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A B S T R A C T   

Triboelectric nanogenerators (TENG) based on liquid-solid or solid-solid contact have attracted much attention in 
sensing applications recently. However, the stain caused from external environment and high friction over 
triboelectric interface are two important issues yet to be solved. To address these issues, a novel magnetic field 
assisted non-contact TENG is designed by driving the motion of ferrofluid in a sealed tube under an external 
magnetic field without direct contact. The as-designed TENG can separate the external mechanical motion from 
the inner triboelectric process, thereby solving the potential stain problem over the triboelectric interface from 
external environment. Furthermore, a lubricant oil layer is introduced between ferrofluid and substrate to 
construct a liquid–liquid triboelectric interface, which facilitates the sliding behavior of ferrofluid. This design 
helps to extend the range of linear relationship between triboelectric current peak value and the ferrofluid 
motion velocity over its surface, thereby breaking the motion velocity measurement limit of TENG as a velocity 
sensor. Finally, its potential application is demonstrated as a self-powered water/liquid level sensor. This work 
provides a novel type of non-contact TENG, and shows triboelectrification on liquid–liquid contact. The novel 
TENG could be further applied as a highly sensitive sensor in harsh environment.   

1. Introduction 

Triboelectric nanogenerators (TENG) have attracted much attention 
for their applications in self-powered active sensing [1–8]. Recently, 
they have been demonstrated to be effective as tactile and rotation 
sensors based on solid/solid contact [9–14], and as wave, acceleration, 
and liquid sensors based on liquid/solid contact [14–20]. However, 
there are still some issues that need to be addressed for their 
self-powered sensing applications. 

Firstly, the triboelectric layer can easily be stained by biofouling and 
chemical stains from the external environment during TENG’s practical 
application [21,22]. The stain over interface would thus affect the 
output of TENG, thereby bringing a deviation to the TENG sensor. This 
problem could be solved by designing a non-contact TENG that can 
separate the triboelectric charging interface with the external environ-
ment [23–25]. Ferrofluid is a kind of material that could be actuated by 
an applied external magnetic field [26–28]. By applying a magnetic 
field, the ferrofluid, which is placed inside a closed container that is 

separated from the external environment, would move along the flow. 
Owing to the triboelectric effect at liquid-liquid interface, the ferro-
fluid’s motion is converted into an electric signal. Thus, with the fer-
rofluid, the TENG is separated from the external environment, which 
would prevent the triboelectric layer to be stained, whether from 
biofouling, or chemical stain from the external environment. The 
introduction of ferrofluid brings new opportunity for the design of novel 
non-contact TENG, and further extends the applications of non-contact 
TENG. To the best of our knowledge, this is the first report about 
design of non-contact TENG based on ferrofluid. 

Secondly, sensitivity, but not high electric output, is the most 
important parameter for the design of self-powered triboelectric sensor. 
High friction always exists in the traditional solid/solid and solid/liquid 
contact sliding and freestanding triboelectric models, which are not the 
best choices for the sensor design in practical applications. For example, 
in liquid-solid contact, friction exists on the interface results in a relative 
motion velocity limit between each other. In a case that water flows with 
a velocity exceeding the limit, the friction would result in a deformation 

* Corresponding author. School of Materials Science and Engineering, Georgia Institute of Technology, Atlanta, GA, 30332-0245, USA. 
E-mail address: zhong.wang@mse.gatech.edu (Z.L. Wang).  

