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This article reviews the techniques and applications of electrospinning for the fabrication of nanofibrous sensors. Considering
that nanosensors require a large specific surface area and a continuous structure for the conduction of current signals, electrospun
nanofibers have the dominant advantage. The device preparation is mainly divided into surface treatment and high-temperature
sintering, which are, respectively, used for preparing composite conductive fibers and inorganic semiconductor fibers. Typical
applications include pressure sensing, gas sensing, photoelectric sensing, and temperature sensing. In addition, nano-self-
powered systems have been mentioned to emphasize the good performance of smart nanosystems that do not require external
power. In addition, we have summarized some existing methods and suggestions for increasing the specific surface area and
presented constructive ideas for the future development of these devices.
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1 Introduction

Smart materials [1–4], which can also be called responsive
materials, are a type of materials that possess properties that
can be controlled by external stimuli. The stimuli can be
pressure [5], temperature [6], pH [7], moisture [8], electric or
magnetic fields [9], chemical compounds [10,11], or light
[12,13]. When the response property is accessible to elec-
tronics, the material can work as a sensor [14–16]. When the
response property is length or force, the material becomes an
actuator/artificial muscle [17,18]. Whether it is future arti-
ficial intelligence or current automation control, data ac-
quisition and conversion into computer-processable
electrical signals are essential and require a large number of
inexpensive but reliable sensors. In general, sensing occurs

preferentially at the interface; therefore, sensors usually re-
quire a large specific surface area, while nanomaterials are
materials with a large specific surface area, and their specific
surface area can be increased rapidly by decreasing their
dimensions. Another consideration is that a sensor usually
needs to be assembled into a certain measuring instrument or
analog-to-digital conversion circuit; therefore, it needs to
form a stable continuous circuit to provide a path for the
current. From this aspect, electrospinning is irreplaceable
because of its ability to prepare continuous one-dimensional
materials. It avoids complex micro-nano processing techni-
ques and can be assembled using only conventional electrode
connecting techniques.
Nanofibers have the advantages of light weight, con-

tinuous, large specific surface area, and easy loading of
functionalized nanomaterials [19,20]. At present, there are
various techniques for preparing nanofibers, such as the
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template method [21,22], self-assembly method [23], and
etching method [24]. However, compared with the electro-
spinning technology, these methods produce structures with
a complex interface [25], leading to extrinsic effects or high
costs. Therefore, it is difficult to use these methods on in-
expensive clothing. However, the electrospinning technol-
ogy can solve this problem in essence. On one hand, this
technique can produce a continuous nanofiber membrane at a
low cost and with a relatively uniform fiber diameter. On the
other hand, through the improved electrospinning technol-
ogy, such as near-field electrospinning technology and high-
speed drum collection technology [26,27], the configuration
of the electrospun fiber can be well regulated, thereby rea-
lizing different designs.
In this review report, we will first introduce the application

of the electrospinning technology for the preparation of na-
nosensors. Traditional pressure sensing, gas sensing, photo-
electric sensing, and temperature sensing will be introduced
next, followed by self-powered sensors using nanogenera-
tors. Some constructive comments and outlooks will be
provided at the end.

2 Preparation strategy

2.1 Electrospinning process

There are typically two synthesis strategies, as shown in
Figure 1 [28,29]. A conventional electrospinning device in-
cludes a high-voltage power supply, a liquid supply system,
and a collector. In the electrospinning process, as the spin-
ning voltage increases, when the electric field force is greater
than the surface tension of the solution, the charged solution
is ejected from the spinneret to form a jet, and the jet reaches
the receiving electrode under the action of the electrostatic
field. In common cases, the parameters used in electrospin-
ning are as follows: usually, the spinning voltage is con-
trolled in the range of 10−30 kV, and the distance between
the spinning needle and the receiving end is controlled within
a distance of 10−50 cm. An increase in the voltage and an
increase in the electrode spacing will decrease the diameter
of the fiber to some extent. Because of the splitting of the jet
and the fiber whip during the electrospinning process, ul-
trafine or even nanofibers are eventually formed. In general,
the electrospinning process relies on a polymer material
solution, so the direct spinning product is usually a soluble
polymer material, which results in the electrospinning of the
conductive fibers requiring subsequent processing.

2.2 Surface deposition

On the basis of the electrospun material, a certain conductive
material can be deposited on the surface of the fiber to obtain

a conductive fiber. These surface deposits include polymeric
conductive materials, physical or chemical deposition, and
surface coating of carbon nanotubes.

