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Versatile graphene/polyelectrolyte aqueous dispersion for fiber-based
wearable sensors and electroluminescent devices

Zhenyu Miao, Rouhui Yu, Xiaowen Bai, Xiangheng Du, Zhonghua Yang, Tao Zhou, Meifang Zhu and

Shaowu Pan”

ABSTRACT Conductive dispersion is a crucial building block
for obtaining conductive fibers/textiles used in wearable sen-
sing, energy supply, and flexible display devices. However,
despite the graphene’s stable chemical properties and high
electrical conductivity, fabricating graphene dispersions
compatible with fiber/textile materials remains challenging.
Here, an eco-friendly and stable graphene aqueous dispersion
was fabricated by introducing poly(sodium-p-styr-
enesulfonate) (PSS) dispersant based on non-covalent inter-
actions. Due to the modification of PSS, graphene carries
negative charges, and the resulting electrostatic repulsion
promotes the stable dispersion of graphene. Moreover, PSS
assists graphene in forming a robust adhesion to substrates.
Flexible mechanical sensors using graphene-modified fibers
and fibrous membranes, including stretchable strain sensors
and pressure sensors, were developed, showing high stretch-
ability of up to 100% with a sensitivity of 144.6, capable of a
sensing strain as small as 0.1%. Flexible electrophysiological
electrodes were also fabricated to record electromyography
and electrocardiograph signals for a long time. As a proof of
concept, a coaxial electroluminescent fiber was demonstrated
to provide illumination for a submarine model to complete
complex tasks. This advancement will further propel the ad-
vanced nanomaterials into wearable fields.

Keywords: graphene dispersion, fibers, mechanical sensors,
wearable display

INTRODUCTION

Fiber-based electronic devices, with their lightweight, flexibility,
and weavability, present an ideal platform for constructing smart
wearable textiles. These devices have attained various function-
alities, including strain and pressure sensing, humidity and
temperature monitoring, gas detection, thermoelectric conver-
sion, energy storage, and flexible display [1-14]. It is critically
important to endow polymeric fibers with electrical conductivity
to develop various functions [15,16]. Solution-based processing
is an effective and easy scale-up method for integrating con-
ductive materials with fibers and textiles while maintaining
structural integrity [17-19]. The primary performance factors of
conductive dispersions include conductivity, stability, environ-

mental friendliness, and compatibility with substrates. Further-
more, the biocompatibility of conductive dispersion is crucial for
fiber-based flexible devices intended for wearable applications
[20]. The conductive dispersions that exhibit high conductivity,
excellent dispersion, and strong compatibility with fibers are
highly desired.

Graphene has attracted considerable attention in flexible
electronic device owing to its high conductivity, robust
mechanical properties, and excellent chemical stability [21,22].
Solution processing is a critically important method for
achieving a large-scale application of graphene. However, the
substantial specific surface area and strong interactions between
graphene sheets make them prone to aggregation. There are two
typical strategies to fabricate graphene-based solution/disper-
sions. One method involves the chemical oxidation of graphite
to produce hydrophilic graphite oxide, resulting in a stable
graphene oxide solution [23-26]. However, due to its non-
conductive nature, graphene oxide requires a reduction process
involving chemical reagents, high-temperature treatment,
ultraviolet-assisted methods, and other techniques to restore its
electrical conductivity [27-31]. However, the harsh reduction
conditions can damage the structure of polymer fibers and
textiles, as well as other active materials in electronic devices.
Another approach involves adding dispersion additives to gra-
phene dispersions to reduce strong m-m interactions between
graphene sheets, thereby forming stable graphene dispersions.
To date, small molecular surfactants have been widely used to
disperse graphene [32,33]. The hydrophobic carbon chains in
small molecular surfactants can orderly arrange themselves on
the surface of graphene via hydrophobic adsorption, which
enhances the surface activity of graphene, thus realizing the
effective dispersion of graphene [34]. However, small molecule
surfactants cannot be effectively decorated on the graphene
surface due to their short molecular chains, resulting in poor
ability to disperse graphene, which in turn affects the con-
ductivity of the graphene dispersion. Furthermore, small mole-
cular surfactants typically exhibit poor adhesion to polymer
substrates, such as fibers, textiles, and stretchable polymers,
leading to unstable performance of flexible electronic devices.
Therefore, it is necessary to develop stable conductive disper-
sions using water as the solvent, especially those with robust
adhesion to flexible polymer substrates. Polyelectrolytes play a
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crucial role in the field of dispersion due to their ability to
impart surface charge to nanomaterials [35,36]. Poly(sodium-p-
styrenesulfonate) (PSS), as a typical polyelectrolyte, has hydro-
phobic long alkane chain and benzene ring to form hydrophobic
and m-m interactions with graphene, and hydrophilic sulfonic
acid groups can form hydrogen bonds with water. This effect
may promote the dispersion and substrate adhesion of graphene.

