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This study presents the fabrication and investigation of rubber-carbon nanotubes-orange dye (rubber-
CNTs-OD) nanocomposite based resistive and impedimetric sensors. These shockproof
multifunctional sensors may be used for displacement, pressure, force, humidity and temperature
sensing. Rubbing-in technology was used to fabricate the coplanar sensors on rubber substrates of
dimensions 12x5x5 mm?. In the middle of the substrates, the OD-CNTs mixture (1:1 wt.%) was
rubbed-in to make 3 mm wide and 12-18 um deep active layer. On both sides of the active layer the
rubber-CNTs layers were formed, that act as conductive electrodes. The length, width and the
thickness of the electrodes were 4-5 mm, 5 mm and 12-18 um, respectively. The resistance and the
impedance of the sensors decreased under the effect of compressive displacement, pressure, humidity
and temperature. These reductions were -43 Q/um to -73 Q/um, -3950 Q-cm?/kgf to -6008 Q-
cm?/kgf, -187 Q/%RH to -981 Q/%RH and -216 Q/°C to -270 Q/°C, respectively. The force (in
perpendicular direction to the length) causes to increase the resistance and impedance (60 Q/gf to 300
Q/gf). The probable reasons of the observed changes in the resistance and impedance of the sensor
have been described.

Keywords: Semiconductor; Shockproof; Displacement sensor; Force sensor; Pressure sensor;
Humidity sensor; Temperature sensor.
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1. INTRODUCTION

At present different kinds of sensor are used in practice which measure the force, displacement,
pressure, etc., Force, displacement and acceleration sensors were described in Ref. [1]. The structure
and the properties of the capacitive pressure sensor with a mechanical force-displacement transducer
based on CMOS-MEMS were described in Ref. [2]. These sensors are based on deformable diaphragm
with embedded fixed and moveable electrodes. The diaphragm deforms under the effect of pressure
and electrode moves, which causes to change the capacitance. They also proposed various designs to
improve the sensitivity up to 126% in the pressure range of 20kPa to 300 kPa. The Ref [3] described
the design and the characterization of a tactile sensors (magnetic Hall effect sensor) for application in
splints. This 3mm thick and 4mm radius sensor has normal and shear pressure sensing range up to 44.0
kPa and 6.0 kPa, respectively. Reference [4] presented a tactile sensor (based on flexible polymer)
containing embedded capacitors (multiple) for the measurement of shear and normal force. The single
sensor’s full-scale detectable range is 10 mN in x-, y- and z-directions and the maximum sensitivity is
up to 3.0%/mN. The ref. [5] described the force-sensing resistor array using method of resolution
enhancement. A flexible piezoelectric (lead-free) transducer was developed for health monitoring in
the space [6].

For the measurement and detection of environmental parameters the methods and apparatus
were described in Ref. [7] where it was provided a device for the recording and in-situ measurements
of different parameters (environmental) in the manufacturing processes like semiconductors devices
fabrication. For the remote measurement of environmental parameters and power system (beyond line-
of-site) a line-mounted apparatus was described [8]. The modules of the sensors in this apparatus have
the capability to measure environmental or mechanical and electrical parameters near the high voltage
conductor. Ref. [9] presented a smart sensing (Zigbee based) platform to monitor various
environmental parameters. To measure and monitor the environmental parameters the electromagnetic
(planar) sensors were developed and described in ref. [10].

The structure-property relationship in silicon rubber nanocomposites reinforced with carbon
nanomaterials for sensor and actuators was investigated [11]. Particularly, preparation of rubber-
nanocomposites with carbon black (0-dimensional (0-D)), CNTs (1-D), graphitic nanofiller (3-D) and
silicone rubber (room temperature vulcanized (RTV)). The application of carbon nanofillers in sensors
and actuators were discussed in ref. [12]: the RTV rubber and various nanofillers were mixed to
prepare nanocomposites for various industrial applications. The RTV rubber and HTV (high-
temperature vulcanized) rubber composites with CNTs were prepared also for sensors and actuators
[13].

The graphene and CNTs powers-based multifunctional sensors were fabricated and
investigated for the measurement of displacement, pressure and gradient temperature [14]. Number of
papers was published by us during last years on the investigation of sensors properties. Particularly,
investigation flexible multifunctional sensors based on graphene-rubber nanocomposite [15], and
humidity sensing properties of the OD-graphene solid-electrolyte-based cells [16].

In continuation of our efforts for the fabrication and investigation of sensors [14, 17-32], here
we are presenting the data about the displacement, pressure, force, humidity and temperature sensing
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characteristics of the rubber-CNTs-OD nanocomposite-based multifunctional sensors. These sensors
were fabricated by rubbing-in technology and their sensing mechanism is based on change in
resistance and impedance.

