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With the rapid development of wireless telecommunication technologies, it is of fundamental and tech-
nological significance to design and engineer high-performance shielding materials against electromag-
netic interference (EMI). Herein, a three-step procedure is developed to produce hydrophobic, flexible
nanofiber films for EMI shielding and pressure sensing based on hydrolysate of waste leather scraps
(HWLS): (i) electrospinning preparation of HWLS/polyacrylonitrile (PAN) nanofiber films, (ii) adsorption
of silver nanowires (AgNWs) onto HWLS/PAN nanofiber films, and (iii) coating of HWLS/PAN/AgNWs
nanofiber films with polydimethylsiloxane (PDMS). Scanning electron microscopy studies show that
AgNWs are interweaved with HWLS/PAN nanofibers to form a conductive network, exhibiting an electri-
cal conductivity of 105 S m�1 and shielding efficiency of 65 dB for a 150 lm-thick HWLS/PAN/AgNWs
film. The HWLS/PAN/AgNWs/PDMS film displays an even better electromagnetic shielding efficiency of
80 dB and a water contact angle of 132.5�. Results from this study highlight the unique potential of
leather solid wastes for the production of high-performance, environmentally friendly, and low-cost
EMI shielding materials.
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1. Introduction

The development of information technology, especially the arri-
val of the fifth generation (5G) networks, has revolutionized the
way of communication; yet the issues of electromagnetic interfer-
ence (EMI) and electromagnetic pollution have been attracting
increasing attention [1,2]. It is thus of both fundamental and tech-
nological significance to design and engineer high-performance
EMI shielding materials [3-7]. Traditional EMI shielding materials
are based on metals, such as copper, iron, cobalt, nickel, and silver,
by reflecting the electromagnetic waves with almost no absorp-
tion, which can lead to secondary electromagnetic pollution [8-
10]. Additionally, metal resources are increasingly scarce, and their
high density, low flexibility, and poor chemical corrosion resis-
tance all limit their practical applications [11].

Flexible and hydrophobic EMI shielding materials have become
increasingly important for the long-term service of outdoor all-
weather flexible wearable electrical facilities. The hydrophobic
surface can not only maintain the EMI shielding effectiveness
[12-14], but also endow the film with multifunctionality, such as
self-cleaning, waterproof, antibacterial, and corrosion resistance.
Currently, considerable efforts have been devoted to the rational
design of flexible and hydrophobic EMI shielding materials by
depositing conductive materials on various flexible substrates,
such as nylon textiles, polymer fabrics, and carbon aerogels, fol-
lowed by the coating treatment with low-surface energy materials,
such as polyvinylidene fluoride (PVDF), polydimethylsiloxane
(PDMS), and stearic acid (SA).

In recent years, flexible wearable pressure sensors have gained
tremendous interest for unique sensing applications in, for
instance, human body monitoring, electronic skin, and artificial
intelligence [15-18]. They can mimic human skin by transducing
external stimuli such as pressure, strain, and temperature into
electrical signals. There are various sensing mechanisms for flexi-
ble wearable pressure sensors, including piezoresistance [19],
piezocapacitance [20], piezoelectricity [21], and triboelectricity
[22]. Among these, piezoresistive devices, which can transduce
an applied pressure into a resistance signal, have been widely
investigated because of their low energy consumption, cost-
efficient preparation, and simple signal acquisition [23]. For
instance, Li et al. [24] prepared an ultrathin flexible piezoresistive
sensor with high sensitivity and a wide detection range based on a
hierarchical nanonetwork structure of pressure-sensitive materials
and nanonetwork electrodes, composed of Ag nanowires (AgNWs),
graphene, and polyamide nanofibers.

With the increasing electromagnetic radiation in our current
daily life and future aerospace technologies, the development of
wearable electronic devices (e.g., pressure sensors) with EMI
shielding characteristics is highly desired to mitigate potential bio-
logical damages. For instance, Chen et al. [25] prepared a porous
wheat flour/carbon nanotube (CNT) composite foam by the
freeze-drying process, which showed excellent pressure sensing
and electromagnetic shielding properties.

