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ABSTRACT
Wearable thermoelectric generators (TEGs) offer a sustainable pathway to power emerging electronics by harvesting body
heat, yet their practical adoption is hindered by limited energy conversion efficiency and poor thermal comfort. To overcome
these restrictions, we herein develop stretchable thermo-regulated TE yarns (STRTEYs) via coaxial electrospinning coupled
with coagulation-bath wet spinning. The resulting shell-core nanofiber based STRTEYs exhibit high flexibility (>35%), excellent
adaptive phase-change PTM (110 J/g), long-term stability and enhanced TE performance (σ of 32 S/cm, S of 46 µV/K). Noteworthy,
through efficient latent heat management, the STRTEYs achieve an exceptional ≈393 s extension in effective TE output duration,
demonstrating remarkable synergy between PTM and energy harvesting. Furthermore, the STRTEYs maintained stable TE
property (S = 45.85 µV/K) after 5-month storage and notably enhanced TE output via temperature difference stability. The mask
integrated with STRTEYs can achieve thermal energy collection and self-powered real-time detection of physiological signals.
In summary, the STRTEYs successfully achieved efficient integration of multiple functions including energy harvesting, adaptive
PTM, and self-powered sensing, providing a new research direction for developing advancedmultifunctional TEGs and promoting
their application in wearable electronics.
1 Introduction

Portable devices integrated with sensors enable remote and
sustainablemonitoring and early-warning, addressing the critical
demands for human health information collection and physical
activity monitoring while advancing the development of the
Internet of Things (IoT) [1–4]. However, the escalating power
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consumption of multifunctional sensors conflicts with the unsur-
passable physical limitations of current battery technology [5].
This mismatch compels wearable devices to undergo frequent
recharging or battery replacement, disrupting continuous data
acquisition [6, 7]. Thermoelectric (TE) materials offer a ground-
breaking solution through direct thermal-to-electrical energy
transduction via the Seebeck effect, making them ideal for
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manufacturing TE generators (TEGs) with long lifespans, small
sizes, noise-free operation, and extremely low maintenance
requirements [5, 8]. Wearable TEGs capitalize on this by harvest-
ing body heat to reliably power low-power sensors, significantly
reducing battery dependence and advancing self-powered elec-
tronic devices [9–11]. This establishes a technological pillar for
the realization of energy interconnection and the Internet of
Everything.

For TEGs, their theoretical maximum thermoelectric conversion
efficiency (ηTEG) can be estimated through Equations (1) and (2)
[12, 13]:

𝜂𝑇𝐸𝐺(Δ𝑇) =
Δ𝑇

𝑇ℎ
×
√
1+𝑍𝑇 − 1

√
1+𝑍𝑇 + 𝑇𝑐

𝑇ℎ

(1)

𝑍𝑇 = 𝜎𝑆2𝑇

𝑘
(2)

where σ (electrical conductivity, S/m), S (Seebeck coefficient,
µV/K), k (thermal conductivity, W/(m⋅K)), ZT (thermoelectric
figure of merit), Th (hot-side temperature,◦C), Tc (cold-side
temperature,◦C), ΔT (temperature gradient,◦C), and T (abso-
lute temperature, K) define the material’s TE performance
[14]. As indicated by the formulas, maximizing TE perfor-
mance requires a synergistic optimization of the power factor
(PF = σS2) and a reduction of k to enhance the ZT. For
devices, a large ΔT is critical for high output [15]. Despite
their inherent reliability and eco-friendly solid-state operation,
the development and widespread application of wearable TEGs
is hindered by inadequate conversion efficiency and thermal
comfort issues [16–19]. These challenges underscore the imper-
ative to develop efficient wearable TEG devices equipped with
integrated personal thermal management (PTM) functionality
[20]. Advanced PTM strategies aim to amplify ΔT through
dynamic heat flux regulationwhilemaintaining thermal comfort,
thus augmenting both energy conversion efficiency and long-
term wearability—a dual optimization essential for practical
deployment in self-powered healthcare monitoring and IoT
ecosystems.

