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Abstract. In recent years, with the rise of printed electronics
technology, printed flexible sensors have garnered widespread
attention. To predict the performance of sensors before actual
fabrication, in this paper, the bending strain and resistance response
of the sensor’s functional layer were simulated using COMSOL
Multiphysics 6.0 software, and the effects of different carbon
black/graphene fill ratios on the sensor’s bending performance were
explored. The simulation results indicated that resistance increases
with the bending angle during the bending process, and the
bending-resistance characteristics are better when the carbon black
to graphene mass ratio is 2:1. Subsequently, flexible strain sensors
were fabricated using screen-printing technology and their bending
performance was tested. The experimental results demonstrated
that the sensors have good linearity (R = 0.9851), favorable
response and recovery times (approximately 1 and 2 s, respectively),
low hysteresis (4.88%), and better cyclic stability when repeatedly
bent at 0°—20° compared to 0°— 90°. The experimental results
were consistent with the simulation results. This study provides a
new perspective on the design of flexible strain sensors through
synchronized experiments and simulations, which is expected to
significantly reduce the cost of prototype development.
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1. INTRODUCTION

With the advancement of technology, traditional sensors
are limited by the characteristics of their materials and
cannot withstand large deformations, which restricts their
application in the field of curved and irregular surfaces.
Therefore, the research on flexible sensors made from
materials that are soft, bendable, and stretchable, capable of
bending and adapting to surface shapes, has a promising
future [1]. Many researchers have already started exploring
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this field, which includes wearable devices [2-5], motion
detection [6], medical health monitoring [7], and so on.
The development of flexible strain sensors is continuously
expanding the boundaries of sensor technology applications,
promoting innovation and progress in many industries.

Selecting the right conductive functional materials is the
foundation for achieving high-performance flexible sensors.
Conductive composite materials, which are made by adding
conductive fillers to a flexible polymer matrix, are commonly
used to prepare functional layer materials for flexible sensors
due to their good flexibility, and mechanical and electrical
properties [8]. Metal nanomaterials and carbon materials
are often used as conductive materials [9]. Among them,
carbon materials such as carbon black, graphene, and
carbon nanotubes are often used as conductive fillers due
to their advantages of low cost, good conductivity, and
high chemical stability [10]. The properties of the flexible
polymer matrix can regulate the mechanical properties
of the conductive composite material, such as strength
and toughness [11], which is crucial for meeting the
needs of different applications. Polymer matrices, such as
polydimethylsiloxane (PDMS) [12], polyvinylidene fluo-
ride [13], and thermoplastic polyurethane [14], serve as
solid support bodies in conductive composite materials,
providing structural support for conductive fillers and
helping to maintain their dispersion, thereby forming a stable
composite material structure.

Currently, flexible strain sensors that are commonly
constructed typically include resistive and capacitive types,
among which resistive sensors are widely studied due to
their simple device structure, high sensitivity, simple reading
mechanism, and low energy consumption [15]. Yi et al. [16]
designed and manufactured a low-cost piezoresistive sensor
by directly placing a solidified carbon ink film on liquid
PDMS followed by a drying process for adhesion to prepare
an ultra-thin film strain sensor. In tensile tests, when the
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(2)

Figure 1. The (a) sensor model and (b) model mesh division diagram.

strain reaches 5%, the sensor’s resistance change rate can
be as high as about 122%, and the experimental results
also prove the stability, repeatability, and consistency of the
resistance change rate response to strain changes. Zhang
et al. [17] proposed mixing carbon nanofibers and graphene
nanoplatelet conductive fillers in a PDMS matrix, and
prepared a highly flexible sandwich strain sensor with higher
sensitivity and stability using spin coating. Xiao et al. [18]
used a simple and low-cost screen-printing technique to
print a polyvinyl chloride/carbon black composite on a poly-
imide substrate, preparing a high-performance crack-based
flexible strain sensor. Long et al. [19] used molybdenum
carbide-graphene composites as sensing materials and
manufactured a paper-based strain sensor using a laser
direct writing method on a paper substrate. This sensor has
the characteristics of high sensitivity, fast response/recovery
time, and good stability, and can be used to detect and
recognize various types of human motion.

