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Abstract

This study seeks to resolve the critical yet often conflicting demands for electrical stability
and mechanical tunability in flexible materials for wearable electronics. A composite
conductive material was prepared based on the combination of electrospun fiber networks
with tunable orientation and ion-gel phase. Through structural regulation, we achieved
the designed adjustment of mechanical properties from isotropic to anisotropic while
maintaining stable electrical conductivity. By adjusting the fiber orientation, Young’s
modulus can be tailored to span a broad range. The fabricated composite membrane
was processed into a flexible dry electrode and used for electrocardiogram (ECG) signal
acquisition, achieving a high signal-to-noise ratio and stable waveform characteristics.
Additionally, it can reliably monitor electromyographic signals from various static and
dynamic hand gestures, including clenching, unclenching, and thumbs-up motions. This
work provides a viable way to design materials and construct structures for multifunctional
wearable electronic devices.

Keywords: electrospinning; anisotropy; ionogel; flexible electrode; physiological signal monitoring

1. Introduction
The rapid advancement of flexible electronics is reshaping the landscape in multi-

ple critical fields, particularly in frontier areas such as personalized health monitoring,
intelligent human–machine interaction, and precision medicine [1–7]. Flexible sensors
for next-generation wearables have now advanced to the point of achieving conformal
skin integration and stable functionality even under significant mechanical deformation.
A key challenge is how to create material systems that simultaneously meet the require-
ments for both excellent mechanical compliance and reliable electrical performance [8–13].
However, the design requirements for the mechanical and electrical properties of common
materials frequently conflict. Enhancing electrical conductivity generally necessitates the
incorporation of rigid functional fillers, which unavoidably compromise material flexibility
and mechanical durability. Conversely, design techniques meant to maximize mechanical
performance frequently have a negative impact on electrical stability. These intrinsic limita-
tions act as a bottleneck, restricting the performance of flexible electronics in real-world
applications and thereby hindering their growth [3,14–24].

Among the various emerging flexible material systems, the fiber membranes produced
by electrospinning technology present unique potential for advanced applications. This

Materials 2026, 19, 684 https://doi.org/10.3390/ma19040684

https://crossmark.crossref.org/dialog?doi=10.3390/ma19040684&domain=pdf&date_stamp=2026-02-11
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/materials
https://www.mdpi.com
https://orcid.org/0000-0002-3436-633X
https://doi.org/10.3390/ma19040684


Materials 2026, 19, 684 2 of 15

advanced manufacturing technology generates three-dimensional fiber networks with
programmable microstructures by precisely manipulating electric field parameters, so-
lution properties, and collection methods. The resulting multi-level structure combines
ideal high porosity with an ultra-large specific surface area, while also exhibiting excel-
lent tunability in mechanical properties [25–30]. These characteristics collectively provide
electrospun fiber membranes with dual advantages. The internal fibers form a stable
three-dimensional network, acting like a robust skeleton that effectively disperses pressure
and withstands external forces. Moreover, The combination of a porous structure and a
high surface area facilitates the straightforward integration of diverse functional materials.
The unique material properties make it an ideal platform for developing high-performance
flexible electronic devices, offering a broad foundation for achieving multifunctional
composite integration [31,32].

Notably, accurate modulation of key processing parameters, particularly the collection
apparatus’s rotational speed, offers advanced control over the spatial alignment of electro-
spun fibers. This critical structural parameter exerts a decisive influence on the macroscopic
mechanical behavior of the material. Mechanical anisotropy emerges and becomes more
pronounced as the fiber orientation increases [33–36]. Meanwhile, ionogels, as a novel
class of soft materials composed of ionic liquids and crosslinked polymer networks, have
emerged as a promising candidate in the field of flexible electronics due to their unique
physicochemical properties. The combination of high ionic conductivity, intrinsic flexibility,
and stability across a broad temperature range renders ionogels a compelling substitute
for traditional conductive materials [37–50]. Integrating electrospun fiber membranes and
ionogels can result in a synergistic combination of their distinct benefits. The fibrous scaf-
fold provides tunable mechanical support, and the ionogels aid in forming highly efficient
conductive pathways. However, despite extensive research focusing on their individual
properties, systematic investigations into their composite system remain scarce. Further-
more, the practical performance of this composite material in flexible electronic devices
still lacks thorough evaluation [51,52].

