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The timely biochemical detection of environmental pollutants or infectious disease is a predominant
challenge for global health and people living in remote areas. However, the energy supply is still difficult
for both the pretreatment and test steps, especially for diagnostics in resource-limited environments or
outdoor point-of-care testing. Herein, we demonstrate a hand-powered triboelectric nanogenerator
(TENG) system, which can simultaneously accomplish centrifugal pretreatment and analysis without an
additional power supply. The complete separation of plasma from red blood cells can be achieved within
1.5 min at an operation frequency of 1 Hz. Besides, according to the impressive high rotational speed of
7500 rpm, the rotating mechanical energy can be efficiently recycled by the TENG to power different
electronic devices, such as an electronic watch or thermometer. As a demonstration, the pretreatment

Received 28th April 2021 of lake water and the detection of hydrogen peroxide contained in it has been realized. The combination
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of the system with different types of sensors will further promote its applications in multifarious

DOI: 10.1038/d1ra03323a biochemical detections. Moreover, this TENG system is effective, field-portable and ultra-low cost, and is
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Introduction

Timely accomplishment of biochemical detection and analysis
of the concentration of pathogens and parasites in biological
fluids, such as blood, urine and stools, under specific condi-
tions is of great importance for early identification and treat-
ment of some specific diseases. In addition to disease detection,
in order to ensure the safety of human living environments, the
portable detection of environmental pollutants is also very
important. However, for diagnostics in resource-limited envi-
ronments or outdoor point-of-care testing, energy supply is still
difficult. In recent years, triboelectric nanogenerators (TENGs)
have emerged as one of the leading sustainability energy supply
device to mitigate the environmental and energy problems.™* As
a new mechanical energy harvesting technology, triboelectric
nanogenerators have demonstrated promising capabilities due
to their advantages of simple preparation, low cost, high
stability, multi-mode operation, and high efficiency of
mechanical energy conversion into electrical energy.*™*°
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promising for battery-free point-of-care diagnostic systems for outdoor or harsh environments.

The process of biochemical detection usually consists of
pretreatment and detection steps. Both of them are generally
inseparable from the energy supply. Nevertheless, some power-
free pretreatment technologies have been developed in recent
years. For example, paper chromatography has been utilized for
small molecule analytes without any demand for input
energy.'> However, for more complex analytes, like whole
blood or environmental analytes, this kind of paper chroma-
tography cannot meet all the requirements and centrifugation
is an essential step. Recently, a human-powered centrifuges
inspired by historic whirligig (or buzzer) toys has been devel-
oped. Supper high rotational speed (125 000 rpm) has been
realized via this human-powered centrifuge device, which
shows promising application prospects in point-of-care diag-
nostics in resource-poor settings.'® Centrifugation is important
because it is one of the most commonly used pretreatment
methods in biochemical detection. For example, to analyze the
concentration of pathogens and parasites in biological fluids,
such as blood, urine and stool (for microscopy), centrifugation
is the first key-step for most diagnostic assays." Although
human-powered centrifugation has the potential to achieve
a power-free pretreatment step, the subsequent tests step still
needs energy supply. Therefore, it would be very attractive to
recycle the applied mechanical energy during human-powered
centrifugation into electrical energy. Fortunately, TENG can
also be used to effectively recover rotational mechanical energy.
What's more, the TENG in sliding mode has been predicted to
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have better performance than that in contact mode." Thus,
disk-based TENGs have been proposed to harvest rotational
mechanical energy*® and shows high electrical performances.”

In this work, a device has been developed to kill two birds
with one stone, which can simultaneously realize manual
centrifugal and rotary mechanical energy harvesting. In this
device, the rotor of TENG can act as the rotor of centrifuge and
realized the separation of plasma from the red blood cells or
separation of impurities in lake water. In the meantime, the
ultra-high speed of the rotor ensures the high-performance
output of TENG and the rotating mechanical energy can be
recycled to power different electronic devices. As a demonstra-
tion, the detection of hydrogen peroxide (H,0O,) contained in
lake water has been realized. In view of its portability and
effectiveness, this TENG system has a great potential for
biochemical analysis at specific situation and to be integrated
with multifarious sensors.