2.3 Precursor heat treatment

In addition to the surface treatment, a certain precursor may
be used for the heat treatment to obtain conductive fibers.
The inorganic oxide fiber can be obtained by electrospinning
a polymer such as polyvinylpyrrolidone (PVP) or polyvinyl
alcohol (PVA) containing a metal complex, and then burning
the polymer material in an air atmosphere. In contrast,
polyacrylonitrile (PAN) is dissolved in N,N-dimethylforma-
mide (DMF) for electrospinning, and after pre-oxidization in
air and carbonization by insulating air, conductive carbon
fibers can be obtained.

2.4 Percolation principle

In principle, a conductive material requires a conductive
portion of the material to reach a percolation concentration to
form a continuous conductive path. This results in the poor
conductivity of fibers that are directly doped with conductive
materials. However, if the nanofibers are treated only on the
surface by a conductive material, a cylindrical structure is
formed, the conductive ability is retained, and a large spe-
cific surface area is obtained; thus, they exhibit a good re-
sponse to substances such as a gas. In contrast, when the
fibers are obtained by the precursor treatment, the polymer
template is completely removed, and a continuous con-
ductive material is obtained. Note that the two strategies are
not mutually exclusive. For example, the electrochemical
deposition of metals on carbon nanofibers can be used to
fabricate nanofibers with a conductors’s interface.

Figure 1 (Color online) Flow chart elaborating the preparation of con-
ductive nanofibers by electrospinning. (a) Preparation of polymer compo-
site conductive nanofibers [28]; (b) preparation of inorganic polymer
conductive fibers [29].
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3. Applications

3.1 Pressure sensors

Nanofibers prepared by electrospinning tend to be fluffy. As
a result, the shape of the conductor changes under the action
of pressure, so the resistance of the fiber changes sig-
nificantly when the resistivity is constant. Thus, by keeping
the voltage at both ends of the fiber constant, the fiber current
can characterize the change in pressure [27,30]. For example,
Hu et al. [31] designed a silver-loaded sodium alginate fiber.
Sodium alginate (0.64 g), polyethylene oxide (PEO)
(0.16 g), Triton X-100 (0.4 g), and dimethyl sulfoxide (2 g)
were dissolved in water (36.8 g) for electrospinning, and the
fibers were then immersed in a silver nitrate solution (25 wt%).
Finally, reduction was carried out using dimethylamine
borane to obtain a silver-loaded sodium alginate fiber. This
fiber showed a good response to pressure, and reproduci-
bility experiments showed that it has good resilience and
hence can be used accurately and repeatedly for pressure
sensing, as shown in Figure 2 [31]. Applying the sensor to
the chest and throat revealed that the fibers indicated
breathing and language well. By using a scanning circuit, we
can convert these sensors into a pressure sensing unit to
prepare an electronic skin, which is capable of characterizing
the pressure distribution [31].
Yu et al. [32] used a patterned collector to prepare a pat-

terned stretchable stress sensor, as shown in Figure 3 [32].
First, polyvinylidene fluoride (PVDF) (dissolved in 1:1 N,N-
dimethylformamide and acetone with a weight ratio of 22%)
was deposited by electrospinning onto different patterned
conductive mesh structures, such as hexagonal structures
collectors, approximately rectangular collectors, metal me-
shes, and circular collectors, and then the obtained fibers.
The PANI conductive polymer material was then poly-
merized onto the fibers to obtain a conductive fiber mem-
brane. In addition to the common tensile sensing properties,
the fabricated sensor exhibited considerably higher tensile
properties than the conventional disordered fibers. The
highest detectable strain was 110%, which was 2.6 times that
of conventional disordered fibers. The reason for this effect
was that collector patterning led to local electric field en-
hancement, which increased the overall strength of the fiber
[32].

3.2 Gas sensors

In addition to stress sensing properties, the conductive ma-
terial itself may experience a sensing response to the gas.
Because of the large specific surface area of the nanofibers,
this response can often eliminate complex internal diffusion
processes and only complete the percolation limit on the
surface to achieve rapid gas sensing. Zhang et al. [33] pre-
pared zinc oxide nanowires by using chemical vapor de-

position. These nanowires exhibited good electrical
conductivity after depositing on micro-electrode templates.
Moreover, nanowires exhibit some sensing properties for
CO. However, because of the slow saturation of CO ad-
sorption, the response speed of the sensor is slow. In order to
solve this problem, Zhang et al. [34] also prepared PEDOT:
PSS/PVP nanofibers (1.8 g of PVP dissolved into 8.2 g of
ethanol with the addition of 1.1 g of PEDOT:PSS). Further,
the use of the ultra-sensitive quartz crystal microbalance
(QCM) for CO sensing improved the sensing performance,
as shown in Figure 4(a) and (b). In contrast, ammonia gas

