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Abstract
Heating, ventilation, and air conditioning (HVAC) systems account for one-third of the total energy consumption in office 
buildings. The use of airflow measurements to control the operation of HVAC systems can reduce energy consumption; thus, 
a sensor capable of monitoring airflow in a duct system is critical. Triboelectric nanogenerators (TENGs) can be utilized as 
self-powered sensors in airflow-driven TENGs (ATENGs) as self-powered sensors. By employing ferroelectric materials 
and surface modifications, the surface charges of TENGs can be increased. In this study, fibrous-mat TENGs were prepared 
using ferroelectric materials consisting of poly (vinylidene fluoride-co-trifluoroethylene) (PVDF-TrFE) and polyamide 11 
(nylon-11). And these materials were subsequently investigated. Poly (3,4-ethylenedioxythiophene):poly(styrenesulfonate) 
was added to PVDF-TrFE to enhance the ferroelectric crystalline phase. X-ray diffraction analysis revealed that this incorpora-
tion affects the β phase. In addition, the surface of nylon-11 was modified using the electrospray technique for post-treatment, 
thereby improving the interfacial adhesion between the fibers. These materials were then utilized in fibrous-mat ATENGs 
(FM-ATENGs) to demonstrate their practical application. The FM-ATENGs can be effectively used in an Arduino airflow-
check sensor, showcasing their potential for application in HVAC systems, to enhance airflow control and energy efficiency.
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Introduction

Heating, ventilation, and air conditioning (HVAC) systems 
account for approximately 40% of the energy consumption 
in commercial buildings [1, 2]. Airflows generated by HVAC 

systems are widely used to maintain comfortable indoor 
environments in terms of temperature, humidity, and air 
quality in buildings [3, 4]. In a typical office building, the 
airflow generated at the end of the duct is between 2 and 
4 m/s [5]. Therefore, monitoring the volumetric airflow by 
calculating the airflow velocity and duct size can enhance 
energy savings in office buildings through improved HVAC 
maintenance and efficiency. Maintaining a primary battery 
in an airflow-check sensor poses challenges, making energy 
harvesting technologies crucial. These technologies help 
reduce the frequency of primary battery replacement or 
enable the charging of secondary batteries in sensor devices 
[6]. Thus, an airflow-based energy harvesting technology is 
required.

Triboelectric nanogenerators (TENGs) [7–9] are energy 
harvesting devices that can be used in self-powered devices 
[10–12] or sensors [13–15]. TENGs convert mechanical 
energy into electrical energy [16, 17]. In the case of sen-
sors, TENGs can detect pressure states based on the tribo-
electric voltage output [18]. Additionally, using the con-
ducting properties of triboelectric materials, the electrical 
output can be used to detect the presence of bacteria [19]. 
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For airflow-driven TENGs (ATENGs), energy is harvested 
through flutter and rotation [20]. Among the sliding work-
ing modes, the rotational type ATENG efficiently generates 
energy. The energy generated by a flutter-type ATENG is 
lower than that generated by the rotational type; neverthe-
less, the flutter-type ATENG has advantages such as smaller 
size requirements and stackability [21].

TENGs rely on triboelectrification and electrostatic 
induction [22]. The electrical output performance of TENGs 
is affected by surface charges [23], which can be enhanced 
through the use of composite materials, structures, and 
surface modifications [24, 25]. One technique for surface 
structure modification [26] involves obtaining fibrous mats 
through electrospinning. These mats are inexpensive, easy 
to fabricate, and possesses high surface roughness values 
and large surface areas [27]. Moreover, larger contact sur-
face areas can improve the electrical output performance of 
TENGs [28]. However, fibrous mats exhibit weak interfacial 
adhesion between substrates and low mechanical strength 
when in contact with TENGs, leading to reduced reliability 
and performance [29, 30]. Therefore, post-processing opera-
tions, such as hot pressing, annealing, solvent welding, and 
chemical crosslinking, are required to enhance the surface 
properties of fibrous mats [31, 32]. In addition, the stabil-
ity of fibrous mats can be increased by incorporating self-
healing properties [33].

