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Abstract

Barometric pressure monitoring typically depends on conventional, rigid
microelectromechanical systems (MEMS) for single-point measurements. However,
applications such as fluid dynamics require mapping barometric pressure distribution to
study phenomena such as pressure variations on an aircraft wing during flight. In this
study, we developed a mechanically flexible, multichannel air pressure sensor sheet using
laser-induced graphene (LIG). This air pressure sensor sheet is designed to be

mechanically flexible, allowing it to conform to nonplanar objects. First, the crystallinity



change of LIG is studied by monitoring the bottom and top surfaces, revealing the
presence of multilayered graphene and amorphous-like carbon in the formation of LIG.
This explains the crystallinity change before and after the transfer process. Using LIG
with optimal structures, negative and positive pressure detection is achieved, enabling its
use as an air pressure sensor. Finally, as a proof-of-concept for the multichannel air
pressure sensor sheet, the pressure distribution on the surface of an aircraft wing model

is successfully mapped out.

Introduction

Pressure monitoring is essential for detecting noncontact barometric pressure and
tactile pressure through physical contact. It is used in barometric altimeters,
environmental air pressure control, and electronic skin (e-skin) applications. Additionally,
extensive research has been performed on mechanically bendable, flexible pressure
sensors. These sensors, known for their wide dynamic range, high sensitivity, and/or
stretchable functionalities, have been developed through innovative sensor materials and
structures'”’. Unlike conventional rigid microelectromechanical systems (MEMS)
typically fabricated on silicon substrates, these flexible pressure sensors can conform to
nonplanar objects owing to their mechanical flexibility. Moreover, because of their large-
scale and sensor array fabrication capabilities using solution-based and/or printing
techniques, flexible sensors are often applied to e-skin. This allows them to detect tactile
pressure distribution, mimicking human skin functions for robotic applications *12.
Conversely, there are fewer reports on flexible sensors for barometric pressure monitoring

compared to those for e-skin applications '*. This may be due to the complexity of

detecting both positive and negative pressures relative to the atmosphere, which often



requires a membrane structure integrated with a sealed reference pressure chamber.
Moreover, a single sensor is typically sufficient for barometric altimeters, and high-
precision MEMS-based sensors are commercially available. Despite this, achieving
barometric pressure mapping could significantly benefit aerodynamics by enabling real-
time observation of pressure distribution. This would allow for monitoring air pressure
on an aircraft wing for fluid dynamics studies and aircraft design improvements.
Currently, to monitor pressure distribution on an aircraft wing, designed wing models
incorporate stainless-steel piping inside the wing and presure taps on the surface. These
tubes are connected to pressure sensors placed outside the wing for data acquisition.
However, this method is limited to models because it involves drilling holes in the
airframe surfaces, which is generally prohibited for actual aircraft. Additionally, the
tubing arrangement inside models must be designed before construction, making it
difficult to add pressure taps later if new locations need to be monitored. Response time
delays owing to long tubes can also be problematic. An alternative method for
determining surface pressure distribution on models is using pressure-sensitive paint
(PSP) . This paint emits light when exposed to excitation light, and the intensity of the
emission correlates with pressure. Pressure distribution can be measured through
luminescence intensity mapping. However, this method does not provide absolute
pressure values; obtaining these requires a quantitative reference point, such as a pressure
sensor. Additionally, measurements cannot be taken at optically inaccessible locations.
Furthermore, the sensitivity of PSP is often insufficient for low-speed conditions, and the
measurement results may vary depending on how the model is painted and by whom. As
described, there are limitations to studying pressure distribution under various wing

designs and conditions, including those of actual aircraft. In contrast, flexible air pressure



