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Abstract: Wireless Sensor Nodes (WSNs) are becoming increasingly popular in various
industrial sectors due to their capability of real-time remote monitoring of assets. Powering
these devices with vibrational energy harvesters (EHs) provides multiple benefits, such
as minimal maintenance and ideally infinite lifespan. Among the vibrational harvesters,
translational electromagnetic ones (IEMEHs) are a promising solution due to their simple
and reliable architecture and their ability to harvest energy at low frequencies. However, a
major challenge is achieving a high power density. In this paper, recent literature about
this typology of harvesters is reviewed. Different techniques to tune the resonance fre-
quencies to the fundamental frequencies of the ambient vibrations are analyzed, such as
non-linearities and multi-DOF configurations. The harvesters are classified on the basis of
the suspension type, highlighting advantages and disadvantages. A final comparison is
carried out in terms of NPD and FoMy, two indexes that evaluate power density in relation
to size and excitation amplitudes.

Keywords: vibrational electromagnetic energy harvesting; transducers; renewable energy;
Wireless Sensor Node (WSN); magnetic spring; microelectromechanical (MEMS) spring;
Autonomous Internet of Things (AloT)

1. Introduction

In the last decade, Wireless Sensor Networks for the real-time remote monitoring of
assets have been the subject of extensive research. They are a subset of Internet of Things
(IoT) architectures, consisting of multiple sensor nodes that wirelessly communicate with
each other to record data from the environment and transmit them remotely [1]. Each Wire-
less Sensor Node (WSN) comprises a Sensing Unit, a Processing Unit, a Communication
Unit, and a Power Unit.

Wireless Sensor Networks provide significant advantages in various sectors, such as
transportation and manufacturing. They enable the Condition-Based Maintenance (CBM)
of vehicles or machines, which increases safety and reduces maintenance costs [2]. The main
challenge is supplying power to these devices, especially considering that their number is
predicted to experience exponential growth in the next few years [3].

WSNs are typically powered by electrochemical batteries, since they allow an easy
and wire-free installation in hard-to-reach areas and are suitable for the miniaturization of
the device. However, large-scale use and the consequent disposal of batteries for a huge
number of devices is impractical and costly [4]. For this reason, extensive research has
been carried out to develop small energy harvesters (EHs) that exploit the untapped energy
of the environment to produce electrical power [5]. The goal is to design EHs capable
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of producing more power than the consumption of the WSN in order to achieve Energy
Neutrality Operation (ENO) and an ideally infinite lifespan of the device [6].

Different energy sources are available and suitable for harvesting [7,8]. The most
common one in industrial applications or vehicles is vibrations. There are three main types
of vibrational EHs: electromagnetic, piezoelectric, and electrostatic. Their advantages and
disadvantages are summarized in Table 1.

Table 1. Vibrational energy harvesting methodologies and power densities [9,10].

Methodology Power Density Advantages Disadvantages
Wide bandwidth Magnetic leakage
Electromagnetic 200-800 pWem =3 High current Low voltage
High power Large size
High voltage Low current
Piezoelectric 20-330 pWem 3 Simple structure Easy aging
Small size Low power
. Low frequencies Start-up power
-3 q pp
Electrostatic 180 pWem High integrability Low currents

Electrostatic harvesters are capacitive devices in which energy conversion takes place
as the plates of a variable capacitor are set in relative motion due to an external mechanical
excitation [11]. The relative motion causes differences in the voltage across the capacitor,
which results in a power output. Since the technology is quite simple and well established,
a large number of devices can be produced at a low cost and can be easily integrated
into existing solutions. However, electrostatic harvesters have a lower power density and
require an electric preload to charge the capacitor [12].

Piezoelectric harvesters consist of a proof mass and one or more elements of piezoelec-
tric material, which convert applied stresses or strains into electricity. They can provide
high voltages and a high electromechanical coupling coefficient with a small size [13]. How-
ever, they exhibit a high output impedance, which limits the output current and results in a
shorter lifespan due to brittle material fatigue [14,15].

Electromagnetic energy harvesters (EMEHSs) have lower resonance frequencies, a
simpler structure, and a longer lifespan due to the possibility of operating without
contact [16,17]. Moreover, they can achieve high power and a wide bandwidth by exploiting
non-linearities or multi-DOF configurations. Their main limitations are the miniaturization
of the device and the low voltages produced.

EMEHs utilize the relative motion between a magnet and a coil to produce electric
power via electromagnetic induction. Due to Faraday’s law, an electromotive force arises
in the conductor, which is influenced by the strength of the magnetic field, the relative
speed, and the number of turns in the coil. The relative motion can be translational,
rotational [18] , or pendulum-like [19,20]. Translational EMEHs (TEMEHSs) work as linear
motion generators, whereas rotational EMEHs convert the linear motion into rotary motion
by the use of a mechanism. In the case of a linear generator, there are two main designs [12]:

*  The coil or magnet is attached to a vibrating element;
* A magnet is suspended, and the frame with the coil is mounted on a vibrating element.

Figure 1 contains a schematic representation of these two designs. This review focuses
on the second typology of linear harvesters. An example of rotational EMEH is presented
in [21], in which the linear vibration of a freight train is transformed into rotary motion by
means of an inertial pendulum and a geared mechanism.
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Figure 1. Linear electromagnetic generator [12]: (a) magnet attached to a vibrating element; (b) mag-
net suspended.

This review examines the recent advances in the design of translational EMEHs
(TEMEHSs). One of the fundamental elements of TEMEHs is the suspension system, which
dictates the behavior of the device and many of its principal characteristics. The novelty of
this paper is that the devices are classified according to the suspension type, and their per-
formance is evaluated in order to identify the most suitable suspension for low-frequency
harvesting. Moreover, a comparison between 1DOF and 2DOF designs is carried out to
investigate the advantages of multi-DOF configurations.

Section 2 focuses on the theoretical principles and the main characteristics of these
devices, as well as a classification based on the suspension type. Section 3 discusses 1DOF
TEMEH designs developed in recent years in the literature. Section 4 does the same thing
with 2DOF designs. Section 5 contains a final comparison between the analyzed harvesters,
highlighting the advantages and disadvantages of the various architectures. Section 6
provides an overview of this paper and addresses future research directions.

A summary diagram of the review is reported in Figure 2.
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Figure 2. Summary diagram.

2. Translational Electromagnetic Energy Harvesting
2.1. Electromechanical Harvester Modeling

A TEMEH can be modeled as a one-degree-of-freedom (1DOF) mass—-spring-damper
system, schematized in Figure 3. The frame is usually shaped as a tube in which the mass
oscillates [22].
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Figure 3. Schematic representation of a IDOF TEMEH.

1 represents the external excitation coming from the ambient vibrations. The damping
has two components: viscous-type friction (c,;;) and electromagnetic induction (cen) [23].
The first one depends on the mechanical friction between the mass and the tube, whereas
the second one depends on the induction of currents in the coil, which results in a damping
force on the magnet.

