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Abstract: This work presents the fabrication of a coaxial fiber triboelectric sensor (CFTES) designed
for efficient energy harvesting and gesture detection in wearable electronics. The CFTES was fabri-
cated using a facile one-step wet-spinning approach, with PVDF-HFP /CNTs/Carbon black as the
conductive electrode and PVDF-HFP /MoS; as the triboelectric layer. The incorporation of 1T phase
MoS; into the PVDF-HFP matrix significantly improves the sensor’s output owing to its electron
capture capabilities. The sensor’s performance was carefully optimized by varying the weight per-
centage of MoS,, the thickness of the fiber core, and the CNT ratio. The optimized CFTES, with a core
thickness of 156 um and 0.6 wt% MoS;, achieved a stable output voltage of ~8.2 V at a frequency of
4 Hz and 10 N applied force, exhibiting remarkable robustness over 3600 s. Furthermore, the CFTES
effectively detects human finger gestures, with machine learning algorithms further enhancing its
accuracy. This innovative sensor offers a sustainable solution for energy transformation and has
promising applications in smart portable power sources and wearable electronic devices.

Keywords: coaxial fiber triboelectric sensor; 1T MoS,; PVDF-HFP/MoS,; machine learning; gesture
detection

1. Introduction

The rapidly increasing prevalence of portable electronics has brought significant
innovations to various domains such as smart home automation [1-5], wireless sensor
networks [6], healthcare monitoring systems [7,8], artificial intelligence technologies [9-12],
human-machine interfaces [13], and the Internet of things [14]. The evolution of these tech-
nologies emphasizes the escalating demand for efficient and sustainable power sources [12,13].
Conventional batteries are frequently used in small electronic devices due to their ease of
replacement [14]. However, they often fall short in terms of durability and energy efficiency
for wearable and wireless devices [12,15]. This limitation underscores the critical demand
for power sources that combine sustainability and reliability [16,17]. One approach involves
harvesting mechanical energy and converting it into electrical energy using mechanisms
such as electromagnetic [18,19], piezoelectric [18,20], and triboelectric [21-23]. Among them,
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triboelectric sensors have emerged as a compelling technology due to their effectiveness in
transforming mechanical energy into electrical energy through frictional contact between
distinct materials, a process known as “triboelectricity” [24-26]. Tribo-electrification is a
surface phenomenon and it is mainly dependent on the electrostatic electron exchange
between the two surfaces. Most of the frictional coatings utilized in triboelectric applica-
tions contain dielectric polymers. Most dielectric polymers are non-conducting in nature,
which may affect the electron flow and efficiency of the triboelectric device [27-29]. Coaxial
fiber triboelectric sensors (CFTESs) represent a significant technological advancement by
combining the triboelectric principle with the structural benefits of fiber-based sensors. The
coaxial fiber structure of the triboelectric sensor offers enhanced surface contact area and
flexibility, leading to improved charge generation and mechanical durability. This design
allows for efficient energy conversion under various deformations, making it highly suit-
able for wearable and flexible electronics. Additionally, the coaxial configuration enhances
sensitivity and stability, contributing to superior TENG performance [30-34].

Motivated by the structural configuration of CFTES, a novel CFTES was introduced by
employing a single-step wet-spinning approach. The CFTES features a coaxial configuration
in which a central conducting electrode is encapsulated with a triboelectric layer. The con-
ducting electrodes were fabricated using poly (vinylidene fluoride-hexafluoropropylene)
(PVDEF-HFP) in combination with carbon nanotubes (CNTs) and acetylene black, which pos-
sesses good robustness and electrical conductivity. The outer shell of CFTES was prepared
using PVDF-HFP and the 1T phase of molybdenum disulfide (1T-MoS,) as a triboelectric
layer. The appreciable mechanical stability, anticorrosive nature, high flexibility, and signifi-
cant wear and tear resistance of PVDF make it an ideal choice for developing CFTES [35-37].
The 1T-MoS,, with its high specific surface area, quantum confinement effect, and strong
electron-accepting ability, is an ideal candidate for enhancing triboelectric performance.
The 1T-MoS; phase works as an electron acceptor layer and significantly boosts the sensor’s
performance by optimizing the charge transfer efficiency of CFTES [38-41]. The abundant
fluorinated functional groups and high tribonegativity in PVDF-HFP and outstanding elec-
tron capture capabilitiesof 1T MoS, improve the overall electron affinity and charge density
of the triboelectric surface, which leads to high charge accumulation efficiency [42,43].

