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This study presents the design, fabrication, investigation and properties of the elastic multifunctional
sensors based on graphene-rubber nanocomposite. The sensors are sensitive to stretching force,
acceleration and temperature. The sensors were fabricated using pressing-sliding (or rubbing-in)
technology. In the process of fabrication, the graphene powder was penetrated in (built-in) bulky rubber
substrate forming the solid nanocomposite. The change in DC resistance and impedance (at a frequency
of up to 200 kHz) of the samples were measured in the temperature interval of 26-60 °C. The effects of
stretching force (up to 19 gf) and acceleration (up to 19 m/s? were also investigated and it was found
that in both cases the resistance and the impedance decreased by 14% and 16%, accordingly. Under the
normal conditions, by changing the temperature from 26 to 60 °C the resistance and the impedance were
changed by 35% and 28%, respectively. These changes of the investigated parameters of the sensors
under the effect of force and acceleration may be, firstly, due to the increasing distances between
particles of graphene in the composite. Secondly, it may be due to changing of the intrinsic properties of
the particles and rubber under the effect of the temperature on the nanocomposite.
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1. INTRODUCTION

During last years, number of flexible devices have been developed and fabricated. The
microfluidic flexible device for the characterization of mechanical properties of the viscoelastic (soft)
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solids like bacterial biofilms was fabricated and investigated [1]. The ref. [2] presented the properties of
a graphene oxide based flexible device for resistive memory switching. A multilayer metal/polymer
based flexible device for sensing of contact force in robotics was described in ref. [3]. In ref. [4] a carbon
nanofiber sheet (nanocomposite) based field emission flexible device was discussed. A polyethylene
terephthalate based electroluminescent flexible device was produced and tested using transparent CNTs
electrodes [5] and a display based on flexible OLED (organic light-emitting diode) was described in ref.
[6].

Except of flexibility for practical applications, first of all, the fabrication and investigation of
multifunctional devices are important. Moreover, the devices are needed for the development of
concerned technology and as a teaching aid for the new generation of researches. Analysis of electrical
and mechanical properties of the devices can be used for the selection of sensors, and in particularly
force and acceleration sensors [7]. A novel flexible piezoresistive device containing graphite based
sensing component was demonstrated in ref. [8]. The fabrication of these devices was simple and fast.
The ref. [9] presented the accelerometer fabricated on the base of paper which was coated by a
piezoelectric ZnO-nanopowder.

Ref. [10] discussed the use of accelerometers near to robotic manipulators’ end-effectors to
improve their force-control performance. An observer approach model was proposed which was based
on the fusion of information from different types of sensors. By system identification a model was
devised for the robot-grinding tool having new sensors. For improvement verification an impedance-
control scheme was suggested. It was considered that the selection of sensors should be done by
realization of the matching of the properties and characteristics of the sensors to the requirements of an
applications. Ref. [11]. described fabrication of paper-based MEMS piezoresistive force sensors, where
the patterning of conductive materials was done on a paper substrate. The performance of these sensors
to measure the forces was moderate. A weight balance with 15 g measuring range and 25 mg resolution
was also fabricated on paper. In ref. [12] a novel structured angular-acceleration sensor working on
electromagnetic induction principle was designed and fabricated. These sensors were based on constant
magnetic field (produced sensor’s excitation windings of sensor) and a rotor (cup-shaped) which cut the
magnetic field. An electromotive force generated by the sensor’s output windings was directly
proportional to the acceleration (angular) generated by electromagnetic coupling.

In ref. [13] the flexure of semiconductor mass supporting semiconductor beams was measured
by a silicon accelerometer using single-crystal silicon’s piezoresistive effect. A Wheatstone bridge was
used to connect these piezo resistors to get a symmetric differential-output [14]. In refs. [15, 16]
described the design, fabrication and utilization of the flexible strain sensors for the investigation of the
conductive polymer composite-based textile structures and the in-situ measurement of deformation in
parachute canopy. The effect of bending on the properties of the flexible thin film transistors was
investigated in ref. [16]. Ref. [17] devised a new technique to measure gravity-based acceleration and
investigate the free-falling object’s dynamics using a simple and low-cost setup. To estimate the gravity-
based acceleration the freely passing IR (infrared) transceiver was used. During the measurement of
free-falling time of object, the IR transceiver is used to deduce gravity-based acceleration. By fitting
measured elapsed falling times to the quadratic equation of motion under constant acceleration, the
correct value of gravity-based acceleration g = 9.8092 + 0.0384 m s 2 was obtained.
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A strain gauge for the measurement of displacement was fabricated and investigated by us [18].
A CNTs composite-based flexible capacitance and impedance tensile load sensor was discussed in ref.
[19]. A novel pressure and displacement sensors based on carbon nanotubes was presented in ref. [20].
The transversal tensile resistive effect in TEA (TCNQ). crystals was studied [21] and ref. [22]
investigated the displacement sensitive OFET (organic field effect transistor) for application in telemetry
system.

