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A B S T R A C T

This paper considers an electromagnetic energy harvester consisting of a tube with two fixed
magnets and two coils and containing a floating free-to-move dumbbell structure with two
magnets. The dumbbell shape has a number of benefits, including an increased changing
magnetic flux, a controllable resonance frequency and reduced friction. We experimentally
characterize the power produced by the harvester between 4 Hz and 20 Hz in steps of 0.5
Hz for a fixed excitation amplitude of 3 mm. The frequency is swept in both ascending and
descending order. The maximum power produced by the harvester is 1.04 mW which occurs
at 8.5 Hz in descending frequency sweep where the maximum acceleration of the harvester is
0.87 g. The power density of the harvester is 50 μW/cm3 and the power per unit mass is 32
μW/g. The dumbbell harvester shows a softening resonator response with hysteresis between
ascending and descending frequency sweeps. Furthermore, the harvester has two resonance
peaks in power as a function of the drive frequency, with the peaks being of almost equal
magnitude. Finally, a Fourier analysis shows the two resonance peaks have different harmonics,
with the first resonance peak being characterized by higher-order harmonics whereas the second
resonance peak is characterized by a response at the excitation frequency.

. Introduction

Powering sensors, wearable and Internet-of-Things (IoT) devices will require a tremendous amount of energy in the near
uture [1–3]. Currently, these devices are powered by batteries, but this is far from an ideal situation, as batteries have to be
hanged every couple of years which, given the number of IoT-devices projected in the near future, will be a monumental task.
urthermore, battery production can pollute the environment.

In recent years, energy harvesting directly from the environment has been considered to be a promising power source for sensors
nd IoT-devices. Numerous harvesting techniques exists, adapted to different environmental sources. The most abundant of these
mbient sources of energy is vibrations, which are present in both indoor and outdoor environments, and available throughout the
ay.

There are two primary ways of converting vibrational energy into electrical energy, i.e. using either the piezoelectric effect or
lectromagnetic energy conversion. This paper considers a specific case of the latter. In an electromagnetic harvester (EMVEH), a
ermanent magnet is displaced relative to one or more coils, thereby inducing a voltage across the coil(s) according to Faraday’s law.
he archetypical EMVEH [4] consists of two fixed magnets placed at either end of a tube with a free magnet inside the tube between
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Fig. 1. The dumbbell harvester is shown as a technical drawing (left), schematic illustration (middle), and an actual photo of the harvester (right). The polarity
of the magnets is indicated by the red/green color. On the right, the dumbbell is partly obscured by the coils. The dimensions of the harvester can be found in
Table 1. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

these. The free magnet has an opposite polarity compared to the fixed magnets, causing this to be repelled by both fixed magnets,
making it float inside the tube. Surrounding the tube at selected positions are one or more coils, through which the floating magnet
will then pass when the EMVEH is vibrated. Two-dimensional versions of EMVEHs, which has a more easily tuneable bandwidth
and can harvest vibrations in two dimensions also exist [5–7]. The typical applications for EMVEHs are energy extraction from
human motion to power sensors [8–15], but other niche applications, such as EMVEHs for ocean wave energy harvesting, have also
been demonstrated [16]. Other EMVEH designs, such as pendulums [17], swinging ring designs [18], slotted disc springs [19] or
roly-poly-like motion [20] have also been studied.

There are two outstanding issues with EMVEHs that limit their applicability, namely their small frequency bandwidth and their
internal friction. Regarding the former, EMVEHs have been studied extensively in recent years and numerous prototypes with varying
number of magnets have been tested; see Ref. [21] for a recent review of the field. Most EMVEHs display a single resonance peak in
generated power as function of drive frequency [4,16,22–27] which makes the usable frequency bandwidth at which the harvester
can produce power narrow. While a few select harvesters do have multiple peaks in their generated power as function of drive
frequency [28,29], the secondary peaks are much lower in power than the resonance peak. To circumvent the narrow frequency
span of EMVEHs efforts to make a self-adaptive EMVEH by changing its effective length and thus resonance frequency has recently
been demonstrated [23], with a gain in output power of around 30%. However, a wider frequency bandwidth would be a simpler
and thus preferable solution.