sensor array sheets can be attached to nonplanar surfaces, functioning as add-on sensors
simply by being attached to the target object. For instance, Chen et al. developed a
barometric altimeter with a high sensitivity pressure sensor using nanoparticles on a
polyethylene terephthalate (PET) film, achieving a pressure change resolution of 0.5 Pa
and an altitude detection resolution of 1 m !*. However, although the sensing part was
fabricated on a flexible film, the membrane structure was realized using a bulky, rigid
chamber, and only a single sensor was demonstrated. To achieve a completely flexible
pressure sensor, Hu et al. developed a flexible air pressure sensor integrated with an air
cavity '°. Although they achieved a flexible air pressure sensor without needing a bulky
and rigid chamber, they did not demonstrate the monitoring of air pressure distribution,
which presents a challenge in integrating multiple sensors. Inspired by these findings and
aiming to address the sensor array issue, we developed a fully flexible integrated multiple
air pressure sensor sheet. This sheet is fabricated primarily through printing and transfer
processes on PET and polydimethylsiloxane (PDMS) films. Using printing technology,
multiple sensors can be easily integrated on the planar surface of the film to measure
barometric pressure distribution. A key component of this air pressure sensor is a strain
sensor that monitors the sensor’s deformation under pressure conditions. Laser-induced

1720 s used in the

graphene (LIG) '®, which is studied widely for the sensor applications
resistive strain sensor component. During development, differences in LIG quality before
and after the transfer process are addressed to resolve previous issues related to
crystallinity changes during processing. After optimizing the LIG and fabrication
processes, the fundamental properties of the LIG-based bending sensor are characterized.

Subsequently, a study is performed on a membrane-based air pressure sensor, examining

its electrical performance under positive and negative pressures and using finite element



method (FEM) analyses. Finally, pressure distribution on a small aircraft wing model in
uniform flow is discussed as a proof-of-concept for these integrated multichannel air

pressure sensors.

Results and Discussion

The membrane-type resistive air pressure sensor was designed by laminating PDMS films
with an air reference pressure chamber beneath the membrane (Figures la—b). The
internal pressure in the chamber was maintained at approximately atmospheric pressure.
Once the air pressure sensor region was formed, it was laminated onto a PET film with
Ag electrodes to transmit signals to a data logger. The detailed fabrication process is
explained in the Methods section and shown in Figure S1. When atmospheric pressure is
lower than the reference pressure, the membrane inflates, applying tensile strain to the
LIG area. Conversely, the membrane deflates when the pressure exceeds the reference,
causing compressive strain in the LIG (Figure 1a). The LIG/PDMS membrane undergoes
both stretching and bending owing to the inflation and deflation process. To ensure stable
measurement of resistance changes in LIG even under stretching conditions, GalnSn
(Galinstan), a room temperature liquid metal, was applied to the PDMS area to
interconnect between the LIG and Ag electrodes on the PET film (Figure 1b).

Galinstan was dispensed using a printing tool without applying pressure from a
syringe, as illustrated in Figure lc. The syringe movement was computer-controlled.
Surface tension and adhesion on the PDMS film enabled continuous patterning of
Galinstan with a relatively consistent width, as depicted in Figures 1d—e. Although

2

previous studies have discussed applying pressure 2! or using a roller-ball pen®? to print

liquid metal, this study found that neither pressure nor a complicated roller-ball structure



is required to print a continuous Galinstan electrode on flexible films when using a
syringe needle. The highest resolution achieved for Galinstan pattern width in this study
was 570 um using a needle with a 0.41 mm inner diameter. Finer patterns may be
achievable with a smaller syringe needle. The mechanical properties of the printed
Galinstan electrode on the PDMS film were subsequently characterized. First, the
resistance change ratio (AR/Ro), where Ro (approximately 7 Q) is the initial resistance
before bending, and AR is the resistance change under bending conditions from Ro, was
measured under tensile and compressive strain. The maximum observed AR/Ro was ~8%,
corresponding to a change of ~0.56 Q, which is relatively small compared to the
resistance of LIG (~670 Q). This indicates that Galinstan electrodes can be used with
minimal impact on sensor response under varying bending conditions. Additionally, it
was confirmed that Galinstan electrodes exhibit stability over multiple bending cycle tests
(~500 cycles) under tensile (Figure 1g) and compressive (Figure 1h) strain.

