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Nature 2020 fluctuations in the internal pressure at an initial stage is currently highly
desirable in the industry. In the present study, the electrospinning technique
was used for the fabrication of poly(vinylidene fluoride-trifluoroethylene)
P(VDF-TrFE) and graphene-oxide-modified poly(vinylidene fluoride-trifluo-
roethylene) GO-P(VDF-TrFE) fiber membranes for piezoelectric pressure-sens-
ing applications. The conventional interdigitated electrode was successfully
deposited on the fibrous structure with high continuity in the fingers. The
thermal stability and compatibility of the prepared structures were ascertained
by performing the thermal characterization. The developed devices revealed
high electric output when exposed to the pressure. The GO-P(VDF-TrFE) smart
fiber-based device offered admirable response time (0.282 s) and high linearity
of R* = 0.99294, respectively. Our findings will lay a foundation for the estab-
lishment of future wireless smart structures capable of detecting small internal
pressure (< 10 Pa) in many devices such as VIPs and other products even after
their installation in building structures.
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1 Introduction

Structural health monitoring (SHM) has become an
essential requirement for the safe operation of com-
plex and costly structures such as aerospace, civil,
and mechanical engineering infrastructure, as well as
the microelectronics industry [1-13]. Lack of reliable
forewarning system can impair the structural integ-
rity, survivability, and operation of engineering
structures which may lead to catastrophic results
especially in the extreme environments in tropical
regions having hot and humid climates. Buildings in
these regions with extreme temperatures need enor-
mous workload to maintain the internal atmosphere
against a harsh climate, resulting in substantial
energy costs as well as losses [14, 15]. To reduce these
losses, thermal insulation systems based on inorganic
fibrous materials (glass wool and rock wool) and
organic foamy materials (expanded polystyrene
(EPS), extruded polystyrene (XPS), and phenolic
foam) were traditionally employed [16-18]. However,
in recent years, a novel thermal insulation technology
known as vacuum insulation panels (VIPs) has been
introduced successfully in building structures as well
as refrigeration industry, pharmaceutical transport
boxes, cooling chains, and numerous other applica-
tions [19-24]. The life and performance of VIPs are
highly dependent on the maintenance of the internal
vacuum, which is reported to be challenging to
maintain constant for an extended period [25, 26].
Generally, the aging of evacuated panels refers to the
variations in the pressure inside or around the sys-
tem. Various smart structures and materials have
been utilized for the detection of such pressure at
their initial stage, even in a very minute quantity. The
rise of the internal pressure in VIPs is mainly due to
the accumulation of moisture and gases in core
material or their permeation through envelope film.
Consequently, the creation of such internal pressure
is the primary aging factor influencing the long-term
thermal performance and hence, the service life of a
VIP. Although the moisture permeation can easily be
measured just by weighing, however, no standard
method for the measurement of the internal pressure
exists. The most commonly-used method for VIPs
internal pressure measurement is a depressurization-
based method, which is also known as the foil lift-off
method [27]. This whole process is carried out inside
a vacuum chamber. However, this technique can only
be used on a laboratory scale, and it is more
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challenging to monitor the VIP vacuum level in
industrial environments after its installation, as well
as through its lifespan. Thus, the development of
innovative contactless pressure-sensing techniques
for monitoring internal pressure is becoming crucial
for the VIP industry and other applications which
need to maintain a high vacuum.

Self-energy harvesting pressure sensors in the
range of subtle pressure (~ 1 Pa-1 kPa) have been
studied by various researchers for different applica-
tions. Sharma et al. [28] fabricated a 2D pressure
sensor by using low-cost, low-temperature standard
lithography fabrication technique for the catheter
applications. Zang et al. [29] reported 1D nanofibrous
structures developed by Persona et al. [30] for the
pressure-sensing applications. P(VDF-TrFE)/multi-
walled carbon nanotube (MWCNT) composite fibers-
based pressure sensor was fabricated by Wang et al.
[31] for the healthcare applications. Furthermore, the
electrospinning technique has been utilized by sev-
eral researchers [32—40] for the fabrication of smart
fibers for pressure-sensing applications. Our work
aims to develop smart fibrous structures for the
detection of internal pressure in VIPs, which can also
be applicable during their service life. Smart fibers
comprising of P(VDF-TrFE) as an electroactive poly-
mer (EAP) and graphene oxide (GO) as nanofillers
were prepared for this application. Effect of GO on
the microstructure, degree of crystallinity, thermal
stability, and dielectric and ferroelectric properties
are thoroughly discussed, and the mechanisms
responsible for sensing VIPs internal pressure are
expounded. We reckon that these smart structures
will play an essential role in the structural health
monitoring of many pressure-sensitive systems such
as VIPs.

