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Abstract
Distributed pressure sensor array is a promising approach for the estimation of flight parameters for small unmanned
aerial vehicles. Current flexible pressure sensor arrays are conventionally subjected to limited sensor resolution, poor
bending flexibility, and inadequate packaging protection, resulting in insufficient precision for flight parameter
estimation. Here we present a high-resolution differential pressure sensor array using a calorimetric measurement
method and a multilayer polyimide bonding technique. The proposed differential pressure sensor array reaches a
detection limit of 36.5 mPa over a range of 500 Pa and shows high repeatability when attached to varying curved
surfaces. In addition, a superhydrophobic packaging is integrated into the sensor fabrication process, endowing it with
waterproof capability. Utilizing a multilayer perceptron neural network, we demonstrated the function of the sensor
array in estimating airspeeds and angle of attacks, achieving average solving errors of 0.15 m/s and 0.37°, respectively.

Introduction
Estimating flight parameters involving airspeed and

angle of attack (AOA) is crucial for flight control. In
contrast to conventional high-speed airplanes, small
unmanned aerial vehicles (SUAVs) with significantly
lower airspeeds are more susceptible to gusty winds and
turbulence, making robust flight control a major chal-
lenge1–3. Inspired by the flow-field sensing mechanism of
avians, distributed air data sensing systems were proposed
to capture the attitude information of SUAVs4–7. Com-
pared with flush air data sensing system that embeds
sensors inside the wing8,9, the new scheme directly atta-
ches the sensor array onto the wing surface, allowing for
easier replacement and lower cost. Flexible airflow or
pressure sensor arrays can directly detect flow distribu-
tions on the wing surface for the estimation of flight
parameters. Furthermore, the rich distributed sensor data
would present a greater potential for higher fidelity
awareness of flight conditions.

The detection principles of typical airflow sensors are
primarily thermal10–13 and biological flow-sensing hairs14–16,
but their sensing elements must be exposed to the external
environment, which is prone to irreversible damage. In
contrast, the sensing element in a pressure sensor can be
embedded in packaging layers for protection. MEMS-based
absolute pressure sensor array was reported to detect pres-
sure at various spots on the wing’s surface for flight para-
meter estimation6,17,18. Compared to MEMS-based rigid
absolute pressure sensors19,20, flexible absolute pressure
sensors are more adaptable to curved surfaces. However,
polymer-based absolute pressure sensors were seldom
reported, as polymers are prone to air leakage. By linking the
pressure measuring chamber through a microchannel, dif-
ferential pressure (DP) sensors can directly compare the
pressure levels of two pressure sites, bypassing the manu-
facturing challenges of the reference chamber21–23. There-
fore, flexible DP sensors are promising for application in
distributed air data sensing systems.
Among flexible DP sensors, the capacitive transduction

mechanism is commonly used for its simple configuration
and facile fabrication process. Xiong et al.24 developed a
flexible sensing skin with a capacitive DP sensor array for
multifunctional flying perception. Probably due to the

© The Author(s) 2025
OpenAccess This article is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 International License, which permits any non-commercial
use, sharing, distribution and reproduction in anymedium or format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the

Creative Commons licence, and indicate if youmodified the licensedmaterial. You do not have permission under this licence to share adaptedmaterial derived from this article or parts of it.
The imagesor other thirdpartymaterial in this article are included in thearticle’sCreativeCommons licence, unless indicatedotherwise in a credit line to thematerial. Ifmaterial is not included
in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or exceeds the permitted use, youwill need to obtain permission directly from the
copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by-nc-nd/4.0/.