Next, the crystallinity difference of LIG before and after the transfer process was
analyzed using Raman spectroscopy and scanning electron microscopy (SEM) images.
The detailed processes for forming LIG by laser exposure and transferring it onto PDMS
are explained in the Methods section. Briefly, the thermal effect of laser exposure
converts the polyimide (PI) film into porous graphene layers. Cross-section SEM images
obtained after LIG formation on a polyimide (PI) film reveal two distinct layers (Figure
1i). SEM images of surface morphologies before and after removing the top layer using
tape from the formed film on the PI are shown in Figures 1j and 1k, respectively. These
SEM images indicate that the layers formed by laser exposure consist of a top low-density
porous layer and a high-density porous (dense) layer located between the porous layer

and the PI film. Raman spectroscopy confirmed the LIG layers’ crystallinity by



examining the 2D, G, and D peaks of the porous and dense layers on the PI (Figure 11).
The porous layer (after LIG formation on the PI) exhibits distinct 2D and G peaks,
indicating the presence of multilayered graphene with defects (D peak). In contrast, the
dense layer, formed after removing the porous layer using the taping method, shows
broadened D and G peaks and lacks clear 2D peaks. This suggests that the dense layer
resembles an amorphous carbon layer. The Raman spectroscopy results obtained after
transferring LIG onto the PDMS layer (Figure 11) align with this observation. After the
transfer process, the dense layer of LIG faces up on the PDMS surface, indicating that the
amorphous carbon profile observed in the Raman spectroscopy after LIG transfer to
PDMS is likely owing to the initial formation of LIG on the PI film. While previous
studies have noted similar Raman spectroscopy changes between graphene and
amorphous carbon before and after transfer, the detailed mechanism behind this
phenomenon has not been thoroughly discussed 2>2°. The findings in this study may help
to understand LIG material and to realize optimal formation process without amorphous
layer. If highly crystalline LIG layer without having amorphous layer can be formed, this
may improve the sensor performance such as stability and reproducibility.

The fundamental electrical properties of LIG on PDMS as a bending strain sensor
were characterized under tensile and compressive strain conditions induced by bending
the LIG/PDMS structure. A resistive-type LIG strain sensor with Galinstan interconnect
electrodes was fabricated, as depicted in Figure 2a. It confirmed that the LIG on the PI
can be reproducibly and uniformly formed by this process with the sheet resistance at
23.132£2.00 Q/square (Figure S2). Here, LIG thickness was fixed ~63 pm. Due to the
use of relatively large laser power (11.25 W) to realize stable and reliable sensor operation,

LIG thickness could not be changed although it could be controlled at low laser power



reported previously?. To investigate the strain effects based on structural design, the
PDMS thickness (7ppms) was varied from 200 to 800 um (Figure 2b). The formation of
low- and high-porous LIGs results in electrical connectivity changes between LIG layers
corresponding to mechanical deformation owing to strain. The tensile strain was applied
by adjusting the bending radius, . Owing to reduced electrical connectivity under tensile
strain compared to the flat state, the resistance change ratio (AR/Ro), where Ro is the initial
resistance at the flat state, and AR is the resistance change in the bent state from Ro,
increases with decreasing bending radius (Figure 2¢). Furthermore, owing to strain
distribution dependent on the PDMS thickness (7ppms), thicker PDMS shows higher
strain at a smaller bending radius, resulting in a larger increase in resistance compared to
thinner PDMS. Conversely, when compressive strain is applied, the resistance decreases
owing to improved electrical contact between LIG layers (Figure 2d). Similarly, thicker
PDMS exhibits a greater decrease in resistance. The thickness dependence of the
resistance change ratio is illustrated in Figure S3. These variations in resistance at
different » and 7ppms can be understood using the formula for calculating strain (¢) in a
single layer.
€ = Tppus/2r

Although this formula for a single layer does not accurately extract strain values because
the device structure involves two layers of LIG and PDMS, a more complex formula is
required 2% %7, It is evident that strain depends on Tppms and 7, and these findings align
with experimental results (Figures 2c—d). Importantly, these changes in resistance were
primarily attributed to LIG rather than Galinstan. This is because the resistance value (Ro)
of LIG is approximately 670 Q, which is approximately 1,000 times higher than the

resistance change of Galinstan under strain, rendering the resistance change of Galinstan



negligible. When using elastomer-based mechanical sensors, hysteresis is another crucial
parameter for sensor characterization. Figures 2e—f depict AR/Ro as a function of bending
radius, showing continuous decrease and increase in bending radius. Although the
resistance tends to decrease slightly when the sensor returns to the flat state from bending,
the hysteresis is likely acceptable for an air pressure sensor. However, optimizing
materials and structures could further enhance precision and speed in pressure monitoring
responses. Consistent with hysteresis behaviors, cycle tests also indicate a trend of
resistance decrease during bending cycles, particularly under tensile strain applications
(Figures 2g—h). Importantly, despite minor resistance drift during repeated bending,
sensor outputs remain relatively stable, indicating that the LIG/PDMS-based strain sensor
can be used repeatedly. This stable operation is achieved by the embedding of LIG in
PDMS, which protects the three-dimensional porous LIG structure under strain.

