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Abstract— Triboelectric nanogenerators (TENGs) exploit the
triboelectricity of several materials/structures together with an
appropriate device architecture to harvest mechanical energy.
These devices usually present high output voltages, high internal
impedance, and low output currents, and as oscilloscopes are
limited by relatively low input impedance, their analysis requires
specific instrumentation for the assessment of the main key
figures of merit. Due to the increased research interest on this
topic, the development of electronic circuits for a rapid and
accurate evaluation of the TENGs performances has become
urgent. Here, we propose the development of an electronic circuit
implemented on a small footprint printed circuit board (PCB)
board. This circuit is based on a differential amplifier probe
scheme and is a compact and cost-effective approach able to
measure both the TENGs outputs: open-circuit voltage at a very
high resistive load and short circuit current. Additionally, it offers
the possibility to measure voltages under different high resistive
loads allowing the assessment of the power behavior of the device.
To prove the effectiveness of this approach, triboelectric devices
based on carboxymethyl cellulose (CMC) porous aerogel films
have been fabricated and analyzed. Furthermore, experimental
results in terms of short-circuit currents have been compared
with those obtained by using a commercial low noise current
amplifier. This approach allows to rapidly and accurately evaluate
the behavior of a specific triboelectric device and to effectively
compare devices having different characteristics, thus accelerat-
ing the development and applications of TENGs.
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I. INTRODUCTION

IN THE last decade, due to the fossil fuels energy issues,
there is a strong interest in the development of technolo-

gies able to exploit renewable energy sources [1], such as
geothermal, solar, wind, water flow, and biofuels to promote
sustainable development. The progress in science and tech-
nology together with the evolution of the modern society
has pushed the market of the consumer electronics, pro-
moting the research in the field of microelectronics for the
development of more performing, small size and portable
microdevices. In this context, novel and sustainable power
sources, harvesting energy from the environment for supplying
microdevices and self-powered systems, are required. These
energy harvesters could replace the electrochemical batteries
or complex wiring for powering microsystems and overcome
issues related to their employment and environmental impact,
including limited lifetime, periodic replacement, and disposal.
Among energy sources, mechanical energy is a renewable and
sustainable resource widely available in the environment in
various forms, including vibration, human motion, walking,
mechanical triggering, rotating tire, wind, and flowing water.
In recent years, due to the nanotechnology advances, a new
class of power sources has been developed, the nanogen-
erators, able to capture mechanical energy and convert it
into electrical energy. The nanogenerators mainly exploit the
piezoelectricity or the triboelectricity to capture energy from
the environment. The piezoelectricity is the ability of a class of
materials, the piezoelectric materials, to exhibit charges on the
surfaces as effect of an applied strain [2]. The triboelectricity
mechanism arises from the periodic physical contact, i.e.,
compression and friction, between two materials with different
electron affinities [3]. When two triboelectric layers are in
contact, charges are redistributed on the internal surfaces of
the two materials. During the release mode, a dipole moment
is created resulting in a potential difference between the two
electrodes: in this condition, there is a flow of charges from
one electrode to another until a condition of equilibrium is
reached, thus creating electrostatically induced charges on
the electrodes. When the triboelectric layers are completely
released, no charge flows anymore. Again, during the pressing,
there is a rupture of equilibrium that induces charges to flow
in the opposite direction. By properly engineering the device
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architecture, these charges can be harvested and effectively
extracted into an external circuit. Nanogenerators based on
triboelectricity, in their four modes of operation [4], have
been demonstrated to be effective for harvesting mechanical
energy from the environment due to their simple structure,
high conversion efficiency, and low cost. Various applications
of triboelectric nanogenerators (TENGs) have been success-
fully demonstrated [5], since 2012 when the first organic
materials-based TENGs [6] have been proposed, and this
research field is expected to expand in the near future [7].

