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Smart textiles capable of reliable pressure sensing are essential for emerging 
wearable and biomedical applications; however, scalable fabrication routes that 
combine sensing performance, durability, and biological safety remain limited. 
This research presents a green engineered MoS2-functionalized nonwoven fabric 
that was developed as a flexible piezoresistive pressure sensor using a citric-acid- 
assisted exfoliation and coating approach. Few-layer MoS2 nanosheets were 
uniformly coated on the fibrous substrate, forming a flexible conductive 
network without compromising fabric flexibility. The structural and surface 
studies confirm the successful intercalation of MoS2 with well-preserved 
layered structures. The fabricated textile shows a stable and repeatable 
electromechanical response in the applied pressure range of 600–6,000 Pa, 
wherein resistance decreases monotonically while voltage output increases as 
load is exerted. The sensor exhibits good repeatability (±0.05 V), low hysteresis 
(0.07 V), and a stable signal (response and recovery), and sustained electrical 
function was obtained over multiple washing cycles, implying practical 
robustness. Furthermore, antibacterial activity against Escherichia coli and 
Staphylococcus aureus is demonstrated, and in vitro cytocompatibility tests 
indicate 79% cell viability at the highest tested concentration. These findings 
indicate that green engineered MoS2-coated nonwoven fabrics represent a 
promising platform for pressure-responsive smart textiles, enabling their 
integration into wearable and bio-interfacing applications.
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1 Introduction

The rapid development of smart textiles and wearable electronics is changing how 
electronic technology is applied in daily life, turning traditional clothing into 
multifunctional platforms that can sense, interact, and communicate with the wearer 
and the surrounding environment. Smart textiles, or electronic textiles (e-textiles) and 
intelligent fabrics, integrate electronic elements inside the textiles and clothes, including 
microcontrollers, sensors, and conductive fibers, to make garments that go far beyond the 
futuristic concept behind comfort and protection. Such integration enables the real-time 
monitoring of physiological, environmental, and user activity information, which is very 
important for applications in healthcare, fitness, military, and workplace safety. In 2025, it is 
projected that 10% electronics devices will be wearables in the form of clothing, indicating a 
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wave of practicality and innovativeness in modern fashion trends 
(Graziola, 2024; Zhang et al., 2025; admin, 2024).

Piezoresistive sensing, based on the change in electrical 
resistance induced by mechanical deformation, is generally 
considered to be one of the most desirable signal-transduction 
modes for wearable electronic systems owing to its simple 
working principle, low power consumption, and reliable 
sensitivity. When integrated into wearable systems, such a 
principle allows unobtrusive and continuous observation of 
human movement, posture, and external pressure with high 
wearability comfort. Textile-based substrates provide inherent 
advantages, including flexibility, air permeability, and mechanical 
tunability, for ensuring that the sensors are able to fit tightly on skin, 
thus achieving good, consistent contact through repeated motions. 
These features are especially apparent on fabric and nonwoven 
structures, which are suitable for long-term wear applications 
(Yu et al., 2022; Qin et al., 2024; Zhang et al., 2024).

However, the embedding of piezoresistive materials into textile 
substrates presents technical challenges. It is still a challenge to 
obtain a well-dispersed coating of conductive materials and strong 
interfacial adhesion between conductive materials and fiber 
networks, especially under cyclic mechanical loading. In addition, 
the porous structure of textile architectures can cause different 
conductive pathways leading to varying signal levels and lowered 
measurement repeatability over a long time (Li et al., 2024; Mahmud 
et al., 2025). To overcome these challenges, recent work has 
successfully addressed integrating conductive nanomaterials such 
as MXene- and graphene-based systems, along with hybrid material 
approaches that facilitate the development of interconnected sensing 
networks upon textile surfaces via scalable methods of fabrication 
such as dip-coating and impregnation (Yu et al., 2022; Qin et al., 
2024; Li et al., 2024). The MoS2-functionalized textile has a high 
sensitivity and wearability with green hybridization synthesis, good 
sustainability through plant-derived hydrothermal, while graphene 
has less environmental friendliness due to the use of graphene oxide, 
and MXenes show high-performance but energy-intensive 
synthesis. Among them, MXenes exhibit the highest flexibility/ 
wearability and mechanical integration but are intermediate in 
sustainable development, and graphene has moderate-to-high 
metrics but involves less green process; MoS2 excels in terms of 
green synthesis and robustness for promising scalable, 
biocompatible smart textiles (Adepu et al., 2022; Vaishag et al., 
2024; Ferreira et al., 2024). However, the ability to stabilize electrical 
performance while achieving washability, mechanical robustness, 
and manufacturability remains a significant challenge in the 
realization of practical piezoresistive textile sensors (Qin et al., 
2024; Mahmud et al., 2025).

Although most two-dimensional (2D) materials, such as MoS2, 
graphene, and MXenes, have great potential for next-generation 
wearable sensor applications due to their exceptional piezoresistive 
performances, most of the current strategies for integrating these 
nanomaterials onto textiles are based on energy-intensive and 
environmentally unfriendly fabrication processes, including 
chemical vapor deposition, hydrothermal growth, and plasma- 
assisted coating (Khan et al., 2023; Bhakhar et al., 2023; Xu 
J. et al., 2022). These approaches typically require high 
temperature, toxic solvents, and complicated multistep 
processing, leading to low scalability, irregular adhesion on soft 

substrates, and compromised mechanical comfort of textile-based 
devices. Although green synthesis routes such as liquid-phase 
exfoliation with biocompatible agents provide low-energy and 
low-toxic alternatives, their application in functionalizing 
nonwoven fabric with MoS2 nanosheets remains unexplored. 
Particularly, methods that provide uniform and stable coating of 
MoS2 while retaining high piezoresistive sensitivity and stability are 
rare (Hu and Dong, 2024; Ali et al., 2025). Additionally, most of 
these reports lean toward either the green synthesis of nanomaterials 
or sensor fabrication but fail to incorporate both in a combined 
manner to present a comprehensive, textile-compatible, and eco- 
friendly approach. The lack of a unified strategy that combines eco- 
friendly MoS2 synthesis with a scalable textile coating technique has 
limited further advancement in wearable electronics. This gap can be 
filled by a technique that provides mild synthesis conditions, 
uniform coating on porous and flexible substrates with good 
electrical sensitivity and low impact on the environment, which 
is an issue that we address here using citric-acid-assisted liquid 
exfoliation and coating approach.

Molybdenum disulfide (MoS2), as a two-dimensional transition 
metal dichalcogenide (TMD), has emerged as a highly promising 
material for piezoresistive sensing in flexible and wearable 
electronics with its salient features of semiconducting bandgap 
(1.2–1.8 eV), high surface-to-volume ratio, and good mechanical 
flexibility (Khan et al., 2023; Wang et al., 2023). Compared to other 
2D candidates, viz., graphene and MXenes, MoS2 has clear 
advantages: while graphene is semi-metallic, and MXenes need 
functional surface terminations for stability, MoS2 exhibits a 
tunable electrical response to mechanical strain without the need 
for post-processing, making it more suited for piezoresistive 
transduction (Singh et al., 2025; Jin and Bai, 2022). In addition, 
it is also chemically inert and biocompatible, making it ideal for 
long-term skin-contact applications (Hu and Dong, 2024). Despite 
its material advantages, the traditional strategy to synthesize MoS2 

often involves high-temperature (>200 °C) hydrothermal or 
chemical vapor deposition (CVD), using hazardous solvents (e.g., 
NMP) and toxic reductants (e.g., hydrazine), which are 
incompatible with delicate textile substrates and raise 
sustainability concerns. Green synthesis techniques that use 
benign complexing agents, such as citric acid, plant extracts, and 
water–ethanol systems to facilitate the exfoliation and stabilization 
of MoS2 nanosheets, have a lower environmental impact and 
improve scalability (Hu and Dong, 2024; Ali et al., 2025).

In this study, citric acid, a biodegradable and non-toxic chelating 
agent, is used to realize the exfoliation of MoS2 and morphology 
regulation in ethanol–water mixed solvents. This environmentally 
friendly method enhances the nanosheet self-assembly and allows 
uniform coating on porous nonwoven fabric substrates, with lower 
solvent toxicity and energy consumption. This fabrication approach 
is consistent with low-waste manufacturing and circular materials 
design and provides a scalable pathway to high-performance 
piezoresistive textiles for wearable electronics. The major goal of 
this work is to fabricate a flexible, biocompatible, and 
environmentally friendly piezoresistive textile sensor by 
integrating nonwoven fabric as substrate and green-synthesized 
MoS2 nanosheets. MoS2 nanosheets are evenly distributed across 
the textile surface via a citric-acid-assisted exfoliation method. This 
low-temperature, solution-based coating method maintains the 
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softness and comfort of the fabric for wearers. The uniqueness of the 
presented work is the systemic incorporation of green chemistry 
concepts and textile engineering, which makes it possible to develop 
and scale a production route for MoS2-coated fabrics having 
excellent sensitivity, mechanical stability, and user comfort. 
Unlike previous research, which focused mainly on nanomaterial 
synthesis or device preparation alone, this study bridges the 
material–process–application gap by addressing eco-friendly 
synthesis, substrate compatibility, and comprehensive 
performance testing of pressure sensitivity, cyclic stability, 
washability, thermal stability, and biocompatibility. Altogether, 
these represent a significant step toward sustainable, high- 

performance electronic textiles for personalized healthcare 
monitoring and smart wearable applications.

