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Abstract
In order to get an effective solution of the in-flight wing deformation measurement for high-wing

aircrafts with high-aspect-ratio,a method based on three-dimensional (3D) speckle correlation tech-
nique is proposed. Firstly,an in-flight wing deformation measurement system with two sets of conju-
gate cameras is designed based on structural characteristics and test requirements of high-wing air-
crafts with large-aspect-ratio. Secondly,the in-flight wing deformation measurement method based on
3D speckle correlation technique is introduced including three aspects: measuring system and wing
datum calibration,speckle image matching and 3D reconstruction,and wing deformation analysis. Fi-
nally,ground simulation test of dynamic deformation measurement of a scaled model wing and flight
test of dynamic deformation measurement of a large transport wing are carried out. The test results
show that the measuring accuracy of single point coordinate in ground simulation test is better than
0. 1 mm / m,in the airborne vibration environment,the static single-point positioning accuracy is bet-
ter than 5 mm,and the in-flight wing deformation measurement data is well received by the flight test
engineers. This method can satisfy the requirements of stability,reliability,high precision,non-con-
tact and full-field measurement for dynamic deformation measurement of aircraft wing with high-as-
pect-ratio.
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0　 Introduction

Aircraft wing dynamic deformation is one of the
key test contents of flutter airworthiness certification
and flight test subjects such as aeroelastic theory re-
search, aircraft aeroelastic mechanics analysis, load
analysis,etc[1] . Due to the influence of aerodynamic
forces during flight[2],the larger wings undergo larger
elastic deformation,mainly including torsion and ben-
ding deformation. These significant deformations can
cause changes in the size and distribution of the exter-
nal load of the wing, and even cause changes in the
distribution of internal structural loads on the wing lift-

ing surface,leading to the deviation of the aircraft wing
functioning state from the design state. It could affect
the aircraft performance of the aircraft and even endan-
ger the aircraft safety and lives[3-4] . Therefore,it is of
great significance to test the dynamic deformation of the
wing,and for the current aircraft design,the deforma-
tion measurement data in the real flight environment is
urgently needed as a support for research such as the
active use of deformation,computer control of variable
wing camber,and optimization of the theoretical calcu-
lation models.

The three-dimensional (3D) speckle image relat-
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ed visual measurement technology has been applied in
some fields by virtue of its advantages of fast measure-
ment speed, high accuracy, strong real-time perform-
ance, insensitive ambient light, and non-contact full-
field measurement[5] . In terms of wing deformation
measurement,the European National Aeronautical La-
boratory (NLR) implemented wing deformation meas-
urement during the Airbus A380 flight tests based on
digital image correlation technology in 2010[6] . Euro-
pean advanced flight status testing technology (AIM2)
successfully applied the in-flight dynamic deformation
image measurement technology based on the three-di-
mensional speckle image to the flight test of the Evek-
tor VUT-100 Cobra aircraft in 2013[7] . The image pat-
tern correlation technique ( IPCT) was applied to the
glider test bed within the scope of AIM2 and the flight
test was performed to measure the wing deformation[8] .
In China,the measurement of the aircraft wing deforma-
tion based on the three-dimensional speckle patterns
image remains in theoretical research and simulation
stage,which has not been applied to actual flight meas-
urement[9] . Relevant engineers of Chinese Flight Test
Establishment conducted research and analysis on the
theory and application of full-field three-dimensional
transient deformation measurement technology based on
three-dimensional speckle images [10-11] . Aiming at the
characteristics and flight test requirements of high-wing
aircrafts with large-aspect-ratio, some technical prob-
lems such as the difficulty in determining the installa-
tion position of the measurement equipment and the
difficulty in accurately measuring the three-dimensional
dynamic deformation of a large-scale curved surface
under a vibration environment are solved,and a solu-
tion of in-flight wing deformation measurement for high-
wing aircrafts with large-aspect-ratio is designed and
built.