Furthermore, the introduction of ferroelectric materials 
can increase the surface potential and residual dielectric 
polarization through the dipole coupling effect [34, 35]. 
The ferroelectric polymers studied include polyvinylidene 
fluoride (PVDF), polyamide (nylon), polylactic acid, and 
polylactic glycolic acid [36]. PVDF can be utilized to mod-
ify molecular structure, create composites, or enhance fer-
roelectric properties by incorporating nanofillers [37]. Nylon 
is a tribopositive material in the triboelectric series and con-
tains carbon atoms with repeated even and odd numbers. 
The dipole moments of amide groups depend on the number 
of carbon atoms; therefore, as opposed to even-numbered 
nylon, odd-numbered nylon enhances ferroelectric proper-
ties [38, 39].

In this study, poly (vinylidene fluoride-co-trifluoroeth-
ylene) (PVDF-TrFE) and odd-numbered nylon (nylon-11) 
were used to create a fibrous mat via electrospinning and 
electrospraying. In addition, poly (3,4-ethylenedioxythioph
ene):poly(styrenesulfonate) (PEDOT:PSS) nanofillers were 
added to the PVDF-TrFE composite solution to improve 
its ferroelectric properties, based on our previous research 
[40]. The surface of the target material was modified through 
post-treatment electrospraying of the nylon-11 fibrous mat. 
Next, the effect of the PVDF-TrFE/PEDOT:PSS composite 
and nylon-11 fibrous mat on the ferroelectric crystalliza-
tion of phase was examined using Fourier-transform infra-
red spectroscopy (FT-IR) and X-ray diffraction (XRD). In 

addition, the surface potential of the fibrous mats was meas-
ured via atomic force microscopy, specifically Kelvin probe 
force microscopy (KPFM), to confirm their position in the 
triboelectric series. The electrospraying and electrospinning 
times for the nylon-11 and PVDF-TrFE/PEDOT:PSS fibrous 
mats were respectively optimized. The electrical output per-
formances of the nylon-11 and PVDF-TrFE/PEDOT:PSS 
fibrous mats were measured in the contact–separation 
mode of the TENG. Furthermore, fibrous mat ATENGs 
(FM-ATENGs) were fabricated using the aforementioned 
fibrous mats. The optimal height of the FM-ATENGs was 
determined through simulations, and the electrical output 
performance was measured at airflow velocities ranging 
from 2 to 5 m/s. The airflow-check sensors were powered 
by the energy generated by the FM-ATENGs. An Arduino 
was incorporated to act as a switch for the airflow-check sen-
sors and used to transmit the airflow data to a mobile phone.

Experimental Section

Materials

PEDOT:PSS (Clevios PH1000) and PVDF-TrFE 
(70–30 mol.%) copolymer powders were purchased from 
Heraeus (Germany) and Piezotech (France), respectively. 
Nylon-11, acetone, dimethylformamide (DMF), dichlo-
romethane, formic acid, and a polyethylene terephthalate 
(PET)/indium tin oxide (ITO) film (125 μm, 60 Ω/sq) were 
obtained from Sigma–Aldrich. Silicone rubber sheets (Si 
rubber, 100 μm) were obtained from AlphaFlon (Republic 
of Korea). Conductive Cu foil tape (Cu tape, 80 μm) was 
purchased from 3 M (USA).

Fabrication of PVDF‑TrFE/PEDOT:PSS Fibrous Mat

PVDF-TrFE/PEDOT:PSS electrospinning solutions were 
prepared in the same manner as in our previous study 
[40]. In brief, PEDOT:PSS solution (0.4 g) in water was 
dispersed in DMF and acetone (10 mL; 2:3 volume ratio), 
and PVDF-TrFE copolymer powder (2 g) was added to 
the PEDOT:PSS/DMF/acetone solution, which was then 
stirred for 12 h at 35 ℃. A 20-gauge blunt needle was used 
to load the prepared solution into a syringe. Electrospinning 
was performed on Al foil at a voltage of 7 kV, flow rate of 
0.3 mL/h, and needle-to-plate distance of 15 cm. It was then 
evaporated for 2 h in a vacuum chamber and annealed for 1 h 
at 90 °C on a hotplate (Fig. S1).

