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In the field of triboelectric nanogenerators (TENGs), the application of a thin
lubricant layer on the contact surface and its maintenance for long-term
cycling remain important challenges for improving the mechanical-electrical
stability of TENGs. Herein, a simple and innovative approach is proposed to
solve this dilemma using commercial oil-absorbing sheets and oil infusion
steps. In particular, a wind-driven nano-oil-barrier-based fluttering triboelectric
nanogenerator (NF-TENG) is developed. The nano-oil barrier (of nanoscale
thickness) of NF-TENG is thoroughly analyzed using atomic force microscopy
imaging and electrical-mechanical measurement/calculation results.
Compared with other control groups, only NF-TENG maintains 95% output
performance from 100% initial output performance, and device damage is
minimized even after 970,000 cycles. The mechanism of NF-TENG and its
differences from previous studies are established. NF-TENG is optimized and
studied for various design variables and wind speeds. NF-TENG generated a
peak power of 468 uW with 100 Hz and an average power of 166 uW at
optimum load resistance, under a breeze wind speed of 6 m s~'. NF-TENG
demonstrates its applications in two real-life scenarios: 1) wind harvesting at
a rooftop vent pipe for outdoor temperature-humidity sensing, and 2) wind

1. Introduction

Triboelectric nanogenerators (TENGs) are
energy harvesting technologies based on
the principles of contact electrification be-
tween two different surfaces (e.g., solid—
solid, solid-liquid) and electrostatic induc-
tion. TENGs convert various ambient me-
chanical energy sources (wind, human mo-
tion, vibration, water droplet, etc.) into
available electrical energy.!) In particular,
TENGs have frequently utilized wind en-
ergy as the most abundant and renewable
energy source. Wind-driven TENGs are an
attractive solution in the low wind-speed
range because TENGs inherently have
high efficiency under small inputs com-
pared to other principle-based nanogenera-
tors (e.g., electromagnetic, piezoelectric).[?!
Wind-driven TENGs are classified based on
blade/ball rotation!®! and sheet fluttering.[*]
Among them, the sheet fluttering type has
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been widely studied recently because it

generates a high-Hz peak output through

the rapid vibration of an extremely light

and thin sheet, even given a breeze wind
input.’] The energy harvested by TENGs is used as a small-scale,
independent, and sustainable power supply for distributed com-
mercial low-power electronics and sensors.

However, TENGs have fundamental limitations, such as
friction and wear. This results in poor mechanical-electrical
durability and stability of TENG. In this regard, researchers
have explored innovative approaches such as designing non-
contact TENG, introducing robust triboelectric surface materi-
als/structures, and adding oil as a surface lubricant.!®! Compared
with the first and second methods, the last method is most com-
monly used for TENG because it can easily and intuitively reduce
friction and wear in daily life. However, it is difficult to control the
thickness of the oil coating; thus, excessive oil is applied to the
surface of the TENG, leaving residual oil that hinders its electrical
output.” To this end, a breakthrough is needed to develop TENG
by maintaining a thin oil lubrication layer that can improve both
mechanical and electrical performance.

In this study, a wind-driven nano-oil-barrier-based flutter-
ing triboelectric nanogenerator (NF-TENG) with long-term
mechanical-electrical stability was developed. NF-TENG consists
of a commercial oil-absorbing sheet, top and bottom electrodes,
a fixed flagpole, and a substrate. The commercial oil-absorbing
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Figure 1. Nano-oil-barrier-based fluttering triboelectric nanogenerator (NF-TENG). a) 3D structure of NF-TENG b) Surface topography (z-scale: 2 um),
and c) adhesive force (z-scale: 50 nN) between the oil-absorbing sheet with and without silicone oil based on atomic force microscope (AFM) with scale
bars of 5 um. d) Electrical stability and e) mechanical durability test results of this work and the three control groups, for long-term working cycles.

sheet has a polymer-based porous structure and a thin oil-coated
state (called the nano-oil-layer in this study) via the proposed sim-
ple oil-infusion steps. As a result, NF-TENG consistently main-
tains the nano-oil barrier even after long-term fluttering motion,
leading to minimized device breakage and outstanding output
stability. The surface structures with and without oil were care-
fully investigated using atomic force microscopy (AFM), and the
thickness of the oil was determined based on mechanical mea-
surements and calculations. The electricity-generation mecha-
nism of NF-TENG was proposed based on the high-speed me-
chanical motion of the sheet. The design variables of NF-TENG
were thoroughly analyzed and optimized based on electrical out-
put measurements. Finally, the peak output and charged energy
of NF-TENG demonstrated its functionality as a power source in
daily life for commercial temperature /humidity sensors and LED
array-based safety lights in two wind scenarios.