1　 Measuring system

Aiming at the structural characteristics and testing
requirements of high-wing aircrafts with large-aspect-
ratio,combined with the general requirements of flight
test image testing,a dynamic deformation measurement
system for high-wing aircrafts with large-aspect-ratio is
constructed. Due to the large wingspan of the aircraft,
multiple cameras are required for relay measurement.
At the same time,due to the characteristics of the high-

wing,the cameras can only be installed on the vertical
tail of the aircraft. Considering the deformation and vi-
bration of the vertical tail,and the feasibility of the in-
stallation,the vertical tail front is selected as the cam-
eras installation position. Therefore, the system adopts
left-right relay and up-and-down intersection to achieve
the deformation measurement of the entire wing. The
lens focal length and the number of combined cameras
are compromised according to the vertical tail structure
information,the distance between the wing and the ver-
tical tail,the camera parameters,the test accuracy re-
quirements,etc. In addition,due to the high-frequency
vibration of the vertical tail during flight, the position
and attitude of the cameras shift accordingly. In order
to ensure the measurement accuracy, the conjugate
camera groups are designed,with the middle camera in
each group as the reference camera to correct the exte-
rior orientation elements offset of remaining cameras to
achieve system vibration compensation. And,the coding
marks are arranged in the rigid part of the aircraft and
the reference camera field of view as the measurement
reference area for real-time calibration of the reference
camera.

To realize the motion monitoring and deformation
measurement processing and analysis of the wing, the
dynamic deformation measurement system of high-wing
aircraft with large-aspect-ratio is mainly composed of
airborne image acquisition subsystem, camera and
measurement reference calibration subsystem and image
data processing and analysis subsystem ( as shown in
Fig. 1). Among them, the airborne image acquisition
subsystem is used for wing surface processing ( spra-
ying of speckle and coded marking points) and high
definition(HD)video data acquisition of the wing status
during the flight; the camera and measurement refer-
ence calibration subsystem is mainly used for measure-
ment of the wing reference state and marker points in
the measurement reference area,and calibration of two
conjugate camera groups; the image data processing
and analysis subsystem is mainly used for feature extrac-
tion and image correlation matching of the HD video
data, vibration correction / compensation of conjugate
camera groups,forward intersection and 3D reconstruc-
tion of the wing,3D dynamic display and data analysis
of the wing deformation.
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Fig. 1　 Composition of wing dynamic deformation measurement system based on 3D speckle
correlation for high-wing aircraft with large aspect ratio

2　 Measuring method

2. 1　 Three-dimensional speckle correlation
Three-dimensional speckle correlation is a combi-

nation of two-dimensional digital speckle correlation
and binocular stereo vision technology. Two cameras
are used to capture the speckle patterns on the surface
of the object before and after deformation from different
angles. By pre-processing,meshing,and correspondence
sub-areas matching of the speckle images,the two-di-
mensional coordinates of the center points of the sub-
areas before and after deformation are calculated,then
3D reconstruction is performed based on the calibration
parameters of the two cameras to obtain the three-di-
mensional spatial coordinates of these points before and
after deformation, thus the three-dimensional deforma-
tion information can be obtained. The key technologies
related to 3D speckle mainly include the following four
items: image acquisition, camera calibration, image
matching,and 3D reconstruction[12] .

The implementation of the dynamic deformation
measurement method of high-wing aircraft with large
aspect ratio based on three-dimensional speckle corre-
lation is around these four key technologies. The image
acquisition is to obtain images of the speckle area and
the measurement reference area on the wing surface be-
fore and after deformation by installing two conjugate
camera groups. The image quality directly affects the
subsequent image processing. The camera calibration is
to obtain the interior orientation elements,distortion pa-
rameters,relative exterior orientation elements and ab-
solute exterior orientation elements of the two conjugate

