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a b s t r a c t
The state of charge (SoC) in a ﬂexible planar supercapacitor is dependent both on in-situ temperature
rise as well as its bending angle. Thus there is a need for measurement of rising in temperature of the
supercapacitor on bending conditions. The present work demonstrates the applicability of ﬁber Bragg
grating (FBG) sensors for in-situ temperature measurement on bending in ﬂexible planar supercapacitors.
For this purpose, two FBG sensors with diameter 125 m and 40 m were inserted into a ﬂexible planar supercapacitor at a location away from the bending axis. The FBG with 40 m diameter was coated
with conductive silver ink to enhance the temperature sensitivity and the diameter of this FBG after
coating was found to be 80 m. The planar supercapacitor consisted of multi-walled carbon nanotube
adsorbed on ﬁlter paper as electrodes and NH4 CN as an electrolyte. The temperature and bend sensitivities for FBG with 125 m diameter was found to be 10 pm/◦ C and 17 pm/◦ respectively whereas for the
FBG with 80 m diameter the temperature and bend sensitivities were 16 pm/◦ C and 21 pm/◦ respectively. The measurement resolution for temperature and bending angles were found to be 0.2 ◦ C and 0.4◦ ,
respectively. Maximum measurement errors of 0.9 ◦ C and 0.8◦ in the measurement range 0−70 ◦ C and
0−50◦ respectively were found. The high sensitivity and resolution, along with low measurement error
in in-situ temperature measurement on bending revealed that the proposed method was suitable for
monitoring the SoC in ﬂexible planar supercapacitors. The study, conducted on the variation of in-situ
temperature rise on bending with speciﬁc capacitance and equivalent series resistance, opens up new
possibility towards the development of supercapacitor temperature management systems for ﬂexible
planar supercapacitor.
© 2020 Elsevier B.V. All rights reserved.

1. Introduction
Supercapacitors have gained signiﬁcant attention in research
and industry due to their widespread applications ranging from
power electronics to aerospace sector [1,2]. With the upcoming
ﬂexible electronics market, researchers have been developing ﬂexible, planar supercapacitors which have potential applications in
ﬂexible electronic circuits [3,4]. Flexible planar supercapacitors
consist of ﬂexible electrodes, separator and substrate made up of
polymeric or cellulose-based material and has high performance
on bending promoting their applications in wearable devices. Late
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recently, several researchers have published studies about materials used in ﬂexible supercapacitors and attempts have been made
to enhance their energy and power densities [5–7]. Few of the published literature have presented the relationship of the capacitance
of planar ﬂexible supercapacitors with bending angle [8].
In conventional supercapacitors, an increase in temperature
during charge-discharge cycles affects the supercapacitor performance and longevity. The capacitance increases and the equivalent
series resistance (ESR) usually decrease with an increase in external temperature as evident in earlier literature [9]. Attempts to
measure in-situ temperature rise in conventional rigid supercapacitors have been attempted using thermocouple [10]. In the stated
research, the authors placed thermocouples inside the supercapacitor at various locations and measured the rise in temperature
with charge-discharge cycles. Use of thermocouples inside supercapacitor to record the temperature is a successful approach for
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measurement of in-situ temperature; however, the method bears
limitations in case of ﬂexible planar supercapacitors.
Since the ﬂexibility of thermocouple is limited, bending of the
supercapacitor during temperature measurement gets restricted to
certain degrees. Furthermore, pseudocapacitors using highly alkaline electrolytes like sodium and potassium hydroxide would react
with thermocouple materials usually made of Nickel-based alloys
and would generate erroneous results [11]. Jacketing of the thermocouple using a protective cover could be one alternative, in this
case. However, this would increase the thermocouple footprint
rendering the method unsuitable for ﬂexible, thin, planar supercapacitors. Besides thermocouple measures the temperature rise
for supercapacitors only. To study the in-situ temperature rise during charge-discharge at a different bending angle which is essential
in case of the ﬂexible planar supercapacitor, the in-situ temperature rise of the supercapacitor on bending is essential. Since the
state of charge (SoC) in ﬂexible planar supercapacitors would be
dependent both on bending angle as well as in-situ temperature
rise, there is a need for study on the effect of a rise in temperature of the supercapacitor on bending. Such an approach which
facilitates in-situ temperature measurement with bending during
ﬂexible supercapacitor operation would cater real-time monitoring
of ﬂexible planar supercapacitors.
To address the stated issues mentioned above regarding measurement of in-situ temperature rise on bending in ﬂexible planar
supercapacitors, we propose a new method of use of ﬁber Bragg
grating (FBG) sensors. FBG sensors have a minimal footprint
(∼200−300 m), can measure temperatures as well as bending
angles simultaneously, are resistant to corrosion of acids or alkalis,
bears high measurement resolution and have zero electromagnetic
interference [12]. FBG sensors are well established since they are
used in industrial applications related to the measurement of temperature, strain, bending [13].

