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ABSTRACT: With the rapid development of the electronics,
information technology, and wearable devices, problems of the
power crisis and electromagnetic radiation pollution have
emerged. A piezoelectric wearable textile combined with
electromagnetic shielding performance has become a favorable
solution. Herein, a multifunctional PVDF-based wearable sensor
with both electromagnetic shielding function and human body
monitoring performance is proposed by incorporating silver
nanowires (Ag NWs) and multiwall carbon nanotubes
(MWCNTs) hybrid-networks into PVDF-casted commercial
nonwoven fabrics (NWF). The coordination of Ag NWs and
MWCNTs networks ensures the ideal electrical conductivity and
mechanical strength. The maximum shielding value of the
developed sensor reaches up to 34 dB when the area densities of the Ag NWs and MWCNT are kept at 1.9 and 2.0 mg/cm2,
respectively. Additionally, the hydrophobicity of the as-proposed sensor (water contact angle of ∼110.0°) ensures the self-
cleaning function and makes it resistive against water and dirt. Moreover, the sensor possesses a force-sensing property by
generating different piezoelectric voltages (0, 0.4, 1.0, and 1.5 V) when stimulated by various forces (0, 20, 44, and 60 N). Not
only can it respond to different external stress in a timely manner (response sensitivity of ∼0.024 V/N, response time of ∼35
ms), but it can also monitor different body movements, such as joint bending, running, and jumping. This work opens up a new
prospect of monitoring the human body as well as protecting human health from electromagnetic radiation surroundings.

KEYWORDS: conductive networks, piezoelectric PVDF polymer, electromagnetic interference (EMI) shielding, sensing,
human body monitoring

1. INTRODUCTION

With the popularization of smart electronics and wearable
devices, electromagnetic radiation pollution has become a
severe problem because it often causes harmful effects on
human beings. To solve this issue effectively, high-performance
electromagnetic shielding materials have attracted increasing
interests, and many important studies have been performed.1−7

According to electromagnetic theories,8,9 the shielding
attenuation of the electromagnetic wave was usually achieved
through the interface reflection and internal absorption.
Generally, materials which possessed higher electrical con-
ductivity would exhibit higher reflection and loss ability and
thus had better shielding performance. During the past decade,
many conductive materials, such as MXene,10,11 metallic
nanowires,12 carbon nanotubes,13 and graphene14 have been
applied in the field of electromagnetic shielding. Among them,
silver nanowires (Ag NWs)15,16 and multiwall carbon nano-
tubes (MWCNTs)17,18 have been considered to be promising
conductive fillers to assemble electromagnetic interference

(EMI) shielding composite structures because of their
excellent electrical conductivity, controllable aspect ratio, and
favorable mechanical flexibility.
Recently, flexible wearable pressure sensors have gained

tremendous interests for unique sensing applications in human
body monitoring, electronic skin, and artificial intelli-
gence.19−22 They could mimic human skin by transducing
external stimuli such as pressure, strain, and temperature into
an electrical signal. Usually, the aforementioned functions
could be achieved by flexible wearable pressure sensors that
exploit various sensing mechanisms, including piezoresis-
tive,23,24 piezocapacitive,25,26 piezoelectric,27,28 and tribo-
electric29,30 effects. Typically, piezoelectric sensors are
attractive because of their self-powered sensing behavior;
thus, much attention has been paid to develop flexible pressure
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sensors with piezoelectric materials. In comparison to the
traditional inorganic piezoelectric materials like ZnO and
barium titanate (BTO), organic ferroelectric polymer poly-
(vinylidene fluoride) (PVDF)31−38 is preferred because of
desirable flexibility, excellent stability, low density, and low-
cost processing, and it has a very broad application prospect in
the fields of sensing and human body monitoring.
In consideration of the increasing electromagnetic radiation

in our current daily life and future aerospace technology,
developing wearable devices with electromagnetic shielding
characteristic is desirable to reduce the biological damage
effect. In this case, the flexible wearable pressure sensor with
electromagnetic shielding performance shows great compet-
itiveness because it can protect human beings from electro-
magnetic radiation while exhibiting its sensing ability. Zhang
and co-workers39 reported a stretchable electromagnetic
shielding hybrid nanogenerator (ES-HNG) which could not
only protect and monitor human health but also scavenge
thermal and mechanical energy from the living environment.
Interestingly, the ES-HNG was able to monitor human health
by attaching it on the human abdomen to be a self-powered
sensor. Pu et al.40 presented a multifunctional electronic skin
with pressure-sensing and electromagnetic-shielding abilities.
To demonstrate the utility of this electronic skin, they also
fabricated a personalized intelligent glove made of these
electronic skins. As a result, the multifunctional wearable
device with a self-powered nature and electromagnetic
shielding performance is becoming an important research
challenge to overcome.
Herein, we developed a hydrophobic self-cleaning, flexible,

