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Aerospace complex component measurement method
based on multi-resolution structured light

Xia Zenglong,Fan Yujie,Zhang Haizheng, Lu Xinghang, Mei Xuesong

(School of Mechanical Engineering, Xi'an Jiaotong University, Xi'an 710049, China)

Abstract: In aero-engine manufacturing, accurately acquiring the profiles of complex aviation components using advanced measurement
techniques is essential for machining guidance and quality assurance. To improve the measurement performance of structured-light
systems on complex structural surfaces, this article proposes a multi-resolution structured-light measurement method. A high-resolution
main camera and a low-resolution auxiliary camera are used in a binocular structured-light system, and the phase-matching strategy is
optimized to enhance measurement quality. First, the resolution of the main camera is increased to capture fine surface features, and
high-precision calibration of the stereo vision system with cameras of different resolutions is achieved based on photogrammetry. Then, an
epipolar-constrained phase-matching method is adopted. By precomputing the disparity range between the left and right views within the
measurement field, the search range for phase-corresponding points along the epipolar line is constrained, thereby improving matching
efficiency and reducing redundant computation. Finally, the edge type of each phase-corresponding point is identified by calculating the
neighborhood gradient of its initial value, and edge interpolation is optimized to improve edge-measurement completeness. Experiments
show that the calibration reprojection error is less than 0.15 pixels, the surface measurement accuracy for complex aero-engine
components reaches 5 pm, and the edge-feature measurement accuracy reaches 12. 1 wm. The disparity-constrained epipolar search
improves the search speed of phase-corresponding points by 88. 1% . Compared with the dual-low-resolution structured-light scheme, the
proposed method achieves better measurement performance, approaches the dual-high-resolution system, and overcomes the limitation of
constructing stereo vision systems with cameras of different resolutions.
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Fig. 1 Schematic of a multi-resolution structured light system
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Fig.2  Schematic diagram of the camera imaging model

SR AR R ARDLE A AATERY , T2 Fh R A9 T3,
el F515 A RS T R BRE A B AT AR R 22, AR R
ST B AR AR AR A TR 25, IR Bk S R
PAIE B[RS W
X —x, + Ax =

a(X=X)+b(Y=Y) +c(Z-2Z))

A (X X)) +b(Y-Y,) +e(Z-1Z,)
(D)

¥y =¥ Ay =
a,(X =X,) +b,(Y-Y,) +e,(Z~-Z,)

T a (X -X) +b(Y-Y,) +e(Z-1Z,)
Hrr (X, Y, Z) ZHFZE T BARr AR (B4 mm)
(X,,Y,, Z) R b AR (BALN mm) ;5 (v, y) J&
IZH%'EE’JJjT(ﬁujJ pixel) 5 (x,, ¥,) 52 A ARAR (FAL
A pixel ) ;f & SRR (BN mm) ; (Ax, Ay) S WAL S (B
{32 pixel) .




94 RO O

47

RAT ZEGHLIIN T SER = [ (a, b, ),
(ayby¢,),(asbycy)] SJH 3R (0, w, 0) FTE X,
T=[X,,Y,,Z, 1" SN i S5 R SR HLAE Ak bR
AL E R, AR bR AR S AR R R R AL
PN T LS, b 58 S AR SR T8 FH B = o A58 1)
(K, K,, K;) SZBilmmas(p,, P,) &k,

Av = Ko’ + Kt + Kar® + 2Py + P, (77 + 24°)
Ay = Ky* + Kyr* + Koyr® + P(7 +2) + 2P,xy
(2)

A 1 P WA AR AR TR A ST AR R G SRR, AT
RIS ARG E R = 4 259 HL BB 18 N A58 1 243 BER
VLR G, AT R T — T 35 T ) et it B8 ) e e
PR ST AR RE W FE R G b R UE T — A Y
it SETHERZ I i I ) 22 53 HE ST AR IS bR 2 7 vk,
FEFH T B AG MU 0 B >R i B AR e AR Ak, 52
I ERS BE RS AL AN 5 5 S 800 SR, %07 R DR
2 TR AR AL PR SRR N S5,

i 2 ) R AL AR A (1) etk Ak, 15 8] (3)
FH I ORI R

V =AX, + BX, - L (3)
X X, = (A, Af,,Ax,, Ay, ,AK, ,AK, ,AK; AP, | AP,)
HNTTE S BB IR X, = (AX, ,AY, ,AZ, A¢,Aw,
AG) NI SEIMEEAE ;A (B 4350 Ry 6T R Y 5 B
W s L 2 L [ £, BV UR S AR AR V= (0, v)) NI
7=,

