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Abstract: A static aeroelastic analysis of the flexible trailing edge is conducted to calculate the
deformed shape, aerodynamic coefficients and corresponding driving pressure. A physical flexible
trailing edge model is manufactured using a honeycomb structure, which is measured based on
binocular vision. The quadratic response surface method is adopted to establish the pneumatic
artificial muscle actuator model. The wire-pulley transmission model is built to identify the existence
of equivalent forces and produce the equivalent forces as the substitute of actuation force. A finite
element model of the flexible trailing edge is established, which is validated by the test data. A
nonlinear relationship is found between the driving pressure and deflection angle. The pressure
needed to bear the structural stiffness is found to be much larger than that of the aerodynamic
load. With the increase in pressure, the magnitude of the lift coefficient increases less. However, the
magnitude of the drag coefficient increases more with the increase in pressure under 0.2 MPa. When
the driving pressure exceeds 0.2 MPa, the relationship between them is nearly linear.

Keywords: flexible trailing edge; morphing wing; binocular vision; quadratic response surface
method; aeroelastic analysis

1. Introduction

Morphing wings have a large potential to improve the overall aircraft performances, by
adapting the shape dynamically to various flight conditions [1]. Three kinds of morphing
wing have been studied, including platform alteration (span, sweep, and chord), out-of-
plane transformation (twist [2], dihedral/gull, and span-wise bending [3]), and airfoil
adjustment (camber and thickness) [4–6]. In this paper, the static aeroelastic characteristics
of a variable camber wing with a flexible trailing edge (FTE) is studied. Compared with
the conventional wing, the morphing wing with FTE could achieve continuous smooth
deformation, which effectively improves the aerodynamic performance [7–11], expands
the aircraft’s flight envelope, reduces fuel consumption, and decreases flight noise [12,13].

In recent years, many kinds of FTE [14–16] have been investigated, to verify the
potential to improve the aerodynamic performance. A fish bone active camber concept
was proposed, which consisted of a thin chordwise bending beam spine with stringers
branching off to connect it to a pretensioned elastomeric matrix composite (EMC) skin
surface [14]. Both the core and the skin were designed to exhibit near-zero Poisson’s
ratio in the spanwise direction. Various kinds of actuators have been applied in the FTE.
A series of lightweight pressurized telescopic tube actuators were embedded in FTE to
implement a distributed actuation [17]. The pneumatic artificial muscle actuators [18–20]
were also utilized to actuate the FTE [21]. An experiment was carried out to measure the
static output force of pneumatic artificial muscle. A finite element (FE) model of the FTE
was established and the wing prototype was fabricated to validate the FTE concept. The
effect of aerodynamic loading on a shape memory alloy-driven active camber concept
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was investigated. However, the aerodynamic and structure analyses were not directly
coupled [22].

Compared to a traditional control surface, FTE needs additional energy to obtain
continuous deformation besides the energy to bear the aerodynamic force. Therefore,
aeroelastic analysis is essential to investigate the characteristics of FTE. A piezoelectric
laminate beam and two-dimensional aerodynamic theory were utilized to establish the
aeroelastic models [23]. Aerodynamic deformations and aeroelastic amplification of the
belt-rib concept were studied by Campanile and Anders [24]. A coupled, partitioned static
aeroelastic analysis and optimizer for a thin-shell morphing airfoil, driven by skin-mounted
macrofiber composite actuators, were presented [25]. A staged static aeroelastic analysis
of a morphing wind turbine blade was performed [26], wherein the static solution was
first found without aerodynamic loading, after which the aerodynamic load was applied
and the code run again until convergence. A novel wing-tip concept with morphing upper
surface and FTE was proposed by Botez et al. [27], which could reduce the drag coefficient
up to 9%. Communier et al. [28] investigated the design and manufacturing method of
one FTE. Compared with traditional aileron, the drag coefficient of FTE was smaller, and
the lift-to-drag ratio was higher for the same lift coefficient. Yerkes et al. [29] investigated
the characteristics of pneumatic artificial muscle actuators. Woods [30] investigated the
characteristics of pneumatic artificial muscle actuators and FTE, separately. The relation-
ship between the characteristics of pneumatic artificial muscle actuators and FTE were
not discussed.