In this work, we reported an easy scale-up graphene/PSS
aqueous dispersion, with stable adhesion to polymer fiber sub-
strates, and demonstrated its versatile applications in fiber-based
electronic devices (Fig. la). The high-molecular-weight PSS
could effectively disperse graphene in aqueous solution through
non-covalent interactions and electrostatic repulsion, and fur-
ther facilitate the integration of graphene with fibers and textiles
to achieve durable conductive fibers/textiles (Fig. 1b-d). Flexible
mechanical sensors, including stretchable strain sensors, pres-
sure sensors, electrophysiological electrodes and fiber electro-
luminescent devices were developed based on graphene
nanosheet/PSS (GNS/PSS)-decorated conductive fibers. These
devices were utilized in electromyography (EMG) and electro-
cardiography (ECG) recording, as well as underwater illumina-
tion.
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EXPERIMENTAL SECTION

Materials

Expanded graphite (EG) (325 mesh) was purchased from Suqian
Xigu Nanotechnology Co., Ltd. ZnS:Cu phosphor powder was
purchased from Shanghai Keyan Optoelectronics Technology
Co., Ltd. A PEDOT:PSS aqueous solution (Clevios PH 1000) was
purchased from Heraeus Co., Ltd. PDMS (Sylgard 184) was
obtained from Dow Corning Corporation. PSS (Mw ~70,000),
polyvinyl alcohol (PVA, 1788), Styrene-butadiene-styrene block
copolymers (SBS), Styrene-isoprene-styrene block copolymers
(SIS), dimethyl sulfoxide (DMSO), cyclohexane and ethylene
glycol were obtained from Shanghai Titan Technology Co., Ltd.
All other materials and reagents were commercially available
and used without purification.

Preparation of GNS/PSS dispersion

Firstly, PSS was dissolved in 100 mL of deionized water at var-
ious weights (0.33, 0.67, 1.00 and 1.34 g). Then, 0.67 g of EG was
added to the PSS aqueous solution. The mixture was sonicated
for 2 h using a sonicator (SCIENTZ-IID, Scientz, China) under a
power of 250 W. Dry GNS/PSS powder was obtained by freeze-
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(a) Fiber-based electronic textiles for electrophysiological signal monitoring and wearable personalized healthcare. (b) The design of GNS/PSS

aqueous dispersions based on m- interactions. (c) A photo of a 5000-mL large-volume GNS/PSS dispersion. (d) A photo of 20-m-long conductive fiber of

GNS/PSS-modified PA6.
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drying GNS/PSS dispersion. Upon dispersing the GNS/PSS
powder in water (with a fixed GNS content of 1.63 wt%), four
kinds of GNS/PSS dispersions were obtained, named as GNS;/
PSSo.5, GNS1/PSS;, GNS,/PSS; 5 and GNS,/PSS,, respectively. In a
control experiment, 0.67 g of EG was added to 100 mL of
deionized water for sonication under the same conditions, and
the freeze-dried sonicated EG powder was also dispersed in
water (sonicated EG content was 1.63 wt%) to obtain sonicated
EG dispersion. Then, 0.67 g of EG was added to 0.33 g of sodium
dodecyl benzene sulfonate aqueous solution (100 mL), and a
dispersion of GNS,/SDBS,s was prepared under the same con-
ditions.

Fabrication of a fiber strain sensor

The commercial Thermoplastic polyurethane (TPU) fiber, with a
diameter of 500 um, was selected as the substrate for the strain
sensor due to its excellent flexibility and elasticity. Firstly, TPU
fiber was pretreated in a DMSO solution for 2s. Then, the
residual DMSO on the fiber surface was rinsed off in ethanol and
deionized water in turn. Finally, the treated TPU fiber was
soaked in GNS;/PSSys dispersion. GNS/PSS-decorated TPU
fibers with varying conductivity were obtained after sonication
for 1, 2, 3, 4, 5, 6 and 7 min with a 200-W power.

