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The demand for highly sensitive and reliable pressure sensor is increasing across various fields, including
aerospace, automotive, wearable electronics, and industrial applications [1-3]. In the aerospace field, precise pressure
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In the realm of aerospace advancements, reliable flexible pressure sensors are
indispensable for in-situ monitoring of crucial parameters such as pressure to enhance safety
and efficiency. This paper presents the development of a novel piezoelectric MEMS-based
pressure sensor tailored for static and dynamic applications. Featuring a dual-layer
configuration, the sensor capitalizes on the synergistic advantages of soft and stretchable
Polydimethylsiloxane (PDMS) layer patterned with intricate microstructures and a
Polyvinylidene Fluoride (PVDF) dielectric second layer, thereby enhancing durability and
sensitivity. The microstructures induce capacitance changes in response to the pressure
variations, while the PVDF layer amplifies the sensor’s responsiveness to minute pressure
fluctuations. Fabricated using PVDF, PDMS, silver electrode (Ag), and Polyethylene
terephthalate (PET) film, the sensor demonstrates flexibility, stretchable properties, and
robust encapsulation. Advanced fabrication techniques are employed, including 3D printing
for creating precise molds with micropatterns, electrospinning for producing PVDF layer, and
spin coating for uniform layer deposition. Comprehensive static testing under various
pressure conditions underscores the sensor’s sensitivity, rapid response, and resilience in
harsh aerospace environments. These findings highlight the efficacy of the dual-layer concept
in advancing pressure measurement technologies, thereby contributing to performance
optimization and structural integrity in aerospace systems.

I. Nomenclature

Polyvinylidene fluoride
Polyethylene terephthalate
Polyacrylic Acid

= Liquid Crystal Display

= Isopropyl Alcohol

II. Introduction
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measurement is crucial for ensuring optimal performance, safety and monitoring the structures’ health, given the
varying pressure and loads experienced during flights. Various methods for sensor fabrication exist, categorized into
resistive, piezoelectric, and capacitive principles [4-7]. While traditional pressure sensors offer functionality, they
often suffer from limitations in sensitivity and power consumption, undermining their effectiveness in demanding
environments.

Capacitive sensors, particularly those utilizing smart materials, operate on the principle of capacitance change
proportional to the variation in electrode distance. They offer structural simplicity, low power consumption, rapid
response times, and high reliability, making them ideal for converting external stimuli into measurable capacitance
signals. Conventional flexible capacitive pressure sensors typically consist of an elastic dielectric layer sandwiched
between flexible electrodes. Upon pressure application, the distance between the electrodes changes, thus affecting
the capacitance value [8]. Manufacturing a three-dimensional (3D) structure on the dielectric layer is presently the
preferred method for enhancing the compressibility and sensitivity of the pressure sensors [9]. 3D structures such as
micro-pyramids or cylindrical patterns have been shown to improve the contact surface area and sensor sensitivity
[10]. However, most studies have utilized single-sided structures, which are associated with limitations such as
restricted compressibility, low durability, and increased viscoelastic behavior [11, 12].

This paper explores a dual-layer dielectric structure, as shown in Fig 1, combining electrospun polyvinylidene
fluoride (PVDF) fibers with a soft, stretchable silicone-based polymer material micropillar array for capacitive
pressure sensor. PVDF, recognized for its excellent dielectric properties, possesses a high molecular weight that
facilitates the production of durable fibers, while its viscoelastic characteristics enable the formation of uniform fibers,
making it an ideal material for flexible sensors [13]. Silicone based Sylgard 184, a soft and stretchable commercial
polymer, enhances the mechanical flexibility and durability of the sensor. The combination of these dielectric materials
improves the sensor performance, while simplifying the process compared to conventional methods. This dual-layer
enables the sensor to achieve enhanced sensitivity and robust performance under varying pressure conditions. This
sensor design offers significant improvements over traditional single-layer capacitive sensors and is promising for a
wide range of applications, from aerospace to wearable electronics.
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Fig. 1 Schematic representation of the dual-layer sensor construction for tactile sensing.

III. Methodology

This section outlines the fabrication methodologies for a dual-layer capacitance based pressure sensor, detailing
the micropillar mold fabrication and electrospinning parameters, as shown in Fig 2.
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Fig. 2 Preparation process of dual-layer sensor: development stages.

