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ARTICLE INFO ABSTRACT
Keywords: This paper presents a novel design approach for ultra-wideband triboelectric vibration energy
Triboelectric energy harvester harvesters (UWBTVEH) by utilizing magnetic interactions to enhance performance. The tribo-

Ultra-bandwidth
Vibro-impact
Electro-mechanical model
Magnetic configurations

electric transducer operates through the coupled effect of two triboelectric layers, with nonlinear
hardening and softening behaviors precisely controlled using both attractive and repulsive
magnetic forces. This mechanism enables easy adjustment of beam resonances, resulting in a
significantly broadened bandwidth. The approach is validated with a cost-effective UWBTVEH
prototype comprising two cantilever beams, middle plates, magnet pairs and triboelectric
transducers operating in a contact-separation mode. Nonlinear magnetic forces acting on the
beams further influence the dynamic behavior of the triboelectric layers. Theoretical and
experimental analyses demonstrate that the harvester, equipped with top and bottom magnet
pairs at a 14 mm gap distance, achieves a bandwidth of 11.7 Hz under a base acceleration of 0.6 g.
This performance marks a 72 % increase in the bandwidth compared to conventional triboelectric
energy harvesters without magnet tuning under the same conditions. An electro-mechanical
model was established and validated through experiments, demonstrating that the model effec-
tively captures the key features of the harvester, including its wideband behavior, voltage output
magnitude and asymmetric voltage signal. Furthermore, the energy generation capability of the
UWBTVEH was demonstrated by powering an IoT sensing module, enabling wireless signal
transmission. In summary, the proposed methodology offers valuable guidance for designing
UWBTVEHSs, making it particularly significant in applications involving variable-frequency en-
ergy sources.

1. Introduction

The world is advancing into a new era dominated by the Internet of Things (IoT), where the success of IoT heavily relies on the
deployment of numerous electronic sensors, including temperature, humidity, GPS, and laser sensors [1-3]. These sensors are typically
powered by chemical batteries, which are cumbersome and usually require regular replacement. Small-scale energy harvesting has
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Nomenclature

Eq Young’s modulus of top beam

L Moment of inertia of top beam

Cs1 Viscous damping coefficient of top beam
Ca Air damping coefficient of top beam

m Mass per unit length of top beam

Mg Tip mass of top beam

F. Impact force

Ce Impact damping coefficient

Lo Length of bottom beam

wi(x,t) Transverse displacement of top beam
v10¢6,1) Transverse velocity of top beam

wy(x,t)  Transverse displacement of bottom beam
Vo (x,t) Transverse velocity of bottom beam

do Initial gap distance between

Fop Total magnetic force applied on bottom beam

Vin Volume of the permanent magnet

dn Horizontal distance between two magnets

T Distance from the centroid to the magnet surface

7 i, (0 " modal coordinate for beam j (j = 1,2 represent top and bottom beams)
I Rotary inertia of the tip mass for beam j (j = 1,2 represent top and bottom beams)
) M modal frequency for beam j (j = 1,2 represent top and bottom beams)
Cor r™ modal damping ration for bottom beam

fe Modal impact force

fmb Modal magnetic force applied on bottom beam

R External resistance

S Surface area of the triboelectric material

& Relative permittivity of the triboelectric material

c Surface charge density of the triboelectric material

14(3) Tip relative displacement between triboelectric layers

E, Young’s modulus of bottom beam

I Moment of inertia of bottom beam

Cso Viscous damping coefficient of bottom beam

Cao Air damping coefficient of bottom beam

my Mass per unit length of bottom beam

My Tip mass of bottom beam

ke Impact stiffness

Ly Length of top beam

L. Impact location along the beam

Frna Total magnetic force applied on top beam

B, Residual flux density of the magnet

Ho Permeability of vacuum

Ro Radius of the cylindrical magnet

@jr(x) r'" Modal shape for beam j (j = 1,2 represent top and bottom beams)
Ajr 't eigenvalues for beam j (j = 1,2 represent top and bottom beams)
Bjrs Dirac function

Sir r'" modal damping ration for top beam

Foase,j Modal excitation force for beam j (j = 1,2 represent top and bottom beams)
fina Modal magnetic force applied on top beam

Zo(t) Base excitation acceleration

Q Transferred charge between two electrodes

d Thickness of the triboelectric material

€0 Vacuum permittivity

9 Equivalent coefficient

emerged as a promising solution for harnessing the ambient energy sources, such as vibrations, into electricity to fully replace batteries
or to charge them, thereby reducing the frequency of replacements. There are various energy generation mechanisms depending on the
nature of the energy source. Examples include electromagnetic harvesters [4,5], piezoelectric harvesters [6-8], photoelectric
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harvesters [9,10] and thermal energy generators [11,12]. However, each of these technologies has its limitations: electromagnetic
energy harvesters are heavy and bulky, piezoelectric materials are brittle, photoelectric harvesters are limited to daytime operation,
and thermal transducers require a significant heat gradient. In recent years, triboelectric energy harvesters have emerged as a viable
solution for harnessing vibrational energy due to their numerous advantages, such as being light-weight, flexible, cost-effective and
capable of generating high power density [13-15].

Numerous triboelectric energy harvesters have been proposed for capturing vibration energy. For example, Wu et al. designed a
harvester using spring-mass system, capable of converting energy from low-frequency vibration source [16]. Li et al. proposed a
harvester working in a vertical sliding mode, which can generate either alternating current (AC) or direct current (DC) depending on
the operation zones [17]. Chen et al. introduced an elastic-beam harvester consisting of an arc-stainless steel foil and an acrylic
substrate. This harvester offers multiple functionalities, including acceleration, force and vibration sensing, in addition to energy
harvesting [18]. Origami-inspired structures have garnered significant attention in energy harvesting due to their unique ability to
form complex shapes, provide reconfigurability, and maintain flexibility. For instance, Hu et al. design a triboelectric energy harvester
based on an origami-inspired structure, which is constructed by folding the PTFE and conductive stripes. This design tremendously
increases contract aera utilization and delivers a power output of 200 pW in a manual tapping test [19]. Given that vibrations can
originate from multiple directions, He et al. proposed a three-dimensional triboelectric-electromagnetic hybrid energy harvester. The
main structure consists of a hollow sphere with a rolling ball placed inside. The ball moves and interacts with triboelectric materials
attached to the inner surface of the sphere, responding to excitations from any direction [20].