Fabrication of Nylon‑11 Fibrous Mat

To prepare the nylon-11 electrospinning solution (12 wt.%), 
nylon-11 pellets were dissolved in dichloromethane and 
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formic acid (2:1 volume ratio) at 25 ℃. To prepare the nylon-
11 electrospray solution (12 wt.%), formic acid was mixed 
with nylon-11 pellets and the solution was stirred for 2 h at 
70 °C. The electrospinning and electrospray solutions were 
injected into a syringe using a 20-gauge blunt needle. Elec-
trospinning was performed on ITO/PET at a supplied voltage 
of 6.5 kV, flow rate of 0.3 mL/h, and needle-to-plate distance 
of 10 cm. Subsequently, electrospraying was performed on 
the nylon-11 electrospun mat/ITO/PET at a supplied voltage 
of 15 kV, flow rate of 1 mL/h, and needle-to-plate distance 
of 10 cm (Fig. S2). The nylon-11 fibrous mat was then dried 
in a vacuum oven for 2 h at 50 ℃.

Fabrication of FM‑TENG

The fibrous mat TENG (FM-TENG) was fabricated in the 
contact–separation mode using PVDF-TrFE/PEDOT:PSS 
fibrous mat/Si rubber/Cu tape/PET (30 × 30 mm2) and 
nylon-11 fibrous mat/ITO/PET (50 × 50 mm2), resulting in 
an effective contact area of 30 × 30 mm2.

Fabrication of FM‑ATENG

The FM-ATENG consisted of a PVDF-TrFE/PEDOT:PSS 
fibrous mat on Si rubber, a nylon-11 fibrous mat, an ITO/
PET electrode, and a polycarbonate (PC) shell. A PC cuboid 
with dimensions of 45 × 100 × 46 mm3 (inner dimensions 
of 30 × 100 × 30 mm3; width (W) × length (L) × height (H), 
respectively) was formed. Cu tape was used to adhere the 
PVDF-TrFE/PEDOT:PSS/Si rubber (30 × 100 mm2) to the 
middle plane of the PC cuboid. Next, a piece of nylon-11 
fibrous mat/ITO/PET (30 × 100 mm2) was attached to the top 
and bottom of the PC plates. The PVDF-TrFE/PEDOT:PSS 
fibrous mat on Si rubber was used for flutter. Cu wires were 
used to connect the electrodes.

Characterization

Field-emission scanning electron microscopy (FE-SEM; 
JSM-6500F, JEOL, Japan) was used to analyze the surface 
morphology. The surface potential characteristics of the 
PVDF-TrFE/PEDOT:PSS and nylon-11 films were measured 
using KPFM (NX-10, Park Systems, Republic of Korea), 
XRD (D/max-2500 pc, Rigaku, Japan), and FT–IR spectros-
copy (Nicolet iS50, Thermo Fisher Scientific Instruments, 
USA) to investigate the structures of the composite films. An 
oscilloscope (DPO 2002 B, 40 MΩ probe, Tektronix, USA), 
a low-noise current preamplifier (Model SR 570, Stanford 
Research Systems, Inc., USA), and an electrometer (6514, 
Keithley, USA) were used to measure the output perfor-
mance of the TENGs. A function generator and mechani-
cal wave driver (PI-8127 and SF-9324, PASCO, USA) were 

used to provide motion to the FM-TENG. Airflow velocity 
was estimated using a vane anemometer (AVM-03, PROVA, 
Taiwan).