Actually in nature, there are structures that allow living
plants to harvest energy by the triboelectric effect, such as
leaves moved by wind [8], thus widening triboelectric energy
research interest. Typical key figures of merit of such devices
are the open-circuit voltage (VOC), the short-circuit current
(ISC), and the generated power. VOC and ISC are experimen-
tally measured using laboratory instruments, while the power
behavior is estimated by measuring the voltage or the current
under different external resistive loads to extract the maximum
power under a matched load. There are some issues related to
the measurements of TENGs. These devices usually present
a high internal impedance, high voltages, and low output
currents [9], [10]. Typically, TENG voltages are measured
by a digital oscilloscope, even if the internal impedance of
these devices is above the input impedance of most of the
commercially available oscilloscopes. This results in output
signal strongly attenuated. Indeed, this measurement config-
uration limits the resistive load applied to the device under
test (DUT) up to the impedance of the oscilloscope/passive
probe, not enabling the evaluation of the maximum power of
the device under matched load.

On the other side, sharp peak short-circuit currents of
TENGs can be as low as a few nanoamperes, and they require
a current to voltage converter with high gain, so that the con-
verted voltage exceeds the detection limit of the oscilloscopes.
For this reason, current measurements on very low loads
(i.e., short-circuit currents) require commercially available
instruments like SR570 low-noise current preamplifier (LNCP)
[11] or VersaSTAT 3 potentiostat [12] or other instrumentation
[13].

The development of effective electronic circuits for assess-
ing the main key figures of merit of devices can be helpful to
the research community working on TENG energy harvesting.

Here, we propose an electronic circuit, for both current
and high impedance voltage measurements, implemented on a
(4 × 2.8) cm2 printed circuit board (PCB) board, based on a
differential amplifier probe scheme. Currently, commercially
available measurement equipments (current probes or high
impedance voltage probes) are very expensive. There are mea-
surement current circuits, proposed in the literature; however,
they are complex, bulky, or do not fully meet requirements
for TENG analysis [14]. Our device is compact, cost effective,
and able to measure both the TENG outputs: the open-circuit
voltage at a very high resistive source and the short-circuit
sharp peak current. Additionally, it offers the possibility to
measure voltages under different high resistive loads allowing
the assessment of the power behavior of the device, as crucial
parameter in the analysis of TENGs electrical performance.

The developed electronic circuit has been used for the charac-
terization of TENG devices based on carboxymethyl cellulose
(CMC) porous aerogel films, and experimental results in
terms of currents have been compared with those obtained by
using a commercial low-noise current amplifier. This approach
allows to rapidly and accurately analyze a specific device
and to compare effectively devices with different charac-
teristics, thus accelerating the development and applications
of TENGs.

II. METHODS

The outputs of TENGs depend on the involved triboelectric
materials, the device architecture and size, the magnitude
and frequency of the applied forces, and the ambient con-
ditions (temperature and relative humidity). According to the
implemented device and measurement conditions, TENG peak
voltages can range from a few volts [15] up to hundred volts
[16], while output peak currents are typically low, ranging
from one hundred of nA [15] to tens of µA [17] for devices
of a few cm2 area. Moreover, TENGs have a relatively high
impedance and they deliver maximum power in a range from a
few megaohms [16] to hundreds of megaohms [18]. Addition-
ally, current peaks in TENGs can be sharp (microampere in
hundreds of microseconds), meaning that the high-frequency
components are quite important, and therefore, electronics
with wide bandwidth is required.

Fig. 1 reports the developed electronic circuit, implemented
on the same PCB board to measure open-circuit voltages and
short-circuit currents. Specifically, Fig. 1(a) shows a simplified
scheme of the voltage circuit based on a differential voltage
amplifier. It has some advantages over the passive probe:
the nanogenerator is connected to the ground (GND) through
high impedance path, the common mode (CM) voltage is not
amplified, and the circuit can be located closely to the DUT
using a very short cable. This results in a better electrical
isolation of the DUT from noise sources and interferences.
Open-circuit voltage measurements usually require a buffer
amplifier having a high input impedance because of the high
impedance of TENGs and a low output impedance to be
coupled to the oscilloscope. The very high TENGs output
impedance, often of the order of tens of megaohms, impacts on
bandwidth performances of the amplifier, because even input
capacitance of a few picofarads limits the bandwidth below
few kilohertz. Reducing input capacitance is hard with discrete
electronic components; therefore, integrated amplifiers, such
as instrumentation amplifiers, are preferred [19]. Additionally,
instrumentation amplifiers have high intrinsic capacity to reject
CM noise and high-power supply voltage reject ratio, mainly
at low frequency. Moreover, the instrumentation amplifier
gain can be selected by only one resistor, without resistor
trimming requirements. Commercially available instrumen-
tation amplifiers with low noise and high gain-bandwidth
product (GBW) have been selected. Finally, wide supply
range amplifiers are preferred in order to obtain high dynamic
range.