In this research, we conducted a comprehensive analysis of the fabrication methods,
material properties, and performance of a coaxial fiber triboelectric sensor (CFTES) using
PVDEF-HFP /CNTs/Carbon black and PVDF-HFP /1T-MoS,. By investigating the impact
of material composition, we developed a novel CFTES through a one-step wet-spinning
method. The sensor, featuring a PVDF-HFP /CNTs/Carbon black electrode and a PVDFE-
HFP/1T-MoS; triboelectric layer, demonstrated enhanced electron capture due to the
inclusion of 1T-MoS,, significantly improving its output. The CFTES design was optimized
by adjusting the MoS; content, core thickness, and CNT ratio, resulting in a stable output
voltage of ~8 V. The sensor achieved an open-circuit voltage of 8.2 V and a short-circuit
current of 74 nA and generated a charge of 2.6 nC with a core diameter of 156 pm and
0.6 wt% MoS;, exhibiting an optimum sensitivity of 0.79 V/N. Additionally, the sensor’s
output was explored under varying tapping frequencies and forces. Beyond these material
advancements, machine learning algorithms were integrated to enhance the sensor’s ability
to accurately recognize and interpret human finger gestures. This innovation extends the
CFTES’s potential applications in interactive and wearable technology, demonstrating its
promise in energy harvesting and human-computer interaction

2. Experimental Work
2.1. Chemicals

N,N-Dimethylformamide (DMF), C3H;NO, high-purity carbon nanotubes (CNTs),
lithium chloride (LiCl), ammonium molybdate (NH4),Mo0QOy4, and urea H,NCONH,; were
purchased from Aladdin Scientific (Shanghai, China). Polyvinylidene fluoride (PVDF-
HEFP molecular weight: 40 W) and acetylene black were purchased from Shanghai Aichun
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Biotechnology Co., Ltd. (Shanghai, China). Thioacetamide and CH3CSNH, were purchased
from Runyou Chemical (Shenzhen, China).

2.2. Synthesis of MoS,

MoS, flakes were prepared using an already reported hydrothermal method with
slight modification [44]. Ammonium molybdate tetrahydrate (50 mg), thioacetamide
(60 mg), lithium chloride (3.0 g), and urea (200 mg) were mixed in 25 mL of deionized water
and continuously stirred for 2 h to ensure complete dissolution. The mixed solution was
transferred into a Teflon-lined stainless-steel autoclave and treated in a hydrothermal oven
at 180 °C for 18 h. The precipitates were collected via centrifugation and washed multiple
times with deionized water and ethanol. The obtained sample was kept for drying in an
oven at 60 °C overnight.

2.3. Solution Preparation for Wet Spinning
2.3.1. Preparation of the Outer Layer Solution

Various concentrations of MoS; (0 mg, 5 mg, 6 mg, 10 mg, 25 mg, 50 mg, and 75 mg)
were initially dispersed in 4 g of DMF solution, and then 1 g of PVDF-HFP was dissolved
in 4 g of DMF solution to serve as the spinning solution for the outer friction layer.

2.3.2. Preparation of the Inner Layer Solution

The same mass of CNTs and acetylene black (125 mg, 150 mg, 175 mg, and 200 mg)
was dispersed in 9 g of DMF solution, containing 1 g of PVDF-HFDP, to obtain the spinning
solution for the active electrode.

2.4. Preparation of Coaxial Fibers via Wet Spinning

The inner solution was transferred into a syringe and connected to the inner channel
of the spinning needle, while the outer solution was connected to the outer channel of the
spinning needle as described above. The injection rates for the inner and outer solutions
were 50 pL min~! and 100 pL min~!, respectively. The resulting fibers were immersed in a
deionized water coagulation bath for 24 h to remove the DMF, which was displaced by the
DI water due to their high miscibility. Finally, the fibers were dried in an oven at 80 °C for
12 h. Overall, the material’s cost is USD 0.87 and can be applied at an industrial scale.

