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ABSTRACT: As communication technologies have become
omnipresent, the prevalence of electromagnetic field (EMF)
exposures poses possible health risks, particularly to vulnerable
groups such as pregnant women. In response, we introduce a
triboelectric ferrofluid fiber (TFF) that moves in response to
EMF, thereby generating charge in a way that is self-powered.
The TFF is flexible, stretchable (470%), and can be woven into
fabrics. The TFF utilizes a soft-contact (ferrofluid-silicon
rubber fiber) triboelectric core layer to enhance its sensitivity
to EMF, enabling it to detect even minor electromagnetic
fluctuations, such as those from cell phone typing. By
integrating hydrogel electrodes that offer conductivity and
minimal electromagnetic interference shielding, the TFF’s
sensitivity to magnetic fields is further amplified. Moreover,
its open-circuit voltage output is increased by 50% compared to the conventional electrodes. Building on this technology, we
designed a smart fabric for environmental early warning and potential real-time pulse monitoring, specifically tailored for the
safety and healthcare needs of vulnerable groups. Finally, we developed a sensing and communication apparel (SCA) by
integrating TFF into the apparel and exploring its capabilities in a wireless transmission of warning signals and long-distance
NFC functionality.
KEYWORDS: ferrofluid fiber, triboelectric soft contact, magnetically responsive textiles, environment early warning, large-scale production

INTRODUCTION
Annually, there are over 200 million pregnancies, a critical
stage in life characterized by profound physiological and
behavioral transformations.1,2 The environments and lifestyles
of pregnant individuals are crucial, impacting both their own
health and the development of the fetus.3 Recent research
underscore the significant risks posed by high levels of
magnetic fields and intense electromagnetic radiation, which
can disrupt the chemical stability of cellular tissues, triggering
apoptosis and stunting embryonic growth. These disruptions
increase the probability of health risks in pregnant women and
fetal malformations.4−6 These findings emphasize the necessity
of developing a portable automatic early warning sensing
system that can alert in the presence of dangerous magnetic
and electromagnetic environments to safeguard the health of
vulnerable groups, especially pregnant women.3,7−9

Conventional EMF sensors are typically bulky, and rigid, and
often require complex supplementary circuitry, making them
unsuitable for portable wearable devices.10,11 Recent advance-
ments in flexible materials and wearable sensing are
increasingly prominent due to technological innovations.12−22

However, the frequent need for maintenance and replacement
of traditional power systems, and the low integration with
clothing continue to slow the development of wearable EMF
sensing technology. Self-powered sensing fibers are charac-
terized by their high weavability and independence from
external power sources, making them a promising candidate for
the next generation of wearable EMF sensors.23−26 Despite its
promise, the self-powered sensing fibers’ application is
currently limited by its poor abrasion resistance and
suboptimal electrical output.27 A significant issue is that
conventional solid electrode materials tend to have a strong
electromagnetic interference shielding effect (EMI SE),28,29

considerably reducing their sensitivity to electromagnetic
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waves and magnetic fields.30,31 Furthermore, the performance
of traditional designs is significantly influenced by environ-
ments,32,33 posing a considerable challenge to their practical
use in smart wearable sensors.
Here, we present magnetically responsive, self-powered

triboelectric ferrofluid fiber (TFF) designed for EMF sensing.
The TTF consists of a hollow silicone fiber filled with
ferrofluid internally and coated with hydrogel externally. This
combination of materials results in a highly flexible and
stretchable fiber (up to 470%) that can be woven into a textile.
The fabrication process is compatible and designed for large-
scale production. The fibers generate tribocharge in response
to EMFs due to the moving of the ferrofluid and its interaction
with the silicone walls. The internal magnetic response of the
TFF core enables it to maintain its sensing performance
unaffected by humidity, utilizing the capability of magnetic
fields to penetrate water with minimal strength loss. Addition-
ally, the ion-conducting hydrogel electrode sheath enhances
the response of TFF to magnetic fields and boosts the open-
circuit voltage output by 50% compared to the conventional
electrodes. We demonstrate a self-powered textile with an
environment early warning platform and explore the potential
for real-time pulse monitoring. Finally, we successfully
integrated TFF into apparel to create an electronic textile (e-
textile), the Sensing and Communication Apparel (SCA). By
incorporating a mobile terminal, Bluetooth module, and

induction coils, the SCA can wirelessly transmit open-circuit
voltage signals generated by magnetic fields to the mobile
terminal and offer long-distance NFC functionality.

