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ABSTRACT
The severe environmental impact of conventional plastic electronics necessitates next-generationwearable devices simultaneously
embodying high performance, flexibility, and sustainability. Herein, we propose a 1D nano-confined high-pressure crystallization
strategy to create highly-crystalline, yet highly-transparent bio-based fiber films to meet these requirements. The bacterial
copolymer poly (3-hydroxybutyrate-3-hydroxyvalerate) (PHBV)-based electrospun fibrous film, with 1D-confined oriented
crystallites in the aligned nanofibers, can be transformed from opaque to transparent by heating and pressurizing and maintains
its fiber morphology. The resulting film demonstrates outstanding flexibility, high optical transmittance, and significantly
enhanced mechanical properties. Using this transparent fiber film as the substrate, a transparent conductive film (TCF) is
produced by mechanical interlocking with silver nanowires (AgNWs), demonstrating superior performance in comprehensive
metrics compared to the state-of-the-art TCFs. Critically, this TCF achieves high-fidelity capture of electromyography and
electrocardiography (ECG) signals, comparable to commercial gel electrodes, while showing enhanced signal stability on sweat-
soaked skin. As a proof-of-concept, a motion monitoring system is designed integrating AgNWs/PHBV-based ECG acquisition,
Bluetooth transmission, and a multilayer perceptron-based classification model. Leveraging machine learning, it accurately
classifies athletes’ physical activity states and provides personalized training recommendations. This study may offer a new way
of utilizing biological materials and inspire the development of next-generation sustainable electronics.

1 Introduction

Growing interest is being directed toward wearable and mobile
technologies that enhance the functionalities of smart wearables,
e-skins, and human-machine interactions [1–12]. Simultaneously,
the need for flexible, transparent, low-cost, and easily manu-
factured devices is driving the emergence of plastic electronics
[13–16]. Traditionally, the transparent substrates of devices,

such as polyester (PET), polydimethylsiloxane (PDMS), and
polyurethane (PU), are typically characterized by short lifespan
and non-degradability, which inevitably poses a significant range
of critical environmental and sustainability issues [17]. Annually,
an estimated excess of 390 million tons of plastic are pro-
duced (Plastics Europe 2023) and will be discarded into natural
environments, causing serious ecosystem problems [17]. Hence,
there arises an imperative necessity to develop environmentally
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friendly and sustainable transparent materials for fabricating
green flexible electronics.

Biological materials are those materials produced by natural
biological systems. Examples include silk fibroin [18], wood [19,
20], plant [21, 22], and other biomass [23, 24]. Biological materials
have attracted much interest owing to their benefits of very low
cost, non-toxicity, renewability, and excellent biodegradability
[18–25]. To be more precise, researchers reported transparent
films made by simple mechanical pressing and drying, using
wood and cellulose nanofibers from which lignin and hemicel-
lulose were removed [19, 25]. Moreover, Cheng et al. produced a
transparent wood by bleaching the wood and infiltrating it with
epoxy resin to match the refractive index [20]. These transparent
films preserved the original alignment of cellulose nanofibers
and nanostructures, and presented higher mechanical properties
compared to the same materials cast by solutions [19]. However,
the pretreatment of these materials consumes plenty of chemical
solutions and energy, making it necessary to propose a simplified
method.

