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Abstract: Flexible strain sensor has attracted much attention because of its
potential application in human motion detection. In this work, the prepared
strain sensor was obtained by encapsulating electrospun carbonized sponge
(CS) with room temperature vulcanized silicone rubber (RTVS). In this paper,
the formation mechanism of conductive sponge was studied. Based on the
combination of carbonized sponge and RTVS, the strain sensing mechanism
and piezoresistive properties are discussed. After research and testing, the
CS/RTYVS flexible strain sensor has excellent fast response speed and stability,
and the maximum strain coefficient of the sensor is 136.27. In this study, the
self-developed CS/RTVS sensor was used to monitor the movements of the
wrist joint, arm elbow joint and fingers in real time. Research experiments
show that CS/RTVS flexible strain sensor has good application prospects in
the field of human motion monitoring.
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1 Introduction

With the continuous development of sensor technology [1], flexible strain sensors have been used
in many fields, especially in human body application detection, intelligent electronic skin [2], behavior
monitoring and so on. From the current research status, the conduction mechanisms of strain sensors
are mainly divided into four types: piezo-capacitance, piezoelectric, piezoresistive and triboelectric [3].
The flexible strain sensor studied in this paper is based on the piezoresistive effect [4]. The piezoresistive
sensor can generate a changing resistance signal according to the mechanical deformation generated
by the external pressure [5]. The piezoresistive sensor requires simple materials, low cost and easy
advantages of production, wide detection range and fast response speed are widely used in various
fields [6].
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Electrospinning is a practical [7], cheap and versatile technology for the preparation of ultrafine
fibers with diameters ranging from nano to micron. Electrospinning often produces planar two-
dimensional non-woven fiber pads [§]. When these mats are used as pressure sensing materials, they will
lead to relatively low pressure sensitivity, which is attributed to the tightly packed nanofibers, resulting
in low porosity and limiting the resistance change of the mats [9]. This phenomenon has limited the
application of electrospun 3D porous materials in pressure sensors [10].

RTVS is a silicon-based elastomerr. RTVS is a silicone based elastomer. RTVS has excellent
flexibility due to its good biocompatibility, and its excellent thermal stability ensures that the sensor
can be used in various fields in practical applications. Its high elasticity and fast response speed are
more in line with this study. The requirements of the resistive matrix are more suitable for the detection
of human use.

In this study, we report a flexible strain sensor composed of an RTVS elastic matrix and a conduc-
tive carbonized sponge (CS). The 3D conductive carbonized sponge was prepared by electrospinning
technology and carbonization technology [1 1], and fully fused with elastic matrix to prepare CS/RTVS
flexible strain sensor. Its practical application in the field of human motion detection is tested and
discussed [12].

2 Experiment
2.1 Materials

Polyacrylonitrile (Pan, Mw = 150000), N, N-dimethylformamide (DMF, 99.8%), anhydrous alu-
minum chloride (AIC13%, 99.8%) were purchased from Aladdin Chemical Co., Ltd. (China), and
anhydrous ferric chloride (FeCl3%, 99.8%) were purchased from Aladdin Chemical Co., Ltd. (China).
RTVS605 silica gel compound (American hasuncast brand product). All chemicals are used as is
without further treatment.

2.2 Preparation of Electrospun Carbonized Sponge (CS)

Firstly, polyacrylonitrile powder and dimethylformamide were magnetically stirred in a 60 °C
water bath for 6 h to obtain a uniform polyacrylonitrile solution (13 wt%). Then, 0.5 g of aluminum
trichloride and 0.5 g of iron trichloride were added to 13 wt% polyacrylonitrile solution, and then
magnetically stirred in a 50 °C water bath for 6 h. The precursor solution is then filled into a syringe
with a metal spinneret. During electrospinning, the applied voltage, the feed speed of precursor
solution and the distance of nozzle collector are controlled at 15kV, 0.5ml/h and 15 cm respectively.
The grounded steel roller (length 5cm; diameter 7 cm) is used as a collector, and the rotation speed
of the steel roller is limited to 120 rad/min. After electrospinning, a non-woven porous sponge was
obtained. The obtained sponge was dried in an air circulation oven at 60 °C for 3 h, and then oxidized
and stabilized under the same conditions, but the temperature and time changed to 210°C and
2 h respectively. Subsequently, the sponge was carbonized in a tubular furnace at 800 °C for 4 h in
a nitrogen atmosphere to convert the sponge into carbon sponge (CS), and the temperature was
increased at a rate of 5°C/min. Finally, after cooling the tubular furnace to room temperature, the
carbonized sponge is obtained.

2.3 Assembly of the Flexible Strain Sensor

CS strain sensors were made by simply encapsulating CS with RTVS. First, the obtained CS was
cut into slices (20 mm x 10 mm x 2 mm). Then, two copper foil electrodes with conductive silver paste
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were glued on both sides of the CS sheet. Finally, the RTVS base monomer and the curing agent were
uniformly mixed at a mass ratio of 10:1 and poured onto the surface of the CS with electrodes inside
the mold, followed by degassing in a vacuum chamber for 1 h and then heating at 60 °C for 6 h.