It is important to note that vibration frequencies are seldom constant in real-world environment; rather, they typically vary within a
certain range. Conventional triboelectric energy harvester achieves optimal power output when the source frequency aligns with their
resonant frequency. However, even a slight deviation from its resonance can result in a significant decrease in output due to the
harvester’s narrow operational bandwidth [21,22]. This limitation highlights the need for designing wideband energy harvesters to
effectively harness vibrational energy. Researchers have increasingly focused on developing design methodologies for wideband
triboelectric energy harvesters, exploring approaches such as impact nonlinearity, multimodal configurations, nonlinear springs and
bistable mechanisms. For harvesters working in the contact-separation mode, the induced impact between the triboelectric pairs
introduces a nonlinear impact force, leading to hardening of the spring stiffness and a shift in the resonant frequency [23]. A common
approach to obtain a wideband energy harvester involves utilizing this nonlinear impact force [24]. For instance, Yang et al. developed
a wideband harvester using nonlinear elastomer beams in a miniaturized design, with a resonant frequency around 105 Hz and evident
wideband behavior under a base excitation of 1.0 g [25]. Gupta et al. reported a wideband energy harvester using a nonlinear polymer
spring [26]. Dhakar et al. investigated the effect of micro structured triboelectric surface on harvester bandwidth [27]. Yang et al.
designed a 3D harvester with a circular mass block connected by three springs, capable of harnessing energy from three-dimensional
directions and demonstrating a total bandwidth of 35 Hz within the range of 30 Hz to 65 Hz under an excitation acceleration of 6 m s 2
[28]. Some research has explored multimodal structures to achieve wideband energy harvesting. For example, Tang et al. investigated a
two-degree-of-freedom cantilever-type harvester that has two resonant peaks and a broad bandwidth [29]. Combining multiple energy
harvesting units with various resonant frequencies can effectively broaden the overall bandwidth of the system. However, this
approach typically requires complex circuitry to integrate the outputs from individual units. Such deployment poses additional
challenges, and optimizing the power generation performance of each unit under specific excitations remains difficult to achieve [30].
Bistable structures have been extensively studied in the design of piezoelectric energy harvesters due to their ability to achieve large-
amplitude intrawell oscillations, thereby maximizing power output [31,32]. However, these bistable structures cannot be directly
applied to the design of contact-separation triboelectric energy harvesters, as the impact forces may hinder intrawell oscillation. In
case of sliding-mode triboelectric energy harvesters, frictional force rather than impact force is applied to the contact surface [33].
Scholars have employed bistable structures to create wideband sliding-mode energy harvester. Tan et al. proposed a bow-type structure
comprising a slider connected to two cantilever beams via a linkage mechanism. It has a total bandwidth of 2 Hz ranging from 4.5 Hz to
6.5 Hz under a base acceleration of 3.0 g [34]. Luo et al. designed a bistable harvester inspired by dipteran flight, incorporating a
spring, slider and linkage mechanism, resulting in a bandwidth of 4 Hz ranging from 3 Hz to 7 Hz [35]. While sliding mode harvesters
offer the advantage of wide bandwidth in the extremely low-frequency range (< 10 Hz), achieving wideband characteristics typically
requires interwell oscillation within the bistable structure, which usually occurs under large acceleration. Additionally, the contact-
separation mode has been shown to be more efficient than the sliding mode for harnessing vibrational energy [36].

To address the challenge of developing a wideband harvester capable of operating under low-frequency and low-acceleration
conditions, this study introduces a novel approach that leverages magnetic interactions. The effectiveness of this approach is
demonstrated through an ultra-wide bandwidth triboelectric vibration energy harvester (UWBTVEH) prototype. The UWBTVEH
utilizes a two-degree-of freedom vibrating system, incorporating lightweight and flexible cantilever beams. Operating in contact-
separation mode, the harvester inherently exhibits impact nonlinearity. Nonlinear magnetic forces are integrated into the UWBT-
VEH design, leveraging their effectiveness in tuning structural resonance as demonstrated in other studies [37-39]. Section 2 provides
a detailed description of the UWBTVEH design, followed by an introduction to the electro-mechanical modeling process in Section 3.
The experimental setup for testing the UWBTVEH prototypes is introduced in Section 4. Experimental results, discussion and model
validation are presented in Section 5, while Section 6 examines the power generation performance and wideband characteristics of the
harvester. The study ends with a conclusion of findings and implications.

2. Methodology

The utilization of nonlinearity is one of the most widely adopted approaches in the design of wideband energy harvesters.
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Triboelectric energy harvesters operating in contact-separation mode inherently exhibit impact nonlinearity due to the periodic
contact and separation of the triboelectric layers. Typically, the triboelectric pair can be modeled as a two-degree-of-freedom (2DOF)
system. In conventional 2DOF energy harvesters, there are two distinct resonant frequencies as indicated by the solid line in Fig. 1. This
characteristic allows the system to achieve a relatively wide bandwidth, attributed to the presence of these two resonant peaks
(denoted as wp; and wp2). According to the half-power bandwidth definition, the bandwidth of the conventional 2DOF harvester is
denoted as Aw;. To further broaden the bandwidth, the resonant peaks can be strategically shifted in opposite directions by intro-
ducing nonlinearity into the system. Specifically, the first peak (w,1) can be shifted to the left (w’,1) and the second peak (w;2) can be
shifted to the right (w'n2), as illustrated by the dashed line in Fig. 1. This modification leads to a significantly expanded bandwidth,
referred to as Awy. However, controlling impact nonlinearity is inherently challenging as it depends on several difficult-to-define
parameters, including impact stiffness and damping. Besides, impact only results in hardening of the contacting layer and does not
facilitate bidirectional frequency tuning. To achieve a further broadened bandwidth, it becomes necessary to introduce external
nonlinearity into the system. Electricity is generated as long as the two layers make contact and the objective of wideband design is to
ensure consistent contact between the layers over a broad range of excitation frequencies. Magnetic configurations have proven to be
an effective method for introducing displacement-dependent nonlinear restoring force into vibratory systems. For a typical clamped-
free cantilever beam with a magnetic configuration applied at its free end, the restoring force (f,) in such the system can be expressed as
follows:

fr = (ka + kb)w+kcwa~ 1)

Here, kq + kp represents the liner term of the spring force, while k. denotes the cubic nonlinear component. w corresponds to the
deflection of the beam. The system exhibits different nonlinear behaviors depending on the values of these parameters. For kq + kp > 0,
the system shows hardening nonlinear behavior when k. > 0, meaning that the stiffness of the system increases with displacement,
leading to higher resonant frequencies. Conversely, when k. < 0, the system demonstrates softening behavior, where the stiffness
decreases with displacement, resulting in lower resonant frequencies. In the case where k, + kp < 0, the potential energy of the system
develops two stable equilibrium points, which induces bistability in the system. The term k, represents the linear stiffness of the
structure itself. Terms kp, and k. and are associated with the magnetic interactions, which cannot be adjusted independently. For
instance, altering the distance between the two magnets affects both k; and k. and simultaneously. Therefore, by strategically
employing magnetic configurations for the triboelectric layers, bidirectional resonance tuning of the system can be achieved, thereby
realizing a further broadened bandwidth. This design methodology is validated through the development of a proposed harvester. The
detailed structural design of the harvester is given in the following section.

