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A B S T R A C T   

Harvesting energy from the environment has aroused widespread interest and it can supply renewable power to 
achieve sustainable environment monitoring for the Internet of things (IoT). In this paper, a tri-cylinder-like 
hybrid generator composed of triboelectric nanogenerator (TENG) and electromagnetic generator (EMG) is 
presented to harvest the mechanical energy produced by various fluids as well as sense the real-time flow ve-
locity ecofriendly. This generator can be driven to rotate through a windmill or waterwheel, leading to the 
reciprocating sliding of the internal spring-magnet structure. By arranging coil and foldable TENG structure, it 
can generate hybrid signals along with the rotation while gear pairs are further utilized for both boosting the 
output and expanding the sensing range. The experimental result shows more than twice and six times output can 
be realized by gear pairs for TENG and EMG, respectively, and the recognizable rotational frequency reaches 10 
Hz with a transmission ratio of 5:1. The rotation speed and direction detection are realized based on the output 
voltage frequency and value of TENG caused by the difference of triboelectric layer number. Combined with two 
hybrid generators in a vertical layout, the wind directions are also investigated to be distinguished by computing 
the signal characteristics. Based on these sensing mechanisms, this hybrid generator is able to achieve wireless 
sensing as EMG boosted by gear pairs is sufficient to supply the energy for wireless transmission. This self- 
sustained sensory system shows its great potential for unmanned environment monitoring, disaster warning as 
well as the meteorological record in IoT applications.   

1. Introduction 

Environment monitoring including the record of wind scale, rainfall 
and water level by an unmanned weather station plays an important role 
in the future since there requires the meteorological information for 
daily weather prediction and early warning to avoid the disasters [1–3]. 
For example, the heavy rainfall in a short period often leads to a surge in 
river flow, which in turn often foreshadows sudden regional natural 
disasters. Meanwhile, with the rapid development of 5G and the Internet 

of things (IoT), the sensory information can be transmitted with an 
ignorable delay and thus smart meteorological prediction can be real-
ized through remote terminals with big data and cloud computing 
techniques [4–10]. However, the feasibility and cost-effectiveness of 
unmanned weather stations have to be considered as the battery 
replacement and complex wire distribution are required to ensure the 
daily operation in an outdoor environment [11–13]. Furthermore, the 
necessary maintenance for remote locations like grassland and moun-
tainous region will arise unexpected difficulties. Thus, besides the 
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real-time information collection and monitoring, the next-generation 
unmanned weather station should be energy-sustainable and can 
realize the wireless transmission for avoiding additional batteries and 
electrical wires. The self-powered device capable of harvesting energy 
from ambience to support its basic operation emerges as a possible so-
lution [14–17]. 

Recently, triboelectric nanogenerators (TENGs), a novel technology 
based on the coupling of triboelectrification and electrostatic induction, 
have been successfully developed and attracted increasing interest 
[18–21]. Due to its unique operation principle, TENG always exhibits 
the significant merits of light-weight structure, fabrication simplicity, 
high power density, outstanding energy conversion ratio, and low ma-
terial limitation. In addition, based on its ultrahigh sensitivity to me-
chanical stimulus, the output electrical signal generated during energy 
collection can be utilized directly for further information interaction 
[22–25]. Thus, a variety of TENG-based devices with different working 
modes have been investigated as self-powered sensors for IoT applica-
tions such as wearable electronics [26–31], human-machine interface 
[32–35] and robotic sensing [36–39]. As for the scenarios for the un-
manned weather station, fluid flows including wind and waterflow are 
regarded as a potential and sustainable energy source [40–42] and thus 
it becomes an intriguing approach to obtain the flow velocity for both 
wind and waterflow based on self-powered TENG sensors to predict the 
weather condition as well as the flood situation. Although some previous 
works have achieved self-powered fluid speed detection [43–45], there 
still have some difficulties in broadband detection by single TENG 
sensor. For instance, the TENG-based device may exhibit low output for 
the extremely low frequency like 0.2 Hz and the inertia of the structure 
will limit the device to work under higher frequency for wind detection 
[46]. In this case, a single structure often can’t meet the requirements of 
various application scenarios [47], and there require some techniques to 
adjust the working frequency to obtain a stable and higher output. 

