
2H-MoS2 lubrication-enhanced MWCNT nanocomposite for subtle 
bio-motion piezoresistive detection with deep learning integration☆

Ke-Yu Yao a, Derek Ka-Hei Lai a, Hyo-Jung Lim a, Bryan Pak-Hei So a, Andy Chi-Ho Chan a,  
Patrick Yiu-Man Yip e, Duo Wai-Chi Wong a,c,*, Bingyang Dai a, Xin Zhao f,  
Siu Hong Dexter Wong d,g,*, James Chung-Wai Cheung a,b,c,*

a Department of Biomedical Engineering, Faculty of Engineering, The Hong Kong Polytechnic University, Hong Kong 999077, China
b Research Institute of Smart Ageing, The Hong Kong Polytechnic University, Hong Kong 999077, China
c Research Institute for Sports Science and Technology, The Hong Kong Polytechnic University, Hong Kong 999077, China
d School of Medicine and Pharmacy, Ocean University of China, Qingdao 266003, China
e Department of Electrical and Electronic Engineering, Faculty of Engineering, The Hong Kong Polytechnic University, Hong Kong 999077, China
f Department of Applied Biology and Chemical Technology, Faculty of Science, The Hong Kong Polytechnic University, Hong Kong 999077, China
g Laboratory for Marine Drugs and Bioproducts, Qingdao Marine Science and Technology Center, Qingdao 266237, China

A R T I C L E  I N F O

Keywords:
Flexible piezoresistive sensor
MWCNT/MoS2 nanocomposite
Lubrication toughening
Deep learning
Subtle-to-moderate biophysical signal

A B S T R A C T

Intelligent piezoresistive health monitoring systems integrate advanced nanocomposite architectures with pre
cise algorithmic analysis for real-time physiological assessment. However, existing works often prioritize high 
sensitivity at the expense of strain tolerance and require complex fabrication procedures. Herein, we present an 
environmentally friendly, low-cost, and nonionic fabrication approach for a 2H-phase molybdenum disulfide 
(2H-MoS2)-enhanced multi-walled carbon nanotube (MWCNT) strain sensor, developed via a systematically 
optimized vacuum-assisted filtration process. This study is the first to validate the dual enhancement effect of 
MoS2, leveraging its shear-exfoliation properties to simultaneously improve strain gauge performance and me
chanical robustness. The resulting nacre-like layered hybrid nanocomposite achieves a remarkable gauge factor 
of 675.7 (R2~0.993) at low strain (~0–4.5 %), representing a 3881.5 % improvement over pure MWCNT sys
tems, alongside enhanced toughness (~89.17 %) and strain tolerance (~53.93 %). Meanwhile, the optimized 
composition ensures low rest-state resistance (~13.1 Ω), minimal hysteresis (~5.7 %), and robust durability over 
5000 cycles at 10 % strain. As a result, the proposed sensor enables highly consistent, high-fidelity monitoring of 
various subtle-to-moderate biomotions. Integrated with a fine-tuned InceptionTime deep learning model, it 
achieves an F1-score of 98 % in classifying Dysphagia Diet Standardization Initiative (IDDSI)-standard swal
lowing activities, demonstrating its potential for AI-driven health monitoring applications.

1. Introduction

Intelligent biophysical signal monitoring, powered by advanced 
sensing technologies and deep learning, is critical for real-time health 
assessment and early abnormality detection. Subtle physiological sig
nals, such as neuromuscular activities, provide essential insights into 
motor control and coordination [1–3]. Swallowing detection, for 
instance, plays a vital role in diagnosing and managing dysphagia—a 
condition associated with severe complications like aspiration pneu
monia and choking-related anxiety [4]. However, conventional sensor- 

based approaches, including electromyography, microphones, and 
sonic/subsonic sensors, have demonstrated limited accuracy (<70 %) 
due to inherent sensor constraints, inconsistent measurement protocols, 
and suboptimal data analysis techniques [5–7].

Piezoresistive sensors, which convert mechanical deformation into 
electrical signals via percolation network evolution, are widely adopted 
in wearable sensing applications due to their low power consumption, 
facile signal acquisition, and scalability [8]. Among various structural 
designs, sandwiched piezoresistive architectures, in which an elastic 
matrix encapsulates a central sensing layer, efficiently localizes 
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mechanical stress, facilitating network disruption upon deformation and 
achieving high sensitivity at subtle-to-moderate strain levels. To 
enhance sensing performance and multifunctionality, researchers have 
advanced prominent sensing structures, such as micro-patterned in
terfaces [9,10], segregated conductive networks [11], and hierarchical 
hybrid systems integrating zero-dimensional (0D) to two-dimensional 
(2D) functional fillers [12–15]. Despite significant advancements, 
many of these designs require complex fabrication, precise templating, 
or extensive structural optimization. Moreover, densely percolated 
sensing networks, particularly those formed by high-aspect-ratio nano
materials like carbon nanotube-based buckypaper, exhibit inherent 
mechanical rigidity (elastic modulus ~0.95 TPa), limited strain toler
ance (strain-to-failure ~0.5 %), and susceptibility to interfacial delam
ination [16,17]. These constraints hinder resilience to intricate 
deformation modes, such as overextension and multidirectional strain, 
resulting in unpredictable electromechanical responses in practical ap
plications. Thus, a key challenge remains in developing scalable, cost- 
effective nanocomposites that achieve high sensitivity, maintain a 
linear response at low strain, and endure larger deformations for 
extended usability.

