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Optimising the materials for triboelectric
nanogenerator to harvest the wrist pulse signal:
a numerical study using the finite element method
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This study outlines the optimised materials used to improve the output performance of a triboelectric
nanogenerator based on the contact separation mode. The selection of materials plays a crucial role in
enhancing the output voltage of the triboelectric nanogenerator. This study involves the design of three
distinct triboelectric nanogenerator models using polytetrafluoroethylene (PTFE), polydimethylsiloxane
(PDMS), and silicone. Numerical analysis is conducted using the finite element method in COMSOL
Multiphysics software to determine the output performance of these models under externally applied
pulse pressure. The output voltage profiles of each model are compared, and it is observed that the
PTFE-based model consistently produces an output voltage of 26 V when subjected to a pulse pressure
of 3 kPa. These devices are well-suited for use in healthcare monitors, human motion detection, and
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1. Introduction

Wearable sensors and self-powered biosensors are becoming
increasingly necessary in the current developing society.
Numerous energy-harvesting technologies, such as electro-
magnetic, piezoelectric, triboelectric, electrostatic, and pyro-
electric technologies, are available to extract biological signals
from the human body.* Of all these harvesting technologies, the
triboelectric nanogenerator exhibits superior output perfor-
mance compared to the others.? It is also easy to construct, uses
a range of materials, and is self-powered, lightweight, inex-
pensive, reusable, and can be produced on a large scale.®*
Therefore, there has been an increasing focus on triboelectric
nanogenerators (TENG). From a literature survey, it can be
found that for wrist pulse acquisition, polymers are mostly
used, especially polytetrafluoroethylene (PTFE), poly-
dimethylsiloxane (PDMS), and silicone. PTFE is a fluorine-based
polymer (fluoropolymer), with many industrial advantages.
PTFE attracts electrons better than PDMS in the triboelectric
series.” Research indicates that PTFE can produce charge
densities of up to ~5 x 10°* C m 2 for hundreds of years.
PTFE's insulating properties sustain negative triboelectric
charges for a long time. Contact mode structured PTFE-based
TENGs generate more power and have the best electronegative
properties under single mechanical pressure, with a charge
affinity of 190 nC J'. PTFE-based TENGs offer outstanding
mechanical qualities and substantial charge affinity differ-
ences, making them ideal for high power generation and output
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performance.® PDMS is a polymeric organsilicone chemical.
Silicone connections with flexible polymer chains make it
viscoelastic. Polydimethylsiloxane (PDMS) elastomers have
been frequently employed in TENGs due to their outstanding
triboelectric characteristics, flexibility, stretchability, and non-
toxicity. By adding structures to the polymer's surface, its
sensing capabilities can be modified.” Silicone is employed in
triboelectric nanogenerators (TENGs) due to its chemical
stability, flexibility, and advantageous position in the tribo-
electric series, which enables it to produce a substantial charge.
A TENG's energy-harvesting and sensing capabilities can be
improved by modifying silicone with additives, thereby
rendering it suitable for applications such as wearable sensors
and wave energy harvesting® Recent research shows that porous
forms of the above polymers have better triboelectric charac-
teristics than solid forms. Metallic/organic/inorganic materials
have been employed to make porous polymer composites,
which are better than solid ones.® A triboelectric nanogenerator
(TENG) consists of two separate charged tribolayers. One layer
can lose electrons, while the other layer can receive electrons
when they come into contact or rub against each other. This
phenomenon results in the generation of an electrical voltage
between the electrodes of the triboelectric nanogenerator
(TENG) by a combination of triboelectrification and electro-
static induction.’ TENG operating modes can be categorised