SR e 1 /N T B R 1R 25 R W i SRR LI
SRR e O | B AR i IR A R R 2 i
THRJE  AEPLI G R AT LLRIR

p=A[R[TIW (4)
Horb WO T B A bR 2 P i = 4 5 s p AR R AR
Hh = 4 B AR R B AR

A M=A[R|T],WNH p =MW, X ThiEmhm =
He SRR G A ALIEMG T R

W=Mp =M,p, (5)

Hrp M, M, 53518 6 AR ML B H B 5p, p,
53N R Tal—A~ B bR s 76 227 PR BIL BTG i A5 S A
bR, PHFEPLATAAXS RT #I14

[R|T],=[R|T],[R|T],” (6)

Hro [RIT], WAL AL A A 4, S
PRRLSE AN PRECFE I 28 B I R

min((p},p;) = (D,,D,,[R|T], .M, . M, W)) (7)

) pt pl R SEBREG AR AR SR Y AL AR 5D, |
D, W AR BT iR AR R

PR i fe /MR TR 22 R IS R R e rh
AR BERARPLI T A S50

2.2 SEXSHER

BEREH BIAHRS R B AR BRI IR S TR —E 1Y
MHER I BLAS 4R T ISR i Re 1, ol DASR AL B g 4 23
HER MG EE  7EA5 0 R e D & 75 vh S T )z 5
N T B RS S AR A SR T AN 2 S U R S
S R

Gl 3 B A58 R A DY 25 AR RS 1 X TE 5% 2R 2L
AT AL A LA s BE— R A =050 22 BEA T fife
FLFE AT — AL

I{a;’/“

"l

A

K3 A 2e XN i S e
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phase-shifting algorithm
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Fig. 4 Schematic diagram of epipolar line search
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Table 1 Camera intrinsic parameters obtained using

the proposed calibration strategy
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Table 2 Relative extrinsic parameters obtained using

the proposed calibration strategy
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(a) Reprojection error of the main camera

(b) Reprojection error of the secondary camera
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Fig. 7 System calibration results
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Fig. 10 Measurement results of standard ball pairs
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Table 3 Measurement accuracy results

=] J7i: B/ m

MAE 4.1

BRAE A MaxAE 11.7
R RMSE 5.4
STD 4.1

MAE 4.4

R B MaxAE 9.1
R RMSE 5.1
STD 2.7

MAE 4.8

B MaxAE 8.7
wE RMSE 5.6
STD 5.2

MAE 4.4

S A RMSE 5.4
STD 3.8

MaxAE) 4 11. 7 pm, ¥ 5 #R 1% 22 (root mean square error,
RMSE) & 5.4 pm, #5 ¥ 22 ( standard deviation, STD) 4
3.8 pm, MEFNZ I EETE T E LA T IA 12 um,
KGR
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Table 4 Matching acceleration using disparity constraints

Ik v s FEMT/s
B3I 2.96x10° 10.31
ARSIk 2.95%x10° 5.48
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Fig. 12 Reconstruction results of the ceramic core edge features
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Fig. 13 Results of the diameter fitting of the marked points
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Fig. 16  Comparison of ceramic core reconstruction results from different systems
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Table 5 Comparison of blade surface fitting deviations

with coordinate measuring machine measurements
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1 4.7 4.7 96. 35
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Fig. 17 Blade surface deviation map

AT T 3 YO L A28, X TR e it A A i A i
A 1 RMSE (47 ¥ {H 2 4.73 pum, ~F ¥ b5 o I 22
4.73 pm,0. 01 mm A2 A7 L 96. 14% , BRI, A< 3C