Correspondence: Yonggang Jiang (jiangyg@buaa.edu.cn)
1Institute of Bionic and Micro-nano Systems, School of Mechanical Engineering
and Automation, Beihang University, 100191 Beijing, China

12
34

56
78

90
()
:,;

12
34

56
78

90
()
:,;

1
2
3
4
5
6
7
8
9
0
()
:,;

12
34

56
78

90
()
:,;

www.nature.com/micronano
http://orcid.org/0000-0003-3236-7192
http://orcid.org/0000-0003-3236-7192
http://orcid.org/0000-0003-3236-7192
http://orcid.org/0000-0003-3236-7192
http://orcid.org/0000-0003-3236-7192
http://orcid.org/0000-0003-1979-996X
http://orcid.org/0000-0003-1979-996X
http://orcid.org/0000-0003-1979-996X
http://orcid.org/0000-0003-1979-996X
http://orcid.org/0000-0003-1979-996X
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:jiangyg@buaa.edu.cn


limited resolution of the flexible DP sensors, the estima-
tion of AOAs and airspeeds was not conducted in their
research. Dong et al.25 presented a sensing fusion meth-
odology for flight parameters using an array of flow and
DP sensors. Nevertheless, the low resolution of the DP
sensors (~4.5 Pa) hindered the accuracy improvement in
solving flight parameters. To improve the resolution of
capacitive DP sensors, the aspect ratio of the sensing
diaphragm must be increased21. However, when coupled
to the leading edge of a wing with a considerable curve,
the sensing diaphragm with a high aspect ratio deforms
due to bending-induced stress. There is still a technolo-
gical challenge in manufacturing high-sensitivity DP
sensing sensors with a flexible package. Recently, a new
approach has emerged to achieve DP measurement by
sealing thermal flow sensors into pipelines26. As the DP
sensor uses a hot wire or hot film as the flow-sensing
element in a flow channel, it is insensitive to mechanical
deformation27,28. To the best of our knowledge, flexible
calorimetric DP sensing arrays have not yet been reported.
In this paper, we present a flexible calorimetric differ-

ential pressure (CDP) sensor array with a high sensitivity
and wide detection range. A multilayer polyimide bonding
technique was employed to fabricate the sensor array with
connected microchannels. Benefiting from the double-

layer microchannels, the sensing element is suspended in
the middle of the microchannels, which faces the highest
flow velocity inside. The proposed CDP sensor exhibits a
high resolution of 36.5 mPa in a detection range of 500 Pa.
A multilayer perceptron (MLP) neural network was
employed to concurrently calculate the airspeed and angle
of attack. In addition, a bioinspired superhydrophobic
packaging layer was fabricated, allowing for working
normally in raindrop conditions.

Results and discussion
Design of CDP sensor array
The schematic diagram of the proposed CDP sensor array

is shown in Fig. 1a. The sensor array consists of three
pressure taps (P1, P2, P3) and two identical calorimetric
sensing elements (S1, S2). It is made up of five polyimide
layers, including a substrate layer, a lower microchannel
layer, a device layer, an upper microchannel layer, and a
packaging layer. The sensing elements are located on the
device layer and contain a micro heater in the middle of
symmetrically located upstream and downstream thermis-
tors. The heaters and thermistors are isolated from a flexible
substrate via trenches to reduce thermal conduction via the
polyimide substrate. It is worth noting that the trench
matches the geometry of the microchannel, connecting the
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upper and lower microchannels. Hence, the sensing ele-
ments can be suspended in the middle layer of these dual
microchannels. The CDP sensor array converts DP mea-
surements between pressure taps into airflow velocity
measurements within the microchannels (Fig. 1b). When the
pressure difference between the two ends of the micro-
channel is zero, the temperature profile with respect to the
heater is symmetrically distributed. On the contrary, while
there is a pressure difference, the differential thermal tem-
perature (ΔT) of the CDP sensor between upstream and
downstream thermistors is related to convective heat
transfer. The thermal output ΔT can be further converted to
an electrical voltage signal (Vout) through a Wheatstone
bridge, realizing differential pressure measurement. To
enhance the adaptability of the CDP sensor array in com-
plicated surroundings, we proposed a lotus leaf-inspired
superhydrophobic packaging that prevents water from
entering the microchannels (Fig. 1c). The proposed CDP
sensor array can be conformally attached to the leading edge
of a SUVA wing, like the receptors on avian wings to detect
the flow field (Fig. 1d). The relative airflow and AOA can be
estimated using a pre-trained machine-learning-based
neural network model.
To improve the sensitivity of CDP sensors, we investi-