and wearable PVDF-based sensor, which can not only monitor
movements of the human body but also protect human beings
from electromagnetic radiation. The multifunctional sensor is
composed of nonwoven fabrics (NWF) with silver nanowires
(Ag NWs), multiwall carbon nanotubes (MWCNTs) con-
ductive networks, and PVDF piezoelectric polymers. These
materials have the following advantages: (1) Ag NWs, as a kind
of precious metal nanomaterial, possess very good con-
ductivity, but they are expensive and easy to be oxidized; (2)
MWCNTs, as a kind of one-dimensional conductive nanoma-
terial, are cheap and stable. Furthermore, MWCNTs exhibit
excellent mechanical strength and toughness. The combination
of Ag NWs and MWCNTs can not only endow the composite
with high electrical conductivity but also strengthen the
mechanical properties of the material. Therefore, it is expected
to show good electromagnetic shielding performance and ideal
mechanical properties. Moreover, because of the piezo-

electricity of the PVDF polymer, the sensor can detect various
pressure stimuli. Finally, different human-motion-related
stresses induced by joint bending, running, and jumping
were also discriminated. Because of the self-powered nature
and electromagnetic shielding characteristic, this multifunc-
tional PVDF-based composite possesses wide potential in
health monitoring, energy harvesting, low power electronics,
and EMI shielding, which also provides a powerful guide for
the development of other multifunctional materials.

2. EXPERIMENTAL SECTION
2.1. Materials. Poly(vinylidene fluoride) (PVDF, MW ≈ 53000)

pellets were purchased from Sigma-Aldrich, U.S.A. N-Methyl
pyrrolidone (NMP, AR > 99.0%, GC) and polyvinylpyrrolidone
(MW ≈ 40 000) were provided by Aladdin chemical Co., Ltd., China.
The alcohol dispersion of MWCNTs (67 wt %, purity higher than
90%) with a diameter of 10−20 nm and a length of 10−30 μm was
purchased from Chinese Academy of Sciences, Chengdu Organic
Chemicals Co., Ltd., China. Silver nitrate (AgNO3), glycerol
(C3H8O3), and sodium chloride (NaCl) were received from
Sinopharm Chemical Reagent Co. Ltd., China. The nonwoven fabrics
(NWF) and the conductive copper tape were commercially available
products, China. All reagents were used without further purification,
and distilled water was used.

2.2. Synthesis of Ag NWs’ Solution. Briefly, 5.86 g of
polyvinylpyrrolidone was completely dissolved into 190 mL of
glycerol at 90 °C under stirring, and then the solution was cooled
to 50 °C. Continuously, 1.58 g of AgNO3 powder and a mixed
solution containing 10 mL of glycerol, 59 mg of NaCl, and 0.5 mL of
distilled water were poured into the flask under stirring and heating.
Until the reaction temperature reached to 210 °C, the gray-green
solution could be obtained. The resultant solution was placed into the
beaker and cooled to 90 °C, and then 200 mL of distilled water was
added. The mixture was allowed to sit undisturbed for 1 week to
maintain stability; subsequently, it was centrifuged and washed with
distilled water and ethanol each for three times. Finally, Ag NWs were
suspended in ethanol to obtain the solution of Ag NWs.41

2.3. Fabrication of the PVDF-Based Wearable Sensor with
Both Electromagnetic Shielding Performance and Human
Body Monitoring. The PVDF-based wearable sensor was prepared
via a facile dip-drying and solution-casting approach (Figure 1). Here,
the PVDF stock solution was prepared by dissolving 10.6 g of PVDF
pellets in 60 mL of NMP at 60 °C with magnetic stirring in the oil
bath for 2 h for standby application. The density of NMP solvent is
1.028 g/cm3; thus, the concentration of PVDF solution is calculated
as 17 wt %. First, the NWF was impregnated in the dispersion of Ag
NWs and then dried in the oven at 60 °C for 5 min after each
impregnation. Subsequently, the obtained Ag NWs/NWF was further
decorated with the alcohol dispersion of MWCNTs by the same dip-
drying method. Finally, the PVDF stock solution was casted on the Ag
NWs-MWCNT/NWF onto a clean and horizontal glass plate in a

