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ABSTRACT

Strain sensors are the primary, direct sensing element in
many sensors with applications in robotics, wearable sensors,
structural health monitoring, and beyond. Cutting edge
applications are increasing demand for sensors that can survive
and measure large strains (>5%,). Presently, the most common
strain sensors are composed of a serpentine metal foil which can
survive strains up to about 5% with a gauge factor (GF) of about
2 (measured as change in resistance divided by initial resistance
all over strain). Research into nanoparticle-based strain sensors
commonly reports surviving strains up to 50% and gauge factors
around 200. Unfortunately, most nanoparticle-based strain
sensors are composed of expensive, toxic materials and require
high precision synthesis methods. The reduced Graphene Oxide
(rGO) based sensors can be synthesized easily with common
materials and methods. Study of strain sensing capabilities have
revealed that rGO strain sensors can survive strains beyond 15%
with gauge factors (sensitivity) on the order of 200.

Suspensions of graphene oxide (GO) s flakes were deposited
on flexible Polydimethylsiloxane (PDMS) substrates to create
specimens with different area densities of 0.69, 0.80 and 091
mg/em? of GO. Specimens were thermally reduced to create
rGO-based strain sensors. Resulting sensors were tested under
tension applied at a rate of 0.1 mm/sec starting from 0% strain
until failure. Resistance of the sensors in the direction aligned
with the direction of the applied tension were measured at each

1 mm-increment of tension. Sensitivity and the strain to failure of
the sensor were calculated and compared in specimens with
different GO area densities.

Our study suggests that with increasing the area density of
graphene oxide (GO) during the synthesis of rGO, the
survivability of the rGO subjected to large strains can be
improved while still demonstrating a high sensitivity. This study
can help tailor vGO-based strain sensors especially to the
applications where high strain survival (>30%) is required while
benefiting from a reasonably good GF (>30)
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1. INTRODUCTION

Strain sensors are essential and direct sensing elements that
are used in many applications such as aircraft manufacturing,
wearable sensors, structural health monitoring, medicine and
beyond [1], [2] Strain gauges with high sensitivity capable of
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FIGURE 1: GO as the sensing element on a PDMS substrate
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large strain survival are in demand for many futuristic and
innovative technologies. Sensitivity in resistive strain gauges is
calculated by gauge factor (GF) which is the change of resistance
of the strain gauge divided by the initial resistance divided by the
value of the strain applied [1], [3]. Strain survival of current
commercial foil strain gauges can range from 3% to 5% while
showing GF of about 2 [1]. Semiconductor strain gauges have
shown a high GF of 100 to 200 and have longer fatigue life
compared to foil strain gauges. However, they are very fragile
and cannot be used for large strains. Additionally, they are
expensive to mass produce and can only be used for special
applications [4]-[13] Nanoparticle strain gauges have shown
high gauge factors up to 200 reported while capable of
functioning up to 50% strain, reported [11], [14]. Despite the
potential benefits of them, scientists have raised concerns about
their toxicity [15], [16]. Moreover, their mass production can be
economically unfeasible [1], [17]. Reduced graphene oxide
(rGO) has shown high strain sensitivity and high strain tolerance
while can easily and inexpensively be mass produced [1]. The
rGO can be synthesized by several methods using graphene
oxide by a process called reduction of graphene oxide [1], [18]-
[20]. Oxygen atoms are removed by this process creating low or
zero (ideally) oxygen content rGO [21]. Graphene oxide can be
reduced wusing multiple methods including chemical,
electrochemical and thermal reduction of the GO [1], [22]-[24].
Chemical reduction of GO can be potentially damaging to the
environment and hazardous to human health if due to use of
reducing agents like hydrazine [25]. In electrochemical and
thermal reduction of GO, electrical voltage and heat energy are
used to create rGO respectively. Thermal reduction of GO can be
easier than electrochemical reduction of it [1], [20], [26], [27].

Studies on rGO strain sensor under large strains (>5%) are
limited. In this study, strain tolerance and sensitivity of rGO
strain sensors synthesized by thermal reduction of GO drop-cast
on a flexible substrate with 3 different area densities are
investigated by application of uniaxial tension and assessment of
the resistive response in the direction aligned with the applied
tension.

2. MATERIALS AND METHODS

Samples were made with drop-casting of GO on
polydimethylsiloxane (PDMS) substrate and thermal reduction
of the GO. Specimens were made in three types with different
area densities of 0.0069 mg/mm?, 0.0080 mg/mm? and 0.0091
mg/mm?. Specimens were tested under uniaxial tension up to the
point that they lost their electrical conductivity.

