Small Structures

| RESEARCH ARTICLE CEIEED

small

structures

www.small-structures.com

Multifunctional Sweat Sensors Using Semiconductor
Fibers Based on Two-Dimensional Nanomaterials

Jun Hyun Park' | Jae Woo Park” | Min Seok Choi' | Sang Uk Pang' | Jun Seok Choe' | Tae Sang Yu' | Kyung-In Jang' |

Jin-Tae Kim® | Ha Uk Chung® | Jang Hwan Kim™’ | Bong Hoon Kim

1,6,7,8

!Department of Robotics and Mechatronics Engineering, DGIST, Daegu, Republic of Korea | *Department of Energy Systems Research, Ajou University,

Suwon, Republic of Korea | *Department of Mechanical Engineering, Pohang University of Science and Technology, Pohang, Korea | *School of

Biomedical Engineering, Korea University, Seoul, Republic of Korea | *Department of Materials Science and Engineering, Ajou University, Suwon,
Republic of Korea | ®Center for Physical Al, DGIST, Daegu, Republic of Korea | “TransHuman Robotics Research Center (Glocal Lab), DGIST, Daegu,
Republic of Korea | ®Global Bio-integrated Materials Center (Engineering Research Center), KAIST, Daejeon, Republic of Korea

Correspondence: Jin-Tae Kim (jimmy516@postech.ac.kr) | Ha Uk Chung (haukchung@korea.ac.kr) | Jang Hwan Kim (janghwankim@ajou.ac.kr) | Bong

Hoon Kim (bonghoonkim@dgist.ac.kr)

Received: 19 December 2025 | Revised: 9 February 2026 | Accepted: 10 February 2026

Keywords: electrochemical sensing | fiber sensor | sweat sensors | wearable electronics

ABSTRACT

Sweat monitoring offers real-time insights into physiological conditions such as hydration, muscle fatigue, and metabolic status.

However, conventional sweat sensors often face challenges associated with unstable skin contact and insufficient sampling. In this

study, a fiber-based wearable sensing platform is proposed, which incorporates semiconducting molybdenum disulfide (MoS,) and

polylactic acid (PLA) composite fibers fabricated via wet spinning. By exploiting the high surface-to-volume ratio and n-type semi-
conducting nature of the MoS, network, the sensor selectively detects major biomarkers including electrolytes (Na* and K*) and
metabolites (lactic acid and NH,") via distinct electrostatic screening and charge trapping mechanisms. Furthermore, the intrinsic

capillary action and thermal insulation of the fibers ensured reliable sweat collection without the requirement for external power.

Additionally, the composite fiber exhibits piezoresistive capabilities, enabling simultaneous pressure monitoring to track physical

motion. Multifunctional sensing facilitates the early diagnosis of metabolic disorders and the precise tracking of athletic performance.

The developed fiber-based sensor provides a robust textile-integrated solution for next-generation personalized healthcare monitoring.

1 | Introduction

Sweat, which originates from blood plasma, is a rich reservoir of
biomarkers [1-4], including electrolytes (Na* and K*) [5], metab-
olites (lactic acid, glucose, and ammonia) [6, 7], and proteins that
serve as key indicators of physiological status [8, 9]. For instance,
sweat sodium concentration offers vital insights into electrolyte loss
and local ion transport, whereas potassium and ammonium ions
have been explored as indicators of muscle ion homeostasis and
metabolic stress, respectively. In addition to encompassing a com-
prehensive physiological profile, sweat analysis is gaining popular-
ity as a diagnostic method owing to its inherent accessibility.

Indeed, the noninvasive nature [10, 11] of sweat analysis represents
a distinct advantage over traditional blood collection, rendering it a
superior alternative for vulnerable populations [12, 13], including
elderly individuals, patients at high risk of infection, and infants
who are resistant to injections [14, 15]. Furthermore, continuous
and real-time monitoring is possible since our bodies constantly
produce sweat, even during routine daily activities [1, 16, 17].
Moreover, the ubiquitous availability of sweat across diverse epider-
mal sites facilitates its integration into wearable devices [18-22] in
versatile forms. Consequently, sweat monitoring strategies are
expected to hold considerable potential for a broad spectrum of
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applications, including clinical disease diagnostics, next-generation
personalized healthcare [23], and sports science.

