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Abstract

This work present the fabrication and characterization of a flexible temperature sensor based on the flake graphite (FG)/
carbon nanotube (CNT)/polydimethylsiloxane (PDMS) composite. The sensor shows high temperature sensitivity and good
linearity. The FG/CNT/PDMS temperature-sensitive films are prepared by the screen printing process. Superior printability
of the FG/CNT/PDMS inks is demonstrated by means of rheology. Field emission scanning electron microscope investigation
reveals an interpenetrating network structures between the FG and CNT. Moreover, thermal gravity analysis illustrates that
the FG/CNT/PDMS temperature-sensitive films have a better thermal stability than that of PDMS blank control film. The
temperature-dependent resistance behavior suggests that the temperature coefficient of resistance (TCR) value of the FG/
CNT/PDMS films can be manipulated by the mass ratio of FG to CNT. When the mass ratio of FG to CNT is 4:1, the TCR
is almost reproducible and maintained at the same level of 0.028 K™! for repeated thermal cycles. These results indicate that
the developed FG/CNT/PDMS composite has potential applications for the flexible temperature sensor.

1 Introduction

In the past decades, due to the rapid development and signifi-
cant achievement of the Internet of Things [1], the advance-
ments in developing and implementing flexible temperature
sensors have demonstrated their importance and potential
applications [2-5]. Meanwhile, along with innovations in
both the material science and fabrication technology, flexible
temperature sensor has been continuous maturated. Typi-
cally, for the temperature-sensitive flexible sensor based on
the polymer, conductive fillers have been widely used. How-
ever, for the PE, HDPE and PS Polyolefin with conductive
fillers [6-9], the fabrication process requires higher heating
temperature due to the high melting point of the polymer. In
addition, the conductive polymer composites exhibit very
weak resistance temperature sensitivity. These shortcomings
have restricted the further industrial application and promo-
tion of the conductive polymer composites. In order to save
energy and increase temperature sensitivity, researchers are
currently looking for new materials for replacement. The
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organic PDMS can be a potential and effective alternative
material to meet or optimize such requirements owing to its
transparency, chemical inertness, simple in the fabrication
process, excellent hydrophobic and permeability, especially
superior thermal expansion performance [10, 11]. The elec-
trically insulating PDMS can be converted into a conductive
material by adding conductive materials like metal or metal
complex compounds [12]. Niu et al. synthesized two con-
ducting composites by mixing silver and carbon black into
PDMS gel, respectively [13]. Experimental results showed
that the threshold concentration for Ag-PDMS composite
is very high (ca. 83 wt%). It should be pointed out that the
more addition of fillers, the higher the cost, the worse the
processing performance. At the same time, it is worth noting
that patterning metallic specific uniform structure structures
during the entire preparation process is a challenge due to
the weak adhesion between the metal and PDMS as well as
poor compatibility.

On the other hand, carbon materials filled PDMS-based
conductive composites for temperature sensor have attracted
increasing attention. Tsao et al. use PDMS as the matrix of
the temperature-sensitive composites which is filled with
different carbon conductive fillers such as carbon black,
graphite powder, and carbon nanofiber, respectively [14].
Results indicate that graphite powder serves as the best
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conductive filler for the highest temperature sensitivity and
better stability. Shih et al. fabricated a graphite-PDMS sen-
sor by an automatic dispensing method. This temperature
sensor has different applications according to the volume
fraction of graphite [15]. The composite with low graphite
powder concentration is suitable for on/off devices while
high filling concentration is used for continuous temperature
measurement. Bali et al. presented a fully inkjet-printed flex-
ible temperature sensor based on carbon and PEDOT: PSS
[16]. The Wheatstone bridge sensor shows good linearity
and exhibits high temperature sensitivity. Irrespective of the
filled carbon materials [17], semiconductors [18], and met-
als [19] in polymers as effective sensing component of the
sensors, their temperature coefficient of resistance (TCR)
cannot be maintained at the same level after every thermal
cycle. Moreover, most of the composites work under a single
mechanism, and their output performance presents irrevers-
ible and uncontrollable change once they undergo a thermal
cycle. Therefore, these PDMS-based temperature sensors
are seriously challenged in the practical applications of tem-
perature measurement.