2. Results and Discussion

2.1. Main Concept of NF-TENG

NF-TENG is composed of a commercial oil-absorbing sheet
(polypropylene/polyethylene mixed polymer, internal porous
structure) and a flagpole connected to the end of the sheet, top
electrode (aluminum), bottom electrode (aluminum), and sub-
strate (acrylic) (Figure 1a). When wind is applied to NF-TENG,
the flagpole remains fixed and the sheet oscillates rapidly. No-
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tably, in this study, the sheet surface maintained the nano-oil bar-
rier (thin oil-coated layer with nanoscale thickness) even at the
moment of contact motion. This nano-oil barrier provided a sus-
tainable lubrication effect and electric output generation stability
of NF-TENG compared with conventional methods.

Figure 1b—c contrasts surface topography and adhesion force
between the oil-absorbing sheet with and without silicone oil
(one of the representative oil materials for lubrication), based on
atomic force microscope (AFM). Analyzing how oil is contained
in an oil-absorbing sheet is generally challenging using typical
microscopic methods because oil distorts the surface structure
in the resulting images. Therefore, in this study, the pinpoint
mode AFM was applied to investigate the topography and adhe-
sive force of the sheet in both cases with and without silicone oil.

The surface topography of the sheet without silicone oil was
clearly scanned using a pinpoint-mode AFM. However, the sur-
face topography of the sheet with silicone oil appeared indistinct
compared with that of the sheet without silicone oil. The com-
parison of AFM topography images with and without silicone
oil confirmed the presence of silicone oil on the surface of the
sheet. Adhesive force measurements were conducted to further
analyze the morphology of the oil-absorbing sheet. For the sheet
without silicone oil, the adhesive force was nearly zero because
of the weak interaction between the AFM tip and the sheet sur-
face. In contrast, for the sheet with silicone oil, the adhesive force
varied significantly between the regions with silicone oil and the
sheet itself. The difference in adhesive force between the sheets
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with and without silicone oil is clearly demonstrated in the adhe-
sive force distribution graph of the AFM image (Figure S1, Sup-
porting Information). By comparing the topographic images with
the adhesive force images, it was evident that the silicone oil was
effectively absorbed into the porous structure of the sheet. This
absorption is expected to provide a sustainable lubricating effect
during NF-TENG operation.

Figure 1d,e shows the differences in electrical stability and me-
chanical durability for long-term working cycles between this im-
plementation and the three control groups. In this test, a wind
input of 15 m s~! was used, assuming extreme wind conditions.
This study used a 40 pm commercial oil-absorbing-sheet w/oil,
and control groups 1-3 utilized a 25 um Kapton sheet, a 50 um
Kapton sheet, and the commercial oil-absorbing sheet identical to
that used in this study but w/o oil, respectively. As a result, the av-
erage peak voltage in this work maintained a 95% level, even after
970000 cycles from 100% initial output (Figure 1d, (4)). In con-
trast, the average peak voltage of control 1 drastically decreased
from 100% initial output to 23% after 800 000 cycles (Figure 1d,
(1)). Controls 2-3 showed similar decreases from 100% initial
output to 78% and 82% output after 900000 and 1060 000 cy-
cles, respectively (Figure 1d, (2-3)). The raw voltage graphs for
Figure 1d are presented in Figure S2 (Supporting Information).
This output stability is closely related to mechanical durability.
As shown in Figure le, Control 1 was completely destroyed af-
ter 800 000 cycles. In contrast, this implementation maintained
its original shape without significant physical damage, even af-
ter 970000 cycles. Controls 2 and 3 exhibited slight mechanical
fractures after long-term working cycles. The data in Figure 1d,e
demonstrates the electrical and mechanical stability of NF-TENG
owing to its unique nano-oil barrier.