Molybdenum disulfide (MoS2), a transition metal dichalcogenide 
(TMD), has garnered significant interest for its distinct electronic phases, 
existing in metallic 1 T and semiconducting 2H configurations [18]. Its 
layered van der Waals structure provides exceptional mechanical flexi
bility, a high surface-to-volume ratio, and tunable electronic properties 
[14,19]. These characteristics make MoS2 an versatile filler for piezor
esistive sensors either as a standalone active material [14,20,21] or as a 
reinforcement in hybrid sensing architectures [19,22–25]. Beyond its 
electronic versatility, MoS2 is renowned for its interfacial sliding dy
namics, facilitating shear-induced exfoliation with an ultralow friction 
coefficient (~10− 4) in its incommensurate 2H phase monolayer 
configuration [19,26]. This lubrication mechanism has been extensively 
explored in structural engineering to mitigate stress concentrations and 
enhance mechanical resilience through energy dissipation, akin to the 
“brick-and-mortar” architecture of natural nacre [27–29]. Recent 
studies have also preliminarily explored the lubrication role of MoS2 in 
loosely packed hybrid piezoresistive networks, such as MWCNT/MoS2 
[25] and silver nanofiber (AgNF)/MoS2 composites [23], demonstrating 
enhanced gauge sensitivity through nanoscale junction segregation and 
elastic-sliding interactions. However, these studies have primarily 
focused on electromechanical enhancements while neglecting their 
impact on mechanical reinforcement within sensing architectures. To 
date, the dual role of MoS2’s interlayer sliding in a densely packed 
buckypaper-based sensing film has yet to be thoroughly explored and 
validated. This presents a compelling opportunity to achieve a “two 
birds with one stone” effect: improving gauge factor and overall sensing 
capabilities for precise strain detection while reinforcing structural 
integrity to withstand unexpected deformations, addressing the critical 
challenge in advancing sandwiched piezoresistive sensors.

Beyond sensor development, accurate classification of swallowing 
and other subtle biomotions is often hindered by the limitations of 
conventional machine learning models. These approaches struggle with 
the complex, time-dependent nature of physiological signals, leading to 
suboptimal classification accuracy [30,31]. These models typically rely 
on predefined features, which may not adequately capture the nuanced 
differences between normal and abnormal swallowing patterns. Swal
lowing abnormalities can stem from various factors, including physical 
alterations, muscle weakness, and coordination deficits, often making 
them difficult to identify using conventional sensors and machine 
learning models. Besides, deep learning has emerged as a powerful tool 
for time-series classification, with models such as Long Short-Term 
Memory (LSTM) networks, transformers, and hybrid architectures 
demonstrating significant advancements. LSTMs effectively capture 
long-term dependencies through memory cells and gating mechanisms, 
making them well-suited for sequential data analysis [32]. Meanwhile, 
transformers, initially developed for natural language processing, 

leverage self-attention mechanisms to dynamically prioritize relevant 
temporal features, enhancing performance in time-series tasks [33]. 
However, these models often require extensive datasets for optimal 
training [34], which poses challenges in clinical applications where data 
collection is often constrained. Moreover, deep learning models must be 
fine-tuned to specific sensor inputs to achieve optimal accuracy, 
particularly for small datasets [35].

Among various deep learning architectures, the InceptionTime 
model has proven highly effective for swallowing detection and other 
fine-scale motion classification due to its ability to capture multi-scale 
temporal features [36]. Its inception module structure enables simul
taneous feature extraction across multiple time scales, making it 
particularly well-suited for analyzing complex swallowing signal dy
namics. Research has shown that InceptionTime achieves state-of-the- 
art classification accuracy while maintaining high computational effi
ciency [36]. Its adaptability to varying input sequence lengths further 
enhances its suitability for continuous, real-time swallowing 
monitoring.

In this study, we developed a 2H-MoS2 lubricate-enhanced MWCNT 
strain sensor, termed MolyMWCNT-BP, using an environmentally 
friendly, low-cost, and nonionic fabrication approach. Through 
comprehensive suspension optimization and vacuum-assisted filtration 
refinement, we optimized the hybrid network structure. Leveraging the 
shear-exfoliation lubrication effect of MoS2, the sensor exhibits 
enhanced gauge sensitivity and linearity in the low-strain region, 
enabling high-fidelity detection of various subtle-to-moderate biophys
ical signals. Additionally, MoS2 integration significantly improves frac
ture strain, toughness, and microstructural wear resistance, while 
maintaining low rest-state resistance, minimal hysteresis, and robust 
durability. To further enhance application potential, we implemented 
the InceptionTime deep learning model, optimizing its architecture and 
hyperparameters for accurate classification of swallowing and non- 
swallowing tasks. This work establishes a scalable, intelligent health 
monitoring platform, integrating materials science and algorithmic ad
vancements for real-time, precise physiological motion assessment.

2. Material and methods

2.1. Preparation of MWCNT-/MolyMWCNT-BPs

Detailed information on materials, including specifications and 
sources, has been provided in Supplementary Table S1. In brief, 
MWCNTs (20, 50, 100, 150, and 200 mg) were dispersed in various 
solvents (DI water, ethanol, or IPA) at a fixed concentration of 0.025 % 
w/v, with Triton X-100 added at 0.5 % v/v relative to the solvent vol
ume. To prepare the hybrid suspension, MoS2 powders (5, 10, 15, 20, 
and 25 mg) with lateral sizes of 30, 50, 80, 100, 150, and 500 nm were 
incorporated into the MWCNT dispersion. The suspension was 
magnetically stirred at 600 rpm for 30 min (MS-01DUA, Crystal Tech Co. 
Ltd., Suzhou, China) to ensure uniform wetting of the fillers, followed by 
a probe sonication step for 60 min (300 W, 50 kHz, SM-1000C, Shun
maTech Co. Ltd., Nanjing, China). A subsequent ice-bath sonication for 
60 min in a sonication bath (450 W, 40 kHz, GL0810, Granbosonic Tech. 
Ltd., Shenzhen, China) was applied to achieve homogeneous dispersion. 
Post-sonication, the suspensions were centrifuged at 3000 rpm for 10 
min (OK5A, Okay Energy Equipment Co., Ltd., Changsha, China), and 
the resulting supernatant (~0.5 mg/mL) was collected for storage and 
subsequent filtration.