3. Structural design

Cantilever beams are used as the host structure to construct the energy harvester considering its inherent design flexibility. Magnets
pairs are strategically placed near the right end of each beam to introduce the desired nonlinear effect as shown in below Fig. 2. The top
magnet pair is in a repulsive configuration, while the bottom magnet pair is in an attractive configuration. Taking the top magnet pair
as an example, the magnets are embedded inside acrylic blocks. The block connected to the cantilever beam also functions as the tip
mass, which can be adjusted to tune the natural frequency of the beam. Another block is mounted on a vertical support that can move
in the horizontal direction to adjust the gap between two magnets, thereby finetuning the system’s nonlinearity. The triboelectric pair
is formed on fiberglass-reinforced epoxy plates (FR4) positioned between the two cantilever beams. The left end of the plate is con-
nected to a spacer, while the right end is linked to the beam via a support. Elastomers are used in these connections to avoid any rigid
contact that could negatively affect the dynamic behavior of the harvester. The spacer and support also control the gap distance
between the two plates. It is worthwhile to mention that the natural frequency of top beam (wp1) is intentionally designed to be lower
than that of the bottom beam (wp3). This design choice is critical for achieving the desired wide bandwidth. In this case, the repulsive
magnetic force acting on the top beam causes a softening effect, shifting wp; to the left (towards lower frequencies). The attractive
magnetic force on the bottom beam leads to the hardening effect, shifting w,2 to the right (towards higher frequencies). The vibration
of the beams makes the middle plates contact and separate with each other periodically. The detailed electricity generation mechanism
of this UWBTVEH will be discussed in the following section.
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Fig. 1. Bandwidth broadening mechanism of triboelectric energy harvesters.
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Fig. 2. Structural diagram of the developed ultra-wide bandwidth triboelectric vibration energy harvester.

The electricity generation of UWBTVEH is based on the triboelectrification and electrostatic induction within the triboelectric pair.
As shown in Fig. 3, the triboelectric pair comprises a copper electrode, an aluminum electrode and a PTFE (polytetrafluoroethylene)
film, with the PTFE film bonded to the aluminum electrode. In the initial state, the PTFE film and copper electrode are in compact
contact, and no charge transfer occurs between two electrodes. However, due to triboelectrification, negative charges are generated on
the surface of PTFE film, while an equal amount of positive charge is induced on the surface of the copper electrode because of the
electrostatic induction. As the system begins to operate, the copper electrode starts to separate from the PTFE film, forming an angle 6.
At this moment, the negative charge begins to transfer from the aluminum electrode to the copper electrode through an external circuit
due to the high voltage potential difference created by the PTFE film. This charge transfer continues and reaches its maximum when
the separation angle 0 reaches its maximum value 0p,ax. Subsequently, as the copper electrode and PTFE film move closer to each other,
eventually realizing full contact, the negative charge flows from the copper electrode to the aluminum electrode. This cyclical process
of contact and separation causes the negative charges to flow back and forth through the external circuit, thereby generating an
alternating current.

4. Modeling of UWBTVEH
4.1. Mechanical model

To formulate the electro-mechanical model of the UWBTVEH, the harvester is simplified as a two-beam structure. The middle plates
are treated as additional mass applied to the beams, given the absence of a rigid connection between the beams and middle plates.

Thus, the dynamic behavior of the UWBTVEH primarily depends on the host beams. The simplified model is shown in Fig. 4. The
governing equations are established based on the Euler-Bernoulli beam theory as follows [40,41].
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Fig. 3. Electricity generation mechanism of triboelectric pair.
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Fig. 4. Simplified structural diagram of the UWBTVEH for model construction.
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2
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In Eq. (2), subscripts 1 and 2 represent the top and bottom cantilever beams, respectively. Here, E; and E; are the Young’s moduli,
while I; and I, denote the moments of inertia for each of the two beams. The terms Cg;, Cs3, Cq1 and Cgy represent the viscous and air
damping coefficients for each beam, respectively. The parameters m; and my denote the mass per unit length of two beams, whereas
Mgy and My, indicate the tip masses. The impact force, F,, is represented as follows:

F.— { O,Wz(LC, t) — W (Lc, t) — d0$0 (3)
ke[wa(Le,t) — wi(Le, t) — do] + cc[va(Le, t) — vi(Le,t)], wa(Le, t) — wi(Le, t) — do > O,

where, k. and c. represent the impact stiffness and damping coefficient, respectively. The initial gap distance between the two beams is
denoted by dy, and L. indicates the impact location on the beam. The variables w; and w; represent the vibration displacements the top
and bottom beams, respectively. According to Eq. (2), no impact force is considered when the relative motion between the beams is less
than the initial gap distance. The force is only included when the relative displacement exceeds this gap. The beams are also subjected
to either attractive or repulsive magnetic forces due to the magnet configurations. There are three major methods to calculate the
magnetic forces: (1) the magnetic dipole method (MDM) [42], (2) the equivalent magnetizing current method (EMCM) [43], and (3)
the magnetic charge method (MCM) [44]. The MDM assumes that each magnet acts as a magnetic dipole located at its geometric
center. This method not only provides accurate predictions of magnetic forces but also has a relatively simple form compared to the
other two methods, making it particularly suitable for the electro-mechanical modeling of energy harvesters. In the UWBTVEH, two
pairs of magnets are configured such that magnet a experiences a repulsive force from magnet c and an attractive force from magnet d.
Therefore, the total force acting on magnet a is the combined effect of the repulsive and attractive forces exerted by magnets c and d,
respectively. Similarly, the total force on magnet b results from the sum of the repulsive and attractive forces applied by magnets c and
d. The MDM is utilized to derive the magnetic force, and the potential energy (Up,;) between magnets is obtained as follows:

K w(2-p)

Upi = ,
m (dh +T)3 (1 +ﬁi2'7i2)5/2

(i=1,234), C))

in which, k = Berm2/47r;40. Here, yo denotes the permeability of vacuum and B, represents the residual flux density of each magnet. V;,,
refers to the volume of the permanent magnets. The detailed derivation can be referred to the work from Yang et al [45]. The
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expressions of ;, f; and #; are given below:

