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Abstract 

This study introduces an all-fiber optic sensing network based on fiber Bragg grating (FBG) 
technology for structural health monitoring (SHM) of launch vehicle payload fairings under extreme 
thermo-mechanical conditions. A wavelength–space dual-multiplexing architecture enables full-field 
strain and temperature monitoring with minimal sensor deployment. Structural deformations are 
reconstructed from local measurements using the inverse finite element method (iFEM), achieving 
sub-millimeter accuracy. High-temperature experiments verified that FBG sensors maintain a strain 
accuracy of 0.8 με at 500 °C, significantly outperforming conventional sensors. Under 15 MPa 
mechanical loading and 420 °C thermal shock, the fairing structure exhibited no damage propagation. 
The sensing system captured real-time strain distributions and deformation profiles, confirming its 
suitability for aerospace SHM. The combined use of iFEM and FBG enables high-fidelity, large-scale 
deformation reconstruction, offering a reliable solution for reusable aerospace structures operating 
in harsh environments. 

Keywords: fiber Bragg grating; extreme thermo-mechanical coupling environment; inverse finite 
element method; payload fairing; structural health monitoring 
 

1. Introduction 

A payload fairing (PF) is a protective structure on a rocket that shields the spacecraft from 
aerodynamic heating and dynamic pressure during launch. It separates immediately after the rocket 
reaches outer space [1]. Fairing failure can lead to mission failure and significant financial loss. 
Notable incidents include the Taurus XL [2], PSLV-C39 (2017), and Astra Rocket 3.3 (2022) launches, 
all of which failed owing to PF separation anomalies. These cases highlight the need for effective 
structural health monitoring (SHM) systems to ensure payload protection and fairing reliability. 

SHM enables real-time detection of cracks, deformations, and separation anomalies, playing a 
key role in both single-use and reusable PF systems. As reusable launch components gain 
prominence, SHM also aids in post-recovery evaluation, reducing operational cost and enhancing 
safety. 

Fiber Bragg grating (FBG) sensors are crucial for SHM of PFs owing to their light weight, high 
sensitivity, and resistance to harsh environments [3]. They enable real-time monitoring of strain, 
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temperature, and vibration [4], thereby enhancing mission reliability and supporting PF reusability. 
The use of SHM technology in PFs has garnered significant attention both domestically and 
internationally, as evidenced by its integration in prominent launch vehicles, such as the Chinese 
Long March series [5] and NASA’s space launch system PF test. The next section delineates the 
primary content and current research status of FBGs in PF monitoring. In aerospace engineering, 
composite construction techniques for PFs have been investigated extensively. Building on this, Lin 
et al. [6] comprehensively examined the dynamics of FBG monitoring applications in spacecraft 
structures, including PFs. Their study emphasized sensor design and reliability validation in high-
temperature, vibration, and shock environments. Wang et al. [7] proposed a multichannel FBG array 
network to capture vibration spectral characteristics during the launch phase and experimentally 
verified its performance over various vibration spectral characteristics. They later proposed a 
multichannel FBG array network to capture the vibration spectral characteristics of the PF during 
launch, experimentally verifying its accuracy in wideband vibration (0–500 Hz). Shafighfard and 
Mieloszyk [8] investigated FBG sensors for carbon-fiber composite PFs under complicated conditions. 
Li et al. [9] compared FBG with conventional piezoelectric sensors for PF vibration monitoring, 
demonstrating the advantages of FBG in anti-electromagnetic interference and long-term stability. 
Zhang et al. [10] developed a high-resolution FBG demodulation system for spacecraft PF 
monitoring, achieving an impressive accuracy of 500 Hz, and facilitated the concurrent acquisition of 
data from multiple sensors, enabling real-time data processing. Shi et al. [11] investigated the 
thermal–structural coupling effect of a composite PF in high-temperature environments. They 
embedded FBG sensors to monitor real-time temperature and strain distributions and analyzed the 
dynamic strain response of the FBG when the PF separated. Furthermore, they verified sensor data 
reliability through finite-element simulations. Mei et al. [12] tested the FBG stability at extreme 
temperatures above 300 ℃ and proposed a temperature compensation algorithm applicable to rocket 
PF thermal protection system monitoring. Similarly, Ranasinghe et al. [13] reviewed fiber-optic 
sensing applications in aerospace thermal and structural monitoring, specifically focusing on FBGs 
in PFs, wing leading edges, and other aircraft components. In collaborative research on FBGs and 
fairings, the China Aerospace Science and Technology Group and other academic institutions have 
integrated FBGs into carbon fiber reinforced polymer PF specimens. They have also developed an 
FBG-based SHM system that facilitates real-time strain and temperature monitoring [14]. Although 
numerous studies have focused on fundamental applications such as damage detection and 
separation monitoring, the domains of data processing algorithms and sensor integration processes 
can be improved considerably. Organizations such as NASA, the European Space Agency, and 
SpaceX have attained high proficiency in integrating FBGs with PFs [15–18]. Although numerous 
issues in practical engineering applications have been addressed successfully, others remain 
unresolved. The results obtained from this study should prove beneficial in this regard. 

