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Abstract This work aims to develop an experimental investigation into the effectiveness
of the sliding-mode approach for hybrid vibration-based energy harvesting. A proposed
sliding-mode triboelectric-electromagnetic-piezoelectric energy harvesting model involves
a cantilever beam with a tip mass exposed to magnetic and frictional forces. The ex-
perimental findings indicate that the system can achieve its peak inter-well oscillation
output within a low-frequency range of 4 Hz—6 Hz. Friction has a lesser impact on the
open-circuit voltage output at an excitation acceleration of 1.5g compared with 1g. The
distribution of tri-stability changes with the presence of friction. This model provides
a deeper understanding of the influence of the dry friction coefficient (0.2-0.5) on the
interactive behaviors of different generator units.
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1 Introduction

Advances in low-power integrated circuits, wireless communications, and mobile electronic
technology have led to a growing demand for vibrational energy-harvesting technology in re-
cent decades. Although traditional batteries are widely used as an external power source,
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their limited lifespans and severe environmental effects, coupled with maintenance and replace-
ment issues, underscore the critical need to explore alternative energy sources and develop
self-powered systems.

Piezoelectric and electromagnetic working mechanisms have been widely used to design
various types of vibration energy harvesters!! 4. Initially, designers of piezoelectric energy har-
vesters adopted a cantilever beam model based on linear resonance. However, the drawback
of such a model is that it oscillates substantially only at its fundamental resonant frequency,
which means that its output decreases markedly with even slight variations in an ambient
vibration frequencyl®. In the past two decades, researchers have made significant efforts to
enhance the power-generation efficiency of cantilever beam structures, and have reported nu-
merous outstanding advancements that can be used in practical settings. Integrating energy
harvesting utilizing electromagnetic, piezoelectric, and triboelectric transduction systems, in
particular, has received a great deal of attention[®. Piezoelectric materials are exceptionally
appealing due to their high mechanical-to-electrical energy conversion efficiency and ability to
endure significant strain. Besides, unlike electromagnetic harvesters, which are constructed of
two separate materials, piezoelectric materials have intrinsic polarization and do not require
external aidl” 8. It implies that piezoelectric material-based energy harvesters are suitable for
use in various applications (e.g., transportation monitoring, wireless sensors, and biomedical
devices® 10,

Piezoelectric materials (e.g., single crystals, ceramics, and polymers) are available in nanos-
tructured forms and thin layers. Some piezoelectric materials such as piezoelectric ceramics and
single-crystal materials contain limitations like stringent displacement requirements because of
the fragility"* '3, In this work, a piezoelectric plate is chosen for the design of a cantilever
beam with its good performance in transient response of displacement, enabling accurate obser-
vation of the structure’s motion* 2. In contrast to the electromagnetic energy harvester, it is
simple and cost-effective with remarkable resistance to damage. From the perspective of energy
density, electromagnetic energy harvesters have a lower energy density compared with piezo-
electric energy harvesters due to the inherent high density, volume, and weight characteristics
of materials?*23,

The triboelectric nanogenerator (TENG), initially reported in 2012%*, converts mechani-
cal energy into electrical power through a combination of triboelectrification and electrostatic
induction. TENG-based energy harvesters offer the benefits of being lightweight, easy to man-
ufacture, and cost-effective, rendering them suitable for a wide range of potential uses. Surface
charge density is one of the most critical factors determining the performance of TENG. It
can be increased by choosing suitable charging materials and enlarging contact surfaces!?®.
Studies on various TENG applications have primarily focused on advances in material surface
processing techniques(26-28],

The electrical energy obtained from a single mechanical excitation can be enhanced by com-
bining multiple energy conversion processes, allowing the benefits of different conversion mech-
anisms to be utilized in a single device[?* 36, This type of integration boosts a device’s energy
density, broadening the spectrum of its potential uses!?%37). With the low-frequency vibration
excitation considered, various conversion methods have been developed to create structures for
resonating. The first piezoelectric-electromagnetic-triboelectric (“tri-hybrid”) energy harvester
can be traced back to 20178], providing inspiration for other researches. Various approaches,
including employing impact-driven piezoelectric generators (PEGS)[3S], frequency up-conversion
mechanism®%, and adding external non-conservative forces®!l, have been proposed to enhance
output performance under low-excitation conditions.

Unlike piezoelectric and electromagnetic energy harvesters, TENG-driven devices are con-
structed from readily available materials and exhibit high-voltage and low-current output
traits(*041.  Generally, there are four different working modes, namely a vertical contact-
separation model*2 43! an in-plane sliding model** 46!, a single-electrode model*”, and a free-

(24]
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standing triboelectric-layer mode®l. In the four fundamental working modes of TENG, sliding-
mode TENG is an important onel** 5% and this phenomenon is initiated by the relative sliding
between triboelectric layers.