7 135, 3 ,
al_l 3ﬂ+ 64’” +2l’”71
321 1233 9
=1 2u+ o S S
b Bt ea T g BT g
4 ()]
_R2__T2
U =Rg 3

7{ }_ w1 Wi, Wy Wy
Ny = M2 M3:Ma5 = dh’dh7dh7dh )

where, the subscript i indicates the magnet pairs ac, ad, bc and bd. Here, wy and w, also refer to the vertical displacement of magnets a
and b. w; and w;, are related to the coordinate transformation from w; and w,. In specific, w; = wy +D and Wo =w, + D. The parameter
dp denotes the horizontal distance between magnet a (or b) and c (or d). It is worthwhile to note that the above Eq. (5) is derived by
neglecting the angles (9; and ;) for magnets a and b considering the small vibration amplitude. The expression is also a Taylor
expression that is used to avoid complex integration. The magnetic force (Fp,) is derived by differentiating Eq. (4) with respect to the
displacement of magnets:

Fm:{Fma—yFma+7Fnﬂ7—7Fmb+}:{7%%77@7%}7 (6)

1

here, the + and — signs indicate attractive and repulsive magnetic forces acting on each magnet. The total magnetic forces of magnets a
(Fma) and b (Fpp) can be obtained as follows:

3k <m/f§m (4-Bn3)  axfiny(4— ﬁ’%ﬂ%))

¢\ aepp)” arm)’”

3k (mﬁ%w —ind)  asPing(4 - ﬁ%ﬂ%))
¢\ avm” avs” )

Fna = Fna— + Fnay =

(7)

Fp = Fp— + Fypy =

Eq.(2) represents a set of partial differential equations (PDEs) that can be solved using the method of separation of variables. Assuming
that the displacement solution takes the form:

wj(X, 8) = 91, (X)7;,. (1), ®

where ¢j (x) and yj, (t) are the " modal shape and modal coordinate of the beams, respectively, where j = 1,2 represents top and
bottom beams. To determine the natural frequencies and modal shapes of the beam, Eq. (2) is simplified by ignoring the damping force
terms, resulting in the following form:

a*wj(x,t) wj(x,t)
e T o

Ef =0, ©)

given that the harvester is clamped at one end while the other end with a tip mass is freely hanging, the boundary conditions for the
clamped-free beam components are as follows:

w;j(0,t) =0
Ej[j(}Wj()('7 t) —0
ox |,
0*w;(x,t) (10)
Eﬂj# T 0
ow?(x,t)
J ’ —
Bl | =

substituting Eq.(8) into Eq.(9) and applying the boundary conditions specified in Eq.(10), the eigen-function for the " mode for beam j
can be derived as:

Air Air . Ajr o Ajr
®r =Gy cosh%x - cos%x - oj; (sm%x - smh%x) } , an

where
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myL(sinj;, — sinhd;;) + 4;;M,;(cosi;, — coshi;,) 12)
o = .
T mL(cos;, + coshd;,) — 4;-My;(sind;, — sinhl;,)

The eigenvalues () are the roots of the following characteristic equation, which accounts for the rotary inertia of the tip mass (I;):

4, M

R tj . .
T;’lj LJ (cosl;,sinhi;, — sinj;,coshl;,)

1 + cosi;coshd;, +

(13)
ML
m2L4

jﬁ,lt j

mL? (1 — cosj,coshi;,) = 0.

(coshi;,sind;, + sinh;,cosd;,) +

The modal coefficient Cj, for the " mode can be determined by applying the following orthogonality conditions:

L dg”‘s X d(p'r X
/ @M, (x)dx + @; (L)Myp; (L) + { iix( )Itj iix( )} = Ojrs
0 x=L

L d4(p’,r(x) ds(p'.r(x) d(/)’,s(x) d2(p'.r(x)
| oromr g | gm0 e g |

(14)

2
= wj‘m‘sj,rxv

E:
Eil;

where §;, is the Dirac function that has the below form:

5j.rs{ 07r7é$ (15)

1,r=s,

the modal frequency wj,r can be represented as:

| E;I;
Wjnr = /1]2r m{LJ‘“ (16)
T

subsequently, the governing equation of the system can be reformulated in terms of the modal coordinates as:

&%y, (t dy,,(t

}/1’2( ) + Zélliwlf ylv ( ) + w%,rﬂl.r(t) :fbase.l +fc +fma

dt dt an
d*y,, (t dy,,(t

1220 4 2600 T2 08 410 = frs o+ o

in which, the modal excitation force (fpase,) is:

L dZ
fraes = = | [[ ot + gy, 0wy 2 ()

and the modal impact force (f,) is:

07 wa (Lc-, t) —wW (Lm t) - dOSO
fe= @jr(Le)kewa(Le, t) — wi (Le, t) — dol+ 19
@jr(Le)ecva(le,t) = vi(Le, t)], wa(Le,t) — wi(Le,t) — do > 0,

and the modal magnetic forces (finq and fp) are:

Cu Elect%*ode (o1)
O : e S

v Al Electrode (o> )

Fig. 5. Schematic of tribo-pair with non-parallel configuration.



C. Zhao et al. Mechanical Systems and Signal Processing 232 (2025) 112704

o 36 (@B (4= Bind)  apina(4— Fond)
fma *(pj.r( 1)d4 : 2 9:\7/2 2 217/2
(1+pn3) 1+ Bn3)
3k [ aufn.(4 — pn? asfans (4 — Ban’
S = wj,r(LZ)E' < afitl 2 2 7‘}’274) - gefatl 2 2/7?;’213))
(1+43n3) (1 + pzn3)

(20)

4.2. Electrical model

The electrical model of the harvester can be constructed based on the V-Q-x relationships, where V is the voltage, Q is the charge,
and x is the displacement. Notably, the triboelectric pair in the harvester features a non-parallel configuration as shown in Fig. 5.
According to our previous study, the model considering the non-parallel configuration can be formulated as follows [46,47]:

dQ Q d o9g(t)

Rige ge G +98(0) === = 0,Q(t=0) = 0. 21

where, R represents the resistance of the external load, and Q denotes the charge transferred between two electrodes. S and d are the
surface area and thickness of the triboelectric material, respectively. ¢y and ¢, are the vacuum permittivity and relative permittivity of

the triboelectric material. ¢ is the surface charge density of the material, and d represents an equivalent coefficient related to the
geometrical dimensions of the tribo-pair. g(t) refers to the relative displacement between triboelectric layer, g(t) = wa(t) —w1 (t) —do.