Contents lists available at ScienceDirect 

Nano Energy 

journal homepage: http://www.elsevier.com/locate/nanoen 

https://doi.org/10.1016/j.nanoen.2020.104703 
Received 11 February 2020; Received in revised form 5 March 2020; Accepted 10 March 2020   

mailto:zhong.wang@mse.gatech.edu
www.sciencedirect.com/science/journal/22112855
https://http://www.elsevier.com/locate/nanoen
https://doi.org/10.1016/j.nanoen.2020.104703
https://doi.org/10.1016/j.nanoen.2020.104703
https://doi.org/10.1016/j.nanoen.2020.104703
http://crossmark.crossref.org/dialog/?doi=10.1016/j.nanoen.2020.104703&domain=pdf


Nano Energy 72 (2020) 104703

2

of water flow, which would cause a water droplet or a thin water-based 
film to be left behind. Consequently, the signal generated by liquid-solid 
interfacing TENG sensor could not reflect the real water motion. 
Recently, liquid-liquid interfacing triboelectric process has been 
demonstrated [29,30]. It could be utilized to improving the test accu-
racy of TENG sensor for its advantage in reducing friction on the 
triboelectric interface of TENG, but it still requires experiment 
verification. 

Here, in this work, a novel magnetic field assisted non-contact and 
liquid–liquid interfacing TENG (LLi-TENG) was proposed to solve the 
above-mentioned problems of traditionally designed TENG in self- 
powered sensing application. To realize the non-contact behavior, fer-
rofluid was injected into a sealed polytetrafluoroethylene (PTFE) tube 
wrapped with grounded copper (Cu) electrodes on the exterior of the 
tube. The ferrofluid’s sliding behavior in the tube is caused by an 
external magnet ring, and the ferrofluid’s motion would induce electron 
transfer between Cu electrode and ground. To construct a liquid-liquid 
triboelectric interface, lubricant oil perfluoropolyethers (PFPE) was 
introduced between ferrofluid/PTFE tube interface, and it facilitates the 
ferrofluid sliding behavior over its surface. The working principle of the 
LLi-TENG was proposed based on finite-element simulations and veri-
fied with experimental results. To prove its potential applications as a 
motion velocity sensor and a location detector, the relationship between 
external magnet’s motion velocity and the TENG short-circuit current 
peak value was investigated, and characteristics peak positions of both 
open-circuit potential and short-circuit current were analyzed to corre-
spond with the location of external magnet ring. The linear relationship 
range of LLi-TENG was compared with that of liquid-solid interfacing 
TENG to demonstrate the advantage of introducing lubricant oil layer 
into triboelectric interface, and the results were explained based on the 
surface roughness analysis. Finally, the potential application of the non- 
contact LLi-TENG was demonstrated by its use as a water level sensor, 
and its advanced performance was proven in simulated polluted water 
environment. This research extends the possible application area of 
TENG, especially as a self-powered and highly sensitive sensor in harsh 
environment. 

2. Material and methods 

2.1. Fabrication of TENG 

Two kinds of polytetrafluoroethylene (PTFE) tubes with length of 18 
cm were utilized for the fabrication of LLi-TENG, which are the inner 
tube with inner diameter of 1.270 cm and thickness of 0.159 cm, and the 
outer tube with inner diameter of 1.905 cm and thickness of 0.159 cm, 
respectively. A certain volume of lubricant oil perfluoropolyethers was 
dropped over the inner surface of inner tube, and then spread it over the 
inner tube surface using a PTFE film with contact area of 0.3 cm2, which 
is much less than the total surface area of tube surface (around 71.8 
cm2). After being spread over the entire tube surface, the lubricant layer 
was then left to stand in ambient condition for 2 h, to let it further spread 
over under gravity and surface tension. The thickness of lubricant (CA. 1 
μm–50 μm) can be controlled by the volume of lubricant dropped. 0.2 
mL commercial water-based ferrofluid EMG 607 (Ferrotec, Corp., Santa 
Clara, CA, USA) was dropped into the inner tube. Copper tape with 
width of 0.6 cm was wrapped over outer surface of the inner tube as ring 
electrodes. The inner tube was then covered with insulation polymer 
and copper tape, and inserted into the outer PTFE tube. The two tubes 
were then sealed with water-proof tape. To prove the advantage of 
liquid-liquid interfacing triboelectric model in improving the LLi-TENG 
performance as a sensor, a similar liquid-solid interfacing TENG (LSi- 
TENG) was fabricated with the sample procedure except that there is no 
lubricant oil between ferrofluid/PTFE tube interface. 

