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A B S T R A C T

Pressure monitoring of high-speed vehicles during ground and flight testing is critically important for aero
dynamic characterization. In this study, we demonstrate a miniature optical pressure probe based on a 125-μm- 
diameter fiber-optic Fabry-Perot (FP) sensor for high-speed flow field measurements. The probe, with an ul
tracompact packaging size of 0.5 mm, was co-located with a commercial electrical probe for simultaneous testing 
in a subsonic flow field (Mach 0.29–0.61) at a 30 kHz sampling rate. Experimental results indicate that the 
optical probe achieves a resolution of 0.09 % F.S. (0–200 kPa) and a response delay of < 0.05 ms. Compared to 
electrical probes with similar performance specifications, the optical probe exhibits a significantly reduced 
footprint, while offering distinct advantages for high-speed, high-spatial-resolution, and high-accuracy flow field 
measurements.

1. Introduction

Advanced aircraft seek high stability, high performance, and 
enhanced aerodynamic efficiency. The inlet is crucial to sustaining the 
aero-engine’s normal operation and enhancing the aircraft’s perfor
mance; therefore, optimizing the inlet structure design and accurately 
assessing it during both ground and flight testing. The complex and 
transient character of the flow field, along with the growing complexity 
of inlet structures, impose increasing demands on the accuracy, response 
time, and spatial resolution of the measurements.

Various techniques have been developed for aerodynamic measure
ments of flow fields. Particle image velocimetry (PIV) [1] and laser 
Doppler velocimetry (LDV) [2] are two typical optical measurement 
techniques. PIV is better suited for assessing flow statistics like mean 
velocity than instantaneous fields [1], while LDV requires traversing a 
single-point probe to numerous flow locations, which makes it chal
lenging to apply to measurements of unstable flow fields. Additionally, 
the application scenarios for both approaches are limited because they 
require optical access with transparent windows. Fast-response aero
dynamic probes (FRAPs) have garnered increasing interest in aerospace 
testing due to their dependability, affordability, and user-friendliness 
[3]. State-of-the-art FRAPs are mainly based on electrical sensors, which 

can be divided into resistive, piezo-resistive, capacitive, and 
piezo-electric sensors [4,5]. Piezo-electric and piezo-resistive sensors 
are the primary options for measuring pressure because of their excel
lent accuracy and frequency responsiveness. Nevertheless, electrical 
sensors are susceptible to electromagnetic interference (EMI) and 
impose stringent requirements on environmental conditions such as 
temperature, humidity, and cleanliness during measurements. Further
more, the minimum diameter of commercially available electrical sen
sors is around 1.5 mm, which does not allow for direct high spatial 
density alignment. To tackle this issue, current methods require the use 
of probe rakes to channel pressure through connecting conduits to 
back-end transducers in order to assess the fine spatial features of the 
flow field [6]. However, the long transmission distances through con
necting conduits may lead to a long response time for the airflow, and 
the dynamic response may be impaired, which is detrimental to the 
measurement of dynamic aberrations [7]. In the meantime, internal 
fluid friction and wall friction of the lengthy connecting conduits will 
account for some of the energy loss because of viscous resistance, which 
directly results in low measurement accuracy and pressure loss. It is 
therefore imperative to develop new approaches that may simulta
neously meet the needs of accuracy, speed, and spatial resolution while 
also being more resilient in challenging environments.
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Because of its small size, high accuracy, and resistance to electro
magnetic interference [8–12], fiber-optic Fabry-Perot (FP) sensor shows 
great potential for aerospace and aviation measurements in hash envi
ronment [13–15]. The fiber-optic Pitot-tube FP sensor plays a crucial 
role in high-speed gas flow measurement by directly acquiring the 
pressure difference between total pressure and static pressure [16,17]. 
Recent studies have reported all-glass miniature fiber-optic Pitot-tube 
sensor capable of in-situ flow velocity measurements in clean gas envi
ronments [18]. In other flow field measurement scenarios, fiber-optic FP 
sensor based FRAPs with varying materials and structural designs have 
been developed [19–24], such as all-silicon structure and metal dia
phragm based FP sensor. Nevertheless, conventional all-silicon FP cav
ities demonstrate substantial device footprints, typically exhibiting 
1–10 mm diameter/height dimensions [21–24], constrained by current 
microfabrication limitations. Furthermore, the structural integrity of the 
fiber-sensor interface limits their application in hash fluid measurement 
scenarios with confined spaces such as inlets. Sensors with reduced 
lateral dimensions enable enhanced spatial resolution, albeit at the 
expense of more stringent fabrication requirements—particularly 
regarding diaphragm thickness reduction to maintain adequate sensi
tivity and pressure resolution. Recent advances have demonstrated 
vector probe (Ø3 mm) integrating miniaturized fiber-optic FP pressure 
sensors incorporating metal diaphragms at 125 μm diameters [20]. 
Nevertheless, the predominant UV-adhesive-based packaging method
ology [25,26] fundamentally constrains operational durability in hy
groscopic or corrosive environments. This limitation is further 
exacerbated by significant nonlinearity (>15 % FS) in sensor response, 
which substantially hinders practical implementation. Consequently, 
developing FRAPs that simultaneously achieve miniaturization, envi
ronmental robustness, and high linearity (nonlinearity <1 % FS) re
mains an essential research challenge for extreme flow-field 
characterization.

