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A B S T R A C T

With the increasing demand of emerging technologies for autonomous sensing, the modelling and optimisation
of complete energy harvesting systems are essential to achieve efficient power output. To date, most of the
optimisation efforts in enhancing the performance of triboelectric energy harvesters have been focused on the
improvement of material properties and on the establishment of figures of merit to assist in the definition of
parameters. However, these efforts do not consider the complex relationship between the device structure and
power output, physical constraints in place, and varying excitation conditions. This paper fills that gap for
the first time by applying an optimisation algorithm to establish mechanisms for optimisation-driven design
of sliding-mode triboelectric energy harvesters. A global optimisation methodology is developed to improve
its performance, having experimentally validated the numerical model adopted. This work highlights the
need for a more robust design framework for applications of triboelectric energy harvesting and proposes
a hybrid approach combining the finite element method with analytical models to consider different energy
harvesting parameters including the degradation of the charge transfer efficiency due to the edge effect. A
novel high-power output sliding-mode triboelectric energy harvesting concept is proposed and its performance
is optimised, using the proposed methodology.
1. Introduction

The increasing interest in smart devices has driven the development
of sensor systems that connect and exchange data over the internet and
communication networks. According to a report released in 2021 by the
Grand View Research (GRV), the global retail market of the Internet of
Things is expected to reach USD 182.04 billion by 2028, expanding at a
compound rate of 26.0% from 2021, when it was valued at USD 31.99
billion [1]. This trend spurs the growing need for optimised solutions
in the fields where real-time information facilitates enhanced responses
and decisions. Some of these application domains are security and
surveillance, energy consumption, agriculture automation, healthcare
and medicine, smart cities and houses, and traffic management [2].
Most of these applications, however, face a significant challenge due
to their dependency on batteries as power sources, which often suffer
from limited life cycles [3].

The success of many smart applications relies on reducing the costs
associated with regular replacement of depleted batteries. Battery-free
self-powered sensors enable maintenance-free applications and resolve
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the problem related to the enormous amount of toxic waste disposal of
batteries [3,4]. Therefore, energy harvesting is a promising technology
to be integrated into smart systems, enabling self-powered sensing in
urban environments. Energy can be harvested in urban environments
from structural vibrations, in-pipe water flow, airflow, running vehicles
and trains, etc. The goal is to convert kinetic energy present in such
systems into electricity through transduction mechanisms, including
piezoelectric, electromagnetic, electrostatic/triboelectric solutions. The
ultimate goal of energy harvesting technologies is to balance the en-
ergy harvested from the environment and the energy required for the
continuous operation of a targeted application.

The triboelectric transduction mechanism presents many attractive
advantages for energy harvesting applications. It possesses high ef-
ficiency, with reported 85% mechanical energy conversion [5], it is
easy [6] and inexpensive [7] to manufacture, it yields high power
output [8], is environmentally friendly [9], and can be employed
in several applications [10–12]. Consequently, it has been observed
significant progress in the development of triboelectric harvesters for
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wearables [13,14], blue energy [15–17], and self powered-sensors [18–
22]. Triboelectric energy harvesters are presented in several operating
modes, e.g., vertical contact separation, lateral contact-sliding, single-
electrode, and freestanding. This work will explore and address the
challenges in the design of sliding mode triboelectric energy harvesters
assisted by the optimisation methodology proposed by [23–25] initially
applied for piezoelectric energy harvesting systems.

The key to enable self-powered autonomous sensing lies on the
development of application-oriented harvesting devices. In the tribo-
electric energy harvesting field, a great number of harvesters has
been reported in the literature offering some solutions, e.g., reliable
modelling [26,27], enhanced material properties [28–31], and circuit
topology [32,33]. Typically the optimisation has been focused on a
single component of a concept, instead of considering the optimisation
of a device as a whole. For instance, most optimisation efforts are
placed in the material science aspect as the usual means of optimising
triboelectric energy systems, e.g., by increasing the surface charge den-
sity of the triboelectric layer, by increasing the capacitance variation of
the transducer through micro-surface-patterning to increase the contact
area [34–36], by altering the composition of friction materials [37],
and through the improvement of dielectric properties [38,39].

All these efforts are necessary for the development of energy har-
vesting technologies, which have emerged as a feasible power supply
alternative for embedded systems. However, it is also essential to
employ resources that can help to design an embedded system, which is
capable of, first, getting through the initial power-on reset, and, second,
outliving the lifespan of the self-sustaining embedded system. These are
the two basic essential requirements for achieving perpetual operation,
which is the fundamental objective of any harvester.

In [23], and [25] the authors developed and implemented an op-
timisation methodology that considered the entire harvesting system
and the multiple parameters associated with the harvester’s operation
under several operating conditions [24]. The framework presented
in their work was applied to piezoelectric harvesters only, however,
this methodology can be extended to other energy harvesting tech-
niques. Therefore, an adapted framework is proposed to take into
account the features and particularities of the forced triboelectric en-
ergy harvesting technique. Thus, this paper establishes mechanisms for
optimisation-driven design of sliding-mode triboelectric harvesters by
means of a global optimisation procedure. The objective function is
defined based on leading design parameters such as length, thickness,
width, number and width of hollowed-out units forming the grating
pattern in sliding-mode triboelectric harvesters, the distance between
the hollowed-out units, number of triboelectric layers, and optimal
resistance. Section 2 presents the electromechanical model and a more
flexible V-Q-x relationship for sliding-mode triboelectric generators.
Section 3 presents the FEM model and the analysis of the charge
transfer efficiency degradation due to the edge effect. Section 4 presents
the experimental analyses conducted to validate the model adopted.
Section 5 presents the optimisation approach adopted and explains its
features and algorithm. Section 6 presents results obtained through the
optimisation algorithm and shows the level of improvement provided
when compared to non-optimised conditions. Here, a new sliding-mode
triboelectric harvester design is proposed, driven by the optimisation
procedure. A summary of the findings is presented as follows:

• Although the model of the sliding-mode triboelectric device has
been proposed before, this paper highlights the need for the
implementation of a device-oriented optimisation methodology.
There is no account for such an implementation being applied
to triboelectric harvesters thus far. Previous works select model
parameters rather randomly, either from limited numerical simu-
lation analysis or from the experience of previous experiments. In
the present paper, the authors go much further, not only clearly
showing how the parameters of the model should be selected,
but also demonstrating the importance of optimisation, which
2

substantially increases the TENG performance (see Fig. 12).
• To date, no sliding-mode triboelectric harvester designs have
adopted a nonidentical grated pattern between the width of the
hollowed-out units and the distance between them. This paper
explores this aspect for the first time and indicates that the
width of the hollowed-out units must be greater than the distance
between them.

• The results show that the optimal number of grating units tends to
decrease as the frequency increases, which shows its dependency
on the excitation conditions and not only on the topology of the
layers.

• This paper incorporates the result of FEM analyses into the analyt-
ical equations to account for the edge effect, which is also done
for the first time in the literature. This is achieved through the
use of a charge-transfer efficiency parameter, which is a function
of the unit aspect ratio of the dielectric film. With this, the
model overcomes the edge effect limitation by accounting for the
charge transfer degradation, present in designs characterised by
a lower unit aspect ratio. Therefore, this work can more precisely
establish the optimal performance region as it considers the trade-
off between the gain from more charge cycles and the loss from
charge transfer degradation at low unit aspect ratio designs.

• The influence of the ratio between the length of the oscillating
layers and the length of the stationary layers was analysed for
the first time. It has been shown that the optimal length ratio is
not 0.5 as mostly adopted in the literature, but that it varies, de-
pending on the other parameters, such as the excitation frequency
and resistance.

• The completely new device concept is proposed, based on the
sliding mode triboelectric effect. The uniqueness of the proposed
concept is its ability to be pre-tuned to any excitation frequency,
since the natural frequency of the entire device is independent
of the proposed global optimisation approach, making the device
suitable for a great variety of applications.