camera groups,which is the support and premise of the
entire measurement system for image matching and 3D
reconstruction. The image matching includes two links,
i. e. stereo matching and two-dimensional matching.
The stereo matching is for speckle images in the same
deformation state,which is to match the speckle images
obtained by two intersecting cameras. While the two-di-
mensional matching is for speckle images in different
states,which is to match the speckle images of different
states obtained by the same camera. The 3D reconstruc-
tion is to calculate the spatial coordinates of the speckle
based on the forward intersection calculation model and
the speckle coordinates obtained by stereo matching,
then,the data obtained from multiple intersection cam-
eras are stitched together to obtain the 3D reconstruc-
tion of the complete wing. In order to achieve the meas-
urement of the dynamic deformation of the wing, the
reference state of the wing needs to be calibrated. The
results of the 3D reconstruction of the wing in-flight are
compared with the reference state to finally obtain the
dynamic deformation of the wing.

2. 2　 Measurement system and wing reference cali-
bration

2. 2. 1　 Calibration parameters
The parameters that the measurement system

needs to calibrate are the follows[13] .
(1 ) Elements of interior orientation ( principal

point of photograph (x0,y0) and focal length ( f) ).
(2)Distortion parameters[13] ( radial distortion co-

efficients (k1,k2,k3),tangential distortion coefficients
(p1, p2 ) and thin prism distortion coefficients ( s1,
s2)).

952　 HIGH TECHNOLOGY LETTERS | Vol. 29 No. 3 | Sep. 2023



(3)Elements of relative exterior orientation (posi-
tion and attitude relationship of remaining cameras rel-
ative to the the reference camera in a conjugate camera
group).

(4)Elements of absolute exterior orientation (po-
sition and attitude parameters of a conjugate camera
group in object space coordinate system),which is re-
ferred to as exterior orientation elements.

The wing reference calibration is to construct the
wing deformation reference coordinate system in the
horizontal state of the aircraft,as the object space coor-
dinate system for calibration of the measurement sys-
tem, and obtain the three-dimensional coordinates of
the coded marker points arranged on the measurement
reference area and the wing in the reference coordinate
system,as the datum for data processing and compara-
tive analysis.
2. 2. 2　 Calibration method

The calibration of the measurement system in-
cludes ground static calibration and real-time calibra-
tion of the dynamic exterior orientation elements. Con-
sidering that the system have a long shooting distance
and a large field of view,the bundle adjustment method
based on the control ruler within the foreground depth
range is adopted for the interior orientation and distor-
tion parameters calibration,the space resection method
based on the large three-dimensional control field in
the measured area is used for the calibration of the pa-
rameters listed in (2) - (4) in subsection 2. 2. 1,and
the real-time calculation and transmission method
based on the fixed points arranged on the measurement
reference area is involved for real-time calibration of
the dynamic exterior orientation elements.

(1 ) Internal parameters calibration of long-dis-
tance and large-field cameras based on the control ruler
within the foreground depth range.

Find a position where the imaging is clear and the
imaging size of the marker point on the ruler exceeds 8
pixels in the foreground depth range of each camera.
Then,rotate and translate the control ruler in the cam-
era field of view, and collect the corresponding se-
quence images as the calibration images,which are pro-
cessed by the identification,positioning and matching
of the image marker points,and then combine the space
constraints between the marker points to realize the
camera calibration calculation.

If the distance between the two marker points on
the ruler is set as the constraint,according to the col-
linear condition equation,the calibration solution model
can be abbreviated as[14]

V1 = At + Bu Xu + C X2 + D Xad - L
V2 = BS XS - LS

} (1)

where, t = ΔXS ΔYS ΔZS Δφ Δω Δκ[ ]T is the
correction matrix of the exterior orientation elements,Xu =
[ΔX　 ΔY　 ΔZ]T is the correction matrix of the object co-
ordinate of the marker points, X2 = Δx0 Δy0 Δf[ ]T is
the correction matrix of the interior orientation elements,
Xad = Δk1 Δk2 Δk3 Δ1 Δp2 Δs1 Δs2[ ]T is the
correction matrix of the distortion parameters, L =
[x - (x) y - (y)] T is the constant matrix,( x) and
(y) are the values calculated by substituting the initial
value of the unknown number into collinear conditional
equation; A,Bu,C,D are the corresponding coefficient
matrices,and the meanings of Bs,Xs,Ls are shown in
Eq. (2).
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　 　 Set two object points Si(X i,Yi,Z i) and S j(X j,Y j,
Z j) ,the distance Lij between them as the true value,
there are
L2
ij = ((X i - X j) 2 + (Yi - Y j) 2 + (Z i - Z j) 2) (3)