Although many flexible sensors have excellent per-
formance, they have undergone numerous experimental
parameter optimizations and have a long preparation cycle.
The performance of printed flexible sensors is influenced
by various factors, such as the filling ratio of conductive
materials, the choice of substrate materials, and printing
processes. To optimize the performance of the sensors, it
is necessary to conduct in-depth research on these factors.
Traditional experimental methods are time-consuming and
labor-intensive, and the cost is relatively high. Therefore,
using simulation technology to predict and optimize the
performance of sensors has become an effective research
method [20-22].

To minimize design and testing costs while comprehen-
sively and accurately assessing the bending-resistance char-
acteristics of flexible sensors, this study employs a combined
approach of simulation and experimentation to investigate
these properties. Initially, different carbon black/graphene
mass ratios in the functional layer are virtually tested under
various angle stresses and resistance changes using COMSOL
Multiphysics 6.0 software, pinpointing the optimum carbon
black/graphene mass ratio. Subsequently, functional ink is
prepared according to the optimal mass ratio determined
by simulations. Lastly, flexible sensors are fabricated using
screen-printing techniques, with their bending performance
studied, yielding paper-based sensors characterized by high
sensitivity and rapid response. This research endeavors
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to provide theoretical foundations and experimental data
support for the design and optimization of printed flexible
sensors, thereby facilitating further advancements in printed
electronics technology within the sensor domain.

2. SIMULATION AND SENSOR FABRICATION

2.1 Modeling and Preprocessing

The simulation process involved establishing a geometric
model, constructing physical fields, selecting materials and
defining material properties, setting boundary conditions,
meshing, and analyzing results. First, a three-dimensional
structure was selected in the Model Wizard. The device
model was constructed within the Geometry Plane function
in COMSOL Multiphysics 6.0, creating a model with
dimensions of 16000 x 15000 x 20 um. Then, a working
plane was created to divide the rectangle into two halves, thus
completing the construction of the three-dimensional model
as shown in Figure 1(a). Subsequently, the geometric model
was used to construct physical fields. The physical fields were
set to the Solid Mechanics module and the Electric Currents
module. The Solid Mechanics module was used for changing
the angle of bending strain to study the effect of bending
strain on the sensor’s resistance. During the simulation, one
side of the model was fixed, and the other side was bent
to 30°, 60°, and 90°. Then, material properties were set.
An empty material was selected, and the parameters for the
required carbon black/graphene/PDMS composite material
were filled in the corresponding positions. The material was
chosen for all domains so that the rectangle was endowed
with this composite material. Next, boundary conditions
and constraints were set according to the actual bending
conditions.

In COMSOL Multiphysics 6.0, meshing is very im-
portant as it directly affects the accuracy, stability, and
computational efficiency of simulations. A more uniform
and appropriate mesh can more accurately describe the
geometric shape and boundary conditions of the simulated
object, thereby producing more reliable simulation results; it
can reduce computational costs while maintaining accuracy,
thus speeding up the simulation run; it can also ensure
the numerical stability of the simulation, as inappropriate
or insufficient mesh may lead to issues such as numerical
instability, simulation crashes, or slow convergence. This
model is quite regular, and a conventional triangular mesh
was selected to divide the model as shown in Fig. 1(b).
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Figure 2. Preparation process of flexible sensors.

Table I. Reagents and chemicals used in the experiment.

Name Specification Supplier
Carbon black BP2000 Cabot Corporation, USA
Graphene Single layer, carbon content 98% Shenzhen Suiheng Technology Co., Lid.

Anhydrous ethanol Analytically pure
PDMS Sylgard 184
Conductive silver paste

Resistivity: 25 m2; Viscosity: 200~300 Pa-s

Shanghai Ke Lin Biochemical Technology Co., Ltd.
Dow Corning Corporation, USA
Xinda Advanced Materials Co., Ltd.

After completing the aforementioned steps, the simulation is
finally run to obtain the results.