Highly crosslinked conductive nanofiber films (HCC-NFs) repre-
sent another viable option, thanks to their low mass density, high
conductance, and mechanical flexibility [26-30]. HCC-NFs are usu-
ally produced by attaching conductive materials to nanofiber films
prepared by electrospinning [31-34]. However, the lack of intimate
linkage at the crossing points in these electrospun nanofibers
causes a weak connection between adjacent nanofibers [35-39].
A range of methods have been implemented to improve the inter-
connection. Typical physical methods include the hot-pressing
method [17] and the thermal-rolling method [40], where the fibers
are tightly connected by additional mechanical and thermal treat-
ment. Chemical methods are usually based on materials containing
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rich functional groups, such as formaldehyde [18], glutaraldehyde
[19], and glycerol [41], which can react with functional groups on
nanofibers to improve the cross-linking of nanofibers. For instance,
Lai et al. [41] prepared hydrophilically engineered electrospun
polyacrylonitrile (PAN) nanofiber films by reacting glycerol hydro-
xyl with PAN nanofiber cyanogen, followed by immersion into an
aqueous solution of the conductive materials to obtain HCC-NFs.
It has been found that the EMI shielding effect of HCC-NFs in the
X-band can reach 22 dB.

Within this context, leather solid wastes represent an attractive
option. As a biomass material, leathers come from a range of
sources and possess excellent degradability [36]. In the leather
process, only 20% (by weight) of the raw materials is converted
into leather and the rest as solid wastes. Generally, it is difficult
to dispose of these wastes, and incineration and landfill are the
leading methods of treatment [37,38], which can lead to serious
environmental concerns. Note that the collagen fiber of leather is
a kind of structural protein, a natural polymer with three helices
composed of many amino acids with a large number of acidic car-
boxyl groups and basic amino groups, which can be used as dipoles
to dissipate microwave radiation [42-44] and as a structural scaf-
fold to prepare HCC-NFs.

To enhance the EMI shielding effects, HCC-NFs can be reinforced
with conductive materials. For instance, Chen et al. [45] prepared
composite paper by blending AgNWs with cellulose nanofibers,
which led to a high EMI shielding performance of 39.3 dB. Lee
et al. [46] directly loaded AgNWs onto commercial cellulose paper
by a repetitive dip-coating process for up to 50 cycles. As the num-
ber of dip-coating cycles increased, the cellulose/AgNW paper
showed significantly improved electrical conductivity and EMI
shielding effectiveness.

Herein, we describe the fabrication of hydrophobic, flexible
nanofiber films based on leather solid wastes, PAN, AgNWs, and
PDMS for EMI shielding and pressure sensing. Firstly, hydrolysate
of waste leather scraps/PAN (HWLS/PAN) nanofiber films were pre-
pared by electrospinning by taking advantage of the hydrogen
bonding interaction between the –OH groups of HWLS and ACN
moieties of PAN. The resulting nanofiber films were then dipped
into an aqueous solution of AgNWs and subsequently coated with
PDMS to form highly interconnected HWLS/PAN/AgNWs/PDMS
composites, which exhibited a hydrophobic surface and remark-
ably effective EMI shielding and pressure sensing of human
motions.
2. Experimental section

2.1. Materials

Leather solid wastes were acquired from Xingning Leather Com-
pany (Jiangsu, China) by the commercialized chrome tanning
method using sheepskins as the starting materials. PAN powders
(average molecular weight 150,000) were purchased from Aldrich.
Silver nitrate (AgNO3, 99.8%) was obtained from Tianjin Yingda
Rare Chemical Reagents Factory. Ethylene glycol (EG), N,N-
dimethylformamide (DMF, 99.8%), sulfuric acid (H2SO4, 98%), gla-
cial acetic acid (CH3COOH), ferric chloride (FeCl3), polyvinylpyrroli-
done (PVP, MW = 1,300,000 g mol�1), and PDMS were purchased
from Sinopharm Chemical Reagents Co., Ltd. Deionized water
was used throughout the experiments.
2.2. Fabrication of HWLS

HWLS was prepared by a three-step procedure. In a typical
experiment, 25 g of the leather solid waste was dispersed into
250 mL of water and 12 mL of sulfuric acid under magnetic stirring
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for 6 h in a 30 � 35 ℃ water bath, before being filtered and stored
in a refrigerator. The obtained products were then added to 350 g
of water and 20 g of sulfuric acid under magnetic stirring for 6 h in
a 30 � 35 ℃ water bath. The last treatment entailed adding the
products to 100 g of water and 10 g of glacial acetic acid under
magnetic stirring in a 70 � 75 ℃ water bath for 7 h.