Fabrication of a nanofiber membrane-based pressure sensor
TPU particles were dissolved in the mixed solvent of DMF and
THEF (1:1 mass ratio) to prepare 20 wt% TPU spinning solution.
The TPU nanofiber membrane was then prepared by electro-
spinning at a flow rate of 3 mL/h and a voltage of 15kV. Two
pieces of TPU nanofiber membranes (20 x 20 mm?) with a
thickness of 120 um were adhered to the surface of medical
adhesive tape (25 x 25 mm?), and a conductive path (20 x
3 mm?) was coated with GNS,/PSSs dispersion at their central
positions. After drying, copper wires were connected to one end
of the conductive path with silver paste, which served as the top
and bottom electrodes of the device. Secondly, a nanofiber
membrane (10 x 10 mm?) with the same thickness was soaked in
the GNS,/PSSy5 dispersion, and the intermediate sensing layer
was obtained after being dried by sonication at 200 W for 5 min.
Finally, the sensing layer was placed on the bottom electrode, the
top electrode was positioned perpendicular to the bottom elec-
trode on the sensing layer. The cross-sectional area between the
electrodes was designated as the sensing area, thus forming a
pressure sensor with a sandwich structure.

Fabrication of a fabric bandage electrode

Firstly, the TPU nanofiber membrane (8 x 20 mm?) with a
thickness of 120 um was sonicated in GNS,/PSS, 5 dispersion at a
power of 200 W for 5 min to produce a conductive nanofiber
membrane. Secondly, commercial bandages were used as the
fabric substrate, and the conductive nanofiber membrane was
fixed on the surface of the fabric bandage that contacted the skin
using copper wires. One conductive nanofiber membrane was
fixed at the center of two fabric bandages to build ECG fabric
bandage electrodes. Three conductive nanofiber membranes
were attached to single fabric bandage with a spacing of 10 mm
in order to form EMG fabric bandage electrodes.

Detection of electrophysiological signals

The HealForce ECG recorder (PC 80B) was used to record ECG
signals. Two ECG fabric bandage electrodes were worn near the
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wrist of the forearm serving as working electrodes. A commer-
cial gel electrode was used as the reference electrode. The ECG
data were extracted using MATLAB and then redrawn by Ori-
gin. The epidermal EMG signal collector (Z]JE- Il -2) was used to
record EMG signals. The EMG fabric bandage electrode was
worn on the flexor of writ of forearm. Copper wire was used to
connect the fabric bandage electrode with the acquisition
equipment for detecting electrophysiological signals.

Fabrication of a coaxial electroluminescent fiber

Firstly, a 1-meter long PA6 yarn was sonicated in GNS,/PSSgs
dispersion at 200 W for 20 min to obtain conductive PA6 yarn.
Subsequently, conductive PA6 yarns were used as internal
electrodes and an emission layer was coated on them by
spraying. The emissive layer was made of ZnS:Cu/SBS cyclo-
hexane dispersion at the concentrations of 2 and 2.8 wt%,
respectively. Then, layers of a 2 wt% PVA solution, the PEDOT:
PSS/ethylene glycol aqueous solutions (at concentrations of 0.13
and 5 wt%, respectively) and PDMS prepolymer (at a ratio of
10:1) were successively coated onto the surface of the emissive
layer. These layers served as hydrophilic modification layer,
external electrode layer and hydrophobic encapsulation layer,
respectively.

