represents the compression of the spring on the left side, x; denotes the compression of the
spring on the right side, x represents the distance between two impact blocks when their springs are in natural lengths, Cg, and Ej,;,
respectively, stand for the electromagnetic damping coefficient and impact loss, v; and y are the velocity of the magnet array b and the
friction coefficient, respectively. For simplicity, we assume the velocity change of the magnet array b and the friction is small and
negligible thus, v; is deemed constant and y equal to zero.

According to Faraday’s law of electromagnetic induction, the induced electromotive force is directly proportional to the magnetic
flux change rate, expressed as follows:

de
E=-N_ &)

where E denotes the induced electromotive force, N represents the number of turns in the coil, ¢ signifies the time-varying magnetic
flux, and t denotes time. Since this model considers a planar magnet array moving across coils, the magnetic flux change produced is
given by:

@ = BDx, 3
where D denotes the width of the magnet array, B denotes the magnetic field strength, and x; represents the distance covered by the

magnet array as it moves across the coils. According to the reference [45], the magnetic field strength B of a cubic magnet can be
expressed as:

B = |—arctan| ————
T 22v/422 + L2 + W?

(C)]
LW

Br
— —arctan
T 2(D + )y /L2 + W2 + 4(D + z)°

where B, denotes the remanence field, z represents the distance from a pole face measured along the symmetry axis. L, D, and W are the
length, width, and thickness of the magnet array. The force generated through electromagnetic induction can be written as:
N(BD)?
p— _ NED (5)
Rinter + Rload
where R represents the internal resistance of the coils and Rj,qq denotes the external load. According to the definition of damping,
the electromagnetic damping coefficient can be expressed as:

F
Cg=— (6)
V1
By substituting Eqs. (4)-(5) into Eq. (6), one obtains:
B, ( Lw ) 2
—arctan| ————————
I 23V422 + 12 + W2
ND?

B, LW
——arctan
2(D + )\ /L2 + W2 + 4(D + z)°

Co = — )
£ Rinter + Rlaad

According to the reference [46], the impact loss can be expressed as:

1
Ep = (ﬂ) Av ®

2\m; +my

where m; represents the mass of the magnet array, my is the mass of the impact block, and Av is the relative velocity of the two objects
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just before the impact. Substituting the measured data listed in Table 1 into Egs.(7)-(8), one obtains that Cr = 0.0841 x 103N/ (m/s),
Ejpss = 1.227 x 103 J. Subsequently, substituting Eqs.(7)-(8) into Eq.(1), the minimum compression of the spring on the left side can be
derived as:

Lw 2
arctan m
Lt > NP+ bal) | Br e Ll mm ©
2 o= Rinter + Rioad 2 ( Lw > 2\my; +my
—arctan

2(D +2)\/12 + W2 + 4(D + 2)°

Then, by substituting the remaining data into Eq.(9), we can obtain that when the spring compression xy > 1.590 mm is applied, the
magnet array can be propelled to the opposite side. This parameter provides us with guidelines for designing the torsion arm, which
directly pushes the magnet array and compresses the side buffer springs.

2.3. Finite element model

This section presents a finite element model (FEM), as shown in Fig. 4(a), built in ANSYS Maxwell to simulate and predict the
output performance of the proposed energy harvester, the materials used in the simulation are listed in Table 1. The FEM model
assumes an ideal environment where external factors such as air resistance and frictional losses are neglected. The magnet array in the
FEM model consists of three magnets with magnetic poles arranged alternately in the order of N-S-N. The movement direction of the
magnet array is set along the Y-axis, and the speed is set at 1367 mm/s. Each coil is configured with 3220 turns and an internal
resistance of 290 Q, as identified in the experiment. The material properties of the magnets are checked with the supplier and taken
from the standard material library provided by ANSYS Maxwell. These simulation assumptions and parameter settings are intended to
ensure result reproducibility while acknowledging potential deviations due to real-world environmental factors.

As illustrated in Fig. 4(b), the magnetic field lines run from the N poles of the magnets situated on the two sides of the array and
enter the S pole of the central magnet, forming two distinct closed magnetic loops. This configuration leads to two notable magnetic
phase changes in the magnetic flux density (MFD) measurement, as shown in Fig. 4(c). The two magnetic phase changes occur at Y =
10 cm and Y = 20 cm, separated by the width of the magnet. According to Faraday’s law, the induced electromotive force is pro-
portional to the change rate of the magnetic flux. Notably, the change in magnetic flux is approximately 1.29 T at the points where the
magnetic phase change occurs, implying that the induced voltage will reach the maximum peak at these points.

