Nanotechnol Rev 2018; 7(2): 149–156

Communications
Sai Sunil Kumar Mallineni, Herbert Behlow, Ramakrishna Podila* and Apparao M. Rao*

A low-cost approach for measuring electrical load
currents in triboelectric nanogenerators
https://doi.org/10.1515/ntrev-2017-0178
Received September 12, 2017; accepted October 11, 2017; previously
published online November 22, 2017

Abstract: Research into the development of triboelectric
nanogenerators (TENGs) has exponentially expanded over
the last 5 years with TENGs expected to be a prominent
alternative energy-harvesting source in the near future.
Notwithstanding the rapid progress in TENG development and their applications, the start-up cost of required
research equipment and components remains high for
new entrants into the field. A substantial portion of that
cost is for the preamplifier, which is needed for measuring the output current of a TENG. Here, an ultra-low-cost
device is presented that can measure the TENG output current, which is a crucial parameter in the characterization
of TENG electrical performance. This alternative approach
is expected to enable research groups in the future to partially offset the initial expense of instrumentation necessary for TENG research, and accelerate the development
and applications of TENGs.
Keywords: current preamplifier; low-cost measurement;
triboelectric nanogenerator.

1 Introduction
A well-known English proverb, “Necessity is the mother
of invention”, succinctly affirms the primary motivation
for much scientific research in renewable energy. With
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growing global energy demands, concerted efforts have
been expended to improve the efficiency of sustainable
energy technologies such as photovoltaics, wind energy,
fuel cells, and recently, triboelectric nanogenerators
(TENGs) that convert mechanical energy into usable electric power [1–6]. TENG has been demonstrated as a fundamentally new green energy technology, featured as being
simple, reliable, cost-effective, as well as highly efficient
[7–10]. In its simplest form, a TENG consists of two suitable triboelectric materials appropriately chosen based on
their position in triboelectric series [11, 12]. When brought
into physical contact, the friction between these materials
induces the separation of electrostatic charges at the interface. By suitably engineering the device architecture, these
charges can be extracted into an external circuit to perform
electrical work. Based on this principle, several modes of
TENG operation have been developed, viz. (i) the vertical
contact separation mode [13–15], (ii) the in-plane sliding
mode [16–19], (iii) the single-electrode mode [20–22], and
(iv) the free-standing triboelectric layer mode [23, 24]. The
potential of these different configurations of TENGs has
been demonstrated, not only as sustainable power sources
to harvest energy from water waves [25, 26], wind flow [27,
28], acoustic waves [29], and human walking [30, 31], but
also in biomedical monitoring [32, 33], chemical sensing
[34, 35], and human-machine interfacing [36]. Irrespective of the design and device architecture of the TENGs for
harvesting mechanical energy, TENGs are characterized as
having an (i) open-circuit voltage (VOC), (ii) a short-circuit
current (ISC), (iii) a power density (i.e. output power per unit
area or P), and (iv) capacitor charging (i.e. output current
into approximately constant voltage loads). Although the
VOC, ISC, and capacitor charging are measured experimentally using laboratory instruments, the power density is a
derived quantity (P = VI). Typically, a digital oscilloscope
is employed for measuring TENG voltages, while a Stanford Research Systems SR570 (http://www.thinksrs.com/)
low-noise current preamplifier (LNCP) is widely used for
measuring the ultra-low currents delivered by TENG [37–
56]. While digital oscilloscopes are readily available in
most laboratories, an LNCP is far less commonly available,
and often must be purchased. The list price of the SR570
at the time of this writing is $2595 on the thinksrs.com
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website. Given that LNCPs are also needed for characterization of other energy generation devices such as quantum
efficiency of photovoltaic modules in addition to TENGs,
the development of simple and inexpensive LNCPs can be
helpful to the energy research community.
In this article, we describe a low-cost approach for
measuring the electrical currents generated by a TENG.
Our method essentially consists of an in-house-assembled current preamplifier comprising a simple current-tovoltage converter circuit, which can be substituted for the
SR570 at a fraction (~2%) of the cost.

A further complication of the resistive-voltage-drop
method is from a greater interest in determining the output
current of a TENG into low-impedance loads (or even into
a short-circuit load). According to Ohm’s law, the voltage
drop is proportional to resistance for a given current. When
the load resistance is small compared to the TENG impedance (i.e. ≤1 MΩ), the voltage drop will be small and may
be comparable to the signal noise, resulting in excessive
uncertainty in the measurement. Moreover, the extreme
case of a short-circuit load prevents measurement of the
current because the voltage drop is then equal to zero.

