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Abstract

This paper reports a novel design of textile-based triboelectric nanogenerator (TENG) with
alternate grated strips of positive and negative triboelectric material operating in freestanding
triboelectric-layer mode, defined as a pnG-TENG. Whereas most grating-structured TENGs
operating in a freestanding triboelectric-layer mode comprise gratings of one type of
triboelectric material separated by air gaps, this design presents a replacement of the air gaps
by another triboelectric material with the opposite polarity to the existing triboelectric material.
This is predicted to increase performance by increasing the contact area of the generator. The
pnG-TENG with 10 gratings of nylon fabric and PVC heat transfer vinyl delivers an RMS
open-circuit voltage of 136 V, an RMS short-circuit current of 2.68 pA and a maximum RMS
power of 125 uW at a load resistance of 50 M2, a mechanical oscillation of 2 Hz and a contact
force of 5 N. This corresponds to a maximum RMS power density of 38.8 mW/m?, which is
1.94 and 6.43 times greater than the power generated by the TENG with a single triboelectric
material and the TENG with no gratings, respectively.
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1. Introduction

Despite substantial growth in the wearable and portable electronics market, most of these
types of devices still rely on batteries, which require persistent recharging and replacement. An
effective way to solve this problem is to introduce a wearable self-charging power system using
an energy harvester to scavenge energy from the surrounding environment which would
otherwise be lost. Triboelectric nanogenerators (TENGs) are one of the most promising
candidates for powering these systems. They can efficiently convert kinetic energy into
electricity based on contact electrification and the electrostatic induction effect [1-6]. Various
examples of TENGs have demonstrated flexibility, lightness, biocompatibility and good

performance that are essential for wearable devices [7-9]. According to these properties,


mailto:wp1y15@soton.ac.uk
file://soton.ac.uk/resource/PhD%20students/Boyd%20Paosangthong/papers/Nano%20Energy%20paper/rnt@ecs.soton.ac.uk
mailto:spb@ecs.soton.ac.uk

textile-based TENGs (T-TENGs) are determined to be highly suitable for powering wearable
devices and electronic textiles (e-textiles) since textiles are universally used to clothe the
human body, which is one of the most powerful kinetic energy sources for powering wearable
electronics [10—14]. Activities of daily living, for instance, footfall or arm motion of a 68-kg
adult can generate a kinetic power of more than 60W [15]. Harvesting a small fraction of this
energy will be adequate to power many kinds of wearable devices. Applications of T-TENGs
has been extensively demonstrated either as a power source or as a sensor. For instance, they
have been used to power various portable and wearable electronics, such as a night-time
warning indicator for pedestrians, a pedometer, a digital watch [16], a calculator [11] and
wireless sensor systems [17]. The sensing applications typically involve force and strain
monitoring to detect motion [18], pressure [19] and physiological signals, such as breath and
pulse, as indicators of personal health [20].

Most TENGs operating in the lateral sliding mode (LS-mode) and freestanding
triboelectric-layer mode (FT-mode) are fabricated with a grating structure to improve their
electrical outputs. For the LS-mode, the grating-structured TENGs (G-TENGs) can be found
with a single positive or negative triboelectric material (pG-TENGs or nG-TENGs) [21-24] or
with an alternating positive and negative grating structure (pnG-TENGs) [25-27]. However,
for the FT-mode, most G-TENGs can only be found in a form of either nG-TENGs or pG-
TENGs, which comprises gratings of one type of triboelectric material separated by air gaps.
Various structures of theses G-TENGs have been demonstrated, such as linear grating [28-31],
rotating disc [32—-36] and rotating cylinder [37-39]. Nevertheless, the air gaps between the
triboelectric materials cause a reduction in the effective contact area and thus the performance
of the devices declines. Pu et al. demonstrated a textile-based pG-TENG [29]. Instead of air
gaps, the gaps between the segments of Ni were filled by parylene. Since both Ni and parylene
segments on the slider became positively charged after rubbing against the electrodes, the
performance of the T-TENG was degraded. Similarly, Chen et al. fabricated a textile-based
nG-TENG with gratings of polytetrafluoroethylene (PTFE) wires and cotton wires rubbing
against carbon wires [31]. However, cotton is not a good triboelectric material and rarely
acquires electrical charge. In 2015, Guo et al. published a G-TENG with a similar idea to the
pnG-TENGs [37]. The device is composed of an aluminium (Al) rod, an outer cylinder stator
with copper (Cu) interdigitated electrodes (IDEs) and an inner cylinder rotator with fluorinated
ethylene propylene (FEP) and Cu strips. Due to rolling friction between the Al rod and the
rotator, triboelectric charges were replenished into FEP and Cu strips. Via the rotation of the

rotator, negative charges on the FEP strips were generated by triboelectric charge separation,



while positive charges on the Cu strips were transferred from the existing triboelectric charges
on the Al rod due to the charge distribution between Al and Cu. The amount of charge on the
Cu strips is considerably less than the total charge generated because the triboelectric charge
is distributed between the two conductive materials (Al and Cu).