2.5. Material Characterization

The samples were observed under an SU1510 scanning electron microscope (SEM)
from Hitachi, Japan, to study the microstructure of the surface. We characterized the
chemical composition of the sample using X-ray photoelectron spectroscopy.

2.6. Electrical Measurements

All electrical measurements of the fabricated device were performed using a Keithley
6514 electrometer.

3. Results and Discussion

The synthesis scheme for the preparation of the CFTES via the polymer-assisted
exfoliation process is schematically depicted in Figure 1. The inner layer is composed of a
mixture of PVDF-HFP, CNTs, and acetylene black. In comparison, the outer triboelectric
layer consists of PVDF-HFP and 1T-MoS,. The morphology of the fabricated composites
after wet spinning is depicted in an enlarged section in Figure 1. It can be clearly seen that
the CNTs homogeneously covered the surface of PVDF/MoS; and the intact consistent
morphology is formed as a result of wet spinning.
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Figure 1. Schematic illustration of the synthesis of the composites via the wet spinning method.

The corresponding EDS mapping in Figure 2a—c further confirms the uniform existence
of all corresponding elements C, S, and Mo in the composites. The homogeneity of the
fabricated composite fibers can be seen in the scanning electron microscopic (SEM) image
in Figure 2d, which clearly confirms the homogeneity of the PVDF matrix and the uniform
dispersion of MoS; in the composite matrix. The composition of composites was examined
using X-ray photoelectron spectroscopy (XPS) data. The wide XPS spectra are given in the
supporting data as Figure S1 represents all of the represented elements’ peaks of CFTES.
The high-resolution XPS of S2p shows the doublet peaks at 162.2 eV and 161.1 eV belonging
to S2-2p1/2 and 2p3/2. Observation of the peak at 168.2 eV represents the existence of
edge sulfur oxidized species (Figure 2e). The high-resolution Mo 3d XPS contains two
typical peaks at 228.8 eV and 231.7 eV belonging to Mo 3d3/2 and Mo 3d5/2 and represents
1T-MoS; (Figure 2f). The typical peak at 235.4 eV belongs to the +6 oxidation state of Mo.
The Mo oxidation state for 3d5/2, Mo 3d3/2 is +4. One more peak at ~225.7 eV is satellite
2 s [45-48]. To further confirm the presence of the 1T phase of MoS,, X-ray diffraction
(XRD) analysis was performed on the sample. The XRD pattern of 1T-MoS, exhibited
characteristic peaks at approximately 13.5°, 32.6°, and 57.0°, corresponding to the (002),
(100), and (110) planes, respectively, as shown in Figure S2. The broad and low-intensity
(002) peak, observed at a lower angle than the typical 14.2° for the 2H phase [49,50],
indicates the expanded interlayer spacing and confirms the presence of the 1T phase of
MoS;. The synthesized fibers are very elastic, as shown in Figure 2g. Flexibility was
confirmed by bending and knotting the fabricated fibers (Figure 2h,i).

The working principle of CFTES is shown in Figure 3. Initially, the triboelectric layer
is electrically neutral as it is fully in contact with the external mechanical source. When
a mechanical force moves these layers slightly further apart, the phenomenon of contact
electrification occurs and the potential difference is induced between the two materials,
resulting in a negative charge on the core layer or surface of the fibers. The material is
fabricated from the insulating polymers, so the charges persist for a long time on the surface
of fibers. This potential difference between the two layers causes the electrons to flow
through an external circuit and produce electrical signals. When the layers begin to move
closer together, this also induces the potential difference and causes the electronic flow
to move in the reverse direction. Once the separation or contact reaches its maximum
point, the potential is completely neutralized and the flow of current in the external circuit
is stopped. Recompression of the layers via continuous mechanical input in the TENG
continuously generates the alternating current.