Poly (3-hydroxybutyrate-3-hydroxyvalerate) (PHBV) is an ideal
biodegradable material with high crystallinity and good mechan-
ical properties [26]. Unlike synthetic petroleum-based plastics,
PHBV copolymers can be produced by bacteria utilizing agri-
cultural residues under mild conditions [27–30], which achieves
cost savings and reduced carbon emissions. Also, modification
enables PHBV to achieve a tunable degradation rate, which
further improves its practicability [31]. Nevertheless, similar to
a petroleum-based crystalline polymer, the brittleness and the
opacity of the intrinsically highly crystalline PHBV hinder its
extensive applications in flexible transparent electronics [26]. To
address these problems,manymethods have been proposed, such
as blending and grafting [26, 32–34]. And grain engineering is
a strategy to enhance the strength, dielectric or photoelectric
properties, and transparency of materials by controlling the
size or orientation of grains [35–39]. Moreover, electrospinning
technology is a convenient method to manufacture functional
composites [40–42]. 1D confined crystallization occurs when
polymer chains crystallize within 1D nanochannels [43–45].
During electrospinning, the spatial confinement imposed by the
nanofiber geometry restricts the crystal growth perpendicular to
the fiber axis. Consequently, this confinement promotes the pref-
erential crystal orientation along the direction of the nanofibers
[43–45].

In this work, we develop a bacterial PHBV copolymer-based
highly crystalline, yet highly transparent fibrous film by 1D
nano-confined high-pressure crystallization. Under appropriate
heating and pressurization conditions, the electrospun nanofiber
film can be transformed from opaque to transparent while main-
taining the fiber morphology. The resulting film demonstrates
outstanding flexibility, high optical transmittance, and enhanced
mechanical properties. Using the transparent fiber film as the
substrate, we fabricate a transparent conductive film (TCF)
by mechanical interlocking with silver nanowires (AgNWs)
that exhibits high electrical conductivity and high mechani-
cal stability. During exercise heart rate monitoring, the TCF-
based wearable system performs comparably to the commercial
gel electrode-based counterpart in acquiring electromyography
(EMG) and electrocardiography (ECG) signals, while demonstrat-

ing superior signal stability on sweaty skin. As a proof of concept,
a motion monitoring system is further designed by integrating
AgNWs/PHBV-based ECG acquisition, Bluetooth transmission,
and a classification model based on a multilayer perceptron
(MLP). With the assistance of machine learning, the system can
accurately classify athletes’ physical activity states and provide
personalized recommendations, showing significant potential for
human motion monitoring and exercise optimization.

2 Results and Discussion

2.1 Design of Transparent Film with Fibrous
Structure

The key to the design of a transparent film with fibrous structure
is the preparation of oriented crystallites and aligned nanofibers
(Figure 1a). The aligned nanofibers are prepared by electrospin-
ning. Controlling the roller speed enables precise manipulation
of nanofiber orientation, yielding highly aligned structures. And
the nanocrystallites are grown under the constraint of aligned
nanofibers, achieving preferred crystalline orientation. Initially,
a significant amount of light loss occurs at the interface of the
fibrous membrane (Figure 1b). After proper heating and pressing
treatment, the fibrous membrane becomes transparent, and its
strength is significantly increased (Figure 1c). In Figure 1d, the
tensile strength and light transmittance of different films are
compared. The transparent PHBV fibrous film shows outstanding
properties among the degradable films [20, 46–55]. As a proof-of-
concept, amotionmonitoring system is designed, including EMG
and ECG signals acquisition, and machine learning for human
motion monitoring and exercise optimization (Figure 1e).