The operational fidelity of sweat monitoring systems depends on
uninterrupted sweat sampling. However, sweat secretion rates fluc-
tuate depending on individual activity levels and environmental
conditions, posing a significant challenge to the consistent acquisi-
tion of sweat samples for analysis. Recently, substantial efforts have
been devoted to developing sensing platforms that improve the sta-
bility of sweat sampling and sensing in daily life. For example,
patch-type microfluidic systems [24-27] have enabled real-time
monitoring of biomarkers such as lactate, proving valuable in sports
science applications where large volumes of sweat are generated
during intensive exercise [28]. Additionally, active sweat-induction
strategies, including integrated Joule heating elements and ionto-
phoretic stimulation [10], have enabled on-demand sampling in
sedentary scenarios by leveraging external power sources and
sophisticated circuitry [29-31]. While these platforms have excelled
in their respective domains, intrinsic environmental and mechani-
cal adaptability would [32] significantly facilitate their application
in continuous daily sweat monitoring. Specifically, the capability to
spontaneously retain body heat under ambient conditions and har-
vest minute fluid volumes is instrumental to preserving the sensing
accuracy without the requirement for external power or vigorous
physical exertion. Furthermore, achieving truly unobtrusive wear-
ability implies replacing adhesive interfaces with a mechanically
compliant design [33-35], ensuring universal comfort, even for
users with delicate skin, such as the elderly or infants [36].
Consequently, a novel sweat-monitoring platform is required to
enable reliable sweat sampling and efficient collection while
guaranteeing superior comfort, even under sedentary conditions.

In this work, we developed a fiber-based wearable sweat-sensing
platform that exploits semiconducting molybdenum disulfide
(MoS,)/polylactic acid (PLA) composite fibers with intrinsic ther-
mofluidic capabilities. MoS, is a particularly attractive two-
dimensional material because of its high surface-to-volume ratio,
defect-mediated reactivity, and pronounced ionic gating behav-
ior, which render it suitable for ionic and metabolite sensing
in aqueous environments. Notably, the n-type semiconducting
nature of the chemically exfoliated MoS, flakes facilitates the
formation of ion-accessible active sites, enabling the detection
of various biomarkers, including electrolytes and metabolites.
Functional composite fibers are implemented via a wet spinning
process to serve as the fundamental building blocks for the pro-
posed monitoring platform. The intrinsic capillary action and
thermal insulation of the fibers ensure reliable sweat collection
without the requirement for external power, while flexible and
adhesive-free design guarantees superior wearability. Beyond
biochemical sensing, the piezoresistive response arising from
the pressure-induced densification of the MoS, network is uti-
lized to enable simultaneous physical motion tracking, thereby
establishing a truly multifunctional sensing platform.

2 | Results and Discussion

2.1 | Overview of the MoS,/PLA Composite Fiber
Sensing Platform

The wearable sweat monitoring platform developed in this study
was fabricated using semiconducting MoS, and PLA composite

fibers. This fiber-based architecture was designed to ensure seam-
less epidermal integration, while the sensing platform is charac-
terized by distinct functional attributes essential for reliable
on-skin operation, as illustrated in Figure 1a. Specifically, a stable
thermodynamic microenvironment is maintained due to the
thermal insulation properties originating from the porous fiber
structure, effectively minimizing heat dissipation and evapora-
tion. Additionally, fluid transport is spontaneously achieved
via intrinsic capillary action, ensuring spontaneous sweat uptake
even under low-perspiration conditions. Furthermore, superior
comfort and mechanical compliance are afforded by the flexible
textile architecture, enabling noninvasive long-term wearability.
Moreover, pressure sensing is enabled by the intrinsic piezoresis-
tive response of the semiconducting MoS, network, allowing for
the simultaneous detection of mechanical stimuli. The macro-
scopic processability inherent to the fibrous structure, which is
exemplified by its capability for high-curvature deformation
(<2.5mm), allows the fabrication of versatile sensor configura-
tions suitable for diverse applications that require sensing devices
with various form factors, as demonstrated in Figure 1b. The fab-
rication of the composite fibers begins with the preparation of the
precursor material, where bulk MoS, was electrochemically exfo-
liated to yield high-quality nanoflakes, which were subsequently
dispersed to form a precursor solution (Figure 1c). The MoS, dis-
persion was then extruded using a wet-spinning system, gener-
ating continuous solid fibers within a coagulation bath, as
illustrated in Figure 1d. Subsequently, an in-depth analysis of
the resulting MoS,/PLA composite fibers was systematically per-
formed to evaluate their structural and chemical integrity.
Morphological characterization via scanning electron micros-
copy (SEM) revealed a clearly defined porous structure, which
is advantageous for interfacial sensing (Figure 1e). The composi-
tional homogeneity within the matrix was identified by energy-
dispersive X-ray spectroscopy (EDS), confirming the uniform
spatial distribution of molybdenum, sulfur, carbon, and oxygen
(Figure 1f). Additionally, the chemical states of MoS, within the
composite fiber were analyzed using high-resolution X-ray pho-
toelectron spectroscopy (XPS). As shown in Figure 1g, the Mo 3d
spectrum exhibits a characteristic doublet originating from the
semiconducting 2H phase, with Mo 3ds,, and Mo 3d;/, peaks
located at ~229 and ~232 eV, respectively, confirming that the
chemically exfoliated flakes largely retain their 2H crystal struc-
ture. A minor shoulder appearing at lower binding energies indi-
cated the presence of a small fraction of the metallic 1T phase.
This feature is commonly observed in electrochemically exfoli-
ated MoS, and arises from cation intercalation and the accom-
panying electron injection during exfoliation, which induce a
partial 2H — 1T lattice distortion. The metallic 1T component,
although limited, introduces locally conductive pathways that
support charge transport across the otherwise semiconducting
MoS, network. Consequently, the mixed-phase composition con-
tributes to stable electrical behavior while preserving the intrin-
sic surface reactivity required for ion-sensing interactions. This
preserved material architecture facilitates multimodal sweat
sensing and enables the selective discrimination of electrolytes
(e.g., Na* and K*) and metabolites (e.g., lactate and NH,") based
on distinct electrochemical interaction mechanisms, as discussed
in the subsequent sections. The mixed-phase composition also
underpins the stable electrical behavior essential for reliable sen-
sor operation.
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FIGURE1 | Design,structure, and usage of the MoS,/PLA composite fiber sweat sensor developed herein. (a) Schematic illustration highlighting the
structural advantages and multifunctionality of a single MoS,/PLA composite fiber sensor. (b) Conceptual photograph demonstrating the MoS,/PLA
composite fiber sweat sensor. (c) Schematic diagram depicting the electrochemical intercalation mechanism of ions into the MoS, layers. (d) Illustration