A. Soft polymer synthesis

Bis (3-aminopropyl) terminated poly (dimethylsiloxane), H2N-PDMS-NH2, Mn = ~2,500, Triethylamine,
>99.5%, anhydrous Chloroform, Methylenebis (phenyl isocyanate), Isophorone diisocyanate, and Methanol were
purchased from Sigma Aldrich and used without modification. In a flame-dried round-bottom flask, 15.0 g (Mn ~2500
g/mol, 1 equivalent) of bis(3-aminopropyl)-terminated poly(dimethyl siloxane) was added to 60 mL of anhydrous
Chloroform or THF at 0 °C. Then, 1.5 mL (1.8 equivalents) of Triethylamine was slowly added. Separately, a solution
of 4,4’-methylenebis(phenyl isocyanate) (0.6 g, 0.4 equivalents) and isophorone diisocyanate (0.8 g, 0.6 equivalents)
in 30 mL of anhydrous Chloroform or THF was prepared and added dropwise over 15 minutes to the reaction mixture,
maintaining the temperature at 0 °C. The mixture was then allowed to warm gradually to room temperature and stirred
overnight. The reaction was quenched with an excess of MeOH (2.3 mL) and concentrated by rotary evaporation to
achieve a 20% w/w polymer solution in Choroform or THF. To reach the desired viscosity for electrospinning, an
additional 9 mL of MeOH was added, and the solution was stirred for several minutes to ensure homogeneity. The
soft PDMS and Sylgard 184 was characterized using Agilent Cary 630 Fourier-transform infrared (FTIR) spectroscopy

with attenuated total reflectance (ATR) [14]. Spectra were averaged over 128 scans at a resolution of 4.0 cm™'.
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Fig. 3 FTIR spectra of the developed soft polymer compared to Sylgard 184.
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As shown in Fig 3, IR spectroscopy confirmed the absence of the stretching vibration vVNCO of free isocyanate
groups, which typically appear around 2265 cm™. The successful synthesis of PDMS-based poly(urea)s was validated
by the presence of characteristic urea peaks: 3250-3400 cm™ for antisymmetric and symmetric vN-H stretching
vibrations, and 1500-1700 cm™ for the urea amide I and amide II regions. The amide I band (1630-1640 cm™)
primarily arises from vC=0 coupled with vC-N stretching and §C-C-N deformation vibrations, attributed to bidentate
hydrogen-bonded urea. The amide II region (1565—1570 cm™), resulting from 6N-H bending and vC-N stretching
vibrations [15].

B. Fabrication of first dielectric layer with integrated microstructures

The first stage involved the fabrication of a mold with microstructures using a combination of 3D printing and
reverse replication process, as illustrated schematically in Fig 2 (stage 1). A 2 cm X 2 cm resin mold with micropillars
(300 um diameter and 400 pm height) was printed using a Phrozen Sonic Mini8K Liquid Crystal Display (LCD)
printer. The dimensions selected considering manufacturability, provide a suitable aspect ratio for bending under
pressure, influenced by material properties, while ensuring sufficient contact area. The molds with intricate structures
were rinsed thoroughly with deionized (DI) water to remove any impurities/ partially cured resin and air dried for 5
minutes. Finally, the samples were treated with UV lamp for 120 seconds. Each mold (3D printed and silicon molds)
was spin-coated three times with a 15 wt% polyacrylic acid (PAA) solution in isopropanol (IPA) to create a
hydrophobic coating that reduces the adhesion between the molds. For each coating, 0.6 mL of solution was applied,
resulting in a total of 1.8 mL per mold. The molds were allowed to rest for 30 seconds between coatings to ensure the
even distribution of the solution, followed by baking at 70 °C for 10 minutes to ensure the solution was fully dried/
cured onto the molds after each coating cycle. After the final coating, the 3D printed mold was inserted into the silicon
mold and polymer candidates (Sylgard 184 (10:1) and synthesized soft polymer) were poured into the mold assembly.
The setup was degassed at room temperature for 15 minutes to remove potential air bubbles, and the polymer were
cured overnight at room temperature. Upon demolding, the polymer structure with uniform distributed holes was
obtained. This polymer mold was further spin-coated with PAA and baked under identical parameters. Additional
polymer material was poured on top of the mold, degassed and cured overnight. This resulted in a polymer mold
integrated with well-defined micropillars. In terms of mechanical properties, which play a role in pressure sensing,
the Sylagard 184 (10:1) exhibits a tensile strength of 5.5 MPa and an elongation of 200 % [16]. The synthesized soft
polymer was characterized, showing a modulus of 0.45 MPa and an elongation of more than 475 %, indicating that it
is notably softer compared to Sylgard 184.

On the other hand, PET film was submerged into isopropanol for 30 seconds and is rinsed with DI water and blow-
dried to ensure the complete removal of surface contaminants. The silver paint with an acrylic binder was blade cast
to the PET film, and before solidification of the polymer layer, the PET with conductive silver layer was pressed and
let cure until the polymer layer was fully solidified. Then, the polymer layer with microstructures was carefully peeled
off, completing the first dielectric layer in the sensor development.

