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ABSTRACT

In this paper, we report a magnetic and conductive textile made from a mixture of NdFeB microparticles, multi-walled carbon nanotubes,
and polydimethylsiloxane. The textile can (i) shield 99.8% of electromagnetic signals ranging from 30 MHz to 3 GHz, thereby protecting peo-
ple from damage caused by the electromagnetic radiation, (ii) be hydrophobic and fire retardant, making it a possible choice for raincoat and
fire protection clothing, and (iii) convert mechanical energy into electricity through both electromagnetic induction and triboelectrification.
The textile creates many opportunities in the fields of multifunctional protective equipment and energy harvesting.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0044022

Integrating functional devices with traditional clothes and
directly designing multifunctional smart clothes represent two attrac-
tive strategies that leverage the advancements of wearable technology
to improve human health. The study of textile is of great importance,
as textile is the key material to fabricate clothes. Improving the proper-
ties of textile or introducing new capabilities to textile can yield
advanced clothes with many appealing features.~ Currently, many
researchers are also focusing on improving the performance of the tex-
tile to ensure that people with better protection meet the requirement
of specific applications, including electromagnetic shielding," ® flame
retardancy,7’8 and many others. Nevertheless, few works report the
design of textiles that can provide protection in different scenarios,
due to the tough requirements on the properties of materials.

At the same time, power sources have always been a problem
for wearable electronics. Traditional batteries cannot meet the
increasing requirements of power supply due to their relatively
rigid form factor and limited lifetime. In this case, triboelectric
nanogenerators (TENGs)”™"" and their derivative hybridized
generators'*~'* become promising candidates to solve the problem.
Hybridized electromagnetic-triboelectric nanogenerators represent
one of the largest branches to enhance the output power.”’ >’
However, traditional magnets in electromagnetic generators
(EMGs) are too rigid to integrate with flexible wearable devices,

and thus, there is a huge mismatch to employ them in real applica-
tions due to the high density and great hardness.

Here, we report a textile that can serve as the material for both
multipurpose protective clothing and hybrid energy harvesting. We
mix functional materials (i.e., CNT and NdFeB microparticles) with
the PDMS matrix and adopt laser cutting to pattern the composite
material into thin strips. Tuning the proportion of CNT and NdFeB
microparticles yields composites with desired density, modulus,
conductivity, and magnetism, suitable for wearable applications. As a
protective textile, it can block 99.8% electromagnetic signals ranging
from 3MHz to 3 GHz, thus preventing people from radiations. In
addition, benefiting from the features of the materials, the textile pos-
sesses good hydrophobicity flame retardancy, making it suitable for
raincoat materials and fire-fighting equipment. As an energy harvester,
the textile can harvest energy from human motions by contact electri-
fication and electromagnetic induction. The maximum power density
can reach 69.7 mW/m® by TENG and 8.8 W/m” by EMG. Meanwhile,
the hybridized TENG and EMG textile with an area of 49 cm® can
charge a 22 uF capacitor to3Vin 110s.

Figure 1(a) illustrates the detailed fabrication process of the com-
posite. First, mix the solution for 20 min. After heat curing and assem-
bling, the image of the as-fabricated textile is shown in Fig. 1(b) and
magnetized by 3 T at a maximum of 35 mT by reading the gauss meter
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FIG. 1. (a) Fabrication of the magnetic composite. (b) Image of the textile assembled by the strip structured composite; scale bar: 1.cm. (c) SEM image of the composite; scale
bar: 10 um. (d) Locally amplified SEM image of the composite; scale bar: 1 um. (e) Stress-strain curve of the composite with different NdFeB: PDMS weight ratios. (f) Density
comparison of the textile with traditional materials. (g) Resistance at different CNT weight ratios. (h) Magnetic flux density at different NdFeB weight ratios.

finally in Fig. S1. The scanning electron microscope (SEM) images in
Figs. 1(c) and 1(d) clearly show that the NdFeB microparticles and
CNT spread inside the composite and help the composite become
magnetic and conductive.

