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A B S T R A C T

This paper presents the optimized surface morphology to enhance transferred charge between the mental and
dielectric of the modelled triboelectric nanogenerator. The structured shape of the dielectric layer is a vital factor
in enhancing the output performance of the triboelectric nanogenerator. In this study, flat, cone, circular and
rectangular shapes are structured on the dielectric surface of TENG. Its output performance is examined by
conducting a numerical study on the finite element method in COMSOL Multiphysics software. Among the above
stated structured surface TENGs, the structured rectangular surface triboelectric nanogenerator produces an
improved output open-circuit voltage of 26 V for an externally given 3K Pascal pulse pressure as input. Hence, the
result indicates that the structured surface TENGs can make a portable self-powered healthcare device such as
heart rate, respiratory rate, and blood pressure measurement.
1. Introduction

In this emerging world, some personalized health monitoring and
assessment are inevitable to preserve a healthy human life. These health
monitoring and assessment systems mainly operate based on the subtle
human physiological signal, and the wearable sensors acquire those
signals. Wearable sensors play significant roles in capturing such signals.
Many researchers are used several wearable sensors. In the proposed
system, triboelectric nanogenerator is used to capture such signals. The
triboelectric nanogenerator-based health monitoring and assessment
system render a self-powered, low-cost, and lightweight system to secure
human health from latent disease. Triboelectric nanogenerator is
designed with two different triboelectric characteristics polymer mate-
rials in which one gains the electrons, and another one loses the electrons
while both layers are getting pressed or rubbed [1, 2]. Due to this,
opposite charges are developed on the surface of the two polymer ma-
terials as per the triboelectric effect and electrostatic induction, which
creates a potential difference across the electrodes [3, 4]. Two methods
increase the output potential difference of the triboelectric nano-
generator. In the first method, selecting the high charge density tribo-
electric material from the triboelectric series increases the charge
transaction between the dielectric layers. Hence the potential difference
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across the electrodes also increases [5]. The second method via the
geometrical approach can also increase the transferred charge density
between the dielectric layers by introducing the nano- or microstructure
on the entire dielectric layer, which increases the surface contact be-
tween the dielectric layers. Due to this, the transferred charge density
also increased [6, 7, 8]. So the potential difference across electrodes also
increases [9]. The second method has been used to improve the charge
transaction on modelled triboelectric nanogenerator in the proposed
system. Here the four different structures are created on the polymer
surface, and their output performances are compared. For comparison,
the flat, cone, circular and rectangular structures are formed on the
polymer surface; among the four structured surfaces, the rectangular
structured polymer surface provides more output open-circuit voltage
than the other structured surface. The rectangular structured polymer
surface has more contact area than other structured polymer layers,
whose output performance is enhanced [10]. On the contrary, the flat
surface polymer layered TENG provides low output open circuit voltage
due to less contact between the polymer layers [11]. Nevertheless, the
cone and circular structured polymer surface TENGs provide a moderate
output voltage. The following structures are created on TENG tribolayers
to improve their generated output voltage are listed below. Liu et al. in
2019 introduced a low-cost self–powered ultra-sensitive pressure sensor
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Table 1. Parametric values for triboelectric materials.

Material Parametric Value

Polytetrafluoroethylene 1. Relative permittivity ¼ 2
2. Poisons ratio ¼ 0.46
3. Youngs modulus ¼ 0.4nPa
4. Thermal Conductivity ¼ 0.24 [W/(m*K)]
5. Density ¼ 2200 kg/m3

6. Heat capacity at constant pressure ¼ 1050 [J/(kg*K)]

Copper 1. Relative permeability ¼ 1
2. Poisons ratio ¼ 0.35
3. Youngs modulus ¼ 110nPa
4. Density ¼ 8960 kg/m3

5. Thermal conductivity ¼ 400 [W/(m*K)]
6. Electrical conductivity ¼ 5.998 � 107 S/m
7. Reference resistivity ¼ 1.72 � 10�8 Ωm
8. Resistivity temperature coefficient ¼ 0.0039 1/K
9. Reference temperature ¼ 298 K