PTM technology optimizes individualized thermal comfort by
dynamically regulating the body-clothing-environment microcli-
mate offering a sustainable path to reduce energy consumption
[21, 22]. Phase change materials (PCMs), with their high latent
heat capacity and quasi-isothermal phase transition behavior,
provide adaptive temperature regulation capability [23–25]. As
the “second skin” [26], textiles are ideal platforms for integrating
PCMs, which not only confer adaptive bidirectional temperature
regulation abilities but also enhance the output performance
of integrated TE devices [27–31]. For instance, Yuan et al.
demonstrated a 2.6-fold increase in open-circuit voltage (90.8mV)
by introducing high thermal/electrical conductivity PCMs into
a solar-driven TE array [32]. Similarly, He et al. prepared a
multifunctional phase-change organohydrogel that efficiently
collects and transfers waste heat to significantly improve TE
conversion efficiency [33]. Therefore, the strategic integration of
PCMs into textile-based TEGs is essential to sustain substantial
thermal gradients, amplify power output, and ensure long-term
2 of 12
wearability. By leveraging the dual functions of PCMs—adaptive
latent heat storage and release for ΔT stabilization and ther-
mal buffering to mitigate interfacial heat accumulation—these
systems address the critical trade-off between energy harvesting
efficiency and thermal comfort. Nevertheless, research on PCM-
embedded PTM textiles for synergistically optimizing both TE
performance and thermal comfort of wearable TEGs remains
nascent.

Based on current research status, this study focuses on the devel-
opment of PCM-based stretchable adaptive thermo-regulated
TE yarns (STRTEYs). As shown in Figure 1, we employed
n-octadecane (n-OD) with exceptional thermal storage and
temperature regulation properties as the phase-change func-
tional component, single-walled carbon nanotubes (SWCNT)
and PEDOT:PSS as the TE functional components, while robust
polyurethane (PU) as the substrate. Through a combined process
of coaxial electrospinning and coagulation bath wet spinning, a
core-shell nanofiber-based STRTEYs with high flexibility (>35%),
superior adaptive thermo-regulated performance (enthalpy value
approximately 110 J/g, cooling capacity of 5.1 ◦C (vs. pure PU
yarn) and 4.3 ◦C (vs. control yarn), insulation capacity of 5.1 ◦C
(vs. pure PU yarn) and 4.7 ◦C (vs. control yarn)), and enhanced
TE properties (σ of 32 S/cm, S of 46 µV/K) was successfully
prepared. After a 5-month storage, the STRTEYs still maintained
stable TEproperty (S= 45.85 µV/K), exhibiting long-term stability.
More importantly, the STRTEYs not only ensure the long-term
thermal comfort of wearable TEG devices but also improve
the TE conversion efficiency by optimizing the stability of the
temperature difference, achieving the synergistic optimization of
PTM and efficient TE energy harvesting. A prototype respiratory-
monitoring face mask integrated with STRTEYs demonstrated its
ability to human energy harvesting and self-powered real-time
monitoring of physiological signals. In summary, the STRTEYs
effectively achieve efficient integration of functions including
energy harvesting, adaptive PTM, and self-powered sensing,
which establishes a new paradigm for multifunctional thermo-
electric systems, propelling self-poweredwearable devices toward
the goal of “zero-energy thermal comfort”.

2 Experimental Section

2.1 Materials

PU (1185A, BASF), poly(ethyleneimine) (PEI, 99%, Aladdin),
N,N-dimethylformamide (DMF, AR, Aladdin), SWCNT (TNS,
TimesNano), PEDOT:PSS (1.3 wt.%, Sigma-Aldrich), n-OD (98%,
Aladdin), and kerosene (Aladdin) were used as received.

2.2 Preparation of Thermo-Regulated Shell-Core
Nanofiber Films (SCNFs)

A series of SCNF samples were prepared via coaxial electrospin-
ning, employing a PU/PEI/DMF mixed solution with a mass
ratio of 26:0.5:73.5 as the shell-layer spinning solution and an
n-OD/kerosene mixed solution with an 80 wt.% n-OD content
as the core-layer spinning solution. The shell-layer flow rate
was fixed at 1 mL/h, while the core-layer flow rate was varied
in a gradient of 0.5, 0.7, 0.9, 1.0, and 1.1 mL/h, resulting in
Advanced Functional Materials, 2026
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FIGURE 1 Schematic illustration of the fabrication process, structural architecture, and operational mechanism of multifunctional STRTEYs.
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corresponding samples sequentially labeled as SCNF1 to SCNF5.
The electrospinning parameters were set as follows: a voltage of
12 kV, a receiving distance of 20 cm, with relative humidity and
temperature controlled at 40 ± 5% and 30 ± 5◦C, respectively.