into four distinct types based on their operational characteris-
tics. These modes include the single electrode mode, contact
separation mode, lateral sliding mode, and free-standing mode.
Among these modes, the contact separation mode is widely
employed in various applications due to its superior output
performance compared to the other modes.'>*> Furthermore,
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there are two methods by which the output performance of
a TENG can be enhanced. By using a high-charge tribomaterial
from the triboelectric series, the TENG can efficiently capture
a small amount of mechanical energy.” Certain materials, such
as wood, metal, silk, and polymers, exhibit an inherent tri-
boelectrification effect."*** Fig. 1 illustrates the wide range of
material options available in the triboelectric series based on
charge accumulation. John Carl Wilcke introduced the first
triboelectric series for static charge in 1757." By adding natural
and synthetic polymers, the series can be extended to a certain
extent with a similar order of some materials.® Various TENGs
are constructed using different dielectric materials to capture
wrist pulse pressure, and these are listed below. In 2018, Chen
et al. designed a waterproof and stretchable triboelectric
nanogenerator to harvest several types of biomechanical energy
from the human body. The TENG carries a sandwiched micro-
patterned frictional PDMS layer and stretchable electrode, and
both are overlapped with a 2 mm air gap, and the entire
structure is encapsulated by a stretchable PDMS layer. The thin
and soft properties of stretchable PDMS allow the TENG to
harvest mild vibrations like a wrist pulse, and the encapsulation
protects the TENG from humidity changes.” Lin et al. in 2017
designed a self-powered, wireless, downy structured triboelec-
tric nanogenerator (D-TENG). It carries two layers: one is
a copper backing coated with surface-modified poly-
tetrafluoroethylene (PTFE) films, and the other consists of plain
copper thin films. Both layers are alternately attached to one
end of an acrylic sheet, while their opposite ends are left free to
move. Finally, the entire unit is encapsulated by stretchable
rubber. Under low frequency operation, the fabricated D-TENG
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produces electrical power of 2.28 mW with a conversion effi-
ciency of 57.9% from human walking energy.*® In 2018, Dong
et al. introduced a stretchable and washable skin-inspired
triboelectric nanogenerator (SI-TENG) for biomechanical and
versatile pressure harvesting applications. The SI-TENG carries
a base layer of a silicone rubber elastomer embedded with
a zigzag interlaced silver-plated nylon yarn. The overall
dimensions of the SI-TENG are 80 x 40 mm?®, and it produces
an output voltage of 160 V. Therefore, the SI-TENG exhibits high
sensitivity, fast detection and quick response as an energy
harvester, as well in self-powered biosensors.” Another method,
involving the introduction of the nanostructure on the tri-
bolayer, can improve the generated output voltage.>® The
introduced nanostructure improves the frictional contact
between the tribolayers, which ultimately improves the overall
charge transfer between the tribolayers due to the generated
voltage across the electrode of the TENG also being improved.
The research on triboelectric nanogenerator surface modifica-
tion is as follows.”* S. M. Kim et al. in 2017 made a charge
transfer comparison between a flat and structure-interfaced
dielectric with metal TENGs. Here, aluminium serves as an
electrode and polytetrafluoroethylene (PTFE) act as a dielectric
layer, the top layer and the bottom dielectric layer are separated
by an air gap with a thickness of 25 um. To improve the output
voltage of TENG, flat, cone, pyramid, circle and rectangular
structures are introduced on its dielectric layer. From the above
structured dielectric, the rectangular structured dielectric
produces an improved transfer charge density; due to this the
potential difference at the output terminal is high.** For effec-
tive harvesting of wrist pulse pressure in this work, both high-
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Fig. 1 Triboelectric material series.
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charge tribomaterials and rectangular surface morphology are
used.