Results and Discussion

Figure 1a shows a schematic of the FM-ATENG struc-
ture. The insets show FE-SEM images of the nylon-11 and 
PVDF-TrFE/PEDOT:PSS fibrous mats. The PVDF-TrFE/
PEDOT:PSS fibrous mat consists of uniform fibers with 
an average diameter of 500 nm (Fig. S1). Electrospinning 
and electrospraying were employed to produce a nylon-
11 fibrous mat on the ITO/PET films. Furthermore, post-
treatment was performed using the electrospray method 
at time intervals ranging from 10 s to 5 min (Fig. S2). 
This resulted in the formation of nylon-11 particles on 
the nylon-11 fibrous mat, (Fig. S3a–e) which presented as 
welding (red arrows in Fig. S3f).

The FM-ATNEGs are in the shape of the PC cuboid and 
images of the fabricated FM-ATENG are shown in Fig. 1b. 
For this configuration, the wind-speed effect depended on 
the height of the internal PC cuboid. Moreover, the PC 
cuboid's thickness and the part of fixed flutter become a 
resistance to airflows. Simulation was conducted to find 
the airflow velocity similar to the outside and inside the 
PC cuboid to make the most of airflows. This was simu-
lated using COMSOL Multiphysics with an airflow rate 
of 2 m/s and the height of the PC cuboid ranging from 
approximately 1 to 5 cm (Fig. S4). The simulation results 
indicate that when the internal height of the PC cuboid 
is less than 3 cm, the wind speed inside the PC cuboid is 
lower than that in the chamber. However, when the inter-
nal height of the PC cuboid is higher than 3 cm, the wind 
speed inside the PC cuboid is similar to that in the cham-
ber. Consequently, the minimum height (H) of the internal 
PC cuboid was fixed at 3 cm, and the width (W) and length 
(L) were set to 3 and 10 cm, respectively.

The XRD spectra of the fibrous mat were analyzed in 
the 2θ range of 15–25° to investigate the ferroelectric 
crystalline phase (Fig. 1c). The PVDF-TrFE fibrous mat 
exhibits a peak at 19.8°, which can be attributed to the β 
phase at the (110) and (200) planes [41, 42]. The PVDF-
TrFE/PEDOT:PSS fibrous mat exhibits an identical peak; 
however, the crystallinity of PVDF-TrFE is unaffected by 
the addition of PEDOT:PSS. Thus, the FT-IR and XRD 
analyses agree with previous findings involving PVDF-
TrFE/PEDOT:PSS composite films [40]. Note that the fer-
roelectric property is exhibited by the pseudohexagonal �′ 
phase of nylon-11. Thus, the nylon-11 fibrous mat exhibits 
a peak at 21.6°, which corresponds to the �′ phase (Fig. 1c) 
at the (001) and (hk0) planes [41].
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Furthermore, the PVDF-TrFE and PVDF-TrFE/
PEDOT:PSS fibrous mats were analyzed using FT-IR spec-
tra, with wavenumbers ranging from 400 to 1600 cm–1, as 
shown in Fig. S5a. A crystalline phase is detected in the 
PVDF-TrFE fibrous mat, with an electroactive crystalline β 
phase observed in the absorption band at 840 cm–1, which 
is characteristic of CF2 symmetric stretching. In addition, 
peaks at 510, 1288, and 1430 cm–1, which can be attributed 
to the β phase, and that at 763 cm–1, which can be ascribed 
to the α phase, are observed [42, 43]. These findings were 
replicated in the PVDF-TrFE/PEDOT:PSS fibrous mats. 
The electroactive phase (β phase) fraction (FEA) in the 
samples was estimated using the Lambert–Beer law, as 
shown in Eq. (1) [44]:

where Iα and IEA denote the absorption intensities of the 
FT-IR peaks at 763 (α phase) and 840  cm–1 (β phase), 
respectively; and Kα and KEA denote the absorption coeffi-
cients at 763 and 840 cm-1; respectively, with Kα = 6.1 × 104 

(1)F
EA

(%) =
I
EA

(

K
EA

K�

)