RESULTS AND DISCUSSION
The self-powered environment early warning smart textile
platform, shown in Figure 1a, is woven from TFFs capable of
sensing changes in EMFs and constant magnetic fields in the
environment. To maintain the attractive features of stretchable
fibers, each constituent element in the TTF is engineered using
materials with flexibility and stretchability.34,35 The composi-
tion of TFF is shown in Figure 1b, incorporating water-based
ferrofluids (tribo-positive material), hollow silicone rubber
fibers (tribo-negative material), and a coating of ionically
conductive hydrogel, which serves as an external electrode.
Ionic hydrogel electrodes coated on the exterior of TFFs are

important for the performance of the fibers. Hydrogels are
attractive as electrodes for several reasons. First, they are soft
and stretchable. Second, they do not shield EMF in a
pronounced way like conventional metals. Third, they are
biocompatible.36−38 In this work, a hydrogel electrode sheath
was coated coaxially around the silicone rubber fibers to
enhance the electrical output performance of the TFF
compared to conventional electrodes and the ionic hydrogel
shows excellent biocompatibility (Figure S1). A soft-molding
method (refer to synthesis of TFF) was designed to pass the

Figure 1. (a) Schematic illustration of self-powered smart sensing platform. (b) Schematic illustration of the TFF.
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fibers through a plasma and a UV curing chamber. The plasma
improves the adhesion to the gel39 and the UV chamber cures
the gel coating. The fibers are collected on a roller to achieve
large-scale preparation of TFF (Figure 2a). Tannic acid was
included in the gel to promote adhesion via the large number
of −OH groups, which react with the −OH groups on the
surface of the silicone rubber fibers in a dehydration reaction
(Figure 2b) to produce chemical adhesion, which tightly binds
the hydrogel electrode sheaths to the silicone rubber
interface.40,41 The tannic acid molecules also form a large
number of reversible chemical bonds (hydrogen bonds) with
the polyacrylamide chains giving the hydrogel electrodes
excellent self-healing capabilities (Figure S2). In addition, the
axial contraction of the gel during curing allows it to bond
more tightly to the silicone rubber (Figure S3). Under the
strong binding force, the standard-size (0.8 × 2 cm) hydrogel
electrode combined with silicone rubber can withstand a 50 g
weight without falling off (Figure S4). N, N′-methylenebis
(acrylamide), acting as a cross-linking agent, reacts with

acrylamide to form a cross-linked network that confers strength
to the hydrogel electrode.42,43 To avoid the attenuation of TFF
properties due to dehydration, we soaked the prepared
triboelectric ferrofluid fiber in a 70% glycerol solution for 30
min. This process improved the water retention properties of
the hydrogel electrodes without compromising their other
characteristics (Figure S5). After 2 days at room temperature,
the mechanical properties will be enhanced due to the
topological reorganization practiced by the ionic hydrogel,
and the tensile strength can reach 800%.44 The properties do
not change much after 5 days (Figure S6). Figure S7 illustrates
various deformations of TFF, including stretching, bending,
twisting, and winding, which do not affect the electrical output
performance of the TFF (Figure S8). Due to its good sealing,
the TFF is also less susceptible to environmental changes such
as temperature and humidity (Figure S9). Further analysis
shows that the adhesion between the hydrogel and the silicone
rubber tubing was enhanced by axial shrinkage caused by
dehydration, as shown in Figure 2c, and thus the TFF could