2. Electric model of the device

Fig. 1-I schematically illustrates the structure and operation mech-
anism of our proposed energy harvester. The triboelectric energy har-
vesting is triggered by the friction between positively and negatively
charged materials. In the proposed device, they are represented by
an oscillating electrode on the top and a stationary electrode on the
bottom (both positively charged) and a stationary dielectric film (neg-
atively charged) attached to the bottom electrode forming a variable
capacitance. This configures the conductor-to-dielectric mode, where
one of the electrodes is not attached to a dielectric material [9].
As the top electrode oscillates along the stationary component, the
capacitance varies and, during the first oscillations, the dielectric film
generates charges due to triboelectric effect. Consequently, electrons
are transferred between the electrodes during the following mechanical
oscillations based on in-plane electrostatic induction [40]. Fig. 1 depicts
this process in four phases after the initial charging of the triboelectric
layer. First, (Fig. 1-II), the two electrodes and the dielectric film are
fully overlapping and we assume that the negative charge embedded in
the triboelectric layer will remain constant during the electromechani-
cal energy conversion process. We also assume that those triboelectric
charges are uniformly distributed in the dielectric on top of its surface.
This results in a net positive charge in the top electrode. As the top
electrode slides (Fig. 1-III), the unbalanced negative charges on the
dielectric film induces an electrical potential which drives electrons
from the bottom electrode to the top electrode. The electric potential
reaches its maximum value when the top electrode is at its fully
displaced position (Fig. 1-IV, where the negative triboelectric charges
are compensated by the induced charges. As the top electrode slides
back, the electrons are driven back to the bottom electrode (Fig. 1-V).

Under continuous oscillation, an alternating current is generated.
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Fig. 1. Triboelectric energy harvesting mechanism under slide mode.
There are two basic categories of models used to model triboelectric
systems [41]. The first was developed based on the formal electromag-
netic theory [41–43] as described by Maxwell’s laws and the resultant
general theory of the electric field and displacement current. The
second model was developed based on the lumped parameter circuit
theory [40,44], which is adopted in this paper. For the purpose of this
study, the sliding-mode triboelectric harvester is modelled as a voltage
source corresponding to the open-circuit voltage of the triboelectric
harvester in series with the variable capacitor [41,42,45]. If the equiv-
alent electric model is connected in series to a load 𝑅, the governing
Equation of the triboelectric generator is expressed as [40,46]:

𝑉 = 𝑅𝑑𝑄
𝑑𝑡

= −
𝑄(𝑥)
𝐶(𝑥)

+ 𝑉𝑂𝐶 (𝑥) (1)

where 𝑉 is the voltage across the resistive load 𝑅, 𝑄 is the transferred
charge between electrodes during the motion of the top electrode,
𝐶(𝑥) is the capacitance between the two electrodes, and 𝑉𝑂𝐶 (𝑥) is the
open circuit voltage. The capacitance and the open circuit voltages are
functions of the displacement 𝑥 of the oscillating electrode, as follows:

𝐶(𝑥) =
𝜀0𝜀𝑟𝐴1(𝑥)

𝑡𝑑
(2)

𝑉𝑂𝐶 (𝑥) =
𝜎𝐴2(𝑥)𝑡𝑑
𝜀0𝜀𝑟𝐴1(𝑥)

(3)

where 𝐴1 is the overlapping area between the oscillating and fixed
electrodes and 𝐴2 is the area of the dielectric film not overlapped by
the sliding electrode, 𝑡𝑑 is the thickness of the dielectric film, 𝜎 is the
surface charge density, 𝜀0 is the dielectric permittivity of vacuum, and
𝜀𝑟 is the relative dielectric permittivity of the dielectric film.

Fig. 2 presents the film pattern described by the analytical model.
The width of the hollowed-out units is given by 𝑑, while the distance
between hollowed-out units is given by 𝛿, as follows:

𝑑 = 𝐿
𝑁 +𝑁𝑟𝛿|𝑑 + 𝑟𝛿|𝑑

, (4)

𝛿 = 𝑟𝛿|𝑑𝑑 (5)

where 𝐿 is the length of the longer film, 𝑟𝛿|𝑑 is a dimensionless
parameter used to establish the relationship between 𝛿 and 𝑑, and 𝑁
is the number of hollowed-out units on the longer film (Fig. 2(a)).
This approach is adopted to allow optimising the ratio between the
width of the hollowed-out units (𝑑) and the distance between them
3

(𝛿). Given the hollowed-out units, the overlapping area between the
upper electrode and the dielectric film varies due to their relative dis-
placement. Therefore, 𝐴1 and 𝐴2 are functions of the mobile electrode
displacement 𝑥:

𝐴1 = 𝐴0 +

if 𝛿 ≥ 𝑑

⎧

⎪

⎨

⎪

⎩

𝑤0
(

𝛿 − 𝑥0
)

(𝑛 + 1) , 𝑥0 ∈ [0, 𝑑]
𝑤0 (𝛿 − 𝑑) (𝑛 + 1) , 𝑥0 ∈ (𝑑, 𝛿]
𝑤0

(

𝑥0 − 𝑑
)

(𝑛 + 1) , 𝑥0 ∈ (𝛿, 𝑑 + 𝛿] ,

if 𝛿 < 𝑑

⎧

⎪

⎨

⎪

⎩

𝑤0
(

𝛿 − 𝑥0
)

(𝑛 + 1) , 𝑥0 ∈ [0, 𝛿]
0, 𝑥0 ∈ (𝛿, 𝑑]
𝑤0

(

𝑥0 − 𝑑
)

(𝑛 + 1) , 𝑥0 ∈ (𝑑, 𝑑 + 𝛿] ,

(6)

and,

𝐴0 = 𝑙
(

𝑤 −𝑤0
)

(7)

𝐴2 = 𝑤0𝛿(𝑁 + 1) + 𝑙(𝑤 −𝑤0) − 𝐴1, (8)

where 𝑤 and 𝑙 are the width and the length of the film, 𝑤0 is the height
of the hollowed-out unit, and 𝑁 is the number of hollowed-out units
on the longer film. The length, 𝐿, presented in (4) must satisfy the
following equation:

𝐿 = (𝛿 + 𝑑)𝑁 + 𝛿. (9)

Note that 𝑁 = 0 results in 𝛿 = 𝐿. A function 𝑥0(𝑥) is introduced in
the calculation of the overlapping area and it informs the relative dis-
placement between hollowed-out units on the film and on the electrode,
which is reset every time they completely overlap each other:

𝑥0 = 𝑟𝑒𝑚(|𝑥|, 𝛿 + 𝑑), (10)

where 𝑟𝑒𝑚(⋅) is the remainder operator. The length of the carriage (𝑙) is
determined depending on the number of hollowed-out units (𝑛) it has,
which is a fraction (𝑟𝑙|𝐿) of the number of hollowed-out units (𝑁) on
the extended film rounded to the nearest integer, as presented in the
following equation:

𝑛 = 𝑁 − ⌊𝑟 𝑁⌉, (11)
𝑙|𝐿
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Fig. 2. Grating pattern: (a) film and (b) sliding electrodes can assume distinct lengths, having different number of hollowed-out-units.
thus, the length of carriage is determined by:

𝑙 = 𝐿 − (𝑁 − 𝑛)(𝛿 + 𝑑), (12)

which can be understood as the resultant length after the removal of
(𝑁 − 𝑛) grating units (𝛿 + 𝑑) from the larger film.

In general, a number of layers allowed along the thickness of a
device depends on the thickness of the dielectric film and electrode
layers. One triboelectric unit is composed of one electrode-dielectric-
electrode set, i.e., three layers (see Fig. 1), where the top electrode
moves with respect to the dielectric film and the electrode attached
to it. The thickness of the dielectric (𝑡𝑑) can be optimised while the
thickness of the electrodes (𝑡𝑒) remains constant. Therefore, the number
of layers (𝑛𝑑𝑙) can be defined based on the resultant thickness of the
dielectric layer:

𝑛𝑑𝑙 =

⌊

𝑇 − 𝑡𝑒
(𝑡𝑑 + 𝑡𝑒)

⌉

. (13)

where 𝑇 is the device thickness.

