
A
m

X
S

a

A
R
R
A
A

K
F
C
C
N
P

1

a
d
s
p
[
i
c
p
[
a
b
p
p
T
t
s
o

h
0

Sensors and Actuators A 299 (2019) 111579

Contents lists available at ScienceDirect

Sensors  and  Actuators  A:  Physical

j ourna l h o mepage: www.elsev ier .com/ locate /sna

 flexible  capacitive  sensor  based  on  the  electrospun  PVDF  nanofiber
embrane  with  carbon  nanotubes

iaofeng  Yang1,  Yishou  Wang1,  Xinlin  Qing ∗

chool of Aerospace Engineering, Xiamen University, Xiamen, 361005, PR China

 r  t  i  c  l  e  i  n  f  o

rticle history:
eceived 10 May  2019
eceived in revised form 26 July 2019
ccepted 27 August 2019
vailable online 20 September 2019

eywords:
lexible
arbon nanotubes

a  b  s  t  r  a  c  t

Flexible  pressure  sensors  have  been  increasingly  recognized  over  the  past  several  decades,  but  there
is  still  a challenge  to  fabricate  them  with  a superb  sensitivity  and  large  sensing  range.  In  this  paper,  a
flexible  capacitive  pressure  sensor  based  on the  electrospun  polyvinylidene  fluoride  (PVDF)  nanofiber
membrane  with  carbon  nanotubes  (CNTs)  was developed  to  measure  the pressure.  The  electrospinning
CNT-PVDF  nanofiber  membrane  can  overcomes  the limitations  of the traditional  solution-dip-coating
for adhering  conductive  materials  to the  porous  surface.  The  microstructure  and  characterization  of  the
CNT-PVDF  nanofiber  membrane  were  analyzed  by SEM,  AFM  and  FTIR.  By increasing  the  permittivity
and  decreasing  the Young’s  modulus  of  the CNT-PVDF  dielectric  layer,  the  capacitive  sensor  exhibits  high
apacitance
anofiber
ressure sensor

sensitivity  (∼0.99/kPa),  fast  response  (∼29 ms)  and excellent  cyclic  loading/unloading  stability  (>1000
cycles).  Moreover,  experiments  were  also  conducted  to  investigate  influence  of  the  thickness  and  bending
radius  of  the  sensor  as  well  as  temperature  and  humidity  of the  environment.  In addition,  a  3  × 3  sensor
network  attached  on  the  hand  was  used  to  measure  the  spatial  distribution  and  magnitude  of  tactile
pressure.  The  proposed  sensor  has  great  potential  for application  in  soft  robotics  and  electronic  skin.

© 2019  Elsevier  B.V.  All  rights  reserved.
. Introduction

Flexible electronic sensors have been getting more and more
ttentions for potential applications on portable and foldable
evices [1–3]. Among the various types of electronic sensors, pres-
ure sensors are one of the most interested elements due to their
otentials for various applications including folding wing airplane
1,4], soft robotics [5,6], electronic skins [7,8] and biological sens-
ng [9,10]. In general, the sensing mechanisms of pressure sensor
an typically be classified into four categories: transistor [11,12],
iezoelectricity [13,14], piezoresistance [15–17] and capacitance
18–20]. Although the piezoelectric sensors with high sensitivity
nd high stability were widely used in many fields, they cannot
e used to measure the static pressure, and their application in
ressure sensor is limited [21]. Many works have been done on
iezoresistive sensor because of low cost and the simple structure.
o improve their sensitivity, the porous materials (porous elas-

omers [22], electrospun nanofiber membrane [23], hetero contact
tructure [24] etc.) have been used for increasing the deformation
f the piezoresistive sensors. However, the sensitivity was  still low.

∗ Corresponding author.
E-mail address: xinlinqing@xmu.edu.cn (X. Qing).

1 These authors contributed equality to this work.

ttps://doi.org/10.1016/j.sna.2019.111579
924-4247/© 2019 Elsevier B.V. All rights reserved.
The high contact resistance between conductive materials may crit-
ically restrict the application of the sensors.

