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Abstract: This study introduces a novel “twist morphing aileron and winglet” design for the Un-
manned Aircraft System UAS-S45. Improving rolling efficiency through twist morphing ailerons and
reducing induced drag through twist morphing winglets are the two main objectives of this study. A
novel wing design is introduced, and a high-fidelity gradient-based aerodynamic shape optimization
is performed for twist morphing ailerons and twist morphing winglets, separately, with specified
objective functions. The twist morphing aileron is then compared to the conventional hinged aileron
configuration in terms of rolling efficiency and other aerodynamic properties, in particular aircraft
maneuverability. The results for twist morphing ailerons show that the novel morphing design
increases the aileron efficiency by 34% compared to the conventional design and reduces induced
drag by 61%. Next, twist morphing winglets are studied regarding the induced drag in cruise and
climb flight conditions. The results for twist morphing winglets indicate that the novel design reduces
induced drag by 25.7% in cruise flight and up to 16.51% in climb; it also decreases the total drag by
up to 7.5% and increases aerodynamic efficiency by up to 9%.

Keywords: rolling efficiency; aileron performance; downwash; induced drag; twist morphing aileron;
twist morphing winglet

1. Introduction

For decades, research on morphing wing technology has been proceeding at an ever-
increasing pace, most of which have passed the conceptual design phase and are currently
dealing with manufacturing challenges. Since this challenge is the last phase, meticulous
consideration should be made concerning the development of morphing wings on real
aircraft. Meanwhile, research on discovering other promising abilities of this technology
is also ongoing. In a broad sense, morphing wing technology [1–3] replicates the flight
patterns of birds, which have been optimized for millions of years, and this technology aims
to discover these patterns and how to apply them on man-made flying objects. This broad
field of research thus encompasses several disciplines, including aerodynamics, structures,
materials, and control, making strong links and interchangeability among these disciplines
essential for this field to advance.

Aerodynamic simulation is the logical first step to confirm the advantage of a mor-
phing design. As confirmed by an aerodynamic study, morphing wing designs that have
undergone the manufacturing process have demonstrated their promising capabilities [4].
Numerous morphing designs have been proposed, each concerning specific mission ob-
jectives and aircraft maneuverability as demonstrated by flight patterns. Span morphing
or telescopic wings [5–7], drooped nose wings [8–10], variable sweep wings [11], upper
surface morphing [12–15], variable thickness wings [16], and variable camber wings [17,18]
are among the morphing wing types on which research has been conducted. Some of these
designs, such as variable camber wings or Morphing Trailing Edge (MTE) [19–21], have
garnered more attention than the others, due to their very promising potential in improving
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flight performance. For example, swept morphing has been used in the F-14 TOMCAT for
many years, as it is considered one of the most successful morphing designs [22]. Given
that each morphing wing is mainly proposed according to its specific mission objectives, if
the mission objective is to enhance flight range or endurance in cruise flight, then camber
morphing would be the first design choice due to its high potential for achieving those
objectives [23].

The present research aims to find an appropriate morphing wing design to enhance the
rolling efficiency, and to reduce downwash or induced drag. For aerodynamics researchers,
the first wing components that come to mind for this mission objective are the ailerons
and winglets, but the main question is related to the optimum morphing approach for this
goal. So far, very little research has been done on morphing ailerons [24] or morphing
winglets [25] with the aim to enhance rolling efficiency or to reduce downwash.