This paper presents a novel structure of T-TENG with alternate grated strips of positive
and negative triboelectric material operating in FT-mode. The main advantage of operation in
FT-mode is the absence of an electrical connection between the moving and stationary parts
of the TENGs and the reduction in the friction between the triboelectric materials [40]. The
proposed pnG-TENG is composed of an upper substrate with gratings of nylon fabric and
polyvinyl chloride heat transfer vinyl (PVC HTV) and a lower substrate with screen-printed
silver (Ag) IDEs on a PVC coated fabric. Nylon fabric was selected as the positive triboelectric
material as it is one of the most positive fabrics in the triboelectric series [41,42]. Other fabrics,
such as silk and cotton, were also investigated. PVC HTV is chosen as the negative triboelectric
material due to its stretchability, washability and durability. It is also widely-used in the textile
industry as it can last the lifetime of the fabric with no fading or cracking. Moreover, the
processes involved in the manufacture of the pnG-TENG, namely screen-printing and heat
transfer, are cost-effective, straightforward and compatible with standard textile
manufacturing. The objective of this work is to explore the degree of improvement offered by
the pnG-TENGs compared to the single material G-TENGs and the TENG with no grating.

Due to the fact that the electrical outputs of TENGs are alternating and variable, a suitable
method to evaluate the performance of TENGs is to monitor the transient capacitor voltage by
charging a suitable capacitor. An efficient rectifier circuit is required in order to minimise
energy loses between the output of the TENGs and the capacitor. Therefore, this paper also
includes an investigation into the design of a passive rectification circuit and its influence on
the energy transferred to the storage capacitor. Ghaffarinejad et al. previously identified that
the best energy transfer efficiency was achieved with the Bennet’s doubler followed by half-
wave and full-wave bridge rectifier circuits for TENGs operating in CS-mode with capacitance
ratios above 2 [43,44]. However, for the FT-mode TENGs, the performance of the different

rectifier circuits has not previously been fully investigated.

2. Design and methodology
2.1. Fabrication
A schematic illustration of the proposed pnG-TENG is revealed in Fig. 1a and 1b. It is

composed of an upper substrate with N alternate strips of nylon fabric (Hemline) and PVC



HTV (HOHO Industry) acting as a freestanding part (N = 10 for Fig. 1a) and a lower acrylic
substrate with two Ag IDEs with matching periodicity (N = 10 for Fig. 1b). For the fabrication
of the upper substrate, the 160-pm-thick PVC HTV with its carrier sheet was cut to N/2 strips
separated by air gaps with a width of 46/N mm using a laser cutter (Epilog Mini 24 Laser). A
low power setting was used to completely cut through the PVC HTV but not through the
underlying carrier sheet. Unwanted PVC HTV parts were then removed from the carrier sheet.
Subsequently, the PVC HTV and carrier sheet were positioned on top of a piece of nylon fabric
and heat pressed together (Digital Knight DK20S) at 150 °C for 10 s. The carrier sheet was
then peeled away and the nylon fabric with the grated PVC HTV was cut to a 46 x 70 mm?
rectangle and bonded to the 1-mm-thick fabric carrier and attached to a 3-mm-thick acrylic
sheet for testing purposes. The acrylic sheet enables consistent and repeatable testing and
would not be required in an actual e-textile application. The 1-mm-thick fabric is very flexible
which allows it to conform to the surface below and thus increases the effective contact area of
the triboelectric materials. The upper substrate was fabricated with N =2, 4, 6, 8 and 10. The
flexibility of the pnG-TENG is demonstrated in the photographs of the upper and lower
substrates of the pnG-TENG for N = 10 in Fig. 1c and 1d, respectively. Note that the number
of Ag tines on the lower substrate is 2N+2, since the left most and right most tines serve as the
connections to the external circuit. The SEM images of the upper and lower substrates are
illustrated in Fig. 1e and 1f, respectively. They show that the PVC HTC and the Ag IDEs are

firmly bonded to the lower fabric substrates.
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Fig. 1. Schematic illustration of (a) upper substrate of pnG-TENG for N = 10 with PVC HTV as negative material and nylon
fabric as positive material and (b) lower substrate of pnG-TENG with interdigitated Ag electrodes. Photograph of (c) the upper
substrate and (d) the lower substrate of pnG-TENG without the acrylic sheet. SEM images of (e) the upper substrate and (f)
the lower substrate.

The fabrication steps of the IDEs are shown in Fig. 2a. Firstly, a piece of 450-um-thick
PVC coated polyester fabric substrate (VALMEX FR 7546) was pre-baked (120 °C for 15



minutes) to eliminate outgassing from the PVC layer which could delaminate the subsequent
printed layers. Next, a piece of adhesive vinyl was laser-cut to form a stencil which will produce
a gap of 0.6 mm between the tines and then transferred to the PVC fabric using a transfer tape
(Fig. 2a(i)). The unwanted parts of the adhesive vinyl stencil were peeled off (Fig. 2a(ii)) and
the Ag ink (Fabinks TC-C4001) was screen-printed with 6 deposits on the PVC fabric using a
DEK 248 screen printer at a printing speed of 70 mm/s, a printing gap of 1 mm and printing
pressure set to 5 kg (Fig. 2a(iii)). The screen has a pattern of a 75 x 105 mm? rectangle, which
is larger than the lower acrylic substrate (70x100 mm?) enabling the excess area to serve as the
connections to the external circuit. The PVC fabric with the printed Ag ink was then cured in
a Carbolite box oven at a temperature of 120 °C for 15 min and the vinyl stencil was removed
forming the gap between the IDEs (Fig. 2a(iv)). The size of the gap and IDE tines are defined
by the vinyl stencil and the overall size of the IDEs is defined by the screen. The average
thickness of the Ag IDEs is 51+11 um and the average width of the gap is 508+£34 um. Finally,
the PVC fabric with the Ag IDEs was cut and attached to the acrylic lower substrate. The size
of the IDE tines was fabricated to match the size of the strips of the triboelectric materials on
the upper substrate for N=2, 4, 6, 8 and 10. Once the optimum IDE structure and corresponding
value for N is defined, it is possible to directly print the required IDEs design using a patterned
screen which is better suited for high-volume production. However, for this work, it is more
flexible and cost-effective to use the vinyl stencil since alternative IDEs structures can be

promptly designed, fabricated and investigated.
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Fig. 2. (a) Schematic illustration of IDEs fabrication steps using adhesive vinyl stencil and screen-printing. Upper substrate of
(b) TENGs with no grating and (c) G-TENGs with single triboelectric material.