gate the relationship between the average airflow velocity
and the pressure difference. The formula derivation is
described in Note S1 (Supplementary information), and
the final formula is written as

v ¼ d2ΔP
32μl

ð1Þ

Here v denotes the average airflow velocity, ΔP denotes
the pressure difference between the two ends of the
microchannel, µ and l denotes the dynamic viscosity of air
and the length of the microchannel, respectively.

d represents the hydraulic diameter as given by Eq. (2).

d ¼ 2wh
wþ h

ð2Þ

Here, w and h denote the width and height of micro-
channels, respectively. As w is significantly larger than h, d is
simplified to be 2 h, which is unaffected by w. Though the
increase of h leads to higher sensitivity, it will also increase
the total thickness of the sensor, leading to reduced flex-
ibility of the sensor array. Similarly, though the decrease of l
leads to higher sensitivity, it will also decrease the detection
range of the sensor. In addition, when the distance between
two pressure taps is too close, the pressure difference gen-
erated during flight parameter estimation will be very small,
affecting the accuracy of airspeed and angle of attack cal-
culations. Taking those factors into consideration, h and l
are set to 150 µm and 15mm, respectively.
To further optimize the microchannel structure and to

investigate the ideal spatial position of sensing elements,
we performed 3D computational fluid dynamics (CFD),
and details can be found in the “Methods” section. A
contraction channel configuration (w1= 2mm,
w2= 1mm) was employed to increase the upper limit of
flow velocity within microchannels. For comparison,
normal straight channel configurations with w of 1 mm
and 2mm, were also designed (Fig. 2a). Figure 2b shows
that there is no difference in the airflow velocity when w
of normal channel configuration is 2 mm or 1mm.
Compared to normal channel configuration, the ratio of
airflow velocity to DP in the contraction channel config-
uration increased by ~72%. The airflow velocity inside the
microchannel decreases from the center towards the wall,
as shown in Supplementary Fig. S1. Thus, placing the
sensing element in the central area of the microchannel
can significantly improve the sensitivity of the sensor. In
addition, a thermofluid coupling simulation was per-
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formed to evaluate the reasonable distance relationship
between the thermistors and the heater. The horizontal
axis indicates the horizontal position with the center of
the heater as the origin. Figure 2c illustrates that a large
ΔT exists when the distance (D) between the heater’s edge
and the thermistors is less than 200 µm. Based on the
above simulation results, the height of the sensing ele-
ment is designed as h/2, and D is designed as 180 µm.
Considering the wing section for wind tunnel experi-
ments, the length of the microchannel is designed to be
12mm, and the overall size of the CDP sensor array is
designed to be 30mm× 16.5 mm × 0.2 mm, with the five
polyimide layers from the bottom to the top of 10 µm,
70 µm, 10 µm, 70 µm, and 30 µm, respectively.

Fabricating of CDP sensor array
The fabrication process of the CDP sensor array is

schematically illustrated in Supplementary Fig. S2, and
details can be found in the “Methods” section. We utilized
a conventional MEMS technology to fabricate the device
layer and the packaging layer of the CDP sensor array.
Starting from the fabrication of the device layer, a poly-
imide layer with a thickness of 10 µm is spin-coated onto
a single-crystalline silicon wafer (Fig. S2A1). Next, Pt-
based sensing elements and electrode leads are formed by
photolithography, sputtering, and lift-off processes (Fig.
S2A2). A thin polyimide layer for insulation and protec-
tion is then formed by spin-coating (Fig. S2A3). In the
subsequent step, a layer of photoresist is patterned by
photolithography and plasma etching is conducted to
form the trench structures and expose the electrode pads
(Fig. S2A4)). Figure 3a shows the sensing element and
trench profile on the device layer, and Fig. 3b shows the
serpentine temperature compensation resistor. Finally,
the device layer of the CDP sensor array is peeled from the
wafer. To simplify the process steps, the upper and lower
microchannel layers, as well as the substrate layer, are
made of PI film via UV laser ablation.
For the packaging layer, we started to create the nega-