2. EXPERIMENTAL

For the fabrication of sensors, the multiwalled CNTs (having diameter 10-30 nm) were
acquired from Sun Nanotech Co. Ltd. China, while the orange dye was bought from Sigma Aldrich
(CAS Number 31482-56-1). The orange dye (C17H17N502) is an organic semiconductor material
having density 0.9 g/cm® and molecular weight 323.35 g/mol. The OD’s IUPAC name is 3-[N-Ethyl-4-
(4-nitrophenylazo)phenylamino]propionitrile and it has p-type conduction. To make the substrates
were made from rubber that is available commercially. The mortar and pestle were used to mix OD
and CNTs (1:1 by weight) powders. The rubber substrates have the dimensions 12x5x5 mm?3. The
CNTs-OD mixture was rubbed-in in the 3 mm width in the middle of the rubber substrate to form the
rubber-CNTs-OD nanocomposite layer. The thickness of the rubber- CNTs-OD nanocomposite films
in the different samples were in the range of 12-18 um. The schematic illustration of the rubbing in
process is shown in Fig.1. By using same process, the CNTs powder was rubbed-in on both sides of
rubber-CNTs-OD nanocomposite layer to form rubber-CNTs nanocomposite, which worked as contact
electrodes. The front and top views of the fabricated sensors are shown in Fig.2a and 2b, respectively.
The detail about the rubbing-in technology is given our previous [33-35]. The same technique was
used to fabricate the sensor under the pressure of 40 g/cm?.

For the characterization of rubber-CNTs-OD nanocomposite layer the Philips PW1830 X-ray
diffractometer (XRD) was used. The characterization was done using Cu-Ka radiation in 6-26 (Bragg-
Brentano) scanning mode at room temperature. The confirm the reproducibility of the results the

samples were scanned three times.
‘%’ Motion of Densifier

Rubber Substrate

Metallic Plate

Figure 1. Schematic diagram of the rubbing-in technology used to fabricate rubber-CNTs-OD
nanocomposite based multifunctional sensors.
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For the displacement, pressure and force measurements the simple laboratory equipment’s were
used. Particularly, for the displacement the micrometer setup was used, while the pressure and force
were created by applying the mechanical loads. In the case of experiments where the force was
applied, the two cylindrical elements fabricated by dielectric material having diameter of 6 mm (No.1)
and 2 mm (No.2) and length of 2 cm were used. During experiments the cylindrical element was
placed perpendicular to long axis of the sample along of rubber-CNTs-OD nanocomposite layer. The
schematic illustration of the applied pressure, displacement and force to the multifunctional
resistive/impedimetric sensor is shown in Fig. 2C. The fabricated sensors were also tested for the
humidity and temperature sensing. For this purpose indigenously made humidity and temperature
testing set-ups were used.

Rubber-CNTs-OD composite

a Rubber-CNTs * composite
Rubber Substrate

d

Force

C ‘

Figure 2. The schematic diagrams of the multifunctional resistive sensor: side view (a) and top view
(b) and the illustration of the applied pressure, displacement and force on the sensor (c).

For the measurements of resistance and impedance the Fluke 87 multimeter and the digital
LCR meter MT-4090 were used, respectively. The temperature and humidity were measure by
TECPEL 322. The samples were placed in the chamber for investigation of the temperature and
humidity effects. The displacement and pressure were created and measured by laboratory pressurizing
and micrometric mechanisms.
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3. RESULTS AND DISCUSSION

Figure 3 shows the XRD spectra of rubber, OD and CNTs. In the rubber spectrum the
strong peaks at 20 angle of 36°, 29.4° and 23.1° along with other peaks corresponds highly ordered
polyvinyl chloride chains [16]. A major peak in CNTs spectrum at 26.2° (002) In XRD spectrum of
CNTs, the major peak at 26.2° (002) corresponds to hexagonal graphite, which is comparable to ICSD
code: 031170 (standard XRD data). The peak at 38.4° indicates the attachment of any functional
group. The peak consistent with other studies [36] was also observed at 20 of 44.3° (101). In OD
spectrum the observed peaks are consistent with data presented in the refs. [37-39].
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Figure 3. X-Ray diffraction patterns of rubber, CNT and orange dye.