Owing to the high stability, low power consumption and
simple construction, the capacitive pressure sensors had been
widely applied [25–27]. Nevertheless, their sensitivity was  low.
To improve the sensitivity of the capacitive sensor, the conductive
fillers (Carbon nanotubes [28], Graphene [29], Metal nanowire [30]
etc.) had been added into the elastomer to increase the dielectric
constant change of the composite dielectric layer when external
pressure was  applied on it. However, the sensitivity was still low.
After that, some structures (pyramid structure [31], micro-pillar
structure [32] etc.) had been used to improve the sensitivity of
the capacitive sensor. However, the sensitivity would decrease
rapidly as the applied pressure increased. In addition, porous elas-
tomers with low Young’s modulus had been used for the dielectric
layer of the capacitive sensors [33,34]. Comparing to the non-
porous elastomer dielectric layer, the porous elastomer can be
compressed easily, which can improve the sensitivity of the sensor.
Recently, ionic hydrogel with high ionic conductivity and outstand-
ing mechanical properties had been applied on the dielectric layer
of capacitive sensor, which can form electrical double layer capaci-

tors in the surface of the electrode [35–37]. However, the hydrogel
without the elastomeric coating was highly susceptible to dehy-
dration, which was directly related to the sensor life.

https://doi.org/10.1016/j.sna.2019.111579
http://www.sciencedirect.com/science/journal/09244247
http://www.elsevier.com/locate/sna
http://crossmark.crossref.org/dialog/?doi=10.1016/j.sna.2019.111579&domain=pdf
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 X. Yang, Y. Wang and X. Qing / Sen

Electrospinning is a straightforward, efficient and scalable tech-
ique to fabricate the porous nanofiber membrane [38]. Because
f the low Young’s modulus of the fibrous structure, a large com-
ressed deformation can be achieved with a small external pressure
pplied on it. Carbon nanotubes (CNTs) with a high aspect ratio
ave been widely used for the preparation of pressure sensors due
o their high electrical conductivity and excellent mechanical prop-
rties. In this paper, a highly sensitive flexible capacitive pressure
ensor based on the electrospun polyvinylidene fluoride (PVDF)
anofiber membrane with CNTs was developed. This sensor con-
ains a flexible 3D composite nanofiber membrane and is coated
ith two indium tin oxide polyethylene terephthalate (ITO-PET)
lms on the top and bottom. This electrospun nanofiber membrane
an not only overcome the disadvantage of high Young’s mod-
lus elastomer with conductive fillers in capacitive sensors, but
lso avoid the high contact resistance and non-uniform distribu-
ion of conductive filters of piezoresistive sensors. After describing
he response mechanism, the functionality of the sensors was val-
dated with different thickness of sensing membrane as well as
arbon nanotubes with different additions. In addition, the effects
f temperature and humidity on the performance of sensor were
lso investigated.

. Experiment

.1. Design of the sensor

The composite nanofiber membrane was fabricated using elec-
rospinning method. A PVDF (Mw∼1,000,000 g/mol) solution was
roduced by dissolving the PVDF powder in the organic solvent and
tirring continuously at room temperature for 10 h. The organic
olvent contains acetone and N, N-Dimethylformamide with the
eight ratio of 2:3. Then, carbon nanotubes were added to differ-

nt solutions with weight rations of 0.03, 0.05, 0.1 and 0.2 wt% of
VDF. Note that, since the mixed solution was used to fabricate the
ielectric material of a capacitive sensor, the amount of the CNT
dditions were far from the percolation threshold concentration of
he CNT in the PVDF. In order to make sure the CNTs could dis-
erse uniformly in the solutions, the mixed solutions were stirred
y magnetic stirring for 5 h first, then dispersed by ultrasonic for 2 h.
he solutions were then deposited nanofiber using electrospinning.
he CNTs with special physicochemical properties could be incor-
orated to form composite nanofibers. The feed rate was 0.2 ml/h,
he voltage was 15 KV and the distance between the substrate and
yringe was 15 cm.  The formation of the composite nanofiber was
ttributed to phase separation of the PVDF and the CNTs during
olvent evaporation. The fabrication process of the CNT-PVDF com-
osite nanofiber and its schematic diagram were shown in Fig. 1(a)
nd (b). It be seen from the electrospun progress that, the color of
he nanofibers on the collect board changes gradually from white to
lack with the increase of CNT addition. There were two goals the
NT mixed nanofibers can achieve: (1) improving the sensitivity of
he sensor by increasing the dielectric constant of the nanofibers;
2) improving the sensing range of the sensor by increasing of
oung’s modulus of nanofibers. The composite nanofiber mem-
rane was heated at 200 ◦ for 2 h to form many mesoscopic joints of
anofibers with enhanced mechanical robustness and then peeled
ff from the substrate finally. Note that our composite nanofiber
embrane is very flexible and elastic so that it may  be used for

