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ABSTRACT

With the growing demand for integrated smart home systems driven by advancements in the
Internet of Things (loT) and smart city initiatives, the need for efficient, simple, and self-
sustaining sensors has become essential. Triboelectric nanogenerators (TENGs) have recently
emerged as a promising device for both energy harvesting and sensing. However, the
fabrication of different TENG layers using conventional techniques is often complex, time-
intensive, and involves multiple processing steps. Here, a single-step multi-material 3D printing
(MMP) approach is used to fabricate the fully functional TENG device, consisting of positive and
negative triboelectric layers, current collectors and supporting substrate. Nylon 6 and carbon/
polyvinylidene fluoride (C/PVDF) filaments are selected for positive and negative triboelectric
layers, respectively and conductive carbon/polylactic acid (C/PLA) filament was selected for both
current collectors and wood/PLA is selected for both top and bottom supporting layers. The
MMP-TENG is integrated with electronics to showcase its capability for remote monitoring in
smart home settings to detect real-time fall detection and security monitoring. This research will
pave the way for fabricating a smart floor for security monitoring and energy generation in a
smart building.
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1. Introduction

In a world increasingly powered by data and automation,
sensors have become a crucial component of modern
devices, enabling real-time monitoring, efficient energy
management, and seamless interactions within domestic
environments [1-3]. Conventional sensing technologies,
such as capacitive, resistive, piezoelectric, and optical
sensors, are currently used to detect mechanical, electri-
cal, or thermal changes [4-6]. Recently, triboelectric
nanogenerators (TENGs) have emerged as self-powered
sensors with dual functionality, serving both as energy
harvesters and as capable devices for detecting various
physical stimuli [7-12]. While the triboelectric effect has
been known for centuries, the systematic generation of
energy using this effect was only discovered in 2012 by
Wang et al. with the development of the first TENG [13].

TENGS convert low-frequency mechanical energy to elec-
trical energy by the principles of contact electrification
and electrostatic induction. The triboelectric effect
occurs when two different materials with different elec-
tron affinities come into contact and subsequently separ-
ate [14]. Usually, these materials are selected from
triboelectric series, where the materials are arranged
based on their tendency to gain or lose electrons [15,
16]. Commonly employed negative triboelectric or tribo-
negative materials include polydimethylsiloxane (PDMS),
fluorinated ethylene propylene (FEP), polyvinylidene
fluoride (PVDF), and polytetrafluoroethylene (PTFE),
while materials such as human skin, hair, nylon 6, and
cotton wool are frequently categorised as positive tribo-
electric or tribopositive materials. TENG output can be
optimised and tuned by altering parameters such as
contact-separation distance, frequency of contact,
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separation cycles, and contact area. Additionally, material
properties such as electron affinity, surface work func-
tion, dielectric constant, and surface morphology play a
major role in determining output efficiency [17-21].

Additive manufacturing, particularly 3D printing, has
revolutionised device fabrication by allowing for rapid
prototyping and customisable designs with minimal
manufacturing processes. 3D-printed devices have
demonstrated widespread applications ranging from
wearable electronics to artificial prosthetics [22-24].
Among various 3D printing technologies, fused depo-
sition modelling (FDM) is known for its fast and simple
fabrication technologies with minimum operational
requirements [25-27]. The recent addition of multi-
material 3D printing (MMP) technology to FDM makes
it more attractive due to the possibility of 3D printing
entire devices in a single stretch [28, 29]. MMP technique
improves design flexibility and material efficiency, which
lowers wastage during manufacturing and facile incor-
poration of different materials in a single printed struc-
ture [29, 30]. These developments offer a significant
edge over conventional device manufacturing practices
that involve techniques such as lithography, etching, or
moulding, which are complex, expensive and time-con-
suming. Lately, several articles have been published
demonstrating the capabilities of MMP, which can be
realised by different 3D printing techniques [28, 31, 32].
For example, 3D-printed multi-material grippers, [33]
stretchable soft pressure sensors, [34] knee joint
models, [35] etc. are fabricated using different MMP tech-
niques such as FDM, extrusion-based direct-print system,
and Polylet 3D printing, respectively. However, chal-
lenges such as weak interlaminar adhesion between dis-
tinct polymeric materials can lead to delamination and
compromised structural integrity [36]. To overcome
this, strategies like surface roughness modification,
mechanical interlocking, and optimised thermal man-
agement during printing are employed to ensure good
adhesion between materials. These interesting aspects
of MMP make it promising for the fabrication of devices
involving different functional layers, such as TENGs.