The equation of motion governing the system’s dynamics is:

mx+(cvis+cem)(x7y.)+k(x*y):0 (1)
By introducing the relative coordinate z = x — y, the following expression is obtained:
mz + (Cois + Cem )2 + kz = —mjj 2)

For a linear system, the natural frequency is fixed and independent of the external
excitation; this is due to the fact that the stiffness k is a constant. The mechanical power har-
vested is at a maximum when the excitation frequency coincides with the natural frequency.

Assuming that the system is linear and the excitation is sinusoidal with a fixed fre-
quency, the power harvested in resonance conditions is

Mem Y3

Pres -
4wn(éem + gvis)z

3)

where m is the moving magnet’s mass; . and (,;s are the electromagnetic and viscous
damping factors, respectively; Yy is the amplitude of the sinusoidal input; and w;, is the
system’s natural frequency. The maximum power is obtained if the two damping factors
are equal ({em = {yis)- The maximum harvested power increases with higher external
excitation, lower resonance frequency, and lower damping factors.

If the system is linear, the power harvested decreases rapidly as the excitation fre-
quency moves away from the natural frequency.

The energy conversion depends on the interaction between the mechanical and elec-
tromagnetic subsystems. The equivalent circuit of the TEMEH is reported in Figure 4.

The coil inductance can be neglected for frequencies less than 1 kHz [24]. If a purely
resistive load is considered, the circuit equation is as follows.

V(t) = (Rioad + Reoin)i(t) 4)
The induced voltage can be computed according to Faraday-Lenz’s law:

_0¢ _ d¢poz

vit) = ot oz ot
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where K., is the electromagnetic coupling coefficient. The electromagnetic damping force
acting on the mass can be computed as

Fon = Kcmi(t) = CemZ (6)

By substituting the expression of the current from Equation (4), the electromagnetic
damping coefficient can be obtained:

2
oy = Kem @)
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i_ __________________ i Load
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Figure 4. Equivalent circuit of the TEMEH.

2.2. Frequency Tuning

In the previous section, the importance of tuning the system’s natural frequency to the
external excitation was highlighted. Since ambient vibrations are usually in the range of
1-100 Hz [4], the natural frequency of the harvester should be low, even ultra-low for many
applications, such as onboard railway systems [25]. One way to overcome this problem is
to use mechanical frequency-up converting techniques.

Frequency-up conversion is common in electromagnetic—piezoelectric hybrid EHs,
which are usually constituted by a piezoelectric cantilever beam with a magnet on the
tip [26]. The frequency-up is achieved either by motion magnification or by impact on
the cantilever beam, which, as a result, vibrates at its natural frequency. An example of a
frequency-up impact-based harvester is reported in [27]. When a low-frequency external
excitation near the resonance of the magnetic beam is applied, the magnetic oscillator
vibrates and impacts the piezoelectric beam. After the contact, the piezoelectric oscillator
vibrates with its own high resonant frequency. An impact-based harvester without a
cantilever beam is designed in [28]. The harvester is characterized by a non-magnetic ball
that acts as a low-frequency oscillator in the middle of two high-frequency oscillators. The
ball, by impacting the other two masses, couples the applied low-frequency vibration into
the high-frequency spring-mass structure.

Zhongjie Li and his research group developed, over the years [29,30], an impact-based
frequency-up conversion hybrid device to harvest energy from human motion [31]. The
device’s frame houses a set of inner coils, an array of permanent magnets suspended by
a mechanical spring, and a piezoelectric stack encompassed by a rhomboidal bridging
component, which also acts as a force-amplification mechanism. While the array of mag-
nets moves vertically under external excitation, it impacts the rod fixed on the bridging
component, which converts it into tensile or compressive force acting on the piezoelectric
stack. A major novelty is that the magnets are alternatively arranged in order to induce a
phenomenon called abrupt flux density change, which leads to a much larger electromotive
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force due to the fast variation of magnetic flux. In this way, the device is able to achieve an
impressive instantaneous peak power of 2.1 W.
Examples of frequency-up conversion harvesters are reported in Figure 5.
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Figure 5. Examples of frequency-up conversion harvesters: (a) Xu et al. [27]; (b) Halim et al. [28];
(c) Li et al. [31] Key components are numbered and labeled as: 1. Piezoelectric stack 2. Housing
3. Magnet array 4. Sliding bearings 5. Coil array 6. Primary spring.

2.3. Bandwidth Expansion

The maximum harvested power in Equation (3) is valid only when the natural fre-
quency of the system corresponds to the excitation frequency. The generated power is
much lower when the system is away from the resonance point. Since ambient vibrations
typically have several fundamental frequencies, a linear system can only convert a portion
of the input energy. As a consequence, linear resonance-based harvesters are engaged with
a problem named narrow-frequency band [12].

A review of the possible techniques to overcome this limitation and increase the
system’s bandwidth is presented in [32]. The most commonly applied to TEMEHs are:

*  Non-linear suspensions;

e  Geometrical non-linearities;

*  Non-linear Energy Sinks (NESs);
e Multi-stabilities;

¢ Multi-DOF systems.

Introducing non-linear elements allows the system to provide different responses for
different inputs. In this way, the harvesters can passively adapt themselves in new loading
conditions [12]. Non-linearities can be introduced with non-traditional suspension systems,
such as magnetic or MEMS springs, which will be discussed in detail in the next subsection.

In multi-stable systems, the moving magnet oscillates in more than one equilibrium
position on the basis of the excitation frequency and amplitude. This can be achieved by
placing additional fixed magnets on either side of the frame, as in [33].

A multi-DOF system can be designed by introducing two or more oscillating magnets,
also in different directions. This results in a Frequency Response Function (FRF) with



Energies 2025, 18, 1588

7 of 25

multiple peaks that can harvest different excitation frequencies [34]. 2DOF configurations
will be addressed in Section 4.

Non-linear Energy Sinks (NESs) were initially used as vibration absorbers because
they have better performance than linear ones. A targeted energy transfer (TET) from
the main system to the NES can be obtained due to its lack of a preferential resonance
frequency [35,36]. This can be achieved by minimizing the linear component of the stiffness.
The transferred energy can then be harvested to produce electrical power. An NES coupled
with an electromagnetic energy harvester is presented in [37,38]. A pair of permanent
magnets acts as the mass of the NES, while the non-linear spring is formed by a thin
steel beam. To minimize its linear stiffness, the beam is axially preloaded and two more
permanent magnets are fixed on the primary mass. In [39], non-linear stiffness is obtained
with two elastic springs and a couple of permanent magnets. An analytical model of the
stiffness is derived in order to define the distance between the fixed magnets and the mass
that minimizes the linear component of the stiffness. The two designs are shown in Figure 6.