2.2 Characterization of Random/Aligned
Electrospun PHBV Fibrous Membranes and
Transparent Hot-Pressed PHBV Film

Generally, the propagation of light in crystalline polymers
is governed by birefringence, refractive index anisotropy,
and scattering. These materials typically comprise ordered
crystalline regions and disordered amorphous regions, resulting
in anisotropic optical properties. Upon entering a crystalline
domain, light may experience birefringence. Additionally, the
refractive index contrast at the interface between crystalline
and amorphous regions can cause reflection. When the crystal
size exceeds the wavelength of visible light, Rayleigh scattering
occurs. Larger crystal sizes or higher crystallinity lead to more
pronounced scattering, which consequently reduces material
transparency. Therefore, to achieve higher transparency,
researchers controlled or refined the size and arrangement of
spherulites [56–58]. Here, two different roller speeds (1000 and
4000 rpm) were used for electrospinning to investigate the effects
on fiber orientation and internal nanocrystallite orientation. As
presented in Figure 2a,b,e,f, the scanning electron microscopy
(SEM) and corresponding statistical fiber diameter distribution
reveal that the random electrospun PHBV fibers (R-ES-PHBV,
fabricated at 1000 rpm) have a larger diameter and a more
chaotic distribution than the aligned electrospun PHBV fibers
(A-ES-PHBV, fabricated at 4000 rpm). The fast Fourier transform
(FFT) images directly visualize the radial distribution of
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FIGURE 1 Overview of transparent filmwith fibrous structure. (a) Schematic composition of transparent filmwith fibrous structure. (b) Schematic
illustration of the mechanism of light propagation in fibrous membranes. (c) Increase in tensile strength and light transmittance after heating and
pressing. (d) Values of tensile strength versus light transmittance for HP-PHBV compared with other reported materials. (e) Schematic illustration
showing the motion monitoring system for EMG and ECG signals acquisition, human motion monitoring, and human motion recognition.

R-ES-PHBV and the uniaxial alignment of A-ES-PHBV
(Figure 2c,g). Nanocrystallites orientation in the samples
was further characterized through X-ray pole figures of the
PHBV (020) crystal plane (Figure 2d,h). The polar density
region can reveal the degree of orientation of samples [45, 59].
Compared with R-ES-PHBV, A-ES-PHBV has a stronger fiber
texture with a maximum density value of 4.124, and has a more
concentrated density distribution, confirming its higher degree of
orientation. After heating and pressing, A-ES-PHBV transforms
into transparent hot-pressed PHBV (HP-PHBV). As shown in
Figure 2i, the fibers fit closely, which significantly reduces the
interface between air and fiber. Meanwhile, the fibrous structure
is maintained (Figure 2j,k), which significantly enhances the
strength and flexibility of the film. In addition, owing to the
hot-press and annealing process, HP-PHBV exhibits optimal
orientation with a peak density value of 4.737, and its density
distribution converges to a single point (Figure 2l).

2.3 Optical andMechanical Properties of
HP-PHBV andMechanism for the Transformation
of Transparency

As shown inFigure 3a, theHP-PHBV fabrication process is simple
and consumes little energy. First, A-ES-PHBV was fabricated
by electrospinning under suitable conditions. Then the fibrous
membrane was subjected to a pressure of 200 MPa at 120◦C for

10 min. This was followed by annealing under maintained pres-
sure at a cooling rate of−0.25◦C/min for 4 h. Finally, the resulting
HP-PHBV achieved high transparency, with a light transmittance
of 91.6% at 550 nm (Figure 3b,c). For transparent films, haze
provides a direct metric of forward scattering in the materials.
As shown in Figure S1, the haze of HP-PHBV is comparatively
low (5.9% at 550 nm), whereas R-ES-PHBV and A-ES-PHBV
exhibit the very high haze values of 98.2% and 99.2%, respectively.
This significant difference in haze indicates that the process-
ing method substantially reduces light scattering in HP-PHBV.
Figure 3d further demonstrates that HP-PHBV has a low optical
haze; even when placed 10 cm above the blackboard, the white
grid remains clearly visible. Due to the maintained microfiber
structure, HP-PHBV can be easily bent even after being frozen
in liquid nitrogen, exhibiting excellent flexibility (Figure 3e). The
differential scanning calorimetry (DSC) results show that HP-
PHBV has a melting temperature (Tm) of 179◦C and a crystallinity
(Xc) of 64.0%. These values are slightly higher than those of A-ES-
PHBV (177◦C and 63.0%, respectively) (Figure 3f). The increase
can be attributed to the enhanced crystal perfection during high-
pressure annealing, where the applied heat and pressure promote
further structural ordering. Additionally, the tensile force exerted
by the roller during processing significantly improves the polymer
molecular chain orientation and crystallinity. Consequently, due
to the absence of similar treatment conditions, R-ES-PHBV shows
the lowest values (176◦C and 57.1%, respectively). The X-ray
diffraction (XRD) spectra reveal crystalline differences: β phase is
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FIGURE 2 Characterization of R-ES-PHBV, A-ES-PHBV, andHP-PHBV. (a) SEM image, (b) statistical diameter distribution, (c) FFT image derived
from (a), and (d) X-ray pole figure of R-ES-PHBV. (e) SEM image, (f) statistical diameter distribution, (g) FFT image derived from (e), and (h) X-ray pole
figure of A-ES-PHBV. (i) SEM image of surface, (j, k) SEM image of cross section, and (l) X-ray pole figure of HP-PHBV.