In this paper, we amply present the process for a low-
cost and easy-fabrication flexible temperature sensor with
the screen-printing technology, including the preparation of
temperature-sensitive film and senor electrodes. The printing
feasibility of the FG/CNT/PDMS inks has been investigated.
A temperature-sensitive film with a constant TCR value
is obtained by designing the conductive fillers in the FG/
CNT/PDMS composite, which shows a good performance
in temperature sensitivity as well. At the end of the article,
an understandable temperature sensing mechanism based
on the micro-structure of the FG/CNT/PDMS composite is
proposed.
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2 Experimental and method
2.1 Materials

A SYLGARD® 184 elastomer kit is purchased from Dow
Corning, USA. PDMS blank control with a good heat and
electric insulation is fabricated by mixing the base and
curing agent with a mass ratio of 10:1. Carbon materials
including flake graphite (FG, Qingdao Yanhai Carbon Mate-
rial Co., Ltd, grade HGP-2) and carbon Nanotube (CNT,
Zhongshan Guoan Torch Development Co., Ltd, grade
GAO03-3) are used as conductive fillers. Cyclohexane used
as dispersant is supplied by Sinopharm Chemical Reagent
Co., Ltd. Protective layer-covered polyethylene terephthalate
(PET) purchased from Max Electromechanical Hardware is
used as flexible substrate material. Silver conductive paste
is purchased from Loka Chemicals Laboratory (Germany).
All chemical reagents are analytical purity and used without
further processing.

2.2 Fabrication of temperature-sensitive ink
and sensor

The preparation process of FG/CNT/PDMS temperature-
sensitive ink and sensor is clearly illustrated in Fig. 1.
Firstly, the colorless and transparent PDMS is accu-
rately weighed by an electronic analytical balance, then
mixed with cyclohexane followed by sonication in Sci-
entz SB-5200 DTD Ultra Sonic Cleaner (90% amplitude;
duration: 10 min). The mass of the cyclohexane is two
times than that of total carbon materials. The function
of cyclohexane is to reduce the agglomeration of car-
bon materials for the uniformity of the mixture, which is
benefited from the miscibility between cyclohexane and
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Fig. 1 The preparation process of temperature-sensitive ink and sensor
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PDMS. Secondly, the mixtures are configured by chang-
ing the mass ratio of the FG to CNT (i.e., 5:1, 4:1, 3:1,
1:1, and only FG added), in which the total amount of
carbon materials including FG and CNT keeps constant
at 16 wt%. The FG/CNT mixture is uniformly distributed
into above homogeneous dispersion followed by the mix-
ing operations including the ultrasonic mixing and stir-
ring for 30 min, respectively. After the mixing operations,
there are no visible aggregation can be found. Thirdly, the
PDMS curing agent is added into the above slurry-like
mixture, and the mixing operations are performed again.
The mass ratio of PDMS pre-polymer to curing agent is
10:1. Fourthly, the mixtures are placed in a vacuum cham-
ber for 30 min to reduce bubbles and evaporate residual
volatile cyclohexane. For comparison, a blank control
without conductive filler is also fabricated using the same
method. At last, the screen printing process is applied to
fabricate the flexible temperature sensor including two
steps of temperature-sensitive film printing and electrode
printing. Theoretically, the prepared FG/CNT/PDMS ink
can be printed on kinds of substrates including paper, tex-
tile, plastic, glass, etc. In this paper, a flexible tempera-
ture sensor printed on PET is demonstrated. The temper-
ature-sensitive film is obtained with FG/CNT/PDMS ink
printed by a screen plate of 40 meshes and an appropriate
speed of 30 m/min, and then dried at 100 °C for 2 h. Sub-
sequently, the conductive silver paste ink is overprinted
to the two ends of the temperature-sensitive film to serve
as stretchable electrodes, and then dried at 80 °C for 1 h
to solidify the electrodes. For comparison, all temperature
sensors are fabricated with the same procedure.