Mu et al.l5Y fabricated an arrayed contact-separation structure that increased the output
performance of a hybrid enhanced TENG by 104%. The latest literature on advances in en-
ergy harvesting using micro- and nano-scale generators that exploit piezoelectric and frictional
electric effects has been extensively reviewed[®?. Tan et al.[’3) conducted a numerical dynamic
analysis to examine the sliding-mode friction acting on a bird-shaped cantilever. Fu et al.[>*
have devised a sliding-mode triboelectric energy harvester to analyze the effect of friction in
terms of structural dynamics and static electricity. Their study is a rare example of an investi-
gation on the dynamics of energy harvesters in relation to frictional forces, making it a valuable
contribution to recent literature. The researchers further studied the slip-stick behavior to
determine the effect of friction on energy-harvesting efficiency®®. Despite the presentation of
analytical models in the previous studies, the investigation into the friction effect of multi-
stable systems and its mechanism is still scarce. In addition, experimental conditions, such as
humidity, temperature, spillage of material, and the process used to fabricate a prototype affect
the friction coefficient and energy-harvesting performance of a devicel® 28], Despite numerous
numerical studies that have been conducted, there remains a need for practical experimental
investigations on sliding-mode triboelectric energy harvesters. In most hybrid harvesting struc-
tures, the inclusion of friction is essentiall®! and poses a significant challenge when attempting
to isolate its effects. Therefore, it is crucial to design a comprehensive model that concurrently
investigates the influence of friction on the dynamics aspect by analyzing both simulation and
experimental data.

This work proposes a simple model in the form of a cantilever structure with a tip mass to
evaluate the effect of frictional force on tri-hybrid energy harvesting. The main contributions
of this study are as follows:

(i) A structural dynamics approach is adopted to model and investigate a triboelectric energy
harvester with sliding-mode operation. Different types of stability resulting from a magnetic
field are identified by using the magnetizing current method for force calculations.

(ii) The effect of the friction coefficient on the dynamics of the entire structure is investigated
through numerical simulations.

(iii) The multi-stability dynamics of the model is examined through an experimental ap-
proach, with a primary emphasis on the impact of a non-conservative force (friction) at low
frequencies ranging from 2 Hz to 8 Hz.

The remainder of this paper is organized as follows. Section 2 introduces the design of a har-
vester, describes its working mechanism, and presents the preliminary testing and experimental
setup. Section 3 presents the experimental and simulation results. Section 4 summarizes the
findings of this study.

2 Structural design and working mechanism

2.1 Structural configuration

The configuration of the tri-hybrid vibration-based energy harvesting model is presented in
Fig.1(a). All of the generator units are integrated onto a base that is embedded on a vibration
shaker, which is controlled by a power amplifier. The PEG unit has a copper cantilever beam
that is clamped onto the base. Two macro fiber composite (MFC) patches (MFC-2807-P2)
are mounted on the beam. These two MFC patches and the surfaces on both sides of the
adhered copper beam constitute PEG1 and PEG2 units, respectively. Magnet A is attached to
the free end of the beam, while the external magnets (B and C) are positioned symmetrically
on the base to create a restoring force. The dimensions of the beryllium bronze beam are
89mm x 12mm x 0.25 mm, the two external magnets (i.e., Magnets B and C) have dimensions
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of 7.5mm x 9.5mm x 1.5 mm, and Magnet A has dimensions of 9.8 mm x 9.8 mm x 4 mm. The
electromagnetic generator (EMG) unit comprises Magnet A and four copper coils. The four
coils are placed between the external magnets and Magnet A, and they are labeled 1, 2, 3, and 4,
as shown in Fig. 1; Coil 1 is symmetric about Coil 4, and Coil 2 is symmetric about Coil 3. Coils
1 and 4 are connected in series (i.e., “EMG1”), while Coils 2 and 3 are connected in series (i.e.,
“EMG2”). The sliding contact area of the TENG unit is a printed circuit board with an 80-um
polytetrafluoroethylene (PTFE) film coating, interdigitated parallel copper electrodes, and a
glass epoxy base. A rectangular resin plate with parallel arrayed copper electrodes is fixed onto
the bottom of Magnet A. The schematic diagram of the preset positions of the three magnets is
shown in Fig. 1(b). The center points of the magnets are denoted as A, B, and C, respectively.
The separation of Magnets B and C is denoted as f, and the horizontal magnet interval between
Point A and the BC-plane is denoted as d. In Table 1, the governing parameters are presented.

‘EMGT1 includes Coil 1 and Coil 4

Ly Coils i ENMG2 includes Coil 2 and Coil 3
) i

3 Ii PEG

il\rlagnet B 4% Holder _:

Two MFC materials are attached on
1 two sides of the cantilever beam,
denoted as PEG1 and PEG2.

