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Abstract: The flexible tactile sensor has attracted widespread attention because of its great flexibility, high
sensitivity, and large workable range. It can be integrated into clothing, electronic skin, or mounted on to
human skin. Various nanostructured materials and nanocomposites with high flexibility and electrical
performance have been widely utilized as functional materials in flexible tactile sensors. Polymer
nanomaterials, representing the most promising materials, especially polyvinylidene fluoride (PVDF),
PVDF co-polymer and their nanocomposites with ultra-sensitivity, high deformability, outstanding
chemical resistance, high thermal stability and low permittivity, can meet the flexibility requirements
for dynamic tactile sensing in wearable electronics. Electrospinning has been recognized as an
excellent straightforward and versatile technique for preparing nanofiber materials. This review
will present a brief overview of the recent advances in PVDF nanofibers by electrospinning for
flexible tactile sensor applications. PVDF, PVDF co-polymers and their nanocomposites have
been successfully formed as ultrafine nanofibers, even as randomly oriented PVDF nanofibers
by electrospinning. These nanofibers used as the functional layers in flexible tactile sensors have been
reviewed briefly in this paper. The β-phase content, which is the strongest polar moment contributing
to piezoelectric properties among all the crystalline phases of PVDF, can be improved by adjusting
the technical parameters in electrospun PVDF process. The piezoelectric properties and the sensibility
for the pressure sensor are improved greatly when the PVDF fibers become more oriented. The tactile
performance of PVDF composite nanofibers can be further promoted by doping with nanofillers
and nanoclay. Electrospun P(VDF-TrFE) nanofiber mats used for the 3D pressure sensor achieved
excellent sensitivity, even at 0.1 Pa. The most significant enhancement is that the aligned electrospun
core-shell P(VDF-TrFE) nanofibers exhibited almost 40 times higher sensitivity than that of pressure
sensor based on thin-film PVDF.

Keywords: PVDF; P(VDF-TrFE); electrospinning; flexible tactile sensor

1. Introduction

With the explosive development of science and technology, widespread attention has been
paid to tactile sensors on both the research and applied technology fields [1,2]. Tactile sensing
provides measurable information by given properties of an object or event through a tactile sensor.
These are responsive sensors that are defined as detecting and measuring electrical parameters to
monitor human activities, physiological signals, and analyzing these signals when given physical
contact such as mechanical deformation [3,4]. The tactile sensor are classified by a few groups
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such as piezoelectric, piezoresistive, triboelectric, capacitive, and optical sensors according to the
sensing mechanism employed. A good tactile sensor should be highly sensitive, stable, simple,
and quickly responsive [5]. However, due to the limitation of the mechanical properties (including
stretching, bending, pressure and torsion) [6,7], the development of the traditional piezoelectric sensors
were greatly hindered [8–10]. The piezoelectric sensors can be classified into two groups: ceramic
and polymeric ones. There are some disadvantages for piezoelectric ceramic based on inorganic
materials such as high temperature for polar reorientation, high cost preparation process, and poor
flexibility. Piezoelectric polymeric materials, on the other hand, have excellent mechanical flexibility,
multi-technology compatibility, and cheaper cost. The most prominent advantage is that it has good
nanomaterial formability. Therefore, the use of piezoelectric polymeric materials in the tactile sensor
has been developing rapidly. Meanwhile, various nanostructured materials (nanofibers/nanowires,
graphene and carbon nanotubes, polymer nanofibers, etc.) [11–18] and nanocomposites [19–22] with
high flexibility and electrical performance have been widely utilized as functional materials and
the rigid substrates have been replaced by flexible substrates including polyethylene terephthalate,
polyurethane, and polydimethylsiloxane (PDMS), which has promoted the development of flexible
tactile sensors. Rapid development has been achieved in recent years to fabricate flexible tactile sensors,
due to the ultrahigh stretchable, bending, and wearable features, which can be easily integrated into
artificial and electronic skin (e-skin) [23–26].