2.3 Characterization and measurement

The rheological behavior of the FG/CNT/PDMS ink is stud-
ied by Kinexus Pro + rotational rheometer (Malvern, Eng-
land). The shear viscosity test is performed with an specific
shear rate increasing from 0.1 to 1000 s™', and the thixotropy
is obtained through three-step shear rate testing, whose shear
rate and test time are 0.1, 1000, 0.1 s~!, and 60, 60, 120 s,
respectively. The cross-sectional microstructure of the FG/
CNT/PDMS temperature-sensitive films are investigated by
field emission scanning electron microscopy (Zeiss Sigma,
Carl Zeiss Jena, England) instrument operated at an accel-
eration voltage of 20 kV. The thermal gravimetric analysis is
carried out on a TG and DTG system (Hitachi, Japan) with
a heating rate of 15 °C/min in a nitrogen atmosphere from
30 to 800 °C. The sensitivity and stability of the fabricated
flexible temperature sensor based on the FG/CNT/PDMS
temperature-sensitive films are obtained by measuring the
changes in resistance with multimeter (Agilent 34410A).

3 Results and discussion
3.1 Rheological property of FG/CNT/PDMS inks

The printing feasibility of the FG/CNT/PDMS inks is char-
acterized by the rheology measurements. It can be found
that the viscosity increases with the increasing concentration
of CNT for the FG/CNT/PDMS ink with the constant car-
bon materials concentration at 16 wt%, as shown in Fig. 2a.
Moreover, the viscosity decreases with the increasing of the
shear rate, which is consistent with the properties of pseudo-
plastic fluids. Particularly, as the shear rate increases, it
can be seen that the viscosity reduces dramatically before
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Fig.2 Shear rate-dependent viscosity (a), time-dependent viscosity of the three-step shear rate test (b) for the FG/CNT/PDMS inks with the FG

to CNT mass ratio of 1:1, 4:1, 5:1, and FG/PDMS ink, respectively
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reaches the constant value for the FG/CNT/PDMS inks with
lower CNT concentration. In contrast, the viscosity does not
decrease significantly but tend to be stable for the FG/CNT/
PDMS inks with higher CNT concentration. These results
demonstrate that the stability of the microstructure can be
enhanced by the mixed addition of the FG and CNT together
into the PDMS matrix. The improved stability can be
explained by the entanglement and interaction between FG
and CNT [20]. The FG interacts with the linear CNT into a
whole network structure after an ultrasonic mixing process.
Therefore, at low shear rate, a portion of the entangled net-
work structure can be quickly rebuilt, leading to the slowly
decreasing viscosity. As the shear rate increases, there have
two inconsistent phenomena resulting from the different
mass ratio of the FG to CNT. For inks with low CNT con-
tent, the entangled network structure cannot be recovered
after being damaged due to the interactions between FG
and CNT is weak, leading to the dramatically reduction of
the viscosity. Once the shear rate is large enough to destroy
most of the entangled structures, then the viscosity value
reaches a minimum and remains constant. For inks with
high CNT content, the interaction between FG and CNT is
enhanced. Even at a very high shear viscosity (1000 s™1),
part of destroyed interlaced network structure can still be
recovered, so viscosity does not decrease significantly but
tend to be stable.

On the other hand, time-dependent viscosity curves for
the FG/CNT/PDMS ink with different mass ratio of FG to
CNT are shown in Fig. 2b. When the shear rate changes
from 0.1 to 1000 s~!, the viscosity of all ink is reduced by
two orders of magnitude. Viscosity increases rapidly when
shear rate changes from 1000 to 0.1 s~!. Compared to that of
FG/PDMS ink, the reconstruction time is prolonged with the
addition of CNT, revealing the stronger thixotropy, which
can be due to the more complicated intercrossing network
structure and physical interaction between FG and CNT. But
there is an exception like the ink of FG/CNT=1:1, which
may be caused by the agglomeration of CNT, resulting in a
reduced rebuild time and worse thixotropy. Therefore, these
results indicate that FG/CNT/PDMS ink meets the two basic
requirements for screen printing technology, i.e., good flu-
idity and thixotropy. Moreover, it illustrates that the mixed
types of carbon materials can modify the micro-structure
and the structure stability of ink.