I� + I
EA

× 100

cm2·mol–1 and KEA = 7.7 × 104 cm2·mol–1 [43, 45]. The FEA 
value decreases from 76.13% to 70.07% when PEDOT:PSS 
is used. Compared with that of PVDF-TrFE alone, the 
absorbance of the α phase at 763 cm-1 increases owing to 
the C–S–C peak of the PEDOT:PSS at 761 cm–1 (Fig. S5b). 
Fig. S5c depicts the FT-IR spectrum of the nylon-11 fibrous 
mat at wavenumbers ranging from 1200 to 3600 cm–1. The 
hydrogen bonding or free amide group comprising amide I 
and II are responsible for the absorption band ranging from 
1500 to 1700 cm–1, whereas the other band is observed at 
3300 cm-1 (amide A). The peak at 1635 cm-1 represents the 
C=O stretching modes, whereas the peak at 3300 cm-1 repre-
sents the N–H stretching modes. These findings support the 
existence of polarization in the nylon-11 fibrous mat [46].

The triboelectric series can be organized in terms of 
the positive and negative charges based on the surface 
potential of the materials. Previous research [38, 47, 48] 
reported that PVDF-TrFE and nylon-11 have negative and 
positive triboelectric charges, respectively. The surface 
potentials of PVDF-TrFE/PEDOT:PSS and nylon-11 were 
investigated using KPFM over an area of 10 × 10 µm2, as 
shown in Fig. 1d and Fig. S5d. The surface potentials of 

Fig. 1   a Schematic of the FM-ATENG. The inset shows FE-SEM images of the fibrous mats. b Photograph of the FM-ATENG setup. c XRD 
analysis of PVDF-TrFE/PEDOT:PSS and nylon-11 fibrous mats. d KPFM analysis of PVDF-TrFE/PEDOT:PSS and nylon-11
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the PVDF-TrFE and PVDF-TrFE/PEDOT:PSS are – 2.23 
and – 0.71 V, respectively, whereas nylon-11 has a positive 
surface potential (6.56 V). Moreover, the surface poten-
tial of the fibrous mat incorporating PEDOT:PSS shifts 
to a more positive position compared with that of PVDF-
TrFE. Thus, the charge storage ability is increased by 
the PEDOT:PSS [49]. These findings confirm previously 
reported triboelectric series trends [22, 38, 47].

To determine the electrical output performance based 
on the electrospinning time of nylon-11, Si rubber was 
used as the friction layer with the nylon-11 fibrous mat in 
the contact–separation mode (Fig. S6). The applied tap-
ping force was approximately 8 N with an oscillation fre-
quency of 5 Hz, and the maximum contact–separation dis-
tance was set to 7 mm. The electrical output performance 
was evaluated by varying the electrospinning time from 
1 min to 1 h. When the electrospinning time is increased 
to 30 min, the open-circuit voltage (Vo) and short-circuit 
current (Isc) increase to 24 V and 2.16 μA, respectively, 
owing to an increase in specific area. The electrical output 
performances decrease to 19.2 V and 1.76 µA after 1 h of 
electrospinning, as shown in Fig. S6a and b.

After setting the electrospinning time to 30 min, elec-
trospraying was performed for 10 s, with Vo and Isc increas-
ing to 46 V and 4.24 µA, respectively (Fig. 2a–c). This 

suggests that the electrospray method alters the nylon-11 
fibrous mat and renders it a more effective contact surface. 
However, the electrical output performance deteriorates 
when electrospraying is conducted for 5 min. The electro-
spray solution likely reduces the effective surface area by 
covering the surface of the nylon-11 fibrous mat.

Figure  2d shows the schematic of the PVDF-TrFE/
PEDOT:PSS fibrous mat and nylon-11 fibrous mat (electro-
sprayed for 10 s) TENGs. Figure 2e and f presents the Vo and 
Isc of nylon-11 fibrous mat and PVDF-TrFE/PEDOT:PSS 
fibrous mats for various electrospinning durations of PVDF-
TrFE/PEDOT:PSS on Al foil. The generated Vo and Isc after 
45 min of electrospinning of the PVDF-TrFE/PEDOT:PSS 
are 68 V and 0.98 µA, respectively, and after 1 h, the electri-
cal outputs are 60 V and 0.72 µA, respectively. The thickness 
of the fibrous mat increases with increasing electrospinning 
duration; consequently, the resistance to charge transfer 
increases. Therefore, the ability for current to pass through 
thicker fibrous mats can be low that through thinner fibrous 
mats fabricated with optimized electrospinning times [50]. 
Further research is required to clarify the implications of 
these results in terms of the duration of electrospinning.