To compare the performance of the pnG-TENG with the conventional FT-mode TENGs,
the TENGs with no grating (N = 1) and the G-TENGs with single triboelectric material (pG-
TENGs and nG-TENGs) were also fabricated. The schematic illustration of the upper substrate
of the TENGs with no grating and the G-TENGs with single triboelectric material are



represented in Fig. 2b and 2c¢, respectively. The structure of the TENGs with no grating is
similar to the pnG-TENGs. The difference is that the triboelectric materials of the upper
substrate were made of a single piece of nylon fabric or PVC HTV. The lower Ag IDEs are the
same as those of the pnG-TENGs, except the IDEs for N = 1 that have only 2 tines.

2.2. Working principle

The operation mechanism of pnG-TENG for N =2 is illustrated in Fig. 3. When the positive
and negative triboelectric materials with respect to the metal electrodes are brought into contact
with the metal electrodes, positive and negative charges build up at their surface respectively
and at the same time, the same amount of charge with the opposite polarity is transferred to the
electrodes. Initially (Fig. 3(i)), the upper substrate fully overlaps with the first two tines (from
left) of the electrodes. In this state, no charge transfer occurs due to the electrostatic equilibrium
between the electrodes. When the upper substrate moves further to the right-hand side and
partly overlaps with the next electrode tine (Fig. 3(i1)), the electrons flow from the first and the
third tine to the second tine, because the electric potential of the second tine increases due to
the presence of the positive surface charge of the above positive material. At the same time,
the electric potential of the first and the third tine decreases due to the absence of the positive
material and the presence of the negative material, respectively. As a result, current flows from
metal electrode 2 to 1 until another electrostatic equilibrium is reached at the next fully
overlapping position (Fig. 3(iii)). When the upper substrate continues to move, the electric
potential in the electrodes increase and decrease alternately resulting in an alternating current
through the load. As shown in Fig. 3(ii, iv, vi, viii), four current cycles are generated in one
moving cycle. The number of current cycles per moving cycle is twice the grating number.
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Fig. 3. Schematic illustration of the operating mechanism of pnG-TENG for N = 2.



2.3. Characterisation and measurement

To obtain scientifically rigorous measurement results and to assure the repeatability of the
experiments, a belt driven linear actuator was used to generate a lateral sliding motion between
the upper and lower substrates. All measurements were performed at an oscillation frequency
of 2 Hz, amplitude of 46 mm and a contact force of 5 N, except during the frequency and force
dependence measurements during which the frequency and force were varied. Open-circuit
voltage (Voc) and short-circuit current (/sc) measurements were carried out using an
oscilloscope (Agilent DSO3062A) at 1 GQ load and a DC power analyzer (Agilent N6705B),
respectively. The outputs of the TENGs were rectified using a commercial full-wave bridge
rectifier (Diodes Inc DF10M). The rectified outputs were then used to charge a 10-pF
electrolytic capacitor. During charging, the capacitor voltages (Vc) were measured using a
digital multimeter (Tenma 72-7780). The average widths of the IDEs gap and the average
thickness of the IDEs were calculated from the measurement at 10 different points over the
whole lower substrate using an optical microscope (Nikon Eclipese LV100) and an Alphastep
profiler (Tencor PZ11), respectively. Surface charge densities of the triboelectric materials
were measured with the aid of a Faraday’s cup connected to an electrometer (Keithley 6514),
as shown in Fig. S1 in the supplementary material. Multisim and COMSOL Multiphysics

software were employed for the electrical simulations.

3. Results and discussion

3.1. Rectifier circuit

To find an appropriate rectifier circuit for the FT-mode TENG, different rectifier circuits,
including Bennet’s doubler circuit, half-wave, full-wave bridge and a commercial full-wave
rectifier (Diodes Inc DF10M) were investigated. According to Niu et al. [45], the equivalent
circuit of FT-mode TENGs can be presented as a constant AC source and a fixed capacitor. To
confirm that the capacitance of the TENG is constant and to find the value of this capacitance,
an FT-mode TENG with no grating was first simulated using COMSOL. It is composed of a
PTFE upper substrate and two Al electrodes surrounded by air. The Electrostatics and
Electrical Circuit Physics, stationary study and normal free triangular mesh were chosen for
the simulation model. Two stationary states were simulated, namely the state when the PTFE
fully covers one of the electrodes and the state when the PTFE is located in the middle between
the electrodes. The result shows that the capacitance changes from 2.43 pF to 2.37 pF. The
capacitance changes by 2.5% and therefore the capacitance of the TENG in the model can be



fixed at an average capacitance of 2.4 pF. With this model, it is possible to simulate the V¢ of
the TENG for the different rectifier circuits using a SPICE software, Multisim. Fig. 4a - 4c
illustrate the simulated models comprising an equivalent circuit of the FT-mode TENG
connected to the Bennet’s doubler circuit, half-wave and full-wave bridge and at the end to a
10-uF reservoir capacitor (Cres), respectively. For Bennet’s doubler circuit, the capacitance of
the store capacitor (Csore) Was varied to investigate its effect and to maximise the efficiency.
The results shown in the supplementary material (Fig. S2) shows that a Csore of 10 nF exhibits

the best rectifying performance.
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Fig. 4. Equivalent circuit of an FT-mode TENG connected to (a) Bennet’s doubler circuit, (b) half-wave bridge and (c) full-
wave bridge rectifier. (d) Simulation results and (e) experimental results of transient V'c of FT-mode TENG for the different
rectifier circuits.

