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Abstract: Sensors based on carbon nanomaterials are gaining importance due to their tunable
properties and their potentially outstanding sensing performance. Despite their advantages,
carbon-based nanomaterial sensors are prone to cross-sensitivities with environmental factors
like temperature. Thus, to reduce the temperature influence on the sensing material, compensation
and correction procedures are usually considered. These methods may require the use of additional
sensors which can themselves be subject to residual errors. Hence, a more promising approach
consists of synthesizing a material that is capable of self-compensating for the influence of temperature.
In this study, a hybrid nanocomposite based on multi-walled carbon nanotubes (MWCNT) and
graphene is proposed, which can compensate, by itself, for the influence of temperature on the material
conductivity. The hybrid nanocomposite material uses the different temperature behavior of MWCNTs,
which have a negative temperature coefficient, and graphene, which has a positive temperature
coefficient. The influence of the material ratio and dispersion quality are investigated in this work.
Material composition and dispersion quality are analyzed using Raman spectroscopy and scanning
electron microscopy (SEM). A composition of 70% graphene and 30% MWCNT exhibits a nearly
temperature-independent hybrid nanocomposite with a sensitivity of 0.022 Ω/◦C, corresponding
to a resistance change of ~1.2 Ω for a temperature range of 25 to 80 ◦C. Additionally, a simple
investigation of the strain sensing behavior of the hybrid material is also presented. The hybrid
nanocomposite-based, thin-film strain sensor exhibits good stability over 100 cycles and a significantly
high gauge factor, i.e., 16.21.

Keywords: temperature self-compensation; hybrid material; carbon nanotubes; graphene;
nanocomposite; strain sensor

1. Introduction

Nanomaterials such as graphene and carbon nanotubes (CNT) have been shown to have potential
applications in the field of material-based sensor development, due to their piezoresistive properties.
Several studies have been carried out to develop strain sensors based on graphene [1–3] and CNT [4–8].
These sensors are flexible, precise, and exhibit good sensitivity to strain. The piezoresistive behavior
of these materials is also influenced by environmental factors like temperature and humidity. It is
important for a sensor to show temperature-independent behavior in order to have high sensitivity
and accuracy for measurements of strain in a wide range of temperatures. Hence, the influence of
temperature on these sensors needs to be taken into consideration in order to make them reliable,
accurate, and precise.
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Conventional metallic strain gauges with a gauge factor of 2.09 are also prone to the
influence of temperature, and hence, are fabricated with a material that has a low-temperature
coefficient of resistance, like constantan alloy [9]. To enhance the performance of the strain gauges,
temperature compensation techniques like correction based on numerical methods [8] and neutral
axis engineering [10], compensation by means of external circuits [9,11,12], or the development of a
nanocomposite material with self-compensation properties [13] can be employed. It has been reported
that a graphite-based strain sensor with temperature compensation based on external Wheatstone
bridge circuits exhibits a gauge factor of 2.994 [9]. One approach utilizes two identical graphite-based
sensing layers, with one being sensitive to both strain and temperature and the other being placed
in a neutral axis to compensate for the temperature changes [10]. The challenge in this approach is
to realize the sensor unit with identical sensors exhibiting exactly the same temperature coefficients.
Another approach uses the nanocomposite material as the resistive components of a Wheatstone
bridge circuit. While two arms of the bridge circuit are subjected to strain, the other two act as
temperature compensation elements while the material in all arms has the same temperature coefficient
of resistance [12]. The amount of nanofillers used in this approach is around 2 wt %, as the sensor was
fabricated by means of dispersion in the polymer matrix. By utilizing numerical or external circuits,
the gauge factor is not only dependent on the sensor, but also on the sensor system itself. Hence,
the present research is focused on fabricating a hybrid material that is capable of self-compensating
with temperature without the use of external circuits. An approach in this direction involves stacking
thin films of nanomaterials that have different coefficients of temperature to create a bilayer hybrid
composite structure that has a low-temperature dependency in the temperature range of 30 to 80 ◦C [13].
To synthesize the bilayer structure material, graphene, that has a positive temperature coefficient (PTC),
and CNT, that has a negative temperature coefficient (NTC), were used.