Polymer nanomaterials, especially polyvinylidene fluoride (PVDF), PVDF co-polymers and
their nanocomposites with ultra-sensitivity and high deformability, represent the most promising
material, which can meet the hot spot of flexibility and the requirements of dynamic tactile sensing
in wearable electronics [27–29]. Various fabrication methods of nanomaterials such as sol-gel [30],
chemical vapor deposition (CVD) [2,6], hydrothermal method [31], etc., are adopted, but are generally
limited by complicated processes, high-temperature treatment, high-vacuum system or high cost.
Electrospinning is a typical one-step process, low-cost, and versatile technique to fabricate nanofibers
from solution at room temperature, which has been widely utilized to fabricate one-dimensional
polymer nanofibers [32]. The crystallinity of a polymer nanofiber can be significantly improved due to
the ultra-high specific surface area and aspect ratio and therefore the electrical performance can be
further enhanced [28] by electrospinning.

The nanofiber materials of PVDF, PVDF co-polymers and their nanocomposites, even randomly
oriented PVDF nanofibers, have been successfully fabricated [33] and used for the functional layer of
flexible tactile sensors with excellent performance. This review will present a brief overview of the
recent advances in PVDF nanofibers by electrospinning for flexible tactile sensor applications. As the
functional materials of the tactile sensors, PVDF nanofibers by electrospinning are mainly used for
piezoelectric sensors and piezoresistive sensor. Most PVDF nanofiber-based tactile sensors have a
common mechanism working by piezoelectricity. The β-phase content contributing to piezoelectric
properties can be improved by adjusting the technical parameters during the electrospun PVDF process.
The tactile performance of the PVDF composite nanofibers doped with nanofillers and nanoclay used
in sensors can be further promoted. Electrospun P(VDF-TrFE) nanofiber mats achieved excellent
sensitivity at exceptionally low pressure (0.1 Pa) [34]. In addition, the excellent sensitivity can even
be applied to 3D pressure sensor [35]. The piezoelectric properties are greatly improved when the
arrangement of PVDF fibers become more oriented. The most significant enhancement is that the
aligned electrospun P(VDF-TrFE) core–shell nanofibers were fabricated and exhibited almost 40 times
higher sensitivity than that of a pressure sensor based on thin-film PVDF. Both PVDF nanocomposite
(such as PVDF/Ag and PVDF/PPy) and P(VDF-TrFE) nanofibers by electrospinning show excellent
pressure-sensor performance while working by the mechanism of piezoresistivity.

2. Electrospinning

Electrospinning is a simple, low-cost, and versatile technique to fabricate long and continuous
micro/nanoscale fibers (from a few nanometers to submicrometers) [36,37]. The invention of
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electrospinning was patented in 1934 [38]. Thereafter, this technology has attracted growing industrial
and academic attention [32,39,40].

The schematic illustration of a laboratory electrospinning setup is shown in Figure 1. A high
positive voltage is applied to a polymer fluid or melts through a needle with respect to the substrate or
nanofiber collector. The applied voltage produces a high electrical field, and when the electrical field
force of the accumulated ions in the solution at the air-fluid interface overcome the surface tension,
a fluid jet erupts. The jet can achieve a strong reduced diameter to nanoscale while traveling during
the flight [41]. The jet between the needle tip and the collector is divided into three regions [42]:
(i) a droplet region of conical shape called Taylor cone at the tip of the needle due to the balance
between electrostatic force and surface tension [43]; (ii) a stable straight jet region after Taylor cone
region and (iii) an unstable whipping motion region with the lateral coils formed by jet running
and a cone-shape envelope opening towards the collector/substrate [44]. Many kinds of nanofibers
with different morphologies can be achieved when fibers are collected at different regions of the jets.
The region (iii) has three unstable whipping stages [41], so the disorganized fibers are collected as a
nonwoven mat. When the fibers are collected at a stable straight region (ii), well-aligned nanofibers
and orderly nanofiber patterns can be obtained [45]. When the straight region is less than 1 mm and
1–10 mm with mechanical movement of the collector, the electrospun processes are called near-field
electrospinning [46] and mechanoelectrospinning [47], respectively. In addition, core-shell, hollow or
tied fibers can be fabricated by using coaxial or bicomponent spinneret during electrospinning [39].
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Figure 1. Schematic illustration of an electrospinning.