The environmental impact of long-term operation is an impor-
tant aspect. If oil continues to leak or the Al electrodes are severely
worn and produce Al wear particles/debris after the long-term op-
erating cycle, it may affect the surrounding ecosystems. In this
regard, first, the oil thickness and weight of the oil-absorbing
sheet were measured before and after the long-term operating
cycle. As a result, the oil thickness was maintained from 100%
(initial) to 99.3% (after 1000000 cycles), and the oil-absorbing
sheet weight was maintained from 6.81 g (initial) to 6.81 g (after
1000 000 cycles) (Figure S3a, Supporting Information). These ex-
perimental results demonstrate that there is no oil leakage from
the sheet to the surroundings or loss of the sheet itself. Each of
the oil thickness and sheet weight was measured using AFM and
an analytical balance (AS220 R2 plus, RADWAG Co., Poland).
Next, the Al electrode surface was observed using an optical mi-
croscope (OLYMPUS Co., USA), and an Al wear particle/debris
absorption test was conducted for the long-term operating cy-
cle. As a result, even after 1000 000 cycles, there was no signif-
icant wear in the optical microscope image (Scale bar: 200 um)
(Figure S3b, Supporting Information). In addition, an adhesive
sheet to which Al wear particles/debris can easily stick was in-
stalled right behind the NF-TENG, and even after 1000 000 cy-
cles, there were no Al wear particles/debris (Figure S3c, Support-
ing Information) on the adhesive sheet. These results collectively
confirm that the environmental impact of long-term operation is
negligible. There was no detectable oil leakage and sheet loss, or
Al wear particle/debris generation even after 1000 000 cycles, in-
dicating the robustness and environmental stability of the device
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during prolonged use. Nevertheless, if any issues occur during
long-term operation, the biodegradability of the materials them-
selves becomes an important factor influencing environmental
impact. In this study, olive oil (among the tested lubricant mate-
rials) and green tea/wood pulp/hanji (among the oil-absorbing
sheet materials) are biodegradable, i.e., more environmentally
friendly choices. However, the three electrode materials tested
(aluminum, nickel, and copper) were selected for their high con-
ductivity and electrostatic induction, and are not biodegradable.
Therefore, research to further improve the overall biodegradabil-
ity, including electrode materials, can be a separate future study
in terms of emphasizing environmental friendliness.

Table S1 (Supporting Information) presents a quantitative
comparison between existing lubrication TENGs and NF-TENG
(this work). As a result, only NF-TENG showed the nanometer-
level lubrication thickness, which was quantitatively measured
and analyzed by AFM. Furthermore, NF-TENG showed the least
output performance decay even after the highest number of test
operating cycles, 1000 000 cycles.

2.2. Mechanism of NF-TENG

NF-TENG is practical because it uses commercial oil-absorbing
sheets and requires simple oil injection steps (Figure 2a). First,
a commercial oil-absorbing sheet with a microporous structure
received a brush-based oil coating for oil infusion. However, this
results in an excessively thick oil layer on the outer surface of
the sheet. To address this, a universal oleophilic absorbent pad
with a large oil-absorbing capacity is used to completely remove
surface oil by pressing and releasing vertically several times. At
this time, some of the oil filling the pores escapes to the surface,
naturally forming a nano-oil barrier. This nano-oil barrier is a thin
oil-coated state minimized to nanoscale thickness that persists
even when repeated mechanical contact friction occurs.
NF-TENG generates electricity according to the fluttering mo-
tion of the sheet (Figure 2b). When the wind above a critical flow
rate level passes through the inside of NF-TENG, the sheet oscil-
lates rapidly, which is caused by the flow-induced pressure differ-
ence on the sheet surface, repeated impact-rebound with the top
and bottom surfaces of the channel. The mechanical behavior of
the sheet was analyzed using a high-speed camera and classified
into four types of contact-separation motions. In the initial state,
it is assumed that the sheet and electrode are negatively and pos-
itively charged, respectively, owing to triboelectrification by pre-
operation, and the charge of the oil itself is neglected. The tribo-
electric effect is based on the electron affinity difference between
the PP/PE mixed polymer and ALI®] This can also be explained us-
ing the electron-cloud-potential-well model.®’! The atoms of the
PP/PE mixed polymer and Al have their own potential wells in
which electrons are weakly bound to form each electron cloud.
Before the PP/PE-mixed polymer and Al contact, the electrons
cannot escape from their respective potential wells because of
the trapping effect. However, if the PP/PE-mixed polymer and
Al contact each other, their electron clouds overlap and their re-
spective potential wells transform into an asymmetric double-
potential well, allowing electron transfer from Al to the PP/PE-
mixed polymer. In the first motion (Figure 2b-i), as the negatively
charged sheet contacts the bottom electrode with a maximized
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Figure 2. Mechanism and novelty of NF-TENG. a) Oil-infusion step to form nano-oil-barrier. b) Electrical mechanism of NF-TENG according to the
high-speed fluttering motion of the sheet. c) The main differences in the mechanical/electrical mechanism between this study and other previous TENG

studies.

contact area and positive charges are induced toward the bottom
electrode, electrical current flows from the top electrode to the
bottom electrode. In the second motion, the sheet is completely
separated from the bottom electrode and contacts the top elec-
trode (Figure 2b-ii), whereas in the third motion, it makes maxi-
mum contact with the top electrode (Figure 2b-iii). At this time,
current flows from the bottom electrode to the top electrode. In
the fourth motion, the sheet moves away from the top electrode
and comes into contact with the bottom electrode (Figure 2b-iv).
As it returns to the first motion, the contact area with the bottom
electrode becomes maximum (Figure 2b-i), and then the current
flows from the top electrode to the bottom electrode again, owing
to electrostatic induction. This working cycle produces an alter-
nating current (AC) peak output waveform. As a result, NF-TENG
generates a high-voltage and high-frequency AC peak output by

Adv. Sci. 2025, 12, €02278 e02278 (4 of 10)

the flutter motion (100 V and 100 Hz at 6 m s™!). Details of the
high-speed motion are shown in Movie S1 (Supporting Informa-
tion).