Here, we fabricated poly(ethylene oxide) (PEO) electrospun fiber membranes with
controlled alignment and systematically evaluated their performance upon integration with
an ionogel. By precisely tuning the collector rotation speed (100, 500, and 2000 rpm), we
achieved programmable microstructural control, transitioning the fiber morphology from
randomly oriented to highly aligned. Mechanical testing establishes fiber orientation as a
critical factor controlling both the overall mechanical behavior and the tensile strength of
the material. Specifically, membranes produced at 100 rpm displayed isotropic properties
with fracture stresses of approximately 1.5 MPa in both testing directions. In contrast,
samples prepared at 500 rpm demonstrated 2.4 MPa fracture stress along the fiber direction,
while only 1.3 MPa in the transverse orientation. The most pronounced anisotropy emerged
in the 2000 rpm membranes, which achieved 7.0 MPa fracture stress parallel to the fiber
alignment compared to merely 0.5 MPa in the perpendicular direction. In addition, all three
composites maintained stable conductivity, and we validated the application potential
of 2000 rpm composite membranes for physiological signal monitoring, demonstrating a
superior electrocardiogram (ECG) signal-to-noise ratio (27 dB) over commercial electrodes
(23 dB) and clear discrimination of multiple hand gestures through EMG signals. This
work establishes a material design methodology that enables the development of high-
performance flexible electronics with adjustable mechanical properties.
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2. Materials and Methods
2.1. Materials

Poly(ethylene oxide) (PEO, Mn = 600,000), poly(ethylene glycol) diacrylate (PEGDA,
Mn = 700), benzyl acrylate (BA), poly(ethylene glycol) methyl ether methacrylate (PEGMA,
Mn = 950), and Sudan I were purchased from Macklin (Shanghai, China). 2,4,6-
Trimethylbenzoyl diphenylphosphine oxide (TPO) and 1-ethyl-3-methylimidazolium di-
cyanamide ([EMIm][DCA]) were obtained from Aladdin. Deionized water was prepared
using a laboratory ultrapure water system. All chemicals were utilized without any addi-
tional purification.

2.2. Fabrication of Electrospun Membranes

Poly(ethylene oxide) (PEO) fibrous membranes with controlled alignment were pre-
pared using an electrospinning technique. First, PEO powder (4 wt%) was dissolved in
deionized water under magnetic stirring at 50 ◦C for 3 h to form a homogeneous spinning
dope. The prepared solution was then transferred to a plastic syringe fitted with a 21-gauge
steel flat-tip needle. The electrospinning process was conducted under controlled environ-
mental conditions, with the ambient temperature maintained at approximately 35 ◦C and
the relative humidity at around 40%. A voltage of 15–20 kV was applied, and the distance
between the needle tip and the rotating drum collector was set to 15–20 cm, as illustrated
in Figure 1. To achieve different fiber alignment structures, the collector’s spinning speed
was methodically adjusted at three levels: 100 rpm for randomly oriented membranes,
500 rpm for partially aligned membranes, and 2000 rpm for highly uniaxially aligned
membranes (Figure 2).

Figure 1. Schematic illustration of the preparation of the electrospinning precursor solution.

