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Abstract
The advancement of bioinks capable of enabling multifunctional, skin-conformal 
sensing platforms is essential for the next generation of wearable health monitoring 
systems. In this study, we present a 3D-printed, dual-mode biosensor fabricated 
using a composite hydrogel ink comprising sodium alginate, exfoliated molybdenum 
disulfide nanosheets (MoS₂NSs), silver nanowires (AgNWs), and Ca²+ crosslinkers. 
This bioink enables reliable extrusion-based printing on flexible substrates, 
forming wearable, conductive, and mechanically robust sensor architectures. The 
resulting soft sensor exhibits high-sensitivity capacitive touch sensing with fast 
response times and excellent mechanical repeatability under dynamic loading 
conditions. Furthermore, the device allows for real-time monitoring of sweat rate in 
response to constant humidity and perspiration levels. The synergistic integration 
of 2D MoS₂NSs and 1D AgNWs significantly improves electrical conductivity and 
mechanical durability, without compromising printability or hydration compatibility. 
The demonstrated dual-sensing functionality and scalable fabrication strategy 
underscore the potential of this platform for low-cost, customizable applications in 
wearable healthcare, fitness tracking, and human-machine interfaces.

Keywords: 3D bioprinting; Alginate hydrogel; Capacitive touch sensing; Sweat rate 
monitoring; Flexible sensors; Skin-interfaced devices

1. Introduction
Recent advances in wearable electronics have enabled the development of skin-
conformal, soft sensors capable of real-time physiological monitoring, offering 
transformative potential in personalized healthcare and human-machine interfaces.1-4 

Among the various biosensing modalities, simultaneous monitoring of tactile stimuli5, 6 
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and sweat secretion7, 8 at the skin’s surface provides critical 
insights into an individual’s hydration status, psychological 
stress levels, and physical activity.9-11 To realize these 
functions in epidermal devices, sensors must meet 
specific requirements—including mechanical flexibility, 
biocompatibility, and stable signal transduction—under 
conditions of repeated mechanical deformation and 
prolonged skin contact.12-14

Hydrogel-based sensors have emerged as attractive 
platforms for skin-integrated electronics due to their high 
water content, intrinsic softness, and tunable mechanical 
properties.15-17 Alginate, a naturally derived polysaccharide 
extracted from brown algae, is widely utilized in biomedical 
applications owing to its biocompatibility, gel-forming 
capability via divalent ion crosslinking, and excellent 
water retention properties.18-21 These features make 
alginate a promising matrix material for soft hydrogel-
based biosensors. However, the intrinsically insulating 
nature of alginate limits its application in electrically active 
devices, necessitating the incorporation of conductive 
nanomaterials to impart electronic functionality.22,23 To 
overcome this limitation, recent research has explored 
the integration of conductive polymers, 1D and 2D 
nanomaterials, ionic compounds, liquid metals within 
hydrogel matrices to develop multifunctional and 
conductive composites, such as Poly(2,3-dihydrothieno-
1,4-dioxin)-poly(styrenesulfonate) (PEDOT:PSS), metal 
nanoparticles, graphene oxide (GO), and carbon nanotubes 
(CNTs).24 The integration of  1D and 2D nanomaterials 
and hydrogel matrices demonstrated great advances, such 
as an uncomplicated synthesis process, high electrical 
performance, mechanical reinforcement, flexibility, 
and biocompatibility.25-28 However, hydrogel matrices 
dispersed with metal particles, conductive polymers, ionic 
compounds, and liquid metals presented disadvantages in 
various fields, such as degradation of mechanical strength, 
conductivity, toughness, deformability, and stability in a 
complex environment, which deteriorate their practical 
application as wearable devices.29-31 Molybdenum disulfide 
(MoS2), a prototypical 2D transition metal dichalcogenide 
(TMD), exhibits tunable semiconducting behavior, large 
specific surface area, and notable environmental stability.32, 33  
When exfoliated into ultrathin nanosheets (NSs), MoS₂ 
enhances electronic coupling and provides capacitive 
characteristics within polymeric matrices. MoS2 was also 
spotlighted as a humidity sensor with high sensitivity 
due to the presence of inherent defects. However, the 
pristine MoS2 is not appropriate for a hydrogel filler with a 
monolithic sensor due to its low conductive properties.34-36 