2 Experimental section
2.1 Materials

Liquid graphene oxide (GO) was synthesized by a
modified hummers method on a laboratory scale. The
corresponding typical procedure is already men-
tioned in detail in our previous publication elsewhere
[41]. Poly(vinylidenefluoride-cotrifluoroethylene)
P(VDEF-TrFE)-70/30 molar ratio was purchased from
Piezotech S.A.S, He’singue, France. Acetone and
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N,N-dimethylformamide (DMF) were purchased
from J&K Scientific Ltd. (Shanghai).

2.2 Methods

A transparent viscous solution for electrospinning
was obtained by dissolving 1.5 g of P(VDF-TrFE);.50
in 6 ml of acetone and was magnetically stirred at
350 RPM for 1 h at room temperature. The color of
the solution was changed to golden brown when 1 ml
of GO was added and stirred for a further 1 h. After
the dissolution of GO, 4 ml of DMF was added to the
solution, and the stirring speed was increased to 950
RPM for 1 h at 60 °C temperature. The most favorable
solution concentration between acetone and DMF
was found to be 3:2.

The self-assembled electrospinning unit consists of
a syringe pump (LSP01-1B; Ditron-Tech.), the collec-
tor drum (locally manufactured), and the high volt-
age power supply source (HB-Z503-1AC),
respectively. The syringe pump contains a plastic
syringe with a stainless-steel nozzle (27 G; 210 pm
inner diameter). The solution flow rate was set at
5 ml/h, and the collector drum (diameter of 10 cm) to
nozzle tip distance was 16 cm, approximately. The
rotation speed of the collector drum covered with Al-
foil was 1000 RPM. The positive terminal of the high
voltage source was connected to the syringe nozzle
and the negative one to the grounded cylinder. The
applied voltage between 5.47-8.17 kV was found
suitable for the fiber preparation. This voltage value
was found to be the switching point between the
electrospinning and electrospraying process of the
solution.

The electrospinning setup, as shown in Fig. 1a, was
used for the preparation of aligned fiber membranes
of P(VDF-TrFE) and GO-P(VDF-TrFE), as it can be
seen in Fig. 1b. The entire process was performed at
room temperature and 50%RH humid environment
of the laboratory. The prepared array of fibers
membrane was given physical support by the Al-foil,
and the insulating polyamide film was laminated in
between the conductive Al-foil and the active mate-
rial (fibers).

The sputtering unit (Sykejing VTC-600-2HD) was
used for the deposition of copper electrodes over the
active layer of fiber material. The target to substrate
distance in the sputtering process was 12 cm, and the
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stage rotation speed was 6 RPM, respectively. The
internal atmosphere was maintained by the flow of
Ar gas at the rate of 10 sccm. The prepared sensor
device can be seen in Fig. 1c. Cu wires were con-
nected to the deposited Cu-electrodes with the help
of conductive silver (Ag) paste. The sensor device
was then annealed in a vacuum tube furnace in Ar-
atmosphere at 80 °C standing temperature for 8 h.

2.3 Characterizations

Surface morphologies of the powder particles and
fiber membranes were studied with a scanning elec-
tron microscope (SEM, MIRA3-TESCAN). The phase
composition and crystal structure were identified by
X-ray diffraction (XRD, Ultima IV, RIGAKU) with Cu
Ka radiation (1 = 0.15406 nm) in the 20 range of 5-80°
at a scanning rate of 5° min~". The thermal analysis of
samples was performed by differential scanning
calorimetry (DSC) and thermal gravimetric analysis
(TGA) (NETZSCH STA 449F5).