In this paper, in continuation of our efforts for the fabrication and investigation of the organic
materials based electronic devices [23-37] we are presenting the fabrication and investigation of the
multifunctional temperature, stretching force and acceleration sensors. The graphene and rubber were
used for fabrication of the nanocomposite.

2. EXPERIMENTAL

For the fabrication of the temperature, stretching force and acceleration elastic bulky sensors
based on graphene and rubber composite the graphene powder and hollow rubber substrates were used.
The outer length and the width of the elastic rubber substrates were equal to 3cm and 2cm, accordingly,
while the depth was equal to 1 cm.

For the fabrication of sensors, the rubber substrates were fixed on the solid platform at room
temperature. By the pressing-sliding (or rubbing-in) technology the graphene powder was penetrated
(built-in) into the surface of the substrates (Fig.1 shows side view). During this process the pressure on
the graphene powder was equal to 30-40 gf/cm?. As a result, a 20-30 pm thick solid graphene-rubber
composite film was formed. Optical microscope image of the graphene on rubber sample was acquired
using an Olympus metallurgical microscope having digital camera (built-in camera). The optical
micrograph is shown in the Fig. 2.

Directions of units
motion

Pressing Sliding-unit

Graphene Powder

Rubber Substrate

Figure 1. Illustration of the pressing-sliding (or rubbing-in) process to fabricate the graphene-rubber
composite film.
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Figure 2. Optical micrograph of the graphene built-in rubber composite.

The front view, side view and top view of the graphene-rubber composite film based
multifunctional temperature, stretching force and acceleration sensor are shown in Fig. 3a, 3b and 3c,
respectively. Figure 3d shows the schematic diagram (side view) of the sensor with sensor holder and
applied force. The sensor consists of rectangular hollow elastic rubber substrate, graphene-rubber
nanocomposite thin film and conductive terminals. The weights, in Fig.3d (Force) were used for the
calibration of the sensor. The outer length and the width of the elastic rubber substrate were equal to 3
cm and 2 cm, accordingly, while the depth was equal to 1 cm.
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Figure 3. The front view (a), side view (b) and top view (c) of the fabricated sensor, and the schematic
diagram (side view) of the sensor with sensor holder and applied force (d).



Int. J. Electrochem. Sci., Vol. 15, 2020 5080

The multifunctional sensors which were tested for the measurement of force (Fig.3) can also be
used for the measurement of the acceleration. Acceleration (a) was estimated by use of the following
expression:

a=F/m 1)

where, F is force, m is sum of the fixed initial mass and variable mass accordingly. If the sensor
is loaded, the mass will increase respectively. Accordingly, the resistance of the sensor due to stretching
effect increases. Changing of total mass allows to get different values of the sensor’s resistance, which
would be proportional to the values of acceleration if it would be measured directly.

For the measurements of temperature, the TECPEL 322 multimeter was used, while the
resistance and impedance were measured by MT 4090 LCR meter. The force was created by using
calibrated weights.

3. RESULTS AND DISCUSSION

The resistances and the impedances of the graphene-rubber nanocomposite-based
multifunctional flexible sensors were investigated under the effect of heating, stretching force and
acceleration.

The effects of temperature on the DC resistance (R) and impedance (at frequencies 100 Hz to
200 kHz) of the sensors are shown in Fig.4a and 4b, respectively.

It may be seen that the increase of temperature in the range of 26 to 60 °C causes to decrease the
resistance and impedance of the sensor. This decrees in resistance or impedance with increase in
temperature may be explained by the percolation theory where it is considered that the conduction
mechanism is based on transition between two spatially separated particles or sites. As per percolation
theory the conductivity of the film is inversely proportional to the characteristic length and path
resistance. On increasing temperature, the charge carriers generate due to the heating of composite layer
that in turn reduce the path resistance. Moreover, the graphene-rubber composite may be squeezed
because of thermal expansion and results in reduction of resistance by increasing sample’s effective
cross-section or increasing contact area between the particles [38-41]. It is also evident from the Fig. 4
that the resistance-temperature and the impedance-temperature relationships are linear. The temperature
coefficients of the resistance (TCR) and impedances (TCZ) can be estimated by the following
relationships:

TCR =R/p )

rcz =92/, ©)

Where, R is the initial resistance and Z is the initial impedance. The dR, dZ and dT are change in
resistance and change in impedance and change in temperature, respectively.