2 Materials and methods

2.1 Material

The molybdenum disulfide (MoS2, 98% purity), citric acid 
anhydrous (C6H8O7, 99% purity), and ethanol (99.9% purity) 
were purchased from the Sisco Research Laboratories, India. 
Conductive film (polyethylene with carbon particles) was 

FIGURE 1 
Schematic illustration of the green synthesis process. (a) Step-by-step flowchart depicting citric-acid-assisted, liquid-phase exfoliation of MoS2 in an 
ethanol–water mixture, followed by centrifugation and coating onto nonwoven fabric substrates. (b) Photographs of MoS2-coated nonwoven fabric 
samples (2 cm × 2 cm) showing uniform black coating indicative of successful MoS2 deposition.
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purchased from Thingbits (Mumbai, Maharashtra, India). The 
fabric substrate (nonwoven, 24 GSM) was supplied by Sivasamy 
Silks, India. The chemicals used in this experimental study were 
analytical grade and used without any purification. The entire 
experimental study utilized double-distilled water.

2.2 Methods

2.2.1 Synthesis and coating of MoS2

The citric-acid-assisted MoS2 suspension was obtained by 
liquid-phase exfoliation in an ethanol–water mixture (Figure 1a) 
(Gómez-Muñoz et al., 2021). Citric acid 0.1 M was dissolved in 
deionized water under magnetic stirring to formulate an aqueous 
solution (S et al., 2023). After dissolution, ethanol was added 
gradually with continuous stirring to form a 1:1 ethanol–water 
mixture. MoS2 particles 500 mg were added gradually to the 
ethanol–water solution in small portions while stirring to ensure 
even dispersion. The suspension was stirred for 10 min followed by 
sonication at 40 °C for 6 h to assist MoS2 exfoliation and improve 
citric acid affinity (Mohinta and Vasa, 2025). Citric acid plays several 
roles in the green exfoliation process. Its three carboxylic acid groups 
react as a complexing agent for the MoS2 edge sites and intercalate 
between layers, weakening the van der Waals forces. The -COOH 
groups function as an exfoliating agent by introducing electrostatic 
repulsion between layers during ultrasonication, which leads to the 
layer separation (Bai et al., 2022). Moreover, citric acid acts as a 
dispersant by providing surface charge and steric stabilization to the 
exfoliated sheets, which suppresses restacking and maintains 
colloidal stability in aqueous solution (Rui et al., 2025). 
Significantly, the employment of citric acid as a biocompatible 
and non-toxic reagent increases the safety of the process 
compared to toxic organic solvents (e.g., N-methyl-2-pyrrolidone 
and dimethylformamide) that are known to be reproductive 
toxicants, eliminates hazardous waste production, and facilitates 
safe processing for biomedical purposes.

After sonication, the dispersion was left to stand at room 
temperature for 30 min to allow sedimentation of larger, 
unexfoliated MoS2 elements. The dispersion was centrifuged at 
4,500 rpm for 25 min to remove bulk material. The supernatant, 
consisting of exfoliated and treated MoS2 nanosheets, was collected, 
washed several times using deionized water and ethanol, and then 
stored for further use in coating applications (Wang S. et al., 2025). 
The collected supernatant, comprising exfoliated and citric-acid- 
stabilized MoS2 nanosheets, was used for coating applications 
(Figure 1b). The nonwoven fabric was cleaned thrice using 
deionized water and ethanol and then dried in an oven at 100 °C 
for 20 min. The dried fabric was submerged in the MoS2 suspension 
(10 mg/mL) and allowed to soak for 1 h to allow homogeneous 
coating of MoS2 onto the fiber surfaces. After absorption, the coated 
nonwoven fabrics were separated and oven-dried at 100 °C for 1 h to 
ensure adhesion of the MoS2 layers. The mass of the fabrics was 
recorded, before and after coating, using a microbalance 
(±0.1 mg), to determine the MoS2 uptake. The MoS2 loading 
per unit area was estimated to be 7.20 ± 0.16 mg/cm2 (n = 3), and 
the average coating thickness was approximately 1.42 ± 0.03 μm 
based on the bulk density of MoS2 (5.06 g/cm3). The treated 
fabric was stored in a clean, dry environment for further 

characterization study and sensor assembly (S et al., 2023; 
Wang S. et al., 2025; Han et al., 2021).

The green synthesis employed a 1:1 (v/v) water-ethanol co- 
solvent system. The 500 mg bulk MoS2 was exfoliated with citric acid 
(0.1 M) via ultrasonication (120 W, 40 kHz, 6 h), achieving 150 mg 
along with remarkable solvent-to-product ratios of approximately 
100 mL/g in contrast to typical NMP-based methods 
(1,000–5,000 mL/g). Ethanol is less toxic (LD50 = 7,060 mg/kg) 
than NMP (3,914 mg/kg) and DMF (2,800 mg/kg), is not a 
reproductive toxicant, and produces non-hazardous waste, which 
reduces the special disposal costs and reduces operational costs by 
~90%. The process showed a consumption of 0.72 kWh, while the 
lower boiling point of ethanol (78 °C vs. 202 °C for NMP) enables 
energy-efficient solvent recycling.

2.2.2 Characterization techniques

The citric-acid-assisted MoS2-coated nonwoven fabric was 
characterized using several techniques. X-ray diffraction (XRD) 
analysis (Bruker D8 Advance with Cu Kα radiation (λ = 
1.54056 Å)) was used to determine the sample’s crystalline nature 
and phase purity. Scanning electron microscopy coupled with 
energy-dispersive X-ray spectroscopy (EVO 18 Research) was 
used to analyze the morphological features and elemental 
composition. Raman spectroscopy (Horiba France, XploRA 
PLUS) was used to study the structural properties of the MoS2 

nanoparticles. UV-visible spectroscopy (Specord, 210 plus) was used 
to determine the optical properties, while Fourier transform infrared 
spectroscopy (Jasco 4600) provided insights into surface functional 
groups. An atomic force microscope (Nanosurf) was used to analyze 
the surface topography and morphology. Additionally, a 
semiconductor parameter analyzer (SCS 4200 Keithley) was used 
to determine the conductivity analysis.

2.2.3 Sensor fabrication and experimental methods

In a sandwich-type architecture, two outer layers (e.g., MoS2- 
coated nonwoven fabrics) serve as active conductive textiles; 
however, direct face-to-face contact produces unstable electrical 
pathways due to random fiber–fiber contact points, surface 
roughness, and variations in pressure-dependent contacting areas. 
Placing a conductive film in between creates a homogeneous and 
continuous piezoresistive medium. Under pressure, the conductive 
film is compressively deformed, resulting in a controlled change in 

FIGURE 2 
Schematic diagram of sensor assembly architecture. Exploded 
view showing sandwich-type configuration with two MoS2-coated 
nonwoven fabric layers (0.16 mm each) separated by conductive film 
(0.09 mm), with copper foil tape providing electrical contacts for 
measurements.
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resistance. Mechanical load can be transferred into a predictable 
resistance to stabilize the overall sensing response. The MoS2-treated 
nonwoven fabric was prepared via liquid-phase exfoliation as 
described in Section 2.2.1. The coated nonwoven fabric was cut 
into uniform dimensions of 2 cm × 2 cm. Adhesive-backed copper 
tape was applied alongside the terminal area of each MoS2-treated 
nonwoven fabric layer to act as an electrical contact point (Figure 2). 
An electrical test clamp was affixed to the copper tape to allow for 
peripheral electrical contacts during measurement. The layered 
structure was constructed by assembling the layers in order: 
MoS2-treated nonwoven fabric (0.16 mm), conductive layer 
(0.09 mm), and MoS2-treated nonwoven fabric (0.16 mm). The 
layers were aligned, and the assembly was held using adhesive tape at 
the terminal edges to avoid lateral movement throughout testing 
(Jiang et al., 2022; Srivastava et al., 2024; Wu et al., 2024).

Mechanical loading was utilized using assorted calibrated 
weights (50 g–500 g) placed at the center of the sensor 
construction. Resistance through the sensor was assessed at each 
load using an Arduino Nano connected to the computer for data 
recording. The loading and unloading cycles were calculated to 
assess hysteresis, and dynamic tests were executed by applying 
particular weights rapidly to estimate recovery and response 
times (Zhang et al., 2016). The washability of the functionalized 
fiber was examined in accordance with AATCC 135 to assess the 
durability of the MoS2 coating against domestic laundering.

The fabricated sensor was evaluated through functional and 
biological testing to verify its electromechanical output, washability, 
antibacterial activity, and cytocompatibility. Measurements were 
performed in triplicate (n = 3) under identical experimental 
conditions. All experimental data are reported as mean ± 
standard deviation (SD). Error bars in all figures represent 
standard deviation (SD). This metric was chosen to transparently 
reflect measurement variability and reproducibility across samples.