Furthermore, the electrical output performance of 
the FM-TENGs was tested to determine the effect of fre-
quency variations, ranging from 1 to 25 Hz (Fig. S7a-c).

Fig. 2   a Schematic of the nylon-11 fibrous mat and Si rubber TENG. 
Generated electrical output performance of the Si rubber and nylon-
11 fibrous mat with electrospray time: b open-circuit voltage and c 
short-circuit current. d Schematic of the PVDF-TrFE/PEDOT:PSS 

fibrous mat and nylon-11 fibrous mat TENG. Generated electri-
cal output performances of TENGs with the used for PVDF-TrFE/
PEDOT:PSS: e open-circuit voltage and f short-circuit current. 
Nylon-11 was electrosrpayed for 10 s
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The electrical output performance increases significantly at 
higher frequencies, and the generated Vo and Isc at 20 Hz are 
550 V and 28 µA, respectively. This suggests that the FM-
TENGs quickly reach equilibrium and increase the charge 
transfer rate. When the frequency is too high (> 25 Hz), the 
electrical output performance decreases, as it cannot recover 
to its original position before the next contact [51, 52]. 
The external load resistance (RL) voltage was then meas-
ured from 100 kΩ to 960 MΩ, as shown in Fig. S8a. Using 
P = (I2R/effective contact area), the estimated power density 
of the FM-TENG is 873 µW/cm2 at RL = 5 MΩ (Fig. S8a). 
The FM-TENGs were further tested for stability at 20 Hz for 
2000s, demonstrating that the generated voltage was stable 
(Fig. S8b). Additionally, the FM-TENG capacitor charging 
was tested. The 470 µF capacitors charge up to 3.3 V in 400 s 
at 20 Hz (Fig. S8c).

Based on the experimental results, we selected the 
PVDF-TrFE/PEDOT:PSS fibrous mat (electrospinning 
time of 30 min) on Si rubber as the flutter material for 
the FM-ATENG, and the nylon-11 fibrous mat (electro-
spray time of 10  s) was used as the opposing friction 
material. Figure 3a shows the working mechanism of the 
FM-ATENG, which includes triboelectrification and elec-
trostatic induction [53]. According to the KPFM analy-
sis, the surface charges of PVDF-TrFE/PEDOT:PSS and 
nylon-11 exhibit negative and positive properties, thus 

exhibiting charge generation in the following way: (i) 
When the PVDF-TrFE/PEDOT:PSS flutter and bottom-
Nylon-11 fibrous mats are in contact, the charges remain 
neutral on the contact surface. (ii) When the PVDF-TrFE/
PEDOT:PSS flutter is moved by the airflow to the upper-
Nylon-11 fibrous mat, the generated potential difference 
drives the electrons from the top to the bottom of the ITO 
electrode via electrostatic induction. To achieve electro-
static equilibrium, electrons flow continuously to the point 
of maximum electrical potential. (iii) The induced charges 
become neutral again when the two fibrous mats come into 
contact. (iv) When the PVDF-TrFE/PEDOT:PSS flutter 
moves down to the bottom-Nylon-11 fibrous mat, the elec-
trostatic equilibrium is disrupted, and electrons flow back 
from the bottom to the top of the ITO electrode. Owing to 
the contact–separation modes between the two different 
fibrous mats, this process is repeated to generate an alter-
nating electrical output. The inset graph of Fig. 3a shows 
the electrical output state corresponding to each condition. 
The electrical output performance of the FM-ATENG was 
evaluated by varying the airflow from 2 to 5 m/s (Fig. 
S9). The flutter begins to move from 2 m/s steadily and 
an electrical output signal is received (Fig. 3b and Video 
S1). Figure 3c–f show Vo with different airflow velocities; 
the voltage increases from 3 to 8.8 V as airflow veloc-
ity increases from 2 to 5 m/s, indicating that the contact 