RESULTS AND DISCUSSION

The fabrication schematic of GNS/PSS dispersion was shown in
Fig. S1. EG was used to fabricate GNS/PSS aqueous dispersion,
and its surface morphology was shown in Fig. S2. PSS serves as
both the surfactant and intercalator, facilitating the exfoliation of
EG in water to yield the graphene dispersion. The sulfonic acid
groups at the hydrophilic end of PSS form hydrogen bonds with
water molecules, which reduce the surface tension of water and
thus enhance the water wettability of graphene [37]. Subse-
quently, the cavitation effect during the ultrasonic process
induces the formation of gaps at the edges of EG, allowing PSS
to infiltrate the interlayers of graphite (Fig. S1) [38]. This infil-
tration increases the interlayer spacing of EG and diminishes the
Van der Waals force between the layers [39]. Simultaneously, the
benzene rings and long alkyl chains located at the hydrophobic
end of PSS readily engage in strong mn-m interactions and
hydrophobic interactions with graphene, thereby enhancing the
adsorption of graphene by PSS [40]. Consequently, graphene is
effectively dispersed in water. We first characterized the surface
morphology of PSS on the GNS surface using Scanning Electron
Microscope (SEM). It is clear that the surface of the sonicated
EG appears flat, whereas the surface of GNS modified by PSS
displays a series of white spots (Fig. 2a, b). It is confirmed that
GNS was successfully modified by PSS according to a previous
work [41]. Furthermore, the edge of PSS-modified GNS was
transparent from the TEM image (Fig. 2c), confirming the
successful exfoliation of EG by PSS into few-layer graphene via
non-covalent modification [42]. This successful exfoliation can
also be confirmed by the specific surface area results of EG and
GNS/PSS. BET results show that the specific surface area
increases from 14.71 to 149.95 m?*/g when EG is exfoliated into
GNS/PSS (Fig. S3).

To evaluate the impact of PSS on the stability of GNS/PSS
dispersion, we studied the dynamic instability of GNS/PSS dis-
persion with varying PSS contents via multiple light scattering
[43]. The dynamic instability of all GNS/PSS dispersions
remained low. Particularly, the GNS,/PSSy 5 sample exhibited the
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Figure 2 Characterization of the structure and properties of the GNS/PSS aqueous dispersion. SEM images of sonicated EG (a) and GNS/PSS (b); inset
shows their enlarged images. (c) TEM image of GNS/PSS. (d) Dependence of the dynamical instability of GNS/PSS on the PSS loading; inset shows the optical
image of GNS,/PSS,s dispersion. (e) Zeta potentials of PSS solution and GNS,/PSS, s dispersion. (f) XRD spectra of EG and GNS;/PSSys. (g) FTIR spectra of
EG, GNS,/PSSy5 and PSS. (h) Raman spectra of EG and GNS,/PSSs. (i) The adhesion strength of conductive materials from GNS;/SDBS,5 and GNS,/PSS, s

with different substrates.

lowest dynamic instability (Fig. 2d). Both sonication time and
power affect the dispersion performance. As sonication time and
power increase, the dynamic instability of dispersion decreases,
indicating improved dispersion performance. With an ultrasonic
duration of 2 h and ultrasonic power exceeding 250 W, disper-
sion performance reaches stability (Fig. S4). In contrast, the
sample of sonicated EG precipitated within 10 min, showing
high dynamic instability (Fig. S5). The results indicated that the
presence of PSS significantly enhanced the stability of GNS/PSS
dispersions. When dropping sonicated EG and GNS/PSS dis-
persions into water, the GNS,/PSS, s dispersion diffused fully in
the water, while the sonicated EG dispersion immediately
reaggregated upon contact with water (Fig. S6). This phenom-
enon convincingly demonstrated the dispersing effect of PSS on
GNS. To investigate the underlying reason for the difference in
dynamic instability among GNS/PSS dispersions with varying
PSS contents, zeta potential was measured to analyze the surface
properties of GNS/PSS nanocomposites. The zeta potential of
GNS,/PSSy5 dispersion and PSS solution were —30.3 and
—9.2 mV, respectively (Fig. 2e). PSS showes a negative charge
due to the presence of sulfonic acid groups, while GNS itself
contains a small amount of oxygen-containing functional
groups, resulting in a negative charge as well. Therefore, the
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GNS modified by PSS possesses more negative charges, enhan-
cing electrostatic repulsion between GNS and promotes their
effective dispersion in water. In addition, it is known that zeta
potential decreases with increasing ion concentration in solution
[44]. Therefore, the ionic concentration in the dispersion
increases as the PSS content grows, resulting in the decrease in
the zeta potential of the GNS/PSS dispersion. This reduction
weakens the electrostatic repulsion between GNS, thus reducing
the dispersion capability of GNS in water. It should be noted
that increasing the PSS content inevitably decreases the con-
ductivity of GNS/PSS (Fig. S7). Considering both dispersion
performance and conductivity, the GNS,/PSSys sample was
chosen for subsequent use. To verify the excellent dispersion
performance of PSS for graphene, we compared the dynamic
instability and conductivity of GNS/PSS and GNS/SDBS dis-
persions. Compared with GNS/SDBS, GNS/PSS dispersion
showed better dispersion performance. This excellent dispersion
effectively prevents the agglomeration of graphene, thereby
benefiting improved conductivity (Fig. S8).