Vacuum filtration was conducted using different hydrophilic filter 
membranes (MCE, nylon, and PTFE) under varying vacuum pressures 
levels (− 0.9 MPa and − 0.45 MPa). The duration was fixed at 3 h to 
minimize residual solvent retention within the membrane. The depos
ited films were carefully detached by spraying isopropyl alcohol (IPA) 
onto the membrane’s backside, followed by thorough rinsing with 
ethanol and DI water to remove any residual surfactants and impurities. 
The films were then dried overnight at 40 ◦C under uniform light 

K.-Y. Yao et al.                                                                                                                                                                                                                                  Materials & Design 253 (2025) 113861 

2 



pressure and subsequently baked at 70 ◦C for 2 h to enhance structural 
integrity. The optimized deposition density and deposition rate were 
determined as 3.5 × 10− 3 g/cm2 and 92.81 wt%, respectively. The 
experimental parameters and optimization procedures are compiled and 
investigated in Supplementary Table S1 and Note 1.

2.2. Fabrication of MWCNT/MolyMWCNT-BP strain sensors

The prepared MolyMWCNT-BP films were cut into sensing strips (30 
mm × 5 mm) using a custom cutter. Copper foil electrodes were attached 

to both ends using silver paste, ensuring a thin, uniform layer for optimal 
adhesion. A PDMS-cured encapsulation layer was prepared by thor
oughly mixing PDMS and a curing agent in a 10:1 wt ratio and coating it 
onto a flat glass substrate using a Mayer rod (300 μm, BuschmanTM, 
Cleveland, USA) for uniform thickness. The coated substrate was then 
subjected to vacuum degassing for 30 min, followed by soft baking at 
60 ◦C for 45 min. For sensor assembly, one side of the MolyMWCNT-BP 
strip was covered with polyimide (PI) tape, while the exposed side was 
placed onto the semi-cured PDMS layer on the glass substrate. To ach
ieve a compact and secure skin-side encapsulation, hot pressing at 

Fig. 1. Overview of sensor fabrication and, physiological signal acquisition and processing for swallowing detection. (a) MolyMWCNT-BP fabrication and encap
sulation preparation procedures; (b) Data processing framework, including normalization, bandpass filtering, and cvxEDA feature extraction before classification 
using the InceptionTime model. The bivariate data represent the relative resistance change (ΔR/R0) collected using the paired sensor channels (S1 and S2).
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100 ◦C for 60 min was applied. The electrode ends were elevated and 
fixed before transferring the encapsulated strips into a 3D-printed 
acrylonitrile butadiene styrene (ABS) mold (3D printer: Bamboo Lab 
X1, Bambu Lab, Shenzhen, China). A second encapsulation was per
formed by molding uncured PDMS onto the exposed surface. Addition
ally, an Ecoflex-encapsulated strain sensor was fabricated following the 
same procedure, replacing the PDMS encapsulation with Ecoflex™ 
00–20 Fast. All finalized sensor samples were fabricated in accordance 
with ASTM D412 standards, ensuring consistency and reliability for 
subsequent electromechanical testing. The overall fabrication process is 
schematically illustrated in Fig. 1(a).

2.3. Material and electromechanical characterization

An electronic analytical balance (XS105 Dual Range, Mettler Toledo, 
Columbus, United States) was used to precisely measure the deposited 
material weight in the sensing films. The surface micro-topography and 
microstructural features of the sensing films were analyzed using Visible 
Light Microscopy (VLM) (KERN OBF-1, KERN & Sohn GmbH, Balingen, 
Germany) and Scanning Electron Microscopy (SEM) (MIRA, Tescan 
Orsay Holding a.s., Brno, Czech Republic). The composition and quality 
of the hybrid sensing film and as-prepared strain sensor were examined 
by the Renishaw Micro-Raman Spectroscopy System, X-ray Photoelec
tron Spectroscopy (XPS) (Nexsa, Thermo Fisher Scientific Inc., Waltham, 
United States), X-ray Diffraction / Energy Dispersive X-ray Spectroscopy 
(XRD/EDS) (SmartLab 9 kW-Advance, Rigaku Corp., Tokyo, Japan), and 
Thermogravimetric Analysis/Differential Scanning Calorimetry (TGA/ 
DSC) (TGA/DSC3+, Mettler Toledo GmbH, Greifensee, Switzerland) 
with pure N2 gas flow. The electromechanical performance of the sen
sors was evaluated using a digital multimeter (RSDM3055, RS Compo
nents Limited, Corby, United Kingdom) with a 0.2 % strain interval to 
ensure precise resistance measurements. Samples were subjected to 
controlled deformation using a universal testing machine (68TM-10, 
Instron, Norwood, United States) equipped with a 5 kN load cell. Strain 
values were directly recorded using an extensometer, mitigating dis
crepancies from machine displacement readings. Prior to cyclic testing 
and application, the sensors were pre-stretched 20 cycles at 10 % strain 
to ensure experimental consistency. The calculation of sensing sensi
tivity, represented by the gauge factor (GF), and sensing hysteresis is 
detailed in Equations S1 and S2.

2.4. Physiological signal detection and model fine tuning

To evaluate the applicability of the MolyMWCNT-BP sensor in 
capturing subtle-to-moderate muscle activities, we conducted real-time 
physiological signal detection experiments. Five distinct actions—
blinking, frowning, wrist flexion, gripping during forearm supination, 
and ankle dorsiflexion—were monitored under the guidance of a pro
fessional physiotherapist. Sensors were attached to the targeted muscles 
using Skin Tite™ bio-adhesive, ensuring stable contact and minimal 
motion artifacts. The signal waveforms and frequencies were analyzed 
to verify their correlation with the respective physiological activities.

To further validate the sensor’s capability, we extended our study to 
complex physiological tasks, particularly swallowing and non- 
swallowing activities. Two MolyMWCNT-BP sensors were placed on 
each participant’s neck, positioned at the hyoid bone and 5 cm below it, 
to capture biomechanical signals associated with swallowing. To ensure 
accurate signal acquisition, all subjects performed swallowing, cough
ing, and speaking tasks in synchronization with predefined prompts. 
Given the dynamic nature of neck movements, including rotational and 
postural variations [37], we standardized the testing conditions by 
instructing participants to maintain a stable sitting posture in a 
controlled, low-noise environment to minimize external disturbances. 
The detailed swallowing experiment procedures are detailed in Sup
plementary Note 3.

