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Turbulence, a state of disordered and random air hydrodynamic phenomenon, constantly pits it against flight
safety during aviation. In the interplay between safe flight and turbulence, the challenge of real-time in situ
monitoring of the surface airflow state on aircraft has become a difficult but crucial challenge. However, due to
constraints in materials science and technological advancements, a flawless solution for mapping the surface
airflow of aircraft has not yet been developed. Herein, based on the strong conformability, strong positive tri-
bomaterial silk fibroin and fluid dynamics biomimetic design, a self-powered, high signal-to-noise ratio in-situ
aircraft surface turbulence mapping system has been developed based on the principle of triboelectric nano-
generators (TENGs). On one hand, the system functions as a vortex generator during normal flight; on the other
hand, the system can swiftly detect the degree of stall and enhance flight safety when the aircraft suffers airflow
separation due to a high angle of attack. The backend signal of the system is transmitted by a self-developed
wireless transmitter, suitable for various fixed-wing aircraft.

technology, has progressively made aircraft the most efficient mode of
human transportation.

1. Introduction

Flight safety [1], the fundamental principle in flight aviation, is
critical despite still full of challenges [2]. From the inception of the
Reynolds number to the formulation of the Navier-Stokes equations [3,
4]; from the launch of the world’s first aircraft [5], the Flyer, in 1903, to
the supersonic aircraft a century later [6,7]; from the use of wood as the
material for aircraft shells to the current high-performance composite
aluminum alloy materials [8], human technological breakthroughs have
driven the leapfrog development of aircraft safety. It is not difficult to
see that the progress in materials and manufacturing techniques,
coupled with the continuous advancement of industrial science and

As the aviation industry advances, flight safety sensing systems are
progressing rapidly [9]. Yet, within this sector, the advancement of
airflow sensing technology on aircraft surface, is still facing challenges
due to the complexity of sensing methods and underlying principles,
indicating substantial potential for further improvement [10]. In 2018
and 2019, two successive Boeing 737 MAX 8 air disasters within five
months claimed 346 lives [11]. The cause of the accidents was directly
attributed to erroneous commands from the stall system. On August 9,
2024, a Brazilian airliner crashed due to stalling, claiming another 62
lives. Perhaps it is time to start searching for a new technology that can
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more accurately monitor the airflow over the aircraft wing, thus warn-
ing of stall occurrence [12].

As the primary cause of air disasters worldwide, aerodynamic stall
[13] due to wing surface airflow separation still lacks effective in-situ
direct monitoring methods [14], and existing indirect monitoring
technologies exhibit numerous issues [15]: (i) Environmental sensi-
tivity. Optical Bragg sensors are vulnerable to external environmental
influences, such as fluctuations in temperature and humidity, which
may compromise their performance and stability [16]. (ii) Existence of
error rate. Differential pressure sensors [17], utilized for measuring
wind speed and airflow, are prone to inaccuracies due to contamination
and potential blockages, which can cause sensor failure or erratic out-
puts [18]. (iii) Limited arraying. The limited space within aircraft im-
poses restrictions on sensor placement, making the deployment of
multiple sensor arrays a challenging task due to spatial complexity [19].
(iv) Time delay. Sensor-gathered data is not available for immediate
feedback [20] as it requires processing through a data model before
utilization [21]. (v) Single function. The sensor only has the function of
monitoring [22] and cannot be used as other functions [23]. In light of
these limitations, the pursuit of new technologies and strategies is
essential to bolster aircraft flight safety.

Here, to address these issues, we propose conformal self-powered
high signal-to-noise ratio biomimetic in-situ aircraft surface turbu-
lence mapping system. Through the optimization and innovation of silk
fibroin materials, we employ them as strongly positively charged com-
ponents within a self-powered sensing system, paired with negatively
charged materials to effectively enhance the system’s signal-to-noise
ratio (56.21 dB) [24,25]. Additionally, the triboelectric nanogenerator
(TENG) technology allows the system to operate stably and indepen-
dently [26-30], streamlining the front-end sensing structure and elim-
inating the need for complex power and circuitry systems. Furthermore,
aerodynamic design enables ultrafast response (4 ms) to stall occur-
rences during in situ monitoring of airflow conditions on the wing sur-
face. Lastly, the biomimetic [31,32] vortex generator (VG) at the front
end provides stall signals and helps delay the onset of stall [33].

