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Abstract
Triboelectric nanogenerators (TENGs) are devices capable of effectively harvesting electrical energy from mechanical 
motion prevalent around us. With the goal of developing TENGs with a small environmental footprint, herein we pre-
sent the potential of using rubber and paper as biological materials for constructing triboelectric nanogenerators. We 
explored the performance of these TENGs with various contact material combinations, electrode sizes, and operational 
frequencies. The optimally configured TENG achieved a maximum open circuit output voltage of over 30 V, and a short 
circuit current of around 3 µA. Additionally, this optimally configured TENG was capable of charging various capacitors 
and achieved a maximum power output density of 21 mW/m2. This work demonstrates that biologically derived materials 
can be used as effective, sustainable, and low-cost contact materials for the development of triboelectric nanogenerators 
with minimal environmental footprint.

1  Introduction

The need for renewable and clean energy sources has become increasingly urgent in modern society. Unsustainable 
consumption of energy resources, the exponentially increasing ecological problem of electronic waste (e-waste), and 
the ever-accelerating demand for electronic devices make the search for a viable alternative more critical than ever [1, 
2]. One way to address these issues is to develop a mechanism to harvest untapped residual energy such as vibrations 
and mechanical motions created while operating machines, blowing wind, moving water, or during biological motion. 
Another potential solution is to develop electronic components that are naturally sourced and biodegradable and there-
fore leave the smallest possible environmental footprint. Therefore, the electronic components derived from biological 
materials and capable of generating power from mechanical motion would serve to minimize environmental impact as 
well as harvest energy from residual mechanical motions prevalent all around.

Triboelectric nanogenerators (TENGs), known for converting mechanical energy into electricity by coupling contact 
electrification and electrostatic induction, are receiving attention due to their simple design, range of materials that 
can be utilized, high efficiency, low cost, reliability, and robustness [3, 4]. As the interest and need to develop “green 
electronics” continue to grow to help address the problems of e-waste [5, 6], various studies on the development of 
TENGs based on natural materials have been carried out [7, 8]. Materials derived from animals such as chitin, silk fibroin, 
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and egg white [9], spider silk protein [10], silk-worm silk [11], and gelatin [12] have been used as dielectric materials for 
TENGs. Parts from plants such as leaves [13, 14] and petals [15] have also been used as bio-derived dielectric materials 
for TENGs. Processed plant materials such as cellulose [16] have also been used for constructing TENGs either as cellulose 
paper [17] or as composite by mixing with other polymers such as polydimethylsiloxane (PDMS) [18] or 2D materials such 
as phosphorene [19]. However, a majority of these TENGs constitute complementary contact dielectric materials that 
are not of biological origin. Materials such as polydimethylsiloxane (PDMS), polytetrafluoroethylene (PTFE), polyvinyl 
chloride (PVC), and polyimide (PI) sheets are routinely used as complementary dielectric materials for making surface 
contact during TENG operation. This has been true for various paper-based TENGs that have been reported as well [7, 8, 
20]. For instance, among various paper-based TENGs that have been developed, PI sheet [21], PDMS [22], and Teflon [23] 
have been used as complementary dielectric materials. There have also been reports of various configurations of TENGs 
based on rubber as another bio-derived material. However, those devices have either been based on single electrode 
architecture [24] or, in the case of TENGs that undergo contact-separation during operation, rubber has been used as a 
composite with materials such as PTFE [25], TiO2 [26], and Ag [27] and/or with an inorganic dielectric such as PDMS [25, 
28, 29], Teflon [27], and PTFE [26] as the complementary contact layer.