of the wet-spinning process used to fabricate the MoS,/PLA composite fibers. () SEM image showing the surface morphology of the fabricated fiber.

(f) EDS elemental mapping revealing the distribution of constituent elements. (g) XPS spectra for the Mo 3d and S 2p components of the fabricated fibers.

2.2 | Resistive Sensing Mechanism for Ion
Discrimination

The resistive sensing capability of the MoS,/PLA composite fiber
was demonstrated by characterizing its electrical properties upon
interaction with representative biomarkers found in human
sweat, including Na*, K*, NH,*, and lactate, as shown in
Figure 2. In this setup, the MoS,/PLA fiber is electrically con-
nected through silver epoxy and silver wire, forming a stable
two-terminal configuration that enables the direct monitoring
of the current-voltage characteristics when exposed to external
sweat droplets. The schematic illustration in Figure 2a highlights
the structural arrangement of the fiber sensor and its conductive
pathway, where the MoS, nanosheet network embedded along
the fiber surface comes into direct contact with the incoming
ionic solutions. The specific mechanisms governing these respon-
ses are shown in Figure 2b. Fundamentally, an electrically con-
ductive percolation network was established by the arrangement
of MoS; nanosheets. Upon exposure to an aqueous environment,
the baseline resistance state (R,) is determined by the electro-
chemical equilibrium at the interface, where the MoS, surface
acquires a negative potential resulting from the deprotonation
of surface defects and the specific adsorption of hydroxyl ions.
Relative to this baseline equilibrium, the effective electrical

conductivity exhibits divergent trends depending on whether
electrolytes or metabolic biomarkers are present. When the sen-
sor is exposed to small monovalent cations such as Na* and K*,
the MoS, surface primarily experiences weak electrostatic inter-
actions because the strongly hydrated cations maintain their sol-
vation shells and interact only at the outer-sphere level. This
leads to the accumulation of hydrated ions near the MoS, inter-
face and the formation of an electric double layer (EDL) [37, 38].
The resulting interfacial EDL potential modulates the carrier
density through field-effect gating, increasing electron accumu-
lation at the channel surface without invoking chemical doping
[39]. Conversely, metabolic biomarkers such as NH,* and lactate
exhibit strong specific interactions with the MoS, surface. NH,*
tends to reduce the effective electron density through interfacial
hydrogen bonding or electrostatic interactions with hydroxylated
or partially oxidized sites on the MoS, surface. Similarly, lactic
acid perturbs the interfacial charge distribution through dipolar
interactions originating from its functional groups (e.g., carboxyl
and hydroxyl moieties) or defect-assisted localization, which
effectively lowers the apparent electron density. These specific
interactions (i.e., carrier scattering and charge modulation) col-
lectively suppress electron mobility and reduce the free carrier
concentration, thereby decreasing the overall electrical
conductivity.

Small Structures, 2026

3 of 10

95UB017 SUOIWIOD BA 118810 3ol jdde ay) Aq peuenob ae sooiLe VO '8sN JO San. 1oy Akeid1T8UIIUQ AB]IAA UO (SUONIPUO-PUR-SWIISIALIOY"AB | 1M Afe.d 1 |Bul [Uo// Sty SUORIPUOD pue swie 1 84} 88S *[9202/90/7T] uo Akeidiauliuo AB|im ‘4O imiisul yngbuceks nbeeq Aq 506006202 115S/200T OT/I0P/W0D" A8 1M Aleiq1pul|uo//:Scny Wouy papeojumoq ‘s ‘9202 ‘Z90v8892



(a) MoS,/PLA
composite fiber

- //A T

Silver wire

X

(b)  MoS,/PLA
composite fiber

Specific interaction
(Carrier scattering)