In this study, we present a 0.5-mm-diameter optical pressure probe 
incorporating a miniaturized all-silica fiber-optic FP sensor (Ø125 μm) 

for high-speed flow field characterization. Owing to its ultracompact 
size, the FP sensor can be incorporated close to the port of the probe, 
thereby enhancing both measurement accuracy and temporal response - 
a critical advantage for unsteady flow measurements. Furthermore, the 
gold-coated all-silica FP sensing element eliminates adhesive bonding 
requirements, substantially improving the sensor’s long-term stability 
and environments robustness under harsh operating conditions. The 
dynamic performance of the optical pressure probe was experimentally 
evaluated in a subsonic wind tunnel (Mach 0.29–0.61) at a 30 kHz 
sampling rate, with comparison to commercial silicon piezo-resistive 
probes. The results demonstrate that our optical probe exhibits supe
rior responsiveness and detection accuracy compared to conventional 
piezoresistive counterparts. By combining ultraminiaturized design, 
high measurement fidelity, high-frequency sampling capability, excep
tional stability, broad dynamic range, and electromagnetic interference 
immunity, the proposed optical pressure probe offers significant po
tential for high-spatial-resolution measurements in unsteady flow fields.

2. Design and principle

2.1. Structure of fiber optic sensor-integrated pressure probe

The working principle of a pressure probe relies on the stagnation of 
the flow around the probe. Stagnation occurs around the probes when 
probes are inserted into an inlet for a pressure field measurement. The 
pressure distribution around its tip can be described as a maximum 
pressure at the stagnant point and lower pressure at other points around 
it. Based on the conservation of energy, the total pressure P0 at the 
measurement point can be expressed as the sum of the static and dy
namic pressures Ps and Pd, neglecting mechanical losses, 

Po = Ps +Pd = Ps +
1
2

ρU2
∞ (1) 

where U∞ is the flow velocity, and ρ (kg/m3) is the density of the fluid. 

Fig. 1. Configuration of the proposed sensor, (a) the working principle and the structure of the FP sensor-integrated optical pressure probe, (b) schematic diagram of 
the working principle of a fiber-optic FP sensor, (c) the shift in the output interference spectra of the fiber-optic FP sensor at a Mach number of 0.29 Ma, (d) size 
comparison with a commercial small-size (2.2 mm) electrical probe and view under the microscope.
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For the measurement of the steady state pressure field of the inlet, 
pressure probes are usually arranged on the AIP, and the port pressures 
derived from the probes are guided by conduits and then measured 
through the connection of back-end transducers. However, internal fluid 
friction and wall friction will cause some energy loss due to viscous drag 
during the long-distance transfer of airflow, and aerodynamic pressure 
loss can be obtained by estimation of the 