position away from the central bending axis and the validation is
available elsewhere [16]. In this case, Eq. (1) modiﬁes to Eq. (2).

B
= Cb  + CT T
B

(2)

where, Cb is the bending angle sensitivity and  is the bending angle.
In our experiments, two Germanium doped Uniform Fiber Bragg
grating (UFBG) sensors with cladding diameter 125 m and 40 m
(Manufacturer: DK Photonics, China) and different sensitivities
were used to measure the bending angle and temperature rise
simultaneously of the planar ﬂexible supercapacitor. Both the sensors possessed a grating length of 10 mm and reﬂectivity of >90%
as speciﬁed by the manufacturer. The Bragg’s wavelengths (B) of
the FBGs were 1542 nm and 1561 nm, respectively. The FBG sensor
with 40 m cladding diameter was dipped in silver ink which is
used in the 3-D conductive printer (make: Voltera, ink type- Jazzy
Juzak) to enhance the temperature sensitivity. The FBG with silver
ink adhered to the surface was heated in an oven at 60 ◦ C for 6 h for
curing the ink. The coated FBG was thoroughly washed with 0.1 M
KOH solution and 98% ethanol to check the adhesion strength and
reactivity of the ink to the surface. The stated ink was used since it
is well established for applications in 3-D conductive ink printers
with tested durability and least reactivity to alkalis and acids which
are used in pseudocapacitors. The FBGs before and after coating
was visualized using a microscope (Olympus BX100 make) and the
diameter of the FBGs was measured using camera attachment and
associated software to the microscope (Motic Images Plus 2.0). Each
FBG was calibrated for bending angle and temperature vs wavelength shift (B) before conduction of supercapacitor experiments.
The FBG interrogator used for sensor interrogation was PXIe-4844
(Make: National Instruments, USA).

2. Materials and methods
In this research, FBG sensors were used to measure the in-situ
temperature rise during charge-discharge cycles of a ﬂexible planar
supercapacitor on bending conditions to evaluate the effect of insitu temperature rise with bending on speciﬁc capacitance and ESR.
2.1. FBG sensors for temperature and bend measurement
FBG sensors are optical ﬁbers with spatial variation of refractive index in the core region known as gratings. When light
from a broadband source is incident on the grating, a particular wavelength is reﬂected called Bragg’s wavelength (B), and
the remaining spectrum is transmitted. Strain and temperature
imposed on the grating lead to a shift in the wavelength reﬂected
( B). The shift in wavelength reﬂected is governed by Eq. (1) [14].
B
= Cs ∈ +CT T
B

(1)

where, Cs and CT are strain and temperature sensitivity respectively, ε and T are the imposed strain and change in temperature
respectively. The working of FBG sensors is shown in Fig. 1.
From Eq. (1), it follows that FBG sensors are sensitive to both
strain and temperature are known as cross-sensitivity. Evaluation
of strain and temperature individually hence requires different
approaches such as the use of two FBG sensors with different
diameters, use of Fabry Perot cavity, superstructure based methods
where the use of two different FBG sensors is the most straightforward [15]. The measured strain or the wavelength shift due to
bending in the absence of temperature variation is almost linearly
proportional to the bending angle if the FBG sensor is placed in a

