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	 In this study, a carbon-fiber-reinforced composite packaged fiber Bragg grating (CFRP-FBG) 
surface-bonded sensor is developed for strain and temperature monitoring of wind turbine 
blades. To address the limitations of bare or simply bonded fiber Bragg grating (FBG)—such as 
insufficient mechanical protection, reduced strain-transfer efficiency, and poor operational 
stability—the proposed sensor uses a carbon-fiber-reinforced composite (CFRP) encapsulation 
structure that matches the blade substrate material, improving mechanical compatibility and 
strain transfer. Static cantilever-beam experiments show that the CFRP-FBG sensor exhibits a 
strain sensitivity of approximately 1.22 pm/με with a linearity of 0.9998, and the measured strain 
agrees with theoretical calculations and strain-gauge results within 1–2%, corresponding to a 
strain-transfer efficiency above 98%. Temperature calibration from −60 to 60 °C demonstrates a 
sensitivity of 18.63 pm/K and strong wavelength–temperature linearity. The sensor was further 
installed at four key positions on an operating wind turbine blade. Dynamic monitoring results 
indicate that the measured strain histories correspond closely to blade rotational speed and cyclic 
loading, without noticeable drift or signal loss during continuous operation. These results 
demonstrate that the CFRP-FBG sensor provides high sensitivity and feasibility for online strain 
and temperature monitoring of wind turbine blades under representative operating conditions.

1.	 Introduction

	 In recent years, with the rapid development of renewable energy technologies, the proportion 
of wind energy in the global energy mix has been steadily increasing. As a key component in 
wind energy conversion, wind turbine blades require structural health monitoring (SHM) to 
ensure operational safety and improve power generation efficiency.(1) Traditionally, resistance 
strain gauges (SGs) have been widely used for blade strain measurement; however, their long-
term field application is often constrained by environmental influences, which may lead to drift 
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or debonding failures and reduce measurement reliability. Conventional monitoring methods 
also struggle to simultaneously meet the requirements of real-time response and high accuracy. 
Meanwhile, carbon-fiber-reinforced composite (CFRP), owing to its excellent mechanical 
properties and lightweight characteristics, has gradually replaced traditional materials and 
become the preferred choice for wind turbine blades. Fiber Bragg grating (FBG) sensors, 
featuring high sensitivity, immunity to electromagnetic interference, and multiparameter 
measurement capabilities, have also shown great potential in SHM applications.(2)

	 Extensive research efforts have been carried out in both academia and industry to advance 
the engineering application of FBG sensors in SHM. Arsenault et al. developed a distributed 
strain-sensing system based on FBG, in which multiple gratings were deployed along the rotor 
and blade span.(3) Their laboratory static and dynamic loading experiments demonstrated the 
real-time acquisition of strain-field distributions and verified the feasibility of the system for 
load identification and SHM. Tian et al. attached twelve FBG sensors to the windward surface of 
a wind turbine blade and proposed a baseline-free damage identification method using static 
strain responses and chi-square statistics.(4) Their approach successfully located and quantified 
blade damage under various damage scenarios. Wen et al. embedded FBG sensors inside the 
three blades of a scaled floating wind turbine model and incorporated an optical rotary joint to 
construct an online blade load-monitoring system.(5) Real-time measurements of blade bending 
moments and torsional loads were obtained in wave-tank tests, demonstrating the reliability of 
FBG-based sensing in complex fluid–structure interaction environments. Pereira proposed a 
multistage SHM framework using FBG sensors during blade manufacturing, full-scale testing, 
and in-service monitoring.(6) The results showed that FBG can provide continuous strain and 
temperature information throughout the entire blade life cycle. Li et al. conducted a 
comprehensive review of blade damage-detection techniques and highlighted that strain-based 
monitoring using FBG or other optical fiber sensors can complement vibration- and acoustic-
based methods, offering high sensitivity for early damage detection.(7) Wang et al. further 
summarized common damage modes in large composite blades and reviewed current strain-, 
vibration-, and acoustics-based monitoring approaches.(8) They emphasized that combining FBG 
sensing with multisource data fusion is a promising direction for achieving online SHM and 
lifetime prediction of large wind turbine blades.
	 Although significant progress has been made in FBG-based blade strain monitoring and 
damage identification—particularly in multipoint strain-field acquisition, load reconstruction, 
and detection of typical damage forms—most existing studies rely on bare FBG or simple 
surface-bonded configurations. In these cases, sensors still face challenges in mechanical 
protection, strain-transfer efficiency, as well as operational stability and durability under harsh 
field environments.(9) Moreover, systematic investigations into the compatibility between 
encapsulation materials and blade substrates, the combined strain–temperature performance, 
and long-term degradation mechanisms remain insufficient. To address these limitations, we 
propose and fabricate a carbon-fiber-reinforced composite packaged fiber Bragg grating (CFRP-
FBG) surface-bonded sensor with a CFRP encapsulation layer matched to the blade substrate. 
The strain–temperature characteristics and monitoring feasibility of the developed sensor are 
evaluated through theoretical modeling, static loading tests, temperature calibration, and 
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monitoring on an operating wind turbine blade. Particular emphasis is placed on measurement 
accuracy, strain-transfer performance, and short-term operational stability. The present study is 
intended to verify the feasibility of the CFRP-FBG sensor for blade strain and temperature 
monitoring under representative service conditions, while further long-term investigations are 
still needed to assess creep-related effects, long-term drift, and its applicability to full structural 
health monitoring.