This study dynamically monitors PFs using FBG sensors. We deploy these sensors near the 
separation point of the PF to observe stress and dynamic responses during separation. Additionally, 
we analyze the thermal coupling effect by utilizing wavelength shift characteristics. The results of 
this analysis are combined with the strain data to examine the effect of thermal loads on the composite 
structure. This ensures the temperature safety of the internal payloads. The thermal protection design 
of the PF is also optimized. Finally, we ensure that the PF can separate smoothly after entering outer 
space, thereby preventing separation failure and subsequent mission failure. This study explores 
fiber-optic sensor applications, providing an in-depth understanding of large structure SHM. It also 
proposes a feasible method for testing PFs under thermally coupled loads by generating meaningful 
data. Given the expanding demand for space missions, further research in this field is expected to 
catalyze advances in PF design and monitoring technology. 

The remainder of this paper is organized as follows: Section 2 introduces the background, 
followed by a detailed examination of the FBG sensing principle and strain sensitivity calibration 
experiment. Section 3 provides a detailed description of the PF of the launch vehicle as the test subject, 
along with an examination of the loading conditions and FBG sensor application. Section 4 analyzes 
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the results, including temperature and strain sensing. Section 5 employs the inverse finite element 
method (iFEM) to reconstruct the structural deformation displacement field, and Section 6 concludes 
the paper. 

2. Monitoring and Reconstruction Methods 

2.1. Basic Theory of FBG Sensors and Testing 

FBG is a fiber-optic sensing component that periodically modulates the refractive index of the 
fiber core. This creates a narrow-band filter within the core. When broad-spectrum light passes 
through the FBG, the grating reflects narrow-band light with a central wavelength 𝜆஻  while 
transmitting other wavelengths. Changes in temperature and strain induce changes in the period and 
refractive index of FBG, thereby altering its reflection and transmission spectra. 

The fiber is subjected to axial stresses, resulting in axial strain ε. The strains in the two directions 
perpendicular to the axis are -µε (where µ denotes the Poisson’s ratio), and the shear stress is zero. 
Assuming the three directions align with the axial direction of the fiber, and directions 1 and 2 
correspond to the cross-sectional directions of the fiber, the strain tensor S applied to the fiber can be 
expressed as follows: 

𝑆 =
⎣⎢⎢
⎢⎢⎡
𝑆ଵ𝑆ଶ𝑆ଷ𝑆ସ𝑆ହ𝑆଺⎦⎥⎥
⎥⎥⎤ = ⎣⎢⎢

⎢⎢⎡
−𝜇𝜀−𝜇𝜀𝜀000 ⎦⎥⎥

⎥⎥⎤ (1)

The grating period change designated as 𝛥𝛬 is influenced by strain denoted as ε, according to 
the following equation:  𝛥𝛬 = 𝜀𝛬 (2)

where 𝛬 denotes the femtosecond FBG (FsFBG) period. 
The change in effective refractive index 𝛥𝑛௘௙௙ is given by: 𝛥𝑛௘௙௙ = 𝑛௘௙௙ଷ𝜀2 ሾ𝜇𝑝ଵଵ − ሺ1 − 𝜇ሻ𝑝ଵଶሿ (3)

where 𝑝ଵଵ  and 𝑝ଵଶ  denote the optical elasticity coefficients of the fiber that define the effective 
optical elasticity coefficient 𝑃௘ as follows: 𝑃௘ = 𝑛௘௙௙ଶ2 ሾ𝑝ଵଶ − 𝜇ሺ𝑝ଵଵ + 𝑝ଵଶሻሿ (4)

and 𝛥𝜆஻𝜆஻ = 𝛥𝛬𝛬 + 𝛥𝑛௘௙௙𝑛௘௙௙ = ሺ1− 𝑃௘ሻ𝜀. (5)