EDL formation

- Silver epoxy Baseline (R;) (Field-effect gating) .
Na‘/K* NH,*/Lactic acid
(©) 100 (Ao ©) 49 M 40
N/A N/A N/A N/A 3 i
10 mM NaCl P KCI A NH,CI Sl Lactic acid
80 20 mM 40 5mM 8 5mM 1 8 10 mM| 1
z |——30 mM g z —— 10 mM| ~ ——10 mM 1 —_ ——15mM 1
|——50 mM |——15 mM < L —— 15 mM < l——20 mM
2 60f 100 mm 230f ——20mm S 6 b—20mm , S 6fL—25mm :
PE R -
5 40 1 = 20 H 5 4 s 4
o I o H o 1 o 1
20 i 10 I 2 ! 2 !
Increasing 1 Increasing 1 ecreasing ecreasing
concentration concentration concentration concentration
8005 70 15 20 80 o5 10 15 80 o5 70 15 20 80 05 1o 15 20
Voltage (V) Voltage (V) Voltage (V) Voltage (V)
@ 15 (h) — (i) 25—
. [-®- Nacl Artificial sweat L Artificial sweat 25 pL
-3 --:-KCI 100 22 : : ' g <20 204l v
- [ -4 - NH,CI 50 .M iDry i{ Dry : Dry : Dry = M
- 10 [¥- Lactic acid| 59 " % v vV 4 v \ ~15 15VIJL v
@ o c
» 20 - o1
c 5 n 15 20 =
o - o ® S
o 15 20 o ! ;
[ 0 i i H
o 0 P W-onea q A A i A i A
Y 5 10 15 20 25 Drop: Drop . Drop | Dro
Time (s) Time (s)
FIGURE2 | Chemiresistive sweat sensing performance of the developed fiber sensor. (a) Schematic diagram illustrating the fabrication process of the

single MoS,/PLA composite fiber sweat sensor. (b) Schematic illustration of the sensing mechanisms, depicting electric double-layer formation for ions
(Na™, K*) and charge-trapping effects for NH," and lactic acid. (c-f) I-V curves measured under varying concentrations of (c) NaCl, (d) KCl, (e) NH,CI,
and (f) lactic acid. (g) Comparative response plot showing the relative current changes as a function of the analyte concentration. (h) Real-time current
monitoring of the sensor response to artificial sweat. (i) Current variations observed with respect to different volumes of artificial sweat.

The current-voltage (I-V) curves recorded measured under vary-
ing concentrations of NaCl, KCl, NH,CI, and lactic acid are pre-
sented in Figure 2c-f, where the slopes represent the effective
electrical conductivity. In the NaCl and KClI solutions, the conduc-
tivity increased linearly with increasing ionic concentration, con-
firming the dominance of the EDL gating effect. In contrast,
increasing concentrations of NH,4Cl and lactic acid induced a
monotonic decrease in conductivity, confirming the prevalence
of carrier scattering and charge trapping effects. These contrasting
electrical behaviors depending on the ionic species, which were
further validated by the normalized current trends shown in
Figure 2g, provide foundational evidence that the single-fiber
sensor can perform chemical discrimination based on the disti-
nct directional response and magnitude of the resistive signal.
Analytical metrics extracted from concentration-dependent meas-
urements further supported robust quantification (Figure S2). The
normalized response (Al/],) exhibited a linear dependence on ana-
lyte concentration over the tested ranges of 0-100 mM (NaCl),
0-20mM (KCl), 0-20 mM (NH,CI), and 0-25mM (lactic acid),
with high linearity (R*=0.984-1.000). The corresponding slopes
quantitatively capture the opposite trends for electrolytes versus
metabolites, and the estimated limits of detection remained well
below the lower bounds of the tested ranges, ensuring reliable res-
olution of physiological concentration changes. Notably, these

opposing electrical trends enable the direct discrimination of met-
abolic biomarkers from electrolytes, eliminating the requirement
for complex calibration or signal processing. A comparative over-
view of recently reported MoS,- and fiber-based sweat sensing plat-
forms is provided in Table S1 to highlight the distinctive features of
the proposed MoS,/PLA composite fiber [40-45].

To evaluate the sensor under sweat-relevant chemical complex-
ity, we measured electrical responses in mixed electrolyte and
electrolyte-metabolite systems (Figure S3). Electrolytes produced
positive responses, whereas metabolites produced negative res-
ponses, and these signatures were preserved in mixtures, show-
ing an approximately linear trend within the tested physiological
range. Consistent with this behavior, NaCl and KCIl showed
positive concentration-dependent sensitivities, while lactic acid
exhibited an opposite (negative) sensitivity.

To assess practical reliability, we examined stability across the
physiological pH range (4.0-7.5) and under standard sweat condi-
tions. Although MoS, can exhibit pH-dependent electrical behav-
ior, these effects are intensely screened under the high ionic
strength conditions typical of sweat (10-100 mM), where H* is
comparatively negligible. Experimentally, I-V characteristics mea-
sured in a 45 mM NaCl background and in a sweat-mimicking mix-
ture (with glucose and urea) showed minimal variation with pH or
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coexisting substances (Figure S4), confirming robust selectivity and
interference suppression in sweat-relevant environments.