2.2 Preparation of Functional Inks

The reagents and chemicals used in the experiment are
shown in Table I. First, a certain mass of carbon black
(Cabot Corporation, USA) and graphene (Shenzhen Suiheng
Technology Co., Ltd.) was weighed to ensure that their total
mass accounted for 4.0 wt% of all the ingredients, and then
mixed with 10 g of anhydrous ethanol (analytically pure) and
dispersed ultrasonically in an ultrasonic cleaner (Kunshan
City Ultrasonic Instrumentation Co., Ltd.) for 20 min;
second, a certain mass of PDMS (Dow Corning, Sylgard 184)
was weighed and added to the above mixture for ultrasonic
stirring for 30 min; subsequently, the curing agent was added
to the mixture in accordance with m(PDMS)/m(curing
agent) = 10:1 and ultrasonic stirring continued for 30 min,
and the functional ink was prepared. Repeating the above
steps and changing the filling mass ratio of carbon black and
graphene to 1:0,2:1, 1:1, 1:2, and 0:1, five groups of functional
inks with different ratios were prepared.

2.3 Preparation of Flexible Sensors

The preparation of flexible sensors is based on manual
screen-printing technology, and the preparation process is
shown in Figure 2. The printing parameter for both the
functional layer and the interdigital electrodes is a mesh
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Table II. Sensor sample number information.

(B:graphene (mass ratio) 1:0 21 I:1 1:2 0:1
Sample number 1# % 3# 4% 5#

‘(B stands for carbon black’

count of 150 for the screen printing, with the printing done
twice. Firstly, functional ink was used to form the functional
layer of a flexible sensor on a paper substrate through screen
printing technology. Subsequently, the printed sample was
placed into an electrically heated air-circulating drying oven
(Foshan Jinshen Electromechanical Equipment Co., Ltd.),
where it was cured for 40 min. After the curing process
was completed, the sample was allowed to cool to room
temperature under natural conditions. Next, conductive
silver paste was applied onto the already cured functional
layer using screen printing technology to form interdigital
electrodes. Finally, the sample with the interdigital electrodes
was placed back into the electrically heated air-circulating
drying oven and dried for 50 min, thereby completing the
preparation of the flexible sensor. According to different
filling mass ratios of carbon black and graphene, the prepared
sensor samples were numbered 1#, 2#, 3#, 4#, and 5# as
shown in Table IL
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Figure 3. Simulation results of the bending-resistance characteristics of 1# sensor sample: (a) 30° bending stress diagram, (b) 60° bending stress diagram,
(c) 90° bending stress diagram, [d) 30° bending-esistance change diagram, (e) 60° bending-resistance change diagram, and (f) 90° bending-resistance

change diagram.

2.4 Characterization and Testing

The COMSOL Multiphysics 6.0 software was used to
simulate the stress and resistance changes in the functional
layer of the flexible sensors at 30°, 60°, and 90° of bending.
The linearity of the flexible sensors at different bending
angles from 10° to 90° was tested in steps of 10°. The
resistance data were collected using a digital source meter
(Keithley 2450, USA) as a way to record the resistance
changes in the flexible sensors at different bending angles
s0 as to obtain their bending-resistance characteristics. The
sensors were also selected for cyclic bending tests at small
angles of 0°—20° and 0°—90° to determine their cyclic
stability.

3. RESULTS AND DISCUSSION

3.1 Simulation Result

The simulation results of the bending-resistance characteris-
tics of the functional layer of the 1# sensor sample are shown
in Figure 3. The degree of resistance change varies with
different bending angles, and the resistance change is greater
when the bending angle is larger. As shown in Fig. 3(a), when
bending at 30°, the stress is mainly distributed at the bending
site and the stress on the bending surface can be neglected,
resulting in a relatively large resistance change there. During
the bending process at 60°, the force is unevenly distributed
with the force being concentrated on one side of the bending
surface as shown in Fig. 3(b); the parts with larger resistance
changes are also concentrated in areas with greater stress.
When bending at 90°, the force on the entire bending surface
is more balanced as shown in Fig. 3(f); the resistance change
averages around 0.5 x 10° Q. When bending at 60° and 90°,
as shown in Fig. 3(b), the stress cloud diagram exhibits an
uneven phenomenon, which may be due to the material’s
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properties being spatially nonuniform or the occurrence of
nonuniform deformation during the deformation process.