Wireless transmission is another vital point to construct the un-
manned weather station in order to reduce the extra accessory 
requirement [48–50]. Although TENG-based sensors can work without 
any power consumption and several kinds of measures have been pro-
posed to strengthen the output performance, e.g., surface treatment and 
charge injection [51–54], it is not sufficient to satisfy the required power 
of wireless circuit by only using a comparable compact structure. Thus, 
except for expanding the contact area by structural design or long-time 
energy charging, there still requires a breakthrough for improving the 
energy harvesting efficiency of the self-powered system. Note that 
except for triboelectricity, various methods have been used to transform 
fluid energy into electricity based on different mechanisms such as 
electromagnetic [55–57], electrostatic [58–60] and piezoelectric effect 
[61–63]. Among them, electromagnetic generators (EMGs) can provide 
higher current than TENG. Hence, an optimized solution is to design the 
hybrid generator with a combination of TENG and EMG, where TENG 
for sensing and both generators for energy harvesting in order to support 
the self-sustained wireless data transmission, showing its potential for 
unmanned weather station [64–67]. 

In this work, we report a tri-cylinder-like TENG-EMG hybrid gener-
ator to act as a self-powered rotational sensor for fluid velocity detection 
as well as an energy harvester for wireless transmission. The spring- 
magnet structure is arranged in a cylinder where the coil of EMG and 
foldable TENG are arranged to realize energy conversion during magnet 
movement. Three cylinders in a circle form the rotational sensor and the 
triboelectric layer number in each cylinder is different. Thus, the real- 
time velocity can be calculated by the intervals between the triboelec-
tric signals while the sequence of voltage represents the rotational di-
rection. Besides, gear pairs with different transmission ratios are 
introduced to strengthen the output and expand the sensing range. 
Owing to this mechanism, the hybrid generator shows more than twice 
and six times output for TENG and EMG respectively under 1 Hz, and the 
recognizable rotational frequency reaches 10 Hz with a transmission 
ratio of 5:1. Then, self-powered devices for wind and waterflow speed 

detection are demonstrated for weather monitoring, and two hybrid 
generators with vertical layout are developed to distinguish the wind 
direction by computing the signal ratio. The hybrid generator is also able 
to achieve wireless sensing as EMG boosted by gear pairs is sufficient to 
supply the energy. This self-sustained sensory system shows its great 
potential for unmanned environment monitoring, disaster warning as 
well as the meteorological record in IoT applications. 

2. Results and discussion 

The hybrid generator consisting of three TENG-EMG modules for 
rotational sensing is illustrated in Fig. 1a. Due to the great influence of 
environmental humidity on the output, TENG needs to be packaged by 
the enclosed structure and thus, a single module is fabricated using an 
acrylic tube to envelop the spring and magnet slider (weight = 300 g). 
For generating the triboelectric signal and the induced current along 
with the magnet’s sliding, a sandwiched TENG structure is arranged on 
the distal end of the tube where Cu wire is tightly wrapped (Fig. 1b–c). 
Here, the silicone rubber (Ecoflex 00-50) is selected as the negatively 
triboelectric material with a layer of conductive nickel cloth (Ni-cloth) 
on its back as the electrode. The silicone rubber is pretreated with 
sandpaper to construct the microstructure to increase the output. The 
PET with the thickness of 1 mm acts as the substrate as well as the 
skeleton to offer the self-recovery force for TENG, and the negative 
triboelectric patch is glued to the PET substrate directly. Meanwhile, 
another layer of Ni-cloth is used as the positive friction material, which 
is arranged opposite to the silicone rubber. All the TENG-EMG modules 
are distributed onto the central component at the angle of 120◦ and the 
number of triboelectric layers is different in each module. Thus, as the 
hybrid generator rotates, the magnet will slide along with the tube and 
be pulled back by the spring successively. Accordingly, the rotational 
speed and direction can be distinguished by calculating the time interval 
between two peaks and analyzing distinct voltage sequences, 
respectively. 