2.	 Materials and Methods

2.1	 Principle of FBG sensing

	 FBGs are periodic refractive index modulation structures inscribed in the fiber core using 
ultraviolet light and are composed of the cladding, the grating region, and the optical fiber. 
When light of a specific wavelength (the Bragg wavelength) satisfies the Bragg condition, that 
wavelength is reflected while all other wavelengths continue to propagate through the fiber. The 
structural details are shown in Fig. 1.
	 The Bragg wavelength satisfies the relationship
	

	 2B effnλ = Λ ,	 (1)

where neff is the effective refractive index of the fiber and Λ is the grating period. When the FBG 
is subjected to external effects such as mechanical strain or temperature variations, changes in 
neff  or Λ lead to a shift in the Bragg wavelength. When an FBG is subjected to mechanical strain 
and temperature variation, the Bragg wavelength shift is affected by both effects simultaneously. 
Therefore, under real operating conditions, the measured wavelength shift cannot be directly 
attributed to strain or temperature alone.(10) The relationship among temperature, strain, and the 
reflected Bragg wavelength can be expressed as

	 ( )1 ( )B B ep Tλ λ ε α ξ∆ = − ⋅ + + ⋅∆   ,	 (2)

where pe is the effective photoelastic coefficient, ε is the mechanical strain, α is the thermal 
expansion coefficient, ξ is the thermo-optic coefficient, and ΔT is the temperature change. When 

Fig. 1.	 (Color online) Scheme of the structure of a FBG sensor.



2930	 Sensors and Materials, Vol. 38, No. 6 (2026)

both strain and temperature act on the FBG, defining (1 )B eK pε λ= ⋅ −  and ( )T BK λ α ξ= ⋅ +  
leads to the expression

	
B TK K Tελ ε∆ = ⋅ + ⋅∆ .	 (3)

	 In actual wind turbine blade monitoring, strain and temperature vary simultaneously. 
Therefore, a temperature-compensation FBG is used to measure the local temperature change. 
For the temperature-compensation FBG, the wavelength shift can be written as

	 ΔλT = KT,TΔT,	 (4)

where ΔλT is the wavelength shift of the temperature-compensation FBG, and KT,T is its 
temperature sensitivity coefficient. By substituting Eq. (4) into Eq. (3), the mechanical strain can 
be expressed as

	 ,
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∆ − ∆  

 = .	 (5)

Here, KT and KT,T refer to the temperature sensitivities of the packaged CFRP-FBG strain sensor 
and the adjacent temperature-compensation FBG, respectively.