To design a water level sensor, a ferromagnetic ring covered with 
hollow acrylic was utilized for reflecting the water level. The air in the 
acrylic helps to increase the buoyancy to magnet, thereby making the 

magnet ring floating over water level. 

2.2. Electrical measurement and surface analysis 

The open-circuit voltage and short-circuit current were measured by 
using a Keithley 6514 system electrometer. The morphology of slippery 
lubricant PFPE-infused layer was characterized by an atomic force mi-
croscopy (AFM). 

2.3. Simulation model for the LLi-TENG 

The proposed model is based on a ferrofluid layer with thinkness of 1 
mm, and 6 mm wide Cu electrode wrapped on a PTFE tube with inside 
diameter of 1.270 cm and thickness of 0.159 cm. The triboelectric 
charge density on the surfaces of the ferrofluid and lubricant oil over 
PTFE tube is assumed to be 1 μC m� 2. 

3. Results and discussion 

Fig. 1 shows the schematic of LLi-TENG. As shown in Fig. 1a, a 
lubricant PFPE-infused layer was fabricated over the inner surface of 
inner PTFE tube. Copper ring electrodes over outer surface of inner tube 
were connected with ground, and the distance between each ring elec-
trodes was controlled according to experiment need. The inner surface 
of outer tube was entirely covered with copper electrode, which was 
utilized for blocking the external effect to the signal by connecting with 
the ground. An insulating polymer was inserted between inner tube and 
outer tube to avoid contact between the electrodes. The magnet ring out 
of tube can drive the synchronized motion of ferrofluid with external 
mechanical motion under magnetic field. A PTFE tube was selected as 
outer tube, because the PTFE is a kind of material with good anti-fouling 
performance, thereby solving the problem that the friction resistance 
between tube and external magnetic ring increases for the biofouling in 
practical application. The detailed fabrication process is described in the 
Experimental Section. The fabricated TENG is apparently composed of 
as-designed nested tubes and a magnet ring covered with acrylic, and its 
photo is shown in Fig. 1b. 

To illustrate the effect of lubricant oil on the relative motion of the 
ferrofluid, contact angle measurements were performed. The contact 
angle of ferrofluid on PTFE is 103.5 � 3� (Fig. 1c1) for the inherent 
hydrophobic property of PTFE. In contrast with that, the contact angle of 
lubricant PFPE on PTFE is lower than 10� (Fig. 1c2). Since the PTFE 
presents a better chemical affinity to lubricant oil than the ferrofluid 
[28–30], the lubricant oil over PTFE can be hardly replaced by ferro-
fluid, which is evidenced by the fact that the ferrofluid droplet steadily 
stands over slippery lubricant oil-infused surface (Fig. 1c3). Under 
applied magnetic field, the ferrofluid droplet spreads over slippery 
lubricant oil-infused PTFE surface and presents in a form of thin layer 
(Fig. 1c4). The sliding contact angles of ferrofluid droplet were 
measured on both bare PTFE and slippery lubricant oil-infused surface. 
It is clear that the ferrofluid droplet still sticks over bare PTFE surface 
with a titled angle of 25� (Fig. 1c5). In contrast, the droplet can easily 
slide off slippery lubricant oil-infused layer with a titled angle of around 
5� (Fig. 1c6), indicating that slippery lubricant oil-infused layer would 
facilitate the sliding of ferrofluid for its low attraction between PFPE and 
ferrofluid. The easier sliding behavior of water-based ferrofluid over 
lubricant oil-infused layer can be attributed to the insolubility between 
lubricant oil PFPE and ferrofluid, and also the low roughness of slippery 
lubricant oil-infused layer evidence by AFM (Figs. S1 and S2). This 
provides the primary advantage for constructing the liquid/liquid con-
tact triboelectric model, as the liquid/liquid contact allows easier mo-
tion of the ferrofluid. It should be noticed that the ferrofluid droplet 
slides off the slippery lubricant oil-infused layer with a constant velocity 
(Fig. 1c6), indicating the lubricant oil can completely cover the substrate 
after the fabrication procedure. 