write it as an error equation:
vij = X i - X j

( )2 + Yi - Y j
( )2 + Z i - Z j

( )2( ) - L2
ij

(4)
Taking X i,Yi,Z i,X j,Y j,Z j

( ) as the unknown pa-
rameter and taking the derivative of the unknown pa-

rameter based on Eq. (3),Then, V2 = BS XS - LS can
be written as follows ( F0

ij is the L2
ij value calculated by

substituting the initial value of the unknown number in-
to Eq. (3).

In the process of collecting calibration images, it
should be noted that when changing the position and
attitude of the calibration ruler,there should be changes
in both the relative angle and the relative translation
between the captured images. Generally,20 to 30 cali-
bration images are collected to participate in the cali-
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bration calculation.
Since this method uses a calibration control area

that is far away from the measurement area,the distor-
tion parameters obtained by the calibration calculation
cannot fully reflect the image distortion of the meas-
urement area,so it is necessary to recalibrate the dis-
tortion parameters based on the control of the measure-
ment area.

(2 ) External parameters calibration based on
large three-dimensional control field in the measured
area.

The core of the calibration based on large three-
dimensional control field in the measured area is space
resection. Based on a few images covering a certain
number of control points collected from the same per-
spective and the object space coordinates of the control
point,according to the collinear conditions equation,
the calibration parameters can be obtained.

For the reference camera,the error equation is
V = At + D Xad - L (5)

where,the meaning of each parameter is the same as
Eq. (1).

For the remaining cameras of the conjugate camera
group,set the position and attitude matrix of one of
these cameras relative to the object space coordinate
system for Tc,Rc,the position and attitude matrix of the
reference camera relative to the object space coordinate
system for T,R,and the position and attitude matrix of
the camera relative to the reference camera coordinate
system for Tr,Rr, there is an equivalent relationship
between them as shown in Eq. (5),combined with the
collinear condition equation,the error Eq. (6) for cal-
culating the relative exterior elements of the remaining
cameras can be derived.

Tc = RTr + T
Rc = RRr

{ (6)

V′ = Bt + C Tr + E Xad - L′ (7)
where, the meaning of t and Xad is the same as
Eq. (1),Tr is the correction matrix of the relative exte-
rior orientation elements of the remaining cameras;B,C
and E are the corresponding coefficient matrices; L′ is
the constant matrix.

Combining Eq. (4) and Eq. (6),the exterior ori-
entation elements and relative exterior orientation ele-
ments and distortion parameters of the system can be
obtained by least square iterative calculation according
to the image plane coordinates and object space coordi-
nates of the control points[15] .

(3 ) Real-time dynamic calibration of cameras
based on fixed points.

The position and attitude of the reference camera can
be obtained in realtime by space resection calculation
according to the fixed points arranged on the measure-
ment reference area ( at this time, Xad = 0 in
Eq. (4)),then, the dynamic exterior orientation ele-
ments of all cameras can be calculated according to
Eq. (5), and the relative exterior orientation elements
of the remaining cameras can be obtained by ground
static calibration of the measurement system.

The premise of achieving high-precision dynamic
exterior orientation elements calibration of the measure-
ment system is to design the conjugate camera group,
that is,the cameras can ensure the mutual position and
attitude relationship unchanged during flight, and the
data acquisition of the cameras can be strictly synchro-
nized.

2. 3　 Image matching
The digital speckle correlation matching method is

introduced to match the corresponding points on the
two images by using random speckle as the feature. The
square reference sub-region (containing more than one
elliptical speckle pattern) of (2n + 1) × (2m + 1) pix-
els in the reference image is selected to find the target
sub-region with the most similarity to the reference sub-
region in the target image. The centers of the two sub-
regions which are successfully matched can be regarded
as corresponding points. The principle of digital speckle
correlation matching is shown in Fig. 2.