Next, a membrane-based flexible air pressure sensor was characterized. An air chamber
made of PDMS was bonded over the LIG sensor (Figure 3a). The sensor design,
illustrated in Figure 3b, involved varying the membrane thickness (7m) to find the optimal
structure. The membrane inflated and deflated in response to changes in barometric
pressure. The membrane remains stretched during inflation and deflation, corresponding
to barometric pressure changes. At positive pressure conditions (i.e., deflation), the LIG
region also experiences compressive strain owing to downward bending. To verify strain
distributions, finite element method (FEM) simulations were performed for negative and
positive pressures. The Mooney—Rivlin 5-parameter hyperelastic model was used in these
FEM simulations owing to the nonlinear behavior of the PDMS layer 2%. LIG was
positioned on the top surface of the membrane, assuming the mechanical properties of

LIG were equivalent to PDMS owing to unknown specific properties for LIG/PDMS.



Representative strain distributions calculated via FEM are depicted in Figures 3c—d,
aligning with the expected results. To quantitatively discuss sensor output corresponding
to strain, the average strain across the entire LIG region (designed to be 5 mm wide and
0.1 mm deep) was calculated. Under negative pressure conditions characterized by
membrane inflation and upward bending of LIG, significant tensile strain was observed
in the LIG (Figure 3¢). Strain changes were observed as expected by varying 7m. However,
there was a significant difference in the trend of strain changes depending on 7m under
positive pressure conditions (Figure 3f). With a thicker 7m structure, the compressive
strain was consistently applied regardless of barometric pressure, whereas with a thinner
Tm, the strain varied from compressive to tensile. This difference in strain reflects a
balance between the tensions caused by deflation and the compressions owing to bending.

To verify strain changes under different pressures, the resistance change ratio AR/Ro
was measured, where Ro is the initial resistance at atmospheric pressure (the same as the
air chamber), and AR is the resistance change at specific pressures relative to Ro. This
was assessed across applied positive and negative pressures and varying 7m (Figure 3g—
h). In both negative and positive pressure scenarios, the trends in resistance changes
closely mirrored the average strain changes extracted from FEM simulations. Figures 3i—
j demonstrate the dependence on membrane thickness under different pressure conditions.
For effective air pressure sensor changes, positive and negative pressure changes must
result in consistent resistance changes. Based on the results presented in Figures 3i—j, it
was determined that 7m should be greater than 500 um. Furthermore, a 7m of 800 pm was
selected for the air pressure sensor in this study to achieve higher sensitivity. In this design,
sensitivity calculated from linear fitting of AR/Ro per applied pressure is ~10.2 %/kPa for

negative pressures ranging from 0 to —30 kPa and ~—0.55 %/kPa for positive pressures
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from 0 to 30 kPa. Subsequently, hysteresis and cycle tests were performed by alternately
applying positive and negative pressures. The membrane-based sensor exhibited minimal
hysteresis (Figures 3k—1) and some response fluctuations during repeated measurements
(Figures 3m—n). To explore the sensor design further for increasing sensitivity, average
strain distribution in the membrane at different pressures was simulated using FEM as a
function of the air chamber depth (Figure S4). The results showed that the deeper the
chamber, the lower the strain at negative pressure and the higher the strain at positive
pressures. To achieve high sensitivity at both negative and positive pressure, this study
decided to adopt a design with an air chamber depth of 1.0 mm.