2.2. Flexible supercapacitor fabrication
A ﬂexible supercapacitor using multi-walled carbon nanotube
(MWCNT) / Activated Carbon (AC) / polyvinylidene diﬂuoride
(PVDF) on ﬁlter paper substrate as electrode and ammonium thiocyanate (NH4 CN) as an electrolyte was prepared. Brieﬂy, 400 mg of
MWCNT with diameter 110−170 nm and length 5−9 m (supplierSigma Aldrich, part no: 659258) and 1600 mg AC (supplier- Sigma
Aldrich, part no: C2764) were mixed inside a mortar and pestle for 10 min. 5 mL acetone and 10 gm PVDF was stirred at 250
RPM with the temperature at 60 ◦ C. 3 gm MWCNT/NH4 CN mixture was then mixed into the acetone-PVDF mixture. The mixture
was sonicated for 30 min to convert the liquid to paste form. The
MWCNT/NH4 CN/PVDF paste was soaked on Grade-4 ﬁlter paper of
1cm × 1cm size and dried to fabricate ﬂexible electrodes.
The electrolyte was prepared by mixing 0.57 gm of NH4 CN in
15 mL dimethyl sulphoxide (DMSO) at 200 RPM and 45 ◦ C temperature for 1 h followed by the addition of 0.75 gm of polyvinyl
alcohol (PVA) to the mixture while maintaining the temperature at
70 ◦ C for 30 min. The prepared electrolyte was soaked in a Grade-4
ﬁlter paper of size 1cm × 1cm. The ﬂexible electrodes and separator containing electrolyte were stacked so that a ﬂexible stack of
six supercapacitors can be fabricated. The materials for the ﬂexible
planar supercapacitor used in the experiments were purposefully
chosen so that the speciﬁc capacitance and ESR vary signiﬁcantly
with bending angle. This facilitates research study for assessment of
change in speciﬁc capacitance and ESR with bending angle and rise
in temperature. The fabricated ﬂexible supercapacitor stack and the
FBG attachment are shown in Fig. 2.
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Fig. 1. Working of a FBG sensor (i) Under nominal conditions (ii) On bending with temperature applied.

Fig. 2. The fabricated supercapacitor with the FBG sensor attachment and schematic showing the arrangement of paper sheets and location of the FBG sensors.

3. Experiments
3.1. FBG sensor calibration
For temperature calibration, the FBG sensors and a standard
FBG based temperature sensor (OS4300, Make- Micron optics, USA)
were dipped into a temperature-controlled water bath. The wavelength shifts for the FBG sensors were recorded and plotted with
the recorded temperature measured using the temperature sensor.
The slope of the curve indicated temperature sensitivity (CT ) for the
FBG sensors. The ﬂexible supercapacitor in this work consists of six
stacked supercapacitors, in which the total number of ﬁlter paper
sheets used for the electrodes and separator were thirteen. For calibration of the bending angle, the FBG sensors were inserted after
the tenth sheet. This conﬁguration was followed to impose the condition that the FBG sensors are placed away from the central bend
axis when supercapacitor measurements are performed. The rela-

tionship between bending angle and curvature when the FBGs have
placed off-centered from the central bending axis is given by Eq. (3)
[16]:
C = /LDE