(b)

Figure 6. Examples of NES: (a) Kremer et al. [37] The components labeled in the image are: (1) base
(2) primary system (3) NES; (b) Pennisi et al. [39].

2.4. Suspension Classification

The suspension of a TEMEH defines the behavior and the characteristics of the system,
particularly its stiffness. For this reason, it is a crucial element for tuning the resonance
frequency with the external excitation. There are three main types of suspension used
in TEMEHS:

*  Mechanical spring;
¢  MEMS spring;
*  Magnetic spring.

In this paper, the term spring is used to describe the element associated with the
restoring force and the stiffness characteristic of the system, which is modeled with the
parameter k in Equation (2). k is constant in linear systems, such as devices with traditional
mechanical springs, or it is a variable with respect to the relative displacement z in non-
linear systems, such as devices with MEMS or magnetic springs, as detailed below.

Traditional mechanical springs are the most common elastic element in the industry.
They have a simple structure and are suited for small devices, while also providing easy
installation. Moreover, they are quite cheap since they are widely available in the market,
and their behavior is easily predictable, even with analytical modeling. Their main lim-
itation is that the harvester’s response is linear with a single resonance frequency. The
energy conversion and efficiency are high only in resonant conditions. In the vast majority
of applications, ambient vibrations present a wide spectrum, and their energy is spread
along a certain number of fundamental frequencies. As a consequence, TEMEHs with
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traditional springs can only harvest a small fraction of the available kinetic energy due to
the limitation in their frequency bandwidth [40].

As previously discussed, a way of increasing the system’s bandwidth is adopting a non-
linear spring as the suspension. This can be obtained with MEMS springs. These are usually
characterized by particular geometric configurations, such as miniaturized cantilever beams
or micromachined planar springs that can present multi-stabilities. However, the use of
MEMS springs elevates the system’s complexity, requires higher fabrication costs and time,
and can introduce issues related to mechanical fatigue [40,41]. Moreover, the resulting
resonant frequencies are usually in the order of 100 Hz, higher than the normal range of
ambient vibrations.

A more popular solution than MEMS springs for introducing non-linearities in the
system is the design of TEMEHs with a magnetic levitation architecture. A magnetic
spring is defined as a set of two or more permanent magnets with opposite polarities. The
magnetic force acting between the magnets represents the restoring force of the system.
The magnitude of the force, hence the spring’s stiffness, depends on the geometrical
and magnetic properties of the magnets [42]. Magnetic suspensions offer a non-complex
design, low maintenance requirements, and the ability to operate autonomously with stable
performance for long periods of time [22]. Since there is no contact involved, there are no
issues related to mechanical fatigue. Moreover, since the stiffness is lower than mechanical
springs, the resonance frequencies are lower, as are the damping factors [43]. This results
in higher output power, as shown in Equation (4), and brings the resonance frequencies
closer to the ambient vibration frequencies.

The stiffness associated with a magnetic suspension is non-linear, and thus, the sys-
tem’s bandwidth is increased. The stiffness can be “hardening” or “softening”. In “harden-
ing” springs, the stiffness increases as the displacement increases, whereas in “softening”
springs, the stiffness decreases. The corresponding force-displacement curves are reported

in Figure 7.
Force f(x)
Hardening
spring A A
Linear spring
Softening
spring
A Displacement x
Softening
spring
Linear
spring Hardening
spring

Figure 7. Force-displacement curves for “hardening” and “softening” springs.

A “softening” spring is obtained with an asymmetric magnetic spring, whereas a
“hardening” one is obtained with a double-sided magnetic spring. The two different types
of magnetic springs are illustrated in Figure 8.
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Figure 8. Magnetic suspensions [44]: (a) double-sided; (b) asymmetric.

“Hardening” and “softening” behaviors result in a variation of the system’s natural
frequency with different excitation amplitudes, as shown in Figure 9.
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Figure 9. Non-linear stiffness FRFs [45]: (a) “hardening”; (b) “softening”.

For vibrational energy harvesting applications, a “softening” spring is preferred, since
with higher excitation amplitudes, the resonance frequency decreases. Moreover, the
absence of the top magnet guarantees longer strokes of the moving magnet. A “harden-
ing” effect can be observed when the excitation amplitude is particularly high and the
moving magnet hits the top of the tube, as in the case of the 2DOF TEMEH with two
asymmetric magnetic suspensions in series in [46]. The height of the tube must be properly
designed to ensure a sufficiently long magnet stroke and to prevent detuning caused by
the hardening effect.

Since the suspension types analyzed in this section all have both advantages and
disadvantages, there are solutions in the literature that feature a hybrid suspension. They
combine more than one of the aforementioned suspension types in order to exploit their
strengths and achieve a greater energy harvesting efficiency. Since the different spring
types are characterized by different ranges of stiffness, hybrid suspensions allow them to
capture energy in a wider frequency range. Moreover, they can be utilized to enhance the
non-linear behavior of the system, as described in Section 2.3 when analyzing Non-linear
Energy Sinks (NESs). However, in general, a higher volume is required to accommodate
the different springs. The architectures of devices featuring hybrid suspensions will be
discussed in detail in Section 3.4.
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3. 1IDOF TEMEHSs

In this section, different 1IDOF TEMEHSs from the literature with the suspension
types described in Section 2.4 are reported, highlighting their main features and output
parameters. In this paper, all TEMEHs that present a single resonance peak for output
voltage/power are regarded as 1IDOF TEMEHs.

3.1. Mechanical Spring

The harvester designed by Halim et al. [28], as described in Section 2.2 and shown in
Figure 5b, utilizes a frequency-up conversion mechanism to transform the low-frequency
(2-6 Hz) input from human motion into a high-frequency (about 50 Hz) oscillation of the
two magnets. These magnets are fixed to the frame with mechanical helical springs. When
the non-magnetic ball hits one of the two magnets, the magnet experiences a high-frequency
motion with exponential decay that induces an electromotive force in the corresponding
coil. The two coils are then connected in series to maximize the electrical output. Each
magnet is modeled as a 1IDOF system and is simulated on MATLAB and experimentally
tested with a shaker and by hand motion. The mean power obtained from a hand-shaking
excitation of 2.06 g at 5.17 Hz is 2.15 mW. The harvester’s overall volume is 6.47 cm?,
resulting in a Normalized Power Density (NPD) of 78.47 uWem 3g—2.

Costanzo et al. [47] designed a TEMEH with a helical spring and a double coil structure.
Compared to the traditional architecture, which uses a moving magnet and a single fixed
coil, an additional coil is added and electromagnetically coupled with the magnet. The
second coil is in relative motion with respect to both the magnet and the fixed coil. The
objective is to compare the double coil configuration to a standard single coil one. The result
is that power is more than tripled when the system is far away from resonance conditions.
At 80% of the resonance frequency (98.5 Hz) the harvester generates 7.22 mW with 2 g
amplitude of excitation. The overall volume is not stated, so the NPD cannot be computed.