The morphologies of nanofibers by electrospinning also can be influenced by multiple factors [48]
including: (a) the solution parameters such as viscosity, surface tension, dielectric constant,
and conductivity, (b) process variables such as voltage and distance between the needle tip, and the
collector, flow rate of fluid; and (c) ambient parameters including temperature, humidity, and air
velocity in the electrospinning chamber [49]. Two common strategies have been proposed to optimize
the orientation of the nanofibers [39] by electrospinning. One strategy is introducing the parallel
electrode collector where the fibers can be stretched perpendicular to the edges of the gap due to
the traction of electrostatic forces. Meanwhile, the fibers’ alignment can be significantly improved
by decreasing the distance between the parallel electrodes [50]. However, the above fiber layers
suffer partial misalignment [51]. Another strategy is introducing rotating collector [39] where the
fibers can stretch along the rotating drum due to the traction force from the rotating speed. However,
the relation between the linear speed of the dynamic collector surface and the jet deposition is a critical
factor by electrospinning. The tip-to-collector distance is also identified as the important relevant
factor [52] for an effective control on fibers’ alignment. The jet can also be controlled by applying
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magnetic fields [53] to polymer solutions containing magnetic nanoparticles. Employing auxiliary
electrodes [54], modifying the electrical field, or an electrically earthed collector [51] to collect the
nanofibers can also enhance the alignment of nanofibers.

Among the electrospun piezoelectric materials applied in tactile sensors, electroactive
piezopolymers such as polyvinylidene fluoride (PVDF) (d31≈20 pC/N and −20 ≥ d33 ≥
−30 pC/N) [55] and its co-polymer polyvinylidene fluoride-trifluoroethylene (P(VDF-TrFE))
(d31 ≈ 25 pC/N and −30 ≥ d33 ≥ −40 pC/N) [56] have been extensively researched in flexible
piezoelectric applications owing to their significant advantages, such as excellent piezoelectric
performances, flexibility, breathable properties, and long-term stability. Moreover, the PVDF and
P(VDF-TrFE) mats are applicable to curved surfaces and work in the dynamic environment for
tactile applications.

3. Polyvinylidene Fluoride Piezoelectric Material

3.1. Piezoelectric Polyvinylidene Fluoride

PVDF, whose molecular formula is (–CH2–CF2–)n, is a semicrystalline homopolymer, and the
crystallite polymorphs have five phases (α, β, γ, δ, and ε phases) owing to fabricating conditions [57].
The range of electrical dipole moment of the PVDF monomer unit for different phases is
5–8 × 10−30 C·m [58,59]. Figure 2 shows the schematic representation of the chain conformation for
the most investigated PVDF phases: α, γ and β-phases. Piezoelectricity is the electric polarization of
electric dipole moments in anisotropic crystalline materials while applying mechanical stimulation [60].
So the piezoelectric properties of PVDF are mainly depending on the polar crystalline phases including
β-phase (TTTT conformation) and γ-phase (TTTGTTTG′ conformation), but not including α-phase
which has a nonpolar TGTG′ conformation. The β-phase is the strongest polar moment and most
electrically active phase among these crystalline phases, which shows the highest electrical dipole
moment(8 × 10−30 C·m) [61]. The polarity of the γ-phase is between that of the α- and β-phases.
Thus there is great significance to increase the content of β-phase in PVDF material for the sensor
performance [62]. Many methods are researched to enhance the content of β-phase in PVDF.

Various efficient techniques have been applied during the fabrication process to achieve dipole
alignment of the crystalline structures in β-phase PVDF, such as uniaxial or biaxial stretching [63–65],
thermal annealing [62,66], high electrical field [67], surface charge [68,69], and fillers [70–72]. Multiple
nano-fillers acting as nucleating agents, such as graphene [73,74], carbon nanotubes (CNT) [75–79]
including single-wall carbon nanotube (SWCNT) and multi-wall carbon nanotube (MWCNT),
and clay [80,81], have been added to enhance the formation of β-phase. It is reported an increased
crystallization of β-phase resulted when the nano-fillers content increased [75,82].
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3.2. Electrospun Polyvinylidene Fluoride

The nanoscale fibers of α or β or γ-phase PVDF with an increasing content of β-phase could
be fabricated directly by electrospinning without any post-treatment. Zheng et al. [83] found that
the β-phase content can be improved by adjusting the technical parameters during electrospinning,
such as adding a low boiling point solvent (acetone), decreasing the environment temperature, or
decreasing the flow rate and distance between the tip and the substrate/collector. The high stretching
ratio of the jets, due to the high voltage applied to the precursor solution, is beneficial to the formation
of β-phase PVDF [32], and the high ratio of stretching by electrospinning is similar to uniaxial
mechanical stretching, which makes the phase transition from α-phase to β-phase [63,65,84]. Both the
low environmental temperature at the room temperature range (20–60 ◦C), which provides the low
crystallization temperature for the jets, and the rapid evaporation of the solvent are also beneficial to
the formation of β-phase PVDF [83].