ther flexible device applications.
A single sensor and a sensor array based on the CNT-PVDF
omposite nanofiber membrane as dielectric layer. For the single
ensor, two pieces of indium tin oxide polyethylene terephthalate
ITO-PET, 6�/�) films connected with cooper wires by conductive
poxy were fixed on the top and bottom surface of the composite
d Actuators A 299 (2019) 111579

nanofiber membrane as electrodes to record the capacitance varia-
tion under external pressure. The schematic diagram and the actual
diagram of the single sensor were shown in Fig. 1(c). The scan-
ning electron microscope (SEM, SUPRA 55) images of the composite
nanofiber membranes with different ratios of CNT additive were
shown in Fig. 1(d)–(g). From the microstructure of the nanofiber,
the as-spun CNT-PVDF composite nanofibers have a randomly ori-
ented structure. The diameter of the nanofibers decreases first and
then increases with an increasing of the CNT addition. One of the
reason is that during the electrospinning processes, the flow rate
is fixed and the PVDF solution will reduce with the increase of CNT
addition, which results in a decrease of diameter of the nanofibers.
In addition, the conductivity will increase with the increase of CNTs
addition. Besides, the electrostatic force between the collector and
the syringe spinneret will increase, therefore the nanofibers will
be pulled thinner and longer. However, with the increase of CNTs
addition, the CNTs prefer to agglomerate due to the strong van deer
waals force. And thus, the diameter of the nanofiber will increase.
The as-spun nanofibers with low content of CNT addition (<0.05%)
had a smooth surface and a straight shape, the CNTs integrated
in the nanofibers or the aggregation of the CNTs had not been
found here. A small amount of CNTs aggregation can be seen in
the microstructure with 0.1 wt% CNT addition of PVDF. When the
CNT addition is up to 0.2 wt% of PVDF, many CNT aggregations can
be seen in the microstructure. In addition, in order to prove that the
CNTs were embedded in the nanofibers, some cross section images
of the nanofibers with 0.05 wt% CNTs addition of PVDF was  con-
ducted by the SEM. As shown in Fig. 1(h), the microcracks and the
CNTs disperse uniformly in the nanofibers. For the flexible sensor
array, line patterns of the ITO were prepared on two PET substrates.
The two  ITO-PET electrodes were assembled such that the direc-
tions of the ITO electrodes were perpendicular to each other. The
width of each ITO electrode and the distance between two adjacent
ITO electrodes were all 5 mm.

2.2. Sensing principle

The schematic of the proposed flexible capacitive sensor based
on the CNT-PVDF composite nanofiber membrane was  shown in
Fig. 2. In the composite CNT-PVDF nanofiber, the interfacial polar-
ization in the electric field is an important factor to improve
the permittivity. Under external pressure, the distance between
two electrodes decrease (from d to d’), the electric-field strength
between two electrodes at a given potential is increase (E = U/d).
The interfacial polarization in the increased electric field will
become sharper and the permittivity will further increase. More-
over, the denser distribution of the CNTs (from a to a’) caused by the
compression of the CNT-PVDF membrane, can also contribute to the
increasing permittivity of the CNT-PVDF membrane [39]. Therefore,
the capacitance of the sensor will increase rapidly when the exter-
nal pressure is applied on the sensor. The detailed theory analyses
are described as follows:

Based on the percolation theory [30], the permittivityof the
composite nanofiber can be expressed as:

εc = εp

|  ̨ − ˛p|m
(1)

From the equation, it is obvious that the permittivity of the
materials cane significantly improved by adding a small amount
CNT near the percolation threshold. Where εc and εp are the per-
mittivity of the composite nanofiber and the PVDF, respectively. ap
is the percolation threshold concentration of CNT in the PVDF. a is
the real amount of the CNT addition. Generally, the value of a is
smaller than that of ap in this work. The parameter m denotes the
scaling constant related to the material properties.
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Fig. 1. Flexible capacitive pressure sensor: (a) Schematic of the fabrication of the composite nanofiber. (b) Schematic diagram of the composite nanofiber. (c) Diagram of the
sensor. (d)–(h) The microstructures of the composite nanofiber membrane with 0.03, 0.05, 0.1, 0.2 wt% carbon nanotube additions, respectivity.
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Fig. 2. Sensing principle of the flexible capacitive pressure sensor: (a) N