2.4 Pressure sensors measurement

Since it was not possible to connect sensors from
inside of VIPs to the external signal receiver
employing connecting wires, so the pressure-sensing
measurements were carried out in a vacuum cham-
ber. The chamber’s internal pressure was increased as
it rises in VIPs with aging. The sensors were charac-
terized using a self-assembled pressure-sensing
setup, as shown in Fig. 2. The setup consisted of a
vacuum pump connected to the vacuum chamber to
create a vacuum in it. The sensor device connected to
the amplifier (BZ2101-1-1) was placed in the cham-
ber. The backside of the sensor device was taped to
the device-holding plate. The internal environment of
the vacuum chamber was evacuated as that of the
vacuum insulation panel (VIP). As the vacuum
releases gradually, the pressure exerts on the sensor,
which produces electrical signals by rearranging
dipoles under piezoelectric phenomenon. Subse-
quently, the generated signals were then transferred
to the amplifier, which amplifies the signals and
sends them to the oscilloscope (Rigol DS1062CA) to
collect and record the data. Finally, the recorded data
are displayed on a computer screen.
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Syringe pump

High voltage source

Collector drum

Fig. 1 a Schematic diagram for the electrospinning system. b Prepared smart fiber membrane laminated over polyamide film.

¢ Photographs of the prepared sensor devise
3 Results and discussions
3.1 Morphology

The microstructures of the prepared polymeric
P(VDF-TrFE) and composite GO-P(VDF-TrFE) smart
fibers were analyzed by the scanning electron
microscope (SEM). Figure 3a shows the micrographs
of the P(VDF-TrFE);p.3 nanoparticles having an
average diameter of 400 nm. Figure 3b represents a
piezoelectric film formed because of the unwanted
electrospraying process. Instead of electrospinning,
the electrospraying process occurred due to the lower
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solution density, improper solution flow rate through
the needle, and very high voltage supply. The beads
formed, as in Fig. 3c, were due to the imbalance
between the solution flow rate and voltage supply
concerning the solution density. In this case, the
solution flow rate (0.7 ml/h) was very low; however,
the applied voltage (18 kV) was very high. Besides
this, the needle’s larger inner diameter (0.41 mm)
was also responsible for the formation of the bead.
The higher voltage supply also caused the degree of
instability of the jet from the needle’s tip to the col-
lector drum, resulting in the wide range distribution
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Fig. 2 Schematic illustration of homemade pressure measurement setup with a vacuum chamber similar to the VIPs mechanism
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Fig. 3 SEM micrographs of raw material and prepared smart fibers. a P(VDF-TrFE)(.3 nanoparticles, b film formed by electrospraying,
¢ droplets formed as a result of electrospraying, d deformed fibers, e beaded fibers, f linearly aligned smart fibers

of solution droplets. The deformed fibers film can be observed to be too short. The solution flight time was
seen in Fig. 3d. The applied voltage, solution density, not enough to elongate the fibers and evaporate the
and the flow rate were optimum; however, the dis- solvents, due to which the surfaces of the fibers were
tance between the needle tip and collector drum was diffused together. The beaded fibers can be seen in
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Fig. 4 SEM micrographs and size analysis of P(VDF-TtFE) fibers (a, b), and GO-P(VDF-TrFE) fibers (c, d)

Fig. 3e, where fiber shapes are in the form of stripes,
and their diameters are not homogenous. This hap-
pened due to the higher concentration of DMF com-
pared to that of acetone in the prepared solution. This
issue was fixed by adjusting DMF and acetone ratio
at 2:3, which resulted in the formation of a homoge-
neous and aligned array of fibers, as depicted in
Fig. 3f. When the acetone quantity is higher in the
solvent, the solution rapidly solidifies due to the high
evaporating rate of acetone [42]. Such fibers were
formed by adjusting several processing parameters
such as a solution flow rate through the needle at
5 ml/h, the syringe needle (27 G sized) having an
inner diameter of 210 pum, and the needle to collector
distance at 15 cm, respectively. The high voltage
supply rate was of utmost importance as it was the
main driving force of the electrospinning process. It
was found that above 8.17 kV, the electrospinning
process changed to the electrospraying process. The
highest ratio of fiber formation was achieved when a
voltage of 7.47 kV was applied. Similar steps were
taken for the preparation of P(VDF-TrFE) polymeric
fibers and GO-P(VDF-TrFE) composite fibers.