Figure 2. (a) Schematic diagram of the preparation process of TFF and TFF collected with collection roller. (b) Schematic diagram of the
bonding of the adhesion factor tannic acid on the surface of silicone rubber after oxygen plasma treatment. (c) The effect of aging time on
the stretchability of the TFF. (d) Conductivity of hydrogel electrodes with different NaCl concentrations. (e) The SER and SEA at different
frequencies for hydrogel electrodes with different ionic concentrations.
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maintain its optimal tensile properties after 5 days with a
tensile of 470%. The tight bonding between the hydrogel
electrode sheath and the friction core layer contributes to
TFFs’ excellent abrasion resistance, which is further enhanced
when combined with fabric (Figure S10). Additionally, the
conductivity and total EMI SE (EMI SET) of hydrogel
electrodes were evaluated across various sodium chloride
(NaCl) concentrations in the gel. The conductivity of hydrogel
electrodes with ionic concentrations of 0.15 g/mL and 0.2 g/
mL were close (Figures 2d). The total EMI SET is the
contributions of shielding reflection (SER) and shielding
absorption (SEA). As shown in Figure 2e, when the
concentration increases from 0.15 g/mL to 0.2 g/mL, the
SEA value shows a substantial rise, leading to a steep increase in
the absorption of electromagnetic waves. This results in a
significant increase in EMI SET (Figure S11a), which in turn
causes the attenuation of the TFF’s electrical output. The
imaginary part (εM) of the microwave dielectric constant is also
compatible with the EMI SET results (Figure S11b). Thus, the
best combination of high conductivity and low EMI SE of
hydrogel electrode was hypothesized to occur at a NaCl
concentration of 0.15 g/mL, a proposition we intended to
validate in subsequent tests.
The development of the hydrogel coating offers insights into

augmenting the electrical output performance of TFF by
mitigating interference. Here, we aim to further enhance TFF’s
electrical output through the design and modification of the
triboelectrification materials involved. Ferrofluid is a colloidal
suspension that includes a blend of nanoparticles with
permanent magnetic dipoles and surface charges, a carrier
fluid, and a surfactant.45−48 The interactions between the
particles, including van der Waals forces, screened electrostatic
repulsions, and magnetic dipolar interactions, cause the
ferrofluid to lay flat in the silicone rubber fibers surface and
exhibit fluid mobility when there is no magnetic field.49,50

When exposed to a magnetic field, the particles in the
ferrofluid align into a conic array through the Rosensweig
instability. As illustrated in Figure 3a, upon application of a
direction-variable magnetic field, the orientation of the conic
array assembly shifts to the direction opposite to that of the
magnetic field. The corresponding optical and magnified
images can be observed in Figures 3b and 3c. During the
rotational movements of the magnet, the shape of the macro
array remains stable, ensuring the stability of TFF after long-
term use (Figure S12), which benefits from the uniform
dispersion of ferromagnetic nanoparticles in the carrier fluid.
The SEM images of the magnetic nanoparticles are shown in
Figures 3d and 3e. In the presence of an external magnetic
field, these nanoparticles arrange themselves into chains or
columns. When the magnetic field is removed, the micro-
structure disintegrates, and the magnetism dissipates (Figure
S13). This paramagnetic behavior allows the magnetic fluid to
respond dynamically to the magnetic field, enhancing its ability
to facilitate electrical contact and separation through friction.
Then, a double helix extruder with a surface-texture

spinneret die was used to prepare silicone rubber fibers with
complex microstructures in the inner wall (Figure S14), which
increases the surface area and thus the contact charging area
between the triboelectric layers, ultimately boosting TFF
sensitivity compared to other works (Figure S15 and Table
S1). However, these minor depressions facilitate the adherence
with the magnetic fluid during motion, leading to a diminished
electrical output performance of TFF. Impregnation with 1H,

1H, 2H, 2H-perfluorodecyltriethoxysilane (PFDTES) was used
to modify the chemistry of the silicone walls to render it
hydrophobic51 (Figure S16). The enhanced hydrophobicity52

leads to an increase in the water contact angle from 71° to
145.7° (Figure S17). The reduced resistance to liquid flow can
contribute to the response time of TFFs (Figure S18). Figure
3f illustrates the assembly and reconstruction of ferrofluid on a
hydrophobic silicone rubber substrate. Initially, an independ-
ent conic array is preformed on the left panel under a magnetic
field, as seen in (Figure 3f i). By manipulating the magnetic
field, this conical array rapidly changes shape and passes from
left to right through a narrow channel (Figure 3f ii).
Subsequently, a reformed conic array is established on the
right panel (Figure 3f iii). Throughout the entire process, the
magnetic fluid remains nonadhesive to the silicone rubber
substrate. Ferrofluid and silicone rubber fibers with hydro-
phobic treatment form the triboelectric core layer. To
overcome the adverse effects of fluid resistance and increase
the ferrofluid injection rate into silicone rubber fibers, we also
optimized the process using a dual-force injection method.
Combined with the hydrophobic treatment, we have achieved
continuous, stable, efficient and long-distance injection of
ferrofluids into silicone rubber tubing (Figure S19).
Figure S20 simulates the morphological changes of the