Fig. 2a illustrates the working principle of LLi-TENG under short- 
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circuit condition. The water-based ferrofluid was fabricated by 
dispersing magnetic Fe3O4 nanoparticles into water with the assistance 
of surfactant. It is believed that the Fe3O4 nanoparticles are covered with 
water molecules. Thus, the triboelectric charging behavior of LLi-TENG 
actually occurs on the water/lubricant oil interface. For the existence of 
high surface electron affinity atoms, Fluorine and Oxygen atoms, in the 
chemical structure of lubricant oil PFPE, it most likely to attract elec-
trons from the water, causing a net negative charges in lubricant oil 
PFPE and a net positive charges in the ferrofluid. The generated negative 
triboelectric charges distribute evenly over the slippery lubricant oil- 
infused surface, and they can remain for a period of time for the insu-
lation property of lubricant oil PFPE. At the original position (Fig. 2a-ⅰ), 
these negative triboelectric charges remain over lubricant oil-infused 
surface would induce some electrons flow from the Cu electrode to the 
ground. Once the ferrofluid droplet approaches the Cu electrode, its 

positive triboelectric charges will drive electrons to flow from the 
ground to the Cu electrode, as shown in Fig. 2a-ⅱ. The electrons continue 
to flow to the Cu electrode until the center of ferrofluid droplet is aligned 
with the center of electrode (Fig. 2a-ⅲ). With the ferrofluid droplet slides 
away from the Cu electrode, the induced electrons flow back to the 
ground (Fig. 2a-ⅳ), and finally the device returns to its original state 
(Fig. 2a-ⅴ) as the ferrofluid is far from the electrode. Consequently, an 
alternating current signal would be generated with the ferrofluid droplet 
approaching and leaving the electrode, and it can be utilized as an in-
dicator for the position of ferrofluid droplet. 

The COMSOL Multiphysics software based on finite-element simu-
lation is employed to calculate the potential distribution of three typical 
states under open-circuit condition, as shown in Fig. 2b. The calculated 
potential distribution across the electrode is consistent with the pro-
posed working principles. With the ferrofluid droplet sliding from left to 
the middle position (the upper position of electrode), the potential on 
electrode gets more positive (Fig. 2b-ⅰ, 2b-ⅱ, 2b-ⅲ), inducing the electron 
flow from the ground to the copper electrode. After the ferrofluid droplet 
slides away from electrode (Fig. 2b-ⅳ, 2b-ⅴ), the potential on electrode 
gets more negative, and it induces the electrons transferring from elec-
trode to the ground. 