Regarding the issue of internal friction in the EMVEH, it is the case with all EMVEHs that there is friction between the floating
magnet and the walls of the confining tube. This friction has long been acknowledged to be a problem in these designs [4] and it
has a significant impact on the power production of the harvester [30] with the produced voltage in some cases being a factor of
five times lower than in the case of zero friction [31].

This paper presents a new EMVEH design with lower internal friction, that at the same time displays previously unseen
power characteristics, both in terms of resonator behavior and frequency response. The harvester has a broader and potentially
more easily tunable frequency bandwidth than existing harvesters. This work is structured as follows. First, this new dumbbell
2
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Fig. 2. The gradient of the magnetic flux density as computed using Comsol for the dumbbell dimensions given in Table 1 along the center of the tube for three
different magnet configurations. The color in the legend indicate the poles on the magnets. (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)

electromagnetic energy harvester is presented. The dimensions of the harvester are provided along with some considerations for the
chosen parameters. Following this, the experimental procedure for testing the harvester is described and the experimental results
are presented. Here the focus is on the frequency response, i.e. the power produced as function of the excitation or drive frequency,
for the harvester and its hysteresis properties. The voltage produced by the harvester is broken down into frequency components
and these are analyzed in detail as a function of the drive frequency. Finally, the performance of the harvester is compared to other
published harvesters before the concluding remarks.

2. The dumbbell harvester

In conventional EMVEHs harvesting applications, vibrations are harvested in one dimension and a free magnet is constrained to
move along a single axis through one or more coils, thereby inducing an electromotive force. The free magnet is levitated between
two fixed magnets with opposite polarities in order to reduce friction in the system. However, as Earnshaws theorem states, the
levitation is unstable and the free magnet must be confined in a tube to prevent it from flipping over. This, however, can result in
significant friction between the free magnet and the tube. To overcome this friction, we consider a design where the conventional
free magnet is replaced by a dumbbell structure where two magnets are attached together with a plastic connector piece. The
dumbbell EMVEH is illustrated in Fig. 1 . EMVEH designs with multiple floating magnets are known from literature [15,21,32],
e.g. a design with five floating magnets and three coils [31], but here the spacers between the magnets are of a similar shape as the
free cylindrical magnets, thus they still contribute significant friction in the design. This is also seen in other designs with multiple
free magnets [33].

There are several benefits to using a dumbbell structure. Compared to a magnet of similar length, the area of the dumbbell in
contact with the walls of the tube is much lower, reducing the internal friction in the harvester. However, there are additional
benefits to the dumbbell system. First of all, compared to a conventional EMVEH with one large magnet and no dumbbell, the
dumbbells length can be tuned, thereby changing the resonance frequency of the system. This can be seen from the fact that a
longer dumbbell floating magnet will have to travel a shorter distance before having traversed the length of the tube. Thus the
length of the dumbbell can be used to tune the resonance frequency of the harvester. Secondly, in a system with two coils, at any
given moment there is a magnet moving through each coil. Finally, and most importantly, the magnets in the dumbbell can be
arranged in polarity in a way that brings about an additional magnetic flux minima between the two magnets in the dumbbell. By
placing the magnets in the dumbbell with opposite polarity the magnetic flux density has to be zero at the middle of the dumbbell,
which results in an increased voltage induced in the coils when the dumbbell passes through the coils, i.e. an increased amount in
comparison to a dumbbell with aligned polarity. This can be seen from Fig. 2, which shows the change in magnetic flux density
for the dumbbell structure throughout the length of the tube. If the dumbbell had not been present, i.e. two magnets with opposite
polarity had simply been glued together, there would be two fewer magnetic flux density minima. The area enclosed by each curve
in Fig. 2 is a direct measure of how much voltage can be induced in a coil by the dumbbell structure. For the case of no dumbbell
structure, the absolute area beneath the curve is 3.88 T, while for the case of the dumbbell with opposite polarity the area is 4.10
T. Finally for the case of the dumbbell with similar polarity the area is 4.02 T. Thus it is clear that the dumbbell structure with
opposite polarity, as is studied in this work, can induce a higher voltage in a coil, compared to a regular floating magnet.