5. Experimental setup

The UWBTVEH prototype was fabricated for a series of test using a shaker as shown in below Fig. 6. The UWBTVEH was mounted
on a fixture placed on the shaker platform. A computer controlled a data acquisition (DAQ) module to record the voltage output from
the UWBTVEH. The desired vibration signal was generated by the computer through a vibration controller, amplified by a power
amplifier, and then transmitted to the shaker. To ensure accurate vibration acceleration measurement, an accelerometer was affixed to
the top platform of the shaker. The accelerometer’s readings were fed back to the controller, enabling precise regulation of the vi-
bration acceleration. To thoroughly evaluate the performance of the UWBTVEH with its magnetic configurations, three different
magnet setups were tested: (1) magnet pairs applied only to the top beam, (2) magnet pairs applied only to the bottom beam, and (3)
magnet pairs applied to both the top and bottom beams. The gap distance between the triboelectric pair was found to affect the power
output and bandwidth of the harvester in our previous study [48]. In general, a narrower gap attributes to higher power output and a
wider bandwidth. However, a gap that is too narrow, such as 1 mm, is not recommended, as it may cause the two layers to adhere due
to attractive electrostatic forces and potential manufacturing imperfections. This adhesion would increase the overall stiffness of the
system, making it difficult to excite under low excitation levels. Our previous study identified 2 mm as the optimal gap distance.
Furthermore, to isolate the effects of magnetic force and accurately assess its influence, the gap distance was consistently maintained at
2 mm throughout all tests. The tests were conducted by sweeping the frequency range from 6 Hz to 26 Hz and varying the acceleration
between 0.3 g and 0.6 g.

Computer

O

l

Vibration Controller

Shaker Power Amplifier

Fig. 6. Experimental setup for UWBTVEH under base excitations using the shaker.
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6. Results and discussion
6.1. UWBTVEH with only top magnet
Fig. 7 shows the actual configuration of UWBTVEH with a magnet pair for the top cantilever beam. In this configuration, the single
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Fig. 7. UWBTVEH with only top magnet pair and RMS voltage output of UWBTVEH equipped with only top magnet pair with various gap distances
and base accelerations: (a) 0.3 g; (b) 0.4 g; (c) 0.5 g and (d) 0.6 g.
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magnet connected to the beam without magnet pair only serves as tip mass. For comparison, a conventional triboelectric energy
harvester (CTVEH) without magnet pair was also tested. To facilitate discussion, notations CTVEH-X-Y and UWBTVEH-X-Y-Z are
defined here. X denotes the magnet pair configurations (WoM: without magnet pair; TM: top magnet pair; BM: bottom magnet pair;
TBM: top&bottom magnet pairs). Y refers to the excitation acceleration applied to the harvester. Z indicates the gap distances within
the magnet pair. For example, UWBTVEH-TM-0.3 g-14 mm represents the UWBTVEH with a top magnet pair that has a gap distance of
14 mm, operating under a base excitation of 0.3 g. In the case of the CTVEH under low excitation, such as CTVEH-WoM-0.3 g, two
distinct peaks are observed (Fig. 7(a)). The first peak occurs at the frequency of 12.8 Hz and the second peak appears at the frequency
of 16.6 Hz. They are corresponding to the first natural frequencies of top and bottom beams, respectively. As the excitation increases,
these two peaks merge due to frequency locking caused by the strong coupling between the beams (Fig. 7(b), (c) and (d)) [48]. This
merging leads to a continuous bandwidth and higher power output, with the merged frequency occurring around 14.3 Hz, and the root
mean square voltage (Vgys) reaching up to 5 V for CTVEH-WoM-0.6 g as shown in Fig. 7(d).

When the top magnet pair in a repulsive configuration is introduced, a noticeable shift occurs in the first peak towards lower
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Fig. 8. UWBTVEH with only bottom magnet pair and RMS voltage output of UWBTVEH equipped with only bottom magnet pair with various gap
distances and base accelerations: (a) 0.3 g; (b) 0.4 g; (c) 0.5 g and (d) 0.6 g.
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frequencies, especially when the gap between the magnets is narrow, as seen in UWBTVEH-TM-0.3 g-14 mm and UWBTVEH-TM-0.4 g-
14 mm. Generally, a smaller gap results in a stronger repulsive magnetic force, leading to more pronounced softening behavior in the
beam. However, with a gap distance of 20 mm between the magnets, only one peak is observed under both low and high excitations, as
shown in UWBTVEH-TM-0.3 g-20 mm and UWBTVEH-TM-0.6 g-20 mm (Fig. 7(a) and (d)). This suggests that the magnetic force is
insufficient to overcome the strong coupling between the two beams. The voltage output of the UWBTVEH in the low-frequency range
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Fig. 9. UWBTVEH with both top and bottom magnet pairs and RMS voltage output of UWBTVEH equipped with top and bottom magnet pairs with
various gap distances and base accelerations: (a) 0.3 g; (b) 0.4 g; (c) 0.5 g and (d) 0.6 g.
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(6 Hz to 11 Hz) is higher than that of the CTVEH, suggesting that the rightward shift of the resonant frequency enhances the output in
this lower frequency range. For configurations with a narrow gap and high excitation, such as UWBTVEH-TM-0.5 g-14 mm and
UWBTVEH-TM-0.6 g-14 mm, the peaks become less distinct, and the harvester provides a more consistent output with a similar
magnitude across a wider frequency range (Fig. 7(c) and (d)). This characteristic is advantageous for achieving continuous and
wideband energy harvesting, making the UWBTVEH more effective under varying operational conditions.

6.2. UWBTVEH with only bottom magnet

The UWBTVEH with only a bottom magnet pair was also tested, as shown in Fig. 8. Under low excitation, two distinct peaks were
observed for both CTVEH and UWBTVEH. The bottom magnet pair is in attractive configuration, which results in a hardening effect on
the beam, thereby increasing its resonant frequency. By adjusting the gap between the magnets, the magnetic force can be controlled,
allowing for precise tuning of the frequency shift. For instance, the second resonance peak shifts from 16.6 Hz to 17.7 Hz and 20.4 Hz
for UWBTVEH-BM-0.3 g-20 mm and UWBTVEH-BM-0.3 g-14 mm, respectively (Fig. 8(a)). A frequency locking phenomenon is also
observed in the UWBTVEH-BM-20 mm configuration when the excitation level exceeds 0.4 g. This occurs because the magnetic force is
not strong enough to overcome the coupling between two beams (Fig. 8(b), (c) and (d)). However, when the gap distance is reduced to
14 mm, two clear peaks can also be seen for UWBTVEH-BM across the tested accelerations. Comparing the UWBTVEH-TM-0.3 g-14 mm
and UWBTVEH-BM-0.3 g-14 mm with the CTVEH-WoM-0.3 g. It is evident that the first resonance peak shifts leftward from 12.8 Hz to
9 Hz, while the second peak shifts rightward from 16.6 Hz to 20.5 Hz. Although the net frequency shift is similar in these two cases, it is
important to note that frequency locking in the higher frequency range requires a larger excitation due to the strong dependence of
beam coupling on displacement. Overall, the results demonstrate that the employment of magnet pair in an attractive configuration
provides significant flexibility in tuning the second resonance peak to the right.