Moreover, we have developed a set of self-developed wireless
transmission equipment. This equipment uses a 433 MHz antenna
transmission, compared to Bluetooth and WiFi transmissions, 433 MHz
antennas offer low power, long transmission distance, and weak signal
attenuation. 433 MHz antenna combined with aircraft VG [34], arrayed
monitoring of different airfoil regions becomes possible. Through
multi-area calibration, flight safety is ensured more stably. In summary,
the advent of the in-situ aircraft surface turbulence mapping system
(ASTMS), rooted in materials science and leveraging principles from
aerodynamics and fluid mechanics [35,36], along with triboelectric
charge separation technology, enables the in situ, real-time, and
self-powered mapping of the surface airflow on aircraft wings.

2. Results and discussion

2.1. The working mechanism of the in-situ aircraft surface turbulence
mapping system (ASTMS)

Flight safety is a fundamental principle in aviation, and achieving
this goal is fraught with complexity and numerous challenges. During
the evolution of aircraft development, although progress has been made
in improving flight safety, one of the most important factors affecting
flight safety, stall, has not yet been effectively addressed [13]. To ensure
higher flight safety, it has been theorized that higher Reynolds numbers
(Eqg. 1) can reduce the occurrence of stall [37,38].

@

Where p denotes the fluid density, v denotes the velocity of the flow
field, L is the main dimension of the object, and y is the coefficient of
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viscosity.

The purpose of this study is dedicated to ensuring flight safety by
monitoring the aircraft surface turbulence mapping. Stall is a threat to
flight safety due to the separation of airflow at the aircraft surface and
the occurrence of reverse turbulence, which leads to a reduction in lift
and an increase in drag of the aircraft [39,40]. For this reason, an ASTMS
with biomimetic structure and composed of strongly positive triboma-
terials has been designed to monitor surface airflow changes. The overall
length of the ASTMS is 92 mm (Fig. S1), and the weight is only 10.55 g
(Fig. S2). The ASTMS consists of three main components: the VG, the
active electrode, and the static electrode. The VG is placed on the surface
of the airfoil, which controls the airflow and delays airflow separation
(Fig. S3). The active electrode consists of a steel sheet and fluorinated
ethylene propylene (FEP), while the stationary electrode consists of
copper and silk fibroin (SF) film. And according to the features of manta
rays, the biomimetic structure shown in Fig. 1 is designed, which can
control the air flow and delay the separation point of the airflow.

The operating principle of the ASTMS is based on the TENG tech-
nique and has aerodynamic ultrafast response that utilizes the reverse
turbulence at stall to achieve stall monitoring. When the airflow on the
aircraft surface is laminar flow (Fig. S4a), the active electrode is that the
pressure difference between the upper and lower surfaces is less than the
gravity of the electrode (Fig. S5a and Eq. 2), which keeps the active
electrode in a stationary state. And when the airflow on the aircraft
surface is turbulence flow (Fig. S4b), the reverse turbulence acts on the
active electrode, and the pressure difference acting on the active elec-
trode at this time is larger than the gravity of the electrode (Fig. S5b and
Eq. 3). Under the action of the reverse turbulence, the active electrode
starts to vibrate, contacts and separates from the stationary electrode,
and generate a sensing signal, which realizes the monitoring of the
aircraft surface turbulence flow. In addition, in order to prevent the
problem of stall signal not being transmitted due to the damage of the
transmission line, we have self-developed a wireless transmission de-
vice, which utilizes a 433 MHz antenna to transmit the stall signal to the
cockpit, to ensure that the signal is transmitted reliably.

Fi=AP; xS<G 2)
Fy =AP, xS>G (3)

Where the number 1 is the laminar flow, and 2 is the turbulence flow. F
is the force acting on the active electrode, P is the difference in pressure
between the upper and lower surfaces of the active electrode, S is the
area of the airflow acting on the active electrode, and G is the gravita-
tional force of the active electrode.

In summary, the ASTMS has the following advantages in monitoring
aircraft surface turbulence mapping: (i) it can monitor in-situ the gen-
eration of reverse turbulence during a stall; (ii) it adopts non-invasive
self-powered sensors without the need for external energy supply; (iii)
it is a multifunctional sensor with airflow control which is a biomimetic
structure based on manta ray and digitized sensing; and (iv) it is capable
of monitoring sensors at different locations to achieve arrays of sensing.