The key differences in the mechanical-electrical mechanism
between this work and previous TENG studies are illustrated
in Figure 2c. In the case of existing TENG, where oil is not
used on the triboelectric surface, friction and wear are high,
which reduces the durability and stability of TENG. To solve
these problems, many TENGs have applied oils to the tri-
boelectric surfaces. However, owing to the non-porous struc-
ture of the triboelectric surface, there are other sub-problems,
such as excessive oil surface thickness, oil residue, and re-
sulting instability of the oil layer. Therefore, the electrical out-
put of TENGs is reduced by the screening effect of the oil
layer.
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Figure 3. Design variables of NF-TENG. a) 3D illustration for each design variable (oil material, sheet material, electrode material, device height, sheet
width, sheet length, and wind speed) of NF-TENG. b) Output voltage and c) surface oil thickness for different oil materials. Output voltage graph for
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Additional experiments (Figures S4 and S5, Supporting Infor-
mation) showed that a typical nonporous sheet (e.g., Kapton) was
unsuitable for the oil-infusion steps shown in Figure 2a. Specif-
ically, after brush-based oil coating, the oil was completely re-
moved, and the lubricating effect was immediately lost if the
surface oil was absorbed by the universal absorbent pad sev-
eral times. When only the brush-based oil coating was applied,
the oil layer remained thick and yielded a residue that reduced
the electrical output by half. In contrast, the commercial oil-
absorbing sheet (this study) maintained the nano-oil-barrier layer
naturally formed by the internal pore structure even after the sur-
face oil was completely removed using the universal absorbent
pad; thus, the electrical output did not decrease. The detailed
measurement results for this nano-oil barrier layer are shown in
Figure 3c.

Adv. Sci. 2025, 12, e02278 €02278 (5 of 10)

2.3. Design Variables of NF-TENG

NF-TENG has several important design variables (oil material,
sheet material, electrode material, device height, sheet width, and
sheet length) that need to be optimized (Figure 3a). First, the out-
put voltages of the non-oil (bare sheet) and various oil materials
(silicone oil, olive oil, paraffin liquid, and castor oil) were mea-
sured (Figure 3b). In the case without oil, the average peak voltage
was measured as 95.8 V. When silicone oil, olive oil, and paraf-
fin liquid were applied to the sheet, NF-TENG generated average
peak voltages of 97.4, 111, and 97.3 V, respectively. It is notewor-
thy that NF-TENG w/silicone, olive, and paraffin liquid oils ex-
hibited a high output similar to that of the non-oil sheet, despite
the presence of an oil layer. However, when castor oil was ap-
plied to the sheet, the average peak voltage decreased to 26.6 V.
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This drastic reduction in the output of with castor oil was related
to the surface oil thickness of the sheet.

In this regard, the oil thickness of the sheet surface was mea-
sured to demonstrate its lubricant effects while maintaining
TENG performance. This was achieved by using a pin-on-disk
test.[1% Sheets impregnated with different oils (castor, olive, sil-
icone, or paraffin) were secured to the rotating part of the sub-
strate holder. An Al tip, identical to the material used in NF-
TENG, was employed. Normal forces of 287, 386, and 544 mN
were applied to simulate low contact pressure between the Al
electrode and the oil-absorbing sheet during actual NF-TENG op-
eration. During the pin-on-disk test, the surface oil thickness (h)
was calculated using the following equation:('!]

_ pnAv
- uN

h

1)

where p is the density, # is the kinematic viscosity, y, is the coefhi-
cient of friction (CoF), Nis the normal load, v is the sliding veloc-
ity, and A is the contact area between the pin and the sheet. Kine-
matic viscosity (1) was determined using a rotational viscometer
(Figure S6a, Supporting Information), while CoF, normal load,
and sliding velocity were monitored during the pin-on-disk test
using a tribometer (Figure S6b, Supporting Information). The
contact area was calculated using the Hertz contact model:[*!

o= ()"

where a is the contact radius, R is the pin radius (3 mm as pro-
vided by the manufacturer), and E" is the effective Young’s mod-
ulus. E* was derived from Equation (3):

i_l—ui 1-0}

= +
B E E,

G)

where E; and E, represent the Young’s moduli of the sheet and
pin, respectively (E; was measured as 72 MPa and E, assumed
as 76 GPa), and v,, v, are their Poisson ratios (both assumed as
0.3).