For mechanical energy in the different forms of fluids, there exist 
differences in the frequency range. The waterflow in nature always ex-
hibits a narrower speed range, and a relatively stable velocity, whereas 
the measurement of wind speed requires higher frequency and accuracy. 
As shown in Fig. 1d–e, the designed hybrid generator combined with 
waterwheel and windmill can be used for fluid speed detection, where 
the windmill has a gear pair with 5:1 transmission ratio. As the instal-
lation of the gear pair, the hybrid generator-based sensor will be slowed 
down under the same wind condition and the rational angle of the 
windmill should be multiplied by the transmission ratio. Despite that the 
sensing range of the sensor is limited by the spring-mass structure due to 
the combination of gravity and centrifugation, the working frequency is 
expanded as the application of gear pair. In addition, the slow waterflow 
can be accelerated by the gear pair with a reverse transmission ratio for 
increasing the output since both the TENG and EMG can be strengthened 
as the magnet operates at a higher speed. Thus, besides energy har-
vesting, the hybrid generator together with the gear pair can realize the 
unmanned environment monitoring since rainfall is related to the 
waterflow in nature and the wind scale can match with the signal fre-
quency. Furthermore, the real-time meteorological information can be 
transmitted back to the remote terminal node for message feedback and 
decision-making through wireless by leveraging the IoT technology 
(Fig. 1f). As shown in Fig. 1g, the schematic diagram of the hybrid 
generator network is depicted for harvesting fluid energy to power the 
environmental monitoring. This self-sustained sensory system shows its 
great potential for the applications of unmanned environment moni-
toring, disaster warning as well as meteorological record. 

The working mechanisms of the TENG-EMG hybrid generator are 
given in Fig. 2a–c. The device operation can be divided into four states 
marked as the states (i)–(iv) related to the working process of TENG as 
shown in Fig. 2b. The magnet is under centrifugal force along the sliding 
direction, pulling force in the opposite direction, and gravity in every 
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state (Fig. 2a). In general, for the EMG-TENG module, the TENG should 
be compressed in the bottom position to ensure the charge transfer (i.e., 
the centrifugal force together with spring force is smaller than the 
gravity) while it needs to be released at the top position (i.e., the cen-
trifugal force is smaller than the summary of gravity and spring force). 
Thus, the spring stiffness and magnet mass determine the working 
capability, and the detailed discussion for selection of mass and spring 
can be found in Supplementary materials Note 1. Here, the NdFeB 
magnet with a weight of 300 g and three springs with a spring coeffi-
cient of 30 N/m are selected to guarantee the operation under 2.5 Hz. In 
addition, the spring with various elastic coefficients can be chosen for 
adjusting the measurable range, e.g., improving spring stiffness for 
operation in a higher frequency. 

The single TENG-EMG module moves in a circle and the TENG works 
in the contact-separation mode. The working process of TENG can be 
divided into states (i)–(iv) as shown in Fig. 2b. As the magnet com-
presses the TENG, it arrives to state (i) and two triboelectric layers 
contact with each other. Because of the electron’s affinity difference, the 
surface of silicone rubber will be negatively charged and the top layer of 
Ni-cloth will be positively charged. When the compression is releasing, 
the TENG changes into the state (ii) and triboelectric layers separate 
from each other. Based on the electrostatic induction, negative charges 
on the surface of the silicone rubber will induce the positive charges to 
flow from the positively triboelectric materials to the electrode on its 
backside, resulting in electric potential and eventually the electric cur-
rent in the external circuit. Afterwards, the positive material layer 
completely separates from the negative one as shown in the state (iii) 
and the electrode collects more positive charges. Then, as the magnet 
starts to approach TENG, the state (iv) occurs where the positive charges 
flow back to the positively triboelectric layer, leading to the reverse 
current. Thus, the TENG can generate signal along with the rotation. 
Similarly, as the magnet slides in the acrylic tube, the distribution of 
magnetic flux changes in the coil and there generates the induced cur-
rent to impede this change according to Lenz’s law (Fig. 2c). 