Complementing this, silver nanowires (AgNWs) serve 
as highly conductive 1D fillers that create percolating 
networks for efficient charge transport, even under 

mechanical deformation.37 Notably, both MoS₂NSs and 
AgNWs display favorable biocompatibility: MoS₂ exhibits 
low cytotoxicity and chemical stability, while AgNWs 
confer additional antibacterial functionality, mitigating 
the risk of microbial activity and skin irritation during 
prolonged use.38-44 Despite significant advancements in 
nanocomposite hydrogel systems, most existing studies 
have focused on single-function sensors, and few have 
reported a single printable bioink formulation capable 
of supporting multimodal biosensing performance, such 
as both touch detection and hydration monitoring. In 
the case of the MoS₂ and AgNW, only a few studies have 
reported on a hydrogel, even a non-sensing application 
such as flame retardancy, wound healing patch, and flexible 
heater.45-47 This limitation has constrained the development 
of versatile, skin-compatible platforms for integrated 
physiological assessment.

In this study, we report a printable nanocomposite ink 
composed of sodium alginate, MoS2NSs, AgNWs, and 
Ca2+, designed for extrusion-based 3D bioprinting. The 
combinations of MoS2NSs and AgNWs featured enhanced 
conductive and carrier dynamics in the monolithic 
electrode-sensor system. The resulting nanocomposite 
bioink exhibits excellent rheological and structural 
properties for extrusion-based 3D printing on flexible 
substrates, while achieving high electrical conductivity and 
biocompatibility. Calcium-induced crosslinking reinforces 
the mechanical integrity of the alginate network and 
preserves hydration, which is critical for both skin comfort 
and ionic conduction. Using this printable bioink and a 
custom-designed bioprinting apparatus, we fabricated soft, 
flexible biosensors capable of dual-mode sensing: capacitive 
touch detection and real-time sweat rate monitoring. The 
printed devices demonstrate stable performance after 
bending and tensile strain, and maintain sensitivity in both 
ambient and on-body environments. The capacitive haptic 
sensor array displayed a capacitance difference at 10-8 
mm from the sensor to the bare hand, indicating the high 
sensitivity of the system as a touch sensor. The integration of 
multifunctionality, high sensitivity, mechanical robustness, 
and printability highlights the potential of nanocomposite 
hydrogel materials for next-generation soft electronic 
devices. 

2. Materials and methods
2.1. Materials 
Sodium alginate, calcium chloride (CaCl2), bulk MoS2 
powder, sodium chloride (NaCl), AgNWs in ethanol 
suspension (diameter: ~40 nm; length: ~30 µm), styrene-
ethylene-butylene-styrene (SEBS), phosphate-buffered 
saline (PBS), and toluene were purchased from Sigma-
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Aldrich (USA). All reagents were used as received without 
further purification. 

2.2. Preparation of exfoliated MoS2 nanosheets
The MoS₂NSs were synthesized via a liquid-phase 
exfoliation method.48 Briefly, 100 mg of bulk MoS₂ powder 
was dispersed in 100 mL of an ethanol/deionized (DI) water 
mixture (volume ratio: 40:50 v/v). The suspension was 
sonicated in a bath sonicator (Branson Ultrasonics, United 
States of America [USA]) for 12 h at room temperature. 
Following sonication, the dispersion was centrifuged at 
4000 rpm for 30 min (5810 R, Eppendorf, Germany) to 
remove unexfoliated particles. The supernatant containing 
few-layer MoS₂ nanosheets was collected and stored at 4°C 
for subsequent use.

2.3. Fabrication of alginate/MoS2NS/AgNW 
composite ink
A 2 wt% sodium alginate solution was prepared by 
dissolving alginate in DI water under continuous overhead 
stirring at 600 rpm for 3 h until a clear, homogeneous gel 
was obtained. Exfoliated MoS₂NSs were added at varying 
concentrations (2, 3, and 4 wt% relative to alginate mass), 
followed by the addition of 0.1 wt% AgNWs. The mixture 
was further homogenized using magnetic stirring for 1 h to 
achieve a uniform composite ink. The final ink formulation 
was denoted as AAM.

2.4. 3D printing of soft sensor array
The AAM ink was transferred into a 5 mL syringe barrel 
equipped with a 26-gauge nozzle (inner diameter: 210 
µm). Extrusion-based 3D printing was conducted using 
a custom-built bioprinter (Dr. INVIVO 4D6, ROKIT 
Healthcare, South Korea) with a pneumatic pressure of 700 
kPa and a printing speed of 1 mm/s. The sensor patterns 
were deposited on flexible SEBS substrates (thickness: 200 
µm) affixed to a heated bed maintained at 40°C. Sensor 
geometries were designed using Autodesk 3ds Max 2024 
and sliced with Dr. INVIVO Slicer (ROKIT Healthcare, 
South Korea). Printed structures were crosslinked post-
printing by immersion in 10 mM CaCl₂ solution for 30 
min, followed by rinsing with DI water to remove unbound 
calcium ions.

