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Abstract: Performance of triboelectric nanogenerators for harvesting mechanical energy from the
ambient environment has been limited by structural complexity, cost-effectiveness, and mechanical
weakness of materials. Here, we report on a cost-effective vertical contact separation mode
triboelectric nanogenerator using PE and PC in a regular digital versatile disc. This cost-effective
nanogenerator with simplified structures was able to generate an open circuit voltage of 215.3 V
and short circuit current of 80 pA. The effects of the distance of impact and the air gap between the
triboelectric layersshave also been tested from 3 to 9 cm, and 0.25 to 1 cm, respectively. It was
determined that 0.5 cm was the optimal air gap. The nanogenerator was also tested in different real-
life scenarios including stresses produced by a moving car, walking, and a rolling skateboard over

the nanogenerator. The surfaces of the triboelectric layers were further modified by surface-charge

This article has been accepted for publication and undergone full peer review but has not
been through the copyediting, typesetting, pagination and proofreading process, which may
lead to differences between this version and the Version of Record. Please cite this article as
doi: 10.1002 /ente.202001088.
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engineering which induced a 460% increase in the output power. These tests revealed a significant
electrical response and mechanical stability under stress. In summary, this study demonstrated that
the relatively inexpensive PE and PC triboelectric pair has the potential to be used for highly

efficient, mechanically robust triboelectric nanogenerators.
Introduction:

Due to the increasing depletion of fossil fuels, scientists have been searching for renewable and
environmentallysfriendly power sources 2. Traditional power supplies, such as batteries used in
electronics, have a limited lifetime and are usually composed of expensive and environmentally
hazardous components 3. To avoid these issues and provide a more sustainable power source,
scientists haverlong been trying to use the abundant amount of ambient waste mechanical energy to
generate electricity * This includes raindrops, human footfalls, and ocean waves, among others °.
There are several material-based strategies that can convert mechanical energy into electricity
including exploitation of piezoelectric, electromagnetic, or electrostatic effects. Using such material
properties to obtainsClean energy is possible; however, several limitations have prevented their
application on a large scale, including structural complexity, difficulty of large-scale fabrication of
high-quality materials;=and dependence on external power sources. In addition, efficient energy
harvesting can be limited to a very narrow range of applied frequencies %’. As most environmental
mechanical energy sources have a wide range of natural frequencies, these techniques for
harvesting energy become ineffective in many cases. 8. Recently, a new type of power generating
device, called a triboelectric nanogenerator (TENG), has been attracting increasing attention; this
device utilizes=both triboelectric and electrostatic effects, which at the nanometer scale, convert

mechanical energy into electrical energy °°. The TENG’s working principle is based on the
Maxwell’s displacement current, where the term related to polarization-induced current Z—I; IS
directly correlated to the output current . The polarization-induced current is generated due to the

combined effect of triboelectrification and electrostatic induction; when two surfaces with different
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polarities come into contact, an electron transfer occurs across the interface to make up the potential
difference between the surfaces. This charge separation leads to the conversion of mechanical
energy into electrical energy. TENG devices can operate in a broad range of vibrational frequencies
instead of a single resonant frequency. Moreover, they can respond to low frequency vibrations,
namely, in the range,where most environmental vibrations exist, such as wind energy 12, vehicle
movement 13, tree“leaf movement *, human walking °, etc. A typical TENG device can be
implemented by carefully assembling two electrodes made from triboelectrically active materials.
When mechanical_energy is applied, the device capacitance changes (due to a change in
displacement), ‘which leads to a flow of current between the two conductive electrodes and
associated power generation . The current in the TENG flows back and forth between the
electrodes in antalternating current mode . Intuitively, the performance of a TENG device can be
controlled by tuning the charge density on the triboelectric surface. TENG devices can adapt well to
various mechanical energy types by different modes of operation such as vertical contact-
separation, lateral sliding, single electrode, and freestanding modes 8*°. The potential applications
include sensors:®, environmental monitoring, medical devices 2, personal electronics, and defense
technology 2. TENG devices have demonstrated instantaneous conversion efficiency of 70% and a

total energy conversion efficiency of up to 85% 2.