The sensor response to other environmental factors was briefly investigated. Changes
in temperature and humidity, common variables in environmental applications, were
measured for both the bending and air pressure sensors. As expected, the bending sensor
exhibited an increase in resistance with rising temperature owing to the thermal expansion
of PDMS (Figure 4a), consistent with previous studies on the LIG/PDMS structure »°.
Furthermore, the sensor exhibits a slight dependence on humidity, showing
approximately a —2% change from relative humidity (RH) 40% to 80% (Figure 4b).
However, this change is negligible compared to the resistance change ratio of the bending
sensor. With increasing temperature, the air pressure sensor’s resistance increases
approximately 4 times more than that of the bending sensor. This effect is likely attributed
to the thermal expansion of air in the chamber and the expansion of the PDMS membrane
(Figure 4c). Finally, the air pressure sensor demonstrates a similar response to humidity
as the bending sensor (Figure 4d), indicating that the resistance change owing to humidity
is influenced by interactions between LIG and water molecules rather than mechanical

deformation. Another important parameter is the change in sensitivity at different
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temperature and humidity. Although humidity change and systematic temperature
dependence study could not be conducted due to the measurement setup limitation, the
sensor output shows a higher sensitivity for both negative and positive pressure at higher
temperature (Figure S5). As a systematic study has not yet been demonstrated, the
mechanism of the change in sensitivity with respect to temperature is not understood and
requires further work. While humidity changes are largely negligible for the application,
temperature responses may require compensation, possibly through integrating a
temperature sensor with this air pressure sensor in future applications. However, this
aspect is beyond the scope of this study, which focuses on developing a planar integrated
air pressure sensor sheet.

To validate this sensor as an air pressure sensor, it was integrated with an analog—
digital (AD) converter, a microcontroller, and a low-energy Bluetooth (BLE) module to
measure environmental pressure during a flight from New Chitose Airport (CTS) to
Haneda International Airport (HND) in Japan (Figures 4e—f). A small lithium-ion battery
provided power. The sensor outputs were transmitted to a smartphone, where data were
displayed and saved using a developed app. For reference, environmental pressure was
simultaneously measured using the barometer function of an iPhone 13. Despite a slight
drift observed in the low pressure range during the flight, the flexible air pressure sensor
exhibited nearly identical changes compared to the reference result (Figure 4g). This
minor deviation at low pressure could be attributed to drift in LIG performance and/or
slight air leakage from the chamber to the atmosphere over extended periods of negative
pressure because PDMS is not a perfect air barrier. To validate the reproducibility of these
findings, measurements were repeated four times, each showing a consistent trend. In

addition, to observe the effect of long-term air leakage, the sensor was kept in a chamber
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at — 5 kPa for about 7 hours and measured the resistance of the sensor continuously
(Figure S6). Based on the results, about 1 hour after the start of measurement, a large
decrease in resistance was observed, mainly due to air leakage from the chamber.
However, after 1 hour, the resistance value is stable for more than 6 hours. This air
leakage may be dependent on the air pressure difference between the air chamber and the
environment. Addressing this phenomenon will be crucial for enhancing the long-term
monitoring performance of the air pressure sensor in future.

Finally, a 1 x 5 array of flexible air pressure sensors was integrated onto a PET film
as a proof-of-concept to monitor air pressure distribution. The integrated air pressure
sensor sheet was then attached to the surface of a small aircraft wing model to observe
changes in surface pressure distribution under uniform flow conditions simulating takeoff
and landing (Figures 5a—b). The five sensors were positioned along the direction of
airflow. The angle 6 of the wing relative to the airflow was varied to create differences in
pressure distribution across the sensor array (Figure 5c). First, the pressure distribution
corresponding to the angle 6 was measured using commercial sensors via pressure taps
on the model surface tubes before attaching the air pressure sensor sheet. Once the
pressure distribution was confirmed, the air pressure sensor sheet was attached to the
model, with specific locations detailed in Figure 5d. The five sensors were designated as
channels #1 to #5. Figure Se illustrates the resistance changes of the air pressure sensor
sheet alongside the pressure changes measured by the commercial sensor at each angle 6.
At 6= 0, the flow accelerates over the curved surface of the model, leading to a decrease
in pressure in that region according to Bernoulli’s principle. As € increases, pressure on
the wing’s pressure side rises, resulting in lift generation. Owing to sensor sensitivity