Subsequently, the long-term reliability and reusability of the
developed fiber sensor were verified through cyclic transitions
between “Drop” and “Dry” states, as shown in Figure 2h. The
observed consistent signal recovery to the baseline confirms
robust reversibility, ensuring sustainable sensing performance
even under repetitive operational stresses, such as prolonged
wear and washing cycles. Furthermore, the capillary-driven
sweat absorption and real-time monitoring capabilities facilitated
by the fibrous architecture were quantified by the sequential
addition of microvolume droplets. In addition, the excellent
durability and stability of the sensor were confirmed through
repeated measurements (Figure S5) and a 1-month long-term
storage test (Figure S6). As presented in Figure 2i, the sequential
addition of 5 pL droplets induced an immediate stepwise increase
in current, facilitated by spontaneous capillary uptake. The
resulting rapid signal elevation with negligible latency indicates
efficient liquid transport along the fiber surface, in contrast to the
typical stagnation observed in static droplets. Thus, successful
pL-scale detection confirms that the enhanced capillary action
of the composite fiber effectively addresses the critical challe-
nge of securing sufficient sample volumes in low-perspiration
scenarios. Stable stepwise responses persisted up to a cumulative
volume of 25pL without signal saturation, demonstrating

reliable pL-scale sampling without external pumping or power
assistance.

2.3 | Electrochemical Capacitive Sensing
Performance

The electrochemical capacitive sensing performance of the devel-
oped sensor was subsequently demonstrated using a three-
electrode system, in which the MoS,/PLA composite fiber served
as the working electrode (WE), a platinum wire as the counter
electrode (CE), and Ag/AgCl as the reference electrode (RE), as
illustrated in Figure 3a. The underlying capacitive mechanism
involving ion dynamics is schematically depicted in Figure 3b
and comprises two distinct phases, namely, forward and reverse
scanning (charge and discharge, respectively). Specifically, dur-
ing the forward scan (charging), the application of an electric
potential polarizes the fiber surface, inducing the electromigra-
tion and accumulation of counter-ions from the electrolyte to
establish a dense EDL. Additionally, during the reverse scan
(discharging), reversing the potential sweep direction triggers
ion desorption and releases the stored interfacial charge. The cur-
rent observed in cyclic voltammetry (CV) profiles originates from
this continuous flux of physical adsorption and desorption and is
quantified as capacitance ( C= A—QV). Consequently, a larger CV
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FIGURE3 | Electrochemical sensing properties and ion detection performance of the developed sensor. (a) Schematic illustration and optical image

showing the design of the fiber-based ion sensor and the experimental setup for electrochemical measurements. (b) Schematic diagram elucidating the

electrochemical sensing mechanism and ion interactions at the interface. (c-f) CV curves measured under varying concentrations of (c) NaCl, (d) KCl,

(e) NH,4CI, and (f) lactic acid. (g) Analysis of the capacitive contribution of the fiber sensor as a function of scan rate. (h,i) Calibration plots and linear
regression analysis indicating the sensitivity slopes for (h) NaCl and KClI and (i) NH4CI and lactic acid.
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hysteresis loop signifies enhanced ion adsorption capacity, which
directly correlates with enhanced sensitivity. Subsequently,
CV curves were measured at various scan rates (from 5 to
200 mV/s) to analyze the charge storage behavior, as shown in
Figure 3c-f. The fiber electrode exhibited quasirectangular CV
profiles devoid of distinct oxidation/reduction peaks across all
target analytes (NaCl, KCl, NH4Cl, and lactic acid), confirming
that the sensor operation is predominantly governed by the elec-
tric double-layer capacitance (EDLC) rather than Faradaic reac-
tions. Notably, the current increased proportionally with the scan
rate, demonstrating excellent rate capability. Although the over-
all charge storage followed EDLC behavior, the magnitude of ion
accumulation remained strongly dependent on the specific ion—
MosS, interfacial interactions shown in Figure 2, which modulate
both the resistive and capacitive responses.

The charge storage kinetics were quantitatively analyzed by decon-
voluting the total current into surface-controlled (capacitive) and
diffusion-controlled contributions, as shown in Figure 3g. The
resulting analysis revealed a mixed charge storage mechanism.
While diffusive processes prevailed at lower scan rates (75% con-
tribution at 5mV/s), the capacitive contribution progressively
increased, reaching 63% at 200 mV/s. This transition suggests that
a high surface-to-volume ratio facilitates rapid surface ion adsorp-
tion at high operating speeds. Furthermore, the ion discrimination
capability was assessed by measuring the open-circuit potential
(OCP) response, as shown in Figure 3h,i. In contrast to Na*
and K* (Figure 3h), whose OCP shifts are dominated by electric

Before wearing the
fiber ring

double-layer formation, the OCP responses to NH," and lactic acid
shown in Figure 3i arise from specific interfacial interactions with
the MoS, surface. Hydrogen bonding, dipolar interactions, and
defect-assisted adsorption perturb the local interfacial charge dis-
tribution, resulting in concentration-dependent OCP shifts. A lin-
ear potential response was observed with increasing concentrations
of Na* and K*, wherein the sensitivity (slope) for K* (0.261 V/mM)
was ~23 times higher than that for Na* (0.011 V/mM). This dif-
ference in sensitivity highlights the potential for selective ion dis-
crimination without the requirement for additional ion-selective
membranes.