Ploss = (α l
d
)ρ v2

2
(2) 

where Ploss, a, l, d, and v (m/s) are pressure loss, coefficient of frictional 
drag, length of the conduit, the inner diameter of the conduit, and ve
locity of the fluid, respectively. A large size of the probe’s top area can 
result in excessive blockage ratios and perturbations to the flow field. 
However, the above method, such as dynamic aberration measurements, 
cannot be used for unsteady flow, where high-frequency time-varying 
pressure fluctuations can be attenuated during long-distance 
transmission.

Considering the aforementioned analysis, the FP sensor must be 
small enough to be installed near the probe’s port in order to meet the 
requirements of unsteady flow measurements. The internal fiber-optic 
FP sensor and the external stainless steel casing that make up the 
main structure of the FP sensor-integrated pressure probe that we built 
are depicted in Fig. 1(a). The single-mode fiber (SMF) extending from 
the optical pressure probe is connected to self-developed high-speed 
demodulation system. Fig. 1(b) illustrates the working principle of the 
fiber-optic FP sensor. External pressure variations induce diaphragm 
deformation in the sensor, thereby modulating the optical path length 
(OPL), which ultimately leads to shifts in the interference spectrum. 
Here, Fig. 1(c) shows the blue shift of the sensor’s interference spectrum 
at an incoming flow velocity of 0.29 Mach. The size of the fiber optic FP 

sensor is about 125 μm in diameter and 50 μm in length. Here, the 
diameter of the packaged probe is approximately 500 μm, and its 
comparison with the current typical commercial small-size (2.1 mm in 
diameter) electrical probe is shown in Fig. 1(d).

2.2. Design and fabrication of FP sensor in the probe

Based on the principle of the FP interferometer, the interference 
spectrum can be expressed as an intensity-modulated signal, 

I = I1 + I2 +2
̅̅̅̅̅̅̅̅
I1I2

√
cos(

4πnL
λ

+ π) (3) 

where I represents the intensity of the interference spectrum, I1 and I2 
are the intensities of the two reflections, n is the refractive index of the 
filling medium in the FP cavity, L is the length of the FP cavity, λ is the 
operating wavelength, and Π is the additional phase of the half-wave 
loss. It can be inferred that when the FP cavity length changes due to 
external influences, the interference spectrum also undergoes fluctua
tions. Methods including intensity demodulation [27,28], phase 
demodulation [29], the Fourier transform demodulation [30,31], cor
relation demodulation [32,33] and neural network demodulation [34, 
35] have been developed. The diaphragm thickness and cavity length 
parameters require a specific design that is in accordance with various 
demodulation methods and actual measurement requirements.

As illustrated in Fig. 1(b), when the sensor is exposed to external 
pressure, the central deformation of the sensing diaphragm L, i.e., the 
change in FP cavity length, can be expressed as 

ΔL =
3(1 − γ2)a4

16Eh3 ΔP (4) 

Fig. 2. Fabrication process of a typical FP pressure sensor, (a) SMF, (b) the hollow glass tube was fused to the SMF, (c) the CLF was fusion-bonded to the hollow glass 
tube, (d) grinding and polishing, (e) deposit gold film, (f) side and top views of the proposed fiber-optic FP sensor.
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Fig. 3. Calibration of the FP sensor integrated pressure probes, (a) the experimental setup for the pressure tests, (b) the pressure response of the FP sensor in the 
range of 0~200 kPa, (c) the shift in the output interference spectra of the FP sensor in the range of 0~200 kPa, (d) the changes of the measured wavelength when the 
pressure is 5 kPa within 6 s, (e) the temperature response of the FP sensor in the range of 17–51 ◦C.
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where γ and E are Poisson’s ratio and Young’s modulus of the dia
phragm, respectively, a is the effective radius, and h is the thickness of 
the quartz diaphragm. This work’s diaphragm variation should take into 
account the more complex combined action of metal and quartz. A phase 
demodulation method was used for flow field measurements by fitting 
the measured spectra and calibrating the wavelength drift at different 
pressures in advance.