@ Springer

According to the fiber size analysis from SEM
micrographs, as shown in Fig. 4a, ¢, the variation in
fiber diameters of both types of fibers can be
observed. The average fiber diameter measured for
P(VDF-TrFE) polymeric fibers, as depicted in Fig. 4b,
is 2.92 um, whereas that of GO-P(VDF-TrFE) com-
posite fibers as from Fig. 4d is 1.06 um, respectively.
The diameter of the composite fiber has been repor-
ted approximately three times lower because of the
evaporation of the additional solvent (ethanol) of the
GO solution during the flight time.

3.2 Crystalline structure

The X-ray diffraction (XRD) analysis of smart fibers
was carried out to determine the ferroelectric phase
formation in the smart fibers. The P(VDF-TrFE)
copolymer mainly consists of o, B, and y-phases,
among which higher concentration of the B-phase
exhibits the best piezoelectric properties [43, 44]. The
piezoelectric behavior of a-phase was transformed to
B-phase in the electrospinning process, whereas the
B-contents were improved significantly by annealing
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it at various temperatures below the critical temper-
ature. The main electrospinning parameters [45]
responsible for this phase transformation are the
applied high voltage and the mechanical stretching of
a solution (as discussed earlier in Sect. 2.2). The
strong electric field due to the applied high voltage
(8.17 kV in our work) increases the crystallinity of
material by rearranging and aligning the dipoles. The
phase transformation from o to P (a peak shift
towards ~ 20°) occurs during this dipole rearrange-
ment. The mechanical stretching during solution flow
from the needle tip to a collector drum permanently
aligns the electrical dipoles in the prepared smart

25 30 35 40 45 50 55 60 65 70 75

2 theta (degree)

fibers. Furthermore, the intensity of the B-phase was
enhanced by annealing the prepared fiber mat at
various temperatures, as depicted in Fig. 5a. The
annealing process was carried out at 80 °C, 100 °C,
and 110 °C, respectively. The prominent peak at 20 ~
19-20° indicates (110) and (200) planes of B-phase of
P(VDF-TrFE). Figure 5a, b shows the XRD spectra of
both P(VDE-TrFE) polymeric and GO-P(VDF-TrFE)
composite fibers. As from Fig. 5a, the peak intensity
at 20 =20° achieved by annealing P(VDF-TrFE)
fibrous membranes at 110 °C indicates the higher B-
phase crystallinity of the copolymer. Similarly, the
XRD spectra of the composite fibrous membrane in
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Fig. 5b also show the improved intensity of f-phase
when annealed at 110 °C temperature.

As depicted in Fig. 5b, the peak broadening of
composite fibrous membranes, covering area up to 20
~ 23.8°, indicates the successful doping of graphene
oxide (GO) in P(VDF-TrFE) polymeric chains. How-
ever, from Fig. 5b, the dramatic increase in the
intensity of B-phase was recorded as P(VDF-TrFE)
was modified with GO nanofillers. The annealing
process at various temperatures further improved the
B-phase intensity. Thus, from Fig. 5a, b, the annealing
process is proven to be a useful tool to enhance the
crystalline region of electrospun nanofibers. By
comparing XRD results (Fig. 5a, b) of P(VDF-TrFE)
and GO-P(VDF-TrFE), fiber mates annealed at the
same temperature prove that the addition of GO
nanofiller significantly improves the B-phase contents
of the composite.