Aluminium 1. Relative permeability ¼ 1
2. Poisons ratio ¼ 0.33
3. Youngs modulus ¼ 70nPa
4. Density ¼ 2700 kg/m3

5. Thermal conductivity ¼ 238 [W/(m*K)]
6. Electrical conductivity ¼ 3.774 � 107 S/m
7. Coefficient of thermal expansion ¼ 23 � 10�6 1/K
8. Heat capacity at constant pressure ¼ 900 [J/(kg.K)]
9. Lame parameter (λ) ¼ 5.1 � 1010 Pa
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for monitoring biological signals. It consists of two multilayered struc-
tural units, the first unit is composed of fluorinated ethylene propylene
(FEP) back attached copper, and the second unit is composed of pro-
truded microsphere structured polydimethylsiloxane (PDMS) on the
other fluorinated ethylene propylene (FEP) copper back connected. The
sensitivity of the fabricated TENG depends on the weight percentage of
the microspheres. Here by varying the weight percentage of the micro-
sphere can get the maximum sensitivity up to 150 mv/Pa. Hence it can
monitor the respiratory and pulse rate [12]. In 2018, Chen et al. devel-
oped a stretchable TENG, which comprises a micro-patterned PDMS layer
and stretchable electrode; both are separated by a thin PDMS frame with
an air gap of 2 mm interval. The micro-patterned PDMS improves the
frictional contact area and reduces the PDMS surface's viscosity. With
tight encapsulation, the entire device can protect from the influence of
the external environment, such as humidity changes and energy harvest
underwater. This device delivers the output current as 257.5 nA, 50.2 nA
and 33.5 nA under a gentle press, stretch and bend, so it is suitable to
monitor the human radial artery pulse [2]. Dhakar et al. in 2015 pre-
sented a motion sensing triboelectric nanogenerator; it has a nanopillar
structured PDMS layer back attached Kapton layer coated with a gold
film; the thin gold film acts as an electrode for the designed TENG. Here
the Kapton delivers overall strength and robustness to the device, and the
nanopillar structured PDMS layer enhances the performance of the
contact electrification process. Hence for a mild touch, the designed
TENG generates an open circuit voltage of 90V. This device can act as a
motion and activity sensor in many applications [13]. In 2017, Ouyang
et al. demonstrated a low-cost self-powered ultrasensitive pulse sensor
(SUPS) with an excellent output performance, high peak signal-noise
ratio and a, long-term performance etc. It carries two friction layers;
the first layer is a nanostructured Kapton thin film back attached ultra-
thin copper layer (50 nm) and the second layer is the nanostructured
ultrathin copper layer (50 nm), which acts as another tribolayer as well as
electrode. To increase the structural stability, a flexible poly-
dimethylsiloxane (PDMS) layer covers the above two layers. The nano-
structures on the two friction layer improve the output performance of
the designed SUPS. It can act as a self-powered mobile diagnosis of car-
diovascular disease [14].

2. Sensor model

The proposed triboelectric nanogenerators have been modelled using
COMSOL Multiphysics software. All the proposed TENGs operate on
contact separation mode. The contact separation mode carries two
different models: the dielectric to dielectric model, and the other is the
conductor to dielectric model [5, 15]. Here the dielectric layer and
conductor are used as a triboelectric pair; hence the designed model is
comes under the dielectric to conductor model. This dielectric to
conductor model produces better output performance than the dielectric
to dielectric model [15]. The conductor acts as the top electrode and one
of the dielectric layers, and the bottom electrode is attached back to
another dielectric layer. The human wrist pulse pressure is less than 3K
Pascal, which is applied externally back to the bottom electrode of the
modelled TENGs [16]. It makes a deformation on the dielectric layer; this
deformed dielectric layer comes in contact and is separated from the top
electrode; during this process, the charge transaction takes place between
the dielectric layers [17, 18]. The Gauss theorem obtains the transferred
charge density by Eq. (1): on the dielectric layers [19],