3D printing has been used for the fabrication of
TENGs with tailored properties [37, 38]. Structural
modifications and different surface morphology modifi-
cations of the triboelectric polymer layer have been
carried out using 3D printing to achieve superior struc-
tural viability compared to standard micro/nanopat-
terned moulds [39]. Lately, composite filaments have
been studied for 3D-printed TENG applications [40, 41].
These composite filaments have demonstrated improve-
ment in parameters such as triboelectric performance,
flexibility, mechanical durability, etc [42-47]. With
different varieties of composite filaments now

commercially available, fabrication is much easier and
more accessible. However, conventional 3D printing is
often only capable of printing a single material at a
time. This makes it difficult to fabricate devices such as
TENGs with different material combinations. Addition-
ally, the multi-step assembly process increases fabrica-
tion time and can lead to alignment issues, reducing
device efficiency. More importantly, while assembling
manually, bonding between different layers can be
weak, resulting in mechanical failure, reduced durability,
and degraded performance under repeated mechanical
stress. These problems can be solved by using MMP,
which allows the simultaneous deposition of multiple
materials. The stronger bonding between layers allows
materials to be deposited together and adhere at the
molecular level, improving the mechanical robustness
and durability of the device. Furthermore, the capability
to print entire device components together can elimin-
ate the need for additional assembly, reduce fabrication
time, minimise alignment issues, and enhance precision.
Herein, we introduce an innovative tabletop fabrica-
tion method of TENG using MMP. Our design integrates
triboelectric layers, current collectors, and substrates
using a single-step printing process with commercially
available filaments such as nylon 6, acrylonitrile styrene
acrylate (ASA), C/PVDF, and C/PLA. Nylon 6 is used as
positive triboelectric material because of its electron-
donating capability, while ASA and C/PVDF are used as
negative triboelectric material considering the electron-
accepting properties of ASA and PVDF. C/PLA is used
as the current collector, and wood/PLA filament is used
as the supporting substrate. The wood/PLA composite
is used as the supporting substrate to mimic the
texture of the wooden floor and enhance the practicality
of the MMP-TENG for floor-based energy generation. To
demonstrate the feasibility of this approach, we inte-
grated MMP-TENG with the electronics, and a smart foot-
step monitoring system was developed. In a nutshell, this
work represents a significant advancement in scalable
fabrication methods for triboelectric devices, offering a
pathway toward cost-effective energy solutions.

2. Results and discussion

The fabrication steps of multi-material 3D-printing of
TENG as a smart floor tile are illustrated in Figure 1. A
single-stretch fabrication method was employed for
the top and bottom layers of TENG consisting of tribo-
electric materials, conducting current collector and sup-
porting substrate. The top layer was fabricated
employing MMP of nylon 6, C/PLA and wood/PLA
filaments and the bottom layer was fabricated employ-
ing MMP of C/PVDF, C/PLA and wood/PLA. Additionally,
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Figure 1. Schematic illustration of multi-material 3D printing of triboelectric nanogenerator and application as smart floor tile.

another bottom layer was fabricated employing MMP of
ASA, C/PLA and wood/PLA filaments.

The surface morphology of the positive and negative
triboelectric materials were characterised using a confo-
cal laser scanning microscope (CLSM) using a 100x lens,
as shown in Figure 2. As all three electrodes were 3D
printed, the surface was entirely covered with polymer,
with a wave-like pattern on the surface. The 3D-printed
surface of the ASA, C/PVDF and nylon 6 are wavy that
happened following the top layer printhead movement
in a monotonic pattern to fill the 3D structure.