The sensor data collected during swallowing and non-swallowing 

tasks were split into training and testing sets (80:20 ratio). To improve 
model robustness, we applied data augmentation techniques, including 
jittering, time warping, and window warping. A comprehensive data 
preprocessing pipeline (Fig. 1(b)) was implemented. The process began 
with Z-score normalization, followed by timestamp alignment, which 
ensured precise segmentation by extracting only the signals corre
sponding to the intended action while filtering out motion artifacts. 
Next, bandpass filtering (1.5 to 50 Hz) was applied to isolate relevant 
frequency components and minimize noise from unintended strain 
variations (such as heartbeat and breathing) and electrical noise, 
respectively. Additionally, cvxEDA, with default parameter settings, was 
utilized to extract physiological responses specifically related to swal
lowing [38].

We employed the InceptionTime model, a state-of-the-art time-series 
classifier, which features six inception modules optimized for extracting 
multi-scale temporal patterns via 1D convolutions of varying kernel 
sizes [36]. The model architecture incorporates batch normalization to 
stabilize learning, ReLU activation to introduce non-linearity, residual 
connections to mitigate gradient vanishing, and Global Average Pooling 
layers to reduce each feature map to a single summary value. A fully 
connected layer serves as the final classifier, outputting class labels for 
swallowing (liquid, semiliquid, solid) and non-swallowing (coughing, 
speaking “O”) tasks. The optimization process of the InceptionTime 
model, including kernel size scaling, block adjustments, and perfor
mance validation, is also detailed in Supplementary Note 3.

3. Results and discussion

3.1. Material characterization

In this study, we developed a MWCNT/MoS2 hybrid buckypaper, 
termed MolyMWCNT-BP, strain sensor via a scalable vacuum-assisted 
filtration method, leveraging MoS2’s lubrication effect to enhance 
gauge performance and mechanical robustness for detecting subtle-to- 
moderate biophysical signals (Fig. 2(a)). MWCNT-BP sensors without 
MoS2 incorporation were fabricated as references. The nanostructures of 
MWCNTs and MoS2 nanosheets were confirmed to match supplier 
specifications (Fig. S2(a, b)). Extensive optimization, including sus
pension stability refinement and vacuum filtration parameter adjust
ments, was conducted, as detailed in Supplementary Notes 1.

Unlike previous studies that predominantly utilized NMP (N-Methyl- 
2-pyrrolidone), or DMF (Dimethylformamide) as solvent for MWCNT/ 
MoS2 hybrid suspensions, or relied on chemical modification methods, 
such as in-situ hydrothermal growth or layer-by-layer self-assembly 
[24,25,39,40], this work employed an environmentally friendly, 
nonionic and cost-effective IPA/Triton X-100 system to achieve a stable 
MWCNT/MoS2 suspension. Triton X-100 stabilized dispersion through 
amphiphilic interactions, while π-π stacking and steric hindrance pre
vented MoS2 restacking, ensuring a uniform hybrid network for vacuum 
filtration, as schematically illustrated in Fig. 2(b). The resulting com
posite films exhibited a well-integrated hybrid sensing network, as 
demonstrated by their uniform morphology and freestanding form 
(Fig. 2(b) inset). Besides, the bottom row highlights the sensor’s flexi
bility and structural integrity, showcasing its ability to bend with a small 
radius.

With an overall thickness of 875 ± 31 μm, the MolyMWCNT-BP 
sensor demonstrated high compliance for on-skin applications. SEM 
analysis confirmed a well-interpenetrated MWCNT/MoS2 network 
(Fig. 2(c)), with a nacre-like layered structure formed through the 
orderly cake accumulation process during vacuum filtration. The cross- 
sectional view revealed isotropically interconnected MWCNTs, while 
the limited presence of MoS2 nanosheets suggested their preferential 
alignment parallel to the deposition plane [27]. Meanwhile, the sensing 
film (91.75 ± 3.18 μm) and PDMS encapsulation (305.23 ± 34.85 μm) 
exhibited minimal thickness variation, reducing structural in
consistencies and interfacial detachment risks. (Fig. S4(d, e)). The EDS 
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Fig. 2. Preparation and material characterization of the MolyMWCNT-BP strain sensor. (a) Schematic of biophysical signal categorization by strain levels, high
lighting the sensor’s target application region; (b) Hybrid suspension stabilization mechanism using the IPA/Triton X-100 system. The inset (bottom) shows a dipping 
test of the optimized suspension (10 mL, 0.5 mg/mL) demonstrating excellent dispersibility. Right insets display the MolyMWCNT-BP film and the encapsulated 
strain sensor; (c) SEM images of surface morphology and cross-sectional structure of the MWCNT-BP film; (d) EDS elemental mapping of the MWCNT-BP film; (e-f) 
TGA and Raman spectra of MWCNT-BP, 2H-MoS2 (50 nm), and MolyMWCNT-BP.; (g) XPS spectra of MWCNT-BP, MolyMWCNT-BP, and the PDMS-encapsulated 
strain sensor.
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elemental mapping confirmed a well-distributed hybrid network in the 
MolyMWCNT-BP sample, with carbon (C), molybdenum (Mo), and sul
fur (S) corresponding to MWCNTs and MoS2, respectively (Fig. 2(d)). 
The normalized elemental concentrations in wt% aligned well with the 
coating ratio in the vacuum filtration suspension, indicating high 
fabrication repeatability and experimental precision (Fig. S4(f)).