ferrofluid and triboelectric charges within the silicone rubber
fiber. In the absence of a magnetic field, the ferrofluid stays
stationary. When a weak magnetic field is applied, small conical
spikes begin to form on the surface, which lengthens as the
magnetic induction increases or the distance between the TFF
and the magnetic field decreases (Figure S21). Induced charges
are generated where the ferrofluid contacts the inner wall of
the fiber as the ferrofluid starts to congregate toward the center
of the magnetic field. Once the ferrofluid is completely
centralized, the relative change of the contact area between the

Figure 3. (a) Schematic diagram of the dynamic movement of the
conic arrays under a direction-variable magnetic field. (b)
Photographs of left-tilt, vertical and right-tilt of conic arrays of
ferrofluid. (c) Magnified photograph of an individual magnetic
fluid spike. (d and e) SEM images of magnetic nanoparticles in
ferrofluid under different magnifications. (f) Manifestation for the
assembly and reconstruction process of ferrofluid on hydrophobi-
cally treated silicone rubber substrate.
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ferrofluid and the silicone rubber fiber is at its largest, and the
amount of induced charge generated reaches a maximum. This
mechanism allows the TFF to maintain consistent electrical
output performance under arbitrary deformation even when
the internal ferrofluid is not continuous (Figure S22). Figure
S23 simulates the contact phenomenon between the ferrofluid
and the silicone rubber fiber by constructing an electron cloud
interaction model. Before contact, electrons occupy their
respective atomic orbitals and are loosely bound in a potential
well, forming an electron cloud. Upon contact between the two
materials, the electron clouds overlap, and the original single
potential well evolves into a double asymmetric potential well,
powering the transfer of electrons. When the external
conditions (e.g., temperature) are constant, once the two
materials are separated, the transferred electrons remain in the
orbitals due to the existence of energy barriers within the
materials, creating a potential difference at the friction
interface. The operational principle of the TFF is also
confirmed in COMSOL finite element simulations, as depicted
in Figure S24.
The ferrofluid droplet changes shape from ellipsoidal to

conical when it moves closer to the magnetic field, as depicted
in Figure 4a. As the distance between the two objects gets
smaller, the cone’s height rises, improving the TFF’s electrical
output performance. The capacity to generate highly sensitive
electrical signals at varying magnetic induction strengths
highlights its potential for use in wearable sensor devices
(Figures 4b, 4c, and S25). A 10 cm length TFF was fixed on
one side of the linear motor, and magnets were applied with
different magnetic inductions on the opposite side to control
reciprocating motion (Figure S26). We precisely regulated the

magnetic field strength around the TFF by using different
strengths of rubidium permanent magnets and adjusting the
distance between the magnets and TFF (Figure S27). The
results indicate that the short-circuit current increased from 50
μA/m2 to 70 μA/m2 (current normalized by the inner surface
area of the fiber) and the open-circuit voltage escalated from
0.2 to 0.45 V with the increase in magnetic flux density. The
magnetic force exerted by the magnet on the ferrofluid is
proportional to the magnetic induction strength, and as the
magnetic force increases, the ferrofluid makes more thorough
contact with the silicone rubber fiber wall. This process
improves the effective contact area, subsequently enhancing
the electrical output. The ionic concentration of the hydrogel
electrode is also a crucial factor affecting the electrical output
of TFF. Electromagnetic waves (EMW) dissipate after many
internal refractions between the salt ions of the hydrogel
(Figure 4d). By modulating the NaCl concentration within the
hydrogel electrode, one can regulate the transmittance of
EMWs, thereby achieving precise control over EMI SE. To
identify the optimal formulation that offers both superior
conductivity and electromagnetic shielding capabilities, we
investigated the impact of varying NaCl concentrations in
hydrogel electrodes on the electrical output characteristics of
TFF (Figures 4e, 4f and S28). The outcome indicates that the
electrical performance of TFF initially rises as the NaCl
concentration increases. The short-circuit current density (80
μA/m2) and open-circuit voltage (0.35 V) of the TFF reached
maximum when the sodium chloride concentration was 0.15
g/mL. With a further increase in concentration, the electrical
performance was constrained by the electromagnetic shielding
effectiveness, resulting in a decrease in the electrical output.

