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Abstract. Triboelectric nanogenerator is a promising
technology and emerging approach for harvesting en-
vironmental mechanical energy. However, because of
nature of the environmental mechanical motions, the
amplitude and direction of the movements are unpre-
dictable. In this paper, a triboelectric nanogenerator
with a zero inductance spiral electrode is proposed to
generate electricity from sliding motions, regardless of
the motion direction. Various samples with different
electrode size and number of spiral electrodes were fab-
ricated and characterized. To obtain the optimum out-
put power density, response surface methodology was
employed. The experiments were designed based on the
central composite design approach for different combi-
nations of the electrode turn number and the electrode
width and pitch. To show the validity and accuracy of
the method, the predicted results were compared with
additional experimental results which a good concor-
dance between the results. Contours of output power
density for different combinations of the design vari-
ables were plotted. The latter helps designers to eas-
ily find the optimal configuration to obtain the desired
power output.
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1. Introduction

The importance of intelligent wireless systems in mod-
ern world has created an increasing need to design
and fabricate sustainable power supplies using environ-
mental renewable and clean energies. One of the sim-
plest methods to convert the energy of environmental
mechanical motions into the clean electrical energy is
based on the intrinsic properties of materials such as
piezoelectric and triboelectric.

Triboelectric Nanogenerator (TENG) is one of the
important inventions which have been presented in re-
cent years [1] and [2]. Until now, lots of various ver-
tical and sliding types of TENG have been developed,
especially, using polymer materials, which made this
technology a promising route for producing clean and
cheap electrical energy [3], [4], [5] and [6]. Environ-
mental mechanical energies widely exist all around the
world. They can be in form of the human and animal
body motions or the kinetic energy of wind and ocean
waves. To harvest such mechanical energies, proper
TENG device for each input energy, depending on its
characteristics, should be designed [7].

In a TENG, measurable triboelectric charges are cre-
ated between the surface of two different materials,
when they come in contact and separate [8]. According
to the path and direction of the employed mechanical
motion, two types of TENG can be used which are
worked in sliding or vertical contact-separation modes.
In a vertical structure TENG, the transferred triboelec-
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tric charges establish an electric potential between the
top and bottom electrodes and thus produce an electric
current at the external outputs [4]. However, in a slid-
ing TENG, the friction between two triboelectric layers
caused by a sliding motion produces the triboelectric
charges which are induced in the external electrodes
[5].

The two types of TENG device can be fabricated
with a single metal electrode to simultaneously play
the role of the triboelectric layer and the charge trans-
ferring electrode [9] and [10]. However, since the sliding
mechanical movements are often variable in amplitude
and occur in unpredictable directions [11], designing
TENG that can employ such random sliding motions
is of great importance. Such a TENG that can pro-
duce electrical power independence of the input char-
acteristics is very useful and practical due to its vast
applications in harvesting energy from friction-based
environmental motions such as all type of body mo-
tions or ocean and wind energies. Furthermore, the
output of the device should be maximized based on
the effective geometrical parameters. The latter is im-
portant for successful utilization of the device for the
motions with various amplitudes.

A practical and interesting method for optimizing
the output power density of a TENG device when opti-
mal design parameters are needed is the Response Sur-
face Methodology (RSM) which is part of the Design
of Experiments (DOE). It was originally developed to
model experimental responses and to model numerical
experiments [12] and [13]. For building an experimen-
tal model with RSM, a set of statistical techniques and
applied mathematics will be employed. RSM are de-
signed in different ways depending on the experimental
design, which one of these methods is a Central Com-
posite Design (CCD) method [14].

The application of RSMs is very wide in industries
such as chemical, petrochemical, food, pharmaceuti-
cal, microbiology, etc. [13], [14] and [15]. Recently, in
a study for tribological performance of sliding poly-
mers, In [16] used RSM method to show the connec-
tion between control factors, sliding speeds, the average
coefficient of friction, and the wear rate as responses.
Also, RSM was also used for optimization and statis-
tical process control of polymer triboelectric charging
[17]. However, despite of the powerful methodology
of DOE in controlling and optimizing devices and sys-
tems, the works that use this approach for optimizing
TENG devices are rare.