2.2	 CFRP-FBG packaging and strain transfer process

	 In this study, the CFRP-FBG sensor is installed on the outer CFRP surface of the wind 
turbine blade in a surface-bonded configuration. To maximize the strain transfer efficiency from 
the blade to the FBG, the packaging structure must ensure both material compatibility and 
adequate interfacial bonding performance. The sensor assembly consists of the following four 
main components:
(i)  FBG sensing element (a bare FBG with its coating removed to enhance strain measurement 

accuracy),
(ii) CFRP encapsulation layer (a small plate made from unidirectional carbon-fiber prepreg 

cured into shape, serving as both the substrate and protective layer for the FBG),
(iii) adhesive layer (an epoxy resin compatible with the blade material, bonding the packaged 

sensor to the blade surface), and
(iv) CFRP surface of the wind turbine blade.
	 As shown in Fig. 2, Fig. 2(a) presents the overall view of the CFRP-FBG sensor, while Fig. 
2(b) shows the cross-sectional view of the sensor bonded to the blade surface. The sensor 
consists of an optical fiber containing the FBG sensing region, a CFRP encapsulation layer, a 
bonding layer, and the blade surface. During operation, the surface strain of the wind turbine 
blade is transferred through the bonding layer and the CFRP encapsulation layer to the 
embedded FBG sensing region.
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	 During operation, aerodynamic loads cause bending deformation of the wind turbine blade, 
and the resulting surface axial strain is transferred through the adhesive layer and the CFRP 
encapsulation layer to the embedded FBG. Because the CFRP encapsulation layer has the same 
material composition and fiber orientation as the blade substrate, it reduces interfacial mismatch 
and improves strain transfer efficiency. With appropriate encapsulation dimensions and adhesive 
thickness, the FBG can be mechanically protected while maintaining efficient strain transfer.
	 When the blade is subjected to aerodynamic loads, local deformation is generated and 
transmitted to the CFRP layer, inducing strain in the CFRP material. Because the FBG is firmly 
bonded to the CFRP, this strain is transferred to the fiber core, causing a change in the grating 
period and a corresponding shift in the reflected Bragg wavelength. By measuring this 
wavelength shift, the structural strain can be determined. The strain transfer efficiency is 
defined as the ratio of the strain measured by the FBG to the actual structural strain. Let L be the 
bonding length, and assume that the material properties and geometric dimensions of each layer 
are known. The stress distribution within the layered structure is illustrated in Fig. 3(a), while 
the displacement fields and interfacial relative slips are shown in Fig. 3(b). Here, σ denotes axial 
stress, τ denotes shear stress, and the subscripts f, c, a, and s refer to variables associated with the 
FBG, CFRP layer, adhesive layer, and blade surface, respectively; u represents the displacement 
of each layer. By taking a differential element dx along the x-axis for the substrate-based FBG 
strain sensor, characteristic analysis is performed for each layer.(11,12) The resulting expression 
for the average strain transfer is

	
( )
( )

sinh
(x) 1

cos
kL

kL kL ωβ = − ,	 (6)

where k is the strain lag coefficient. According to Eq. (6), as the bonding length increases, the 
strain transfer efficiency also increases. Therefore, selecting an appropriate length for the 

Fig. 2.	 (Color online) Structural model of the CFRP-FBG sensor: (a) overall view of the CFRP-FBG sensor; (b) 
cross-sectional view of the sensor bonded to the blade surface.
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encapsulation layer is crucial. Considering various safety and practical constraints, a final 
encapsulation length of 100 mm and a width of 10 mm is adopted. It is essential to use 
encapsulation plates of the correct length during fabrication, as this parameter has a significant 
influence on strain transfer efficiency.(13)

	 In this study, the Bragg wavelength of the CFRP-FBG sensor was acquired and demodulated 
using an FT16 FBG interrogator manufactured by Beijing Dacheng Yongsheng. The interrogator 
has a wavelength range of 1525–1565 nm and a demodulation resolution of 1 pm. The block 
diagram of the FBG interrogation system is shown in Fig. 4.