2.3. Fabrication of HWLS/PAN nanofiber films

The HWLS/PAN (HP) nanofiber films were prepared by electro-
spinning of a DMF solution containing HWLS and 0.2 � 0.8 g of PAN
at the HWLS:PAN mass ratio of 1:3, 1:2, 1:1, 2:1, and 3:1. The dis-
tance between the stainless steel needle (no. 20, o.d. 0.91 mm, and
i.d. 0.58 mm) and collector was set at 20 cm. The needle was con-
nected to the positive end of a high voltage source (15 kV). A roll-
ing collector was designed to uniformly collect the nanofibers on
an aluminum foil.

2.4. Fabrication of silver nanowires

AgNWs were prepared by adopting the polyol method reported
previously [31]. In brief, PVP (0.2 g) was completely dissolved in EG
(25 mL) at 60 ℃ under magnetic stirring. AgNO3 (0.25 g) and a
FeCl3 salt solution (3.5 g, 0.6 mM in EG) were added into the PVP
solution under stirring for 5 min to produce a uniform solution.
AgNWs were produced by heating the mixture in an oil bath at
130 ℃ for 5 h. The product was collected by centrifugation at
4000 rpm for 10 min and rinsing with ethanol and water five times
after flocculation three times with acetone. The obtained AgNWs
were stored in deionized water at a concentration of 0.5 wt%.

2.5. Fabrication of HWLS/PAN/AgNWs nanofiber films

The HP nanofiber films prepared above (section 2.3) were
dipped into the AgNWs solution (0.5 wt%) for 5 min, followed by
drying in a vacuum oven at 60 ℃ for 10 min. The resulting
HWLS/PAN/AgNWs nanofiber films for a different number of dip-
ping cycles (x) were denoted as HPA-x (x = 2, 4, 6, 8, and 10).

2.6. Fabrication of HWLS/PAN/AgNWs/PDMS nanofiber films

PDMS was prepared by mixing the prepolymer with Dow Corn-
ing 184 at a mass ratio of 10:1 and coated onto the surface of the
HPA nanofiber films obtained above. The resulting HWLS/PAN/
AgNWs/PDMS (HPAP) nanofiber films were cured in an oven at
80 ℃ for 2 h. The fabrication process is shown in Fig. 1. To study
the effect of thickness on the EMI shielding efficiency (SE), bi-
layer HPAP films were prepared by the stacking hot-pressing
method [17].

2.7. Characterization

Fourier-transform infrared (FTIR) spectroscopy tests were car-
ried out on a Nicolet FTIR spectrometer. Scanning electron micro-
scopic (SEM) measurements were conducted with a Hitachi
S4800 SEM scope. X-ray diffraction (XRD) patterns were acquired
with a Philips Analytical diffractometer at a scanning speed of 1�-
min�1 using Cu Ka radiation (k = 0.154 nm) from a 35 kV X-ray
source operated at 25 mA. The film thickness was measured using
an electronic thickness gauge (Thwing-Albert ProGage 40\100,
USA). In addition, the breaking strength and elongation at the
break of nanofiber films were measured with a PT-1080 tensile tes-
ter. The electrical conductivity (r) was measured with a four-
probe system (SDY-4, Guangzhou Four-Point-Probe Technology
Co., Ltd., China). The EMI SE was examined by using a waveguide
specimen holder (22.86 mm � 10.16 mm � 3 mm) with a vector
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network analyzer (N5230A, Agilent, USA) within the frequency
range of 8.2 to 12.4 GHz. The scattering parameters (S11 and S21)
were recorded to calculate the coefficients of reflectance (R), absor-
bance (A), and transmittance (T) for the total shielding efficiency
(SET), microwave reflection (SER), microwave absorption (SEA)
and microwave multiple internal reflections (SEM) (SEM can be neg-
ligible when SET is greater than 10 dB [47]) by the following equa-
tions [46,48]:

R ¼ S11j j2 ð1Þ

T ¼ S21j j2 ð2Þ

A ¼ 1� R� T ð3Þ

SER dBð Þ ¼ �10log 1� Rð Þ ð4Þ

SEA dBð Þ ¼ �10log
T

1� R

� �
ð5Þ

SET dBð Þ ¼ SEA þ SER þ SEM ð6Þ
3. Results and discussion

3.1. Characterization of HP nanofiber films

The surface morphologies of the HP nanofiber films were first
examined by SEM measurements. From Fig. 2, one can see that
with the increase of the HWLS content, the color of the DMF dis-
persion of the HP spinning solution became intensified from light
green to dark green (Fig. 2 insets), and the beading phenomenon
started to appear. This was particularly apparent with the samples
prepared at the high HWLS:PANmass ratios of 2:1 and 3:1 (Fig. 2d-
2e). Notably, the viscosity of the spinning solution decreased
accordingly (Table S1), and it became increasingly difficult to form
a Taylor cone. The droplets of the spinning solution were not
affected by the electric field and directly dripped onto the alu-
minum foil. This is because PAN is a high molecular weight poly-
mer, and the higher the content, the higher viscosity of the
spinning solution. Notably, nanofibers are woven closely at the
HWLS:PAN ratio of 1:1 (Fig. 2c), as HWLS provided strong cross-
linking, as compared to others.