tive template of the lotus leaf-like microemulsion array
obtained by photolithography and etching on a silicon
substrate (Fig. S2B1-3). Then, the polyimide is spin-coated
and cured on the negative template as the packaging layer
and the etching process is used to fabricate the pressure
taps (Fig. S2B4). This process is followed by multilayer
polyimide bonding, in which five polyimide layers are
integrated in a sequential order. A thermo-compression
bonding machine was utilized to apply heat and pressure
to tightly bond the PI layers. To begin, after coated with
fluorinated ethylene propylene (FEP) adhesive uniformly,
the overlapped PI layer composed of the substrate layer,
lower microchannel layer, and device layer was heated
with certain pressure and cooled down naturally with
pressure unchanged (Fig. S2C). After the first thermal

bonding, three PI layers were bonded firmly with each
other as a flow sensor array, with the sensing element
suspended above the lower microchannel layer (Fig. 3c).
Next, a second thermal bonding was performed as
described above method to package the flow sensor array
and turn it into a CDP sensor array (Fig. S2D). During this
step, the flow sensor array and upper microchannel layer
are sequentially stacked on the packaging layer that
remains on the negative template. As a result, the surface
of the packaging layer suffers consistent strain, and the
micro-cone structure does not distort under high pres-
sure. Figure 3d demonstrates the CDP sensor array
stripped from the negative template, which is sufficiently
flexible to be attached to curved surfaces. The surface of
the packaging layer is covered with closely arranged bio-
nic micro-cone arrays, and the optical image of the
pressure tap is shown in Fig. 3e.
Given the vast amount of nanoscale villi growing on

microscale papillae arrays on the surface of the lotus leaf,
the superhydrophobic feature is attained through the
collaboration of micro-nanostructures29. Inspired by this,
we imitated the micro-nano coordination structure by
spin-coating the silicon dioxide dispersion on the CDP
sensor array to further enhance the hydrophobic perfor-
mance of the packaging layer. Scanning electron micro-
scope (SEM) images indicate that the micro-cone array is
arranged in order with nanoparticles uniformly wrapped
around the surface of the micro-cones (Fig. 3f). The dia-
meter of each micro-cone is 10 µm, the height is 8 µm,
and the distance between neighboring micro-cones is
10 µm. In addition, the hydrophobicity of the packaging
layer with the bionic surface is characterized, with a
smooth surface and micro-coned surface for comparison.
The smooth surface refers to polyimide films without
micro-nanostructures, and the micro-coned surface refers
to the as-prepared packaging layer without coating silica
nanoparticles. The left and right static contact angles of
water droplets on the bionic packaging layer are 150.5°
and 150.7°, respectively (Fig. 3g3), while the values are
80.8° and 80.9° for smooth, 106.7° and 106.5° for micro-
coned surface (Fig. 3g2). The superhydrophobic char-
acteristic of the packaging layer with bionic surface is due
to the combination effect of the micro-cone array and
silica nanoparticles.