2.4 | In Vivo Demonstration and Real-World
Application of the Fiber Sensor Platform

To demonstrate the practical applicability of the developed MoS,/
PLA composite fiber, its performance was examined under real-
world conditions, emphasizing the inherent reliability enabled
by the fibrous architecture. Figure 4a,b demonstrates the thermal
insulation capability achieved when the composite fiber was inte-
grated into a ring-type wearable device. Owing to the multilayered
porous structure of the fiber bundle, which naturally traps air
between filaments, the assembled ring creates a localized warm
microenvironment at the skin-sensor interface, helping retain nat-
urally secreted perspiration by reducing evaporative cooling, rather
than inducing additional sweat production. After placing the
ring-based sensor on the subject’s finger (Figure 4a), infrared

While wearing the
fiber ring

After 5 min exercising and 34.5 °C
removal of the fiberring ~ _

] Fiber ring
(c)ao0 (d) — (¢) Unloaded ()
| |=o= EXercise-inauced sweat
Peak - Heat-induced sweat moade 0.25
=30 3 Y= Stress-induced sweat - - —_
< < : < 0.20
Z MosS,/PLA fiber 3, ' 2
£20} ¥ cutape - External normal loads & 0.15
ol Silver wire S g
= 150 @ =
3 10 il’ g 1 g 0.10 3N
a o A | Drying B _';.-ﬂ q 0.05 1N 2N
O Sweat phase m
0 ; ; : application . 0.00
H : : L Percolation Nanosheet . . . .
0 50 100 150 0 15 30 density 0 50 100 150
Time (s) Time (s) Time (s)
FIGURE 4 | Real sweat response and demonstration of sensor application in multifunctional wearable electronics. (a) Photographic image of the

ring-shaped fiber sensor worn on a finger for real-time temperature monitoring applications. (b) Infrared (IR) camera images monitoring skin temper-

ature variations in different situations: (i) before wearing the fiber ring, (ii) while wearing the fiber ring, and (iii) after removing the ring following 5 min

of exercise. (c) Plot showing variations in current relative to the volume of sweat. The inset presents a photographic image of the MoS, fiber sensor.

(d) Real-time current response variations recorded under three different human conditions. (e) Schematic illustration of the pressure sensing mecha-

nism. (f) Real-time current response of the sensor subjected to cyclic external pressure loads ranging from 1 to 5N.
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thermography (Figure 4b) verified that the covered skin region
maintained a noticeably higher and more stable temperature than
the surrounding uncovered area. Additionally, the MoS,/PLA com-
posite fiber exhibited passive, capillary sweat uptake owing to its
fibrous structure. As shown in Figure 4c, the sensor demonstrated
excellent microvolume detection. In this configuration, the MoS,/
PLA fiber was electrically connected at both ends using Cu tape,
which was further connected to silver wires (inset, Figure 4c), form-
ing a stable two-terminal measurement configuration. The sequen-
tial deposition of small droplets (0.5, 1.0, and 1.5 pL) produced
clear, stepwise increases in current, confirming rapid capillary
uptake and sensitive transduction at the MoS,-electrolyte interface.

Figure 4d demonstrates the ability of the developed sensor to dis-
criminate between different physiological states depending on
their unique perspiration profiles. When tested under exercise-,
heat-, and stress-induced conditions, the fibers exhibited distinct
temporal signatures, including differences in onset time, peak
magnitude, and decay behavior. These results indicate that, even
under low perspiration and high fluctuation conditions, the sen-
sor can reliably distinguish between physiological states based on
subtle variations in early sweat onset and transient signal behav-
iors. In addition to its biochemical sensing capability, the com-
posite fiber also functions as a mechanical sensor, as shown in
Figure 4e, which illustrates that the application of an external
load compresses the MoS,/PLA fiber and increases the overlap
density of adjacent MoS, nanosheets. This densification of the
percolation network reduces the electrical resistance, yielding
a clear piezoresistive response [46, 47], as the pressure-induced
signal originates from changes in the conductive pathways rather
than from charge generation. Figure 4f provides quantitative
pressure-response data, wherein it can be seen that stepwise
loads ranging from 1 to 5N generate distinct and reversible
changes in current (AI). As shown in the inset of Figure 4f, these
forces were applied using a motorized test stand equipped with a
force gauge, enabling precise and reproducible force application
during the measurements. In addition, after repeated bending-
release cycles, the MoS,/PLA composite fiber showed negligible
permanent resistance change in the steady state, with a normal-
ized variation of less than 0.7% after 500 cycles at a minimum
inner curvature radius of ~2 mm (Figure S7). Consistent with
this mechanical robustness, the fiber was confirmed to respond
to a pressure of 10 N and function properly under repetitive pres-
sure at 5 N, which is the pressure level typically applied to fabrics
in daily life (Figure S8). Collectively, these on-skin and bench-top
experiments demonstrate the ability of the MoS,/PLA composite
fiber to support stable and reliable multimodal sweat sensing,
including microvolume sweat collection and physiological-state
tracking, while its additional piezoresistive response enables
multifunctional on-body monitoring with simultaneous mechan-
ical sensing.