Ordoriez et al. [48] designed a high-performance TEMEH with a “Magnet in-line coil”
structure, shown in Figure 10b. The moving mass is composed of three ring magnets
arranged in a cylindrical Halbach array configuration. Cylindrical Halbach arrays consist
of magnets polarized axially and radially in an alternating way in order to enhance the
magnetic flux in the interior part [49]. A single cylindrical coil is placed inside the array.
This configuration helps minimize the device’s volume. The magnet array is connected
to the structure with two helical springs. The prototype was optimized through FEM
software numerical analysis to maximize the peak power. The final configuration presents
a volume of 137.9 cm®. Under external excitation of 0.03 g at resonance frequency 61.7 Hz,
the device is able to produce an open-circuit RMS AC voltage of 6.65 V and an output
power of 3.61 mW, achieving an impressive NPD of 29.08 chm_3g_2. Its main limitation
is that, since the stiffness of the helical springs is linear, the system has a narrow bandwidth,
causing the output power to rapidly decrease away from the resonance.

Inspired by the work of Ordofiez et al. [50], Phan et al. [51] investigated four different
configurations of TEMEHs with cylindrical Halbach arrays. These configurations feature
varying numbers of coils and magnets, as well as different magnet arrangements. A fully
automatic optimization procedure is implemented to maximize the power output of each
configuration. The calculation of the power output is articulated in two steps: first the
evaluation of the electromagnetic coupling factor and then the solution of the differential
equations for the mechanical and electrical subsystems. The first step is achieved with the
FEM software Ansys Maxwell, while the second is performed in MATLAB/Simulink. The
input parameters for the optimization are provided to a Python script, which manages the
co-simulation between the two software programs in order to automate the process. The
configuration with three magnets and one coil proved to be the best one, as all the other
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configurations converged to it during the optimization process. At 55 Hz with an external
excitation of 0.2 g, an output power of 28.3 mW was obtained. The total volume of the
device is 30 cm® and its NPD is 23.6 mWcem 3g 2.

Li et al. [52] studied multiple configurations of a TEMEH with an array of rectangular
magnets and an array of coils. The magnets are arranged in alternating polarity and are
fixed to the structure with two helical springs. Keeping the overall volume of the device
fixed at 34.8 cm?, the number of magnets and coils was varied from 3 to 12. The optimal
configuration was obtained when the number was set to 6. The harvester generates a
power output of 3.71 mW at the resonance frequency of 41.2 Hz with an amplitude of
1 g, achieving an NPD of 106.68 uWem~3g~2. However, the peak open-circuit voltage is
only about 650 mV, a small value that complicates the integration with commonly used
energy-harvesting power management integrated circuits (PMICs).

Shen et al. [53] designed a micro-TEMEH with a volume of only 1.6 cm®. The moving
mass is represented by a coil and its holder, which are attached to the vibration source via a
mechanical helical spring. Two magnets of the same polarity, facing each other, are fixed
inside an iron frame to enhance the magnetic flux linkage. When excited at the resonance
frequency of 10.1 Hz with an amplitude of 0.52 g, the harvester produces an RMS AC power
of 0.72 mW, achieving a remarkable NPD of 1.66 mWcm 3g~2. However, the RMS AC
voltage in resonance conditions is about 70 mW, a value that implies compatibility issues
with the PMIC.

The structures of the presented TEMEHSs using mechanical springs are reported in
Figure 10.

‘@ — Second Coil
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Y, 4 Bobbin aray  Holder

@) (b)
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Proof mass

End washer
Carbon steel
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Figure 10. TEMEHs with mechanical springs: (a) Costanzo et al. [47]; (b) Ordofiez et al. [48];
(c) Li et al. [52]; (d) Shen et al. [53].

End washer

3.2. MEMS Spring

The introduction of MEMS springs with non-linear behavior can help overcome the
narrow-bandwidth limitation of harvesters with mechanical springs.
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Lei et al. [54] designed a micro TEMEH with a MEMS planar copper spring, manufac-
tured using laser cutting. An S-type folded beam structure was adopted to achieve a lower
resonance frequency. The total size of the spring is 9 x 9 mm?. At its center, a rectangular
permanent magnet is fixed, which moves relative to a wire-wound coil under external
excitation. The spring was studied with FEM in Ansys to properly tune the resonance
frequency. The overall volume of the device is 1.8 cm? and the weight of the magnet is
0.42 g. The maximum output power is 205 uW at the resonance frequency of 124 Hz with
an excitation amplitude of 0.5 g, achieving an NPD of 0.47 mWcm 3g 2.

Roy et al. [55] proposed a Duffing oscillator-based non-linear TEMEH with cubic
stiffness. The non-linear behavior is achieved using a laser-micromachined MEMS spring,
fabricated on a 300 um thick FR4 substrate. Two repulsive NdFeB magnets are placed on
the substrate with two soft magnetic iron blocks fixed on their outer sides to concentrate the
magnetic flux onto the coil. Two prototypes are produced in order to test monostable and
bistable configurations. Bistability is achieved by introducing a repulsive magnetic force at
the tip of the beam. In the monostable configuration, there is only one equilibrium position,
whereas in the bistable one, there are two potential wells separated by a potential barrier,
providing two equilibrium positions. An FEM analysis in COMSOL multiphysics showed
that the linear stiffness of the bistable configuration is lower, resulting in a lower resonance
frequency and an overall shift in the frequency response toward the low-frequency region.
The bistable configuration generates a lower power output due to a strong bistable force,
which introduces additional damping. The monostable configuration produces 1.18 mW
under external excitation of 1 g at a resonance frequency of 63.7 Hz, whereas the bistable
one generates 0.72 mW under 1 g at a 39 Hz resonant excitation. The volume of the device
is non-explicitly stated, but it is computed from the reported power density values. A
volume of 5.9 cm? is obtained for both configurations. The NPDs are, respectively, 0.20 and
0.12 mWem 3g =2,

Wang et al. [56] developed a fully integrated MEMS TEMEH that features a highly
efficient solenoid with a soft magnetic circuit to enhance the power density. The solenoid is
produced by surface microfabrication technology, achieving 300 wire turns. The moving
mass consists of a magnetic pair suspended by four clamped-guided springs, which demon-
strate a non-linear “hardening” behavior for wideband energy collection. The presence
of the Ni-based soft magnetic circuit increases the flux density inside the microsolenoid,
resulting in a higher electromechanical coupling. An output voltage three times larger is
obtained compared to an air-cored structure with the same number of turns. The overall
size is just 0.045 cm3. At a resonance frequency of 138 Hz, under external excitation of 1 g,
the harvester generates 0.265 mW, achieving an impressive NPD of 5.89 mWem 3g 2.

