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Abstract: The intelligent morphing wing structure has the characteristics of flexibility, large
deformation and adaptive change, which are different from those of the conventional wing. The
motion law of the variable-camber leading edge is analysed by the numerical simulation method
based on kinematics theory to solve the problem of verifying the motion function and structural
strength of the variable camber wing. The driving deformation and aerodynamic load simulation of
the variable camber leading edge are realised by designing a follow-up load test apparatus. Based
on the numerical simulation of the mechanical boundary, the motion trajectory of the upper and
lower wing loading points was predicted, and a multi-point cooperative control system was
developed. Multi-sensor iteration was used to ensure the loading accuracy of the test control. The
test results show that the average error of the deflection angle is 4.59% in the variable camber leading
edge motion test. In the variable camber leading edge strength test, the average error of applied
load magnitude and direction is 0.54% and 0.24%, respectively.

Keywords: variable camber wing; leading edge; motor function; strength test; cooperative loading;
morphological reconstruction

1. Introduction

In order to achieve higher flight performance, morphing wing technology has become a hot
research topic in aviation science and technology. Morphing wing technology is one of the important
ways to improve aerodynamic efficiency. Its purpose is to maintain the optimal shape of the
morphing wing according to the requirements of the real-time flight mission and flow field
conditions through accurate active deformation, under the premise of ensuring the safety of the
aircraft structure [1]. A variable camber wing is the wing with flexible leading and trailing edges and
a continuous, smooth surface without slots or sliding joints. The wing airfoil is controlled by internal
linkage to vary with the environment and the required lift [2,3]. The smooth, continuously variable
camber wing can delay airflow separation, reduce drag and significantly improve aircraft
performance. The key technologies involved are mainly: small fast response intelligent drive
technology and continuous deformable skin technology [4]. The research on variable camber wing
mainly focuses on aerodynamic requirement analysis [5,6], intelligent flexible skin [7-18], lightweight
actuator[19], mechanical analysis[20-25]. In recent years, with the development of research, the
leading edge of variable camber wing is developing towards solving the practical problems of
engineering, that is, solving the problems of aeroelasticity, fatigue durability, bird impact resistance
and de-icing in practical engineering applications [26].

Numerous experimental verifications had been conducted both domestically and internationally
to promptly implement the variable camber wing to the model. The DLR had conducted extensive
research on variable wing leading edge, covering structural design and optimization [27], functional
verification of target deflection angle. To measure the strain of the flexible skin, non-contact
measurement and strainmeter measurement are used [28]. The deformation of the flexible skin was
reconstructed, and a ground bending test was planned [29]. The Italian Aerospace Research Center
(CIRA) conducted an experimental study on reconstructing the trailing edge of a deformed wing in
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a wind tunnel [30]. Between 2010 and 2015, Europe conducted the SARISTU project. The project
involved designing and manufacturing a full-scale wing with a wingspan of 4.7 meters, which
included the leading edge, trailing edge, and winglet with variable camber. The Russian Central
Research Institute of Aerohydrodynamics (TsAGI) conducted tests in the T-104 wind tunnel to
examine the deformation function of the leading and trailing edges with variable camber during
takeoff and landing [26]. The China Aircraft Strength Research Institute has been following the
design, optimisation and test verification of the variable camber wing for a long time, and has carried
out detailed work on the design optimization of the variable camber wing leading edge [31-33].
Unlike the traditional rigid wing structure, the intelligent variable camber wing structure has the
characteristics of flexibility, large deformation and adaptive change. In order to accurately simulate
the deformation and load bearing of the variable camber wing under different working conditions,
and to evaluate the deformation function and strength of the wing, it is necessary to solve the
problems of loading, control and measurement according to the actual structural characteristics and
validation requirements.

In this paper, the deformation function and load capacity verification of the leading edge of a
full-scale variable camber wing were studied. By establishing an accurate mathematical model, a
followed-up load test apparatus was designed. A multi-point cooperative control system was
developed through motion simulation and sensor network design technology. A distributed sensor
monitoring network was formed by many advanced measurement methods and structural
configuration reconstruction technology. The motion function and structural strength of the leading
edge structure of the variable camber wing were verified and evaluated by tests.

2. Characteristic Analysis of Leading Edge Strength test of Variable Camber Wing

The test piece model of the variable camber wing leading edge is shown in Figure 1 and consists
mainly of a mechanical drive link mechanism, composite fiberglass skin and stringers. There are two
main purposes of the test: to verify the motion function of the test piece and monitor the deformation,
to verify whether the leading edge test piece meets the design objective of the downward deviation
of the aerodynamic shape by 17°, and analyze the deformation accuracy; to verify whether the
strength of the leading edge test piece meets the design load requirements.