present in A-ES-PHBV. The β phase is formed during the drawing
of high-speed electrospinning [60]. High temperature and high
pressure cause the transition from β-phase to α-phase, leading
to decreased β-phase intensity in HP-PHBV. Notably, the high Xc
and fibrous structure endowHP-PHBVwith excellentmechanical
strength (Figure 3h).

Sunlight interaction with materials inherently involves absorp-
tion, reflection, and scattering phenomena. Absence of visible-
light chromophores in PHBV enables low absorption; however,
its fibrousmembrane exhibits opaque whiteness owing to intense
interfacial light scattering and reflection. As demonstrated above,
the mechanism for the transformation to transparency can
be summed up as the reduction of interfacial light scattering
and reflection. ① The oriented nanocrystallites minimize the
light scattering in the PHBV fiber. The average dimensions of
nanocrystallites were calculated using Scherrer’s formula [61]

D = K𝜆

𝛽cos𝜃
(1)

where D is the dimension of crystallite, K is a shape constant, λ
is the wavelength of X-rays, β is the full-width at half maxima of
the diffraction line, and θ is the peak position or diffraction angle.
Scherrer analysis applied to the (020) and (110) diffraction peaks
indicated the crystallite sizes of 17.74 and 15.98 nm, respectively.
It demonstrates that the D is smaller than the wavelength of
visible light (λvis), and the light transmission through HP-PHBV
is dominated by the Rayleigh scattering regime (D ≪λvis) [62]. In
this case, the transmittance (T) of the film can be characterized

by the analytical form of the Chandrasekhar radiative transfer
equation, which is given as [63, 64]

T − 1

1 + 3

4
𝜌𝜎scth

(2)

where ρ is the density, h is the thickness of theHP-PHBV slab, and
σsct is the scattering cross-section. In addition, the σsct is propor-
tional to D3. The formula above reveals that the transparency of
HP-PHBV is significantly enhanced by reducing the dimension of
crystallites (i.e., the smaller σsct ∝D3, then the largerT) [62].②The
compact fibrous structure reduces the air-fiber interface, leading
tominimized light reflection and increased optical transmittance.
The light reflection at an interface is governed by the refractive
index contrast between the two constituent materials. It can be
described by the Fresnel formula, which is defined as [65]

𝑟 =
(
𝑛F − 𝑛A
𝑛F + 𝑛A

)2

(3)

where r is the reflective coefficient, and nF and nA are the
refractive indices of the fiber and air, respectively. The r at the
air-fiber interface is significantly higher than that at the compact
fiber-fiber interface (r ≈ 0). Consequently, the light reflection in
HP-PHBV is markedly lower than that in A-ES-PHBV. In short,
by fabricating nanofiber-confined oriented nanocrystallites and
compacting the interface of aligned fibers, the interfacial light
reflection and scattering are minimized, thus achieving high
optical transparency of the fibrous membrane.
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FIGURE 3 Optical and mechanical properties of HP-PHBV. (a) Schematic illustration of HP-PHBV fabrication. (b) Transmittance of HP-PHBV,
A-ES-PHBV, and R-ES-PHBV in visible light (400-800 nm). (c) Digital images of HP-PHBV (top), A-ES-PHBV (middle), and R-ES-PHBV (bottom). (d)
HP-PHBV directly onto the board (top) and 10 cm above the board (bottom). (e) Digital images of HP-PHBV showing flexibility before/after freezing. (f)
DSC, (g) XRD, and (h) tensile stress–strain curves of HP-PHBV, A-ES-PHBV, and R-ES-PHBV.