2. Sensor model

In this study, three distinct triboelectric nanogenerators are
constructed using COMSOL Multiphysics software to capture
wrist pulse pressure, as shown in Fig. 2. The designed TENGs
function in contact separation mode. The contact separation
modes are classified into two types: dielectric-to-dielectric mode
and conductor-to-dielectric mode. As the conductor-to-
dielectric mode gives an enhanced output performance, it is
used in the suggested system."” In all of the modeled TENGs, the
conductor is placed on top, serving as a tribolayer and an
electrode, while the dielectric layer is positioned on the bottom,
with its electrode connected back to the dielectric layer. An air
gap is maintained between the conductor and the dielectric
layer. The modeled TENG's dielectric layer, together with its
electrode, is put on the location of the wrist pulse. The wrist
pulse pressure has a magnitude of less than 3 kPa, causing
deformation of the dielectric layer.”® When pressure is present,
this deformation causes the dielectric layer to come into contact
with the top conductor; otherwise, the dielectric layer and the
conductor separate. This contact separation operation creates
charge transfers between the tribolayer and conductor; hence,
the charge transfer density can be calculated using eqn (1):
r OXErp
o fép + terp

1)

where ¢, is the polymer relative permittivity, ¢, is the polymer
thickness, and x is an overlap interval. It resembles a capacitor,
and the potential difference across the electrodes is given by

eqn (2):
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where Ej is the electric field of the polymer, given by eqn (3),
and t; is the thickness of the polymer. E,;,, the electric field in
the air gap, is obtained using eqn (4) and (5). x is the air gap
interval, S is the metal area, ¢, is the permittivity of a vacuum, &,
is the relative dielectric constant, and ¢ is the inner surface
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tribocharge. The open circuit voltage is then given below in eqn
(6):
ax(1)

€o

(6)

Voc =

The potential difference under short circuit conditions is
zero, so the overall charge transferred (Q) is obtained using eqn

(7):

Sa(t)e,
= — /7T 7
Q 1+ x(t)e, )
The generated load current is obtained using eqn (8):
dv dc
[=C—+V—
C O +V T (8)

where C is the capacitance, and V is the voltage across the
electrodes.

3. Design of triboelectric
nanogenerators

This study presents the design of three distinct triboelectric
nanogenerators (TENGs) utilising three different topmost
negative tribomaterials, namely PDMS, silicone, and PTFE, for
the purpose of measuring wrist pulse pressure. Copper is
employed as the positive layer and serves as the top electrode in
each triboelectric nanogenerator (TENG), while aluminium is
utilised as the negative electrode for all TENGs, which is
securely attached to the negative tribolayers. All of the produced
triboelectric nanogenerator (TENG) models exhibit circular
shapes with identical dimensions. This is due to the fact that
the circular shape of TENGs allows for uniform deformation
when subjected to external pulse pressure.”* The positive tri-
bolayer of the designed TENGs has a diameter of 1 pm and
a thickness of 0.2 pm. Subsequently, each negative tribolayer
has a diameter of 1 pm and a thickness of 0.18 um. Finally, the
negative electrode has a thickness of 0.02 pm. Positive and
negative tribolayers are positioned at 0.07 pm intervals from
each other. By introducing the rectangular surface morphology,
which improves the frictional contacts between the tribolayers,
the output performance of the designed TENGs can be
enhanced. As a result, a rectangular nanostructure with the
following dimensions is formed on the top surface of the
negative tribolayer: 0.08 um in width, 0.08 pm in depth, and
0.08 um in height. The array feature in the COMSOL Multi-
physics software is utilised to populate the rectangular structure
across the full surface negative tribolayer. Subsequently, the

PDMS layer

Aluminium layer

Fig. 2 Models of three different triboelectric nanogenerators for wrist pulse acquisition.
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nanostructures can be merged with the negative tribolayer
using the union operation. However, the positive layer lacks any
nanostructure and is characterised by a plain and smooth
surface. Once the structural design and material selection have
been finalised, the physics component must be chosen from the
physics option inside the COMSOL Multiphysics software, as
determined during the study. A solid mechanical interface is
initially employed to simulate the modelled TENGs from the
perspective of structural mechanics. This interface translates
the externally provided wrist pulse pressure into displacement.
The displacement facilitates contact between the tribolayers,
leading to a charge transfer process. The rate of charge transfer
is contingent upon the displacement, which in turn is influ-
enced by the pulse pressure. In the absence of pulse pressure,
the tribolayers do not experience any movement throughout the
interval separation process. A potential difference across the
electrode will be generated during the separation process due to
the transfer of charge from the contact action. An induced
voltage between the electrodes of the simulated TENGs is ob-
tained via the electrostatic interface from the AC/DC. Finally,
meshing is employed to shorten the modeled TENGs' simula-
tion time. Meshing divides the TENG structure into discrete
parts, each of which is then simulated, resulting in a reduction
in the total simulation time. The simulated output response of
the planned TENG is observed using a stationary study. The
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aforementioned steps are crucial for simulating any model in
COMSOL Multiphysics.

4. Results and discussion

The mechanical analysis in this section determines the range of
deformation produced by the three distinct TENGs in response
to a specified external pulse pressure. The electrical analysis
provides the open circuit output voltage generated by the three
TENGS in response to the same deformation.