2.2. Optimization of ASTMS tribomaterials

As a pivotal element in the realm of science and technology, a sen-
sor’s performance [41] is inherently tied to the material from which it is
crafted [42]. Therefore, the selection and stability of the sensor material
[43] play a critical role in determining the sensor’s overall performance
and reliability [44]. Beyond having a basic output capability, sensor
materials must exhibit resilience in specific environmental conditions,
including high and low temperatures, humidity, chemical corrosion, and
other extreme surrounding, to uphold performance and accuracy.
Drawing upon the attributes of triboelectricity and building upon our
previous research, we opted for the use of modified SF material with
outstanding performance as the tribomaterial for the ASTMS integrated
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Fig. 1. Schematic diagram of the working principle and structure of in situ aircraft surface turbulence mapping system (ASTMS). The VG is hybridized with the
sensor, and when there is laminar flow, the VG controls the airflow on the airfoil and the airflow separation point is delayed; when there is a turbulence flow, the
sensor works to generate a sensing signal and wirelessly transmits the stall signal to the cockpit through the 433 MHz band.

aircraft surface.

SF [45,46] is a special material extracted from natural silkworm
cocoons and processed through a series of processes (see previous work
for detailed steps) [47]. This material has excellent conformal and can
be bent and folded at will (Fig. S6), and the SF film is only 40 pm thick
(Fig. S7). It is worth noting that SF is a strongly positive material when
used as a tribomaterial, and a higher electrical signal can be obtained
when in contact with a negative material (Fig. 2a). Infrared spectro-
scopic testing of the SF material revealed characteristic peaks associated
with the p-sheet structure (Fig. 2b), indicating a transformation in the
structure of the prepared SF material towards a more stable p-sheet
structure.

Considering the specific operational conditions of the ASTMS inte-
grated aircraft surface, utilizing SF as the tribomaterial offers several
notable advantages: (i) Corrosion resistance. SF material demonstrates
corrosion resistance when subjected to a pH range of 4-9, as evidenced
by infrared spectroscopy testing (Fig. S8, Supporting Information).
There was no significant alteration in the characteristic peaks during this
test (Fig. 2¢). (ii) Temperature resistance. Given the varied operating
temperatures experienced by ASTMS during irregular flight environ-
ments and aircraft timings, SF material was simulation ranging from
-30°C to 60°C. Infrared spectroscopy testing showed no significant
change in the characteristic peaks under these conditions (Fig. 2d). At
the same time, the output performance of FEP and SF films is robust in
different temperature and pH environments (Figs. SO to S11). (iii) High
flatness. Employing one of the contact separation modes, where mate-
rials with higher flatness provide more contact area. ASTMS benefits
from the excellent surface flatness of the SF material (10 mmx10 mm),
evident in the atomic force microscopy (AFM) test with an Rq value of
1.212 nm (Fig. 2e). (iv) Hydrophobicity. Recognizing the potential
impact of water droplets on sensor performance in aircraft operating at
varying altitudes and ambient humidity levels. The SF material under-
went surface treatment, achieving a water droplet contact angle

exceeding 130° (Fig. 2f). The hydrophobically treated SF film avoids the
influence of external wetting environment on ASTMS. (v) Strongly
positive. Achieving a higher signal-to-noise ratio (SNR) enhances the
stability of the sensed signal. SF material, with a highly positive charge,
in contact with FEP material, produces a higher voltage signal (Fig. 2g
and Figs. S12 and S13).

In conclusion, the outstanding corrosion resistance, temperature
resistance, and hydrophobicity exhibited by SF make it well-suited for a
variety of flight environments. Additionally, the combination of high
flatness and a highly positive charge positions the ASTMS acquire su-
perior and stable sensing signals. As a result, SF was chosen as the ideal
tribomaterial for monitoring airflow on the aircraft’s surface.