C. Second dielectric layer preparation and assembly procedure

The second dielectric layer was fabricated using electrospinning of PVDF solution. To prepare the solution, 1.8 g
of PVDF powder was gradually added to 6 mL of dimethylformamide (DMF), and the mixture was stirred at 70 °C
for 4 hours on an Incu-shaker to achieve homogeneity. After cooling to room temperature, 10 mL of acetone was
added dropwise while stirring for 2 hours at 25 °C to adjust the solution’s viscosity. The formation of the Taylor cone
at the needle tip is crucial for controlled fiber deposition in the electrospinning process. To ensure consistent cone
formation, the key parameters, including the applied voltage and flow rate were optimized. Several variations of these
parameters were tested to achieve the optimal fiber formation. The prepared PVDF solution was loaded into a 10 mL
syringe, connected to a 1/16” ID x 1/8” OD tubing, and mounted on a NE-4000 syringe pump, which was set to a flow
rate of 1 mL/hr. An 18-gauge needle was positioned 10 cm above a rotating collection drum. The substrate for fiber
collection were 2 cm x 2 cm PET films, pre-coated with ~25 pum of silver electrode. These films were taped onto
aluminum foil and placed on the rotating drum.

A high voltage of ~10.02 kV was applied to the needle to initiate the electrospinning process, creating a Taylor
cone, while the collector drum was set to rotate at 250 RPM. The electrospinning process lasted for 5 minutes, after
which the voltage, syringe pump, and collector were turned off sequentially. The electrospun fibers were then placed
on a hot plate at 60 °C for 5 minutes to facilitate the evaporation of residual DMP and acetone. This process was
repeated to ensure the deposition of sufficient amount of fibers, as shown in Fig 2 (stage 2).

After stacking the dual-layer, the entire setup was encapsulated with Kapton tape to provide electrical insulation
and also protects from external environment, ensuring that the conductive layers are protected from unintended short
circuits or interference. Copper tape was then connected to the silver electrode, allowing for accurate capacitance
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measurements. This configuration was linked to an LCR meter to record capacitance changes under various loading
and unloading pressures.

IV. Results and Discussion

A. Working mechanism of dual-layer concept

In this study, the dual-layer structure combines electrospun fibers and micropillars, creating a composite dielectric
layer. The electrospun fiber introduces a porous layer, while the micropillar structure adds mechanical stability. This
combination enhances the sensor’s ability to respond to pressure changes while ensuring the structural integrity of the
Sensor.

The working principle is based on the parallel plate capacitance equation, given by: C = (g..€90.A)/ d, where C is
the capacitance; A is the area of the electrodes; ¢, is the relative dielectric constant; &g is the dielectric constant value
in free space, and d is the distance between the electrodes. The dielectric constant in this case is a cumulative value,
determined by the combined combinations of the electrospun PVDF fibers, polymer micropillar layers, and the air
present in the gaps between the fiber layers. Capacitance values were directly measured using a high precision LCR
meter, allowing for precise analysis of the sensor’s performance under varying pressure conditions.

To evaluate the impact of the dual-layer structure, control samples were fabricated without microstructures, and
single-layer dielectric films were produced using polymers (Sylgard 184 and soft synthesized polymer). These
comparisons enabled a deeper understanding of the improvements achieved with the dual-layer design.

B. Dual-layer structural layout inspection

The structural integrity of the dual-layer capacitance pressure sensor is assessed using optical and scanning electron
microscope (SEM), focusing on both the micropillar layers and electrospun fiber. Fig 4 presents the micropillar layer,
fabricated using Sylgard 184 and a soft synthesized polymer, which provides mechanical support and tension for the
sensor. Optical microscopy images (Fig 4) reveal a uniform pillar structure, demonstrating the successful replication
of the intended pillar shape, along with flexibility and uniformity. A key challenge during the reverse replication
process was ensuring that the effectiveness of the spin coated hydrophobic layer and reproducibility, which prevented
the polymer from adhering well to the master mold, a critical factor for achieving the final pillar structure. Despite
this, the final micropillar layer shows the expected flexibility and uniformity, ensuring the sensor’s durability and
reversibility under cyclic pressure.

Fig. 4 Optical images of the polymer layer with micropillars (a) Sylgard 184 and (b) soft polymer.

The silver electrodes, with a measured sheet resistance of 0.017 + 0.003 ohm/sq, ensure excellent conductivity for
accurate and reliable capacitance measurements. The use of silver electrode at thin dry film thickness (~25 um) on the
PET substrate provides efficient electrical contact and minimizes signal loss, which is essential for reliable sensor
performance. The silver electrode also exhibits superior environmental aging stability and scratch resistance, making
it suitable for long term applications requiring durable and consistent performance. The electrospun fiber layer, shown
in Fig 5, exhibits uniform fiber morphology. The fibers, ~20 um thick with a diameter range of 0.8-1.5 um are critical
for forming micro gaps that enhance the sensor’s sensitivity to small pressure variations. Challenges like fiber
agglomeration were observed during the electrospinning process, requiring careful parameter optimization (e.g.,
applied voltage and flow rate). The final fiber configuration successfully meets design expectations, ensuring that the
capacitance response is primarily influenced by dielectric changes caused by pressure-induced deformation.