4.1 Solid mechanics

The solid mechanical interface in COMSOL Multiphysics soft-
ware is well-suited for structural analysis. Its performance is
based on Navier's equation. Stress versus strain analysis is
a commonly employed method.”® Three distinct triboelectric
nanogenerators (TENGs) have been designed in three dimen-
sions, as depicted in Fig. 3(A-C). The dimensions of these
TENGs are provided in the preceding section. The negative
electrode of the modelled triboelectric nanogenerators (TENGs)
is positioned at the site of wrist pulse pressure in order to collect
wrist pulse pressure data for the purpose of blood pressure
detection.”® Blood pressure is mostly attributed to irregularities
of the vata nadi (cun).”” Consequently, the vata nadi is employed
in this context for the purpose of blood pressure detection. The

o

«

Pn(3)=3000 Surface: Displacement field, Z component (um)

——

A

A 9.15x10
x107
9
8

7

6

.L“ 1 -1 0

Yo

i

Pn(3)=3000 Surface: Displacement field, Z component (um)

0.8

s 4 ;

v -258x107*

!

s 4

I
L

Pn(3)=3000 Surface: Displacement field, Z

}
! 0.4 }
0.3
1
Q.5 1
S o5

component (um)

A 009

0.09
0.08
0.07
0.06
0.05
0.04
0.03
0.02
0.01
1]

v -1.78x10"

Fig. 3 Three different triboelectric nanogenerator models: structural view and output displacement for 3 kPa of input pulse pressure. (A) PTFE-

based TENG. (B) Silicone-based TENG. (C) PDMS-based TENG.
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Table1 Output displacement of three different TENGs for 0—-3 kPa of
input pulse pressure

Silicone-

Pulse PTFE-based based PDMS-based
S.no. pressure (Pa) TENG (um) TENG (pum) TENG (pum)
1 0 0 0 0
2 500 1.53 x 10°*  4.62 x 107®  0.03 x 102
3 1000 3.05x107* 925 x 10  0.04 x 1072
4 1500 458 x 107" 0.01 x 107> 0.05 x 1072
5 2000 6.65 x 107*  0.02 x 1072 0.02
6 2500 8.05 x 107 0.02 x 1072 0.07
7 3000 9.15x10™*  0.03 x 107> 0.09

vata nadi exhibits a pressure range that falls within the range of
wrist pulse pressure. Therefore, to simulate the three separate
triboelectric nanogenerators (TENGs) being studied, wrist pulse
pressure is employed. The input parameter in this interface is
derived from the wrist pulse, which exhibits pressure within
arange of less than 3 kPa. For 3 kPa of input pulse pressure, the
negative layer of the PTFE-based TENG is displaced in the range
of 9.15 x 10~* um, and similarly, the displacements of the
negative layers of silicone-based and PDMS-based TENGs are in
the range of 0.03 x 1072 and 0.09 pm, respectively. The
displacements of the negative layers of three distinct TENGs
under externally applied pulse pressure ranging from 0 to 3000
Pa are shown in Table 1. The parameters of displacement versus
pulse pressure are shown in Fig. 4(A-C). In contrast to the other
TENGS, Fig. 4(A) demonstrates that the PTFE-based TENG
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exhibits a linear relationship between the applied pulse pres-
sure and output displacement. Furthermore, the displacement
only controls the total charge transfer between the two tri-
bolayers that face each other. Therefore, PTFE is a good material
for designing a TENG in order to harvest wrist pulse pressure. A
fixed constraint option in the solid mechanical interface allows
the modelled TENGs to have their circumference maintained
continuously while they are being simulated. This keeps the
TENG stable when applying pulse pressure. The modelled TENG
is subjected to pulse pressure through the usage of the
boundary load option in this interface. Furthermore, this
interface uses normal meshing, which responds quickly when
simulating the modelled TENGs. This interface uses stationary
studies to show the simulated output response.

4.2 Electrostatics

By utilising this interface, one can examine the output potential
difference of any given model. The displacement is provided to
the simulated TENG, which subsequently transforms it into
voltage. In this interface, the output displacement obtained in
the previous interface of three different modelled TENGs is used
to maintain the gap between the positive and negative tri-
bolayers of the modelled TENGs. For the PTFE-based TENG, the
separation gap between the tribolayers is 9.15 x 10~* um, for
the PDMS-based TENG, the separation gap between the tri-
bolayers is maintained at 0.09 um, and finally for the silicone-
based TENG, the separation gap between the tribolayers is
maintained at 0.03 x 10> um. The output voltage between the
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Input pulse pressure versus output displacement of three different TENGs. (A) PTFE-based TENG. (B) Silicone-based TENG. (C) PDMS-
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Fig. 5 Three different triboelectric nanogenerator models: structural views and induced output voltages. (A) PTFE-based TENG. (B) Silicone-

based TENG. (C) PDMS-based TENG.