Studies on the thermal conductivity of graphene [14,15] and CNT [16,17] point to a
high-temperature dependency. The close to metallic nature of graphene provides it with a PTC behavior.
When the temperature increases, due to the energy increase in the graphene’s honeycomb-shaped
lattice structure, the free path of charge carriers is reduced, causing a decrease in the charge carriers’
mobility, resulting in an increase in the electrical resistance. The CNTs on the other hand exhibit
NTC behavior, due to their semi-conductive behavior. When the temperature increases, energy is
supplied to the CNT network as well as to the charge carriers. Consequently, the energized electrons
have increased mobility, which facilitates the tunneling effect, resulting in an increase in conductivity,
and thereby, a decrease in resistance [13].

However, a novel hybrid composite that incorporates different materials with different coefficients
of temperature, and that can self-temperature compensate as well as bear strain sensing properties,
is advantageous. In this study, the design of a new hybrid material based on graphene and MWCNT
that exhibits both strain sensing properties and a temperature self-compensating capability is presented
with a simple, fast, and cost-effective fabrication process.

2. Materials and Methods

2.1. Synthesis of the Hybrid Nanocomposite Material

Designing a nanocomposite material that is capable of self-compensation of temperature influence
requires a combination of a positive temperature coefficient material like graphene and a negative
temperature coefficient material like MWCNT. Combining such materials in the right proportion could
yield a hybrid material that is immune to temperature changes, as it could compensate for its influence
by itself. To estimate the potential of the hybrid material, it is necessary to understand the behavior of
each individual material under different temperatures. Dispersions of graphene and MWCNT are also
synthesized and studied in addition to the hybrid material. Graphene nanoplatelets were purchased
from Sigma Aldrich in powder form with a thickness of few nanometers and particle size of <2 µm,
corresponding to a surface area of 500 m2/g. The material has high electrical and thermal conductivity
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due to the pristine graphitic surface of sp2 carbon molecules. MWCNTs (NC7000) were purchased
from Nanocyl (Sambreville, Belgium) and were manufactured by catalytic a chemical vapor deposition
process, with an average diameter of 9.8 nm and an average length of 1.5 µm. With 90% carbon purity
and a surface area of 275 m2/g, the volume resistivity is 0.1 µΩ·cm.

The dispersions were initially carried out with distilled water as the dispersion medium. Then,
0.1 wt % graphene and 0.1 wt % MWCNT were separately dispersed in distilled water by ultrasonication
using a horn sonicator of diameter 3 mm (Bandelin Sonoplus HD 7300, Berlin, Germany) at an amplitude
of 30% and a duration of 15 min, corresponding to a total power of 24.205 kJ. Ultrasonication has
been proven to be a fast and effective technique to overcome the Van der Waals force of attraction
between the nanoparticles, and can be used to disperse them in a suitable medium [18]. For the hybrid
nanocomposite, 0.05 wt % graphene was mixed with 0.05 wt % MWCNT in distilled water and then
sonicated for 15 min at 30% amplitude. This constitutes the hybrid material H-50:50, with 50% of each
material composition. Following this setup, several hybrid materials were synthesized in order to
determine the right combination for developing a self-temperature compensating material by changing
the ratio of the base-materials as follows:

- H-55:45, 55% graphene and 45% MWCNT
- H-60:40, 60% graphene and 40% MWCNT
- H-65:35, 65% graphene and 35% MWCNT
- H-70:30, 70% graphene and 30% MWCNT

Furthermore, to understand the influence of the dispersion quality on the composition of the hybrid
material for temperature compensation, organic solvents were used as a dispersion medium. Based on
prior experience, an organic solvent such as tetrahydrofuran (THF) serves as a good dispersion medium,
while also providing long-term dispersion stability [18]. Hence, the hybrid materials were synthesized
with THF as the dispersion medium following the same dispersion procedure mentioned earlier.

