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A triboelectric energy harvester using human biomechanical
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Abstract. This article presents the conversion of human biomechanical motion into useful electricity using triboelectricity.
Nylon, polytetrafluoroethylene (PTFE) and fluorinated ethylene propylene (FEP) are selected as triboelectric materials for
charge generation and aluminium/copper is selected as an electrode during vertical and sliding motions. Output voltage,
energy density and power are computed across different capacitors and resistors. The maximum d.c. voltage is found to be
9.56 V across a 1 wF capacitor using a combination of nylon and PTFE during vertical motion. Also, the maximum energy
density across a 100 WF capacitor is 492.47 j1J cm—> and the maximum power across a 4.63 M2 resistor is 6.2 wW. Such
portable systems can harvest human biomechanical energy while walking or exercising and can act as an infinite lifetime
energy source for conventional low power electronics.
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1. Introduction

The major concerns of rising pollution, global warming
and energy crisis have emerged from the escalated use of
non-renewable fuels over the years. The rapid depletion of
these resources due to high demand and increasing envi-
ronment issues has encouraged the use of renewable energy
resources, which are effective alternatives for the sustain-
able development of human civilization [1-3]. The recent
development in personal electronics and sensors for the envi-
ronment, industries, automobiles and healthcare has posed
urgent requirements and challenges for the availability of
renewable energy resources, thereby relaxing the depen-
dency on limited lifetime batteries. In addition, the trade-offs
between their weight and size and lifetime are again a question
of concern. Such challenges can be overcome by convert-
ing ambient energy into electricity [4—6], which can act as
a power source for charging the batteries or directly run-
ning the device. Researchers have adopted several techniques,
such as piezo/pyroelectricity [7-9], triboelectricity [10—15],
thermoelectricity [16], photovoltaic system [17], etc., for the
conversion of such energy into useful electricity. The present
study is based on triboelectric energy harvesters, which can
utilize mechanical energy from human activities, such as
walking [18], exercising, finger movements [19], etc., in
the environment. Recently, a triboelectric sensor has been
developed for the speed measurement and weight detection
of vehicles [20]. The concept of triboelectricity is based
on charge transfer between two materials due to contact
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electrification. These charges can be collected via external
circuits to generate electricity. Here, we present a triboelectric-
based simplified design using polytetrafluoroethylene (PTFE)
and fluorinated ethylene propylene (FEP) as triboelectric
materials by converting human biomechanical energy, while
exercising on a treadmill into useful electricity. The model
is implemented in vertical contact separation and lateral slid-
ing mode, which is well-documented in reviews [21]. Several
researchers have explored the use of such materials for a
wide range of applications. The charge generation between
PTFE and nylon has been analysed for different tempera-
tures, which affects the elastic properties of these materials
[22]. Also, relative humidity affects the proportionality factor
between charge and temperature. A triboelectric nanogenera-
tor (TENG) consisting of FEP and nylon is integrated with an
electromagnetic nanogenerator to increase the overall con-
version efficiency with a high output voltage and current
[23]. Another paper presented a stretchable TENG made from
paper and FEP for powering LCD and LEDs [24]. Energy har-
vesting from human biomechanical energy using PTFE and
aluminium as triboelectric materials has been demonstrated
to energize multiple LEDs [25,26].

2. Materials and methods
‘We have chosen different combinations of thin films of PTFE,

FEP and nylon as triboelectric materials for energy harvest-
ing due to their positions in triboelectric series. PTFE has

1


http://crossmark.crossref.org/dialog/?doi=10.1007/s12034-019-1801-9&domain=pdf
http://orcid.org/0000-0002-8284-966X

121 Page 2 of 7

Vertical
motion

Bull. Mater. Sci. (2019) 42:121

Sliding motion

Roller

Figure 2. Experimental setup of the triboelectric nanogenerator.

been procured from Dalau Fluoropolymer Products (UK)
with a thickness of 125 pwm, FEP from Holscot Fluoroplas-
tics Ltd, UK, having a thickness of 50 pm and nylon has
been purchased from a local market. Nylon attracts positive
charges, while PTFE/FEP has the tendency to attract nega-
tive charges. The development of charges during vertical and
sliding motion is affected by the surface quality of the films
presented by the scanning electron microscopy (SEM) images
of PTFE, FEP and nylon as shown in figure 1. The SEM
images of all the three materials show regular and evenly dis-
tributed microstructures across the entire surfaces. The SEM
of nylon shows broadly and regularly distributed patterns
demonstrating better capability of retaining charge. This will
lead to higher open circuit voltages when it comes in contact
with other materials. All the materials are based on polymers
exhibiting excellent stability and mechanical robustness, and
can operate for several cycles without wear and tear. The tri-
boelectric materials have been arranged in such a fashion that
they make frequent contact with each other during the verti-
cal and sliding motions. Figure 2 illustrates a typical TENG
for efficiently harvesting human biomechanical energy, while
running as vertical motion and rotary motion of the treadmill

