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ABSTRACT
In this study, a flexible capacitive pressure sensor was developed, featuring a dielectric layer composed of 
a polydimethylsilane (PDMS)/BaTiO3/SrTiO3 composite material. The electrode and dielectric layers were 
structured with a dual microstructure, combining diagonal and sandpaper-porous elements. Additionally, nano-
barium titanate (BT) powder, known for its relatively high dielectric constant, was incorporated into PDMS, 
along with an appropriate amount of strontium titanate (STO), to enhance the sensor’s sensitivity. The developed 
sensor exhibited a remarkable sensitivity of 2.681 kPa–1, with response and release times of approximately 39 ms 
and 61 ms, respectively. It demonstrated a low detection threshold and withstood over 5000 compression cycles, 
showcasing excellent repeatability. The results underscored the sensor’s robust pressure-sensing performance, 
making it suitable for diverse applications, including human pulse monitoring, heartbeat tracking, robot arm 
sensing, object weight detection, and real-time healthcare monitoring.
Keywords: Flexible Capacitive Sensor; Double Microstructure Layer; Nano-Barium Titanate; Multi-Walled 
Carbon Nanotubes; Pressure Sensor.

1. INTRODUCTION
The rapid advancement of electronic skin, intelligent manipulators, human-computer interaction, and wearable 
devices has fueled a substantial demand for flexible sensors that exhibit remarkable ductility and adaptability 
[1–4]. Consequently, the need for acquiring essential data has gained significant attention, resulting in diverse 
requirements for flexible pressure sensors. Several types of flexible pressure sensors have emerged, each 
based on distinct signal conversion mechanisms, including resistive [5, 6], capacitive [7, 8], piezoelectric 
[9–12], triboelectric [13, 14], and fiber-optic [15, 16]. Among these, capacitive pressure sensors have attracted 
substantial interest owing to their noteworthy advantages, including high sensitivity, rapid response, and low 
power consumption, prompting extensive research in this domain [17–20].

Historically, research endeavors have primarily concentrated on enhancing critical parameters such as 
sensor sensitivity and flexibility. Some researchers have expanded the contact area between the electrode and 
the dielectric layers while increasing the variation in plate distance to augment the sensor’s measurement range 
and sensitivity within specific pressure ranges. However, it is important to note that larger sensors are less 
practical for real-world applications [21]. Presently, two widely adopted strategies exist for enhancing sensor 
performance. One strategy revolves around the utilization of surface microstructures or porous structures to 
reduce the material’s modulus, thus enhancing the overall deformability of the sensor. For this purpose, various 
methods have been devised, including bionic microstructures, 3D printing, and electrospinning [17, 22–26]. 
Additionally, researchers have implemented folded electrode structures, which have demonstrated commendable 
sensitivity, stable performance, and outstanding ductility. Notably, a study introduced a high-tensile electrode 
composed of copper nanowires and polydimethylsiloxane (PDMS) elastic films, enabling the sensor to maintain 
optimal performance even under stretching conditions [27].

Furthermore, the incorporation of materials possessing higher dielectric constants has the potential to 
elevate the overall performance of capacitive pressure sensors. The introduction of high-performance ceramic 
materials such as calcium copper titanate (CCTO) and barium strontium titanate [(Ba, Sr)TiO3] in polymer 
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functional composites has yielded positive results [28–30]. Composite films with porous structures, fabricated 
using flexible materials like polydimethylsiloxane (PDMS), polyurethane (PU), and vulcanized silicone rubber, 
have showcased exceptional sensing properties. These advancements in composite materials have opened 
new avenues for selecting dielectric layer materials. Furthermore, the integration of array structures and the 
diversification of sensor applications in research have broadened the prospects for sensor utilization.

In this study, we developed a pressure sensor with a “sandwich” structure, incorporating multi-walled 
carbon nanotubes (CNTs) [31, 32] as the electrode material. This development aimed to enhance the detection 
limit, reduce costs, and improve the ductility of flexible pressure sensors (FCPS). The dielectric layer is 
composed of polydimethylsiloxane (PDMS) composites doped with nano-barium titanate (BT) and strontium 
titanate (STO). To ensure the sensor’s adaptability, we have introduced a double microstructure combination, 
consisting of the diagonal microstructure in the electrode layer and the porous sandpaper microstructure in the 
dielectric layer. Subsequently, we have conducted a theoretical analysis and testing of the sensor’s response to 
pressure. Finally, the sensor has been applied to the skin to evaluate its performance in detecting various signals, 
including gesture changes and pulse patterns.