6.3. UWBTVEH with both top and bottom magnets

The test results discussed in the previous sections successfully validate the capability of magnets to manipulate resonance by
introducing either repulsive or attractive forces. Fig. 9 shows the UWBTVEH with both top and bottom magnet pairs, where the top pair
is arranged in a repulsive configuration, and the bottom pair is in an attractive configuration. Similar tests were carried out for the
UWBTVEH-TBM. In general, the first resonance peak shifts to the left, while the second peak shifts to the right compared to the CTVEH.
Taking the UWBTVEH-TBM-0.3 g-14 mm as an example, the first peak shifts from 12.8 Hz to 10.3 Hz and the second peak shifts from
16.6 Hz to 19 Hz (Fig. 9(a)). The net frequency shift in this configuration is slightly smaller than that observed in individual magnet
pair configuration, such as UWBTVEH-TM-0.3 g-14 mm and UWBTVEH-BM-0.3 g-14 mm. This reduction is likely due to partial
cancellation of the repulsive and attractive forces, as the distance between the top and bottom magnetic pairs is not sufficiently large.
As a result, the net force applied to each beam is reduced, leading to a smaller overall frequency shift. For the UWBTVEH-TBM with a
gap distance of 20 mm, a frequency locking phenomenon is observed across all tested base accelerations, resulting in a single resonance
peak (Fig. 9(a)-(d)). However, when the gap distance decreases to 14 mm, two distinct peaks are still present. These findings are fully
consistent with the design predictions, confirming the ability to manipulate system resonance through the strategic use of magnetic
forces.
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Fig. 10. The bandwidth comparison between CTVEH and UWBTVEH under various base accelerations.
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6.4. Bandwidth analysis

The primary focus of this research is to design a wideband energy harvester by introducing nonlinear magnetic forces. Fig. 10
provides a direct comparison of the bandwidths between the CTVEH and UWBTVEH. In this context, bandwidth is evaluated based on
the half-power definition, which is a standard method for assessing the operational frequency range of such devices. According to P =
V}%MS /R, the half power is related to the V2 /2 - Vrys under the same external loading. Therefore, the bandwidth corresponds to the
frequency range over which the Vgys remains above 71 % of the peak value. For the CTVEH-WoM-0.6 g, the bandwidth is approxi-
mately 6.8 Hz. In contrast, the UWBTVEH-TBM-0.6 g-14 mm achieves a significantly wider bandwidth of 11.7 Hz, reflecting a
remarkable 72 % improvement. This substantial increase demonstrates the effectiveness of incorporating both attractive and repulsive
magnetic configurations to achieve bidirectional frequency tuning, thereby significantly enhancing the operational bandwidth of the
energy harvester.

To evaluate the stability of the UWBTVEH, both upward and downward frequency sweeping tests were conducted. The results,
shown in Fig. 11, demonstrate the harvester’s excellent stability, as the voltage output remains almost consistent during bidirectional
frequency sweeping. This behavior contrasts with traditional nonlinear energy harvesters, where the output from upward and
downward frequency sweepings often fails to match perfectly, particularly near resonance, due to the jumping phenomenon. In
summary, magnetic coupling is a dominant factor contributing to the wideband performance of the harvester. Other critical factors,
such as the initial gap between the triboelectric layers and impact stiffness, also play essential roles in determining the bandwidth and
have been discussed in detail in our previous studies. In such harvesters, it is challenging to achieve convergence to the high-energy
orbit during downward frequency sweeping, leading to a lower output compared to the upward sweeping [49]. In the case of
UWBTVEH, its performance is influenced not only by the nonlinearity of the individual beam components but also by the coupling
effect between the two beams, resulting in a more stable dynamic response during bidirectional frequency sweeping. This enhanced
stability is advantageous for energy harvesting from vibration sources with varying frequencies. Table 1 summarizes the wideband
harvesters developed by other researchers. It is evident from the table that the UWBTVEH presents a novel approach in the design of
wideband triboelectric energy harvester by utilizing nonlinear magnetic forces. While magnetic nonlinearity has been explored in the
design of wideband piezoelectric energy harvesters (PEHs), it is worthwhile to note that a single PEH can only exhibit either hardening
or softening behavior to broaden its bandwidth [50]. To achieve both hardening and softening behaviors simultaneously, two separate
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Fig. 11. RMS voltage output of UWBTVEH-TBM under various base accelerations during upward and downward frequency sweeping.
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Table 1
Bandwidth comparison of UWBTVEH with other published triboelectric energy harvesters.

Wideband Techniques Resonant Frequency (Hz) Operating bandwidth (Hz) Excitation References
Acceleration (g)

Bistability 5.5 Hz 4 Hz - [34]
Bistability 6 Hz 2Hz 30¢g [35]
Impact nonlinearity 31.5Hz 11.9 Hz 10g [27]
Impact nonlinearity 41 Hz 6 Hz 12¢g [53]
Impact nonlinearity 32 Hz 10 Hz 08¢g [24]
Tandem + Impact nonlinearity 20 Hz, 27 Hz, 34 Hz, 40 Hz 25 Hz 0.2¢g [54]
Multimodal + impact nonlinearity + magnetic nonlinearity 12.8 Hz, 16.6 Hz 11.7 Hz 0.6g This work

PEHs must be employed, necessitating additional circuit design due to the phase difference in output between the two PEHs [51,52]. In
contrast, the unique working mechanism of the contact-separation mode in the TVEH allows a single unit to exhibit both hardening and
softening behaviors without the need for complex circuitry. The distinct feature of the UWBTVEH offers a clear advantage over bistable
triboelectric energy harvesters, which require much higher levels of acceleration compared to the proposed harvester, making them
less suitable for energy harvesting in a low-acceleration environment [34,35]. Additionally, the UWBTVEH demonstrates superior
stability compared to TVEHs that rely solely on impact nonlinearity, which often results in unmatched voltage output during bidi-
rectional frequency sweeping. Notably, the UWBTVEH offers a competitive and continuous bandwidth compared to other existing
harvesters, demonstrating its advantage for energy harvesting in low-frequency ranges and low-acceleration conditions [24,27,53].
Although Bhatia et al. reported a harvester with a bandwidth of 25 Hz under an excitation of 0.2 g, it should be noted that this wide
bandwidth was achieved by utilizing four separate harvester units, each with a different resonant frequency. The average bandwidth
for each harvester unit was around 7 Hz [54].