The working process of LLi-TENG with only one copper electrode 
was investigated under various external magnet motion velocity driven 
by linear motor. Fig. 3a presents the short-circuit current of the LLi- 
TENG with PFPE lubricant oil layer thickness of 50 μm working under 
different external magnet motion velocity ranging from 0.02 cm/s to 15 
cm/s. Within the velocity range from 0.02 cm/s to 5 cm/s, the short- 
circuit current peak value of TENG increases with the motion velocity, 
while the peak value of open circuit potential maintains at around 1.3V 
and is independent of motion velocity (Fig. S3). However, short-circuit 
current peak value does not increase proportionally with the velocity 
in case that the velocity increases up to 10 cm/s, and it even decreases if 
the velocity further increases to 15 cm/s. Based on these primary data, it 
is clear that there exists a linear relationship between short-circuit 
current peak value of LLi-TENG under the motion velocity ranging 
from 0.02 cm/s to 5 cm/s (Fig. 3b), indicating that LLi-TENG current 
signal can be utilized for detecting the motion velocity within this range. 
However, the short-circuit current peak value would be out of the linear 
relationship in case that the motion velocity is higher than 5 cm/s. This 
can be attributed to the fact that the ferrofluid droplet gets deformed if 
its motion velocity is greater than the limited value (Fig. 3e). The 
deformation of ferrofluid droplet would increase its contact area with 
lubricant oil-infused surface and reduce the charge density on the fer-
rofluid/lubricant contact interface. Consequently, the inducted electron 
over the copper electrode with a constant area would be reduced, and 
the short-circuit current peak value got decreased. As a comparison, a 
LSi-TENG was fabricated with the same procedure of LLi-TENG except 
that there is no lubricant oil over the inner surface of inner tube. Similar 
with LLi-TENG, the short-circuit current peak value of LSi-TENG in-
creases with the motion velocity within the range between 0.02 cm/s 
and 1 cm/s, and decreases in case that the velocity increases up to 5 cm/ 
s (Fig. 3c). However, a linear relationship between short-circuit current 
and motion velocity only exists in the range from 0.02 cm/s to 0.1 cm/s 
(Fig. 3d), which is more than one order of magnitude narrower than that 
of the LLi-TENG. This is attributed to the fact that bare PTFE presents 
higher attraction to ferrofluid (f2) than slippery lubricant oil-infused 
surface (f1), thereby decreasing the limited value of ferrofluid motion 
velocity. This is evidenced by the phenomenon that the ferrofluid 
droplet gets deformed and even leaves a visible water layer over PTFE 
(shown in the red circled area of Fig. 3e), in case that it slides with a 
motion velocity even down to 1 cm/s. It can be expected that the 
lubricant oil layer that was introduced between ferrofluid and substrate 
facilitates the sliding behavior of ferrofluid, due to the insoluble prop-
erty between water and lubricant oil [31,32][33], and also due to the 
low roughness of lubricant oil layer from the figures taken by AFM 
(Figs. S1 and S2). 

Fig. 1. The schematic for the non-contact LLi-TENG and the related wettability 
characterization. (a) The schematic of magnetic field assisted non-contact LLi- 
TENG; (b) The photograph of the magnetic field assisted non-contact LLi-TENG; 
(c) The photographs of droplets on samples: (c1) ferrofluid droplet on PTFE, 
(c2) lubricant oil PFPE droplet on PTFE, (c3) ferrofluid droplet on lubricant oil- 
infused PTFE surface, (c4) ferrofluid droplet on lubricant oil-infused PTFE 
surface under action of underneath magnetic field, (c5) ferrofluid droplet on 
titled PTFE with angle of 25�, (c6) dynamic action of ferrofluid droplet on 
lubricant oil-infused PTFE surface with titled angle of 5�. 
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We investigated the effect of lubricant oil layer thickness to the short- 
circuit current of LLi-TENG. As we expected, the thicker lubricant oil 
layer results in the decrease of circuit current peak value. It can be 
attributed to the fact that the thick lubricant oil layer would reduce the 
induction of electrons on the electrode from the ferrofluid. Regarding to 
all the LLi-TENG with lubricant oil layer thickness ranging from 1 μm to 
20 μm, the short-circuit current peak value of TENG increases with the 
motion velocity (Fig. S4), similar with the result of the LLi-TENG with 
lubricant oil layer of 50 μm. There is also a linear relationship between 
short circuit current peak value and motion velocity for each LLi-TENG, 
and the slope value increases with the decrease of lubricant oil layer 
thickness (Fig. 3f). The linear relationship between velocity and short- 
circuit current for low thickness lubricant (1 μm–20 μm) only occurs 
at velocities from 0.02 cm/s to 1 cm/s, which is narrower than that of 
TENG with lubricant oil layer of 50 μm. It is indicated that the thinner 
lubricant oil layer would result in the narrowing of linear relation be-
tween short circuit current peak value and motion velocity, which might 
be attributed to the increase of friction between lubricant oil-infused 
surface and ferrofluid for the decrease of lubricant oil. In our opinion, 
many factors would affect the slope value of short circuit current peak 
value/motion velocity relationship for each LLi-TENG. For example, the 