2.4 Characterization

Characterization The morphologies of CS were performed by scanning electron microscopy
(SEM, SHIMADZUX-550). The tensile tests of the CS/RTVS strain sensor were measured by STD100
microcomputer-controlled electronic universal testing machine (RicKs Measurement and Control Co.,
Ltd.), while the electrical signals were measured by Keysight B2902A Precision Source/Measure Unit
(KEYSIGHT B2902A).

3 Results and Discussion

In this work, 3D aluminum-iron sponge was prepared by electrospinning technology. In the
experiment, a well-mixed precursor solution of AICI3 and FeCl3 was used for electrospinning [13].
The iron ions and aluminum ions in the precursor solution could increase the viscosity of the precursor
solution, and during the electrospinning process, the precursor solution was in a strong state. Under the
action of an electric field, iron ions and aluminum ions are easily polarized [14]. The mutual repulsive
force between the spinning fibers increases, thereby increasing the gap between each fiber layer, which is
not only conducive to the curing of the fibers, but also conducive to the support of the coagulated fiber
layers to the subsequent fiber layers. During the uninterrupted electrospinning process, the thickness
of the nanofiber layer was increased through the continuous superposition of the fiber layers and
the repeated sedimentation process, and a 3D aluminum-iron sponge with porous multilayers was
successfully prepared [15]. Then, the 3D aluminum-iron sponge was encapsulated with the RTVS
elastic matrix solution to prepare the CS/RTVS flexible strain sensor, and then the performance of
the flexible strain sensor was experimentally tested and studied.

(GF) is defined as §( A R/R,)/8¢, where ¢ represents strain, which measures the sensitivity of strain
sensors. At the same time, as shown in Fig. 1. The test results show that according to the variation range
of the sensitivity test of the CS/RTVS flexible strain sensor, it is divided into three stages: 0%—-30%,
30%—-50%, and 50%—-60%. The sensitivity test results of the three stages are: 15.14, 46.28 and 136.27.
The GF of the sensor in the high tensile strain range is nine times that of the low tensile strain range
and three times that of the medium tensile strain range. The CS/RTVS flexible strain sensor has a GF
of 15.14 in the low tensile strain range, which is several times higher than that of the traditional metal
strain sensor, which has a GF of 2. This experiment demonstrates the wide tensile strain range and
excellent sensitivity of the CS/RTVS flexible strain sensor.

In this study, the sensing mechanism of the fabricated flexible strain sensor is discussed. In
different tensile strain ranges, the resistance change of the flexible strain sensor is related to the change
between CS fiber layers [16]. With the increase of tensile force, the flexible strain sensor is divided
into three parts: Fracture stage, sliding stage and disconnection stage [17]. The CS carbon fibers
encapsulated by RTVS are tightly continuous. In the application of the flexible strain sensor, with
the strengthening of the tensile force, the inside of the flexible strain sensor enters the fracture stage,
and the fracture between the carbon fiber layers inside the CS causes its internal resistance to increase
rapidly, thus showing excellent sensitivity [18]. With the continuous increase of the tensile force, the CS
carbon fiber enters the sliding stage, and the carbon fiber changes from long fibers to short fibers. The
mutual sliding between the short fibers reduces the contact area between the carbon fibers, resulting
in the continuous resistance of the overall sensor. increase [19]. When the tensile force exceeds the
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sliding limit of the carbon fiber, it enters the breaking stage, and the resistance of the flexible strain
sensor increases continuously due to the discontinuity of the carbon fiber. The flexible strain sensor is
packaged by RTVS to increase its flexibility and continuous use capability [20].
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Figure 1: RCR response tensile strain function graph of CS/RTVS sensor

Fig. 2 shows the RCR response under different tensile strain cycles. In this experimental test, the
CS/RTYVS flexible strain sensor was tested for its stability, and the RCR response signal exhibited by
the sensor was detected under the condition of cyclic tensile strain. The experimental test results show
that from the beginning to the end of the cyclic tensile strain, the response signal displayed by the
sensor tends to be stable, showing the excellent stability of the CS/RTVS flexible strain sensor in the
face of cyclic tensile strain. It lays a theoretical and experimental basis for practical application.