With respect to the composite, results in Fig. 1(e) suggest that the
resistance of the composite has a negative relationship with CNT’s
proportion because the more the CNTs are connected, the better the
conductivity composite can be obtained. At the same time, the mag-
netic flux density shows a reversed trend as shown in Fig. 1(f) that
more NdFeB microparticles can achieve stronger magnetism after
being pulse magnetized. In the meantime, NdFeB accounts for the
most of the weight proportion. Therefore, to reach a modest wearabil-
ity, the study of the weight ratio of NdFeB’s effect on tensile property
and the density of the textile is necessary. Figures 1(g) and 1(h) show
that a ratio of 4 (NdFeB: PDMS) yields textiles that can mutually bene-
fit from the tensile property and the density as a wearing material. As
a result, PDMS, CNT, and NdFeB with the weight ratio of 1:0.2:4 are
the most suitable choice for the textile in this work, which can also
endure the bending test for over 1000 cycles in Fig. S2.

CNT brings the textile conductivity and, thus, allows the textile
to block electromagnetic signals excellently so that it can protect preg-
nant woman from radiation damage as shown in Fig. 2(a). First, we
doped PDMS only with 400% NdFeB to check if magnetism impacts
the electromagnetic shielding effect. Figure 2(b) illustrates that the
magnetic sample has a better shielding effect at a relatively high fre-
quency signal. According to the formula SE(dB) = 20log(E;,/E,..), the

efficiency of shielding [Fig. 2(c)] from the magnetic composite can
block more than 58% electromagnetic signals ranging from 3 MHz
to 3 GHz. After doping another 20% CNT to the composite, the
shielding effect improves a lot [Figs. 2(d) and 2(e)]. Specifically,
CNT-PDMS and CNT-NdFeB-PDMS textile can block more than
98.7% and 99.4% signals ranging from 3 MHz to 3 GHz. Adding
the flexible printed circuit board (FPCB) coil to the device to form
the hybridized TENG-EMG additionally increases the shielding
efficiency to 99.8%, which is in line with the products in the
market.

PDMS-based textile is also a possible choice for water proof-
ing equipment like raincoat [Fig. 3(a)], due to the hydrophobic
nature of PDMS. In the hydrophobic angle test in Fig. 3(b), the
PDMS’s hydrophobic angle is 108.2°. After doping 20% CNT, the
hydrophobicity rises to 132.1° because CNT is extremely hydro-
phobic. A subsequent doping of 400% NdFeB reduces the hydro-
phobic angle to 127.3°, a level that is enough to build hydrophobic
surfaces. Here, we wash the textile with running water and dry the
textile naturally, it does not significantly influence the output of
the TENG and EMG, as presented in Figs. 3(c) and 3(d), and the
surface topography bears almost no changes as shown in Fig. S3.
Figures 3(e) and 3(f) demonstrate the stable resistance, magnetic
flux density, and the output of the TENG and EMG after being
immersed in water for 6 days. The electromagnetic shielding effi-
ciency remains over 99% [Fig. 3(g)], proving that the textile is a
wonderful candidate for water proofing clothing.
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FIG. 2. Electromagnetic shielding performance of the textile. (a) Schematic illustration of electromagnetic shielding. (b) and (c) measured shielding effectiveness (SE) and
efficiency of unmagnetized and magnetized NdFeB-PDMS composites. (d) and (e) measured shielding effectiveness (SE) and efficiency of the CNT PDMS, magnetized
CNT-NdFeB-PDMS composite, and TENG-EMG device.
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FIG. 3. Water proofing performance of the textile. (a) Schematic illustration of the water proofing function. (b) Hydrophobic angle of PDMS, CNT-PDMS, and textile. (c) and (d)
TENG’s and EMG's output comparison before and after the textile goes through the rain wash. (€) Resistance and TENG'’s output with the device immersing in water ranging
from 1 to 6 days. (f) Magnetic flux density and EMG's output with the device immersing in water ranging from 1 to 6 days. (g) Measured shielding effectiveness of the textile
after rain wash.
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Due to the properties of the composites, the textile is flame retar-
dant, thereby opening avenues to building fire-fighting equipment as
shown in Fig. 4(a). Heating the textile on the hot plate for 400 s at
350 °C decreases the magnetic flux density gradually to 1 mT as illus-
trated in Fig. 4(b). Fixing the heating time at 300 s and changing the
heating temperature from 20°C to 350°C yield a set of values of
the magnetic flux density. The magnetic flux density increases with the
temperature from 20 °C to 100 °C and then decreases, showing a dif-
ferent trend from traditional magnets [Fig. 4(c)]. Such results are pos-
sibly due to the composite network of the PDMS matrix and NdFeB
microparticles. When heating, the internal PDMS network collapses
and contracts, leading to a smaller distance between magnetic NdFeB
microparticles, thus enhancing the magnetic flux density. However,
the magnetic flux density of NdFeB has a negative relationship with
the temperature. The combined effect from two influence factors yields
a relationship that is not monotonous. In the same way, the overall
trend is negative by the time but not a monotonous process as pre-
sented in Figs. 4(d) and 4(e) in the case of fire burning. After burn-
ing in fire, there are little changes that happen to the resistance of