There have heen several attempts to fabricate highly efficient TENGs, mainly focusing on
the use of expensive materials 2224, At the same time, other studies have investigated TENGs with
readily availabley.cost-effective materials 2. However, to date, these cost-effective materials have
produced relatively low performance in terms of power production. In this study, we present a
TENG based on a vertical contact separation mode using polyethylene (PE) and polycarbonate
(PC). PE and PC were used to create a TENG to power small devices using vibrational energy
available from various transportation sources. The materials are readily available in the market and
require no special preparation or synthesis which provides us with the opportunity to produce very

low cost TENGS. In our study, we tested the open circuit voltage and short circuit current of the
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TENG under different load conditions and frequencies. We also measured the rectified response of
the TENG using a bridge rectifier. The charging capacity of the TENG was tested with 1, 3.3, and
4.7 uF capacitors. The practical application of the TENG was illustrated by measuring the TENG
output during human walking, skateboard riding, and truck moving over the TENG. Furthermore,
enhancement of.the ;TENG performance was obtained by incorporating an inexpensive surface-

charge engineering'method 2’

Results and Discussion:

We successfully fabricated a polymer-based TENG, composed of PC and PE layers connected
through copperelectrodes; PC and PE layers were separated by three 2mm x 5mm x 1mm sized
Polyurethane (PU) foams. PU foam has been widely used as a spacer in triboelectric nanogenerators

61528 The nanogenerator was tested at different load frequencies as well as in real life scenarios.

B Copper
Polyearbonate

L | Polyethylene

Figure 1: Working mechanism of the polymer-based TENG: (a) initial stage of the device, (b) both

layers in full contact in the presence of an external force, (c) separation begins due to the release of
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the external force, (d) the device in full separation mode and (e) application of the external force on

the device again. (f) Optical image of the TENG.

Figure 1 shows the working mechanism of the polymer-based TENG. PU spacers have not been
shown in the figure for simplicity of the mechanism. At the initial stage (Figure 1(a)), the upper PC
layer and the lower PE layer are kept at 0.5 cm. According to the triboelectric series, the PC surface
will donate electrons.to the PE surface 2°*°. The lower surface of the PE layer gains electrons and
becomes negatively charged in the initial position. When an external force is applied on the device,
the layers establish contact with each other (Figure 1(b)). As the external force is removed from the
device, both surfaces begin separating and the upper layer moves upward, which induces a higher
electrical potential™ at the lower electrode (Figure 1(c)) #*3°. To balance the effect of
triboelectrification and electrostatic induction, electrons move from the electrode of the lower part
to the upper part.?2%23%, The electrons stop moving after the device is fully separated (Figure 1(d)) =.
As the external foree'is then reapplied, and the upper PC layer starts moving towards the lower PE
layer. At this stage, the electrons will start moving from the upper electrode towards the lower one
due to the higherpotential of the upper electrode. The electrons flow until the device establishes full
contact mode. "FTIR/ characterization of polyethylene and polycarbonate has been shown on
Supplementary Figure S2. All the characteristic bands for the polycarbonate and polyethylene are

present in the FLIR spectra and they are tabulated in the Supplementary Table 1 and 2 respectively

32-34
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Figure 2: (a)«Typical contact and release voltage response of the TENG. Representative open-
circuit voltage response of the nanogenerator under different load frequencies at (b) 30 BPM, (c) 45

BPM, (d) 60"BPVI(€) 90 BPM and (f) 120 BPM.