3.	 Experimental Testing

3.1	 Static strain calibration results

	 Three fabricated CFRP-FBG sensors and one metallic resistance strain gauge were selected 
for comparison. All static calibration tests were conducted at 23 °C. A steel cantilever beam was 
used, with an effective cantilever length of 110.5 mm, a width of 40 mm, a thickness of 9.5 mm, 
and a Young’s modulus of 2.0 × 1011 Pa. All sensors were mounted on the same surface of the 
cantilever beam within the same effective measurement region, so that they were subjected to 
the same surface strain under static loading.
	 Applied masses of 3, 6, 9, 12, and 15 kg were successively suspended at the free end of the 
beam, corresponding to equivalent end forces of 29.43, 58.86, 88.29, 117.72, and 147.15 N, 
respectively, according to W = mg (g = 9.81 m/s2). Each load level was maintained for 
approximately 1 min to record stabilized readings from the FBG interrogator and the strain 
gauge. The beam was then unloaded stepwise to complete one loading–unloading cycle. This 
procedure was repeated three times to evaluate sensor linearity, repeatability, and hysteresis. 
According to Euler–Bernoulli beam theory, the theoretical surface strain can be expressed as

Fig. 3.	 (Color online) (a) Stress distribution in the layered structure and (b) displacement fields and interfacial 
relative slip of each layer.
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2

6WL
Ebh

ε = ,
	 (7)

where ε is the theoretical surface strain, W is the applied end force, L is the effective cantilever 
length, E is the Young’s modulus of the beam material, b is the beam width, and h is the beam 
thickness. Using the above equation, the theoretical strain values under the five loading levels 
were calculated. 
	 Figure 5 shows the wavelength–strain relationship of the CFRP-FBG sensor during the static 
loading–unloading tests on the cantilever beam. The horizontal axis represents the axial surface 
strain of the beam measured by the electrical strain gauge, while the vertical axis represents the 
wavelength shift of the FBG. The blue squares correspond to the loading process, and the orange 
triangles correspond to the unloading process. It can be observed that the reflected wavelength 
increases almost linearly with strain, and the loading and unloading data nearly overlap, 
indicating no obvious hysteresis. These results indicate that the sensor exhibits good linearity 
and negligible hysteresis within the tested strain range. The representative wavelength–strain 
data corresponding to the loading and unloading processes shown in Fig. 5 are summarized in 
Table 1.
	 The loading and unloading experiments were repeated three times. The fitted curves of the 
Bragg wavelength shift versus strain are shown in Fig. 6, where Fig. 6(a) presents the results of 
the three loading tests and Fig. 6(b) presents those of the three unloading tests. The three sets of 
curves remain within a highly linear range. By averaging the results of the three tests, the strain 
sensitivity of the CFRP-FBG sensor was determined to be 1.22 pm/με, with a linear fitting 
coefficient of 0.9998. The fitted sensitivities and fitting coefficients of the three repeated loading 
and unloading experiments are summarized in Table 2.
	 The theoretical strain, the CFRP-FBG measurements, and the electrical strain-gauge 
measurements under the five static loading levels are compared in Fig. 7. The experimental 
results exhibit excellent consistency, with deviations between the experimental values and the 
strain-gauge measurements within 2%, and deviations between the experimental and theoretical 

Fig. 4.	 (Color online) Block diagram of the FBG interrogation system.
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values within 1%. These results verify the high accuracy of the CFRP-FBG sensor for strain 
measurement. In other words, the strain transfer efficiency of the CFRP-FBG sensor reaches 
over 98%, closely approaching ideal behavior. This clearly demonstrates the feasibility and 
effectiveness of using CFRP-FBG sensors for wind turbine blade strain monitoring.
	 It is worth noting that traditional resistance strain gauges often experience sensitivity drift 
and zero-point shift after multiple loading cycles, whereas the FBG sensor maintained highly 
consistent output after three repeated cycles in this experiment, demonstrating superior stability.
	 For an FBG with a center wavelength of approximately 1550 nm, the typical strain sensitivity 
is about 1.0–1.2 pm/με. In this study, the measured sensitivity of the CFRP-FBG sensor is 

Fig. 5.	 (Color online) Wavelength–strain relationship of the CFRP-FBG sensor during static loading–unloading 
tests.