2.2.4 Antibacterial activity assessment

The antibacterial property was tested with the AATCC 
147 Parallel Streak Method against Gram-negative Escherichia 
coli and Gram-positive Staphylococcus aureus. Bacterial cultures 
were incubated in nutrient broth at 37 °C for 24 h to ~1.5 × 
108 CFU/mL. Five parallel lines of bacterial suspension were 
streaked on the nutrient agar plate with a sterile swab. MoS2- 
coated fabric samples (n = 2 (S1 and S2)) and an untreated 
control fabric sample were UV-sterilized for 30 min before 
placing them perpendicularly over the streaks and pressing gently 
for contact. The plates were incubated at 37 °C for 24 h, after which 
the zones of inhibition (ZOI ≥ 1 mm) perpendicular to the streaks 
were measured. AATCC 147 represents a qualitative screening 
method that can give visual evidence for antibacterial activity but 
does not provide quantitative data on antimicrobial activity levels.

2.2.5 Cytotoxicity assessment

Cytocompatibility was tested according to ISO 
10993–5 standard using L929 fibroblast cells (National Centre for 
Cell Science, Pune, India). Cells were cultured in Dulbecco’s 
Modified Eagle Medium (DMEM) and supplemented with 10% 
fetal bovine serum and 1% penicillin–streptomycin and maintained 

at 37 °C in a humidified atmosphere containing 5% CO2. L929 cells 
(1 × 104 cells per well) were seeded in 96-well plates and incubated 
for 24 h to allow cell attachment. Extracts of MoS2-coated fabric 
were prepared by immersing 10 mg of the textile sample in 1 mL of 
DMEM at 37 °C for 24 h, followed by sterile filtration, and 
subsequently diluted to concentrations equivalent to 0 µg/mL, 
20 µg/mL, 40 µg/mL, 60 µg/mL, 80 µg/mL, and 100 μg/mL of 
MoS2. Aliquots (100 µL) of each extract (n = 3) were added to the 
wells and incubated for 24 h. Subsequently, 10 µL of MTT solution 
(5 mg/mL in PBS) was added to each well and incubated for 4 h, after 
which the formed formazan crystals were dissolved in 100 µL of 
dimethyl sulfoxide. Absorbance was measured at 570 nm, and cell 
viability was calculated as the percentage ratio of sample absorbance 
to control absorbance. According to ISO 10993–5, materials 
exhibiting cell viability above 70% were considered non-cytotoxic.

3 Results and discussion

3.1 X-ray diffraction analysis

The crystalline arrangement of the MoS2 coating on the 
nonwoven fabric was examined using XRD. The diffraction 
profile, as shown in Figure 3, confirms the effective deposition of 
crystallized MoS2 on the nonwoven fabric. The diffractogram 
exhibits a sequence of clear and narrow peaks that are coherent 
with the hexagonal crystal phase of MoS2 (JCPDS No. 37–1,492). 
The intense peak detected at 14.4° matches the (002) plane, which is 
the layered nature of MoS2 and indicative of strong c-axis aligned 
and well-ordered crystal domains (Li et al., 2013). The obtained 
interlayer distance from the (002) peak is ~0.62 nm, which is a key 
factor for pressure-sensing properties. This layered structure 
provides reversible compressibility with the applied mechanical 
force, thus inducing piezoresistive behavior, where inter-flake 

FIGURE 3 
X-ray diffraction (XRD) pattern of MoS2-coated nonwoven fabric. 
Characteristic diffraction peaks indexed to the hexagonal 2H-MoS2 

phase (JCPDS No. 37–1,492), with a prominent (002) peak at 2θ = 14.4° 

indicating a well-ordered layered structure with an interlayer 
spacing of ~0.62 nm. Spectrum acquired using Cu Kα radiation (λ = 
1.54056 Å), scan range 10°–80° 2θ.
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contact resistances change proportionally with pressure. This is 
translated into sensor sensitivity (Bai et al., 2022; Li et al., 2013). 
Particularly, the absence of significant background peaks from the 
nonwoven fabric suggests that the MoS2 layer effectively dominates 
the diffraction signal. This signifies uniform, coherent MoS2 

coverage on the textile substrate, thereby leading to a well- 
connected conductive path all over the sensing area. This 
homogeneous distribution is crucial to obtain reproducible 
pressure responses with minimal signal variation and a stable 
baseline resistance for continuous pressure sensing (Sabarinathan 
et al., 2016; Ni et al., 2023). This supports the conclusion that the 
deposition process resulted in a relatively thick or well-oriented 
coating, effectively masking the substrate beneath.

The sharp (002) peak with high intensity indicates the good 
crystallinity and low structural defects of citric-acid-exfoliated 
MoS2 layers, which is important to achieve a stable piezoresistive 
response during cyclic loading–unloading tests and rapid 
response–recovery time because of elastic behavior resulting 
from well-ordered layer structures (Aggarwal et al., 2024; 
Zhuo et al., 2023).

3.2 Fourier transform infrared (FTIR) 
spectroscopy analysis

FTIR spectroscopy was used to study the functional groups 
and confirm the bonding mechanism relations between MoS2 

and the nonwoven fabric. The FTIR band of the MoS2-treated 
fabric is shown in Figure 4; the wavenumber range extends from 
4000 cm−1 to 400 cm−1. The broad absorption band appearing at 
approximately 3406 cm−1 is the O–H stretching vibration of 
hydroxyl groups, and it originates from the natural hydrophilic 
property of nonwoven fabric. This peak is often seen in 
polymeric-based fabrics. The notable absorption band at 

1647 cm−1 matches the angular vibration of water molecules 
(H–O–H), verifying the residual water within the fabric matrix 
(Miller et al., 2025). The existence of these hydroxyl and water- 
related functional groups is advantageous for pressure sensing, 
as they contribute to the flexibility and compressibility of the 
fabric to allow it to undergo reversible deformation under 
applied pressure without compromising the structural 
integrity of the MoS2 coating (Bhakhar et al., 2023; Deng 
et al., 2024; Pang et al., 2021). The bands at 1150 cm−1 and 
1,410 cm−1 correspond to C–O and C–H vibrations from the 
fabric substrate. Notably, the bands noticed at lower energy 
region, particularly at 480 cm−1 and 649 cm−1, are attributed to 
the Mo–S linear vibrations, indicating the successful 
development and occurrence of MoS2 on the fabric. The peak 
at 480 cm−1 matches the A1g and E1

2g vibrational modes of 
MoS2, which are distinctive indicators of the stacked 
configuration of MoS2 (Late et al., 2012). The clear vibration 
mode of Mo–S provides evidence of the strong chemical bond 
between MoS2 layers and the fabric, which is essential to 
maintain an electrical contact when compressing 
mechanically. This strong bonding prevents the sensor 
delamination during repeated pressure loading cycles and 
maintains the sensor performance as well as the device 
stability for extended time scales (Pang et al., 2021; Xu D. 
et al., 2022).

The presence of the Mo-S vibrational modes (480 cm−1 and 
649 cm−1), in addition to the fabric-related features, also 
provides successful integration of MoS2 without affecting the 
intrinsic flexibility of the substrate. Such chemical compatibility 
between MoS2 and the fabric matrix is crucial for maintaining 
the mechanical properties required for sensing pressure, where 
the composite can be elastically deformed while maintaining 
electric connectivity through the MoS2 percolation network that 
enables sensitive and repeatable response under applied pressure 

FIGURE 4 
Fourier transform infrared (FTIR) spectrum of MoS2-coated 
nonwoven fabric. The spectrum displays characteristic O–H 
stretching (3406 cm−1), H–O–H bending (1647 cm−1), C–O and C–H 
vibrations (1150 cm−1, 1410 cm−1), and diagnostic Mo–S 
vibrational modes (480 cm−1, 649 cm−1), confirming successful MoS2 

integration on the fabric substrate. The spectrum was acquired in 
transmission mode over the 400 - 4000 cm−1 range.

FIGURE 5 
UV-visible absorption spectrum of MoS2-coated nonwoven 
fabric. Two distinct excitonic absorption peaks at 615 nm (B exciton) 
and 680 nm (A exciton), with ~65 nm separation characteristic of few- 
layer MoS2, confirm successful exfoliation and preserved 
semiconducting properties. The spectrum was acquired in 
transmission mode, 400–1100 nm wavelength range.
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(Bhakhar et al., 2023; Wang et al., 2024; Hu et al., 2024; Chen 
et al., 2014; Zavala-Sanchez et al., 2022).

3.3 UV-visible spectroscopy analysis

UV-Vis spectroscopy was used to characterize the optical 
behavior, and its absorption band is presented in Figure 5. The 
spectrum covers the range of 400–1,100 nm. It shows two significant 
absorption peaks at 615 nm and 680 nm, which are ascribed to the 
notable excitonic states of MoS2. These spectral features are related 
to the A and B excitonic states, which originate from the spin–orbit 
separation of the valence band peak in the Brillouin zone K point 
(Mak et al., 2010). The excitonic peaks A (680 nm) and B (615 nm) 
with distinct separation (~65 nm) are a clear indication of the 
successful exfoliation of MoS2 into few-layer nanosheets using citric- 
acid-assisted liquid-phase exfoliation. Such a quantum-confined 
structure of few-layer MoS2 is beneficial to the pressure-sensing 
application due to its larger surface-to-volume ratio and greater 
flexibility when compared with its bulk counterpart, leading to a 
better match onto fabric substrate and more significant mechanical 
sensitivity to applied pressure (Hashemi et al., 2022; Deng et al., 
2024). The adherence of distinct A and B excitonic absorption peaks 
indicates the MoS2 coating holds its layered formation and shows 
confinement-induced quantum effects that are stable with 
nanosheet formation. The preservation of excitonic characteristics 
even after being coated on the fabric substrate reveals that the 
semiconducting nature of MoS2 nanosheets is preserved, which is 
essential for piezoresistive sensing processes. Intact electronic 
structure leads to the persistent modulation of charge transport 
by mechanical deformation, which plays a direct role in enabling the 
sensor to transduce pressure into measurable electrical signals (Bai 
et al., 2022; Safamariyam et al., 2025).