To demonstratesthe operation of the nanogenerator, it was tested under different conditions. First,
the nanogenerator was tested at different frequencies (described as beats per minute; BPM) of hand
tapping. The TENG"was tested at 30 BPM, 45 BPM, 60 BPM, 90 BPM, and 120 BPM. Figure 2
demonstrates the TENG output potential in the triboelectric cycle. Figure 2(a) shows two distinct
depressions andypeaks due to contact and release of the TENG. The TENG shows a negative
(depression) peak due to slower contact. As the nanogenerator is relatively large compared to the
area of the part/of the hand that contacts it while tapping, the deformation due to the tapping and the
contact resulting fram it is not uniform. Figures 2(b)-(f) show the voltage responses for multiple
contact and release.cycles. This can be easily explained by understanding that a little nonuniform
applied load may cause zonal contact. This will make a local depression or peak (depending on the
polarity of electrical connection). As the mechanical load is repetitively applied, the triboelectric
parts come into contact, and after the contact, they start moving apart due to the reflex of the PU

spacer. This results in partial diminution of signals due to the proximity of the triboelectric layers
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on the opposite sections. The fluctuation in the signal in Figure 2(a) between 10.3 s and 10.4 s is
related to this asynchrony effect. Diminution of signals and fluctuation is visible in Figure 2(b) to
Figure 2(f). The sharp peak in Figure 2(a) results from the release of applied stress in the TENG. As
soon as the stress is released, the entire TENG experiences a sudden reflex from the PU foam which
releases all the energy and rapidly returns to its original position. In addition, the fluctuation in the
voltage and sudden‘rise can be attributed to human error as the outputs were generated by finger

tapping motion,
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Figure 3: Representative current response of the nanogenerator under different load frequencies at

(b) 30 BPM, (c) 45 BPM, (d) 60 BPM, (e) 90 BPM, and (f) 120 BPM.

Figure 3 shows the generation and transfer of charge from the triboelectric nanogenerator to the
circuit. As soon as the TENG faces external stresses, which bring the triboelectric layers closer
together, the triboelectricity starts its action. As they approach each other, the negative layer (i.e.,
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PE) accumulates negative charge on its surface and the positive layer (i.e., PC) does the opposite.
As they move apart, the triboelectric layers generate exactly the opposite charge flow owing to
opposite charge generation in the triboelectric layers. As the generation of triboelectricity is
dependent on contact-separation mode, the TENG shows an opposite peak when the triboelectric
layers are returning te their initial position where they are fully separated. These opposite peaks (i.e.
release and stress)are shown in Figure 3(a). Under applied stress, TENG triboelectric layers slowly
reach each other in‘comparison to the return to their initial state of full separation. This slower
action generates a smaller peak due to smaller charge transfer density from one surface to another
surface over a relatively larger contact time. However, at the moment of stress release, the TENG
immediately returns.to its original position. This immediate return generates a sudden charge
transfer from onessurface to another surface through the circuit connected to the electrodes. Figure
3(b-f) shows the electricity generation response by the TENG under different tapping frequencies. It
has been observed that the current production increases with the increase of tapping frequency. The
average short-circuit current outputs were 9.44, 12.29, 14.21, 22.1 and, 24.32 pA for 30, 45, 60, 90,
and 120 BPMuload frequencies respectively. During the tapping motion, the impact velocity
increases with the increase of tapping frequency. And this increase in tapping frequency leaves the

electrons with a_shorter time to neutralize the charge and that results in a higher flow of electrons

26,35,36
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Figure 4: Rectified output voltage of TENG: (a) schematic representation of circuitry connection to
oscilloscope with*hridge rectifier. Output voltage of TENG at load frequencies of (b) 30 BPM, (c)

45 BPM, (d) 60 BPM¥(e) 90 BPM, and (f) 120 BPM.

The rectified response of the nanogenerator at different BPM is shown in Figures 2 and 3. The
recorded voltagesand,current are due to contact and release of the two triboelectric layers (PE and
PC) as described“earlier. The rectified voltage signal in Figure 4 is a representation of the open-
circuit voltage achieved at different frequencies. The output voltage reached over 102.4 V with an
average ranging between 60V to 80V in variable BPM configuration. Figure 4(a) demonstrates the
circuitry connection wused in measurement of the potential. From Figures 2(b)-(d) we can see
inconsistent amplitude of the voltage with the applied load. The output voltage depends on the
application of the external force and frequency *'. But due to the uneven application of the load
during the experiment, resulting from human error, here we can see variable voltage amplitude.
This demonstrates, the ability of the TENG to produce a relatively constant voltage depending on
the application of the force. Peak voltage increases from 30 BPM (Figure 2(b)) to 45 BPM (Figure
2(c)). However, it is noticeable that the density of peak voltage with more than 80 V from Figure
4(c) to Figure 4(f) is decreased. As the number of contacts between the PE and PC surfaces