scitation.org/journal/apl

the textile; however, the magnetic flux density drops from 33 mT
to extremely low, but after remagnetization, it recovers to 24 mT
[Fig. 4(f)] and the relative TENG’s and EMG’s output corresponds
to the resistance and magnetic flux density changes as shown in
Fig. 4(g). At the same time, the electromagnetic shielding efficiency
remains as the resistance, which is 99.21%, demonstrating a great
reliability [Fig. 4(h)].

The composite can serve as a flexible permanent magnet due to
the embedded NdFeB microparticles. Further integration with a flexi-
ble printed circuit board (FPCB) coil [Figs. 5(a) and S$4] can enable the
capability of mechanical energy harvesting from human motions. The
textile with 20% CNT can also function as a single electrode TENG to
generate electricity with a peak to peak open-circuit voltage of 139V
and a short-circuit current of 6.1 pA [Figs. 5(b) and 5(c)]. At the same
time, through electromagnetic induction, the EMG (with 400%
NdFeB) can produce a peak to peak open-circuit voltage of 3.82 V and
a short-circuit current of 1.83 mA [Figs. 5(d) and 5(e)]. Both output of
TENG and EMG can endure the longtime reliability test for 3000
cycles, which proves its stability as shown in Fig. S5. The output of
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FIG. 4. Flame retardancy performance of the textile. (a) Schematic illustration of the flame retardancy scenario. (b) Magnetic flux density when heating at 350 °C. (c) Magnetic
flux density when heating at different temperatures for 300 s. (d) Image of the composite heating on the fire; scale bar: 1 cm. (e) Magnetic flux density when textile is in the
fire. (f) Resistance and magnetic flux density of textile in the original state, after burning and after remagnetization. (g) Measured shielding effectiveness of textile after burning.
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FIG. 5. Energy harvesting performance of the textile. (a) schematic illustration of the generators. (b) and (c) Voltage at different CNT percentages and currents at 20% CNT output of
the TENG. (d) and (e) voltage at 400% NdFeB and current at different NdFeB percentage output of the EMG. (f) Configuration of the rectified circuits to TENG and EMG with exter-
nal loads. (g) and (h) impedance matching of the TENG's and EMG's output. (i}-(k) Charging behavior of the capacitor of 22 uF by TENG only, EMG only, and hybridized generator.

TENG and EMG can be rectified to charge a capacitor [Fig. 5(f)]. The
TENG has a maximum power density of 69.7 mW/m? when the load-
ing resistance is 18.8 MQ [Fig. 5(g)], and the EMG has a maximum

power density of 8.8 W/m? at 20 KQ [Fig. 5(h)].

TENG can charge a capacitor to a high voltage level but with
slow speed [Fig. 5(i)], while EMG can charge fast but can only reach a
low voltage [Fig. 5(j)]. Figure 5(k) demonstrates the hybridized charg-

ing effect that not only can charge the capacitor fast at the beginning
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but also can achieve a high voltage eventually. As a result, the 22 uF
capacitor can reach 3 V in 110 s, which is more efficient than charging
with only TENG or EMG.

In this paper, we propose a flexible textile for multipurpose pro-
tection and hybrid energy harvesting. As material for protective cloth-
ing, the textile can block more than 99.8% electromagnetic signals,
thus protecting people from radiations. Additionally, the hydrophobic-
ity of the textile makes it possible to serve as the material for raincoat.
Besides, due to the property of flame retardancy, the textile has chan-
ces to be employed in fire-fighting equipment. As an energy harvesting
device, the textile possesses good energy extraction performances with
a power density of more than 8.8 W/m®. Therefore, with the conduc-
tive and magnetic composite, the textile provides possibilities in multi-
purpose protective clothing and wearable energy harvesting devices.

See the supplementary material for the AFM images of the unmag-
netized and magnetized composite (Fig. S1), bending test of the textile
(Fig. S2), SEM image of the composites after rain wash (Fig. S3), optical
image of hybridized generator (Fig. $4), and cycling reliability (Fig. S5).
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