The simulation results of the bending-resistance charac-
teristics of the functional layer of the 2# sensor sample are
shown in Figure 4. As depicted in Fig. 4(a), when bending at
30°, the force on the bending surface is uneven with the main
force concentrated at the bending site, where the stress is
approximately 1 N/m? on average. The resistance change on
the bending surface is also uneven with the resistance change
being maintained around 1.2 x 10° . When bending at 60°,
as shown in Fig. 4(b), the force on the entire bending surface
is more balanced, and the resistance change is maintained
within a certain range. At 90° of bending, as shown in
Fig. 4(c), the stress on the bending surface is greater, and
the resistance change is also the largest, with an average
resistance change of about 1.3 x 10° Q. At different bending
angles, the location where the maximum stress is generated is
at the bending site, and the corresponding resistance change
is also the greatest. Compared with the 1# sensor sample,
the functional layer prepared with this ratio exhibits a more
uniform stress cloud diagram when bending at 30°, 60°, and
90°, as shown in Fig. 4(d)-(f), with greater stress on the
bending surface and a larger resistance change.

Figure 5 shows the simulation results of the bending-
resistance characteristics of the functional layer of the
3# sensor sample. It can be observed from Fig. 5 that during
the process of bending at 30°, 60°, and 90°, as shown in
Fig. 5(a)-(c), the areas with the greatest stress are mainly
concentrated at the bending site, and the positions with
the greatest resistance change are also at the bending site.
The stress cloud diagram across the entire bending surface
is relatively flat, indicating that the force on the entire
bending surface is quite balanced, and the resistance change
is maintained within a certain range. As seen in Fig. 5(d)-(f),
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Figure 4. Simulation results of the bending-resistance characteristics of 2# sensor sample: (a) 30° bending stress diagram, (b 60° bending stress diagram,
[c) 90° bending stress diagram, (d) 30° bending-resistance change diagram, (e) 60° bending-resistance change diagram, and (f) 20° bending-resistance

change diagram.
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Figure 5. Simulation results of the bending-resistance characteristics of 3# sensor sample: (a) 30° bending stress diagram, (b) 60° bending stress diagram,
[c) 90° bending stress diagram, [d) 30° bending-resistance change diagram, (e) 60° bending-resistance change diagram, and (f) 90° bendingresistance

change diagram.

compared to bending at 30° and 60°, the stress on the
bending surface is greater when bending at 90° with the stress
magnitude being around 0.9 x 10° N/m?, and the resistance
change maintained around 1 x 103 € is also greater under
this bending condition.

Figure 6 illustrates the simulation outcomes for the
bending-resistance characteristics of the functional layer of
3# sensor samples. In Fig. 6(a), when bending at 30°, the
stress distribution appears more uneven, indicating a more
pronounced uneven force distribution. The resistance change
on the bending surface is also uneven, which might be
attributed to the inaccurate simulation of loading conditions,
failing to account for potential nonlinear effects, leading to
an uneven stress distribution. In Fig. 6(b), (c), during the
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bending process at 60° and 90°, the force on the entire
bending surface is more evenly distributed, with higher
forces at the bending site and the top of the bending surface.
Overall, the resistance change is kept within a certain range.

Figure 7 displays the simulation outcomes for the
bending-resistance characteristics of the functional layer of
the 5# sensor. From the figure, it is evident that throughout
the bending process at angles of 30°, 60°, and 90°, the force
distribution across the entire bending surface is relatively
even, and the resistance variation is kept within a specific
range. The regions experiencing the highest stress are
predominantly located at the bend, where the resistance
variation is also comparatively greater.
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Figure 6. Simulation results of the bending-resistance characteristics of 4# sensor sample: (a) 30° bending stress diagram, [b) 60° bending stress diagram,
(c) 90° bending stress diagram, [d) 30° bending-resistance change diagram, [e) 60° bending-resistance change diagram, and [f) 90° bending-resistance

change diagram.
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Figure 7. Simulation results of the bending-resistance characteristics of 5# sensor sample: (a) 30° bending stress diagram, (b) 60° bending stress diagram,
(c) 90° bending stress diagram, [d) 30° bending-esistance change diagram, (e) 60° bending-resistance change diagram, and (f) 90° bending-resistance

change diagram.