6.5. Model validation

The ultra-wideband property of the proposed UWBTVEH is highly dependent on the nonlinear magnetic force acting on the host
beams. Thus, the accurate prediction of the magnetic force is very essential for validating the established electro-mechanical model. As
discussed in Section 3.1, the MDM method is utilized to analyze the magnetic force between to magnets. To validate the accuracy of the
calculated force, finite element method (FEM) is used to simulate the magnetic interaction between magnets as indicated in below
Fig. 12. All the magnets are identical in dimension and magnetic flux density, with magnets a and ¢ arranged in repulsive configu-
ration, and magnets b and d in an attractive configuration. In the simulation, magnets b, ¢ and d are fixed, while magnet a is allowed to
move in the vertical direction. The magnet force applied on magnet a is calculated during is movement. Three different gap distances
(dh = 4 mm, 8 mm and 14 mm) were selected for the simulation. Fig. 13 compares the magnetic forces obtained from the FEM
simulations with those obtained from the theoretical MDM model, showing good agreement, especially at larger gap distance. At
smaller gap distance, such as d, = 4 mm, the theoretical results exhibit some discrepancies compared to FEM results when magnet a is
positioned further away from the paired magnet c. This deviation arises because the dipole approximation assumes that each magnet’s
field is primarily dipolar and that the distance between them is much larger than their characteristic dimensions. At close distance,
higher-order multipole moments (e.g., quadrupoles, octupoles, etc.) start to play a significant role in the magnetic interaction,
whereas, the MDM only considers the leading dipole term and ignores these higher-order terms, leading to inaccuracies at short
distances [55]. It is worth noting that an extremely narrow gap distance is not recommended in harvester design as it usually requires
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Fig. 12. Variation of the magnetic flux density with the movement of the magnet a when magnets b, ¢ and d are fixed.
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Fig. 13. Magnetic force of magnet a with varying gap distances between the paired magnets.

large excitation to overcome the high potential. In this this study, a relatively larger gap distance (d, = 14 mm) is selected. Overall, the
MDM provides high accuracy in calculating magnetic forces at larger gap distances, supporting its application in the design and
analysis of the UWBTVEH.

The coupled electro-mechanical model is validated using the UWBTVEH-TBM-0.3 g-14 mm UWBTVEH-TBM-0.6 g-14 mm. Detailed
mechanical, electrical and magnetic parameters of UWBTVEH are listed in below Table 2. The impact stiffness (k) and damping
coefficient (c.) are determined by trial and error to ensure alignment between simulated and experimental resonance. Both impact
stiffness and damping coefficient are associated with the excitation level. In general, a higher excitation attributes to larger impact
stiffness and damping [56]. In this study, k. = 500 and 1000, and ¢, = 10 and 18, are selected for excitations of 0.3 g and 0.6 g,
respectively. These values are determined through trial and error to match the simulated resonance peaks with the experimental results
for the CTVEH. Furthermore, it is worthwhile to mention that the beam exhibits a high intrinsic damping ratio due to the presence of
joint elastomers, which are highly flexible and effectively absorb vibration energy. Additionally, friction between the contact pairs
further contributes to an increase in system damping [57,58]. Fig. 14(a) shows the RMS voltage output from the harvester in the
frequency domain. Good agreement between the experimental and analytical results can be observed for the UWBTVEH under both
low and high excitations, which validates the accuracy of the established electro-mechanical model. In general, the displacement
response of the harvester gradually increases during the upward frequency sweeping until reaching the peak at resonance. The
enhanced displacement eases the contact between two triboelectric layers, resulting in a higher voltage output. However, a slight
voltage drop occurs within a specific frequency range before the first resonance peak as highlighted by the dashed box in Fig. 14(a).
Fig. 14(b) shows the voltage signal in time domain for UWBTVEH-TBM-0.3 g-14 mm at an excitation frequency of 9.2 Hz, displaying
asymmetric voltage peaks. Specifically, the negative peaks have an irregular shape due to impact between the contacting layers, which
further affects the RMS voltage output. Similar asymmetric and irregular voltage signals are observed in the simulated results as
indicated in Fig. 14(c), further validating the accuracy of the established electro-mechanical model. In summary, the proposed model is

Table 2
Fundamental parameters used in the model validation.

Parameters Values

Beam dimensions, Top & Bottom

Mass density of beam, Top & Bottom

Young’s modulus of beam, Top & Bottom

Tip mass, My & M
Damping ratio, {; & {2

Location of motion transmission support, x;

PTEFE film dimensions

Copper film dimensions
Aluminum foil dimensions
Vacuum permittivity, &y
Relative permittivity of PTFE, &,
Thickness of PTFE, d

External resistance, R
Equivalent coefficient, 9
Surface charge density, ¢
Magnet Radius, Rg

Magnet length, 2T

Residual magnetic flux density, Br
permeability of the vacuum, yo

110 x 15 x 0.8 mm®
2700 kg/m>

69 GPa

18.2g;93¢g

0.2; 0.08

90 mm

100 x 40 x 0.1 mm®
100 x 40 x 0.25 mm®
100 x 40 x 0.1 mm®
8.854 x 10%F/m
2.1

0.1 mm

1 MQ

0.113

1.4 x 10°C/m?

5 mm

5 mm

1.21

4n x 107
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Fig. 14. Model validation of the proposed UWBTVEH: (a) comparison between the experimental and analytical results for UWBTVEH-TBM-0.3 g-14
mm and UWBTVEH-TBM-0.6 g-14 mm; (b) experimental voltage output in time domain for UWBTVEH-TBM-0.3 g-14 mm under an excitation
frequency of 9.2 Hz; (c) simulated voltage output in time domain for UWBTVEH-TBM-0.3 g-14 mm under an excitation frequency of 9.2 Hz; (d)
simulated RMS voltage output of UWBTVEH under various magnet gap distances ranging from 12 mm to 18 mm.

capable of capturing the major features of the harvester, including its wideband characteristics, RMS voltage magnitude and asym-
metric voltage signals. This model provides valuable guidance for the design of wideband triboelectric energy harvesters.