The flexible PVDF material used as a tactile sensor shows several advantages, such as
high piezoelectric coefficient, simple processing technology, dimensional stability, and chemical
inertness [85]. The typical frequency range is between 10 Hz and 50 kHz [86] for the well-known
dynamic measurement method to achieve high sensitivity and transient sensing capabilities.
An anthropomorphic soft fingertip designed by Koh Hosoda et al. constituted of a metal bar as
the bone, a body, and a skin layer of silicon rubber, whose structure is similar to a human finger
(Figure 3). PVDF-based sensors were mounted on the fingertip by randomly embedded in the body
of the soft fingertip and the skin layer as receptors [87], and can discriminate five different materials
to collect texture information by pushing and rubbing the objects. Based on PVDF nanofibrous
fabrics, preliminary force sensors with excellent flexibility and breathability have been fabricated
by electrospinning and demonstrated superior response and sensitivity under external mechanical
forces [28]. With the development of electrospinning device, aligned poly (vinylidene fluoride)
(a-PVDF) fibers have been prepared [33,88,89], which can be used as functional layers in tactile sensors
with excellent performance. Dezhi Wu et al. [18] prepared air pressure sensors based on a-PVDF
fibers with 440~475 nm diameters on the soft substrate of polyethylene terephthalate (PET) and PDMS.
The electrical field was modified by a parallel top-bottom collector configured with two kinds of
materials during the non-uniform field electrospinning. The orientation of PVDF fibers became more
aligned and the piezoelectric performances were greatly enhanced by the increasing thickness of PETs.
The sensibility of the pressure sensor based on PVDF nanofibers was 5.812 mV kPa−1 and the output
voltage signal was about 100 mV at 0.025 MPa air pressure. However, the PVDF material shows a
susceptibility to temperature [90,91], especially temperature gradients. A cross-talk from temperature
variation is undesirable [60]. So protection from thermal interference is necessary for PVDF used as
piezoelectric materials.
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3.3. Polyvinylidene Fluoride Nanocomposite

PVDF composites with nanostructure materials can promote better performance [70,92,93],
thus the piezoelectricity of PVDF complex nanofibers used in a tactile sensor can be improved by
doping with nanofillers and nanoclay. Multi-walled carbon nanotubes (MWCNTs) are commonly
used as nanofillers in the preparation of PVDF complex by electrospinning. The β-phase composition
and output signal for PVDF nanofibers were improved by the addition of MWCNTs compared
with bare PVDF nanofibers [94]. The enhancement of MWCNT on a single PVDF nanofiber can
also be proven by the increasing crystallinity of the piezoelectric β-phase crystal and the enhancing
piezoelectric properties [94]. PVDF nanocomposites doped with MWCNT and cloisite 30B (OMMT)
nanoclay were prepared by electrospinning [93]. It was observed that OMMT increases β-phase
crystals and piezoelectric properties of PVDF as compared with MWCNT, and there was no synergistic
effect of OMMT and MWCNT. The α-phase could be completely removed during the preparation
of PVDF/OMMT composite nanofibers by electrospinning [95]. The uniformly dispersed OMMT
precursor in PVDF can achieve intercalated and exfoliated, and the obtained PVDF/OMMT composite
nanofibers were thinner than the pure PVDF nanofibers. The relaxation of PVDF chains can be retarded
by OMMT platelets. Meanwhile, long trans conformation can be formed and stabilized owing to the
interaction between OMMT filler and PVDF matrix during electrospinning. Such a cooperative effect
leads to an extinction of α-phase and an increase of polar β and γ-phases in electrospun PVDF/OMMT
composite nanofibers.

Baozhang Li et al. [96] prepared PVDF/Ag nanowire (AgNWs) composite nanofibers by doping
AgNWs into PVDF via electrospinning. The results revealed that the content of β-phase in PVDF
increased by adding AgNW and the piezoelectricity of PVDF nanofibers were greatly enhanced due
to the interactions between the AgNWs and the PVDF matrix, which forces PVDF chains to form β

phases [97]. The β phase and the sensitivity was found to be enhanced while increasing the content
of AgNW. The sensitivity of PVDF/AgNWs (1.5 wt %) nanocomposite nanofibers used for pressure
sensors can achieve 30 pC/N.