The effect of HWLS content on the tensile strength of the HP
films is depicted in Fig. 2f. At the low HWLS:PAN ratio of 1:3, the
tensile strength is 5.98 MPa. With the increases of the HWLS con-
tent, the tensile strength increases first and then decreases, reach-
ing a maximum at 6.97 MPa at the HWLS:PAN ratio of 1:1. The
initial increase of the tensile strength can be ascribed to the large
number of OH groups in HWLS that react with C„N in PAN to form
cross-linking networks. Yet the subsequent decline is due to a high
HWLS content that greatly reduced the viscosity of the spinning
solution (Table S1). This renders it difficult to form a nanofiber net-
work. Thus, to obtain high tensile strength, the HWLS:PAN mass
ratio of 1:1 was chosen for subsequent experiments.

The structures of the HP nanofiber films were then character-
ized by FTIR spectroscopic measurements. From Fig. 2g, PAN exhib-
ited several characteristic vibrational bands, C„N stretching
vibration at 2240 cm�1, C@O vibration at 1667 cm�1, and CAH
bending vibration at 1454 cm�1. HWLS showed the overlapping
bands of NAH and OAH stretching (around 3404 cm�1), C@O
stretching vibration (amide I, 1647 cm�1), and NAH bending vibra-
tion (amide II, 1545 cm�1). For the HP nanofiber films, the C„N
stretching vibration can be found at 2240 cm�1. As compared to
HWLS and PAN alone, the broad peaks (OAH stretching) located
between 3500 and 3000 cm�1 shifted to a lower wavenumber with



Fig. 1. Schematic diagram of the fabrication of conductive HPAP nanofiber films.

Fig. 2. SEM images of the HP nanofiber films prepared at different HWLS:PAN ratios: (a) 1:3, (b) 1:2, (c) 1:1, (d) 2:1, and (e) 3:1. (f) The corresponding tensile strength of the
HP nanofiber films. (g) FTIR spectra of PAN, HWLS, and HP nanofiber films.
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the HP nanofiber films, suggesting the generation of hydrogen
bonds between the two components, where the hydroxyl func-
tional groups of HWLS readily reacted with the nitrile groups in
the PAN polymer chains.
3.2. Characterization of HPA nanofibers and EMI shielding
performance

From the XRD patterns in Fig. 3a, the HP nanofiber films can be
seen to possess a strong diffraction peak at 2h = 17�, corresponding
to the PAN (100) crystal plane [15]. For HPA, five additional
diffraction peaks can be identified at 2h = 38.1�, 44.3�, 64.4�,
77.5�, and 88.1�, corresponding to the (111), (200), (220), (311),
and (222) planes of face-centered cubic (fcc) Ag (JCPDS No. 4–
783), respectively. This suggests the successful incorporation of
AgNWs into the nanofibers.
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The corresponding SEM image is shown in Fig. 3b, in which HP
fibers are indicated by blue arrows, and AgNWs are indicated by
red arrows. It can be seen that the HPA sample is composed of
HP nanofibers, which are entangled with AgNWs in an irregular
arrangement, and the elements of Ag, C, and N were distributed
evenly across the sample, as manifested in elemental mapping
analysis based on energy-dispersive X-ray spectroscopy (EDS,
Fig. 3c-3e). Such a uniform distribution of Ag is important for the
shielding of electromagnetic waves.

Notably, there is a positive correlation between the materials
electrical conductivity and EMI SE [46]. Fig. 4a shows the electrical
conductivity of the HPA nanofiber films prepared with different
numbers of dipping cycles (x) into the AgNWs solution. For the
AgNWs-free HP nanofiber films, the electrical conductivity was
estimated to be 10–9 S m�1 which increased markedly with the
incorporation of AgNWs into the nanofibers. For instance, after
only two dipping cycles, the electrical conductivity of HPA-2 was



Fig. 3. (a) XRD spectra of AgNWs, HP, and HPA nanofiber films. (b) SEM image of an HPA nanofiber film, and the corresponding EDS elemental maps of (c) C, (d) Ag, and (e) N.