Downloaded by Embry-Riddle Aeronautical University, Daytona Beach on June 11, 2025 | http://arc.aiaa.org | DOI: 10.2514/6.2025-1029

PVDF fiber

Silver electrode
PET film

Fig. 5 Cross-sectional view of the second dielectric layer with magnified view of the electrospun fiber.

C. Validation of pressure sensing performance

To assess the effectiveness of the dual-layer pressure sensor, the performance was evaluated under controlled
conditions using an experimental platform. The applied pressure was varied incrementally, and the corresponding
capacitance changes were recorded with a high-precision LCR meter. This study specifically examined the pressure
response in the range of 1-7 kPa and compared the dual-layer configuration against a single-layer counterpart to
highlight the improvements in sensitivity and linearity.

The experimental results, illustrated in Fig 6, confirm a consistent and uniform increase in capacitance with applied
pressure for all the combinations, particularly reflecting the excellent linearity and stability of the dual-layer
configuration for both the polymers used in this study. The deformation behavior of the dual-layer sensor was analyzed
in two distinct stages. During the initial stage, minimal pressure caused the PVDF electrospun fiber network to
compress, expelling the trapped air and reducing the dielectric layer thickness. This reduction in the separation
distance between the electrodes caused an increase in capacitance. In the subsequent stage, the micropillars deformed
substantially by tilting and bending due to the selected aspect ratio, further enhancing the sensor’s pressure response.
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Fig. 6 Pressure detection setup with dual layer sensor mounted on a testing stage with LCR meter.

A comparative analysis revealed a notable improvement from single-layer to dual-layer configurations for both
polymer materials. For Sylgard 184, the sensitivity increased from 0.0217 kPa™' to 0.0473 kPa’, reflecting a substantial
118% increase. Similarly, the soft polymer demonstrated a sensitivity increase from 0.0627 kPa! to 0.0796 kPa’!,
corresponding to 27% increase. In the low-pressure regime, among the two polymers, the soft polymer based dual-
layer sensor displayed enhanced sensitivity of 0.0796 kPa™! and linearity of 0.985 due to its increased ability to adapt
to subtle deformations.

Furthermore, the microstructured soft polymer pillars in the dual-layer provided an increase in the contact area
between the electrodes and the dielectric, resulting in pronounced capacitance change. However, at pressures
exceeding 8 kPa, the sensor response plateaued as the structural deformation approached its mechanical limit. The
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synthesized soft polymer in the dual-layer system was more flexible than the Sylgard 184 material, which could be a
contributing factor to the sensor’s reduced ability to withstand higher pressures. While Sylgard 184 exhibited superior
durability and maintained a reliable response at higher pressure ranges, the softer polymer could not maintain a similar
level of resilience under these conditions. This behavior was observed both in the dual-layer and single-layer
configurations, indicating that the soft polymer is optimal for sensing lower pressure ranges, where its flexibility
provides significant advantages. These findings are supported by sensitivity calibration curves and summarized in a
comparative Table 1 that showcases the enhanced performance of the dual-layer sensor. For high pressures, future
designs could incorporate different optimal polymer molecular weights or strategies to extend the operational range.
The results underline the tunability of the proposed design, making it suitable for a range of applications requiring
variable pressure sensitivities. Additionally, the hybrid microstructure of the dual layer demonstrated a robust capacity
to endure pressures beyond its standard operating range, offering strong protection against mechanical overload and
maintaining functional integrity.

Table. 1 Sensitivity values of different pressure sensor combinations.

Sample Sensitivity, kPa’! % increase
No microstructures 0.0217 -

Sylgard 184 Microstructures 0.0268 23.5
Dual-layer 0.0473 117.9
No microstructures 0.0627 -

Soft polymer | Microstructures 0.0777 23.9
Dual-layer 0.0796 26.9

V. Conclusion

This study demonstrates the significant enhancement in the performance of a dual-layer capacitive pressure sensor,
combining electrospun PVDF fibers with a soft silicone-based polymer micropillar array. The dual layer design
exhibits an improved sensitivity of 0.0796 kP! in the low-pressure regime. These results highlight the advantages of
the dual-layer approach, offering a significant step forward in the development of flexible, high-performance pressure
sensors. Future work will focus on validating the sensor under dynamic pressure conditions and integrating wireless
data readout capabilities, further broadening its applicability in real-world scenarios. The findings suggest that this
design is well-suited for applications in aerospace, healthcare, and wearable electronics, paving the way for more
reliable and sensitive pressure sensing technologies.
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