For the voltage circuit, the INA121 amplifier due to its
very low input differential capacitance (1 pF), low input CM
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Fig. 1. Developed circuit with (a) simplified scheme of the voltage circuit,
(b) simplified scheme of the current circuit, and (c) two circuits implemented
on a PCB board.

capacitance (12 pF), and very low bias current (4 pA) has been
chosen.

The amplifier gain has been settled to 1, as the triboelectric
device voltage level is enough high to be measured by the
oscilloscope without amplification. Furthermore, surrounding
passive components have been chosen to obtain an input
differential impedance of 1 G�.

To verify the performances of the voltage circuit, ac analysis
and noise analysis have been performed by LTSpice.

Fig. 2 shows the simulation results of the alternating current
(AC) and noise analysis under different input source resis-
tances (100, 10, and 1 M�). Fig. 2(a) reports the frequency
response of the output voltage versus the input voltage.
At low frequencies, the magnitude of this signal decreases by
increasing the input resistance down to an attenuation factor
of 0.91 for 100-M� source resistance. At the same time, the
bandwidth reduces from 23 kHz to 230 Hz applying higher

Fig. 2. Simulation results of (a) frequency response of the output voltage
versus the input voltage and (b) noise spectral density under different input
source resistances (100, 10, and 1 M�).

source resistances. Indeed, bandwidth reduction is mainly due
to the input INA121 capacitances in series with the high output
impedance of the DUT, whereas INA121 bandwidth (600 kHz
at unity gain) does not impact on the whole circuit bandwidth.
Bench measurements have been performed, thus confirming
simulation results.

Fig. 2(b) shows the noise spectral density under different
input source resistances. The noise increases when the input
source resistance increases due to the source resistance thermal
noise. The simulated total root mean square output voltage
(VRMS) noise is 38 µV.

Fig. 1(b) shows the simplified scheme of the current circuit
based on a differential voltage instrumentation amplifier. The
differential configuration, as for the voltage circuit, results
in a better isolation of the device from external noise and
interferences.

Short-circuit current measurements usually require ampli-
fiers with high gain, because a few ohms (usually 50 �)

resistance input shunt resistor is used to generate a voltage
signal at the amplifier input. In this case, the amplifier input
capacitance can be neglected; however, due to the high-
voltage gain, the input offset voltage becomes relevant and a
supplementary stage is exploited to compensate output voltage
offset.

The implemented circuit has an input shunt resistance of
50 �, the same used in commercial current amplifiers. Due
to the low current values, the current circuit consists of two
amplification stages, the first with a voltage gain of 1000 and
the second one with a voltage gain of 20, to obtain a voltage
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Fig. 3. Simulation results of (a) frequency response of the output voltage
versus the input current and (b) voltage output noise spectral density with
input shunt resistor of 50 �.

to current conversion factor of 106. The circuit bandwidth is
limited only by the bandwidth of the first stage amplifier.

In the proposed current circuit, INA819 amplifier has been
selected because of its very low noise and high GBW (2 MHz
at unity gain and 30 kHz at gain 1000).

Fig. 3 reports the simulation results of the ac and noise
analysis of the current circuit with an input shunt resistor
of 50 �. Fig. 3(a) shows the frequency response of the
output voltage versus the input current taking into account the
conversion factor of 106. The bandwidth of the whole circuit
results to be 30 kHz (because the INA819 bandwidth) to meet
the features of sharp current peaks for this class of devices.
Fig. 3(b) shows the noise spectral density with a simulated
total output VRMS noise of 77 mV.