Figure 2 (Color online) Pressure sensing performance of silver-loaded
sodium alginate nanofibers. (a) I-V plots under different pressure condi-
tions; (b) response repeatability under different pressure conditions; (c)
response to human respiration after the fiber is applied to the chest; (d)
responses to the different words “Nano” and “Perfect” after the fibers are
applied to the throat; (e) electrode array map for electronic skin; (f) map-
ping of the pressure signal [31].

Figure 3 Different patterned membranes collected by different electrode
configurations [32].
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causes a change in the electrical resistance of polyaniline.
Meanwhile, Zhang et al. [35] prepared poly(methyl metha-
crylate) (PMMA) fibers by electrospinning (PMMA dis-
solved into tetrahydrofuran with a weight ratio of 20%) and
then polymerized polyaniline on the surface to fabricate
conductive fibers. These fibers exhibited the good sensing
properties of ammonia gas, as shown in Figure 4(c) and (d)
[35]. Sheng et al. [36] obtained inorganic nanofibers of bar-
ium titanate by calcining the precursor. This fiber exhibited
moisture sensing properties, as shown in Figure 4(e) and (f).
In contrast, reducing the size of the fiber further improved

the sensing performance. With the low-current measurement
technology, unpercolated, high-resistance fibers can also
exhibit good gas sensing performance, which may be at-
tributed to the gas response in non-conductive areas. Zhang
et al. [37] prepared finer fibers than those obtained by con-
ventional electrospinning by connecting a negative high-
voltage source to the collecting electrode. The average size
of these PEDOT:PSS/PVA fibers reached 68 nm, and most of
the fiber diameters were below 100 nm, as shown in Figure 5(a)
and (b). Comparative experiments showed that the reduction
in fiber diameter could effectively improve the response
speed. In terms of the saturation response time, the response
time of the 68-nm fiber was less than 6 s, while the response

time of the conventional electrospun fiber was more than
10 s, as shown in Figure 5(c)–(f) [37].
Note that Zhang et al. [28] found that a silver-loaded so-

dium alginate fiber prepared by the reduction method con-
tains the conductive material uniformly distributed inside
and outside the fiber, and the conductive fiber has good
humidity response characteristics. Figure 6(b) shows that the
current signal is smooth during normal breathing. As the
breathing increases during running, the current signal gra-
dually increases, indicating that more gas is being exhaled.
As the gas exhaled by the human body contains a large
amount of water vapor, the resistance of the sensor becomes
small, resulting in an increase in the current under an electric
constant voltage state. Our experimental results showed that
this humidity sensor had a high signal-to-noise ratio, so it has
also been used in the attempts to characterize the emotional
state of the wearer. Figure 6(c) and (d) shows that the current
increases slightly under different emotional conditions. In
the case of delight, the wearer’s laugh causes different shades
of breathing, which are manifested in the current, that is, the
complexity of the wave pattern. In the case of sorrow, the
wearer’s continuous and steady sobs make the output signal a
stable waveform. In daily life, deaths due to acute respiratory
arrest are a threat to human life, and if these signals are
alerted, it is easy to save the lives of these respiratory ar-

Figure 4 (Color online) (a) Response curve of PEDOT:PSS/PVP nano-
fibers to CO and (b) their sensitivity to different concentrations [34]; (c)
resistivity change of polyaniline/PMMA composite nanofibers at different
ammonia concentrations and (d) their sensitivity [35]; (e) humidity re-
sponse curve of BaTiO3 nanowires and (f) their recovery performance
curve. The humidity response curve is a resistance change diagram in 33%
and 97% humidity environments [36].

Figure 5 (Color online) (a) Scanning electron microscopy (SEM) image
of nanofibers obtained by using ultrahigh voltage electrospinning; (b) the
diameter profile of the nanofibers, with an average diameter of 68 nm,
while the conventional electrospinning obtained fibers with a diameter of
263 nm; (c), (d) ammonia sensing response plots for conventional fibers
with a response time greater than 10 s; (e), (f) ammonia sensing response
plot of nanofibers with a response time of less than 6 s [37].
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resters. Figure 6(e) and (f) shows this application. In the right
situation, the wearer exhibits normal breathing (NB), as
shown in Figure 6(e). However, in the case of hard breathing
(HB), the output signal is significantly smoothed and re-
duced. A timely warning can be provided by using a simple
threshold delay algorithm or a machine learning algorithm
[28].