Figure 1. Schematic illustration of fabrication steps of the as-prepared PVDF-Ag-CNT/NWF composite.
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vacuum oven, evaporated at 80 °C for 12 h, and annealed at 120 °C
for 8 h to obtain the PVDF-based composite. Here, the contents of Ag
NWs and MWCNT were determined by controlling the impregnation
numbers. The volume of the casted PVDF solution was identical for
every sample (4 mL). At a fixed MWCNTs area density of 2.0 mg/
cm2, a series of AgNWs area density was determined as 0, 0.2, 0.6, 1.0,
1.4, and 1.9 mg/cm2, and the corresponding samples were labeled as
PVDF-2.0CNT/NWF, PVDF-0.2Ag-2.0CNT/NWF, PVDF-0.6Ag-
2.0CNT/NWF, PVDF-1.0Ag-2.0CNT/NWF, PVDF-1.4Ag-
2.0CNT/NWF, and PVDF-1.9Ag-2.0CNT/NWF, respectively. Be-
sides, the pure PVDF film and the sample without impregnation of Ag
NWs and MWCNTs’ dispersion named as PVDF/NWF were also
fabricated as references. By using a digimatic micrometer measure-
ment (Sanliang Corporation, 0−25 mm), the final thicknesses of
PVDF/NWF, PVDF-2.0CNT/NWF, PVDF-0.2Ag-2.0CNT/NWF,
PVDF-0.6Ag-2.0CNT/NWF, PVDF- 1.0Ag-2.0CNT/NWF, PVDF-
1.4Ag-2.0CNT/NWF, and PVDF-1.9Ag-2.0CNT/NWF were approx-
imately 304, 332, 347, 359, 367, 377, and 390 μm, respectively. For
the sensor fabrication, the commercially available conductive copper
tape was used as the top and bottom electrode and was directly
attached to the upper and lower surface of the PVDF-based
composite. To prevent the charge leakage caused by making contact
with the outside, a layer of black insulation tape was affixed to the
electrode. By using the digimatic micrometer, the thicknesses of
conductive copper electrode, black insulation tape, and PVDF-1.9Ag-
2.0CNT/NWF composite were measured as 55, 120, and 390 μm,
respectively; thus, the total thickness of the as-prepared PVDF-based
device was 740 μm. Besides, the size of the PVDF-based device was 3
× 6 cm2.
2.4. Characterization. The surface morphology and cross-

sectional topography of the synthesized Ag NWs and PVDF-based
sensor was characterized by scanning electron microscopy (Gem-
iniSEM 500, ZEISS) and transmission electron microscopy (TEM, H-
7650). The crystalline phases of the PVDF-based sensor were
identified by X-ray diffraction (XRD) (SmartLab9 kW, Japan). The
Fourier transform infrared spectroscopy (FTIR) was performed using
a Bruker alpha apparatus in ATR mode from 4000 to 400 cm−1 using
24 scans at a resolution of 4 cm−1. The ferroelecticity and inverse
piezoelectricity of the PVDF-based composite were tested using the
ferroelectric testing system (P-LC100). The tensile properties of the
PVDF-based sensor were examined by the Material Test System
(MTS). The effective size of the sample is 1 × 4 cm2, and the tensile
speed is set as 3 mm/min. The cyclic bending test for electromagnetic
shielding performance was conducted by DMA equipment (TA
ElectroForce 3220, TA Instruments, America). The electricity
conductivity was measured by the standard four-point contact
method on a four-point probe (FT-340, Ningbo rooko instrument
Co., Ltd., China). The electromagnetic shielding performance of the
samples was obtained by ASTM D 4935-89 using a vector network
analyzer (AV3672, China electronics technology instruments Co.,
Ltd.) in the 8−12 GHz region (X-Band). Water contact angles were
measured by the CAST 2.0 contact-angle-analysis system (Solon
Information Technology) at ambient temperature with a water
droplet of 3 μL in volume. The piezoelectric tests were conducted by
an oscillator (JZK-10) (bought from Sinocera. Piezotronics, Inc.,
China) and corresponding output signals of the as-prepared PVDF-
based sensor were recorded by a digital multimeter (DMM6001). The
thickness of the PVDF-based composite was measured by a digimatic
micrometer (Sanliang Corporation, 0−25 mm).

3. RESULTS AND DISCUSSION
3.1. Characterization of the As-Synthesized Ag NWs

and PVDF-Based Composite. Figure 2 exhibits the
morphological and structure characterization of as-prepared
Ag NWs. From SEM and TEM images, the as-prepared Ag
NWs show high purity, and rare silver nanoparticles can be
observed (Figure 2a,b). Moreover, the synthesized Ag NWs are
uniform in diameter of 59 nm and with length in the range of
about 1−15 μm, which gives an aspect ratio of about 17−254

(Figure 2a,c). These results are basically consistent with the
literature report.41 Besides, the crystal structure of Ag NWs
was identified by the XRD patterns (Figure 2d). The four
peaks were indexed as (111), (200), (220), and (311) facets of
the Ag NWs, which demonstrated the effective synthesis of Ag
NWs. Besides, the SEM and TEM images of the purchased
MWCNTs’ alcohol dispersion with a diameter of 10−20 nm
and a length of 10−30 μm are shown in Figure S1. Thus,
aspect ratio was calculated to be in the range of about 500−
3000.
The PVDF-based wearable sensor was prepared via a facile