Here, we report the construction of TENGs that operate in vertical contact-separation mode (VCSM) and comprise both 
contact dielectrics of biological origin, namely, paper and natural rubber. Furthermore, we compare the performance of 
these rubber-based TENGs (R-TENGs) with the TENGs with polyimide (PI/Kapton) films which have been used in various 
other TENGs [21, 30, 31]. We optimized the performance of the R-TENGs by investigating their performance at various 
operational frequencies, material combinations, and electrode sizes. We studied the performance of R-TENGs based on 
two different kinds of rubber sheets with different thicknesses and surface textures as one of the dielectric materials. 
For the second dielectric material, we chose paper for various reasons. Paper not only consists of micro and nanofib-
ers which can improve the electrical output by improving frictional contact, but is also a widely available, low-cost, 
sustainable, and eco-friendly material. Additionally, although paper is known to possess poor triboelectric properties 
in comparison to other materials, it has been shown that its potential as a reliable dielectric material for TENG is greatly 
enhanced when chemically modified [21]. To enhance the triboelectric properties of the paper, we introduced a low 
concentration of polyvinylidene fluoride (PVDF) solution onto the paper surface to improve its ability to gain electrons 
without compromising the surface roughness.

We found that the optimal R-TENG consisted of a material combination of the thick rubber sheet as one dielectric 
material and PVDF-coated paper as the second dielectric material operating at a contact frequency of 2 Hz. The maxi-
mum open circuit voltage and short-circuit current of our optimized R-TENG reached over 30 V and 3 µA, respectively. 
Additionally, it achieved a maximum output power density of around 21 mW/m2 when the external load resistance of 1 
GΩ was used. Finally, we found that the optimized R-TENG was capable of powering various sizes of capacitors, including 
charging a 10�F capacitor to around 2.6V  in less than 2 min.

2 � Materials and methods

2.1 � Materials

Natural gum thick rubber sheet (thickness 0.0625 in, Mfr. Model # BULK-RS-NAT40-23) and polyimide (PI) sheet (thickness 
0.001 in, Mfr. Part ID: BULK-PF-PI-1) were purchased from Grainger, Inc. Natural thin rubber sheet (thickness 0.008 in, Part 
# 85995K13) was purchased from McMaster-Carr. Poly(vinylidene fluoride) (PVDF) powder (182702-5G) was bought from 
Millipore Sigma. Staples brand commercial printer paper was purchased from Staples Inc.

2.2 � Fabrication of PVDF paper

All the materials described above, except the printer paper, were used as is without any chemical modification of the 
surface. The printer paper was treated with a PVDF solution following a procedure described elsewhere [21]. The process 
is as follows. We first prepared 1% weight concentration of PVDF solution by mixing 0.2 mg of PDVF with 20 mg (25.5 mL) 
of acetone as solvent. A cut piece of printer paper was then placed onto a hot plate at 70 ℃. The PVDF-treated paper, 
which is also called PVDF-paper in this report, was prepared by squirting 2–3 mL of PVDF solution from a syringe on the 
paper. The solvent fully evaporated in 5 min leaving a dry PVDF-coated paper.
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2.3 � Linear actuator station

A stepper motor driven linear actuator provided consistent and periodic contact between the dielectric during the opera-
tion of TENGs. A 300 mm travel length Linear Actuator Stage with NEMA17 Stepper Motor (SainSmart, Part# 249703801) 
was used. The motor was driven by SainSmart TB6600 CNC Micro-Stepping Motor Driver which was powered by a LETOUR 
36 V power supply with EMC Filter. A Teensy 3.2 microcontroller was programmed with the program available in the 
AccelStepper Arduino library to control the speed and acceleration of the linear actuator. The microcontroller program 
also received variable analog inputs to adjust the travel distance, speed, and acceleration. These three variables could 
be changed to adjust the frequency of the linear actuator.

2.4 � Electrical characterization

All the current and voltage measurements were carried out with Keithley DMM6500 Multimeter.

2.5 � AFM imaging

AFM topography imaging was used to characterize the surface profile of all the materials used as dielectric layers in the 
TENGs. The AFM topography imaging was carried out with Bruker ICON AFM in ScanAsyst-Air Mode with the help of the 
SCANASYST-AIR probe. Kelvin Probe Force Microscopy (KPFM) was carried out with the SCM-PIT V2 probe in AM-KPFM 
mode. The interleave mode was used with an applied potential of 0.5 V.

