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1. INTRODUCTION

Flexible sensors play an important role in various applications, ranging from structural monitoring to
the measurement of spine bending [1]-[4]. In structural monitoring applications, the raw data obtained from
these sensors, typically in the form of voltage measurements, undergoes conversion into essential structural
response values such as displacement, strain, and inclination [5]. Within the realm of spine monitoring, the
measurement of bending proves invaluable for patients grappling with issues related to poor spinal conditions,
encompassing abnormalities like kyphosis (excessive thoracic spine curvature), lordosis (inordinate inward
curvature of the lumbar spine), or scoliosis (lateral curvature of the thoracic spine) [6]. Diverse methodologies
exist for the measurement of strain or bend, including strain gauges [7], vibrating wire sensors [5], fiber Bragg
gratings [8], [9], and Moiré grids [10]. However, these technologies often come with limitations in terms of
cost, accessibility, and environmental impact. The pressure sensing also is crucial in various fields, and
traditional sensors often pose challenges in terms of cost, accessibility, and environmental impact [11]. The
demand for accessible, low-cost, and environmentally sustainable sensing solutions has driven research into
alternative technologies. This paper presents a pioneering method utilizing common materials, namely paper
and pencil, for the development of a low-cost and environmentally friendly pressure sensor.

Resistive flex sensors emerge as particularly attractive due to their lightweight nature, heightened
sensitivity, low energy consumption, and user-friendly operation [12]-[14]. These sensors possess the unique
ability to alter their electrical resistance in response to deflection. The flexibility of silicon substrates, achieved
through processes like chemical-mechanical polishing reducing the substrate thickness to submicron levels,
enhances the adaptability of such sensors [15]. Notably, paper, characterized by its softness, cost-effectiveness,
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and lightweight properties, has garnered considerable attention as an environmentally friendly
substrate [16]-[18]. Previous research has explored paper-based sensors for various applications, including
strain measurement, there remains a significant research gap in terms of leveraging common materials like
paper and graphite to develop low-cost, environmentally sustainable sensors with enhanced performance
characteristics. Due to economic considerations and environmental friendliness, there is a demand for
integrating sensors using paper and pencil [19], [20]. Leveraging the conductivity of pencil graphite, there is a
need to explore new sensor principles with simple fabrication techniques, making the sensor implementation
accessible to everyone, especially for strain measurement applications. This paper explores the development and
utilization of a paper-based sensor employing graphite from the pencil as a novel and cost-effective approach
for strain measurement, investigating its performance characteristics and potential applications.

2. METHOD
2.1. Sensor design and principle

In this study, a novel paper-based sensor is crafted, leveraging graphite as the sensing element. The
fabrication process involves the use of everyday materials such as standard paper, a regular pencil, a copper
plate, and jumper wires. The sensor is assembled by depositing a conductive graphite trace onto the paper,
creating a pattern designed to respond to applied pressure as shown in Figure 1(a). The integration of a
copper plate enhances conductivity, while jumper wires facilitate electrical connections for seamless
interfacing with measurement equipment. The sensor's response to applied pressure is governed by (1):

pL
R == 1)
where R represents resistance, p is resistivity, L is length, and A is the cross-sectional area. The underlying
principle is straightforward: when pressure is exerted downward, the resistance increases. This behavior can
be interpreted by the stretching of the graphite under pressure, altering the contact area (A). Figure 1(b)
shows the graphite stretches, the physical separation between particles increases, impeding the free
movement of electrons. Consequently, resistance rises proportionally to the applied force [21].
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Figure 1. Sensor design: (a) sensor pattern which respond to applied force and (b) sensing mechanism of the
sensor

2.2. Fabrication process

The fabrication begins with the use of a piece of paper (100gsm) dimension 7.5%x2.0 cm, as illustrated
in Figure 2(a). Using a 2B pencil, draw a thick and continuous line on the paper, ensuring uniformity and
control over the graphite deposition. The drawing was repeated 10-15 times on the paper to ensure that the
graphite layer is thick enough. The 2B pencil is chosen for its good performance in terms of hysteresis and
sensitivity, as it readily responds to bending and stretching [20]. This step is depicted in Figure 2(b). After that,
attach a rectangular copper plate as an electrode, accomplished by strategically placing the copper plate on the
paper surface to ensure it comes into contact with the graphite trace. The copper plated is sealed using a piece of
tape, as shown in Figure 2(c). Subsequently, the copper wire is soldered onto the surface of the copper plate,
rendering the sensor prepared for measurement, as illustrated in Figure 2(d). Figure 2(e) provides a visual
representation of the completed sensor. For the final step, conduct a simple test with continuity checks to ensure
proper connections between the graphite trace, copper plate, and copper wire.
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Figure 2. Sensor fabrication process: (a) starting from a piece of paper, (b) draw a thick and continuous line,
(c) attach a copper plate, (d) copper wire is soldered onto the surface of copper plate, and (e) completed
sensor fabrication

2.3. Experimental setup

Figure 3(a) shows the experimental setup for assessing the output response of the fabricated sensor.
Precise evaluation and analysis of the sensor's output were conducted using an LCR meter (East Tester
ET4410). The relationship between pressure and deflection has been discussed through analytical analysis. The
experiment involved varying the angle of deflection (0) from 0 to 60 degrees, with a protractor facilitating
accurate angle measurements, as illustrated in Figure 3(b). The sensor's responses, recorded in terms of
resistance, were systematically collected in triplicate to ensure robust data. An average response was computed
for accuracy. Additionally, the sensor was attached to a finger to observe its behavior in diverse positions.
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Figure 3. Experimental setup for the pressure measurement: (a) general setup and (b) varying the angle

3. RESULTS AND DISCUSSION
3.1. Relation between pressure and deflection

In this analytical analysis, we investigated the pressure-deflection relationship for a piece of paper
configured as a cantilever beam. Clearly defining the cantilever's geometry and material properties, we
applied the analytical bending equation derived from Euler-Bernoulli beam theory to express deflection (3)
and the angle of deflection (0) as a function of applied pressure (P), Young's modulus (E), moment of inertia
(1) and length of the beam [22].

pL?
pPL?
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The moment of inertia for the paper, which depends on the cross-sectional shape which rectangular cross
section.