The pneumatic artificial muscle actuators present a greater potential for high con-
traction and activation force than shape memory alloys, piezoelectric devices, and lighter
than hydraulics. These factors indicate that artificial muscles are capable of meeting or
exceeding the abilities of other types of actuators when applied to FTE. Although many
investigations [29,30] have been carried out in the analysis of various kinds of FTEs, few
literatures have investigated the nonlinear relationship between the driving pressure and
structure deflection. In this paper, an aeroelastic analysis of a flexible trailing edge, based
on the pneumatic artificial muscle actuator and wire-pulley transmission, is carried out. A
nonlinear relationship is found between the driving pressure and deflection angle.

2. Materials and Methods
2.1. Flexible Trailing Edge

The flexible trailing edge structure shown in Figure 1 consists of the following parts:
the composite middle plate, the flexible skin, the flexible honeycomb, the limited post, the
wire rope and the trailing edge block. The wire rope is connected to the pneumatic muscle
actuators, which is used to produce the activation forces. With the increase in internal
pressure, the pneumatic muscle actuators contract to drive the FTE. The limited posts are
used to constrain the wire rope’s movement to prevent damage to the flexible skin in the
large deformation. The baseline airfoil is NACA0012. The length of the test model’s chord
is 2000 mm. The length of span is 500 mm. The length of FTE in chord direction is 600 mm.

2.1.1. Actuator Model

The actuation concept of pneumatic artificial muscles is shown in Figure 2. As the
actuator is filled with air, it expands in the radial direction. A reduction in the overall length
of the actuator is produced. In order to simplify the actuation model, surrogate model
is established based on the experiment data to estimate the driving pressure. Quadratic
response surface model is used here to validate the pressure result of simulation with
the experiment data. The driving pressure is estimated based on the actuation force and
contraction of the pneumatic artificial muscle actuator. These two items can be obtained by
the FE model of FTE.
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Figure 1. Flexible trailing edge structure.

Figure 2. Actuation concept of pneumatic artificial muscles: (a) initial state; (b) air pressured state.

2.1.2. Wire-Pulley Transmission Model

The limited posts, wire rope and the contact between them are not easy to establish
in FE model. In this paper, MATLAB code is used to calculate the directions of internal
forces (f1_up, f2_up, f3_up, f4_up) of wire rope as shown in Figure 3. The limited posts and
wire rope are substituted by the internal forces (f1_down, f2_down, f3_down, f4_down). If
the friction between the rope and the pulley is neglectful, the magnitude of the internal
forces of wire rope is equal to the magnitude of activation force produced by the pneumatic
muscle actuators. The equivalent forces (f1_down, f2_down, f3_down, f4_down) applied
to the middle plate can be calculated as shown in Figure 4. Relative position relationship
between the rope and pulley is as follows: (a) f2_down exists; (b) f2_ down does not exist;
(c) f2_down exists; (d) f2_down does not exist. By calculating the relative position relation-
ship between the rope and limited posts, the MATLAB code can be used to determine the
existence of the corresponding equivalent force., as shown in Figure 4. Relative position
relationship between the rope and pulley is as follows: (a) f2_down exists; (b) f2_ down
does not exist; (c) f2_down exists; (d) f2_down does not exist. If point 2 is in the upside of
the line connected by point 1 and point2, f2_down exists. If point 2 is in the downside of
the line connected by point 1 and point2, f2_down does not exist.
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Figure 3. Equivalent model of driving force.

Figure 4. Relative position relationship between the rope and pulley: (a) f2_down exists; (b) f2_ down does not exist;
(c) f2_down exists; (d) f2_down does not exist.

2.1.3. Flexible Trailing Edge Model

An FE model is established according to the test model, as shown in Figure 5. The FE
model contains the following parts: the ribs, the composite middle plate, the flexible skin,
the flexible honeycomb, and the trailing edge block. The ribs, the middle plate, the flexible
skin are established using shell element. The minimum grid size is 14 mm. The trailing
edge block and the flexible honeycomb are established using 3D element. The minimum
grid size is 1.5 mm. The skin is made of silicone. The properties of flexible honeycomb with
overlying elastomer are shown in Table 1 [17]. The material of middle plate is carbon fiber
composite. The unidirectional lamina material properties are listed in Table 2. The fiber
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direction is the same as the chord direction. The thickness is 2 mm. The elastic modulus
of silicone skin is 2.14 MPa, and Poisson’s ratio 0.45. The elastic modulus of aluminum
middle plate is 72 GPa, and Poisson’s ratio 0.33. Figure 6 shows the deformation shape of
the FE model when the deflection angle is 15◦. The deflection angle is defined as the tip
displacement divided by the length of flexible trailing edge in chord direction.

Figure 5. 3D FE model of flexible trailing edge model.
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Table 1. Properties of flexible honeycomb with overlying silicone skin.