Fig.4 shows resistance-displacement and impedance-displacement relationships of the
rubber-CNTs-OD nanocomposite based multifunctional sensors. It is seen that as the compressive
displacement increases the resistance and impedance of the sensor decrease. The sensor shows
linear behavior. It is also evident from Fig.4b that on increasing frequency the initial impedance of
the sensor decreases. The sensor’s compressive displacement sensitivity (Sp) is calculated using
the following equation:

Sp = (AR or AZ)/D (1)

Where, 4R, AZ, D are the change in resistance, impedance and the displacement. The
calculated values of sensitivity (Sp) are equal to -73 Q/pum, -70 Q/um, -67 Q/ pm, -63 Q/pm, -53
Q/ pm and -43 Q/ um on average at frequencies of 0 Hz,100Hz, 1kHz, 10kHz, 100kHz and

200kHz, respectively.
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Figure 4. Resistance-displacement (a) and impedance-displacement (b) relationships of the rubber-
CNTs-OD nanocomposite based multifunctional sensors.

Firstly, the sensitivity of the device to compressive displacement is negative because as
displacement increases the resistance and impedances decrease. Secondly, it is seen that the
compressive displacement sensitivity is decreasing with increase of the frequency. It may be
explained by the contribution of capacitive component in the impedance: with increasing
frequency the capacitive component of the impedance can partly “short circuit” the resistance of
the sensor. The following simplified equivalent circuit (Fig.5) can represent the electric circuit of

the sensor.
— ] c}—

R

Figure 5. Equivalent circuit of the multifunctional sensor.

The relative resistance-pressure and the relative impedance-pressure relationships of the
rubber-CNTs-OD nanocomposite relationships are shown in Fig.6. It can be seen that with increase in
uniaxial pressure the resistance and the impedance of the sensor also decrease. It is similar behavior
like in compressive displacement sensing. The pressure sensitivity (Sp) of the sensor can be
determined by the following equation:

Sp=(ARor AZ)/p @)
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Where, p is the applied uniaxial pressure. The sensitivities (Sp) are found in the range of -
6080 Q-cm?/kgf to -3950 Q-cm?/kgf on average in the frequency range of 100 Hz to 200 kHz.
From this data it is revealed that the pressure sensitivity is frequency dependent: it decreases
considerably at higher frequency (200kHz).
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Figure 6. Relative Resistance-pressure and relative impedance-pressure relationships of rubber-
CNTs-OD nanocomposite-based sensors.

In the cases of the compressive displacement and pressure the decrease in the resistance and the
impedances may be due to the decrease in the distances between particles of OD and CNT. The
squeezing of the particles may cause to change the geometrical parameters, decrease the intrinsic
resistance and increase micro-capacitance between the particles as well.

The Fig.7 and Fig.8 present the effect of force on the resistance and the impedance of the
rubber-CNTs-OD nanocomposite-based sensors using cylindrical pressing elements No.1 and No.2,
respectively. The sensors were tested for force sensing in the range of 0 to 329 ¢f at various
frequencies up to 200 kHz. It may be seen in Fig.7 and Fig.8 that the on increasing force the both the
resistance and the impedance of the sensors increase.
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Figure 7. The resistance-force (a) and the impedance-force (b) relationships of rubber-CNTs-OD
nanocomposite-based multifunctional sensors when tested using element No.1.
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Figure 8. The resistance-force (a) and the impedance-force (b) relationships of rubber-CNTs-OD
nanocomposite-based multifunctional sensors when tested using element No.2.

The force sensitivity (Sf) of the rubber-CNTs-OD nanocomposite-based sensors can be
determined by the following equation:

Sg=(ARor AZ)/f 3)

where f is force in gf. When tested with element No.1 in the frequency range of 0 to 200 kHz,
the calculated force sensitivities of the rubber-CNTs-OD nanocomposite-based sensors are in the
range of 100 Q/gf to 60 Q/gf on average. The force sensitivities of the rubber-CNTs-OD
nanocomposite-based sensors are found in the range of 300 Q/gf to 150 Q/gf when tested with element
No.2 in frequency range of 0 to 200 KHz. The relative standard deviation in force, displacement and
pressure sensing was calculated on the base of 4 readings and was found £1.5% to +2.5% depending
on the measuring frequency. The loading-unloading behavior of the sensors was studied. It was found
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that the sensors showed negligible hysteresis on application and withdrawn of force, displacement or
pressure.

Comparison of the force applied through cylindrical element No.1 (Fig.7) and through
cylindrical element No.2 (Fig.8) shows that the sensor demonstrates 3 times more sensitivity in case of
element No.2 than in case of element No.1. This higher sensitivity is probably due to the higher
pressure at the same force because of lower area of the pressing element in the case of element No.2. It
should be emphasized that in these experiments unlike to previous one (pressure and compressive
displacement), in this case the sensing element was under deformation of tension.