(3)

where C is the curvature of bending,  is the bending angle, and LDE
is the length of the central bending axis and is always constant. The
curvature of bending is thus varied linearly with the bending angle
and vice versa when the FBG sensors are placed off-centered from
the central bending axis.
Placement of the FBG sensors after the tenth sheet was tactically
conducted so that the experiments were repeatable and the sensors
do not detach away. A thin groove was generated on the tenth paper
sheet before assembly by micromachining the paper sheet using a
UV laser. The FBG sensors were placed in the groove so that they
are unable to move and are placed precisely in the same position.
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The groove thickness and the placement of FBGs inside the groove
were evaluated using a microscope and associated software.
A goniometer was used to measure the bend angle of the paper
stack physically. Simultaneously, the shift in wavelength of the FBG
sensors was recorded and plotted with the bending angle. The slope
of the plot indicated the value of bend sensitivity (Cb ) for the FBG
sensors.
Simultaneous linear equations with two unknowns as in Eqs. (4)
and (5) for FBG 1 and FBG 2 respectively were used to calculate the
temperature rise and bending angle.
B1
= Cb1  + CT 1 T
B1

(4)

B2
= Cb2  + CT 2 T
B2

(5)

where the variables bear their usual notations as Eq. (2) and the
subscripts 1 and 2 denote the value of the variable for FBG 1 and
FBG 2 respectively.  and T were calculated by solving the Eqs.
(4) and (5).
3.2. Measurement error and sensor resolution assessment
The calibrated FBG sensors were subjected to testing for accuracy in temperature and bending angle assessment. A bare wire
type-K thermocouple was placed along with the FBG sensors in the
ﬁlter paper stack over the groove in which the FBGs were placed.
The assembly was heated with a hot air gun and bent manually.
The actual values of temperature (t1 ) and the bending angles (1 )
were recorded from the thermocouple and goniometer, respectively. The measured value of temperature (t2 ) and bending angles
(2 ) obtained from the FBG sensors were also recorded. The experiments were conducted for 50 data points with the temperature
between 0−70 ◦ C and a bending angle between 0−50◦ . The error
in measurement of temperature (et ) and bending angles (e ) was
calculated using Eqs. (6) and (7).
et = t2 − t1

(6)

e = 2 − 1

(7)

The maximum error, mean error, the error variance and
standard deviation of errors were calculated. For assessment of resolution, the minimum change in temperature and bending angle at
which the FBG interrogator indicates wavelength shift for the ﬁlter
paper stack-sensor assembly was found.
3.3. Supercapacitor characterization and performance evaluation
The supercapacitor electrodes were characterized using FESEM
(Zeiss Sigma, Carl Zeiss make). FESEM image for the supercapacitor electrode was captured to evaluate adhesion of MWCNTs in the
ﬁlter paper electrode. The performance characteristics of the ﬂexible supercapacitor stack on nominal as well as bending conditions
were evaluated using a potentiostat (PARSTAT 4000). The temperature and bending angles were calculated from the data obtained
from FBG interrogator. Cyclic voltammetry (I–V plot), EIS (electrical impedance spectroscopy) and galvanostatic charge-discharge
curves at bend angles 0, 10, 20, 30, 40 and 50 were plotted. The
experiments for the maximum rise in temperature at different bend
angles for 1000 charge-discharge cycles were conducted for 5 times
for each bending angle, and the average reading was plotted. The
capacitance (C) of the supercapacitor at different scan rates and
bending angles were calculated from the cyclic voltammetry plots
using Eq. (8) [17].
C=

iavg
SA

(8)

where iavg is the average of current amplitude between the anodic
and cathodic sweeps, s is the scan rate, and A is the active
area (1 cm2 ). The galvanostatic charge-discharge curve at constant current was used to verify the capacitance found from the
cyclic voltammetry plots. The mathematical relationship in Eq. (8)
remains valid wherein the scan rate is replaced by the slope of
the charging curve, and iavg is replaced by the constant discharge
currents. The galvanostatic charge-discharge curves were used to
calculate the ESR of the supercapacitor by taking the ratio of the
voltage drop in the stiff discharge region to the ﬁxed discharge current. The EIS was used to determine the ESR at higher frequency
limit of the device. The EIS was conducted by setting frequency
range from 0.1 Hz to 1 KHz in potentiostat software when the
supercapacitor was bent at 0, 10, 20, 30, 40 and 50 degrees. The
impedance at higher frequency limit of the device in the Nyquist
plot gives the ESR value of the device at higher frequency limit and
is calculated using Eq. (9).
Z=