All magnets used in the dumbbell design are cylindrical in shape. As it is desirable that the harvester be as light as possible,
such that the energy from vibrations be maximally utilized, hollow cylindrical magnets are used. Furthermore, almost all EMVEH
harvesters operate in an orientation parallel to gravity. In the design presented here, we therefore increase the size of the bottom
3
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Table 1
Dimensions of the components of the harvester. ‘‘Common’’ refers to a parameter shared between
two components, e.g. both coils having the same height. Position is measured from the bottom end
of the harvester. Note that there are two identical free magnets on the dumbbell. The harvester
has a mass of 32.5 g.
Component Parameter Quantity

Fixed magnet(s)
Common

Inner diameter 3.175 mm
Outer diameter 9.525 mm
Magnetization 1.32–1.37 T

Bottom Height 6.35 mm

Top Height 3.175 mm

Free magnet(s)

Inner diameter 2.0 mm
Outer diameter 8.0 mm
Height 6.0 mm
Mass 3.0 g
Magnetization 1.40–1.46 T

Tube

Inner diameter 9.525 mm
Outer diameter 12.7 mm
Length 165 mm
Dumbbell length 32 mm

Coil(s)

Common
Height 12 mm
Gauge 0.2 mm
Turns 200

Lower
Position 40 mm
Resistance 6.1 Ω
Inductance 551 μH

Upper
Position 78 mm
Resistance 5.4 Ω
Inductance 450 μH

fixed magnet, to compensate for the gravitational force. Conversely, the top magnet is smaller since it only needs to repel the upward
movement of the dumbbell. Such a design with an asymmetric configuration of fixed magnets is also uncommon. Typically, EMVEHs
designs use a symmetric agreement of fixed magnets, i.e. with the same top and bottom magnet, but designs exists with only a single
magnet at the bottom, i.e. no top magnet [15]. Finally, as gravity will displace the equilibrium position of the dumbbell from the
center of the tube, the coils are not placed symmetrically with respect to the tube center, but instead with respect to the equilibrium
position of the dumbbell in gravity.

To characterize the performance of a dumbbell EMVEH, a specific harvester has been produced. The dimensions of this harvester,
.e. magnets, coils etc., as well as other relevant parameters, can be found in Table 1. The coil resistance and inductance was
easured at 1 KHz using a Keysight U1732C LCR meter.

. Experimental setup

The dumbbell electromagnetic vibrational energy harvester must be characterized in terms of the power it produces as function of
requency of the vibrational source to which it is attached to evaluate its usefulness. In this work we use a completely standardized,
ab-based and most importantly repeatable, way of testing and characterizing the performance of the proposed harvester.

The experimental setup for the harvester characterization is shown in Fig. 3 and consists of a mechanical and electrical part.
echanically, a sinusoidal vibration of a specified amplitude and frequency was applied to the harvester using a Dewesoft DS-PM-250

N A-21-00221 shaker. The amplitude of vibration was regulated by a PID-controller and the frequency was varied in the experiment
rom 4 Hz to 20 Hz. The prototype was elevated from the structure such that it did not couple to the magnetic field intrinsic to the
haker. For all experiments, the amplitude of the vibrating source was held constant at 3 mm, i.e. 6 mm peak-to-peak.

The frequency range of these experiments was only slightly larger than the dominant step frequency of human walking, which is
entered around 2–3 Hz [34], and most wearable energy harvesters have a resonant frequency matching one of the higher harmonics
f the walking frequency range [34]. In fact, harvesting energy from human motion has been a key focus of EMVEH development [8–
5]. However, we note that the harvester presented here is by no means limited to wearable applications, but can be used to harvest
ower for any vibrational source within its frequency range.