2.5. Material characterization
Morphological features were characterized using field-
emission scanning electron microscopy (FE-SEM; Hitachi 
S-4800, Japan) equipped with energy-dispersive X-ray 
spectroscopy (EDS) for elemental mapping. Raman 
spectroscopy (Horiba, Japan) was performed using a 532 
nm excitation laser to analyze the structural properties of 
the AAM composite. Thermogravimetric analysis (TGA) 
was conducted using a TGA Q550 system (TA Instruments, 

USA) in a nitrogen atmosphere from room temperature to 
500°C at a heating rate of 10°C/min.

2.6. Electrical and sensing performance evaluation
Sheet resistance measurements were carried out using 
a standard four-point probe setup (Keithley, USA). 
Capacitive touch sensing performance was evaluated via a 
customized setup where a human finger applied periodic 
touch stimuli (~10 kPa), while the electrical signals were 
recorded using an impedance analyzer (Keysight E4990A, 
USA). To assess moisture sensitivity, humidity-controlled 
tests were performed in an environmental chamber with 
relative humidity (RH) at 60%. For on-skin measurements, 
the sensor was attached to the volar forearm and operated 
under natural skin conditions (surface temperature ≈ 
35°C) for up to 8 h while monitoring capacitive touch and 
sweat rate signals.

2.7. Statistical analysis
All experiments were conducted in triplicate unless 
otherwise indicated. Data are expressed as mean ± 
standard deviation. Statistical analyses and graphical 
visualizations were performed using OriginPro 2025 
(OriginLab Corporation, USA) and MATLAB R2022b 
(MathWorks, USA).

3. Results and discussion
3.1. Fabrication of AAM-based conductive  
sensor array
The fabrication process of the alginate-based sensor array 
incorporating MoS₂NSs and AgNWs is schematically 
illustrated in Figure 1. Bulk MoS₂ powder was exfoliated 
via sonication in an ethanol/water solvent mixture to 
yield few-layer MoS₂NSs. The NSs and AgNWs were then 
homogeneously dispersed in a sodium alginate solution 
to formulate a printable, hydrogel-based conductive ink 
(Figure 1a). This composite ink was extruded using a 
syringe-assisted 3D bioprinter onto flexible SEBS substrates 
in a predefined sensor array geometry (Figure 1b). The 
inset in Figure 1b confirms stable extrusion through a 260 
µm nozzle and high printing fidelity at the microscale. Post-
printing, the structures were immersed in a 10 mM CaCl₂ 
bath, enabling ionic crosslinking of the alginate matrix and 
improving mechanical robustness. The resulting device 
consisted of a 10 × 10 array of 5 × 5 mm square sensor pads 
arranged with 7 mm spacing, forming a soft, conformal 
surface suitable for skin integration (Figure 1c).

3.2. Morphological and structural characterization
Figure 2a presents the morphological, structural, and 
compositional analysis of the AAM composite. The 
field-emission SEM image reveals the surface topology 
of the printed hydrogel film, exhibiting a continuous 
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polymeric network embedded with nanoscale features. The 
magnified view confirms the incorporation of exfoliated 
MoS₂ nanosheets and interconnected AgNWs uniformly 
dispersed within the alginate matrix, forming a conductive 
percolation pathway. Additional high-resolution SEM 
images of the individual MoS₂NSs and AgNWs are provided 
in Figure S1, further validating their representative 
morphology and dispersion quality prior to composite 
formulation. Figure 2b displays an SEM image of the 
crosslinked AAM composite, which demonstrates a dense 
and integrated microstructure with uniformly distributed 
nanofillers. Elemental mapping via energy-dispersive 
X-ray spectroscopy (EDS) confirms the successful 
incorporation of all key constituent elements of Mo, S, Ag, 
Na, Ca, and Cl, corresponding to the AAM composition. 
Figure 2c presents the Raman spectra of the composite 
inks, highlighting characteristic vibrational features of 
MoS₂ within the hydrogel matrix. Both alginate/MoS₂NS 