_1,.3
I=—bt (4)

Previous research indicates that the average Young's Modulus of A4 paper (100gsm) is 2.42 GPa
[23]. Leveraging this established value, we anticipate the sensor's deflection under low applied pressure. This
analytical approach reveals a linear relationship between pressure and deflection, as listed in Table 1 and
plotted in Figure 4.

Table 1. The deflection in cm due to applied pressure
Applied pressure (kPa)  Deflection (cm)  Deflection angle (°)

1 1.033 8.557
2 2.066 17.155
3 3.099 25.753
4 4132 34.351
5 5.165 42.949
6 6.198 51.547
7 7.231 60.145
8 8.264 68.743
9 9.297 77.341
10 10.33 85.939
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Figure 4. The pressure-defection relationship

3.2. Sensor response due to deflection

The evaluation of the fabricated sensor centered on assessing its linearity and sensitivity.
Measurements were conducted by varying the deflection angle within a range of 0 to 60 degrees. The
calculation of the relative change in resistance as shown in Table 2, reflecting sensor output variations from 0
to 0.05, was a key aspect of the analysis. As illustrated in Figure 5, the sensor's output response increases
with the increasing deflection angle. This observed linearity is well-described by the linear fit equation.

y = 0.077x + 0.218

where y represents the relative change in resistance, and x denotes the deflection angle. The high goodness-
of-fit is supported by a regression R? value of 0.991, affirming the proximity of the experimental data to the
linear fit equation [24], [25]. The sensitivity sensor obtained is 0.077%.

Table 2. The relative change in resistance based on the deflection angle
Relative change in resistance, AR/R (%)
1% reading 2" reading 3“reading Average

Deflection angle (°)

0 0.0000 0.0000 0.0000 0.0000
10 1.2448 1.2552 1.2511 1.2500
20 1.6597 2.0920 1.8764 1.8759
30 2.4896 2.2175 2.3547 2.3536
40 3.7344 3.1380 3.4363 3.4362
50 4.1493 3.3472 3.7273 3.7483
60 4.9792 4.6025 4.7914 4.7908
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Figure 5. Relative change in resistance versus deflection angle with error bars

By using linear interpolation between the provided data in Table 1, the sensitivity of the sensor in
terms of pressure can be calculated, which is equal to 0.64/kPa. From this experiment, we have demonstrated
that, despite cost limitations and the use of eco-friendly materials, we can develop a simple sensor with the
capability to detect low pressure. The sensitivity of our sensors was comparable to that of other similar paper-
based sensors [26]. However, our sensor is specifically designed for pressure measurement applications.

3.2.1. Finger deflection response

During this phase, the sensor was affixed to the fingertip to investigate its response when situated on
the finger. The finger underwent bending in three distinct positions, namely positions 1, 2, and 3, as depicted
in Figure 6. This experiment delved into the analysis of hysteresis effects, wherein the finger underwent
bending from position 1 (Figure 6(a)), position 2 (Figure 6(b)), and position 3 (Figure 6(c)) and subsequently
returned to its original position, which is position 1. As we can see in Figure 7, the output increase as the
finger is bend, and the maximum hysteresis which is 0.5% occur when the sensor is return to original
position.
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Figure 7. Sensor response due to finger bend
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The occurrence of hysteresis in your paper-based sensor during a bending and return test can be
attributed to various factors related to the materials and the mechanics of the system. Including, the bending
and unbending of the sensor may alter the contact points between the graphite traces, affecting the overall
resistance. Variations in contact resistance during deformation and relaxation can contribute to hysteresis. In
conclusion, the experimental results demonstrate that the sensor fabricated by pencil drawing exhibits
promising capabilities and possesses the potential to be utilized on flexible surfaces. This innovative
approach holds significant promise in advancing the development of flexible and wearable sensing devices,
as highlighted by previous research [27].

For the future work, it could focus on optimizing the sensor's material compaosition. Exploring
alternative materials or coatings for the paper substrate may enhance conductivity and durability, broadening
the sensor's applicability and environmental resilience. Simultaneously, there is a promising avenue for
integration with smart systems or internet of things (1oT) platforms. Investigating methods to seamlessly
incorporate paper-based sensors into connected networks could facilitate real-time data monitoring and
communication, opening up possibilities for widespread deployment in various contexts.

4. CONCLUSION

Our research signifies a significant stride in the development of an affordable, eco-friendly, and
responsive paper-based strain sensor through successful fabrication and testing. The sensor's simple design,
involving paper, a graphite pencil, and a copper plate, emphasizes accessibility and environmental
sustainability. Our investigation demonstrates the sensor's commendable performance in measuring pressure
changes induced by deflection angles, showcasing a proportional increase in resistance with rising deflection
angles. Real-world testing on a human finger further substantiates the sensor's practical applicability,
confirming its responsiveness and adaptability across various positions. This innovative approach leverages
low-cost and readily available materials, offering a cost-effective and accessible solution for sensor
fabrication. By drawing upon previous research demonstrating the potential of pencil-drawn sensors. The use
of graphite pencils as a tool for sensor fabrication may resonate with communities lacking access to
specialized equipment or resources.
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