Figure 4. (a) Shape changes of ferrofluid droplets with magnetic field intensity. (b and c) Short-circuit current (b) and open-circuit voltage
(c) performance of TFF in different magnetic intensities. (d) Schematic illustration of refraction and dissipation of electromagnetic waves by
hydrogel electrodes. (e and f) Short-circuit current (e) and open-circuit voltage (f) performance of TFF prepared with different NaCl
concentrations. (g and h) Short-circuit current (g) and open-circuit voltage (h) performance of TFF prepared by hydrogel electrodes with
different electrode materials.
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Figures 4g, 4h and S29 compare the electrical output
performance of TFF prepared with different electrode
materials (Figure S30). The results showed that TFF with
ionic hydrogel electrodes had the best performance with a
short-circuit current density of 80 μA/m2 and an open-circuit
voltage of 0.30 V, which is a 50% improvement compared to
copper and silver electrodes. The incorporation of hydrogel
electrodes in TFF significantly boosts its electrical output by
avoiding the electromagnetic shielding effect of conventional
solid electrode materials while maintaining excellent electrical
conductivity. Additionally, owing to the inherent liquid nature
of the ferrofluid, which resonates when subjected to external
vibrations, we also measured the voltage signals generated by
TFF under various impact forces (Figure S31).
Strong electromagnetic radiation has negative impacts on

human health, potentially leading to fatigue, headaches,
reduced learning ability, and cognitive impairment.53−55 The
effects are even more serious in vulnerable groups such as
pregnant women, where prolonged radiation exposure
increases the risk of health complications and irreversible
effects on immune function, and even raises the possibility of
fetal malformations.6,56−58 Here, we developed a self-powered
smart textile using plain weaving to integrate TFF into the
textile, providing environmental alerts and a real-time health
monitoring system for vulnerable groups (Figure 5a). TFF is
ultrasensitive to electromagnetic waves and can detect
electromagnetic waves generated by the tiny currents of cell
phone typing.59 We placed TFF close to a cell phone and
connected it to the electrometer, electromagnetic waves
produced by cell phone usage can be successfully detected
and converted into an electrical signal output, as depicted in
Figure 5b. TFF produces a stable electrical output when the
phone is inactive, but while typing, changes in the electro-
magnetic waves emitted by the phone cause a constant

fluctuation in the electrical output, which later stabilizes again
once typing stops (Figures S32a, S32b and Video 1). We
excluded the possibility that the electrical output signal is
generated by human artifacts through control experiments
(Figure S32c and Video 2). By artificially setting a human
safety threshold value (4 kGs),60 the TFF can sense changes in
the surrounding electromagnetic waves and trigger an alarm
when the generated electrical output signal exceeds the
threshold, thus acting as an early warning system for strong
electromagnetic waves. Additionally, the TFF is also sensitive
to stationary magnetic fields, generating electrical output in
their proximity. This is evident in Figures 5c and S33, where
the electrical signal output increases as the TFF gets closer to
the magnetic field, with the short-circuit current increasing
from 50 μA/m2 to 75 μA/m2 and the open-circuit voltage
rising from 0.15 to 0.3 V. As shown in Figure 5d, we placed the
TFF textile close to a fixed magnetic field, and the resulting
open-circuit voltage signal varies in magnitude depending on
the distance. When the safety threshold is set to 4 kGs, the
TFF textile will alert if the safe distance between user and
stationary magnetic field is not maintained. In practical
applications, short pauses can be used to avoid interference
from motion artifacts, ensuring accurate TFF measurements
during continuous motion. With an ultrafast response time of
0.13 s, the TFF provides reliable readings even during brief
pauses, clearly distinguishing stable signals at rest from the
irregular signals generated during movement. This approach
effectively minimizes the impact of motion disturbances,
ensuring consistent measurement accuracy in practical settings
(Figure S34). Finally, since TFF is capable of sensing
mechanical forces, we also explored the potential of TFF as
a real-time pulse detection system. As shown in Figure S35,
each signal wave represents a pulse beat and the density of the
signal wave indicates the pulse frequency. TFF generates an