Fig. 2　 Digital speckle correlation matching principle

The similarity evaluation between the reference
sub region and the target sub region can be transformed
into the process of solving the similarity coefficient. In
the actual experiment,the light intensity of the obtained
speckle image changes with time, so the correlation
function (ZNSSD function),such as Eq. (7), is used
to define the similarity between the two sub regions of
the matching image. ZNSSD can eliminate the influence
of the linear change of image gray caused by the
change of light. It is insensitive to the linear change
and offset of gray level,and has good anti-interference
performance[12] .
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where, f(x,y) is the gray value of a point ( x,y) on
the left image, g x′,y′( ) is the gray value of the point
x′,y′( ) on the right image,and (x,y) is x′,y′( ) cor-

responding image point. When x′,y′( ) is a non-integer
pixel,its gray value can be calculated by bicubic spline
interpolation. fm and gm are the average gray values of
left and right image sub regions.

When performing correlation matching, the first-
order displacement function is often used to represent
the mapping relationship between the points in the two
sub-regions,including the displacement ( u,v) of the
point x′,y′( ) relative to the point (x,y) in the x and y
directions and the displacement gradient ( ux, uy, vz,
vy) from the point x′,y′( ) to the point (x,y). Accord-
ing to Fig. 2, X = u ux uy v vx vy r0 r1[ ] is taken as the
matching parameter vector to be solved,and the mini-
mum value of CZNSSD is obtained by the iterative least
squares method to achieve sub-region matching. For the
matching of full time series state images,the matching
strategy of cross matching between stereo matching and
two-dimensional matching is adopted until the stereo
matching of the speckle subsets in all states is comple-
ted[16-20] .

2. 4 　 3D reconstruction and wing deformation
analysis

　 　 On the basis of the ground static calibration and
real-time calibration of the measurement system,the 3D
reconstruction of the wing airfoil is realized based on
the forward intersection measurement principle. Since
the measurement of the entire wing surface is carried
out by the up-and-down two sets of cameras for seg-
mented intersection measurement,there is a small over-
lap between adjacent segments,which is located at the
edge of the camera imaging. In order to improve the
measurement accuracy of the overlapped part,here,the
up-and-down binocular intersection measurement and
the left and right four-eye intersection measurement are
used for positioning calculation, thus, the single wing
can obtain five data segments,and then based on these
five data segments,the high-precision measurement da-
ta of the complete wing surface of the single side can
be obtained by splicing and fusion processing.

(1) Binocular intersection measurement is based

on point projection coefficient method.
(2) Four-eye intersection measurement is based

on collinear conditional equation method,which is used
to improve the accuracy of binocular intersection meas-
urement in the edge area of the image.

(3) Splicing and fusion processing is a data syn-
thesis processing which adopts the optimal fusion strat-
egy and takes the four-eye intersection measurement re-
sults as the optimal data.

Taking the wing reference calibration data as the
absolute reference state and the measurement data of
the ground driving state before the aircraft slides out of
the day as the relative reference state, combining the
3D reconstruction results of the effective flight segment
of the test flight,the wing deformation and deformation
process are analyzed. When analyzing with point ele-
ments,a point or multiple points spatial coordinates da-
ta is extracted from the wing 3D reconstruction results
of the effective flight test phase, and the deformation
amount and deformation process curve can be obtained
by the difference operation between the data and the
reference state data.

3 　 Verification of measurement method in
ground simulation test

　 　 In order to verify the feasibility and accuracy of
this method,a wing dynamic deformtion measurement
simulation test system consisting of two upper and low-
er groups of 4 cameras and model wing was construc-
ted in the laboratory. Through system construction,
camera calibration, image data acquisition and pro-
cessing of the model wing deformation process, the
system􀆳s static calibration accuracy,real-time dynamic
calibration effectiveness and reliability,speckle detec-
tion and matching capabilities,data splicing and fusion
processing accuracy, and three-dimensional deforma-
tion analysis and display effects of the wing have been
verified.