2.4 Optical, Electrical, and Degradable
Properties of AgNWs/PHBV

The fabrication process of AgNWs/PHBV is shown in Figure 4a.
To ensure forming a continuous conductive network and achiev-
ing strong adhesion between AgNWs and fibers, the thin R-ES-
PHBV was pretreated by plasma cleaning for 3 min with an RF
power of 18 W in air [66]. After vacuum filtration, the AgNWs
are uniformly distributed on the plasma-treated membrane that
assists in forming conductive networks (Figure 4b,c; Figure S2).
The electrospun PHBV fiber networks deposited on poly (ether-
ether-ketone) (PEEK) film functioned to immobilize the AgNWs
on the surface via mechanical interlocking (Figure S3). After
heating and pressing, the final obtainedAgNWs/PHBVpresents a
compact structure with a thickness of 40 µm (Figure 4d,e; Figure
S4). The energy dispersive spectrometer (EDS) elemental map-
ping further confirms the homogeneous distribution of AgNWs
(Figure S5). Increasing the amount of AgNWs reduces optical
transmittance by intensifying light reflection and scattering
(Figure 4f). Simultaneously, this increases the number of AgNW
junction points to achieve lower sheet resistance (Figure 4g).

At 60 µL AgNWs loading, AgNWs/PHBV achieves competitive
performance: transmittance of 78.0% (at 550 nm) and sheet resis-
tance of 30.5 Ω/sq, indicating excellent performance balancing
for TCF. Using AgNWs/PHBV as a conducting wire, the light-
emitting diode (LED) operates stably in the continuous bending
state of AgNWs/PHBV (Figure 4h). Notably, the AgNWs/PHBV
demonstrates excellent stability, with < 8% resistance change
over 13,000 bending cycles (Figure 4i). Overall, the radar chart
highlights the superior transmittance, sheet resistance, strength,
long-term stability, and degradability of AgNWs/PHBV compared
to other TCFs (Figure S6 and Table S1).

The degradation behavior is a key indicator of biodegradable
materials. To evaluate the durability of AgNWs/PHBV in practical
applications, in vitro hydrolysis and high-temperature (58◦C) soil
compost experiments were conducted. As shown in Figure S7,
the in vitro hydrolysis and soil compost tests present entirely
different results. After 2 months of in vitro hydrolytic degra-
dation, the AgNWs/PHBV exhibited differential residual mass
across pH environments (pH = 1, 7.2, and 12, respectively).
Although showing the fastest degradation rate at pH = 12, it still
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FIGURE 4 Fabrication, micromorphology, and properties of AgNWs/PHBV. (a) Schematic illustration of AgNWs/PHBV fabrication. (b, c) SEM
images of AgNWs/PHBV before heating and pressing. (d, e) SEM images of AgNWs/PHBV after heating and pressing. (f, g) Transmittance and sheet
resistance of AgNWs/PHBV with different amounts of AgNWs; inset: digital images of corresponding films. (h) Electrical properties of AgNWs/PHBV
during bending. (i) Resistance changes of AgNWs/PHBV during cyclic bending. The bending radius is 3 mm.

maintained> 95%mass. Solution-materials interactions loosened
the compact surface, leading to the opaque region formation via
interfacial delamination. In contrast, the AgNWs/PHBV under-
went extremely rapid degradation in a high-temperature soil
composting environment. Within 5 days, the film was basically
degraded. The two completely different degradation behaviors
enable flexible applications: the TCF remains stable when
exposed to sweat during exercise (pH = 4.5–7.0) [67], while the
discarded TCF can be degraded rapidly by soil composting. Thus,
the PHBV-based TCFs show significant potential for sustainable
electronics.