Moreover, the gradual decline in absorption ahead of 700 nm 
confirms the semiconducting behavior of MoS2 and the occurrence 
of a tail in the near-infrared region, which is possibly caused by 
scattering effects from the nonwoven fabric (Chhowalla et al., 2013). 

The well-resolved excitonic absorption peaks, along with the 
semiconducting character of the absorption edge, validate that 
the citric acid exfoliation method can successfully produce 
optically and electronically active MoS2 nanosheets. 
Consequently, this electronic characteristic is critical to obtain 
stable baseline conductivity and reproducible resistance changes 
under cyclic pressure loading, which guarantees a reliable sensor 
performance with a minimal signal drift in practical use (Bhakhar 
et al., 2023; Xu D. et al., 2022).

3.4 Raman spectroscopy analysis

This technique is used for studying the molecular vibration and 
determining layer thickness in 2D materials. The Raman spectra 
(range: 100 cm−1 to 1,000 cm−1) are shown in Figure 6. Two distinct 
peaks are noted at 376 cm−1 and 404 cm−1, related to the E1

2g and 
A1g vibrational modes of MoS2. The A1g (404 cm−1) mode was 
associated with the out-of-plane vibration of S atoms (Lee et al., 
2010). The frequency difference (Δω) of 28 cm−1 is observed between 
these modes, which is a key constraint used to identify the number of 
MoS2 layers. This Δω of the 28 cm−1 value demonstrates that the 
citric-acid-assisted exfoliation successfully produced few-layer MoS2 

(three to five layers) rather than bulk materials, which is preferable 
for pressure sensing. Few-layer structures provide an optimal 
thickness between a few layers for mechanical flexibility and 
electrical conductivity (thinner than the substrate deformation, 
but sufficiently thick to support stable charge-transport paths), 
promising better piezoresistive sensitivity than monolayer or bulk 
MoS2 (Ni et al., 2023; Late et al., 2013). This layer thickness is 
consistent with the excitonic absorption peaks observed in UV-Vis 
spectroscopy and the interlayer spacing measured from XRD data, 
which validates the citric acid liquid-phase exfoliation method. The 
controllable number of layers is also important for the performance 
of sensors, because it directly affects the band structure, charge 
carrier mobility, and mechanical compliance, all critical parameters 
for achieving high sensitivity and stability response in flexible 
pressure sensors (Bai et al., 2022; Rawat et al., 2023).

The fine, sharp Raman peaks with small full-width at half- 
maximum reveal that MoS2 nanosheets exhibit high 
crystalline quality after citric acid exfoliation and deposition 
on the fabric substrate. This retained crystallinity is crucial for 
the uniform electronic properties under mechanical 
deformation, which leads to repeatable and reproducible 
responses from the sensors after multiple pressure 
loading–unloading cycles without compromising the sensor 
performance (Bhakhar et al., 2023; Deng et al., 2024).

3.5 Scanning electron microscopy and 
energy-dispersive X-ray 
spectroscopy analysis

Scanning electron microscopy (SEM) and EDX analyses were 
used to characterize the surface morphology and map the elemental 
composition. Figure 7 displays the SEM images of (a) the nonwoven 
fabric and (b) the MoS2-coated nonwoven fabric, while (c) shows the 
equivalent EDX spectrum. The nonwoven fabric in Figure 7a
displays clean, smooth fibers with an even thickness and 
unstructured features. In contrast, the MoS2-coated fabric sample 

FIGURE 6 
Raman spectrum of MoS2-coated nonwoven fabric. Two 
prominent peaks at 376 cm−1 (E1

2g) and 404 cm−1 (A1g) with frequency 
difference Δω = 28 cm−1 indicate a few-layer MoS2 (three to five layers) 
structure obtained through citric-acid-assisted exfoliation.
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in Figure 7b indicates a compact arrangement of granular and flaky 
particles on the fiber surface. The observed surface roughness 
indicates the successful deposition of MoS2 nanosheets on the 
fiber arrangement. This conformal coating of MoS2 nanosheets 
on individual fibers is essential for the pressure-sensing 
functionality, which enables a continuous conductive 
pathway in the 3D fabric structure. Due to the uniform 
distribution, mechanical compression at any region of the 
fabric results in predictable changes in inter-flake contact 
resistance and provides a consistent piezoresistive response 
across the entire sensor area (Bhakhar et al., 2023; Pang et al., 
2021). The EDX spectrum in Figure 7c validates the presence of 
the essential elements Mo and S, which are the key elements of 
MoS2. The stoichiometry of Mo:S is achieved in the EDX 
spectrum, suggesting that the chemical composition of the 
MoS2 was maintained during citric-acid-assisted exfoliation 
and deposition without being oxidized or decomposed. This 

structural integrity is crucial to retain the semiconductor 
behavior that is necessary for stable electrical conduction 
and for reliable piezoresistive sensor performance (Bai et al., 
2022; Deng et al., 2024). This is evidence of the selective and 
efficient incorporation of MoS2 on the nonwoven 
fabric surface.

The SEM morphological analysis and EDX elemental 
confirmation validate the successful MoS2 nanosheet deposition 
on flexible fabric substrate using citric-acid-assisted liquid-phase 
exfoliation. The resulting surface roughness and particle distribution 
are advantageous for pressure sensing, as these features can increase 
the effective contact area between MoS2 layers in a compressed 
condition and provide an enhanced piezoresistive effect to prepare 
sensitive sensors. These morphological characteristics, along with 
the preserved stoichiometry of MoS2, enable a stable baseline 
resistance and reproducible response under applied pressure (Xu 
D. et al., 2022; Hu et al., 2024).

FIGURE 7 
Scanning electron microscopy (SEM) and energy-dispersive X-ray spectroscopy (EDX) analysis. (a) SEM image of pristine nonwoven fabric showing 
clean, smooth fiber surfaces. (b) SEM image of MoS2-coated fabric displaying conformal coating of granular MoS2 nanosheets on fiber surfaces. (c) EDX 
spectrum confirming the presence of Mo and S elements with appropriate stoichiometry, validating the MoS2 chemical composition. Scale bars: (a,b) as 
indicated in the images.
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3.6 Atomic force microscopy (AFM) analysis

AFM images (Figure 8) are 50 μm × 50 µm scans using a 
resolution of 512 × 512 pixels performed in static force mode using a 
ContAI-G cantilever at room temperature with corresponding 
height maps, scale bars (x/y:50 µm), color legends (z:0–613 nm), 
and z-axis references; representative of multiple regions. It is 
important to note that AFM-measured height values reflect the 
topographic surface relief of the coated fabric, including 
contributions from stacked nanosheet aggregates and substrate 
roughness, rather than the thickness of individual MoS2 

nanosheets, which are characterized as few-layered structures 
(three to five layers) as confirmed by Raman spectroscopy. The 
surface height deviation ranges from 0 to 2.56 µm (line fit: 2.45 µm), 
which resulted in an average mean height of 310.23 nm, RMS 
roughness of 399.52 nm, peak height of 1,388.7 nm, and valley 
depth of −1,280.7 nm. These values indicate a flaky, textured 
property characteristic of the nanosheet composite. The observed 
surface height variations of 2–3 µm from AFM measurements 
represent topographic relief arising from stacked MoS2 nanosheet 
aggregates on the fabric surface, rather than the thickness of 
individual nanosheets. These aggregated structures, combined 
with high RMS roughness (399.52 nm), improve piezoresistive 
gauge factors by facilitating strain-induced nanosheet sliding at 
their junctions and network reconstruction, respectively, with 
larger aggregate formations inducing greater resistance changes at 
contact points. This is consistent with our Raman analysis, which 
indicates few-layer nanosheets. For analogous graphene networks, 
thicker nanosheets (e.g., 3–20 nm) would linearly enhance the 
resistivity and gauge factors through enhanced inter-flake 
contributions, which mirrors the mechanisms in MoS2-based 
composites. This AFM-based roughness is responsible for 

increasing sensitivity during mechanical loading, as it is directly 
related to the electrical piezoresistive characteristics. The data also 
show no scanning artifacts, consistent with viable surface analysis 
(Zeng et al., 2011).