3.3 Thermal analysis

The differential scanning calorimetry (DSC) results
for P(VDF-TrFE) and GO-P(VDE-TrFE) are presented
in Fig. 6a; here, Ty, refers to the melting temperature
during heating which is 159.8 °C for polymeric fibers
and 163 °C for composite fibers, respectively. In the
heating scan, the melting enthalpy change and the
melting point of P(VDF-TrFE) polymer fibers and
GO-P(VDF-TrFE) composite fibers were found dif-
ferent. The enthalpy changes of P(VDF-TrFE) was
found 20.1 J/g, while that of nanofibers was 22.34 ]/
g, respectively.

A substantial increase of the melting enthalpy
change for GO-P(VDF-TrFE) composite fibers was
observed, which corresponds to the increase in
crystallinity as indicated by the rise in the intensity of
B-phase crystal peak in XRD results as shown in
Fig. 5. The reason might also be attributed to the
transformation from the o-phase to the B-phase. The
stability of the crystalline structure can be observed
by the absence of any exothermal peak before the
melting point [46].

The thermal gravimetric analysis (TGA) results for
both P(VDE-TrFE) and GO-P(VDF-TrFE) are shown
in Fig. 6b and have been summarized in Table 1,
respectively. Their decomposition temperatures were
almost similar for both types of fiber membranes, as
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Fig. 6 a DSC (heating) traces of P(VDF-TrFE) and GO-P(VDEF-
TrFE) fibers membrane. b TGA traces of P(VDF-TrFE) polymer
fibers and GO-P(VDF-TrFE) composite fibers

shown in Table 1. TGA results demonstrated that
P(VDEF-TrFE) modified with GO had less weight loss
as compared to the P(VDF-TrFE) fibers. This lower
weight loss was due to the presence of strong bonds
between the functional groups of GO such as OH—,
COO—, and —C=0 with the F, and H, of P(VDF-
TrFE) chains. The inconsistency existed in the weight
loss percentage of both types of fibers is possible
because of the higher B-phase crystallinity of GO-
P(VDF-TrFE) which accords with the XRD results. It
also coincided with DSC results, where a slight
modification was maintained after melting thereby
causing an alteration in TGA traces.
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Table 1 Thermal analysis of
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P(VDF-TIFE) polymer & GO- Sample no  Sample name Tm Enthalpy change (J/g) Decomposition temperature (°C)
P(VDF-TrFE) composite fibers Q)
1 P(VDF-TrFE) 159.8  20.1 482
2 GO-P(VDF-TrFE) 163.0 22.34 488
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Fig. 7 Electric output of smart fibers membrane devices for
exerted frequencies (a—d) of 5 Hz (blue) and 10 Hz (red). The
output signals of open-circuit voltage and short-circuit current for

GO-P(VDF-TrFE) (a, b), and P(VDF-TrFE) (c, d)-based devises.
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The maximum operating temperature of VIPs in
building applications is reported to be 80 °C [28].
From the above results, the melting temperature (T)
of smart composite fibers has been found far higher,
thus showing high thermal stability under harsh cli-
matic temperatures. As the phase changes in P(VDEF-
TrFE) occur during electrospinning, the basic chem-
ical structures of a-phase and B-phase remain the
same. Therefore, only slight distinctions are observed
in the TGA traces.

3.4 Sensor’s performance

To determine the reliability of the sensor for detection
of VIP’s internal pressure, the electric output of
P(VDF-TrFE) and GO-P(VDE-TrFE) piezoelectric
membrane devices was characterized using home-
made equipment. Figure 7 shows pulsed electrical
signals composed of positive and negative output
peaks, describing the application and releasing of a
pressure load as responses to the applied loading.
The short-circuit current (Fig. 7b, d) and open voltage
(Fig. 7a, c) outputs were in the ranges of 25-30 nA
and 1.2-1.7 V, respectively. A slight increase in the
output signal of voltage and current has been
observed as the frequency rises from 5 to 10 Hz. An
increase in the response time (0.282 s) has been
noticed with the increasing frequency. It was also
found that the signals of both types of sensors remain
in a continuous relationship with the applied fre-
quency up to 10 Hz. However, the maximum current
and voltage observed for GO-P(VDF-TrFE) sensor
were 30 nA and 1.7 V, respectively, as depicted in
Fig. 7¢c, d.

