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Abstract

Impedance matching of the power source with the external load is one of the imperative parameters of any electronic
system for the optimized power transfer from the power source to the load. Mismatch in impedance of power source
and the external load may cause a drastic reduction in the power transfer due to reflections. In this paper, a systematic
experimental study of load matching between energy harvester and load resistance has been presented. The experimen-
tal results showed output voltage without external load condition is 68.46 V with the output current of 14.59 yA, conse-
quently instantaneous power of 0.937 mW. Under the optimum load of 4 MQ, the output power reduced to 0.248 mW.
A rigorous experimental study has been carried out under the frequency and force of 4.5 Hz and 2.8 N, respectively. The
triboelectric energy harvester device has also been demonstrated for the potential applications of the self-sustained

system.

Keywords Triboelectric - Energy harvester - Impedance matching - Contact-separation - PDMS - Optimized load

1 Introduction

Energy harvesters convert the energy available in the form
of light, heat, radiation, mechanical vibrations into elec-
trical energy. The generated power can be used either to
operate an electronic system directly or by storing it in
the battery. The new age of technology has enabled the
electronics systems to operate at low power [1, 2], which
created the fascinating area of the self-powered system for
various applications [3-15], e.g., wireless sensor network,
biomedical, satellite, etc.

Currently, triboelectric energy harvester (TEH) is
one of the dominant areas in which mechanical vibra-
tional energy is converted into electrical energy with

triboelectrification, which takes place between two mate-
rials of different tribo polarities and electrostatic induction
between the tribo layer (dielectric) and electrode [16-18].
TEH has been classified into various categories, as reported
by Wang [19]; in this work, the focus is on contact-separa-
tion mode TEH.

The research groups are extensively working on TEH
devices from various aspects such as material selection,
nano-material [20], fabrication process, surface morphol-
ogy [11, 12, 14, 15, 20-24], bulk profile [24, 25], etc. to
enhance the device performance. But, the TEH devices are
high impedance devices because these are fabricated with
dielectric materials. Therefore, load matching [10-15, 20,
21, 25] is a critical parameter for maximum power transfer
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to make use of the TEH device effectively. This impedance
matching study is specific to the device due to its design
parameters and triboelectric materials.

The main aim of this paper is to study the impact of with
and without external load conditions. The experimental
study has been carried out by doing the measurement
with varying resistive load to find the optimum load for
maximum power transfer. Brief design and fabrication
detail have been discussed under Sect. 2, load varying
experimental results are discussed under Sect. 3, and
the validation of the results with the reported work has
been presented under Sect. 4. As proof of concept, the
TEH device has been demonstrated to implement a self-
powered light-emitting diode (LED) system under Sect. 5.

2 Design and fabrication

A contact-separation type triboelectric energy harvester
with tribo-pair of Polydimethylsiloxane (PDMS) and Cop-
per (Cu), with the design parameters listed in Table 1, has
been fabricated. FR4 substrate with a single side Cu clad
has been used to implement the TEH device in which the
substrate provides the mechanical support, whereas the
Cu clad has been used as the bottom electrode. The PDMS
film (~ 350 um thickness) with microstructure patterns on
its surface has been created using soft lithography with a
Teflon mold. The PDMS layer with microstructure patterns
on the surface has been fixed to the Cu clad of the FR4
substrate, keeping the patterned surface upside. The top
electrode has been realized using 50 um thick Cu foil. The
schematic and fabricated device is shown in Fig. 1a and
b, respectively. The top electrode is fixed to the moving
shaft of the tapping system, as illustrated in Fig. 1b. Design
parameters listed in Table 1, where top electrode length
and width are 60 mm x40 mm. The actual overlap area is
1440 mm? because the remaining area (160 mm?) left out
for electrode connection. A detailed study of surface mor-
phology and device performance has been reported [24].
The performance of the loaded device has been compared

Table 1 Design parameters

Parameter Value
Top electrode
Length (mm) 60
Width (mm) 40
Bottom electrode
Length (mm) 40
Width (mm) 40
Overlap area (mm?) 1440
PDMS thickness (um) ~350
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Fig. 1 Triboelectric energy harvester device a schematic presenta-
tion and b fabricated device

to the without external load condition, as discussed in the
next section.

3 Experimental results

A rigorous experimental study had been carried out for
the performance analysis. The vibrational impact force
has been provided with force 2.8 N at frequency 4.5 Hz
for the measurements. The output voltage measurement
has been carried using PicoScope 3206D MSO having the
internal impedance 1 MQ =+ 1% in parallel with 14 pF £ 1 pF
and the PicoScope probe (TA386) impedance at 10X is
10 MQ£2% with 15 pF input capacitance as per specifi-
cations. The output current has been measured using a
current-to-voltage (I-to-V) converter, which converts the
very low current from the TEH device into voltage [26]
with a conversion ratio of 100 mV/pA [24]. The voltage
and current have been measured simultaneously on the
channel-A and channel-B of the PicoScope. The experi-
mentally measured results of voltage, current, and instan-
taneous power without external load condition are shown
in Figs. 2, 3 and 4, respectively, (with inset views show-
ing the single pulse). The peak output voltage and cur-
rent for the TEH device without external load are 68.46 V
and 14.59 pA, respectively, resulting to the instantaneous
power of 0.937 mW, attained by multiplying the output
voltage and current.