3. Edge effect analysis via FEM

The edge effect is characterised by the uneven distribution of
charges at the edges of the electrodes of the triboelectric unit [47], ob-
served in a concentration of charges at the edges of the dielectric [48].
Consequently, under such circumstances, the electric field distribution
inside the dielectric is also non-uniform, contrary to the capacitive
model adopted, which considers a uniform electric field distribution.
Two conditions are necessary to neglect the edge effect: first, the length
of the dielectric film must be much larger than its thickness, and,
second, the separation distance must be less than 0.9 𝐿 [47]. This will
ensure that the uniformity of the electric field is predominant, although
the edge effect is always present at the boundaries of a real system. A
FEM model was built in COMSOL to study the influence of the electric
field and the edge effect over the charge transfer efficiency (𝜂𝐶𝑇 ). The
model consists of a dielectric layer placed between two electrodes,
configuring the conductor-to-dielectric type. The bottom electrode and
the dielectric layer are fixed while the top electrode slides, inducing
triboelectrification. Each layer is 50 mm long and 25 mm wide. The two
electrodes are 0.01 mm thick while the thickness of the dielectric layer
is 0.5 mm. The surface charge density 𝜎 adopted for all simulations is
80 μC∕m2, a value calculated based on the experimental results. The
output voltage of the sliding-mode triboelectric energy harvester is
measured first, and then the value of the charge density is adjusted in
numerical simulation to fit the theoretical voltage with the measured
voltage. A similar value was also reported in [49]. Note that the
model is built for the case when 𝑁 = 0, which leads to 𝛿 = 𝐿. This
approach is considered because the edge effect is observed due to the
increase of the 𝛿∕𝑡𝑑 ratio, as reported by [50]. Fig. 3(a) illustrates
the arrangement of the model simulated in COMSOL while Fig. 3(b)
4

presents the FEM results for the potential distribution when 𝑥 = 𝐿∕2.
Fig. 3(c) presents the surface charge at 𝑥 varying from 5 mm to 45 mm.
Figs. 3(d) and 3(e) present the charge transfer under short-circuit
condition and the open circuit voltage, respectively. There are three
responses for the slide-mode triboelectric generator in Figs. 3(d) and
3(e). The first was obtained analytically (red), the second is the result
from the analytical model adapted by 𝜂𝐶𝑇 (magenta), and the third is
the response obtained from FEM simulation (blue). Fig. 3(f) shows the
charge transfer efficiency surface as a function of the overlap and unit
aspect ratios.

The FEM simulations are performed in open-circuit as well as in
short circuit conditions. In the open-circuit configuration, the floating
potential is initially defined as zero (discharged capacitor) on the
upper surface of the top electrode and on the lower surface of the
bottom electrode, i.e., their total surface charge density is also zero.
In the short-circuit configuration, the same surfaces are connected to
a common ground. Three main sets of results are extracted from these
simulations: the 𝑉𝑂𝐶−𝑥, the 𝑄𝑆𝐶−𝑥, and the 𝜂𝐶𝑇−𝛿∕𝑡𝑑 responses, where
𝜂𝐶𝑇 is defined as the charge transfer efficiency, and the 𝛿∕𝑡𝑑 as the unit
length over dielectric thickness aspect ratio. The first two relationships
(𝑉𝑂𝐶 − 𝑥 and 𝑄𝑆𝐶 − 𝑥) are presented for validation purposes while the
third (𝜂 − 𝛿∕𝑡𝑑) will assist in understanding some consequences of the
edge effect in the charge transfer and its influence in improving the
analytical 𝑉𝑂𝐶 − 𝑥 and 𝑄𝑆𝐶 − 𝑥 relationships.

In the open-circuit configuration, the open-circuit electric potential
difference between the top and bottom electrodes (𝑉𝑂𝐶 ) in the FEM
model is probed as the top electrode slides on the dielectric layer. As
expected, 𝑉𝑂𝐶 increases as the overlap distance (𝐿−𝑥) decreases. Also,
as 𝑥 approaches 𝐿, the curve 𝑉𝑂𝐶 − 𝑥 approaches asymptotically to
infinity because the overlap area tends to zero (𝐴1(𝑥) → 0), as presented
in Eq. (3). Fig. 3(e) shows that there is a good agreement between FEM
(blue) and analytical (red) results up to the point where (𝐿 − 𝑥) ≫ 𝑡𝑑
is valid. As the overlap area decreases, so increases the discrepancy
between analytical and FEM results. This effect has been discussed
by [48], where the authors point out that the electric field distribution
in the 𝑥-axis becomes more prominent at the edges and can no longer
be neglected if the overlap distance is small enough to be compared to
the thickness of the dielectric layer ((𝐿 − 𝑥) ∼ 𝑡𝑑). For this reason, a
modified, semi-analytical model is proposed.

In the short-circuit configuration, the amount of transferred charges
𝑄𝑆𝐶 in the FEM model is probed at the bottom electrode as the top
electrode slides on the dielectric layer. Fig. 3(d) presents the 𝑄𝑆𝐶 − 𝑥
responses of the analytical model (red), analytical model modified by
𝜂𝐶𝑇 (magenta), and the FEM model (blue). In all three cases, the 𝑄𝑆𝐶−𝑥
relationship is linear, as predicted by Eq. (14):

𝑄𝑆𝐶 (𝑥, 𝛿∕𝑡𝑑 ) = 𝑥𝑤𝜎, (14)

where 𝑥 represents the relative displacement between the top electrode
and the dielectric layer attached to the bottom electrode. Therefore, the
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Fig. 3. FEM simulations results in comparison with response obtained via analytical formulation: (a) FEM model built in COMSOL, (b) surface electric potential for 𝑥 = 𝐿∕2 mm in
open-circuit condition from FEM simulation in COMSOL, (c) surface charge distribution on top electrode in open-circuit voltage condition, (d) charge transfer under short-circuit
condition, (e) open-circuit voltage, and (f) charge transfer efficiency dependency to the unit aspect ratio from FEM simulations.
total charge transferred at full displacement is given by Eq. (15):

𝑄𝑆𝐶 (𝑥 = 𝐿, 𝛿∕𝑡𝑑 ) = 𝐿𝑤𝜎, (15)

Fig. 3(d) indicates that there is a good level of agreement between the
analytical and FEM results with around 1% error as 𝑥 → 𝐿. In this
case, approximately the same absolute charge transferred discrepancy
is observed along the entire displacement distance.

There is a theoretical limitation when the unit aspect ratio (𝐿 − 𝑥)∕𝑡𝑑
is small: if the theoretical linear equations are used to model tribo-
electric systems, where the thickness of the dielectric is of the same
order of magnitude or greater than (𝐿 − 𝑥), the outcomes will exceed
the potentially achievable practical values, as presented in Fig. 3(e)
for 𝑉𝑂𝐶 . [9] showed through FEM simulations that the mismatch given
by the analytical model is caused by its inability to account for the
edge effect, which degrades the charge transfer efficiency (𝜂𝐶𝑇 ) as the
unit aspect ratio (𝛿∕𝑡𝑑) decreases. In this sense, this work proposes a
novel contribution, where the analytical model is adapted to consider
the charge transfer efficiency, as defined by Eqs. (16) and (17):

𝜂𝐶𝑇 (𝑥, 𝛿∕𝑡𝑑 ) =
𝑄𝐹𝐸𝑀−𝐶𝑇

𝑆𝐶 (𝑥, 𝛿∕𝑡𝑑 )
𝑇 𝑜𝑡𝑎𝑙 , (16)
5

𝑄𝑆𝐶 (𝑥, 𝛿∕𝑡𝑑 )
𝜎𝑒𝑞 = 𝜂𝑇𝐶𝜎, (17)

where 𝑄𝐹𝐸𝑀−𝐶𝑇
𝑆𝐶 is the amount of transferred charges (TC) obtained via

FEM simulation, considering the edge effect, 𝑄𝑇 𝑜𝑡𝑎𝑙
𝑆𝐶 is the total amount

of charges when the edge effect is neglected, and 𝜎𝑒𝑞 is the equivalent
charge density accounting for the edge effect by considering the charge
transfer degradation due to the decrease of the unit aspect ratio.

Therefore, the model incorporating 𝜂𝐶𝑇 becomes semi-analytical as
it relies on the charge transfer efficiency curve provided through FEM
simulation, as shown in Fig. 3(f). The influence of the semi-analytical
model is observed in Figs. 3(d) and 3(e), which is able to improve the
prediction of the open-circuit voltage near the edges and the amount
of charge transferred. The error in predicting the open-circuit voltage
near the edges decreased from 20% to 2% while the error in predicting
the short-circuit charge transferred decreased from 3.3% to 2.0%.