3.2 The microstructure of FG/CNT/PDMS
temperature-sensitive films

The cross-sectional surface dispersion pattern for the FG/
CNT/PDMS temperature-sensitive films with different mass
ratio of FG to CNT are characterized by the field emis-
sion scanning electron microscope (FESEM), as shown in
Fig. 3. The inset shows a photomicrograph of 30,000 times
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magnification at the same position. It can be found that the
distribution of the CNT and FG is strongly dependent on
the mass ratio of FG to CNT. Figure 3a shows the cross-
sectional surface dispersion for the FG/CNT/PDMS film
with 5:1 mass ratio of FG to CNT. It can be seen that most
of CNT are located independently, and no obvious entan-
glement or cross network between the CNT and FG can be
observed. However, when the mass ratio of FG to CNT is
increased to 4:1 and 3:1, it can be seen that more and more
CNT are deposited on the surface of FG, resulting in an
interpenetrating network structure [21-23], as shown in
Fig. 3b, c. Clusters induced by excess CNT are observed
when the mass ratio of FG to CNT increasing to 1:1 [24, 25],
as shown in Fig. 3d. Therefore, the FESEM results indicate
that the distribution and homogeneity of the FG/CNT/PDMS
temperature-sensitive film is significantly influenced by the
mass ratio of FG to CNT, which can lead to the mass ratio-
dependent physical properties.

3.3 Thermal gravimetric analysis of FG/CNT/PDMS
films

The influence of the CNT content on the thermal proper-
ties of FG/CNT/PDMS film is investigated by the thermal
gravimetric analysis (TGA). Figure 4a presents the thermal
degradation behavior for the FG/CNT/PDMS films with dif-
ferent mass ratio of FG to CNT. Compared to that of PDMS
blank control and CNT/PDMS films, it can be found that the
onset temperatures of FG/CNT/PDMS films are significantly
increased. On the other hand, it can be observed that the resi-
due weight at 800 °C is far higher for the FG/CNT/PDMS
films than that of FG/PDMS except for the 1:1 mass ratio of
FG to CNT. The CNT/PDMS has lowest residue weight at
800 °C, which might be attributed to the mass agglomeration
of CNT [24]. Therefore, the TGA results indicate that FG/
CNT/PDMS films have a better thermal stability than that
of PDMS blank control. Figure 4b shows the derivative of
the thermo-gravimetric profiles presenting the temperature
where the maximum rate of structure damage occurs. T, is
defined as the temperature at which maximum weight loss
is reached. The T, value for PDMS blank control, CNT/
PDMS, FG/PDMS and FG/CNT/PDMS films with differ-
ent mass ratio of 5:1, 4:1, 3:1, and 1:1, are 512 °C, 510 °C,
533 °C, 537 °C, 552 °C, 582 °C, and 546 °C, respectively.
Obviously, the T, value of FG/CNT/PDMS films are higher
than that of PDMS blank control, CNT/PDMS and FG/
PDMS films. Therefore, the DTG results indicate that the
excellent thermal degradation property of FG/CNT/PDMS
films, which may be caused by the interaction between FG
and CNT. Such phenomenon has also been reported by Zhao
et al. [26]. On the other hand, the T, value of FG/CNT/
PDMS films slightly rises with the increasing CNT con-
tent, which might be attributed to the improving structural
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Fig.3 The cross-sectional FESEM micrographs of FG/CNT/PDMS films with the mass ratio of FG to CNT are 5:1 (a), 4:1 (b), 3:1 (c), and 1:1
(d), respectively. The inset shows a micrograph of 30,000 times magnification at the same position
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strength by the synergistic effect of the intertwined network
structure constructed between FG and CNT. The small
T, value for the films whose mass ratio of FG/CNT is 1:1
can be attributed to the abundant agglomeration of excess
CNT [24]. These results illustrate that an excellent thermal
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stability can be obtained for FG/CNT/PDMS film when the
mass ratio of FG to CNT is 3:1 and 4:1, respectively. It has
a good agreement with the FESEM results, which confirms
the influences of the distribution and homogeneity of micro-
structure on the thermal properties.
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3.4 Temperature coefficient of resistance

The comparison of the temperature-dependent resistance
characterization of FG/PDMS temperature-sensitive films and
CNT/PDMS temperature-sensitive films is shown in Fig. 5a,
b, with mass fractions are 16 wt% and 8 wt%, respectively.
For each thermal cycle measurement, at least three samples
are tested and then averaged. It can be clearly seen that FG/