2.3. Performance testing for ASTMS standardization

Where different material surfaces exhibit varying capacities for
electric charge binding. During operation, when SF and FEP materials
come into contact, SF is more prone to losing electrons, resulting in a
positive surface charge. While FEP is inclined to gain electrons, leading
to a negative surface charge. Upon separation of the two materials, due
to electrostatic induction, where the conductive electrode on the back
side induces a charge opposite to that of the surface electrode. By con-
necting the conducting electrodes, during each contact and separation
cycle, the charge moves between the two electrodes due to the tribo-
electric effect and electrostatic induction, generating an electrical signal
(Fig. S14). Simulations of the surface potential during contact separation
(Fig. 3a) reveal that the surface potential is maximum when the two
electrodes are completely separated and minimum when they are in full
contact.

In order to evaluate the output performance of the developed
ASTMS, standardized validation experiments were conducted with a
linear motor to verify its basic electrical performance output (Fig. 3b).
These experiments are essential to verify the feasibility of the proposed
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Fig. 2. Characterization testing of SF material properties. (a) SF is prepared from silkworm cocoons and has a strong positive tribomaterial. (b) Infrared spectrum
testing of SF with characteristic peak. (c) Infrared spectra of SF in environments from pH 4-9. (d) Infrared spectra of SF at temperatures from -30° to 60°. (e) Surface
flatness of SF under AFM test. (f) Surface-treated SF has high hydrophobicity. (g) The voltage output of SF material is compared with that of steel and copper.

theory (Fig. 3c and d). SF has excellent properties as a tribomaterial,
which can generate voltages up to 70 V, currents up to 1.25 pA, and
transfer charges up to 30 nC. Therefore, high voltages are selected as the
output of sensing signals. The high-output sensing signal exhibits a
commendable SNR, effectively mitigating the risk of misjudgment
induced by external interferences. Furthermore, ASTMS showcases
exceptional continuous operation capability. The voltage output re-
mains consistently high, exhibiting minimal drop even after enduring
130,000 cycles. This indicates that ASTMS not only meets the daily
operational demands of aircraft but also maintains excellent sensing
capability even after prolonged use.

A comprehensive series of standardized experiments were under-
taken to simulate the operational conditions of the system integrated
aircraft surface and validate its exceptional sensing capabilities. The
system can operate self-powered in the presence of turbulence flow on
the aircraft surface. But the state of the turbulence flow is chaotic, and
likewise the movement of the active electrodes is irregular, which results
in the distance, frequency, and the active electrodes at the time of
contact pressure is unpredictable. Despite these uncertainties, the ability
of ASTMS to maintain its superior sensing capabilities needs to be
verified. To address this, we conducted simulations of different motion
states of the active electrodes under the influence of the separating
airflow using a linear motor: (i) Varied travel distances. Keeping motor
speed and acceleration constant (v=0.5m s’l, a=0.5m s’z) for
different travel distances, has a high output capability (Fig. 3e-h and

Fig. S15). Stable sensing signal output remains available at shorter
movement distances. (ii) Diverse movement frequencies. By controlling
the linear motor frequency of motion (100 mm to 162.3 mm), the
electrical output performance increased with higher movement fre-
quencies (Fig. 3f-i and Fig. S16). The ASTMS maintains a stable sensing
capability at higher operating frequencies. (iii) Varying contact pres-
sures. The stationary electrode was affixed to the manometer, and the
maximum pressure experienced by the manometer was recorded at each
instance. The output performance exhibited an increase with rising
pressure but stabilized with further pressure increase (Fig. 3g-j and
Fig. S17). Additionally, the system has the potential for energy har-
vesting where necessary (Fig. S18).

In conclusion, the results of standardized tests on linear motors show
that the system has excellent capabilities. The system provides basic
capability, sustained operational efficiency, and sensing capability
under different states of motion as caused by the separation of airflow.
These results indicate that the ASTMS can effectively meet the re-
quirements for monitoring airflow conditions.

2.4. ASTMS cyclic wind tunnel testing and optimization

Standardized experiments have verified that the ASTMS not only
provides high output voltages up to 70 V, but also maintains its high
voltage output over different travel distances, frequencies of movement,
and contact pressures. In cyclic wind tunnel tests, the system also



H. Sheng et al.

Silk Fibroin

Move

Nano Energy 136 (2025) 110694

Voltage (V)

(d)
1.5 110 ] — -
FEP SF 75 Voltage (V) Current (uA) Charge (nC)_1.O 38 — Initial —Final
050 60
H0. S
S 50
0.0 10 2 40
05 8 30
1 ol20 > 20] L
[ 10
-15l39 O] JUU b UUJ JULULUMUUUUMUUJU
376 9 1215 18 21 24 27 30 -10
© 0 Time (s) (@) 0 Cycle 130,000 Cycle