Loy /
PTFE film  TENG| p Base
Z,
— 1,

Cu electrode electrode x
(a) (b)

Fig. 1 (a) Schematic of the tri-hybrid energy harvesting model; (b) schematic of the preset positions
of Magnets A, B, and C (color online)

Magnet C il

,,,,,,,,,,,,,,,,, Base

Table 1 Material parameters of the tri-hybrid energy harvesting model

Item Parameter Value
Length (Lp) x width (W3,) X thickness (T},) 89mm X 12mm X 0.25 mm
Cantilever beam Elasticity modulus (Ey,) 100 GPa
Density (pp) 7765kg/m3>
Length (Lp) x width (Wp) X thickness (T}p) 37mm X 10mm X 0.27 mm
MFC patch Elasticity modulus (Ep) 100 GPa
Density (pp) 5.44 g/cm®
Piezoelectric constant (d31) —190pC/N
Dimensions of Magnet A 9.8mm X 9.8 mm X 4 mm
Magnet Dimensions of Magnets B and C 7.5mm X 9.5mm X 1.5 mm
Density (pa, pB, and pc) 7500 kg/m3
Magnetization (Ma, Mg, and Mc) 7.4x 1075 A/m
. Length x width X thickness 12mm X 16.5mm X 3 mm
Four copper coil Number of turns 650
. PTFE: length x width X thickness 60mm X 12.5mm x 0.35 mm
TENG unit Copper film thickness 0.02 mm

When Magnet A oscillates due to the base acceleration, its motion is affected by the restoring
force generated by the external magnets (B and C). Triboelectrification occurs in the contact
area due to the motion of Magnet A (i.e., copper electrodes) relative to the negatively charged
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triboelectric material (i.e., PTFE film). That is, during relative sliding motion, the copper
electrodes (at the bottom of Magnet A) are positively charged, whereas the PTFE film is neg-
atively charged. The resulting electrostatic equilibrium means that there is no charge transfer
between the copper electrodes and PTFE film during the movement. As Magnet A moves,
electrons flow from the top electrode to the bottom electrode, resulting in current flowing in
the opposite direction. The process repeats as the slider oscillates and represents a half cycle of
the TENG unit. The mechanisms of many harvesters have rarely been studied because of dry
friction between the tip magnet and base. It is found that this hybrid tri-stable energy har-
vesting model exhibits better performance than the traditional bi-stable or tri-stable cantilever
beam harvesting models.
2.2 Theoretical model and working mechanism

The equations for modeling the mechanical system in Fig.1 can be derived using the
Lagrange-D’Alembert principle and Hamilton principlel® in the presence of external forces,
such as a frictional forcel?. The general form of the equation for the mechanical system is

/ P ST — U) + oWt =0, (1)

where T and U are the kinetic energy and potential energy of the system, respectively; ¢; and
to are the initial time and final time, respectively; W is the kinetic energy resulting from the
nonconservative (frictional) force, and

Ly
W= Fyé(x — Ly)w(zx, t)dz, (2)
0
where L, is the length of the cantilever beam, F} is the nonconservative force (friction force),
0(x — Lyp) is the Dirac delta function, and w(x,t) is the deflection of the beam relative to the
base. The kinetic energy of the cantilever beam and piezoelectric layers is given by

1 ow(z,t) 8b( ) 8w (z,t)  Ob(t)\2
Tb+p_2pb‘4b/0 ( ot 8t)d+2pA/ ot + 8t>’ (3)

where py, and Ay, are the density and cross-sectional area of the cantilever, respectively; pp, Ap,
and L, are the density, cross-sectional area, and length of the piezoelectric layers, respectively;
b(t) is the base displacement. The kinetic energy of Magnet A (tip magnet) is

1 sOw(x,t) | 0b(t)\?2
T = gm( == + 52 )H,; (4)

where m is the mass of Magnet A. In general, the moment of inertia should be considered.
However, in this design, the moment of inertia is deemed insignificant due to the low mass of
the tip of Magnet A. The total kinetic energy T can be obtained from Egs. (3) and (4).

The potential energy of the cantilever beam with piezoelectric layers is given by

1 Lo 92w (x, t)\ 2 Lo 02w (x, t)\ 2
Ub+p: iEbIb/O (%) de‘i‘EpIp/(; (%) dl‘, (5)

where Ey, and E, are Young’s moduli of the beam and the MFC layers, respectively; Iy, and
I, are the area moments of inertia of the beam and the MFC layers, respectively. The elastic
potential energy provided by the magnetic field is given by

UHIZ/dew7 (6)
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where F, denotes the total magnetic force.