In this paper, a particular sliding TENG with a sin-
gle spiral electrode is designed, fabricated, and charac-
terized. The circular form of electrode well respond to
harvest the mechanical motions energy irrespective of
their direction. RSM was employed to optimize the
device performance based on design the experiment

method of CCD. Three geometrical design parameters:
the electrode turn number, the electrode width and spi-
ral pitch were considered as design parameters while
the power density of TENG was the objective param-
eter (response).

2. Materials and Methods

As the performance of conventional sliding motion tri-
boelectric nanogenerators is limited by the direction
of the sliding layer movement, a circular symmetrical
electrode is proposed and designed for TENG device.
The structure of the nanogenerator has been schemat-
ically shown in Fig. 1(a). In this figure, L and x are
the length of the dielectric and the lateral overlapping
distance, respectively. Figure 1(b) shows the mecha-
nism of the charge and current generation in the de-
vice. The fabricated electrode is shown in Fig. 1(c),
where the copper spiral electrode was formed on an
epoxy fiberglass (Fr-4) layer using chemical etching.
The thickness of the Fr-4 layer and the spiral copper
electrode is 1.6 mm and 35 µmm, respectively. The
triboelectric layers consist of Polyvinylchloride (PVC),
with the thickness of 200 µm, and Polyurethane (PU),
with the thickness of 2 mm, which produces electric
charges when sliding together. Then, the equal charges
are inducted on the spiral electrode through PVC layer.
It should be indicated that the spiral electrode and the
fennel substrate also positively affect the final inducted
charge, due to a small vertical movement of the PVC
layer over the substrate. The latter is not shown in
Fig. 1(b) to avoid complexity of the figure. PVC layer
also protects the electrode from abrasion.

The spiral form of the electrode consists of two arms
planar Archimedean coil which are connected together
so its inductance is negligible. Therefore, the device
is not affected by negative effect of the inductance.
In the device configuration, PVC layer, spiral electrode
and the Fr-4 substrate form the fixed part of the nano-
generator. PU layer as the movable part can slide over
the fixed part in all directions. This part is actually
connected to moving part of the environmental mo-
tion energy source. For example, it can be connected
to a sliding mouse on a fixed PVC pad or to the belt
of a sports instrument when slides over the body or
legs. Moreover, the device can be employed as a self-
powered real-time sensor to detect the omnidirectional
sliding motions in the mentioned situations.

To apply a similar sliding motion on all the fabri-
cated samples, an environmental motion simulator was
fabricated, which is shown in Fig. 1(d). The mechan-
ical motion simulating device includes two parts: fix
and moving one. The epoxy fiberglass (Fr-4) layer,
spiral electrode and PVC layer were fixed on the fix
part while the PU layer was fixed on the moving part

© 2022 ADVANCES IN ELECTRICAL AND ELECTRONIC ENGINEERING 205



ELECTRICAL MATERIALS AND EQUIPMENT VOLUME: 20 | NUMBER: 2 | 2022 | JUNE

PU
PVC
Cu-5
Fr-4

0

5

mm

mm
0
1
2
3

0

5

-5

mm

(a)

X

I

L e

+ + + + + + + + + +  

- 

R

- - - - - - - - - - - - - -
- - 

(b)(c) 

(c)

(d)

(d)

Fig. 1: (a) scheme of the fabricated TENG; (b) spiral electrodes with different turns, (c) the real fabricated device and
(d) mechanical motion simulating instrument.

of the device. The moving part controls the moving
frequency of motion and also the exerted force on the
fix part. In this study, the frequency and exerted forces
were adjusted to be 2 Hz and 10 N, respectively.

As the performance of fabricated TENG depends on
the number of spiral turns, electrode width, and elec-
trode pitch, different samples are fabricated consider-
ing such parameters. To finding suitable configura-
tions of TENG, the DOE approach was adopted for
the investigations. Therefore, the experimental tests
were designed and carried out based on the approach
to find the direct effect of triboelectric main parame-
ters as well as their interactions on the nanogenerator
performance.

DOE is an effective and flexible statistical approach
for optimizing the performance of the device at various
conditions. For this purpose, among different methods,
the RSM is adopted. The RSM uses a set of statistical
techniques to design the experimental models.