The surface oil thicknesses were compared for the sheets im-
pregnated with various oils (Figure 3c). The sheets with castor oil
exhibited the highest surface oil thickness because of their higher
viscosity compared to the other oils. High viscosity hinders the
absorption and release of oil within the porous structure of the
sheet, resulting in greater surface oil thickness. However, greater
oil thickness adversely affected TENG performance (Figure 3b).

Atomic force microscopy was employed to further evaluate
the surface oil thickness in the absence of direct electrode
contact.['?»3] A force-distance (FD) curve test was conducted on
the oil-absorbing sheets (Figures S7a and S8, Supporting Infor-
mation). During the FD test, the first snap-in phenomenon oc-
curred at the oil surface, whereas the second snap-in occurred
at the sheet surface, owing to the attractive forces between the
tip and surface. The surface oil thickness (t) was calculated from
the difference in the AFM z-scanner distance (Az) and cantilever
bending deflection (Aw) between the two snap-in phenomenon:

t=Az+ Aw (4)
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The bending deflection was derived using:('*]

w =

F
T ©)
where F is the applied force, and k is the spring constant of
the AFM cantilever. Castor oil resulted in the highest surface oil
thickness owing to its viscosity, which correlated with diminished
TENG performance (Figure S7b, Supporting Information). For
reference, AFM topographic images of the sheets treated with
each oil (castor oil, olive oil, paraffin liquid oil, and silicone oil)
are shown in Figure S9 (Supporting Information).

Moreover, various materials are used in commercial oil-
absorbing sheets: polymers (PP/PE mixed), green tea, wood pulp,
paper 1 (Hanji), and paper 2 (Hanji). Figure 3d shows the out-
put voltage of NF-TENG for each sheet material. Notably, PP/PE-
mixed polymer generated a distinctive high average peak voltage
of 97.1 V, while other materials (green tea, wood pulp, paper 1
(Hanji), and paper 2 (Hanji)) generated low average peak voltages
0f 30.3, 25, 23.5, and 18 V, respectively. This is because these ma-
terials have relatively small amounts of surface charge compared
to the PP/PE mixed polymer, leading to weak electrostatic induc-
tion. Detailed photographs of each sheet material are included in
Figure S10 (Supporting Information).

As a counterpart to the sheet, various materials for the top and
bottom electrodes can be introduced into NF-TENG. Three rep-
resentative commercial electrode materials (Nickel (Ni), Copper
(Cu), and Aluminum (Al)) were selected for this study. Figure 3e
shows the electrical outputs measured for these electrode materi-
als, for which NF-TENG produced similar average peak voltages
of 95, 110.8, and 113.9 V, respectively. This is attributed to the
similar electron affinities of Ni, Cu, and Al (similar triboelectric
series). This implies that NF-TENG can employ various metals
as electrodes.

In terms of the design parameters of NF-TENG, the device
width and length were fixed at hand-portable sizes of 75 and
75 mm, respectively, and the device height, sheet width, and sheet
length were considered the main structural variables. As shown
in Figure 3f, various device heights ranging from 6 to 14 mm
at 2 mm intervals were tested. NF-TENG generated the average
peak voltage of 46.3, 75.2, 97, 81.7, and 57.8 V for 6, 8, 10, 12,
and 14 mm, respectively. At a device height of 6 mm, the con-
tact area between the sheet and electrode is large; however, the
contact force decreases because the motion of the sheet is lim-
ited by the small available space. By contrast, at a device height
of 14 mm, the contact force is large; however, the contact area is
small owing to the excessive available space. The NF-TENG gen-
erated a maximum electrical output at a device height of 10 mm,
which has both a sufficient contact area and contact force.

Because the NF-TENG has a closed channel shape (i.e., a side
wall exists), the sheet width can only vary within the fixed device
width of 75 mm. Thus, as shown in Figure 3g, the electrical out-
put of NF-TENG was measured for sheet widths of 30, 35, 40,
45, and 50 mm, for which the average peak voltages were 48.4,
53.8, 64.6, 63.2, and 95 V. Consequently, as the sheet width in-
creases, the NF-TENG exhibits a larger contact area and produces
a larger electrical output. If the sheet width is fixed, the sheet
length can be controlled. In this study, sheet length conditions of
50, 60, 70 mm (< device length) and 80, 90 mm (> device length)
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were tested, for which the average peak voltage of NF-TENG was
37.3, 56, 94.4, 73.8, and 55.2 V, respectively (Figure 3h). When
the sheet was too short (50 mm), the contact area was very small,
and the electrical output decreased. As the sheet length increased
from 50 to 70 mm, the sheet exhibited more dynamic behavior,
and the electrical output increased. At a sheet length of 70 mm,
which is the same as the device length, the mechanical fluttering
motion and the resulting electrical output are maximized (largest
contact force). When the sheet length was greater than the device
length (80-90 mm), the sheet motion became irregular and un-
stable; thus, the electrical output was increasingly reduced.