PDMS films and CNT/PDMS films have opposite temperature
coefficient of resistance (TCR). The TCR is a vital parameter
for many practical applications of temperature sensor which
refers to the relative change in resistance when the temperature
increases by one degree Celsius. TCR can be calculated by

a = (AR/Ry)/(T-T,),
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Fig.5 Average resistance change of 16 wt% FG/PDMS film (a), 8 wt% CNT/PDMS film (b), and 16 wt% FG/CNT/PDMS films with FG/
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where o is the TCR. R, represents the resistance value meas-
ured in the initial temperature T, (30 °C) and AR is equal to
R —R, respectively. As shown in the Fig. 5a, the FG/PDMS
films show a positive TCR. Moreover, it can be found that
the TCR value gets bigger after a complete thermal cycle,
corresponding to 0.108 K=, 0.177 K~! and 0.210 K~! for
the three thermal cycles, respectively. However, Fig. 5b
shows that the CNT/PDMS films present a negative tem-
perature coefficient of resistance. In contrast, the absolute
value of TCR gets smaller after a complete thermal cycle,
corresponding to 0.0023 K~!, 0.0018 K=! and 0.0015 K™!
for the three thermal cycles, respectively. It can be found that
the absolute TCR of 16 wt% FG/PDMS films is one order of
magnitude larger than that of 8 wt% CNT/PDMS films, as
well as the fact that the absolute TCR of CNT/PDMS films
decrease with increasing concentration of CNT [15], which
indicates that FG/PDMS have a higher temperature sensitiv-
ity than that of CNT/PDMS. These results demonstrate that
different carbon materials fillers have different effects on
the TCR value of temperature-sensitive film and the change
trend of TCR value.

The temperature-dependent resistance relative change
ratio for FG/CNT/PDMS temperature-sensitive films is
shown in Fig. Sc-f. It can be found that all the resistance
increases with the increasing temperature, suggesting a posi-
tive TCR with high temperature sensitivity. Moreover, we
can find that the TCR of all FG/CNT/PDMS films show
good linearity, especially for the sample with a mass ratio of
4:1. However, the thermal stability is quite different for the
FG/CNT/PDMS temperature-sensitive films with different
mass ratio of FG to CNT. It can be seen that the TCR value
for the 5:1 mass ratio of FG to CNT is 0.046 K™!, 0.050 K™,
0.053 K™, 0.056 K™', 0.063 K™, and 0.064 K™' for sixth

Room temperature Medium temperature

3
- =
(b)- ---

N
_ - =

Room temperature Medium temperature

Room temperature

Medium temperature

thermal measurements, respectively. In contrast, the TCR
value keeps constantly at 0.028 K~! for the FG/CNT/PDMS
film with the 4:1 mass ratio of FG to CNT for five sepa-
rated thermal measurement, they are 0.028 K=, 0.027 K71,
0.028 K1, 0.028 K~!, and 0.028 K™, respectively. With the
decreasing mass ratio of FG to CNT to 3:1, the TCR value
turns to unstable again, presents 0.027 K=, 0.025 K™, and
0.022 K~! for three thermal measurements, respectively.
The unstable TCR value happens for the mass ratio of FG
to CNT to 1:1 as well as shown in Fig. 5f, where the TCR
value is 0.0033 K™', 0.0029 K™', and 0.0029 K™' for three
thermal measurements, respectively. These results indicate
that the TCR value and stability of FG/CNT/PDMS films
can be regulated by adjusting the mass ratio of FG to CNT.
Moreover, the results illustrate that the FG/CNT/PDMS
films with a 4:1 mass ratio of FG to CNT whose TCR value
barely changes with temperature has a potential application
in practical flexible temperature sensor.