Fig. 3   a Working mechanism of the FM-ATENG prepared with the 
nylon-11 and PVDF-TrFE/PEDOT:PSS fibrous mats. The inset dis-
plays the electrical output state corresponding to each condition. 

b Photographs of the flutter moving under an airflow rate of 2 m/s. 
Open circuit voltage of the FM-ATENGs with different airflow veloc-
ities: c 2, d 3, e 4, and f 5 m/s
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frequencies between the flutter and nylon-11 fibrous mat 
increase with increasing airflow.

Moreover, the kinetic energy of flutter increases the sur-
face charge density as the airflow rate increases [21]. To 
compare the kinetic energy (Ekinetic) at the various airflow 
rates, Eq. (2) was used.

Here mf is the mass of the flutter film (0.0002 kg), and 
Vf is the velocity of the flutter of the FM-ATENG. The 
velocity of flutter was obtained using Vf = Dω (D: height of 
flutter moving and ω: angular frequency). To simplify the 
calculation, the flutter was assumed to move at a constant 
velocity. As a result, Ekinetic increased with an increasing 

(2)E
kinetic

=
mf v

2

f

2

airflow rate, as presented in Table 1. In addition, the con-
version efficiency was calculated using Ekinetic and the 
electrical energy (Eelectric) generated by the FM-ATENGs 
using Eq. (3):

The conversion efficiency increases up to a velocity of 
4 m/s; however, the efficiency decreases at 5 m/s. Notably, 
interference in the flutter movement occurs in this FM-
ATENG because of the change in Reynolds number with 
an increase in the airflow rate. Consequently, the amount 
of electrical energy is assumed to not increase significantly 
compared with the kinetic energy of the flutter at higher 
airflow velocities, thus decreasing conversion efficiency.

FM-ATENGs were preferentially prepared using non-
post-treated nylon-11 fibrous mats to observe the surface 
modifications caused by the post-treatment. After fluttering, 
the fibers become electrostatically attached to the flutter and 
peel off from the substrates, as shown in Fig. 4a. Conse-
quently, the flutter moves with a high resistance at a low 
airflow, whereas the post-treated nylon-11 fibrous mat moves 
easily. The post-treatment of the nylon-11 fibrous mat sig-
nificantly improves the flutter stability of the FM-ATENGs 
compared with that of the nontreated nylon-11 fibrous mat. 

(3)� (%) =
E
electric

E
kinetic

× 100

Table 1   Calculated kinetic energy of the flutter and conversion effi-
ciency of the FM-ATENG with varied airflow rates

Airflow 
velocity
(m/s)

Velocity 
of flutter
(m/s)

Kinetic energy
(µJ)

Generated 
energy
(µJ)

Conversion 
efficiency (%)

2 0.37 14.19 1.76 12.39
3 0.75 56.79 7.2 12.67
4 1.03 107.37 15.07 14.03
5 1.41 199.65 25.5 12.7

Fig. 4   a Photograph of the flutter of the FM-ATENG moving with 
the non-post-treated fibrous mat surface. b Output voltage of the non-
treated FM-ATENGs tested over 1000 s at 3 m/s of airflow. c Output 
voltage of the post-treated FM-ATENGs tested over 1000 s at 3 m/s 

of airflow. d Calculated power with extrinsic load resistance at air-
flow rates of 2–5 m/s. e Voltage of charging capacitors (4.7 µF) meas-
ured at airflow rates of 2–5 m/s. f Photograph of LEDs powered by 
FM-ATENGs with 2 m/s of airflow
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Thus, the flutter does not adhere to the post-treated nylon-11 
fibrous mat (Fig. 4b and c).