3.7 Four-point probe electrical 
measurement

Control experiments conducted with a four-probe measurement 
method at a constant current of 1.0000 mA distinctly differentiate 
the role of green synthesis in the electrical response of nonwoven 
fabric substrates. The uncoated nonwoven fabric reveals very high 
resistance of 7.3 × 109 Ω and sheet resistance of ~2.5 × 1010 Ω/sq, 
which confirms its intrinsically insulating character with no 
continuous charge-transport pathways. After coating with MoS2 

without citric acid, the resistance decreases noticeably to 1.2259 × 
103 Ω, and the sheet resistance is 5.5532 × 103 Ω/sq, which implies 
partial conductive paths induced by aggregated MoS2 domains on 
the fiber surface. However, the lower sheet resistance is due to 
conductive islands that are localized and not a uniform percolation 
across the nonwoven substrate. In contrast, the citric-acid-assisted 
MoS2-coated fabric displayed a resistance of 2.6448 × 103 Ω and a 
corresponding sheet resistance of 11.98 × 103 Ω/sq, determined from 
a stable voltage response (2.6448 V at 1 mA, with 8.9364 mV across 
the inner probes) that was maintained over 5.41 s. The temporal 
stability of these electrical parameters confirms consistent probe 
fabric contact and the intrinsic uniformity of the coating. Although 
the citric-acid-assisted MoS2 coating shows higher sheet resistance 
than the untreated version, this arises from a fundamental change in 
conduction mechanism from localized cluster pathways to a 
uniform nanosheet percolation network. Citric acid serves as a 
complexing agent that promotes precise exfoliation into 

FIGURE 8 
Atomic force microscopy (AFM) topography of MoS2-coated fabric. (a) Two-dimensional height map (50 µm × 50 µm scan, 512 × 512 pixels) showing 
the flaky, textured surface characteristic of a nanosheet composite. (b) Three-dimensional surface representation revealing height variations (z-range: 
0–613 nm; RMS roughness: 399.52 nm), indicative of MoS2 nanosheet coating morphology with a surface topographic relief of ~2–3 µm arising from 
stacked nanosheet aggregates. Scan parameters: static force mode, ContAI-G cantilever, and room temperature.
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nanoscale flakes, inhibiting restacking while favoring well-ordered 
flake alignment and effective inter-flake electrical contacts (Bai et al., 
2022). This nanoscale organization enables consistent modulation of 
junction and tunneling resistance under mechanical strain, which is 
essential for effective piezoresistive sensing. In comparison, the 
irregular stacking of larger (1–5 µm) MoS2 aggregates formed 
without citric acid creates irregular junctions and limited 
resistance variation under deformation. These findings 
collectively demonstrate that citric-acid-assisted synthesis 
improves both static electrical uniformity and dynamic 
piezoresistive response, both of which are essential for reliable 
wearable sensor performance (Eda et al., 2011; Choi et al., 2017; 
Radisavljevic et al., 2011; Liu et al., 2016a).

3.8 Electromechanical response: weight vs. 
voltage and resistance

The electric response of the material was studied by measuring 
voltage and resistance (Figure 9) using a weight range from 50 g to 
500 g. All experiments were carried out on three independently 
prepared samples (n = 3), and data are presented as mean ± standard 
deviation (SD). The output response is shown as two plots: Figure 9a
shows weight vs. voltage, and Figure 9b shows weight vs. resistance. 
Both the measurements exhibit good reproducibility with the 

coefficient of variation (CV) < 2%. In the voltage response, the 
voltage increases linearly as the applied weight increases. At 50 g, the 
voltage recorded is 2.85 ± 0.03 V. While increasing the weight 
gradually, the voltage response also increases to 3.63 ± 0.04 V at 
100 g, to 4.22 ± 0.03 V at 150 g, and to approximately 4.73 ± 0.04 V at 
250 g. For 300 g–500 g, the voltage response increases gradually and 
stabilizes at 4.99 ± 0.01 V. The small error bar in Figure 9a indicates 
the measurement precision is excellent (CV < 1.05%). This response 
signifies a nonlinear and positive correlation between weight and 
voltage, with a sharp transition at the initial weight followed by a 
slower increase. The conductivity of the material is improved due to 
the enriched charge transport, which is clearly shown in the plot. 
The resistance curve exhibits an apparent downward tendency as the 
loading weights increase. Resistance is high, 7.52 ± 0.11 kΩ, at 50 g. 
As the load increases to 100 g, the resistance decreased rapidly to 
approximately 3.79 ± 0.07 kΩ and subsequently to 1.87 ± 0.03 kΩ at 
150 g, after which the resistance change becomes relatively smaller. 
At 200 g, the resistance decreases to approximately 1.02 ± 0.02 kΩ 
and further decreases to 0.30 ± 0.001 kΩ at 300 g; and subsequently 
becomes relatively constant with a resistance of approximately 0.014 
(14 Ω) at higher weights (400 g–500 g). Very good reproducibility 
was maintained between the estimates (CV = 0.00–1.73%). This 
would indicate that resistance has a nonlinear inverse relationship 
with weight, such that an increase in weight significantly decreases 

FIGURE 9 
Electromechanical response under applied weight. (a) Voltage 
output versus weight (50–500 g) showing nonlinear sigmoidal 
increase from 2.85 ± 0.03 V to 4.99 ± 0.01 V with excellent 
reproducibility (CV < 1.05%, n = 3). (b) Resistance versus weight 
displaying exponential decay from 7.52 ± 0.11 kΩ to 0.014 kΩ with 
minimal variation (CV < 1.73%, n = 3). Error bars represent standard 
deviation (SD).

FIGURE 10 
Pressure-dependent electrical response. (a) Voltage output 
versus pressure (600–6,000 Pa), exhibiting a monotonic increase from 
2.85 ± 0.02 V to 4.99 ± 0.01 V with reproducibility CV < 1.05% (n = 3). 
(b) Resistance versus pressure showing exponential decay from 
7.52 ± 0.06 kΩ to 0.014 ± 0.001 kΩ with excellent precision (CV < 2%, 
n = 3). Error bars represent the standard deviation (SD).
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resistance, but further increases yield a reduced change, signifying a 
saturation regime. The decrease in resistance may be due to heavier 
compression that reduces voids between conducting sites, thus 
providing better electrical contact. Resistance and voltage have 
inverse trends observed using both measurements: higher voltage, 
less resistance. Such response behavior indicates mechanical input 
with consistent electrical output. Because of the gentle curve and 
lack of sharp peaks, the measurements seem stable and reliable (Late 
et al., 2013). Such small error bars in Figures 9a,b reveal its excellent 
inter-sample reproducibility (CV less than 2%), indicating 
consistent sensor fabrication. This shift from fast approach to 
saturation in the two curves is evidence of an anticipated and 
regulated response to higher mechanical stimulation. The data 
show that both electrical parameters vary in a consistent 
nonlinear fashion as load is applied, with good reproducibility, 
making the material promising for use in quantitative sensing 
(Trung and Lee, 2016; Lian et al., 2020; Gu et al., 2024).

3.9 Pressure-dependent electrical response

The electric response of a sample was investigated at applied 
pressures (Figure 10) ranging from 600 Pa to 6,000 Pa. 
Measurements were taken at both (Figure 10a) pressure versus 
resistance and (Figure 10b) pressure versus voltage. The 
resistance values exhibit a distinct inverse correlation with 
pressure. At the lowest pressure (600 Pa), the resistance is at the 
maximum value of 7.52 ± 0.06 kΩ. A sharp decline in resistance to 
3.79 ± 0.04 kΩ is observed at 1,000 Pa. This tendency also extends 
into the higher pressure range up to 2000 Pa, where the resistance 
levels off to 1.87 ± 0.01 kΩ. Above this, the decrease becomes less 
steep. Resistance at 3,000 Pa decreases to 0.56 ± 0.00 kΩ, drops to 
0.048 ± 0.001 kΩ at 5,489 Pa, and further decreases to 0.014 ± 
0.001 kΩ (14 Ω) at 6,099 Pa. The small error bars visible in 
Figure 10a confirm excellent measurement precision (CV < 2% 
across all conditions). This trend indicates that, in the lower- 
pressure regime, the sample is pressure-sensitive, while, in the 
higher pressure regime, a saturation effect has occurred, and 
when an additional pressure is applied, less change in resistance 
is observed. The rapid decrease followed by the gradual curve 
suggests that the conductive paths are formed and stabilized at 
higher compressive strain.

The pressure–voltage relationship follows the exact opposite 
trend. Voltage increases with applied pressure, beginning with 
2.85 ± 0.02 V at 600 Pa. The voltage follows the pressure: as the 
pressure goes from 600 to 1,000 Pa, the voltage increases from 
2.85 to 3.62 ± 0.02 V, respectively; at 2000 Pa, the voltage reaches 
4.22 ± 0.02 V. It continues to increase, but at a slower pace. At 
3,000 Pa, a voltage of 4.74 ± 0.03 V is required; the voltage gradually 
increases to 4.99 ± 0.01 at 6,000 Pa. Error bars in Figure 10b
demonstrate excellent reproducibility (CV < 1.05%). This 
suggests the voltage is more sensitive to the initial pressure 
increase and then gradually saturates, following the resistance 
behavior in the opposite direction. The increase is linear and 
constant, indicating a stable electrical response throughout the 
measured range (Yang et al., 2019; Wang et al., 2017).