Both the voltage and current circuits have been imple-
mented on a compact PCB board having (4 × 2.8) cm2 size
[Fig. 1(c)]. Exploiting the proposed circuit, the measurements
of open-circuit voltage on a very high resistive load (1 G�)

and short-circuit current (50 �) can be performed. Addition-
ally, it offers the possibility to measure voltages under different
high resistive loads allowing the assessment of the power
behavior of the DUT. The whole circuit implemented on the
PCB board is a cost-effective approach, with an expenditure
below 40 C.

III. EXPERIMENT

Several TENG device architectures and materials have been
proposed and implemented to harvest energy in an efficient
way. The device proposed in this study consists of two
materials with different electron affinities, where a porous

Fig. 4. (a) Schematic representation and (b) picture of the measurement
setup used to evaluate the output response of the TENGs as effect of the
pressing-release excitation. The open-circuit voltage and the short-circuit
current are measured by exploiting the developed circuit, through the cor-
responding connection pins. Outputs of the developed circuit are connected
to the oscilloscope.

structure of a triboelectric positive material is filled with a
triboelectric negative material. The TENG configuration is in
contact-separation mode and the device is gapless. Despite
TENG devices without air gap provide poor electrical output
performance, the absence of the gap results in an easier
fabrication process and enables large-scale fabrication, thus
opening the way for novel applications in energy harvesting
and sensing.

The proposed nanogenerator consists of a porous CMC
aerogel film impregnated with poly(dimethyl siloxane)
(PDMS) and embedded into two thin PDMS films. The
obtained multilayer structure has been sandwiched by two
Al foils for electrical connections. CMC porous aerogel film
has been prepared starting from an aqueous solution (1.5%
concentration), which has been freeze-dried and compressed.
Then, the CMC film aerogel has been filled by a PDMS
solution under a vacuum-assisted process. PDMS films have
been spin-coated on both sides.

The CMC/PDMS multilayer structure film has been cut
into 1 cm2 area dies and devices have been electrically
connected. A custom measurement setup has been built up
for TENG nanogenerator analysis to perform pressing-release
measurements in the vertical direction.
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Fig. 5. Output open-circuit voltage and power estimation under different external resistive loads. (a) Image of a fabricated CMC/PDMS multilayer structure.
(b) Image of a photograph of the developed triboelectric device. (c) Schematic representation of the forward connection. (d) Schematic representation of the
reverse connection. (e) Output open-circuit voltage in forward connection (time scale: 10 s). (f) Output open-circuit voltage in reverse connection (time scale:
10 s). (g) Peak-to-peak voltage (left) and generated power (right) under different resistive loads.

Fig. 4(a) shows a schematic representation of the setup,
whereas Fig. 4(b) is a picture of the experimental setup.

A push–pull solenoid actuator mounted on a vertical transla-
tion stage has been employed to provide forces in the range of
1–10 N. The solenoid is driven by a square wave provided by a
function generator (dual-channel function generator AFG3102
by Tektronix). The actuator driver circuit is a controlled switch
based on a power n-MOSFET, where its gate is directly
connected to the function generator. The DUT is connected
to the developed circuit implemented on the PCB board for
either voltage or current measurements. This circuit has been
connected to the Tektronix DPO2024B digital oscilloscope for
output measurements.

To apply consistent experimental measurement conditions
[20], a test bed has been implemented. All tests were per-
formed applying a periodic force to the device (5 N) at a
frequency of 1 Hz in ambient conditions (18 ◦C and 50%
relative humidity). To assess the applied forces, a commercial
force sensing resistor has been employed (FSR400 by Pololu)

and the calibration curve (resistance versus weight) has been
obtained under static conditions in the 20 gr − 1 Kg range.
All cables together with the setup measurement components
have been shielded to limit electrical noise/interferences from
the environment.