The output voltage of the FM-ATENG post-treatment 
nylon-11 fibrous mat was tested for 1000 s to verify its 
stability. The generated energy was converted into power 
by varying the load resistance (RL) from 2 MΩ to 960 MΩ 
(Fig. 4d). The maximum power was displayed using 10 MΩ 
of resistance; these were 0.44 µW at 2 m/s, 0.90 µW at 3 m/s, 
1.37 µW at 4 m/s, and 1.76 µW at 5 m/s of airflow. Figure 4e 
depicts the capacitor (4.7 µF) charged by the FM-ATENGs 
at various airflow rates. Furthermore, LEDs were illumi-
nated to confirm the power generation of the FM-ATENGs. 
Twenty-four white LEDs were powered by the FM-ATENGs 
at an airflow velocity of 2 m/s (Fig. 4f, Fig. S2, and Video 
S2).

As shown in Fig. 5a, the circuit comprised FM-ATENGs, 
a full-bridge rectifier, a capacitor, a Bluetooth module, 
LEDs, and an Arduino. As FM-ATENGs generate different 
amounts of energy depending on the airflow, the amount 
of charge in the capacitor varies. The FM-ATENGs were 
connected to an Arduino to act as a switch, and the LEDs 
were turned on based on the charging level detected by the 
airflow-check sensors (Fig. 5b and S10). The airflow rate 
data was received by a mobile phone via the Bluetooth 
module in the Arduino (Fig. 5c, Fig. S11, and Video S3). 
The performance of our FM-TENGs is comparable to those 
presented in previous studies (Table S1), particularly at low 
starting airflow rates suitable for HVAC systems. Thus, the 

designed FM-ATENGs may be used as airflow sensors for 
monitoring the internal airflow in buildings, and a wireless 
self-powered sensor module may be applied through the 
stack of FM-ATENGs.

Conclusions

In summary, FM-ATENGs were fabricated for use as 
airflow check sensors in HVAC ducts. To enhance the 
electrical output performance, the ferroelectric materi-
als PVDF-TrFE and nylon-11 were selected as oppos-
ing materials in the triboelectric series. The conduct-
ing polymer PEDOT:PSS was added to PVDF-TrFE to 
improve its ferroelectric properties, and XRD and FT-IR 
analyses revealed an enhancement in the ferroelectric β 
phase of PVDF-TrFE due to the addition. Electrospinning 
was employed to fabricate a fibrous mat of PVDF-TrFE/
PEDOT:PSS and nylon-11 to increase the effective con-
tact surface area. Owing to the poor interfacial adhesion 
and mechanical strength of the fibrous mat, the surface 
was modified using an electrospray-based post-treatment, 
enabling better adhesion between the fibers. The surface of 
the nylon-11 fibrous mat was modified by electrospraying 
for 10 s, resulting in improved electrical output perfor-
mance and sufficient adhesion between the fibers during 
friction with opposing materials. The optimal FM-TENG 
demonstrated electrical output performances of 550 V 

Fig. 5   a Circuit diagram displaying the connection of the FM-
ATENGs and electrical parts. b Output voltage of FM-ATENGs at 
different airflow rates, with insets showing photographs of the LEDs 

activating the airflow checks using FM-ATENGs and an Arduino. c 
Photographs of the airflow check data being sent to a mobile phone 
through an Arduino using FM-ATENGs
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and 28 µA at 20 Hz. Furthermore, the power density was 
calculated to be 873 µW/cm2 at 5 MΩ. The FM-ATENGs 
comprised fibrous mats that began to flutter steadily at an 
airflow velocity of 2 m/s. To demonstrate the practical 
application of the proposed strategy, FM-ATENGs were 
effectively used in airflow check sensors equipped with a 
capacitor that charged when the airflow rate was detected. 
This allows for continuous monitoring of the HVAC sta-
tus, with the data transmitted to a mobile phone. Devices 
based on these FM-ATENGs can enable a better control of 
HVAC systems in buildings, leading to improved energy 
efficiency without the need for frequent battery replace-
ment and downtime.
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