short circuit current peak value of the LLi-TENG would be related to the 
electrode area, which is affected by the tube diameter, wideness of 
electrode, and so forth. Thus, the slope value of the linear relationship 
should be tested and corrected for each LLi-TENG before it was utilized 
as water level sensor. In addition to the potential application in 
detecting the instantaneous motion velocity of outer magnet ring over 
electrode by utilizing the current, the LLi-TENG can sense other motion 
characteristics of outer magnet (such as location, average velocity be-
tween electrodes), if an array of Cu electrodes is fabricated along the 
inner PTFE tube (Fig. 4). Three Cu electrodes with a width of 6 mm were 
evenly distributed along the inner PTFE tube with a uniform interval of 
9 mm between each other, and were connected in parallel to an elec-
trometer (Fig. 4c). The moving velocity of outer magnet driven by linear 
motor is set as 1 cm/s, and it drives the motion of ferrofluid droplet in 
the tube. The electric signals (potential and current) collected were 
compared with the electric signals collected from each single electrode 
(Fig. 4a and b). In the case that the three electrodes were connected in 
parallel to the ground, three potential peaks can be collected when the 
outer magnet move over tube. Each peak that is measured with three 
electrodes in parallel appears at the same time point with the signal peak 
from single electrode when the ferrofluid moves past the ring electrode, 

Fig. 2. The working principle of LLi-TENG (a) and the simulation results (b).  

P. Wang et al.                                                                                                                                                                                                                                   



Nano Energy 72 (2020) 104703

5

and they correspond to the location that the ferrofluid droplet center is 
aligned with the center of each electrode (Fig. 4a). At these three time 
points. The negative charges reach the maximum value on the Cu 
electrode, and begin to flow from the electrode to the ground. As a 
typical electronic signal indicator, the current is changing from negative 
to positive (Fig. 4b). Both these output signals (open-circuit electric 

potential and short-circuit current) characteristics can be utilized for 
identifying the outer magnet location. According to the experimental 
results, the LLi-TENG can successfully detect the outer magnet location 
with an accuracy of 15 mm. Actually, the accuracy of LLi-TENG sensor 
for location determination could be increased by decreasing the wide-
ness of electrodes and the interval between two neighboring electrodes 

Fig. 3. The short-circuit current of LLi- 
TENG based on slippery lubricant oil- 
infused surface (a), and the relationship be-
tween short-circuit current peak value and 
moving velocity of ferrofluid driven by 
magnet (b); The short-circuit current of LSi- 
TENG based on bare PTFE surface (c), and 
the relationship between short-circuit cur-
rent peak value and moving velocity of fer-
rofluid driven by magnet (d); (e) the 
ferrofluid droplet photo over slippery lubri-
cant oil-infused surface and bare PTFE sur-
face under different moving velocity ranging 
from 1 to 10 cm/s, (f) the relationship be-
tween short-circuit current peak value of 
LLi-TENG with different lubricant oil layer 
thickness (1–20 μm) and moving velocity of 
ferrofluid driven by magnet.   
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in future practical application. The average motion velocity of outer 
magnet between two electrodes can be calculated by determining the 
time interval between the characteristic points of electric signal from the 
two electrodes according the following equation: 

υ¼ d
t

(1)  

where, υ is the average motion velocity of outer magnet between two 
electrodes, d is the distance between the two electrodes, and t is the time 
interval between the characteristic points of electric signal. It is clear 
that the time interval between the characteristic points of electrode 1 
and 2 is 1.5 s, which is the same with that between electrodes 2 and 3 
(Fig. 4a and b). The average motion velocity can be calculated as 1 cm/s, 
since the distance between the centers of two electrodes is 15 mm. The 
calculated average motion velocity is the same as that of the actual one, 
demonstrating that the electric signal is effective for determining the 
average motion velocity of outer magnet. 