Both graphs confirm a stable and reversible electrical signal 
under external pressure. The small error bars in both plots also 
confirm the inter-sample consistency (CV < 2%), which indicates a 

reliable sensor fabrication. The current decreases as the voltage 
increases in a nonlinear but continuous way. Such negative 
resistance with respect to voltage is found in conductive 
materials for which the electrical conductivity is dependent upon 
mechanical deformation. Results show that the electrical 
characteristics can be directly modulated by pressure, with high 
repeatability (n = 3, CV < 2%), which provides good application 
potential in quantitative bio-pressure detection, particularly in the 
sensitive low-pressure range (600–2,400 Pa) (Alhashmi Alamer 
et al., 2022).

3.10 Repeatability and stability analysis: 
iteration vs. voltage

The voltage value was recorded by five repeated tests on the 
single sample at the same test conditions (250 g) to verify the 
repeatability and stability (Figure 11). The voltage is nearly the same 
for all five cycles, as shown in the bar chart. The measured voltages 
were 4.73 V, 4.72 V, 4.70 V, 4.71 V, and 4.73 V for iterations one to 
five, respectively, with a mean of 4.72 ± 0.01 V (mean ± SD, n = 5). 
The CV was calculated to be 0.57%, indicating excellent repeatability 
(CV < 1%). The highly reproducible voltage response (CV = 0.57%, 
n = 5) exhibits uniform electrical properties across sequential 
measurements that only show a deviation of ±0.03 V from the 
mean value. This low variance corresponds to minimal hysteresis 
and stable contact resistance in the MoS2 nonwoven fabric network. 
This response is used to validate the reliability of electrical 
characteristics under cyclic loading. The data show that the 
voltage output is highly reproducible across repeated 
measurements (n = 5, CV = 0.57%) and the behavior of the 
sensor is consistent under identical loading conditions. The 
minimal variation observed between cycles further confirms the 
absence of significant drift, hysteresis, or degradation over short- 
term cycling. This excellent repeatability (CV < 1%), when 
combined with the previously established inter-sample 
reproducibility (n = 3, CV < 2%), confirms reliability for our 
MoS2-textile sensor in quantitative sensing applications (Yang 
et al., 2019; Wang et al., 2017).

3.11 Long-term electrical stability: time 
vs. voltage

The long-term stability was tested by recording the output 
voltage of a single sample at a constant load (300 g) for 300 s 
(Figure 12). Such continuous monitoring is routinely used to 
monitor signal drift and sensor temporal stability. The plot 
demonstrates a very stable voltage output of approximately 4.7 V 
drawn over the entire period. The voltage was constant at 4.73 ± 
0.03 V (mean ± SD of 300 s), with the maximum drift (~±0.6%) over 
a 5-min measurement window. Slight undulations can be seen in the 
waveform; however, these undulations are extremely minimal and 
well within tolerable limits, suggesting that no appreciable drift is 
present. The signal is stable at the test start and stop points, and there 
are no sharp increases, sharp decreases, or irregular trends. The 
fluctuations of the waveform are minimal (<±0.03 V) and well 
within the acceptable level, due to inherent noise in the 
measurement rather than instability of the signal itself. The lack 
of progressive drift, sharp transients, or irregular trends offers good 
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temporal stability with no evidence of electrical degradation over the 
period measured. The continuous monitoring shows good temporal 
stability (drift <1% over 300 s), which reveals that the sensor can 
provide a constant electrical output under sustained static loading. 

Together with the good repeatability (CV = 0.57%, n = 5) and inter- 
sample reproducibility (CV < 2%, n = 3), these results confirm the 
reliability of the MoS2-textile sensor for short-time cycles as well as 
static measurements over the long term.

3.12 Durability assessment: washing cycle 
vs. resistance

To evaluate the practical durability of the sensor, its washing 
resistance was tested according to the AATCC 135 standard 
(Figure 13). Three independently fabricated samples (n = 3) 
underwent seven washing cycles, and the resistance was 
measured after each cycle (results expressed as mean ± SD, CV < 
1.6%). The initial resistance of 6.92 ± 0.06 kΩ became 19.32 ± 
0.07 kΩ after the seventh cycle, corresponding to a 2.8-fold increase, 
with a notable acceleration in degradation beyond the fourth cycle. 
The observed increase in resistance with washing cycles is consistent 
with several potential degradation mechanisms. Based on the 
electrical behavior and the nature of the washing process, the 
resistance increase can be attributed to: (i) partial detachment of 
MoS2 nanosheets from fiber surfaces due to mechanical agitation 
and surfactant action, (ii) progressive weakening of the MoS2–fiber 
interfacial bonding through repeated wetting and drying cycles, (iii) 
possible restacking of the nanosheets, reducing the number of 
conductive pathways, and (iv) microstructural deformation of the 
textile substrate disrupting the percolation network. While these 

FIGURE 11 
Repeatability analysis for voltage output across five consecutive loading cycles at 300 g on a single sample, demonstrating excellent repeatability 
(mean = 4.72 ± 0.01 V; CV = 0.57%; n = 5). Minimal variation (<1%) indicates a stable electrical response without significant drift or hysteresis during short- 
term cyclic operation.

FIGURE 12 
Long-term stability analysis for continuous voltage monitoring 
under constant load (300 g) over 300 s, showing temporal stability 
(mean = 4.73 ± 0.03 V; drift <1%; n = 300 time points). Minimal 
fluctuations confirm the absence of progressive drift or 
degradation during static loading.
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mechanisms are inferred from the systematic electrical 
measurements, they are consistent with the established 
understanding of nanomaterial–textile interactions under washing 
conditions (Mitrano et al., 2016; Beigzadeh et al., 2024; Syduzzaman 
et al., 2023). The nonlinear resistance change (~30% versus 83%) 
during the cycles 0–3 compared to that of the cycles of 4–7 clearly 

indicates a transition from minor surface degradation to significant 
conductive network disruption once a critical damage threshold is 
reached. Despite the nearly threefold increase in resistance, the 
sensor remained functioning across all washing cycles, signifying 
that the remaining network connectivity was sufficient to preserve 
electrical continuity. The steady and progressive resistance change, 

FIGURE 13 
Durability–resistance change versus washing cycles (AATCC 135 standard) showing progressive increase from 6.92 ± 0.06 kΩ (cycle 0) to 19.32 ± 
0.07 kΩ (cycle 7), representing a 2.8-fold increase with consistent reproducibility (CV < 1.6%, n = 3). The sensor maintains functionality throughout all 
cycles despite the resistance increase.

FIGURE 14 
Temperature response assessment. Temperature-dependent resistance (30 °C–100 °C) exhibiting negative temperature coefficient (NTC) behavior 
with an 8-fold decrease from 6.52 ± 0.16 kΩ to 0.81 ± 0.02 kΩ, demonstrating excellent reproducibility (CV = 1.27–2.41%, n = 3).
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along with good reproducibility (CV < 1.6%), mirrors a smooth and 
predictable degradation pattern, allowing recalibration-based 
changes for consistent performance in real-world use. The 
washing durability observed over seven operational cycles is 
considered satisfactory for short-term or semi-disposable 
wearable applications (Alhashmi Alamer et al., 2022).

3.13 Temperature-dependent electrical 
response: temperature vs. resistance

The temperature-dependent electrical performance of the 
sensor was determined by measuring resistance in the 
30 °C–100 °C range (Figure 14). The sensor displayed negative 
temperature coefficient (NTC) behavior, with resistance 
decreasing from 6.52 ± 0.16 kΩ at 30 °C to 4.90 ± 0.07 kΩ at 
40 °C, 3.68 ± 0.05 kΩ at 50 °C, 2.05 ± 0.03 kΩ at 70 °C, and 0.81 ± 
0.02 kΩ at 100 °C, corresponding to an eightfold reduction in 
resistance with excellent reproducibility (CV = 1.27–2.41%). The 
NTC response can be explained on the basis of thermally activated 
charge carriers transport, in which higher temperatures enhance 
the electron hopping between MoS2 nanosheets, thereby lowering 
the interfacial contact resistance and enhancing carrier mobility. 
The nonlinear resistance reduction, pronounced at low 
temperatures, indicates that the thermally activated conduction 
governs in the initial range and tends to reach the intrinsic limit of 
conductivity of the material with increasing temperature. Note 
that the response curve is smooth and continuous without 
discontinuities, indicating a stable and reversible thermal 
behavior. This stable response, even at NTC behavior, 
maintains the stable thermal performance of the sensor in a 
wearable scenario. High reproducibility also indicates its 
potential for temperature-compensated pressure sensing or 
dual-mode temperature–pressure application (Gu et al., 2024; 
Han et al., 2024; Liu et al., 2016b).