Results and discussion

The whirligig (circular discs spun by pulling on strings passing
through their centre; Mov. S1}) with a simple device made out
of a paper disc is shown in Fig. 1a and b. Similar to previous
studies,” the actuation of the rotator part consists of
‘unwinding’ and ‘winding’ phases. In the unwinding phase, the
outward input force (applied by human hands on the handles)
accelerates the disc to a maximum rotational speed. While
under the winding phase, the input force falls to zero, allowing
the inertia of the disc to rewind the strings and draw the hands
back inwards. For the actual model of our experiment, the
rotator has been employed to replace the paper disc (Fig. 1c and
d and Mov. S11). The detail structures of the rotator and stator
have been demonstrated as Fig. S1 and S2 in the ESI.T The stator
consists of an acrylic sheet as the substrate, Cu foil layers as the
electrodes, and a polytetrafluoroethylene (PTFE) film as one
triboelectric layer. In the Cu foil layer, two interdigitated radial
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arrays of electrodes, each with 12 sectors connected at either the
inner rim or the outer rim, are evenly installed on the acrylic
substrate and serve as the two electrodes of TENG. Besides, the
rotator is made of an acrylic sheet with 12 evenly distributed Cu
films pasted on it. The size of the Cu films is rationally chosen
so that their free parts can cover about one electrode sector
during rotation (Fig. S27).

Fig. 2a illustrates the basic working mechanism of the TENG
unit, which is based on the conjugation of triboelectrification
and electrostatic induction. Ascribing to the rotary tribo-
electrification, the isolated Cu layer on the rotator would be
positively charged with the surface of the PTFE film be nega-
tively charged. Accompanied by the relative rotation of the
rotator and the stator, the movement of the positively charged
Cu section would induce charge transferring between the two
electrodes through an external circuit, thus producing
current."*?° Fig. 2b-d display the output performance of this
hand-powered TENG device. Considering that the contact
between the rotor and the stator is controlled artificially, the
distance between the rotor and the stator needs to be adjusted
when pulling the strings rhythmically in order to generate
electric energy. Especially when the device with only one stator,
the time interval between the two contacts of rotor and stator is
relatively long, which is not conducive to the efficient harvesting
of mechanical energy. Exhibited by Fig. 2b, when the device is
operated at a frequency of about 1 Hz, the interval between the
two signals is about 2 seconds for this case. Therefore, two
stators were placed on both sides of the rotor to harvest
mechanical energy more efficiently. In this way, the interval
between output signals can be obviously shortened (Fig. 2c).
From the enlarged picture, it can be seen that the device
completed about 30 charge transfer cycles in 20 ms (Fig. 2d).
According to the number of blades (12 blades), the rotational
speed of the device is about 7500 rpm.>* This rotational speed is
significantly higher than other sliding mode TENGs driven by
human-power or wind.”»* The output voltage of the TENG

Fig.1 Device principle display and device schematic diagram. (a and b) A whirligig toy made by paper disc and string. (c and d) The conceptional

schematic of the hand-powered TENG system.
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Fig.2 Working mechanism and performance characterization. (a) Working mechanism of the hand-powered TENG. (b) Open-circuit voltage of
the device with only one stator. (c) Open-circuit voltage of the device with two stators on both sides of the rotor. (d) The enlarged picture of the

yellow dashed box in (c).

remained as high as ~300 V and short-circuit current was
approximately 65 pA (Fig. S31). Which are significantly higher
than the recently published work with similar structure.>* At the
same time, even compared with other device also has very high
speed (~7500 rpm), the performance of this device is still
better.” The non-uniformity of the signal is mainly due to the
difficulty of keeping the stability of the contact between the
rotor and the stator under manual condition.