Characteristics of CDP sensor
Wind tunnel testing was conducted to assess the per-

formance of the CDP sensor. A feedback circuit was used
to enable the CDP sensor to operate in the constant-
temperature-difference mode, while the pair of thermis-
tors were connected to differential amplifier circuits
(Supplementary Fig. S3). The voltage variation (ΔV) of the
CDP sensor exhibits a significant monotonic trend within
the DP range of 0–500 Pa, as shown in Fig. 4a. Figure 4b
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shows that the output of the CDP sensor is linear in the
range of 0–80 Pa with a sensitivity of 0.021 V·Pa−1. The
minimum detectable DP is calculated to be 36.5 mPa

based on the noise level of the sensor (0.767mV). The
CDP sensor exhibits a highly repeatable response when
subjected to cyclic differential pressure of 50 and 100 Pa

80.8° 80.9°

106.7° 106.5°

150.5° 150.7°

100 �m

10 mm

a g

e f

300 �m

d

cb

g1

g2

g3

2 mm

Fig. 3 Photos and contact angle characterization of CDP sensor array. a Optical images of the sensing elements and trench profiles on the
device layers. b Optical image of the serpentine temperature compensation resistor. c Optical image of the sensing element on the CDP sensor array
precursor. d CDP sensor array attached to a glass cylinder with a radius of 20 mm. e Optical images of the pressure tap on the sensor array precursor.
f SEM images of the micro-cone array on the CDP sensor array after spin-coating silicon dioxide dispersion. g Photographs of water droplet contact
angles on three surfaces (smooth surface, micro-cones surface, and bionic surface)

a b

DP1 DP3DP2

DP1

50 Pa

100 Pa

ed

c
DP

2.0

1.5

1.0

0.5

0.0

2.0
1.5
1.0
0.5
0.0

2.5

1.5
1.0
0.5

2.0

0.0

4.5

4.0

3.5

3.0

2.5

2.0 4

3

2

1
21 22 23

1.5

1.0

0.5

2.47

2.46

2.45

2.44
60 70 80 90 100 110 120 130 140

5

4

3

2

1

0

0 100 200 300 400 500
��P (Pa)

4

3

2

1

0

100500 150 200 250 300 350
�P (Pa)

�P (Pa) Time(s)

Time (s)
–20 0 20 40 60 80 100 120 140 160

0 20 40 60 80 0 40 80 120 160

0 40 80 120 160

Attach to flat surface

Attach to curved surface R = 55 mm
Attach to curved surface R = 55 mm

0 5 10 15 20 25 30 35
Time (s)

�V
 (

V
)

�V
 (

V
)

�V
 (

V
) �V

 (
V

)
V

o
u

t(V
)

4.0 × 10
–3

2.0 × 10
–3

–2.0 × 10
–3

–4.0 × 10
–3

–6.0 × 10
–3

0.0

RMS: 7.67 × 10–4V

Sensitivity: 0.21 V.Pa–1

V
o

u
t(V

)

Fig. 4 Characterization and performance of CDP sensor array. a ΔV of the DP sensor varies with DP. b Output voltages of CDP sensor is linear in
the range of 0–80 Pa. c Output voltages of CDP for cyclic loading at different DP of 50 Pa and 100 Pa. d ΔV varies with the DP when the CDP sensor is
attached to three types of surfaces (flat surface, curved surface R= 55 mm, and curved surface R= 35 mm). e Output voltages of the CDP sensor array
under three DP incentives and three water drop incentives

Ke et al. Microsystems & Nanoengineering          (2025) 11:146 Page 5 of 9



as shown in Fig. 4c. The standard deviations were ~0.63%
of the measured DP values. In addition to the merits of
high sensitivity and repeatability, bending adaptability is
another important parameter for the proposed CDP
sensors, as the CDP sensor array needs to be attached to
the leading edge of the wing model. We attached the CDP
sensor to cylinders with radii of 35 mm and 55mm for
differential pressure testing. Figure 4d demonstrates that
the ΔV of the CDP sensor remained constant under
varying degrees of bending, showing the high bending
adaptability of the CDP sensor array.
To verify the protection capability of the packaging layer