To determine the optimal magnet distance for maximizing bandwidth in the current design, simulations were performed by varying
only the magnet distance while keeping other parameters, such as magnet configuration and base excitation, unchanged. As illustrated
in Fig. 14(d), the continuous bandwidth narrows as the magnet distance increases beyond 14 mm due to the diminished effect of
magnetic force in achieving bidirectional frequency tuning. At a distance of 18 mm, the two resonant peaks tend to merge due to strong
coupling between the two cantilever beams and the weaker influence of magnetic force. In general, a shorter magnet distance results in
a stronger magnetic force. For instance, at a distance of 12 mm, two distinct peaks are observed, leading to discontinuous bandwidth
(op1 and op2) since the peaks are farther apart. The overall bandwidth in this case is smaller than that of the harvester with a 14 mm
magnet distance. Further reducing the magnet distance induces bistability into the system, making it difficult for the system to
overcome the potential barrier and significantly degrading power generation performance. Therefore, an optimal magnet distance (14
mm) exists in terms of maximizing the overall bandwidth, which is highly dependent on the nonlinear magnetic force introduced by
the magnetic configuration. Additionally, other parameters, such as the system’s initial resonances and the initial gap distance be-
tween the triboelectric layers, also play a critical role in determining the performance.

7. Performance characterization

The ultimate goal of small-scale energy harvesting is to enable self-powered IoT sensing. To evaluate the advantages of a wideband
energy harvester, the UWBTVEH-TBM-0.6 g-14 mm was selected to power a sensing module equipped with an integrated energy
management unit (EMU) and a temperature sensor [2]. The experimental setup is shown in Fig. 15(a). The output from the UWBTVEH
is directed to the EMU to charge a capacitor, with a multimeter placed nearby to measure the capacitor’s voltage. Once the capacitor
voltage reaches 5 V, a signal transmission is triggered and sent to the mobile device via Bluetooth, allowing the sensor location and
monitored temperature to be viewed on the phone as indicated in Fig. 15(b). Fig. 15(c) displays the charging curve for two capacitors
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Fig. 15. (a) Demonstration setup for the UWBTVEH; (b) display interface of the IoT system; (c) charging curves for the capacitor with different
capacitances; IoT demonstration of UWBTVEH and CTVEH under different frequency sweeping ranges: (d) 6 Hz-26 Hz; (e) 10 Hz-20 Hz and (f) 12
Hz-18 Hz.

with capacitances of 10 puF and 22 pF. It can be observed that the clod start time (0 V - 5 V) for the 10 pF capacitor is much shorter than
that for the 22 pF capacitor. Within the same charging period of 80 s, the 10 pF capacitor enabled 11 signal transmissions, whereas the
22 pF capacitor allowed for only 6 transmissions. These results effectively demonstrate the ability of the UWBTVEH in self-powered IoT
sensing. The advantage of a wideband energy harvester lies in its ability to generate power effectively under varying frequencies. To
validate the performance of the UWBTVEH, the UWBTVEH-TBM-0.6 g-14 mm was used to power a sensing module during frequency
sweeping, with the CTVEH-WoM-0.6 g also tested for comparison. Three different sweeping ranges were considered and the sweeping
rate was controlled at 0.1 Hz/s. The test also considered the upward and downward sweeping processes. Fig. 15(d) shows that the
CTVEH could only charge the capacitor to around 4 V within the 6 Hz to 26 Hz range and was unable to trigger the signal transmission.
In contrast, the UWBTVEH achieved 4 signal transmissions within the same time, indicating that the UWBTVEH generated more
energy from the vibration source. In Fig. 15(e), the CTVEH managed to transmit one signal within the 10 Hz to 20 Hz range, while the
UWBTVEH transmitted three signals in the same period. When the frequency sweeping range was narrowed to 12 Hz to 18 Hz, as
shown in Fig. 15(f). the CTVEH was able to transmit one signal, while the UWBTVEH could not trigger the sensing module’s operation.
This outcome is attributed to the higher output of the CTVEH with that narrow range, as indicated in Fig. 10(a). It can be concluded
that the UWBTVEH outperforms the CTVEH when the vibration source exhibits a wider frequency variation (> 6 Hz). Therefore,
selecting between CTVEH and UWBTVEH involves a trade-off that depends on the variability of the vibration source. For concentrated
and stable vibrations, the CTVEH is a suitable choice. Conversely, for unstable and variable ambient vibrations, the UWBTVEH is
preferable.

8. Conclusions

This study presents a novel approach for designing triboelectric energy harvesters by integrating magnetic configurations. By
strategically employing attractive and repulsive magnetic forces on structures connected to triboelectric layers, the design achieves
wideband energy harvesting capability. The proposed concept was validated through a compact, cost-effective cantilever-type
harvester, UWBTVEH, specifically designed to capture low-frequency and low-acceleration ambient vibrations. Comprehensive
experimental and theoretical analyses were conducted to assess the design methodology and evaluate the performance of the
UWBTVEH. The key conclusions of this work are drawn as follows:

e This study proposes a unique method for achieving wideband performance in triboelectric energy harvesters by incorporating
magnetic configurations. Unlike conventional bandwidth-broadening methods such as impact nonlinearity and multimodal
techniques, the proposed method utilizes nonlinear magnetic forces to bidirectionally tune the resonances of cantilever beams,
significantly expanding the operational bandwidth.

e A series of experimental tests were conducted on the fabricated UWBTVEH prototype, examining three distinct magnetic config-
urations: (1) repulsive configuration (top magnetic pair only), (2) attractive configuration (bottom magnetic pair only), and (3)
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combined repulsive and attractive configuration (top and bottom magnetic pairs). The results clearly demonstrate the ability of
magnetic interactions to tune the bandwidth. Specifically, for the optimal configuration (UWBTVEH-TBM-0.6 g-14 mm), a total
bandwidth of 11.7 Hz was achieved, representing a 71 % increase in bandwidth compared to the harvester without magnetic
interactions.
e An electro-mechanical model incorporating the impact forces between triboelectric layers, external magnetic forces, and the non-
parallel configuration of triboelectric layers was developed. The model was experimentally validated, accurately predicting the
UWBTVEH’s wideband behavior and voltage output, underscoring its utility for design optimization.
The power generation capability of the UWBTVEH was assessed using an IoT platform. The harvester successfully charges a 10 pF
capacitor to 5 V within 18 s, enabling wireless signal transmission for a sensing module. The harvester demonstrated superior
performance compared to conventional harvesters across varying excitation frequencies, highlighting its potential for self-powered
IoT systems.

This study underscores the versatility of the proposed magnetic configuration methodology, which can be extended to various host
structures connected to triboelectric layers. Furthermore, it emphasizes the importance of considering nonlinear dynamic behavior of
triboelectric layers in harvester design, as its performance relies on the coupled interactions between these layers. These findings
provide valuable guidance for the development of next-generation triboelectric energy harvesters tailored for wideband energy
harvesting in real-world applications.
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