In addition, we tested the TENG in the presence of external
electrical resistance loads and determined its effectiveness in
power generation (Fig. 3a). With increasing electrical resistance
loads ranging from 10* to 10° Q, the instantaneous voltage peak
increased while the current density peak decreased, showing
a trade-off phenomenon. As a result, the instantaneous power
output reached a maximum value of 0.65 W m ™ at the external
load resistance of 2 x 10° Q (Fig. 3b, Wy = Ipeax’R). Fig. 3c
illustrates that the “CUG” logo consisting of 28 serially con-
nected green LEDs can be lit directly by the electricity generated
from the porous-pyramid-based TENG without any external
energy sources (Mov. S2t). In order to demonstrate the high
power generation of the developed TENG device, commercial
capacitors were utilized to store the generated electrical energy
with an AC to DC signal converting circuit. Capacitors with
capacities of 10 pF can be quickly charged to ~15 V, while
a relatively large capacitor (33 puF) can reach a voltage of ~5 V
within 60 s (Fig. 3d). By contrast, when using the device with

© 2021 The Author(s). Published by the Royal Society of Chemistry

only one stator, capacitors with capacities of 10 pF can only be
charged to ~2.5 V within 60 s. Additionally, a 33 uF capacitor
was chosen as a storage component to power an electronic
watch and an electronic thermometer after a charging process
supported by the TENG. The photographs in Fig. 3e and f
suggest that the electronic watch and the thermometer were
successfully powered by the capacitor after charged by the
TENG (Fig. S4%). Specifically, the voltage of the capacitor rea-
ches around 2.0 V in ~25 s and can later power the watch for
more than 15 s (Mov. S31). Accordingly, the maximum capacitor
voltage of about 6.0 V was attained in ~80 s and can support the
thermometer for more than 5 s (Mov. S47).

As mentioned above, centrifugation is important especially
for dealing with whole blood samples.*® The process of sepa-
rating plasma or serum by centrifugation is frequently required.
In view of its importance, we demonstrate how the rotor part
can be utilized as a field-portable, ultralow-cost centrifugation
tool (Fig. S51). Firstly, we filled capillaries by 20 pl of whole
human blood (from a finger-prick), then spun them with the
rotor. The result reveals complete separation of plasma from the
red blood cells (RBC) within 1.5 min (Fig. S5c¢) at an operation
frequency of 1 Hz. The speed of centrifugation can be controlled
by the speed of pulling the strings. When organized in a system,
the TENG can simultaneously separate the component need to
be detected from complex solutions and harvest mechanical
energy to supply power for an electrochemical sensor. Thus,

RSC Adv, 2021, M, 23221-23227 | 23223
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Fig.3 Application of the hand-powered TENG. (a) Output voltage and current of the TENG with external resistance loads ranging from 10° to 10°
Q. (b) Output power under same experimental conditions as (a). (c) Lighting of 28 green serially connected LEDs by the hand-powered TENG. (d)
Measured voltage of commercial capacitors (10, 33, 100 pF) charged with a hand-powered TENG with two stators and the measured voltage of
commercial capacitor (10 pF) charged with a hand-powered TENG with one stator, respectively. (e and f) Voltage profile of 33 uF capacitor
charged by the hand-powered TENG and used to power electronic watch (e) or thermometer (f).

centrifugal pretreatment and analysis can be achieved without
additional power supply, as schematically illustrated in Fig. 4a.
Considering the low cost for fabrication and maintenance, the
hand-powered TENG system could be promising for portable
biochemical analysis outdoors or in harsh environment and
capable to be integrated with more types of sensors. In order to
further demonstrate the function of the system, the system is
used to realize the centrifugal treatment of lake water and the
detection of H,O, content in lake water. The reasons for

23224 | RSC Adv, 2021, M, 23221-23227

choosing H,0, as the target are as follow. H,O, is a key species
in many environmental processes such as the electro-Fenton
system to remove organic pollutants in wastewater treat-
ment.”® To investigate the relationship between the generation
of H,0, and the degradation of pollutants, rapid and accurate
detection of H,0, in situ is needed. Here, a hydrogen peroxide
sensor (Fig. 4c) has been developed based on silver microbelt
(Fig. S6t), which was powered by recovering the mechanical
energy during centrifugation. As shown in Fig. 4d, after

© 2021 The Author(s). Published by the Royal Society of Chemistry
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(a) Schematic of the battery-free point-of-care diagnostic system which can realize manual centrifugal and detection at the same time. (b)

Photo of lake water. (c) photo of the H,O, sensor. (d) Microscopic images of the lake water after centrifugation. (e) The amperometric responses
of the Ag microbelt device in the presence of H,O, polluted lake water with different concentration.

centrifugation, the impurities in the turbid lake water are well
separated. Then, the supernatant was dropped onto the H,O,
sensor to realize the detection. Fig. 4e shows the amperometric
responses of the Ag microbelt device in the presence of H,0,
polluted lake water with different concentrations. A capacitor
(100 pf) was charged to 3 V to work as power supply of the H,0,
sensor. It is worth noting that, for the sake of safety, the
centrifugal process and the power generation process are
completed separately.