2.5 Wearable System Integration and Human
MotionMonitoring Assisted withMachine Learning

Traditionally, the commercial gel electrodes for motion moni-
toring are disposable, incurring high expenses for daily exer-
cise recording. In this case, the durable and biocompatible
AgNWs/PHBV conductive film presents a promising alternative.

For EMG detection, the AgNWs/PHBV film was attached to the
forearm of a volunteer to record the action potential generated by
muscle fibers (Figure 5a).When the volunteermade different ges-
tures, the EMG signals corresponding to each gesturewere clearly
observed (Figure 5b). The signals acquired by AgNWs/PHBV
film exhibited higher noise than those from the commercial gel
electrode, attributed to the triboelectric effect between the film
and skin. Despite this, it presented a higher signal amplitude,
indicating a superior recognition efficiency, while maintaining a
signal-to-noise ratio (SNR) of around 15 dB (Figure 5c). To enable
real-time heart rate monitoring, a wearable sensor (based on a
Bluetooth acquisition module) was developed to capture high-
fidelity ECG data (Figure 5d). It recorded clear characteristic ECG
waveforms from a volunteer. Comparatively, the AgNWs/PHBV
film exhibited a similar waveform morphology, but the signal
amplitude was ∼47.6% higher than that of the commercial gel
electrode (Figure 5e). The clear visualization of the cardiac cycle
revealed the distinguishable waveforms associated with heart
rhythm: P-wave (atrial excitation), QRS complex (ventricular
excitation), and T-wave (ventricular relaxation), as shown in
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FIGURE 5 Bioelectric detection of AgNWs/PHBV electrode and a machine learning assisted human motion monitoring system. (a) Schematic
illustration of EMG detection. (b) EMG signals recorded by AgNWs/PHBV and commercial gel electrodes during repeated executions of gestures 1–5,
and (c) corresponding SNR of EMG signals acquired by AgNWs/PHBV. (d) Schematic illustration of a wearable sensor system for ECG signalmonitoring,
including signal acquisition, processing, Bluetooth transmission, and applications programs. (e) ECG signals recorded byAgNWs/PHBVand commercial
gel electrodes. (f) Typical cardiac waveform, showing high precision and rich features. (g) ECG signals were recorded during rest, after jogging, and after
strenuous exercise. (h) Machine learning algorithm of MLP for human motion recognition. (i) Evaluation of the model accuracy in 25 iterations and the
training process in fine-tuning. (j) Confusion map of the machine learning results for 3 categories.

Figure 5f. After varying intensity exercise, the AgNWs/PHBV
film maintained high-fidelity ECG acquisition, whereas the
commercial gel electrode exhibited signal degradation under
sweaty conditions (Figure 5g and Figure S8). Furthermore,
the AgNWs/PHBV film demonstrated excellent durability by
maintaining high-fidelity ECG signals and exhibiting no visible
degradation after 7 days of immersion in artificial sweat or
exposure to UV radiation (Figure S9).

Heart rates during physical exercise vary within and between
individuals. This complicates the assessment of exercise inten-
sity. To provide personalized exercise recommendations, a
human motion monitoring system was developed by integrating
AgNWs/PHBV-based ECG acquisition, Bluetooth transmission,
and a classification model based on a multilayer perceptron
(MLP) (Figure 5h). Machine learning analysis of complex ECG
patterns can detect subtle changes imperceptible to human
eyes, thereby improving the assessment of physical activity.
An optimized MLP architecture was developed to classify ECG
signals across three physical activity states. The MLP model