To investigate the influence of temperature and strain on the synthesized nanocomposite materials,
thin films of the dispersion were fabricated by the drop-casting technique. The mask for deposition
was an adhesive tape of 40 µm thickness which was applied to a Kapton substrate of 20 mm × 50 mm.
The mask was patterned with two rectangular slots of 5 mm × 10 mm for electrode deposition.
Screen printable conductive silver paste (DuPont, Midland, MI, USA) was deposited using a film
applicator (Zehntner ZAA 2300, Sissach, Switzerland) and cured in an oven for 30 min at 80 ◦C. Another
mask with a rectangular slot of 5 mm × 20 mm was applied, and 12.5 µL nanocomposite dispersion
was drop-casted using a micropipette. The deposited thin films were dried at room temperature
in an extraction hood for 12 h and 30 min for the distilled water-based dispersions and THF-based
dispersions, respectively. The low boiling point and high volatility of THF enabled a fast drying process.
The complete sensor fabrication process is graphically represented in Figure 1. To prevent the influence
of humidity, the samples were sealed with a humidity-proof tape. To account for reproducibility,
for each dispersion, 5 samples were drop-cast at the same time under ideal working conditions.
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2.2. Equipment for Material Characterization

The Raman spectroscopy (Renishaw inVia, Pliezhausen, Deutschland) analysis was performed
to examine the crystalline structure of the materials and the dispersion nature in the thin films.
The equipment was a combination of optical microscopy and high-resolution confocal Raman
spectroscopy, and the experiment was performed with an excitation wavelength of 532 nm (max. beam
intensity 100 mW), a power of 5%, and an accumulation time of 10 s. More investigation on the
dispersion quality was performed using a scanning electron microscope (SEM, Carl Zeiss-Auriga with
integrated Smart SEM, Jena, Germany). The imaging was done with a probe current of 50 pA and an
acceleration voltage of 30 kV.

2.3. Temperature Measurement Procedure

The temperature analysis was performed using the hot plate of the magnetic stirrer from Witeg
(Wertheim, Germany), which was operated in the temperature range of 25 to 80 ◦C. The fabricated thin
film samples were placed on the hot plate and the change in resistance of the samples with respect to
the change in temperature was measured using a digital “Agilent 34401a” multimeter from Keysight
(California, CA, USA). The temperature of the hot plate was varied at an interval of 5 ◦C for every
15 min, and 10 readings of each sample were recorded after each set-temperature was reached.

2.4. Strain Measurement Procedure

The fabricated thin film samples were attached to a cantilever beam with dimensions 17.7 cm
× 3.15 cm × 0.15 cm and made of FR-4 material (Figure 2a). One of the beam’s edges was fixed to a
strain measurement machine that operated by means of free suspended weight loads to bend the beam,
resulting in a strain which was proportional to the applied weight. The range of the applied suspended
weights varied from 50 g to 500 g in steps of 50 g, and the change in resistance of the samples for each
load was measured using a digital multimeter. The measurement was carried out 5 times for strain
loading-unloading cycles for all samples being tested. For an effective comparison of the samples
made of the hybrid material to those of the individual materials, the samples were placed next to
each other in the same fixation point of the cantilever beam, as shown in Figure 2b. The stability and
lifetime of the sensors were tested using a microcontroller-driven, automated strain application device,
as shown in Figure 2c.
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strain measurement, and (c) automated strain measurement setup for the cyclic test.

The strain exerted on the thin film samples can be obtained numerically through the flexure
formula, which correlates the bending moment and the moment of inertia of the beam to the strain
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induced by the suspended weights. The performance of a strain sensor is defined by the gauge factor,
which can be calculated as:

GF = (
∆R
R

)/ε, (1)

where ∆R/R is the change in resistance between two strain measurements and ε is the tensile strain.
The change in resistance can be obtained from the experimental test. The tensile strain, on the other
hand, can be obtained with Equation (2),

ε = (σ/E), (2)

where E is the Young modulus of the material (in this case FR4). The σ is the bending stress at a given
point, and can be calculated using Equation (3),