The electrospun PPy particle-dispersed nanofiber webs exhibited a high surface area and a
presence of piezoelectric β-phase [98]. Conductive PVDF/PPy nanofibers were fabricated using
pyrrole (Py) oxidative polymerization on electrospun PVDF mats, which are suitably applied for
pressure sensors [99]. PPy as a conducting polymer layer completely coated on the surface of PVDF
fibers, and the relative conductivity was improved significantly under compressive stress while
the Py concentration increased. The improvement of the PPy layer on electrical conductivity was
attributed to two explained mechanisms: (1) A network structure of PVDF/PPy with randomly
oriented fibers are forced to touch each other under pressure, reducing the distance and increasing
the contact between PVDF/PPy fibers, which is beneficial to form new conducting pathways during
compressive stress [98,99]; (2) The charge transport in PPy shows strong dependence on PPy chain
orientation. The PPy chains were induced to polymerize in a preferential direction (along the fiber
axis) by electrospinning [100], which strongly enhances the electrical conductivity of the samples [101].
The maximum electrical sensitivity of composite nanofibers was found when the PPy content is
50 wt %, and the relative conductivity increases about 40 times with applied compressive stress.
Moreover, the electrical conductivity is almost unchanged as its previous value after the loading was
released. Meanwhile, the conductivity of the PPy layer increases with conjugation, which is critically
dependent on the synthesis time [101]. The electrical resistivity response of the PVDF/PPy blends
is highly reproducible after repeated loading-unloading cycles [98]. PVDF/PPy blends fabricated
with 13 wt % PPy particles displayed the highest sensitivity, with a change in electrical resistivity of
about 10 orders of magnitude (from 1017 to 107 Ω·cm) under 5 MPa compressive stress. The obtained
non-woven mats with PVDF/PPy blends can be used in a pressure sensor.
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4. Polyvinylidene Fluoride Co-Polymer: Poly(vinylidene fluoride trifluoroethylene)

The PVDF co-polymer such as Poly (vinylidene fluoride-hexafluoropropylene) (PVDF-HFP),
Poly(vinylidene fluoride trifluoroethylene) (P(VDF-TrFE)) [102], P(VDF-TrFE) (Figure 4) is a kind
of ferroelectric material with excellent piezoelectric effect, chemical stability and biocompatibility.
Recently, P(VDF-TrFE) nanofiber mats have attracted increasing attention because of its flexibility,
light weight, and low cost as a functional material for flexible tactile sensors. It is feasible to obtain a
better piezoelectric response than PVDF thin films [103], as well as large effective working areas [104]
and highly stretchable structures [105]. Moreover, the β-phase of the P(VDF-TrFE) indicate the
crystallization preferentially and high piezoelectricity [106,107]. Even if PVDF generally presents
a higher degree of crystallinity [84], the TrFE content facilitates the crystallization in the polymer
chain, resulting in the higher content of the β-phase [107,108]. Further, the spherulite size and
organization of polymers and copolymers on the surface morphology are generally different [109].
Meanwhile, the P(VDF-TrFE) flexible piezoelectric fibers achieved aligned arrangements, in which the
polymer chains exhibited strong preferential orientation [34] and the piezoelectric performance were
enhanced. Therefore, the electrospun P(VDF-TrFE) mats were used as the core piezoelectric layer in
the tactile sensor.
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Figure 4. Schematic representation of the Poly(vinylidene fluoride trifluoroethylene) (P(VDF-TrFE))
repeat units.