consisted of three fully connected hidden layers with ReLU
activation and Adam optimizer (initial learning rate 0.001),
implemented using PyTorch. A robust preprocessing pipeline,
including outlier-resistant scaling and SMOTE-based oversam-
pling, was employed to address signal variation and class imbal-
ance. This pipeline facilitates effective feature learning from raw
ECG time-series data, whereafter embedding these features into a
high-dimensional space for accurate activity classification. 80% of
the collected data was used for model training and 20% for testing
to evaluate the algorithm’s prediction accuracy. To mitigate over-
fitting, five-fold cross-validation was conducted across sessions,
ensuring model generalization. The high-fidelity ECG signals
obtained from the AgNWs/PHBV electrodes not only improved
the overall data fidelity but also significantly enhanced the
signal-to-noise ratio. High-quality signals reduce baseline drifts,
motion artifacts, and other physiological or environmental inter-
ferences that typically degrade machine learning performance.
By providing cleaner and more stable waveform characteris-
tics, the AgNWs/PHBV electrodes enabled downstream machine
learning algorithms to extract more discriminative temporal and

Small, 2026 7 of 10

 16136829, 2026, 14, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/sm

ll.202509404 by Jilin U
niversity, W

iley O
nline L

ibrary on [07/11/2026]. 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 C
om

m
ons L

icense



morphological features. This reduction in noise-induced fea-
ture distortion effectively mitigated overfitting and enhanced
the robustness of the learned representations. Attributed to
high-fidelity ECG signals, the model showed accelerated loss
convergence within 25 iterations. To prevent overfitting, dropout
layers were introduced during fine-tuning. The MLP model
demonstrated a decoding accuracy of 95.33% during training
(Figure 5i). With 94.86% overall accuracy, the model accurately
classified physical activity states, achieving 97.90% for jogging and
97.20% for strenuous exercise (Figure 5j). The exercise intensity
was evaluated in conjunction with the exercise time, and a
personalized recommendation was provided accordingly. Lever-
aging the datasets collected by the integrated system based on
AgNWs/PHBV, the MLP model demonstrates significant poten-
tial for human motion monitoring and exercise optimization.

3 Conclusion

In summary, we have successfully developed a bacterial copoly-
mer PHBV-based highly crystalline, yet highly transparent
fibrous film by a 1D nano-confined high-pressure crystallization
process. The electrospun fibrous film, with 1D-confined oriented
crystallites in the aligned nanofibers, could be transformed
from opaque to transparent by heating and pressurizing and
maintained its fiber morphology. The resulting film exhibited
outstanding flexibility, high optical transmittance, and signifi-
cantly enhanced tensile strength. Using this transparent fiber
film as a substrate, a TCF was further fabricated by mechanical
interlockingwith AgNWs. Compared to state-of-the-art TCFs, the
AgNWs/PHBV-based TCF demonstrated superior performance
in comprehensive metrics, including light transmittance, sheet
resistance, strength, long-term stability, and degradability. Crit-
ically, this TCF achieved a high-fidelity capture of EMG and ECG
signals, comparable to commercial gel electrodes, while showing
enhanced signal stability on sweat-soaked skin. As a proof-of-
concept, amotionmonitoring systemwas designed by integrating
AgNWs/PHBV-based ECG acquisition, Bluetooth transmission,
and an MLP-based classification model. Leveraging machine
learning, the system could accurately classify athletes’ physical
activity states and could provide personalized recommendations,
showing great potential in human motion monitoring and exer-
cise optimization. We anticipate that the facile strategy adopted
in this work will offer a new way of utilizing biological materials
and will inspire the development of next-generation sustainable
electronics.

4 Experimental Section

The detailed description of materials, experimental process, and
characterizations is presented in the Supporting Information.

4.1 Ethical Approval and Informed Consent

The individual involved in the sensing test was exclusively
limited to the first author himself (Chu Pan). The AgNWs/PHBV
bioelectrode-based wearable system is non-invasive and harm-
less. The approval from the relevant ethics committee is not

required for this study. All included participants in this experi-
ment gave their oral and written informed consent.

4.2 Statistical Analysis

Sample sizes (n) for statistical analysis were as follows: fiber
diameter (n = 35), sheet resistance (n = 8), and SNR (n = 3).
Statistical analysis and graphingwere carried out usingOriginPro
2024 (OriginLab, USA).
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