and alginate/MoS₂NS/AgNW formulations exhibit two 
prominent peaks corresponding to the E₁₂g (~383 cm−¹) 
and A₁g (~410 cm−¹) modes of MoS₂, indicative of in-plane 
and out-of-plane phonon vibrations, respectively. Notably, 
the AgNW-integrated composite (blue curve) exhibits an 
enhanced Raman signal intensity, suggesting improved NS 
dispersion and interfacial interactions between MoS₂ and 
the embedded AgNW network. These findings support the 
formation of a homogeneous, hybrid conductive matrix 
suitable for next-generation sensing applications. The TGA 
analysis was conducted to assess the thermal stability and 
decomposition behavior of the AAM ink and its individual 
components, MoS₂NSs and AgNWs, as displayed in 
Figure 2d. The TGA profile of MoS₂NSs demonstrates 
excellent thermal stability with negligible weight loss up 
to 500°C, confirming its inert behavior under the specified 
conditions. Similarly, AgNWs exhibit minimal mass 
change throughout the temperature range, reflecting their 

Figure 1. AAM-based sensor fabrication and sensing. (a) Schematic fabrication processes of AAM-based bioink. (b) 3D printing of AAM bioink 
on flexible SEBS substrate, and final crosslinking process. Optical images of printed sensor arrays (5 × 5 mm pads, 7 mm spacing) on flexible SEBS.  
(c) 3D illustration of dual-mode wearable capacitive biosensors with touch and sweat sensing. Abbreviations: AAM (Alginate-AgNWs-MoS2NS), AgNW 
(silver nanowire), MoS2NS (Molybdenum disulfide nanosheet) .
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intrinsic high thermal stability and oxidation resistance at 
moderate temperatures. In contrast, the AAM composite 
exhibits a multistep decomposition profile. An initial minor 
mass loss below 150°C is attributed to the evaporation of 
absorbed moisture. A significant weight reduction between 
~200°C and 300°C corresponds to thermal degradation of 
the alginate matrix via glycosidic bond cleavage and the 
release of volatile products. Above 300°C, a gradual mass 
loss occurs, likely associated with decomposition of residual 
carbonaceous species originating from alginate. The 
remaining mass beyond 500°C predominantly corresponds 
to inorganic residues, including MoS₂NSs and AgNWs. 
Collectively, these results confirm the enhanced thermal 
stability of the AAM composite due to the incorporation 
of thermally resilient MoS₂ and AgNW nanofillers and 

validate the material’s structural integrity for practical and 
environmental applications in wearable electronics.

3.3. Influence of MoS2NS/AgNW content on 
rheology, printability, and conductivity
Figure 3 presents the influence of conductive filler 
concentration on the electrical and rheological properties 
of the alginate-based composite inks. To minimize the 
deterioration of the mechanical properties of a hydrogel, 
nanomaterials within the hydrogel have to be minimally 
dispersed.29 As displayed in Figure 3a, the electrical 
conductivity of the composites markedly increases with 
higher nanofiller loadings, particularly for the alginate/
MoS₂NS/AgNW formulation. Notably, the inclusion of 
AgNWs into the MoS₂NS matrix results in a pronounced 

Figure 2. Material analysis of AAM component (a) SEM image of AAM composite, showing uniform distribution of nanoscale fillers. (b) EDS mapping 
images of Mo, S, Ag, Na, Ca, and Cl within the printed AAM matrix. (c) Raman spectra of Alginate/MoS₂NS and Alginate/MoS₂NS/AgNW inks, 
showing enhanced signal intensity and peak definition upon AgNW inclusion. (d) TGA results of MoS₂NS, AgNW, and AAM. Abbreviations: AAM  
(Alginate-AgNWs-MoS2NS), AgNW (silver nanowire), MoS2NS (Molybdenum disulfide nanosheet)
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enhancement in conductivity, especially beyond 2 wt%, 
reaching values approaching 1 S/m at 7 wt%. In contrast, 
composites containing only MoS₂NSs exhibit minimal 
improvement, underscoring the synergistic effect of 
combining 2D MoS₂NSs with 1D AgNWs to form an 
efficient percolated conductive network. T﻿he results 
indicate AgNW rapidly improved the conductivity of 
alginate/MoS₂NS with the additional lower ratio of 
materials than MoS₂NS to prevent the unequal dispersion 
of nanomaterials (Table 1). The viscosity profiles presented 
in Figure 3b indicate a progressive increase in viscosity 
with increasing filler concentration for both composite 
types. The AgNW-integrated inks consistently exhibit 
slightly higher viscosities across all concentrations, which 
is attributed to enhanced mechanical entanglement 
and improved interfacial interactions within the hybrid 
network. Further rheological analysis under applied shear 
reveals that both formulations demonstrate characteristic 
shear-thinning behavior, a desirable feature for extrusion-
based 3D printing (Figure 3c). The alginate/MoS₂NS/
AgNW formulation maintains a higher viscosity across all 
shear rates, reflecting stronger internal network interactions 
facilitated by the presence of AgNWs. Importantly, both 