variations, quantitative pressure values could not be directly extracted from the air
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pressure sensor on this occasion. It should be noted that channel #2 exhibited lower
sensitivity than the others, resulting in minimal resistance change. However, the trends in
pressure changes (both positive and negative relative to the base reference pressure of the
chamber) closely aligned with those recorded by the commercial sensors. Importantly,
the air pressure sensor sheet accurately identified positions where pressure transitions
occurred from positive to negative along the cross-section where the sensors were
installed and the angles # where pressure shifted from negative to positive at specific
sensor positions. In essence, the sensor effectively captured variations in pressure
distribution corresponding to changes in aircraft attitude during takeoff and landing
conditions. It is noteworthy that the pressure sensor has no sensitivity to weak air flow
using a small fan (air flow velocity is unknow), which causes almost no pressure change
on the surface, concluding that the pressure distribution shown in Figure Se is caused by
the air pressure surrounding the wing model. While challenges remain, such as pressure
value extraction and sensor uniformity, the successful demonstration of the flexible air
pressure sensor sheet as an add-on sensor is a significant achievement not realized in

previous studies of flexible air pressure sensors.

Conclusion

In this study, we developed a printed and integrated flexible air pressure sensor sheet
designed to monitor positive and negative pressure distribution as an add-on system by
attaching the sensor sheet to a target object. Before discussing the air pressure sensor, we
investigated the crystallinity difference of LIG formed on the PI film. We uncovered why
the amorphous-like carbon was observed after transferring LIG from PI to the elastomer

polymer. This issue had not been addressed despite prior reports of crystallinity
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differences 2*%. Using the transferred LIG in the PDMS, a bending sensor to establish
fundamental properties for the air pressure sensor was characterized. The sensor
demonstrated resistance increase under tensile strain and decrease under compressive
strain, consistent with the sensing mechanism of LIG-based strain sensors. Subsequently,
the flexible air pressure sensor by incorporating an air chamber onto the LIG/PDMS
membrane was characterized. Based on both FEM simulations and experimental findings,
it was determined that the membrane thickness should be greater than 500 pm to
consistently achieve positive and negative resistance changes corresponding to negative
and positive pressures, respectively. The sensor was used to monitor environmental
pressure in an aircraft cabin during flight to validate its capability as an air pressure sensor.
Furthermore, as a proof-of-concept, five flexible air pressure sensors were integrated onto
a PET film and attached to a small aircraft wing model to observe pressure distribution
on the wing surface in a uniform wind flow. The successful mapping of pressure
distribution using the air pressure sensor sheet was confirmed by comparing it with
embedded wing pressure sensors as references. Although this study used the LIG/PDMS
membrane structure for the pressure sensor because of its ease of fabrication and
integration process, other membrane materials can also be used instead of PDMS.
However, it is important to note that the membrane must generate strain under both
negative and positive pressures, and the sensor structure needs to be designed as thin as
possible for the aircraft applications. Despite numerous challenges for practical
applications, such as stability and performance uniformity, an integrated, flexible air

pressure sensor is promising for future applications in the Internet of Things (IoT).

Experimental Methods
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Fabrication process:

The flexible air pressure sensor was fabricated using the process outlined in Figure S1.
Initially, a 125-um-thick PI film was scanned with a COz laser (VLS2.30, UNIVERSAL
Laser System) operating at 11.25 W power (45% laser power, 30% laser speed) (Figure
S1(1)). The thermal effect of the laser on the PI film resulted in carbonization of the
exposed areas, forming multilayered defective graphene and amorphous-like carbon
layers (Figure S1(2)) 2*%5. PDMS solution, consisting of a 10:1 weight ratio of PDMS
base solution and curing agent, was spin-coated over the LIG/PI film and cured at 90°C
for 2 h (Figure S1(3)). Following curing, the PDMS film was peeled off, transferring the
LIG from the PI film to the PDMS film (Figure S1(4)). Galinstan electrodes were then
printed onto the transferred LIG on the PDMS to interconnect the LIG-based strain sensor
(Figure S1(5)). It should be noted that other soft electrodes may be used to achieve good
electrical connection between LIG and Ag electrodes provided that the adhesion and
softness of the electrodes are sufficient to withstand the high wind speeds and pressures
in aircraft applications. Subsequently, a PDMS cavity, fabricated using a mold, was
bonded to the backside of the LIG/PDMS film using PDMS solution as adhesive glue
(Figure S1(6)). After an initial cure at room temperature for over 8 h to prevent shrinkage
or expansion of the LIG/PDMS film, a second curing step at 90°C for 1 h was performed
to ensure secure bonding. Ag electrodes were screen-printed onto a PET film to serve as
electrical connections between the sensor/Galinstan and a data logger. Both surfaces were
first treated with oxygen plasma to achieve strong bonding between the PDMS chamber
and the Ag/PET film. After oxygen plasma treatment, the Ag/PET film was immersed in
a 1wt% APTES solution for 1 h at room temperature. After drying, the Ag/PET film was