3.3 Photodetector

Semiconductor materials, particularly narrow-bandgap
semiconductor materials, tend to respond well to light.
Visible light with sufficient energy can excite carriers to the
conduction band, increasing the carrier concentration,
eventually leading to an increase in conductivity, as evi-
denced by a significant decrease in resistance with illumi-
nation, which can characterize the light intensity. Zhang et al.
[38] used a zinc oxide precursor containing a polymer ma-
terial (1.5 g of PVP, 1.0 g of zinc acetate, and 0.2 g of lan-
thanum acetate were mixed with 8.5 g of ethanol and 0.2 g of
deionized water) to obtain a zinc oxide inorganic nanofiber.
After doping rare earth elements such as La and Ce in the
ZnO nanofibers [38,39], the researchers found that doping
changed the intrinsic n-type ZnO semiconductors to p-type
semiconductors. These semiconductors responded well to
light, as shown in Figure 7 [38,40]. Liu et al. [41] used a

near-field electrospinning device to print arrays of ZnO na-
nowires that exhibited ultra-high detection performance, as
shown in Figure 8.

3.4 Conductive wire

Note that the nanofibers can form a good conductive wire.
Tong et al. [42] fabricated a conductive wire by coating
carbon nanotubes onto a yarn obtained by twisting an elec-
trospun membrane, as shown in Figure 9 [42]. The twisting
process was invented by Zheng et al [43]. It works well as an
ordinary conductive wire and can be hidden into black
clothes, which can be a good support to the future smart
fabric [42].

3.5 Smart nanogenerator

In the recent years, nanogenerators have attracted increasing
attention. As nanosystems are less compatible with tradi-
tional power supply technologies, the use of self-powered
systems based on nanogenerators is a good choice. Nano-
generators are sufficiently small to convert mechanical en-
ergy into electrical energy and are therefore particularly

Figure 6 (Color online) (a) Image of the mask-integrated silver-loaded
sodium alginate fiber; (b) response signal diagrams for different breathing
depth conditions; (c), (d) comparison of response signals under different
emotions; (e) corresponding signal conditions during normal sleep; (f)
comparison of signals in the case of hard breathing (HB) and normal
breathing (NB) [28]. Figure 7 (Color online) (a), (b) SEM image comparison of doped ZnO

fibers before and after sintering [40]; (c) field effect test configuration of
ZnO fiber [40]; (d) transfer characteristics of Ce-doped ZnO [40]; (e)
transfer characteristics of La-doped ZnO [38]; (f) I-V curve of La-doped
ZnO under different wavelengths of light [38].
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suitable for wearable devices. In contrast, its output intensity
tends to change significantly with pressure, temperature, and
so on, so it can be used as an excellent self-powered sensor.
Guo et al. [44] integrated the Bluetooth wireless transceiver
module to connect this self-powered sensor to a mobile
phone, realizing a connection between the smart fabric and
an intelligent terminal. Piezoelectric nanogenerators can
produce an electrical output under pressure, as shown in
Figure 10. The higher the pressure is, the stronger is the
output, which can be used for self-powered pressure sensing.
In contrast, the piezoelectric polymer material has a pyro-
electric output property; thus, a corresponding response
electrical signal is generated when the temperature changes.
It is very important that the current output signals of the two
do not interfere with each other but output simultaneously in
a signal superimposed manner, which results in the si-
multaneous transduction of the pressure signal and the
temperature signal, as shown in Figure 11. Note that the most
important sensing properties of human skin are pressure
sensing and temperature sensing. Wang et al. [45] further
reduced the configuration of the piezoelectric self-powered
sensing system to obtain a bionic single-electrode electronic
skin unit. This single-electrode electronic skin unit not only
retains the basic sensing capabilities of the piezoelectric self-
powered sensor but can also be made in a flexible form or in

a transparent form, as shown in Figure 12. Further research
has shown that this single-electrode electronic skin has a
stronger resistance to a short circuit than the conventional
electronic skin, as shown in Figure 13 [45].