IV. RESULTS AND DISCUSSION

Based on this setup, voltage measurements have been per-
formed. Fig. 5(a) and (b) reports the representative images
of the realized nanogenerators. Fig. 5(a) shows the fabricated
CMC/PDMS multilayered structure where can be noticed its
high flexibility and mechanical resistance. Fig. 5(b) reports
a picture of the developed triboelectric device, where for
electrical measurements, adhesive stripes of Cu have been
used. Devices have been analyzed in forward and reverse
connections, as schematically represented in Fig. 5(c) and (d).
Fig. 5(e) and (f) shows the output voltage (VOC) response
of the TENG nanogenerator in the forward and reverse
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Fig. 6. Output short-circuit current signals under (a) forward and (b) reverse connections (time scale: 10 s) acquired by using the proposed electronic
circuit.

Fig. 7. Output short-circuit current signals acquired by (a) developed circuit and (b) commercial low-noise current amplifier (DLPCA-200) on a 100 ms
time scale. Insets show a magnified view of the same plots.

connections, respectively. The signals were acquired on a
10 s time scale for both configurations. The output voltage
signals have almost the same profile, and voltage peaks repeat
identically after each cycle of pressing release.

The peak-to-peak voltage is 27.8 V and, as shown in the two
plots, the signal profiles are reversed in the two configurations,
as expected. Fig. 5(g) shows in the same plot the peak-to-
peak voltage (left) and the generated power (right) under
different resistive external loads. The effective resistive loads
are obtained by considering the parallel between the external
load with the input resistance of the voltage amplifier. Peak-to-
peak voltage enhances by increasing the external load, up to
reaching a plateau at very high loads. The generated power
results to be up to 0.9 µW when the external resistive load is
close to 90 M�. This result suggests that the device impedance
is around 100 M�.

Fig. 6 reports the output short-circuit current signals under
forward and reverse connections, acquired in 10 s time scale.

The graphs show an important peak during the pressing phase,
with a peak-to-peak value around 2.2 µA. The current signal
during the release is almost negligible.

To compare the current measurement results obtained with
the developed circuit and to validate them, the same devices
have been analyzed by using a commercial low noise current
amplifier (DLPCA-200 provided by Femto) with a variable
gain, bandwidth up to 500 kHz and an input impedance
of 50 �.

Fig. 7 shows the short-circuit current measurements per-
formed by means of the developed circuit having a gain of
106 V/A [Fig. 7(a)] and by using DLPCA200 amplifier with
a selected gain of 105 V/A [Fig. 7(b)]. The time scale has
been chosen as low as 100 ms to highlight the features of
the current peaks. The insets show a zoom view of the same
graphs. The peaks appear very similar and sharp with a pulse
height of 2 µA and a pulsewidth below 0.5 ms. Both amplifiers
show almost the same noise level. It can be noticed that the



FACHECHI et al.: EFFECTIVE AND ACCURATE APPROACH FOR MEASURING KEY PARAMETERS 2008508

signal of Fig. 7(b) appears noisier simply because of the lower
current to voltage gain.

The peak-to-peak current is around 2.2 µA, in agreement
with the results reported in Fig. 6, where plots were acquired
with larger time scale.

V. CONCLUSION

Electronic circuits able to assess the main key figures of
merit of TENG nanogenerators represent powerful tools for a
rapid and at the meantime accurate analysis. In this article,
we proposed a compact and cost-effective electronic circuit,
based on a differential amplifier probe scheme, implemented
on a (4 × 2.8) cm2 PCB board, which enables TENG outputs
measurements in terms of open-circuit voltage at a very
high resistive source and short-circuit current. Furthermore,
it allows voltage measurements under different high resistive
external loads to assess the power behavior. This circuit has
been developed taking into account critical issues proper of tri-
boelectric devices. To prove the effectiveness of this approach,
TENG devices based on CMC porous aerogel films have been
fabricated and analyzed. Additionally, current signals have
been compared with those obtained by using a commercial
low-noise current amplifier. This approach could open the way
for a rapid and accurate analysis of TENG nanogenerators with
different characteristics, thus accelerating the development and
applications of this class of devices.
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