dip-drying and solution-casting approach. During the prepara-
tion, the structure evolution was tracked by scanning electron
microscopy (SEM, Figure 3). The pristine NWF was a kind of
fabric with an irregular network structure formed by a random
arrangement of bundles (Figure 3a). Without any modification,
the surface of the long microfibers was smooth (Figure 3e,i).
This network structure was favorable for the subsequent
adhesion of Ag NWs and MWCNTs. Then, the NWF was
immersed into the Ag NWs suspension for decorating Ag
NWs. After it was dried, it was observed that the surface of the
NWF was randomly covered by an interconnected Ag NWs
network. Although the fiber surface of the NWF became a little
rough, its originally irregular reticulated structure could be
clearly observed (Figure 3b,f,j). Subsequently, the fiber surface
of the NWF turns very rough after further coating the
MWCNTs. The coating not only existed on the individual fiber
surface but also filled the gap between fibers, so that the
network structure of the NWF could no longer be clearly seen
(Figure 3c,g,k). Here, the hybrid Ag NWs and MWCNTs
coating on the NWF could form effective conductive paths,
which was beneficial for improving the conductivity. To more
clearly show the interface formation process between textile
and nanomaterials, the high-magnification SEM images (Figure
S2), elemental mapping images, and EDS spectrum (Figures
S3−S6) of the nonwoven fabrics (NWF), 1.9Ag NWs/NWF,
2.0CNT/NWF, and 1.9Ag NWs-2.0CNT/NWF were also
supplied (Supporting Information). Finally, PVDF polymer
was casted on the surface of the Ag NWs-MWCNT/NWF
hybrid network, the surface of the final product became
smooth, and the NWF, Ag NWs, and MWCNTs were all

Figure 2. SEM images (a, c), TEM image (b), and XRD pattern (d)
of Ag NWs.
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covered by the PVDF polymer (Figure 3d,h,l). In addition, the
cross-sectional morphology of the pristine nonwoven fabrics
(NWF) shows a loose structure with the thickness of about
500 μm (Figure 3i). After Ag NWs were coated, it was seen
that the morphology had slightly changed, and the cross-
sectional structure became a little tighter (462 μm), indicating
Ag NWs were successfully embedded into the interior of the
NWF (Figure 3j). Figure 3k exhibits the cross-sectional image
of Ag NWs/NWF modified by MWCNTs. Obviously, the
cross-sectional structure was especially denser with the
thickness of 376 μm. Because of the impregnation of Ag
NWs and MWCNTs on the NWF, the loose cross-sectional
structure of the original NWF cannot be observed, which
reveals that MWCNTs and Ag NWs can be embedded in the
interior of the NWF and makes the original fiber network
structure of the NWF be denser. At last, PVDF-based
composite with Ag NWs-MWCNT/NWF hybrid-networks
encapsulated by PVDF matrix was obtained.
The FTIR and XRD measurements were used to investigate

the crystalline phase of the as-prepared PVDF-based
composite. As we know, PVDF is a typical piezoelectric
polymer with five distinct crystalline phases α, β, γ, δ, and ε,
among which the β-phase has the best piezoelectric perform-
ance, followed by γ-phase. As for the pure PVDF film, the
peaks at 811, 833, and 1230 cm−1 prove the existence of γ-
phase crystalline structure, and the peak of 769 cm−1 is
attributed to the α-phase (Figure 4a).42 After the PVDF
solution was casted onto the NWF to form PVDF/NWF, the
structure of the crystalline phase does not change. Similarly,
the PVDF-2.0CNT/NWF and PVDF-1.9Ag-2.0CNT/NWF
also show the piezoelectric γ-phase. Although the developed
PVDF-based composite does not contain an obvious β-phase,
it contains an obvious γ-phase which will also be expected for
showing a piezoelectric effect.43−46 Moreover, the γ-phase
contents of pure PVDF, PVDF/NWF, PVDF-2.0CNT/NWF,
and PVDF-1.9Ag-2.0CNT/NWF composite are calculated as
93%, 88%, 92%, and 90%, respectively, revealing that the
PVDF-based composite has a high γ-phase content (Figure
S7). The XRD pattern of the final products is shown in Figure
4d. It is clear from the XRD pattern that the peak at 20.2°
corresponds to the β-phase crystalline structure, and the peak

at 18.4°corresponds to the α-phase, in which the overall
display is a typical γ-phase peak.47 These results are in excellent
agreement with the FTIR test results. Besides, the ferroelec-
tricity and inverse piezoelectricity of PVDF-1.9Ag-2.0CNT/
NWF composite were also shown by polarization−electric field
(P−E) hysteresis loops and electric field induced strain curves
(butterfly loops) (Figure S8). As for PVDF-1.9Ag-2.0CNT/
NWF composite, it is worth mentioning that the peaks
observed at 38°, 44°, 64°, and 77° (Figure 4b) are
corresponding to the crystalline structure of Ag, which also
testifies the successful loading of Ag NWs onto the NWF.
To characterize the mechanical property of the as-prepared

PVDF-based composite, tensile tests using MTS system were
carried out (Figure 4c). Figure 4d displays the representative
tensile stress−strain curves, which shows conspicuous yielding
and strain hardening of the as-fabricated PVDF-based

Figure 3. SEM images of the pristine NWF (a, e, i), Ag NWs/NWF with Ag NWs area density of 1.9 mg/cm2 (b, f, j), Ag NWs-MWCNT/NWF
with Ag NWs area density of 1.9 mg/cm2 and MWCNT area density of 2.0 mg/cm2 (c, g, k) and the PVDF-1.9Ag-2.0CNT/NWF (d, h, l).