For the experimental investigation, the FT-mode TENG with a PTFE upper substrate and
two Al electrodes (no grating) was used as an AC energy source. No textile-based TENG was
used here, since the PTFE/Al TENG generates a higher and more stable output, which provided
a more accurate test. The substrate and the electrodes were rubbed against each other using the
linear actuator. The three discrete rectifier circuits were built on a prototyping board using
IN4007 diodes which can withstand a peak repetitive reverse voltage of up to 1000 V. An
electrolytic capacitor with a capacitance of 10 pF was chosen as the Cies and a “store’ capacitor
of 10 nF were chosen for the Bennet’s doubler circuit. The rectified outputs were used to charge

the Cres. During charging, the V¢ for the different rectifier circuits were recorded and compared.



The simulation and the experimental results of the V¢ as a function of charging time for the
different rectifier circuits are plotted in Fig. 4d and 4e, respectively. Both results are in good
agreement, the experimental values of Vcare lower than the simulation result due to losses in
the circuits, (e.g. resistive loss in the print circuit and leakage current in the capacitors and
diodes). The full-wave bridge exhibits the best rectifying performance, followed by the half-
wave bridge and the Bennet’s doubler. The performance of the commercial rectifier (DF10M)
is slightly lower than the full-wave bridge rectifier with 1N4007 diodes. The output of the
TENG with the half-wave bridge and Bennet’s doubler rectifiers are very close and are much
lower than the output of the full-wave rectifiers. This is because half of the electric output of
the TENG is lost due to the configuration of the diodes and the alternating polarity of the
electric potential at the electrodes. By contrast, in the case of the CS-mode TENGs, their
equivalent circuit can be represented as a constant DC voltage source and a variable capacitor
[46]. Therefore, the potential of one electrode is always higher than the other. Consequently,
the CS-mode TENGs can benefit from the half-wave bridge and Bennet’s doubler rectifier in
contrast to the FT-mode TENG [43].

3.2. Grating number dependence
3.2.1. Simulation and theoretical calculation

To theoretically investigate the effect of the different grating numbers on the outputs of
TENGs, the peak Voc of FT-mode TENGs with no grating (N = 1) and different types of G-
TENGs (pG-TENG, nG-TENG and pnG-TENG) with N =2, 4, 6, 8, 10 were simulated using
COMSOL and the corresponding average Isc were theoretically calculated based on
electrostatic induction and the charge conservation principle. The positive and negative
triboelectric material were nylon and PVC, respectively, whereas the IDEs were made of Ag.
The electrostatics physics with normal free triangular mesh was used to simulate the maximum
Vocat a stationary state of the G-TENGs when the triboelectric materials fully overlap with the
electrodes tines. The surface charge density of the negative material and the positive material
defined in the simulation were -8.17 uC/m?> and 5.08 puC/m? respectively taken from
measurements using a bespoke Faraday’s cup. It was assumed that the surface charge density
of the TENG with no grating and the G-TENGs stay the same, although the contact pressure
for the pG-TENGs and nG-TENGs double under a constant contact force compared to the pnG-
TENGs and the TENGs with no grating, because the total surface area of the pG-TENGs and
nG-TENGs are only the half of the total surface area of the pnG-TENGs and the TENGs with
no grating due to the air gaps.



6000 F T T ' T T
a V 3kv b —=—pnG-TENG (Nylon/PVC)
“25000 ——nG-TENG (PVC) 4
2 —a—pG-TENG (Nylon)
§ 4000 - 1
-4 kV 5
> 3000+ 1
=
=
£ 2000+ 1
B S5kV &
& 1000} 1
Qo
o

. ok ]
< - - i

Grating number

1.0 T T T
d —a—pnG-TENG (Nylon/PVC)
—e—nG-TENG (PVC)
—a—pG-TENG (Nylon)

o
[e-
T

e
o
T

(i} ,:-T _—

o
~
T

Short-circuit current (pAavg)

0.2F
[l Triboelectric material 1 [I] Triboelectric material 2 — /./
A
[0 Metal electrode 1 [ Metal electrode 2 0.0, 2 " ry Py 0
Grating number
e
pG-TENG ] [ nG-TENG ] pnG-TENG

T < <
8 a3k =
=3 z 2
2 2 2
g g 4
> > >

Time (s) Time (s) Time (s)

Fig. 5. (a) Simulated electric potential distribution of pnG-TENG with nylon and PVC for N = 2. (b) shows peak Voc as a
function of grating number for different types of TENGs. (c) Schematic illustration applied for theoretical calculation of
average Isc. (d) Average Isc as a function of grating number for different types of TENGs. (¢) Schematic illustration of the
electrical outputs of pnG-TENG compared to pG-TENG and nG-TENG. The outputs of pnG-TENG are equal to the sum of
the outputs of pG-TENG and nG-TENG.

The simulated electric potential of pnG-TENG for N =2 in 2D is shown in Fig. 5a. In this
cross-section view, the pnG-TENG consists of 4 Ag tines. The first and the third tine, and the
second and the fourth tine (from left) are connected together forming the first and the second
electrode of the IDEs respectively. As a consequence, the connected tines always exhibit the
same electric potential. The PVC and nylon are placed over the first and second Ag tine,
respectively. Due to the predefined surface charge density on the PVC and nylon surface (-8.17
nC/m? and 5.08 pC/m?), an electric potential of -4997 V and -3494 V are induced at the first
and second electrode, respectively, resulting in a Voc of 1503 V. The reason why the potential
of the second electrode is negative, although the surface charge density of nylon is positive, is

that the surface charge density of the PVC is greater than that of the nylon and it induces a



strong negative potential all around its environment, which outweighs the positive potential
from the nylon.