T R S R B THT A IR A B FTOA 5 B ST
V55 A bR N A R T LA e ) — B
i EIAR AR LS, BIE T 2 B R R GEAE



% 6 1

e % JET 200 R DL i s = 2 P i 7 % 101

X 52 2 BTN bt v LA — 2 1 3 P M RN B 1 5 [ R
AN T TR 70 3 AN 1) AR SO T B I S B
SEPR T 203 HER ST AR B G0 Y R A, AR
Z/NF 0. 15 pixels, FRAERRXF I IR 2ZE A KT 117 um;
2) AR SCHE Y T — R TR0 22 2 SR A AR ZR A% AR 437 D i i
R 5 38 5 B A P A A A 243 L A 6 DT i
b5 = e i R A T R R R 88, 1% 53) AR SCER I T —
VG e 25 45 SR e, 30 0 $ vy 2 AL Y 43 B S5 01 )
ARV X IOE 5 T 2 2SR | 1 % DU e vy | S BRI FL B A2 40
BRIERZEA KT 20. 3 pm,

SRS XS B 1 T iR AR ZE LT R B
1) WFFEH R T 52 AR 43 FE 5 A B2 A UG e 3 e 43 BF
SR AHAILR T B {1 80 4 110 s AR 45 SR e, 0K 5 B
S BRI N BT I Y 5 2) B RS R L
AR SR — R A 2 2 R Y = 4RSS 32 BR T M
S U0 25 A, A REMEA T2 S PTA

4 #

XA 52 2 A 1) v IO I ) R, ASIE Y 4
T —FhIET L/ HER S MG By 4R v R AL
43 B, IR AT 057 DC Fe A B8 A v e | B 1 s
82 FH R T B M 5 SRR A R
TEL PRI R G R & T —FhE
JERLAERRE I, S TR I S H | S T 2240 MR ST
PR BT 2R G810 RS B2 AR OE 5 76 W 248 ZOMH 7 DT IiE 125 1)
FH BT b R TR 2 A R A R 4 2R UL R o
W, R T T 90 BT P 140 == 4 43 5 2 MO T Y
A AR 22 R SRS #2540 2 2 300 32
SR AT R AR T —Ff DT 4 % 8 58 SR s, 3 3 AT
e 0 2% SIS AR A6 4 X 7 et i 2 S R O M A 72
NGATE , Wit Z AN L, B0 T AR U IR TE £ 4%
PR R S A R
AR SC 5 AR PR IE I R R A R T, BR AR T ORLH
ZER R G R E BRI, BT T EH S R G E
HEF R DA R G RS TR TR AR 2R
T AR AT T L o5 04 R st T R 2 M 1R 2k R
fEME A, R TSR R E =S T
NP, R e L A5 B AR A RS 51 S i T o 4R 4t ]
SERE S
S 23k
[ 1] SRSCHE, SR, SRFA. MR KLU S
UG BEARERGR[)]. OGS OtR TR,
2021, 58(8).9-27.
GUO W B, ZHANG Q C, WU ZH J. Real-time three-

(2]

[3]

[4]

(5]

(6]

[7]

[8]

(9]

dimensional imaging technique based on phase-shift fringe
analysis; A review [ J ].
Progress, 2021, 58(8) :9-27.
RIAAS, AL T ARSI A
BARKELE[T]. WO S5OtR 72 gt g, 2023,
60(8) :11-41.

WU ZH J, ZHANG Q C. High-speed 3D topography

Laser & Optoelectronics

measurement based on fringe projection: A Review[]J].
Laser & Optoelectronics Progress, 2023, 60(8) :11-41.
JUAREZ-SALAZAR R, ESQUIVEL-HERNANDEZ S,
DIAZ-RAMIREZ V H. Optical fringe projection; A
straightforward approach to 3D metrology[ J]. Metrology,
2025, 5(3): 47.

BARDIS K, AVDELIDIS N P, IBARRA-CASTANEDO
C, et al. Advanced diagnostics of aircraft structures using
automated non-invasive imaging techniques: A compre-
hensive review [ J]. Applied Sciences, 2025, 15(7):
3584.

ZHANG G F, LIU Y, YAO Q, et al. Multi-view fringe
projection profilometry for surfaces with intricate struc-
tures and high dynamic range[ J]. Optics Express, 2024,
32(11): 19146-19162.