4. Model validation via experimental testing

The model developed in Section 2 is implemented and simulated via
MATLAB/Simulink to allow predicting the behaviour of the sliding-
mode triboelectric harvester and for subsequent optimisation. The val-
idation of the model is performed through the prototype presented in



Nano Energy 115 (2023) 108735L.Q. Machado et al.
Fig. 4. (a) Prototype Preparation: Sliding-mode triboelectric harvester: I — Copper Plate; II — Copper clad pcb board cut to final shape; III — Grating pattern added by etching
copper clad board; IV — Kapton layer added; V — Grating pattern added to Kapton film. (b) Electrode and (c) Electrode with Kapton film added.
Fig. 4. Fig. 4(a) presents the manufacturing process of the prototype:
Initially, (I) a copper clad PCB board is (II) cut to the harvester’s shape,
and then (III) etched to add the grating pattern. Next, (IV) a Kapton
tape is added to the grated copper board and (V) manually grated.
Fig. 4(b) presents the electrode, i.e., the grated copper board without
the Kapton tape, while Fig. 4(c) presents the grated copper board with
the grated Kapton tape attached to it. Thus, sliding-mode triboelectric
energy prototype is composed of two geometrically identical parts with
seven hollowed-out units each, as presented in the CAD model of the
prototype in Fig. 5-III. The unit aspect ratio of the prototype is 𝛿∕𝑡𝑑 =
100, therefore the edge effect is negligible. Figs. 5-II and IV depict
the electrode on the top and the dielectric film attached to the other
electrode on the bottom. Fig. 5-V shows the experimental rig built to
test the performance of the device and validate the analytical model
presented in Section 2.

The dielectric film used in the experimental analyses is the 25 μm
thick Polyimide film (KPT-2485), known as Kapton, while the elec-
trodes are manufactured from 1 mm thick copper clad boards. Two
layers of Kapton tape are added to the bottom electrode, creating a
50 μm thick film. The sliding-mode triboelectric harvester is connected
to 10 MΩ and 280 kΩ resistors in series. The 10 MΩ resistor drops the
voltage to a secure level to be recorded by the NI DAQ 6008 which is
connected across the 280 kΩ resistor. The vibration table is driven by
a motor through a crank and a sliding mechanism, which provides a
harmonic excitation with 20 mm amplitude displacement, equivalent
to 2(𝛿 + d) units. The ADXL 203eb accelerometer was attached to the
table (see Fig. 5-V) to monitor the input acceleration. The acceleration
and the harvester voltage data were read through the data acquisition
module NI-6008 and processed in LabView 2020.
6

Fig. 6 compares the experimental data with the output of an equiva-
lent triboelectric model under in-plane sliding mode. The experimental
data are presented as recorded through the data acquisition card, with-
out any filtering or processing. One can observe satisfactory agreement
between the numerical and experimental results for a charge density
of 80 μC∕m2. The model and its prototype successfully respond to
the variations in the overlapping area due to the hollowed-out units’
displacement as the top electrode is forced to oscillate.

Furthermore, the prototype is analysed under 6 operating frequen-
cies ranging from 0.89 to 4.25 Hz. The load resistance of 280 kΩ
remains the same throughout the analyses as well as the displacement
amplitude of 20 mm for each selected frequency. The root mean square
(RMS) of the experimental voltage output at each excitation frequency
is calculated as follows:

𝑉𝑅𝑀𝑆 =

√

√

√

√
1
𝑁

𝑁
∑

𝑛=1
|𝑉𝑛|

2, (18)

where 𝑁 is the number of samples. The resultant root mean square
power is calculated according to Eq. (19):

𝑃𝑅𝑀𝑆 =
𝑉 2
𝑅𝑀𝑆
𝑅

. (19)

The experimental RMS voltage and power are then compared agai-
nst that of the numerical response, as presented in Fig. 7(a). The
numerical and experimental values show good agreement, as indicated
by a mean error under 4%.

5. Optimisation algorithm

The surrogate optimisation algorithm from the MATLAB optimisa-
tion toolbox is selected due to the following features: it is designed to
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Fig. 5. Sliding-mode triboelectric harvester and experimental rig: I — Top electrode and Kapton film attached to bottom electrode detached; II — Top and bottom units before
contact; III — CAD model of the harvester indicating the slide-mode operation; IV — Harvester arrangement under operation in slide-mode; V — Experimental rig.
Fig. 6. Numerical and experimental comparison for a sliding-mode triboelectric harvester.
optimise expensive objective functions, it is by constitution a global
solver, and it does not require an initial guess, only upper and lower
boundaries. The basic concept of the surrogate algorithm is that it
creates a surrogate objective function, i.e., a model that emulates the
original function through interpolation techniques. In this work the
7

objective function is defined by Eq. (20), which aims to maximise
the power output of the harvester. This model is then used to find
better points to be evaluated, where each point refers to a design and
its performance. Therefore, the optimisation algorithm evaluates the
objective function based on the average power output performance
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Fig. 7. Prototype performance considering one triboelectric unit (conductor-electrode-conductor): Experimental and numerical response of the triboelectric unit under varying
excitation frequency for the (a) RMS voltage and (b) RMS power.
achieved by the device under the parameter values that were selected.

max
𝐩𝑖

𝑃𝐴𝑉 𝐺(𝐩𝐢), 𝑏𝑙𝑖 ≤ 𝐩𝑖 ≤ 𝑏𝑢𝑖,

𝑃𝐴𝑉 𝐺(𝐩𝑖) =
1
𝑡

𝑛𝑑𝑙
∑

𝑗=1
𝐸𝑗 (𝐩𝑖),

(20)

where 𝐸𝑗 (𝐩𝑖) is the energy delivered by each layer, 𝑡 is the total time
over which the energy is generated, 𝑏𝑙𝑖 and 𝑏𝑢𝑖 are the lower and upper
bounds of the 𝑖th parameter 𝐩𝑖.

The algorithm alternates between the tasks of creating the sur-
rogate and searching for the minimum. The surrogate is created by
evaluating the objective function at quasi-random points within the
predefined upper and lower bounds of each parameter. Next, a smooth
function is created by interpolating and extrapolating those points,
which characterises the surrogate. This process is repeated at each
iteration, i.e., more points are generated to evaluate the objective
function and then added to the surrogate. The algorithm interpolates
and extrapolates all evaluated points, updating the surrogate. The next
task is to search for the minimum, where other two sub-tasks are
carried out: the search for a better objective function value around
an existing point by refining it, and exploring non-assessed regions.
This second step improves the chances of finding a global minimum by
not focusing around one potential point only. The surrogate algorithm
alternates between the construction of the surrogate and the search
for a minimum until reaching the stop condition, which can be set by
time or iteration limit. Here the iteration criteria is adopted and limited
to 300 global iterations. Each global iteration has a local iteration for
each optimisation parameter, e.g., if the objective function depends on
five parameters, a total of 1500 parameter combinations are assessed
in each optimisation procedure.

6. Results

The optimisation procedure is conducted considering up to five
optimisation parameters: the ratio between the length of the oscillating
electrode and the length of the stationary triboelectric film and elec-
trode (𝑟𝑙|𝐿), the thickness of the dielectric layers (𝑡𝑑), the ratio (𝑟𝛿|𝑑)
between the width of the hollowed-out units (𝑑) and the distance (𝛿) be-
tween them, the electrical resistance (𝑅), and the number of hollowed-
out units on the dielectric film (𝑁), thus 𝐩 = [𝑅, 𝑡𝑑 , 𝑟𝛿|𝑑 , 𝑟𝑙|𝐿, 𝑁]. All
device parameters are determined as a result of optimising 𝐩, e.g., the
length of the carriage (𝑙) is determined by the number of hollowed-out
units (𝑛) it has according to Eq. (12). The parameter 𝑛 is a direct result
of the ratio 𝑟𝑙|𝐿, optimised in the process via Eq. (11). The width of
the hollowed-out unit and the distance between them are determined
through the optimised ratio parameter 𝑟 , as presented in Eq. (4).
8

𝛿|𝑑
The optimised number of triboelectric layers within the thickness of
the harvester is directly determined by the optimal thickness of the
dielectric film (𝑡𝑑), as the thickness of the electrodes remains constant
(Eq. (13)). The optimisation of the resistance is included because there
is no analytical solution to predict it beforehand in slide-mode tribo-
electric energy harvesting systems. Note that, apart from the number
of hollowed-out units and length, all the other parameters within an
optimised device are always the same in all layers and electrodes.