The FP sensor has been constructed in the following ways: first, as 
illustrated in Fig. 2(b) and (c), the SMF, hollow glass tube, and coreless 
optical fiber are welded together using a laser welding technique. Ideal 
quartz diaphragms were then produced by laser dicing and polishing, as 
shown in Fig. 2(d). Subsequently, the diaphragm is etched using buff
ered oxide etch (BOE). By precisely controlling parameters such as 
environmental temperature, solution concentration, and etching time, a 
diaphragm with a precise thickness can be obtained to enhance the 
sensitivity of the FP sensor. Ultimately, as illustrated in Fig. 2(e), a layer 
of gold with a thickness of 30 nm was applied by electron beam evap
oration to the quartz diaphragm’s cleaned surface in order to enhance 
the reflectivity of the FP outer surface, thereby reducing measurement 
errors caused by environmental pollution. Side and top views of the 
proposed fiber-optic FP sensor under an optical microscope are shown in 

Fig. 2(f).

3. Experimental results and discussion

The self-developed demodulation system consists of a tunable laser, a 
field programmable gate array (FPGA) control and acquisition module, 
and a photodetector (PD). The full-spectrum wavelength meets the 
needs of highly unsteady flow field measurements by scanning from 
1527 nm to 1567 nm at a frequency of up to 30 kHz.

3.1. Characterization experiment of the FP sensor

Fig. 3(a) demonstrates the experimental setup for the calibration of 
the FP sensor integrated pressure probe. The optical pressure probe is 
sealed within a rubber conduit extending from the pressure generator. 
Data acquisition is realized by our self-developed demodulation system. 
The output interference spectrum is processed by fitting and peak- 
finding algorithms to obtain the drift value of the spectrum, which can 
be expressed as a function of the pressure. Fig. 3(b) and (c) illustrate the 
pressure response and the shift in the output interference spectra of our 
FP sensor in the range of 0~200 kPa, and the sensitivity is 43.90 pm/ 

Fig. 4. Stain resistance test, (a) the wavelength shift of uncoated FP sensor and Au-coated FP sensor contaminated with different types of soiling under ATM and top 
views of the sensors under the microscope, (b) pressure measurement errors of the uncoated FP sensor caused by different types of soiling, (c) pressure measurement 
errors of the Au-coated FP sensor caused by different types of soiling.
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kPa. Our FP sensor maintains high linearity over a large measuring 
range, with a coefficient of determination (R2) of 0.99, which is bene
ficial for practical measurements. The pressure resolution of the FP 
sensor is calculated by measuring the standard deviation (SD) of the 
measured wavelength. The measured wavelength is recorded at 5 kPa 
pressure for 6 s, as indicated in Fig. 3(d), with an SD of roughly 3.9 pm. 
The resolution of the FP sensor can be calculated as twice the SD 
(7.8 pm), and the pressure resolution of the FP sensor is about 178 Pa, 
which is 0.089 % of the full scale (F.S., 0~200 kPa). Subsequently, the 
temperature response characteristics of the FP sensor were investigated. 
As illustrated in Fig. 3(e), the FP sensor demonstrates a linear response 
to temperature variations within the range of 17 ◦C to 51 ◦C, with a 
sensitivity of 8.71 pm/◦C, resulting in a temperature dependence of 
0.198 kPa/◦C. The temperature crosstalk primarily originates from the 
thermal expansion of the materials constituting the FP sensor. In ap
plications with minimal temperature fluctuations, such as the constant- 
temperature wind tunnel experiments conducted in this study, this error 
can be considered negligible. For scenarios involving significant tem
perature variations, temperature compensation methods may be 

implemented, such as connecting an FBG fiber optic temperature sensor 
in series or employing a dual-FP sensor configuration [21–23].