σ = (M·c)/I, (3)

where I is the moment of inertia of the material, which is described by Equation (4),

I =
(
w·t3
)
/12. (4)

The variables c and M are dependent on the thickness of the material and the bending momentum,
respectively. The former is defined by Equation (5) and the latter by Equation (6).

c = t/2 (5)

M = P(L−X) (6)

where L is the length from the fixation point to the load application point, x is the distance from the
fixation point to half of the length of the sensor, t is the thickness of the material, w is the width of the
material, and P is the weight applied, which is expressed by Equation (7),

P = mg. (7)

From the above equations, the bending stress can be expressed as a function of the beam’s
dimensions, as described in Equation (8),

σ = (6mg(L− x))/
(
w·t2
)
. (8)

Since the dimensions of the cantilever beam are known, the bending stress can be estimated as a
function of the applied load, as described in Equation (9),

σ = m× 11453. (9)

The young modulus for the FR4 is 2.41×106 kgm/(cm2s2). Rewriting Equation (2) using Equation (9)
and the young modulus of FR4, it is possible to redescribe the tensile strain as

ε = (m× 11453)/
(
2.41× 106

)
. (10)

The tensile strain is dimensionless (as both the bending stress and young modulus have the same
units), and only depends on the mass of the load that is being applied.
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3. Results and Discussion

3.1. Material Characterization

Upon visual inspection, the samples based on distilled water were considerably thicker than those
based on THF, exhibiting a non-homogenous distribution of the material, which can be clearly seen for
graphene in Figure 3a. It can also be observed from Figure 3a that the thin films based on THF were
slightly more translucent than the others, as an indication of thinner layers except for MWCNT based
thin films. The thickness of the thin films was measured using a displacement gauge with a resolution
of 0.1 µm. In general, thin films based on distilled water as the dispersion medium are slightly thicker
than those with THF. Also, THF-based thin films are highly reproducible with an average deviation of
1.14 µm, compared to 3.97 µm for water-based. The thickness of the thin films based on THF (H-70:30)
and water (H-60:40) are 16 ± 1.2 µm and 29 ± 2.9 µm, respectively; thickness comparison is shown in
Figure 3b.J. Compos. Sci. 2019, 3, x 6 of 13 
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Figure 3. (a) Images of the fabricated thin films, (b) graph representing the average thickness of
each sample.

Raman spectroscopy was used to study the defects and crystalline structure of the nanoparticles
in the thin films. Figure 4a shows the Raman spectra obtained by examining the THF-based MWCNT,
graphene and hybrid thin films. The Raman spectrum of MWCNT was characterized by the two main
typical graphite bands, i.e., the G band at 1581 cm−1, denoting the in-plane C-C bond vibration, and the
D band at 1341 cm−1, caused by the presence of disorders in carbon systems [19]. The characteristic
spectral feature of graphene is the G band at 1580 cm−1, indicating the number of graphene layers.
The spectrum of the hybrid thin film is a combination of both MWCNT and graphene spectra with a G
band at 1576 cm−1 and a D band at 1347 cm−1. Figure 4b shows the comparison of Raman spectra for
hybrid thin films based on both THF and water. It can be observed that the water-based thin films
resemble a more graphene-like spectrum with the D band shifted to 1342 cm−1. Moreover, the D band
of the THF-based thin film was shifted to a higher wavenumber, i.e., 1347 cm−1, compared to that of
MWCNT and water-based thin films, indicating less intertube interactions, as the nanotubes are better
dispersed [19].
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Figure 4. Raman spectra for (a) material analysis on the thin films, and (b) dispersion comparison of
Hybrid thin films based on THF and water.