As the surface roughness of the electrodes highly con-
tributes to the output performance of TENG, the CLSM
was used to analyse the surface roughness of the electro-
des. Figure 3a,d, and g depict the magnified optical
images of the ASA, C/PVDF and nylon 6, respectively.
The 2D false colour image maps of the topography of
ASA, C/PVDF and nylon 6 can be observed in Figure 3b,
e, and h, while their corresponding 3D false colour
image maps are shown in Figure 3¢,(f, and i, respectively.
The roughness of the electrode surface is clearly visible in
the 2D and 3D false-colour images. Furthermore, the
average surface roughness value is measured from the
CLSM system, which is obtained as 6.36, 11.64, and
22.86 um for ASA, C/PVDF and nylon 6, respectively. As
evident from the optical images, nylon 6 exhibited the
highest surface roughness among the tested electrodes.
Among negative triboelectrodes, C/PVDF demonstrated
a higher surface roughness. This increased roughness
can facilitate greater contact area at the microscopic
level and enhance the charge transfer and overall tribo-
electric performance of the TENG.

Compression, tensile, and adhesion tests were carried
out to understand the mechanical properties of the 3D-
printed TENG on samples: nylon 6-C/PLA, ASA-C/PLA,
and C/PVDF-C/PLA. From the compression test, C/
PVDF-C/PLA and ASA-C/PLA exhibited good compres-
sive strength of 41.8 and 42.8 MPa, while the nylon 6-
C/PLA sample demonstrated a more gradual defor-
mation and compressive strength of 36.1 MPa. Similarly,
ASA-C/PLA exhibited a superior tensile strength of 1769
MPa. The tensile strength of C/PVDF-C/PLA was found to
be 736.7 MPa. Interestingly, nylon 6-C/PLA exhibited sig-
nificant ductility with an elongation at the break with a
tensile strength of 1169.5 MPa.

The adhesion test was carried out to understand inter-
action behaviours while printed together. Among the
three samples, nylon 6-C/PLA demonstrated the highest
adhesion performance with an adhesion strength of
527.1 MPa. This can be due to mechanical interlocking
or surface roughness, which contributes to better
adhesion with C/PLA. ASA-C/PLA sample also displayed
good adhesion at 518.8 MPa, which can be attributed
to its molecular composition and high degree of molecu-
lar polarity. This allows good bonding and mechanical
interlocking with the C/PLA polymer matrix. C/PVDF
demonstrated an adhesion strength of 3454 MPa,
showing reasonable bonding due to its fluoropolymer
backbone. This fluoropolymer backbone provides good
chemical resistance along with moderate adhesion. Inter-
estingly, all three samples fracture at the neck of the
sample rather than at the interface. This suggests that
the adhesion strength between the materials and C/PLA
exceeds the intrinsic tensile strength of the material.
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Figure 2. Confocal laser scanning microscopy (CLSM) images at high-magnification of a) ASA, b) C/PVDF and c) nylon 6, respectively.

To provide a better understanding of the operational
mechanism of the TENG, a schematic illustration of the
working mechanism is shown in Figure 4. Initially, an
external force is applied, and both electrodes (triboelec-
tric A and triboelectric B) come into contact with each
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other. This causes a charge to build up at the interface,
as shown in Figure 4b. When the force is released, the
separation between the layers establishes a potential
difference between the electrodes (Figure 4c). The
potential difference induces an electron flow in the
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Figure 3. Confocal laser scanning microscope (CLSM) images: a,d,g) at high-magnification, b,e,h) 2D false colour-mapped images, and
¢fi) 3D false colour-mapped images for the topography of ASA, C/PVDF and nylon 6, respectively.



a TENG structure b Contacted

VIRTUAL AND PHYSICAL PROTOTYPING . 5

c Separation l—e. <

| ;
|

triboelectric A
S PR S P R S R R

1=0

Electrodes

triboelectric B

L

€

Pressure & l
_ tact

3D crra (D WoodPLA cone

() Nyloné6 (] ASAorC/PVDF

+H+tttt bt

Figure 4. (a) schematic illustration of TENG structure; TENG operating mechanism (a) electrodes in the contacted state. (b) electrodes
in a separating state. (c) electrodes in a fully separated state, and (d) electrodes cone again in contact.

external circuit, generating a current. The flow of
charges continues until an equilibrium is reached on
the surface charges of the electrodes (Figure 4d). While
the electrodes are pressed again, the accumulated
charges on the electrodes tend to flow in opposite direc-
tions, resulting in a reverse flow of current (Figure 4e).
Thus, alternating current flow is produced during each
pressing and releasing motion.