2. SENSOR PREPARATION

2.1. Electrode preparation
Ecoflex silicone rubber, renowned for its insulating properties and flexibility, serves as an ideal material for 
crafting flexible sensor substrates. The electrode layer of the sensor was created by coating the Ecoflex layer’s 
surface with multi-walled carbon nanotubes (CNTs). Figure 1(a) illustrates the preparation process.

Initially, the dispersion solution was dissolved in deionized water, placed in a warm water bath. 
Subsequently, 3wt.% of multi-walled CNTs were added and thoroughly stirred to ensure complete infiltration 
of the CNTs by the aqueous dispersant solution. After undergoing 30 min of ultrasonic dispersion treatment, we 
obtained the multi-wall CNTs solution. Meanwhile, the A/B components of the Ecoflex silicone rubber, mixed in 
a 1:1 mass ratio, were placed in a container to eliminate bubbles over approximately 20 min. The silicone rubber 
was then spun onto a glass substrate, shaping the slanted structure by employing the reverse mold of the slanted 
substrate created through 3D printing. Following this, the multi-wall CNTs solution was applied to the structure 
and subsequently cured at 70°C for 3 h, resulting in the preparation of the sensor electrode.

The conductive film of the capacitive pressure sensor exhibited adequate flexibility and conductivity, 
serving as both upper and lower electrode substrates. Notably, when the carbon nanotube concentration was low, 
the electrode demonstrated superior tensile properties. However, as the concentration of CNTs increased, the 
tensile properties of the electrode decreased, accompanied by an increase in fracture load. Furthermore, higher 
CNT concentration led to greater CNT reunion on the silicone rubber substrate, causing uneven distribution 
and elevated tensile strength of the electrode, thereby diminishing its elasticity. The conductive stability was 
influenced by the variable thickness of the conductive network. At lower carbon nanotube concentrations, the 
distribution of CNTs on the flexible electrode’s surface was sparse, resulting in fewer interconnected nodes in 
the conductive network. Conversely, with an increase in CNT concentration, a sufficiently thick conductive 
network formed on the surface, causing minimal disruption to the conductive path during the tensile process and 
maintaining relatively stable conductive performance. As depicted in Table 1, when comparing the performance 
of different carbon nanotube concentrations, the overall performance of the electrode was optimal at a carbon 
nanotube concentration of 2wt.%.

2.2. Preparation of dielectric layer
The addition of strontium titanate and barium titanate increases Young’s modulus of PDMS. Because the amount 
of curing agent can affect the softness of PDMS after curing, a 10:1 PDMS ratio is unsuitable for the dielectric 

Table 1: Tensile properties and electrical conductivity of carbon nanotubes with different concentrations.

CONCENTRATION

PROPERTY

1WT%CNTS 2 WT%CNTS 3 WT%CNTS

Tensile property 1.7MPA 1.8MPA 1.85MPA
Fracture load 1000% 920% 860%

Electrical conductivity 0.13S/CM 0.42S/CM 0.62S/CM
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layer. Therefore, different ratio schemes were compared and analyzed in this study to ensure both flexibility and 
desirable dielectric properties of the dielectric layer.

PDMS materials were prepared at ratios of 12:1, 13:1, and 14:1, and 25wt% of barium titanate and 
strontium titanate were added to PDMS. The resulting mixtures were uniformly coated on a clean glass plate 
and cured at 70°C for 4 h. A ratio of 13:1 was deemed more suitable because it resulted in satisfactory flexibility 
with high ceramic material content without excessive viscosity, resulting in hindered release while exhibiting 
excellent recovery performance.

The PDMS and curing agent were divided into five parts at a ratio of 13:1. Different mixtures containing 
5%, 10%, 15%, 20%, and 25% of strontium titanate and barium titanate were added, along with an appropriate 
amount of pure sodium chloride. The mixtures were thoroughly blended for 30 min and then placed in a vacuum 
environment for 20 min to remove bubbles. Subsequently, these samples were spun onto a sandpaper (500-mesh) 
template and left at 70°C for 2 h to solidify the dielectric layer. Thereafter, the prepared dielectric layer was  
soaked in pure water for 2 h, resulting in the precipitation of sodium chloride, followed by drying. The resulting 
dielectric layer exhibited a sandpaper microstructure. The preparation process is depicted in Figure 1(b).