2.3 Preparation of STRTEYs

A 300 mL DMF/H2O mixture (7:3, v/v) was employed as the
base matrix. SWCNT and PEDOT:PSS, with a cumulative solid
mass of 600 mg, were added in varying mass ratios, followed
by 3 h of probe sonication at 600 W to yield a homogeneous
dispersion, which acted as the coagulation bath. A series of
STRTEY samples were synthesized via a coagulation bath-
integrated coaxial electrospinning technique, as displayed in
Figure 1 and Video S1. The formulations and feed rates (1 mL/h)
of the shell and core spinning solutions adhered to those used in
prior experiments. The SWCNT-to-PEDOT:PSSmass ratios in the
coagulation bath were systematically adjusted to 2:8, 4:6, 6:4, and
8:2, corresponding to samples designated STRTEY1 to STRTEY4.
The electrospinning parameters included a 10 kV voltage, a 3 cm
tip-to-bath distance, and a rotating winding roller was utilized as
the yarn collection device, with the coagulation bath grounded to
ensure process stability.
Advanced Functional Materials, 2026
2.4 Characterization

Field-emission scanning electron microscopy (SEM, JSM-7001F,
JEOL, Japan) was employed to analyze the surface and cross-
section morphologies of SCNFs and STRTEYs, with the Nano
Measure software utilized to extract diameter distributions
from SEM images. ATR-FTIR spectroscopy (VERTEX 70,
Bruker, Germany) was applied to characterize the chemical
structures of these samples. Differential scanning calorimetry
(DSC250, TA Instruments, USA) and thermogravimetric analyzer
(TGA/DSC3+, Mettler Toledo, Switzerland) were conducted to
evaluate the thermo-regulated characteristic and thermal
stability of the above samples, operating at a heating/cooling
rates of ±10◦C/min and a heating rate of 10◦C/min, respectively.
The thermal regulation capacity was characterized by using an
infrared thermal imager (E6-XT, FLIR, USA) and amulti-channel
temperature measurement system (IV3000, IVYTECH). To
establish simulated thermal environments and heating/cooling
conditions, a hot plate maintained at approximately 40◦C and
a sealed ice bag at around 0◦C were employed as the thermal
source and cooling source, respectively. The Seebeck coefficient
of STRTEYs was measured by a self-made test system. The
real-time thermovoltage output and resistance of STRTEYs were
measured by a multimeter (Keithley 2450).
3 of 12
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FIGURE 2 (a) Optical photograph of SCNF4. (b) Surface and (c) cross-section SEM images of SCNF4. (d) FTIR spectra of n-OD and SCNFs. (e)
Enthalpy of SCNFs during the melting and crystallization stages. (f) FTIR spectra and (g) DSC curves of SCNF4 before and after 100 thermal cycles. (h)
Temperature-time curves of pure PU nanofiber film and SCNF4 after 10 thermal cycles. (i) Infrared thermal images of PU and PSCNF4 during cooling
(up) and heating (down) process.
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3 Results and Discussion