Table 2 Surface charge density values for positive and three different
negative layers

Surface charge

S. no. Material density value (LC m™?)
1 Polytetrafluoroethylene (PTFE) 8 x10°°

2 Polydimethylsiloxane (PDMS) 54.49

3 Silicone 100

4 Copper 5x107*

electrodes of the simulated TENGs is determined by the gap
between the tribolayers. The presence of pulse pressure facili-
tates the interaction between the negative tribolayer and the

positive tribolayer, resulting in a charge transfer between the
two tribolayers. In the absence of pulse pressure, the tribolayers
undergo separation, resulting in the transfer of charge and
subsequent generation of a voltage across the electrodes of the
modelled triboelectric nanogenerator (TENG). The structural
views and induced potential differences of the three distinct
modelled triboelectric nanogenerators (TENGs) are depicted in
Fig. 5(A-C). In order to observe the induced potential difference,
it is necessary to provide grounding for any of the electrodes. In
this case, the bottom electrode is grounded by utilising the
ground option within the interface. Furthermore, the float
potential within this interface is employed to determine the
potential difference between the electrode and the ground
terminal. The tribolayer surface charge densities are given as

Table 3 Output voltages of three different TENGs for given input displacements

PTFE-based TENG

Silicone-based TENG

PDMS-based TENG

Input Output Input Output Input Output

S. no. displacement (um) voltage (V) displacement (um) voltage (V) displacement (um) voltage (V)
1 0 0 0 0 0 0

2 1.53 x 107* 26.1 4.62 x 107° 5.07 0.02 x 1072 26.1

3 3.05 x 10°* 26.1 9.25 x 107> 4.89 0.04 x 1072 26.1

4 4.58 x 10* 26.1 0.01 x 102 5.24 0.05 x 1072 26.1

5 6.65 x 10°* 26.1 0.02 x 102 5.23 0.02 22.3

6 8.05 x 107* 26 0.027 x 1072 5.23 0.07 12.7

7 9.15 x 10* 26 0.03 x 1072 5.23 0.09 8.85
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per the values in Table 2. In this interface, coarse meshing is
employed to simulate the modelled TENGs, resulting in
a shorter simulation time. A stationary study is employed after
simulating the modelled triboelectric nanogenerators (TENGs)
to investigate the output response. The induced output voltages
of the three distinct modelled TENGs in response to an exter-
nally supplied input displacement are presented in Table 3. The
output characteristics in terms of the relationships between the
induced voltage and displacement are illustrated in Fig. 6(A-C).
Fig. 6(A) shows that the output curve of the PTFE-based TENG
exhibits a linear relationship until a specific displacement is
reached, after which the output remains stable as the
displacement increases. In contrast, the curve of the PDMS-
based TENG shows that the output increases linearly and then
decreases as the displacement increases. However, the silicone-
based TENG generates a low output voltage, which poses
a challenge in activating subsequent measuring units. It can be
inferred that the PTFE-based TENG is the preferred option for
acquiring wrist pulse pressure.

5. Conclusion

Three distinct TENGs are designed and simulated using the
COMSOL Multiphysics software to detect blood pressure. The
displacements and induced output open circuit voltages of
three distinct modelled TENGs are determined using the finite
element method. Among the three different TENGs, the PTFE-
based TENG produces an improved output performance for
an externally applied input pulse pressure. Hence, PTFE is an

© 2025 The Author(s). Published by the Royal Society of Chemistry

Input displacement versus output voltage for three different TENGs. (A) PTFE-based TENG. (B) Silicone-based TENG. (C) PDMS-based

optimised material in the design of TENGs for detecting blood
pressure. The sizes of the created TENGs allow them to harvest
the biological signal. The designed TENGs have the capacity to
effectively harvest a variety of biological information, including
motion, breathing rate, heart rate, and gesture monitoring.
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and relevant dimensions are detailed in the TENG design
section of the manuscript.
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