Figure 4. FTIR spectrum (a) and XRD pattern (b) of pure PVDF
film, PVDF/NWF, PVDF-2.0CNT/NWF, and PVDF-1.9Ag-
2.0CNT/NWF. Experimental device of uniaxial tensile measurement
using MTS (c). The tensile stress−strain curves of NWF, 1.9Ag-
2.0CNT/NWF, and PVDF-1.9Ag-2.0CNT/NWF (d).
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composite. At first, the whole composite show elastic
deformation. Then, after a plastic stage, they are finally
fractured. As for the NWF, the Young’s modulus is calculated
as 26 MPa, and the maximum tensile strength is 7.9 MPa.
Interestingly, compared with 2.0AgNWs/NWF (21 and 8.2
MPa), 2.0MWCNTs/NWF has a higher Young’s modulus
(157 MPa) and maximum tensile strength (9.2 MPa), which
demonstrates 2.0MWCNTs/NWF possesses superior mechan-
ical properties and indicates the MWCNTs show better
strengthening effect (Figure S9a). After impregnating Ag NWs
and MWCNTs onto the NWF, the Young’s modulus and
maximum tensile strength of the 1.9Ag-2.0CNT/NWF reach
to 213 and 9.6 MPa, both of which are larger than the NWF,
Ag NWs/NWF and MWCNTs/NWF. Since the MWCNTs
and Ag NWs have a large aspect ratio, they can be embedded
in the interior of the NWF, which makes the original fiber
network structure of the NWF be denser and thus improves
mechanical properties of the NWF. For pure PVDF (Figure
S9b), the Young’s modulus and maximum tensile strength are
1.8 GPa and 44.12 MPa, respectively. Thus, by casting the
PVDF solution onto the NWF, the Young’s modulus and
maximum tensile strength of the PVDF-1.9Ag-2.0CNT/NWF
increase to 952 and 17.9 MPa. Obviously, this result is
attributed to the strengthening effect of the PVDF polymer.
The tensile tests manifest the outstanding mechanical strength
of the as-prepared PVDF-based composite, which makes it
difficult to be destroyed in practical applications.
3.2. Hydrophobic Self-Cleaning Performance of the

PVDF-Based Composite. Moisture problem of the external
environment often existed in practical applications, which may
cause negative effects on properties of the electronic device.
Therefore, it is necessary to study the surface hydrophobic
property of the material. Figure 5 shows the surface wettability
of the PVDF-based composite. The water contact angles (CA)

measurement indicates that the CA of PVDF-0.2Ag-2.0CNT/
NWF, PVDF-0.6Ag-2.0CNT/NWF, PVDF-1.0Ag-2.0CNT/
NWF, PVDF-1.4Ag-2.0CNT/NWF, and PVDF-1.9Ag-
2.0CNT/NWF is up to 106.3°, 111.3°, 110.7°, 107.4°, and
108.6°, respectively, which demonstrates the excellent surface
hydrophobicity of the PVDF-based composite. Besides, the
PVDF/NWF and PVDF-2.0CNT/NWF show similar hydro-
phobicity to PVDF-Ag-2.0CNT/NWF and the water contact
angles are 108.1° and 115.0°(Figure S10). Here, the surface of
the NWF is hydrophilic, so the hydrophobicity of the PVDF-
based composite is mainly caused by the casting of the
hydrophobic PVDF polymer. The water flow contacting test
further proves the water repellency of the PVDF-based
composite (Figure 5f). When the water flow touches the
surface, it can freely roll away from the surface without wetting.
Based on the excellent water repellency, the self-cleaning
performance of PVDF-1.9Ag-2.0CNT/NWF was studied. As
can be seen in Figure 5g, the pollutants (sandy soil) on the
surface can quickly leave from the surface under the running
water flows, making the surface change from dirty to clean.
Therefore, the surface hydrophobicity enables the PVDF-based
composite to be immune to the outside rain and endows the
composite with self-cleaning ability.