3 | Conclusion

This work presents a fiber-based wearable sweat sensor composed
of semiconducting MoS, and PLA composite fibers fabricated via
wet spinning. Superior comfort and wearability were achieved
through its textile-integrated architecture, enabling stable skin con-
tact and consistent sampling capabilities, even in sedentary scenar-
ios. The intrinsic thermal insulation and capillary action of the fiber

architecture facilitated passive sweat induction and efficient sweat
collection without the requirement for external power, thereby
ensuring a reliable sensing environment. Precise multifunctional
sensing was achieved by exploiting the high surface-to-volume
ratio and n-type semiconducting nature of the MoS, network.
Additionally, distinct electrochemical interaction mechanisms
allowed for the selective discrimination of biomarkers; electrostatic
screening effects enhanced the conductivity in the presence of elec-
trolytes (i.e., Na* and K*), whereas charge trapping and scattering
effects dominated the response to metabolites (i.e., NH,* and lactic
acid). Furthermore, the fibers exhibited exceptional mechanical
stability under nonlinear deformation, ensuring signal integrity
during dynamic physical movement. Simultaneously, the pressure-
induced piezoresistive response of the MoS, network enabled phys-
ical motion tracking, demonstrating multifunctionality. These find-
ings underscore the potential of MoS,/PLA composite fibers as a
robust, textile-integrated solution for next-generation personalized
healthcare monitoring, with anticipated impacts extending beyond
sensors, biomedical engineering, and sports science to the broader
wearables industry, including garment applications.

4 | Experimental Section

4.1 | Electrochemical Exfoliation of the MoS,
Nanosheets

A thin piece of a freshly cleaved bulk MoS, crystal was
employed as the cathode, while a graphite rod served as the
anode. The electrolyte solution was prepared by dissolving tet-
raheptylammonium bromide (THAB; d ~ 20 A, Sigma-Aldrich)
and polyvinylpyrrolidone (PVP; M,, =40,000, Sigma-Aldrich)
in N,N-dimethylformamide (DMF) at concentrations of 5 and
20 mg/mL, respectively. The intercalation reaction was per-
formed at a constant voltage of 4 V for ~3 h. During this process,
the bulk crystals expanded significantly and disintegrated into
smaller fragments, which settled at the bottom of the vial. Upon
completion of the reaction, the intercalated material was col-
lected and transferred to fresh PVP/DMF solution (20 mg/mL),
followed by bath sonication for 10 min. To isolate the MoS,
nanosheets, the resulting dispersion was subjected to centrifu-
gation at 3 000 rpm for 30 min to remove the unexfoliated bulk
particles. The supernatant was then collected and subjected to
centrifugation at 15000 rpm for 30 min. The washing step was
repeated to obtain the pure nanosheets.

4.2 | Fabrication of MoS,/PLA Composite Fibers
via Wet Spinning

The spinning dope was prepared by dissolving biodegradable
PLA (M, =~ 60,000, Sigma-Aldrich) in a preheated MoS, disper-
sion (0.3 wt%). The resulting mixture was maintained at 60°C
under continuous stirring to ensure complete polymer dissolu-
tion and the homogeneous distribution of the MoS, nanosheets
within the matrix. The final concentration of the MoS,-PLA
spinning dope was adjusted to 10 wt% to achieve the optimal vis-
cosity for spinning. The composite fibers were fabricated via wet
spinning using a customized slit nozzle. The nozzle was prepared
by mechanically flattening the tip of a standard cylindrical needle
to create a slit-like opening designed for the fabrication of flat
fibers. The prepared dope was extruded at a controlled flow rate
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of 0.1-0.2 mL/min in a coagulation bath composed of ethyl ace-
tate and hexane (1:1, v/v). Upon contact with the nonsolvent mix-
ture, the extruded jet rapidly solidified due to solvent exchange.
Finally, the solidified fibers were collected on a rotating drum at
winding speeds of 1-20 cm/s.

4.3 | Structural and Surface Characterization

The morphology of the fabricated fibers was analyzed using field-
emission SEM (FE-SEM; Hitachi Su-8000, Hitachi High-Tech). The
spatial distribution of the elements was visualized via EDS using a
Hitachi SU8230 system (Hitachi High-Tech). To investigate the
surface chemical states, the MoS,/PLA composite fibers were sub-
jected to XPS (K-Alpha+, Thermo Fisher Scientific), and a compar-
ison was performed with bulk MoS, crystals.