Consequently, the Bragg wavelength drift at ambient temperature is directly proportional to the 
strain. For an ordinary quartz fiber, the effective elasticity coefficient 𝑃௘  is approximately 0.22. 
Assuming a wavelength of 1550 nm, the drift is approximately 1.21 pm for every 1 mm change in 
strain ε. However, in an actual high-temperature monitoring environment where an FBG is mounted 
on a component using ceramic adhesive, the temperature characteristics of the adhesive and its 
connection with both the component and optical fiber affect the strain transfer. Therefore, the FBG 
strain response requires further refinement. 
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2.2. Nonlinear Characterization Study of FsFBG 

FsFBG was fabricated by directly inscribing a femtosecond laser point-by-point onto the fiber 
core. This sensor remained stable during extended operation at temperatures up to 850 ℃ and even 
survived brief exposure to 1000 ℃. Consequently, it is particularly well-suited for strain 
measurements in high-temperature environments. The manufacturing process is shown in Figure 1 
[19]. 

 

Figure 1. Preparation technology of FsFBG. 

The peak reflection wavelength (𝜆஻) of the FBG can be expressed as follows: 𝜆஻ = 2𝑛௘௙௙𝛬 (6)

Thus, 𝛥𝜆஻𝜆஻ = 𝛥𝛬𝛬 + 𝛥𝑛௘௙௙𝑛௘௙௙  (7)

Accordingly, the Bragg wavelength of the FBG is subject to variation in accordance with 
refractive index 𝑛௘௙௙  and grating period 𝛬 . When the temperature changes, denoted by 𝛥𝑇 , the 
alteration in the grating period, indicated by 𝛥𝛬, is attributable to the thermal expansion effect: 𝛥𝛬 = 𝛼𝛬𝑇 (8)

where 𝛼 denotes the thermal expansion coefficient of the fiber. The change in effective refractive 
index, designated as 𝛥𝑛௘௙௙, caused by the thermo-optic effect, is expressed as follows: 𝛥𝑛௘௙௙ = 𝜉𝑛௘௙௙𝛥𝑇 (9)

where 𝜉 denotes the thermo-optic coefficient of the fiber, representing the rate of change of refractive 
index with temperature. Substituting Equations (7) and (8) into Equation (6) yields: 𝛥𝜆஻𝜆஻ = ሺ𝛼 + 𝜉ሻ𝛥𝑇 ≡ 𝐾்𝛥𝑇 (10)

where KT denotes the temperature coefficient of the Bragg grating. When temperature fluctuations 
remain within small ranges, the thermal expansion coefficient 𝛼 and the thermo-optic coefficient 𝜉 
of the fiber can be regarded as constant. Consequently, Bragg wavelength drift can be modeled as a 
linear function of temperature, with a correlation coefficient R² > 0.99 for temperature variations 
below 150 °C. However, PF temperatures frequently exceed this range during actual operation. 
Consequently, the response of FsFBG to temperature becomes nonlinear, necessitating precise 
calibration. Given the thermal optical and thermal expansion coefficients of the fiber, the change in 
the FsFBG center wavelength versus temperature is expressed as follows: 
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𝛥𝜆B = 𝐾்଴ + 𝐾்ଵ𝑇 + 𝐾்ଶ𝑇ଶ + 𝐾்ଷ𝑇ଷ (11)

where 𝛥𝜆B denotes the temperature-induced wavelength drift, T denotes the temperature, and 𝐾்଴ 
to 𝐾்ଷ are the center wavelength versus temperature coefficients. 

Therefore, an acrylic structural adhesive (Ergo 1690) was used to attach the FsFBG sensors to the 
test piece. Figure 2 depicts the sensor arrangement at 20 ℃. The FsFBG was attached to the front of 
the standard tensile member, with strain gauges attached to the back. Strain was generated using a 
high-temperature tensile machine, and the strain gauge data were collected in real-time using a static 
strain gauge (XL2118B). A fiber grating demodulation instrument (TV1600) measured the FsFBG 
wavelength drift in real-time. Thermocouples monitored the temperature to obtain the strain 
measurements from the strain gauges and the FsFBG center-wavelength drift over time. 

 
Figure 2. Strain sensitivity calibration experiments for FsFBG. 

During the temperature calibration test, changes in the thermocouple temperature and FsFBG 
wavelength were recorded over time. The initial FsFBG wavelength at 20 ℃ served as a reference, 
from which the wavelength drift was obtained. Polynomial constants were fitted by curve-fitting the 
collected temperature and wavelength drift values in chronological order. 