As previously discussed, designing textile-based TEGs that inte-
grate latent heat storage and thermal buffering capabilities is
crucial for maintaining a substantial ΔT between the hot and
cold ends of TE modules, enhancing output efficiency, and
ensuring long-term thermal comfort for wearable TEGs [34–
36]. Based on this premise, as illustrated in Figure 1, this study
employed n-OD as the thermo-regulated functional component,
owing to its exceptional latent heat storage/release and adaptive
temperature regulation properties [37], with a phase-transition
temperature that aligns with the human comfort temperature
range [23, 38]. SWCNT and PEDOT:PSS were utilized as the TE
functional components due to their complementary advantages
and synergistic effects [39–42]. PEDOT:PSS, a widely stud-
ied conductive polymer, offers excellent solution processability,
mechanical flexibility, and low thermal conductivity, serving as
an ideal matrix for flexible TE systems. SWCNTs contribute
high electrical conductivity, a large specific surface area, and
a well-defined one-dimensional structure, which collectively
promotes the formation of efficient charge transport pathways
and induce energy-filtering effects at the interfaces. The strong
π-π interactions between PEDOT chains and SWCNTs further
enhance carrier transport, leading to a simultaneous increase in
4 of 12
both electrical conductivity and Seebeck coefficient. Meanwhile,
PU, renowned for its excellent flexibility, served as the substrate.
The continuous yarn formation process, visually documented
in Video S1, involves coaxial electrospinning of core-sheath
spinning solutions into an aqueous coagulation bath containing
SWCNT/PEDOT:PSS dispersion. During deposition, non-solvent
induced phase separation occurs between DMF and water, while
electrostatic self-assembly between cationic PEI and anionic PSS
enables stable incorporation of TE materials within individual
nanofibers. The resulting nanofibers are continuously drawn
and twisted into aligned yarns by rotational winding, effectively
converting the electrospun film into a mechanically robust yarn
architecture. This integrated approach ensures internal encapsu-
lation of TE components rather than surface coating, significantly
enhancing interfacial stability. As a result, by leveraging a
coupled process of coaxial electrospinning and wet spinning in a
coagulation bath, we successfully fabricated multifunctional TE
yarns that seamlessly integrate energy harvesting, adaptive PTM,
and self-powered sensing capabilities. The scalable coagulation
bath-assisted coaxial electrospinning technique employed in this
process not only robustly encapsulates the n-OD within the PU
shell, effectively mitigating leakage risks during application, but
also imparts superior mechanical properties such as flexibility
and stretchability to the TE yarns.
Advanced Functional Materials, 2026
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FIGURE 3 Morphology, chemical and TE characteristics of STRTEYs. (a) Optical photograph of STRTEY3. (b) Optical images of the 10 cm-long
STRTEY3 sample under different stretching states. (c) Stress-strain curves of STRTEYswith different SWCNT-to-PEDOT:PSSmass ratios. (d) SEM images
of STRTEY3 at different magnifications. (e) FTIR spectra of n-OD, SCNF4 and STRTEY3. (f) Schematic diagram of TE test system. (g) The thermovoltage
output response of the STRTEY3 under distinct temperature differentials. (h) The linear relationship between ΔT across the terminals of STRTEYs with
different SWCNT-to-PEDOT:PSS mass ratios and the thermovoltage. (i) S, σ and PF of STRTEYs with different SWCNT-to-PEDOT:PSS mass ratios. (j) S,
σ and PF of STRTEY3 under different stretching states. (k) Performance comparison between the STRTEY3 fabricated in this study and recently reported
fiber-based stretchable thermoelectric devices. (l) The thermovoltage response of STRTEY3 under distinct temperature differentials following a 5-month
storage period. (m) The minimum detectable temperature of the STRTEY3.
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3.1 Structure, Morphology, and Characteristics
of SCNFs

As illustrated in Figure 2, we initially employed the facile
coaxial electrospinning technique to fabricate PU/n-OD based
SCNF samples. Systematic optimization and investigation were
subsequently conducted focusing on the process parameters of
their fabrication and the thermo-regulated performance of the
resulting SCNFs. Figure 2a shows an optical photograph of SCNFs
prepared via the scheme. It is evident that the SCNFs exhibit
excellent flexibility, enabling effortless bending and flipping,
which highlights their potential for application in wearable
electronic devices. Figure 2b and Figure S1 depict the SEM surface
morphologies of SCNFs prepared at different n-OD infusion
rates, along with the corresponding diameter distributions of
Advanced Functional Materials, 2026
the shell-core nanofibers. At 0.5 mL/h and 0.7 mL/h infusion
rates, the resulting SCNF1 and SCNF2 samples exhibited a cer-
tain number of spindle-shaped structures, indicating significant
heterogeneity. As the infusion rate increased, the number of
spindle-shaped structures in the SCNFs gradually decreased,
and the fiber structures tended towards bead-free, straight, and
cylindrical forms. Further analysis (Figure S1) revealed that the
average diameter of SCNFs followed a trend of initial increase
followed by decrease with increasing n-OD infusion rate, which
was primarily attributed to viscosity and conductivity changes
from n-OD loading. Among them, the SCNF4 sample prepared
at an infusion rate of 1 mL/h had the largest fiber diameter
(approximately 1.02 µm).Additionally, Figure 2c clearly illustrates
the cross-sectional SEM micrograph of SCNF4, showing a dis-
tinct shell-core structure throughout the fiber, where the core
5 of 12
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material (n-OD) was tightly encapsulated by the outer PU layer.
This structure feature significantly ensures the thermo-regulated
performance of the sample to a large extent. As displayed in
Figure 2d, the FTIR spectra of all SCNFs exhibit characteristic
peaks at 2920, 2852, 1470, and 717 cm−1, corresponding to the -
CH3 and -CH2 groups in n-OD [23, 43]. As the infusion rate of
the n-OD increases, the intensity of these peaks follows a trend
of initial increase followed by decrease, aligning with the above
SEM results. Additionally, a strong absorption peak appears at
1730 cm−1, attributed to the stretching vibration of imine bonds
in PEI [44], thereby confirming the successful doping of PEI into
the SNCFs.