Fig. 3 is an image of a single-sided wing model
sprayed with a speckle pattern taken by one of the
cameras. Fig. 4 is a three-dimensional display of the
deformation measurement results at a certain time
during the movement of the wing model. It can be
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seen from Fig. 4 that this method can effectively real-
ize the measurement and analysis of wing deforma-
tion.

Fig. 3　 Unilateral model wing

Fig. 4　 Deformation measurement results at a certain time
during the movement of the model wing

Take four points on the wing surface for point
analysis,stabilize the wing at a certain time,then meas-
ure the three-dimensional coordinates of these four
points with coordinate measuring equipment and com-
pare it with the data measured by the wing dynamic de-
formation measurement system, and the result indi-
cates: the single-point positioning accuracy is better
than 0. 1 mm in ground simulation test of wing deform-
ation measurement based on three-dimensional speckle
correlation. Considering the wing span length and pho-
tography distance of a large transport aircraft,the wing
dynamic deformation measurement accuracy of the air-
craft can be estimated: ignoring the environmental fac-
tors (vibration,illumination,etc. ),the single-point po-
sitioning accuracy of this method is better than
2. 5 mm,which is better than the accuracy require-
ments of the test mission. So the method is feasible for
flight test of wing dynamic deformation measurement.

4　 Flight test verification

4. 1　 Modification and calibration of the measure-
ment system

　 　 Taking a large transport aircraft as an example,
based on the information of the vertical tail structure of
the aircraft,the distance between the wing and the ver-
tical tail,the selected camera parameters,and the accu-
racy requirements of the test,etc. ,a deformation meas-
urement system composed of upper and lower conjugate
camera groups ( each group contains 5 cameras) is
built to realize the entire wing deformation measure-
ment through intersection and relay measurement. The
installation position of the two conjugate camera groups

at the vertical tail front and wing surface treatment,the
wing surface is sprayed with speckles and coding
marks,especially on the ribs that are the focus of atten-
tion should be sprayed with coding marks,which are
used for the wing reference calibration and the wing de-
formation point analysis. The pattern of the speckles
and coding marks should be stretched based on the an-
gle and distance between the camera optical axis and
the measured plane to improve the recognition efficien-
cy and matching reliability under large inclination pho-
tography.

After communicating with the aircraft design,de-
velopment,production and refit departments,the meas-
urement system can be installed on the vertical tail
without affecting the aerodynamic condition of the air-
craft by replacing the vertical tail front skin, opening
light-window for cameras, installing optical glass, and
installing a camera fixing bracket inside the vertical
tail.

4. 2　 Calibration of the measurement system
Due to the small light-window and the narrow in-

ternal space of the vertical tail of the aircraft,the com-
monly used way of changing the camera position and
angle to achieve the calibration of the camera internal
parameters cannot work here. Therefore,after the meas-
urement system is installed on the aircraft,the joint test
is normal when the field of view,aperture and definition
of each camera are adjusted properly to ensure that the
complete wing surface can be covered and clear ima-
ging. Then,fix the cameras and perform calibration of
the measurement system and wing reference.

The implementation process of the measurement
system and wing reference calibration is as follows.

(1) Through the high-altitude vehicle, the cali-
bration control ruler is continuously changed with va-
riants in position and attitude in the camera fore-
ground depth range. Generally,the images of the cal-
ibration control ruler in 20 states are collected as in-
ternal parameters calibration images; in this way,the
internal parameters calibration images of each camera
are collected.

(2)Carry out the leveling of aircraft in the state of
empty fuel, use coordinate measuring equipment to
measure the coordinates of the aircraft axis reference
point to determine the wing deformation reference coor-
dinate system, and then measure the coded marker
points coordinates on the wing as the wing reference
calibration data.