Regarding the electrical setup, the two coils in the harvester are connected in series across a load resistance equal to the sum
f the internal resistances of the two coils, 11.5 Ω, in accordance with the Maximum Power Transfer Theorem [35]. This voltage
ignal was then measured differentially using a National Instruments USB-6351 DAQ, using a sampling frequency of 𝑓𝑠 = 5 KHz.
he sampling frequency was chosen in accordance with the Nyquist Theorem, such that it far exceeded twice the highest frequency
omponent of the measured signal. Since the harvester is a floating signal source, two resistors are added to provide return paths
4

or bias current and avoid measurement error. The resistors were chosen to be large (47 kΩ) to reduce the parasitic effect of these,
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Fig. 3. Experimental setup where the harvester is mounted onto a Dewesoft DS-PM-250 SN A-21-00221 and the resulting voltage signal is measured using a NI
DAQ.

Fig. 4. Equivalent electrical circuit model of the EMVEH. 𝑅𝑖 and 𝐿𝑖 are the internal resistance and inductance of the two coils, respectively. 𝑅𝑘 are resistors
added to avoid floating point measurement errors, and 𝑅𝑙 is the load resistance across which voltage is measured.

thus the measured voltage is only slightly less than the maximum potential value. The electrical circuit of the system is shown in
Fig. 4.

The electrical characterization of the harvester is done when the system, for a specific frequency, has reached steady state. This
is ensured by investigating the measured voltage waveform, for which the waveform should be periodically constant with time.
Typically, the steady state is reached within seconds at a given drive frequency. Once the voltage signal has reached steady state,
the voltage is recorded for 10 s to allow for sufficient periods to reliably calculate the RMS voltage, 𝑉 . Since the signal is connected
5
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Fig. 5. The power produced as function of frequency for both linear and nonlinear frequency responses [9]. The arrows indicate the direction that the frequency
is changed in.

across a load resistance, the power can then be found by Eq. (1)

𝑃 =
𝑉 2
rms
𝑅𝑙

(1)

where 𝑅𝑙 is the load resistance. This output energy of the harvester is the power directly usable by any e.g. IoT device connected
to the harvester.

4. Harvester frequency response

The power that can be harvester from an EMVEH depends on the frequency of the vibration source. Therefore, EMVEHs are
always characterized by the power they produce as function of drive frequency, i.e. their frequency response is measured [4,22,
23,36]. The simplest possible EMVEH which consists of a magnet attached to a mechanical spring will generally presents a linear
frequency response as shown in Fig. 5, due to the linear spring force. However, in most EMVEHs the restoring force is provided by
non-linear magnetic repulsion. This changes the frequency response to a nonlinear resonator behavior. Depending on the nonlinear
characteristics, the resonator can present a hardening or softening effect, where the former is characterized by the effective resonance
frequency increasing with the amplitude of external vibrations, and vice versa for the latter. The frequency response also shows
hysteresis, with a hard resonator having an increased power with increasing frequency compared to decreasing frequency and vice
versa for a soft resonator [37], as illustrated in Fig. 5.

Here, we characterized the designed dumbbell EMVEH by performing a sweep in drive frequency from 4 to 20 Hz in steps of
0.5 Hz in both increasing and decreasing frequency sweeps. The lower bound is chosen because below this frequency there is very
little movement of the floating dumbbell structure and the upper bound chosen to avoid mechanical catastrophe. The frequency is
changed manually in steps of 0.5 Hz such that it can be verified that the system has settled into steady state. As an example, Fig. 6
shows the voltage as function for time for a 1 s interval for a frequency of 7.5 Hz, for the case where frequency has been increased
from 4 Hz.

As stated above, the drive frequency was swept in either ascending order or descending order, i.e. either from 4 Hz to 20 Hz or
vice versa. This was done to investigate the presence of hysteresis, i.e. the pathway dependence of the resulting voltage, which is
known to be present in EMVEHs [4,22,23,36]. The power as calculated using Eq. (1) as function of drive frequency for increasing
and decreasing frequency sweeps, termed ascending and descending respectively, is shown in Fig. 7. As can be seen from the figure
the harvester shows a clear resonance behavior with the first resonance peak at around 5 Hz and the following peak at around 10 Hz
for the ascending sweep. The reason that the system displays two peaks will be discussed subsequently. The first resonance peak,
which is smaller in power, appears at about half the frequency of the larger resonance peak, as will also be discussed subsequently.
Two such resonance peaks are often termed the subharmonic resonance and primary resonance peaks. We note that the ascending
and descending experiments were done separately of each other, stopping the shaker in between the experiments. Thus the fact that
the same power is obtained at high frequency is a testament to the repeatability of the measurements.