SRIF R, SR, S, A R I Y RS R
D FRBEFEBERE [ )] WOt 5ot 727k e, 2023,
60(3): 52-69.

ZHANG K F, SHI Y, LUO B, et al. Research progress
of high precision measurement technology in large aircraft
assembly[ J]. Laser & Optoelectronics Progress, 2023,
60(3) : 52-69.

BN, SRR, B, S s RS R RS
R R R [ 7], B (R e s0) | 2023,
16(4) . 802-815.

LIMY, CAI D CH, ZHAO W X, et al. High precision
structural light scanning viewpoint planning for aircraft
blade morphology[ J]. Chinese Optics, 2023, 16(4):
802-815.

CHEN Z, JU Y H, SUN CH ZH, et al. 3D shape
measurement of aeroengine blade based on fringe
projection profilometer improved by multi-layer concentric
ring calibration[ J]. Sensors, 2024, 24(9) : 2810.
LIMY, SHABY, LIUZL, et al. Automatic precision
matching method of optical measurement data for blade

profile quality detection [ J ]. Precision Engineering,



102

O M x #

#H B4T%

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

2025 94. 204-217.

XIA Z L, FAN ZH J, MEI X S, et al. Accurate
reconstruction of turbine blade point cloud and multiple
point cloud registration based on structured light [ J].
Measurement, 2025, 242. 115897.

CHENG Y Q, LI W L, JIANG CH, et al. A novel
cooling hole inspection method for turbine blade using 3D
reconstruction of stereo vision[ J|. Measurement Science
and Technology, 2021, 33(1) . 015018.

HE W T, ZHONG K, LI ZH W, et al. Accurate
calibration method for blade 3D shape metrology system
integrated by fringe projection profilometry and conos-
copic holography[ J]. Optics and Lasers in Engineering,
2018, 110: 253-261.

KONG L B, PENG X, CHEN Y, et al. Multi-sensor
measurement and data fusion technology for manufactu-
ring process monitoring: A literature review [ J]. Inter-
national Journal of Extreme Manufacturing, 2020, 2(2) .
022001.

T4, IR, RaEe, . T el 5 U5
I RE R HETT L [ 1], 6o 4, 2022,
42(10) : 139-148.

WANG Q J, CUL H H, ZHANG Y H, et al. Multi-scale
sampling registration method for optical measurement of
cross-source point clouds[ J]. Acta Optica Sinica, 2022,
42(10) :139-148.

SUN Q CH, REN Z M, ZHU J L, et al. A three-
dimensional structured light vision system by using a
combination of single-line and three-line lasers [ J].
Sensors, 2022, 23(1) . 13.

JIAZH X, YU J Y, SUN H, et al. Learning deep
feature correlation for microscopic structured light ima-
ging[ J]. TEEE Transactions on Industrial Informatics,
2025, 21(9) : 7266-7275.

WANG M, YANG Y, CHEN H L, et al. Optimizing
handheld 3D fringe

scanning based on projection

profilometry: Real-time registration and performance
enhancement[ J |. IEEE Transactions on Instrumentation
and Measurement, 2025, 74. 5037917.

JIANG H ZH, WANG Q, ZHAO H J, et al. High-
precision composite 3D shape measurement of aeroengine
blade based on parallel single-pixel imaging and high-

dynamic range N-step fringe projection profilometry[ J].

[19]

[20]

[21]

[22]

(23]

[24]

[25]

[26]

[27]

[28]

Optics & Laser Technology, 2024, 170. 110085.

Hhf, BB, AT, & —FhIE T EEGEH 3D-
DIC AT M Tk [T ] AR GR 41, 2024,
45(8) ; 268-285.

ZHENG H, DUAN F J, BAI Z B, et al. A surface
deformation measurement method based on reprojection
and 3D-DIC [ J]. Chinese Journal of Scientific Instru-
ment, 2024, 45(8) . 268-285.

LIZH W, LIU X J, WEN SH F, et al. In situ 3D
monitoring of geometric signatures in the powder-bed-
fusion additive manufacturing process via vision sensing
methods[ J]. Sensors, 2018, 18(4): 1180.