The induced voltages in the four coils obtained from the simulation are presented in Fig. 4(d). The maximum peak-to-peak voltage
that can be produced is about 33.69 V. The voltage peak is generated when the magnetic phase change takes place. Coils #1 and #4
each exhibit a single positive and negative peak, whereas coils #2 and #3 display two positive and two negative peaks. This is because
when the magnet array passes over, coils #1 and #4 only experience one magnetic phase change, and coils #2 and #3 encounter two
changes. Therefore, we can easily infer that more energy can be harvested from coils #2 and #3.

3. Results and discussion
3.1. Prototype and experimental setup

To evaluate the actual performance of the proposed CMPEH, a prototype with dimensions of 16.25 cm x 5.48 cm x 3.55 cm was
built for experimental testing. The whole structure and detailed views of the prototype are shown in Fig. 5(a)-(c). The button is made
of manganese steel, the torsion arms are made of titanium alloy, and the frames are fabricated using 3D printing technology. More
detailed physical properties and material parameters are listed in Table 2. During the test, the CMPEH was fixed on a frame attached to
the vibration test platform. A laser vibrometer sensor (SOPTOP LV-S01) was used to measure the velocity and displacement of the
magnet array. The voltage output was gauged by an oscilloscope (RIGOL DHO 1104). The experimental setup is shown in Fig. 5(d).

3.2. Preliminary parametric study

This section investigates the effects of different system parameters, such as the spring stiffness, on the performance of the CMPEH.
Since the coils remained unchanged in the tests, we chose coil #2 to focus on its output performance for the subsequent parametric
study. Fig. 6 illustrates the voltage responses and charging characteristics of coil #2 when the CMPEH uses different springs (k = 0.29
N/mm, 0.49 N/mm, and 0.98 N/mm). Fig. 6(a) shows that as the spring stiffness increases from 0.29 N/mm to 0.98 N/mm, the peak

Table 1
The parameters of materials used in ANSYS Maxwell simulation.
Materials Relative Permeability Bulk Conductivity (S/m) Magnetic Coercivity (A/m) Internal resistance (Q)
Copper 0.99991 5.8 x 107 0 290
NdFe52N (N-pole) 1.47 625000 —730000 /
NdFe52S (S-pole) 1.47 625000 —730000 /
Vacuum 1 0 0 /
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Fig. 4. (a) The finite element model (FEM) of the magnet array and coils in Maxwell simulation, (b) the magnetic field distribution around the
magnet array, (c) the magnetic flux density (MFD) along the Y axis of the magnet array, (d) the simulation result of the induced voltages in the
four coils.

voltage of the coil rises from 7.6 V to 15.5 V, and the duration for the magnet array to pass over the coil decreases from 0.113 s to 0.053
s. It is well known that the induced voltage is proportional to the change rate of magnetic flux. As the spring stiffness has a notable
effect on the speed at which the magnet array passes over the coil, using springs with higher stiffness results in higher induced voltage.

To further assess the energy harvesting performance of the coil under different spring stiffness settings, a capacitor (220 pF)
charging test was conducted, and the charging curves were recorded. These results are presented in Fig. 6(b) and (c). As the spring
stiffness increases from 0.29 N/mm to 0.98 N/mm, the saturation voltage of the 220 pF capacitor increases from 2.46 V to 4.01 V.
Moreover, as can be found in Fig. 6(b), the time taken to reach saturation voltage decreases significantly with a higher spring stiffness.
This corresponds to the observation in Fig. 6(a).

To better determine the optimal spring stiffness, we calculated the corresponding charging power and energy in charging a 220 pF
capacitor. The charging energy can be calculated as:

C(U; — Up)?

E= 2

(10
where E, C, U;, Up represent the charging energy, the capacitance, and the final and initial voltages of the capacitor after and before the
charging test, respectively. The formula for calculating the charging power is as follows:

E

p=—
te

(11)

where t, represents the charging time. The results are presented in Fig. 6(c). With an increase in spring stiffness, the charging power
and energy curves exhibit noticeable upward trends. This indicates that higher spring stiffness enhances the performance of the
CMPEH. In particular, the optimal performance is observed at a spring stiffness of 0.98 N/mm among the tested casesits charging
power is 34.61 mW, and the charging energy reaches 1.82 mJ. Therefore, we chose the spring with a stiffness of 0.98 N/mm for the
following experiments.
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Fig. 5. (a) The whole structure of the proposed CMPEH, (b) the inner view, (c) the components of the motion conversion unit, (d) the experiment
setup for conducting measurements.