For TENG’s contact-separation mode, obtaining the more transferred 
charge is the key to improve its output performance. Thus, the main 
factors affecting voltage output include material type, texture as well as 
geometric dimension. To enhance the output, the TENG with five 

different negatively triboelectric materials are tested under 1.0 Hz 
compression, where the positive material is Ni-cloth and the contact 
area is constrained to 6 cm2. The compression test is conducted by the 
customized compressing machine and the force is regulated by the force 
sensor as shown in Fig. S1. Compared to other materials such as PTFE 
and FEP, the result indicates that silicone rubber shows a better output 
performance (Fig. 2d). Although the increase of contact area will lead to 
the improved output (Fig. S2), silicone rubber with an area of 7.5 cm2 is 
selected due to the limitation of device size. In this paper, sandpapers of 
different roughness are used to form the micro-pattern on the surface of 
silicone rubber. As depicted in Fig. 2e, after applying the sandpaper with 
500–3000 mesh, the output voltage under the same condition is 
apparently improved from 20 V to 32 V. The performance improvement 
is more than 50% compared to the one without any surface treatment 
and the reason is that the micro-pattern as shown in Fig. S3a enhances 
the contact area. Besides, the stacked structure with several TENG units 
connected in parallel is used to improve the output performance as well 
as for rotational direction (Fig. S3b). The performance of devices with 
different TENG units in parallel is also verified and the result reflects 
that the output increases obviously and the voltage of three-stack 
structure can be doubled to 62 V (Fig. 2f). The short-circuit current 
and transferred charge of the parallel TENGs are shown in Fig. S4. The 
working mechanism and the surface charge potential distribution are 
then theoretically analyzed by finite-element method simulation using 
the COMSOL Multiphysics software (Fig. 2g–i). 

The electrical output performance of the single TENG or EMG unit 
under different frequencies is measured based on the compression ma-
chine to verify the effect of the gear pair. The voltage and current out-
puts of the EMG unit at four different frequencies are plotted in Fig. 3a. It 
can be found that the open-circuit voltage increases from 0.14 V to 0.5 V 
as the rotation frequency increases, while the current increases from 
10 mA to 55 mA. The relationship of the power with different load re-
sistances among the EMG unit can be found in Fig. 3b. Under different 
frequencies, the average output power of the component reaches the 
peak value at the external resistance of 150 Ω, reaching 0.26 mW, 
0.68 mW, 1.02 mW, and 1.88 mW, respectively. The reason for this 
phenomenon is that the speed of the coil to cut the induction line has a 
significant effect on power according to Faraday’s law. For a single 

Fig. 1. The tri-cylinder-shaped triboelectric sensory system for unmanned environment monitoring. (a) Schematic illustration of the TENG-EMG hybrid generator. 
(b) Photograph of the TENG structure. (c) The as-fabricated cylinder with TENG and EMG. (d) The hybrid generator attached to a waterwheel for detecting the 
waterflow velocity, and (e) attached to a windmill for wind speed detection. (f) Diagram of the self-powered wireless sensory system based on TENG-EMG hybrid 
generator for environment monitoring and natural disaster warning. (g) Schematic diagram of the hybrid generator group for harvesting energy and environ-
ment monitoring. 
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TENG, the voltage for 1–4 Hz increases from 35 V to 60 V, while the 
current increases from 4 μA to 6 μA (Fig. 3d). The average output power 
of the TENG component under different frequencies reaches the peak 
value under the external resistance of about 15 MΩ, which is much 
higher than EMG. Compared to the 1 Hz condition, the TENG com-
pressed with 4 Hz shows about double power approaching to 80.2 μW 
(Fig. 3e). Then, a capacitor (33 μF, 16 V) has been charged by EMG and 
TENG respectively (Fig. 3c and f). Similar to the aforementioned result, 
the capacitor can be charged more quickly under a higher frequency. 
Also, the result indicates that the maximum value of the capacitor is 
related to working frequency for EMG and it seems that the TENG with 
high output voltage can charge the capacitor more quickly. 

The characterization of EMG or TENG identifies the gear pear’s effect 
on electrical performance. Thus, the hybrid generator with different 
gear pairs is used to further verify the performance where the testing 
system in Fig. S5 with a stepper motor is utilized to mimic different 
working conditions of the waterwheel and windmill. The waterflow 
always flows slowly and low frequency causes the issue for energy 