The optimisation procedure is applied to the built prototype in
Section 6.1. The prototype is optimised under two conditions. In the
first condition, the prototype is optimised considering only the ratio
(𝑟𝛿|𝑑) and the resistance (R). In the second condition, the optimisation
of the prototype is extended to consider four parameters: 𝑡𝑑 , 𝑟𝛿|𝑑 , 𝑁 ,
and 𝑅. Section 6.2 introduces the new slide-mode triboelectric energy
harvester design, while Section 6.3 addresses its electro-mechanical
optimisation considering five parameters: 𝑟𝑙|𝐿, 𝑡𝑑 , 𝑟𝛿|𝑑 , 𝑁 , and 𝑅. The
results presented in the following subsections for each device size
and excitation frequency are the best values out of three optimisation
rounds, i.e., the optimisation is repeated three times allowing different
points to be analysed to assure that the optimal set of parameters has
been determined.

6.1. Prototype optimisation

Table 1 presents a summary of the optimised triboelectric parame-
ters considering that the objective function directly depends only on
the resistance (𝑅), i.e., 𝐩 = [𝑅]. The optimisation procedures were
carried out under harmonic excitations of the same level experienced
experimentally by the prototype, i.e., at a constant sinusoidal displace-
ment of 20 mm amplitude and at oscillating frequencies ranging from
0.89 to 4.25 Hz (see Fig. 7(a)). Apart from the optimised resistance, all
other dimensions and properties were kept the same as in the prototype,
including the thickness of the dielectric film, the number of dielectric
layers in the device, the thickness of the electrode, the width of the
hollowed-out units, and the number of hollowed-out units.

Fig. 8 graphically presents the results shown in Table 1. It should
be observed that the average power output per displacement cycle
is kept at 0.12 mW∕Hz, indicating that the average power tends to
increase linearly within the frequency range analysed, as presented in
Fig. 8(a). Fig. 8(b) presents the shape of the curve for rms voltage and
optimal resistance for the given excitation frequencies, indicating that
the optimal resistance and rms voltage decrease at higher frequencies.
Compared with the conditions at which the prototype is experimentally
assessed, it can be concluded that selecting the optimal load resistor
boosts the power output up to around 20 times, from a micro-power
level in Fig. 7(b) to a mili-power level in Fig. 8(a). Note that the values
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Fig. 8. Prototype Optimisation for 𝑅 and 𝑟𝛿|𝑑 : (a) RMS power output, (b) RMS voltage, and optimal resistance for increasing excitation frequencies.
Table 1
Optimisation of the Resistance R applied to the prototype configuration
obtained via surrogate optimisation under harmonic excitation.
Device configuration
L = 75 mm, W = 25 mm, W0 = 𝑊 − 𝛿, 𝛿 = 𝑑 = 5 mm
td = 50 μm 𝑙 = L, N = 𝑛 = 7, ndl = 18, 𝜎 = 80 μC∕m2

Optimisation Optimised
parameters parameters

𝑓𝑒𝑥𝑐 𝑅 𝑃∕𝑓 𝑉𝑅𝑀𝑆
Hz MΩ mW/Hz V

0.89 36 0.12 14.90
1.36 23 0.12 14.70
1.84 17 0.12 14.54
2.32 13 0.12 14.45
2.80 11 0.12 14.25
3.28 9 0.12 14.20
3.76 8 0.12 14.13
4.25 7 0.12 14.08

in Fig. 7(b) are for a single triboelectric unit, thus, for a fair comparison,
they are multiplied by 18, which is the number of triboelectric units
fitted within the harvesting device.

Next, the ratio 𝑟𝛿|𝑑 is added to be assessed by the objective function
to study the effect of allowing 𝛿 and 𝑑 to assume distinct values. Table 2
presents the optimisation results obtained. Note that the optimal ratio
between 𝛿 and 𝑑 is found around 0.63, indicating that the performance
of the harvester is improved when the distance 𝛿 between the hollowed-
out units is slightly lower than their width 𝑑. The results also show
that, at lower frequencies, the power output per cycle was improved
by 25.0%, while around 16.7% at higher frequencies. The voltage
and optimal resistance kept the same pattern as presented in Table 1,
decreasing as the frequency increased.

Further analysis is conducted to observe how the average power
output varies with respect to 𝑅 and 𝑟𝛿|𝑑 when the number of hollowed-
out units is varied. Therefore, two sweeping analyses are conducted at
an excitation frequency of 𝑓𝑒𝑥𝑐 = 4.25, whose results are presented in
Fig. 9. In Fig. 9(a), the harvester has 𝑁 = 7 hollowed-out units while,
in Fig. 9(b), it has 𝑁 = 14. Fig. 9(a) presents the expected result, as
suggested by the optimisation procedure (see Table 2). In Fig. 9(b), as
expected, the overall power output is increased due to a higher number
of charge transfer cycles. However, note how the optimal ratio 𝑟𝛿|𝑑
is shifted upwards from 0.65 to 0.80 at the configuration with more
hollowed-out units. Although the main conclusion remains, i.e., 𝑟𝛿|𝑑
leads to 𝛿 < 𝑑, the change in the optimal region once more indicates
the complexity of the relationship between the parameters and confirms
the need for an optimisation procedure to determine the optimal device
configuration without the need for time-consuming sweeping analyses.

The next step in the analysis extends the optimisation to other
leading parameters, such as the thickness of the dielectric layer and the
9

Table 2
Optimisation of the ratio 𝑟𝛿|𝑑 and Resistance R applied to the prototype configuration
obtained via surrogate optimisation under harmonic excitation.

Device configuration
𝐿𝑑 = 50 mm, 𝑊𝑑 = 25 mm, W0 = 𝑊𝑑 - 2𝛿, td = 50 μm
𝑙𝑐 = 𝐿𝑑 , N = 𝑛 = 7, ndl = 18, 𝜎 = 80 μC∕m2

Optimisation Optimised
parameters parameters

𝑓𝑒𝑥𝑐 𝑟𝛿|𝑑 𝑅 𝛿 𝑑 𝑃𝑎𝑣𝑔∕𝑓 𝑉𝑅𝑀𝑆
Hz – MΩ mm mm mW/Hz V

0.89 0.62 47 3.89 6.27 0.15 18.97
1.36 0.63 30 3.92 6.23 0.15 18.57
1.84 0.64 21 3.96 6.19 0.15 18.23
2.32 0.64 17 3.96 6.19 0.15 18.09
2.80 0.63 14 3.92 6.23 0.15 17.93
3.28 0.65 12 4.00 6.15 0.15 17.73
3.76 0.63 10 3.92 6.23 0.14 17.75
4.25 0.64 9 3.96 6.19 0.14 17.63

number of hollowed-out units, leading to four optimisation parameters,
as presented in Table 3. The results show that, overall, the power output
for a sliding-mode triboelectric harvester with the same surface area
as that of the prototype is more than 100 times higher by allowing
the thickness of the dielectric film and the number of hollowed-out
units to be optimised. The optimisation routine indicates that a higher
number of hollowed-out units is more desirable. However, the gain due
to the addition of hollowed-out units is beneficial up to a certain point,
as already confirmed by [50,51]. Also, note that the optimal number
of grating units decreases as the frequency increases, a relationship
explored for the first time in the study of triboelectricity. It should be
noted that all optimisation results take into account the degradation of
the charge transfer efficiency caused by the decrease of the unit aspect
ratio of each grating unit (𝛿/td). Thus, the model is sensitive to the
negative influence of the edge effect on the power output as the number
of hollowed-out units and film thickness are increased.