σ
0 ¼ σxεrp

t1εrp þ tεrp
(1)

Where εrp is the relative permittivity of the polymer, t1 is the thickness of
the polymer; x is the distance between the polymer and conductor. The
behaviour of the modelled TENG is like a parallel plate capacitor so the
voltage across the two electrodes [5] is given by Eq. (2):
2

V ¼ Edþ Eairx (2)
Ed¼ � Q
Sε0εr

(3)

Eair
σ � Q

S

ε0
(4)

¼ Q
Sε0

�
t1
εr
þ xðtÞ

�
σxðtÞ
ε0

(5)

Where Ed is the polymer inside the electric field, its obtain by Eq. (3): t1 is
the polymer thickness, Eair is the inside air electric field which is obtain
by Eqs. (4) and (5): x is the distance between the layers, S is the metal
area, ε0 is the vacuum permittivity, εr is the relative dielectric constant, σ
is the tribocharge on the inner surfaces. The open-circuit voltage [10] can
be obtained by Eq. (6):

VOC ¼ σxðtÞ
ε0

(6)

Under the short circuit condition, the voltage difference is zero, so the
amount of transferred charge (Q) [20] is specified as Eq. (7):

Q¼ SσxðtÞεr
t1 þ xðtÞεr (7)

Across the load the generated current I [21]can be derived by Eq. (8):

I¼C
dv
dt

þ V
dc
dt

(8)

Where C is the capacitance and V is the voltage between the electrodes.

3. Sensor design

To design the circular form of triboelectric nanogenerator, the poly-
tetrafluoroethylene polymer is used as a negative layer with a dimension
of 1 μm diameter and 0.18 μm thickness; from the triboelectric material
series, this polytetrafluoroethylene has more negative charge compared
to other negative material in the series [22, 23]. Then the aluminium is
10. Lame parameter (μ) ¼ 2.6 � 1010 Pa



Table 2. TENGs surface structure dimension and its output voltage.

S.No Structure Dimension Pictorial representation Improved output
voltage in volts

1 Flat Nil 8.17

2 Cone Radius ¼ 0.08 μm
Height ¼ 0.1μm

11.6

3 Circular Radius ¼ 0.06 μm
Height ¼ 0.08 μm

22

4 Rectangular Width ¼ 0.08 μm
Depth ¼ 0.08 μm
Height ¼ 0.08 μm.

26
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attached back to the polymer layer, which acts as an electrode whose
dimension is 1μm in diameter and .02 nm in thickness. Finally, Copper is
used for the positive layer, which acts as another dielectric layer as well
as a conductor whose diameter is 1 μm and thickness is 0.2 μm. The two
tribo layers are overlapped, and it is separated with an interval of 9.15 �
10�4. Similarly, the other structured TENGs output deformations are
used to maintain the distance between the layers of respective tribo-
electric nanogenerators. The design parametric values for the tribo ma-
terials [24] are given in Table 1. To improve the output performance of
the designed TENG, different structures are created on its dielectric layer,
whose dimensions and improved output voltage values are given in
Table 2.

Here the modelled rectangular structured surface TENG is shown in
Figure 1 A, and the output open-circuit voltage of various structured
surface triboelectric nanogenerator are shown in Figure 1 B. A single
nanostructure is first created on the polymer layer as per the specified
dimension. Then multiple structures are filled on the polymer with the
help of array operation in the COMSOL multiphysics software. The union
operation is used to merge the filled structure with the bottom polymer
layer, finally which brings the filled structures and polymer into a single
layer. On the other hand, the positive layer is free from nanostructures
(i.e.) there is no nanostructure on the positive layer. It is a flat and smooth
surface. The materials are chosen for the positive and negative layers
from the material option. These nanostructures on the negative layer will
improve the contact area between the positive and negative tribolayers.
The transferred charge between the two opposite tribolayers is also
Figure 1. (A) Modelled Rectangular structured surface triboelectric nanogenerator
nanogenerator.