The RSM can be designed considering different ap-
proaches, for example, central composite design and

Box-Behnken Design (BBD) are the two popular fac-
torial designs. These design approaches make it possi-
ble to achieve second-order polynomial models in RSM.
Differences in levels between CCD and BBD methods
result from differences in the number of experiments.
In the case of experiments with up to five levels, the
CCD is more efficient.

Thus to investigate the effects of turn number, elec-
trode width, and electrode pitch on the nanogenerator
performance the CCD method is adopted to construct
the test conditions. These parameters and their lower
and upper levels are shown in Tab. 1.

Tab. 1: Independent variables and their levels.

Variable Symbol Units Low High
Electrode Width X1 mm 0.25 1
Electrode Pitch X2 mm 0.5 2
Turn number X3 - 4 16

The response (power density of nanogenerator) was
measured and analyzed using response surface method-
ology. The response can be modelled considering
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a second-order polynomial equation as follows:

Y = b0 +

k∑
i=1

bixi +

k−1∑
i=1

k∑
j=2

bijxixj +

k∑
i=1

biix
2
i , (1)

where Y is the predicted response (power density of
nanogenerator), xi, xj are independent factors (elec-
trode width, and the electrode pitch, and the turn num-
ber), b0 is the intercept coefficient, bi is the linear ef-
fect, bij is the interaction effect, bii is the quadratic
effect, and k is the number of variables. Analysis
of Variance (ANOVA) was also conducted to deter-
mine the significance of the main parameters and their
interaction.

3. Results

3.1. Basic Mechanism

The basic mechanism of the power generation by the
spiral TENG is believed to be due to the presented
triboelectric couple surfaces of, PU/PVC, PVC/Fr-4
(Epoxy), and PVC/CU. Referring to the triboelectric
series table [9], the order of electronegativity increasing
is as PVC> Cu> Epoxy> PU. The majority of tribo-
electric charges are produced between PU and PVC.
Then they are induced as the negative charges on the
copper spiral electrode when positively charged sliding
PU is overlapped with spiral electrode (see Fig. 2(a)).

As it is shown in Fig. 2, when there is No Over-
lap (NO) between PU and the fixed substrate and
also, when there is Fully Overlapped (FO) situation,
no current flows. In other situations, negative charges
are induced only in a part of the coil that is under
the positively charged PU layer. As a result, the re-
mained parts of the coil will lose some negative charges
to resume the equilibrium condition which results the
charges flowing in the external circuit (Fig. 2(a)).

In Half overlapping (HF), the current has a max-
imum value. Due to the small gap between PVC
and substrate, the triboelectric charges can also be
produced between PVC/Fr-4 and between PVC/Cu,
when they are in contact (as result of exerted forces).
The latter induced positive charges on copper electrode
when they are separated. These charges are added to
the induced charges from the first mechanism and pro-
duce the output current in a same direction.

3.2. Current and Voltage
Responsesm

Figure 3 and Fig. 4 present the effect of spiral turn
number on the nanogenerator performance. The out-
put current and voltage of the device were measured

I
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Fig. 2: Power generation mechanism of TENG; a) Charges pro-
duction mechanism (dimensions are not at scale) and
b) Output signal in forward and backward movements.

over a 0.1 MΩ load. Figure 3 shows the effect of spiral
turn number of 4, 8, 16 and 20 on the output current of
the nanogenerator. In all the presented measurements,
the electrode width and electrode pitch were 0.25 mm
and 1.5 mm, respectively. As can be seen, the current
density augments with increasing the spiral turn num-
ber. The same behaviour is observed for the output
voltage which is shown in Fig. 4. The average peak to
peak values of the given outputs are given in Tab. 2.

Tab. 2: The average peak to peak values for the measured cur-
rents and voltages shown in Fig. 3.

Variable 4-Turns 8-Turns 16-Turns 20-Turns
VP−P (mv) 60 85 120 200
IP−P (µA) 0.3 0.6 0.9 1.6

As the outputs are AC signals, the electrical power
density that is produced by the device is calculated
by multiplying the root mean square of the measured
current and voltage and dividing by the effective area
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Fig. 3: The instantaneous current measured in the proposed TENG; a) 4, b) 8, c) 16 and d) 20, turns of the electrode.
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Fig. 4: The instantaneous voltage measured in the proposed TENG; a) 4, b) 8, c) 16 and d) 20, turns of the electrode.
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of each device. The results are reported as the output
power density in the following sections.