160 120 80 40 0 40 80 120 160
Voltage (V)

11.95

Current (uA)

3 Hz

Fig. 3. ASTMS standardized triboelectric performance test. (a) Simulation of surface charge potential for contact separation mode. (b) Schematic of linear motor
standardized test. (c) Output standardized test electrical properties (voltage, current, transferred charge). (d) ASTMS has been tested for durability for 130,000
cycles. (e and h) Different moving distances electrical signal output (e) voltage and (h) current. (f and i) Different moving frequencies electrical signal output (f)
voltage and (i) current. (g and j) Comparison of (g) voltage output (j) current output at different contact pressures.

showed consistent high output performance. When the VG structure is
placed on the NACA0012 wing motor and placed in a recirculating wind
tunnel (Fig. 4h), the motor speed and the actual wind speed are shown in
Table S1, and the angle of attack (AoA) of the wing is controlled by the
motor in order to induce a stall state. The VG structure is placed on the
surface of the airfoil, and when subjected to reverse turbulence during
stall, the active electrodes begin to vibrate and separate from the SF
membrane contact of the stationary electrodes, thus generating a stall
sensing signal (Fig. 4a and Movie S1).

Supplementary material related to this article can be found online at
doi:10.1016/j.nanoen.2025.110694.

When the operator receives the stall warning signal, the flight state
can be adjusted in time to return the aircraft to a stable condition; once
stabilized, the system stops working and the signal disappears (Fig. 4b).

Since aircraft stall states are extremely dangerous, being able to quickly
and accurately recognize the flight state and having the time to adjust is
critical to flight safety. The aerodynamic ultrafast response of the
ASTMS based on biomimetic structure in monitoring the turbulence flow
signal generated by the reverse turbulence was 0.004 s, and the signal
disappeared after the recovery of the flight state was 0.006 s (Fig. 4c).
Moreover, the maximum SNR of system is 56.21 dB, and the high SNR
can avoid the interference caused by external environmental factors and
ensure the accuracy of the signal. This aerodynamic ultrafast response
time and high SNR provides fast and efficient transmission of stall sig-
nals, ensuring that the aircraft is able to make immediate adjustments to
the stall and avoid over-adjustment once stable flight is restored.

At the same time, it was found in the tests that the active electrode
may suffer from excessive deformation problems in the face of strong
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Fig. 4. Cyclic wind tunnel testing and optimization. (a) Schematic of ASTMS vibration under reverse turbulence in stall state. (b) Sensor signals of the aircraft state
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active electrodes are able to measure the AoA of the signal. (e) Average signal count generated in 5 s for each AoA. (f) Average signal voltage generated over 5 s for
each angle of attack. (g) Fluid-solid coupling CFD simulation of ASTMS. (h) Schematic diagram of the circulating wind tunnel structure.

reverse turbulence (Fig. S19), and this deformation may reduce the
contact area between the active electrode and the stationary electrode,
resulting in a weakened sensing signal. To address this issue, the inner
surface and the lower surface of the VG were conformal treated
(Fig. S20). First, the 304 stainless steels with a higher Young’s modulus
are chosen as the material for the active electrode. The steel sheet with
higher Young’s modulus has more conformal forces inside the treated
VG, to ensure that there is a large contact area between the active
electrode and the stationary electrode. Secondly, the ASTMS is
conformal to make it fit the NACA0012 airfoil better (Fig. S21).

In addition to rapid stall monitoring, the ASTMS should be capable of
stabilizing at different AoA, depending on the flight requirements.
Therefore, the active electrode was optimized and different lengths and
thicknesses of steel sheets were tested (length 7 cm, 8 cm, thickness
0.01 mm, 0.15 mm). Experimental results showed that the shorter active
electrodes were only able to monitor AoA up to 16° and were unable to
capture for higher angles (Fig. 4d). While longer active electrodes can
operate at a higher range of AoA, the strength and amount of signal is
also an important consideration for the sensor. The average signal
counts generated by the system at different AoA were analyzed by