In wind tunnel experiments, transient and drastic pressure changes 
can generate moisture, and high-speed airflow often carries dust parti
cles, oil contaminants, etc. These harsh conditions restrict the use of 
most electrical sensors, which require non-corrosive, dry, and clean 
measurement environments. Contamination can also affect conventional 
FP sensors by altering the reflectivity of their diaphragms, leading to 
measurement errors. Experiments were conducted to investigate the 
effects of different contaminants on a quartz diaphragm FP sensor. Fig. 4
(a) demonstrates the spectral wavelength shift of the sensor under 
standard atmospheric pressure (ATM) when exposed to different con
taminants, revealing a substantial shift of 294 pm. The derived pressure 
error reached 4433 Pa, far exceeding the sensor’s resolution of ±103 Pa, 
as shown in Fig. 4(b). To protect the FP sensor integrated at the front end 
of the pressure probe from contamination, the proposed FP sensor was 
Au-coated. Comparison experiments were conducted to demonstrate the 
robustness of Au-coated FP sensor in dirty environments. As shown in 
Fig. 4(a) and (c), the spectral wavelength shift of the sensor 

Fig. 5. Experimental setup, (a) the general arrangement of the test rig, (b) probe installation.
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Fig. 6. Pressure measurements of airflow at velocities of 0.29–0.61 Mach in a wind tunnel, (a) responses of optical and electrical probes at incoming Mach numbers 
of 0.54 Ma, (b) measurement difference between optical and electrical probes at incoming Mach numbers of 0.54 Ma, (c) simultaneous measurement results of optical 
and electrical probes at incoming Mach numbers of 0.29 Ma, 0.41 Ma, 0.54 Ma, and 0.61 Ma, (d) comparison of optical and electrical probe measurements at 
incoming Mach numbers of 0.29 Ma, 0.41 Ma, 0.54 Ma, and 0.61 Ma.

Fig. 7. Dynamic response characteristics of optical and electrical probes under varying valve opening speeds, (a) responses of optical and electrical probes under 
high and low valve opening speed at the incoming Mach number of 0.61 Ma, (b) result of Fig. 6(a) after stretching the time coordinate.
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contaminated with different types of soiling was ±1.5 pm, which is two 
orders of magnitude smaller than that of FP sensor without coating, and 
the pressure measurement errors caused by contamination were 
±34 Pa, equivalent to 0.017 % of the full-scale range (FS: 200 kPa). 
Notably, these contamination-induced errors remained within the sen
sor’s resolution (±89 Pa), rendering their impact negligible. The Au 
coating applied to the external reflective surface of the FP cavity in
troduces a reflectivity mismatch between the two mirrors, leading to a 
partial reduction in interference fringe visibility. Nevertheless, this 
compromise is deemed acceptable when balanced against the mea
surement errors that would arise from surface contamination.

3.2. Pressure measurement in a wind tunnel

The experiments are conducted at the internal flow test rig. The 
available Mach number ranges from 0.2 to 0.7, and the test time for a 
single run is typically 60 s. The general arrangement of the test rig is 
shown in Fig. 5(a). A bellmouth is installed at the entrance and con
nected to the throttling device, which can regulate the incoming total 
pressure. A downstream settling chamber with two layers of honeycomb 
mesh, modeled after the smooth flow of cruising conditions, is located 
next to the throttling device. Following the settling chamber, the flow 
accelerates in a contraction section before entering a straight, rectan
gular section that is 300 mm long, 100 mm wide, and 50 mm high. As 
shown in Fig. 5(b), within this rectangular section, our optical pressure 
probe is co-located with a state-of-the-art piezo-resistive transducer 
(Shuangqiao CYG502) to facilitate concurrent measurements, ensuring a 
comparative analysis of the flow characteristics within the test envi
ronment. To minimize the contact area between the probe tip and the 
flow field, electrical probes require connection via a guide tube and a 
front-end probe during flow field measurements, whereas the proposed 
FP sensor, leveraging its compact size, can be directly integrated at the 
probe tip.