2.6 � FTIR spectroscopy

Attenuated total reflection (ATR) FTIR spectroscopy was carried out with Nicolet 6700 FTIR spectrometer. The scan resolu-
tion was 2 cm−1 with 64 scans within a scan range of 650 cm−1 to 4000 cm−1.

3 � Results and discussion

3.1 � Design of R‑TENGs

A TENG is a device with at least one electrode, usually coated on a dielectric layer, which undergoes periodic contact 
and separation with another dielectric material. TENGs can operate in four different working modes: vertical contact-
separation mode (VCSM), lateral sliding mode (LSM), single electrode mode, and freestanding triboelectric layer mode 
[8]. The R-TENGs in our research were investigated in VCSM, according to which two dielectric materials, each connected 
to electrodes, are repeatedly brought in contact and then pulled apart during operation. VCSM is the most common of 
the four working modes due to its simple structural design and working method [8]. The TENG that we studied had four 
layers as shown in the sketch (Fig. 1a). The top dielectric layer consisted of a rubber sheet on which copper tape was 
applied to act as an electrode. The bottom dielectric was either PVDF-paper or PI film on which copper tape was applied 
to act as the bottom electrode. We used a homemade linear actuator to drive R-TENGs with constant contact force on 
all measurements. The entire electrode-dielectric surface was covered with PI material for insulation and secured with 
Kapton tape. All the measurements were carried out at room temperature and humidity.

3.2 � Operating principle of R‑TENG

TENGs exploit a process called triboelectrification, also known as contact electrification, where usually two dissimilar 
dielectric materials are brought into momentary frictional contact resulting in the transfer of the charges across the 
surface interface of dielectric materials making those surfaces electrically charged [3, 32]. This transfer of charges results 
in an excess of electrons on the surface of one material and a deficit on the surface of the other, thereby, creating an 
electric potential difference. To maintain electroneutrality, opposite charges are then electrostatically induced into the 
attached electrode during which current flows through the circuit. This repeated cycle of contact and separation of 
dielectric materials drives current to flow cyclically in both the positive and negative direction, thereby generating a 
continuous AC output. As stated above, R-TENGs used in this research were operated in VCSM mode (Fig. 1b–e). The 
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positive terminal of a multimeter was connected to the electrode attached to the bottom dielectrics (PVDF-paper or PI 
sheet), while the negative terminal was connected to the electrode attached to the top dielectrics (thin or thick rubber 
sheet). Prior to contact, the two materials are uncharged and no current flows (Fig. 1a). However, due to triboelectrifica-
tion, contact electrification occurs on the material surfaces once they come into contact due to an external mechanical 
force (Fig. 1b). Since the surface electron affinity of PI film or PVDF-paper, used as bottom dielectric, is higher than that 
of the rubber, used as top dielectric, electrons are transferred from the surface of the top dielectric to the surface of the 
bottom dielectric. Thus, positive charges are generated on the surface of the top dielectric and negative charges on the 
surface of the bottom of the dielectric which was verified with a multimeter. The exact mechanism of transfer of charge 
across surfaces upon contact between two materials is not exactly clear. While the conventional thought has been that 
electron transfer occurs during contact between dielectric material [20], there have been recent reports suggesting that, 
especially when dealing with polymeric materials such as natural rubber used in this study, the charge transfer could 
involve covalent bond-break and material transfer [33, 34]. Nevertheless, despite the charge transfer across the surface 
after contact, the current does not flow through the external load since the electrostatic equilibrium is maintained at 
the contact surface of the top and bottom dielectrics (Fig. 1b).

However, upon the separation of surfaces in contact, this electrostatic equilibrium is broken. An electrical potential 
difference is thereby created between the dielectrics and the electrodes attached to them. This induces the movement 
of electrons between the electrodes through the external load generating current through the circuit (Fig. 1c). When 
the charges in the electrodes and the dielectric materials reach equilibrium once again, current ceases to flow through 
the external load (Fig. 1d). As the contact occurs again, current flows in the opposite direction as the surfaces in contact 
achieve electrostatic equilibrium and the induced charges on the electrodes from the previous step neutralize each other 
(Fig. 1e). Finally, the process repeats itself through the steps schematically shown in Fig. 1b–e as the materials repeatedly 
come into contact and then separate during operation of the TENG.