To explore and understand the performance of nano-
generator with all the combinations of spiral turn num-
ber, electrode width and electrode pitch response sur-
face methodology is used for further experiments.

3.3. Response Surface Analysis and
Interpretation

CCD approach is adopted to construct a table of the
experimental runs. It was performed based on the
eight factorial points, six axial points, and three center
points that resulted in a total of 17 experimental runs.
These experimental runs and their responses (power
density) are presented in Tab. 3.

Multiple regression was used to obtain the second-
order polynomial equation in terms of significant inde-
pendent factors and their interaction. It is defined by
Eq. (2). As can be noticed, the power density of the
nanogenerator is predicted for different combinations
of electrode width, the electrode pitch, and the spiral
turn number by using Eq. (2).

(Y )
0.44

= 13.6417 + 23.3234X1 − 18.4853X2+

+0.0458883X3 + 18.3014X1X2 − 1.88904X1X3+

+0.171245X2X3 − 36.1282X2
1 + 6.75349X2

2+

−0.31483X1X2X3 + 9.5334X2
1X2+

+2.02536X2
1X3 − 10.4299X1X

2
2 .

(2)

Tab. 3: CCD experimental design matrix and experimental re-
sponses.

Run
X1 (mm)
electrode

width

X2 (mm)
electrode

pitch

X3

turn
number

Power
Density,

(µW·m−2)
1 0.25 0.5 4 212.769
2 1 0.5 4 39.2956
3 0.25 2 4 75.583
4 1 2 4 29.0848
5 0.25 0.5 16 98.4187
6 1 0.5 16 66.8582
7 0.25 2 16 44.841
8 1 2 16 13.5301
9 0.25 1.25 10 42.9295
10 1 1.25 10 78.6943
11 0.625 0.5 10 145.988
12 0.625 2 10 30.1073
13 0.625 1.25 4 140.03
14 0.625 1.25 16 27.3913
15 0.625 1.25 10 71.235
16 0.625 1.25 10 74.2185
17 0.625 1.25 10 70.5735

ANOVA was performed to show the model suitabil-
ity and also to present the significance of each param-
eter and their interaction. Its results are presented in
Tab. 4. The p-value less than 0.05 indicates model
terms are significant. The coefficient of regression
(R- squared) is 0.9997 which is close to 1. It indicates
that the experimental and predicted responses are well
correlated.

Tab. 4: ANOVA for response surface quadratic model.

Source Sum of
Squares df Mean

Square F-value p-value

Model 58.37 12 4.86 1325.47 < 0.0001
X1 1.28 1 1.28 347.88 < 0.0001
X2 10.07 1 10.07 2742.86 < 0.0001
X3 10.15 1 10.15 2766.72 < 0.0001

X1 X2 0.6267 1 0.6267 170.78 0.0002
X1 X3 2.51 1 2.51 684.94 < 0.0001
X2 X3 0.1055 1 0.1055 28.76 0.0058
X2

1 0.9382 1 0.9382 255.66 < 0.0001
X2

2 0.0528 1 0.0528 14.40 0.0192
X1 X2 X3 2.26 1 2.26 615.35 < 0.0001
X2

1 X2 1.62 1 1.62 440.81 < 0.0001
X2

1 X3 4.67 1 4.67 1273.32 < 0.0001
X1 X2

2 7.74 1 7.74 2110.45 < 0.0001
Residual 0.0147 4 0.0037
Lack of

Fit 0.0026 2 0.0013 0.2184 0.8208

Pure Error 0.0120 2 0.0060
R2 = 0.9997, R2

adj = 0.9990, adequate precision = 140.24 (> 4)

1) Model Reliability

Predicted vs. Actual graph in Fig. 5 shows whether the
generated equation of the response surface accurately
predicts the actual experimental values. As can be ob-
served, all the measured values (that are used for mod-
elling) are well correlated with the predicted model.
Therefore, the generated response surface model can
be considered as reliable.