2 B
 ackground – why a current
preamplifier?

3 C
 ircuit description and device
performance

The output voltage produced by TENGs depends upon such
criteria as the triboelectric materials, the device geometry,
the applied force and frequency, and the ambient temperature and relative humidity. Although TENG voltages
can range from a few millivolts to several thousand volts,
TENGs are inherently low-output-current devices, often
with values in the range of ~nA to ~μA for a laboratoryscale TENG (approximately few cm2 area). Moreover, laboratory-scale TENGs deliver maximum output power into
resistive loads that are of the order of a few MΩ, implying a similar level of impedance for the TENG itself. The
high intrinsic impedance of TENGs complicates voltage
or current measurements, because the voltmeter (or oscilloscope) input loads the device, and will typically sink a
significant portion of the TENG output current. In other
words, because TENGs are low-output-current devices,
it is difficult to perform the current measurements with
minimal perturbations to the TENG output current.
Of the various approaches for measuring TENG output
current, connecting the TENG to a resistive load and measuring the voltage drop across the resistor is the simplest,
with Ohm’s law providing the current, I = V/R. Although
theoretically straightforward, several problems prevent
its practical application. First, as noted above, the input
impedance of the voltmeter (or oscilloscope) is of the
same order as the output impedance of the TENG, which
places a significant additional load upon the TENG, in
parallel to the designated load resistance. Consequently,
the TENG output voltage is reduced to some extent, which
makes the measurement inaccurate. Attempts to compensate for this by calculating the equivalent load resistance
(i.e. the load resistor combined in parallel with the impedance of the voltmeter or scope) are problematic because of
the input capacitance of the voltmeter or scope, which is
characterized by frequency-dependent impedance.

To overcome the difficulties mentioned above, an active
device [i.e. an operational amplifier (op-amp)] is employed
in the measurement circuit. Op-amps are ubiquitous in a
wide range of modern electronics applications and readily
available at low cost in easy-to-use integrated circuit (IC)
packages. To meet our requirements, the Texas Instruments
LMC6001 Ultra-Low Input Current Amplifier IC was selected
as the heart of our LNCP (cf. Figure 1D). With a typical input
current (an ideal op-amp has zero input current) of <25 fA,
the LMC6001 can measure the current down to the ~pA
range, which is several orders of magnitude smaller than the
typical TENG output current. In addition to the peak value
of current generated by the TENG, an accurate acquisition
of the output current waveform, which may contain highfrequency components (i.e. f > 10 kHz), is also important. An
amplifier with a sufficient bandwidth is necessary for acquiring these dynamic signals, and the LMC6001 with its 1.6 V/μs
slew rate is easily capable of meeting this requirement.
As shown in Figure 1D, the LMC6001 op-amp is configured as an inverting current-to-voltage converter consisting of a 10 kΩ feedback resistor from the output to
the inverting input, resulting in a sensitivity of 10 mV/μA
(or equivalently 100 μA/V). The circuit operation is best
explained by an example in which we assume an input
current of 1 μA generated by a TENG enters the op-amp.
The op-amp output produces an equal and opposite
current via the feedback resistor to the inverting input,
resulting in 0 V at the inverting input. As an ideal op-amp
has infinite input impedance, zero or no current enters
the op-amp, and the feedback current exactly balances
the input current to be measured. Although not infinite, the input impedance in an actual op-amp is often
large enough for the input current to be insignificant
(the LMC6001 has an input impedance of ~1012 Ω). The
1 μA feedback current flowing through the 10 kΩ resistor
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Figure 1: (A) Required components for power supply. (B) Schematic of CNI570 power supply. (C) Required components for assembly of
CNI570. (D) Circuit diagram of CNI570.

results in a voltage of 10 mV appearing at the amplifier
output, and accordingly, the sensitivity is 10 mV/μA.
Other values of feedback resistor may be substituted to
vary the sensitivity as required for any particular experiment; for example, 100 kΩ will result in a sensitivity of
100 mV/μA, and 1 kΩ a sensitivity of 1 mV/μA. It should
be noted that the inverting configuration of the amplifier results in a negative output voltage when the input
current is positive. This inversion is generally of no consequence, as the amplitude of the output voltage is of
primary interest. However, if one wishes to preserve the
sign of the signal, it is a trivial matter to add a second
op-amp (such as a Texas Instruments TL082, which has
sufficient bandwidth, and is inexpensive) configured as a
unity-gain inverting amplifier to invert the signal from the
output of the LMC6001.