The triboelectric output performance of the ASA and
C/PVDF tribonegative materials against tribopositive
nylon 6 are shown in Figure 5. The effect of contact fre-
quency was also determined by systematically increas-
ing oscillation frequency from 8 to 12 Hz at a contact
force of 2.8 N, as shown in Figure 5c-f. It was observed
that with increasing frequency, the output voltage (V(;x
probe)) and output current (Igain 1x + 1000)) of C/PVDF|
nylon 6-TENG are increased. The C/PVDF-based TENG
displays a slightly higher peak-to-peak voltage Vi«
probe) than the ASA-based TENG at all measured
contact frequencies. This can be attributed to the pres-
ence of fluorine atoms in the repeating monomer units
of PVDF, which enhances the electronegativity of PVDF
and enhances charge separation during the triboelectric
process. The electronegativity difference between
fluorine and elements present in nylon 6 promotes the
transfer of charges, resulting in effective charge separ-
ation during the triboelectric process. In addition, the
presence of conductive carbon in C/PVDF creates path-
ways for efficient charge transport within the PVDF
matrix. This improves the movement of generated
charges during the triboelectric process. Additionally,

the surface roughness of C/PVDF was higher than that
of ASA, as noted with CLSM. It was observed that the
potential differences between the electrodes in the
pressing and releasing cycles are not symmetric for all
cases. This can be attributed to the occurrence of
several effects like contact electrification, electrostatic
induction, and charge redistribution between the elec-
trodes that make the different intensities of alternate
signals [48]. Consequently, the C/PVDF|nylon 6-TENG
generates a power density of 1.97 yW cm™2 and an
energy density of 0.16 nJ cm™2 at 12 Hz. Whereas ASA-
based TENG provides a power density of 1.287 pyW
cm™ and an energy density of 0.11 nJ cm™ at 12 Hz.
Whereas ASA-TENG gave a power density of 1.287 uW
cm™ and an energy density of 0.11 nJ cm™ at 12 Hz.
Additionally, a cyclic stability test was conducted for
10 h (over 360,000 cycles) to observe the long-term stab-
ility of the fabricated TENG device (Figure S5). The
average peak-to-peak output voltage showed a slight
but consistent increase with the number of cycles. This
gradual increase in the output voltage can be attributed
to the progressive activation of the triboelectric layers
through triboelectrification during the initial cycles
[49]. The device reached a stable state with consistent
output after a few cycles, highlighting its durability
and reliable performance under prolonged operation.
From the electrical results that were encouraging, we
proceeded to design a smart floor tile. The illustration of
the circuit design is shown in Figure 6a. As dissipated, the
TENG is connected to the bridge rectifier to convert the
alternating current (AC) to direct current (DC). This
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Figure 5. Chemical structure of a) polyvinylidene fluoride (PVDF) b) acrylonitrile styrene acrylate (ASA); Variation of output voltage
Vax probe) Of (c) C-PVDF and (e) ASA against nylon 6 at different contact frequencies and d) variation of output current (lgain 1x + 100 )
of C-PVDF|nylon 6 TENG; f) Variation of output voltage at different contact frequencies while connected by a bridge rectifier with the

C-PVDF|nylon 6 TENG. Contact force =2.8 N.

conversion ensures a unidirectional flow of electrical
energy that is suitable for further processing. The DC
output from the bridge rectifier is then fed to the
analog input pin (which can detect fluctuating voltage)
of the ATmega2560 microcontroller board, which pro-
cesses the signal obtained to make a decision based on
the programme flashed into it. Here, the ATmega2560
was programmed to give alerts on the LCD display and
buzzer. The voltage values below 0.2 V were not con-
sidered to avoid noise. This selective attenuation
ensures optimal signal-to-noise ratio and enhances the
accuracy of data acquisition and processing.

The image in Figure 6b shows multiple TENGs con-
nected in parallel and operating as a switch, showcas-
ing its ability to act as an interface between human

interaction and electrical output. This is further quan-
tified in Figure 6¢ by recording the voltage response
from the C/PVDF|nylon 6-TENG with hand-taping. This
is further illustrated in Supporting Information Video
S2. This illustration not only affirms the functionality
of the device as a switch. Such smart switches, along
with loT-enabled devices, can be suitable for appli-
cations such as smart doorbells or sensors for touch-
sensitive controls. Additionally, the implementation in
automotives for touch-sensitive controls will reduce
the need for traditional buttons.