2.3. Characterization and measurement

2.3.1. Surface morphology of sensor electrode layer and dielectric layer
The surface morphology of the sensor’s dielectric layer was analyzed through optical microscopy and SEM to 
examine the specific states of the electrode layer and node layer of the prepared sensor, as depicted in Figure 2. 
The dielectric layer exhibited a porous structure, and the surface exhibited sandpaper microstructure, consistent 
with the experiment’s expected requirements. Additionally, a re-examination of the electrode surface revealed a 
distinct diagonal surface structure with attached CNTs.

2.3.2. Data collection
The surface morphology of the porous dielectric layer was analyzed through field emission scanning electron 
microscopy (SEM) [Zeiss-SIGMA HD] and optical microscopy [Ningbo Shunyu-ICX41 series]. Figure 3(a) 
provides a schematic diagram of the sensor structure. As illustrated in Figure 3(b), the sensor data acquisition 
system was operated as follows: First, the signal generator was used to generate the corresponding sinusoidal 
signal, which was then amplified by the power amplifier to drive the exciter. The force sensor at the end of the 
exciter transmitted a signal to the pressure acquisition system through the acquisition card. The force sensor 
relayed a signal to the tactile sensor, changing its capacitance. The change in capacitance was detected using an 
impedance analyzer [KEYSIGHT E4990A, China], which was operated within a frequency range of 20 Hz to 
10 MHz.

Figure 1: (a) Sensor electrode preparation process. (b) Sensor dielectric layer preparation process.
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2.4. Sensor assembly
As illustrated in Figure 3(a), the sandwich-structured flexible pressure sensor consisted of an Ecoflex silicone 
rubber substrate, a multi-walled CNT electrode, and a PDMS/BaTiO3/SrTiO3 dielectric layer. The smooth sur-
faces of the dielectric layer were bonded together using an ion bonding machine to form a complete two-sided 
dielectric layer. Copper strips were also bonded to the contact electrodes, facilitating the evaluation of sensor 
performance using connecting wires.

In this study, the diagonal microstructured electrode layer was combined with the sandpaper microstruc-
tured porous dielectric layer. To confirm that the performance of the designed structure was superior, planar 
dielectric layers, porous dielectric layers, and sandpaper microstructure dielectric layers were prepared simulta-
neously to evaluate the sensitivity of the sensors with different structures.

Figure 2: (a–c) Dielectric layer field emission scanning electron microscope. (d–e) Dielectric layer optical microscope.  
(f–g) Electrode layer optical microscope photograph.

Figure 3: (a) Schematic diagram of sensor structure hierarchy. (b) Data acquisition system.
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3. RESULTS AND DISCUSSION

3.1. Analysis of the working principle of pressure sensor
The capacitive sensor developed in this study adheres to a conventional “sandwich” structure, comprising a 
flexible dielectric layer sandwiched between two layers of flexible parallel plate electrodes. Figure 4(a) provides 
a schematic depiction of the sensor’s response to stress changes, and the sensor’s capacitance value is calculated 
using equation (1):

4
AC
kd

ε
π

=  (1)

where k is the electrostatic constant, which has a value of approximately 8.988 × 109. The capacitance value C 
is inversely proportional to the electrode distance d and directly proportional to the dielectric constant ε and the 
area A of the two plates. When external pressure is applied, compressing the dielectric layer and reducing the 
distance between the two electrodes, the capacitance value increases. The sensitivity S of the capacitive pressure 
sensor is calculated using equation (2):

0/C CS
P

∆
=  (2)

where ΔC represents the capacitance change (C-C0), C0 denotes the initial capacitance, and P denotes the applied 
pressure.

The sensor employs a dielectric layer with surface microstructure and a porous structure. In the initial 
state, an air gap exists between the electrode and the dielectric layers, as shown in Figure 4(b), facilitating the 
sensor’s deformation under pressure and increasing the effective electrode area. The dielectric constant ε is 
related to the volume components of air and the dielectric layer as per equation (3):

% %air air d dV Vε ε ε= ⋅ + ⋅   (3)

where εair and εdielectric denote the initial relative permittivity of air and the dielectric layer, and Vair and Vdielectric 
denote the volume percentages of air and the dielectric layer, respectively. When pressure is applied to the 
sensor, the volume proportion of air decreases while the volume proportion of the dielectric layer increases. 
As represented by Equations (1), (2), and (3), when the pressure applied to the sensor surface reaches a certain 
threshold, the electrode layer and the dielectric layer tightly bond and approach a size of zero. As the dielectric 
constant of air is significantly lower than that of the PDMS composite dielectric layer, even slight pressure 
changes can result in substantial alterations in the capacitance value.