The X-Ray Diffraction (XRD) patterns further confirmed the
successful exfoliation results of EG by PSS. The characteristic
diffraction peak of pristine EG appears at 26 = 26.6°, which is
related to the crystal plane spacing of graphite [45]. In com-
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parison, the intensity of characteristic diffraction peaks of GNS/
PSS was notably reduced compared to the original EG (Fig. 2f),
which suggests that the number of stacked layers is substantially
reduced. This result also indicates that EG has been successfully
exfoliated into few-layer GNS. Fourier Transform Infrared
Spectroscopy (FTIR) was further used to verify the existence of
functional groups on GNS surface (Fig. 2g). The characteristic
peak at 3434 cm™ can be attributed to O-H stretching vibra-
tions, which is caused by the oxidation during the exfoliation
process. For GNS/PSS, the characteristic peaks at 1008, 1039,
1128 and 1184 cm™ can be attributed to the symmetric and
asymmetric stretching vibrations of S-O bonds. In addition, the
characteristic peaks at 1415 and 1635 cm™ correspond to the
main chain vibrations of benzene ring structures, indicating that
PSS is successfully adsorbed on GNS surface. In the Raman
spectrum of graphene, the D peak (approximately 1350 cm™)
corresponds to a disordered vibration peak, representing struc-
tural defects and edges. The G peak (approximately 1582 cm™")
arises from the in-plane vibration of sp? carbon atoms, repre-
senting the crystallinity of graphite. A lower Ip/I; ratio indicates
fewer structural defects and edges. After EG is successfully
stripped by PSS, the Ip/Ig ratio of GNS/PSS is 0.19, which is
slightly higher than that of EG (Ip/Ig = 0.14) (Fig. 2h). This is

Pristine fiber

DMSO solution

Clean solution

attributed to the non-covalent modification of GNS by PSS that
results in the reduction of the sp” area in the plane [46]. The
thermal stability of EG, PSS, and GNS/PSS was measured by
thermogravimetry (Fig. S9a). The residual mass of EG, PSS, and
GNS/PSS at 800°C is 97.9%, 53.3%, and 77.5%, respectively. The
weight ratio of GNS to PSS in GNS/PSS is close to the actual
value (the weight ratio of GNS to PSS is 1:0.5). EG has excellent
thermal stability as evidenced by their nearly linear DTG curves
(Fig. S9b). The thermal decomposition temperature of GNS/PSS
was 562°C, higher than that of PSS (453.5°C), indicating that the
n-m interactions between PSS and GNS enhance the thermal
stability of GNS/PSS [47]. The GNS/PSS dispersion maintained
good dispersion performance even after 120 days, along with
stable conductivity (Fig. S10). This demonstrates the excellent
durability and environmental suitability of GNS/PSS. Moreover,
compared to other conductive materials such as silver nano-
wires, liquid metal and carbon nanotubes, EG is not only widely
available but also cheaper. Thus, the GNS/PSS dispersion holds
promise for cost-effective applications.

Depositing conductive dispersions onto flexible substrates is
an effective strategy in maintaining high conductivity, which is a
crucial factor in the performance of electronic devices. The
adhesion performance between conductive materials and poly-
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Figure 3 (a) Schematic illustration of the preparation of a GNS/PSS-based stretchable fiber strain sensor. (b) SEM images of a stretchable fiber-strain-sensor
surfaces before and after stretching; the applied strain is 50%. (c) The relative resistance change of the stretchable fiber strain sensor under stretching.
(d) Repetitive cycles of the fiber strain sensor upon stretching to different strains of 1, 30, 50, 80 and 100; inset shows an enlarged curve of 1% strain. (e)