Leveraging the latent heat storage/release properties of
PCMs during quasi-isothermal transitions, PCM-integrated
fibers/textiles retain intrinsic superiorities while enabling
adaptive thermo-regulation and personalized thermal
management. Thermal enthalpy and phase-transition
temperatures are pivotal metrics for assessing thermal
modulation capability [45]. As shown in Figure 2e, Figure
S2 and Table S1, the DSC profiles of SCNFs exhibited distinct
endothermic (melting) and exothermic (crystallization) peaks.
Specifically, the melting enthalpy (ΔHm) and crystallization
enthalpy (ΔHc) of the SCNF4 sample reach as high as 126.1 J/g and
125.3 J/g, respectively, indicating its exceptional thermo-regulated
capability [46–48]. Consequently, all subsequent investigations
will be conducted under the fabrication conditions optimized for
SCNF4. Further analysis reveals that the onset melting (Tmo ≈

26◦C) and crystallization (Tco ≈ 25◦C) temperatures align with
human thermal comfort zone [23], thereby providing a platform
for the development of wearable electronic devices integrating
thermal comfort and showcasing broad application prospects in
this domain.

Subsequently, a detailed characterization of the thermal stability
of SCNF4 was conducted. As indicated by Figure 2f,g and Table
S2, the DSC curves and FTIR spectra of SCNF4 remained largely
unchanged after undergoing 100 thermal cycles, retaining a high
enthalpy value and stable intrinsic chemical structure. Further
analysis of Figure S3a revealed that the onset decomposition
temperature of SCNF4 was approximately 140◦C. These findings
demonstrate that the SCNFs prepared in this study exhibit
excellent thermal cycling stability and heat resistance, fully
meeting the application requirements of human-wearable elec-
tronic devices. To more visually elucidate the thermo-regulated
capability of SCNFs, multi-channel temperature logger and
infrared thermal imager were employed to continuously monitor
the temperature-time dynamic profiles of pure PU nanofiber
film and SCNF4 during alternating exposure to high and low
temperature environments. As illustrated in Figure 2h and Figure
S3b, the temperature-time curves of SCNF4 exhibited remarkable
consistency across 10 high-low temperature cycles. In comparison
with the pure PU film, SCNF4 demonstrated pronounced latent
heat storage and release plateaus, providing direct and com-
pelling evidence of its exceptional thermal regulation efficiency.
Furthermore, as shown in Figure 2i, the infrared thermal imaging
revealed distinct color transition delays in SCNF4 during both
heating and cooling processes, vividly illustrating its heat storage
and release processes and underscoring its superior bidirectional
temperature control performance.Notably,when subjected to low
and high temperature conditions, SCNF4 outperformed the pure
6 of 12
PU film in thermal insulation, achieving maximum heating and
cooling capacities of 6.8◦C and 4.0◦C, respectively.

3.2 Structure, Morphology, and Characteristics
of STRTEYs

3.2.1 Structure, Morphology, andMechanical
Characteristics of STRTEYs

The previous analysis indicates that the SNCF4 sample fabricated
with both sheath and core infusion rates set at 1.0 mL/h demon-
strates optimal thermo-regulated performance. Building upon
these spinning parameters, a series of STRTEY samples were fab-
ricated by adjusting the mass ratio of SWCNT-to-PEDOT:PSS in
the coagulation bath (Figure 3a; and Figure S4). As illustrated in
Figure 3a–c and Figure S5a, these STRTEYs exhibited exceptional
flexibility, stretchability, weavability, and mechanical properties,
with STRTEY3 demonstrating an elongation at break of 35% and
a tensile strength of 2.00 MPa, while being capable of stably sup-
porting weights approximately 7000 times its own mass. Further
microscopic examination of the surface morphology (Figure 3d;
Figure S4) and elementalmapping (Figure S6, where the presence
and uniform distribution of S confirmed successful PEDOT:PSS
doping) of STRTEYs revealed homogeneous deposition of TE
components (SWCNT and PEDOT:PSS) on the yarn surface [49],
accompanied by continuous fiber structures devoid of delamina-
tion defects. The cross-section SEM images (Figure S5b,c) reveal
that STRTEYs exhibit a near-circular geometry and characteristic
core-sheath porous structures formed by coaxial electrospinning,
distinct from control sample. The FTIR spectra of STRTEYs,
as shown in Figure 3e, displayed infrared absorption peaks
corresponding to the n-OD core material, verifying the successful
fabrication of core-sheath nanofiber-based thermal-regulated TE
yarns via the coagulation bath-coaxial electrospinning approach.
Further, the reduced intensity of characteristic FTIR peaks in
STRTEY3 compared to SNCF4 film suggests lower encapsulation
efficiency of n-OD within the yarn architecture, potentially
compromising thermal management performance. Neverthe-
less, the developed STRTEYs retain exceptional phase-change
thermo-regulated capability and PTM potential, as elaborated in
subsequent sections.