Table 3 shows that the harvester benefits from higher thickness
when compared to the 50 μm used for the prototype. In many cases,
however, the thickness of the dielectric layer assumes a value quite near
the distance between two hollowed-out units (td ∼ 𝛿), so that the unit
aspect ratio for each grating unit is approximately 1. As the optimal
thickness increases, the optimisation algorithm adjusted r𝛿|𝑑 and N in
order to maintain 𝛿 always greater than td. Thus, the optimisation
routine indicates that the harvester has a better performance when td →
𝛿. This is an unexpected result; when the thickness is comparable to the
width of the electrodes (the distance between the hollowed units), the
edge effect becomes obvious, which weakens the charge-transferring
efficiency. Lower aspect ratios result in higher charge cycles. Under
that condition, however, the charge transfer efficiency is around 50%.
Nevertheless, the algorithm informs that having more charge cycles
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Fig. 9. Sweep analysis of the 75 mm prototype considering 𝑅 and 𝑟𝛿|𝑑 : (a) with the original 𝑁 = 7 hollowed-out units, and (b) with 𝑁 = 14.
Table 3
Optimisation of the ratio 𝑟𝛿|𝑑 , number of hollowed-out units 𝑁 , dielectric thickness 𝑡𝑑 , and Resistance R applied to the
prototype configuration obtained via surrogate optimisation under harmonic excitation.

Device configuration

Optimisation parameters Optimised parameters

𝑓𝑒𝑥𝑐 𝑟𝛿|𝑑 𝑁 𝑡𝑑 𝑅 𝛿 𝑑 𝛿∕𝑡𝑑 𝑛𝑑𝑙 𝑃𝑎𝑣𝑔∕𝑓 𝑉𝑅𝑀𝑆
Hz – – μm MΩ μm μm – – mW∕Hz V

0.89 0.83 184 151 28 184 222 1.22 17 19.45 169.50
1.36 0.91 137 226 29 260 286 1.15 16 16.77 203.50
1.84 0.88 100 307 33 349 397 1.14 15 14.51 243.64
2.32 0.84 116 226 20 294 350 1.30 16 12.88 194.37
2.80 0.88 76 310 29 459 522 1.48 15 12.10 255.57
3.28 0.88 82 310 23 426 484 1.37 15 10.70 234.03
3.76 0.82 84 310 22 400 488 1.29 15 9.69 230.67
4.25 0.87 71 309 20 488 561 1.58 15 9.13 230.00
(higher 𝑁 value) at 50% efficiency is better than a lower number of
charge cycles at higher efficiency.

Table 3 shows that, as the frequency increases, the optimal resis-
tance tends to decrease. This tendency is observed up to the point when
the film thickness suddenly increases, when 𝑅𝑜𝑝𝑡 also jumps from 16
MΩ at 𝑓 = 2.80 Hz to 30 MΩ at 3.28 Hz. This can be explained by the
fact the optimal resistance is inversely proportional to the excitation
frequency and to the capacitance. Since the rise in excitation frequency
is smaller than the decrease in capacitance due to the higher thickness,
the optimal resistance needs to increase. Although the Equation to
calculate the optimal impedance is not applicable due to the varying
capacitance, the relationship it establishes is still valid.

6.2. The sliding-modetriboelectric harvester design

Fig. 10 presents the sliding-mode triboelectric harvester’s design,
which is comprised of a stationary and an oscillating part. The sta-
tionary component is composed of metallic layers (blue) attached to
dielectric layers (yellow) while the oscillating component is composed
of metallic layers (red). The metallic and dielectric layers form a
grating-structured sliding-mode triboelectric generator (S-TEG). The
grating pattern is identical in all layers, across electrodes and dielectric
films. The harvester is excited via a host structure of length 𝐿, width
𝑊𝑑 , and thickness 𝑇 . The carriage mass, comprised of the metallic
component of the triboelectric harvester, is excited under an input
acceleration provided by a vibrating structure, which moves the host
structure. The carriage slides along the device length, being guided by
the stationary part of the device and the side rails (where the springs
are located) and the carriage is connected to the host structure by
spring and damper elements, similar to the design presented by [24]
for a piezoelectric energy harvester.
10
Such a sliding-mode triboelectric harvester design is a novel ap-
proach to enable high power output. As it is composed of several
triboelectric units, the device grows in complexity with new parameters
being added to the performance Equation of the harvester. Conse-
quently, new design approaches need to be considered for optimal
power output. Independently designing a single triboelectric unit and
arranging it as presented in Fig. 10 may not lead to its optimal per-
formance. The device needs to be designed in the context of the
application, under the operating conditions it will be submitted to.
Most designs and optimisation procedures proposed with figure-of-
merit methodologies limit the design to single units and within the safe
condition of maintaining a high aspect ratio (𝛿∕𝑡𝑑 > 300). In addition
to that, they do not take into consideration non-linearities from the
charge transfer degradation. Therefore, in addition to presenting a
full-sized triboelectric harvester solution, the harvester is submitted
to a global optimisation algorithm. The global optimisation algorithm
takes into consideration leading parameters that are able to affect the
performance of the harvester. Therefore, each parameter is assessed
considering the role it plays as the other parameters change and within
applied constraints.

6.3. Optimisation of the sliding-mode triboelectric concept

As presented in Fig. 10, one triboelectric unit is comprised of two
electrodes and a dielectric film placed between them. In the conductor-
to-dielectric contact mode, the dielectric film is attached to the bottom
electrode while the top electrode slides over the film. The tribolectric
harvester is comprised of several triboelectric units, all having the same
grating pattern on the electrodes and the dielectric films. However, the
oscillating electrode is allowed to assume different lengths 𝑙𝑐 according
to the length ratio 𝑟𝑙|𝐿 while the dielectric film and the electrode
attached to it have constant lengths 𝐿 . The sliding-mode triboelectric
𝑑
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Fig. 10. Device Design: (a) Front view indicating the layers’ arrangement and overall dimensions, (b) side view showing the grating pattern on film and carriage, and (c) isometric
view presenting the main components of the sliding-mode triboelectric harvester.
device is analysed in five length configurations: 50, 75, 100, 150,
and 200 mm, all with thickness 𝑇𝑑 = 20 mm, and width 𝑊𝑑 =
25 mm. Since the stationary and oscillating layers are allowed to assume
distinct lengths and their grating pattern is identical, the number of
hollowed-out units on them is different. Here, it is considered that the
carriage/electrode can only slide along the length of the dielectric film,
as illustrated in Fig. 10. Therefore, Eq. (21) establishes the following
boundary condition:

0 ≤ 𝐴 ≤
𝐿𝑑 − 𝑙𝑐

2
, (21)

where 𝐴 is the amplitude of the carriage displacement 𝑥 = 𝐴 sin(𝜔𝑡).
There are two conditions when 𝐿𝑑 = 𝑙𝑐 only. The first takes place

when 𝑟𝑙|𝐿 = 0, which leads to 𝑁 = 𝑛 according to Eq. (11) and,
consequently, to Ld = 𝑙𝑐 according to Eq. (12). The second takes
place when N = 0, which leads to n = 0 according to Eq. (11) and,
consequently, to Ld = 𝑙𝑐 according to Eq. (12). In both cases, how-
ever, equal lengths means zero displacement amplitude, as determined
11
by Eq. (21). Thus, the power output is also zero. This configures the
main difference between the first optimisation round, which had a
constant displacement amplitude applied to the system, and the one
presented in this section, whose displacement amplitude depends on 𝑙𝑐
and Ld.

Table 4 presents the optimisation results for the five length config-
urations of the sliding-mode triboelectric design presented in Fig. 10
under excitation frequencies ranging from 1 to 25 Hz. The first two
columns present the parameters related to the motion and dimensions
of the harvester, i.e., its excitation frequency 𝑓𝑒𝑥𝑐 and length 𝐿𝑑 . These
values are constant through each individual optimisation round. The
width 𝑊𝑑 and the thickness 𝑇𝑑 of the harvester are not presented
here because they remain constant across all analyses, 𝑊𝑑 = 25 mm,
𝑇𝑑 = 20 mm. The optimisation parameters are presented in the next
five columns. These are the parameters 𝐩 which compose the objective
function. All the other variable parameters presented in the remaining
columns are calculated as a result of 𝐩.
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Table 4
Optimisation of the ratio 𝑟𝑙|𝐿, 𝑟𝛿|𝑑 , number of hollowed-out units 𝑁 , dielectric thickness 𝑡𝑑 , and Resistance R applied to the sliding-mode triboelectric harvester,
obtained via surrogate optimisation under harmonic excitation.