Zre 2 + Zim 2

(9)

Where Z is the ESR at high frequency limit of Nyquist plot, Zre and
Zim are the real and imaginary parts of the impedance in the Nyquist
plot.
4. Results
The FBG sensor with cladding diameter 40 m, 125 m, the FBG
with coated silver ink, the micro machined groove on ﬁlter paper
and its exact location along with the attachment of FBGs as seen
under microscope is shown in Fig. 3.
The diameter of the 40 m FBG sensor with coated silver ink was
measured to be 80 m (Fig. 3 (ii)). The calibration curves for the FBG
sensors with cladding diameter 125 m and 80 m are shown in
Fig. 4.
The slope of the calibration curves shows the temperature sensitivity (CT ) and bending sensitivity (Cb ) for the FBG sensors. The
temperature sensitivity of the FBG sensors with cladding diameter 125 m and 80 m were 10 pm/◦ C and 16 pm/◦ C respectively.
The bending sensitivity of the FBG sensors with cladding diameter 125 m and 80 m were 17 pm/ degree and 21 pm/degree
respectively. The CT and Cb values for the FBG sensor with less
cladding diameter were higher showing greater sensitivity. The
measurement error in temperature (et ) and bending angle (e ) at
ﬁfty different temperatures and bending conditions are shown in
Fig. 5.
The maximum error in temperature and bending angle measurement using FBG sensors were found to be 0.9 ◦ C and 0.8 degrees,
respectively. The mean error in temperature and bending angle
measurement were found to be 0.62 ◦ C and 0.49 degrees, respectively. The standard deviation of the error in temperature and
bending angle measurement were found to be 0.17 ◦ C and 0.25
degrees, respectively. The measurement resolution for temperature
and bending angles were found to be 0.2 ◦ C and 0.4◦ , respectively.
The cyclic voltammetry curves at scan rates 0.01, 0.1 and 0.5 V/s
without bending and with bending angles 0, 10, 20, 30, 40 and 50◦
measured using FBG sensors at scan rate 0.01 V/s, the galvanostatic charge-discharge curves for bending angles 0, 10, 20, 30, 40
and 50◦ measured using FBG sensors, the impedance spectroscopy
(Nyquist plot) at bending angles 0 and 50◦ are shown in Fig. 6.
The calculated speciﬁc areal capacitance of the supercapacitor
from the cyclic voltammetry plots (Eq. (8) and Fig. 6(II)), the speciﬁc
areal capacitance calculated from charge-discharge curves (Eq. (8)
and Fig. 6(III)), the ESR calculated from the charge-discharge curves
(Fig. 6(III)), the maximum rise in temperature measured during
1000 charge-discharge cycles at bending angles 0, 10, 20, 30, 40
and 50 degrees, the FESEM image of the supercapacitor electrode
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Fig. 3. Image of (i) FBG sensor with cladding diameter of 40 m with magniﬁcation 10X (ii) 40 m FBG with coated silver ink with magniﬁcation 10X (iii) FBG with cladding
diameter of 125 m with magniﬁcation 10X (iv) the micro machined ﬁlter paper showing the groove (v) the micro machined groove with magniﬁcation 5X (vi) FBG sensors
at the end of the groove (vii) FBG sensors inside the groove showing the location of FBGs at same position.

Fig. 4. Calibration curves for the FBG sensors used (i) Relationship of temperature rise and wavelength shift (ii) Relationship of bending angle and wavelength shift.