Connecting Rod
Drive Mech

Flexible Composite
Skin

Figure 1. Model of variable camber wing leading edge structure.

The test differs from the traditional wing test in three main ways. First, when the leading edge
is in deflection motion, there is no fixed motion trail, and the motion trail of the test piece is unknown.
After converting the aerodynamic load into the test load of the upper and lower wing surface, the
motion trail of the upper and lower wing surface load points is also non-linear. Secondly, the test
piece is deformed by connecting the mechanical drive mechanism with the deformation drive device,
and the upper and lower wing surface load points simulate the flight load. There is a cooperative
relationship between the deformation of the test piece and the loading load. Both of these features
pose challenges for the precise control of the test and the design of the co-loading. In addition, it is
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difficult to monitor the deformation of the specimen and reconstruct the shape of the flexible skin
because the deformation of the specimen is large during the motion process and the flexible skin of
composite materials may be deformed locally or suddenly.

3. Test Scheme Design

3.1. Design of Follow-Up Loading Test Device

In order to solve the loading difficulty caused by the unknown motion trail of the specimen and
the non-linearity of the motion trail of the loading point, the loading point of the specimen was
determined to be the skin surface corresponding to the upper and lower wing surfaces near the first
stringer at the root by finite element analysis, as shown in Figure 2. Based on the principle of the
vector loading method, a follow-on loading device was designed, as shown in Figure 3, the loading
direction of the loading cylinder was adjusted through the expansion of displacement compensating
cylinder along the normal direction of the skin in real time. The kinematic model was established to
analyse the movement envelope range of the specimen and the movement range of the loading point
was calculated, as shown in Figure 4. Based on this, the stroke of the displacement compensating
cylinder and the loading cylinder are selected, and the motion trail of the loading point of the upper
and lower wing surfaces was fitted.

1% Wing Upper surface Loading Point

Skin

i
e — '
L. |
2# Wing Lower Surface Loading Point
Deformation Drive Cylinder Connecting Rod Drive Mechanism

Figure 2. Location of loading points.

Test Specimen

——— Displacement Compensation Cylinder
—————
1 —
| !

Sliding Work Platform

Figure 3. Schematic diagram of follow-up loading device.
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Figure 4. Motion envelope analysis.

Based on the above analysis, the design of the variable camber wing leading edge strength test
device is shown in Figure 5. the deformation driving actuating cylinder is connected to the link
mechanism by a hinge and makes a reciprocating motion in the horizontal direction, and drives the
link mechanism to drive the skin to realise the leading edge deflection. The loading points of the
upper wing surface and the lower wing surface are connected to one end of the loading actuating
cylinder. The gantry frame is used to fix the test specimen and the loading equipment, and the gantry
frame is fixed on the ground by connecting the ground rail and with the anchor bolts. As shown in
Figure 6, a group of slide rail structures is arranged on the upper and lower sides of the gantry frame
respectively, each group of slide rail structures consists of two slide rod and four slide blocks, and
ball bearings are built in the slide blocks to ensure smooth movement without sticking; one end of
the slide rail is connected to the displacement compensation adjusting actuating cylinder to make it
extend and contract in the direction parallel to the slide rail, and the other end is connected to the
loading cylinder to adjust the loading direction by way of displacement compensation to the
adjusting actuating cylinder.

1900mm

— i(lDUmm

T—deformation driving actuating cylinder; 213 —load simulating actuating eylinder; @' —displacement
compensating adjusting actuating cylinder, 5—slide rail; E— gantry frame

Figure 5. Variable camber wing leading edge follow-up loading test device.
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Figure 6. Structure of slide rail.

3.2. Multi-Point Cooperative Closed-Loop Control Technology

In the test, it is necessary to control the deformation driving actuating cylinder, the load
simulating actuating cylinder and the displacement compensating adjusting actuating cylinder to
make the deformation of the test piece correspond to the aerodynamic load in real time, and the load
direction is along the normal direction of the wing surface in real time. In order to solve the control
problem, an angle measuring instrument was set on the driving link of the test piece to record the
deflection angle of the test piece in real time. The deformation driving cylinder adopts position
control to output the deformation amount in real time, and a functional relationship was established
between the displacement amount of deformation driving actuating cylinder output and the
deflection angle of the test piece. The loading actuating cylinder adopts force control, an angular
displacement sensor and a force sensor are arranged between the loading actuating cylinder and the
loading point as shown in Figure 7, the angular displacement sensor converts and outputs the angle
between the loading cylinder and the wing surface in real time, and the force sensor outputs the
actual load in real time. The displacement compensation adjusting actuating cylinder adopts position
control, adopts a displacement compensation mode to adjust the loading direction in real time, and
performs closed-loop control between the loading angle and the loading direction. A multi-point
cooperative closed-loop control system was developed, the motion trail of a test piece obtained by
kinematics simulation is used as the initial value input to the control system, and the output of the
control system automatically tracks the input amount by iterative mode, reduces the tracking error,
improves the control accuracy, suppresses the influence of disturbance signals, ensures the accuracy
of the test control loading and realize the real-time data acquisition and real-time output of the curve.
The closed-loop control principle of the test is shown in Figure 8.