ink systems exhibit good structural recovery after shear 
removal, confirming their suitability for precise, layer-by-
layer deposition during printing. Figure S2 displays optical 
microscopy images of printed lines fabricated using inks 
with different filler concentrations (2, 3, and 4 wt%). The 
3 wt% formulation produces the most uniform and well-
defined printed features, representing an optimal balance 
between flow stability and spatial resolution. At 2 wt%, the 
printed lines appear weakly defined and underdeveloped, 
while at 4 wt%, irregular extrusion and occasional nozzle 
clogging are observed. These defects are attributed to 
excessive filler content, which negatively impacts the ink’s 
flowability and extrusion consistency. Taken together, 
these results illustrate the critical importance of optimizing 
nanofiller concentrations to achieve stable printability, 
reliable electrical performance, and appropriate rheological 
behavior. To quantitatively evaluate the printability of 
the composite inks, three printing quality metrics were 
assessed: line width fidelity, layer height accuracy, and 
extrusion stability. The line width fidelity, defined as the 
ratio of the measured to the designed width, was measured 
for inks containing 2, 3, and 4 wt% MoS₂NS/AgNWs. The 
optimal formulation (3 wt% MoS₂NS/AgNWs) achieved a 

Figure 3. Electrical and rheological analysis and 3D printing optimization of AAM (a) Electrical conductivity of bioink according to nanofiller 
contents, demonstrating synergistic improvement with MoS2NS and AgNW co-loading. (b) Viscosity profile of bioinks with increasing MoS2NS/AgNW.  
(c) Shear-thinning behavior of both composite formulations. (d) Line width fidelity (%). (e) Layer height accuracy (%). (f) Extrusion stability over 180 
s continuous printing. The replicates for error bar is (a,b) n = 5, (d,e) n = 3. Abbreviations:AAM (Alginate-AgNWs-MoS2NS), AgNW (silver nanowire),  
MoS2NS (Molybdenum disulfide nanosheet)
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Table 1. Comparison of conductive hydrogel with different fillers

Study Filler material Matrix Conductivity (S/cm) Fracture  
energy (kJ/m²)

Printability  
(line width fidelity %) Ref.

Li et al. Polyaniline (PANI) Polyacrylamide 
(PAAm) hydrogel 0.12 15.8 ~90% 25

Yu et al. PEDOT:PSS Poly(vinyl alcohol) 
(PVA) hydrogel 0.093 12.4 ~95% 26

Van Tam et al.
Phosphorus-doped 

graphene QDs + 
graphene

Alginate hydrogel 0.85 9.6 ~92% 28

Shinde et al. MoS₂NS and AgNWs Alginate hydrogel 0.01 27.55 98.3% This 
work

Abbreviations: AgNW (silver nanowire), MoS2NS (Molybdenum disulfide nanosheet), PAAm (Polyacrylamide), PANI (Polyaniline), PEDOT:PSS 
(Poly(2,3-dihydrothieno-1,4-dioxin)-poly(styrenesulfonate)), PVA (Poly(vinyl alcohol))

fidelity of 98.3 ± 3.1%, significantly higher than 2 wt% (91.7 
± 6.4%) and 4 wt% (88.2 ± 9.5%) formulations (Figure 3d). 
Layer height accuracy followed a similar trend, with 3 wt% 
MoS₂NS/AgNWs producing heights within 98.7 ± 4.2% of 
the designed 150 µm, indicating excellent vertical stacking 
precision (Figure 3e). Extrusion stability was monitored 
by measuring instantaneous line width over a 180 s 
continuous print. The coefficient of variation (CV) for the 
3 wt% formulation was only 3.9%, compared to 4.6% for 2 
wt% and 5.1% for 4 wt%, confirming minimal fluctuation 
in extrusion flow. These results quantitatively validate the 
superior print fidelity, structural resolution, and extrusion 
consistency of the optimized bioink, aligning with the high-
resolution features observed in Figure 3f. This optimized 
hydrogel ink enables high-resolution patterning, consistent 
extrusion, and superior electrical functionality, making it 
an excellent candidate for our capacitive biosensor.