3.2.2 Thermoelectric and Thermo-Regulated
Characteristics of STRTEYs

As illustrated in Figure 3f, this study systematically evaluated the
TE performance of STRTEYs samples using a customized testing
platform. Taking STRTEY3 as an example, a 10 cm-long yarn
was connected in series with an LED bulb to form a closed-loop
circuit, and the bulb successfully lit upon energization (Figure
S5d), visually confirming the yarn’s electrical conductivity.
During testing, copper wire-yarn junctions were reinforced
with silver conductive adhesive to eliminate contact resistance
interference. The results (Figure 3g) demonstrate that the
thermovoltage output of STRTEY3 increased linearly with rising
temperature differentials. Based on the Seebeck coefficient
calculation formula S = ΔV/ΔT, the Seebeck coefficient of the
STRTEYs was derived (Figure 3h; Figure S7) [50], revealing
that the mass ratio of SWCNT to PEDOT:PSS had a negligible
impact on the Seebeck coefficient but a significant influence on
Advanced Functional Materials, 2026

C
om

m
ons L

icense



 16163028, 0, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/adfm

.202525233 by B
eihang U

niversity (B
uaa), W

iley O
nline L

ibrary on [21/01/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative 
electrical conductivity, which exhibited a distinct ascending-
then-descending trend with increasing SWCNT content
(Figure 3i). This phenomenon can be attributed to the
electrostatic self-assembly between cationic PEI in the PU
sheath spinning solution and anionic PSS in the coagulation
bath [44]. This interaction enhances the adsorption of TE
materials onto the fiber surface, thereby optimizing conductive
network formation. However, when SWCNT content exceeds
a critical threshold, excessive SWCNTs aggregate, disrupting
conductive pathways both on the yarn surface and within its
interior, leading to a sharp decline in electrical conductivity.
At the optimized mass ratio of SWCNT:PEDOT:PSS (6:4), the
as-fabricated STRTEY3 achieved S, σ, and PF values of 46 µV/K,
32 S/cm, and 6.77 µW/(m⋅K2), respectively, and maintained
stable thermoelectric performance even when subjected to 15%
mechanical deformation (Figure 3j; Figure S8), rendering it
particularly well-suited for wearable electronic applications,
significantly outperforming recent analogous studies (Figure 3k
and Table S3) [15, 44, 51–63]. Notably, all constituent materials
are commercially available at low cost (Table S4), ensuring
both economic viability and scalability for potential mass
production. Consequently, the as-fabricated STRTEY3 with
this composition was selected for subsequent investigations.
To validate yarn stability, aged STRTEY3 samples stored for
five months were retested. The results (Figure 3l) revealed
negligible thermovoltage output degradation and a stable S
of 45.85 µV/K, demonstrating superior long-term durability
fully compatible with the operational requirements of wearable
electronic devices. Furthermore, as shown in Figure 3m, the
STRTEY3 exhibits exceptional temperature responsiveness [57,
58], with a detection sensitivity for temperature differentials as
low as 0.32◦C, highlighting its significant application potential
for self-powered temperature sensing and thermo-physiological
monitoring.

Subsequently, based on the evaluation of the TE properties of
STRTEYs, this study further systematically investigated their
adaptive thermo-regulated performance and thermal stability,
with a focus on evaluating the influence of the introduction of
n-OD on the TE properties of the TE yarn while endowing it
with PTM capability. As shown in Figure 4a,b, STRTEY3 exhibits
superior phase-change thermo-regulated characteristic and ther-
mal stability, with a thermal decomposition temperature reaching
170 ◦C. When fabricated under identical shell-core propulsion
rates, the ΔHm and ΔHc of STRTEY3 show a marginal reduction
compared to SCNF4, but still as high as 110.1 J/g and 108.7 J/g,
far exceeding the reported values in recent analogous studies
and the Grade 5A standard (72.0 J/g) specified in the indus-
trial consortium guideline T/GDBX 064—2023 for phase-change
thermo-regulated fibers [46–48]. To directly validate its PTM
performance, infrared thermography was employed to analyze
its temperature-buffering capability under high-temperature and
low-temperature conditions. As depicted in Figure 4c, STRTEY3
demonstrates pronounced thermal response lag during high-
temperature heating and low-temperature cooling conditions,
highlighting the effective regulation of temperature fluctuations
by n-OD. Further, as displayed in Figure 4d,e, compared to
pure PU yarn and control sample (TE yarn without PCM
encapsulation), STRTEY3 exhibits superior thermal buffering
performance, achieving peak temperature regulation differentials
(cooling capacity) of 5.1 ◦C (vs. pure PU yarn) and 4.3 ◦C (vs.
Advanced Functional Materials, 2026
control yarn) under high-temperature conditions, as well as a
insulation capacity of 5.1 ◦C (vs. pure PU yarn) and 4.7 ◦C (vs.
control yarn) under low-temperature conditions, which validates
its robust bidirectional temperature-control PTM functionality.