Parameters Ex
(MPa)

Ey
(MPa)

Gxy
(MPa)

Ez
(MPa)

Gxz
(MPa)

Gyz
(MPa)

Value 0.094 0.181 0.58 1.88e3 228.46 270.66

Table 2. Accuracy of binocular vision system.

Item By Binocular Vision/mm Known/mm Relative Error/%

Transverse 100.087 100 0.087

Longitudinal 50.096 50 0.192
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2.1.4. Physical Flexible Trailing Edge

A physical morphing wing model with FTE is manufactured using honeycomb struc-
ture. Experiment is conducted to verify the FE model. The FTE deflection is measured
based on binocular vision. The test model is shown in Figure 7. The FTE is placed vertically
so as to reduce the effect of gravity. Some markers are placed on the edge of the FTE to
obtain the 3D coordinates of them. By calculating the distance of the markers from the two
cameras, the 3D coordinates of the markers can be obtained. By obtaining all the markers’
3D coordinates, the original and deformed shape of the FTE can be described.

Figure 7. Binocular vision test.

The measurement method based on binocular vision principle is a non-contact and
multi-point measurement technology. Firstly stick the markers on the flexible trailing
edge. Based on the coordinates of the markers displacement of expected points on the
FTE, deformation shape of the trailing edge can be calculated. Both cross and speckle
pattern markers are used in the test. The binocular vision system is composed of two
CMOS industrial cameras, tripod with a bar, and VIC-3D software, as shown in Figure 8.
The two cameras are Gazelle GZL-CL-41C6M series by Point Grey Company, which are
used to capture the flexible trailing edge synchronously from different perspectives. The
bar on the tripod is used to clamp the cameras, and it can be adjusted in three directions.
The VIC-3D software is used to process the captured pictures to obtain the coordinates of
the markers. Binocular vision measurement includes camera calibration, image acquisition
and processing, etc. Calibration is the process of solving camera parameters, which is
used to determine the relationship between the 3D geometric position of the space and
the corresponding points in the image [31]. Camera calibration must be carried out before
test, as the results affect the accuracy of binocular vision measurement directly. Circular
point array calibration target is used to calibrate the two cameras in this paper. Computer
vision techniques including feature extraction and 3D reconstruction are used to process
image pairs. Both cameras calibration and image processing are completed in the VIC-3D
software, in which the 3D coordinates of markers can be calculated. In order to analyze the
dynamic deformation of the FTE, images are captured by two cameras with an interval of
0.02 s. The measurement accuracy of the binocular vision system is 0.1 mm.



Actuators 2021, 10, 142 7 of 17

The measurement accuracy of the binocular vision system can be validated by mea-
suring the known distance between markers as shown in Figure 8. The given distances
between markers are measured by millimeter scale. The distances measured by the binocu-
lar vision system is compared with the known distance, as shown in Table 2. It can be seen
that the errors are within 0.1 mm, which indicates that the measurement accuracy of the
binocular vision system is 0.1 mm.

2.1.5. Validation of the Structure Model

The relationship between the driving pressure and deflection angle should be val-
idated. Figure 8 shows the simulation result and test data of the relationship between
driving pressure and deflection angle. Good agreement is achieved. Before driving pres-
sure reaches 0.045 MPa, the displacement is zero. This is because under the pressure
magnitude, the actuator could not produce any actuation force. With the increase in driv-
ing pressure magnitude, the deflection angle increases. The relationship between them is
nearly linear. When the driving pressure exceeds 0.2 MPa, the relationship between them
is obviously nonlinear. This is due to the nonlinearity between the wire movement (or
actuator contraction) and the deflection angle.

Figure 8. Driving pressure vs. deflection angle.

The deformation shapes of the FE model should also be validated with the measured
shapes. Figure 9 shows the comparation of the simulated and measured shape under
different deflection angles. The agreement of the FE model and test model is also quite good.
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2.2. Static Aeroelastic Analysis
2.2.1. Aerodynamic Model

The aerodynamic pressure distribution acting on the structure is calculated using the
XFOIL, the well-known free-licensed aerodynamic analysis code written by Mark Drela
in 1986 [32]. Compared to other CFD solvers, XFOIL is faster and has been used in a
series of works on morphing airfoils. Cody et al. [33] used XFOIL to perform fast and
relatively accurate 2D steady-flow simulations of different morphed configurations using a
camber-controlled morphed wing for maneuvering. Fincham et al. [34] adopted XFOIL as
the source of aerodynamic predictions. It was found that the performance of the morphing
aerofoil was nearly as good as a hypothetical aerofoil. XFOIL is compared against the
open-source CFD solver OpenFOAM by Benjamin et al. [35]. XFOIL was found to provide
very similar aerodynamic performance predictions to OpenFOAM, but at a fraction of
the computational cost incurred by the CFD solver. Moreover, XFOIL is easy to integrate
into MATLAB, and so provides an ideal solution for the static aeroelastic analysis. The
aerodynamic conditions are as follows: Mach number is 0.1, Reynolds number is 5.2 × 106.