600 | 5% 10% 20% 30% 40%

500

30
Time (s)

Figure 2: The RCR response of CS/RTVS strain sensor to cyclic tension under various tensile strain
cycles

Considering that the durability of the CS/RTVS strain sensor is a key feature of its practical
application, as shown in Fig. 3, the flexible strain sensor is subjected to 1,000 cycles of tensile release
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experiments. The RCR of the CS/RTVS strain sensor is almost unchanged in 1000 tensile release cycles,
showing excellent stability and durability.
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Figure 3: Durability test of CS/RTVS strain sensor

In the process of studying the response time of the CS/RTVS strain sensor, as shown in Fig. 4, the
experimental results show that the response time of the CS/RTVS flexible strain sensor is only 40 ms
under the test conditions of a tensile rate of 500 mm/min and a tensile strain of 0.5%. The experimental
results confirm that the CS/RTVS flexible strain sensor has excellent fast response ability to external
stretching stimuli under the condition of high stretching rate, and has potential in the field of human
stretching motion detection.
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Figure 4: Response time of CS/RTVS strain sensor

The strain rate dependence of flexible strain sensors is one of the important properties reflecting
the sensor performance. In this study, the strain rate performance of CS/RTVS flexible strain sensor is
experimentally and discussed, and the flexible strain sensor is tested in the range of tensile speed range
of 2-20 mm/min. as shown in Fig. 5. With the change of the strain range, the response signal exhibited
by the sensor also changes. The sensor has almost no frequency dependence, and the sensor responds
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quickly within a certain frequency range, showing the excellent sensitivity of CS/RTVS flexible strain
sensor. At the same time, it can be observed that when tension is applied, RCR generally increases.
This typical behavior can be defined as the normal strain effect. The results show that the CS/RTVS
strain sensor has superior performance and good stability.
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Figure 5: RCR response of CS/RTVS strain sensor at different stretching speeds

Fig. 6 shows the current-voltage (I-V) curves of CS/RTVS sensors with different tensile strains.
The test results show that, under a certain voltage, changing the tensile strain of the sensor can clearly
see the change of the resistance of the sensor. The experimentally obtained volt-ampere characteristic
curves show the excellent ohmic behavior of the CS/RTVS flexible strain sensor. And in the wide tensile
strain range of 0% to 50%, the excellent electrical conductivity of the CS/RTVS flexible strain sensor
is exhibited, confirming that the sensor’s excellent ohmic behavior and excellent electrical conductivity
are suitable for human motion detection.
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Figure 6: I-V curve of CS/RTVS strain sensor under different tensile strains
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In order to prove the potential application of the flexible strain sensor in detecting human
movement, it was installed at the joints of the fingers, wrist, and elbow of a 25-year-old healthy male
with a height of 180 cm to determine the flexibility of the flexible strain sensor in detecting human
movement. ability.

As shown in the Fig. 7, in the experiment, both ends of the CS/RTVS flexible strain sensor are
fixed on the human wrist, the wrist joint moves from the horizontal state to the bending state, and
the two ends of the sensor are connected externally, so as to monitor the wrist bending state signal
in real time. The test results show that the CS/RTVS flexible Strain sensors can well detect changes
in wrist bending, which will have profound significance in the field of human motion monitoring in
the future. As shown in the Fig. &, the two ends of the sensor are connected to the human knuckles,
and the human body moves by continuously extending the finger to the bending, which causes the
change of the response signal of the CS/RTVS flexible strain sensor. The test results show that the
response signal displayed by the sensor changes with the bending of the finger. The degree of increase
increases, showing high sensitivity and excellent repeatability, with a good detection function of finger
bending motion [21]. As shown in the Fig. 9, the CS/RTVS flexible strain sensor is not only for the
detection of small-amplitude bending motion of the human body, but also can detect the large-scale
motion of the human body. The sensor is connected to the elbow joint of the human arm. From the
experimental results, it can be clearly seen that the CS/RTVS flexible strain sensor has obvious effect
on the detection of the periodic motion of the human elbow joint, and the RCR response increases
with the increase of the elbow bending degree showing excellent reactivity. In summary, the actual test
results show that the CS/RTVS flexible strain sensor has good responsiveness and sensitivity in the
monitoring of human motion, can be used for human motion detection, and has a good application
prospect in the field of human motion detection.
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Figure 7: Wrist bending movement monitoring
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Figure 8: Finger bending movement monitoring
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Figure 9: Monitoring of elbow bending motion

4 Conclusion

In conclusion, a flexible strain sensor was prepared based on RTVS encapsulated electrospinning
technology. The formation mechanism of self-assembled sponges with three-dimensional nanostruc-
tures constructed by aluminum trichloride and iron trichloride as ion sources was explored. The
structure of RTVS porous three-dimensional carbon sponge as a key sensing element is introduced.
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The mechanism of resistance change is related to three stages of tensile strain: Fracture stage, sliding
stage and disconnection stage. In this work, CS/RTVS strain sensor can obtain high GF of 15.14,
46.28 and 136.27 in the tensile strain range of 0%-30%, 30%-50% and 50%—-60%, respectively. In
addition, the CS/RTVS strain sensor has fast response (40 ms), high stability (1000 cycles) and a wide
tensile speed range of 2—-18 mm/min. Therefore, CS/RTVS flexible strain sensor can accurately detect
all kinds of human motion, such as finger motion, wrist motion, arm and elbow motion, which shows
its practical application prospect in flexible strain sensor equipment, and these equipment will have
broad application prospects in human motion detection.
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