3.2.3 Efficient Integration of Thermo-Regulated and
TE Characteristics of STRTEYs

In this study, to precisely elucidate the efficient integration
mechanism, the thermo-regulated and TE output characteris-
tics of STRTEYs were simultaneously characterized using the
experimental setup shown in Figure 4f. During the experiment,
the Tc of the yarns was maintained constantly (approximately
15◦C). The hot-side was placed on a hot plate to simulate a high-
temperature environment and then transferred to a sealed ice
bag to simulate a low-temperature environment. Amulti-channel
temperature recorder and a Keithley 2450 multimeter were used
to continuouslymonitor and record the time-dependent variation
curves of theTh and thermovoltage for the control sample and the
STRTEY3 sample (the results are shown in Figure 4g,h). Analysis
revealed that, under the same test conditions, the hot-side heating
rate of STRTEY3 was lower than that of the control sample, and
the time required to reach the same set Th was prolonged by
approximately 40 s (Figure 4g). This phenomenon was mainly
attributed to the latent heat storage associated with the solid-
liquid phase-transition process of the phase change functional
component in STRTEY3 upon heating. Further observation of
Figure 4h showed that after the sample was transferred from
the hot plate to the low-temperature environment, the Th of the
control sample dropped sharply, leading to a rapid decay in its
thermovoltage output. In contrast, STRTEY3 benefited from the
latent heat release and the resulting quasi-isothermal thermal
buffering effect during the liquid-to-solid phase-transition of the
phase change component. As a result, its thermal response was
significantly delayed, and its Th and thermovoltage remained
significantly higher than those of the control sample during
the cooling stage. Compared to control sample, the effective TE
output duration of STRTEY3 in the low-temperature environment
was extended by approximately 393 s, significantly enhancing the
device’s continuous power generation capability in a dynamic
thermal environment. This experimental evidence demonstrates
how PCMs fulfill their dual function in advanced PTM strategies:
by leveraging adaptive latent heat storage and release, they stabi-
lize the applied ΔT through quasi-isothermal thermal buffering
while mitigating interfacial heat accumulation. In summary,
the STRTEYs designed in this study exhibit excellent latent
heat storage/release and thermal buffering properties, effectively
maintaining the required temperature difference across the TEG
device. This integrated approach not only ensures the long-term
thermal comfort of wearable TEG devices but also improves
the TE conversion efficiency by optimizing the stability of the
temperature difference, achieving synergistic optimization of
PTM and efficient TE energy harvesting, thereby addressing
the critical trade-off between energy harvesting efficiency and
thermal comfort in wearable applications.

3.3 Application Explorations of STRTEYs

Leveraging the Seebeck effect of SWCNT and PEDOT:PSS within
the STRTEYs framework, temperature differentials are directly
7 of 12
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FIGURE 4 Efficient integration of thermo-regulated and TE properties of STRTEYs. (a) DSC curve of STRTEY3. (b) TGA and DTG curves of
STRTEY3. (c) Infrared thermal imaging images of PU, control sample of TE yarn without n-OD, and STRTEY3 exposed to high-temperature (up)
and low-temperature (down) environments. Summary comparison chart of Th for PU, control sample of TE yarn without n-OD, and STRTEY3
exposed to high-temperature (d) and low-temperature (e) environments. (f) Schematic diagram of the synchronous test system for thermo-regulated
and TE characteristics. (g,h) Hot-side temperature/thermovoltage-time curves of control sample and STRTEY3 exposed to high-temperature and
low-temperature environments.
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converted into electrical signals. As illustrated in Figure 5a,
through the physical bridging role of temperature, the system
couples multimodal physiological signals to the thermoelectric
conversion system, enabling self-powered sensing of physiolog-
ical parameters such as core body temperature and respiratory
rate. Furthermore, this technology is extended to smart textile
applications, including self-powered wearable alert keyboards.