2.3. Theoretical Study of Strain-Based Structural Deformation Reconstruction 

This subsection addresses the challenges of space limitations and large-area occlusion in 
measurement environments while ensuring real-time deformation monitoring of components. 
Accordingly, the theory of structural deformation reconstruction relies on strain information 
collected by fiber grating sensors. The objective is to achieve high-precision, real-time, in-situ 
deformation monitoring of the workpiece positioner. The iFEM utilizes various error functions and 
problem-specific finite element approximations to address the inverse problem of full-field shape 
reconstruction. The displacement distribution of the structure was obtained using displacement 
calculation equations. Inverse cell selection depends on the structural characteristics under 
consideration [20,21]. 

iFEM is a numerical method for solving partial differential equations. It uses the least squares 
method to relate the calculated strain 𝜀ఌ ≡ ሼ𝜀௞ఌሽሺ𝑘 = 1, . . . ,𝐾ሻ to the theoretical strain 𝜀ሺ𝑢௘ሻ to obtain 
the least squares function: Φୣሺ𝑢ୣሻ = ∥εሺ𝑢ୣሻ − εக∥ଶ (12)

The least squares difference Φ௘ of a unit can be expressed as follows: 
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Φ௘ሺu௘ሻ =෍𝜆௞௘𝑤௞௘Φ௞௘௄
௞ୀଵ  (13)

where Φ௞௘   corresponds to the kth strain measurement, which is calculated from the strain 
measurements at n discrete locations: Φ௞௘ = 1𝑛෍ൣ𝜀௞ሺ௜ሻሺ𝑢௘ሻ − 𝜀௞ሺ௜ሻఌ ൧ଶ௡

௜ୀଵ ሺ𝑘 = 1,… ,𝐾ሻ (14)

where 𝑤௞௘ represents a metric coefficient that ensures unit consistency of the summation terms in the 
equation, and 𝜆௞௘  denotes a dimensionless coefficient that quantifies the correlation strength between 
the measured and theoretically calculated strains. 

The error function, denoted by Φ௘ሺu௘ሻ , is derived by varying the unknown vector of nodal 
degrees of freedom and setting it to zero. This process yields the minimum value of the error function, 
denoted by Φ௘ሺu௘ሻ, and ultimately leads to the following unit matrix equation: 𝜕Φ௘ሺu௘ሻ𝜕𝑞௘ = 0 ⇒ 𝐴௘𝑞௘ = 𝑏௘  (15)

Matrix A depends on the position of the strain transducer, and vector b relies on the 
experimentally measured strain data. The unknown nodal degrees of freedom are calculated as 𝑞 =𝐴ି1𝑏 according to Equation (15), by introducing a geometric displacement boundary condition to 
prevent rigid-body motion. 

Given that the iFEM formulation only discretizes the strain–displacement relationship, the 
method does not require knowledge of the material properties, damping properties, or applied loads 
of the test member. Consequently, the iFEM is well-suited for both static and dynamic loading 
problems (Figure 3) [22,23]. 

 
Figure 3. iFEM solution procedure. 

3. High-Temperature Strain Tests for PF 

The PF comprised the ZL205A aluminum alloy and was coated externally with a heat-insulating 
layer. It had a diameter of 0.4 m and was 1.4 m high. The PF was categorized into three sections: a 
0.65 m high top section, middle section of 0.5 m, and bottom section of 0.25 m. An iron hoop fixture, 
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positioned 0.4 m from the top on one side, was connected to an actuator to apply the force load. The 
other side was anchored to a steel cable fixed to the ground to maintain the level of the hoop and 
prevent tipping during loading. The PF was encircled by three quartz heating tubes to apply thermal 
loads, positioned at the same height as its three components. Its base was bolted to the foundation 
and secured with a ring of steel cables to prevent excessive bending moments from stressing the 
structure. The experimental design is illustrated in Figure 4(a). 

 
(a) Schematic of PF experimental design 

 
(b) Force and thermal loading curve 

Figure 4. Experimental setup and loading protocol. 

During tensile loading, three sets of lampshades (upper, middle, and lower) applied heat to the 
test pieces. Figure 4(b) depicts the resulting force and thermal loading curves. The tension force 
increased linearly in the range of 0–5.2 kN over 82 s, then unloaded, reducing to 0 N at 110 s. In the 
initial 42 s, only tension was applied, with the force increasing linearly from 0 to approximately 2.7 
kN. Heating of the upper, middle, and lower shades then began, with heat flow reaching its 
maximum at 82 s, achieving 305, 220, and 200 kW/m2, respectively. The cooling process ensued after 
a 10-s interval. After 110 s, the values decreased to 32 kW/m2, 32 W/m2, and 22 kW/m2, respectively. 
The heat flow rate further decreased to zero after 137 s. 