as sliding motion. Figure 3 presents a similar setup consisting
of ad.c. motor, which generates sliding and horizontal motion
giving rise to charges on the surface of triboelectric materials.
The motor drives a crank and a slider (plate 2) generating a
sliding motion as shown in setup I. Plate 1 is further connected
to plate 3 in setup-II generating a horizontal motion. Four
types of materials including nylon, PTFE/FEP, aluminium
and copper are pasted between the plates as shown in fig-
ure 3. Such kind of setups may be compared with the sliding
motion between the surface and roller of a treadmill and ver-
tical motion due to stepping on the surface while running.
Al and Cu act as electrodes for collecting positive and neg-
ative charges. An external circuit is connected to both the
electrodes to store charge in a capacitor. The size of films
of each triboelectric material and electrode is 2.5 cm each
and the speed of the motor responsible for vertical and rotary
motion is around 200 rpm. However, in real applications, ver-
tical motion is due to the person running on the treadmill,
while sliding motion is due to the sliding between the roller
and surface of treadmill as shown in figure 2. Once these two
materials rub each other, the positive and negative charges
get deposited on Al and Cu films. These charges are extracted
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Figure 3. Schematic of energy harvesting during running and rotary motion of the roller.
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Figure 4. (a) Open circuit voltage for vertical contact mode, (b) short circuit current for vertical contact mode, (¢) open circuit voltage
for sliding mode and (d) short circuit current for sliding mode using nylon and PTFE.
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Figure 5. Output voltage across load capacitors for (a) vertical contact mode using nylon and PTFE, (b) vertical contact mode using
nylon and FEP, (¢) sliding mode using nylon and PTFE and (d) sliding mode using nylon and FEP.

by disengaging the rubbing surfaces using a motor attached
to a wheel. The a.c. signal produced by charges is converted
to d.c. using a bridge rectifier and a capacitor. The increasing
voltage across different capacitors is recorded with time using
an electronic logging multimeter (FLUKE 287). Energy den-
sity is further calculated across the same capacitors. Power is
optimized using different resistors connected across the same
capacitors.
The output voltage across a capacitor is given as:

dv \%4
—+—=1 1
dz+R (D

The stored energy in various capacitors is determined using
the equation:

1 2
E=_CV2. 2)

The output power (Pyyt) across the resistor load Ry, is deter-
mined as:

Poyt = —. 3

3. Results and discussion

Figure 4 illustrates the open circuit voltage and short cir-
cuit current for both vertical and sliding motions generated
through TENG using nylon and PTFE as triboelectric mate-
rials. The vertical motion generates a maximum voltage and
current of 10.95 V and 6.15 wA, while the sliding motion gen-
erates 8.98 V and 2.6 L A. Also, the voltages in both the setups
remain above 10 and 8 V and currents above 6 and 2.5 pA
for the entire duration. The force during the vertical contact is
3 N. The a.c. signals generated during the sliding and verti-
cal motions are converted into unidirectional signals through
a bridge rectifier and the voltages are recorded in different
capacitors (1,4.7,47, 10 and 100 wF) using an electronic log-
ging multimeter (Fluke 287). The variation of output voltages
in a vertical contact and sliding mode across different capac-
itors is shown in figure 5 using the different combinations
of nylon with PTFE and FEP as triboelectric materials. The
maximum voltage across the 1 iWF capacitor is 9.56 V in 300 s
for the nylon/PTFE combination. Similarly, voltage across
4.7 and 10 wF capacitors rises rapidly to 8.94 and 7.84 V.
It is observed that the charge is retained for a longer duration
in bigger capacitors than small ones. It is also illustrated in
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Figure 6. Stored energy for different load capacitors for (a) vertical contact mode using nylon and PTFE, (b) vertical
contact mode using nylon and FEP, (¢) sliding mode using nylon and PTFE and (d) sliding mode using nylon and FEP.

Table 1.

Maximum output voltage and energy using different combinations.