According to the theory of binary systems of continuous medium
nd the uniform dispersoid [39], the permittivity of the composite
anofiber can be expressed as:

 = εc[1 + nq(εa − εc)
nεc + (εa − εc)(1 − q)

] (2)

here ε is the permittivity of the porous composite nanofiber
embrane without external pressure applied on it. q0 is the vol-

me  fraction of pores. εa and εc are the permittivities of the air
nd the composite nanofiber, respectively. Note that, since the q0
f the porous membrane is changeable under the external pres-
ure (when the external pressure is applied on porous composite
anofiber membrane, the membrane will be compressed and the air
ill be exhausted.), the ε of the membrane varies with the external
ressure.

The capacitance of the capacitive sensor is calculated by the
ollowing equation:

 = εA

d
(3)

here ε is the permittivity of the porous composite nanofiber
embrane. A is the electrode-dielectric interfacial area, d is the

istance between the top and the bottom electrodes.
From Eqs. (1) to (3), the relation between the external pressure
nd the capacitance of the sensor can be described as:

 = εaεc
AE

Ed − �
[1 + n(Edq0 − Edv2 − �v2)(εa − εc)

Ednεc + (εa − εc)(Ed − Edq0 − Edv2 + �v2)
(4)
rnal pressure applied on the sensor. (b) Pressure applied on the sensor.

Where E and � are the Young’s modulus and Poisson’s ratio of the
nanofiber membrane, respectively. Other symbols are the same as
those in the previous Equations.

According to the theory analyzed above, the sensitivity of the
sensor will be greatly enhanced and the detectable range for pres-
sure will became significantly wide by improving the deformability
and elasticity of such a composite nanofiber dielectric layer with
micro-pores and CNTs integrated. Moreover, the sensitivity and
sensing range of the sensor can be adjusted by different kinds of
porosity and CNTs additions in the dielectric layer.

3. Results and discussion

3.1. AFM and FTIR analysis of CNT-PVDF composite nanofibers

In order to investigate the influence of CNT additions to the sur-
face structure of nanofibers, atomic force microscope (AFM, Cypher
S) analysis was  applied to obtain the information about the surface
structures of the CNT-PVDF composite nanofibers. AFM can pro-
vide the measurement information about the surface roughness of
polymers. As shown in Fig. 3(a)–(e), the roughness of the nanofibers
decreases first and then increases with the increase of the CNT addi-
tion. The surface roughness of the composite nanofiber membrane
with 0, 0.03%, 0.05%, 0.1% and 0.2% CNT additions are 1.40 �m,  0.85

�m,  0.60 �m,  0.85 �m and 1.60 �m,  respectively. The diameter and
the roughness of the nanofibers membrane will decrease when the
amount of the CNT addition is less than 0.05 wt%  of PVDF. When the
content of CNT addition increases to 0.2 wt  % of PVDF, the roughness
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ig. 3. AFM images and FTIR spectra of the composites nanofiber samples: (a)–(e
ddition of PVDF, respectively. (f) The FTIR spectra of composites nanofiber with di

nd the diameter of nanofibers will increase due to the aggregation
f CNT in the nanofibers.

Besides, fourier transform infrared spectrums (FTIR, Nicolet
S10) was used to determine the crystal structures of the nanofibers.
he FTIR spectra were recorded within the range of 400 cm−1

o 4000 cm−1 at a spectral of 2.2 cm−1. As shown in Fig. 3(f),
o other new bands appeared after CNTs were embedded into
he nanofibers, and the characteristic of  ̌ phase was  observed
t 510 cm−1, 598 cm−1, 845 cm−1 and 1400 cm−1, respectively.
ccording to the results, the CNTs dispersed in the nanofibers didn’t

orm a new phase.