Nicolini et al. [57] designed a TEMEH with two stacked orthoplanar springs produced
by additive manufacturing. The springs are fixed to a circular rigid frame, which also
contains the coil. The moving mass is represented by an array of annular NdFeB magnets
mounted on a vertical center pivot, which is fixed to the two springs. The unique geometry
of the springs, shown in Figure 11b, results in high compliance and a compact radial size.
The total volume of the device is 173 cm®. An FEM analysis was conducted to compute
the springs” maximum displacement and the stresses during the oscillation. Fast Fourier
Transform (FFT) analysis revealed two peaks at 15 and 30 Hz, highlighting the extended
bandwidth due to the springs’ non-linearities. The device generates 5 mW at 15.1 Hz under
an excitation amplitude of 0.37 g, reaching an NPD of 0.21 mWcm 3g~2.

The structures of the presented TEMEHs using MEMS springs are reported in
Figure 11.
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(b)
Figure 11. TEMEHSs with MEMS springs: (a) Lei et al. [54]; (b) Nicolini et al. [57].

3.3. Magnetic Spring

Magnetic springs also produce non-linear behavior in the harvester. However, unlike
MEMS ones, they do not experience issues related to mechanical fatigue and their design
and characterization is simpler. The main challenge is limiting the overall volume of the
device while preserving sufficient output power.

Lo Monaco et al. [58,59] developed a 1IDOF TEMEH with an asymmetric magnetic
spring. This device is the result of an extensive design and optimization process carried
out by Aurelio Soma’s research group at Politecnico di Torino, starting from the harvester
described in [44]. The research group also holds some patents in the energy harvesting
field [60,61]. The moving magnet oscillates inside a tube with an internal guide, which
is necessary to counteract radial force contributions that tilt the moving magnet and
generate unwanted additional motions. The harvester is modeled as a mass-spring-damper
system. Design optimization was carried out using the FEM software Ansys Maxwell to
properly identify the harvester’s key parameters, such as stiffness and damping. The
dynamic behavior was then simulated in MATLAB/Simulink. Detailed modeling allowed
the authors to investigate the influence of design parameters on output power. A new
optimized harvester was designed, and experimental tests were performed on a prototype,
as detailed in Lo Monaco’s PhD thesis [62]. The experimental FRFs show a non-linear
“softening” behavior, typical of asymmetric magnetic springs. The maximum output
power in resonance conditions (4 Hz) with an excitation amplitude of 0.5 g is 39 mW. The
harvester’s volume is 61.5 cm?, and the resulting NPD is 2.54 mWcm 3g 2.

Nico et al. [63] designed a C-battery-scale velocity-amplified TEMEH with two sets of
magnetic suspensions. The velocity increase is achieved through the impact of a secondary
lighter mass oscillating inside the primary mass. This resulted in an increase in the output
electrical parameters, as shown in Equation (5). The primary mass consists of seven coils
and oscillates within a double-sided magnetic suspension. The secondary mass is made up
of a Halbach stack of five magnets and is suspended by a weaker magnetic spring inside the
primary mass. Through COMSOL simulations, the influence of the cap height is analyzed.
A larger cap height allows the primary mass to move more freely with less effect of the
magnetic forces, resulting in a lower natural frequency. Additionally, the impact of the coil
turns on the device’s volume and power output is investigated. Experimental tests were
performed on a prototype. Under an external excitation of 0.4 g, at the resonance frequency
of 11.5 Hz, the device generates 2.06 mW. The overall volume is 8.12 cm?, resulting in an
NPD of 1.59 mWem 3g 2.

Royo-Silvestre et al. [64] designed a TEMEH with an asymmetric magnetic spring
for ultra-low-frequency applications (<2 Hz). Both magnets present a block shape, but
the fixed one is 10 times larger to achieve a very low resonance frequency. However, this
results in a very high equilibrium position for the moving magnet, which requires a long
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tube for oscillation (272 mm) and leads to a large volume (938 cm?). At the resonance
frequency of 1.7 Hz, with an excitation amplitude of 0.5 g, the harvester generates a
1.33 RMS AC open-circuit voltage and an RMS AC power of 4.38 mW. The resulting NPD
is just 18.7 ptWem~3g~2, due to the high volume.

Salauddin et al. [65] developed a low-frequency TEMEH with a dual Halbach array of
rectangular magnets. The suspension system consists of a double-sided magnetic spring,
with two magnets placed on the moving mass and two more fixed on the frame. Three
coils connected in series are placed between the two arrays. The double Halbach array
allows to the maximization of the flux linkage with the coils. The prototype was optimized
using FEM analysis to evaluate the magnetic field and select the coils” parameters. As
already discussed in Section 2.4, the double-sided magnetic spring results in a “hardening”
non-linear stiffness, which increases linear resonance frequencies under larger excitation
amplitudes. The harvester generates a RMS power of 1.1 mW at a resonance frequency of
11 Hz and under an external excitation of 0.5 g. Since the overall volume is 32.76 cm?, the
resulting NPD is 0.13 mWcm 3g 2.

Su et al. [66] proposed a TEMEH with a unique asymmetric magnetic spring. While
most magnetic springs feature a repulsive magnet fixed to the bottom of the frame, as
shown in Figure 8b, this device is characterized by a magnet fixed on the top of the frame,
which exerts an attractive force on the moving magnet. Two pyrolytic graphite sheets also
exert a diamagnetic force on the magnet. A coil is electroplated onto each graphite sheet for
electromotive force induction due to the magnet’s oscillation. The forces resulting from the
magnetic interaction are computed using the FEM software COMSOL and experimentally
validated. Under external excitation at a resonance frequency of 5 Hz and a displacement
amplitude of 0.8 mm, the harvester generates an output voltage of 1.64 mW and an output
power of 0.076 uW for a single coil with 80 turns. Since the device’s volume is not known,
the NPD cannot be computed.

The structures of the presented TEMEHSs using magnetic springs are reported in
Figure 12.

3.4. Hybrid Suspensions

Hybrid solutions featuring more than one suspension type have also been studied in
the literature.

Costantinou et al. [67] developed a 3D-printed TEMEH that exploits in-plane motions.
It features a MEMS spring constituted by two ABS beams. The MEMS spring is a leaf
isosceles trapezoidal flexural (LITF) pivot, a type of complex flexure suited for in-plane
motion. The LITF topology restricts out-of-plane modes to higher frequencies, allowing
for the exploitation of in-plane motions. Additionally, it can be fabricated monolithically,
making 3D printing an ideal manufacturing process. A support platform is attached to
the tip of the spring, on which two permanent magnets are fixed. Two opposing magnets
are placed on the frame to add a magnetic contribution to the restoring force. In this way,
the suspension’s stiffness has a linear component related to the mechanical stiffness of
the pivot and a non-linear component related to the magnetic interaction. Between the
two pairs of magnets, two coils are placed and fixed to the frame. The system is modeled
using the FEM software COMSOL to derive the non-linear stiffness and the electromagnetic
coupling coefficient. A “softening” effect is observed, along with an increased bandwidth
around the resonance frequency of 147 Hz. At resonance, under an external excitation
of 1 g, the device generates 2.9 mW. Since the volume is only 6 cm® thanks to the MEMS
spring miniaturization, the resulting NPD is 0.48 mWem 3 gfz.
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Figure 12. TEMEHs with magnetic springs: (a) Lo Monaco et al. [59]; (b) Nico et al. [63]; (¢) Salauddin
et al. [65]; (d) Su et al. [66].