The preferential orientation of CF2 dipoles in the P(VDF-TrFE) nanofiber, which was enhanced by
the electrospinning process [110], has been investigated by Dipankar Mandal et al. The electrospun
P(VDF-TrFE) nanofibers used for both piezoelectric and friction functional layers were fabricated
on flexible films, which worked under piezoelectric and triboelectric hybrid stimulations [111].
The output voltage, power and power density of such product are respectively 25 V, 98.56 µW and
1.98 mW·cm−3 under triboelectric mechanism and 5 N pressure force. A maximum sensitivity of
60.5 mV·N−1 for electrospun P(VDF-TrFE; 77/23) nanofibers has been realized, which could be a
reliably measured dynamic force up to a frequency of 20 Hz [112]. The obtained nanofiber mats
can be used for tactile-sensor devices in practical applications because of their optimized structure
and output performances. A highly flexible piezoelectric pressure sensor based on electrospun
P(VDF-TrFE) nanofibers [113] was developed for measuring muscle movement on human skin.
The orientation and polarization direction of P(VDF-TrFE) nanofibers were studied to improve the
sensitivity of the pressure sensor, which can reach up to 110.37 pC·Pa−1 with a high signal to noise
ratio. An ultra-sensitivity pizeoresistive pressure sensor based on 3D layers of the graphene oxide
(rGO)-encapsulated P(VDF-TrFE) nanofibers (Figure 5)was successfully fabricated for the first time
for applications as wearable electronics and electronic skins [114]. The sensor displayed excellent
sensitivity (15.6 kPa−1), low detection limit (1.2 Pa), rapid response speed (5 ms), low operating
voltage (1 V) at 50 Hz and long-term stability under 100,000 cycles. A super flexible strain sensor based
on the nanocomposites of (P(VDF-TrFE)) fibers and ZnO nanowires has been fabricated on PDMS
substrate [26]. The sensor exhibits a high sensitivity and rapid response (≈0.4 s), withstanding an ultimate
stretch ratio up to 30%, and outstanding properties with a bending angle that changed up to 150◦.
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Figure 5. (a) Schematic illustration of the mechanism for the formation of PVDF fibers coated by the
rGO nanosheets, followed by electrostatic interaction. (b) Field emission scanning electron microscopy
(FESEM) image of the morphology of rGO nanosheets coated PVDF fibers. (c) Schematic illustration
of the fabrication of a flexible pressure sensor. (d) Schematic of a typical pressure sensor. (e) Current
changes in responses to loading and unloading [114].

Electrospun P(VDF-TrFE) nanofiber mats used for 3D sensors including non-bent flat sensors,
bent state sensors and finger-shaped sensors have been reported by Han Bit Lee et al. [35]. A stable
linear relationship of input-output signals have been provided. The piezoelectric performance of
normal d33 mode has been obtained for non-bent flat sensors, since the dipoles were mainly formed in
the vertical direction. The output signals decrease slightly in bent state sensors due to the directions of
the dipoles deviating along the direction perpendicular to the bent curve. The further lowered output
data was received for finger-like sensors owing to their smaller size and the reduced surface area of
the piezoelectric layer. Such 3D flexible customizable sensors (Figure 6), considered for application
as wearable electronics, can provide high sensitivity to microscale deformation or force and stable
linearity of the input-output relationship, and have greater functionality and suitability than traditional
flat sensors in wearable and flexible electronic devices.
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Figure 6. Schematic illustration of the configuration of the three-dimensional (3D) flexible piezoelectric
sensor [35].
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With the rapid development of electrospinning technology, the highly aligned nanofibers of P
(VDF-TrFE) have been successfully fabricated on flexible substrates by one step and have been used for
pressure sensors [115]. The tested results show that the device could produce 300 mV signals with a
recovery time of 0.45 s on manual mechanical deformation. A large area aligned P(VDF-TrFE) fibers [34]
for flexible piezoelectric material can be fabricated on free-standing and three-dimensional (3D) sheets
by the electrospinning process associated with a fast rotating collector. The pressure sensor based
on such fibers shows excellent sensitivity, even at 0.1 Pa. A more significant enhancement of aligned
electrospun P(VDF-TrFE) nanofibers was that the core-shell nanostructures have been achieved [116].
The pressure sensor based on P(VDF-TrFE) (shell)-PVP/PEDOT: PSS (core) nanofibers (Figure 7)
exhibited 4.5 times higher sensitivity than the aligned nanofiber-based devices and almost 40 times
higher sensitivity than that of pressure sensors based on thin-film PVDF under in vitro simulated
physiological conditions. However, just one single paper about the enhancement of the aligned
electrospun P(VDF-TrFE) core-shell nanofibers on pressure sensing performance was published.

Sensors 2017, 17, x FOR PEER REVIEW  9 of 16 

 

Figure 6. Schematic illustration of the configuration of the three-dimensional (3D) flexible 
piezoelectric sensor [35]. 