Table 1
Representative wavelength–strain data of the CFRP-FBG sensor.
Process Level Strain (µε) Wavelength shift Δλ (pm)
Loading 1   27.81     32.969
Loading 2   53.97     65.467
Loading 3   81.15     98.255
Loading 4 108.12   130.584
Loading 5 134.78   163.566
Unloading 1 135.15 163.18
Unloading 2 109.08 130.88
Unloading 3   80.87   98.79
Unloading 4   54.13   65.21
Unloading 5   28.01   32.83
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Fig. 6.	 (Color online) Fitting results of the three repeated experiments: (a) loading tests; (b) unloading tests.

Table 2
Summary of the fitting results of the three repeated experiments used for Fig. 6.

Test No. Loading sensitivity 
(pm/µε) Loading adjusted R2 Unloading sensitivity 

(pm/µε)
Unloading adjusted 

R2

1 1.2171 0.99995 1.2120 0.99966
2 1.2052 0.99988 1.2201 0.99981
3 1.2163 0.99974 1.2266 0.99985
Average 1.2129 0.99986 1.2196 0.99977

(a)

(b)
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approximately 1.22 pm/με, which aligns closely with the theoretical value, indicating that the 
packaging process has almost no effect on the intrinsic strain response of the grating. On the 
basis of this sensitivity, a static strain of 100 με produces a wavelength shift of about 120 pm, 
which is significantly larger than the typical demodulation resolution of 1 pm (or even higher) 
offered by standard interrogators. Therefore, even within the engineering-relevant small-strain 
range investigated in this study, small strain variations can be clearly and reliably captured. In 
other words, the strain range selected in this study not only covers the representative strain levels 
encountered during blade operation but also fully demonstrates the advantages of the CFRP-
FBG sensor in terms of small-strain resolution and strain transfer efficiency.
	 It should be noted that the sensing characteristics and practical applicability of bare FBG 
have been extensively reported in previous studies.(14,15) Building upon this foundation, the 
present work is focused on determining whether the CFRP packaging structure alters the 
sensitivity or linearity of the FBG within the actual service strain range of wind turbine blades, 
and whether it can maintain high signal-to-noise ratio and repeatability in the small-strain range 
relevant to engineering applications. The static calibration results show that the strain sensitivity 
of the CFRP-FBG sensor is essentially consistent with the theoretical value, with excellent 
linearity in the fitted curves, and the loading–unloading cycles overlap closely, indirectly 
confirming the strain transfer efficiency and measurement stability of the packaging structure.

Fig. 7.	 Theoretical strain, electrical strain-gauge measurements, and CFRP-FBG measurements under five static 
loading levels.
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3.2	 Temperature experiment results

	 For temperature calibration, the packaged CFRP-FBG sensor specimen, rather than the 
cantilever-beam assembly, was placed in a temperature-controlled chamber under minimal 
external mechanical constraint. The temperature was increased from −60 to 60 °C in steps of 20 
°C, with each temperature level held for approximately 30 min to allow the wavelength to 
stabilize before recording the reflected Bragg wavelength. By plotting temperature on the 
horizontal axis and wavelength (or wavelength shift) on the vertical axis and performing linear 
fitting, the temperature sensitivity coefficient and linear correlation coefficient of the sensor 
were obtained, as shown in Fig. 8.
	 The temperature sensitivity was determined to be 18.6307 pm/K, and the total wavelength 
shift of the FBG reached approximately 2.23 nm, indicating a strong linear temperature 
response. Within the tested temperature range from −60 to 60 °C, the packaged CFRP-FBG 
sensor exhibited stable and nearly linear wavelength variation without abnormal signal 
fluctuation or loss. The calibrated temperature sensitivity is slightly higher than that of a bare 
FBG, which is mainly attributed to the thermal expansion effect of the CFRP substrate, imposing 
an additional influence on the grating and thereby increasing the wavelength drift. It should be 
noted that the purpose of the present temperature experiment was to calibrate the wavelength–
temperature response of the packaged CFRP-FBG sensor under minimal mechanical constraint, 
rather than to investigate how the strain sensitivity varies with temperature. A systematic study 
of the temperature dependence of strain sensitivity will be carried out in future work. The 

Fig. 8.	 (Color online) Fitting of results of temperature experiment.
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calibrated value of 18.6307 pm/K applies only to the packaged CFRP-FBG sensor specimen and 
not directly to the temperature-compensation FBGs used in the dynamic test.