The harvester shows a clear hysteresis behavior in the region from 8 to 10 Hz, with the descending power being up to 10 times
higher than the ascending power at the same frequency within this range of drive frequencies. The hysteresis region, which has also
6
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Fig. 6. A 1 s interval of the voltage waveform at a drive frequency of 7.5 Hz in ascending sweep.

Fig. 7. Power with respect to drive frequency for at frequency sweep in both ascending and descending frequency.

been observed in other EMVEH harvesters [4,22,23,36], clearly shows that multiple stable solutions exists in the harvester phase
space [23,29,38,39]. The maximum power was obtained for a descending frequency sweep near 8.5 Hz where a power of 1.04 mW
was obtained. We note that the coils chosen for this setup were not optimized in any way, i.e. a larger power could undoubtedly
be produced by increasing the size of the coils. However, the goal of the investigation presented here was to explore the frequency
behavior caused by the dumbbell structure as opposed to producing the largest power possible.

4.1. Resonator behavior

It is of interest to compare the response of the present harvester against those described in the literature, e.g. Ref. [21] as well
as additional newer references. The overwhelming majority of these describe an EMVEH that displays a single resonance peak as
function of frequency with a clear hardening behavior [4,16,22–26,40]. This is also the case for numerical models of EMVEHs,
where the same single peak hardening behavior is observed [36]. Experimental EMVEHs with multiple magnets, somewhat like the
EMVEH described in this work, also display a nonlinear hardening resonator behavior with a single peak [27], even though up to
six floating magnets are used [14].

There are a few cases that deviate from the standard nonlinear hardening resonator, single peak EMVEH. The harvester tested
in Ref. [29] also has a nonlinear hardening resonator behavior, but this displays multiple peaks in power as function of frequency.
However, there the higher frequency peaks are lower in power than the low frequency peaks, opposite of what is observed in this
work. Their second peak as function of frequency is also only observable in one frequency direction, i.e. not both ascending and
descending mode. In Ref. [28] a nonlinear hardening resonator behavior is also seen, with a peak at a frequency half of the resonance
peak. However, this peak is an order of magnitude lower in 𝑉𝑟𝑚𝑠 than the main resonance peak.

Regarding softening resonator behavior, only two studies have reported this behavior. The harvester in Ref. [38] display an
extremely small nonlinear softening resonator peak at very low frequencies but it is much smaller than the peak observed here.
7
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Fig. 8. Force as a function of position for linear and nonlinear resonators as calculated using the verified analytical expression from Ref. [41] for the dumbbell
dimensions given in Table 1.

Finally, Ref. [31] reports seeing a softening response, but only reports a single peak in power as function of frequency. Furthermore,
the EMVEH tested in that work has five free magnets and three coils, so it is significantly more complicated than the EMVEH
presented here.

Clearly, the dumbbell harvester studied here has a nonlinear softening resonator behavior, which is novel for EMVEHs. We
ypothesize that this particular frequency response comes from the magnetic restoring force inherent in the harvester. In Fig. 8 we
how the magnetic restoring force on the dumbbell as calculated using the verified analytical expression from Ref. [41], and as can
e seen when the gravitational force in included the equilibrium point of the nonlinear force curve is 30 mm below the center of
he harvester housing. This results in three distinct stages that the dumbbell experiences when the harvester is vibrating. The first
tage occurs around the dumbbell equilibrium point of Fig. 8, where the magnetic resulting force between the dumbbell and the
ottom magnet varies nonlinearly. The second stage is the middle linear portion of the force curve. If the dumbbell only moves
etween these two stages, the first resonance peak shows up. However, when the input frequency increases, the dumbbell reaches
he third stage in the top of the tube where the dumbbell interacts with the top magnet, and thus the resulting force again becomes
onlinear. This creates the two peaks in the resonance response shown in Fig. 7. Thus the two resonance peaks observed here are
aused by the long length of the tube, allowing the harvester to either experience two or three stages. In addition, the nonlinear
oftening resonator behavior results from letting the force of gravity play a role in the system, unlike Ref. [40] where the magnetic
estoring force was so strong that the gravity force could not influence the harvester behavior and hence the second stage was almost
eglected.