To identify the varying magnitudes of pressure
inside the chamber (to emulate the VIPs internal
environment), the peak-to-peak voltage from the
sensor devices was obtained and plotted, as shown in
Fig. 7e, f. The graph depicts a high linear response
having adjusted R-squared (R?) values of 0.98674 for
P(VDF-TrFE) device and 0.99294 for GO-P(VDF-
TrFE) device, respectively. Furthermore, a higher
slope (0.79891 £ 0.02245) is noticed for GO-P(VDF-
TrFE) device compared to (0.59066 £ 0.02419) of
P(VDF-TrFE) device, indicating a higher sensitivity of
smart composite fibers. Here, it can also be stated that
the sensor device (GO-P(VDF-TrFE)) having lower
fiber diameter shows higher sensitivity as compared
to the sensor device (P(VDF-TrFE)). As from Fig. 7f,
almost higher signal output has been reported for the
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GO-P(VDF-TrFE) device compared to the P(VDF-
TrFE) device, revealing higher piezoelectricity of the
composite fiber membrane. This is because of the
higher surface tension involved in the fiber formation
during the electrospinning process, resulting in
higher crystallinity in thinner fibers, also proven by
the XRD diffractograms. The electrical conductivity
of GO is in the range of 1-4 KQ [41] which results in
enhancing the overall electrical properties of the
P(VDF-TrFE) smart nanofibers. Here, GO plays a
crucial role as a slightly conducting nanofiller and
helps to increase the overall electrical properties of
the nanocomposite. The large surface area of GO
allows more dipole formation and thus improve the
charge generation and storage capability of the
composite material. This nanofiller supports the
nucleation of the piezoelectric polar B-phase of
P(VDF-TrFE), also proven by XRD results presented
in Fig. 5b. Thus, poled GO-P(VDF-TrFE) nanocom-
posite fiber mat yielded high piezoelectric-response
under the repetitive external pressure. This phe-
nomenon is related to the presence of electrostatic
interactions between the C-F dipoles in P(VDF-TrFE)
and the OH—, COO—, and —C=0 groups in GO. A
large number of electrons from the negative func-
tional groups of GO sheets move toward the junction
and may transfer into the energy levels of dielectric
P(VDEF-TrFE). The interactions between the hydrogen
and fluorine groups of P(VDF-TrFE) and oxygen
functional groups of carbonyl as well as carboxyl
groups situated at the basal planes of GO, as shown
in Fig. 8 [47], support polymer chain rotation for the
formation of electroactive B-phase. Under this situa-
tion, an uncompensated charge exists at the interface
of GO and PVDF-TrFE, which is the result of the
aligned dipoles in the PVDF-TrFE and functional
groups in GO. These results suggest their promising
applications in health monitoring of vacuum systems,
especially for the detection of internal pressure even
in the range lower than 10 Pa.

4 Conclusion

Internal pressure is the major factor that affects the
service life and performance of the evacuated prod-
ucts in the high-cost applications. Due to the alarm-
ing risks, professionals are implementing new
strategies for the detection of internal pressure in
high-vacuum systems. A highly sensitive B-phase
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Fig. 8 Schematic diagram demonstrating possible bonding between GO and P(VDF-TrFE) in prepared smart composite fibers

piezoelectric device comprising of P(VDF-TrFE)
polymeric and GO-P(VDF-TrFE) composite fiber
membranes has been developed by using the elec-
trospinning technique for a tiny pressure detection.
Various parameters of electrospinning technique and
fiber preparation, especially the switching point
between electrospinning and electrospraying process,
have been identified. Furthermore, thermal analysis
of the prepared smart structures supports their
application in VIPs and can easily sustain the work-
ing environment of VIPs (~ 80 °C). A quick response
time of (0.282 s) has been reported for the prepared
composite fiber-based sensor device. The device has a
capability to generate signals even at the pres-
sure < 10 Pa, with high linearity (~ 0.99294). In
addition, it can be an efficient sensor device as its
output response reveals a linear relationship with the
applied pressure. Consequently, the prepared devi-
ces are considered attractive applicants for their
implementation in numerous high-vacuum products
for detecting the internal pressure.
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