with bionic surfaces, we recorded the response of the
sensor as water droplets continuously slid down the
pressure tap (Supplementary Movie 1). To demonstrate
that the sensor operates normally, we initially applied DP
stimulations three times using a small airbag, each sepa-
rated by ~20 s. Under three DP (DP1, DP2, DP3) stimu-
lations, the sensor exhibits a notable response as shown in
Fig. 4e. The enlarged inset of DP1 shows that the signal
first rises, then falls, and finally stabilizes. This is because
under the pressure difference stimulation of the small
airbag, positive pressure first forms locally in the pressure
tap, and negative pressure forms locally in the pressure
tap when the airbag deformation recovers. Then we used
a dropper to drip water at the pressure measuring hole
three times, each separated by ~20 s. The sensor output is
almost unaffected, due to the water droplet immediately
falls off the surface of the CDP sensor array and is pre-
vented from entering the microchannel. Without super-
hydrophobic protection, rainwater may get into the
microfluidic channel and disrupt the interaction between
the temperature and flow fields, causing the sensor to
malfunction. The superhydrophobic packaging protects
the sensor array from rainwater interference for practical
applications.
Supplementary Table S1 presents comprehensive com-

parisons of the flexibility, sensing modalities, minimum
resolution, and detection ranges of reported DP sensors.
Our CDP sensor shows the advantage of high sensitivity,
benefiting from the suspended sensing elements and
contraction channel configuration.

Estimation of flight parameters
The CDP sensor array was attached to the leading edge

of a 3D-printed NACA 0016-MOD wing model to esti-
mate flight parameters (Fig. 5a). The S1 was located on the
upper side of the leading edge of the wing, while S2 was
located on the lower side of the leading edge of the wing.
For S1, we designed the P1 as the high-pressure end and P2
as the low-pressure end. That is, when the pressure at P1
is higher, the ΔV is positive, and vice versa. For S2, P2 is
designed as the high-pressure end and P3 is set as the low-
pressure end (Fig. 1a). The experimental conditions were

set to an airspeed range of 6.5 m/s to 30 m/s and an angle
of attack variation from -16° to 16°. Figure 5b, c depicts
the real-time variation of Vout of S1 and S2 with varying
AOA under different airspeeds. It can be seen that the
output signal is very stable, and the entire process exhibits
a distinct step-change trend. For the convenience of
neural network calculations, the average of Vout under
various conditions was calculated, and ΔV was employed
to represent changes in S1 and S2 with AOA at different
wind speeds, as shown in Fig. 5d, e. The initial state of
AOA is −16°, with P1 having the highest pressure, fol-
lowed by P2, and P3. As a result, the initial values of both
S1 and S2 are positive. As AOA gradually increases from
−16° to 16°, the stagnation point at the leading edge
gradually approaches P3. As a result, throughout the
process, the local pressure of P3 increases, P2 first
increases and then declines, and P1 continues decreasing.
In the case that AOA is −8°, the ΔV of S1 transitions from
positive to negative, indicating that the pressure of P2
begins to exceed that of P1. When AOA reaches 14°, the
ΔV of S2 transitions from positive to negative, indicating
that the pressure of P3 begins to exceed that of P2. In the
variation of AOA from −16 to 16°, ΔV of both S1 and S2
decreases monotonically. The stable output variation with
wind speeds and AOAs provides effective support for
subsequent neural network predictions of AOA and air-
speed. Notably, due to the high sensor resolution, there is
a noticeable step response during the change of AOA
from −16 to 16° at a low wind speed of 6.5 m/s. In pre-
vious literature, the lowest airspeed for flight parameter
estimation is 10 m/s. It suggests that the novel CDP
sensor array is applicable for low airspeed applications.
An MLP neural network was employed to train test data

and predict flight parameters owing to its adaptive
learning abilities, robustness to noise, and simple struc-
ture. The pressure data serve as the input layer, and the
MLP neural network outputs are airspeed and AOA. As
shown in Fig. 5f, the training set consists of 90 sets of data
collected from airspeeds ranging from 6.5 to 30 m/s with
AOA of 0, ± 6°, ± 10°, ± 14°, and ±16°. The testing set
includes 80 sets of data collected at AOA of ±2°, ±4°, ±8°,
and ±12°, with airspeeds ranging from 6.5 to 30m/s.
The calculated errors were obtained by comparing the