4 E
 xperimental: TENG test device
and CNI570
To evaluate our in-house-assembled current preamplifier and compare its performance to the SR570, we used a
reference test signal provided by a TENG fabricated from
off-the-shelf materials [15]. Briefly, our TENG test device
is comprised of top and bottom triboelectric layers configured in a vertical contact separation mode: the top TENG

triboelectric layer was an indium tin oxide (ITO)-coated
polyethylene terephthalate (PET) film, and the bottom triboelectric layer was a polyimide (KAPTON™) film attached
to the ITO surface of an ITO-coated PET film. The top and
bottom triboelectric sheets were separated by insulating
glass spacers that provided an air gap of ~1 mm. A custombuilt pushing actuator was used to exert a force of ~35 N at
a frequency of ~2.0 Hz, and the TENG output voltage was
measured using a Yokogawa DL9710L digital oscilloscope.
The VOC of our TENG test device was ~500 V. All tests were
performed in ambient conditions (20°C and 43% relative
humidity).
To measure the output current of our TENG test device,
we built a prototype of the simple current preamplifier
(described above) at the Clemson Nanomaterials Institute
or CNI (hereafter referred to as the CNI570), which was
assembled in-house using inexpensive, readily available
components, viz. resistors, capacitors, and an op-amp IC.
The circuit consists of two sections: (i) a voltage divider,
which allows a single 12-V battery to function as a bipolar
power supply (i.e. +6V, −6V, and ground), and (ii) an opamp-based current-to-voltage converter. The components
of the voltage divider circuit and its schematic are shown
in Figure 1A and B, respectively. Similarly, the components and the schematic of the current-to-voltage converter circuit are shown in Figure 1C and D, respectively.
The approximate cost for the components of the CNI570
(including the voltage divider components as per above)
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Table 1: Cost estimates of components required for the fabrication of CNI570.
Unit

Qty

Estimate price

Rechargeable battery (6 V)
IN 4007
47 Ω Resistor
1000 μF capacitor
8-pin socket
10 kΩ Resistor
100 Ω Resistor
LMC6001 ultra-low input current amplifier

2
1
2
2
1
1
1
1
Total = 11

$20 × 2 = $40
$0.16
$0.088 × 2 = $0.176
$0.8 × 2 = $1.6
$0.10
$0.088
$0.088
$17
~ Total = $60

A

TENG

SR570

B
10 kΩ

CNI570

+V
TENG

in

–

out

LMC 6001

+

100 Ω
–V

Figure 2: Schematic illustration to measure electrical currents generated by TENG device using (A) SR570 and (B) CNI570.

is itemized in Table 1, which based on the present market
price is ~$60.
To assess the performance and accuracy of the CNI570,
we measured the TENG output current into several load
resistances, viz. 1, 2.2, 4.8 and 9.8 MΩ. As shown in Figure 2A
and B, the output current from the TENG was fed alternately
into the SR570 and CNI570. The sensitivity of 10 μA/V was
selected on the SR570, and the output signals of the SR570
and CNI570 were acquired with a digital oscilloscope.

5 Results and discussion
5.1 P
 eak current amplitude
The current measurements of the CNI570 were compared
with the state-of-the-art SR570, the results of which are

shown in Figure 3A–D. The as-measured peak current
amplitudes are summarized in Table 2. The CNI570measured current amplitudes, as shown in Figure 3 and
Table 2, are essentially identical to those measured by the
SR570 with a mere difference of ~5%. Much of this difference is attributed to the 5% tolerance of the 10 kΩ feedback resistor that was used. To reduce the disparity (and
increase accuracy), a 1% precision resistor may be easily
substituted for the 5% tolerance general-purpose resistor.

5.2 Theoretical and experimental bandwidth
In addition to the peak current values, the importance of
the current waveform from the TENG requires considering the bandwidth (i.e. frequency response) of the current
preamplifier. The bandwidth of the SR570 is specified
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Figure 3: (A–D) Comparison of output currents generated by TENG device through various load resistances measured using SR570 (red) and
CNI570 (blue).
Table 2: Comparison of electrical currents measured by the SR570
and CNI570 through different load resistances.
Load resistance
across TENG (MΩ)
1
2.2
4.8
9.8

Peak current
measured by
SR570 (μA)

Peak current
measured by
CNI570 (μA)

% Difference

18.2
14.3
8.9
6.1

17.3
13.6
8.5
6.3

5.07
5.01
4.59
3.23

As seen from the table, the currents measured by the CNI570 are
slightly lower (~5%) compared to those measured by the SR570. This
small percentage difference is attributed to the tolerances of the
resistors used in the CNI570 (cf. Figure 1D).