.2. Coil damping

The hysteresis region of the EMVEH is a result of the non-linearity of the EMVEH, i.e. there are multiple stable solutions at a
iven drive frequency. A linear system would settle into a unique steady-state regardless of the initial conditions of the EMVEH.
he non-linearity of the EMVEH comes from multiple effects; the magnetic restoring force which is a non-linear function of distance
nd the damping from the coils which depends upon the velocity of the dumbbell. The damping of the coils is a consequence of
enz’s law.

In order to determine the role of the latter on the observed hysteresis properties the frequency sweep experiment described above
as repeated but with the load resistance replaced by an open-circuit. This means that no current flows in the coils and thus there

s no resulting damping. Since there is no load resistance attached (𝑅 = ∞), the EMVEH generates no power. Instead the results
re represented by the RMS voltage. The comparison of the results for the matched load, i.e. the results shown in Fig. 7 except
isplayed in terms of 𝑉rms, and the open-circuit experiments are shown in Fig. 9.

As can be seen in Fig. 9(b), hysteresis is still clearly present in the harvester when using an open circuit. Therefore the hysteresis
ehavior is attributable to the non-linear restoring force of the magnets and not to the coils. However, the nonlinearity of the
agnet–coil interaction can create a different outcome if bigger coil windings are considered. Additionally, it should be noted that

he friction from the movement of the dumbbell against the tube is also a source of non-linearity, however this is assumed to be
egligible. Note that the first resonance peak shifts by 0.5 Hz towards lower frequency for the case of open circuit compared to
atched resistance, while the second resonance peak is unaffected by the change in resistance.

To explore the similarity in the RMS voltage for the case of matched resistance and open circuit, we in Fig. 10 show the voltage
s function of time, i.e. the voltage waveform, at resonance for these two cases. As can be seen from the figure, the voltage signals
re very alike as function of time, with the open circuit voltage obviously being higher than the match resistance voltage.

.3. Waveform characterization

As discussed above, the response of the EMVEH is highly non-linear with respect to the drive frequency, 𝑓𝑑 . Previously, the
teady-state response at each drive frequency was summarized by either the RMS voltage or power. In the following a deeper
8
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Fig. 9. 𝑉rms as function of frequency for (a) the matched resistance case, and (b), the open circuit case, for both ascending and descending frequency.

Fig. 10. Output voltage for the descending sweep at 𝑓𝑑 = 8.5 Hz for both matched load and open-circuit.

We performed a Fourier spectral analysis where the voltage signal was represented by its spectral amplitude components. The
oltage signals are periodic and thus the Fourier spectrum will consist of a set of harmonics located at integer multiples of some
undamental frequency. It is of particular interest how the various harmonics of the signal compare to the specific drive frequency
f the signal. The voltage signals are sampled and are therefore discrete. Therefore, a discrete Fourier Transform is needed. Matlab’s
ast Fourier Transform (FFT) is used to this end, the definition of which is seen in Eq. (2).

𝐹 (𝑘) =
𝑛
∑

𝑗=1
𝑉 (𝑗)𝑊 (𝑗−1)(𝑘−1)

𝑛 with 𝑊𝑛 = e−2𝜋𝑖∕𝑛 (2)

here e is Euler’s number and 𝑉 (𝑗) is the voltage signal. The Fourier transform of the signal is represented by the norm-square,
𝐹 (𝑘)|2, and the phase is disregarded. In this way, an overview of the main harmonics of the signal can be obtained. The frequency
esolution in the Fourier-domain is effectively dictated by how many periods of the signal that are sampled. The signal is sampled
or 𝑇 = 10 s at a sampling frequency of 𝑓𝑠 = 5 kHz for a total of 𝑁 = 𝑇 ⋅𝑓𝑠 = 10000 samples. As seen in Fig. 6, a period lasts roughly

0.1 s. Therefore, plenty of periods are sampled to obtain a sufficient frequency resolution. Quantitatively, the resolution is given by
𝛥𝑓 = 𝑓𝑠

𝑁 = 𝑓𝑠
𝑇 ⋅𝑓𝑠

= 1
𝑇 = 0.1, which dictates the minimum spacing between points of the Fourier transform.