3.14 Logistic modeling of weight-dependent 
voltage response

The weight-dependent voltage output revealed a sigmoidal 
pattern (Figure 15), characterized by a rapid initial increase from 
2.85 ± 0.03 V at 50 g to 4.22 ± 0.03 V at 150 g, followed by gradual 
saturation toward 4.99 ± 0.01 V at 500 g. The behavior was well 
modeled by a four-parameter logistic, with R2 (0.9999) and statistical 
fitting parameters significance of p (9.90 × 10−9). The inflection point 
(EC50 = 112 g) marks the transition from the high-sensitivity region 
to the gradual saturation regime. The observed logistic behavior is 
consistent with percolation theory. At lower loads (50–150 g), 
pressure application triggers a fast formation of conductive 
networks by bringing two MoS2 nanosheets closer, which 
effectively decreases interparticle gaps and contact resistance. 
Each incremental weight leads to new conductive junctions 
within an initially disconnected network, which has a high 
sensitivity for the response. The intermediate region 
(~100–200 g) corresponds to the percolation threshold, where a 
continuous conductive network becomes fully established across the 
sensing structure. Above this threshold (>200 g), further 
compression results in diminishing gains, as the conductive 
network is already well-established. Additional pressure only 
causes minor flake rearrangement along with a slight increase in 
area of contact, rather than forming new conduction paths. This 
physical saturation is caused by an asymptotic approach to the 
potential at maximum voltage output (~5 V) determined 
intrinsically by the electronic property of MoS2 and its packing 
density. Therefore, the sigmoidal response becomes a natural result 
of the percolation dynamics with rapid conductivity increase near 
the percolation threshold, followed by reduced sensitivity once 

FIGURE 15 
Mathematical modeling of electromechanical response. Logistic 
model fit of weight-dependent voltage response showing sigmoidal 
behavior with rapid initial increase (50–150 g), followed by gradual 
saturation (R2 = 0.9999, p = 9.90 × 10−9, EC50 = 112 g). Green data 
points with error bars (n = 3) represent experimental measurements; 
the blue line represents the fitted logistic function.

FIGURE 16 
Mathematical modeling of electromechanical response. 
Exponential decay fit of pressure-dependent resistance showing a 
characteristic exponential decrease (R2 = 0.9998, decay constant t1 = 
882). Magenta data points with error bars (n = 3) represent 
experimental measurements; the purple line represents the fitted 
exponential function. Both models validate percolation-based 
piezoresistive mechanisms.
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optimal network connectivity is achieved (Trung and Lee, 2016; 
Gong et al., 2015).

3.15 Pressure-dependent electrical 
response: exponential decay fit

The pressure-dependent resistance exhibited an exponential 
decay trend, with resistance dropping rapidly from 7.52 ± 
0.06 kΩ at 600 Pa to 1.87 ± 0.01 kΩ at 1800 Pa and then 
gradually approaching 0.014 ± 0.001 kΩ at 6,000 Pa (Figure 16). 
This response was well fitted by an exponential decay function (R2 = 
0.9998), yielding a decay constant t1 = 882, which corresponds to a 
reduction of the resistance to approximately 37% of its initial value 
at this characteristic pressure, consistent with percolation-based 
piezoresistive models for composites. The exponential decay 
behavior can be interpreted in terms of pressure-driven evolution 
of contact resistance and percolation pathways within the MoS2 

network. At low pressures (600–1800 Pa), compression substantially 
narrows the gaps between adjacent MoS2 nanosheets, leading to a 
steep increase in the number of conductive contacts and in the 
tunneling probability, in line with quantum tunneling theory, where 
current depends exponentially on barrier width. Concurrently, the 
applied pressure increases the effective contact area at MoS2 and 
fiber interfaces and reduces interfacial voids, thereby decreasing 
contact resistance, in agreement with contact mechanics 
descriptions of pressure area relationships. Beyond approximately 
2,000 Pa, the conductive network approaches a highly connected 
state in which most effective contact sites are already engaged, and 
further compression only produces marginal gains in connectivity. 
In this regime, the overall resistance becomes increasingly governed 
by the intrinsic resistance of the MoS2 sheets and their saturated 

packing configuration rather than by further reductions in 
interparticle gaps, yielding a saturation-like plateau. The 
exponential form therefore provides a compact mathematical 
representation of the transition from a contact-resistance- 
dominated regime, where resistance is extremely sensitive to gap 
reduction, to an intrinsic-resistance-dominated regime, in 
accordance with percolation theory for pressure-sensitive 
composite systems (Trung and Lee, 2016).

3.16 Mechanical memory and hysteresis 
analysis: loading vs. unloading

Mechanical memory and hysteresis were characterized by 
recording voltage responses during loading–unloading cycles 
from 50–500 g (Figure 17), with consistent results across three 
samples (CV < 1.1%). The maximal hysteresis was 0.11 V at 250 g 
(loading: 4.73 ± 0.04 V; unloading: 4.62 ± 0.03 V), and the average 
hysteresis over all loading conditions was 0.07 V, which is less than 
1%–2% of the signal range. The consistently low hysteresis reflects 
limited energy dissipation during compression–decompression, 
stemming from the textile substrate’s elastic recovery and 
reversible rearrangement of the MoS2 nanosheet without 
permanent deformation. This performance (1%–2% hysteresis) is 
competitive with typical textile piezoresistive sensors: graphene- 
coated fabric (3%–8%), CNT embedded textiles (5%–15%), 
conducting polymers (10%–25%), and metal nanowires (2%–5%). 
These characteristics result from strong van der Waals forces that 
allow for reversible nanosheet stacking in the sensor, high 
mechanical strength of the MoS2, and low viscoelastic losses due 
to minimal polymer binder and the textile’s inherent mechanical 
properties. Combined with a good cycle repeatability (CV = 0.57% 
after five cycles) and inter-sample uniformity (CV < 2%), all these 
features demonstrate their excellent mechanical reliability compared 
to conventional textile sensors. The minimal hysteresis enables the 
reliable dynamic pressure sensing for applications including gait 
analysis, human–machine interfaces, and continuous health 
monitoring, because they would compromise the accuracy due to 
lag effects (Wang et al., 2017; Gu et al., 2024; Xue et al., 2024; Liu 
et al., 2021; Ryan et al., 2017).

3.17 Antibacterial analysis

Antibacterial activity was determined using the AATCC 
147 Parallel Streak Method against Gram-negative Escherichia 
coli and Gram-positive Staphylococcus aureus (Figure 18 (a and 
b)). Two separately prepared MoS2 textile samples (S1 and S2) were 
tested by the AATCC 147 method. As it is a qualitative rather than 
statistical replication, it gives visual evidence of antibacterial activity 
in terms of ZOI. Samples showed well-defined inhibition zones 
against E. coli (S1: 28 mm, and S2: 25 mm), while larger zones were 
reported for S. aureus (S1: 30 mm and S2: 28 mm), with untreated 
controls presenting no inhibition, confirming that the activity 
originates from MoS2. Key antibacterial mechanisms are as 
follows: (1) physical destruction of cell membranes due to the 
sharp-edged MoS2 nanosheets penetrating through bacterial cell 
walls, (2) reactive oxygen species generation leading to oxidative 
stress and DNA/protein damage, (3) phospholipid extraction from 
bacterial membranes by van der Waals interactions, and (4) released 

FIGURE 17 
Mechanical memory and hysteresis analysis. Loading–unloading 
voltage response curves over the weight range 50–500 g showing 
minimal hysteresis with maximum voltage difference of 0.11 V at 250 g 
(loading: 4.73 ± 0.04 V; unloading: 4.62 ± 0.03 V) and average 
hysteresis of 0.07 V representing 1%–2% of the signal range. Excellent 
reproducibility (CV < 1.1%, n = 3) and smooth curves without 
discontinuities indicate reversible elastic deformation and a stable 
MoS2-textile network. The blue line with circles represents loading; the 
magenta line with squares represents unloading.
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Mo ions interfering with metabolic enzymes. The higher efficiency 
against Gram-positive S. aureus (28–30 mm) than Gram-negative 
E. coli (25–28 mm) is attributed to the single layer of peptidoglycan 
in Gram-positive species, which is thinner, weaker, and penetrable, 
compared with the double membrane barrier of Gram-negative 
species. AATCC 147 is a qualitative screening method that 
provides a visual indication (zone presence/absence) rather 
than quantitative reduction rates, and thus does not require 
statistical significance testing. This antibacterial activity is 
important for wearable sensors that must stay on the skin 

for extended periods of time, as bacterial colonization leads 
to irritation and sensor degradation. Combined efficacy against 
both S. aureus (skin commensal) and E. coli (contamination 
indicator) confirms potential for healthcare monitoring, 
wound dressings, and athletic clothing. Together with 
biocompatibility (cell viability >70%, ISO 10993), the sensor 
demonstrates the combination of antimicrobial protection and 
mammalian cell compatibility essential for safe long-term 
wearable applications (Gu et al., 2024; Mu et al., 2023; 
Naskar et al., 2022).

FIGURE 18 
Antibacterial activity against (a) Gram-negative Escherichia coli and (b) Gram-positive Staphylococcus aureus using the AATCC 147 Parallel Streak 
Method. MoS2-coated samples (S1 and S2) display clear zones of inhibition (Escherichia coli: 25–28 mm; Staphylococcus aureus: 28–30 mm), while the 
untreated control (e) shows no inhibition, confirming MoS2-mediated antibacterial efficacy. Zone measurements represent mean values from n = 
2 independent samples. Petri dish images captured after 24 h incubation at 37 °C.