2.2.2. Static Aeroelastic Analysis

The static aeroelastic algorithm shown in Figure 10 is as follows. The static aeroelastic
model couples a 3D FE model with a 2D viscous XFOIL panel code model. The FE and
XFOIL simulations run separately with the solution of one passed to the other using a fully
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automated MATLAB script. Firstly calculate the pressure loads of the initial airfoil using
XFOIL. Secondly distribute the pressure loads into the structural model, calculate the FE
model using NASTRAN to get a new shape of the model. Thirdly if the lift coefficient,
drag coefficient and displacement differences between the current step and the previous
step are less than 1% of the total value, it is concluded that the static aeroelastic analysis is
convergent. If not, extract the shape of the model in the previous step from NASTRAN’s
result file. Import the shape data into MATLAB, and then call XFOIL to calculate the
pressure loads of the shape. Based on the shape of the previous step, calculate the new
equivalent forces (actuation loads) applied to the middle plate. Definition of lift coefficient
CL is as follows:

CL =
L

1
2 ρv2S

(1)

where L is the lift, ρ is the air density, v is the velocity, S is the wing area.

Figure 10. Static aeroelastic analysis algorithm schematic.
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Definition of lift coefficient CD is as follows:

CD =
D

1
2 ρv2S

(2)

where D is the drag, ρ is the air density, v is the velocity, S is the wing area.

2.2.3. Aerodynamic Load Transformation

The shape of the model in the previous step can be extracted from NASTRAN’s result
file. Through the extracted shape data, the pressure loads can be obtained using XFOIL.
However the aerodynamic coordinates and the structural coordinates are different, aerody-
namic loads cannot be applied to the FE model directly, they need to be converted from
the aerodynamic coordinate to the structural coordinate. The aerodynamic displacements
u f that correspond to any linear combination of the structural displacements us can be
determined by the following:

u f = Hus = A f s· C−1
ss us (3)

where A f s is the matrix corresponding to the evaluation of the interpolation at the aerody-
namic nodes. Css is the interpolation matrix based on the radial basis function approach.
H is the coupling matrix that transforms the aerodynamic displacements to the structural
ones.

Based on the principle of virtual work, we can get the following expression:

fs = HT · f f (4)

where fs is the aerodynamic load on the structural nodes, f f is the aerodynamic load on the
aerodynamic nodes. HT is the matrix that we need to transform aerodynamic load from
aerodynamic nodes to the structural ones.

A f s =


1 x f1

1 x f2

y f1 z f1

y f2 z f2
...

...
1 x fNf

...
...

y fNf
z fNf

ϕ f1s1 ϕ f1s2

ϕ f2s1 ϕ f2s2

· · · ϕ f1s Ns
· · · ϕ f2s Ns

...
...

ϕ fNf
s1 ϕ fNf

s2

. . .
...

· · · ϕ fNf
s Ns

 (5)

ϕ( ||x ||) = ||x|| 2 log( ||x ||) (6)

||x|| =
√

x2
1 + · · ·+ x2

d (7)

where d is the dimension of Euclidean space. Here, due to the number of coordinates, the
value of d here for 3D FE model is 3. N f is the aerodynamic nodes’ number.

The symmetric matrix Css can be written as follows:

Css =

[
0 P

PT M

]
(8)

where the following applies:

P =


1 1

xs1 xs2

· · · 1
· · · xs Ns

ys1 ys2

zs1 zs2

· · · ys Ns
· · · zs Ns

 (9)

M =


ϕs1s1 ϕs1s2

ϕs2s1 ϕs1s2

· · · ϕs1s Ns
· · · ϕs2s Ns

...
...

ϕs Ns s1 ϕs Ns s2

. . .
...

· · · ϕs Ns s Ns

 (10)
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where ϕsisj = ϕ
(
||si − sj ||

)
. Ns is the structural nodes’ number.

C−1
ss =

[
MpPM−1

M−1 −M−1PT MpPM−1

]
(11)

where Mp =
(

PM−1PT)−1.