selecting data within 5 s (processed using MATLAB, refer to text 1 for the
specific procedure) and taking multiple measurements for averaging
(Fig. 4e), and it was found that the signal counts generated by the 8 cm
long active electrodes were roughly similar. But a quality sensor should
also have a higher SNR and be able to suppress other factors from
interfering with the signal. The data within 5s were analyzed to
compare the average signal voltage (Fig. 4f), and the results showed that
the 0.15 mm thick active electrode had a higher average signal voltage
and SNR. Therefore, the optimized ASTMS using a 0.15 mm thick and
8 cm long steel sheet as the active electrode can obtain better sensing
performance. Meanwhile, a 3D computational fluid dynamics (CFD)
simulation of the ASTMS was conducted (Fig. 4g and Movie S2), and the
VG with biomimetic structure can control airflow over the airfoil sur-
face, and the setup process can be referred to Supplementary Text 2
(Figs. S22 to S31).

Supplementary material related to this article can be found online at
doi:10.1016/j.nanoen.2025.110694.
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2.5. Development of wireless transmission equipment for ASTMS signals

Although the space occupation of ASTMS is small, once the trans-
mission line is damaged, the stall signal cannot be transmitted in time,
which can seriously threaten flight safety. To address these concerns, a
wireless transmission device was developed to facilitate faster and safer
transmission of sensing signals from ASTMS (Fig. 5a and Fig. S32). A
wireless device can reduce the amount of space used for lines in the

Nano Energy 136 (2025) 110694

nacelle and can transmit signals continuously without being affected by
damage to the lines. The wireless transmission device is designed to fit
into less space inside the aircraft while still retaining a stable trans-
mission capability. For signal transmission, compared to WiFi and
Bluetooth transmission, a 433 MHz antenna transmits at a low fre-
quency but has advantage of low power, long transmission distance, and
weak signal decay. An adjustable transmitter was designed with refer-
ence to the data collected by the STM-32 microcontroller. The signal
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Fig. 5. Development of wireless transmission equipment for ASTMS signals. (a) Application of arrayed sensors and wireless transmission device. (b) Photograph of
the warning function of the wireless receiving equipment. (c) The receiver side of the self-developed wireless transmission device can receive arrays of multiple
signals and single signals. (d) Stall and unstall state wireless device states. (i) Stall state. The system signal is sent through the transmitter accompanied by a transmit
reminder and an increase in the count on the receiver with a warning alert; (ii) unstall state. No signal is transmitted and the count hold at the receiver with no
warning alert. (e) ASTMS monitors the signal within 5 s of the initial AoA for noise reduction. Improves the SNR of the signal while ensuring full operating status of
the wireless device. (f) Noise reduction was performed on the signals over a period of 5 s at different AoA, and the number of signals after noise reduction was

curve-fitted.
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reference and amplification are adjusted according to the input signal
and usage requirements to control the signal emission.

The receiver processes the information when it receives the signal
and the display module shows the number of signals in time to warn the
operator. (Fig. 5b). The wireless device has a maximum transmission
distance of about 50 m, so the signal can be received at different loca-
tions on different aircraft. Once the warning was received, the operator
will adjust the flight status. The warning disappears after returning to an
unstall state. Notably, the wireless transmission device can transmit
multiple signals (Fig. 5¢). Only one receiver is required to capture sig-
nals from different transmitters. By strategically placing ASTMS at
different locations on the surface of the aircraft, operators in the cockpit
can continuously monitor airflow conditions to ensure the overall safety
during flight.

In the cyclic wind tunnel, the ASTMS was placed in a turbulence flow
by adjusting the airfoil AoA. In the stall state, the system generates
sensing signals and sends them through the self-developed wireless
transmission device (Fig. 5d(i) and Movie S3). The turbulence flow
sensing signal is sent through the transmitter in stall state. While the
signal is being transmitted, the transmitter indicator will flash once to
indicate completion of a signal transmission. When the aircraft returns
to a unstall state, the system stops working and no longer generates an
inductive signal. At this time, the indicator light on the transmitter side
stops flashing and the receiver side stops receiving signals. The warning
indication on the display interface of the receiving end disappears and
the aircraft returns to a safe flight state (Fig. 5d(ii)).

Supplementary material related to this article can be found online at
doi:10.1016/j.nanoen.2025.110694.