The wind speed is an important environmental variable for the
real-life use of NF-TENG. In this regard, as shown in Figure 3i, a
broad wind speed range of 4-15 m s~! was considered. NF-TENG
generated average peak voltages of 26.7, 87.3, 101, 115.1, 124.1,
and 128.4 V for wind speeds of 4, 6, 8,10, 12, and 15 m s~!, respec-
tively. With an increase in the wind speed, the fluttering behavior
of the sheet became more dynamic and stronger, and the elec-
trical output performance of NF-TENG increased. NF-TENG can
be utilized in both daily and extreme wind-harvesting scenarios.

2.4. Application Demonstrations of NF-TENG

The electrical output performance of NF-TENG was evaluated
under various external load resistances. Thus, average peak out-
put voltage, output current, and power were checked for load re-
sistance from 1 to 1 GQ given a breeze wind speed of 6 m s71. As
the load resistance increased from 1 to 1 GQ, the average peak
output voltage increased from 0 to 103 V, and the average peak
output current decreased from 11 to 0 pA, respectively. The peak
power (instantaneous power) was calculated by multiplying the
average peak output voltage by the current; the maximum peak
power of NF-TENG was 468 uW at a load resistance of 300 MQ
(Figure S11, Supporting Information).

However, the peak value does not reflect the output waveform
information (such as peak frequency and peak width), which
varies depending on the load resistance. Therefore, the RMS
output voltage, RMS output current, and average power (RMS
power) were computed using Equations (6-8).

’ Vieio? (1) dt
RMS voltage = /VT(t) dt_ S Nut;i (t) d (6)

RMS current = \/ f Iz;t) at _ \/ / Inoise” () it o

T
Average power = RMS voltage X RMS current (8)

where V(t) and I(t) are the raw output voltage and current of the
NEF-TENG, respectively; Vy,.(t) and Iy, (t) are the raw voltage
and current with respect to the ambient electric noise, respec-
tively; and T is the total measurement time. With an increase of
the load resistance from 1 to 100 MQ, the RMS output voltage
increased from 0 to 55 V, and the RMS output current decreased
from 6.1 to 1.2 pA (Figure 4a). NF-TENG produced a maximum
average power of 166 uW at a load resistance of 30 MQ, given a
breeze wind speed of 6 m/s (Figure 4b).
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The electrical output generated by NF-TENG can charge a com-
mercial energy-storage unit, such as a capacitor, after rectifica-
tion. Figure 4c shows the charging performance of NF-TENG for
commercial electrolytic capacitors with high capacitances of 47,
100, 200, 330, 680 pF, and 1 mF, where the charging circuit only
consists of NF-TENG, a full-wave bridge rectifier, and a capaci-
tor. To demonstrate the peak output and charging performance
at the laboratory level, 125 LED and commercial sensor driving
tests were conducted, given a fixed breeze wind input of 6 m s7!.
A single NF-TENG brightly illuminated the 125 LED array in real
time (Figure 4d). The LED illumination process and circuit used
are shown in Movie S2 and Figure S12 (Supporting Information).
A single NF-TENG also operated one commercial temperature-
humidity sensor (rated voltage: 1.5 V; Figure 4e-i) or an array of
three sensors (total rated voltage: 4.5 V) (Figure 4e-ii) in real-time,
where a 100 uF capacitor was used to continuously supply energy
through repeated charging and discharging. The capacitor was
rapidly charged and maintained the charging-discharging volt-
age at 1.5 V for a single sensor and ~4.5 V for an array of three
sensors (Figure 4f). The sensor operation process and circuit are
shown in Movie S3 and Figure S13 (Supporting Information).

As a final demonstration in real life, NF-TENG was utilized in
two wind-harvesting scenarios: stationary and mobile. First, NF-
TENG was installed in front of a building’s rooftop vent pipe (dis-
tance: ~20 cm) to harvest exhaust air in a fixed state. The same
charging circuit, composed of a full-wave bridge rectifier and a ca-
pacitor, was used. A single NF-TENG successfully charged a 100
UF capacitor to 1.5 V in 140 s, and then a commercial humidity-
temperature sensor was activated to detect outdoor environmen-
tal information in real time when the discharge switch was con-
nected (Figure 4g; Movie S4, Supporting Information). A mul-
timeter was used to determine the capacitor charging voltage.
Next, NF-TENG was installed on a bicycle handlebar to harvest
the wind generated while moving. NF-TENG was connected to
a rectifier and 65 LEDs and then successfully lit an LED array
that could function as a self-powered safety light in a riding test
(Figure 4h; Movie S5, Supporting Information).