Fig. 5. The measurement errors (i) for temperature (b) for bending angle measured using FBG sensor.
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Fig. 6. (I) Cyclic voltammetry curves at scan rates 0.01, 0.1 and 0.5 V/s without bending (II) Cyclic voltammetry plots with bending angles 0, 10, 20, 30, 40 and 50◦ at scan
rate 0.01 V/s (III) Galvanostatic charge-discharge curves for bending angles 0, 10, 20, 30, 40 and 50◦ at different discharge currents (IV) Impedance spectroscopy at bending
angles 0 and 50◦ .

fabricated and the charge-discharge curve for 1000 cycles at 2 mA
discharge current without bending is shown in Fig. 7.
The speciﬁc areal capacitance without bending were 250, 43.25
and 10.75 mA/cm2 at scan rates 0.01, 0.1 and 0.5 V/s respectively
(Fig. 6(I) and Eq. (1)). The ESR values calculated from EIS plots at
high frequency limit (1 KHz) with Zre and Zim values as X and Y
coordinates respectively in EIS plot (Fig. 6(IV)). The values of Zre ,
Zim and Z at high frequency limit (1 KHz) is shown in Table 1.
5. Discussions
Following inferences could be drawn from the experimental
results.
(i) The FBG sensor-based method for measurement of in-situ
temperature on bending for ﬂexible planar supercapacitor is
an effective way for condition monitoring of ﬂexible supercapacitors since it was found that the maximum error in
measurement of temperature was 0.9 ◦ C and bending was 0.8
degrees (Fig. 5). The standard deviation of errors of 0.17 ◦ C
and 0.25 degrees of ﬂexible planar supercapacitors in a measurement range of 0−70 ◦ C temperature and 0−50◦ bend angle
respectively further establishes the fact the proposed method
using FBG sensors can simultaneously measure temperature
and strain for ﬂexible supercapacitors without much deviation

in measurement error. The temperature and bend sensitivities for FBG with 125 m diameter was found to be 10 pm/◦ C
and 17 pm/◦ respectively whereas for the FBG coated with
silver ink with 80 m diameter, the temperature and bend
sensitivities were 16 pm/◦ C and 21 pm/◦ respectively. The measurement resolution for temperature and bending angles were
found to be 0.2 ◦ C and 0.4◦ , respectively. It indicates that the
proposed measurement method bears high sensitivity and
resolution.
(ii) In Fig. 6 (II), the CV curve for supercapacitor at bending angle
30◦ is stiffer than others. This phenomenon could be plausibly
explained using the diffusion properties of electrolyte inside a
porous paper-based MWCNT electrode. As evident from earlier
literature [17], the bending behaviour of MWCNTs follows four
different stages where it shows different percolation characteristics. Hence, it could be inferred that at bending angle of 30◦ ,
the percolation of ions/ electrons inside the electrode is maximum which leads to a faster rate of rising in current leading
to stiff nature of the CV curve. The understanding of the exact
phenomenon requires molecular dynamics based studies and
is out of the scope of the present work.
(iii) For the fabricated supercapacitor, the speciﬁc areal capacitance found using I–V plots, and galvanostatic charge-discharge
curves were almost identical (Fig. 7(I)). The measured ESR from
the galvanostatic charge-discharge curves (Fig. 7(II)) closely
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Fig. 7. (I) Calculated speciﬁc areal capacitance of the supercapacitor from the cyclic voltammetry plots and the speciﬁc areal capacitance calculated from charge-discharge
curves (II) The ESR calculated from the charge-discharge curves and maximum rise in temperature measured during 1000 charge-discharge cycles at bending angles 0, 10,
20, 30, 40 and 50 degrees (III) FESEM image of the supercapacitor electrode fabricated (IV) Charge discharge curve for 1000 cycles at 2 mA discharge current without bending.

Table 1
Values of Zre , Zim and Z at high frequency limit (1 KHz) on supercapacitor bending.