With the rapid development of electrospinning technology, the highly aligned nanofibers of P 
(VDF-TrFE) have been successfully fabricated on flexible substrates by one step and have been used 
for pressure sensors [115]. The tested results show that the device could produce 300 mV signals with 
a recovery time of 0.45 s on manual mechanical deformation. A large area aligned P(VDF-TrFE) fibers 
[34] for flexible piezoelectric material can be fabricated on free-standing and three-dimensional (3D) 
sheets by the electrospinning process associated with a fast rotating collector. The pressure sensor 
based on such fibers shows excellent sensitivity, even at 0.1 Pa. A more significant enhancement of 
aligned electrospun P(VDF-TrFE) nanofibers was that the core-shell nanostructures have been 
achieved [116]. The pressure sensor based on P(VDF-TrFE) (shell)-PVP/PEDOT: PSS (core) nanofibers 
(Figure 7) exhibited 4.5 times higher sensitivity than the aligned nanofiber-based devices and almost 
40 times higher sensitivity than that of pressure sensors based on thin-film PVDF under in vitro 
simulated physiological conditions. However, just one single paper about the enhancement of the 
aligned electrospun P(VDF-TrFE) core-shell nanofibers on pressure sensing performance was 
published.  

 
Figure 7 The sandwiched structure of piezoelectric polymer layers in core–shell fiber [116]. 

The tested piezoelectric properties of the PVDF, P(VDF-TrFE) and their nanocomposite 
nanofibers or mats via electrospinning used for flexible tactile-sensing application have been 
summed up in Table 1. The output voltage of the tactile sensor based on PVDF nanofibers is of the 
order of 1 V (0.1–2.6 V). The output voltage and the sensitivity of PVDF nanofibers could increase by 
composited with nanofillers such as Ag nanowire, MWCNT, etc., because the nanofillers enhance the 
content of crystalline polar β-phase in composites. The relative conductivity and the sensitivity of 
pressure sensor were improved significantly while PVDF nanofibers doped with PPy. Compared 
with PVDF nanofibers, the piezoelectric output voltage of P(VDF-TrFE) nanofibers have no obvious 
increase. However, the triboelectric voltage of P(VDF-TrFE) nanofibers (25 V) is much higher than 
the piezoelectric voltage (2.5 V). Furthermore, P(VDF-TrFE) nanofibers have better sensitivity, lower 
detection limit and better stability than PVDF nanofibers. The output piezoelectric voltage of 3D 
sensor based on P(VDF-TrFE) nanofibers is lower than that of traditional 2D sensor based on P(VDF-
TrFE) nanofibers, but the sensitivity of 3D sensor is much larger than that of the latter. In addition, 
the output voltage of P(VDF-TrFE) (shell)-PVP/PEDOT: PSS (core) nanofibers working by 
piezoelectricity is slightly higher than that of P(VDF-TrFE) nanofibers. So P(VDF-TrFE) based 
nanofiber materials are considered as ideal functional materials for the flexible tactile sensor. 

Figure 7. The sandwiched structure of piezoelectric polymer layers in core–shell fiber [116].

The tested piezoelectric properties of the PVDF, P(VDF-TrFE) and their nanocomposite nanofibers
or mats via electrospinning used for flexible tactile-sensing application have been summed up in
Table 1. The output voltage of the tactile sensor based on PVDF nanofibers is of the order of 1 V
(0.1–2.6 V). The output voltage and the sensitivity of PVDF nanofibers could increase by composited
with nanofillers such as Ag nanowire, MWCNT, etc., because the nanofillers enhance the content of
crystalline polar β-phase in composites. The relative conductivity and the sensitivity of pressure sensor
were improved significantly while PVDF nanofibers doped with PPy. Compared with PVDF nanofibers,
the piezoelectric output voltage of P(VDF-TrFE) nanofibers have no obvious increase. However, the
triboelectric voltage of P(VDF-TrFE) nanofibers (25 V) is much higher than the piezoelectric voltage
(2.5 V). Furthermore, P(VDF-TrFE) nanofibers have better sensitivity, lower detection limit and better
stability than PVDF nanofibers. The output piezoelectric voltage of 3D sensor based on P(VDF-TrFE)
nanofibers is lower than that of traditional 2D sensor based on P(VDF-TrFE) nanofibers, but the
sensitivity of 3D sensor is much larger than that of the latter. In addition, the output voltage of
P(VDF-TrFE) (shell)-PVP/PEDOT: PSS (core) nanofibers working by piezoelectricity is slightly higher
than that of P(VDF-TrFE) nanofibers. So P(VDF-TrFE) based nanofiber materials are considered as
ideal functional materials for the flexible tactile sensor.
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Table 1. The piezoelectric properties of PVDF, P(VDF-TrFE) and their nanocomposite via electrospinning.