To find the optimal external load resistance, the TEH
device has also been tested with varying the external
resistive load ranging from 1 KQ to 18 MQ with 21 dif-
ferent resistances. The experimentally measured output
voltage, current and instantaneous power at different
external load condition is listed in Table SI presented in
supplementary material. The peak output current and
voltage with each resistive load have been measured,
and plotted with respect to resistance as represented in
Fig. 5. The measured data showed that on increasing the
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load resistance output voltage increases, whereas ohmic
losses lead to decrease in output current. The variation in
instantaneous power with respect to the external resis-
tive load is illustrated in Fig. 6, which shows the optimal
resistive load is of 4 MQ, which gives peak instantaneous
power of 0.248 mW. The experimentally measured out-
put voltage, current and instantaneous power waveform

4 5 6 7 8 9 10
Time (S)

at optimized external load resistance of 4 MQ, is pre-
sented in Figs. 7, 8 and 9, respectively. Comparison in
experimentally measured output voltage (Figs. 2 and 7),
current (Figs. 3 and 8), and instantaneous power (Figs. 4
and 9) at without external load and optimum load are
listed in Table 2.
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4 Discussion

The impact of load matching on the power transfer of
the TEH device has been presented, which shows a sig-
nificant reduction in power transfer even at optimized
external resistive load compared to the without external
load condition. Therefore, impedance matching is one
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Time (S)

of the vital deciding factors. In stringent literature sur-
vey we found many groups have reported the effect of
external load, which has been compared to the without
external load condition, as listed in Table 3. It is observed
that in each case, output power has reduced drastically
under optimal resistive load compared to without exter-
nal load. This shows the devices need to be calibrated
for optimal external resistive load irrespective of their
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Table 2 Experimentally measured output voltage, current and
instantaneous power at different load

External load Voltage (V) Current (uWA) Instantane-
ous power
(mW)

Without external load  68.46 14.59 0.937

4MQ 31.7 7.828 0.248

fabrication process, tribo-pair material, device design,
size, and input parameters [11, 12, 14, 15, 20, 25].

The fabricated TEH device can be used for various practi-
cal applications such as an acceleration sensor [10], pow-
ering portable electronics [11], as a self-powered pressure
sensing system [12], as power source [9, 15] wireless system
[14]. As a proof of concept, the in-house fabricated TEH
device has been demonstrated in self-powered LED system,
as discussed in the next section.

5 Demonstration

The developed TEH device has been demonstrated for the
potential applications in the self-sustained system. LEDs
have been connected in series and powered by the rectified
electrical output from the TEH device. The full-bridge recti-
fier IC used is SF10M, and the LEDs are of 10 mm diameter,
as shown in Fig. 10. The mechanical energy is provided to
the TEH device using a tapping system, as shown in Fig. 10b
where the top electrode is attached to the vertical movable
shaft, which impacts on the TEH device placed over the plat-
form attached to the load cell. This load cell measures the
impact force of the contact between the top Cu electrode
and PDMS layer, which is 2.8 N at 4.5 Hz Frequency. We could
glow serially connected 52 LEDs, as presented in Fig. 10a.

6 Conclusion

A systematic experimental study for external load match-
ing in the TEH device has been presented. All the measure-
ments have been carried out at 4.5 Hz and 2.8 N force of
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Table 3 Comparison of the proposed TEH device with the reported work

References Fabrication technique At optimized or matched load

Without external load

Load (MQ) Power (mW) Input Power (mW) Input
Force (N) Frequency (Hz) Force (N) Frequency (Hz)
This work  Soft-lithography with 4 0.248 2.8 4.5 0.937 2.8 4.5
Teflon mold
[11] PECVD, photolithog- ~3 9 - 6 21.62 - 6
raphy, deposition
and lift-off and Si
mold
[12] Au deposition by ~40MQ  1.82mW - 0.41 Voc=270V - 0.41
sputtering, fabrica- lsc=21pA
tion of wrinkled (5.67 mW)
CNT-PDMS film
[14] Cu and Au sput- 300 0.23 - 3 ~4.125 Finger typing
ter coating, PVA
nanowires prepared
by electrospinning
[15] Al by E-beam evapo- 200 0.11 - - 0.66 -
rator, dry-etching of
Kapton for polymer
nanowires
[20] Au by E-beam evapo- 1 420 500 - 1200 500 -
rator
[25] Au by thermal 10 MQ 4.41 mW/cm? 100 5 Voc=280V 50N -
evaporation, novel lsc=38 pA/cm?
triboelectric sponge (10.64 mW/
(TES) PDMS synthe- cm?)

sis with ultrasonic
cleaning

52 serially
connected LEDs

}

Rectifier

P

Full bridge
rectifier

DF10M

(b)

Fig. 10 Demonstration of TEH device in a 52 serially connected LED
system, a schematic presentation and b LED set-up with tapping
system

SN Applied Sciences

A SPRINGERNATURE journal

tapping. The peak output voltage, current, and instanta-
neous power obtained without external load are 68.46 V,
14.59 pA and 0.937 mW, respectively. Under the resistive
load condition, the output voltage increases with the
increase in load, whereas output current decreases. The
peak instantaneous power is 0.248 pW at 4 MQ load. The
results showed a drastic reduction in output power even
on optimal external resistive load compared to the without
external load, which shows the importance of impedance
matching parameter which need to be addressed prop-
erly while making use of TEH device in real-time applica-
tion. The TEH device has also been demonstrated for the
potential applications in a self-sustained system using 52
serially connected LEDs driven by rectified output from
the TEH device.
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