The Voc of the different types of TENGs for the different grating numbers are represented
in Fig. 5b. With increasing grating number, the Voc decreases for all types of the TENGs. The
result can be explained by Eq. (1) below [28]:

Voo = =22 M
where Aoy, is the short-circuit transferred charge density, S is the total area of the first or second
electrode and C is the capacitance between the first and the second electrode. Because Aagyg,
and S are constant for N =2 - 10 and C increases when the electrodes are divided into small
segments, V. decreases with increasing grating number. The Voc of the TENGs with no grating
(N = 1) is much higher than the others, since the area of the triboelectric material for N =1 is
twice as large as the total area of the triboelectric materials of the pG-TENG and nG-TENG
for N =2 - 10, which is partly replaced by air gaps (see Fig. 2b and 2¢). The Voc of the pnG-
TENGs is enhanced for all grating numbers compared to the pG-TENGs and the nG-TENGs
since Aay, is proportional to the difference between the surface charge densities of the materials
placed on the electrodes, which will be next demonstrated in Eq. (7).

The model applied for the theoretical calculation of the average Isc is revealed in Fig. Sc.
Two stationary states of a pnG-TENG with N = 2 in a short-circuit condition at equilibrium are
depicted. At the first state (i), the triboelectric materials fully overlap with the first two tines
(from left) of the electrodes. The amount of charge on the triboelectric materials 1 and 2 are
denoted A and B. The amount of induced charge at the first, second, third and fourth electrode
tine are represented by a, b, ¢ and d, respectively. The amount of charge can be both negative
or positive. Due to triboelectric charge separation and charge conservation principle, the sum
of the charges on the top substrate is equal to the sum of the charges on the electrodes but with

opposite polarity. This relationship can be expressed as the following equation:
A+B=—(a+b+c+d) (2)

At equilibrium, the electric potential at each electrode tine has to be the same, therefore the

sum of the charges at each tine are equal. This can be expressed by equation 3 below:
A+a=B+b=c=d 3)

At the second state (ii), the triboelectric materials move to the right and fully overlap with the

second and the third tine (from left). Assuming that all tines are identical, the induced charge



at the first, second, third and fourth electrode tine are now c, a, b and d, respectively. Similarly,
the sum of the charges at each tine are equal at the equilibrium and the same equation is

obtained. Eq. (3) can be rewritten as Eq. (4) below:
a—b=B—-A 4)

The amount of transferred charge between the electrode 1 and 2 (4Qg() is the difference in the
charge at electrode 2 in the first and second states. This can be expressed as the following

equation:
AQsc =(a+d)—(b+d)=a—-b (5)
By substitution of Eq. (4) into Eq. (5), we obtain
AQsc =a—b=B—-A (6)

According to Eq. (6), the AQs is equal to the difference in the amount of charge on the
triboelectric materials. It is to note that, since Eq. (2) has not been applied for the derivation of
the AQsc, Eq. (6) is still valid, even though the transferred triboelectric charge on the electrodes
are initially discharged and the total number of charges on the electrodes is zero. This case can
happen quite often, for instance, the electrodes can be discharged through contact with the skin.
With a constant area of the triboelectric materials (4,), the surface charge density on
triboelectric material 1 (p,4) and the surface charge density on triboelectric material 2 (pg,5).

The AQgc in Eq. (6) can be expressed as Eq. (7) below:
AQsc =B — A=Ay - (pq,B - Pq,A) = Ay - Aoy (7
and the average Is- can be calculated using Eq. (8) below:

_ AQsc _ Am(pgB—Pqa) _ Am-Ads

Isc = (8)

At At At

where At is the time taken of the upper substrate to move from one electrode tine to the next
electrode tine. The calculated average Isc of the different types of TENGs for the different
grating numbers are represented in Fig. 5d. With increasing grating number, the average Isc
increases linearly for all types of the G-TENGs (N > 2), because the At reduces when the
grating number rises. The average Isc of the TENGs with no grating (N = 1) and the G-TENGs
(N = 2) are equal because both the At and the area A,, of the TENGs with no grating are twice
the G-TENGs (N = 2). As before, a constant surface change density of nylon of 5.08 uC/m?
and PVC of -8.17 pnC/m? are used in the calculation for all TENGs. From the practical results



in section 3.3., the surface charge densities for the G-TENGs (N > 2) can be higher than those
of the TENGs with no grating since the contact pressure for the G-TENGs doubles under a
constant applied force due to the half contact area.

According to Eq. 1 and Eq. 8, both the Voc and Isc of the pnG-TENGs are directly
proportional to the difference in the surface charge densities of the triboelectric materials,
therefore the Voc and Isc of the pnG-TENGs are theoretically equal to the sum of those values
of the pG-TENGs and the nG-TENGs as observed in Fig. 5b and 5d. To better demonstrate this
relationship, the schematic illustration of the transient outputs (Voc and Isc) of pnG-TENG
compared to the outputs of pG-TENG and nG-TENG is presented in Fig. Se.