Figure 2. Schematic diagram of electrospun membranes prepared at different rotational speeds,
illustrating differences in fiber alignment.
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2.3. Fabrication of Composite Conductive Membranes

The PEO/ionogel composite conductive membranes were prepared by integrating the
electrospun fiber mats with a UV-curable ionogel precursor. The precursor solution was
formulated by dissolving PEGDA (0.2 wt%), TPO (1 wt%), [EMIm][DCA] (10 wt%), and
trace Sudan I in a BA/PEGMA (7:3) mixed solvent system. Stir the mixture until completely
homogeneous and transparent. A suitable amount of this precursor solution is then evenly
coated onto the surface of the PEO electrospun membrane. Upon sufficient penetration of
the solution into the porous fiber network, the sample is exposed to 365 nm ultraviolet light
for 5 min to induce crosslinking and cure the structure. A structurally stable PEO/ionogel
composite conductive fiber membrane is ultimately obtained.

2.4. Characterization and Testing Methods

Microstructural Characterization. Surface morphology of electrospun fiber mem-
branes was observed using a field emission scanning electron microscope (FE-SEM, ZEISS
Sigma 360, Jena, Germany). To enhance surface conductivity, samples underwent gold
sputter coating prior to imaging. Observations were conducted at an accelerating voltage
of 3.0 kV. The obtained SEM images were statistically examined for fiber angles using Im-
ageJ software (Windows x86-64, version dated 30 May 2017; National Institutes of Health,
Rockville, MD, USA), and the fiber orientation distribution was quantitatively assessed
using Fast Fourier Transform (FFT) analysis.

Mechanical Characterization. The tensile properties of the materials were character-
ized using a Mark-10 mechanical testing system (Mark, Irvine, CA, USA). Before testing,
the samples were chopped into 15 mm × 5 mm rectangular strips and mounted on con-
ventional tensile fixtures. All tests were carried out at room temperature, with samples
stretched at a steady rate of 5 mm/min until fractured. The load–displacement data are
automatically recorded by the system to generate an engineering stress–strain curve, where
Young’s modulus is derived from the slope of the initial linear segment of the curve. All
results are presented as mean ± standard deviation.

Electrical Characterization. The vertical conductivity of the material is measured
with the ST-2258C four-point probe device. The sample is put on the instrument’s bottom
plate, and the four probes are lowered to maintain stable contact with the sample surface.
A constant DC current (I) is applied in the thickness direction of the sample, and the
corresponding voltage drop (U) is measured. The vertical resistance (R) is then calculated
using Ohm’s law:

R = U/I

The electrical conductivity (σ) is calculated using the following formula:

σ = L/RA

where L is the average sample thickness (cm), and A is the effective contact area between
the probe and the sample (cm2). During testing, the system interface directly displays
real-time conductivity data. The final results are reported as mean ± standard deviation.

Physiological Signal Monitoring. Electrocardiogram (ECG) signals were acquired
using a Heart and Brain Spiker Box bioamplifier (Backyard Brains, Ann Arbor, MI, USA).
Two composite membrane electrodes were attached to the subject’s left and right wrists,
with the reference electrode placed on the dorsum of the right hand. Electromyogram (EMG)
signals were recorded using a Muscle Spiker Shield Pro system (Backyard Brains, USA),
where two recording electrodes were positioned along the target muscle group of the left
forearm with a 2 cm inter-electrode spacing, and the reference electrode was similarly placed
on the dorsum of the right hand. All physiological signals were simultaneously acquired
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at a sampling rate of 1 kHz, with real-time visualization and data storage accomplished
through the manufacturer’s proprietary software. Commercial Ag/AgCl electrodes (3M
Medical Devices, Shanghai, China) served as the reference in all electrophysiological tests.

3. Results and Discussion
3.1. Microstructural Analysis of Composite Membranes

We first achieved precise control and characterization of the microstructural orienta-
tion in the fiber scaffolds. Figure 3 presents the morphology and multilevel orientation
analysis of PEO electrospun fiber membranes produced at varying collector rotational
speeds. The results include typical scanning electron microscopy (SEM) images, fiber angle
distribution histograms obtained through image processing, and fast Fourier transform
(FFT) patterns. FFT analysis converts structural information from spatial images to the
frequency domain, in which the dominant pattern direction remains perpendicular to the
actual fiber orientation. Angular distribution statistics provide a quantitative analysis of
fiber orientation [53–56].