The FBGs were arranged as depicted in Figure 5(a) to detect the strains during the force-thermal 
loading test. A total of 18 FBGs, comprising six strain rosettes, were affixed to each of the upper, 
middle, and lower sections of the test piece and labeled with symbols 𝑎 –𝑓 . A temperature-
compensated FBG sensor was positioned adjacent to each strain rosette and divided into four 
channels for connection to a fiber grating demodulator (TV125). As illustrated in Figure 5(b), this 
sensor rejects the effect of temperature on wavelength change. The temperature-compensated FBG 
sensor utilizes a metal capillary sleeve over the FBG sensor grid to isolate force, rendering it 
exclusively sensitive to temperature variations. This FBG arrangement monitored strain at multiple 
key points on the PF. 

 
(a) Sensor arrangement diagram 

 
(b) Photograph of sensors 
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Figure 5. Sensor layout and physical deployment. 

4. Temperature and Strain Sensing Data Analysis 

We eliminated the temperature effect on the sensors and rectified it using the strain sensitivity 
coefficient. This enabled us to obtain strain versus time for different sensors (Figure 6). 

 
Figure 6. Modified strain versus time curve at six locations on the PF. 

As shown in Figure 6, strain analysis on the left side of the PF at locations 𝐚, 𝐜, and 𝐞 using 90°-
arranged FBGs revealed peak strains of 1180 𝜇𝜀 after 115 s at point 𝐚, 1090 𝜇𝜀 after 123 s at point 𝐜, 
and 530 𝜇𝜀 after 135 s at point 𝐞, decreasing from top to bottom. At approximately 50 s, the strain 
changes were minimal (<100 𝜇𝜀 ) owing to negligible tensile force deformation, which was 
significantly lower than the thermal expansion effects. 

For the 45°-arranged FBGs, peak strains were 720 𝜇𝜀 after 110 s at 𝐚, 370 𝜇𝜀 after 120 s at 𝐜, 
and 280 𝜇𝜀  after 130 s at 𝐞 . The strain trend mirrored that of the 90°-arranged FBGs but with 
consistently lower values. 

For the 0°-arranged FBGs, peak strains were 750 𝜇𝜀 after 120 s at 𝐚, 1170 𝜇𝜀 after 140 s at 𝐜, 
and 850 𝜇𝜀 after 140 s at 𝐞. The strain at point 𝐚 (upper section) was lower owing to the iron hoop, 
whose thermal expansion—half that of the ZL205A aluminum alloy—restricted the horizontal 
deformation, leading to reduced strain. 
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FBGs with a 45° configuration attained the peak strain earlier than those with 90° and 0° 
configurations. Their strain then stabilized with a variation under 200 𝜇𝜀, similar to post-unloading 
behavior. 

A comparative analysis of the maximum strain values at each location is shown in Figure 7. 
Figure 8 shows that the upper PF positions 𝐚  and 𝐛  attain their maximum value initially, with 
minimal time disparity among other sensor positions. Peak principal strain variations (black and red 
lines) at the upper and lower ends were negligible. The largest principal strains (1700 𝜇𝜀) occurred 
in the middle of the left side, whereas the smallest (800 𝜇𝜀) occurred in the middle of the right side. 
Figure 9(a) presents a cloud map of the principal strains in the PF, illustrating the principal strain 
information at each location within the monitoring range of the sensor. 

 

Figure 7. Comparison of maximum strain at each position. 

 

Figure 8. Variation curves of principal strains at different positions. 

 
(a) PF main strain cloud 

 
(b) Main strain direction change curve of points 𝑏, 𝑑, and 𝑓 
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Figure 9. Strain and deformation characteristics under thermo-mechanical loading. 

Principal strain direction was also evaluated. As shown in Figure 9(b), the dominant orientation 
at the upper and lower right-side positions stabilized at ~43°, and ~33° in the middle. These results 
align with the rosette configuration and confirm the directional response under complex thermo-
mechanical coupling. The spatial distribution of principal strain is presented in Figure 6f. A clear 
gradient was observed from top to bottom, with higher strain concentrations in the upper and middle 
regions. The measurements highlight the combined effect of thermal expansion and mechanical 
tension, validating the ability of the sensor network to capture global deformation patterns. 