Vertical mode using

Vertical mode using

Sliding mode using Sliding mode using

nylon + PTFE nylon + FEP nylon + PTFE nylon + FEP
Capacitance (WF) ~ Vpc (V) Energy (W) Vpc (V) Energy (W) Vpe (V) Energy (W) Vpc (V) Energy (i)
1 9.56 45.75 8.53 36.38 7.61 29.02 6.03 18.20
4.7 8.94 187.82 7.76 141.52 7.01 115.80 5.68 75.85
10 7.84 307.32 6.95 242.03 577 167.17 5.40 145.96
47 4.14 404.43 4.05 385.51 3.32 259.49 1.97 91.28
100 3.13 492.47 2.47 306.75 1.73 151.48 1.02 52.32

figure 5 that the small capacitors attain higher voltages and
saturation due to a smaller time constant. Also, the combina-
tion of nylon with PTFE in vertical contact mode produces
the best results out of the four combinations. The maximum
voltages across a 1 wF capacitor in vertical mode using nylon
and FEP and sliding mode using nylon and PTFE are 8.53
and 7.61 V, respectively. Figure 6 presents the stored energy
with respect to time in different capacitors according to equa-
tion (2). The maximum stored energy density across a 100
wF capacitor is found to be 492.47 wJ cm™3. It is observed
that the amount of energy stored in small capacitors is less
due to their lower charge storage capacity. Here again, the
combination of nylon with PTFE in vertical contact mode has

generated the maximum energy out of the four combinations.
A comparative table of voltage and energy is presented in
table 1.

Furthermore, the electric power is estimated by connecting
different load resistors (4.63 10.44 and 21.15 M) across dif-
ferent load capacitors (1, 4.7, 10, 47 and 100 wF) as shown
in figure 7. It is observed that the maximum output power of
6.2 WW is observed across 4.63 M2 and 1 wF load capaci-
tor resistors when nylon and PTFE are used as triboelectric
materials during vertical motion. This is due to the fact that
charges are more uniformly distributed in vertical motion in
both the triboelectric materials (nylon and PTFE). Further-
more, it is shown that the maximum power is observed across
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Figure 7. Output power across different load capacitors using (a) vertical contact mode with nylon and PTFE,
(b) vertical contact mode with nylon and FEP, (c) sliding mode with nylon and PTFE and (d) sliding mode with
nylon and FEP.

Table 2. Comparative analysis of the maximum power output for various load resistors (MS2) and load capacitors (F) for different
combinations.

Maximum power output (L W)

Vertical mode using nylon + PTFE Vertical mode using nylon + FEP
Capacitance (LF) 4.63MQ 10.44 M 21.15 MQ 4.63 MQ 10.44 M 21.15 MQ
1 6.2 1.81 1.45 1.41 1.62 1.44
4.7 5.16 1.78 1.41 1.36 1.60 1.33
10 3.93 1.7 1.38 1.05 1.53 1.2
47 2.02 1.61 0.83 1.00 1.11 0.83
100 0.96 0.58 0.35 0.37 0.41 0.23
Maximum power output (LW)
Sliding mode using nylon + PTFE Sliding mode using nylon + FEP
Capacitance (LF) 4.63 MQ 10.44 MQ 21.15 MQ 4.63 MQ 10.44 MQ 21.15 MQ
1 1.25 1.37 1.32 0.87 1.17 0.75
4.7 1.15 1.31 1.12 0.72 1.11 0.7
10 1.13 1.16 1.03 0.7 0.96 0.59
47 0.67 0.78 0.48 0.47 0.55 0.42

100 0.37 0.42 0.22 0.29 0.44 0.35
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1 wF in all the four modes, while it decreases with the increas-
ing

values of capacitances. Also, 4.63 M resistance in the first
mode and 10 M€ in rest of the three modes are found to be
the most suitable resistances across all capacitors as shown
in table 2. This study shows the potential of human biome-
chanical motion specially during walking or running using
triboelectric phenomenon-based harvesters.

4. Conclusions

In this paper, different combinations of triboelectric materials
are used for energy harvesting using vertical and slid-
ing motions. This approach demonstrates the conversion of
human biomechanical energy into electricity with a maximum
output power up to 6.2 wW across a 1 wF load capacitor and
a 4.63 M resistor in vertical contact separation mode using
nylon and PTFE as triboelectric materials. It is observed that a
maximum of 9.56 V is obtained across a 1 wF capacitor in
300 s with subsequent reduction in output voltage with an
increase in capacitance. Also, the maximum stored energy
of 492.47 nJ cm~3is found across a 100 wF capacitor. It is
demonstrated that the maximum power is obtained across
a particular load resistance, which further decreases with a
higher value of resistances.
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