3.3. Detailed process analysis

This section presents the analysis of the working process of the CMPEH with a spring stiffness of 0.98 N/mm. Fig. 7(a) and (b) show
the open-circuit voltage outputs of the 4 coils, as well as the velocity and displacement of the magnet array. We classify the voltage
generation process into three stages based on the magnet array movement.

Stage I — Potential energy storage, Stage II — Magnet array ejection, and Stage III — Magnet array oscillation. In Stage I, the
harvester is subjected to vertical excitation, driving the torsion arm to push the magnet array and convert kinetic energy into elastic
potential energy stored in the torsion springs. The magnet array remains mostly stationary during this stage, steadily accumulating
potential energy in preparation for the subsequent motion phase. The voltages induced in the coils are minimal in this stage, as shown
in Fig. 7(a).

In Stage II, the release of the stored potential energy in the compressed buffer springs launches the magnet array like a projectile.
The magnet array sequentially induces voltages in coils #1 to #4 during this process. As revealed in Fig. 7(a), the peak voltage for each
coil occurs during the magnet’s phase transition, aligning with our previous analysis. Specifically, coil #2 generates the highest peak-
to-peak voltage of 40.54 V, coils #1, #3, and #4 produce 36.01 V, 35.47 V, and 28.68 V, respectively. In addition, the velocity of the
magnet array exhibits a three-phase decline in Stage II, dropping from 1.68 m/s to 1.23 m/s. This decrease in speed is a result of the
attraction forces exerted by the limit blocks located on the two sides of the bottom lid. At the beginning and end of the motion, only one
limit block on one side exerts the attractive force, whereas, in the middle, both blocks attract the magnet array, leading to a more rapid
deceleration.

After Stage II, the magnet array is captured and halted by the torsion arm on the opposite side. Despite the impact of the opposite
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Table 2
Detail physical properties and material parameters.
Component Unit/Specification Values
CMPEH Dimensions (cm) 16.25 x 5.48 x 3.55
Button Dimensions (cm) 13.2 x 10.1 x 9.2
Young’s modulus (GPa) 200
Torsion spring Model UA90L5 — 5-0.6,
UA90ORS5 — 5-0.6
Spring Stiffness (N/mm) 0.29, 0.49, 0.98
External diameter (mm) 18.6
Free length (mm) 25
Magnet Number 3
Magnet grade N52
Material Neodymium
Magnet array Length L (mm) 30
Width D (mm) 30
Thickness W (mm) 6
B, (T) 0.3
Weight (g) 53
Coils Number 4
Outer diameter (mm) 30
Inner diameter (mm) 8
Turns 3220
Wire diameter (mm) 0.12
Internal resistance (Q) 290
Impact block Material PLA
Weight (g) 3

spring at a speed of around 1.2 m/s, it generates significant impact force, leading to the oscillation of the magnet array. The oscillation
of the magnet array leads to coils #3 and #4 continuing to ‘cut’ the magnetic field lines, generating induced voltage, as depicted in
Stage III of Fig. 7(a). Throughout this stage, the oscillation of the magnet array gradually slows down until it eventually reaches a
standstill due to the damping phenomenon, causing the induced voltage to decrease back to zero.

Fig. 7(c)-(f) compare the experimental voltage responses of each coil (coil #1 to #4) with the simulation results from ANSYS
Maxwell. In the initial phase, the elastic potential energy stored in the spring array is rapidly released and transformed into the initial
kinetic energy of the magnet array, resulting in a high initial speed. This leads to significant voltage peaks in the responses of coils #1
and #2, as shown in Fig. 7(c) and (d). As the magnet array slows down, the experimental voltage response gradually decreases,
aligning closely with the characteristics predicted by the simulation results.

At the end of the final phase of the magnet array’s motion, additional oscillations appear in the responses of coil # 3 and #4, as
observed in experimental results in Fig. 7(e) and (f). These oscillations arise from the mechanical vibrations generated by the collision
between the magnet array and the impact block. As a result, the magnet array keeps cutting the magnetic field lines, leading to
continued oscillations in the voltage response. This phenomenon is consistent with previous analyses, which suggested that collision
effects significantly influence the voltage responses of coils #3 and #4. Since this collision was not included in the simulation, the
simulation results cannot capture the oscillations in the final phase. This limitation is due to the simplifications implemented in the
simulation modeling. Many factors, such as friction, air resistance, material inhomogeneities, and loose connections, may introduce
unexpected energy losses and affect dynamic oscillations in actual tests. Unfortunately, these factors are too complicated to identify
and be accounted for in the simulation.