Figure 3. Morphology and orientation analysis of PEO electrospun fibers prepared at different
collector rotational speeds with SEM images at (a) 100 rpm, (b) 500 rpm, and (c) 2000 rpm, along with
corresponding FFT analysis patterns in (d–f).

At the initial speed of 100 rpm, the fibers assemble into a random three-dimensional
network, resulting in a completely disordered structure (Figure 3a). The corresponding
FFT spectrum (Figure 3d) exhibits a uniform, continuous circular halo, demonstrating
that image spatial frequencies are evenly distributed in all directions without showing
any pronounced preferred orientation. This further validates the isotropic nature of the
fiber structure. The random fiber morphology is well-supported by the angle distribution
histogram (Figure 4). The histogram shows a broad, flat distribution across the entire
−90◦ to 90◦ range, directly indicating the highly disordered arrangement of the fibers.
This disordered morphology is primarily attributed to the dominant effects of random
disturbances and Brownian motion during low-speed deposition.
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Figure 4. Comparative fiber orientation distributions at three rotational speeds: 100, 500, and
2000 rpm, respectively.

At 500 rpm (Figure 3b), the fibers begin to align along the collector’s rotation direction
(horizontal direction), though they still have multiple crossings and curvatures, indicating
a transitional condition of imperfect alignment. This structural change is clearly reflected
in the FFT image. Figure 3e indicates that the original uniform circular ring is warped
and extended vertically, resulting in a brilliant and short linear feature. The perpendicular
relationship between the vertical FFT signal and the horizontally aligned fibers observed by
SEM reveals a dominant orientation and its corresponding spatial frequency distribution
along the horizontal axis. Meanwhile, the angular distribution histogram (Figure 4) clearly
shows that the fiber orientation distribution becomes concentrated and forms a large peak
at 0◦, indicating the formation of a preliminary but imperfect orientational order.

At 2000 rpm, SEM images (Figure 3c) reveal a highly uniform, nearly parallel fiber
alignment with significantly reduced crossings and entanglements. The corresponding
FFT image (Figure 3f) exhibits a distinct, high-contrast vertical line. The orientation of this
vertical line (90◦) is strictly perpendicular to the actual fiber orientation direction (0◦). This
unique FFT pattern is characteristic of highly ordered, unidirectionally aligned structures,
indicating that the fiber array possesses a single, clearly dominant direction in spatial
frequency. Finally, the angular distribution statistics (Figure 4) provide the most direct
evidence of this special ordering. The corresponding distribution curve evolves into a
sharply defined, high-intensity single peak, concentrated near 0◦, clearly indicating that
the fibers exhibit a high degree of orientation and good consistency. This highly ordered
structure primarily arises from the synergistic effects of intense mechanical shear generated
by high-speed rotation and the stretching action of the electric field, which, combined,
promote the deposition of fibers in a highly oriented manner. The fractured cross-section of
the fiber/gel composite film was characterized, as shown in Figure 5. After coating with
the ion gel, the electrospun fibrous membrane presents a smooth and continuous surface
while retaining its underlying network structure. This integrated architecture provides an
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ideal microstructure for ensuring stable interfacial contact and efficient ion transport in
subsequent applications.

 
Figure 5. SEM image showing the the fractured cross-section of the composite film, consisting of an
electrospun fiber membrane integrated with a uniform ionogel coating. The circle indicates the PEO
electrospun fibers.