.2. The initial capacitance and density analysis of the CNT-PVDF
omposite nanofibers

As theory analyzed above, with the addition of CNT, the relative
ermittivity will gradually increase when the CNT concentration

s below the percolation threshold. The relative permittivity of the
NT-PVDF composite nanofiber membrane has been experimen-
ally investigated. Without CNT addition the permittivity of neat
VDF nanofiber membrane is 3.8; but after adding 0.03 wt%  CNT, the
ermittivity is increased to 8.3. When the CNT addition is increased
o 0.05 wt%, 0.1 wt% and 0.2 wt%, the permittivity is increased to
2.6, 15.2 and 17.6, respectively. In addition, the initial capaci-
ance of the capacitive sensor with different CNT additions has been

easured, as shown in Fig. 4(a). It is obvious that the capacitive
ncreases with the increase of CNT addition. The initial capacitance
f the capacitive sensor without CNT addition is 12.54 pF. The ini-
ial capacitance increases from 27.32 pF to 57.73 pF when the CNT
ddition increases from 0.03 wt% to 0.2 wt%.
In addition, the density of the CNT-PVDF composite nanofiber
embrane has been measured. As shown in Fig. 4(b), the density

f the nanofiber increases from 0.90 g/cm3 to 1.29 g/cm3 with the
NTs addition increase from 0 to 0.2 wt%.
 AFM images of the composites nanofiber without 0, 0.03, 0.05, 0.1, 0.2 wt% CNTs
t CNTs addition.

3.3. Relationship between the pressure and change of the
capacitance

The experimental setup is shown in Fig. 5(a). During the exper-
iment, the load was  supplied by a force gauge, and the capacitance
of the sensor was recorded by an impedance analyzer (WK  6500B)
with a voltage of 1 V at a frequency of 300 Hz. Fig. 5(b) shows the
relationship between the actual pressure applied on the sensor and
the capacitance of the sensor fabricated by pure PVDF nanofiber
membrane. The sensing area of the sensor was  5 mm × 5 mm and
the thickness of the composite nanofiber membrane was given at
20.1 �m.  As the pressure was  applied on the sensor, the capac-
itance of the sensor was  measured by the impedance analyzer
in real-time. The sensitivity (S) of the capacitive sensor can be
defined as the slope rate of the curve (S=ı(�C/C0)/ ıP). Where P
denotes the external pressure applied on the sensor. The �C and
C0 denote the capacitance change and the initial capacitance of
the sensor, respectively. It is clear that the change of the capaci-
tance depends on the pressure. The sensitivity was  0.09/kPa when
the pressure was  below 0.9 kPa, and it would reduce to 0.02/kPa
when the pressure was increased form 0.9 kPa to 7.0 kPa. Fig. 5(c)
illustrates the capacitance change of the developed sensor with
different levels of pressure applied on, given the CNT additions
varies from 0.03 to 0.2 wt%  of PVDF. The thickness of the com-
posite nanofiber membrane was 20.1 �m and the dimension of
the sensing area was  the same as the sensor fabricated by pure
PVDF nanofiber membrane. Besides, once the pressure was  applied
on the sensor, the CNT-PVDF composite nanofiber dielectric layer
was compressed, then the distance between two  electrodes and
the CNTs would decrease, the capacitance would increase immedi-
ately. According to the experimental results, the sensitivity of the

sensor would increase first and then decreases before the CNT addi-
tion increases to 0.2 wt% of PVDF. These results match well with the
AFM results mentioned before. The composite nanofiber membrane
with a composition of 0.05 wt% CNT addition had the highest aver-
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Fig. 4. The characteristic of the nanofiber fibers: (a) The initial capacitance of the sensor with different CNT additions. (b) The density of the cpmposite nanofiber with
different CNT additions.

Fig. 5. Characterization of the pressure sensing performance of the flexible capacitive sensor: (a) Experimental systems for applying pressure and measuring capacitance.
(b)  The relationship between external pressure and capatitance change of the sensor fabricated by pure PVDF nanofiber membrane. (c)The relative change in capacitance of
the  sensor with different weight ratio CNTs addition under pressure applied. (d) The low pressure area of (c).

Table 1
Comparison of the sensing properties of pressure sensorswith different Carbon Nanotubes addition and some previous reported pressure sensors.

Types Dielectric layer Sensitivity

Silicon-based Air [26] 0.06/kPa (0–0.03 kPa)
Elastic material-based PDMS [30] 0.0014/kPa (0–10 kPa)

CNT/PDMS [30] 0.0072/kPa (0–10 kPa)
Pyramid PDMS [31] 0.55/kPa (0–2 kPa)
Porous PDMS [33] 0.26/kPa (0–0.02 kPa)

Microfluidic-based Hydrogel [36] 0.02/kPa (0–0.2 kPa)
CNT-PVDF Nanofiber-based Nanofiber(0 % CNT) (this work) 0.09/kPa (0–0.9 kPa) 0.02/kPa (0.9–8 kPa)