Similarly, the image in Figure 6d shows the MMP-
TENG's applicability as a miniature form of smart floor
tile, which is responsive to foot pressure. Figure 6e
shows the voltage output from toe-tapping on the C/



VIRTUAL AND PHYSICAL PROTOTYPING . 7

d
C-PVDF m
—— ]
LCD display
)
Nylon I::> Buzzer

Bridge rectifier

Microcontroller board

1.2

, Voltage (V)

© o o o o

w o w o (.D
(@]

o
)

o 1 2 3 4 5 & 7
Time (s)

o
©

le

Voltage (V)
o o
w [}

o
(=}

o
w

0.6 +— T T v T T T
0 1 2 3 4 5 6 7
Time (s)

Figure 6. a) Schematic representation of the smart floor tile sensor circuit consisting of C/PVDF|nylon 6-TENG, microcontroller
(Arduino mega 2560), 12C 20 x 4 LCD display and a Piezoelectric buzzer, b) optical photograph of TENG operation as a switch, ¢)
voltage output of TENG operation with hand tapping, d) optical photograph of TENG application as smart floor sensor that can be
scaled to fabricate a floor tile and e) voltage output of TENG operation with toe-tapping.

PVDF|nylon 6 at periodic intervals. The toe-tapping on
MMP-TENG generates an average pk-to-pk output
voltage of 600 mV. This shows the possibility of real-time
foot-steps or fall detection monitoring. Video S1 (support-
ing information) presents the real-time footstep monitor-
ing of the MMP-TENG connecting it to a microcontroller
circuit. The device cannot only be applied as a footstep
monitoring sensor but also can be applied as an energy
harvesting device. The MMP-TENG device (foot-print area
2 x4 cm?) generates power of 0.89 uW by simple toe-
tapping action, as shown in Video S1. Such MMP TENG
sensor can be scaled up to fabricate smart floor tiles that
can be integrated into smart buildings to detect occu-
pancy and movements and optimise lighting and
climate control. This system can also be useful in public
spaces or commercial establishments to monitor foot

traffic and enhance banking security systems. In health-
care facilities, this can be used for real-time monitoring
of patient movement or patient monitoring systems to
provide continuous data on patient activity.

3. Conclusion

Multi-material 3D printing (MMP) based on FDM has been
successfully employed for the single-step fabrication of
TENG devices, including positive and negative triboelectric
layers, current collectors and supporting substrates. Nylon
6 was used as positive triboelectric material, while C/PVDF
was employed as negative triboelectric material. A
contact-separation mode was employed for the output
evaluation of MMP-TENG. The study is expanded by
using ASA as a negative triboelectric layer, keeping
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nylon 6 as the positive electrode. C/PVDF|nylon 6 - MMP-
TENG demonstrated 1.53 times better average power
density compared to ASA|nylon 6 — MMP-TENG. A real-
time application of C/PVDF|nylon 6 MMP-TENG was
demonstrated by integrating with electronics for smart
floor tile and a smart switch. This effectively showcases
the ability and effectiveness of MMP-TENG to operate as
a real-time, self-powered sensor.

This work demonstrates the potential of MMP for the
single-step fabrication of TENG. On the other hand,
FDM printing is only possible on certain materials due
to the intrinsic material properties and thermal require-
ments of the process. Furthermore, material combi-
nations must be carefully selected to ensure strong
interlayer bonding. Additionally, current FDM printing
technology cannot achieve nanoscale detail fabrication
that could be beneficial for TENG applications.
However, it is important to note that the presented
device is a prototype and is meant to be used in
ambient environmental conditions. As PLA-based sub-
strate and current collector are used, its susceptibility
to degradation under humid, acidic, or alkaline con-
ditions limits its applicability in harsh environments [50,
51]. As such, this prototype is best suited for specific
applications where environmental influences are negli-
gible, such as fall monitoring systems for elderly people
or security monitoring floors in stable indoor conditions.

Moreover, there are several possibilities to explore in
this work to tune and optimise triboelectric performance
for various applications. This includes examining the
broader range of materials that are both triboelectric
and compatible with FDM printing. As triboelectric prop-
erties are affected by surface roughness, various surface
designs can be explored to obtain maximum output.
Different surface treatments can affect the charge trans-
fer properties and need to be investigated further. A
study on the long-term performance of the device
under different environmental conditions will also be
beneficial for real-time implementation.