laminated over the LIG/PDMS structure to achieve a strong chemical bond (Figure S1(7)).
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For this bonding, the Ag/PET film did not completely cover over Galinstan region due to
difficulty to align perfectly between Galinstan pattern and the Ag/PET film. To realize
highly stable sensor system, this exposed Galinstan also needs to be protected by some
passivation layer in the future. Finally, the air pressure sensor was connected to a data
logger for signal acquisition and analysis. All experiments were confirmed by at least

three samples for each condition.

FEM simulation
FEM simulation was performed using COMSOL Multiphysics 6.2. The sensor geometry
was modeled based on the dimensions illustrated in Figure 3b. A 2D model was created,
simplifying the representation of LIG to optimize computational efficiency while
maintaining accuracy. Material properties for PDMS were selected according to
established literature values 2. The Mooney—Rivlin 5-parameter model was applied for
PDMS 28, with the parameters derived from the following equations:

Ci0=5.12x 10> — 1.28 x 10°n + 8.02 x 10°1?

C0=4.3x10° - 1.09 x 10°n + 6.92 x 10°1?

C11=-1.56 x 10° + 4.07 x 10*n — 2.65 x 10°n*

Co1 =—4.8 x 10°+ 1.19 x 10°n — 7.37 x 10°n?

Co2=3.44 x 10° — 8.6 x 10*n + 5.39 x 10°n>
The calculation used n = 0.1, resulting in Cio = 340, C20 = 320, C11 = —140, Co1 =—270,
Coz2 = 230. Fixed boundary conditions were applied to the sensor’s bottom and sides. A
uniform pressure load ranging from —40 to 40 kPa was applied to the sensor surface to
simulate real operating conditions. The simulation was configured as a static structural

analysis using default COMSOL solver settings, with nonlinear analysis options enabled
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to accommodate large deformations. The strain analysis focused on a specific region of
the sensor surface measuring 100 um x 5 mm. Postprocessing the simulation results
involved extracting the strain distribution and calculating the average strain value across

the defined area.

Pressure distribution monitoring on the wing surface:
(1) Test Facilities:

The JAXA 2 m x 2 m low-speed wind tunnel (JAXA-LWT2) was used for a proof-of-
concept to monitor air pressure distribution. This wind tunnel is an atmospheric pressure
closed-circuit system with solid walls. The test section of the tunnel features a square
cross-section measuring 2 m in height, 2 m in width, and 4 m in length. Capable of
generating uniform flows up to 67 m/s, equivalent to typical aircraft takeoff and landing
speeds, the freestream speed for this experiment was specifically set at 60 m/s. One test
was performed under a fixed flow velocity using a pitch—pause mode. In this mode, the
model’s angle O relative to the airflow in the test section is set to a desired value by
rotating the model. Data are then collected in that orientation, and the process is repeated
for different 6 angles as needed. The test was repeated three times, with wind tunnel stops
and restarts between each iteration.

The test was performed using a NACA 0012 quasi-2-dimensional wing model *°. The
model used in the experiment had dimensions of 1,000 mm in span, 400 mm in chord,
and 48 mm in thickness, positioned on the floor of the wind tunnel test section. This model
shape is a global standard in the aerospace industry and is commonly employed for basic
research and various applications. It featured 59 static pressure taps, with 35 aligned along

the chord direction, positioned at 400 mm height from the floor. These pressure taps were
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connected via pressure tubes to commercial pressure sensors (Scanivalve Corp., ZOC22B

and ZOC33) located outside the wind tunnel.