A three-dimensional reference system is established for the structure. Magnet A is fixed
on the top of the copper beam, which is placed on the zy-plane and moves along the z-axis.
A magnetizing current method%?) is adopted in the current magnet model. Magnetic forces
generated by the two external fixed magnets (Fp_, and Fc_;) act on Magnet A to move it in
the z-direction. In addition, Magnets B and C generate magnetic forces in the z-direction.
Fg_, and F_, are written as follows:

FB—$ = // Km X Bext—BdSa
S

Fc, = // K, x Bext—CdSa
S

where K, is the surface current density of Magnet A; Bext.p and Bexi.c are the external
magnetic flux densities of Magnets B and C, respectively; S is the surface area of Magnet A.
K, is given by

(7)

Km =MmMpa XN, (8)

where m is the magnetization of Magnet A, and n is the unit vector in the direction outward
from the surface. The magnetizing current densities on the top and bottom surfaces of Magnet
A can be ignored, owing to the magnetization K, of Magnet A being in the x-direction. The
magnet flux density of an isotropic medium is expressed as follows:

B = ,U()H, (9)

where p is the permeability, and H is the magnetic field strength. In this work, we only
consider the z-direction in adopting the magnetizing current method with calculation of the
magnetic forces, that is,

F:c = ,UJOMAS(Hyl - Hy?)v (10)

where My is the magnitude of magnetization of Magnet A; H,; and H,s are the magnitudes
of the magnetic field intensity in the y-direction at the centers of the front and back surfaces
of Magnet A, respectively.

The magnetic field strength at the point (x,y, z) in the y-direction is written as163]
M,
Hy(z,y,2) = i(arctan (k) + arctan (%)
ir o+ ST T
— arctan <%) — arctan (ﬁ)» (11)

Ve Ve

where 2, =z +1c/2, xn =2 —lc/2, 2, = z +wc/2, and z, = z — wc /2, in which l¢ and we
are the length in the z-direction and width in the z-direction of Magnet C, respectively. Mc
is the magnitude of magnetization of Magnet C. The magnetic force generated by Magnets B
and C and acting on Magnet A in the z-direction is

F, = uoMaS(Hp-y1 — He-y2 + Heoy1 — Heoy2), (12)

where Hp.,1 and Hp.y2 are the magnitudes of the magnetic field intensity in the y-direction
generated by Magnet B at the centers of the front and back surfaces of Magnet A, respectively.
Hc.yn and Hc.yo are the magnitudes of the magnetic field in the y-direction generated by
Magnet C at the centers of the front and back surfaces of Magnet A, respectively.
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By setting the coordinate origin at the center of Magnet C and taking into account the
arc-shaped trajectory of the tip magnet’s movement, we find that the spatial coordinates of the
points O; and Oy are, respectively, expressed as follows:

(f/2—x—1a/2x cosO,d+1p x (1 —cosf) +wa/2 xsind,0), (13a)
(f/2—a+41a/2 x cosO,d+1p x (1 —cosf) —wap/2 X sin6,0), (13b)

where 6 is the angle between AO3 and the horizontal direction (see Fig. 1(b)); Ia and wa are
the length and width of Magnet A, respectively. Similarly, setting the coordinate origin at
the center of Magnet B, we find that the spatial coordinates of the points O; and Oy are,
respectively, written as

(=f/2—x —wa/2 X cosB,d+1a x (1 —cosb) + wa /2 X sinb, 0), (14a)
(=f/2—2x+wa/2xcosl,d+1p x (1 —cosf) —wup/2 xsinb,0). (14b)

The cantilever beam is assumed to be a uniform Euler-Bernoulli beam, and the transverse
displacement of the beam is approximated as follows:

w(z,t) = p(x)q(t), (15)

where ¢(t) denotes the associated time-varying generalized coordinate, and ¢(z) is the mode
shape function. In this work, we only consider the first-order mode as this is a dominant
vibration mode. The latter is obtained by solving the eigenvalue problem for the first-order
mode of an undamped and linearized cantilever beam with a tip magnet, that is,

o) = &1 (o5 (20) = eosh (20)) o (sin (2a) —simn (20))), 16)

where C is an arbitrary amplitude that is derived from the corresponding orthonormality
conditions (with the corresponding formulas not given here), and o and A are determined from
the associated eigensystem. We substitute Eq. (15) into the previously mentioned potential
(Egs. (3) and (4)) and kinetic (Egs. (5) and (6)) energy formulas, and then apply the resulting
equations to Eq. (17). A Lagrange function can be derived for the entire system using modal
coordinates and a mode shape function.