Cycling stability of the fiber strain sensor under a strain of 30%.
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mer substrates is crucial for ensuring durability during usage. In
our system, the use of PSS significantly enhances adhesion
strength with polymer substrates compared to small molecule
dispersants like sodium dodecyl benzene sulfonate (Fig. 2i).
Consequently, we utilized the GNS/PSS dispersion to fabricate
functional conductive fibers/textiles for wearable electronic
devices. The fabrication process of conductive fiber is shown in
Fig. 3a. The TPU fiber is firstly treated with DMSO to increase
the surface roughness, thus facilitating the coating of conductive
materials (Fig. S11). A layer of dense GNS/PSS is observed from
the cross-section image, indicating that GNS is embedded in the
fibers (Fig. S12). On the contrary, some areas on the fiber surface
without DMSO pretreatment are not covered with GNS/PSS,
resulting in voids, and GNS is not embedded in the fiber from
the cross-section image (Fig. S13). The influence of DMSO
pretreatment on the adhesion of GNS/PSS conductive layer is
explored by applying adhesive tape to the GNS/PSS conductive
layer. It can be found the pretreatment with DMSO reduces the
detachment of the GNS/PSS conductive layer from fiber sub-
strate (Fig. S14). The resistance of the conductive fiber is opti-
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mized with different soaking times. The resistance decreases
with increasing soaking time and is almost unchanged after
4 min (Fig. S15).

The GNS/PSS-coated TPU conductive fiber can be used as a
stretchable strain sensor to detect mechanical strains. Cracks are
observed in the GNS/PSS conductive layer after stretching the
fiber due to the different mechanical properties of the con-
ductive materials and stretchable substrate. Fig. 3b shows the
GNS/PSS layer in the fiber strain sensor produced microcracks
with a strain of 50%, thus increasing the electrical resistance for
sensing. The relative change in electrical resistance under strain
is shown in Fig. 3c, where the resistance increases with
increasing strain. The fiber strain sensor can endure a strain of
up to 100% with a gauge factor representing sensitivity of 144.6.
The resistance change curves show high repeatability under
various strains with a minimum detectable strain as low as 0.1%
(Fig. 3d and Fig. S16). Furthermore, the resulting fiber strain
sensor shows short response and recovery time of 0.188 s (Fig.
§16). The performance under different frequencies is an
important index to verify the stability of its fast signal response.
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Figure 4 Pressure sensing performance of the pressure sensor based on GNS/PSS-modified nanofiber membrane. (a) Schematic illustration of the structure
of the TPU nanofiber membrane-based pressure sensor. (b) Schematic illustration of the preparation of the electrode and the sensing layer. (c) Relative current
change of the TPU nanofiber membrane-based pressure sensor under different pressure loadings. Relative current responses of the TPU nanofiber membrane-
based pressure sensor under cyclic loading/unloading cycles with (d) low pressures from 7.5 to 225 kPa, and, (e) high pressures from 3000 to 18,000 kPa.
(f) Relative current change of the TPU nanofiber membrane-based pressure sensor over 10,000 loading/unloading cycles at a pressure of 10 kPa.
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As shown in Fig. S17 the response and recovery curves exhibit
symmetry with no significant changes in amplitude from 0.1 to
1 Hz. This indicates that our fiber strain sensor remained stable
across different frequency ranges. The fiber strain sensor based
on GNS/PSS shows good cyclic durability and can endure a
continuous loading-unloading process of 5000 cycles (Fig. 3e).
The fiber-based films typically possess a highly porous struc-
ture with interconnected nanoscale pores. Due to their nanos-
cale/microscale diameters and low density, fiber-based films are
lightweight compared to traditional films made of bulk materi-
als. The TPU nanofiber films are fabricated using electrospin-
ning. Their large specific surface areas provide a large number of
loading sites for GNS/PSS, making them suitable as flexible and
breathable functional materials for pressure sensors. Fig. 4a
shows the schematic illustration of the GNS/PSS-TPU nanofiber
pressure sensor, which is a typical sandwich structure. The top
and bottom electrodes are fabricated by coating GNS/PSS on the
surface of the TPU nanofiber membrane, while the middle
sensing layer is a fully conductive layer made by soaking GNS/
PSS dispersion (Fig. 4b). GNSs are embedded among fiber gaps
from the surface and cross-section SEM images (Fig. S18). The
work mechanism of our pressure sensor is as following: As the
applied external pressure load increases, the sensing layer is
compressed so that the spacing between the GNS sheets in the
GNS/PSS-TPU composite layer of the intermediate sensing layer

gradually decreases until the contacts form conductive paths
(Fig. S19). Thus, it can be understood that the pressure-sensitive
mechanism is that the number of conductive paths increases due
to the applied external pressure loading.