To ensure compositional integrity and performance consistency, 
TGA, Raman, and XPS analyses were conducted, as the dual-phase 
(metallic/semiconducting) nature of MoS2 and residual surfactants 
could influence electromechanical properties. TGA results showed sig
nificant weight loss (~90–95 wt%) in MWCNT-BP between 531 ◦C and 
826 ◦C, attributed to MWCNT decomposition [41], whereas MoS2 
remained thermally stable with minor weight loss above 604 ◦C, ac
counting for ~9.76 wt% of the sample (Fig. 2(e)). The MolyMWCNT-BP 
sample, optimized with 10 mg MoS2 and 50 mg MWCNTs, exhibited a 

two-stage decomposition process: ~79.21 % weight loss between 544 ◦C 
and 826 ◦C from MWCNT decomposition, leaving a stable residue of 
~16.8 wt% corresponding to MoS2, confirming the expected composi
tion. Raman spectroscopy in Fig. 2(f) further validated the presence of 
both MWCNTs and MoS2, with characteristic D, G, and G’ bands at 
~1332.31, 1572.24, and 1892.80 cm− 1, respectively. The in-plane E1

2g 
and out-of-plane A1g vibration modes of MoS2 appeared at ~383.30 
cm− 1 and 405.52 cm− 1, respectively [23,42]. Notably, the IE1

2g
/IA1g in

tensity ratio of ~1.37 indicated a few-layer MoS2 structure, confirming 
effective dispersion achieved through optimized preprocessing. Addi
tionally, the peak separation of ~22.22 cm− 1 verified the retention of 
the 2H phase with minimal sulfur vacancies [14]. The ID/IG ratio of 
MWCNTs, measured at 1.430, indicated structural defects likely caused 
by oxidation or thermal degradation during processing [42]. Lastly, XPS 
analysis in Fig. 2(g) confirmed MoS2 integration within the 

Fig. 3. Electromechanical performance comparison of MWCNT-BP and MolyMWCNT-BP strain sensors. (a) Rest-state electrical resistance (R0) with varying MoS2 
parameters. Inset: magnified region at low MoS2 content; (b) Strain range and gauge factor variations in the first linear sensing region (as indicated by superscript) for 
different MoS2 contents (50 nm nanosheet size); (c) I-V response curves at varying strain levels; (d) Relative resistance change (ΔR/R0) before strain-to-electrical 
breakdown. Inset: detailed view of the first linear working range; (e) ΔR/R0 over a full stretching-releasing cycle at 4 % strain, comprising PDMS and EcoflexTM 

00 20 Fast encapsulation; (f) Tensile stress–strain curves of pure PDMS and sensors made from MWCNT-BP and MolyMWCNT-BP.
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MolyMWCNT-BP composite, with distinct Mo 3d and S 2p peaks 
(229.81–234.58 eV and 161.08–171.58 eV, respectively) observed in the 
MolyMWCNT-BP spectrum but absent in MWCNT-BP alone [42,43]. 
Additionally, Si 2 s and Si 2p peaks confirmed strong adhesion between 
PDMS and the MolyMWCNT-BP sensing layer. Collectively, these results 
validate the formation of a high-quality, well-integrated hybrid strain 
sensor with a physically stacked, highly uniform network, ensuring 
consistent electromechanical performance, as explored in the following 
sections.

3.2. Composition optimization for lubrication enhancement

To elucidate the exfoliation lubrication effect of MoS2 within the 
hybrid hierarchical structure and its ramifications on electromechanical 
performance, comprehensive mechanical and electrical characteriza
tions were conducted. The MWCNT content was standardized across all 
samples to ensure consistent film quality and high reproducibility, as 
delineated in Supplementary Note 2.

The MWCNT network served as a robust percolative conductive 
matrix, while the integration of MoS2 nanosheets introduced notable 
variations in the rest-state resistance (R0) of MolyMWCNT-BP samples, 
as depicted in Fig. 3(a). Resistance increased with higher MoS2 content 
across all nanosheet sizes, with larger nanosheets exerting a more pro
nounced effect. This trend was primarily attributed to the semi
conducting 2H phase of MoS2, which introduced localized high- 
resistance regions within the conductive network [19]. In samples 
containing smaller nanosheets (30–80 nm) and lower MoS2 concentra
tions, the MWCNT network remained largely intact (Fig. S2(c)), pre
serving efficient electron transport pathways. However, at higher MoS2 
concentrations, the conductive network became increasingly frag
mented by larger, well-defined MoS2 flakes, which acted as resistive 
barriers, significantly increasing overall resistance. Maintaining low 
baseline resistance in piezoresistive strain sensors is crucial for mini
mizing power consumption, thereby improving their potential for 
miniaturized, integrated, and durable wearable monitoring systems.

Ensuring high sensitivity and an extended strain range within the 
initial linear region, as indicated by Gauge Factor’ and Strain Range’, of 
the relative resistance change-strain response is crucial for accurately 
capturing subtle-to-moderate biophysical signals, enabling precise data 
acquisition and simplifying algorithmic processing. both indicators 
exhibit strong correlations with MoS2 content and nanosheet size in 
MolyMWCNT-BP sensors. Overall, the Gauge Factor’ increased with 
MoS2 content across all nanosheet sizes; however, a significant rise in 
signal volatility among the three as-prepared samples, reflected by 
larger standard deviations, indicated reduced sensor reliability at higher 
concentrations. A more distinct trend was observed in the Strain Range’, 
where for MoS2 nanosheets below 100 nm, moderate incorporation 
extended the linear range, while excessive content disrupted it. In 
contrast, for lateral sizes over 100 nm, a net destroy in strain range was 
observed. These findings highlight the modified microstructural evolu
tion induced by MoS2 incorporation and emphasize the need to optimize 
nanosheet size and content to effectively leverage its lubrication- 
enhancement effect while maintaining sensor reliability.