On the basis of the D’Alembert principle, which is equivalent to the Euler-Lagrange equa-
tions with external forces, the governing equation of the mechanical system is
d /0L oL
&(Fq) - 3711 = Ff¢(Lb)a (17)
where L =T —U with T and U being the kinetic energy and the potential energy of the system,
respectively. Ft is the kinetic frictional force acting on the tip magnet, given by

Fy = —pumgsgn(go(Ly)), (18)

where g is the friction coefficient, m is the mass of Magnet A, g is the acceleration of gravity, and
sgn(-) is the signum function. Through applying the orthonormality conditions and including
damping, we have

G+ 2w + w?q — v = ab + Fro(Ly) + Fpo(Ly), (19)

where ¢ is the damping ratio; w is the undamped natural frequency of the first mode of the
beam without the tip mass; b is the base acceleration; F), is the magnetic force exerted by the
magnetic field at the tip.
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2.3 Experimental setup

Figure 2(a) shows the experimental setup. Harmonic excitations were generated by a vibra-
tion exciter (SPEKTRA APS 113). The model was fixed on the shaking table using a screw link.
A signal generator (Keysight 33500B) and power amplifier (APS 125) were used to generate
excitation signals. Acceleration and frequency data were recorded using an accelerometer (Dy-
tran 3023A3H), which was connected to a data acquisition system (Dewesoft SIRIUSi-8xACC),
and observed on a computer equipped with bundled software. The output voltage data were
recorded using an oscilloscope (Keysight DSOX3014T).

Based on the schematic model, a preliminary test and numerical simulation needed to be
conducted before the analysis of the output experimental results. First, the restoring force was
measured to obtain the magnet spacings (i.e., f and d, as indicated in Fig. 1(b)), which greatly
affected the steady state and output of the structure. A digital dynamometer and micrometer
were used to measure the forces acting on the magnetic slider under different displacements,
as shown in Fig.2(b). Figure 2(c) shows the three stable positions of the beam with the tip
magnet under an external magnetic force, which correspond to two symmetric static equilibria
and one central static equilibrium. Magnet spacings (d and f) needed to be adjusted until the
tri-stable state was achieved.

Accelerometer
.

Data
acquisition

Al

-
$ook -_—
Xl N t
' /Designed model e

i3

g

-
. ]
measuring . ] L
instrument Dlsplaceme}rlt L,,
control unit p

Stable Stable
position 2 position 3

()

Fig. 2 (a) Experimental setup; (b) magnetic force measurement; (c¢) three equilibrium points (color
online)

Figure 3(a) shows the magnetic force F}, calculation and results of tests of energy harvesters
with two different tri-stable modes (the first one: d = 12.5mm, and f = 17 mm; the second one:
d = 14.5mm, and f = 17mm). The results obtained using the above method for calculating
the magnetic force are almost identical to the experimental test results. The two calculated
restoring force results which consist of the magnetic force and elastic force of the beam are
shown in Fig.3(b). After confirming the feasibility of the calculation method, a potential



On the role of sliding friction effect in nonlinear tri-hybrid vibration-based energy harvesting 1303

energy analysis is carried out as shown in Fig. 3(c) for d = 12.5 mm. Compared with a higher
excitation frequency, it is found that a lower excitation frequency is preferable for the nonlinear
system, due to the shadow depth of the potential well. Consequently, the output performance
of the PEG unit is improved under low-frequency and low-intensity vibrations. The frequency
responses of the PEG, EMG, and TENG units under various base accelerations (0.5¢g, 1g, and
1.5¢g) are investigated in the next section. Peak-to-peak (P-P) open-circuit voltage levels are
experimentally measured in a frequency range of 2 Hz—8 Hz.

04— d=12.5 mm, calculation results 0-3
’ . ——d=12.5 mm
— d=14.5 mm, calculation results N _
v > 0.2 d=14.5 mm
Z 02f <
8 8
3 3
“— o=
= 0.0F EC
z £
= —0.2F s 8
= # od=12.5 mm, measurement results P
I o d=14.5 mm, measurement results
—0.4 1 1 1 1 1 —0.3 1 1 1 1 1
=30 —20 -—-10 0 10 20 30 =30 —20 -10 0 10 20 30
Displacement of Magnet A /mm Displacement of Magnet A /mm
(a) (b)
5% 103

Total potential energy
- - -Potential energy of Magnet A
— - —Potential energy of elastic beam

'

@

—_

Potential energy/J
o

(=]
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-30 —20 -—10 0 10 20 30

Displacement of Magnet A/mm
()
Fig. 3 (a) Calculation and measurement results of the magnetic force for d = 12.5mm and d =

14.5 mm; (b) the restoring force of Magnet A for d = 12.5mm and d = 14.5 mm; (c) the total
potential energy of Magnet A and elastic beam (color online)

3 Results and discussion

3.1 Simulation results

Numerical simulations are indispensable for fully validating the dynamic effect of friction
on multi-stable nonlinear structures. In energy harvesting systems, the intricate relationship
between friction and output is increased by the diverse arrangements of frictional materials.
From the perspective of material characteristics, the coefficient of friction is highly correlated
to various factors such as external load (normal load), sliding speed, contact temperature,
friction time, and curing temperature. It implies that the coefficient of friction is hard to be
identified as a precise value, because it may change with time and the surrounding environment.