Fig. 4. (a) Electrical conductivity of HPA as a function of dip cycles into the AgNW solution. Inset is a photograph where a LED is lit up by a power source connected with HPA-
6. (b) EMI performance of HPA as a function of dip cycles, and (c) SER, SEA, and SET of the HPA-8 sample as a function of test frequency.
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almost 10 orders of magnitude higher at 12 S m�1, and after six
cycles of dipping, the electrical conductivity increased further to
104 S m�1. In fact, when HPA-6 was connected with an electric wire
to a power source of 3 V, a LED light board can be easily lit up (inset
to Fig. 4a). This confirms the high electrical conductivity of the 3D
interconnected nanofiber films.

Fig. 4b depicts the relationship between the number of dipping
cycles into the AgNWs suspension and EMI SE. With 4 cycles of
dipping, the EMI SE of the HPA nanofiber film was over 20 dB, most
likely due to reduced porosity and enhanced electrical conductivity
of the interconnected conductive structure and the 3D scaffold that
effectively impeded aggregation of the conductive materials. Fur-
ther dipping increased the electromagnetic shielding performance
and at 10 dipping cycles, the EMI SE was 65 dB, which can com-
pletely meet the standard of commercial electromagnetic shielding
materials [49].

To unravel the electromagnetic shielding mechanisms, we cal-
culate the total shielding effectiveness (SET), adoption loss (SEA),
and reflection loss (SER) from the measured S-parameter within
the frequency range of 8.2 to 12.4 GHz for HPA-8. For the electro-
magnetic microwave, SET is the total sum of the contribution of
SEA, SER, and multireflection loss (SEM), SET = SEA + SER + SEM.
SEM is negligible when SET is greater than 10 dB [20]. The results
are presented in Fig. 4c, where the HPA nanofiber films can be seen
to display an SET, SER, and SEA of�55.2 dB,�5.6 dB, and�48.5 dB (-
88% SET at 12.4 GHz), respectively. This suggests that SEA was a
major contributor to EMI shielding efficiency, as compared to SER
in the HPA nanofiber films.
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3.3. EMI shielding performance of HPAP nanofiber films

The EMI shielding performance was enhanced with the HPAP
nanofiber films. From Fig. 5a it can be seen that at a thickness of
150 lm, the EMI SE was estimated to be 65 dB. For highly conduc-
tive EMI shielding materials, the EMI SE is positively correlated
with the electromagnetic frequency (f), materials electrical con-
ductivity (r) and thickness (t), according to Simon’s empirical for-

mula, SE ¼ 50þ log r
f

� �þ 1:7t
ffiffiffiffiffiffi
rf

p
. Fig. 5b shows the EMI shielding

properties of a bi-layer of HPAP nanofiber films prepared by 10
dipping cycles, which featured a thickness is 320 lm, and an
enhanced electromagnetic shielding efficiency of 80 dB at
10.8 GHz.

The EMI shielding process of the HPA films is illustrated in
Fig. 5c. Upon the exposure of the HPA nanofiber films to external
incident electromagnetic waves, a relatively small fraction of the
radiation was immediately reflected back owing to impedance
mismatch at the air-film interface caused by free electrons gener-
ated on the film surface. Most of the remaining waves interacted
with the conductive network and became consumed by conversion
into thermal energy, resulting in significant microwave absorption
and energy dissipation. Meanwhile, multiple internal reflections of
the electromagnetic wave could occur due to the random disper-
sion of AgNWs, resulting in further absorption and dissipation of
the incident electromagnetic waves. In fact, almost no electromag-
netic waves could pass through the film after these layers of
absorption and loss.



Fig. 5. (a) SER, SEA and SET of the HPAP samples as a function of test frequency. (b) SER, SEA, and SET of the double-layer HPAP samples as a function of test frequency. (c)
Schematic illustration of the EMI shielding mechanism of the HPAP nanofiber films. (d) Comparison of EMI shielding performance vs the thickness of composite materials in
published work.
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Fig. 5d shows the electromagnetic shielding performance of
HPAP nanofiber films. Notably, the HPAP nanofiber films exhibited
a higher EMI shielding performance at a lower film thickness than
leading EMI-shielding composites reported previously, such as
PNF/metal particles [26], Ti3C2Tx/PANI [50], Epoxy/Cu [51], silicone
rubber/Ag [52], PMMA/graphene [53], PMMA/Fe3O4–MWCNTs
[54], CNF/Ag [55], CNF/ Ti3C2Tx [41], CNF/MWCNTs [56], and
MWCNT/PAN NF [57]. This suggests that the obtained HPAP nano-
fiber films are viable candidates for the development of new-
generation multi-frequency, lightweight, and intelligent electro-
magnetic shielding materials.