3.4. The power output performance

This section details a series of experiments conducted to further investigate the optimal output performance of the developed
CMPEH. Firstly, the circuit shown in Fig. 8 is utilized, with switches S1, S2, S3, and S4 set on while the others off to assess each coil’s
power output under different external resistances. Spring stiffness is set as 0.98 N/mm.

Fig. 9(a) plots the RMS power outputs of the four coils as a function of the external resistance. All four coils exhibit similar trend
characteristics when subjected to the same excitation condition, as their peak-shaped curves show. As the resistance increases, the
output power of a coil initially rises to a peak value before gradually decreasing to a negligible level with further increases in the
external resistance. The maximum power output is attained when the load impedance matches the internal impedance. This rela-
tionship can be represented in the following formula for purely resistive circuits:

‘/Z

b (12)
e Rinter + Rload

where Prax, V, Rinters Rioad Tepresent the maximum power, voltage, internal resistance and external resistance, respectively.
By shunting coil #2 to an external resistance of 290 Q, it achieves its peak RMS power output of 32.23 mW. At the same resistance
of 290 Q, the other coils also achieve their respective maximum RMS power outputs, coil #4 attains 10.91 mW, coil #3 produces 23.12
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Fig. 6. (a) The voltage responses when using springs with different stiffnesses (k = 0.29 N/mm, 0.49 N/mm, 0.98 N/mm), (b) the charging curve of
the 220 pf capacitor under different spring stiffness settings (k = 0.29 N/mm, 0.49 N/mm, 0.98 N/mm), (c) the calculated charging power and
energy (k = 0.29 N/mm, 0.49 N/mm, 0.98 N/mm).

mW, and coil #1 generates 22.12 mW. The external load at which each coil attains its peak power corresponds to the resistance
characteristics of the coils, reinforcing the theoretical prediction that the coils would achieve maximum power outputs at this point.

Subsequently, to further quantify the charging performance of the prototyped CMPEH, we conducted tests to examine the satu-
ration voltage and average charging power profiles of different capacitors when charged with our CMPEH. In the tests, we set switch S5
on and the others off. Then, we tested four different capacitors 220 pF, 470 pF, 680 pF, and 1000 pF. Fig. 9(b) shows the voltage rising
curves when charging different capacitors under the same excitation condition. These curves demonstrate a pronounced stepwise
ascent, where each peak in voltage corresponds to the emergence of a distinct step in the curve. The data shows a decline in terminal
voltage from 8.06 V for the 220 pF capacitor to 3.04 V for the 1000 pF capacitor, along with an increase in the time needed to achieve a
stable voltage. Specifically, the terminal voltages for the 470 pF and 680 pF capacitors are, respectively, 5.10 V and 3.94 V.

The charging power and energy are demonstrated and compared in Fig. 9(c). The 220 pF capacitor displayed the highest energy and
power output at 7.16 mJ and 89.48 mW, respectively. With an increase in capacitance to 470 pF, 680 pF, and 1000 pF, there was a
notable decline in both the charging energy and power. The corresponding energy, power, and calculated volume power densities are
listed in Table 3. Table 4 presents a comparison of the proposed CMPEH and some other low-frequency energy harvesters reported in
the literature. The table highlights several key parameters, including the volume, excitation characteristics, average power output, and
volume power density, which are crucial for assessing the performance and efficiency of an energy harvester. Our prototyped CMPEH
has a volume of 315.70 cm®, which is moderate compared to other harvesters. Nevertheless, it produces an average power output of
76.370 mW and a power density of 241.920 W/m®, positioning it as the most efficient design in terms of power density. This high
power density is due to the catapult mechanism employed. Another remarkable feature of the CMPEH is its ultra-low operational
frequency range. Unlike other harvesters that operate at high frequencies, the CMPEH can effectively capture ultra-low-frequency
vibrations below 1 Hz. This capability makes it particularly suited for a variety of real-world applications, offering a promising so-
lution for efficiently harvesting energy from low-frequency and intermittent motion sources. However, the CMPEH also has certain
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Fig. 7. (a) Open-circuit voltages induced in the coils when the CMPEH uses the spring stiffness of 0.98 N/mm, (b) the time-history velocity and
displacement of the magnet array during a single operational cycle, (c)-(f) the comparison between the simulated and experimentally obtained
voltage responses of Coil #1 to #4.

limitations. Due to the employed mechanism, it necessitates a relatively long reset time (about 0.15 s), making it unsuitable for high-
frequency (>5 Hz) operations. Additionally, the mechanical components require further investigation to enhance their structural
durability and performance stability under long-term repetitive usage. Future research could focus on improving this design by
addressing the two aforementioned issues, thereby expanding its practical applications across a wider range of scenarios.