In this study, we can calculate the external load of Magnet A: Fupo = pa xVa xg = 0.028 24 N,
and the pressure provided by Magnet A is Py = Fya/S = 720 Pa, where S is the lower surface
(contact surface) area. Based on the analysis of the previous works[®> 58! it can be inferred
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that the range of coefficients falls within approximately 0.3 based on F,p and Pa at 1g and
1.5g accelerations. To observe the effect of frictional forces, we thus set p from 0.2 to 0.5 in

the numerical simulations. Figure 4 illustrates the tip vibration amplitudes during a frequency

sweeping process of up-conversion (from 1Hz to 15Hz) and down-conversion (from 15Hz to
1Hz) for p € [0.2,0.5], at two different initial phases (i.e., Yinitial = 4 mm, 20 mm). The initial
state of the structure exerts a significant effect on the dynamic analysis. An increase in the
friction coefficient (i) results in the decreased vibration amplitudes, leading to the reduced inter-

well motion, fewer tri-stable states, yet more monostable and bistable states. In the absence of

frictional effects, the inter-trap motion becomes more stable. Under the given excitation, the
presence of tri-stable states becomes more pronounced, facilitating inter-well transitions. This
finding provides further evidence for the detrimental effect of friction on the output.
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Time-domain analysis of tip magnet vibration amplitudes and phase portraits at an excitation
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At an excitation acceleration of 1g and a frequency of 2Hz, owing to the effect of the
frictional force, the dynamic properties of the tip magnet transition from multi-stable states to
a monostable state, as shown in Fig. 5. It is found that as the excitation level decreases, there
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is a reduction in the frequency bandwidth of inter-well oscillations. In addition, the amplitude
decreases. The outputs of the piezoelectric material (MFC plates) positively correlate with the
displacement of the tip magnet. Figure 6 shows that at an excitation acceleration of 1g and
a frequency of 5 Hz, owing to the effect of friction, there is a slight decrease in the amplitude
without a substantial change in stability. Figure 7 illustrates that, at an excitation acceleration
of 1.5g and a frequency of 5 Hz, the displacement of the tip magnet is slightly constrained by
friction, leading to a marginal reduction in the inter-trap motion bandwidth. Nonetheless, the
system still exhibits a tri-stable state. When the excitation is high (see Figs.7(a) and 7(b)),
friction has a relatively minor impact compared with that for a low excitation (see Figs. 5(a)
and 5(b)). The overall trends of Figs. 6(a) and 6(b) are similar to those of Figs. 7(a) and 7(b).
However, due to a higher acceleration excitation, a larger displacement is observed in Fig. 7.
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Fig. 5 Phase diagrams for the dynamic motion of Magnet A: (a) Yinitias = 4mm and (b) Yinitias =
20 mm without and with friction at an excitation acceleration of 1g and a frequency of 2 Hz,
where blue lines represent the results without friction, while green lines represent the results
with friction (u = 0.3) (color online)

3.2 Experimental results

Owing to friction, the tip of Magnet A struggles to produce an efficient output at an exci-
tation acceleration of 0.5¢g, and thus no measurements are made on the PEG and EMG units
under the effect of the TENG at an excitation acceleration of less than 0.5¢. In addition, at
an excitation acceleration of 0.5¢, it is difficult for the tip magnet to move between wells, and
the measurement range is thus from 2 Hz to 8 Hz. As all of the harvester units in the prototype
are driven by identical mechanical motions, their open-circuit voltages have similar broadband
responses based on the selected multi-stable nonlinearity mode. In addition, owing to symme-
try, the opposite side of the beam theoretically should have produced an equivalent output.
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Fig. 6 Phase diagrams for the dynamic motion of Magnet A: (&) Yinitiat = 4mm and (b) Yinitial =
20 mm without and with friction at an excitation acceleration of 1¢g and a frequency of 5 Hz,
where blue lines denote the results without friction, while green lines denote the results with
friction (g = 0.3) (color online)

However, to ensure experimental accuracy, comparative tests are conducted on the symmetric
elements. In the following, we investigate the presence and absence of the sliding-mode friction
effect, i.e., with and without the TENG unit.