3

enhanced. Due to this, an output open-circuit voltage across the terminals
of the proposed triboelectric nanogenerator is also increased [25]. The
physics must be given from the physics option to simulate the proposed
triboelectric nanogenerator.

Initially, from structural mechanics, solid mechanics physics is cho-
sen, which converts the externally applied wrist pulse into displacement.
This output displacement decides the charge transaction between the
tribolayers, and then the transferred charge decides the output voltage
across the terminals of the proposed triboelectric nanogenerator. Finally,
electrostatics physics is chosen from the AC/DC, which converts the
given displacement into voltage. Then, the produced voltage is collected
across the output terminals of the proposed triboelectric nanogenerator.
In order to make the simulating time period very fast, the meshing is used
which divides the entire structure of the triboelectric nanogenerator into
small pieces and simulates each piece one by one. Hence it takes signif-
icantly less time to simulate the entire module after completing the
simulation on the proposed triboelectric nanogenerator, whose output
response is studied with the help of stationary study from the study op-
tion in COMSOLmultiphysics software. The above five steps are essential
to simulate any module in COMSOL multiphysics software [26].

4. Result and discussion

In this section, on themechanical analysis, the amount of deformation
for the externally applied pulse pressure to the flat, cone, circular and
rectangular structured dielectric surface TENGs are compared. The
(B) The output open-circuit voltage of various structured surface triboelectric



Figure 2. Structural view and deformation of different modelled triboelectric nanogenerators (A) Flat surfaced TENGs (B) Cone structured TENG (C) Circular
structured TENG (D) Rectangular structured TENGs.
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generated output open circuit voltage for the given deformation to all the
TENGs is compared in an electrical analysis.
4.1. Solid mechanics

For the structural analysis, the solid mechanics interface is suitable in
COMSOL Multiphysics software, which performs the analysis and yields
the results based on the solution of Navier's equation [27]. Moreover, it is
an excellent tool for stress versus strain analysis on any modelled struc-
ture. It has vast module study capabilities such as static, eigenfrequency,
time-dependent, frequency response, buckling, parametric studies, etc.
The proposed triboelectric nanogenerators are designed in 3D as per the
above-mentioned dimension and parametric values. In flat-surfaced
TENG, due to the absence of nanostructures on the polymer layer, it
Table 3. Overall deformation of different TENGs at 3KPa of applied wrist pulse
pressure.

S.No Different TENG Input Pulse Pressure
(kPa)

Output Deformation Range
(μm)

1 Flat surfaced TENG 3 1.02 � 10�3

2 Cone structured TENG 3 7.91 � 10�4

3 Circular structured
TENG

3 8.69 � 10�4

4 Rectangular structured
TENG

3 9.15 � 10�4

Figure 3. Deformation of different TENGs at 3 KPa of applied wrist
pulse pressure.

4

has more possibilities to stick the layers on one another; hence the con-
tact separation operation doesn't take place properly even its subjected to
an external pulse pressure so the induced voltage at the output terminals
is very low compared to the structured TENG [28]. Whereas in the cone
structured TENG, whose top surface of the polymer layers is fully filled



Table 4. Deformation on different TENGs at various ranges of wrist pulse pressures.

Input pulse pressure (Pa) Output Deformation in μm

Flat surfaced TENG Cone structured TENG Circular structured TENG Rectangular structured TENG

500 1.17 � 10�4 1.32 � 10�4 1.45 � 10�4 1.53 � 10�4

1000 3.41 � 10�4 2.64 � 10�4 2.90 � 10�4 3.05 � 10�4

1500 5.12 � 10�4 3.95 � 10�4 4.34 � 10�4 4.58 � 10�4

2000 6.82 � 10�4 5.27 � 10�4 5.79 � 10�4 6.65 � 10�4

2500 9.02 � 10�4 6.12 � 10�4 7.98 � 10�4 8.05 � 10�4

3000 1.02 � 10�3 7.91 � 10�4 8.69 � 10�4 9.15 � 10�4

Figure 5. Structural view and output potential difference of different modelled trib
Circular structured TENG (D) Rectangular structured TENGs.

