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Research on the non-singular shape sensing method based
on multi-airfoil features
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Abstract: To solve the ill-conditioned and singular problems of complex airfoil structures in traditional deformation sensing methods, a
non-singular deformation reconstruction model based on multiple airfoil features is proposed. Based on the Timoshenko beam deformation
theory, the element displacement field is discretized by using the dependency interpolation technique. A least squares variational
function of theoretical surface strain and measured strain is established. Then, the reconstruction model between element node
deformation and measured strain is derived. The position independence of the reconstructed model effectively eliminates the singularity
caused by improper selection of evaluation sections and enhances the applicability in complex structures. Meanwhile, an adaptive multi-
objective particle swarm optimization model is formulated with reconstruction accuracy and robustness for overcoming environmental
disturbances. Results show that the maximum absolute error is 0.26 mm and the maximum relative root mean square error is 0. 42%
when the deformation of the wing model is less than 20 mm. With the increase of deformation, the absolute error also increases. But, the
relative root mean square error does not exceed 3.5%. Therefore, the non-singular deformation reconstruction model based on multi-
airfoil features can meet the requirements of real-time wing reconstruction and effectively extend the application value of deformation
sensing method in complex structures.
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Fig. 1 The bending deformation of Timoshenko beam
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Fig.2 Geometric model of space beam element
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Fig.3 Internal node degrees of freedom of beam element
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Fig. 6 Position distribution of surface measured strain
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Fig. 8 Optimization criteria for strain sensors
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Table 1 Material parameters of wing skin
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Fig. 10  The profile function of fitting section
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Table 2 Sensor layout optimization scheme
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Fig. 11  Comparison of main deformation curves

under concentrated load
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Fig. 12 Comparison of main deformation curves

under uniform load
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Table 3 Comparison between reconstruction results and
simulation results at the evaluation points

A AR bR () 120 280 470 700
Abaqus/mm 0.14 0.57 1.75 3.51
FH T AR 0.27 0. 74 1.90 3.60
Pl A AR () 850 1 000 1250 1530
Abaqus/mm 5.01 6.43 9.97 14. 38
A T A2 5.10 6.38 9.782 14.74

VAl A AR (3945 120 280 470 700
Abaqus/mm 0.07 0.35 1.11 2.75
TR T A A 0. 06 0.34 111 2.68
Al AR AR (394 850 1 000 1250 1530
Abaqus/mm 4.92 8.00 13. 11 17.74
TR T R A A 4.71 7. 69 12. 84 18.12
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(b) Wing strain sensor and displacement sensor layout model

(d) BEARE THBRZ TR RAT

(c) Model bearing concentrated load under cantilever state (d) Model bearing distributed load under cantilever state

13 SLiRssE

Fig. 13 Experimental setup
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Fig. 14  The verification framework of structural

deformation reconstruction
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Fig. 15 Comparison of main deformation curves

under concentrated load
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under uniform load
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Table 4 Reconstruction accuracy of external loads

PPA 5 S iR 2 Fh 1 2 3 4 5 6 7 MD RMSE RRMSE/%
NDI -0.56 -1.45 -2.25 -5.88 -9.03 -11.87  -14.68
b far 0.73 0.48 3.17
BUMERL  -0. 11 -0.75 -1.52 -5.62 -9.42 -11.54  -14.37
NDI -0.12 -0.44 -2.724 -6.54 -9.62 -14.31  -18.25
YR far 1.43 0.67 3.47
BUMER -0.13 -0.78 -3.33 -7.02 -9.35 -14.86  -19.68
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