In some approximation for the simulation of the experimental data the linear function can be
used:

Y=ax+b 4)
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At linear approximation of the experimental graphs (Fig.4), it can be found that TCR is equal to
0.00765 C* and TCZ for Z (200 kHz) is equal to 0.00645 C™.

The experimental data, particularly the data related to impedance Z (100 Hz) and temperature
relationships shown in Fig.4 can be represented by the following equation:

Z(100) = —1.44 ("—f * AT(°C)) + 203 (k) (5)

The temperature dependences of the graphene and graphene composites were investigated in a
several research studies. Ref. [42] reported the fabrication of GNPs (graphene nanoparticles) based
temperature sensor. It was observed that the temperature variation of resistance was linear in the range
of 10-60 °C and it can be selected for the sensor application. The TCR (temperature coefficient of
resistance) was equal to 0.0371. The presented TCR is positive and higher than the TCR value (0.0075
C) obtained by us. Moreover, the value of TCR is negative in our case. It is definitely due to the
differences in the composition and structures of our sensors and the sensors described in ref. [42]. At the
same time both results are higher than that of multiwall carbon nanotubes presented in ref. [43] as well.
Though a small hysteresis was observed, but it was considered that the sensors have potential to apply
as a highly sensitive and fast-response temperature sensors [43]. It could be mentioned that at present,
graphene is used for drug testing in the biochemical sensors [43] and for monitoring of gas [44].
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Figure 4. Effects of temperature on the DC resistance (a) and impedance (b) of the graphene-rubber
nanocomposite based multifunctional sensors.

The stretching force (P) sensing properties of the sensors are presented in Fig.5. It may be seen
that, as the stretching force increases the resistance (Fig. 5a) and impedances (Fig. 5b) also increase.
Obviously, under the effect of stretching force the elastic deformation takes place in the sensor which
results in increase in the length and decrease in the width of sensor. This deformation causes the increase
in resistance of the sensor. The sensor was calibrated with standard weights in the range of 0-20 gf.
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Figure 5. The resistance-stretching force (a) and the impedance-stretching force (b) relationships
obtained experimentally at direct and alternating currents, respectively.

The stretching force coefficients of resistance (PCR) and the impedance (PCZ) of the graphs
shown in Fig.5 represent the sensitivity of the force sensors, can be estimated by the following
relationships:

PCR =R/, (6)

pcz=9%/,., ©)

Where, dp is the change in stretching force. The calculated values of the graph’s slopes were
equal to 6.83 107 gf?, 6.65 1073 gf?, 6.71 102 gf?, 6.77 102 gf?, 6.79 102 gf! and 6.90 102 gf !,
accordingly at DC, 100 HZ, 1 kHz, 10kHz, 100 kHz and 200 kHz. Physically, the relationships shown
in Fig.5 can be explained by increasing distance between graphene particles in the composite under the
influence of stretching force. At the same time the changes of the intrinsic properties of the particles in
the graphene-rubber composite may take place in some extend. The increase in frequency results in
increase in contribution of reactive conduction, due to the presence of the capacitive component in the
impedance. In turn probably it is responsible for the decrease in impedance. These physical properties
of the sensors can be explained if it is considered that the equivalent circuit of the sensor has the parallel
connection of the resistance and capacitance.

The impedance and stretching force (e.g. at 100 Hz) relationship can be described by the
following expression based on experimental data:

Z(100) = 1.35 (’;—? x P(gf)) + 203 (k) (8)

Related to the mechanical properties, in particular, the effect of strength was investigated in
graphene oxide/polyvinyl alcohol composites that were suggested for use as a promising biomaterial in
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tissue and biomedical engineering. But their development was hindered because of poor water-retention and
mechanical properties [45].

A graphene-based novel optical MEMS accelerometer was fabricated and it was reliant on
graphene’s optical properties and intensity modulation [46]. The accelerometer’s sensing system was
comprised of a light source, multilayer graphene finger, photodiode, laser diode, and integrated optical
waveguides. The simulation based functional characteristics of accelerometer were the following: the
mechanical sensitivity of 1,019 nm/g, an optical sensitivity of 145.7 %/g, a resonance frequency of
15,553 Hz, a bandwidth of 7 kHz, and a measurement range of £10 g.