A typical electric output characteristic involves current and voltage peaks when the dielectric surfaces come in contact 
as well as when they separate (Fig. 1f ). The magnified inset helps to further explain the VCSM cycle. When the dielectric 
surfaces come in contact during the cycle, there is a sudden increase in the current through the load as the excess charges 
on the electrodes are neutralized. After the contact, the current suddenly diminishes as the electrode neutralization has 
completed and charges on top and bottom dielectrics are in electrostatic equilibrium. When the dielectric layers are 
again separated, electrostatic equilibrium is broken and due to the electric fields from the charged dielectric surfaces, 
opposing charges on the attached electrodes are induced. During this process, a sudden current is generated until the 
induced charges on the electrodes reach electrostatic equilibrium with the attached charges dielectrics. Soon after the 

Fig. 1   a Schematic of the 
R-TENG. b–e Schematic rep-
resentation of the operation 
mechanism of the R-TENG in 
VCSM. f Example of the typical 
electrical output characteris-
tics of the R-TENG in terms of 
both open circuit voltage and 
short circuit current, along 
with a magnified inset of a 
single VCSM cycle
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equilibrium is achieved, the current diminishes again until the dielectric surfaces are brought in contact again breaking 
the electrostatic equilibrium between the electrodes and the dielectrics attached to them.

The generation of surface charge during the operation of VCSM TENGs creates an electric field across the surfaces that 
come into contact as those surfaces separate. The electric field due to a charged layer of length ( L ) and width ( W  ) with 
a uniform surface charge density ( � ) in a medium with certain permittivity ( � ) is given as [3, 35, 36]:

where, z is the distance from the charged surface. Therefore, the electric field strength varies as the distance between the 
contact surfaces changes during mechanical motion. Since the electrodes are placed on the other side of the top and the 
bottom dielectrics with thicknesses a and b respectively, the potential difference between the electrodes which is respon-
sible for driving the current through the external load and the value that can be recorded by the multimeter would be:

The short circuit output current ( ISC ) for the device is then given as:

The total amount of charge generated on the electrode surface during the contact-separation cycles can then be 
calculated as:

where t − t0 would be the duration of operation of the device.

3.3 � Optimization of R‑TENG performance with the operational frequency and material combinations

To enhance the electrical performance of R-TENG, we investigated the amount of open circuit voltage ( VOC ) and short 
circuit current ( ISC ) generated for various operational frequencies and material combinations (Fig. 2). Low frequencies 
ranging from 0.5 to 2 Hz were used for this study. TENG performance at low frequencies is of significance because a lot of 
natural motions occur in the low-frequency range [13]. Regarding the dielectrics used for exploration, the top dielectric 
material was either a thick or thin natural rubber sheet while the bottom dielectric was either PVDF-paper or PI sheet. It 
is to be noted that the thick and thin rubber sheets were of different textures and elasticity. Thick rubber was less elastic 
with a manufacturer-specified tensile strength of 3,000 psi while the value for the tin rubber was 4,000 psi. Thick rubber, 
thin rubber, and paper were used for their natural origin and eco-friendliness. On the other hand, the PI film was used 
since it is commonly used as a dielectric material for TENGs and therefore, it would allow us to compare the performance 
between all-natural R-TENG consisting of rubber and paper vs. R-TENG with rubber and PI film.