Piezoelectric Material/Substrate Output Voltage/Conductivity Output Current Sensitivity Detection Limit Stability (Cycles) Ref.

PVDF nanofabrics 140 mV 42.00 mV/N [28]

PVDF nanofibers webs 1–2.6 V 1.4–4.5 µA [33]

PVDF nanofibers mats/configuration of
PET and PDMS 100 mV at 0.025 MPa 5.812 mV kPa−1 [18]

aligned PVDF nanofibers mats ~3 mV [88]

PVDF/MWCNT nanofiber webs 6 V the volume conductivity is 5 orders higher
than pure PVDF nanofibers [94]

PVDF-0.05MWCNT-0.1OMMT
58 ± 2.5 mV

10.9 ± 1.25 mV/N [93]
48 ± 4.7 mV (pure PVDF)

8.84 ± 1.57 mV/N (pure PVDF)

AgNWs doped PVDF nanofibers 29.8 pC/N (for d33)
[96]

18.1 pC/N (pure PVDF)

PVDF/PPy nanofibers 1.6 S·cm−1
40-fold increase in the relative conductivity [99]

3.2 × 10−16 S·cm−1 (pure PVDF)

PVDF/PPy mats 107 Ω·cm 200 Ω·cm/Pa
<0.02 MPa >25 [98]

1017 Ω·cm (pure PVDF) 20 Ω·cm/Pa (pure PVDF)

P(VDF-TrFE) nanofibers layer/PI 0.5–1.5 V 6–40 nA <0.1 Pa 1000 [34]

P(VDF-TrFE) nanofibers layer/PDMS ~2000 mV 120 mV/µm >1000 [106]

P(VDF-TrFE) nanofibers ~5 mV 60.5 mV/N [112]

P(VDF-TrFE) nanofibers ~0.7 V [110]

P(VDF-TrFE) nanofiber webs 15.6 kPa−1 1.2 Pa 100,000 [114]

P(VDF-TrFE) nanofibers
film/PDMS-MWCNT membrane

25 V (triboelectric voltage) ~6.5 µA (triboelectric current)
[111]

2.5 V (piezoelectric voltage) ~2.3 µA (piezoelectric current)

aligned P(VDF-TrFE) nanofibers 300 ± 5 mV [115]

aligned P(VDF-TrFE) nanofibers 110.37 pC/Pa [113]

P(VDF-TrFE) nanofibers (3D sensor)/PDMS
>1200 mV (flat shape) 23 VN−1 (flat shape)

[35]~1000 mV (wrist shape) 20 VN−1 (wrist shape)

~500 mV (finger shape) 12 VN−1 (finger shape)

P(VDF-TrFE) (shell)-PVP/PEDOT: PSS
(core) nanofibers >1.6 V 4 mV/mmHg [116]
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5. Conclusions

PVDF nanostructure materials with ultra-sensitivity, high deformability, outstanding chemical
resistance, high thermal stability, low permitivities and low acoustic impedances can meet the
requirement of flexibility for dynamic tactile sensing in wearable electronics. The electrospinning
technique becomes available to fabricate PVDF nanofiber layers with excellent performance for flexible
tactile-sensing applications in a one-step, low-cost and versatile style. Moreover, the β-phase content
and piezoelectric properties of PVDF can be improved by adjusting the electrospinning technical
parameters. It becomes exceedingly essential to design different morphologies of nanofibers or mats
during electrospinning in order to properly enhance the performances of tactile sensors. Now the
main tactile function layer in 3D pressure sensors is mainly composed by electrospun PVDF and
PVDF co-polymer nanofibers mats, which can achieve excellent sensitivity. The tactile performances of
PVDF are greatly improved when PVDF and PVDF nanofibers become more oriented or doped with
nanofillers and nanoclay. The most significant enhancement is that the aligned electrospun P(VDF-TrFE)
core–shell nanofibers were successfully fabricated, and the core–shell nanofibers exhibit almost 40 times
higher sensitivity than that of pressure sensors based on thin-film PVDF. Both PVDF nanocomposite
and co-polymer nanofibers by electrospinning exhibit excellent piezoresistive performance while
working as pressure sensors. PVDF and PVDF co-polymer nanofibers produced by electrospinning
represent the most promising materials for flexible tactile-sensing applications.
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