Aldawood et al. [68] designed a uniquely enhanced, magnetic-spring-based TEMEH
and compared it to a traditional one with the same size, dimensions, coil turns, and magnets.
Both devices feature a double-sided magnetic spring and a moving mass consisting of a
levitating magnet. However, in the new design, the top magnet of the suspension is fixed
to an FR4 planar spring, allowing an additional degree of freedom. Moreover, an extra coil
is placed on the upper part of the frame in order to harvest energy from the motion of the
top magnet. The total volume of the device is 222 cm3. An analytical model and an FEM
model in COMSOL were developed to derive the non-linear restoring force on both the
middle and the top magnets, as well as the output voltage of the harvester. Experimental
tests were conducted on a series of prototypes and a good agreement between numerical
and experimental results was revealed. The Frequency Response Function (FRF) showed
a “hardening” effect due to the double-sided magnetic spring, shifting the resonance
peak toward higher frequencies. Moreover, the non-linear behavior increases the system’s
bandwidth with growing external excitations. The superiority of the new design over the
traditional one is evident. This is likely due to the freeing of the top magnet, which allows
the middle magnet to move with higher speeds and fewer constraints, since the additional
coil’s power output is low. With a 0.4 g base excitation at 9 Hz, the traditional harvester
achieved an NPD of 0.5 mWem 3g~2, whereas the new design with the same excitation
amplitude at its resonance frequency of 11 Hz achieved a solid NPD of 1.97 mWem 3g 2.

Fan et al. [69] developed a TEMEH characterized by a double-sided attractive magnetic
spring. Two magnets are fixed at the two ends of a tube, with their polarity arranged to
exert an attractive force on both sides of the center magnet. If the gap between the magnets
is too small, they will snap together, causing the harvester to stop working. For this reason,
two mechanical springs are employed to support the center magnet. Additionally, a pair of
stoppers is placed between the magnets to limit the central magnet’s movement to a range
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where the elastic force is greater than the magnetic force. The magnetic suspension exhibits
a non-linear “softening” behavior, allowing the device to capture ultra-low frequencies
at high excitation amplitudes. Under an external excitation of 0.8 g at the harvester’s
resonance frequency of 9 Hz, the generated output power is 1.15 mW. The device’s volume
is only 12 cm3, and its NPD is 0.15 mWem ~3g 2

The structures of the presented TEMEHs with hybrid suspensions are reported in

Figure 13.
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Figure 13. TEMEHs with hybrid configurations: (a) Costantinou et al. [67]; (b) Aldawood et al. [68]
On the left is the traditional design, while on the right is the enhanced one; (c) Fan et al. [69].

4. 2DOF TEMEHSs

As previously stated in Section 2.3, adopting a TEMEH with a multi-DOF configuration
is one of the main strategies to increase the system’s bandwidth. A multi-DOF system
presents multiple peaks at different frequencies, allowing it to harvest more energy from
the environment.

A popular solution is to adopt a 2DOF configuration. It is particularly beneficial
when the system operates under two different conditions, each associated with distinct
excitations and fundamental frequencies. This is the case in onboard railway monitoring
applications, where the fundamental vibration frequencies change depending on whether
the body is loaded or in tare conditions. Unlike 1IDOF TEMEHs, 2DOF configurations
exhibit two distinct resonance peaks for output voltage/power. In this section, different
2DOF TEMEH:s from the literature are reported.

4.1. Mechanical Spring

Ung et al. [70] developed a 2DOF TEMEH to harvest energy from freight car vibrations
in load/tare conditions. The first mass consists of four permanent magnets separated
by mild steel spacers and a magnetic shield to prevent the surrounding materials from
affecting the motion. The second mass is made up of three separate coils wrapped around
a polycarbonate spool. Two mechanical springs form the suspension system. The two
resonance frequencies are tuned to acceleration Power Spectral Density (PSD) values
obtained from experimental measurements of vertical vibrations in freight cars, both in
loaded and unloaded conditions. Under a sinusoidal excitation of 0.5 g amplitude, the
device is able to generate an output power of 350 mW at the dominant frequency (6.0 Hz)
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in the loaded condition and 230 mW at the dominant frequency (14.6 Hz) in the unloaded
condition. The device’s volume is not explicitly stated, so it was estimated to be around
600 cm® based on the magnet data. The resulting NPD is 2.33 mWem 3g 2.

Feng et al. [34] propose a dual-resonance TEMEH aimed at overcoming the main
limitation of conventional dual-resonance harvesters: the significant separation between
the two resonance peaks. This results in a low harvested power between them. For
this reason, the authors designed a TEMEH with dual uncoupled resonance frequencies,
featuring two planar springs and two oscillating masses. The springs consist of multiple
serpentine sectors, allowing for lower stiffness and reduced occupied area and are attached
to the frame. The first mass is a permanent magnet, while the second one is a non-magnetic
copper mass. The device increases the useful bandwidth by more than twice compared to
an equivalent single-resonance harvester. At the first natural frequency of 58 Hz, under
an external excitation of 0.27 g, the harvester generates 10.9 mW. The device’s volume is
53.9 cm® and the resulting NPD is 2.77 mWem 3g 2.

4.2. MEMS Spring

Masood Ahmad et al. [71] designed a 2DOF TEMEH with a conventional cantilever
beam configuration for low-frequency applications. It comprises two distinct beams, each
with a magnet at one end. The first beam is split into two halves in order to allow the
oscillation of the second beam between them. This reduces the system’s volume without
shortening the beam length, which would increase the system’s natural frequencies. The
first beam is attached to an adjustable L-shaped frame, which also carries two adjustable
coil holders. This design allows it to obtain the desired gap fit between the magnet and the
coil holder’s base. The harvester has two distinct resonant frequencies, which depend on
the first modes of the two beams. The authors developed an analytical model to study the
dynamic behavior and a COMSOL model to identify the system’s modes. Experimental
tests were conducted to determine the power generated by the harvester. Under an external
excitation of 0.09 g acceleration and at the first resonance of 4.4 Hz, the two coils generated
2.34 mW and 0.17 mW, respectively, leading to a total of 2.51 mW. At the second resonance
frequency of 5.5 Hz, with the same excitation amplitude, the coils generated 0.9 mW and
9.8 mW, respectively, leading to a total of 10.7 mW. Since the overall volume was 333 cm?,
the NPD at the second resonance frequency was 3.97 mWem 3g 2.