increases, the charge production increases. In a similar way, the transfer of the negative charge
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accumulated in the PE layer occurs rapidly throughout the circuit due to the proximity of the
aluminum layer next to PE and PC. This transfer of charge is also a consequence of the higher
number of charges accumulated in the opposite surfaces of the triboelectric layer during the
reciprocating action. Owing to the low conductivity of PE and PC, a fraction of the charge
generated in every stress-release cycle remains in the triboelectric layers of the TENG, which

conveys the potential and the charge change from cycle to cycle.

Rectified current output of the TENG in various load frequencies is shown in Supplementary Figure
S1. In this case, the amplitude of current produced is gradually increasing from 8-10 A to 25-26
MA. However, there is a noticeable (2-3 pA) decrease in the current production from 45 BPM to 60
BPM. This is duesto an increase in charge generation for higher contact and release frequency. The
conductive layers aresnot able to extract most of the charge and pass it through the circuits. This
makes the flow, of electrons less than expected, which shows as a decrease in current. Higher
current generationsnumbers are due to the higher number of contacts and releases, which in turn

makes higher charge generation following by flow of charge through a closed circuit.
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Figure 5: Observedwvoltage for variable (a) tapping distance, (b) triboelectric air gap. (c) Charging
capacitors of variable capacitance for 60 seconds at 120 BPM. (d) Voltage output at variable

pressure.

Figure 5(a) shows,the change in triboelectric open circuit voltage in response to the variable impact
distance that is.measured from the range of hand movements during triboelectric tapping. The
output performance of the device was tested for variable impact distance. The distance of impact
ranged between 3 and*8 cm; the impact was tapping, and it was conducted at 120 BPM. Figure 5(a)
shows that as the impact distance increased, the voltage increased linearly from 33.8 V to 87 V. As
the impact distance increases, the force due to the impact on the triboelectric surface also increases
directly. Since the frequency of tapping is kept constant, the velocity of the finger increases with
increased impact distance 3", Hence, the momentum increases with the increased velocity, leading
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towards higher force of impact. This magnified force leads to larger deformation of the contact

surface of the triboelectric layers, resulting in higher output voltage®”.

Figure 5(b) shows that the open circuit voltage increases with the increase of air gap and reaches a
maximum value when the air gap is around 10 times the thickness of the materials . In our study
that maximum gap was 0.5 cm and after that there was no significant increase in voltage, while the
structural integrity..of the device was becoming compromised as the gap increased further.

Considering all'these factors, we chose 0.5 cm as the optimal air gap.

Figure 5(c) shows thercharging capacity of the nanogenerator at various capacitances. Capacitors of
1, 3.3, and 4.7 pEawere used for the test at 120 BPM. Figure 5(c) shows the open circuit voltage for
charging thegeapacitor for 60 s at 120 BPM. With increasing capacitance, the rate charging
declined. By using a full wave bridge rectifier made with 4 diodes, the device was able to power the
1, 3.3, and 4.7 pF capacitors to 3.68, 4.43 and 7.76 V in 60 seconds at 120 BPM, respectively. Here,
the low charging.voltage of capacitors is related to the electrical energy loss in the full wave bridge

rectifiers®.