Angular Displacement Sensor

Test Specimen Loading Point

\* Force Sensor

|~

Loading Cylinder

=

Figure 7. Schematic diagram of sensor setup for test loading points.
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Figure 8. Principle of multi-point cooperative closed-loop control.

3.3. Design of Sensor Monitoring Network

Aiming at the demand of measuring and controlling the motion deformation of the test piece, a
complementary sensor monitoring network was designed, taking into account the large deformation
amount of flexible skin, abrupt change of local deformation. The shape reconstruction method of
wing leading edge with variable camber based on FBG sensor is adopted to meet the requirement of
real-time deformation measurement of the test piece. The application scenario of the FBG sensor in
the test is shown in Figure 9. Using photogrammetry and triangulation of optical photo imaging, the
spatial positions of measuring points under different deflection angles are captured, and the leading
edge shapes of variable camber wings corresponding to deflection angles are reconstructed through
coordinate transformation and data processing to realize real-time output and comparison of wing
shape. The application scenario of the photogrammetry system in the test is shown in Figure 10. The

three-dimensional deformation of the test piece is measured by the three-dimensional fast scanning
method, and the law of spanwise deformation and local deformation are monitored. The application
scenario of the three-dimensional fast scanning system in the test is shown in Figure 11.

Figure 9. FBG sensor attachment during test.
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Figure 11. Schematic diagram of 3D rapid scanning system.
4. Leading Edge Strength Test of Variable Camber Wing

4.1. Test Piece

The leading edge test piece model is derived from a particular type of remote aircraft. The chord
of this model is 610mm derived from the leading edge of the aircraft, and span is 350mm. The design
target of the aerodynamic deflection angle of the test piece is 17.5°, which corresponds to the
maximum downward deflection of the leading edge structure of 15°. The deflection angle in the test
is the deflection angle of the leading edge structure.

4.2. Test Load

The test load of the leading edge of the variable camber wing depends mainly on the design and
application of the aircraft. The test piece is deformed by driving cylinders in the motion function test
and the upper and lower wing surfaces are not loaded. The strength test load is derived from the
results of the aerodynamic analysis, which is equivalent to the test load applied to the upper and
lower wing surfaces. The corresponding relationship between deformation driving cylinders
displacement, structural deformation angle and test load is shown in Table 1.

Table 1. Test load of variable camber wing leading edge.

Deformation driving
actuating cylinder
displacement (mm)

0 0 -1201.26 61.28

3 -7.306 -888.99 90.39

Structure deflection
angle(®)

Wing upper surface test load Wing lower surface test load
(N) (N)
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6 -14.632 -943.49 92.079
9 -21.960 -946.21 104.27
12 -29.268 -945.18 106.95
15 -36.353 -944.15 109.63

4.3. Test Loading

In the motion function test, the loading point of the upper and lower wing surface was followed-
up, the load was always kept at zero, the deformation driving cylinder drived the test piece to deflect,
and the error between the actual deformation of the test piece and the design theoretical value was
mainly concerned. The contrast curve of the measured deflection angle and the theoretical deflection
angle is shown in Figure 12. The average control error of the deflection angle in the function test of
the leading edge motion of the variable camber wing is 4.59%.

‘ —&— Target angle

15 A | ——Test angle

]

. \

[
(@]
[y
<
6
0 2 4 6 8 10

Loading series

Figure 12. Contrast curve of deflection angle in leading edge motion function test.

In the strength verification test, the upper and lower wing load points followed the dynamic
load, and the load direction was in real time along the normal direction of the wing surface; The load
of the upper wing surface is large and is the main loading point. The average error of the upper
surface load is 0.54%. The contrast curve of the load is shown in Figure 13. The average error of the
load applied angle is 0.24% and the comparison curve of the load angle is shown in Figure 14. It can
be seen that the variable camber wing leading edge test device accurately simulated the deformation
process of the leading edge under real flight and driving loads.