4. Experimental section

Materials/Filaments: C/PVDF 3D printing filaments
were obtained from 3dogg.com, Netherlands, while
Nylon 6 (GF30-PA6) was obtained from BASF 3D Printing
Solutions, Germany. Timberfill® filaments (wood/PLA)
were received from Fillamentum Manufacturing Czech
s.r.o. in the Czech Republic. Protopasta filaments (C/
PLA) were purchased from ProtoPlant in British Colum-
bia. ASA Jet Black filament was procured from Prusa
Research a.s., Czech Republic.

Fabrication of multi-materials 3D-printed Tribo-
electric Nanogenerator device: The TENG electrodes

were designed using the open-access software Autodesk
Fusion 360. Each layer of TENG was placed as a different
component (or body) to allow for distinct material assign-
ments during the printing process. Then, the components
are converted to mesh format and exported in .st/ format.
This .st/ is then imported to the PrusaSlicer software and
split into parts. Each individual parts are assigned a par-
ticular filament and printing parameters. Then the file is
sliced using PrusaSlicer 2.5.0 software to obtain a .gcode
file for 3D printing. These designs were printed using a
multi-material unit (MMU), which is attached to a Prusa
3D printer (Prusa i3 MK3S, Czech Republic). The Prusa
slicer design of the TENG electrode design is illustrated
in Figure S1. 3D printing was carried out using commer-
cially available filaments: wood/PLA (Timberfill) and C/
PLA (Protopasta) acted as the substrate (8 cm x4 cm x 2
mm), and current collectors (6 cmx3 cm x 0.3 mm),
respectively, for both the positive and negative electrodes
(5 cm x 3 cm x 0.3 mm). Nylon 6 was used as the positive
triboelectric material, while C/PVDF and ASA were used as
the negative triboelectric materials. For the 3D printing,
the bed temperature was set to 60 °C, while the nozzle
temperatures were set to 215 °C for wood/PLA, 220 °C
for C/PLA, 250 °C for nylon 6, 250 °C for C/PVDF, and 260
°Cfor ASA. Infill was set at 90% for all printing. The printing
speed was set using the default PrusaSlicer software set-
tings, which optimise parameters based on the material
and printer model. The printing speed was set as
follows: perimeters at 45 mm/s, small and external per-
imeters at 25 mm/s, infill and solid infill at 70 mm/s, and
top solid infill at 45 mm/s.

Materials Characterisation: The morphological
analysis and optical and height profile images of the
surface of triboelectric materials were carried out using
CLSM (Olympus Lext OLS4100). The laser of wavelength
405 nm was used for CLSM.

Mechanical characterisation: Mechanical tests were
conducted using a universal testing machine, Z010 All-
roundLine, by ZwickRoell. The samples were prepared
with different multi-material interfaces to evaluate their
mechanical performance under compressive forces. A
loading rate of 2 mm/min was used to compress the
samples. The samples were prepared by printing in a
cylindrical shape with both a diameter and height of 6
mm (Figure S2a). The first 3 mm was printed with C/
PLA for all samples, and then the other 3 mm was
printed with the dielectric material (i.e. C/PVDF, ASA or
nylon 6). Similarly, tensile test samples were prepared
in dog bone shape (Figure S3a). The sample length of
35 and 2 mm thickness was prepared. For all samples,
the first 1T mm printed with C/PLA for all samples and
top 1 mm with triboelectric material. The loading rate
of 2 mm/min was applied. Adhesion samples were



prepared by sandwiching the different materials (Figure
S4a). Each material was 101.6 mm long, with 24.5 mm
overlapping with each other. A similar loading rate of 2
mm/min was applied to the samples till breaking.

Electrical measurement: The voltage measurement
of the TENG was recorded using a digital oscilloscope
(GW Instek GDS-1074B) using a 1x probe. The current
measurements were carried out using a custom-made |
- V converter that is connected to the oscilloscope.
The periodic mechanical perturbations for the measure-
ment were produced using a linear motor actuator with
a hub 20 mm (24 V DC, max 1000 rpm, DAOE). 2.8 N con-
stant force was maintained for all measurements. The
average power density and energy density were calcu-
lated using the formula.

(%)

P = R
a

E = Pxt

Where P is the power density, V is the average peak-to-
peak voltage, R is the resistance, E is the energy density, t
is the time for a single cycle, and a is the area of tribo-
electric material.
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