All the R-TENGs constructed for this study had dielectric contact surface and electrode area of 7 × 5cm2 . We observed 
that both VOC and ISC increased for all R-TENGs as the frequency increased (Fig. 2a, b). These values for R-TENGs consisting 
of thin rubber sheet started to saturate towards 2 Hz while the values for R-TENGs consisting of thick rubber continued 
to increase with increasing frequency. This increase in performance of a TENG with increasing frequency has been sug-
gested due to the increase in the rate of charge transfer as the speed of contact and separation cycle increases [35, 37]. 
Among four different combinations, the maximum VOC and ISC values were observed with the R-TENG with thick rubber 
as the top dielectric and PVDF-coated paper as the bottom dielectric with max-VOC of about 33V  (i.e. ∼ 66VPeak−Peak ) and 
max-ISC of about 3�A.
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Various parameters associated with contact dielectric materials such as surface roughness [38, 39], surface functional 
groups [40, 41], and hardness of the elastomer material [39] can affect the performance of a TENG. In order to understand 
the relationship between the surface roughness of the dielectric materials and the performance of the R-TENGs in this 
study, we carried out SEM and AFM studies on all four different dielectric materials (Fig. 3, Fig. S1). We observed that 
the thick rubber had circular microscale structures distributed all over the surface (Fig. 3a, e). Thin rubber surface had 
highly irregular surface morphology (Fig. 3b, f ). However, these features were smaller in their height compared to regular 
shaped microstructures for thick rubber. Therefore, the roughness parameters for the thick rubber surfaces were about 
two times higher than for the thin rubber surface. According to the manufacturer’s specification, both of the rubber 
sheets used in this study had the same durometer value of 40A indicating the same level of hardness of these elastomers 
and hence the same extent of the cohesive energy of the materials. It has been suggested that given the same hardness 
level, the roughness of materials significantly enhances charge generation on the surface after contact[39]. In addition, 
the ATR-FTIR spectroscopy (Fig. S2) of the thick rubber sheet surface demonstrated strong peaks at 1537 cm−1 which is 
associated with C–H stretching and N–H in-plane bending, at 2847 cm−1 which is associated with −CH2 stretching, and 
at 2915 cm−1 which is associated with −CH3 stretching[42]. While on the other hand, the thin rubber surface has a strong 
peak at 1010 cm−1 which is associated with C–C stretching[42]. KPFM imaging of the surfaces (Fig. S3) demonstrated that 
the thick rubber surface generates more charge than the thin rubber surface. Therefore, the abundance of N–H and −C–H 
groups at the surface coupled with a higher level of surface roughness makes it possible for a thick rubber sheet to gener-
ate more surface charges and therefore improve the performance of the R-TENG compared to using a thin rubber sheet.

Regarding the bottom dielectric, the PVDF-paper surface had nano to microscale features (Fig. 3c, g) which were 
absent in PI film (Fig. 3d, h), also evident from the roughness analysis from AFM images. Furthermore, the FTIR analysis 
of the pristine paper and PVDF-paper (Fig. S4) demonstrated that the �-phase crystallization of PVDF was prevalent on 
the PVDF-paper surface (Fig. S5) which is the most commonly occurring phase [43]. This phase is not as electroactive as 
�-phase crystalline PVDF [44], but given the abundance of −C–H and N–H functional groups on the thick rubber surface, 
it is reasonable that the −F functional groups on PVDF-paper surface can act as electron affinity sites. Therefore, the 

Fig. 2   a Open-circuit voltage ( V
OC

 ) and b short circuit current ( I
SC

 ) during operation of R-TENG with thick rubber and PVDF-coated paper as 
contact surfaces at different frequencies. c V

OC
 and d I

SC
 for various R-TENGs as a function of operational frequencies
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roughness of the surface coupled with the abundance of -F functional group made PVDF-paper surface perform much 
better than the PI film. KPFM images of the dielectric surfaces also demonstrated higher surface charge for PVDF-paper 
than for PI film (Fig. S3). Therefore, it is understandable that the R-TENG with the combination of thick rubber sheet and 
PVDF-paper had the highest electrical performance.