3. Results and Discussion

A fixed relaxation parameter is adopted in the static aeroelastic analysis. Relaxation
parameters work by adding numerical damping to the solution, whereby the solution is
only partially moved toward the solution predicted for the next iteration. In this way, the
change during the iteration is reduced, and the tendency to experience fluctuating solutions
of increasing divergence is tempered. If properly formulated, relaxation parameters do not
change the value of the final converged solution, although they can decrease the speed of
convergence. A simple form of a fixed relaxation parameter is as follows:

ui+1 = ui + ωF(ũi+1 − ui) (12)

where the fixed relaxation parameter ωF is a constant value, tuned for the static aeroelastic
analysis, and ũi+1 is the estimated solution for the next iteration. A value of ωF close to
zero will lead to a very slow, but stable, convergence, whereas values close to one will
reduce the relaxation effect, increasing the risk of instability.

Typically, two coupled components (deflection, force) can be found in the static
aeroelastic analysis. As shown in Figure 11a, applying a relaxation parameter to force is
sufficient to stabilize the convergence. Relaxing the deflection produces the best result,
providing a quick and stable approach to the converged solution. As shown in Figure 11b,
the closer the value of ωF is to one, the faster the convergence rate is. However, this would
also increase the risk of instability. Therefore, the selected value of ωF is 0.4.

Figure 11. Cont.
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Figure 11. Application of fixed relaxation parameter to various system components: (a) relaxing
factor with and without force or deflection; (b) the influence of relaxation factor on the convergence
rate.

As the driving pressure increases, the deflection angle increases. The position of
middle plate, and upper and lower skins under different pressures is shown in Figure 12.
The relationship between the aerodynamic coefficients and deflection angle is shown in
Figure 13. It shows that as the angle of attack increases, the magnitude of the lift coefficient
increases less. However, the magnitude of the drag coefficient increases more with the
increase in the deflection angle.

Figure 12. Position of middle plate, and upper and lower skins under different pressures.

Compared to a traditional control surface, FTE needs to bear the structure stiffness
besides the aerodynamic force. Figure 14 shows the relationship between the driving
pressure and deflection angle, including the actuation force results for the same geometry
configuration, but with no applied aerodynamic loading. This provides insight into the
relative stiffness of the structural and aerodynamic loads. For the fairly low-speed condition
studied here, the aerodynamic pressure on the trailing edge is quite low, and most of the
driving pressure required to deflect the model is from the structural stiffness.
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Figure 13. Deflection angle vs. aerodynamic coefficients: (a) deflection angle vs. lift coefficient; (b)
deflection angle vs. drag coefficient.

In order to predict the pressure needed for a given lift coefficient, the relationship
between the actuation force and aerodynamic coefficients is investigated. Figure 15a
shows the relationship between the driving pressure and lift coefficient. Figure 15b shows
the relationship between the driving pressure and drag coefficient. With the increase in
the driving pressure, the magnitude of the lift coefficient increases less. However, the
magnitude of the drag coefficient increases more with the increase in pressure under 0.2
MPa. When the driving pressure exceeds 0.2 MPa, the relationship between them is nearly
linear. This is because a nonlinear relationship can be found between the pressure and
deflection angle.
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Figure 14. Driving pressure vs. deflection angle under different conditions.

Figure 15. Cont.
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Figure 15. Pressure vs. aerodynamic coefficients: (a) pressure vs. lift coefficient; (b) pressure vs. drag
coefficient.

4. Conclusions

In this paper, an investigation of a morphing trailing edge’s static aeroelastic char-
acteristics is conducted. Flight efficiency could be improved by using FTE because of its
high aerodynamic efficiency. The dynamic characteristics of FTE will be investigated in
future work.

The actuator model is established based on the quadratic response surface method.
The wire-pulley transmission model is built to identify the existence of equivalent forces,
and produce the equivalent forces as the substitute of actuation force. A finite element
model of the morphing trailing edge is established, which is validated by the test data. A
nonlinear relationship is found between the driving pressure and deflection angle. This is
due to the nonlinear relationship between the actuation force and driving pressure.

The results show that the pressure needed to bear the structural stiffness is much
larger than that of the aerodynamic loads, when the Mach number is 0.1. With the increase
in pressure, the magnitude of the lift coefficient increases less. However, the magnitude of
the drag coefficient increases more with the increase in pressure under 0.2 MPa. When the
driving pressure exceeds 0.2 MPa, the relationship between them is nearly linear.
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