Tao et al. [72] developed a 2DOF TEMEH with two different MEMS springs and
two masses to increase the system’s bandwidth. The primary mass, which also acts as
the coil, is suspended by three sets of spiral-beam springs, whereas the accessory mass is
suspended by an inner circular spring. The accessory mass is used to tune the system’s
natural frequencies. All the masses and springs are micromachined to achieve an overall
volume of just 0.29 cm?. A cylindrical magnet is bonded to an acrylic plate and placed above
the center of the device. The system presents non-linear behavior and two distinct resonance
peaks at 326 and 391 Hz. It produces a power of 0.96 nW under an external excitation of
1.2 m/s? at the second resonance frequency. The resulting NPD is 0.22 pWem 3g 2.

4.3. Magnetic Spring

Lo Monaco et al. [46,73] designed a 2DOF TEMEH that features two magnetic suspen-
sions in series with an asymmetric configuration. A magnet is fixed to the bottom of the
frame, and two more magnets serve as the moving masses. An analytical 2DOF model is
developed to determine the system’s equations and then also a numerical one on Ansys
Maxwell. The numerical model is used to compute the forces acting between the magnets
and the electromagnetic coupling coefficient. Ten coils are placed on the frame to identify
the optimal number of coils and the positions that guarantee the highest power output.
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polycarbonate:

Simulations show that the first mass oscillates around the high-induction zone near coil
three, while the second mass oscillates around the high-induction zone near coil ten. These
two coils are selected and then connected in series to sum their contributions. The dynamic
behavior is simulated in MATLAB/Simulink, and the results are compared to experimen-
tal tests conducted on a prototype. The comparison shows a strong agreement between
experimental and numerical FRFs. The first resonance frequency is related to the upper
moving magnet, while the second is related to the lower moving magnet, which is subjected
to a “hardening” effect from the interaction with the upper moving magnet. At the first
resonance frequency of 3.4 Hz, under an external excitation of 0.4 g, the harvester generates
8.25 mW. Since the device’s volume is 226 cm?, the resulting NPD is 0.23 mWcm 3g 2.

Fan et al. [74] proposed a non-linear 2DOF TEMEH with two double-sided magnetic
suspensions to capture ultra-low-frequency excitations. The device is created by encapsu-
lating in a cylindrical housing a 1DOF TEMEH with a double-sided magnetic spring and a
single coil. At both ends of the tube, two additional permanent magnets are placed and two
more coils are added to exploit the additional relative motions of the 2DOF configuration.
The objective is to compare the 2DOF harvester with the original 1DOF version. The 2DOF
harvester demonstrates a 152% wider bandwidth and a higher power output. Under an
external excitation of 0.5 g, it generates 2.58 mW at the first resonance frequency of 7.5 Hz
and 1.09 mW at the second resonance frequency of 18.5 Hz. The peak power of 2.58 mW is
significantly greater than the 1.86 mW produced by the 1DOF configuration. The device’s
volume is 26.3 cm?, and the resulting NPD is 0.39 mWcm 3g~2.

The structures of the presented 2DOF TEMEHs are reported in Figure 14.
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5. Discussion

This section provides a final comparison between the TEMEHs analyzed in the paper.
A summary of the main parameters (suspension type, volume, resonance frequency, excita-
tion amplitude and AC RMS power) is reported in Tables 2 and 3 for the 1DOF and 2DOF
TEMEHS, respectively.

The performance comparison of the harvesters is based on two indexes: Normalized
Power Density (NPD) and Volumetric Figure of Merit (FoMv). NPD is defined as the ratio
of the output RMS AC power (mW) to the device volume (cm?) multiplied by the squared
acceleration amplitude (g?) [75]:

Vol Acc ( )

FoMyv is defined as the ratio of the real output RMS AC power to the ideal power
generated by an “equivalent device of cubic geometry, having the same total package
volume but with a proof mass, with the density of gold, occupying half this volume, and
space for displacement occupying the other half” [76]. This index is used to compare the
performance of different harvester configurations based on their overall size. The resulting
expression is

P
FoMv = ACRMS 9)
%wnpau Vol3 Acc

Since the resonance frequency wy, is at the denominator, the index is higher for lower
frequencies. In this way, devices that focus on low-frequency harvesting are highlighted.

Table 2. Comparison between 1DOF TEMEHs.

Reference Spring V((Zlnti?;e Freg;lze)n Y Acce};ation I:::’x; NPD (mWem—3g~=2)  FoMv (%)
[28] Mechanical 6.47 5.17 2.06 2.15 0.078 2.25
[47] Mechanical - 78.8 2.00 7.22 - -
[48] Mechanical 137.9 61.7 0.03 3.61 29.1 0.37
[51] Mechanical 30 55 0.2 28.3 23.6 3.71
[52] Mechanical 34.8 41.2 1 3.71 0.107 0.11
[53] Mechanical 1.6 10.1 0.52 0.72 1.66 9.84
[54] MEMS 1.8 124 0.5 0.21 0.47 0.21
[55] MEMS 591 63.7 1 1.18 0.20 0.23
[56] MEMS 0.045 138 1 0.265 5.89 16.12
[57] MEMS 173 15.1 0.37 5.0 0.21 0.12
[59] Magnetic 61.5 4 0.5 39.0 2.54 10.8
[63] Magnetic 8.12 11.5 0.4 2.06 1.59 3.70
[64] Magnetic 938 1 17 0.5 4.38 0.019 0.075
[65] Magnetic 32.76 11 0.5 11 0.13 0.26
[66] Magnetic - 5 0.08 7.6 x 107° - -
[67] Hybrid 2 6 147 1 29 0.48 0.24
[68] Hybrid 3 222 11 0.4 70.0 1.97 1.59
[69] Hybrid 3 12 9 0.8 1.15 0.15 0.78

! Volume is not explicitly stated but is computed from power density values or estimated through known
dimensions. 2 MEMS-Magnetic. 3 Mechanical-Magnetic.
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Some general considerations regarding 1DOF TEMEHs in relation to their suspension
type can be derived from Table 2.

Mechanical spring TEMEHSs can produce a high output power and present relatively
good NPDs and FoMv. In some cases [48,51], the NPD is exceptionally high. However,
since the harvester exhibits linear behavior due to the mechanical suspension, the output
power quickly decreases away from resonance, resulting in a narrow bandwidth that is not
well suited for harvesting ambient vibrations. Moreover, since the spring’s stiffness is high,
the resonance frequency is high and not compatible with the normal frequency range of
ambient vibrations. An exception is represented by [53], in which the implementation of a
low-stiffness spring is allowed to reduce the system’s natural frequency. This, along with
the low volume, allowed the authors to achieve a very high FoMv, which indicates a good
conversion efficiency at low frequencies. These considerations regarding mechanical spring
harvesters show that, when evaluating performance, the NPD value should be critically
analyzed and correlated with other factors, particularly bandwidth and natural frequency.