3.2.2. Experiment

The electrical measurements were performed for the TENGs with no grating (N = 1) and
the different types of G-TENGs with N =2, 4, 6, 8, 10. The upper substrates of the TENGs are
made of nylon fabric and/or PVC HTV. The electrodes are made of the screen-printed Ag. The
time-dependent Voc and Isc of non-grated TENG with nylon fabric (nylon (N = 1)), non-grated
TENG with PVC HTV (PVC HTV (N = 1)), pG-TENG with nylon fabric (nylon (N = 10)),
nG-TENG with PVC HTV (PVC HTV (N = 10)) and pnG-TENG with nylon fabric and PVC
HTV (Nylon/PVC HTV (N = 10)) are illustrated in Fig. 6a and 6b, respectively. In good
accordance with the simulation result, the TENGs with no grating generate a greater Voc than
the G-TENGs. The insets show the zoom-in illustration of the Voc and Isc of the pnG-TENG
for one moving cycle (4t = 0.5 s). Instead of one peak per oscillation as for the TENG with no
grating, ten peaks are generated during the forwards movement and another ten peaks during
the backwards movement, including both positive and negative peaks. The same result is also
observed for the pG-TENGs and the nG-TENGs with the different grating numbers that the
frequency of peaks per moving direction is equal to the grating number (N). Apart from the
number of the peaks, the amplitude of the Isc also increases according to Eq. (8) since the At
for a certain transferred charge AQg is significantly reduced due to the reduction in the width
of the Ag electrode tines. From these two main reasons (frequency and amplitudes of peaks),

the current outputs of G-TENGs are significantly enhanced.
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Fig. 6. (a) Transient Voc and (b) Isc of different types of TENGs. The insets show the magnified illustration of the Voc and Isc
of the pnG-TENG for one moving cycle (4¢ = 0.5 s). (c) Capacitor voltage (V¢) as a function of time for different types of
TENGs. (d) RMS Voc, () RMS Isc and (f) Vcat a charging time of 600 s as a function of grating number for the different
types of TENGs. (g) Dependence of the RMS voltage, current and power on the external load resistance for the pnG-TENG
(Nylon/PVC HTV, N = 10). (h) load-dependent RMS power for different types of TENGs.

To investigate the total transferred charges, the rectified output currents were used to charge
a 10-uF capacitor. In Fig. 6¢, the time-dependent V¢ for the same types of TENGs are revealed.
The V¢ for the pnG-TENG reaches a value of 61.9 V in 600 s, which is considerably higher
than the nG-TENG, the pG-TENG and more than 4 times higher than the TENGs with no
grating. The capacitor charging current (/c) and the capacitor charging power (Pc) reach the
maximum value of 0f2.02 pA and 39.0 uW, as shown in Fig. S3a and S3b in the supplementary
material, respectively.

The root mean square (RMS) values of the Voc and Isc and the maximum V¢ at a charging
time of 600 s for the different grating numbers and the different types of TENGs are represented
in Fig. 6d — 6f, respectively. In good agreement with the simulation result, Voc has a tendency

to decrease with increasing grating number for all types of TENGs, whereas the Isc and V¢



show an increasing trend. As expected, the Isc of the pG-TENG and nG-TENG for N = 2 are
higher than those of the TENGs with no grating due to the higher surface charge densities as
discussed in the simulation section. Compared to the nG-TENGs and the pG-TENGs, the
outputs of the pnG-TENG are enhanced for all grating numbers. Nevertheless, the outputs of
the pnG-TENG are smaller than the sum between the outputs of the pG-TENGs and the nG-
TENGS. The surface charge densities of the nylon fabric and the PVC HTV of the pnG-TENGs
are less than those of the individual pG-TENGs and nG-TENGs for the same applied contact
force. However, the contact force is spread across the contact area and the effective contact
area of the pnG-TENGs is double that of the single material TENGs and thus have half the
contact pressure. To confirm this, double the contact force was applied on the pnG-TENG with
10 gratings so that the contact pressure was equivalent to the single material TENGs and this
result is presented in the contact force dependence study in section 3.3. Both the Voc and Isc
increase from 72% to 92% of the sum between the outputs of the pG-TENG and the nG-TENG,
when the contact force is doubled. The small deviation compared to the simulation stem from
the reduction in the effective contact area due to the gap between the IDEs and an uneven
surface between nylon fabric and PVC HTV.

The dependence of RMS values of the voltage (Vrus), current (Irus) and power (Prus) on
the external load for the pnG-TENG (Nylon/PVC HTV, N = 10) are illustrated in Fig. 6g. The
Vrustises with increasing load resistance, then remains constant and reaches a Voc of 139 V,
while the Irys exhibits a reversed tendency. It starts from an Iscof 2.66 pA, then drops to zero
at a resistance above 1 GQ. The Prus are calculated from the product between Vzus and Irus.
The maximum Prus reaches 125 pW at a load resistance of 50 MQ, corresponding to a power
density of 38.8 mW/m?.

In Fig. 6h, the load-dependent Prus for the different types of TENGs are compared. At a
load resistance of 50 MQ, the pnG-TENG (Nylon/PVC HTV, N = 10) generates the highest
Prus followed by the nG-TENG (PVC HTV, N = 10), the pG-TENG (Nylon, N = 10), the
TENG with no grating (PVC HTV, N = 1) and the TENG with no grating (Nylon, N = 1). The
result shows that at this load, the Prus of the pnG-TENG increases by a factor of 1.94 and 6.43,
compared to the nG-TENG and the TENG with no grating (PVC HTV, N = 1), respectively.
For the TENGs with no grating, the maximum Prus are at a load of 500 MQ. At this load, the
output voltage is very high but the current is very low, which are undesirable for electronic
devices. The corresponding peak values of the measurements in Fig. 6d, 6e, 6g and 6h can be

found in the supplementary material (Fig. S4). The peak Voc and Isc for the pnG-TENG with



10 grating are 238 V and 4.41 pA, respectively. It generates a maximum peak power of 366
uW at a load resistance of 50 MQ, corresponding to a peak power density of 114 mW/m?,
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Fig. 7. (a) Voc, (b) Isc and (c) Vcof pnG-TENGs (N = 10) as a function of time for different triboelectric materials.