(3)Arrange a control field near the wing to make
more than 8 coded control points evenly distributed in
each camera field of view,measure all the coded points
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coordinates as camera calibration control data; for each
camera,continuously collect 10 control field images as
external parameters calculation images.

(4)According to the method proposed above,the
calibration calculation image is processed to obtain the
calibration parameters of the measurement system.

(5)Calibration accuracy analysis and evaluation,
select part of the coded marker points arranged on the

wing as check points,compare and analyze the meas-
ured coordinates with the calculated coordinates ob-
tained based on the forward intersection principle to
achieve the actual accuracy verification and evaluation
of the measurement system calibration. As shown in Ta-
ble 1,the static measurement accuracy of the system on
the ground is better than 1 cm.

Table 1　 Analysis and evaluation of calibration accuracy of measuring system

ID
Measured coordinates / m Calculated coordinates / m Coordinate difference / mm

X1 Y1 Z1 X2 Y2 Z2 dX dY dZ
1 - 0. 2076 22. 6155 1. 8519 - 0. 2051 22. 6102 1. 8496 2. 5 - 5. 3 - 2. 3
2 - 2. 0418 22. 6397 1. 8521 - 2. 0391 22. 6350 1. 8524 2. 7 - 4. 7 0. 3
3 - 5. 9213 24. 7720 1. 5639 - 5. 9176 24. 7611 1. 5687 3. 7 - 15. 1 4. 8
4 - 9. 0132 19. 8610 1. 2098 - 9. 0154 19. 8669 1. 2105 - 2. 2 5. 9 0. 7
5 - 16. 6609 18. 5589 0. 5652 - 16. 6655 18. 5657 0. 5631 - 4. 6 6. 8 - 2. 1
6 - 22. 9281 16. 7287 - 0. 0817 - 22. 9342 16. 7389 - 0. 0789 - 6. 1 10. 2 2. 8
7 4. 7226 20. 9759 1. 5806 4. 7249 20. 9663 1. 5808 2. 3 - 9. 6 0. 2
8 8. 8711 23. 1809 1. 5380 8. 8714 23. 1844 1. 5375 0. 3 3. 5 - 0. 5
9 12. 2912 18. 9773 0. 9292 12. 2966 18. 9851 0. 9273 5. 4 7. 8 - 1. 9
10 15. 3865 19. 1063 0. 6978 15. 3841 19. 1014 0. 6998 - 2. 4 - 4. 9 2. 0
11 19. 7950 16. 7361 0. 2391 19. 7971 16. 7379 0. 2366 2. 1 1. 8 - 2. 5
12 24. 2700 15. 4019 - 0. 1973 24. 2727 15. 4083 - 0. 1947 2. 7 6. 4 2. 6

Root mean square error 3. 4 　 7. 6 　 2. 3

4. 3　 Flight test measurement implementation process
Flight test processes of wing deformation measure-

ment of a large transport aircraft include the following
steps.

(1) Video data acquisition: collect the video of
the wing stable state about 20 s when the aircraft is
preparing to slide out as the wing relative reference
state data,and collect the video of the wing deformation
process caused by the aircraft maneuvering as the wing
deformation state data.

(2)Video data processing: import the wing rela-
tive reference state data collected by all cameras into
the image data processing and analysis subsystem,cre-
ate the speckle area,select the image matching sub-re-
gion,and then perform two-dimensional matching and
stereo matching,combined with the camera calibration
results,3D reconstruction is achieved based on the for-
ward intersection to obtain the wing relative reference
data; similarly,obtain the wing deformation data based
on the wing deformation state data.

(3)Wing deformation analysis: use the wing ref-
erence calibration data as the wing absolute reference
state data and combine it with the wing relative refer-
ence data and deformation data to perform the quantita-

tive and process analysis of wing deformation.

4. 4　 Analysis of flight test results
After image matching and 3D reconstruction,the

deformation measurement data of the wing surface
corresponding to the defined speckle area at different
time is obtained ( as shown in Fig. 4 ) , and the 3D
visualization and playback of the data are performed
in time series to realize the reproduction of the entire
deformation process of the wing; select the marker
points sprayed on the wing ribs for point analysis to
obtain the relevant information such as the deforma-
tion curve,maximum deformation,deformation direc-
tion and so on.