An example of the Fourier analysis is shown for a drive frequency of 𝑓𝑑 = 10 Hz in Fig. 11. First, the voltage signal is considered
in the time-domain in Fig. 11(a). Next, the norm-square of the Fourier transform is computed, using the FFT. Since the signal is
real, the norm-square is symmetric. As a result only a single-sided spectrum need be considered, where the Fourier transform is
scaled by 2. The signal is not normalized with respect to the number of samples since there is no intention to transform back to
the time-domain. The specific size of the norm-square is not of interest, only the relative sizes compared to the other harmonics of
the Fourier spectrum. The frequency axis in the Fourier domain, 𝑘, is normalized with respect to the drive frequency, 𝑓𝑑 , such that
the normalized frequency axis is 𝑘 = 𝑘 . This is because how the harmonics relate to the drive frequency is of particular interest
9
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Fig. 11. A representative one-second segment of the voltage response for the descending sweep for 𝑓𝑑 = 10 Hz in the (a) time-domain and (b) Fourier-domain.
(c) Representation of the Fourier-domain where the marker size is proportional to the norm-square of the Fourier harmonic.

physically. As can be seen in Fig. 11(b), the harmonics occur at integer or half-integer multiples of the drive frequency. As will be
seen, this pattern is not unique to this waveform.

To visualize the Fourier composition at all frequencies of the ascending and descending frequency sweep, we show the norm-
square of the Fourier-transform graphically in Fig. 11(c). The normalized Fourier frequency axis, 𝑘𝑑 , is now shown on the vertical
axis, and the drive frequency is shown on the horizontal axis as in Fig. 7. Finally, the norm-square of the Fourier transform is
represented by the size of the marker, for which the area of the marker circle was chosen to be proportional to the norm-square. In
order to sort out noise and only identify significant peaks a peak prominence of |𝐹 (𝑘𝑑 )|

2 ≥ 0.2 ⋅ 106 is specified.
This aforementioned process was repeated for all the signals in both the frequency sweeps and the results are shown in Fig. 12.

he results reveal interesting results about the dynamics of the EMVEH’s response through the frequency sweep. Clearly, the pattern
f the harmonics being located at integer-or half-integer multiples of the drive frequency occurs throughout frequency space. Many
f the signals have a significant component at twice the drive frequency. This was because a single motion of one of the magnet in
he dumbbell through a coil (back and forth) results in two voltage periods. This was the dominant feature in the upper frequency
ange, i.e. after the 2nd resonance peak, where the voltage waveform is characterized by a simple Fourier composition. In this
egion, the power was approximately a linear function of the drive frequency as seen in Fig. 7.

The Fourier composition changes dramatically near resonance. The resonant peaks, where the second is located at a different
rive frequency for the ascending and descending sweep respectively, are indicated by lines in Fig. 12. Around this region there is
n appearance of multiple harmonics revealing a richer response. We note that the Fourier composition is reflected in the behavior
f power as function of frequency. In the ascending sweep, Fig. 12(a), the harmonics appear suddenly in the same way that the
esonance appears suddenly in Fig. 7. Conversely, the harmonics appear gradually in the descending sweeps just like how the
ower gradually increases in Fig. 7. It is also of significant interest that the main frequencies changes significantly between the two
esonance peaks, with the first resonance peak clearly being dominated by larger-order harmonics compared to the second resonance
10
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Fig. 12. The Fourier spectrum of the (a) ascending and (b) descending frequency sweeps. The first and second resonant peaks are marked by a line for each
weep and the radius of each marker is proportional to the norm-squared of the Fourier Transform.