3.2. Mechanical Performance Analysis

Building on a well-defined microstructure, we further explored the critical role of fiber
orientation in the macroscopic mechanical properties of fiber membranes. The influence
of fiber alignment on mechanical properties was evaluated by performing tensile tests on
PEO electrospun membranes prepared at varied rotational speeds. Measurements were
taken both along the fiber orientation direction (0◦) and perpendicular to it (90◦). The
test results strongly correlated with morphological analysis, demonstrating the material
exhibits significant mechanical anisotropy through controlled fiber orientation. The stress–
strain curves of PEO electrospun membranes prepared at 100 rpm are shown in Figure 6a.
The curves along the spinning orientation and perpendicular to it are nearly identical,
with only a slight difference in Young’s modulus (approximately 1.0 MPa), indicating
pronounced mechanical isotropy. This result is consistent with the conclusions drawn from
the above microstructural analysis. When the rotational speed increased to 500 rpm, the
fibers exhibited a certain degree of orientation compared to the 100 rpm condition, and
the corresponding stress–strain curves in the two directions began to diverge (Figure 6b).
Along the fiber orientation direction (0◦), the curve slope and maximum fracture stress were
both higher than in the perpendicular direction (90◦). The difference in Young’s modulus
between the two directions was approximately 20 MPa, while the maximum fracture stress
differed by about 1 MPa. This difference primarily stems from the more efficient load-
bearing and transfer capabilities of fibers oriented along the direction of alignment, where
mechanical responses in the perpendicular direction are more significantly influenced by
weaker fiber-fiber interactions and slip behavior. The highly ordered PEO electrospun
membranes showed noticeable variations in stress–strain behavior between the two testing
directions when the rotation speed was raised to 2000 rpm (Figure 6c). Along the fiber
orientation direction, the Young’s modulus can reach 74.0 MPa, while in the perpendic-
ular direction it is only about 1 MPa. The difference between the two is approximately
73 MPa, approximately 74-fold. Additionally, the biggest tensile strength differential grew
to about 6.8 MPa. The results reveal that in highly aligned constructions, the load is mostly
carried by fiber bundles along the primary axis, while the mechanical response in the
transverse direction is limited by weak van der Waals bonding between fibers, resulting in
a direction of mechanical weakness. Young’s modulus data (Figure 6d) are displayed as
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bar charts and clearly show the controlled transition from isotropic to highly anisotropic
mechanical behavior. For comparison, we summarize the typical ranges of Young’s mod-
ulus for commonly reported electrospun polymer membranes in Table 1. As shown, the
Young’s modulus of the PEO membrane in this work can be tuned over a relatively wide
range by controlling fiber orientation, enabling a good balance between flexibility and
mechanical strength [57–62].

Figure 6. Mechanical anisotropy of electrospun membranes: (a–c) Representative stress–strain curves
along (0◦) and perpendicular (90◦) to fiber direction at 100, 500, and 2000 rpm. (d) Young’s modulus
statistics determined from initial linear regions.

Table 1. Summary of the typical Young’s modulus ranges for common electrospun polymer membranes.

Polymer PEO PCL PVA TPU PVDF PAN

Young’s modulus 1–74 MPa 3–5 MPa 1–10 MPa 1–10 MPa 3–15 MPa 5.7–9.4 MPa

The mechanical properties of the fibrous membranes show a clear correlation with their
microscopic orientation structure. By accurately manipulating the rotation speed of the
electrospinning collector, the fiber arrangement was controlled from disordered to ordered,
producing membranes that transition from mechanical isotropy to noticeable anisotropy.
This tunable behavior endows the materials with strong potential for applications requiring
directional load bearing or controlled deformation. A comparative analysis of representa-
tive studies in this field (Table 2) reveals that while existing fiber-based composites often
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pursue single performance extremes, the programmable fiber-alignment strategy presented
here offers a distinctive route to achieving broadly tunable mechanical properties.