4. Practical applications
4.1. Lighting up LEDs

In this subsection, to showcase the potential of the prototyped CMPEH for real applications, we first designed an experiment to light
up LEDs. In this experiment, we activated switch S6 in the circuit shown in Fig. 8 with the other switches turned off. The applied
excitation was the same as depicted in Section 3.4. We built an LED array consisting of 4500 LEDs, as shown in Fig. 10(a). Each LED
bulb operates at a voltage of 1.6 V and consumes a power of 0.06 W, emitting red light when illuminated. The LED array was suc-
cessfully lit up by the prototyped CMPEH, as shown in Fig. 10(b). To visualize the LED lighting process, we used an oscilloscope to
record the terminal voltage across the LED array, and the result is presented in Fig. 10(c). The voltage fluctuations observed correspond
to the blinking process of the LEDs. When the terminal voltage is greater than 1.6 V, the LED array lights up. Fig. 10(d) showcases the
LED array brightly lit and arranged to spell out ‘HKUSTGZ SMS LAB’, which is the abbreviation for Hong Kong University of Science
and Technology (Guang Zhou) Smart Materials & Structures Laboratory. A video showcasing the lighting-up process of the 4500 LEDs
can be found in Video S1.
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Fig. 8. The testing circuit to evaluate the proposed CMPEH.
4.2. Powering electronic devices

We then further demonstrated the potential of the CMPEH by using it to power electronic devices. In the application demonstration,
a temperature & humidity sensor (model SHT4x), as shown in Fig. 11(a), was utilized as the device. Using the circuit shown in Fig. 8,
we turned on switch S7 while leaving the other switches off. The energy management module was developed using the commercial
chip LTC-3588, and a 220pF capacitor was used as the energy storage capacitor at its input end. A detailed schematic of the energy
management circuit is shown in Fig. 11(b). The excitation applied to the CMPEH remained consistent with that described in Section
3.4. The real-time terminal voltages across the energy storage capacitor (ESC) and energy management circuit (EMC) are shown in
Fig. 11(d).

In stage I, the CMPEH receives the excitation, converts mechanical energy into electricity, and initiates the charging process of the
energy storage capacitor. The terminal voltage of the capacitor rises to 7.89 V. When the terminal voltage of the capacitor exceeds 4.73
V, the energy management module starts to output a stable 3.6 V DC voltage. In stage II, the capacitor supplies the energy required to
power the SHT4x sensing module. The sensor refresh interval is configured to 3.5 s, with each refresh depleting stored energy, leading
to a decline in the ESC voltage. Despite this, the EMC voltage remains constant, demonstrating effective regulation by the energy
management module. After seven refreshing cycles, accurate temperature and humidity readings are acquired and displayed on the
screen. After that, the remaining energy is adequate to sustain the sensor for one more refresh. In stage III, when the terminal voltage of
the ESC falls below 4.73 V, a notable voltage drop occurs, leading to the cessation of operation of the SHT4x sensing module.

The experiment demonstrated that a single excitation is sufficient for the sensor to function successfully. It is anticipated that, when
exposed to continuous ultra-low frequency excitation, this energy harvester has the potential to entirely supplant the sensor battery as
its primary power source. Overall, the experimental results prove that the output performance of this energy harvester can effectively
enable real-time self-powered passive environmental monitoring.

The experiment demonstrated that a single excitation is sufficient to activate the temperature sensor successfully. Additionally,
according to the harvested energy, it can be easily estimated that it can power many IoT devices. The experimental results have proven
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Fig. 9. (a) The power output of the four coils under different resistances, (b) recorded voltage curves, (c) charging energy and power when charging
different capacitors.