results with the actual values of the test set to determine
the estimation accuracy. The estimated values of the AOA
and airspeed for all the test points agree well with the
actual, as shown in Fig. 5g. The maximum error value of
airspeed is less than 0.57 m/s, and the average error value
is 0.15 m/s (Fig. 5h). The maximum error value of AOA is
less than 1.46°, and the average error value is 0.37° (Fig.
5i). Supplementary Table S2 lists the relevant studies on
the sensing array used for SUAV, and this study demon-
strates leading prediction accuracy and wide
airspeed range.
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Conclusion and outlook
In summary, a flexible CDP sensor array integrated with

a superhydrophobic surface was developed for flight
parameter estimation. The proposed CDP sensor achieved
a high resolution (36.5 mPa), and a wide range (0–500 Pa).
The CDP sensor array was mounted onto the leading edge
of a wing model to measure the pressure distribution and
estimate the flight parameters via an MLP neural network.
It is worth mentioning that the output response of the
sensing skin in a bent state is consistent with that in a
straight state. The experimental results demonstrated that
the average solution errors for the airspeed and AOA in
the range of 6.5–30m/s are as small as 0.15 m/s and 0.37°,
respectively.
This excellent sensing performance is attributable to the

sensing element being positioned in the area of maximum

flow velocity within the microchannel, as seen clearly in
the simulation results. The heater and thermistors are
wrapped in two layers of polyimide protection, with a
trench divided between them for thermal insulation. The
entire sensing element is positioned in the middle of the
height direction of the microchannel, making it challen-
ging to produce such a complicated spatial structure using
typical surface microfabrication technology. Therefore, we
creatively proposed a multilayer polyimide bonding
technique to develop to solve this problem. Our proposed
suspended configuration within the microchannel reduces
thermal conduction from the polyimide substrate and
enhances convective heat transfer via both the upstream
thermistor and downstream thermistor. Furthermore, a
microchannel with a contraction channel configuration
was adopted to significantly increase the airflow velocity
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Fig. 5 Estimation of airspeed and AOA using a CDP sensor array. a Schematic of the experimental setup for airspeed and AOA predictions,
where the CDP sensor array was attached to a NACA 0024-MOD airfoil. b Real-time variation of S1 varies with different airspeed and AOA. c Real-time
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in the sensing element area, with a 72% increase in the
flow velocity to DP ratio. In addition to high-sensitivity
characteristics, a bioinspired micro-nanostructure was
developed on the surface of the packaging layer to make it
superhydrophobic, with a contact angle of 150.7°. To sum
up, our research on highly sensitive CDP sensor arrays
with superhydrophobic packaging suggests promising
strategies for flight sensing methods in SUAVs, allowing
mobility and flexibility in the outdoor complicated
environment. It should be noted that the temperature and
humidity may vary with time in the actual flight envir-
onment. In addition to effective packaging protection,
flexible sensor arrays should be calibrated with tempera-
ture and humidity, and temperature-humidity multimodal
sensors should be integrated into the system to improve
the accuracy in flight parameter estimation.