Device configuration

Film Optimisation parameters Optimised parameters

𝑓𝑒𝑥𝑐 𝐿𝑑 𝑟𝑙|𝐿 𝑟𝛿|𝑑 𝑁 𝑡𝑑 𝑅 𝑙𝑐 𝛿 𝑑 𝛿∕𝑡𝑑 𝑛 𝑛𝑑𝑙 𝑃𝑎𝑣𝑔∕𝑓 𝑉𝑅𝑀𝑆
Hz mm – – – μm MΩ mm μm μm – – – mW∕Hz V

1.00 50 0.48 0.90 192 123 64 26.10 123 137 1.00 100 17 6.14 151.73
1.00 75 0.34 0.91 201 151 50 49.69 177 195 1.17 133 17 12.26 189.90
1.00 100 0.41 0.92 208 226 37 59.23 230 250 1.02 123 16 18.60 206.28
1.00 150 0.38 0.88 281 203 18 92.98 249 283 1.23 174 16 35.99 202.76
1.00 200 0.27 0.90 395 226 13 145.89 240 266 1.06 288 16 55.26 212.62

2.00 50 0.38 0.89 105 223 82 31.04 223 251 1.00 65 16 4.73 220.39
2.00 75 0.38 0.85 152 226 39 46.47 226 266 1.00 94 16 8.81 207.82
2.00 100 0.37 0.89 143 305 35 63.06 328 369 1.08 90 15 13.44 249.63
2.00 150 0.38 0.88 179 391 25 93.17 391 445 1.00 111 14 24.22 295.36
2.00 200 0.31 0.93 232 310 11 138.06 415 446 1.34 160 15 37.53 229.74

5.00 50 0.27 0.92 58 407 101 36.32 410 445 1.01 42 14 3.00 328.52
5.00 75 0.28 0.83 89 310 41 54.04 380 458 1.23 64 15 5.25 266.64
5.00 100 0.30 0.91 105 310 22 69.66 452 496 1.46 73 15 9.08 256.93
5.00 150 0.32 0.86 170 226 10 102.48 407 473 1.80 116 16 14.49 212.31
5.00 200 0.27 0.84 147 515 13 145.75 619 737 1.20 107 13 21.05 326.93

10.00 50 0.25 0.94 44 407 65 37.64 545 579 1.34 33 14 2.17 317.06
10.00 75 0.34 0.89 47 520 36 49.72 744 836 1.43 31 13 4.16 341.16
10.00 100 0.37 0.84 87 310 13 63.41 522 621 1.68 55 15 5.65 218.52
10.00 150 0.36 0.95 89 398 16 96.36 817 860 2.05 57 14 9.34 328.17
10.00 200 0.40 0.89 103 633 13 120.75 910 1023 1.44 62 12 12.59 374.01

25.00 50 0.36 0.87 36 357 24 32.17 638 733 1.79 23 14 1.46 249.50
25.00 75 0.24 0.84 40 764 39 56.46 846 1008 1.11 30 11 2.04 426.42
25.00 100 0.29 0.86 45 517 29 71.40 1017 1183 1.97 32 13 3.29 430.14
25.00 150 0.30 0.89 68 791 18 106.19 1032 1159 1.30 48 11 5.47 473.96
25.00 200 0.33 0.82 118 509 8 134.15 761 928 1.49 79 13 6.58 308.49
The outcome of the optimisation round presented in Table 4 indi-
ates that, under the geometrical constraint applied (see Eq. (21)), the
ptimal length ratio 𝑟𝑙|𝐿 tends to lower values, i.e., the length assumed
y the carriage gives preference to higher overlap areas, rather than
igher displacement amplitudes. The average power output yielded by
ach harvester configuration increases with the frequency and with the
ength, as there will be more charge transfer cycles. Note, however, that
he average power per cycle decreases with the frequency so that the
verall power saturates at high excitation frequencies. Fig. 11(a) shows
hat trend as well as the fact that, at lower frequencies, longer devices
rovide higher power density per cycle (PRMS∕Ld), indicating a non-
inear relationship between the device length and the output power,
ote, however, at higher frequencies, the power density per cycle is

imilar across all device sizes. Fig. 11(b) shows that there is a linear
elationship between the log of the power density (power per area) per
ubic cycle and the frequency, with a negative slope.

𝑔
(

𝑃𝑟𝑚𝑠

𝐴𝑓 3

)

= 𝑏 − 𝑐 𝐿𝑔(𝑓 ) (22)

where 𝑏 and 𝑐 are the constants defined for each device size from
Fig. 11(b). This formula, based on the optimal values of the parameters,
can be used to determine the power output of the device based on the
dielectric area, the device size, and the operational frequency.

From Table 4 is also clear that the sliding-mode triboelectric har-
vester benefits from non-uniformity between the width of the hollowed-
out units 𝑑 and the distance between them 𝛿, as the optimal ratio
between 𝑟𝛿|𝑑 assumes values less than one in all cases. Thus, 𝑑 must
lways be a little greater than 𝛿 for optimal performance. In other
ords, the optimal unit aspect ratio tends to the unit, corroborating
revious results where 𝛿∕𝑡𝑑 ∼ 1 for best performance, despite the fact
hat the charge transfer efficiency at that unit aspect ratio is around
0%. Another interesting trend is noticed in the overall decrease in
he number of hollowed-out units with the rise in excitation frequency,
hich prompts the rise in the thickness of the dielectric film to maintain

he unit aspect ratio near 1, as a lower number of hollowed-out units
eads to greater values of d and 𝛿.
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Another critical point of analysis is explored by measuring the im-
pact of the optimisation procedure in the design process of the sliding-
mode triboelectric harvester for each excitation frequency. Therefore,
the optimal parameters obtained for the 50 mm device excited at
1 and 25 Hz were selected from Table 4, and applied to all other
length configurations and excitation frequencies, keeping the excitation
amplitude as defined in Eq. (21). Since the resistance is commonly
optimised in most energy harvesting circuits, results with optimal
resistance for each configuration are also presented to allow comparing
the influence of optimising the other four parameters [𝑡𝑑 , 𝑟𝛿|𝑑 , 𝑟𝑙|𝐿, 𝑁].
Therefore, each chart in Fig. 12 will have three indications in their
legends: Fully-Optimised (blue) for the version where all five param-
eters are optimised, R-Optimised (red) for the version where only the
load resistance is optimised, and Not-Optimised (yellow) for the version
where no parameters where optimised.

Fig. 12(a) presents the results for the 50 mm device with the
optimal parameters obtained at 25 Hz. Here, the optimal parameters
obtained for the 50 mm device excited at 25 Hz are applied to all
other conditions and compared to the fully-optimised results (blue) as
presented in Table 4. At 1 Hz, the optimised result for PRMS∕𝑓 is 1.96
times higher than the R-optimised result and 14.51 times higher than
the non-optimised result. At 2 Hz, that difference decreases, however,
the optimised result for PRMS∕𝑓 is still 1.62 times higher than the R-
optimised result and 6.10 times higher than the non-optimised result.
At 5 Hz, the optimal result is 1.23 and 2.07 times higher than the
R-optimised and non-optimised results, respectively. At 10 Hz, the
improvement provided by the optimisation is 1.25 and 1.38 times
higher, respectively compared to the R-optimised and non-optimised
results. Since the simulations are conducted using the optimisation
results for the 𝐿𝑑 = 50 mm at 25 Hz configuration, all three results
are identical at 25 Hz. The results thus show that the improvement
provided by the optimisation is clearly higher far from the intended
optimisation frequency of the non-optimised cases.