The thin films were examined using SEM to determine the homogeneity of the dispersion at a
microscopic scale. The well-dispersed MWCNT network (100 nm scale) without any agglomerations and
uniformly-distributed graphene nanoplatelets (1 µm scale) can be observed in Figure 5a,b, respectively.
The formation of a MWCNT-graphene network in the hybrid nanocomposite material-based thin
film is shown in Figure 5c at a scale of 100 nm. Figure 5d,e show the hybrid nanocomposite material
based on water and THF. It can be observed that both samples contain a well-established network
of MWCNTs and graphene. However, the water-based nanocomposite has larger graphene particles
that are completely covered with a dense cloud of MWCNTs. Apparently, THF-based nanocomposite
is more uniform, with a distributed MWCNT-graphene network. Such homogeneous distribution
is advantageous in the synthesis of high-quality sensors with less concentration of material and
good reproducibility.
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3.2. Temperature Dependency of the Materials

Graphene and MWCNT exhibit different resistive behavior when under temperature variation.
As graphene has a PTC behavior, the resistance of the material increases when the temperature
increases. MWCNT, on the other hand, has NTC behavior, meaning that the resistance decreases as the
temperature increases. The hypothesis of this research is that if these two materials are mixed in a
certain ratio the effect of one can compensate for the other under temperature variation, thus enabling
a hybrid material with temperature self-compensation capabilities.

To investigate the influence of temperature on the resistive behavior of these materials, 5 thin films
of each tested material were characterized. Figure 6a shows the average relative change in resistance
with temperature for the MWCNT, graphene, and H-50:50 thin film samples. As expected, the graphene
samples show a PTC behavior, with an increase in resistance as the temperature increases. The MWCNT
shows NTC behavior, with a decrease in resistance as the temperature increases. The hybrid samples
with a material composition in a ratio 50:50 exhibited an NTC behavior like that of MWCNT. It was
expected that graphene would exhibit a dominant effect on the hybrid composite, given that it shows a
higher change in relative resistance to temperature than MWCNT. However, MWCNT seems to be
dominating at the 50:50 ratio of the hybrid material. The hybrid samples show a relative change in
resistance of 3.3%, which is less than that of the MWCNT samples at 3.9%, and significantly lower
than graphene samples at 44.3%. In terms of the sensitivity of the material to temperature, it can be
observed from Figure 6b that the graphene samples exhibited higher sensitivity, i.e., 274 Ω/◦C, while
the MWCNT and hybrid samples exhibited a sensitivity of −1.71 Ω/◦C and −2.5 Ω/◦C, respectively.J. Compos. Sci. 2019, 3, x 8 of 13 
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3.3. Evaluation of the Hybrid Materials based on Aqueous Medium

The hybrid samples in this ratio (H-50:50) exhibited increased sensitivity to temperature compared
to that of MWCNT, and hence, more investigation on the ratio of the material composition must be
carried out to eliminate the temperature influence. The dominance of MWCNT must be minimized,
and hence, the ratio of graphene was increased in the hybrid composites. Four more combinations of
hybrid materials were synthesized by increasing the concentration of graphene from 55% to 70% in
steps of 5%.

It can be observed from Figure 7a that in the hybrid samples with graphene concentrations
of 50%, 55%, and 60%, the dominance of MWCNT gradually decreases, and they exhibit a similar
pattern of resistance change with the increase in temperature. In the temperature range of 25 to
60 ◦C, the MWCNT seems to have a dominant effect, leading to an NTC behavior with a decrease
in resistance. However, after 60 ◦C, the graphene seems to dominate, leading to an increase in the
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resistance. Hybrid samples with a higher ratio of graphene (H-65:35 and H-70:30) clearly exhibited
a PTC behavior with a resistance increase from 40 ◦C and a resistance change of nearly 4%. Any
further increase in the graphene concentration will lead to an even stronger PTC behavior, rather than
compensation; hence, no further hybrid combinations were performed. Among these hybrid samples,
the least sensitive to temperature was the hybrid H-60:40, which had a resistance change of only 0.64%.
The sensitivity of these hybrid samples, as seen from Figure 7b, gradually decreased from −2.5 Ω/◦C
(H-50:50) to 0.23 Ω/◦C (H-60:40), and then increased to 1.5 Ω/◦C (H-70:30). This provides evidence that
by fabricating such hybrid nanocomposite materials, the sensitivity of the material to temperature
changes can be greatly reduced.J. Compos. Sci. 2019, 3, x 9 of 13 
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3.4. Dispersion Enhancement using Organic Solvent