To investigate the effect of the different fabric substrates, the pnG-TENG (N =10) with
cotton/PVC HTV and silk/PVC HTV were fabricated with the same fabrication method
described in Section 2.1. Their electrical outputs were then compared with the pnG-TENG with
nylon/PVC HTV and plotted in the same graphs. The transient Voc, Isc and V¢ are illustrated
in Fig. 7a—7c¢, respectively. The pnG-TENG with nylon/PVC HTV produced by far the highest
outputs with a peak Vocof 238 V, apeak Isc of 4.41 pA and a maximum Vcof 61.94 V, followed
by the outputs for the silk/PVC HTV, the cotton/PVC HTV. The order of the outputs are in
good agreement with the positions of the materials in the triboelectric series.

Regarding stability, the pnG-TENG (N =10) was continuously tested for 30000 cycles. As
shown in Fig. S5a in the supplementary material, there is a slight reduction in the RMS Voc of
the pnG-TENG of around 17%. However, the Voc returns to approximately the original value
after cleaning the contact surfaces with isopropyl alcohol. The SEM images in Fig. S5b and
S5c illustrate that at the beginning, the IDEs are covered with tiny Ag flakes. After certain
operating cycles, they are mostly removed and the robust Ag bulk film remains. However, no
notable conductivity change has been observed. These are in good agreement with the result
shown in Fig. S5a that the Vocreduces only at the beginning of the stability test (<5000 cycles),
then remains almost constant until the 30000 cycle. Moreover, adhesive tape tests have been
performed. The result shows that the Ag IDEs do not peel off from the substrate (Fig. S5d).
Regarding the washability, the pnG-TENG (N =10) was first placed in a laundry bag and then
in a commercial wash machine (Beko WME7247) together with normal clothes and detergent.
It was washed for 43 min using the hand-wash mode without spinning and then dried at room
temperature. Fig. S6 in the supplementary material demonstrates that there is no notable
degradation in the performance of the pnG-TENG after 5 washes and this shows the pnG-
TENG can withstand these wash cycles.



3.3. Oscillation frequency and contact force dependence

The frequency dependence measurements were performed for the pnG-TENG with nylon
and PVC HTV upper substrate and Ag IDEs (N = 10) by varying the oscillation frequency of
the linear actuator from 1 Hz to 3 Hz in increments of 0.5 Hz and maintaining the contact force
at 5 N. The transient Voc and Isc of the pnG-TENG for the different frequencies are
demonstrated in Fig. S7a and S7b, respectively. In Fig. 8a, the corresponding RMS value of
the Voc and the Isc are plotted as a function of oscillation frequency. At the beginning, the Voc
increases with increasing frequency, then it saturates for the frequency over 2.5 Hz. This can
be explained by Eq. (1) and Eq. (7) that the Vocis related to the difference in the surface charge
densities of the triboelectric materials, which build up and saturate after a certain frequency.
The Isc rises linearly with the frequency. The reason for this is that according to Eq. (8), the Isc
is inversely proportional to time and thus directly proportional to frequency. The time-
dependent V¢ for the different frequencies is represented in Fig. S7c. The corresponding
maximum V¢, Icand Pc as a function of frequency are calculated from Fig. S7¢ and revealed
in Fig. 8b. The maximum V¢, Ic and Pc show an increased tendency when the frequency
increases, since they are related to the charging current, which is proportional to Isc (Fig. 8a).

At a frequency of 3 Hz, Icand Pc reach 3.30 pA and 80.84 uW, respectively.

The contact force dependence measurements were performed for the pnG-TENG with
nylon and PVC HTV upper substrate and Ag IDEs (N = 10) by varying the weight on top of
the upper substrate from 1 N to 12 N by a step of 1 N and fixing the frequency at 2 Hz. The
transient Voc and Isc for the different contact forces can be found in Fig. S8a and S8b,
respectively. The corresponding RMS values of the Voc and Isc are plotted as a function of
contact force in Fig. 8c. At the beginning, both of the outputs rise steeply with increasing
contact force until they saturate at a force over 9 N. This can be explained by the fact that the
increased contact force leads to a growth in the effective contact area, which will saturate at a
certain force. The time-dependent V¢ for the different contact forces is shown in Fig. S8c. The
corresponding maximum V¢, Ic and Pc as a function of contact force are calculated and
illustrated in Fig. 8d. All the outputs remain relatively constant for the contact force over 9 N
because they depend on the charging current, which is proportional to the Isc (Fig. 8c). Finally,
to demonstrate the capability of the pnG-TENG as a power source, the rectified output of the
pnG-TENG operating with a contact force of 5 N was used to illuminate 100 LEDs connected

in series, as shown in Fig. 8e. This also indicates that it can generate an output voltage of at



least 250 V with this load since each LED has a forward-bias voltage of approximately 2.5 V

to operate.
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3.4. Energy harvesting from human motion and applications