Notably, incorporating 10 mg of 50 nm MoS2 nanosheets extended 
the Strain Range’ by over 27.3 %, concurrently improved the Gauge 
Factor’ by 529.4 % compared to the MWCNT-BP sample (Fig. 3(b)), 
while maintaining low rest-state resistance and high fabrication 
repeatability. Based on these findings, we further investigated the key 
sensing performance metrics of this optimized sample. As shown in 
Fig. 3(c), both MWCNT/MolyMWCNT-BP samples exhibited highly 
linear Ohmic I-V responses in their rest states, confirming a well- 
percolated MWCNT network [23]. The voltage sweep method was 
employed to evaluate electrical conduction behavior, ensuring that the 
appropriate amount of semiconducting MoS2 did not introduce a 
threshold voltage effect or disrupt the percolation-based conduction 
mechanism [44]. Under continuous stretching, the I-V curves of both 

sensors gradually flattened, indicating increased resistance. However, 
the MWCNT-BP sensor showed a more pronounced response, with large 
crack formation leading to a sharp increase in resistance, ultimately 
reaching 28.78 kΩ and transitioning to an insulating state. In contrast, 
the MolyMWCNT-BP sensor, despite an increase in resistance, main
tained its piezoresistive response up to a longer strain, demonstrating 
improved strain tolerance.

The relative resistance changes (ΔR/R0) of the MWCNT-BP and 
MolyMWCNT-BP sensors prior to the electrical breakdown strain (ε) are 
presented in Fig. 3(d), fitted by distinct piecewise linear relationship. 
The MolyMWCNT-BP sensor exhibited an outstanding initial linear 
sensing range from 0 % to 4.5 % strain, achieving a primary GF (GF’) of 
~ 675.71 with an R2 of 0.993—representing a 3881.5 % improvement 
over the MWCNT-BP sample. Beyond 4.5 % strain, the MolyMWCNT-BP 
transitioned into a second stable linear regime (GF’’ ~ 61.72, R2 ~ 
0.935), extending the strain range up to 11.53 %. Subsequently, a sharp 
increase in sensitivity indicated the onset of an unstable sensing region, 
attributed to conductor-to-insulator electrical breakdown. In contrast, 
the MWCNT-BP sensor demonstrated a gradual resistance increase (GF 
~ 16.97, R2 ~ 0.978) and failed electrically at around 3.9 % strain, as 
evidenced by its catastrophic resistance increase. This comparison un
derscores a simultaneous enhancement in strain tolerance and gauge 
sensitivity at short strain-level of the MolyMWCNT-BP sensor.

The sensing hysteresis of both sensors during a full stretching and 
releasing cycle within approximately 4.0 % strain—where both samples 
remained within their stable working regions—is presented in Fig. 3(e). 
Notably, the MolyMWCNT-BP sensor exhibited significantly lower hys
teresis (~5.70 %) compared to the MWCNT-BP (~15.23 %), aligning 
closely with the ~ 2.75 % reported for a MoS2-decorated graphene 
sensor in previous studies [19]. This reduction in hysteresis suggests that 
the flake-like MoS2 nanosheets facilitate efficient alignment within the 
hierarchical network, acting as lubricating phases that enable structural 
rearrangements during cyclic loading. This mechanism helps maintain a 
stable and linear strain response, thereby enhancing sensor reliability. 
Additionally, the improved hysteresis stability and sensing sensitivity in 
the low-strain detection range were influenced by the choice of encap
sulation material. As shown in Fig. 3(e), the MolyMWCNT-BP sensor 
encapsulated with EcoflexTM 00–20 Fast exhibited significantly higher 
hysteresis (~25.70 %) and reduced sensitivity. This can be attributed to 
the material’s pronounced viscoelasticity and lower elastic modulus 
compared to PDMS, leading to delayed recovery after deformation and 
inefficient stress transfer to the sensing layer. Consequently, these fac
tors compromised the sensor’s overall electromechanical performance 
[45].

The mechanical performance of pure PDMS and sensor samples 
composed of MWCNT-BP and MolyMWCNT-BP were evaluated, as 
shown in Fig. 3(f). Both sensor samples initially exhibited a sharp in
crease in tensile stress, reflecting the higher stiffness of the buckypaper 
layers compared to the ductile PDMS matrix. This stiffness arises from 
the densely packed and entangled MWCNT network, forming a compact 
percolation structure and a self-supporting sensing film. However, the 
rigidity also contributed to premature failure due to localized stress 
accumulation, evidenced by an abrupt stress drop upon crack propa
gation within the sensing layers. Beyond this point, stress was primarily 
borne by the PDMS matrix, with partial redistribution along the frag
mented buckypaper layers, leading to steeper slopes in the stress–strain 
curves. Notably, the MolyMWCNT-BP sensor demonstrated superior 
mechanical properties, with a 53.93 % increase in premature strain 
(6.85 % ± 0.36 %) and a 52.63 % enhancement in fracture strength 
(9.60 MPa ± 1.05 MPa) compared to the MWCNT-BP sensor (4.45 % ±
0.42 % and 6.29 MPa ± 1.12 MPa, respectively). These improvements 
align with the observed differences in strain-to-electrical breakdown 
behavior. Furthermore, fracture toughness was significantly enhanced 
by 89.17 %, increasing from 38.51 MJ/m3 ± 3.48 MJ/m3 to 72.85 MJ/ 
m3 ± 7.49 MJ/m3, comparable to previous studies reporting improve
ments of approximately 102.3 % and 100 %, respectively [27,28].
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To assess the sensor’s practicality for stable and continuous moni
toring, we assessed its dynamic response under repeated cycling at 
varying strain levels and stretching speeds. Fig. 4(a) presents the sen
sor’s response across a strain range of 1–15 %, demonstrating instant 
response even at minimal strain levels. The peak resistance values 
exhibit strong repeatability with minor standard deviations, ensuring 
reliable operation up to approximately 10 % strain (8.18 ± 0.96, 16.25 

± 2.21, 32.20 ± 4.01, respectively). Beyond this threshold, increased 
signal fluctuations emerged, likely due to defect-induced nonlinearity. 
Meanwhile, the sensor’s performance at a 10 % strain across different 
stretching speeds (25, 50, 75, 150 and 300 mm/min) is depicted in Fig. 4
(b). The resistance response remained stable up to 150 mm/min, 
exhibiting minimal signal overshooting compared to previous MoS2- 