Even though the hybrid nanocomposite H-60:40 showed good temperature-independent properties
with a very low sensitivity, i.e., 0.23 Ω/◦C, the standard deviation among different samples of the same
material were significantly higher. This is a clear indication of poor dispersion quality, which leads
to poorly-reproducible thin film samples. Thus, it is essential to optimize the dispersion quality of
the synthesized nanocomposite. Based on our prior analysis [18], the dispersion of MWCNTs in an
organic solvent like THF significantly enhances the dispersion quality and long-term stability. Hence,
the hybrid nanocomposites were synthesized using THF as the dispersion medium.

Figure 8a represents the relative change in resistance for the least temperature sensitive hybrid
material composition based on both distilled water (H-60:40) and THF (H-70:30). It can be observed
that the response of the hybrid samples based on THF as the dispersion medium are relatively
stable and much less sensitive to temperature compared to the samples based on distilled water.
By improving the dispersion quality, the self-temperature compensating ability of the hybrid material
can be enhanced, as shown in Figure 8b, where the sensitivity of the hybrid material based on THF is
around −0.0218 Ω/◦C, which is 10 times smaller than that obtained by hybrid material based on water.
Additionally, the standard deviation observed for the THF-based samples was considerably smaller
than that observed for water-based samples, which results in an improvement in the reproducibility of
the THF-based thin films. This is a clear indication that apart from the composition of the material,
the quality of dispersion also plays a vital role in tuning the properties of the hybrid material. Thus,
further analyses will be carried out to determine the ideal ratio of the hybrid material with improved
dispersion qualities.
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3.5. Evaluation of the Hybrid Materials based on Organic Solvent

Since the hybrid material based on distilled water H-60:40 exhibited the least sensitivity to
temperature, this ratio of 60:40 served as a point of reference to synthesize THF-based samples. Four
different hybrid materials were synthesized with THF from 60% to 75% graphene in steps of 5%. Since
THF is a good dispersion medium for MWCNT, with the same concentration and dispersion parameters,
more MWCNTs were debundled, leading to NTC behavior unlike the earlier case for the hybrid
material H-60:40, as seen in Figure 9a. This behavior gradually decreases until the hybrid material
composite H-70:30, beyond which a PTC behavior was observed. It can be observed from Figure 9b
that the sensitivity of these materials to temperature gradually decreased, starting from −1.02 Ω/◦C for
H-60:40 to −0.0218 Ω/◦C for H-70:30, corresponding to an overall change in resistance of 1.2 Ω in the
temperature range of 25 to 80 ◦C. The final hybrid material composite was practically insensitive to
temperature changes, and was therefore a material with temperature self-compensation capabilities.
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Figure 9. (a) Relative change in resistance with temperature for different hybrid samples with THF as a
dispersion medium, and (b) sensitivity of these samples to temperature changes.

3.6. Evaluation of Strain Response of Thin Film Sensors

The hybrid nanocomposite material H-70:30 exhibited self-temperature compensation behavior in
the temperature range of 25 to 80 ◦C. Such a hybrid material could be advantageous in the development
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of thin film-based strain sensors with no cross-sensitivity to temperature. To investigate the performance
of the developed hybrid material, thin films of the materials (MWCNT, graphene, and Hybrid H-70:30)
were attached to a cantilever beam, as described in Section 2.4. Slotted weights ranging from 50 g to
500 g were suspended at the free end of the cantilever to exert strain on the sensors under test.