3.4. Mechanical properties of AAM composite
Figure 4 illustrates the mechanical performance of the 
AAM composite under both tensile and cyclic loading 
conditions. As presented in Figure 4a, photographic 
images of the printed hydrogel specimen demonstrate 
its high flexibility and stretchability when subjected 
to uniaxial elongation, transitioning smoothly from a 
relaxed to an extended state. This behavior confirms the 
excellent mechanical compliance of the material, which is 
essential for integration into wearable sensor platforms. 
The tensile stress–strain curves presented in Figure 4b 
indicate that both alginate/MoS₂NS and alginate/MoS₂NS/
AgNW composites undergo similar elastic deformation 
up to approximately 10%. The incorporation of AgNWs 
yields a modest but consistent increase in mechanical 
strength, suggesting that AgNWs contribute incrementally 
to mechanical reinforcement without significantly 
compromising the innate extensibility of the hydrogel 
matrix (Table 1). Figure 4c displays the results of cyclic 

tensile testing, performed to assess the mechanical 
durability of the composites under repeated mechanical 
stress. Over 20 consecutive loading/unloading cycles, both 
formulations retain their stress-bearing capabilities, with 
the AgNW-reinforced AAM sample consistently exhibiting 
higher stress levels than its MoS₂-only counterpart. This 
indicates improved mechanical resilience and fatigue 
resistance conferred by the hybrid nanofiller network, 
featuring an essential characteristic for reliable operation 
in dynamic, body-mounted environments. The effect of 
crosslinking density on mechanical stiffness is investigated 
in Figure 4d, where increasing concentrations of CaCl₂ 
solution produced a nearly linear increase in compressive 
stress. This observation confirms that the ionic crosslinking 
facilitated by Ca²+ can be employed to modulate the 
mechanical properties of the hydrogel systematically. Such 
tunability provides a versatile strategy for tailoring the 
composite’s softness or rigidity depending on the specific 
application or anatomical site of deployment.48 Collectively, 
these findings validate that the AAM hydrogel composite 
exhibits robust mechanical integrity, high deformability, 
and enhanced toughness. The combined effects of 1D/2D 
nanofiller reinforcement and controllable ionic crosslinking 
provide a favorable mechanical profile, establishing the 
AAM composite as a promising candidate material for 
flexible and skin-compatible biosensing devices.

3.5. Capacitive touch sensing performance
The capacitive sensing performance of the AAM-based 
sensor was systematically evaluated under varying 
mechanical loading and proximity conditions, as presented 
in Figure 5. As displayed in Figure 5a, a progressive 
increase in capacitance was observed with increasing 
applied normal force ranging from 1 to 10 N, confirming 
the pressure-sensitive nature of the sensor. The touch 
sensitivity of the AAM-based sensor was determined 
from the slope of the normalized capacitance change (ΔC/
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C₀) versus applied pressure in the low-pressure range 
(10–50 kPa, corresponding to 1–5 N in Figure 5a). The 
calculated value was ≈ 0.15 kPa–¹, which is comparable to 
or higher than those reported for similar hydrogel-based 
capacitive sensors.49 Repetitive finger-touch experiments 
were conducted to assess signal stability and repeatability 
under dynamic input conditions. As illustrated in 
Figure 5b, distinct and reproducible capacitive peaks 
were consistently generated over multiple touch-release 
cycles. Each mechanical stimulus resulted in a sharp 
increase in capacitance followed by rapid signal recovery 
upon unloading, indicating high temporal resolution and 
signal fidelity. This behavior is attributed to the elastic 
recoverability of the alginate hydrogel matrix and the 
robustness of the embedded MoS₂NS/AgNW conductive 
network. To further assess proximity sensing capability, 
controlled finger approaches were performed at varying 
distances (9–10, 7–5, and 4–2 mm) from the sensor surface. 
As displayed in Figure 5c, a gradual increase in capacitance 

was recorded as the distance decreased, culminating in a 
sharp peak upon direct contact. These results validate the 
sensor’s efficacy in near-field proximity detection, enabling 
pre-contact recognition for potential human-machine 
interface applications. Spatial pressure distribution 
mapping was demonstrated using a 5 × 5 electrode array 
configuration (Figure 5d). The corresponding heatmap 
reflects localized capacitance changes across the array 
when mechanical pressure was selectively applied. Each 
coloured cell represents the capacitive response of a specific 
electrode pair subjected to pressure input. The gradient 
from blue to red denotes increasing signal magnitude, 
with electrodes at positions (1,1) and (2,1) exhibiting 
notably higher capacitance values. These elevated readings 
indicate focused mechanical stimulus in the lower-left 
region, further confirming the system’s spatial resolution. 
Collectively, these findings demonstrate that the AAM-
based capacitive sensor is capable of both pressure and 
proximity detection with high spatial and temporal 