3.4 � Optimization of R‑TENG performance with electrode size

In TENGs operated in VCSM, the general practice has been to use both electrodes with the same area. However, in vari-
ous other modes of TENGs, it has been suggested that the area and geometries of the electrodes could play role in the 
electrical performance of TENGs due to the edge effect playing a role [21, 45–49]. There have been reports of studies 
performed on VCSM TENGs with the size of both of the electrodes increased, keeping parallel plate geometry intact dur-
ing the process which resulted in the increase of VOC and ISC values with increasing electrode size [17]. However, in our 
study, we decided to keep the area of the bottom electrode to be the  same as the area of the dielectrics but gradually 
increased the size of the top electrode as we recorded VOC and ISC values to study if the edge effect which have reported 
to have enhanced performance of the TENGs in other modes could also plays role in VCSM.

We kept the area of the bottom electrodes constant at 35cm2 with the dimension of 7cm × 5cm . While keeping the 
width of the top electrode constant at 5cm , we increased the length from 0.5cm to 7cm resulting in electrode areas from 
2.5cm2 to 35cm2 . We observed an initial increase in both VOC and ISC as we increased the electrode area before both 
the values started levelling off (Fig. 4a, b). This suggests that simply increasing the electrode area does not necessarily 
provide the best performance of the TENG and there is an optimal area that maximizes the outputs such as VOC and ISC.

The value of VOC during a TENG operation is given as [46, 49]:

where, QSC is charge transferred during the short circuit as defined in Eq. (4) and the C is the capacitance between the 
two electrodes of the TENG. Considering the edge effect in a non-ideal parallel electrode capacitor that is formed in a 
TENG due to one charged surface being smaller than the other, it has been demonstrated that VOC can be related to the 
electrode dimensions as [49]:

(5)VOC =
QSC

C

Fig. 3   Surface morphology of dielectric surfaces used in R-TENG. SEM images of surfaces of a thick rubber sheet, b thin rubber sheet, c 
PVDF-paper, and d PI film. Scale bars are 50 μm except for PI film which is 100 μm. AFM images of e thick rubber sheet, f thin rubber sheet, g 
PVDF paper, and h PI film. Scale bars are 4 μm. Corresponding roughness parameters extracted from the AFM images are listed underneath 
the AFM images
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for smaller L . However, as the size of the electrode is increased, the parallel plate geometry starts to become more ideal 
while the edge effect diminishes resulting in the expression:

for large values of L, where g is the gap between the electrodes , x is the separation of the dielectrics in a TENG. Equation 6 
suggests that VOC should rise with an increase in the electrode length, just as we observe in our R-TENG. Equation 7 sug-
gests that for a larger electrode, VOC should start to diminish, as we observed in our experiment. In our case, since one of 
the electrodes had a constant large area of 35cm2 while the area of the second electrode was increased, we noticed that 
the maximum VOC and IOC was achieved when the ratio between the smaller and the larger electrode was 0.7 (Fig. 4c). 
Below this ratio, the performance of the R-TENG continuously improved while when the electrode ratio went over 0.7, 
the performance of the R-TENG diminished.

Since the operation of the TENGs involves mechanical motion with constant frictional contact between the dielectric sur-
faces, one of the important features of a reliable TENG would be its ability to perform over a long period without undergoing 
wear and tear. When we operated the R-TENGs that we developed, we did not observe any degradation in the performance 
of TENG during their operation for thousands of cycles (Fig. 4d). This demonstrates that R-TENGs derived from biological 
materials can operate reliably over a long period.

(6)VOC =
�

2�0
�L

(7)VOC =
�gxln(L)

��0L

Fig. 4   a Voc and b Isc output profile for thick rubber-PVDF paper R-TENG as the area  of one of the electrodes is increased  while keeping 
another electrode area constant. c Average of maximum V

OC
 (red) and I

SC
 (blue) as the function of the ratio of electrode areas. d V

OC
 output 

of Thick Rubber and PVDF Paper R-TENG for about 4800 cycles of operation
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3.5 � Optimization of R‑TENG performance with external load