4 Summary and outlook

With the development of technology, electronic products will
gradually shift from smart terminals to micro-wearable de-
vices, and smart fabrics with sensing performance will be-
come an important development prospect. In this regard, the
electrospinning technology has an irreplaceable advantage in
the preparation of continuous nanowires. On one hand, en-
vironmentally friendly materials can be introduced [46,47].
On the other hand, because of the simplicity of the tech-
nology, electrospinning can be well modified to prepare
nanostructures with different morphologies, thereby ex-
panding different functions. Combined with other conductor
preparation methods, such as electrochemical deposition
[48,49] and flash light irradiation, more designs can be
achieved [50]. Considering the difficulty of compatibility
between the nanotechnology and the traditional power sup-
ply system, the self-powered nanogenerator sensing system
will become a good choice for smart fabrics. However, a

Figure 8 (Color online) Near-field printing of zinc oxide nanowire
photosensor arrays. (a) Schematic representation of the device for nanowire
printing; (b) flexibility demonstration of the nanowire arrays; (c) optical
photograph of a nanowire array with a scale bar of 30 μm [41].

Figure 9 (Color online) Invisible wire prepared by electrospinning. (a),
(b) Preparation of the nano-strand; (c) schematic representation of the
original stranded wire and the wire deposited by carbon nanotubes; (d), (e)
use of a conductive wire to power the LED; (f), (g) effect of weaving the
wire on white and black cloth; the nanowire is unnoticeable on the black
cloth [42].
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truly practical self-powered nanosystem must solve the
problem of self-powered wireless signal output in order to
establish an interface with future IoT systems. Meanwhile, a
biocompatible nanofabric can be joined with an artificial
scaffold material to sense vital signs such as blood pressure,

body temperature, and blood sugar concentration variation in
the human body, and provide more detailed physiological
indicators for the human body through continuous data col-
lection.
Microstructure improvement is an indispensable task in the

preparation of nanosensors using the electrospinning tech-
nology. Through the improvement of the electrospinning
technology itself, the fiber diameter can be continuously
reduced [51–53], thereby leading to a higher specific surface
area; therefore, sensors with better performance can be ob-
tained by utilizing these techniques. Alternatively, the pre-
paration of the hollow structure in combination with the
Kirkendall effect can further increase the specific surface
area of the fiber [54–56]. Of course, a more variable choice is
to prepare a two-dimensional material-bonded hierarchical
structure through reasonable surface modification.

Figure 10 (Color online) (a) Schematic representation of the bluetooth
system used for wireless transmission; (b) static perturbation signal; (c)–(e)
wireless signals when picking up, walking, and running; (f) SEM image of
pure PVDF fibers; (g) SEM image of PVDF doped by BaTiO3 nanowires
[44].

Figure 11 (Color online) PVDF fiber membrane performance. (a) Pie-
zoelectric response current under pressure; (b) piezoelectric response cur-
rent under bending; (c) pyroelectric current due to temperature changes; (d)
simultaneous use of pressure and temperature superimpose the two current
signals [6].

Figure 12 (Color online) PVDF single-electrode electronic skin display.
(a) Skin attachment; the insert is the wiring diagram at work and its
comparison with neurons; (b) SEM image and diameter distribution of the
nanofibers; (c) transparency demonstration of the electronic skin deposited
on the indium stannate (ITO) surface and (d) its transmission spectrum
[45].

Figure 13 (Color online) (a) Pressure map and (b) hot and cold map of
the single-electrode electronic skin; (c) short circuiting of adjacent elements
of a single-electrode electronic skin element has no effect on the output
signal. For the resistance sensing unit. (d) Short circuit of the component
itself and (e) the short circuit of the neighboring component causes an error
signal output [45].
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Currently, fiber deposition should be better controlled so as
to achieve the production of inexpensive and large-scale
sensors in the future, and the solution to this problem is not
difficult. Electrospinning can easily and controllably prepare
one-dimensional nanowires. Whether it is a near-field elec-
trospinning technique combined with a motion console
[57,58] or an ordered fiber collection technique using a high-
speed rotating collector [59–61], parallel nanofiber arrays or
cross-nanofiber arrays can be well prepared. Using these
techniques, inexpensive mapping functions can be realized,
thereby realizing certain imaging technologies such as in-
expensive touch plates, image sensors, and even gas con-
centration distribution sensors, providing a certain medical
imaging technology reserve. In contrast, multi-channel sig-
nal acquisition can achieve its own repeatability verification
and regression analysis through a functional circuit, so as to
better ensure the accuracy of the sensing signal. In addition,
because of the flexibility of supporting the nanostructure,
electrospun nanofiber-based flexible electronic devices tend
to have higher flexibility and thinner thickness, which will
also result in a good performance in the field of flexible
electronic devices.
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