Figure 4. Mechanical properties of AAM-based hydrogel. (a) Optical images of AAM composite, featuring mechanical flexibility and elongation capability. 
(b) Tensile stress-strain profiles of alginate/MoS2NS and AAM composites. (c) Cyclic tensile testing results over 20 loading/unloading cycles confirm 
mechanical durability (n = 5). (d) Compressive strength as a function of CaCl2 concentration, featuring tunability of hydrogel stiffness through crosslinker 
variation (n = 5). AAM (Alginate-AgNWs-MoS2NS), AgNW (silver nanowire), MoS2NS (Molybdenum disulfide nanosheet)
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Figure 5. Pressure sensing performance of AAM-based sensor (a) Capacitance response of AAM sensor under increasing finger-applied forces (1–10 N). 
(b) Repetitive touch cycles display high signal fidelity and recovery. (c) Capacitance variation with proximity sensing (2–10 mm). (d) Heatmap generated 
by a 5 × 5 sensor array for spatial mapping, demonstrating multiple high-resolution touch localizations.

resolution. The integrated functionality renders the system 
highly applicable for use in wearable touch sensors and 
pressure-mapping technologies, where reliable detection 
of dynamic and localized stimuli is essential. 

3.6. Hydration and sweat rate sensing
Sweat absorption into the hydrogel leads to a modification 
of its dielectric constant due to the presence of the aqueous 
phase. The electrolyte species present in sweat, including 
Na+, Cl–, and K+, further accelerate the capacitance 
changes. This acceleration arises from the enhancement 
of ionic transport mechanisms provided by MoS₂NS to 
amplify the electrical response of the hydrogel-based 
sensor.50-52 The capacitive response of the printed AAM 
sensor was investigated under varying sweat flow rates 
to evaluate its sensitivity to perspiration-related stimuli 
(Figure 6). In Figure 6a, the normalized capacitance 
change (ΔC/C₀) exhibited a clear increasing trend with 
rising artificial sweat flow rates, ranging from 1.0 to 4.0 
μL/min. This progressive signal enhancement indicates 
improved surface interaction between absorbed moisture 
and the conductive hydrogel interface under elevated 
moisture flux. The observed increase in signal amplitude 
and slope suggests that higher flow rates promote more 

effective electrolyte–electrode interactions and facilitate 
ion transport within the capacitive sensing interface. 
Specifically, the response amplitude increased from 
approximately 40% at a flow rate of 1.0 μL/min to over 130% 
at 4.0 μL/min, demonstrating the sensor’s high sensitivity 
to variations in fluid dynamics. The corresponding 
response factor (K) (Figure 6b) displayed a near-linear 
correlation with sweat speed, confirming the sensor’s 
quantitative responsiveness to dynamic hydration levels. 
The upward trend in K values is attributed to enhanced 
dielectric interactions at the hydrogel-moisture interface, 
facilitated by the porous and highly hydrophilic structure 
of the composite matrix. Further evaluation of electrolyte 
specificity was performed by comparing sensor responses 
to deionized water, artificial sweat, and NaCl solutions 
with varying ionic strengths (1, 10, and 100 mM), as 
depicted in Figure 6c. The resulting capacitance responses 
remained consistent across the different electrolyte types 
and concentrations, indicating that the sensor’s humidity 
detection mechanism is governed predominantly by 
moisture content rather than ionic conductivity. This ionic 
insensitivity is advantageous for wearable monitoring, 
where sweat composition may fluctuate significantly over 
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time due to physiological and environmental factors. 
Altogether, these results demonstrate that the AAM sensor 
is capable of real-time sweat rate monitoring with stable, 
reversible capacitive output.