Finally, we evaluated the power output of the previously optimized R-TENG with the thick rubber as the top dielec-
tric and PDVF-coated paper as the bottom dielectric, with 5cm × 5cm electrode attached to the paper and 5cm × 7cm 
electrode attached to the thick rubber while operating at 2Hz frequency. We used external load resistances ranging 
from 1kΩ to 1GΩ and observed that the voltage output increased almost steadily as the load resistance was increased, 
while the current initially decreased and then gradually increased (Fig. 5a). Using the value of current through load 
resistors at corresponding voltage outputs, we calculated the power output of R-TENG (Fig. 5b). We observed that 
the power output of the R-TENG depended on the load resistance as expected. The power density significantly 
increased once we used the load resistance with values higher than 1MΩ . As we increased the load resistance to 
1GΩ , it appeared that we were approaching the maximum peak power density, indicative of high internal resistance 
in the R-TENG as the maximum power output is achieved when the load resistance is similar in value to the internal 
resistance of a TENG [21, 35]. With the internal resistance of the multimeter being 10MΩ and from the fact that it 
was connected in parallel with the load resistor of 1GΩ (Fig. S6), the equivalent resistance in the circuit due to the 
load and multimeter would be 9.9MΩ . Therefore, the internal resistance of the TENG was at around 10MΩ . At the 
load resistance of 1GΩ , the power density of the R-TENG was about 21mW∕m2 (i.e. 2.1�W∕cm2 ). This power density 
is similar to the TENG based on rose petal-PMMA [15] and silk fibroin-rice paper [9] but slightly higher than TENGs 
based on cellulose nanofibril-phosphorene hybrid paper [19], and about five times higher than the TENG based on 
silk fibroin-PI film [11].

We also explored the possibility of storing the electrical energy generated by R-TENG in a capacitor (Fig. 5c). The 
R-TENG successfully charged commercial capacitors with the capacitance of 1�F , 4.7�F , and 10�F. Since the TENG 
generated alternating current/voltage, we used a full wave bridge rectifier so that we could store charges in the 
capacitors. The 1�F capacitor reached a voltage of up to 3.6V  in about 60 s, the 4.7�F capacitor charged to 3.4V  in 
around 150s , and finally, the voltage of the 10�F capacitors reached to around 2.6V  in 150s (Fig. 5d). This demonstrates 
that the R-TENGs made almost entirely of plant-based materials such as natural rubber and paper can be used to 
convert mechanical energy to electrical energy that can be stored and possibly used for low power applications.

Fig. 5   a PVDF-paper and 
Thick Rubber TENG voltage 
(red) and current (blue) as a 
function of load resistance. b 
PVDF paper and Thick rubber 
TENG output power density 
as a function of load resist-
ance. c Circuit diagram used 
to construct the circuit to 
charge capacitors. d Charging 
capacitors of various capaci-
tance by operating optimized 
thick rubber and PVDF-paper 
R-TENG
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4 � Conclusion

In summary, we have developed rubber-based triboelectric nanogenerators (R-TENG) by using low-cost and readily 
available natural rubber sheets and paper. We explored the effects of operational frequencies, material combina-
tions, and electrode sizes on the output performance of these R-TENGs while operating in VCSM. We were able to 
enhance the electrical output significantly by optimizing these variables and found that the optimal parameters were 
an electrode area ratio of 0.7 , and an operational frequency of 2Hz with a dielectric combination of thick rubber and 
PVDF-treated paper as contact surfaces. The optimally configured R-TENG achieved an open circuit voltage (Voc) of 
33V  , and a short-circuit current (Isc) of around 3�A . Additionally, the optimally configured R-TENG was capable of 
charging various-sized capacitors and achieved a maximum power density output of 21mW∕m2 when the load resist-
ance was 1GΩ . The work reported here demonstrates that one can use cost-effective biologically sourced materials 
for residual mechanical energy harvesting using TENGs, especially for low-power applications. The lower cost of the 
materials also makes it viable to scale up. Utilization of eco-friendly, low-cost, and naturally sourced materials for 
alternative power sources such as TENGs as reported here open up avenues for widespread adoption while limitings 
the problems of e-waste by maintaining a minimal ecological footprint.
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