The electrical performance of the CFTES was assessed by using an external mechanical
motor to obtain precise data. The structural features of the materials played a critical role in
device output efficiency. Hence, the three influencing parameters including nanofiber thick-
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ness, CNT ratio, and the percentage concentration of MoS, were systematically optimized,
as shown in Figure 4. All of the CFTESs were tested at a tapping frequency of 1 Hz, and
open circuit voltage (Voc), short-circuit current (Isc), and charge (Q) were measured. The
CFTES achieves the maximum Voc, Isc, and Q of 580 mV, 5.3 nA, and 0.5 nC, respectively,
when the diameter of the external layer is 156 um (Figure 4a—c). The optical image of vari-
ous core-shell thicknesses is provided in Supplementary Figure S3. The optimal thickness
of 156 um allowed for maximum charge retention in the nanofibers. By further increasing
the thickness, the Voc decreased slightly, whereas the Isc and Q abruptly decreased, making
it unsuitable for the CFTES. The abrupt decline in performance can be attributed to the
larger diameters of the fibers, which may enhance charge dissipation and negatively impact
charge retention capabilities. Additionally, the increased volume of thicker fibers can
lead to higher interfacial resistance between the fiber layers. This increase in resistance,
combined with the mechanical stresses introduced by greater thickness, can disrupt the
alignment of the triboelectric materials, ultimately resulting in lower current generation
and diminished overall performance [51-53]. The optimized 156 um thickness was tested
against the various ratios of mcnt/macgT. The CFTES exhibits excellent electrical output
performance at an mcnT/macpT ratio of 125 mg/125 mg, the Voc reaches 570 mV, and
the Isc is ~5.8 nA, as shown in Figure 4d,e. Similarly, the highest Q value of ~0.4 nC was
examined with the same ratio of 125 mg/125 mg, as shown in Figure 4f.

b
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Mo 3d3/2 1T-Mo 3d5/2
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Figure 2. EDS mapping of PVDF-HFP/1T-MoS; (a) C, (b) S, (c) and Mo; (d) scanning electron
microscopic image of PVDF-HFP /1T-MoS,; (e) high-resolution S2p XPS spectra of PVDF-HFP/1T-
MoS;; (f) high-resolution Mo3d XPS spectra of PVDF-HFP/1T-MoS;; (g-i) flexibility test of the
fabricated fiber: (g) straight, (h) bending, and (i) knotted.
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Figure 3. Schematic illustration showing the working principle of the CFTES device.
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The triboelectric output of the CFTES gradually increases with the increase in the
MoS, weight percent (wt%). The maximum improvement in energy harvesting is observed
for 0.6 wt% of MoS,. The output voltage generated by 0.6 wt% of the MoS;-based CFTES is
2.5 times higher than the undoped MoS;, as shown in Figure 4d. By further increasing the
MoS; concentration, Voc in particular tends to be flattened or even reduced. This is due
to the fact that a further increase in MoS, (wt%) results in an increase in surface contact
between MoS, and the CNTs. This leads to the form of a conducting network inside the
nanofibers, which interferes with the frictional charge transfer, neutralizes some of the
charges, and decreases device efficiency [54]. Similarly, the maximum Isc and Q were
observed for the 0.6 wt% MoS,-based CFTES (Figure 4e,f). Hence, the optimal doping
concentration of MoS, is 0.6 wt%.