-800

L —4— Theoretical load
-850 - —4— Test load

-900 -

950 L A b A
-1000 -

-1050 |

Load (N)

-1100 -

-1150

-1200

_1250 I 1 1 1 1 1 1
0 2 4 6 8 10 12
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Figure 13. Contrast curve of load on wing surface at leading edge strength test.
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Figure 14. Contrast curve of load angle between upper and lower wing surface during leading edge
strength test.

4.4. Test Results and Analysis

In the process of motion function test, the composite skin deformed smoothly and continuously,
and the joint between the skin and the stringers did not debond; all the connecting parts of the test
specimen were normal without abnormal noise, and the mechanical connecting rod drive structure
deformed smoothly without blocking. Figures 15 and 16 show the shape change curve of the leading
edge and the deformation accuracy curve when the leading edge structure was lowered by 15% in
the motion function test, respectively. It can be seen that the leading edge test piece meets the design
target of the aerodynamic shape downward by 17°; when the leading edge structure is deflected
downward by 15° (the aerodynamic shape is deflected downward by 17.5°), the difference between
the leading edge tip deformation and the theoretical deformation is the largest, and the maximum
deformation error is less than 10mm.
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Figure 15. Shape change curve of leading edge in motion function test (0°, 9°, 15°).
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Figure 16. Analysis of deformation accuracy of leading edge in motion function test.

In the process of strength verification test, the deformation of the composite skin is smooth and
continuous, and the joint between the skin and the stringers did not debond. All connecting parts of
the test piece were normal without abnormal noise; mechanical connecting rod drive structure
deformed smoothly without blocking; no damage occurred to the structure. Figure 17 and 18 show
the strain curves of the upper and lower wing surface under different leading edge deflection angles,
respectively. According to the FBG sensor arrangement scheme in Figure 19, it can be seen that the
upper wing surface near the wing tip is in a compression state, while the upper wing surface near the
wing root is in a tension state, and it tends to increase with the increase of the deflection angle. The
lower wing surface near the wing root is in a tension state and the lower wing surface near the wing
tip is in a compression state, and the strain increases as the deflection angle increases. The strain of
the lower wing surface is greater than that of the upper wing surface. The maximum tensile strain
and compressive strain occur at the maximum deflection angle (15°), and the maximum tensile strain
is 6284pe and the maximum compressive strain is 46981e.
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Figure 17. Strain curve of wing upper surface with different deflection angle of leading edge.


https://doi.org/10.20944/preprints202404.1669.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 25 April 2024 d0i:10.20944/preprints202404.1669.v1

11

8000
7000 [ — &
6000 | e
5000 —
4000

3000 [ N\
2000 |

1000 L ——\

0f =

-1000 N

2000 [

-3000 | N
4000 | ———
-5000
6000

Stain (ue)

LB1 LB2 LB4 LB5 LB6 LB7
FBG Number

Figure 18. Strain curve of wing lower surface with different deflection angle of leading edge.
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Figure 19. FBG sensor arrangement.

Three different measurement methods were compared and analysed. As shown in Figure 20, the
average error between the 3D scan and photogrammetric results was less than 1% when the leading
edge structure was deflected downward by 0° and 9°. As shown in Figure 21, when the leading edge
structure was deflected downward by 3°, the average relative error of the FBG measurement,
photogrammetry and 3D fast scan method was 8.88%. During the test, when the downward
deflection angle of leading edge structure was more than 3°, the FBG sensors at the wing tip position
were all ineffective. The results show that the photogrammetry and 3D scanning methods have high
measurement accuracy, but are affected by the test conditions, such as light, occlusion, etc. Thus, the
real-time measurement methods based on the above two methods can be further studied and applied
to the test of morphing wing. The FBG method can monitor the movement process of the variable
camber wing in real time, but it is affected by the sensor type, adhesive technology and data
processing method for shape reconstruction. The problems such as lack of test data and measurement
error caused by the above reasons need to be solved later.
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Figure 20. contrast curve of 3D scanning and photogrammetry results (0 °, 9 °).
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Figure 21. FBG/3D scanning/photogrammetry results (3°).

5. Conclusions

1. The deformation process of the leading edge of full-scale variable camber wing under real flight
load and drive load was accurately simulated. The test results show that the motion function
and bearing capacity of the leading edge structure meet the design requirements, and the
average deflection angle error is 4.59%.

2. A multi-point cooperative control system with precise control, fast response and stable operation
was developed. The feedback results show that the control frequency of the system is as high as
1000 Hz, and the average error of applied load magnitude and direction is 0.54% and 0.24%,
respectively.

3.  The distributed sensor monitoring network was reasonably designed to ensure that the entire
motion process of the leading edge can be measured and controlled. The measurement results
show that the maximum error between the actual deformation and the theoretical deformation
is less than 10mm, and the design target deflection angle was realised.
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