Figure 4. Deformation versus a different range of wrist pulse pressure signal on
different structured TENGs.
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with cones, each cone has a 0.08μm radius and 0.1μm height dimension.
The cone structured TENG provides improved contact and separation
operation than flat structured TENG. However, in the case of cylindrical
structured TENG, the cylinder shape is filled on the entire top surface of
the polymer layer. Each cylinder has a 0.06μm radius and 0.08μm height
dimension and whose operating performance is higher than the cone
structured TENG. But in the rectangular structured TENG, the top surface
of the polymer layers are fully filled with a rectangular shape with the
dimension of 0.08μm width, 0.08μm depth and 0.08μm height, which
provides better operating performance than the other surface structured
TENGs because it has more contact area between the tribolayers due to
this whose output open-circuit voltage also high compared to others [29].
Hence concluded that the rectangular structured polymer surface-based
TENG is suitable to harvest the human wrist pulse signal, which pro-
vides enhanced output compared to the other structured TENGs [30]. For
simulating those TENGs whose circumference are fixed constantly by
using the fixed constraint option in the solid mechanics interface, which
provides stability to the modelled TENGs. For applying the external pulse
pressure to the modelled TENGs, the boundary load option in the solid
oelectric nanogenerator (A) Flat surfaced TENGs (B) Cone structured TENG (C)



Table 5. The output open-circuit voltage of different TENGs.

S.
No

Different TENG Input Displacement
(μm)

Output open-circuit
voltage (volts)

1 Flat surfaced TENG 1.02 � 10�3 8.17

2 Cone structured TENG 7.91 � 10�4 11.6

3 Circular structure TENG 8.69 � 10�4 22

4 Rectangular structured
TENG

9.15 � 10�4 26

Figure 6. The output open-circuit voltage of various TENGs for the given
overall displacement.
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mechanic is used. This modelled triboelectric nanogenerator is placed on
the vata nadi position of the human wrist. The human wrist pulse pres-
sure is in the range of less than 3K Pascal, which acts on the bottom of the
modelled TENGs. The vata nadi pulse pressure lies within the wrist pulse
pressure; hence the wrist pulse pressure is used as an input parameter for
simulating the modelled TENGs. The abnormality of the vata nadi is the
main cause of inducing blood pressure. Hence the vata nadi position is
used to measure blood pressure [31]. The applied pulse pressure pro-
duces the deformation on the flat structured TENG in the range of 1.02�
10�3 μm; similarly, the cone, cylindrical and rectangular structured
TENGs produce the deformation in the range of 7.91� 10�4, 8.69� 10�4

and 9.15� 10�4 μm respectively for the given same input pulse pressure.
Figure 2 (A-D) shows the COMSOL simulated pictorial representation of
various structured TENGs. The overall deformation of various structured
TENGs for the given 3 KPa of input pulse pressure is tabulated as shown
Table 6. Different TENGs output open-circuit voltage at various ranges of displacem

Flat surfaced TENG Cone structured TENG C

Input displacement
(μm)

Output voltage
(Volts)

Input displacement
(μm)

Output voltage
(Volts)

I
(

0 0 0 0 0

1.17 � 10�4 8.18 1.32 � 10�4 11.7 1

3.41 � 10�4 8.18 2.64 � 10�4 11.6 2

5.12 � 10�4 8.17 3.95 � 10�4 11.6 4

6.82 � 10�4 8.23 5.27 � 10�4 11.6 5

9.02 � 10�4 8.23 6.12 � 10�4 11.6 7

1.02 � 10�3 8.16 7.91 � 10�4 11.6 8
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in Table 3, and its graphical representation is shown in Figure 3. Here the
normal meshing simulates the modelled TENGs, which takes less time to
compute. The stationary study is used after completing the computation
to view the output response. Table 4 shows the variation in deformation
of the modelled TENGs to the gradual increase in input pulse pressure
from 500 Pa to 3 KPa. Figure 4 shows the linear characteristics between
the increase in wrist pulse pressure and a corresponding increase in
deformation of different structured surface TENGs. This deformed bot-
tom dielectric layer makes contact and separation with the top dielectric
layer based on the wrist pulse signal. Due to this charge, transactions
occur between the dielectric layers [7, 32].