In MEMS spring TEMEHS, the harvester’s bandwidth is extended compared to me-
chanical spring ones due to the geometric non-linearities of the suspension system. They are
highly suitable for volume miniaturization and micro-harvesting applications. However,
output voltage and power are low due to the limitation in the MEMS scale [54]. Moreover,
they exhibit high natural frequencies. This results in relatively low NPDs and FoMv. The
only exception is [56], in which the presence of a soft magnetic circuit and a microsolenoid
as the coil highly improves the electromechanical coupling. In this way, this harvester
achieves an impressive FoMv of 16.12%, the highest among the analyzed devices. However,
a natural frequency of 138 Hz is quite high for harvesting ambient vibrations.

Magnetic spring TEMEHs allow them to obtain a very low natural frequency due to the
low stiffness of the magnetic suspension. Their non-linear behavior increases the system'’s
bandwidth showing “softening” or “hardening” effects. They exhibit high NPDs and FoMv
because of their ability to produce a considerable amount of power at low frequencies.
Ultra-low resonance frequencies can be achieved, as in [64]. However, the longer magnet’s
strokes required cause an inevitable increase in the overall volume, reducing the harvester’s
NPD. The challenge of miniaturization can be surpassed through smart configurations and
an accurate analysis of the key design parameters. In [59], the advantages of an asymmetric
magnetic suspension are fully exploited to achieve an ultra-low resonance frequency with
a high power output while maintaining a relatively low volume. This results in a very high
NPD and FoMv. An incredibly compact design that achieves high values of NPD and FoMv
is the one in [63] due to its innovative architecture and its velocity amplification mechanism.

Hybrid configurations were also discussed in the paper. When the main suspension
component is a MEMS spring, the issue of the high resonance frequency is still relevant, as
in [67]. The greatest results were obtained with a hybrid mechanical-magnetic suspension.
The insertion of a mechanical component in a traditional magnetic suspension can be
particularly beneficial, as in [68], where a fixed magnet is freed and the motion of the
main oscillator is improved. This allows it to achieve the maximum power output out
of the analyzed 1DOF devices. However, it also causes an inevitable increase in the
overall volume.

The same considerations on the suspension types are also generally valid for 2DOF
TEMEHs. The main parameters of the 2DOF TEMEHs are listed in Table 3.

With regard to mechanical springs, two harvesters [70,71] are able to achieve low
resonance frequencies at the cost of a higher volume. The device in [70] is able to produce
the highest output power out of all the analyzed devices. However, its NPD is lower due
to its high volume. Ultra-low resonance frequencies are achieved in [71] with a smaller
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volume, resulting in a greater NPD. The presence of two resonance peaks greatly increases
the bandwidth with respect to 1DOF mechanical spring TEMEHS.

Table 3. Comparison between 2DOF TEMEHs.

Reference Spring V((Zlnli?;e Freg_;lze)n Y Accez;ation Power (mW) NPD (mWem—3g~2)  FoMv (%)
[70] Mechanical 6003 6.0,14.6 0.5 3501 2.33 3.10
[34] Mechanical 53.9 58, 74.5 0.27 1091 2.77 0.46
[71] Mechanical 333 44,55 0.09 10.7 2 3.97 1.26
[72] MEMS 0.29 326, 391 0.12 0.96 x 10762 22x 1074 1.4 x 1075
[46] Magnetic 226 34,67 0.4 8.251 0.23 0.59
[74] Magnetic 26.3 7.5,18.5 0.5 2581 0.39 1.18

1 At the first resonance frequency. 2 At the second resonance frequency. 3 Volume is not explicitly stated but is
estimated based on magnet data.

Magnetic suspension 2DOF TEMEHs are able to combine the benefits of the non-
linear stiffness and the multi-DOF configuration to achieve a wide bandwidth. However,
the degree of complexity increases, and modeling the non-linear behavior becomes more
challenging with respect to 1DOF solutions. Moreover, a higher overall volume is required.

In [46], a direct comparison between a 1DOF and a 2DOF solution with the same
architecture is contained. The presence of two asymmetric magnetic suspensions in series
in the 2DOF configuration significantly increases the height of the tube, as the upper
moving magnet needs a large stroke to generate considerable power. The peak power of
the 2DOF device is 13% smaller, but the bandwidth is increased by 11%. This leads to an
NPD of 0.23 mWem —3g~2 compared to the 2.54 mWcem—2g~2 of the 1DOF design.

The same comparison is performed in [74]. In this case, the 2DOF TEMEH significantly
outperforms the 1DOF configuration, with a 152% wider bandwidth and a 39% increase in
peak power.

By comparing Tables 2 and 3, some general considerations on 1DOF and 2DOF designs
can be made. 2DOF designs present lower values of NPDs and FoMv, mainly due to
the higher volume needed to accommodate the two moving masses. Since the NPD is
computed under an external sinusoidal excitation at resonance, the two tables do not
take into consideration the bandwidth, which is higher in 2DOF devices. The effect
of the extended bandwidth would be more evident if the harvesters were tested under
real excitations coming from ambient vibrations, which present multiple fundamental
frequencies. Moreover, the fact that the 2DOF designs were optimized to harvest energy in
two different working conditions of the machine or the vehicle is not highlighted.

6. Conclusions

The aim of this paper is to review TEMEHSs from the literature developed in the
last few years. After briefly describing the working principle and the basic equations,
frequency tuning methodologies are analyzed, such as frequency-up conversion. The
most common methods for expanding the system’s bandwidth are also described, with a
particular emphasis on the implementation of Non-linear Energy Sinks.

An original aspect of the paper is that a classification based on the suspension type is
carried out to investigate the most suitable option for low-frequency harvesting. Magnetic
springs provide a simple and reliable structure that eliminates the durability issues asso-
ciated with MEMS springs. They also overcome the two main limitations of mechanical
springs, high natural frequencies and narrow bandwidth, thanks to their lower stiffness
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and non-linear behavior. This makes TEMEHs with magnetic levitation architectures the
most suitable for low-frequency vibration harvesting.

The main challenge is miniaturization because of the long strokes required to have
low enough frequencies. Smart designs allow the minimization of the volume while still
producing a good output power, resulting in high power densities. However, further
research is required to produce small devices that can supply enough energy in a wide
frequency range.

Another original aspect of this paper is a comparison between 1DOF and 2DOF
TEMEHs designs. 2DOF TEMEHSs present the ability to extend the system’s bandwidth.
However, the peak power can decrease with respect to the corresponding 1DOF alternative
due to the added damping of the second magnet. Moreover, the 2DOF configurations
require a higher volume. Further research is needed to fully comprehend the advantages
and disadvantages of multi-DOF configurations.

TEMEHSs show great promise for powering Autonomous Internet of Things (AloT)
devices that require minimum maintenance and can be installed in hard-to-reach areas.
With further developments, they could become a viable and greener alternative to batteries
in many applications.
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