5. Structural Displacement Reconstruction 

Based on the iFEM algorithm, the left and right sides of the PF were divided into three vertical 
elements. Strain data from multiple orientations in each region were used to reconstruct the 
displacement fields through inverse stiffness matrix calculations. Table 1 summarizes the 
displacements at six critical nodes on the PF structure.  

Table 1. Critical node displacements of the PF. 

Point Displacement/mm Point Displacement/mm 
a 19.719 b 27.307 
c 6.533 d 9.442 
e 1.158 f 1.910 

The upper section exhibited the largest displacements, with the displacements of nodes b and a 
reaching 27.3 mm and 19.7 mm, respectively. The displacements decreased toward the base, where 
nodes e and f exhibited minimal movement (≤2 mm). This gradient reflects the mechanical boundary 
conditions and the combined effect of thermal expansion and tensile loading. Using these nodal 
results, the displacement field was interpolated to reconstruct the full-surface deformation across the 
PF. As shown in Figure 10(a), the maximum deformation occurred near the upper left region, 
consistent with earlier strain measurements. The deformation field demonstrates clear spatial 
gradients, providing insights into structural flexibility under high-temperature conditions. 

 
(a) Full-field displacement map 

 
(b) Displacement–time relationship 

Figure 10. Reconstructed displacement field and temporal evolution. 

The time evolution of PF morphology is shown in Figure 10(b). The displacement increased 
steadily during the loading and heating phases, with peak deformation occurring at ~110 s. The 
response exhibited both transient and sustained deformation, capturing both elastic and thermal 
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expansion components. This indicates that the iFEM–FBG system can effectively resolve real-time 
shape evolution under coupled loads. 

The reconstructed displacement resolution surpassed 0.1 mm/m, exceeding typical point-wise 
strain-based estimations. This enabled detailed identification of nonlinear stiffness changes, 
asymmetric separation behavior, and local accumulation of thermal strain. Such insight is critical for 
preventing mistimed separation and sealing mismatches in future reusable aerospace structures. 

6. Conclusions 

This study verified the potential reliability of FBG sensors in large-scale aerospace structures by 
applying them to the thermodynamically coupled SHM of launch vehicle PFs. Experimental findings 
demonstrated the FBG capacity of the sensor to precisely measure temperature and strain under 
extreme conditions, such as high temperatures and pressures. This capability overcomes the 
limitations of conventional sensing technologies and provides effective technical support for real-
time monitoring of aerospace structures. The displacement field reconstructed using the iFEM further 
demonstrates the application value of FBG sensors in structural deformation analysis. 

This study introduced FBG sensors to the thermal coupling test of launch vehicle PFs, 
overcoming technical limitations of conventional electrical sensing in environments with high 
temperatures, high pressures, and electromagnetic interference. The all-fiber optic sensing network 
enables simultaneous, high-speed acquisition and transmission of multipoint temperature and strain 
data, offering a high-precision solution to SHM of ultra-high-speed vehicles under complex 
conditions. The all-fiber multiplexing grouping of the FBG sensor network is a key innovation. 

We constructed an all-fiber-optic sensing network architecture using wavelength-space dual 
multiplexing technology. This architecture resolved the challenge of simultaneously monitoring 
multiple locations and physical quantities across large aerospace structures. When combined with 
iFEM, our innovative inversion of strain data into a structural displacement field enabled cross-scale 
analysis, moving from local measurements to global deformation reconstruction. This significantly 
improved the intuition and accuracy of SHM and assessment. 

Additionally, we established a dual verification system for structural strength and sensor 
performance in thermal coupling tests. A comparison of the measurement error distribution (<5%) of 
FBG and strain gauges was performed to systematically quantify the measurement reliability of FBG 
sensors in high-temperature environments above 500 °C for the first time. This validation method 
provided standardized data support for subsequent high-temperature tests. 

Optimizing FBG sensor performance for higher temperature ranges will be a key future research 
direction, adapting to increasingly demanding engineering environments. Concurrently, sensor 
arrangement and data processing algorithms must be enhanced to improve monitoring accuracy and 
computational efficiency. This study provides significant experimental data and technical expertise 
in aerospace SHM, establishing a foundation for advancing related technologies and engineering 
applications. 

7. Patents 

This section is not mandatory but may be added if there are patents resulting from the work 
reported in this manuscript. 
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