3.3. Electrical Performance Analysis

Compared to significant changes in mechanical properties, the electrical conductiv-
ity of composite materials exhibits good stability under structural variations. To build
functional conductive composites, we selected electrospun PEO fiber membranes with
different orientations as porous scaffolds and prepared composite systems by impregnating
them with high-conductivity ionogel. To elucidate the impact of scaffold microstructure on
composite conductivity, we systematically investigated how microstructural characteristics
govern macroscopic electrical performance. All of the composites exhibited high and stable
electrical conductivities (approximately 10−5 mS/cm), as shown in Figure 7. The main
reason for this is the continuous distribution of the ionogel conductive phase within the
materials. Composites prepared using fiber scaffolds at 100 rpm, 500 rpm, and 2000 rpm
exhibited conductivities of 2.28 × 10−5, 2.17 × 10−5, and 1.94 × 10−5 mS/cm, respectively.
In contrast to the significant changes in fiber orientation, the conductivity of the composites
showed only a minor decline with increasing collector speed and remained within the same
order of magnitude. The overall variation range was extremely limited, demonstrating
that the fiber orientation structure regulated by collector speed is not the primary factor
determining conductivity in this system. This observation contrasts with the pronounced
mechanical anisotropy discussed in Section 3.2, indicating that the orientation of the fibrous
scaffold predominantly affects the in-plane mechanical response of the composite, whereas
its electrical performance is mainly governed by the infiltrated ion-gel phase.

 
Figure 7. Electrical conductivity of ionogel composites based on PEO fibrous scaffolds with
different alignment.

3.4. Electrode-Skin Interface Impedance Characteristics

The electrode-skin interface impedance critically determines the quality of acquired
biopotential signals [63–65]. To evaluate the interfacial electrical properties of the compos-
ite electrode, we employed electrochemical impedance spectroscopy (EIS) to compare the
impedance characteristics of the composite membrane electrode with the commercial elec-
trode across the frequency range of 1–105 Hz (Figure 8). A consistently lower impedance
was observed for the composite membrane electrode compared to the commercial counter-
part across all frequencies, confirming its reduced interfacial resistance. This phenomenon
is closely related to the structural characteristics of the material. The ionogel phase forms
continuous transport pathways within the fiber network, facilitating charge migration
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within the electrode. Concurrently, the multi-level pore structure provided by the fiber
scaffold promotes the permeation and distribution of the electrolyte at the interface. The
composite electrode’s consistent low-impedance behavior indicates the material can form
an effective electrode-skin electrical contact, which is useful for reliable bioelectrical signal
transmission. For the acquisition of weak physiological signals, such as electrocardiogram
signals, as well as high-frequency electromyographic signals, a lower interfacial impedance
helps to reduce signal attenuation and phase distortion, thereby improving signal quality.
From the perspective of interfacial electrical properties, these results demonstrate the prac-
tical advantages of the composite membrane electrode and support its potential application
in wearable health-monitoring systems.

 
Figure 8. Interfacial impedance comparison between commercial and composite membrane electrodes.

Table 2. Comparison of material strategies, performance, and applications in fiber-based wearable
bioelectronics.

Dimension Material
System

Structural Design
Strategy

Mechanical
Performance

Electrical
Performance

Demonstrated
Application

MXene Composite Fibers
(2025) [66]

MXene, CNTs,
PLA

Static-dynamic
densification

Ultrahigh strength
(941.5 MPa)

High electronic
conductivity

Wireless
e-textiles

Breathable Textile
Electrodes
(2026) [67]

Cotton, MXene,
PEDOT:PSS

Surface
functionalization

coating

Intrinsic fabric
flexibility

Stable for
biopotentials

ECG, EMG,
EEG

monitoring

TPEE/PPy Membrane
(2026) [68]

TPEE fibers,
PPy, TA

Electrospun
substrate in situ
polymerization

High stretchability
(0.4–1.3 Mpa)

Moderate
electronic

conductivity
AI diagnosis

WADE-Skin
(2023) [69]

SBS/PAAND
fibers, EGaIn

Multilayer fibrous
stack

Skin-like softness
(850 kPa) Low impedance ECG and HMI

PEO/Ionogel Membranes
(This Study)

PEO fibers,
([EMIm][DCA])

Programmable
fiber alignment

Programmable
anisotropy
(1–74 MPa)