As shown in Fig. 4c, the relative current changes at different
pressures are recorded and the device maintains a wide pressure
response range by 18,000 kPa. Repeated loading-unloading tests
under various pressures proved further the device’s stable
pressure response and excellent repeatability (Fig. 4d, e). Objects
of different weights, such as button battery, stirring magneton
and bottle, could be distinguished based on changes in current
value (Fig. S20). The nanofiber-based pressure sensor enables a
rapid response during pressure loading and unloading processes.
The response time and recovery time are 128 and 125 ms,
respectively (Fig. S21). The relative current variation of the
device over 10,000 cycles of loading-unloading under a pressure
of 10 kPa is recorded (Fig. 4f). No significant signal fluctuations
are observed, indicating excellent durability and repeatability of
the GNS/PSS-based pressure sensor.

Flexible and stretchable wearable devices made of GNS/PSS
not only sense mechanical deformations, such as strain and
pressure, but also serve as noninvasive electrodes for detecting
human-related electrophysiological signals, including ECG and
EMG. Real-time monitoring of ECG and EMG signals is of great
significance to reflect human health [48-50]. Fig. 5a is a sche-
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Figure 5 Biopotential signal detection using the fabric bandage electrode. (a) Schematic illustration of the fabric bandage electrode used to measure ECG
and EMG signals. (b) Impedance analysis of the fabric bandage electrode on skin on the first and seventh days of use. (c) ECG signals measured with the fabric
bandage electrode in relaxed state and during exercise. (d) An enlarged curve of the ECG signals showing a distinguishable rhythm-related PQRST waveform.
(e) EMG signals measured under different gripping forces of 30, 100, and 200 N. (f) EMG signals from three hand gestures detected by the bandage electrode.
(g) EMG signals measured by the fabric bandage electrodes on the first and seventh days of use.
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matic illustration of bandage electrode detecting electro-
physiological signals. The TPU nanofiber membrane modified
with GNS/PSS dispersion is sewn into the commercial fabric,
and the optical images of the bandage electrode for detecting
ECG and EMG signals are shown in Fig. S22. The interface
impedance between human skin and the bandage electrode
shows no significant change after being used 10 times over one
week (Fig. 5b). ECG could provide important information for
the analysis and diagnosis of arrhythmia and cardiovascular
diseases [51,52]. To measure the ECG signals, we placed the
fabric bandage electrode on the forearm. As shown in Fig. 5c,
ECG signals of the volunteer are reliably recorded before and
during exercise, displaying different heart rates of 88 and
108 bpm, respectively. From the enlarged ECG curves, atrial
depolarization (P wave), depolarization of ventricles (QRS
complex) and ventricle repolarization (T wave) in the PQRST

Encapsulation layer

/ PVA layer
.~ Emissive layer|

e

Electrode

0 V/um
=L >

1

'

waveforms related to heart rhythm are clearly discernible
(Fig. 5d). EMG signal originates from muscle contraction
movement reflecting the muscle’s activity level [53]. We mea-
sured EMG signals at grip forces of 30, 100, and 200 N (Fig. 5e).
The resulting EMG signals exhibit increasing amplitudes cor-
responding to the increased grip strength. This result demon-
strates the potential of fabric bandage electrodes for detecting
the level of muscle activities. Additionally, different gestures,
such as fist, victory, and high-five, could be distinguished from
EMG signals (Fig. 5f), which has potential applications in the
field of human-computer interaction. Our bandage electrode
could easily detect high-quality EMG signals, and furthermore,
the signals remain stable even after the bandage electrode is
stored for 7 days (Fig. 5g).