Nanofiber(0.03% CNT) (this work) 0.94/kPa (0–0.8 kPa) 0.58/kPa (0.8–12.2 kPa)
Nanofiber(0.05% CNT) (this work) 0.99/kPa (0–1.2 kPa) 0.63/kPa (1.2–15.0 kPa)
Nanofiber(0.1% CNT) (this work) 0.64/kPa (0–1.1 kPa) 0.41/kPa (1.1–19.4 kPa)
Nanofiber(0.2% CNT) (this work) 0.32/kPa (0–1.6 kPa) 0.21/kPa (1.6–22.1 kPa)
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f  the figure (g).

ge sensitivity of 0.99/kPa when the pressure was below 1.2 kPa,

nd it would reduce to 0.63/kPa when the pressure was increased
rom 1.2 kPa to 15.0 kPa (Fig. 5(d)). The sensitivity and the sensing
ange of the sensors with different CNT additions as well as some
sensor: (a) Experimental systems for dynamic pressure applying and measuring
d by a periodic pressure at 1, 3, 5, 10 and 25 Hz. (h) The enlarged view of a portion

similar capacitive sensor were shown in Table 1. Note that, when

the pressure is continuously increased, the sensitivity decreases
due to the increased Young’s modulus of the CNT-PVDF composite
nanofibers. There are two relevant factors: (1) the “spring con-
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b)  Different thickness of the nanofiber membrane, 20.1, 50.6, 100.4 �m.  (c) Capa
ollows the frequency at humidity range from 40% to 80%.

tant” of nanofibers is increased under press, (2) more and more
anofibers get into contact with the electrodes under press.

In summary, comparing to the capacitive sensor fabricated by
ure PVDF nanofiber membrane, the sensitivity and the sens-

ng range of the capacitive sensor fabricated by composite PVDF
anofiber with CNT addition were greatly enhanced. The sensi-
ivity of the sensor will increase first and then decrease with the
ncrease of the CNT addition. Experimental results show that, the
ensitivity of the sensor with 0.05 wt% CNT addition of PVDF is the
ighest, and it decreases with further increase of the CNT addition.
he reason is that the aggregation of CNT in CNT-PVDF composite
anofibers with high CNT addition becomes more severe. There-

ore, the developed sensor with 0.05% CNTs is used for the following
xperiments.

A dynamic pressure provided by a vibration exciter at 1, 3,
 and 10 Hz, was applied on the sensor with 0.05 wt% CNT con-
ents of PVDF. The thickness of the CNT-PVDF composite nanofiber
ielectric layer is 20.1 �m.  The dynamic experimental setup was
hown in Fig. 6(a), the capacitance of the sensor was  recorded
y the impedance analyzer. To evaluate the reversibility and the
eproducibility of the sensor, the repetitional cycles of tests were
onducted by applying and releasing the pressure of 10 kPa for 1000
imes. The relevant changes in capacitance of the sensor with 1000
ycles applying in 1 Hz were shown in Fig. 6(b). The random consec-
tive fifteen cycles in the 1000 cycles of the capacitance curves with
, 3, 5, 10 and 25 Hz were shown in Fig. 6(c)–(g), the capacitance
urves were stable and matched well with the external pressure.
he response and relaxation time of the sensor were 21 ms  and
9 ms,  which can be extracted from the upstroke response of the

evice readout signal in Fig. 6(h). Because of the viscoelasticity of
he PVDF, the relation time is longer than the response time. More-
ver, the capacitance can come back to the original value when the
ressure was released to zero. Overall, the sensor is able to respond
e in capacitance of the sensor attached on circular tubes with radius at 5, 10, 25 mm.
e change with frequency at temperature range from 25 ◦ to 70 ◦ . (d) Capacitance

well to both static and dynamic applied pressure. Note that this sen-
sor cannot measure the highly frequent pressure, it may due to the
viscoelasticity of the CNT-PVDF composite nanofiber.

3.4. Effect of the bending radius of the sensor

In real applications, the flexible sensor may  be attached on many
complex structures to measure the surface pressures. Therefore, it
is important to study the influence of different bending radiuses
on the sensing performance of sensors. The sensors equipped with
composite nanofiber membrane, which has 20.1 �m thickness and
0.05 wt% CNT addition were attached on the cylinder with radiuses
of 5 mm,  10 mm and 25 mm,  respectively. In order to avoid bending
the bottom electrode only, the top electrode was  attached on the
cylinders by a polyimide type. As shown in Fig. 7(a), the capacitance
changes of the sensors attached on the cylinders with different
radiuses can be negligible. It can be inferred that the sensors are
insensitive to the bending radius and are fitted to measure the
pressure applied on complex structures.