4.	 Dynamic Testing

	 Four CFRP-FBG strain sensors and four temperature-compensation FBG sensors were 
installed at four key positions of each blade, such as the leading edge (LE), trailing edge (TE), 
pressure side (windward side, PS), and suction side (leeward side, SS), with the latter placed 
adjacent to the strain sensors but positioned to avoid structural loading for temperature 
compensation. All gratings were routed to the hub center and connected to a high-speed 
interrogator, with the sampling frequency set to 10 Hz. Figure 9 shows the installation schematic 
of the sensors. After adhesive bonding and curing for approximately 24 h, the sensors were 
integrated into the acquisition system, which continuously recorded the wavelength data of each 
FBG during normal turbine operation and converted them into strain.
	 In this study, an FS22 interrogator was used to acquire the data. The continuous field 
monitoring lasted for 72 h. No sensor failure was observed during the monitoring period, and the 
strain signals remained stable after temperature compensation. Figure 10 shows the strain 
response of the wind turbine over a 100 s time span. The upper curve (SS) corresponds to the 
suction side, which undergoes compressive loading, while the lower curve (PS) represents the 
tensile load on the pressure side. It can be clearly observed that the strain varies repeatedly in a 
quasi-sinusoidal pattern over time, resulting from the periodic loading applied to the blade 
during each rotation.

Fig. 9.	 (Color online) Schematic diagram of sensor installation.
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	 The strain curves are smooth and continuous, matching the rotational frequency of the blade, 
demonstrating that the CFRP-FBG sensor can effectively capture the blade’s dynamic 
deformation. Compared with conventional electrical strain gauges reported in the literature, 
FBG-based sensing is less susceptible to electromagnetic interference and is advantageous for 
dynamic measurements.(16)

	 The monitoring results of the CFRP-FBG sensor installed on an actual wind turbine blade 
demonstrate that the sensor can effectively capture the dynamic strain response of the blade 
under operating conditions. During the 72 h field monitoring period, no sensor failure or obvious 
zero drift was observed, and the strain signals remained stable after temperature compensation. 
The measured strain histories showed smooth and continuous quasi-sinusoidal variations that 
were consistent with the blade rotational cycle and cyclic loading. These results verify the 
feasibility of the CFRP-FBG sensor for the online strain monitoring of wind turbine blades 
under real operating conditions. The present field test mainly demonstrates the dynamic 
response capability and short-term operational stability of the sensor under real operating 
conditions. Since structural integrity indicators were not extracted from the transient load data, 
further long-term investigations are still required to evaluate creep-related effects, long-term 
drift, and the applicability of the proposed sensor to full structural health monitoring.

5.	 Conclusions

	 In this study, a CFRP-FBG surface-bonded sensor was designed and developed for the online 
monitoring of wind turbine blades. Static cantilever beam loading tests and temperature 
calibration experiments show that the sensor has a strain sensitivity of approximately 1.22 pm/με 

Fig. 10.	 (Color online) Monitoring results over 100 s.
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and a linear fitting coefficient of about 0.9998, with deviations from the electrical strain gauge 
and theoretical values within 2 and 1%, respectively, corresponding to a strain transfer efficiency 
of over 98%. Within a temperature range of −60 to 60 °C, the sensor exhibits a temperature 
sensitivity of about 18.63 pm/K and a highly linear wavelength–temperature relationship, 
demonstrating stable operation across a wide temperature span. When installed at key locations 
on an operational wind turbine blade—including the leading edge, trailing edge, pressure side, 
and suction side—the sensor provided dynamic strain measurements that closely matched the 
blade’s rotational speed and loading conditions. No significant zero drift or failure was observed 
during 72 h of continuous operation, indicating that the CFRP-FBG sensor offers high sensitivity 
and good continuous monitoring capability under representative operating conditions. It 
therefore demonstrates feasibility for the online strain and temperature monitoring of wind 
turbine blades, while further long-term validation of drift behavior and applicability to full 
structural health monitoring is still required.
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