The microstructure of the electrode makes there is an air gap between the two poles of the capacitor sen-
sor, which affects the capacitance value in the process of deformation caused by pressure. Because the electrode 
surface structure is regular linear, the positive opposite area of the upper and lower plates gradually increases 
during the pressing process. When the pressure reaches the critical value and the microstructure of the electrode 
layer and dielectric layer is compressed to the limit, the positive opposite area of the plate reaches the maximum 
value. The relative change of capacitance is shown in equation (4):
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Where Δd is the change in plate spacing and ΔA is the change in contact area.

3.2. Performance test of the pressure sensor
The sensor’s sensing performance was assessed by applying vertical external pressure. As illustrated in  
Figure 2(b), the sensor was firmly affixed to the test platform using insulation tape to prevent slippage. An 
impedance analyzer measured the sensor’s capacitance in real time, with a measurement frequency of 1 MHz, 
ensuring a relatively stable range of measured capacitance values. The sensing performance of dielectric layers 
with different surface structures was measured, as shown in Figure 5(a). The capacitance change rates of 
sensors with planar, sandpaper microstructured, and porous structures were recorded under various pressures. 
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As illustrated in Figure 5(a), within the range of 0–3 kPa, the sensor sensitivity of the porous structure reached 
0.351 kPa–1, while the sandpaper microstructure sensor exhibited a sensitivity of 0.303 kPa–1. The composite 
structure sensor achieved a remarkable sensitivity of 0.713 kPa–1, substantially higher than that of the planar 
structure (0.021 kPa–1). In the 3–7 kPa range, sensors with surface microstructures continued to perform well, 
while the capacitance of planar structure sensors remained relatively stable. Consequently, the sensor with the 
porous sandpaper composite microstructure as the dielectric layer demonstrated optimal performance.

This study fabricated sensors with varying BT/STO contents (5%, 10%, 15%, 20%, 25%) in the dielectric 
layers, labeled FCPS-5, FCPS-10, FCPS-15, FCPS-20, and FCPS-25. The corresponding initial capacitance 
values of these sensors were 8.45 pF, 10.35 pF, 11.74 pF, 14.03 pF, and 15.17 pF, respectively, as depicted in 
Figure 5(b).

Prior research and preliminary studies have suggested that doping ceramic materials into the dielectric 
layer to enhance the sensor’s dielectric constant can improve its sensitivity. The exceptional flexibility and low 
Young’s modulus of PDMS make it an ideal material for flexible sensor fabrication. The dielectric properties 
of PDMS can be significantly improved by incorporating materials like BT/STO. Furthermore, by adjusting the 
mass ratio, a dielectric layer with desirable dielectric properties and flexibility can be achieved. As illustrated 
in Figure 5(c), doping with BT/STO substantially enhances the sensor’s performance. The sensor performance 
of FCPS-10 surpassed that of ordinary microstructured sensors. However, FCPS-15 achieved a sensitivity of 
0.832 kPa–1 within the pressure range of 0–3 kPa, surpassing FCPS-10. With a 20% BT/STO content, FCPS-
20’s performance substantially improved, resulting in a sensor sensitivity of up to 2.681 kPa–1. Furthermore, it 
retained a sensitivity of 0.412 kPa–1 even when the pressure increased to 3–5 kPa. Comparing a series of 10% to 
20% energy curves, it is evident that increasing the dielectric constant leads to increased sensitivity. However, 
beyond a 25% content, the performance improvement is not significant, and sensitivity slightly decreases, 
possibly due to the high ceramic material content, which affects the sensor’s compression performance. Due to 
the excessive addition of ceramic materials, the Young’s modulus of the composite material is too high. Under 
the same pressure, the dielectric layer shape variable is smaller, resulting in a larger polar distance D. Because the 
capacitance value is affected by the dielectric constant and polar distance, the sensor performance deteriorates 
when the ceramic material content is 25wt% or above. FCPS-5 was excluded from further investigation because 
its capacitor size and dielectric properties could not be compared with the other sensors. Considering both 

Figure 4: (a) Schematic diagram of sensor stress deformation. (b) Surface topography change.
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Figure 5: (a) Sensitivity comparison of planar structure, porous structure, sandpaper microstructure and composite structure 
sensors. (b) Comparison of the initial capacitance of sensors with different dielectric material contents. (c) Comparison of 
the sensitivity of sensors with different dielectric material contents. (d) Comparative analysis of different pressure conditions 
of FCPS-20. (e) Place light coins. (f) Capacitance changes at different temperatures.