collection. Hence, gear pairs with different transmission ratios (1:1–1:5) 
are arranged to accelerate the rotation speed of the hybrid generator 
where the motor keeps 0.5 Hz rotating. The measured TENG output 
indicates the hybrid generator can be accelerated by the gear pair and 
electrical performance is improved largely as well. As for the wind speed 
detection, there require devices for a larger sensing range (even 40 m/s 
for typhoon). Here, the hybrid generator realizes 10 Hz detection 
(Fig. 3g) with the help of gear pair (5:1 transmission ratio). Noticeably, 
as the device performs 2 Hz and 2.5 Hz rotation, there occur two voltage 
peaks for one cycle, whereas the 2.5 Hz condition exhibits a smaller 
value for the second peaks. The reason for this phenomenon is that the 
combination of inertial force, centrifugal force, and gravity leads the 
magnet to contact the TENG structure twice in a single cycle. The 
detailed discussion can be found in Fig. S6 and Supplementary materials 
Note 2, and the effect to rotation sensing can be avoided by voltage 
threshold. As depicted in Fig. 3h, the capacitors with 2.2 μF, 10 μF, and 
33 μF are charged by three-stack TENG under 1 Hz rotation where the 
2.2 μF capacitor shows the quickest charging capacity. The application 

Fig. 2. Optimization of the output performance for TENG-EMG hybrid generator. (a) Schematic diagram to depict the three motion states of the single cylinder: 
Bottom, fully contact; Left, separating; Right, approaching. (b) Working principle of the TENG structure. (c) Working mechanism of EMG under sliding mode 
generating varying electrical flux upon the motion of the magnet. (d) Average peak voltages of TENGs when different materials are applied as the negative friction 
layer. (e) Open-circuit voltages of the TENG with different surface treatments, where 0 mesh presents no treatment and others mean the surface is treated by 
sandpapers with different meshes. (f) Open-circuit voltages of the TENG units with different layer numbers. (g)–(i) Finite element model simulation of TENG working 
mechanism using COMSOL Multiphysics software. 
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of the TENG component for energy harvesting is further verified after 
charging the capacitor. 33 LEDs forming “SHU” are lighted up by the 
TENG with the circuit in Fig. 3h. Besides, the mechanical durability of 
the TENG is one of the important factors for both energy harvesting and 
self-powered sensing applications. Thus, the durability experiment is 
carried out, where the device is driven by a constant frequency (1.0 Hz). 
The output voltages in Fig. S7 exhibit negligible changes even though 
after the usage of 5000 cycles. 

As shown in Fig. 4a–b, the real-time wind speed and direction are 
demonstrated based on the proposed TENG-EMG hybrid generator with 
a gear pair and windmill. The basic working principle of the sensory 
system is that microcontroller unit (MCU) with the related circuit de-
tects the real-time signal of the single TENG and then it calculates the 
time interval to obtain the signal frequency. Noticeably, the signal fre-
quency is equal to the rotation frequency of the hybrid generator. Thus, 
the real-time wind speed will be given on the screen based on Vwind 
= 2πifL, where f is the rotation frequency, i is the transmission ratio, and 
L = 200 mm is the radius of the windmill. The hybrid generator driven 
by a motor with different rotation speeds is demonstrated to verify the 
accuracy and as illustrated in Fig. S8a and Movie S1. The device ac-
complishes an accuracy of more than 97% compared to the rotation 

speed given by the motor. After integrated with a gear pair (5:1 trans-
mission ratio), the windmill is driven by a blower with different flow 
rates (from 3 m/s to 10 m/s), and the real-time signal also reflects the 
time interval between two peaks will decrease along with the increase of 
the flow speed (Fig. S8b and c). Thus, the sensory system successes to 
show the real-time speed on the screen (Fig. 4c and Movie S2). Besides, 
the detected speed also matches with the commercial sensor well 
(Fig. S8d), showing the good performance in self-powered wind speed 
monitoring. Here, the as-fabricated device can detect in a speed range up 
to 15 m/s and it can further be improved by adjusting the spring stiffness 
or the transmission ratio of the gears. The direction of rotation can also 
be sensed by connecting three TENG units of different tubes in parallel. 
As shown in Fig. 4d and Movie S3, the output characteristics of the 
device driven by two different frequencies (1.0 Hz and 1.5 Hz) in 
clockwise (CW) and anticlockwise (ACW) states are tested. The result 
shows that the rotation direction of the device can be recognized by the 
electrical signal, i.e., incremental peak voltages for CW and decremental 
peak voltages for ACW. 

Supplementary material related to this article can be found online at 
doi:10.1016/j.nanoen.2021.106501. 