Figure 5(d) shows the response of the nanogenerator at variable pressures. The test was conducted
at 75 BPM load frequency with pressures varying in the range of 10 to 40 PSI. A pneumatic piston
of 2 cm in diameter<applied the pressure on the device. As the pressure increases, the force also
increases, and the value of force can be found by multiplying the cross-sectional area of the piston
with the corresponding pressure. The maximum voltage output was observed to be 170.6V for 40
PSI. It can be clearly seen that the output increases with the increase of pressure and the output
signals have a uniferm response when subjected to a specific pressure. This suggests that the
nanogenerator can be implemented as a force sensor. Supplementary Figure S3 shows the average
output voltage of the nanogenerator for 10 to 40 PSI pressure with error bars signifying the standard
deviation for each of the values. And from supplementary figure S3, it is observed that the output

voltage increases non-linearly as a function of pressure.
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Figure 6: Testing TENG in daily traffic conditions: (a) electrical voltage output in (b) human

walking (schematic view), (c) rectified response of triboelectric nanogenerator in human walking;
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(d) Regular response and (e) rectified response of nanogenerator under skateboard movement;
schematic representation of (f) forward and (g) backward movement of truck over triboelectric
nanogenerator. Open-circuit voltage response of truck test on nanogenerator under (h) forward and

(1) backward motion.

The TENG was tested in different real-life conditions, from regular to extreme, to prove its
potential of usability.in pavement or road. The nanogenerator showed an impressive response with
extreme mechanical stability under different load conditions. Figure 6 demonstrates the response of
the nanogenerator under different load conditions. The TENG was tested with regular walking of a
human subject.For this purpose, the TENG was placed on a regular walkway while the subject was
asked to walk at.asregular pace. TENG response was found to produce promising values up to 20 V.
Figure 6(a, ¢) highlights the response (i.e., regular and rectified) of an average build person walking
on the nanogenerator.. The signal demonstrates a relatively smaller peak followed by a larger peak.
The smaller peak=is related to slower step on the TENG followed by the movement of the
triboelectric PE and PC towards each other. The large peak followed by a smaller peak is related to
the sudden release“of the step from the nanogenerator. This is larger (30 V) than the step-on peak
due to faster mavement of the TENG during walking out. The TENG was also tested with a rolling
skateboard carrying a.human subject. In this condition, the TENG showed a distinct peak (peak-to-
peak voltage 30.V) during the skateboard testing. The peak is complex in shape compared to the
response of walking due to the multiple impacts and releases by the four wheels of the skateboard
rolling on the nanegenerator. During skateboard testing, the TENG is initially impacted by the two
front wheels,causing a sharp rise in voltage. As the skateboard moves forward, the points of wheel
impact change. Simultaneously, the wheels on the back of the skateboard start rolling over the
TENG and there the triboelectric layers come closer, while farther ahead the layers are moving
away. In Figure 5(e), the TENG rectified response of skateboard displays increasing response with
repetitive stresses and releases. The skateboard test showed a highest response of 35 V during the

test which is larger than that of the walking test. By comparing both tests, it can be highlighted that
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the TENG shows a higher potential with faster stress impact. Therefore, the TENG was tested with
the highest amount of stress available in everyday road/pavement conditions by moving a pickup
truck, weighing 5300 Ibs, over the nanogenerator. In these conditions, the TENG showed two
distinct peaks represented in Figure 6(h, i) as a response of moving forward and backward. While
the truck moves.ferward the nanogenerator is stressed by the front wheels, which bear most of the
truck’s weight, followed by the back wheels supporting lighter parts. Heavier parts in front
generated larger'peaks because of higher load while the lighter load on the back wheels generated
smaller potentials. Rough fluctuation in peak is governed by gradual movement of the wheel from

front to back.

To enhance theperformance of the TENG, surface-charge engineering was implemented. We
performed physical'sliding on the PE layer with aluminum. For this treatment, PE was rinsed with
anhydrous ethanol and then it was dried in the ambient air for a duration of 24 hours; this led to the
minimization of‘pessible existing surface charges. After that the PE layer was physically slid with
aluminum for 100 cycles to ensure equilibrium of charge transfer “°. This treatment pre-loaded the
PE layer with"a substantial amount of extra surface charge and resulted in higher output. This kind

of surface modification has been found to be practically stable %
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Figure 7: Sid comparison of (a) maximum rectified output voltage, (b) maximum rectified
current, (c) imum rectified power output at 120 BPM, (d) Rectified output voltage of TENG for
different frequencies, (e) Rectified voltage response of TENG during 750 load cycles, (f) Enlarged

view of the TENG response during load cycles.