3.7. Long-term stability and on-skin performance
To verify the applicability of the AAM-based dual-
mode biosensor under realistic wearable conditions, 
extended-duration tests were conducted. For on-skin 
performance evaluation, the sensor was attached to the 
forearm and worn continuously during daily activities 
for over 8 h. During the 8 h continuous on-skin test, the 
device operated at a constant skin temperature (~35°C). 
Despite this thermal exposure, baseline signals remained 
stable, and the device displayed only moderate amplitude 
reduction (~33%), confirming minimal performance 
drift at physiological temperatures (Figure 6d). Long-
term sweat rate monitoring stability was also examined 
under a constant sweat flow rate (3.0 μL/min) for 8 h. The 
normalized capacitance change (ΔC/C₀) decreased by 
~20%, yet the waveform shape and periodicity remained 

consistent (Figure 6e), confirming robust hydration 
sensing performance during extended operation.

Additionally, mechanical durability under repetitive 
deformation was assessed by cyclic bending tests (radius ≈  
5 mm) up to 10000 cycles. The device retained ~90% 
of its initial signal response after the full cycle count 
(Figure 6f), indicating that the percolated MoS₂-AgNW 
conductive network within the alginate matrix remains 
stable under prolonged dynamic loading. Collectively, 
these findings demonstrate that the AAM-based biosensor 
maintains functional stability and durability in dynamic, 
skin-mounted environments, underscoring its potential 
for practical wearable healthcare and human-machine 
interface applications.

4. Conclusion
In this study, we developed and demonstrated a 3D-printed, 
dual-mode wearable biosensor based on a nanocomposite 
hydrogel ink composed of sodium alginate, exfoliated 
MoS₂NSs, AgNWs, and Ca2+ as ionic crosslinkers. The 

Figure 6. Sweat ion sensing results of AAM-based sensor. (a) Normalized capacitance change (ΔC/C₀) with increasing artificial sweat rates (1.0–4.0 μL/
min). (b) Response factor (K) as a function of sweat rate, displaying near-linear behavior. (c) Comparison of capacitance response in DI water, artificial 
sweat, and NaCl solutions of varying concentration, confirming moisture-dominant sensitivity (n = 5). (d) Capacitance variation over time during real-
time wearable testing. The black line represents the initial capacitive response, while the red line indicates performance after 8 h of continuous wear.  
(e) Normalized capacitance change (ΔC/C₀) over time under constant human sweat flow rate (3.0 μL/min), comparing initial state and after 8 h of on-skin 
wear. (f) Cyclic bending retention curve showing less than 10% degradation after 10000 cycles.
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composite ink exhibited excellent rheological properties 
suitable for extrusion-based printing and enabled the 
fabrication of soft, skin-conformal sensor arrays with 
high structural fidelity on flexible SEBS substrates. 
Comprehensive morphological and spectroscopic analyses 
confirmed the uniform dispersion of MoS₂NSs and AgNWs 
within the alginate matrix, forming a robust, percolating 
conductive network. The synergistic combination of 
2D-MoS₂ and 1D-Ag nanowires led to enhanced electrical 
conductivity, carrier dynamics, and mechanical stability, 
while maintaining the hydrophilic and biocompatible 
nature of the hydrogel scaffold. The optimized formulation 
with 3 wt% MoS₂NS/AgNW provided the best balance 
between printability, conductivity, and viscoelastic 
control. The resulting AAM sensors demonstrated reliable 
capacitive performance in response to both mechanical and 
hydration stimuli. The device exhibited pressure-sensitive 
and proximity-dependent capacitance changes, with high 
spatial and temporal resolution in a 5 × 5 electrode array 
configuration. Moreover, the sensor exhibited strong 
responsiveness to varying sweat flow rates, with signal 
intensity increasing proportionally with moisture flux, and 
remained functionally robust across a wide range of ionic 
concentrations. 

The capacitive haptic sensor array demonstrated a 
capacitance difference of 10-8 mm from the sensor to 
the bare hand, highlighting the high sensitivity of the 
system as a touch sensor. This confirms that the capacitive 
sensing mechanism is primarily driven by hydration level 
rather than ion concentration, making it highly suitable 
for wearable sweat monitoring. Overall, the proposed 
AAM-based sensor platform offers a low-cost, scalable 
solution for dual-mode biosensing in healthcare, fitness 
tracking, and human-machine interface applications. This 
dual-functional sensor platform offers broad application 
potential in healthcare monitoring for hydration and 
stress levels, fitness tracking, prosthetics, and interactive 
wearable systems requiring simultaneous mechanical and 
perspiration sensing.
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