3.5. Effect of the thickness of the dielectric layer

As mentioned before, the sensitivity and the sensing range can
be adjusted by changing the thickness of the dielectric layer. In
order to meet the practical engineering application, it is impor-
tant to investigate the influence of thickness on both sensing range
and sensitivity of the developed sensor. Fig. 7(b) shows the rela-
tion between the change of the capacitance and the actual pressure
applied on the sensors with different thicknesses of the composite

nanofiber dielectric layer varying from 20.1 �m to 100.4 �m. It is
obvious that the sensitivity will decrease from 0.99/kpa to 0.53/kPa,
and the sensing range will increase from 15 kPa to 23 kPa with the
thickness of dielectric layer increase from 20.1 �m to 100.4 �m.
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ycles.

ccording to these results, we can choose the appropriate thickness
f the dielectric layer to meet different measurement requirements.

.6. Effect of the temperature and the humidity

In real applications, the sensor is generally working in a very
omplex environment, where the humidity and the temperature
ften vary in time. As shown in Fig. 7(c), the capacitances of the
ensor were measured at the temperature range between 25 ◦ and
5 ◦. It is clear that the capacitances were decrease slowly under
he temperature between 25 ◦ and 45 ◦, but decreases fast at 50 ◦.

ithin the temperature range from 25 ◦ to 45 ◦, the temperature
ensitivity is less than 8*10−3/◦, which means that the capacitance
an be considered as stable in this temperature range. With con-
inuously increasing the temperature, the capacitance of the sensor
ecreases fast, it may  cause by the phase transform of the CNT-PVDF
omposite nanofibers. The temperature sensitivity is about 0.02/◦

n the temperature range from 45 to 65 /◦.
Meanwhile, the sensing performance of the sensor at differ-

nt humidity level has been investigated. As shown in Fig. 7(d),
he humidity sensitivity of the sensor is quite small at different
umidity level ranging from 40% to 80%, which indicates that the
apacitance of the sensor is stable at the humidity. This is because
he CNT-PVDF composite nanofiber dielectric layer is stable at dif-
erent humidity levels, which can be proved by maintaining the
ame microstructures before and after washing.
.7. Application for electronic skin

An essential function of electronic skin is to sense haptic per-
eption, such as surface pressure, perception and lateral motion.
ttached on the hand (b), (c) The measured capacitance change when a single and
capacitance of the sensor when it was  subjected to dynamic pressing and releasing

To demonstrate the high sensitivity and flexibility of the proposed
sensor, a 3 × 3 sensor network was  attached on the skin to mea-
sure the surface pressure. As shown in Fig. 8(a)–(c), the sensor
network was attached on the surface of the hand to record the
surface pressure. The sensor network was  subjected to a single,
double and cyclical tactile pressure, and the capacitance was mea-
sured by the impedance analyzer in real time. As shown in Fig. 8(d),
the sensor network was sensitive to the tactile pressure, when the
pressure was applied on the sensor, the capacitance increase imme-
diately, and the capacitance variation was positively correlated
with the pressure applied on the sensor. The capacitance of the sen-
sor returned to its initial state rapidly when pressure was released.
Importantly, by repeating the same pressure for numerous times,
we also demonstrated the stability of the sensor. According to these
results, the sensor has the potential value in the application of soft
robotics and electronic skin.

4. Conclusions

A highly sensitive flexible capacitive sensor based on the elec-
trospun CNT-PVDF composite nanofiber membrane was developed,
and its pressure sensing properties show that a 0.05 wt%  CNT addi-
tion of the PVDF and the thickness of 20.1 �m was  the optimal
process. Based on the experimental results, the following marks
can be made:
• The sensor responds well under both static and dynamic pressure
(∼29 ms)  with high sensitivity, good linearity and nice repeata-
bility;

• This sensor can provide a high sensitivity up to 0.99/kPa;
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The sensitivity and the sensing range of the sensor can be adjusted
by modulating the ratios of the CNTs and the thickness of the
dielectric layer;
The capacitance of the sensor with selected materials is not sen-
sitive to the humidity.

Overall, the developed innovative sensor has a significant poten-
ial for the low cost and reliable electronic skin, soft robots,
erodynamic pressure measurement and other important fields.
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