Figure 5. (a) Fabrication of TFF textile by plain weaving. (b) The open-circuit voltage output of the TFF e-textile in three scenarios: at rest,
tapping with a rubber mallet, and typing with a hand. (c) Short-circuit current performance at different distances between the TFF and the
magnetic field. (d) Open-circuit voltage signal generated when TFF textile approaching magnetic field.
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electronic output signal that varies with the frequency and
intensity of the pulse, enabling real-time pulse monitoring.
Finally, we used TFF to develop a SCA that can sense

external magnetic environments. We first enhanced the
mechanical properties and reduced the diameter of TFFs
through mechanical training, thereby improving their textile
properties (Figure S36). Then, using computer-aided pattern
design, we integrated TFF into the apparel with an embroidery
machine, sewing TFF patterns onto the arms, chest, sides, and
abdomen (Figure S37a). The TFF embroidery is incorporated
into the apparel’s outer layer by braiding it on the front and
reinforcing it with sewing thread (conductive yarn) on the
backside (Figures S37b and S37c). This stitching is robust
enough to withstand intense folding and twisting without
damage (Figures S37d and S37e). By recording the open-
circuit voltage output of the SCA under different magnetic field
strengths, we found a clear correlation: the more robust the
magnetic field, the higher the output voltage (Figures S37f,
S37g, and Video 3).
To further improve the SCA’s flexibility and expand its usage

scenarios, we integrated a mobile terminal, Bluetooth module
and induction coils into the apparel. By connecting the
Bluetooth module to the TFF pattern (induction coil), the
open-circuit voltage signal generated by the magnetic field can
be wirelessly transmitted to a portable electronic device
(Figure 6a i). We applied magnetic fields of 3 Gs and 6 Gs near
the SCA and successfully received 1 and 1.5 V open-circuit
voltage signals via Bluetooth on a cellphone, thus enabling on-
the-go sensing of magnetic fields of different intensities (Figure
6b). In addition, the conductive yarn on the back of the TFF
embroidery provides the e-textile with near-field communica-
tion (NFC) functionality over long distances (>50 cm) as a
relay. When the wireless reader is close to the TFF pattern on
the arm, a time-varying magnetic field generates induced
currents throughout the conductive yarn’s relay. This, in turn,
creates simultaneous magnetic “hotspots” at both ends of the

relay’s TFF pattern, allowing for the emulated card at the chest
to connect with the reader wirelessly (Figure 6a ii). In practical
scenarios, the user places their cell phone, which acts as an
emulated card, at the TFF pattern on the chest and simply
approaches the gate sensing area with their arm. This setup
enables reading the uniform resource locator (URL)
information stored in the cellphone’s emulated card, allowing
the user to pass through the gate without swiping a physical
card (Figure 6c and Video 4).

CONCLUSIONS
By effectively improving the wear strength of the sensor via
creating a solid−liquid friction interface, we successfully
created a triboelectric ferrofluid fiber sensor exhibiting
impressive flexibility, high sensitivity, and robust performance.
We achieved a hydrophobic surface (with a hydrophobic angle
of 145.7°) for the silicone rubber/ferrofluid triboelectric
interface through the impregnation method. This treatment
efficiently prevents the degradation of electrical output
performance caused by the adhesion of ferrofluid to the
silicone rubber fiber. The resultant microstructure from the
helix extruder enlarges the contact area of the silicone rubber-
ferrofluid friction layer after hydrophobic treatment, thereby
increasing the surface charge density. Additionally, to circum-
vent issues associated with the limited flexibility and
electromagnetic shielding effectiveness of solid electrode
materials like metals, we introduced ionic hydrogel electrodes.
This approach resulted in an open-circuit voltage output
enhancement of 50% compared to the conventional electrodes.
A soft mold method was designed to enable uniform and
secure coating of the hydrogel electrode on the silicone rubber
fiber surface, leading to a high stretchability of up to 470%.
Based on TFF’s sensitivity to various environments, we
developed a self-powered smart textile for vulnerable groups
such as pregnant women and established an environmental
early warning and real-time pulse monitoring system, which

Figure 6. (a) Schematic illustration of magnetic field sensing via Bluetooth (i) and NFC functionality (ii) of SCA. (b) The open-circuit
signals of SCA sensing to magnetic fields with different strengths via Bluetooth. (c) Photograph of a free physical card passing through the
gate using SCA’s NFC function.
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can prevent users from being exposed to harmful strong EMFs,
thus, minimizing health risks for both maternal and their
fetuses. Lastly, we created a e-textile (i.e., SCA) by integrating
TFF into clothing and combining it with mobile terminals,
Bluetooth modules, and induction coils. This gives users
practical and effective magnetic field sensing and communica-
tion options for a range of real-world situations.