FENG Y, WHATMOUGH P, ZHU Y H. Asv:
Accelerated stereo vision system[ C]. Proceedings of the
52nd Annual IEEE/ACM International Symposium on
Microarchitecture, 2019 643-656.

LI Z J, WANG ZH, HUANG ] H, et al. Blade profile
extraction and edge completion method based on
structured light measurement point cloud[ J]. Precision
Engineering, 2024, 86. 225-238.

CAO H Y, QIAO D Y, YANG D. Phase correction
strategy based on structured light fringe projection pro-
filometry [ J ]. Optics Express, 2024, 32 (3): 4137-
4157.

LI B W, WANG Y J, DAI J F, et al. Some recent
advances on superfast 3D shape measurement with digital
binary defocusing techniques [ J]. Optics and Lasers in
Engineering, 2014, 54. 236-246.

LOU X P, LYU N G, SUN P, et al. Heterodyne multi-
frequency method for 3D profile measurement [ C J.
Fourth International Seminar on Modern Cutting and Mea-
surement Engineering, 2011, 7997, 489-495.

PAI W Y, LIANG J, ZHANG M K, et al. An advanced
multi-camera system for automatic, high-precision and
efficient tube profile measurement[ J]. Optics and Lasers
in Engineering,2022, 154. 106890.

HU H, WEI B, MEI SH, et al. A two-step calibration
method for vision measurement with large field of
view[ J].
Measurement, 2022, 71. 5006910.

X5, sk, SIS, 5. 20U U IR A ARG
FESSH e =4I i J7 ik [ 1] XA IR 2 4, 2023,
44(3) . 33-40.

IEEE Transactions on Instrumentation and



% 6 1

e % JET 200 R DL i s = 2 P i 7 % 103

LIU Y, ZHANG G F, HU P Y, et al. High-precision

structured-light 3D measurement method based on multi-

view Scheimpflug imaging [ J ]. Chinese Journal of
Scientific Instrument, 2023, 44(3) :33-40.

[29] ZHANG ZH Y. On the epipolar geometry between two
images with lens distortion [ C]. Proceedings of 13th
International Conference on Pattern Recognition, 1996,
1. 407-411.

[30] HUANG W W, MEI X S, JIANG G D. et al. An on-

machine tool path generation method based on hybrid and

local point cloud registration for laser deburring of

ceramic cores[ J]. Journal of Intelligent Manufacturing,

2022 33(8) : 2223-2238.
EEE N

B8R 2021 4E TR E A E
AL, B V4 22 A8 58 KA W F e AR B
FEIT 1] AL P e 5 OO 3
E-mail ; zlxiaemail @ 163. com

Xia Zenglong received his B. Sc. degree

from Xinjiang University in 2021. He is currently a Ph. D.
candidate at Xi’ an Jiaotong University. His main research
interests include three-dimensional vision measurement and

precision laser manu-facturing.

BEFAN,2016 4E T HIL Tk KAk A5
2R, 2020 AF T B 2% R 2 AR 12
A, B P 22 A8 8 R 2 1 L W5 A, 2T
: FEIT R SE S S ROEIN T,

\’//. E-mail : micjay@ stu. xjtu. edu. cn

Fan Yujie received his B. Sc. degree from

Northwestern Polytechnical University in 2016, and his M. Sc.
degree from Syracuse University in 2020. He is currently a
Ph. D. candidate at Xi’an Jiaotong University. His main research
interests include vision-guided laser processing.

MER Gl ) , 1982 4 TR
Tolb B AR 22440, 1985 4F T i T 24 B
ARAR A2 A07, 1991 AFF 94 2588 Rk i+
S, B VY LA R S A DRV A R BE
PLES N S8 % B4, EEAE T A
BRET S SR RO TR 5Tk

E-mail : xsmei@ xjtu. edu. cn

Mei Xuesong ( Corresponding author) received his B. Sc.
degree from Tianjin Institute of Light Industry in 1982, his
M. Sc. degree from Wuhan Institute of Technology in 1985, and
his Ph. D. degree from Xi'an Jiaotong University in 1991. He is
currently a professor at Xi"an Jiaotong University and director of
the Shaanxi Key Laboratory of Intelligent Robots. His main
research interests include theories and methods of intelligent

manufacturing and precision laser processing.