3.5 The temperature sensing principle
of temperature-sensitive films

A general effective contact theory is adopted to explain
the temperature dependent resistance behaviors of FG/
CNT/PDMS film. Figure 6a—c details the temperature
sensitive mechanism for FG/PDMS film, CNT/PDMS
film, and FG/CNT/PDMS film, respectively. From left to
right, the distribution of the carbon materials is presented
as a function of the initial temperature, medium tempera-
ture, higher temperature, and restore to initial tempera-
ture. The increasing temperature induces the expansion of
PDMS, leading to the transformation of carbon conduc-
tive pathways and resistance change. Figure 6a details the

High temperature Restore to initial temperature

High temperature

Restore to initial temperature

High temperature Restore to initial temperature

Fig.6 Illustration of the temperature sensitive mechanism for FG/PDMS film (a), CNT/PDMS film (b), FG/CNT/PDMS film (c¢), respectively
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principle for pure FG/PDMS temperature-sensitive film.
FG is disorderly mixed and distributed homogeneously
in PDMS at initial temperature status. With increasing
temperature, the disorderly stacked FG spread out slowly,
and their spacing is getting bigger and bigger induced by
the thermal expansion of PDMS matrix. The effective
conductive pathways decrease with the decreasing con-
tacted FG, leading to an increasing resistance and positive
TCR. Meanwhile, the movement of the FG can reduce
the agglomeration and induce the anisotropy distribution
of FG after the thermal cycle. The anisotropy distribu-
tion of FG causes more pronounced relative resistance
change and enhanced temperature sensitivity, leading to
the increasing TCR value with thermal cycle. Simultane-
ously, Fig. 6b details the temperature-dependent distribu-
tion of the carbon materials for CNT/PDMS temperature-
sensitive film. At initial temperature status, CNT is highly
curled and disorderly distributes in PDMS matrix. With
increasing temperature, most of highly twisted CNT fully
stretch into lines benefit from the thermodynamic expan-
sion of PDMS, leading to the increasing of conductive
pathways and the reduced resistance value. Therefore,
CNT/PDMS temperature-sensitive film shows a nega-
tive TCR. Meanwhile, the stretched CNT cannot return
to their entangled status after the thermal cycle, leading
to the decreasing amount of twisted CNT. Therefore, the
relative resistance change is weakened every measure-
ment one by one, corresponding to the weakened tem-
perature sensitivity and decreasing absolute value of TCR
after every thermal cycle.

For FG/CNT/PDMS film, the picture becomes more
complicated, as shown in Fig. 6¢. FG and CNT are disor-
derly mixed together in PDMS at initial temperature sta-
tus. With increasing temperature, due to the fact that the
temperature sensitivity of FGs is much higher than that of
CNT, which dominates the temperature-dependent resist-
ance behavior. Consequently, all FG/CNT/PDMS films
present a positive TCR. On the other hand, the CNT con-
tribute to the negative TCR with increasing temperature,
which plays an important role in total TCR as well. For all
FG/CNT/PDMS films, both of FG and CNT have impacts
on TCR. The former tends to increase the TCR value of
temperature-sensitive films, the latter is the opposite.
Moreover, the rheology and TGA measurements confirm
the existing physical interaction between FG and CNT
fillers, which can influence the distribution of the FG
and CNT. Therefore, the dynamic density of the conduc-
tive pathways can be tuned by the mass ratio of the FG
and CNT fillers. For an appropriate mass ratio of FG to
CNT such as 4:1, a thermo-elastic density of conductive
pathways can be achieved for the repeated thermal cycle,
leading to the constant TCR value.
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4 Conclusions

A flexible temperature sensor consisting of FG/CNT/
PDMS temperature-sensitive film, silver paste electrode,
and flexible PET substrate has successfully fabricated
by the screen printing technology, which has high tem-
perature sensitivity and stability. The FG/CNT/PDMS
inks show good shear thinning properties and thixotropy
properties. The FESEM result reveals the interpenetrating
network structures of FG/CNT/PDMS temperature-sensi-
tive films. Furthermore, the TGA indicates that FG/CNT/
PDMS temperature-sensitive films have a better thermal
stability than that of PDMS blank control, which can be
due to the cross-interpenetrating network structure. The
temperature-dependent resistance behavior demonstrates
that the TCR of the FG/CNT/PDMS films can be manipu-
lated by the mass ratio of FG to CNT. The dynamic density
of the conductive pathways is determined by the integrated
effects of positive TCR, negative TCR and the interaction
between the conductive fillers. When the mass ratio of FG
to CNT is close to 4:1, the TCR value is almost maintained
at the same level of 0.028 K~!. In a word, this work illus-
trates that a low-cost flexible temperature sensor based
on the FG/CNT/PDMS composites with high temperature
sensitivity and stability can be realized by tuning the mass
ratio of FG to CNT conductive fillers.
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