To create the samples a method used by M. Rezaee et al.
2021 and L. Tsai et al. 2019 [1], [18]-[20], [28] was
implemented. Molds were created using a 3D printer (replicator
+). The PDMS substrate was created by casting Dow SYLGARD
186 Silicone Elastomer in the molds allowing it to cure at room
temperature for 3 days. Then it was removed from the molds and
washed with ultrapure deionized water. The length, thickness
and width of the sensor were 127 mm, 2.54 mm, and 15.24 mm
respectively. To improve the adhesion of the substrate, it was
treated with O2-Plasma for 5 min and then submerged in 2% (3-

Aminopropyl)triethoxysilane and Ethanol for 3 hours.
Graphenea 0.4 wt% GO dispersion was shaken in an ultrasonic
bath for 2 minutes. 0.0696 ml, 0.0806 ml and 0.0917 ml of the
resulting GO were drop-cast into the reservoir area of 6.35 mm
by 6.35 mm that was created by the mold to contain the GO in,
to create samples with three different area density of 0.0069
mg/mm?, 0.0080 mg/mm? and 0.0091 mg/mm? respectively.
Samples were allowed to dry for 24 hours at room temperature
and placed in an OTF-1200 Series Split Tube Furnaces to
thermally be reduced at 180°C for 1 hour and then 200°C for 10
minutes in an argon environment. Then to be able to collect data
on the resistance changes of the rGO, two 30-gauge solid copper
wires were attached to it using CW2400 conductive epoxy as is
shown in Figure 1. Four 15.24 mm by 15.24 mm by 2.54 mm
plates were 3D printed using Polylactide (PLA) material. Each
end of the samples was sandwiched between two plates to
enhance the grip of the substrate for tensile testing.

INSTRON 5980 Series Universal at University of
Wisconsin-Milwaukee was used to tension the samples. Each
end of the samples was clamped between a couple of jaws of the
INSTRON. Tests were performed at the pace of 0.1 mm/sec and
resistive response of the sensor was collected at each 1 mm
tension increment using a voltage divider with the known
resistance of 5.6 kQ and a TEKTRONIX-MDO3014
Oscilloscope. 5 volt-excitation was provided by an Arduino Uno.

42 samples with three different area densities were tested
(14 samples for each). Table 1, 2 and 3 show the distance
between electrodes in samples with area densities of 0.0069
mg/mm?, 0.0080 mg/mm? and 0.0091 mg/mm? respectively.
Average strains of electrical failure and average sensitivity with
a linear fit at 7.25%. and 19.69% strains were evaluated. In the
analysis, output voltage of less than 15 mv was considered an
electrical failure.

Table 1. Distance between electrodes in samples with 0.0069 mg/mm?
area density

Sample No | Distance between Electrodes (mm)
Sample 1 2.27
Sample 2 1.48
Sample 3 2.26
Sample 4 1.64
Sample 5 1.35
Sample 6 2.95
Sample 7 1.15
Sample 8 2.47
Sample 9 1.8
Sample 10 2.23
Sample 11 2.45
Sample 12 2.3
Sample 13 1.67
Sample 14 2.17
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Table 2. Distance between electrodes in samples with 0.0080 mg/mm?

area density

Sample No | Distance between Electrodes (mm)
Sample 15 1.79
Sample 16 2.06
Sample 17 1.57
Sample 18 1.97
Sample 19 1.75
Sample 20 2.39
Sample 21 2.02
Sample 22 1.71
Sample 23 2.24
Sample 24 2.28
Sample 25 0.73
Sample 26 1.4
Sample 27 1.64
Sample 28 1.91

Table 3. Distance between electrodes in samples with 0.0091 mg/mm?

area density

Sample No | Distance between Electrodes (mm)
Sample 29 1.5
Sample 30 0.84
Sample 31 2.4
Sample 32 0.73
Sample 33 0.72
Sample 34 1.74
Sample 35 2.32
Sample 36 2.11
Sample 37 1.89
Sample 38 1.51
Sample 39 1.84
Sample 40 1.38
Sample 41 1.56
Sample 42 1.88

3. RESULTS AND DISCUSSION

Figures 2, 3 and 4 show the resistive response of the sensor
for samples with 0.0069 mg/mm?, 0.0080 mg/mm? and 0.0091

mg/mm? respectively.

As can be seen the strain of electrical failure of the sensors
increases as the area density increases.

Average strains of electrical failure were 20.36%, 34.19%
and 40.92% for samples with 0.0069 mg/mm?2, 0.0080 mg/mm?
and 0.0091 mg/mm? respectively which showed an increase in
strains of electrical failure as the area density of samples
increased. At 7.25%. strain, samples with area densities of
0.0069, 0.0080, 0.0091 mg/mm? showed average GFs of
40.14(Q/Q)/(m/m), 35.63(2/Q)/(m/m), and 28.66(Q/Q)/(m/m),
respectively and at 19.69% strain, they showed average GFs of
78.39(/Q)/(m/m), 65.54(Q/Q)/(m/m), and 36.49(Q/Q)/(m/m).
It showed that the sensitivity of the sensor with increase in area
density decreased. However, the sensor still possessed a high
sensitivity to strain in comparison to common foil strain gauges
with the GF of about 2.

4. CONCLUSION

This study showed that the samples with increased area
densities showed a greater average strain of electrical failure.
The gauge factor (sensitivity) of the sensor reduced by increase
in their area density. However, the sensor still possessed a high
sensitivity to strain compared to common foil strain gauges
with the GF of about 2. This study showed that the area density
of the rGO could be manipulated for its properties like strain
tolerance and sensitivity to be tailored to the desired values for
different applications.
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5. FUTURE WORK

Deformation of the rGO sensor will be investigated

under the confocal microscope for samples with different
area densities.
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