3.4. Water contact angle and self-cleaning behaviors of HPAP
nanofiber films

Moisture of the external environment may exert negative
effects on the performance of electronic devices. Therefore, it is
necessary to study the surface hydrophobic property of the EMI
shielding materials. As shown in Fig. 6a, the water contact angle
(/) of the PAN film was estimated to be 117.3� ± 1.12�. Yet, for
the HP nanofiber film, / was significantly lower at only 15.5� ± 0.
83�, likely due to the hydrophilic groups, such as OH and COOH,
in the sample. Upon the incorporation of AgNWs into the nanofi-
bers, HPA exhibited an even lower / of 4.5� ± 0.55�. Yet, upon
the coating of PDMS, the resulting HPAP nanofiber films became
markedly hydrophobic at / = 132.5� ± 1.95�.

To simulate the harsh environmental conditions, the contact
angles were also measured with strong acid, base, seawater, and
acid rain (Fig. 6b and 6c), where one can see that the contact angles
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all remained greater than 115�. In fact, within the wide range of pH
(1 to 14) (Figure S1), and water contact angles were all over 105�.
This hydrophobic surface renders it possible to easily clean the
materials surface. For instance, as shown in Fig. 6d, coffee powders
sprayed on the HPAP surface could be quickly removed by simple
water rinsing, restoring the clean film surface.

3.5. Sensing performance of HPAP nanofiber films

The performance of the HPAP nanofiber films as a skin piezore-
sistive sensor is also tested. Fig. 7a shows a schematic pressure
sensing model based on HPAP nanofiber films. Without the appli-
cation of a pressure onto the skin piezoresistive sensor, the layers
of materials within the sensor were too far away from each other
to allow effective charge transport. Yet, when a pressure was
applied to the skin sensor, the electrodes were in intimate contact
with the HPAP nanofiber films, resulting in the formation of electri-
cally conductive pathways between the electrodes and the HPAP
nanofiber films. Such a pressure sensor not only enables high sen-
sitivity and a wide linear range but also offers a rapid response (ca.
250 ms), as shown in Fig. 7b. To examine the feasibility and prac-
ticability of the as-fabricated HPAP nanofiber films as a wearable
sensor for human body motions, the sensor was attached to the
elbow joint, and the pressure-induced resistance was monitored
and depicted in Fig. 7c. Interestingly, one can see that a larger
bending angle (from 120� to 90�, 60�, and 30�) leads to a higher
current signal. Fig. 7d shows the relative current variation of the
HPAP sensor under repeated tests at different working frequencies.
The response signal is highly steady and independent of the load-



Fig. 6. (a) Water contact angle of the PAN, HP, HPA, and HPAP films. (b) Contact angles of an HPAP film with different liquid droplets. Insets are the corresponding
photographs. (c) Photographs of different liquid droplets on an HPAP film. (d) Self-cleaning process of coffee powder on a HPAP film.
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ing rate, which is important for practical applications. Fig. 7e
shows the stable and repeatable current response under applied
pressures varying from 10 to 30 kPa, indicating that the contact
resistance of the pressure sensor decreased obviously with increas-
ing external pressure.
4. Conclusion

In this study, a multifunctional composite nanofiber film was
prepared by the deliberate assembly of hydrolysate of waste
leather scraps, polyacrylonitrile, silver nanowires, and poly-
dimethylsiloxane. The nanofiber films, even at a low thickness,
demonstrated a high EMI shielding efficiency and could be used
as a pressure sensor to monitor human body motions. This remark-
402
able performance was ascribed to the intimate contacts between
the fiber scaffolds and the high electrical conductivity due to the
integration of silver nanowires. Results from this study indicate
that waste leather scraps can be exploited as a unique precursor
for the preparation of value-added functional nanocomposites.
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Fig. 7. (a) Schematic illustration of the mechanism of the HPAP pressure sensor. (b) Response time and recovery time of the sensor. (c) Original current signals for monitoring
elbow bend of a healthy person. (d) Current change of the sensor at different frequencies (1, 2, and 3 Hz). (e) Current change of the sensor at different pressures (10, 20, and
30 kPa).
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