Fig. 4. Dynamic sensing performance and lubrication-enhanced mechanism of the MolyMWCNT-BP sensor. (a) Relative resistance changes across different strain 
levels, with the stable operating range highlighted in yellow; (b) Resistance response at ε = 10 % under various strain speeds; (c) Real-time response to a transient 
cycle (ε = 10 %, v = 300 mm/min). Inset: box plot showing the averaged response times over 10 cycles, with error bars representing standard deviation; (d) Fatigue 
resistance assessment over 5000 cycles (ε = 10 %, v = 300 mm/min). Inset comparing the averaged resistance response over 500 cycles at two different intervals for 
peak (yellow) and rest-state (green) phases with standard deviations; (e) Optical micrographs showing microstructural evolution of MolyMWCNT-BP and MWCNT-BP 
sensors within 5 % strain. Inset: magnified view of microcracks; (f) Schematic illustration of vacuum hot pressing and lubrication enhancement mechanisms. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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based sensors [46,47]. At higher speeds, more noticeable signal fluctu
ations and drift emerge. This might be attributed to a combination of 
mechanical vibrations, dynamic strain localization, and system-induced 
artifacts near the upper speed limit of the tensile testing machine. 
Importantly, no baseline correction or signal smoothing was applied, 
ensuring the raw response was accurately represented. Despite these 
variations, the overall resistance trend remained stable, confirming the 
sensor’s capability for dynamic strain sensing across a broad frequency 
range. Besides, response time tests at 10 % strain and a tensile speed of 
300 mm/min, shown in Fig. 4(c), yielded net response times of 219.92 
± 8.07 ms (stretching) and 237.07 ± 11.25 ms (releasing) after 

eliminating mechanical execution delays (~60 ms). The results, aver
aged over 10 continuous cycles, are now presented as a box plot in the 
inset, confirm consistency and suitability for physiological signal 
monitoring.

In the last, the fatigue performance assessed over 5000 cycles at 10 % 
strain (Fig. 4(d)). Following an initial strain-hardening phase, the sensor 
maintained stable operation with consistent peak resistance values. 
Quantitative analysis in the inset shows a slight decrease in peak resis
tance from 31.80 ± 2.26 to 30.14 ± 3.23, while rest-state resistance 
increased from 0.07 ± 0.03 (cycles 500–1000) to 0.37 ± 0.07 (cycles 
4500–5000). Although visually noticeable, this shift aligns with typical 

Fig. 5. Application of the MolyMWCNT-BP sensor in physiological signal detection. (a) All-aspect performance comparison between MWCNT-BP and MolyMWCNT- 
BP strain sensors; (b) Real time response to five subtle-to-medium amplitude muscle actions. Inset demonstrating the motion type and muscle being attached on; (c) 
Demonstration of the sensor placement, along with confusion matrix that illustrate the classification performance of the InceptionTime model.
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fatigue effects in stretchable conductors and remains within an accept
able range. The gradual baseline drift, common in long-term cyclic 
loading, is attributed to microstructural rearrangement, residual strain 
accumulation, and interfacial contact variations. Importantly, no abrupt 
failure was observed, and the overall stability surpasses that of many 
sensors with related structure or composition reported in the literature, 
as comparative analyzed in Supplementary Table S2.

3.3. Lubrication enhancement mechanism analysis

To elucidate the dual role of MoS2 in enhancing both sensing per
formance and mechanical robustness, the microstructural evolution of 
MolyMWCNT-BP under tensile strain was analyzed using optical mi
croscopy in transmission mode, as shown in Fig. 4(e). At ~ 2.5 % strain, 
the MoS2-enhanced composite exhibited evenly distributed microcracks, 
attributed to MoS2’s layered structure promoting interfacial sliding and 
stress delocalization [20,25,27]. This controlled microcrack formation 
ensures predictable disruptions in the conductive network, enhancing 
strain sensitivity. As strain increased to 5.0 %, these microcracks prop
agated and interconnected, forming a network of defects. In contrast, 
MWCNT-BP displayed localized stress concentrations, with cracks 
propagating perpendicularly to the tensile force, leading to premature 
structural failure and loss of sensing capability. Future investigations 
utilizing in-situ SEM [26] integrated with a mechanical testing stage and 
atomic force microscopy could provide detailed insights into the real- 
time evolution of hybrid networks and the specific role of MoS2 in pie
zoresistive sensing.

The exfoliation-lubrication and toughening mechanisms of MoS2 in 
MolyMWCNT-BP are schematically illustrated in Fig. 4(f). During initial 
tensile loading, MoS2 nanosheets act as interlayer lubricants, mitigating 
stress concentrations and promoting uniform deformation of the 
MWCNT network via planar sliding. This lubrication effect delays 
structural failure, enhances strain tolerance, and improves wear resis
tance. Simultaneously, MoS2 facilitates controlled microcrack forma
tion, preventing catastrophic fracture while enhancing gauge sensitivity 
through predictable resistance variations [23,27]. As tensile strain in
creases, the MWCNT network absorbs additional mechanical energy 
through structural reconfiguration, complementing MoS2’s lubrication 
effect in the early deformation stages. However, once microcrack for
mation saturates, the gauge factor stabilizes, leading to a reduction in 
sensitivity.

This synergistic reinforcement mechanism, as demonstrated in Fig. 5
(a), offers a scalable, environmentally friendly, and cost-effective 
approach for developing robust, high-performance wearable elec
tronics, implantable biomedical devices, and soft robotics, where me
chanical durability and sensing accuracy are critical. Meanwhile, 
exploring how the lubrication-enhanced strain sensing mechanism 
translates to state-of-the-art micro-cylindrical architectures could 
extend its application to fiber-based electronics, smart textiles, and 
flexible surgical robotics, where strain-adaptive and integrable sensing 
solutions are highly sought after [48]. Additionally, phase engineering 
of MoS2 and other transition metal dichalcogenides (TMDs) remains an 
important avenue for optimizing both sensing performance and me
chanical properties. Investigating the distinct electromechanical and 
tribological behaviors of pure 1 T or hybrid 1 T/2H phases could provide 
deeper insights into enhancing gauge sensitivity and structural resil
ience [49].