3.3. Electromagnetic Interference (EMI) Shielding
Performance of the PVDF-Based Composite. According
to the literature,9,48 the attenuation of a material to
electromagnetic waves can be defined as the total EMI
shielding effectiveness (SET), which includes three compo-
nents: the SE of reflection (SER), absorption (SEA), and
multiple reflections (SEM). Usually, the SEM value can be
neglected if the SET is above 15 dB. Therefore, the EMI SE can
be expressed as

= +SE SE SET A R

Figure 5. Water contact angles of PVDF-0.2Ag-2.0CNT/NWF (a), PVDF-0.6Ag-2.0CNT/NWF (b), PVDF-1.0Ag-2.0CNT/NWF (c), PVDF-
1.4Ag-2.0CNT/NWF (d), and PVDF-1.9Ag-2.0CNT/NWF (e). The diagram of water flowing through the surface of the PVDF-based composite
(f). Self-cleaning process of sandy soil on the PVDF-based composite (g).
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The value of SET, SEA, and SER were determined on the basis
of the S parameters measured by the vector network analyzer
as follows:

= = = − −

= − − = − −
= + = −

R T A R T

R T R
T

10 , 10 , 1

SE 10 log (1 ), SE 10 log ( /(1 )),
SE SE SE 10 log

S S( /10) ( /10)

R A

T R A

11 21

where R is reflection coefficient, T is transmission coefficient,
and A is absorption coefficient.
To verify the EMI shielding performance of the as-prepared

PVDF-based composite, the SET, SEA, and SER values were
tested under 8.2−12.4 GHz (X-Band) frequency ranges. As
shown in Figure 6a, the pure PVDF does not exhibit

electromagnetic shielding characteristic because of its insu-
lation. After dipping MWCNTs and casting PVDF onto the
NWF, the EMI SET value of PVDF-2.0CNT/NWF is 20 dB,
which has met commercial requirements. Besides, the EMI SET
value of the PVDF-CNT/NWF with 1.6 and 1.8 mg/cm2

MWCNTs contents is also shown in Figure S11. The result
reveals that the electromagnetic shielding performance
increases with the increase of MWCNTs content. According
to the EMI shielding mechanism (Figure 6f): (1) Materials
absorb electromagnetic radiation by the interaction of electric

and magnetic dipoles with the incident electromagnetic waves;
thus the higher the dielectric constant, the higher the EMI SEA
value of the material. (2) Because of the interaction between
free electrons and the electromagnetic wave, materials with
high conductivity exhibit high EMI SER value. In general, high
conductivity is an important factor in determining the EMI
shielding performance. Therefore, the conductive MWCNTs
greatly improve the EMI SET value. In order to enhance the
EMI shielding performance, conductive Ag NWs were also
added. It can be seen that with the increase of Ag NWs
content, the EMI SET value also increases (Figure 6a). More
Ag NWs form more effective conductive paths, thus leading to
higher conductivity (Figure S12). When implementing 1.9
mg/cm2Ag NWs and 2.0 mg/cm2 MWCNT onto the PVDF/
NWF, the maximum shielding value can be up to 34 dB. To
further understand the hybrid shielding performance of Ag
NWs and MWCNTs, the EMI data for PVDF-2.0Ag/NWF,
PVDF-4.0Ag/NWF, and PVDF-4.0CNT/NWF has been
provided in Figure S13. Figure S13a shows the EMI SET
value of PVDF-2.0CNT/NWF and PVDF-2.0Ag/NWF, which
indicates that PVDF-Ag/NWF has better EMI shielding
performance than PVDF-CNT/NWF when the content of
Ag NWs and MWCNTs is the same. Therefore, to assemble
superior electromagnetic shielding material, Ag NWs are a kind
of ideal conductive filler. However, considering that Ag NWs
are expensive and easy to be oxidized, we chose conductive
MWCNTs as another kind of filler. Furthermore, MWCNTs
possess good mechanical strength and toughness. Figure S13b
reveals the EMI SET value of PVDF-4.0CNT/NWF, PVDF-
1.9Ag-2.0CNT/NWF, and PVDF-4.0Ag/NWF. Compared
with PVDF-4.0Ag/NWF, the hybrid PVDF-1.9Ag-2.0CNT/
NWF shows worse electromagnetic shielding performance, but
it is better than PVDF-4.0CNT/NWF. Although the hybrid
formation has slightly worse EMI shielding performance results
than PVDF-Ag/NWF at similar loading, considering the
electromagnetic shielding performance and mechanical proper-
ties, we did not choose single Ag NWs as the only conductive
filler but chose to combine it with MWCNTs.
On the other hand, compared with PVDF-Ag-2.0CNT/