As depicted in Figure 5b, human exhaled heat during exer-
cise generates temperature differentials with ambient air. By
integrating STRTEYs into face masks, these differentials are
converted into real-time thermovoltage signals for respiratory
frequency monitoring, enabling health tracking. Analysis of
the thermovoltage patterns reveals distinct correlations with
physical activity: (1) During rest or slow walking, low and stable
thermovoltages correspond to a calmbreathing rhythm; (2) Initial
high-intensity exercise leads to irregular breathing fluctuations,
manifested as a disordered voltage trend (blue box). As rhythmic
exercise stabilizes, the expansion of breathing amplitude and heat
retention establish a stable thermal gradient, generating stronger
periodic voltage outputs; (3) Irregular panting after exercise
initially increases heat dissipation with each breath, creating
8 of 12
a significant temperature difference, thereby sharply increasing
voltage amplitude and fluctuation frequency (blue box). Subse-
quently, the regularization of breathing reduces voltage output
because accelerated heat re-inhalation before full dissipation
weakens the thermal gradient [64]. The data in Figure 5b unequiv-
ocally demonstrate that the self-powered STRTEYs integrated
device precisely captures respiratory states (including depth and
frequency) across activity dynamics, thereby offering a viable
alternative approach for the realization of non-invasive health
monitoring systems. As indicated in the preceding content
(Figure 3j), STRTEYs exhibit an extremely high temperature
sensitivity, enabling them to detect minute temperature fluctu-
ations. Consequently, they are well-suited for use as electronic
thermometers to monitor human body temperature in real-
time and with high accuracy. As illustrated in Figure 5c, this
study has integrated a STRTEY3 based temperature sensor into
clothing near the chest or underarm area. When the human body
temperature rises abnormally and exceeds the preset threshold,
the sensor promptly issues a warning signal. Subsequently, we
explored the application potential of STRTEYs in the realmof self-
powered sensing. As illustrated in Figure 5d, four thermoelectric
yarn-based temperature sensors with exceptional temperature
Advanced Functional Materials, 2026
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FIGURE 5 Application explorations of STRTEYs. (a) Schematic diagram of wearable health monitoring system with integrated STRTEYs. (b) Self-
powered respiratory monitoring mask for dynamic respiratory rate tracking across humanmultimodal exercise scenarios. (c) Schematic illustration and
experimental validation of a self-powered body temperaturemonitoring system. (d) Schematic diagram and experimental demonstration of self-powered
electronic keyboard.
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sensitivity were seamlessly integrated into clothing. By modu-
lating the number of fingers in contact (for touch interaction),
we can transmit distinct temperature variations, which in turn
generate thermovoltage signals of varying intensities. Building on
this principle, thermovoltage signals of different intensities are
artificially mapped to different letters or program activation but-
tons.With the help of diversified arrangements and combinations
of these electrical signals, the specific needs of the wearer can be
accurately met (Figure 5d). Moreover, the more thermoelectric
yarns are incorporated, the broader the spectrum of functions
that can be achieved, which will undoubtedly propel the wider
adoption of thermoelectric devices inwearable electronic devices,
such as self-powered flexible sensors and smart clothing.

4 Conclusions

In this study, an innovative coagulation bath-integrated coaxial
electrospinning technique was employed to successfully fabricate
STRTEYs that exhibit high flexibility (>35%), excellent thermo-
Advanced Functional Materials, 2026
regulated performance (ΔHm ≈ 110.1 J/g, ΔHc ≈ 108.7 J/g), and
enhanced TE characteristics (σ of 32 S/cm and S of 46 µV/K).
Remarkably, the strategic incorporation of PCM enabled an
exceptional extension of ≈393 s in effective TE output dura-
tion through efficient latent heat management, demonstrating
unprecedented synergy between thermal regulation and energy
harvesting. Crucially, after a long-term storage, the STRTEYs
maintained stable TE property (with a S of 45.85 µV/K),
providing a robust guarantee for their reliability in practical
applications. Moreover, face masks and self-powered sensors
integrated with STRTEYs enable self-powered real-time detection
of physiological signals such as respiratory rate monitoring, and
body temperature. The STRTEYs developed in this study have
achieved efficient integration of multiple functions, including
energy harvesting, adaptive personal thermal management, and
self-powered sensing, which not only explores a brand-new
direction for the research and development of cutting-edge
multi-functional thermoelectric systems but also promotes their
widespread application in self-powered flexible sensing devices,
smart clothing and other wearable electronic devices.
9 of 12
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