In addition to flexible sensing devices, conductive GNS/PSS
dispersions can be utilized in fiber-shaped alternating current

1000 Hz 2000 Hz

Figure 6 (a) Schematic illustration for the preparation of a coaxial electroluminescent fiber. (b) Cross-sectional SEM image of a coaxial electroluminescent
fiber. (c) Dependence of the emission color of coaxial electroluminescent fiber on the frequency increasing from 0.1 to 8 kHz at a fixed voltage of 5 V/um
according to CIE 1931 color space. (d) Photographs of different voltages of coaxial electroluminescent fiber at 100-Hz frequency; (e) Photographs of different
frequencies of coaxial electroluminescent fiber at a voltage of 6 V/um. (f) An electroluminescent fiber is fixed on the submarine model to illuminate the
environment during the submarine’s (i) diving, (ii) advancing, (iii) floating and (iv) returning.
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electroluminescent devices. Commercial PA6 yarn serves as the
fiber substrate, which is soaked in GNS/PSS dispersion to pro-
duce conductive fiber (Fig. S23). Subsequently, the conductive
fiber is successively coated with ZnS:Cu/SBS luminescent
material, PVA hydrophilic layer, and an outer electrode of
PEDOT:PSS, before being encapsulated with PDMS. The
structure of coaxial electroluminescent fiber is shown in
Fig. 6a, b. Each layer is well loaded without obvious defects from
SEM images (Fig. S24). As mentioned above, the conductivity of
GNS/PSS sample decreases with an increase in PSS content. This
variation in conductivity could affect the performance of the
luminescent devices. For instance, the luminescent intensity of
the coaxial electroluminescent fiber decreases as the PSS content
increases (Fig. S25). The subsequent luminescent devices are all
based on the GNS,;/PSS, 5 dispersion. The applied frequency and
voltage have a positive effect on the luminance, and a luminance
of 50.08 cd/m? is obtained at a frequency of 5 kHz and a voltage
density of 5.65 V/um, satisfying the requirements for environ-
mental conditions in darkness (Fig. $26). Fig. 6d depicts the
variation in brightness with voltage under a fixed applied fre-
quency. When the voltage is 1 V/um, the brightness is relatively
weak, while it becomes more noticeable when the voltage
reaches or exceeds 2 V/um. In addition, the brightness varies
with frequency as shown in the Fig. 6e and Movie S1. The
Commission Internationale d'Eclairage (CIE) coordinates of the
coaxial electroluminescent fibers are shown in Fig. 6¢ and Fig.
$27. The color coordinate shifts from (0.2362, 0.4417) to (0.1499,
0.2004), and the blue shift phenomenon is obvious in Fig. 6¢
[54,55]. Furthermore, the coaxial electroluminescent fiber works
well under extreme mechanical deformation, such as knotting
(Fig. S28).

The resulting coaxial electroluminescent fibers exhibit stable
and excellent luminescent characteristics, which have great
application potential in clothing decoration, special environment
lighting, and healthcare [56-60]. In the ocean exploration,
underwater detection equipment is an indispensable facility.
Providing underwater lighting for such an equipment facilitates
smooth exploration. The flexibility of electroluminescent fiber
enables it to conform to the irregular surfaces of the equipment.
As a demonstration, an electroluminescent fiber is integrated
with a submarine model to illuminate the submarine in complex
underwater environments, guiding it to perform maneuvers
such as diving, advancing, and floating in specified directions. Its
stable luminance performance holds promise for expanding the
applications of luminescent devices in the marine field (Fig. 6f
and Movie S2).

CONCLUSIONS

In summary, we have developed a stable and versatile conductive
aqueous dispersion based on graphene and PSS. Morphological
and structural characterizations demonstrate that PSS dispersant
effectively disperse graphene in aqueous solution through non-
covalent interactions and electrostatic repulsion. The conductive
GNS/PSS dispersion can seamlessly integrate with polymer
fibers to realize multifunctional conductive fibers. We have
fabricated fiber-based flexible mechanical sensors using GNS/
PSS-modified fibers and fibrous membranes, including stretch-
able strain sensors and pressure sensors, capable of a sensing
strain as small as 0.1%. Furthermore, electrophysiological elec-
trodes based on GNS/PSS-modified fibrous membranes can
accurately detect electrophysiological signals for a long-time,
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including EMG and ECG. As a proof of concept, a highly flexible
GNS/PSS-based coaxial electroluminescent fiber is designed,
which can provide illumination for a submarine model to per-
form complete complex tasks. Given its facile preparation, high
conductivity, and versatile applications, the proposed GNS/PSS
aqueous dispersion holds significant potential for use in eco-
friendly and multifunctional wearable electronic devices.
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