Moreover, humidity is an important factor in TENG output per-
formance. In Figure S14 (Supporting Information), the output
voltages of the oil-absorbing sheet with and without silicone oil
are compared. The humidity experiment was conducted as fol-
lows: 1) TENG and the operating humidifier were placed in a
closed chamber. The TENG did not operate until the RH (rela-
tive humidity) reached 85% (before 0 s). 2) When RH reached
85%, TENG operation started, and the humid air in the chamber
was immediately exhausted (after 0 s). As a result, for 650 s, the
oil-absorbing sheet without oil showed unstable and slow output
recovery owing to humidity and sheet damage. In contrast, the
oil-absorbing sheet with oil (this study) exhibited relatively sta-
ble and fast recovery because the nano-oil barrier is resistant to
humidity, causes less mechanical damage, and smooths the flut-
tering motion.

Scalability is also important for practical implementation.
Thus, the electrical output and charging performance of NF-
TENG for the different sheet sizes (1 cm X 3 cm, 2 cm X 4 cm,
3cmx5cm, 4 cm X 6 cm, and 5 cm X 7 cm) were checked; 5 cm X
7 cm is the maximum size of the commercial oil-absorbing sheet
used in this work. Here, the overall device size ratio of NF-TENG
itself was matched according to each sheet size. As a result, as the
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Figure 4. Application demonstration of NF-TENG. a) RMS output voltage, b) current, and c) average power according to external load resistance. d)
125 LED array and e) commercial sensors driven by NF-TENG under fixed wind input of 6 m s™'. f) Capacitor charging graph showing continuous
operation of the commercial sensor array. g) Real-life scenario 1: Wind harvesting at rooftop vent pipe for outdoor temperature-humidity sensing. h)
Real-life scenario 2: wind harvesting during bicycle riding for safety light illumination.

sheet size increased from 1 cm X 3 cm to 5 cm X 7 cm, the electric
output and charging performance of NG-TENG also increased
because the effective contact area increased. In the charging test,
the 47 uF capacitor was used and measured for 100 s (Figure S15,
Supporting Information). Furthermore, considering the limita-
tion of the maximum sheet size, a scale-up experiment by later-
ally stacking two NF-TENG was conducted. When the same wind
speed (6 m s7!) was applied, the outputs of single NF-TENG and
double-stacked NF-TENG were the same; however, the charging
performance of double-stacked NF-TENG was significantly im-
proved as the number of peaks increased after the output was
rectified. For the 47 pF capacitor, single NF-TENG charged 9.5 V
for 100 s, and double-stacked NF-TENG charged 16.4 V for 100
s (Figure S16, Supporting Information). As more NF-TENGs are
stacked, the charging speed is expected to increase proportion-
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ally. In conclusion, NF-TENG can be scaled down or up to fit var-
ious real-world application situations, and its performance can
be adjusted according to the scale. In addition, from an engineer-
ing perspective, a single NF-TENG has a low fabrication cost be-
cause it is composed of inexpensive sheets, electrodes, oil, and
substrate materials, and if the oil infusion step presented in this
work is automated in the future, it is expected that simple mass
production will be realized.

3. Conclusion

In summary, a wind-driven nano-oil-barrier-based fluttering tri-
boelectric nanogenerator (NF-TENG) was proposed. The nano-oil
barrier was fabricated through simple oil-infusion steps and was
maintained even under contact motion, providing outstanding
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long-term mechanical stability (lubrication effect) and electrical
stability (no output reduction). The nano-oil barrier was carefully
investigated based on AFM imaging and electrical-mechanical
measurements. Compared to other control groups, only NF-
TENG maintained 95% output performance (from 100% initial
output) even after 970000 cycles, and its original sheet shape
was not damaged. The electricity-generation mechanism of NF-
TENG was established according to the high-speed mechanical
fluttering behavior of the sheet. The design variables were thor-
oughly analyzed and optimized based on the average peak voltage
values (oil material: silicone oil, olive oil, and paraffin liquid oil;
sheet material: PP/PE mixed polymer; electrode material: Al, Cu
and Ni; Device height: 10 mm; sheet width: 50 mm; and sheet
length: 70 mm). The average peak voltage of the optimized NF-
TENG increased from 26.7 to 128.4 V with an increase in wind
speed (4 to 15 m s71). The optimized NF-TENG generated a peak
power of 468 uW (peak frequency: 100 Hz) at the load resistance
of 300 MQ and an average power (RMS power) of 166 pW at the
load resistance of 30 MQ, given a breeze wind speed of 6 m s7'.
NF-TENG demonstrated its functionality in two real-life scenar-
ios: 1) A single NF-TENG harvested air flow from a roof vent pipe,
charged a 100 pF capacitor, and operated a commercial temper-
ature/humidity sensor. 2) A single NF-TENG was installed on
a bicycle handlebar, harvested the wind generated during bicy-
cle riding, and illuminated an LED array that could be used as
a bicycle safety light. In this study, a commercial oil-absorbing
sheet with an internally porous structure was used; however, in a
follow-up study, new oil-absorbing sheets will be fabricated, con-
trolling porosity.