The improvement provided by [𝑡𝑑 , 𝑟𝛿|𝑑 , 𝑟𝑙|𝐿, 𝑁] is more significant
than the improvement provided by 𝑅 only at 1 and 10 Hz. At 2 and
5 Hz, the influence of the resistance is more significant, i.e., R alone
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Fig. 11. Optimisation results from Table 4: (a) Power per cycle per length as the frequency increases for each length, and (b) power per cubic cycle per area as the length
increases for each frequency.
Fig. 12. Comparison between non-optimised, R-optimised, and fully-optimised sliding-mode triboelectric harvesters considering the optimal parameters from the (a) 50 mm at
25 Hz and (b) 50 mm at 1Hz configurations.
provides a greater improvement than that provided by all the other four
parameters combined [𝑡𝑑 , 𝑟𝛿|𝑑 , 𝑟𝑙|𝐿, 𝑁]. Observe that, at 1 Hz, the rise
in 𝑃𝑅𝑀𝑆∕𝑓 is of 2.71 mW s mm−1 from non-optimised to R-optimised,
while of 3.00 mW s mm−1 from R-optimised to fully optimised. At
2 Hz, the rise in 𝑃𝑅𝑀𝑆∕𝑓 is of 2.13 mW s mm−1 from non-optimised
to R-optimised, while of 1.81 mW s mm−1 from R-optimised to fully
optimised. At 5 Hz, the rise in 𝑃𝑅𝑀𝑆∕𝑓 is of 0.98 mW s mm−1 from non-
optimised to R-optimised, while of 0.57 mW s mm−1 from R-optimised
to fully-optimised. At 10 Hz, the rise in 𝑃𝑅𝑀𝑆∕𝑓 is of 0.16 mW s mm−1

from non-optimised to R-optimised, while of 0.44 mW s mm−1 from
R-optimised to fully-optimised.

The same analysis is conducted considering the optimal parame-
ters obtained for the 50 mm device excited at 1 Hz, as presented in
Fig. 12(b). Similar to the pattern observed in Fig. 12(a), the optimisa-
tion is more relevant far from the optimal point, i.e., the discrepancy
in 𝑃𝑅𝑀𝑆∕𝑓 between the fully-optimised and not-optimised is more
significant as the frequency increases, since the optimal parameters are
meant for an excitation frequency of 1 Hz. Note, however, that the
improvement provided by [𝑡𝑑 , 𝑟𝛿|𝑑 , 𝑟𝑙|𝐿, 𝑁] is more significant than the
improvement provided by 𝑅 in all cases.

The optimisation methodology is flexible, accepting more or fewer
parameters as needed. For example, another interesting analysis can
be carried out to indicate the optimal ratio between the thickness
and width of the device, so that the overall cross-sectional area is
kept constant. We can take this further and analyse the optimal ratio
between all dimensions keeping the volume constant. Such analyses
are helpful for manufacturing processes, whose machining time and
cost tend to be affected by such parameters. As evidence of how those
13
parameters can change the performance of the harvester, an additional
simulation is conducted considering a device thickness of 𝑇𝑑 = 10 mm
and width of 𝑊𝑑 = 50 mm, as opposed to the 𝑇𝑑 = 20 mm and
width of 𝑊𝑑 = 25 mm presented in all previous analyses, keeping
the overall device volume the same. The outcome of the analysis
indicates that the new cross-sectional ratio is more advantageous at low
frequencies, as presented in Figs. 13(a) and 13(b). However, at higher
frequencies, that discrepancy tends to decrease and saturate, indicating
that both configurations would present similar performances. These
results give a margin for further analyses, encouraging the inclusion
of other parameters that will assist in designing energy harvesters with
higher performance.

Conclusions

A novel multi-unit sliding-mode triboelectric energy harvester is
designed, driven by a global optimisation methodology based on the
average power performance output, at varying frequencies and device’s
size. The original sliding-mode triboelectric governing equations are
modified to offer more versatility in the analysis of the relationship
between the various parameters that govern the performance of a
triboelectric unit. An experimental analysis was conducted to validate
the analytical model adopted, yielding satisfactory results under all
excitation conditions tested. In addition to the experimental analyses,
FEM simulations were conducted, also corroborating the validity of the
model.

The performance optimisation of the triboelectric unit is conducted
in the context of the entire harvester, taking into account the influence
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Fig. 13. Comparison between the (a) 50 mm and (b) 100 mm devices at two cross-sectional dimension ratios but same area WxT = 25 × 20 mm2 (original) and 50 × 10 mm2.
of the number of layers composing the device as well as the oper-
ating conditions. During the optimisation process, several parameters
were varied, including the thickness of the dielectric film, the ratio
between the hollowed-out units and the distance between them, the
number of hollowed-out units, and the electrical resistance. Besides the
consequent changes to the capacitance, open-circuit voltage, optimal
resistance, and charge transfer cycles, a critical parameter changed
in the process was the unit aspect ratio of the triboelectric unit. The
original triboelectric models were derived based on the assumption that
a high unit aspect ratio is kept. Here, a novel optimisation methodology
is suggested, providing new information about the performance of
triboelectric energy harvesters in conditions not previously discussed
in the literature as follows:

1. A FEM analysis was incorporated to the analytical equations
used in the numerical model through a charge transfer efficiency
parameter, function of the unit aspect ratio, to overcome the
limitation of no analytical solution to account for the charge
degradation at a lower unit aspect ratio.

2. By considering the edge effect, the associated non-linearity was
added to the response of the system, as observed in FEM simula-
tions, and the code acquired more flexibility to analyse regions
previously neglected due to mathematical limitations.

3. The optimal performance region was established as a trade-off
between the gain from greater charge cycles and the loss from
charge transfer degradation at low unit aspect ratio designs.

4. The influence of the ratio 𝑟𝛿|𝑑 between the width of the hollowed-
out units (𝑑) and the distance between them (𝛿) was analysed
for the first time. The results show that optimal power output
is achieved when 𝑑 > 𝛿, not when they are equal as adopted in
grating designs in the literature [50,51]. The optimal value of
this ratio may vary from 0.64 up to 0.91.

5. The influence of the ratio 𝑟𝑙|𝐿 between the length of the oscillat-
ing layers and the length of the stationary layers was analysed
for the first time. It has been shown that the optimal length ratio
is not half as mostly adopted [50], but that it varies depending
on the other parameters such as the excitation frequency and
resistance.

6. The results show that the optimal number of grating units tends
to decrease as the frequency increases, which shows its de-
pendency to the excitation conditions and not only with the
topology of the layers.

7. It has been shown that the optimal parameters set defined at
a given operating condition is able to yield good performance
under frequency range around the analysed point, demonstrating
the robustness and importance of the optimisation.
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The paper delivered the following new results:

1. At optimal conditions, the power per cycle tends to level off to
become asymptotic, decreasing as the frequency increases for
any device size.

2. The rms power density per cycle is greater for longer devices,
however, the discrepancy decreases at higher frequencies.

3. Increasing the device length, i.e. contact area, is not followed
by a linear increase in power density per cycle. Conversely, the
power density per cycle tends to a saturation as the length of the
device is increased.

4. An optimised harvester is able to generate significantly more
energy when compared against their non-optimised versions.
Moreover, the proposed concept’s power output does not drasti-
cally drop when there are some frequency fluctuations, as was
demonstrated in Fig. 12.

5. The optimisation algorithm indicates that within a given device’s
thickness it is better to have thicker triboelectric layers and less
layers up to the region where 𝑑 ∼ 𝑡𝑑 .

6. The turning point for the unit aspect ratio is found to be near
𝑑 ∼ 𝑡𝑑 , where the charge degradation is around 50%. Thus, the
algorithm informs that the harvester benefits more from higher
charge cycles than from a 100% efficient charge transfer up to
𝑑 ∼ 𝑡𝑑 .

7. The results obey general relationship between resistance, ca-
pacitance, and frequency showing that 𝑅 ∼ 1∕𝐶𝜔. However,
the algorithm also indicates the influence of 𝑟𝑑|𝛿 , 𝑟𝑙|𝐿, 𝑁 on the
optimal resistance due to their effect on the capacitance of the
system.

8. The optimisation methodology is flexible, accepting more or less
parameters as needed. This characteristic give margin for further
analyses, encouraging the inclusion of other parameters that will
assist to yield higher energy harvesting performance. Changing
the cross-sectional dimension ratio from 𝑊 ×𝑇 = 25×20 mm2 to
𝑊 × 𝑇 = 50 × 10 mm2, while maintaining the area, yielded up to
31% increase in the power generated per cycle.

Optimisation procedures associated to more flexible mathematical
models are shown to be of extreme importance in the design of energy
harvesting systems. Here, it has been demonstrated the impact that the
several parameters have on the performance of the harvester and how
limitations imposed to the analytical models can prevent the analyses
in parametric regions where the harvester would potentially generate
more energy.
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