EXPERIMENTAL METHODS
Materials. Anhydrous ethanol was purchased from Yangyuan

Chemical (Changshu) Co., Ltd.
2-Hydroxy-4-(2-hydroxyethoxy)-2-methylpropiophenone, N,N′-

methylenebis (acrylamide), and tannic acid were purchased from
Aladdin Reagent (Shanghai) Co., Ltd.

Water-based ferrofluid (Saturated magnetization 440 G) was
purchased from Ink King (Japan) Co., Ltd.

Acrylamide was purchased from Titan Technology Co., Ltd.
Ethylene glycol was purchased from Macklin Biochemical

Technology Co., Ltd.
Sodium chloride was purchased from Hushi Laboratorial Equip-

ment (Shanghai) Co., Ltd.
All materials or chemicals above were directly used as received

without any further purification.
Synthesis of Ionic Hydrogel Solution. NaCl with different

weights (0.5 g, 1.0 g, 1.5 g, 2.0 g) were first dissolved in a mixture of
deionized water (7 mL) and ethylene glycol (3 mL). Then,
acrylamide (2.13 g), N,N′-methylenebis (acrylamide) (0.01 g), and
tannic acid (0.015 g), and 2-Hydroxy-4-(2-hydroxyethoxy)-2-methyl
propiophenone (0.1 g) were added in sequence and stirred until
completely dissolved to obtain ionic hydrogel solutions with different
concentrations of sodium chloride.
Synthesis of TFF. First, silicone rubber fibers of 2 mm in diameter

(thickness of 0.5 mm) with wrinkled inner-wall were oxygen plasma
treated and then saturated in a silicon-based super hydrophobic
coating solution to soak for a specified duration, and later air-dried.
The processed fibers were then immersed in an acidic perfluor-
odecyltrimethoxysilane ethanol solution, resulting in a hydrophobic
coating on the silicone rubber fiber’s inner wall. Following this, a
water-based ferrofluid was injected into the hollow fiber, which was
subsequently sealed using a hot-melt glue to form a friction core layer
that boasted a solid−liquid interface. This sealed triboelectric core
layer was then treated with plasma and encased in an external hose
mold. The gap between the core and the mold was filled with a liquid
ionic hydrogel and then subjected to UV light in a curing box to
transform the fluid hydrogel into a solid gel state. Finally, the hose
mold was peeled off and the Triboelectric Ferrofluid Fiber (TFF).
Morphology Characterization. The surface morphology of the

inner wall of silicone rubber fibers before and after hydrophobic
treatment was characterized by the desktop scanning electron
microscope (Phenom G2 pro).

The contact angles of the inner wall of silicone rubber fibers before
and after hydrophobic treatment were tested by the OCA40Micro
automatic video microcontact angle measuring instrument.

The cross-sectional morphology of hydrophobic treated silicone
rubber fiber and hydrogel coated silicone rubber fiber was
characterized by an ultradepth microscope (Leica DVM6) to explore
the combination of hydrophobic coating and hydrogel electrode with
silicone rubber fiber.
Conductivity Measurement. The electrical conductivity (σ) of

hydrogels with different ion concentrations was measured by the
Autolab PGSTAT302N electrochemical workstation, and the
conductivity was calculated according to the formula:

L S R/( )= ×
where L, S, and R are the length, cross-sectional area, and electrical
resistance of hydrogels, respectively.
Mechanical Measurement of Hydrogel. The Stretchability of

hydrogel samples (thickness of 1 mm) under different aging times and
the tensile strength of TFF sample (length of 10 mm) with different

tensile rates were measured with the Instron electronic universal
testing machine.
Electrical Output Measurement of TFF. The TFF was fixed on

one side of the linear motor, and a magnet was fixed on the other side
for a controlled reciprocating motion, changing the distance between
the TFF and the magnet and recording the speed and distance. The
electrical output of TFF was measured by the electrometer
(Keithley6514A). When testing and exploring the electrical output
performance of frictional electric fibers under different conditions, the
speed, displacement, electrical, and optical signals can be transmitted
to the computer at the same time and plotted in real time.
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