As shown in Figs. 4e and S9, two hybrid generators with windmill 

Fig. 3. Electrical output characteristics of the TENG-EMG hybrid generator. (a) Open-circuit voltages and currents for singular EMG activated by different fre-
quencies. (b) Peak powers with different load resistances for the singular EMG. (c) Measured voltages of a 33 μF capacitor charged by EMG. (d) Open-circuit voltages 
and currents for singular TENG unit activated by different frequencies. (e) Peak powers with different load resistances for TENG. (f) Measured voltages of a 33 μF 
capacitor charged by TENG. (g) Output characteristics of TENG at different transmission ratios (waterwheel rotational frequency: 0.5 Hz, windmill rotational fre-
quency: 10 Hz). (h) Commercial capacitors with different capacitances are charged by TENG under 1 Hz cyclic compression. The inset is the schematic diagram of the 
system for capacitor charging. (i) Photo of the LEDs lighted up by TENG. 
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marked as device-1 and device-2 are applied to detect both wind speed 
and direction for weather monitoring. And they are perpendicular to 
each other and placed on the platform. The basic strategy for deter-
mining the wind direction is that the rotation directions can be obtained 
by comparing the respective signal output of two devices as shown in 
Fig. 4f. The tests are conducted by starting from the initial position (0◦, 
east) and the blower rotates clockwise slowly at an interval of 10◦ to 
obtain the signal outputs of two devices. For a single device, the rota-
tional speed driven by the wind at different orientations shows the 
specific performance as shown in Fig. S10a. Due to the perpendicular 
layout, device-2 shows the largest output at first, whereas device-1 has 
the lowest output voltage. Meanwhile, the output of device-2 decreases 
with wind direction from 0◦ to 90◦ and increases from 90◦ to 180◦. The 
device-1 shows the reverse trend. In general, the characteristic of a 
single device with wind from 0◦ to 360◦ seems to be a sine wave, and the 
sine waves for the two devices have a 90◦ phase difference. The output 
for different wind directions has been tested 5 times and then plotted in 
Fig. 4g. By using the voltage ratio of two devices, i.e., VDevice-2/VDevice-1, 
the relative value can be utilized to improve the sensing accuracy 
(Fig. 4h). For instance, the lower limit of shadow area (VDevice-2/VDevice-1 

= 0.2) represents 67.5◦, 157.5◦, 247.5◦ and 337.5◦ while the higher 
limit (VDevice-2/VDevice-1 = 2.3) is for 22.5◦, 112.5◦, 202.5◦and 292.5◦. 
Notably, the relative value in each 180◦ has the identical trend and the 
detailed direction can be distinguished based on the rotation direction of 
the device. As shown in Figs. 4i and S10b, the wind from southeast and 
northwest causes the device to rotate in different directions. Therefore, 
the sensory system for wind direction detection can be constructed 
based on combining two TENG-EMG hybrid generators. 

As for the waterflow detection, the flow rate in the river is usually 
below 0.5 m/s and heavy rainfall for a short period tends to increase the 
flow rate rapidly. Thus, the as-fabricated hybrid generator is compatible 
with the waterflow speed monitoring as well. The real-time speed and 
the total rotation distance of the waterwheel have been demonstrated as 
shown in Fig. 5a, where the waterwheel is driven by a small pump. The 
real-time flow speed of a constant (about 1.15 m/s) and variable flow 
rates (from 0.5 m/s to 1.8 m/s) are validated in Movies S4 and S5. 
Similarly, as the speed reaches the warning range, the TENG unit re-
alizes the output of the warning signal as shown in Fig. 5b. Herein, it is 
possible for the hybrid generator in environment monitoring applica-
tions such as rainfall measurement and waterflow detection. The TENG- 