3.4. Application in physiological signal detection

As shown in Fig. 5(b), the sensor effectively captured the charac
teristic waveform of blinking, displaying sharp peaks corresponding to 
the contraction and relaxation phases of the orbicularis oculi muscle, 
and it clearly reflects a slightly longer relaxation duration compared to 
contraction action [50]. For the frontalis muscle during voluntary 
frowning, larger amplitude peaks in the relative resistance change 

indicated stronger muscle contractions. Superimposed oscillations at the 
peak regions suggested fluctuations in muscle fiber recruitment during 
sustained contraction [51]. The sensor also recorded consistent peaks 
and valleys for wrist flexor activity during wrist flexion, with negative 
ΔR/R0 values in the extension phase reflecting the wrist’s over-neutral 
position and passive contraction, resulting in reduced resistance. Addi
tionally, the sensor monitored the extensor carpi radialis longus during 
the fist clenching and the tibialis anterior during ankle dorsiflexion, 
capturing complex stabilizer muscle interactions and varying phasic 
forces. Both motions exhibited secondary peaks superimposed on pri
mary peaks, indicating co-activation of synergistic muscles [14,52]. 
Furthermore, the consistent return of ΔR/R0 to a stable baseline across 
all motions demonstrated the sensor’s effective calibration, stability, 
and resistance to noise or artifact interference.

For swallowing and non-swallowing event classification, as detailed 
in Section 2.5 and shown in Fig. 5(c), the baseline performance of the 
default InceptionTime model, configured with kernel sizes of (10, 20, 
40) and six inception blocks, achieved an initial accuracy of 0.580. This 
was attributed to the default kernel sizes corresponding to temporal 
windows of 0.02–0.08 s at a 500 Hz sampling rate. While sufficient for 
capturing fine-grained local patterns, this configuration was inadequate 
for modeling the longer temporal dependencies required to effectively 
differentiate swallowing events. To address this limitation, we system
atically increased the kernel size, leading to a significant performance 
improvement. Optimal accuracy of 0.980 was achieved with an eight
fold increase in kernel size (80, 160, 320), beyond which further 
enlargement (up to 10 × ) yielded no additional gains, indicating satu
ration in performance improvements.

Given the dataset comprised only two-channel time-series data, we 
hypothesized that the default depth of six inception blocks might be 
excessive, potentially leading to overfitting. To evaluate this, we varied 
the number of inception blocks while maintaining the optimized kernel 
sizes. Reducing the depth to four inception blocks maintained the peak 
accuracy (0.980) while reducing model complexity. Increasing the 
number of blocks beyond six, up to 12, provided marginal accuracy 
gains, peaking at 0.990 with 10 blocks, but the added computational 
cost outweighed the minimal performance improvement. Thus, four 
inception blocks were selected as the optimal balance between accuracy 
and efficiency. Further evaluation focused on assessing the necessity of 
three kernel sizes. Experiments with reduced configurations, such as 
(80, 160), (80, 320), and (160, 320), resulted in accuracy drops to 0.820, 
0.940, and 0.900, respectively, confirming that three kernel sizes (80, 
160, 320) were necessary to maintain optimal classification 
performance.

The fine-tuned InceptionTime model demonstrated strong classifi
cation performance, as reflected in multiple evaluation metrics (Fig. 5
(c)). An overall F1-score of 0.98 and high AUC values for each class 
underscored the model’s strong discriminatory power. Specifically, ROC 
curves (one-vs-rest) yielded AUCs of 0.97 for “Liquid” and “Coughing,” 
0.99 for “Semi Solid” and “Solid,” and 1.00 for “Speaking ’O’,” indi
cating high sensitivity and specificity with minimal class overlap. The 
confusion matrix further validated these results, showing high true 
positive counts across all classes and minimal misclassifications–one 
each in the “Liquid” and “Coughing” categories. These findings 
emphasize the model’s robustness and reliability in distinguishing 
swallowing from non-swallowing events.

In terms of computational efficiency, InceptionTime maintains a 
relatively compact architecture with 7.02 × 10⁶ parameters and a 
computational complexity of 5.61 × 101⁰ FLOPS. This lightweight 
structure contrasts with more complex deep learning models, such as 
Transformers, which require significantly higher computational re
sources due to the attention mechanism [53]. The efficiency of Incep
tionTime makes it well-suited for real-time processing on resource- 
constrained IoT devices, a critical requirement for continuous swallow 
monitoring in clinical and wearable applications. Additionally, its 
scalability allows for adaptation to varying and large time-series 
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datasets without significant performance degradation. Despite the 
model’s strong performance, the limited dataset size constrained its 
generalizability. Future work will focus on expanding the dataset to 
encompass a broader range of physiological variations and demographic 
groups. Further refinements will include advanced data augmentation 
techniques and domain adaptation strategies to enhance model robust
ness. Additionally, hybrid models integrating InceptionTime with other 
architectures, such as ConvTimeNet and ModernTCN [54], will be 
explored to leverage their ability to capture cross-variable dependencies 
and improve classification accuracy and reliability.

4. Conclusion

This study explored the exfoliation-based lubrication properties of 
2H-MoS2 and developed a MoS2-enhanced piezoresistive sensor using 
MWCNT buckypaper. The lubrication effect of MoS2 significantly 
modulated the microstructural evolution under small strain levels, 
leading to a 3881.5 % enhancement in gauge factor and improvements 
in fracture strain and toughness by 53.93 % and 89.17 %, respectively, 
compared to pure MWCNT systems. These enhancements effectively 
address the long-standing trade-off between sensitivity and strain 
tolerance, enabling precise and continuous monitoring of subtle bio- 
motions while maintaining exceptional linearity, low hysteresis, and 
robust durability. The proposed MolyMWCNT-BP system represents a 
scalable and high-performance sensing solution for wearable and 
implantable health monitoring applications. Meanwhile, we integrated a 
fine-tuned InceptionTime model to enhance sensing capabilities, 
achieving a classification accuracy (F1-score) of 98 % for swallowing 
activities. This highlights the potential of AI-driven health monitoring 
systems leveraging piezoresistive sensors for real-time physiological 
motion detection.
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