Based on the aforementioned simulation results, it can
be known that bending strain of the functional layer will
cause changes in resistance, and the resistance increases
with increase in bending angle during the bending process.
Among these five groups with different mass ratios of
carbon black to graphene, when the mass ratio of carbon
black to graphene is 2:1, the stress distribution is flat. In
addition, the resistance changes significantly as the bending
angle increases during the bending process, indicating
that the functional layer prepared with a carbon black to
graphene mass ratio of 2:1 has the best bending-resistance
characteristics.
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3.2 Properties of Flexible Sensors

From the simulation results, it can be seen that when
the mass ratio of carbon black to graphene is 2:1, the
resistance value of the functional layer changes more with
the variation in bending angle, indicating that the functional
layer prepared at this mass ratio has a good bending-
resistance characteristic. To verify the accuracy of the
simulation results, sensors with five different functional
layer ratios were connected to a digital multimeter to test
their resistance change rate at different bending angles to
assess their sensitivity. The experimental results, as shown
in Figure 8(a), indicate that when the mass ratio of carbon
black to graphene in the functional layer is 2:1, the sensor has
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the highest resistance change rate, which means the highest
sensitivity. The experimental results are consistent with the
simulation results.

Therefore, the bending-resistance characteristics of the
flexible sensor prepared when the mass ratio of carbon black
to graphene is 2:1 were further explored. It can be found
from Fig. 8(b) that the resistance value of the flexible sensor
increases with increase in bending angle, and the fitting
curve equation of bending is y = 0.0069x — 0.0313 with a
linear correlation coefficient of 0.9851, indicating that this
flexible bending sensor has good linearity. The response
characteristics of the flexible sensor from 0° to 90° are shown
in Fig. 8(c). When the sensor is bent from a horizontal state
to 90°, it tends to stabilize after about 1 s. When the bent
sensor is restored from 90° to the original state, it takes
about 2 s for the resistance change rate to return to the initial
value. Therefore, the response time and recovery time of the
flexible sensor when bending are approximately 1 and 2 s,
respectively, indicating that this bending sensor has good
response and recovery times.

Additionally, the cyclic stability of the flexible sensor was
studied. The functional layer of the flexible sensor was bent
to a certain angle and then restored to the initial horizontal
state. It was then bent again and restored to the horizontal
state, and this bending and restoring process was repeated
for 180 s to test the flexible sensor through cyclic bending
from 0° to 20° and from 0° to 90°. The test results are shown
in Fig. 8(d) and (e), respectively. During the cyclic bending
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tests at angles of 0°—20° and 0°—90°, the sensor was able
to complete multiple bending repetitions within 180 s, and
the bending performance of the sensor maintained good
stability. The resistance change rate of the sensor before and
after cycling showed a high degree of repeatability, and it can
be seen from the figures that as the number of bending cycles
increased, the resistance change rate of the flexible bending
sensor fluctuated around a certain value and overall tended
to be stable. However, compared to the repeated bending
at 0°—20°, the number of cycles at 0°—90° repeated bending
decreased. Finally, the hysteresis characteristics of the flexible
sensor were studied, and it can be observed from Fig. 8(f)
that during the process of the sensor being gradually bent
and the process of bending release, the resistance change of
the sensor at the corresponding angles was not significantly
different, with the maximum hysteresis of about 4.88% at 40°,
indicating good hysteresis characteristics.

4. CONCLUSIONS

In this study, COMSOL Multiphysics 6.0 software was used
to simulate and analyze the resistance change of the carbon
black/graphene/PDMS functional layer. It was found that
when the mass ratio of carbon black to graphene is 2:1, the
sensor exhibits the best bending-resistance characteristics.
Based on this optimized ratio, a flexible sensor was
successfully fabricated using screen-printing technology, and
its performance was tested. The test results show that
the prepared sensor has high linearity (R* = 0.9851), fast
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response and recovery time (approximately 1 and 2 s,
respectively), low hysteresis (4.88%), and good cyclic stability
under repeated bending at small angles. These experimental
results are basically consistent with the simulation results,
confirming the excellent performance of the prepared sensor
in detecting bending changes. In summary, the simulation
analysis method proposed is applicable to the performance
prediction and analysis of bending-resistance-type flexible
sensors, providing guidance for the future design and
application of flexible sensors.
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