4.4 | Electrical and Electrochemical Sensing
Measurements

To evaluate the electrical properties of the developed sensor, copper
tape and conductive silver paste were applied to both ends of the
MoS, fibers to ensure stable electrical contacts. The I-V character-
istics were measured using a source-measure unit (Keithley 2401,
Tektronix) equipped with a probe station (ST-500-1-4CX, Janus).
To evaluate the sensing performance, I-V curves were recorded
under various concentrations (mM range) of NaCl, KCl, NH,Cl],
and lactic acid, which were selected to simulate key components
of human sweat. Prior to the application of real sweat, the real-time
current response was monitored using artificial sweat, confirming
that the response varied with the sweat volume.

Electrochemical measurements were conducted using a
potentiostat/galvanostat/zero-resistance ammeter (Reference
3000, Gamry Instruments) with a standard three-electrode con-
figuration, which consisted of a Pt CE and a Ag/AgCl RE. The CV
curves were acquired in 0.1 mM solutions of NaCl, KCl, NH,CI,
and lactic acid at scan rates ranging from 5 to 200 mV/s. The
potential response was monitored by incrementally increasing
the concentration of each analyte in deionized water.

4.5 | Electromechanical Pressure Sensing
Measurements

To investigate the electromechanical response of the MoS,/PLA
composite fibers, pressure sensing tests were conducted. The
fiber sensor was placed on a rigid substrate and a controlled ver-
tical force was applied using a force gauge (DST-50N, Imada).
The real-time current variations were monitored using a source
meter (Keithley 2401, Tektronix) while applying cyclic force
loads ranging from 1 to 5 N. The sensing performance was eval-
uated by calculating the relative change in current as a function
of the applied force.

4.6 | Evaluation of the Heat Retention Properties
of MoS, Fiber-Integrated Rings

To evaluate the thermal insulation performance of the MoS, fibers
in a wearable form, a ring-shaped textile device was fabricated.
Specifically, multiple strands of MoS, fibers were embedded into

a long strip of commercial fabric to form a core-sheath structure.
The temperature variations were monitored using an IR thermal
camera. Thermal images were captured under three conditions
to assess heat retention: before wearing the ring (baseline), while
wearing the ring, and immediately after removing the ring follow-
ing 5min of physical exercise.

4.7 | Real Sweat Measurements

Sweat samples were obtained from healthy volunteers who pro-
vided informed consent. The collected samples were immediately
used for sensing tests without any additional treatment. The elec-
trical current was measured while varying the volume of sweat
applied to evaluate the quantitative response. Furthermore, to
investigate the sensing behavior during the drying process, real-
time current variations were continuously monitored following
the application of a single droplet of sweat and until reaching com-
plete evaporation. All experiments involving human sweat samples
were performed in accordance with the guidelines and regulati-
ons approved by the Institutional Review Board (IRB) of DGIST
(Approval No. DGISTIRB-202512-002). Informed consent was
obtained from all human subjects prior to the experiments.
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Supporting Information

Additional supporting information can be found online in the Supporting
Information section. Supporting Fig. S1: XPS spectra recorded for the raw
bulk MoS, powder used as the starting material. The core level spectra of
(left) Mo 3d and (right) S 2p exhibit the characteristic peaks of the semi-
conducting 2H phase before the exfoliation process. Supporting Fig. S2:
Normalized electrical responses of the MoS,/PLA composite fiber to elec-
trolytes (NaCl, KCl, NH,ClI and lactic acid) as a function of concentration.
Supporting Fig. S3: I-V characteristics of the MoS,/PLA composite fiber
sensor measured under mixed electrolyte and electrolyte-metabolite con-
ditions: (a) mixed NaCl/KCl electrolytes with varying ionic ratios, and
(b) electrolyte-metabolite coexistence systems consisting of NaCl 45
mM/KCl 5 mM with lactic acid at different concentrations (5 mM and
20 mM). Supporting Fig. S4: I-V characteristics of the MoS,/PLA com-
posite fiber sensor measured at different pH values (pH 4.0, 5.5, and 7.5) in
artificial sweat containing (a) NaCl 45 mM and (b) NaCl 45 mM, glucose
0.1 mM, and urea 25 mM. Supporting Fig. S5: Results of re-measurement
of the cyclic sweat droplet-drying current response of a MoS,/PLA compos-
ite fiber sensor using artificial sweat. Supporting Fig. S6: Results of re-
measurement of the cyclic sweat droplet-drying current response of a
MoS,/PLA composite fiber sensor after one month of storage.
Supporting Fig. S7: Photograph of the MoS,/PLA composite fiber bent
into a U-shaped configuration and normalized resistance change (AR/
Ry) of the MoS,/PLA composite fiber as a function of repeated bending
cycles. Supporting Fig. S8: Mechanical robustness and pressure-sensing
stability of the MoS,/PLA composite fiber. (a) Current-voltage (I-V) char-
acteristics of three independent fiber samples before and after the applica-
tion of a 10 N external load. (b) Comparison of the normalized resistance
change for the three samples under 10 N loading, demonstrating device-to-
device consistency. (c) Repeatable resistance response over five consecutive
loading-unloading cycles at a moderate pressure of 5 N. Supporting
Table S1: Quantitative comparison of analytical performance between
the proposed MoS,/PLA composite fiber and recently reported nanomate-
rial-based sensors.
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