4. Experimental Section

Fabrication of NF-TENG:  The optimized NF-TENG was fabricated as
follows: First, the top and bottom acrylic plates (thickness: 2 mm) were
cut to 75 mm in width and 75 mm in length and were supported perpen-
dicularly with other acrylic side plates. The side plates were fabricated with
dimensions of 1 cm height and 75 mm length, featuring small inlets de-
signed to hold the flagpole with a height of 2 mm and a depth of 3 mm.
Side plates were placed at the ends of the top and bottom plates to provide
room for the sheets. Al electrodes (DUKSUNG Hitachi Co., South Korea)
were attached to the inner surfaces of the top and bottom plates. Com-
mercial PP/PE-mixed oil-absorbing sheets (Mandom Co., Japan) were cut
to 7 cm in length and 5 cm in width. Subsequently, commercial silicone
oil (Shin-Etsu Chemical Co., Japan) was applied to the sheet using the
proposed oil-infusion steps. The end of the shorter line of the sheet was
connected to the polymer flagpole (1 mm diameter) using tape.

Materials: Commercial PP/PE-mixed oil-absorbing sheets (Mandom
Co., Japan), green tea (GOWOONSESANG COSMETICS Co., South Ko-
rea), wood pulp (OLIVE YOUNG Co., South Korea), Paper 1 (Hanji; OLIVE
YOUNG Co., South Korea), and Paper 2 (Hanji; Parisindo Pratama Co.,
Indonesia) were used. Commercial oils were used: silicone oil (Shin-Etsu
Chemical Co., Japan), olive oil (DAEJUNG CHEMICALS & METALS Co.,
South Korea), paraffin liquid (DAEJUNG CHEMICALS & METALS Co.,
South Korea), and castor oil (Sanchun Chemical Co., South Korea). A uni-
versal absorbent pad (clean paper, KM Co., South Korea) was used during
the proposed oil infusion steps.

Electrical Measurements: The output voltage was measured using a
high-voltage differential probe (THDP0200, Tektronix Co.) and a mixed-
domain oscilloscope (MDO 34, Tektronix Co., USA). The output current
was measured using a low-noise current preamplifier (SR570; Stanford Re-
search Systems Co., USA). A commercial hair dryer (MS7001A, JMW Co.,
South Korea) was used to apply wind input in all experiments.
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Mechanical Measurements:  The surface of the oil-absorbing sheet was
characterized using AFM (NX 10, Park Systems). For surface imaging, the
pinpoint mode was employed with a nanoworld tip (CONTSCR). AFM im-
ages were captured at scan sizes ranging from 10 um X 10 pm to 20 um X
20 um at a scan rate of 0.5 Hz.

A pin-on-disk tribometer (R&B Inc., RB100 MT) was used to assess the
surface oil thickness under conditions that replicated the contact pres-
sures in NF-TENG applications. Normal forces corresponding to 287, 386,
and 544 mN were applied during the tests. The rotation radius was set to
8 mm, and the rotational speed was maintained at 60 rpm. An aluminum
pin was used to simulate interactions with the electrode material. Coeffi-
cients of friction (CoFs) were monitored at 10-min intervals, with measure-
ments repeated three times to ensure reproducibility. Viscosities of the
oils were determined using a rotational viscometer (AMETEK, Brookfield
DV2TCP-LV Rotational). Viscosity data were used to calculate the surface
oil thickness by incorporating parameters such as CoF, applied load, and
contact area derived from the Hertz contact model. The Young’s modulus
of the sheet was measured using a material-testing machine (Z0.5, Zwick
Roell).

The surface oil thickness was assessed again via FD curve analysis us-
ing a MikroMasch tip (HQ:XSC11/Al BS). The manufacturer-supplied tip
specifications indicated a force constant of 2.7 N m~'. The FD curve tests
were conducted with three replicates at different regions of the sample at
a z-scanner speed of 0.2 um s~'. The oil thickness was calculated based
on the cantilever deflection and z-distance variations observed during the
snap-in events.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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