Methods
CFD simulation analysis
To analyze the link between airflow velocity in micro-

channels and pressure difference at both ends of the
pressure taps, we performed a 3D fluid CFD simulation.
For simulations of contraction channel configurations
(w1= 2mm, w2= 1mm) and normal straight channel
configurations with w of 1 mm and 2mm, the computa-
tional domains were consistent with the corresponding
configurations, and applied boundary conditions were
kept consistent. The dynamic viscosity and density of air
are set to 1.79 × 10−5 and 1.29 kg/m3, respectively. As the
Reynolds number is below 100, the laminar flow model is
selected for calculation. The inlet was defined on the left
pressure tap of the computational domain to apply the
incoming pressure. The curve was obtained by extracting
the airflow velocity at the center of microchannels with
three designed structures under pressure difference from
0 to 300 Pa. To investigate the reasonable distance rela-
tionship between the thermistors and heater, a 3D ther-
mofluid coupling CFD simulation was performed. The
computational domain was consistent with a reduced
diameter configuration (w1= 2 mm, w2= 1mm), and the
heater was applied to a temperature of 328 K.

Fabrication process
The polyimide precursor solution was spin-coated at

3000 rpm for 30 s on the silicon wafer and then cured at
temperatures of 70, 140, 210, and 280 °C, for 30min to
form the supporting of the device layer. A lift-off process
was employed to form electrodes and resistive heater
metal layers (Ti/Pt; 20 nm/300 nm), and thermistor metal
layers (Ti/Pt; 20 nm/50 nm)) were also patterned using a
lift-off process. Then, a second layer of polyimide was
spin-coated and cured to form the protective of the device
layer. Both the supporting and protective polyimide layers
were patterned using reactive ion etching in O2/SF6 gas at

ambient temperature for 40 min. After 5 min of alcohol
ultrasonic cleaning, the polyimide layer was peeled from
the silicon wafer to form the device layer. The negative
template was obtained by silicon wafers that were pat-
terned using reactive ion etching in O2/SF6 gas at ambient
temperature for 10min. Then, a layer of release agent was
sprayed on the negative template (FKL-1846). The poly-
imide precursor solution was spin-coated at 1500 rpm for
30 s on the template and then cured according to the
above process. Then, the pressure taps and packaging
layer contours were patterned by photolithography and
subjected to reactive ion etching in O2/SF6 gas for 80min.
For the thermal bonding process, with temperature and
pressure set to 200 °C and 2MPa, respectively. The silicon
dioxide dispersion employing a solution volume ratio of
perfluorosilane: silicon dioxide nanoparticles (20 nm dia-
meter):ethanol= 1:10:100, mixed for 6 h with a magnetic
stirrer, then sonicated for 1 hour. Finally, we spin-coated
the silicon dioxide dispersion over the device surface at
500 rpm before drying it at 100 °C for 5 min to obtain a
full CDP sensor array.

Characterization of the CDP sensor
The performance of the CDP sensor was characterized

using a desktop wind tunnel (WT4401-D, OMEGA, USA)
that can provide constant pressure. In the calibration of the
pressure sensors, the wind tunnel’s low-pressure end was
supplied into a pressure tap connected to the sensor via a
conduit as a reference pressure, while the other pressure tap
was supplied to the high-pressure end. The 3D-printed
ventilation chambers were attached to the CDP sensor array
utilizing epoxy resin, and the ventilation chambers can be
connected to the pressure end of the wind tunnel through
flexible tubes to introduce pressure. The pressure difference
was adjusted by changing the wind tunnel velocity and
quantified by employing a commercial DP sensor. The CDP
sensor array is connected via a flexible flat cable to the
circuit board, which integrates a constant-temperature dif-
ference heating circuit and a temperature measurement
circuit. The output signal of the CDP sensor was input into a
DAQ card (USB-6366, NI) through a differential amplifier
circuit, acquired by the host computer, and then subjected
to 5Hz low-pass digital filtering.

Characterization of the CDP sensor array
The CDP sensor array was attached to the leading edge of

a 3D-printed NACA 0016-MOD wing as a test prototype,
which was then inserted into the wind tunnel and attached
to a rotating micro-positioner. This manipulation allows
precise control of the AOA, varying between −16° and 16°.
The output signal of the CDP sensor array was input into a
DAQ card (USB-6366, NI) through a differential amplifier
circuit, acquired by the host computer, and then subjected
to 5Hz low-pass digital filtering.
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