Table 2
A comparison of the performance characteristics of the dumbbell harvester presented in this work to similar EMVEH harvesters
where details on either the total mass or total volume of the system could be found.
Reference Mass Acc. Freq. Power Power density pr. Notes

vol. mass
[g] [m/s2] [Hz] [μW] [μW/cm3] [μW/g]

This work 32.5 0.87 g 8.5 1040 50 32
Liu (2014) [10] – 0.54 g 4.5 284 45.3 –
Berdy (2015) [12] – 0.1 g 6.7 410 34.2 –
Geisler (2017) [13] – 2g 6 6570 730 – 5 × 2800 turns
Struwig (2018) [15] 31.5 2.2 g 2.2 3010 179 95.5 910 turns [21]
Nammari (2018) [42] – 1g 15.5 ∼ 6000 132.25 Magnet mass 13 g
Wang (2017) [14] 218.7 0.85 g 9.2 10600 – 48.5 480 turns

5. Discussion

It is clearly of interest to compare the performance of the presented EMVEH to similar harvesters in literature. As mentioned
reviously, the maximum power produced by the harvester is 1.04 mW which occurs at 8.5 Hz in the descending frequency sweep.
iven the overall cylindrical shape of the harvester with the dimensions given in Table 1, the power density is calculated to be
0 μW/cm3. The maximum acceleration of the harvester at the drive frequency of 8.5 Hz, which is where maximum power can be
arvested, is 𝑎𝑧 = 0.87g. Compared to similar harvesters, as tabulated in Ref. [21], this is a reasonable power density, especially
onsidering the fact that harvesters are tabulated per volume and not weight. For the comparative harvesters in Ref. [21] (category
) the mass of the fixed magnets is up to 48 g, which is much higher than the magnets in the dumbbell structure presented here,
here the combined mass is 6 g. Also, the coils used in these comparative designs have up to 5600 turns, which is much higher than

he 200 turns used in this study. These facts makes it hard to compare power and power density outright. A more logical metric is
he power per unit mass, as this includes coils, tubing, magnets etc. As given in Table 1 the total mass of the harvester is 32.5 g
nd thus the maximum per unit mass is 32 μW/g. Compared to both Ref. [10] and Ref. [12], which is also targeted for human
otion, the harvester produced here can potentially harvest three times as much power. In Table 2 we have listed the performance
etrics of the harvester presented in this work, as well as that of comparable systems, where details on either the total mass or total

olume of the system could be found. The conclusion is that the power density of the harvester reported in this study is high, given
he small scale and small coils of the harvester. However, further research is needed to ascertain both fair and easily comparable
arvester figure-of-merits for nearly all nonlinear harvester systems. In addition, further research could also consider optimizing the
ower production of the dumbbell harvester presented in this work. The latter can be done by considering the size of the coils, as
ell as the length of both the permanent magnets and the tube.

. Conclusions

This paper described an electromagnetic energy harvester consisting of a free-to-move dumbbell structure with two magnets, two
ixed magnets and two coils. The dumbbell structure has a number of benefits, namely increased magnetic flux change, potentially
11

ontrollable resonance frequency and reduced friction.
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The power of the harvester was characterized between 4 Hz and 20 Hz in steps of 0.5 Hz for a fixed amplitude of 3 mm. The
arvester showed a softening resonator response with hysteresis between ascending and descending frequency sweeps. Furthermore,
he harvester displayed two resonance peaks in power as function of drive frequency, with the peaks being of similar magnitude.

The maximum power produced by the harvester is 1.04 mW which occurs at 8.5 Hz in descending frequency sweep. Here the
aximum acceleration of the harvester is 0.87 g. The power density of the harvester is 50 μ/cm3 and the power per unit mass is

32 μW/g.
The voltage waveform as function of time for each drive frequency was analyzed by Fourier Transform to establish the main

frequencies in the motion of the harvester. Here it was found that the two resonance peaks have different harmonics, with the first
resonance peak characterized by higher order harmonics whereas the second resonance peak was primarily composed of response
behavior at the excitation frequency.
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