As illustrated in Fig. 6(a), the settling chamber is initially subjected 
to a vacuum to create a vacuum condition. Upon valve opening, the gas 
rushes into the chamber at high velocity. During the initial period of 
airflow introduction, the flow field remains unstable, resulting in fluc
tuations in the measured total pressure values. Subsequently, the flow 
field stabilizes over time. Fig. 6(b) illustrates the measurement differ
ence between optical and electrical probes at incoming Mach numbers of 
0.54 Ma. Under unsteady flow conditions, relatively large measurement 
discrepancies are observed between the two sensors, likely attributed to 
their positional variations inducing differential responses to the dy
namic flow field. The rate of gas flow can be adjusted by modifying the 
degree to which the throttling device is opened. As shown in Fig. 6(c), 
the measurement results are presented at different incoming Mach 
numbers of 0.29 Ma, 0.41 Ma, 0.54 Ma, and 0.61 Ma, respectively. The 
optical pressure probe’s measurement results are shown by the red lines, 
while the electrical pressure probe’s measurement results are shown by 
the blue lines. It is evident that the two measures are consistent with one 
another. Fig. 6(d) compares the results with the measurements from the 
electrical probe and shows that they are essentially consistent. The high- 
speed wind tunnel’s temperature fluctuations likely cause the slightly 
lower optical probe readings than electrical probe readings. Since the 
electrical sensor and probe were connected through a conduit, and the 
FP sensor was located near the probe’s port, sensor positioning may also 
have an impact on this discrepancy. Additionally, the discrepancies in 
the calibration processes of the electrical and optical probes may also 
contribute to this systematic measurement error.

Gas can flow into the chamber at varying speeds by adjusting the 
valve opening speed. Fig. 7(a) and (b) show the response curves for two 
valve opening speeds at the incoming Mach number of 0.61 Ma, illus
trating the dynamically changing measurements. Fig. 7(c) and (d) show 
the results after stretching the time coordinate, making it easier to see 
the transient pressure changes. In the graphs above, red and blue curves 
represent the test results of the optical and electrical probes, 

respectively. Our optical probes also appear to be in good agreement 
with the electrical probes. The airflow rate takes 0.2 and 1 s, respec
tively, to reach its maximum value for the two valve opening speeds.

A comparison of the proposed optical probe to the Shuangqiao 
CYG502 piezo-resistive transducer is shown in Table 1. In addition to 
being competitive in size, accuracy, and measurement speed, the optical 
pressure probe can function well in corrosive environments, high tem
peratures, and high humidity levels. It is also resistant to electromag
netic interference.

4. Conclusion

A miniature aerodynamic pressure probe integrated with a fiber- 
optic FP sensor is demonstrated. Its packaging size is much smaller 
than a commercial electrical probe. The optical pressure probe shows a 
resolution of 0.089 % within a 0~200 kPa pressure range in a subsonic 
flow field (Mach: 0.29–0.61). The experimental results are in good 
agreement with those of the electrical probe, showing superior response 
and detection accuracy of the optical probe. Our findings may be helpful 
in studying highly unsteady flows, especially when it comes to studying 
the flow fields at high speeds and high spatial resolution. This will 
further the field of high-performance aircraft research. While future 
work will concentrate on improving the sensor design—for example, by 
adding temperature corrections—so that it can be used in more wind 
tunnel scenarios, realizing a dense distribution of probe points on the 
AIP is an important area of study for inlets, with the potential to uncover 
more hydrodynamic issues.
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Table 1 
Comparison of the proposed optical probe to the Shuangqiao CYG502.

Proposed optical 
probe

Shuangqiao CYG502

Dimension 
(diameter)

(mm) 0.5 2.1

Pressure range (kPa) 0–200 0–100
Pressure 

resolution
(%) 0.09 0.25

Sampling rate (kHz) 30 20
Pressure media ​ Most liquids or 

gases
Noncorrosive, dry, and clean 
gases
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