Optimizing the turbulence flow sensing signal processing consid-
ering the characteristics of the wireless transmission device that trans-
mits signals 5 times per second, a method to improve the SNR was
applied to the signal shown in Fig. 4b. Filtering out signals below 1.9 V
yields 28 high voltage peaks in 5 s (Fig. 5e). This processing not only
improves the SNR but also ensures efficient operation of the trans-
mission equipment. Using the same signal processing strategy, the SNR
at different AoA was analyzed. After excluding the start and two
abnormal points, curve fitting of the screened data (Fig. 5f) showed that
the signals first strengthened, then weakened and stabilized as the AocA
increased, indicating that the change in reverse turbulence slowed down
after the AoA reached a certain value.

3. Conclusion

Monitoring of airflow status on the airfoil surface plays a vital role in
the flight safety. In this paper, we present an in-situ aircraft surface
turbulence mapping system with conformal, self-powered, high SNR,
and biomimetic structure. Inspired by the features of manta rays, a VG
with biomimetic structure is designed to control the airflow on the
surface of the aircraft. Compared to traditional turbulence sensors, the
ASTMS has less impact on the surface of the aircraft. Using triboelectric
technology, the system provides self-powered monitoring of the airflow
state and sensing without the need for external energy supply.

The exceptional SF materials have been meticulously selected as the
tribomaterial for ASTMS. SF has excellent conformal ability and can be
attached to the surface of objects with different morphologies, and it is
robust in different environments, including high and low temperatures,
acidic and alkaline, and humid environments. In addition, SF is a strong
positive tribomaterial, which can generate sensing signals at the volt
level, the system has aerodynamic ultrafast response and maximum SNR
can reach 56.12 dB, effectively minimizing external interference.

The results from cyclic wind tunnel tests affirm that ASTMS can
promptly generate sensing signals during stall events, with the signals
disappearing immediately after recovery. Furthermore, the system ex-
hibits exceptional monitoring capabilities across a wide range of AoA.
Moreover, we have self-developed a set of wireless transmission equip-
ment. The sensing signal of the system is transmitted through a 433 MHz
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antenna, which transmits a more stable signal and consumes less power.
In the event of turbulence on the surface of the aircraft, the ASTMS
works to generate a signal that is sent to the control room via a wireless
device to make a stall warning alert to the operator. The pairing of
ASTMS with wireless device reduces the difficulty of scheduling and
allows it to be placed at various locations on the surface of the aircraft
for distributed sensing. The flight safety of the aircraft is further ensured
by the monitoring of the airflow status in more locations.

4. Experimental and methods section
4.1. Integration of ASTMS

The system consists of four main components: the VG support
structure, the stationary electrodes, the movable electrodes, and the
wireless transmission device for sensing signals. In this study, it was
considered that the modification of the surface of the aircraft would
affect the safety of the aircraft. Therefore, the VG structure on the sur-
face of the aircraft was modified with as little impact on the safety of the
aircraft as possible.

In previous work, there was a question as to whether the sensor
would cause damage to the surface of the aircraft, which was also
avoided in this study. The active electrodes leave the surface of the
aircraft when the sensor is in operation and rest on the surface of the
aircraft when it stops working, and do not cause damage to the surface of
the aircraft. The stationary electrode section applies the SF membrane
used in previous work, which is capable of generating a higher sensing
signal during contact separation. The active electrode section was
explored as it is directly responsive to the airflow state on the surface of
the aircraft. The more readily available materials copper and 304
stainless steel (20 mm wide) were chosen. Because of the different ma-
terials and the different weights of the two materials under the same
conditions, different types of active electrodes were tested for their
behavior under airflow (0.1 mm thick, 0.15 mm thick, 50-80 mm in
length).

Due to the difference in Young’s modulus of the materials, copper at
the same thickness can undergo excessive deformation during operation,
which may affect the surface airflow state of the aircraft. At the same
time, excessive deformation would make incomplete contact between
the active electrode and the stationary electrode inside the VG structure.
This results in a weak sensing signal, or a high noise level and a low SNR.
Therefore, the steel with a higher Young’s modulus is chosen as the
active electrode. It is not only possible to work without large deforma-
tion, but it will not affect the airflow state on the surface of the aircraft.
At the same time, it can obtain a higher contact area with the static
electrode, higher sensing signal, and SNR.