Table 2: Performances comparison of different tactile sensors.

ELECTRODE DIELECTRIC 
LAYER

MEASURING 
RANGE 
(KPA)

MAXIMUM  
SENSITIVITY  

(KPA–1)

RESPONSE 
TIME (MS)

REFERENCE

CNTs CNTs 0–3.5 2.13 <100 [33]
activated carbon 

non-woven fabrics
graphene/PS  

microsphere/PDMS
0–150 0.209 <25 [34]

CuNWs/PDMS porous PDMS 0–6 0.162 <240 [27]
Al fabric porous PDMS com-

posites
0–400 0.18 <100 [35]

copper tape CNT/BT@DCPU 0–100 2.51 <100 [36]
CNTs/silicon 

rubber
PDMS/BT/STO 0–50 2.681 35 本文

sensitivity and flexibility, the dielectric layer with 20% BT/STO content was selected for sensor fabrication. 
The sensor accurately detected different pressures when subjected to successive normal forces of 0.3 kPa,  
1.2 kPa, 2.6 kPa, and 5.0 kPa, as shown in Figure 5(d). Figure 5(e) illustrates the results of small force tests 
when 1, 2, and 3 lightweight coins were repeatedly placed on the sensor, producing minor capacitance changes, 
effectively detecting slight pressure signals. Furthermore, as depicted in FIG. 5(f), after exposing the sensor to 
low-temperature, room-temperature, and high-temperature environments, the sensing signal remained relatively 
stable, affirming the sensor’s stability.

Table 2 is the important performance comparison of various flexible capacitive pressure sensors. The 
sensor prepared in this paper has a relatively large range, high sensitivity and short response time, and has 
excellent performance in all aspects.

Performance indicators such as response time, release time, durability, and other factors hold 
significance in sensor assessment. In Figure 6(a), we observe the sensor’s response to a 1 kPa force applied 
under the influence of an exciter, involving 6000 cycles of detection experiments. The two magnified insets in 
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Figure 6(a) depict the relative capacitance change curves at the experiment’s commencement and conclusion. 
Despite numerous loading and releasing cycles over an extended period, the sensor’s compression and release 
times exhibited slight changes. The relative capacitance consistently and stably changed, with no notable 
performance degradation. Even after 6000 detection cycles, the sensor maintained its excellent sensing 
performance. The sensor’s performance was affected by the viscosity of PDMS and elastic fatigue due to 
multiple loading and releasing cycles.

To evaluate the sensor’s response and release times, we recorded the capacitance changes under applied 
pressure using an impedance analyzer, as shown in Figure 6(b). The experimental sensor FCPS-20 displayed a 
small response time of approximately 39 ms and a release time of approximately 61 ms. These results indicate 
that the developed sensor possesses rapid response, good durability, high stability, and reliable recovery 
performance.

In Figure 6(c), we subjected the sensor to forces of the same magnitude but at different frequencies to 
assess its response. A force of 1 kPa was applied at frequencies of 1 Hz, 2 Hz, 3 Hz, and 5 Hz, respectively. 
Even when the force frequency increased to 5 Hz, the capacitance response curve remained stable. These test 
outcomes confirm that the prepared sensor can consistently generate stable signals when subjected to pressures 
below 5 Hz.

Additionally, an important parameter of the sensor is the hysteresis characteristic, as displayed in Figures 
6(d) and (e) concerning load and unload cycles in terms of capacitance changes. The relative capacitance curves 
under loading pressure and unloading pressure almost entirely overlapped. Figure 6(d) presents the capacitance 
change curve at the start of the cyclic loading and unloading experiment. Under applied pressure, the relative 
capacitance change exhibited minimal variation, rendering hysteresis effects negligible in these sensors. As 
shown in Figure 6(e), the relative capacitance displayed minimal changes for applied pressures within the 2–6 
kPa range, with significant overlap in other pressure ranges. These experimental results underscore that the 
as-prepared pressure sensor possesses robust durability and desirable repeatability, making it suitable for various 
complex working environments.