Fig. 4. Demonstration of wind speed and direction detection. (a) Schematic diagram of the self-powered fluid speed measuring system. (b) Device for detecting the 
wind speed in real time, where the sensing range is expanded by the gear pair with a 5:1 transmission ratio. (c) The result for wind speed detection and the value for 
commercial sensor. (d) Voltage outputs of TENG for both clockwise (CW) and anticlockwise (ACW). The directions of CW and ACW are defined by facing the 
windmill. (e) Layout and (f) schematic diagram of the wind speed and orientation monitoring system with two hybrid generators. (g) Peak voltages of TENGs in two 
hybrid generators driven by the blower with the angle of 0–360◦. (h) The TENG voltage outputs of two hybrid generators to distinguish the rotational direction. (i) 
Relationship of blowing orientation versus relative value. The relative value represents peak voltage ratio of device-1 and device-2, and shadow areas mean the range 
of 22.5–67.5◦, 112.5–157.5◦, 202.5–247.5◦, and 292.5–337.5◦. 
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EMG hybrid generator with the waterwheel and windmill have shown 
good accuracy as well as sensitivity in the flow speed measurement. 
Combined with the high current of EMG and the high voltage of TENG, 
the hybrid generator could be connected in parallel to charge the 33 μF 
capacitor. Here, a single TENG-EMG module (three-stack TENG and one 
EMG) can charge the capacitor to the 3 V in 98 s while a single TENG 
structure needs 135 s (Fig. 5c) under 1 Hz rotation. The experimental 
results show that the hybrid module has a stronger energy collection 
capability than single EMG or TENG, which shows the superior 

performance of the hybrid energy collector, and the device has the po-
tential to meet the demand of power supply for the IoT-based moni-
toring system. The hybrid generator is then applied to charge the 
commercial lithium-ion battery (3.7 V, 45 mA h) at a frequency of 1 Hz. 
It takes less than 7000 s to charge the battery from 0.7 V to 3.7 V 
(Fig. 5d). 

Supplementary material related to this article can be found online at 
doi:10.1016/j.nanoen.2021.106501. 

Herein, the self-powered sensing can be realized based on the 

Fig. 5. Demonstration of self-sustainable wireless sensing system. (a) The self-powered sensor based on hybrid generator for detecting the waterflow speed. (b) The 
schematic diagram for waterflow speed exceeding the limit to generate an alert. (c) Charging commercial capacitor of 33 μF using TENG-EMG hybrid generator. (d) 
Charging for a lithium-ion battery using the hybrid generator. (e) Diagram of charging circuit for wireless sensing system. (f) Hardware of (e). (g) Illustration diagram 
for harvesting fluid energy for unmanned environment monitoring. 
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charged battery with the power management module to support the 
operation of MCU and wireless transmission module. To decrease the 
power density, power management circuits are designed for the wireless 
sensory system as shown in Fig. 5e. The hybrid generator provides AC 
voltage to PZ1 and PZ2 of the power management chip (LTC 3588) and 
the AC voltage will be rectified to charge a capacitor of 1 mF. Here, the 
low dropout regulator (LDO) and power LED in Arduino Nano are 
removed for decreasing the energy consumption and the input voltage 
can be decreased from 5 V to 3.3 V [8]. Furthermore, as the RF trans-
ceiver accounts for the large energy consumption, it is set to be inter-
mittently powered to reduce the energy consumption, which can be 
achieved through Arduino Nano codes or the manual switch. Thus, 
under-voltage lockout (UVLO) in the chip will work from 3.67 V to 
5.05 V as the Vout is defined as 3.3 V. LTC 3588 outputs the voltage 
through Vout, where a battery is utilized to store the output energy for 
powering the Arduino Nano. The TENG of the hybrid generator outputs 
stable voltage signals to the A0 through the filtering and rectifier circuit, 
and then, the signal can be read by MCU. Here, the filter capacity is 3 nF 
and the adjustable resistance is 15 MΩ to adjust the voltage value. The 
digital signals received by Arduino Nano are delivered through the RF 
transceiver port (Bluetooth, DL-20 CC2530). As depicted in Fig. 5f, the 
host terminal has another RF transceiver where a laptop computer is to 
receive and display wireless data. Movie S6 and Fig. S11 demonstrate 
the wireless sensory system for waterflow speed measurement, where 
both the charging and sensing can be intermittently achieved. The vir-
tual scenarios of waterflow and wind monitoring are shown in Fig. 5g. 
The gear-based structure can effectively convert and collect the me-
chanical energy of water at a low flow rate while it can enlarge the 
sensing range of the wind speed detection. The normal velocity of wind 
and waterflow can satisfy the energy requirements for wireless trans-
mission, while the real-time wind and waterflow speed can be moni-
tored. Thus, the proposed TENG-EMG hybrid generator shows a huge 
potential in the environmental monitoring for the unmanned weather 
station, disaster warning as well as meteorological record. 