Figure 10a shows the relative change in the resistance of the fabricated thin-film sensors when
under strain. Graphene exhibits higher sensitivity to strain, with a relative change of 12.4% compared
to that of MWCNT and hybrid samples with 1.1% and 3.7%, respectively. The hybrid samples exhibit a
relative change in resistance that is roughly 4 times higher than MWCNT but 3 times smaller than
graphene samples. The gauge factor of these strain sensors in Figure 10b was estimated to be at 42.7
for graphene, 4.63 for MWCNT, and 16.21 for hybrid nanocomposite H-70:30. Even though the hybrid
samples exhibited a gauge factor that was smaller than that of graphene, they had the key advantage of
being able to function as a strain sensor without any significant influence of temperature variation in
the range of 25 to 80 ◦C. Furthermore, the hybrid samples were subjected to cyclic strain for 100 cycles;
the response is shown in Figure 11. It can be observed from the figure that the sensor response shifts
from 3% to 2.3% during the initial cycles, and later stabilizes. Despite the minor fluctuation, it is
evident that the sensor is capable of sensing strain over 100 cycles with good linearity, as seen in the
magnified image in Figure 11.
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The performance of the synthesized hybrid nanocomposite is compared with other techniques
for temperature compensation, and is summarized in Table 1. Compared to other works, the hybrid



J. Compos. Sci. 2019, 3, 96 12 of 14

nanocomposite is realized with less nanomaterial concentration, i.e., 0.1 wt %, and the deviation of
the sample resistance is <0.5% in the temperature range of 25 to 80 ◦C. Moreover, the realized strain
sensor with this hybrid material exhibited a significantly higher gauge factor of 16.21. The innovation
of this work is the synthesis of a material that has inherent temperature compensation properties by
optimizing the composition of different nanoparticles. This enables a simple and fast realization of
sensors that are not constrained by geometry [9] or layers [13].

Table 1. Performance comparison of the synthesized hybrid sample (highlighted) with other, state of
the art materials.

Material Concentration
Temperature Related Parameters Sensor Parameters

Range Compensation Influence Type GF

CNT [8] 8 wt % 20 to 70 ◦C Numerical model - Strain -

MWCNT [11] 1 wt % 10 to 80 ◦C
Differential
Difference
Amplifier

0.03% pH -

MWCNT [12] 2 wt % −20 to 50 ◦C Full-Wheatstone
bridge system 3.1% Force -

Graphite paste [9] - −10 to 95 ◦C Full-Wheatstone
bridge system - Strain 2.994

Graphite ink [10] - 20 to 120 ◦C Neutral axis
engineering - Strain 19.1

SWCNT/Graphene [13]

Layer 1: 0.016
wt % SWCNT,

Layer 2: 0.3 wt %
Graphene

30 to 85 ◦C

Stacked layers of
thin films with an

opposite
temperature
coefficient

<1% Strain 5.44

MWCNT/Graphene

0.1 wt % Hybrid
(0.03 wt %
MWCNT,
0.07 wt %

Graphene)

25 to 80 ◦C

Single layer thin
film with hybrid
nanocomposite

material

<0.5% Strain 16.21

4. Conclusions

In this study, a simple, fast and cost-effective fabrication technique for realizing a hybrid
nanocomposite-based strain sensor with temperature self-compensation capability is presented.
The hybrid nanocomposite is developed by using an optimized combination of nanomaterials having
a positive temperature coefficient, such as graphene, and a negative temperature coefficient, such as
MWCNT. Upon mixing these materials, the resulting hybrid material can be designed to be insensitive
to temperature variation while retaining its strain sensing properties. The hybrid material design
was optimized in terms of the concentration of the materials and the quality of dispersion. Raman
spectroscopy and SEM imaging were performed to evaluate the material’s crystalline structure, as well
as the dispersion quality of the hybrid nanostructure and how this nanostructure was affected by the
dispersion medium. Upon investigating several combinations, the hybrid material based on THF as
a dispersion medium with an ideal ratio of 70% graphene and 30% MWCNT performed as a strain
sensor with a gauge factor of 16.21. The sensor was capable of measuring strain over 100 cycles,
and was practically free from temperature influence, with a very low sensitivity of −0.0218 Ω/◦C in
the range of 25 to 80 ◦C. The synthesized hybrid nanocomposite material exhibits both temperature
self-compensating capabilities and good strain sensing behavior.
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