Because Ag microbelt is essentially a resistance, the
conductivity of Ag microbelt increases with the increase of H,0,
concentration. According to the literature,”” the mechanism of
H,0, electroreduction can be expressed as follows:

H202 +e = OH(ad) + OH™

OHq) + ¢~ = OH™

© 2021 The Author(s). Published by the Royal Society of Chemistry

20H™ +2H" = 2H,0

On the surface of Ag microbelt, the reaction become more
irreversible.

|
H,0, %% 502+ H,0

Then the O, generated in the action above would turn into the
detection signal on electrode. It has been proposed that the
electroreduction of oxygen on electrode occurred via the
mechanism shown below.*®

Oy + e = [02" Jiaas)

[07] 44 + H2O=HOj g + OH™

RSC Adv, 2021, N, 23221-23227 | 23225
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Then
HO‘Z(ads) + 0‘2_ = Hoz(ads)_ + 02

or

HOz( ) +e = HOZ(ads)7

ads

And the measured current density increases with an increase
in the concentration of H,0,.?° Therefore, it can be seen that,
the current signal increases with the increase of H,0, concen-
tration. At the same time, it can be seen from Fig. S71 that the
voltage of the capacitor used as the power supply decreases
more quickly due to the decrease of the resistance of the Ag
microbelt band after dropping with lake water containing
10 mM H,0,. Finally, the pretreatment of lake water and the
detection of H,0, in it can be realized through the system.

Conclusions

In summary, we have demonstrated a hand-powered TENG
system, which can simultaneously realize manual centrifugal
and rotary mechanical energy harvesting. The rotator part can
work as centrifuge and separate pure plasma from whole blood
in less than 1.5 min. Moreover, the rotating mechanical energy
can be recycled to power different electronic devices, such as
electronic watch or thermometer. The system exhibits the
potential for battery-free point-of-care diagnostic devices due to
manual pre-processing and self-powered ability. As a demon-
stration, we realized the centrifugation of turbid lake water. At
the same time, the power generated by centrifugation is used to
detect H,O, in the lake water. More importantly, the simplicity
of manufacturing the proposed device could enable mass
distribution of the solution analysis, which is urgently needed
in the field.

Methods
TENG fabrication

The acrylic substrates (2 mm thick) of the stator and rotator
were prepared using laser cutting according to the design in
Fig. S1 in the ESI.T Two Cu films were pasted onto the inner and
outer sections of the stator to function as the electrodes and
then covered by a PTFE film (80 um thick) as one triboelectric
material. Cu films (60 pm thick) were partially pasted onto the
rotator.

H,0, sensor fabrication

The silver and reducing solutions were prepared according to
the typical protocol of the Tollens' reaction for Ag nanoparticle
synthesis with the assistance of microfluidic device. First, the
silver solution was prepared by adding silver nitrate (1.7 g) to
deionized water (20 mL) with potassium hydroxide (40 uL, 0.25
M). Ammonium hydroxide (28-32%) (~1.7 mL) was then added
until the solution became clear and transparent again. Second,
the reducing solution was prepared by dissolving p-glucose
(6.84 g) in deionized water (20 mL) and then adding absolute
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methanol (10 mL) to the obtained solution. The as-prepared
PDMS device was placed on a piece (1.5 x 3 cm? in size) of
silicon dioxide (300 nm in thickness)/silicon wafer (SiO,/Si
wafer) and kept on a square dish with water-soaked paper for
maintaining proper humidity.

Characterization

The open-circuit voltage of the TENG was measured using
a digital phosphor oscilloscope (MSO 2024B, Tektronix, Inc.,
Beaverton, OR, USA) and a low-noise current preamplifier
(model no. SR570, Stanford Research Systems, Inc., Sunnyvale,
CA) were used for electrical measurements. Amperometric
response of the H,0, sensor was measured by an electro-
chemical workstation (Chenhua, Shanghai).
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