Bending angle (in degrees)

Zre ()

Zim ()

Z=

0
10
20
30
40
50

35.9
34.4
33.8
34.6
36.0
31.8

5.0
4.9
4.9
5.0
5.1
4.8

36.2
34.7
34.15
34.9
36.3
32.2

Zre 2 + Zim 2

resembles the ESR calculated from the impedance spectroscopy
plot. The FESEM image of the supercapacitor electrode shows
the MWCNTs trapped in the paper electrode matrix (Fig. 7(III))
which enhances the surface area of the electrode leading to
high speciﬁc capacitance without adverse limits on its ﬂexibility. The fabricated supercapacitor has a high areal capacitance
of 540 m F/cm2 at a bending angle of 20◦ with a maximum temperature rise of 12.67 ◦ C during 1000 charge-discharge cycle
of operation. The voltage retention capacity of the supercapacitor increases after 1000 charge-discharge cycles (Fig. 7(IV)).
It establishes the fact that the planar ﬂexible supercapacitor fabricated is suitable for the experiments conducted since
ﬂexible planar supercapacitors in available literature reveal
capacitances in the similar range [[18]]. A careful observation
of Fig. 7(II) shows that the rise in temperature and the ESR at
different bending angles almost follow a similar trend though
there are subtle differences. The ESR values at higher frequency
limit (Table 1) also follow a similar trend. In supercapacitors,

the rise in temperature is primarily due to two different factors(a) rise in temperature accounting to Joule’s heating due to ESR
(b) rise in temperature due to Faradic reactions in the supercapacitor [9]. In this research ammonium thiocyanate is used as
electrolyte which undergoes Faradic reaction and may lead to
heating effect. The subtle difference in the graphical trends of
ESR and maximum temperature rise may be accounted due to
Faradic reaction. However, the similarity in the trend of temperature rise and ESR establishes the fact that temperature rise
in the fabricated ﬂexible supercapacitor is highly dependent on
the ESR value.
(iv) From Fig. 7(I) and 7(II), the trend of ESR values and the calculated speciﬁc capacitance follows a deﬁnite pattern. As the
ESR values increase with the rise in temperature, the speciﬁc
capacitance decreases and vice versa. This ﬁnding is crucial in
the determination of exact SoC of a supercapacitor since the SoC
is dependent on the maximum capacity of charge storage.
(v) In Fig. 7 (I) and 7(II), it could be found that the speciﬁc capacitance of the supercapacitor is higher when the temperature
rise of the supercapacitor is lesser at a ﬁxed bending angle.
For instance, the highest speciﬁc capacitance of 540 m F/cm2
is obtained at a bending angle of 20◦ when the rise in temperature is 12.67 ◦ C. In the existing literature on conventional rigid
supercapacitors, it has been stated that the speciﬁc capacitance
increases with the rise in external environmental temperature,
however the effect of intrinsic temperature rise and bending
angle on speciﬁc capacitance is not reported [9]. This measurement method thus effectuates a way to enhance the speciﬁc
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capacitance of ﬂexible planar supercapacitors by choosing the
optimal operational bending angle based on measured in-situ
temperature rise during charge-discharge.
6. Conclusions
In this research, a methodology is demonstrated for the measurement of in-situ temperature rise with bending in ﬂexible
planar supercapacitors during charge-discharge cycles. The proposed method is beneﬁcial in determining appropriate operating
point for ﬂexible supercapacitors by varying the bending angle
based on in-situ temperature rise measured and thus could be
used for real-time supercapacitor management systems. Since the
ﬂexible electronics market is on the verge of its expansion and
supercapacitors being one of the vital charge storage elements, the
method bears enormous potential.
The methods earlier used in literature could only measure
temperature or bending angle for supercapacitors but not simultaneously. In this research ﬁber Bragg grating sensors (FBG) which
have a small footprint, excellent bending capability and superior
resistance to corrosive electrolytes were used and hence could be
universally adapted for planar supercapacitors of different types
with a wide range of conﬁguration and electrolytes.
Besides, many efforts are being made worldwide to fabricate
ﬂexible planar supercapacitors which do not show changes in speciﬁc capacitance on bending. Successes in such efforts are yet
limited since on bending supercapacitor materials change their
properties. This method demonstrates the possibility to optimize
supercapacitor performances which shows sensitivity towards
bending based on in-situ temperature values measured using the
FBG sensor.
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