(2) Data acquisition and data processing:

An air pressure sensor sheet was installed along the pressure tap line of the wing
model, positioned at 400 mm from the floor, and compared with a commercial sensor.
The air pressure sensor was connected to a power supply (National Instruments Corp.,
cDAQ-9178 and NI-9265) and a voltage measuring device (National Instruments Corp.,
PXI-1033 and PXI-4462), with a constant current applied during testing.

To obtain data under specific conditions, voltage values from the sensor were
recorded at 100 Hz for 10 s. The data underwent low-pass filtering at 1 Hz, and the time-
averaged result was considered the voltage value for that condition. The sensor resistance
was then derived from the current and voltage readings. A reference resistance value was
calibrated against the resistance at standard atmospheric pressure, which served as the
reference pressure, using measurements from the pressure taps. The difference in
resistance values for each condition from the reference was determined using the average
of the three tests, with the standard deviation used as an error bar. These values were then
compared to the differences from the reference pressure obtained from the commercial
sensor. Despite slight positional variations between each sensor channel and pressure tap,
comparisons were performed using linear interpolation on the pressure tap data. Average
data and error bars for the flexible pressure sensor were ploted with the sample number

N=3.
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Figure 1. (a) Schematic images of the flexible air pressure sensor at negative and positive
pressure. (b) Structure of the air pressure sensor. (c) Galinstan printing setup image.
Photographs of the results of Galinstan printing with different patterns on (d) PDMS and
(e) PET films. (f) Resistance change ratio of Galinstan as a function of bending radius r
during tensile and compressive strain applications. Cycle tests performed under (g) tensile
strain and (h) compressive strain conditions applied to the Galinstan electrode. (i) Cross-
section SEM image comparing before and after removal of the porous region of LIG on
PI. SEM images of the surface morphology of (j) the porous LIG after formation and (k)
the dense layer remaining after removing the porous LIG region. (1) Raman spectroscopy
results at three stages of LIG: after LIG formation, LIG in PDMS after transfer, and after

removal of the porous LIG region on PI (plots from top to bottom).
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Figure 2. Bending sensor characteristics. (a) Photo of the top view and (b) cross-sectional
schematic image of the bending sensor. The resistance change ratio as functions of
bending radius » and PDMS thickness 7ppms under (c) tensile strain and (d) compressive
strain conditions. Hysteresis behaviors under (e) tensile and (f) compressive strain
conditions. Cycle tests performed using 800-um-thick PDMS under (g) tensile strain and

(h) compressive strain conditions
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Figure 3. Flexible air pressure sensor characteristics. (a) Photo and (b) cross-sectional
schematic image of the flexible air pressure sensor. Strain distribution calculated by FEM
at (¢) =30 kPa and (d) +30 kPa environmental pressure. Average strain in the LIG region
calculated by FEM at (e) negative and (f) positive pressures with different PDMS
thicknesses. Resistance change ratio as a function of pressure at (g) negative and (h)
positive pressure applications with different PDMS thicknesses. Resistance change ratio
at different PDMS thicknesses under (i) negative and (j) positive pressures. Hysteresis
behaviors observed during (k) negative and (1) positive pressure applications. Cycle tests

performed under (m) negative and (n) positive pressure applications.
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Figure 4. Resistance change ratio of the bending sensor at different (a) temperatures and
(b) relative humidity. Resistance change ratio of the air pressure sensor at different (c)
temperatures and (d) relative humidity. (e) Schematic of barometric pressure monitoring
test. (f) Flexible air pressure sensor integrated with BLE and microcomputer modules for
barometric pressure monitoring in an aircraft during flight. (g) Barometric pressure
monitoring results of the commercial sensor (top) and the flexible air pressure sensor

(bottom).
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Figure 5. Photos of (a) a wing model with the integrated, flexible air pressure sensor sheet and
(b) a five air pressure sensors-integrated sheet. (c) Definition of angle 6. (d) Locations of the air
pressure sensor sheet on the wing and commercial sensors in the wing. (¢) Resistance change

and pressure difference at different angles 6 from 0° to 20° (N=3).
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