NWF, the electromagnetic interference (EMI) shielding
performance of PVDF-Ag/NWF (without MWCNTs) was
also explored in Figure S14. It can be seen that the EMI
shielding values of PVDF-Ag/NWF increase from 6 to 24 dB
with the Ag NWs density increasing from 0.2 to 1.9 mg/
cm2(Figure S14a). After adding MWCNTs, the EMI shielding
values of PVDF-Ag-2.0CNT/NWF are all higher than PVDF-
Ag/NWF at the same Ag NWs density (Figure S14c).
Similarly, when Ag NWs are added, the EMI shielding values
of PVDF-Ag-2.0CNT/NWF are all higher than PVDF-
2.0CNT/NWF at the same Ag NWs density (Figure S14d).
For example, the EMI shielding values of PVDF-2.0CNT/
NWF and PVDF-1.0Ag/NWF are 20 and 15 dB, respectively,
and after combining MWCNTs and Ag NWs, the EMI
shielding value of PVDF-1.0Ag-2.0CNT/NWF reaches to 27
dB, which is higher than PVDF-2.0CNT/NWF (20 dB) and
PVDF-1.0Ag/NWF (15 dB). Therefore, the performance of
electromagnetic shielding produced by the combination of Ag
NWs and MWCNTs is larger than that of a single Ag NWs or
MWCNTs, which clarifies the synergistic effect of Ag NWs and
MWCNTs. Finally, to explore the primary EMI shielding
mechanism of the as-prepared PVDF-based composite, the
values of SET, SER, and SEA were exhibited in Figure 6b. For all
samples, SEA was always higher than SER, indicating the EMI

Figure 6. EMI SET (a) and SET, SEA, and SER values of the pure
PVDF, PVDF-2.0CNT/NWF, PVDF-0.2Ag-2.0CNT/NWF, PVDF-
0.6Ag-2.0CNT/NWF, PVDF-1.0Ag-2.0CNT/NWF, PVDF-1.4Ag-
2.0CNT/NWF, and PVDF-1.9Ag-2.0CNT/NWF (b). EMI SET (c)
and SET, SEA, and SER values of the PVDF-1.9Ag-2.0CNT/NWF with
different layers (d). EMI SET variation of the PVDF-1.9Ag-2.0CNT/
NWF before and after bending and folding for 100 cycles (e). The
inset shows the bending and recovering state. Schematic EMI
shielding mechanism of the PVDF-based composite (f).
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shielding mechanism is mainly by the absorption of electro-
magnetic radiation.
For further improving the shielding performance, the EMI

SET of PVDF-1.9Ag-2.0CNT/NWF with different layers was
tested. Through measurement, the thickness of each layer was
about 391, 393, and 390 μm, respectively, which showed a
slight difference. Thus, the thicknesses of 1, 2, and 3 layers
were approximately 391, 784, and 1174 μm. As expected, the
EMI SET increases with the number of layer. The EMI SET
reaches to 34, 55, and 70 dB under 1, 2, and 3 layers,
respectively (Figure 6c). Regardless of the number of layers,
SEA was also higher than SER, which supports the absorption-
dominant shielding mechanism of the PVDF-based composite
(Figure 6d). Besides, it can be found that the sample layer
causes less effect on the SER, which is explained by the fact that
SER is mainly related to the impedance of the material surface
and is independent of the number of material layers. Figure 6e
shows the EMI SET variation of the PVDF-1.9Ag-2.0CNT/
NWF before and after repeated bending and folding. Since the
surface casting of the PVDF polymer endows the material with
ideal mechanical strength and flexibility, the PVDF-1.9Ag-
2.0CNT/NWF can maintain 85% EMI SET after 100 cycles,
which guarantees the excellent EMI shielding stability and
durability. To further confirm the reliability of the developed
composite, a cyclic bending test and a water impacting test
were also carried out (Figure S15). Therefore, the as-prepared
PVDF-based composite possesses outstanding EMI shielding
performance and can protect the human body from electro-
magnetic radiation.

3.4. Force-Sensing Performance of the PVDF-Based
Sensor. According to the above EMI shielding tests, the
PVDF-1.9Ag-2.0CNT/NWF composite show the optimal
shielding performance. Thus, the PVDF-1.9Ag-2.0CNT/
NWF composite is employed for the piezoelectric sensing
test. Figure 7 displays the force-sensing performance of the
PVDF-1.9Ag-2.0CNT/NWF composite with a size of 3 × 6
cm2. The test system mainly consists of the sample, oscillator,
and force sensor (Figure 7a,b). The sample was fixed to a flat
plate and then stimulated by different external forces loaded by
the oscillator. The different loading forces were recorded by a
force sensor installed near the oscillator (Figure 7c,d), and the
piezoelectric signal was recorded by a digital multimeter
(DMM6001) (Figure 7e,f). Here, it is necessary to point out
that when the sample is not subjected to external forces (0 N),
a background electric signal of about 0.5 V can be observed,
mainly because of the imperfect conditions under the double-
electrode test method. It can be seen that the PVDF-based
composite exhibits superior electric performance. When the
force varies from 0 to 20, 44, and 60 N, the piezoelectric
voltage of the PVDF-1.9Ag-2.0CNT/NWF increases propor-
tionally from 0 to 0.4, 1.0, and 1.5 V, respectively. Because of
the limitation of the experimental condition, 60 N is the
maximum external force that the oscillator can load. By fitting,
the force and voltage show a good linear relationship, and the
response sensitivity is calculated as 0.024 V/N, indicating the
as-prepared PVDF-based composite can sense different loading
forces (Figure 7g). Moreover, this force-sensing performance
exhibits a real-time property, and the response time is