To prove the potential application as a water level sensor, a LLi- 
TENG demo with lubricant oil layer thickness of 5 μm was immersed 
into the water in a glass pot with valve, and vertically fixed over a stage. 
A magnet ring was inserted into hollow acrylic to increase the buoyancy, 
to make sure that it can float over water level. The LLi-TENG tube was 
placed inside of the magnet ring, which can drive the flow of ferrofluid 
in the tube (Fig. 5a). The dimension of the as-fabricated TENG was 
shown in Fig. 5a, where the width of electrode, the distance between 
electrodes, and the thickness of magnet ring were labeled. The change of 

water level was simulated by allowing water flow out through valve. The 
motion of magnet ring with water level can drive the motion of ferro-
fluid in the tube, thereby inducing the electron transfer on electrode. 
The electric signal generated thus can be utilized to acquire the water 
level information. We evaluated its performance in both clean water and 
polluted water with dye and oil (Videos S1 and S2, Fig. 5b). The electric 
signals of the TENG were monitored in clean water and polluted water 
with dye and oil under the same water level falling velocity. It can be 
found that the short-circuit current curves present the same character, 
and the time spacing between two current peaks are the same. It was 
proven that the non-contact LLi-TENG can avoid the effect of environ-
ment to the electric signal, since it effectively separates the contact of 
external mechanical motion to the inner triboelectric charging behavior 
in a sealed room. According to the relationship between motion velocity 
of magnet and current peak value (Fig. 3f), the water level falling ve-
locity over the electrode can be calculated as 0.137 cm/s based on the 
current peak value of 0.178 nA (Fig. 5c). It is known that the distance 
between the centers of two electrodes is 4.30 cm, and the time internal of 
magnet ring moving over the two electrodes is 30.6 s (Fig. 5c). Thus the 
decrease velocity of water level can be calculated as 0.141 cm/s. The 
two values are closed to each other, proving that the TENG sensor can 
provide accurate water level falling velocity. We also characterized the 
electric signal of LLi-TENG without injecting ferrofluid into the inner 
tube (Fig. 5c). No electric signal can be detected, indicating the tribo-
electric charging behavior between external water and outer PTFE tube 
would not bring effect the output of TENG for the blocking effect of 
copper electrode over the inner surface of outer tube. In some special 

Fig. 4. The output performance of non-contact LLi-TENG with ferrofluid motion velocity of 1 cm/s: (a) open-circuit potential, (b) short-circuit current. (c) The 
schematic showing the dimension of the TENG, (d) the electric signal of TENG corresponding to the typical position of magnet. 
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practical application cases, wave fluctuation might affect the electric 
signals of TENG, such as bringing some unexpected electric signals, 
thereby affecting the sensing accuracy. We would try to solve this 
problem by signal processing and analysis in future work. 

Supplementary video related to this article can be found at https 
://doi.org/10.1016/j.nanoen.2020.104703 

4. Conclusion 

In this work, a novel magnetic field assisted non-contact and liquid- 
liquid interacting TENG was proposed, and its potential application as a 
water level sensor was demonstrated. The as-designed non-contact 
TENG can effectively solve the possible stain problem on the triboelec-
tric interface, by separating the external mechanical motion with the 
inner ferrofluid triboelectric charging process in a sealed tube. The 
electric signal generated for the synchronous motion of ferrofluid with 
the external magnet ring floating over water level can be analyzed to 
determine the water level position, instant water level motion velocity 
over electrode, and the average water level motion velocity between two 
electrodes. Furthermore, the introduction of oil layer between ferro-
fluid/PTFE interface to construct liquid-liquid contact triboelectric 
model helps to increase the maximum detection velocity value of 
external motion from 0.1 cm/s to 5 cm/s, by extending the linear rela-
tionship range between triboelectric current peak with external motion 

velocity. The designed TENG can successfully detect the outer magnet 
location with an accuracy down to centimeter level. It presents good 
immune effect to the external condition, even in the polluted water with 
both dye and oil. This research demonstrated the advantage of non- 
contact and liquid-liquid interfacing TENG as a self-powered water 
level sensor. The non-contact TENG would be further applied as a sensor 
in a harsh environment. 
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