Based on the relative reference data obtained in
a flight test,select the points on the middle wing and
the wing tip for point analysis,and observe the chan-
ges of each point with time in the three-dimensional
coordinates. In the case of statistics, it is concluded
that the three-dimensional coordinate floats are all
within 5 mm, and the minimum is within 2 mm.
Fig. 5 is the three-dimensional coordinate change
curve of the relative reference data of a certain point
on the wing tip.
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(a) The curve of the X-coordinate with time

(b) The curve of the Y-coordinate with time

(c) The curve of the Z-coordinate with time
Fig. 5　 Relative reference state data for wing deformation measurement

　 　 It can be concluded that in spite of the vertical tail
vibration the measurement accuracy under the airborne
environment is better than 5 mm by the system vibration
compensation. Combined with the single-point positio-
ning accuracy obtained from the ground simulation test,
it can be evaluated that the measurement accuracy of
this method can meet the requirements of in-flight wing
deformation measurement under the premise of obtaining
high quality video data.

The same point as that in Fig. 6 is selected to ana-

lyze the wing deformation measurement data of the air-
craft during maneuvering.

The absolute reference data of this point can be ex-
tracted from the wing reference calibration data,which is
(24. 27 m,15. 4019 m, - 0. 1973 m).

The relative reference data of this point can be ob-
tained by taking the average value of about 20 s data,
which is (24. 243 m,15. 402 m, - 0. 374 m).

The deformation measurement data curve of this
point is shown in Fig. 6.
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(a)The curve of the X-coordinate with time

(b) The curve of the Y-coordinate with time

(c) The curve of the Z-coordinate with time
Fig. 6　 Wing deformation measurement data

　 　 From Fig. 6, especially the Z-coordinate data
curve,it can be clearly noted that the wing state during
level flight and the wing tip deformation during the ma-
neuvering process ( including the number of aircraft
maneuvering actions, the direction and amplitude of
wing deformation,etc. ),and the actual deformation of
wing tip can be obtained by combining with the abso-
lute reference data and relative reference data of the
point. The reliability of the data can be further evalua-
ted by comparing the wing deformation data with the

aircraft overload data.

5　 Conclusion

In this paper, an accurate and effective image
measurement method of in-flight wing deformation for
high-wing aircraft with large-aspect-ratio is introduced
systematically,and also verified by flight test. Digital
speckle-related image measurement method is involved
here, and the problems of large image distortion and

662 HIGH TECHNOLOGY LETTERS | Vol. 29 No. 3 | Sep. 2023　



high matching difficulty under large inclination photog-
raphy are solved by preparing stretched digital speckles
and coding marks. In the meanwhile, the conjugate
camera system design,camera combination calibration
and camera dynamic calibration method based on the
measurement reference area are innovatively used to
solve the problem of real-time position and attitude cor-
rection of the measurement system under vibration en-
vironment,and finally the accurate 3D reconstruction
and deformation measurement of the entire wing is real-
ized. Compared with the method in Refs[17-26],the
proposed method puts forward a practical and reliable
solution based on the joint test of 3D speckle and con-
jugate camera group and the flexible high-precision cal-
ibration of large field of view,aiming at the needs of
large wing deformation measurement in flight test envi-
ronment, which can achieve high-precision measure-
ment of 3D dynamic deformation of complete wing. The
flight test results prove that this measurement system
can achieve a static single-point positioning accuracy of
better than 5 mm under the airborne vibration environ-
ment; the matching of the wing deformation measure-
ment data and the aircraft overload data meets the con-
sistency conditions,which is confirmed and praised by
test flight engineers. It provides reliable data support
for the structural load and strength flight test of a large
transport aircraft, as well as the aeroelastic correction
technology research of wing load, and also provides
strong technical support for future related research top-
ics of large passenger aircraft,unmanned aerial vehicles
and other projects.
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