4.2. Cyclic wind tunnel testing

In the present work, we performed a series of tests related to ASTMS
in a cyclic wind tunnel (Prandtl-500). The overall length of the wind
tunnel is 14.4 m and the height is 4.8 m. The working section is a
rectangular space with a length of 2m and a length and width of
500 mm. At the bottom of the working section, it is possible to install test
equipment and so on. Three sides of the working section are made of
transparent glass so that the experiments can be well observed. To
minimize boundary layer effects in the region of the working section, a
1.9-meter-long neck section is also configured in front of and behind the
working section. To ensure a stable laminar flow in the test section, it is
equipped with a 2.6-meter-long filter section, so that the circulating
airflow becomes laminar as it flows into the working section. The
maximum wind speed of the cyclic wind tunnel can reach 80 m per
second. The degree of turbulence of the incoming flow as well as the rate
of change of wind speed in the cross-section of the working section are
negligible. The turbulence is less than 0.2 % and the rate of change is
less than 0.5 %. In addition, to more accurately verify the performance
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of the ASTMS in a cyclic wind tunnel, different AoA of the aircraft were
simulated by stepper motors to manipulate the simulation, with an ac-
curacy of 0.1 degree of AoA variation.

4.3. Experimental data collection

A series of tests for the validation of the ASTMS in this study used two
data collection methods. A Keithley 6514 electrometer was used for the
standardized validation data acquisition, and a low-power STM-32 mi-
crocontroller used in previous work was used for the cyclic wind tunnel
data testing. Wind tunnel test signals are collected using a low-power
STM-32 microcontroller. In addition to collecting signals wirelessly,
the STM-32 microcontroller can adjust the baseline of the sensed signals.
This is different from the way the Keithley 6514 electrometer signals are
captured, where the STM-32 microcontroller captures signals that are
closer to the signals that are imported into the external circuit.

4.4. Self-research wireless transmission equipment

In tests conducted in the cyclic wind tunnel, the frequency of TENG
signal triggering was found to be high, reaching dozens of signal triggers
per second. The TENG signal undergoes processing by transmitter and
receiver circuits before achieving wireless transmission and reception
(Figs. S33 and S34). In this process, the TENG signal from the access
circuit is initially amplified and processed by the crossover module,
sending the signal to the silicon-controlled rectifier (SCR) module. The
SCR module then takes the received TENG signal, converts it to a high
level, and activates the circuit to transmit the signal. This transformation
of the TENG signal, known for its short response time, into a high-level
signal enables the activation of circuit operation. Simultaneously,
adjusting the threshold for SCR triggering allows control over the
transmit frequency. The activated circuitry processes the data through
radio frequency (RF) circuitry and transmits it through a 433 MHz an-
tenna. Similarly, at the receiving end, the 433 MHz antenna receives
signals from the transmitter, decodes them, and displays them on the
display module (refer to text 3).

4.5. Characterization and measurements

In this study, the standardized test of ASTMS was done with a linear
motor. The linear motor used is LinMot E1100 (Kerry Linmot (Suzhou)
Co., Ltd.). The collection of standardized experimental data is done
through Keithley 6517. By completing high wind speed tests in a wind
tunnel. The wind tunnel tests in this work use the Prandtl-500 cyclic
wind tunnel (Tianjin Prandtl Co., Ltd.). Different AoA is controlled by
stepper motors with a chord length of 20 cm (Cangzhou Kederuier
Experimental Equipment Co., Ltd.). Wind tunnel test data acquisition via
low-power STM-32 microcontroller (self-developed program). Self-
developed wireless transmission device are completed with Altium
Designer software and printed onto printed circuit board through
commercial factories (Shenzhen Jialichuang Technology Group Co.,
Ltd.). The silk fibroin membranes were tested by means of a Fourier
transform infrared spectrometer (FTIR) (made by the German manu-
facturer Bruker, instrument model VERTEX80v).
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Glossary

Field-specific terms: Definition
TENGsS: triboelectric nanogenerators
TENG: triboelectric nanogenerator
VG: vortex generator

ASTMS: aircraft surface turbulence mapping system
FEP: fluorinated ethylene propylene
SF: silk fibroin

AFM: atomic force microscopy
SNR: signal-to-noise ratio

CFD: computational fluid dynamics
SCR: silicon-controlled rectifier

RF: radio frequency
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