as 1 MHz or more specifically as a slew rate limit of 2 Vpp
at 1 MHz at its output. This specification is equivalent
to the highest frequency signal of the SR570 expressed
as V = sin(2πft), where f = 1 MHz. The slew rate is the
maximum rate of change (dV/dt)max of the signal, which
is given by the maximum value of dV/dt = 2πfcos(2πft).
Thus, (dV/dt)max = 2πf V/s = 6.28 V/μs. The specifications
of the LMC6001 op-amp indicate a slew rate of 1.6 V/μs.
Thus, the bandwidth of the CNI570 is roughly one-fourth
of that of the SR570. In other words, for a 2 Vpp output
signal from the CNI570, the upper limit of the frequency
should be 250 kHz. In a situation where more bandwidth is
needed, an n-fold smaller feedback resistor may be used to
decrease the sensitivity of the CNI570. The output voltage
is thus reduced n-fold (assuming the input current is

unchanged) at the expense of a lower signal-to-noise ratio
(i.e. the amplifier noise remains unchanged with a signal
output that is n-fold lower). To increase the amplitude, the
optional inverting op-amp (mentioned previously) may
be configured for n-fold gain to restore the amplitude to
its original value. The result would be an n-fold increase
in bandwidth over 250 kHz. Indeed, a similar two-stage
amplifier scheme is how the SR570 controls its overall
gain. Accordingly, it is fair to say that the CNI570 is more
or less comparable in bandwidth to the SR570.
In the bandwidth measurements, an inherent limitation is the maximum frequency contained in the output
waveforms produced by the TENG. The bandwidth of the
CNI570 and SR570 was characterized by carefully inspecting the acquired output current waveforms of the TENG
in its pressing and releasing pulses (Figure 4). The releasing and pressing waveforms measured by the CNI570 and
SR570 are shown in Figure 5A–D. The waveforms were
virtually indistinguishable, and the maximum positive
and negative dI/dt (slew rate) of the pressing and releasing pulses were 7.5 × 104 and 7.5 × 103 μA/s, respectively.
Dividing by the 100 μA/V sensitivity of the CNI570 gives
750 V/s and 75 V/s for the pressing and releasing waveforms, respectively, which are several orders of magnitude
smaller than the 1.6 × 106 V/s specification of the LMC6001.
Conversely, to convert the voltage slew rate to current
slew rate, the product of the voltage slew rate is taken
with the sensitivity in μA/V, i.e. (dI/dt)max = (1.6 × 106 V/s)
(100 μA/V) = 1.6 × 108 μA/s. The maximum dI/dt from the
TENG (which occurs under a short-circuit load) is far
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Figure 4: A zoomed-in view of output current generated by TENG during a single cycle of operation (press and release) measured using
(A) SR570 and (B) CNI570.

20
15

Press

SR570

B
Current (µA)

Current (µA)

A

10
5
0

2

SR570

0

D
Current (µA)

Current (µA)

Press

CNI570

10
5
0

0.560 0.561 0.562 0.563 0.564 0.565
Time (s)

0.598 0.599 0.600 0.601 0.602 0.603
Time (s)

–2
–4
–6

15

–5

–5

C

20

Release

0.456 0.458 0.460 0.462 0.464 0.466
Time (s)

2

CNI570

0
–2
–4
–6

Release

0.418 0.420 0.422 0.424 0.426 0.428
Time (s)

Figure 5: Comparison of electrical currents generated by TENG during pressing and release cycle of its operation. Pressing cycle peaks
measured by (A) SR570 and (B) CNI570. Release cycle peaks measured by (C) SR570 and (D) CNI570. As seen in A–D, CNI570 is similar in
performance to SR570.

lower than the theoretical maximum capability of the
amplifier. Thus, it is no surprise that both the CNI570 and
the SR570 are able to measure the full bandwidth of the
time-dependent current signal produced by the TENG.

could extend to research in photovoltaics, piezoelectric generators, thermoelectric generators, or any other
context where a small current from a high-impedance
source is measured.

6 Conclusion
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The performance of the CNI570 is similar to that of the
expensive SR570 instrumentation that is presently in
use within the TENG community. As detailed and demonstrated in this study, the CNI570 is a simple and costeffective precision current preamplifier for measuring
low-amplitude, dynamic current signals generated by
TENGs. Rather than merely limited to TENGs, the CNI570
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