2) DOE Results

Figures 6, Fig. 7 and Fig. 8 are plotted based on the
response surface modelling that is related to the DoE
concept. These contours are used to observe the re-
lationship between the power density (as a response
variable) and the design parameters such as electrode
turn number, electrode pitch and electrode width (as
experimental factors). Such an approach helps to find
the optimized geometrical parameters that can result
the highest output power density through the use of
the different spiral electrode configurations.

The power density contours in terms of variations
in the electrode width and pitch are plotted in Fig. 6.
Figure 6(a) and Fig. 6(b) show the power density vari-
ations for the device with 4 and 16-turns spiral elec-
trodes, respectively.
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Furthermore, the device power density contours for
two different pitches of the spiral electrode, equal to
0.5 and 2.0 mm, are plotted in Fig. 7(a) and Fig. 7(b),
in terms of the variations in the electrode width and
the spiral turns number.

Finally, to find the effect of changing in the turn’s
number and the electrode pitch together, while a con-
stant electrode width is used, the power density con-
tours are plotted in Fig. 8 for different electrode pitches
and various turn number of the spiral electrodes. The
results are obtained for two different widths of the spi-
ral electrode, equal to 0.25 and 1.0 mm, which are plot-
ted in Fig. 8(a) and Fig. 8(b), respectively.

4. Discussion

To assess the precision of the model on the prediction of
power density, comparisons with the new experimental
results within and outside of the lower level and upper
level were performed. As shown in Tab. 6, within the
range where the experimental results are carried out,
is 4.89 % is the maximum difference between the pre-
dicted results and new measured results. However, the
difference between the results outside of the considered
range is about 9.16 %. Thus, the model accuracy for
predicting within the range is very high while for the
outside of the considered range is acceptable.

Considering Fig. 5, the horizontal axis corresponds
to the actual values measured in the experimental work
and the vertical axis shows the predicted values by the
software based on statistical data. The measured val-
ues according to Tab. 3 are applied to the software and

the predicted values are obtained using Eq. (2), which
is the output of statistical calculations of the software.
Figure 5 shows a comparison between these values.

It can be observed that there is a good agreement
between the results. It confirms that the model accu-
racy for predicting within the range is very good while
for the outside of the considered range it is acceptable.

Based on the performed analysis, it can be concluded
that the electrode geometrical parameters have signifi-
cant effects on the produced output power by the spiral
electrode TENG.

The extracted contours in Fig. 6 indicate that the
power density of the device is decreased for higher spi-
ral turns. It can be attributed to a higher variation in
source sliding velocity when a larger area is scanned.
However, the secondary effects such as low-pressure
contacts between the surfaces will also decrease the
output power density. However, by adjusting the elec-
trode width and pitch, as it is proposed by DOE re-
sults, the power density decreasing can be partially
compensated.

The maximum power density is obtained for
a 2-turns device, when the electrode width varies be-
tween 0.18 to 0.58 mm while the electrode pitch is in
the range of 0.2 to 0.35 mm. Increasing the electrode
pitch higher than 0.35 mm decreases the power density
of the device. In a 16-turns device, the highest power
density is obtained when the electrode width is in the
range of 0.1 to 0.25 mm while the electrode pitch varies
in the range of 0.2 to 0.27 mm. Fig. 7(a) shows the ef-
fects of different combinations of spiral electrode turn
number and electrode width for the electrode pitch
of 0.5 mm while Fig. 7(b) shows this combination for
the electrode pitch of is 2.0 mm. As can be noticed,
it is possible to obtain a higher power density when
the lower electrode width is selected. Fig. 8 indicated
that for a device with smaller electrode width, a higher
power density is obtained at low electrode pitch, while
in the case of higher electrode width, the higher-power
densities are shifted around the electrode with the pitch
of 1 mm.

The results show that there are different combina-
tions that lead to the desired power density. Based on
the above-mentioned mechanism, if the electrode pitch
is increased, a higher power density is expected, how-
ever, in very high pitches, the collecting of charges by
electrode reduces which leads to decrease in the output
power density again.