Along with force the measurement of acceleration is very wide used in practice. Looking forward
for the development of accelerators technology we designed, fabricated and tested a simple and sensitive
accelerometer. Fig.6 shows the acceleration-impedance relationship at different frequencies (100 Hz,
100k Hz and 200 kHz). As the acceleration increases the impedances increases as well. The reason of
increasing impedance with increase in acceleration is like that of previous case: the acceleration is
proportional to the force; the stretching force causes to the increase the distances between graphene
particles in the composite and resultantly the impedance increases. It turns the impedance increases due
to the increase of resistive components and decrease of the capacitive components that finally results to
increase the impedance. As the frequency increases the impedances decreases due to the presence of the
capacitive component in the impedance. The acceleration coefficients of impedance (ACZ), which
represent the sensitivity of the acceleration sensors can be estimated by the following relationship:

Acz =942/, (9)

Where, A is the acceleration, Z is the impedance and dZ and dA are the change in impedance and
change in acceleration, respectively. The slopes which characterize the sensitivity are calculated, which
are equal to 0.00648 s*/m, 0.00433 s*/m and 0.0167 s?/m, accordingly at the frequencies of 100 Hz, 100
kHz and 200 kHz.
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Figure 6. Acceleration-impedance relationship of the graphene-elastic rubber composite based
multifunctional sensors.
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The acceleration-impedance relationship can be represented by the following equation.
Z(100) = 1.38 < * A(m/sz)> + 203 (k) (10)

The investigation of force, acceleration and temperature sensor based on graphene-elastic rubber
nanocomposite thin film allows to fabricate multifunctional sensors which may be used in many areas
of instrumentation technology. In ref. [47] the wearable multifunctional printed graphene sensors were
described. The developed wearable resistive bending sensors can be used for the measurement of force,
deflection, and curvature. In the review article [48] presented the results of measurements of several
parameters as: heart rate, body temperature, pulse oxygenation, blood pressure, respiration rate, blood
glucose, electroencephalograph signal, electromyogram signal and electrocardiogram signal. These
parameters are important for the estimation of health conditions. The new graphene-based health
monitoring sensors were discussed in detail in terms of structures, sensor systems components,
technological innovations, sensing mechanisms and potential challenges. Ref. [49] presented the
fabrication of a simple and low cost graphene sensor (laser-induced) for multi-sensing. The graphene
was synthesized by the LASER irradiation of commercial polymer and used to fabricate capacitive
electrochemical and strain sensors. A graphene oxide (reduced) film based wearable multifunctional
sensor fabricated on the porous film of inverse opal-acetyl-cellulose (IOAC) [50], which is used
simultaneously for the monitoring (in-situ) of sweat (ion concentration) and different human motions. The
graphene oxide film acts as a strain sensor and monitors the human motion through resistant variation. The
IOAC flexible film acts not only as a motion sensor but also an excellent ion collector and analyzer (ions in
sweat). These devices can monitor various human motions such as wrist bending, finger bending, head
rotation and the throat movement. In ref. [51] it was presented the investigation of recent development for
flexible pressure sensors, trends of wearable flexible-sensors and E-skin, multi-function equipment,
exploration of new functional-materials and sensing mechanisms, emerging new integration-technology
of flexible devices which will be the important directions in the future sensors technology.

The rubbing-in technology can be realized easier if two materials are selected properly on the
base of work functions. In electrochemistry the selection of materials is also realized according to work
function (or electrochemical potential). Therefore, the process which take place in rubbing-in technology
and electrochemistry have some similarities from this point of view. More detailed information is
available in the following articles [52, 53].

The information presented in this paper showed that at present the graphene-based sensors cover
very wide area of the devices for measurement of environmental, industrial and technological parameters
[42, 43, 45-48] and this process is continued. In ref. [54] by us an elastic layered bulky rubber-graphene
composite was developed to fabricated multi-functional sensors by rubbing-in technology. The effects
of compressive displacement, temperature, humidity and pressure on the sensor’s impedance were
investigated. Under the effect of displacement (compressive) and pressure the impedance of sensors
decreased. These flexible rubber-graphene composite maybe used potentially as a frequency,
displacement, pressure and temperature sensors [51].

k0
m/s?
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4. CONCLUSION

Comparison of the data which were published in literature with presented in this paper showed
that the experimental results, first of all, can be used for the development of technology of
multifunctional sensors and, in particular, in this area of electronic devices and instrumentation. The
sensors are sufficiently sensitive, due to use of graphene and rubber substrate, earthy and simple for
fabrication, cheap and reliable that is important for use in practice. Further investigations and especially
study of aging processes in the devices would be useful for the application of the investigated sensors.
Recent publications [43, 48, 50, 54, 55] shows that researchers are interested to investigate graphene and
graphene-based complexes from the point of optimizing technology, physical processes, and potentially
fabrication of reliable, sensitive and low-cost electronic devices.
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