The surface charged TENG was tested at 120 BPM while maintaining the 0.5 cm air gap. Figure
7(a) shows that the maximum rectified output voltage with the surface charged TENG was found to

be 215.3 V, which was a 110% increase in output voltage. Similarly, with current, we saw an
This article is protected by copyright. All rights reserved



increase of 50 pA as evident by Figure 7(b). Figure 7(c) shows that the output power increased by
14.128 mw. The voltage response at varying tapping frequencies was also measured and it was
observed that there was an increase in output with the increment of the BPM indicating that the
surface charge engineering has induces stability onto the TENG; the stability is further shown in
Figure 7(e) wheresthe TENG shows rectified output voltage for 750 cycles at 90 BPM. Figure 7 (e)

shows a stable voltage output throughout the entire cycle indicating a good stability of the device.

Conclusion:

In summary, we have successfully demonstrated that the vertical contact-separation polymer-based
TENG can dramatically achieve high potential output. The key factors that enable the TENG to
have a high output.response consist of its simplified structure and large surface contact area. The
simplified design of the TENG consisted of common materials available in our daily lives such as
polycarbonate-andspelyethylene, with polyurethane spacers and copper electrodes. The triboelectric
nanogenerator was first tested with the external force of human footsteps at different BPMs. The
TENG was found toyhave a high rectified voltage of over 100 V and a short-circuit current of
approximately 25 pA which further increased to 215.3 V and 80 pA after surface-charge
engineering. Furthermore, due to its great performance under external force of human footsteps, it
was decided to test the TENG with more extreme applications, namely, skateboard riding and truck
driving. With_each application tested, an increase in voltage is shown, thus demonstrating that with
further surface contact the two materials produce higher potential energy. Human walking showed a
high rectified output of over 16 V. The second application of the skateboard test showed an increase
to over 30 V. The final application the truck demonstrated the highest output of over 50 V. It can be
concluded that these daily life conditions can be very successful in achieving high potential output
that can be harvested into electrical energy. The observations made in this research should pave the
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way to study and improve the use of these materials. This TENG reveals the ability of polymer-
based TENGs for potential use in large scale applications, such as roads, sidewalks, or flooring that

can produce electrical energy in a step toward the greater use of green power sources.
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Experimental Methods:

Preparation of Triboelectric Nanogenerator: The triboelectric nanogenerator was prepared
using commercial Digital Versatile Disc as mechanical support for negative Polyethylene layer.
This PE layer was attached to the disc using a heat wave of air. Polycarbonate on DVD worked as
the positive layer of the triboelectric nanogenerator. The aluminum layer inside the DVD worked as
the charge collecting portion. Copper tapes were connected to both aluminum layers which were
used as electrodes.to, measure the signal output. Three 2mm x 5mm x 1mm sized PU foams were

placed equidistantlyon the edge of the discs.

Preparation of Bridge Rectifier: The bridge rectifier is made with rectifier diode comprising

of 1N5399 type fourdiode added as shown in figure 2 and figure 4.

Output:Measurement:

Electrical contacts were made by attaching wires to the two copper tapes connected to two
electrodes of Tektronix TDS 1001B. Single channel connections were used to ensure minimal

inteference.

FTIR Characterization:

This article is protected by copyright. All rights reserved



Fourier-transform Infrared Spectroscopic analysis was performed using a VERTEX 70v

FTIR Spectrometer. Relative transmittance was collected in transmittance mode over a full range of

4000-450 cm™* wavenumber. FTIR characterization is shown in Supplementary Figure S2.
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Polymer'Based Triboelectric Nanogenerator for Cost-Effective Green
Energy Generation and Implementation of Surface-Charge Engineering

A cost-effective vertical contact separation mode triboelectric nanogenerator of high output has been
designed and fabricated that scavenges energy from human footsteps and vehicle motion. The device
has been tested,considering real-world scenarios and has been finely tuned by testing variable impact
distance, load frequeney, and triboelectric airgap. The device has been further enhanced by surface-
charge engineering that resulted in higher gain of power.
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