Figure 7. Schematic diagram of the loading and unloading excitation for sensing force produced by an oscillator (a) and the digital picture of the
oscillator (b). The different forces loaded by the oscillator (c) and the corresponding enlarged view of the 44 N loading force (d). The piezoelectric
voltage of the PVDF-1.9Ag-2.0CNT/NWF under different loading forces at the frequency of 10 Hz (e) and the enlarged view of the voltage
generated by 44 N loading force (f). The linear fitting curve (g) and the response time (h) of the loading force and piezoelectric voltage.
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measured as 35 ms (Figure 7h). Based on the XRD and FTIR
results, the as-fabricated PVDF-based composite contains an
obvious γ-piezoelectric phase, which provides favorable
support for showing the positive piezoelectric effect. The
larger loading forces will induce the larger deformation of the
PVDF-based composite, thus leading to the higher piezo-
electric voltages. In addition, the loading force and piezo-
electric voltage signals also show excellent stability under 44 N
(Figure 7d,f). Besides, the cyclic stability of PVDF-1.9Ag-
2.0CNT/NWF device under different forces (20, 44, and 60)
was also magnified and displayed in Figure S16, which
indicated the product possessed high reliability on the force-
sensing performance. To this end, the developed PVDF-based
composite exhibits superior sensing performance, which is
expected to be applied in monitoring human body movements.
3.5. Human Body Monitoring Performance of the

PVDF-Based Sensor. In order to examine the feasibility and
practicability of the as-fabricated PVDF-based composite as a
self-powered wearable sensor toward human body motions, it
was attached to different positions of human body, and the
piezoelectric sensing performance was depicted in Figure 8.

Interestingly, when the finger joint bends from 45° to 70° and
90°, the sensor can response the stimulus by changing voltage
from 0.16 to 0.39 and 0.75 V. The larger bending angle leads
to the higher voltage signal (Figure 8a). In Figure 8b,c, during
the lightly patting process with different fingers, the PVDF-
based sensor generates lower output voltage compared with
that under hardly beating with a hammer, which shows that the
piezoelectric sensing performance is related not only to the
applied stress but also to the active contacting area. According
to the mechanism of piezoelectricity, the piezoelectric
properties of the PVDF-based composite primarily depend
on the arrangement of different dipoles in the PVDF chains. In
the absence of electric polarization, the arrangement of dipoles
depends on the stress applied on the sensor. The larger stress
and active piezoelectric area lead to the larger deformation of
the crystal structure; thus, a higher output voltage will be
obtained. Additionally, different motion states of foot (such as

running and jumping) can also be clearly distinguished by
fixing the sensor to the bottom of the shoe (Figure 8d).
Besides, it can be seen from Figure 8 that the noise signal is

approximately 0.5 V. In this work, the double-electrode
method was adopted to test the output voltage signal of
PVDF-1.9Ag-2.0CNT/NWF device. The conductive copper
tape as the upper and lower surface electrodes were connected
with the digital multimeter via the wire. To prevent the charge
leakage caused by contact with the outside, a layer of black
insulation tape was affixed to the electrode. Because of the
double-electrode method, the whole test system was
inconvenient to always connect the wire to the ground in
practical applications. On this occasion, the background noise
of about 0.5 V was generated. Although the noise value of
voltage in Figure 8 was a little big, the reported PVDF-based
device showed distinguished output voltage signals on various
occasions which could act as a self-powered force sensor to
monitor different kinds of human movements. The signal-to-
noise ratio (SNR) under different human motion occasions is
calculated and shown in Table S1. Therefore, it can be
concluded the as-prepared PVDF-based sensor exhibits broad
prospects in the development of the human-based self-powered
area, and it is significant in epidermal electronic system devices
and medical applications of monitoring patient motions.

4. CONCLUSIONS
In this work, a multifunctional PVDF-based composite with
effective electromagnetic interference (EMI) shielding and
human body monitoring performance is constructed by
integrating conductive Ag NWs and MWCNTs into a modified
nonwoven fabrics (NWF) with piezoelectric PVDF matrix.
The EMI shielding experiment shows that the maximum
shielding value can reach up to 34 dB when implementing 1.9
mg/cm2Ag NWs and 2.0 mg/cm2 MWCNT onto the NWF,
demonstrating wonderful protection ability of the human body
with superior shielding performance. More importantly, the as-
prepared PVDF-based composite can not only protect the
human body from electromagnetic radiation but also monitor
different movements of the human body, such as joint bending
and foot movements, which is attributed to the piezoelectric
sensing property of the PVDF composite. Additionally, the
contact angle experiment indicates the PVDF-based composite
possesses excellent hydrophobicity, which guarantees the self-
cleaning performance and can be protected from natural rain
and water. Finally, these wide-ranging performances vastly
expand the potential applications of the as-fabricated PVDF-
based composite, which adapts to the demand of multifunc-
tional properties of the material in the new era.
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