To demonstrate a possible use of the pnG-TENG in wearable electronics, the pnG-TENG
(N =10) was embedded into a lab coat. As shown in Fig. 9a, the nylon/PVC HTV was attached
to a lower sleeve and the IDEs were attached to the waist and hip parts of the coat for harvesting
energy from running and walking, respectively. The energy is generated from the relative
movement between the arm and torso and the different IDEs location and orientation
corresponds to a typical natural position for the arm during running and walking. The transient
Vocof the pnG-TENG for running and walking are demonstrated in Fig. 9b. With an arm swing
frequency of around 2.5 Hz for running and 1 Hz for walking, the pnG-TENG produces an
RMS Voc of 46.72 V and 46.65 V, respectively. The output of the pnG-TENG was used to



charge various capacitors (1 uF, 4.7 uF, 10 uF and 22 pF). The V¢ for running and walking are
revealed in Fig. 9c and 9d, respectively. The capacitors can be charged to a useful voltage for
wearable electronics in a short period of time. For example, it takes only 3 s and 11 s to charge

the 1-uF capacitor to 3 V for running and walking, respectively.
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Fig. 9. (a) Photographs of pnG-TENG embedded into a lab coat for harvesting energy from running and walking. (b) Transient
Voc of the pnG-TENG for running and walking. Vcof the pnG-TENGs as a function of time for different capacitors charged
by (¢) running and (d) walking.
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Photograph showing the utilisation of the pnG-TENG as a sensor for step counting via arm motion (pedometer).

To demonstrate practical applications of the pnG-TENG as energy harvesters, its output
was used to drive a digital watch, a wearable night-time warning indicator for pedestrians and
a wireless transmitter. As a demonstration of a sensing device, the voltage peaks of the pnG-
TENG was detected and applied for step counting by means of arm motion (pedometer). The
circuit diagrams for all applications are revealed in Fig. S9 in the supplementary material. For
the digital watch, the output of the pnG-TENG is rectified and stored in a 10-pF electrolytic
store capacitor (Csiore). When the capacitor voltage reaches 1.2 V, the watch is switched on and
then operates continuously (Fig. 10a and Video 1). For the night-time warning indicator, the
AC output of the pnG-TENG can directly illuminate 42 forward bias LEDs and 42 reverse bias
LEDs, which are connected in series and forms a sign “STOP” to warn upcoming vehicles of

the pedestrians at night (Fig. 10b and Video 2).

Regarding the wireless transmitter, a commercial 433 MHz Amplitude Modulation
transmitter (AM TX), (AM-RT14-433P), is powered up using the energy stored in a 1-uF
electrolytic capacitor charged by the pnG-TENG in walking mode. The transmitter is turned
on once the voltage reaches a switch-on voltage threshold of 4 V and is allowed to transmit

indefinitely until the energy storage is depleted (V. < 2 V). Fig. 10c shows the capacitor



charging voltage (V¢c), the active current consumption of the transmitter (/7), and the Received
Signal Strength Indicator (RSS/) output rising at the receiver that demonstrates a successfully
received message. The transmitter operating at 4 V consumes an active current of 16 - 18 mA
and requires ~30 pus for the transmitter to turn on and the receiver to receive the first packet, as
shown in the zoom-in figure. Thus, the energy requirement per transmission is approximately
2 uJ. Such a transiently-powered wireless transmitter can be applied in applications such as
indoor positioning [47] or activity monitoring based on the periodicity of the received packet.
To illustrate, as the triboelectric generator’s output is dependent on the activity, as shown in
Fig. 9, the charging time of the capacitor, and hence the time interval between wireless
transmissions can be utilized to monitor the user’s activity, such as running, walking or resting.
Furthermore, when a transmitter is utilized with multiple receivers, the RSSI, which is a

function of the distance from the transmitter, could be used for accurate indoor positioning.

With respect to the pedometer, a passive peak detect and hold circuit, composed of a shunt
capacitor and resistor (Fig. S9d), is used to filter the high-frequency component of the output
of the pnG-TENG and preserves the peak for a duty-cycled analogue to digital converter (ADC)
to detect it. A microcontroller (MCU) samples the ADC at 300 ms intervals (the maximum
stride rate while running [48]) and counts a step when the voltage output exceeds the step-
threshold. The values of the capacitor and the resistor (1 < C < 10 pF, 100 <R < 500 kQ) are
tuned based on the step-detection threshold of the MCU. To explain, the circuit is tuned to
allow the step’s peak voltage to be held above the threshold for approximately 300 ms, to
ensure it is detected by the ADC and to ensure it decays below the threshold before the next
sample. Fig. 10d and supplemental Video 3 show the operation of the pedometer demonstrated
through toggling a digital output pin when a step is detected. The step count can be written to
non-volatile memory (NVM) to allow intermittent activity tracking when powered from the

pnG-TENG.

Supplementary videos related to this article can be found

at https://doi.org/10.1016/j.nanoen.2019.104148.

4. Conclusion

A novel textile-based triboelectric generator was successfully fabricated using processes
which are compatible with standard textile manufacturing, including screen-printing and heat-
press-transfer printing. The TENG comprises two alternate grated strips of positive

triboelectric material (nylon fabric) and negative triboelectric material (PVC heat transfer
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vinyl), defined as a pnG-TENG. The pnG-TENGs show significant improvement in
performance compared to single positive material (pG-TENGs), single negative material (nG-
TENGs) and TENGs with no gratings. With this novel structure, the /sc and the V¢ increase
with increasing grating number, whereas Voc shows a reducing trend due to the increasing
capacitance of the electrodes. The Isc, Voc and Ve of the pnG-TENGS are considerably greater
than those of the pG-TENGs and the nG-TENGs for all the grating numbers. The RMS power
generated by the pnG-TENG with 10 gratings is 1.94 and 6.43 times greater than the power
generated by the TENG with single triboelectric material (nG-TENG) and the TENG with no
grating at a load resistance of 50 M, a mechanical oscillation of 2 Hz and a contact force of

SN.
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