3.3. Applicability of the pressure sensor
The prepared sensor can be applied in scenarios involving significant strains. When attached to a computer 
mouse button, as depicted in Figure 7(a), the sensor detects continuous or intermittent capacitance changes 

Figure 6: (a) Reliability test of cyclic detection. (b) Response release time. (c) Response of sensor to forces of different 
frequencies. (d) Hysteresis characteristic curve of cyclic detection before the experiment. (e) Hysteresis characteristic curve 
of cyclic detection after the experiment.
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when the button is clicked or pressed. Thus, placing the sensor on both mouse keys enables real-time moni-
toring of mouse clicks. Figure 7(b) illustrates the sensor affixed to the fingertip of a glove’s index finger and 
thumb. Robust relative capacitance signals are detected when gripping a water cup. Moreover, stable signals 
are generated when picking up and putting down the cup. As the cup’s water level increases, a stronger force is 
required to stabilize it when it’s half-full or full (empty cup mass: 3.94 g, half-full cup mass: 82.57 g, full cup 
mass: 176.66 g). The relative change rates of capacitance change were 0.2, 0.4, and 0.6, respectively, indicating 
the sensor’s stable response to varying forces. When the sensor was initially mounted on the hand’s knuckle, 
gradually increasing the finger’s bending angle resulted in signal increases, indicating different signal responses 
to various angles (30°, 60°, and 90°), as shown in Figure 7(c).

The high sensitivity of FCPS-20 under low-pressure conditions enables effective detection of small 
pressures. Figure 7(e) demonstrates that when the sensor is attached to the throat, distinct relative signal 
changes occur during swallowing actions such as drinking and eating. Figure 7(d) presents five prominent 
peaks and several small pulses within 5 s. Furthermore, throat movement causing pressure on the sensor results 
in a capacitance change rate of approximately 18%, leading to significant signal alterations. In Figure 7(f), 
the FCPS-20 sensor is placed on the carotid artery to measure pulse parameters, with the results shown in 
Figure 7(g). The sensor generates regular signal fluctuations under pulse stimulation, exhibiting good stability 
and consistent measurement capabilities. The pulse rate is approximately 73 pulses/min, within the normal 
range of a human heartbeat. Figure 7(h) displays three distinct peak parameters, P1, P2, and P3, in the pulse 
waveform, suitable for medical analysis to calculate clinical parameters and serve as indicators for human 
health monitoring and early warning. Additionally, during intense physical exercise, the pulse rate significantly 
increases to approximately 110 pulses/min, accompanied by a large fluctuation in signal magnitude and a 

Figure 7: (a) Mouse button click. (b) Glass pinch. (c) Finger bending. (d) Swallowing signal. (e) Sensor attached to the 
throat. (f) Sensor attached to the artery. (g) Normal pulse conditions. (h) Normal pulse conditions. (i) Pulse after physical 
activity. (j) Pulse after physical activity.
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maximum change rate of approximately 17%, as illustrated in Figures 7(i) and (j). Thus, the sensor’s ability to 
detect low-amplitude pressure changes is evident when measuring pulse parameters. Therefore, the FCPS-20 
sensor, as prepared, possesses a low detection limit and can measure certain small parameters.

4. CONCLUSIONS
In this study, a porous capacitive sensor was developed using PDMS with double microstructures, featuring a 
dielectric layer with a porous sandpaper microstructure and a sensor electrode with diagonal CNTs microstruc-
tures. This sensor demonstrated significant performance improvements in comparison to conventional planar 
sensors. To enhance the dielectric properties and flexibility of the dielectric layer, barium titanate (BT) and 
strontium titanate (STO) were introduced to create a BT/STO/PDMS composite material. Consequently, the 
dielectric layer exhibited an exceptionally high relative dielectric constant while maintaining high elasticity, 
leading to enhanced sensor performance. When the doping material content was increased to around 20%, the 
resulting sensor displayed a remarkable sensitivity of 2.681 kPa–1, with minimal response and release times 
of approximately 39 ms and 61 ms, respectively. Furthermore, the sensor exhibited a low detection limit and 
demonstrated resilience, enduring more than 6000 compression cycles with only minimal signal attenuation. 
These findings underscore the sensor’s high durability and reliability. Through testing, the developed sensor 
showcased its versatility by accurately estimating the weight of objects, detecting physiological signals such 
as human swallowing and pulse, and effectively capturing various gesture signals. These attributes position the 
sensor as a suitable choice for a wide array of applications in healthcare and wearable devices.
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