The experimental open-circuit voltage P-P values of two PEG units (with two sides) at
2Hz-8 Hz are presented in Fig.8(a). The PEG unit exhibits a higher output under conditions
of high acceleration compared with that under low acceleration. As the acceleration increases,
the maximum response frequency gradually increases and then rapidly declines. As the input
frequency increases, the slider exhibits large-amplitude inter-well oscillations, leading to high-
voltage responses. The maximum single-side PEG unit’s output is about 90V at an excitation
acceleration of 1.5¢ and a frequency of 6 Hz—7Hz. It is noted that the tip magnet struggles
to achieve inter-well motion when it is subject to the 2Hz excitation and 1.5g acceleration.
Hence, the experimental data are recorded from 3 Hz to 8 Hz in the case of 1.5g. Moreover,
PEG1 and PEG2 data are essentially consistent, indicating that the experimental structure is
symmetrical, and thus only PEG2 data are used for comparison in subsequent studies.

The voltage outputs of EMG1 and EMG2 under different excitations (0.5¢g, 1g, and 1.5g)
are presented in Fig. 8(b). EMGI1 comprises two coils located on the outer side, whereas EMG2
comprises two coils located at the center. Regardless of the excitation applied, the output of
EMG2 surpasses that of EMG1, owing to a more rapid change in the magnetic field intensity
at the center than that on the outer side. The output trends of EMG2 and EMGI1 exhibit
similarity, demonstrating an ascending pattern at lower frequencies (2 Hz—4 Hz), a smoother



On the role of sliding friction effect in nonlinear tri-hybrid vibration-based energy harvesting 1307

60 2.0

sk 1.5F
E —~ 1.0p

|

= 20+ T 05k
g &
% 0 E 0.0F
2 g 0.5
& —20r G
A > —1.0r

—4or ~1.5F

—60 1 1 1 1 —2.0 =

1 2 3 4 5 —60 —40 —20 0 20 40 60
Time/s Displacement /mm
(a)

60 3

40
e T
£ 90 2
g g
= 2
720 S
A =

_40_

_60 1 1 1 1 _3 1 1 1 1 1

0 1 2 3 4 5 —60 —40 —20 0 20 40 60
Time/s Displacement/mm

(b)

Fig. 7 Phase diagrams for the dynamic motion of Magnet A: (a) Yinitiat = 4mm and (b) Yinitial =
20 mm without and with friction at an excitation acceleration of 1.5¢ and a frequency of 5 Hz,
where blue lines represent the results without friction, while green lines represent the results
with friction (u = 0.3) (color online)
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trajectory at 5 Hz—6 Hz, and a declining trend after 6 Hz or 7Hz. The maximum open-circuit
voltage output of EMG2 is about 2.6 V at an excitation acceleration of 1.5¢g and a frequency of
6 Hz.

The TENG unit reduces the PEG2 P-P output. This phenomenon may be attributed to
the frictional force, which increases the damping factor and restricts beam movement to some
extent, resulting in a reduced voltage output. The experimental open-circuit voltage P-P values
of PEG2 in a frequency range of 2Hz—8 Hz in the presence and absence of the TENG are
presented in Fig.9(a). Owing to the effect of friction at an excitation acceleration of 0.5¢,
the open-circuit P-P voltage output of PEG2 approaches zero. Therefore, only results for
excitation accelerations of 1g and 1.5g are presented. The figure reveals that friction does not
always impede the movement of Magnet A at the beam’s tip. At an excitation acceleration
of 1g and a frequency of 4Hz, the P-P voltage in the presence of friction exceeds that in
the absence of friction, whereas at an excitation acceleration of 1g and a frequency of 5Hz,
friction appears to have no effect. At other excitation frequencies, friction has a detrimental
effect. At an excitation acceleration of 1.5¢ and a frequency of 2 Hz, outputs with or without
friction are negligible and are thus not shown in the figure. The effect of friction is negligible
at an excitation acceleration of 1.5¢ and frequencies of 3 Hz—6 Hz. However, the open-circuit
P-P voltage is reduced by friction at an excitation acceleration of 1.5g and a frequency of
7THz. Overall, the effect of friction is smaller at an excitation acceleration of 1.5g than that
at an excitation acceleration of 1g. Due to the effect of friction, the excitation point with
the maximum response in the figure shifts to the left, indicating a decrease in the excitation
frequency at the point of maximum response.

The generators produce large P-P open-circuit voltages at low frequencies, owing to the
resonant inter-well oscillations around various local oscillation frequencies at 5 Hz—6 Hz. As
the structure and trajectory of the harvester are symmetric, the measurements for EMG1 and
EMG?2 are similar. As Coil 2 is on the edge of the motion curve, the output P-P value exhibits
asymmetry. Coil 1 is closer to the center stable point than Coil 2, and at a higher rate of
magnetic induction change, Coil 1 performs better in terms of the output P-P value than Coil
2. When the excitation frequency is set to 2 Hz and 8 Hz, the output is reduced by the inter-well
motions of the tip magnet.