The humidity and temperature sensing behavior of the rubber-CNTs-OD nanocomposite-
based sensors is shown in Fig. 9. On increasing humidity, the resistance and impedance of the sensors
decease. The sensors show sensitivity in the humidity range of 40% to 93 % RH. It is evident from Fig.
9a that the change in impedance (Z) is higher than the change in resistance (R) in response to humidity.
This indicates that humidity also causes significant change (increase) in the capacitance (C) of the
sensor, which in turn causes higher reduction in the impedance. So, the value of impedance depends
upon both the capacitance and the resistance, which are correlated by this equation (Z=R/(1 + joRC),
where w is angular frequency) [40]. The resistance-humidity and impedance-humidity sensitivities (Sn)
were measured using the following expression:

Sy = (4R or AZ)/AH 4)

Where, 4R, AZ and 4H are the change in resistance, impedance and humidity, respectively.

The rubber-CNTs-OD nanocomposite-based sensors show resistance-humidity sensitivity -
187 Q/%RH and impedance-humidity sensitivity up to -981 Q/%RH. The relative standard deviation
in humidity sensing was calculated on the base of 5 readings and was found +2.1% on average.
Moreover, absorption desorption was also studied and sensors showed a very small hysteresis (1.5 %).

This change in resistance and impedance may be regarded to the adsorption and absorption of
water molecules at the surface of rubber-CNTs-OD nanocomposite. Further explanation regarding the
humidity sensing mechanism is given in ref. [21].

The temperature sensing behavior of the rubber-CNTs-OD nanocomposite-based sensors is
shown in Fig. 9b. The sensors were tested in the temperature range of 28 to 65 °C. It can be seen that
both the impedance and resistance of the sensor decreases with increase in temperature, which is
semiconducting behavior. The change in impedance is higher as compared to change in resistance in
response to temperature change. The temperature sensitivity (St) of the sensors can be calculated by
the following relationship:

St = (4R or AZ) /AT 5)

Where, AT is the change in temperature. The average sensitivity was calculated and found
in the range of -216 Q/°C to -270 Q/°C. Using data obtained by 4 readings the relative standard
deviation was found +2.45%. During temperature sensing a small hysteresis was observed which was
calculated about 3.5%. This hysteresis may be regarded to insulating nature of the rubber which takes
time to dissipate heat to ambient environment. The comparison of properties of fabricated sensors with
the already reported sensors is given in Table-1.

The fabricated rubber-CNTs-OD nanocomposite-based multifunctional sensors have the ability
to measure displacement, pressure, force, humidity and temperature. Out of these the pressure sensing
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plays very important role, not only for industrial application but for environmental monitoring and
evaluation [7-10, 41, 42].
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Figure 9. Humidity and temperature sensing behavior of the rubber-CNTs-OD nanocomposite-
based sensors.

Table 1. Comparison of the properties of fabricated sensors with the already reported sensors

Sr. Fabrication | Sensing Materials _ e
No Technology Sensing Range Sensitivity Ref.
o/ 1| Gluedfilm CNTs 20-75°C -0.272 Q/°C [43]
>
B Coating and Silk fibron- an o ) o
5 2 sputtering AgNWs 20-60 °C 0.125 Q/°C [44]
£ . o o Current
2| 3 | Rubbing-in | Rubber-CNTs-OD 28-65 °C -270 Q/°C
Study
o| 1 | Powdertesting | o\ Granhene | 0-100 um 0.17 Q/um [14]
s sensor
o Powder testing CNT-OD-
%L‘i 2 Sensor Graphene 0-110 um -14.0 Q/pm [45]
2
O| 3| Rubbing-in | Rubber-CNTs-OD |  0-110 um 273 Q/um %“tlrjrg;t
1 | Powder testing CNT 0-1.86 gffcm? | 645.2 Q cm?/gf | [46]
® sensor
>
% 3 Pressing CNT-Cu0 0-378 gf/cm? | 0.009 Q cm?/gf [47]
[a
3| Rubbing-in Rubber-CNTs-0D | 39, gflcm? | -6.08 Q cm?/gf Current

Study
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4. CONCLUSION

The multifunctional sensors were fabricated by simple and economical method, namely,
rubbing-in technology. Materials which were used in the sensors (carbon nanotube, rubber and organic
semiconductor orange dye) are available in the market. The sensors are shockproof and
multifunctional. The displacement, pressure, force, humidity and temperature sensitivities are up to -73
Q/um, -6080 Q-cm?/kgf, 300 Q/gf, -981 Q/%RH and -270 Q/°C, respectively. The sensitivities of the
sensors are enough for practical application. The experiments showed that the sensors are reliable and
can be used in practice and as teaching aid as well. It should be mentioned that the sensitive elements
(OD and CNT) films were also fabricated by simple and economical method rubbing-in technology.
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