The output performance of the CFTES under periodic shocks of various frequencies
and applied forces is evaluated in Figure 5. The Voc and Isc under various frequencies
are depicted in Figure 5a,b, respectively. The Voc and Isc for the optimized device lie
between the frequency range of 1 Hz to 4 Hz in 10 N force. It was observed that both
Voc and Isc increase with frequency, indicating the steady achievement of electron flow
equilibrium. The value of Q also shows similar trends with respect to frequency as with
current, indicating the fast and large amount of charge transfer at higher frequencies.
(Figure 5c). A similar trend in Voc and Isc values was observed when increasing the
mechanical force from 4 N to 10 N, as depicted in Figure 5d,e. The Q consistently increased
with the increase in applied pressure, as shown in Figure 5f. Stability and reliability are
critical parameters for evaluating the device’s effectiveness. Limitations of the device’s
life span while operating hinder its practical ability for various applications. Figure 5g
illustrates the sensitivity of the fabricated CFTES. The sensor exhibits a sensitivity of
approximately 0.23 V/N, which is higher than at increased force levels (~0.79 V/N). This
improved sensitivity is likely due to the material’s structural integrity being compromised
under higher force impacts. Overall, the maximum voltage, current, and transferred charge
were found to be 8.2V, 74 nA, and 2.6 nC, respectively, under optimized conditions. The
stability of the as-fabricated TENG device was tested to ensure the mechanical stability of
the device at an applied force and frequency of 10 N and 4 Hz, respectively. The stability
test in Figure 5h confirms that the CFTES device remains stable under the continuous cycle
for 3600 s with no significant difference in the output waveform, validating the reliability
of the CFTES. Additionally, we have provided a clear comparison of the performance of
our material with already reported works, as shown in Table S1.

The CFTES device was designed for practical implementation to harvest energy from
various routine activities. As illustrated in Figure 6, the fabricated CFTES device was
mounted on the joints of the five fingers of a human hand. When the device was attached
to various fingers and subjected to mechanical force from finger bending during routine
activities, it harvested mechanical energy and triggered a voltage signal. Figure 6a shows
a real-time 3D graph of the CFTES device while the user bends their fingers at different
angles. Continuous cyclic signals were observed during the movement of all five fingers.
Figure 6b provides corresponding photographs of the bending motions of the five fingers.
The testing technique demonstrated the exceptional sensing capability of the CFTES device,
even with low applied force. It also highlights the device’s high flexibility, compact bending
ability, and ease of transport, making it suitable for practical applications in the future. By
collecting data on fibers and processing them using an LSTM model in deep learning, we
have successfully developed a method to accurately identify different finger movements.
The Voc signals generated by the wearer while performing different finger motions were
measured in the experiment. Each finger was measured 220 times and each finger can
result in 220 data points. Overall, the resulting dataset with a total of 5 x 220 data points
was considered for analysis. The workflow diagram of the LSTM model, along with the
confusion matrix of the test set and the finger motion recognition results, is shown in
Figure 6¢c. The method can accurately identify the Voc signals generated by different finger
movements, with 92.6% recognition accuracy.
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4. Conclusions

In summary, we fabricated a highly flexible composite nanofiber material using a
wet spinning process, incorporating 1T-MoS,;, CNTs, and PVDF-HFP. The highly flexible
nanofibers can generate charge using frictional forces and have been successfully utilized
for CFTES devices. The nanofibers are in the tackle and form a core-shell morphology.
The device comprises PVDF-HFP /CNTs/Carbon black as its highly efficient conductive
electrode, while PVDE-HFP/MoS, is an advanced triboelectric layer, ensuring optimal
performance and sensitivity. The core/shell morphology synergistically enhances the
conductivity as well as the triboelectricity in the CFTES device. The fabricated CFTES
device shows cast-improved performance with a PVDF nanofiber thickness of 156 pm, an
mcent/maceT of 125 mg/125 mg, and MoS; content of 0.6 wt%, exhibiting the highest
electrical output power. Furthermore, the influence of tapping frequency and force on the
triboelectric output of the optimized CFTES was also investigated. The results showed that
upon raising the tapping frequency, the output performance improved due to fast electron
transfer. Similarly, increasing the tapping force resulted in the enhancement of effective
area which leads to improved device output performance. The device shows a persistent
voltage output of 3600 s, ensuring its high stability. The device can successfully sense
human finger movements and the recorded signal was observed, showing its operability in
future smart, portable, energy-harvesting, and sensing devices.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390 /nanoenergyadv4040022 /s1. Figure S1. Wide XPS spectra of
CFTES nanofibers. Figure S2. XRD pattern of as synthesized MoS;. Figure S3. The optical image
of various core thickness of CFTES nanofibers at the scale bar of 100 um. Table S1. Performance
comparison with previously reported works [55-61].
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