The open-circuit P-P voltage outputs of the TENG unit at excitation accelerations of 1g
and 1.5g are presented in Fig.9(b). As the frequency increases, the output increases until it
reaches the point of maximum response. The maximum responses are obtained at an excitation
acceleration of 1g and a frequency of 5Hz, and at an excitation acceleration of 1.5¢g and a
frequency of 6 Hz. The outputs corresponding to the maximum-response points are 62V and
80V, respectively. Figures 9(c) and 9(d) show the friction effect on the open-circuit P-P voltages
of the two EMG units with different input signals. The output results of EMG1 indicate that
the presence of friction reduces the output and the maximum response frequency. The general
trend for EMG2 is similar to that for EMGI1, and the observed frictional negative effect of
EMG?2 is significantly higher than that of EMG1. The output of EMG2 experiences a notable
decrease at 7 Hz.

Figure 10 shows the percentages of friction effects for PEG2, EMG1, and EMG2 units at 1g
and 1.5¢ (with and without friction effects). The results clearly demonstrate that friction can
generally reduce the voltage output. EMGI exhibits the most significant disparity influenced
by friction, and all output units under both excitations are more susceptible to its effect. In the
analysis, the effect of friction is pronounced at 6 Hz and 7Hz under 1¢g and 1.5¢g, respectively.

To investigate the output performance of the proposed model, the maximum output powers
of the TENG, EMG, and PEG units are measured at 5Hz under 1 g acceleration as shown in
Fig.11. Under the influence of friction, the maximum power for the PEG unit is 48.4 mW across
an optimal impedance of approximately 80k{2. The maximum power output of the PEG unit
is 52mW (without friction), representing an increase of 7.4% compared with that of the PEG
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output with friction. For the EMG unit, we rectify and connect EMG1 and EMG2 units in series
to obtain the overall output of EMG. At an impedance of 2202, the maximum EMG output
power is 5.87mW. For the TENG unit, due to its higher internal resistance, the measured
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optimal matching impedance is 21 M2 with a maximum power of 51.23 uW. Regardless of the
presence of friction, the EMG output remains constant at 5.85 mW and 270 (), implying that
friction has a negligible impact on the EMG results. The peak power output of the hybrid
model (with friction) is 54.26 mW, while the hybrid model (without friction) is 58.75 mW.
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Fig. 11 Performance comparison: (a) EMG unit; (b) TENG unit; (¢) PEG unit; (d) EMG, PEG, and
total units’ output differences, where all results are measured at 1g and 5Hz (color online)

According to the simulation results, it can be observed that the movement of the tip mag-
net is hindered by frictional force under various excitation signals and coefficients of friction.
Experimental findings indicate that frictional force significantly affects the open-circuit output.
The output of the designed TENG unit demonstrates notable variations in different experi-
mental environments. To enhance the TENG output, control measures such as temperature
regulation, pre-charging techniques, and nano-scale surface treatment of materials can be imple-
mented. This experiment aims to investigate the impact of friction on dynamic motion states;
hence, complex friction structures are not employed in this study.

4 Conclusions

We explore a tri-hybrid vibration-based energy harvesting model that has a triboelectric
unit operating in sliding mode. We then develop a model for the mechanical vibration of a
cantilever beam with a tip mass, which is subject to both magnetic and frictional forces under
base excitation. Additionally, we examine the open-circuit P-P voltages of the sliding-mode
tri-stable energy harvester. Moreover, dynamic simulations are conducted for different values
of 4 (0.2-0.5) and initial phases (4 mm and 20 mm). The following findings are obtained based
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on the effect of the non-conservative force (friction) on the multi-stable system.

(i) Both simulation and experimental results reveal that under most excitations of the can-
tilever beam structure, friction negatively affects the outputs of PEG unit. At low levels of
excitation (e.g., an acceleration of 0.5¢), the frictional force acting within the structure com-
pletely impedes the outputs.

(ii) However, friction is not always a negative factor. At a high excitation acceleration,
such as 1.5g, in comparison to the 1g excitation, the impact of the friction force is smaller.
The TENG unit can achieve a maximum open-circuit voltage output of 80V and a load power
output of 51.23 uW.

(iii) There is a shift in the distribution of multi-stability due to the effect of friction, leading
to a decrease in the inter-well motion and a simultaneous increase in the intra-well motion.

(iv) The presence of friction not only diminishes the amplitude of the tip magnet but also
reduces the corresponding frequency at which the structure has its maximum-response point.
The dynamic characteristics of the model can be significantly influenced by the magnitude of
the friction coefficient.

In the absence of frictional influence, the EMG exhibits a maximum output power of
5.85 mW under 1g and 5 Hz excitation, while the PEG demonstrates a maximum output power
of 52.9mW. In the presence of frictional effect, the measured output powers of EMG, PEG,
and TENG are 5.85mW, 48.4mW, and 51.23 uW, respectively.
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