5. Electrostatics

An electrostatic interface is used to compute the potential difference
across the modelled TENGs output terminals, which performs the
computation based on the solution of Gauss’ law [33]. Here the surface
charge density value for the polytetrafluoroethylene is given as 8� 10�6,
and for the Copper, the value is given as 5 � 10�5 by using the surface
charge density option in this interface, which is an essential one. In this
interface, the previous interface deformed output values are used to
maintain the overlapped interval between the tribolayers of the TENGs.
The given overlapped interval between the tribolayers is converted into a
voltage, and the converted voltage is collected across the terminals of two
tribolayers. For the flat-surfaced TENG, the overlapped interval is
maintained as 1.02 � 10�3 μm similarly, for the cone, cylindrical and
rectangular structured surface TENGs, the overlapped interval is main-
tained as 7.91 � 10�4, 8.69 � 10�4 and 9.15 � 10�4 μm respectively.
While simulating the modelled triboelectric nanogenerators, it creates a
contact between the tribolayers on the specified interval and separates
the tribolayers based on the pulse pressure. During the presence of pulse
pressure, the contact operation takes place, and during the absence of
pulse pressure, the separation operation will occur. In contact operation,
the charge gets transferred between the tribolayers, while in separation
operation, the potential difference exists between the electrodes of the
modelled TENGs [34]. Hence the given deformation is converted into
potential difference, which is obtained between the electrode and ground
terminal of each modelled TENGs by using the float potential option in
the same interface as shown in Figure 5 (A-D). Here the top layer act as an
electrode and the bottom electrode is grounded using the ground option.
Finally, coarse meshing is used in this interface for simulating the
modelled TENGs, which makes fast computation. After completing the
computation to view the output response of the modelled TENGs, the
stationary study is used. Table 5 shows the different TENGs maximum
generated output open-circuit voltage. Figure 6 shows the graphical
representation between the maximum generated output open-circuit
voltages versus overall deformation of the different TENGs. Table 6
shows the different TENGs output open-circuit voltage at various
displacement ranges, and its graphical representation is shown in
Figure 7 (A-D).
ent.

ircular structured TENG Rectangular structured TENG

nput displacement
μm)

Output voltage
(Volts)

Input displacement
(μm)

Output voltage
(Volts)

0 0 0

.45 � 10�4 22.1 1.53 � 10�4 26.1

.90 � 10�4 22.1 3.05 � 10�4 26.1

.34 � 10�4 22.1 4.58 � 10�4 26.1

.79 � 10�4 22.1 6.65 � 10�4 26.1

.98 � 10�4 22.1 8.05 � 10�4 26

.69 � 10�4 22 9.15 � 10�4 26



Figure 7. Different TENGs output open-circuit voltage at various ranges of given displacement (A) Flat surfaced TENGs (B) Cone structured TENG (C) Circular
structured TENG (D) Rectangular structured TENGs.
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6. Conclusion

Thus the different structured TENGs are designed and simulated using
COMSOL Multiphysics Software. The finite element method compares
their output open-circuit voltage and deformation on the dielectric layer.
Among the different structured surface TENGs, the rectangular structured
surface TENG produced more output open-circuit voltage than the other
structured surface TENGs. Hence, the structured rectangular surface is an
optimized surface morphology that improves response in harvesting the
nadi signal for blood pressure measurement. Moreover the designed
TENGs are suitable only for biological signal harvesting due its size
constraints. In summary the surface structured TENGs work as self-
powered monitor for human respiratory rate, muscle movement, gait
and CO2 Concentration.
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