Stable ionic
conductivity

bioelectronic
interfaces for

ECG and EMG

3.5. Physiological Electrical Signal Monitoring Application

For validating the performance of the prepared highly oriented composite fiber mem-
brane (2000 rpm) in wearable bioelectronic applications, we fabricated the material into
flexible dry electrodes and evaluated their performance against commercial gel electrodes
in monitoring typical physiological signals, specifically ECG and electromyogram (EMG).
The performance of the electrodes was initially evaluated under static, low-amplitude
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ECG signal acquisition conditions. The electrodes were applied to the radial artery loca-
tions on both wrists of the test subjects (Figure 9a). Test results demonstrated that the
composite membrane electrode produced a more stable ECG signal baseline and lower
noise levels, allowing clear identification of characteristic waveforms such as P waves
and T waves (Figure 9b). In contrast, the commercially available gel electrode exhibited
noticeable baseline drift and high-frequency noise under identical testing conditions. This
difference was further shown in quantitative analysis. The composite membrane electrode
achieved an average signal-to-noise ratio (SNR) of 27 dB, higher than the 23 dB SNR of the
commercial electrode (Figure 9c). These results demonstrate that the composite membrane
electrode achieves a more stable and noise-resistant skin interface than conventional alter-
natives. This property is critical for reliably acquiring weak cardiac signals, such as those
from the wrist. The performance of the electrode was further evaluated under dynamic,
high-amplitude EMG recording conditions. The electrode was attached to the belly of the
forearm muscle for testing (Figure 10a), where it enabled stable acquisition of EMG sig-
nals corresponding to five different hand gestures, each exhibiting clearly distinguishable
features in the recorded EMG traces (Figure 10b). The signals associated with different
gestures showed pronounced differences in amplitude and temporal evolution, reflecting
the electrode’s effective response to the spatial distribution of muscle activity. During
repeated fist clenching and relaxation tests (Figure 10c), the electrode exhibited consistent
responses and mechanical stability. The signal was characterized by rapid burst peaks dur-
ing contraction and equally rapid baseline recovery during relaxation, reflecting excellent
dynamic response characteristics. These findings suggest the composite electrode is well
adapted for EMG signal capture under dynamic situations, which may give experimental
support for its use in wearable physiological monitoring.

Figure 9. ECG monitoring performance. (a) Photograph of the composite membrane electrode
recording ECG signals. (b) Simultaneously recorded ECG signals (upper: commercial gel electrode,
lower: composite membrane electrode). (c) Corresponding signal-to-noise ratio statistics.

Figure 10. EMG monitoring performance. (a) Photograph of the composite membrane electrode
acquiring EMG signals. (b) EMG signals of five hand gestures (victory, three, four, thumbs-up, fist)
recorded with composite membrane electrodes. (c) Dynamic EMG responses during repetitive fist
clenching and releasing cycles.
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4. Conclusions
In summary, this work developed a conductive composite material system consisting

of an ionogel embedded within an electrospun fiber scaffold with structurally tunable
anisotropy. The scaffold morphology was controlled from random to highly aligned by
simply changing the electrospinning collector speed, enabling a wide and predictable
modulation of the mechanical properties of the electrospun fiber scaffold (e.g., a modulus
spanning 1–74 MPa). Such a level of tunability is rarely achieved in conventional fiber-
based composites. Meanwhile, the composites exhibited relatively stable conductivity
under different orientation conditions, primarily attributed to the conductive pathways
provided by the continuously distributed ionogel phase within the fiber network. The
tunable mechanical properties coupled with stable electrical performance render these
composites suitable for fabricating flexible dry electrodes for reliable bioelectrical signal
monitoring. It achieves a higher signal-to-noise ratio in ECG monitoring (27 dB versus
23 dB) compared to commercial electrodes and enables clear discrimination and stable
tracking of multiple hand gestures in EMG detection. This work not only provides a novel
material platform with excellent performance but also confirms that precise mechanical
property control can be achieved through fiber orientation regulation. These findings
validate its practical value for wearable health monitoring and bioelectronics.
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