Table 3
The saturation voltage, charging energy, power, and volume power density when charging different capacitors.
Capacitor Saturation voltage (V) Energy (mJ) Power (mW) Volume power density (W/m>)
220 pF 8.06 7.16 89.48 283.43
470 pF 5.10 6.13 68.07 215.63
680 pF 3.94 5.29 55.06 174.42
1000 pF 3.04 4.64 47.84 151.52

the power generation capability of this harvester. In terms of practical applications, this energy harvester can be employed in various
scenarios. For instance, it can be embedded beneath floor tiles, leading to a smart flooring system that can sense and collect data on foot
traffic as pedestrians walk over it. This technology might be useful in markets and exhibition settings. Moreover, it can be anticipated
that the proposed energy harvester could replace a chemical battery as the primary power source, given continuous ultra-low fre-
quency excitation. This transition could unlock a wider range of applications across different fields. In structural health monitoring, for
example, the harvester can be implemented in civil infrastructure, such as bridges and buildings, to power sensors that monitor strain,
displacement, and vibrations induced by environmental loads, allowing for real-time monitoring without the need for external power
supplies. Furthermore, the proposed energy harvester can be utilized in railway systems to harness slow periodic vibrations from tracks
or suspension systems to power condition-monitoring sensors, enabling long-term, battery-free, and maintenance-free operation for
structural health assessment. Overall, the above experimental results have confirmed the outstanding output performance of this
energy harvester, providing users the opportunity to envision a variety of practical applications.
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Table 4

Summary of reported energy harvesters under low-frequency excitations.
Refs Volume Excitation characteristics Average power Volume power density
Zhu et al. [47] 134.69 cm® 2-5 Hz 0.056 mW 0.412 W/m?®
Fan et al. [48] 52.42 cm® 0.5-5 Hz 0.280 mW 5.350 W/m>
Zou et al. [49] 5500.00 cm® Pedestrian (65 kg) 54.000 mW 98.180 W/m?*
AYin et al. [50] 75.25 cm® 1.5-4 Hz 0.980 mW 13.020 W/m®
Fan et al. [51] 21.50 cm® 1-5 Hz 5.300 mW 246.510 W/m®
Igbal et al. [52] 46.80 cm® 8-51 Hz 0.005 mW 0.100 W/m?*
Hou et al. [32] 0.13 m* <5Hz 0.020 mW 0.000134 W/m?*
Thitima et al. [53] 0.03 m® Pedestrian 520.000 mW 22.500 W/m°>
Liu et al. [54] 5280.00 cm® 5Hz 7.210 mW 1.360 W/m>
This work 315.70 cm® <1Hz 76.370 mW 241.920 W/m?
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Fig. 10. (a) The LED array consisting of 4500 LED bulbs, (b) the LED array brightly lit, (c) the recorded terminal voltage across the LED array, (d)
the illuminated LED array spelling out ‘HKUSTGZ SMS LAB’. The lighting-up process of the LEDs can be viewed in a video included in the sup-
plementary files.

5. Conclusions

This paper has presented a catapult mechanism-enabled push-button energy harvester (CMPEH). It can efficiently capture ultra-low
frequency motion and convert it into electricity. The CMPEH mainly comprises a motion conversion module and an energy conversion
module. The motion conversion module is designed to transform vertical into axial motion, and the energy conversion module utilizes
electromagnetic induction to harness electrical energy from the kinetic motion generated by the motion conversion module. A
simplified theoretical model has been developed to analyze the kinetic motion of a key component in the CMPEH. Moreover, a
simulation model has also been built to predict the voltage output of the CMPEH. Based on the design, we fabricated a prototype and
conducted tests to assess its performance. Compared with the existing designs, the proposed CMPEH demonstrates advantages in the
following aspects. First, it is small and compact in structure, making it easy to install. Second, it has been demonstrated that the
harvester can effectively harvest energy from ultra-low frequency excitations. Specifically, it can generate a peak-to-peak open-circuit
voltage exceeding 40 V under single ultra-low frequency excitation (< 1 Hz), with the voltage rising as the spring stiffness increases.
Under the same excitation condition, its RMS power output can reach 76.37 mW, indicating a volume power density of 241.92 W/m3.
Third, it has been proven that this harvester can sustain low-power sensors, and the energy harvested from a single excitation is
sufficient to operate a commercial temperature and humidity sensor. In general, the proposed energy harvester has demonstrated
promising potential in harnessing energy from ultra-low frequency excitations. The structural design of the harvester can be further
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Fig. 11. (a) The temperature and humidity sensor (model. SHT4x), (b) the power supply and energy management circuit, (c) the terminal voltages

across the energy storage capacitor (ESC) and the energy management circuit (EMC). A video showing how the sensing module was powered can be
found in the supplementary files.

optimized to enhance the performance and adapt to different application requirements.
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