4.1. Performance Comparison

In order to compare the performance of different tribo-
electric nanogenerators that have been recently devel-
oped with the presented model, Tab. 5 is presented.
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Fig. 6: 2D Contour plots of power density based on various combinations of electrode pitch and electrode width a) 4-turns spiral
electrode and b) 16-turns spiral electrode.
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Fig. 7: 2D Contour plots of power density based on various combinations of spiral electrode turn number and electrode width
a) 0.5 mm electrode pitch and b) 2.0 mm electrode pitch.
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Fig. 8: 2D Contour plots of power density based on various combinations of spiral electrode turn number and electrode pitch
a) 0.25 mm electrode width and b) 1.0 mm electrode width.

Tab. 5: Comparison between the present work and some rcent developed TENGS.

Type of
Device

Best
Outputs

Considered
Parameters

Moving
Direction Year

Sliding
Spiral

Steel Wire

P = 2.13 µW,
L = 6 cm and
d = 3 mm

Frequency,
External loads,

Strain

Along the
cylinder

2019
[18]

Sliding
Grating

Electrode

P = 3.6 mW,
Size: 3.5× 3.5 cm,

line density = 600 · mm−1

Surface
Plasmon

excitation,
Line

numbers,
Light

Vertical 2019
[19]

Sliding
Archimedes

Spiral
Electrodes

Voc = 10 Vp−p

Rotation
angle,

Number of
electrodes

2D
Multi-direction

2021
[20]

Single
Electrode
Vertical
TENG

Voc = 21.63 V, Surface
microstructure Vertical 2022

[21]

Two
Electrode
Sliding
Droplet
Based

Qsc = 197 pC,
d = 1.2 cm,

Simulated result

Frequency,
Height of
droplet
release

Surface
slope

2022
[22]

Two
Electrode
Vertical
TENG

Isc = 0.48 µA
for one
droplet

Surface
structure,
Humidity

and impurity
resistance

Vertical 2022
[23]

Sliding
Archimedean

Single
Spiral

Voc = 60 V

Spiral
turns,
Width

and Pitch
of the

electrode

2D
Multi-

direction

Proposed
study
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Tab. 6: ANOVA for response surface quadratic model.

Electrode
width
(mm)

Electrode
pitch
(mm)

Turn
number

Measured
(µW · m−2)

Predicted
(µW · m−2)

Deviation
(%)

0.25 0.5 8 9.740 9.566 1.79
0.25 1.5 8 9.566 9.256 3.24
0.5 1.75 10 5.459 5.138 4.89
0.25 1.5 20 3.556 3.352 5.73
0.25 0.5 20 7.120 6.524 8.38
2 1.5 10 5.757 5.230 9.16

As mentioned before, one of the advantages of the
presented TENG is its functional ability regardless
the direction of the motion which is not reported by
other TENGS. There is a work introduced in [20] that
also used multiple Archimedes spiral electrodes for mo-
tion detection, where its multidirectional performance
makes it possible to be used for motion detection.
In spite of such an advantage of the proposed study,
the output power of the presented work is similar or
lower than of some given works in the Tab. 5. How-
ever, the comparison of the output power cannot be
made with the ones who have reported the open cir-
cuit voltage or short circuit current.

5. Conclusion

In this paper, a TENG with spiral electrodes was de-
signed and fabricated to harvest energy from random
and unpredictable movements in the environment. The
designed nanogenerator has a symmetrical structure so
its performance is not affected by the direction of the
sliding environmental motions. However, the environ-
mental sliding motion, inherently, has various ampli-
tudes that affect the geometrical parameter of a de-
signed TENG. To optimize the nanogenerator perfor-
mance for different combinations of geometrical param-
eters, a response surface methodology was adopted.
The latter include the turn number of spiral electrodes,
electrode width and electrode pitch. The experiments
were designed based on the central composite design
approach and the output power density is considered
as a response parameter. For different combinations of
the turn number of spiral electrodes, electrode width
and electrode pitch, contours of power density were
plotted. These contours help the designer to easily find
the optimal situation for different applications. Multi-
ple regression was used to fit a second-order polynomial
equation for prediction the power density in terms of
design variables. When comparing the predicted val-
ues with the experimental results (that are not used for
developing the RSM), good concordance was observed.
Desirability analysis shows that it is possible to obtain
power density equal to 212.997 µW·m−2 when the elec-
trode width of 0.25 mm, electrode pitch of 0.5 mm and
4-turns spiral electrode are considered.
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