FIGURE 19 
Biological compatibility assessment. Cytotoxicity evaluation via MTT assay on L929 fibroblast cells (ISO 10993–5) showing dose-dependent viability 
decrease from 100% (0 µg/mL) to 79.97% ± 0.95% (100 µg/mL), maintaining a >70% threshold across all concentrations with excellent reproducibility (CV < 
1.25%, n = 3). Error bars represent the standard deviation (SD), confirming biocompatibility.
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3.18 Cytotoxicity analysis

Cytotoxicity was evaluated using L929 fibroblast cells (National 
Centre for Cell Science, Pune, India) according to ISO 
10993–5 guidelines (Figure 19). Cells were exposed to MoS2 

extract concentrations ranging from 0–100 μg/mL for 24 h, with 
viability measured in triplicate (n = 3, MTT assay, CV < 1.25%). Cell 
viability showed dose-dependent reduction: 100.00% ± 0.00% (0 μg/ 
mL control), 95.23% ± 1.18% (20 μg/mL), 89.80% ± 1.04% (40 μg/ 
mL), 87.57% ± 1.03% (60 μg/mL), 83.07% ± 0.76% (80 μg/mL), and 
79.97% ± 0.95% (100 μg/mL), maintaining >70% viability across all 
concentrations per the ISO 10993–5 non-cytotoxic threshold. The 
mechanisms of observed cytotoxicity are minimal toxicity (~10%– 
15% cell reduction) for low concentrations (20–60 μg/mL), as 
cellular antioxidant systems neutralize reactive oxygen species 
(ROS) produced by MoS2, and moderate (~17%–20%) for higher 
concentrations (80–100 μg/mL). As a result of enhanced 
endocytosis, increased levels of intracellular ROS overwhelm the 
antioxidant capacity, causing mild membrane disruption and 
inflammatory responses. The essential difference between strong 
antibacterial activity and low mammalian cytotoxicity is connected 
with the structural difference; the rigid peptidoglycan walls of 
bacteria are highly prone to physical penetration or ROS, 
whereas the flexible phospholipid membranes of mammalian cells 
have mechanical strength protection. In addition, mammalian cells 
hold sophisticated antioxidant/repair systems that are absent in 
bacteria. Surface morphology plays a key role in cytotoxicity: the 
layered MoS2 nanosheets with sub-micron lateral dimensions and 
nanoscale thickness immobilized on the textile substrate limit direct 
cell–nanosheet contact. Extracted material likely contains smaller, 
oxidized flake fragments with reduced toxicity. The gradual viability 
declines without sharp threshold points to concentration-dependent 
chemical ROS interactions rather than acute physical damage. As 
Per ISO 10993–5 (viability >70% = non-cytotoxic), the sensor is 
biocompatible across all tested concentrations (lowest: 79.97%, 

above threshold), and this biocompatibility, in addition to 
antibacterial capacity, affords key dual functionality: active 
bactericidal action (preventing infection/biofouling) while 
maintaining mammalian cell compatibility (preventing skin 
irritation/inflammation). This selective antimicrobial- 
biocompatible profile is crucial for wearable healthcare sensors 
requiring extended skin contact, wound monitoring systems, and 
implantable pressure sensors, where both infection prevention and 
tissue compatibility are essential (Er et al., 2019).

Table 1 shows a comprehensive comparison of our MoS2-textile 
sensor with state-of-the-art textile-based piezoresistive sensors using 
AgNW, chitosan/MXene, graphene, CNT/2D materials, and 
PEDOT:PSS systems (Zhang et al., 2024; Lian et al., 2020; Gu 
et al., 2024; Yang et al., 2021; Wang Y. et al., 2025; Wibowo 
et al., 2024). Our sensor shows competitive sensitivity (<2 kPa−1 

in the 0.6–6.1 kPa range), comparable to graphene-coated textiles 
(2.12–6.98 kPa−1) and superior to AgNW/fabric (0.66 kPa−1) and 
PEDOT:PSS/SWCNT (0.034 kPa−1). The most captivating 
advantage lies in its excellent reproducibility: cycle repeatability 
CV of 0.57% (n = 5) and inter-sample CV <2% (n = 3), 
outperforming the other textile sensors. Hysteresis remains 
among the lowest at 1%–2%, significantly better than chitosan/ 
MXene (5.8%), AgNW (~5%), graphene (3%–8%), PEDOT:PSS 
films (10%–15%), and conductive fabric/PU (~8%), representing 
greater mechanical stability (Yang et al., 2021; Wang Y. et al., 2025; 
Wibowo et al., 2024). Comprehensive temperature characterization 
(30 °C–100 °C, negative temperature coefficient (NTC) behavior) 
reveals a systematic electrical response rarely documented in textile 
sensor literature. The sensor’s most distinctive advantage is its 
exceptional reproducibility, with a cycle repeatability CV of 
0.57% (n = 5) and an inter-sample CV <2% (n = 3), 
outperforming the reported textile sensors. Temperature- 
dependent electrical characterization (30 °C–100 °C, NTC 
behavior) provides systematic response data rarely documented 
for textile sensors (Cheng et al., 2021; Khan and Umer, 2024). 

TABLE 1 Performance comparison of MoS2-textile sensor with state-of-the-art, textile-based piezoresistive sensors. Comprehensive benchmarking across key 
parameters, including sensitivity, reproducibility, hysteresis, washing durability, temperature range, and biological compatibility, against AgNW/fabric, 
chitosan/MXene, graphene/textile, and PEDOT:PSS systems. Highlighted cells indicate superior or unique performance characteristics of the current work.

Parameter This work 
(MoS2- 
textile)

AgNW/fabric 
(Lian et al., 

2020)

Chitosan/MXene 
(Gu et al., 2024)

Graphene/textile 
(Zhang et al., 

2024)

PEDOT:PSS (Alhashmi Alamer 
et al., 2022; Liu et al., 2021; 

Ryan et al., 2017)

Sensitivity <2 kPa−1 0.66 kPa−1 (<2 kPa) 53.8 kPa−1 (<50 kPa) 2.12–6.98 kPa−1 GF ~3.67 
0.01–50 kPa−1

Repeatability (CV) 0.57% (n = 5) ~2–3% - - -

Inter-sample (CV) <2% (n = 3) - - - -

Hysteresis 1%–2% ~5% 5.8% ~3–8% 10%–15%

Washing cycles 7 cycles (2.8× R) 20 cycles - - >50 cycles

Temperature range 30 °C–100 °C (NTC) - −20–50 °C - -

Cytotoxicity (ISO 
10993)

79.97% @ 100 μg/mL - - - -

Antibacterial 
activity

E. coli and S. aureus 
(AATCC 147)

- E. coli and 
S. aureus

- -

Pressure range 0.6–6.1 kPa 0–120 kPa 0–280 kPa 0–500 kPa Variable
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The proven viability (79.97% for ISO 10993–5), in conjunction with 
an antibacterial effect on Escherichia coli and Staphylococcus aureus, 
is a dual functionality that is only found within chitosan/MXene 
systems. AgNW, graphene, CNT, and PEDOT:PSS sensors typically 
lack both properties. Wash durability up to seven functional cycles 
(AATCC 135) shows predictable resistance development that 
validates the practical, real-world applicability. The MoS2-textile 
sensor offers a unique combination of <1% reproducibility, low 1%– 
2% hysteresis, dual biocompatibility/antibacterial properties, and 
detailed multi-parameter data, such as temperature response, and is 
therefore exceptionally well-suited for healthcare wearables in 
prolonged contact with the skin.

4 Conclusion

This work demonstrates that MoS2-coated nonwoven fabrics 
synthesized via citric-acid-assisted green exfoliation provide an 
environmentally friendly platform for wearable piezoresistive 
sensors. Structural characterization confirmed well-ordered, few- 
layer MoS2 with semiconducting behavior, where the layered crystal 
structure enables reversible interlayer contact modulation under 
mechanical compression, the fundamental mechanism underlying 
the observed piezoresistive response. The sensor exhibited 
competitive sensitivity (<2 kPa−1 in the 0.6–6.1 kPa range), 
excellent reproducibility (repeatability CV = 0.57%, CV < 2%), 
and minimal hysteresis (1%–2%), with stable electromechanical 
response across weight (50–500 g) and pressure (600–6,000 Pa) 
ranges. Biological assessment confirmed biocompatibility (79.97% 
cell viability at 100 μg/mL, exceeding the ISO 10993–5 threshold) 
and antibacterial efficacy against Escherichia coli and Staphylococcus 
aureus (AATCC 147), demonstrating dual functionality vital for 
healthcare wearables. Temperature characterization showed 
negative temperature coefficient behavior (30 °C–100 °C), 
enabling potential temperature compensation or dual-mode 
sensing capabilities.

While the sensor showed functional performance over seven 
washing cycles, the structural mechanisms underlying washing- 
induced degradation were inferred from electrical 
characterization and warrant further investigation through 
complementary microscopic techniques. Long-term cyclic testing, 
response time characterization, and environmental stability 
(humidity, sweat, and storage stability) are significant prospects 
for moving from laboratory prototype to commercial deployment. 
The unique combination of exceptional measurement precision, low 
hysteresis, confirmed biocompatibility, and antimicrobial protection 
attributes seldom combined in textile-based sensors renders this 
work a significant milestone in sustainable wearable electronics. 
Subsequent improvements driven by surface modification 
approaches, dynamic response evaluation, and actual on-body 
validation in real-world scenarios will incrementally promote the 
development of clinically viable and commercially deployable smart 
health monitoring systems. This MoS2-textile platform fills the 
challenging gap between sensing performance and biosafety, 
representing a viable route for wearable technology options, 
where measurement reliability and user safety are equally important.
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