Supplementary material related to this article can be found online at 
doi:10.1016/j.nanoen.2021.106501. 

3. Conclusions 

In summary, we have demonstrated a tri-cylinder-like TENG-EMG 
hybrid generator for fluid energy harvesting and self-powered wireless 
sensing system application in this paper. The spring-magnet structure is 
arranged in each cylinder to achieve the successive sliding to activate 
the sandwiched TENG and generate the induced current for EMG as the 
device’s rotation. Gear pairs with different transmission ratios are 
further utilized for the hybrid generator to boost the output and expand 
the sensing range based on enlarging the rotational frequency for low 
frequency and slowing down for higher frequency, respectively. The 
experimental result shows more than twice and six times outputs are 
realized by gear pair for TENG and EMG respectively under 1 Hz 
external stimulation, and the recognizable rotational frequency reaches 
10 Hz with a transmission ratio of 5:1. The rotation speed and direction 
detection are realized depending on the signal frequency and voltage 
sequence since the triboelectric layer number in each cylinder is 
different. The hybrid generator together with windmill or waterwheel 
has verified the fluid flow speed detection for weather monitoring and 
two hybrid generators with vertical layout are developed to distinguish 
the wind orientation by computing the signal ratio. The hybrid gener-
ator is also demonstrated to achieve wireless sensing as EMG boosted by 
gear pair is sufficient to supply the energy for wireless transmission and 
TENG works stably for rotation sensing. This self-sustained sensory 
system shows its potential for unmanned environment monitoring, 
disaster warning as well as the meteorological record in IoT 
applications. 

4. Methods 

4.1. Fabrication of the TENG 

PET film is cut into a 30 mm × 30 mm × 1 mm patch and two ends 
of the patch are bonded together by double-sided tape to form the 
substrate. Part A and part B of the negatively triboelectric materials 
(Ecoflex 00-50, Smooth-on) are equally mixed and stirred for 2 min. The 
mixed silicone rubber is put into the vacuum environment to debubble 
for 3 min and then poured into the mold with sandpaper at the bottom. A 
piece of Ni-cloth is placed above the silicone rubber before curing in the 
oven at 70 ◦C for 60 min. After demolding, the 30 mm × 25 mm silicone 
rubber is glued to the PET substrate by Sil-poxy (Smooth-on) and 
another triboelectric layer cut from the Ni-cloth tape with the same 
dimension is fixed on the opposite face of PET substrate. The TENG units 
are bonded together by double-sided tape to construct the two-stack and 
three-stack TENG structure. 

4.2. Fabrication of the TENG-EMG hybrid generator 

The central component is designed by 3D software (Solidworks 
2016) and then fabricated by the 3D printer (M200 plus, Zortrax). The 
stretching spring bonded with NbFeB magnet and acrylic pipe with 
50 × 100 × 2 mm3 are fixed to the central component through holt-melt 
glue. The TENG unit is glued onto a 3D-printed cap and then the cap 
seals the acrylic pipe to prevent the external factors affecting the output 
performance. Cu wire with 0.35 mm diameter is wrapped from the 
middle of each pipe to the distal end for 100 turns to form the electro-
magnetic coil. The conductive slip ring (MT0522, Moflon) is set at the 
center axis of the device to avoid the conductive thread winding. 

4.3. The electrical measurement 

The electrical signals including open-circuit voltage, short-circuit 
current and transferred charge are observed through an electrometer 
(Model 6514, Keithley) and recorded by an oscilloscope (DSOX 3034T, 
Keithley). The customized machine with a crank-link mechanism is 
applied to compress the TENG structure and the compressing force can 
be sensed by the force sensor (DF9-40-MY2801). The performance of the 
hybrid generator with waterwheel or windmill is tested by a probe with 
100 MΩ impedance and displayed by the oscilloscope. The flow velocity 
detections are controlled by the MCU (Arduino Mega 2560) with the 
concerned processing circuit and the real-time velocity is displayed 
through LCD. The power management module (LTC3588, LINEAR) 
together with Arduino Nano is used to manage the energy charging 
process for wireless transmission and the commercial anemometer 
(AT816, Smart Sensor) is applied to get the standard wind speed. 
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