Jenett et al., in collaboration with NASA’s Ames Research Center [11], proposed a
modular and reversibly assembled wing structure that can perform continuous spanwise
twist deformation. Having lightweight and simple fabrication and maintenance is one
of the advantages of their proposed mechanism. The purpose of this cellular composite
structure morphing wing structure is to increase the roll efficiency compared to conven-
tional aileron systems. This mechanism includes the flexible skin, wing structure, actuation,
and control system. The final twist morphing wing design was attached to an arbitrary
fuselage, and then tested in NASA’s Langley 12-foot low-speed wind tunnel. The test
results showed that this morphing wing model could linearly alter the yaw. The wind
tunnel tests also determined that active twist morphing was able to achieve stall mitiga-
tion. Manoranjan et al. [26] modeled a novel twistable morphing wing design with an
elastomeric skin. The aerodynamic wing model was developed using Prandtl’s lifting-line
theory, and the final design was tested in a low-speed wind tunnel equipped with flow
visualization. It was found that using this method increased the range of angles of attack,
a strong advantage for twisting wings. Garcia et al. [27] designed a morphing wing for
a micro air vehicle to twist and perform the rolling maneuver. For twist deformation
purposes, they used a series of rotating torque rods through which the twist morphing
could be achieved. The flight tests showed that this type of morphing provided a sub-
stantial control authority for roll control, and that the roll rate was considerably increased
proportionally to the yaw rate; in other words, it could generate pure roll and decrease
the adverse yaw effect, thereby achieving an accurate flight path. An analytical solution
was introduced by Phillips et al. [28], through which the roll response, yawing moments,
lift, and induced drag of hinged and twisted ailerons could be predicted. This solution
can be applied to arbitrary planform and spanwise variations of control surface deflec-
tion. They used Prandtl’s classical lifting-line theory, and the Fourier coefficients followed
the wing geometry. This solution can also be applied to full-span twisting wings called
“twisterons”. They showed that the induced drag was minimized by using a variable twist
wing. Abdulrahim et al. [29] presented a twisting morphing wing for roll control, varying
the gull wing angle to mimic bird wings in different flight patterns such as gliding and
soaring. They tested their design on a micro aerial vehicle to study the effect of gull-wing
morphing on flight dynamics. They concluded that twisting wingtips provide an excellent
roll response and could improve the aerodynamic performance. Kaygan and Ulusoy [30]
examined the twisting wing effectiveness in terms of aircraft performance and control
by specifying the optimum twist angle. They used the Athena Vortex Lattice Method to
predict aerodynamic performance. By considering several twisting configurations ranging
from −8◦ to +8◦, they showed that considerable aerodynamic performance could be gained
from higher twist angles, which could be applied to ailerons, rudders, and elevators. A
study was performed on the Airbus A320, revealing the promising benefits of twisting
wings. A numerical analysis on twist morphing wings with a high-aspect-ratios for efficient
control roll maneuvers was conducted by Pecora et al. [31]. They compared conventional
hinged aileron configurations with twisted morphing ailerons in terms of aerodynamics
and aeroelasticity, including the induced roll rate and reversal speed control. This study
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showed that linear or quadratic twist morphing wings not only outperformed conventional
ailerons by nearly 1.6 times in terms of roll control effectiveness, but also more powerful
and robust roll control could be achieved. This morphing strategy was applied on the wing
by varying local leading-edge angles along the entire wingspan, in contrast to conventional
ailerons. Their analysis also revealed that structural weight reduction could be expected
using this unconventional morphing configuration. Rodrigue et al. [32] introduced a novel
twist morphing wing in which a specified part of the wing span underwent a twist morph-
ing, namely the wingtip, while the other part remained fixed, i.e., the part attached to the
fuselage. The morphing part was composed of flexible and innovative composite materials
to ensure a smooth twist. The prototype of the model was tested in a wind tunnel, and
the results revealed that lift increased for angles of attack below 10 degrees. Moreover,
in zero-lift conditions, the twisting part could generate lift and increase the lift-to-drag
ratio by up to 13%. Ahmed et al. [33] established an aerodynamic shape optimization on
a micro air vehicle (MAV) to find the optimal configuration of an asymmetric wing twist
for a better roll control and minimized induced drag. This optimization was based on a
gradient-based algorithm and was applied on two cases of symmetric and asymmetric
wing twist with specific objective functions. These two morphing configurations were
expected to reduce induced drag and achieve better roll control. Prandtl’s lifting-line
theory was used during the optimization process to determine the load distribution along
the span. The optimization results indicated that the induced drag was minimized using
optimum asymmetric twist, and a good roll response was obtained. Stanford et al. [34] used
a reference MAV with a flexible membrane wing to implement it through a torque-actuated
wing structure. For this purpose, a static aeroelastic model was developed. They performed
an optimization using a genetic algorithm on the proposed wing design to increase the
steady-state roll rate and the lift-to-drag ratio. Using a single-torque-rod design, the roll
rate was increased by up to 10% compared to its conventional wing design, while the
lift-to-drag ratio was improved by up to 6.5%. Subsequently, optimizing the actuation
mechanism with a multiple-torque-rod design increased the roll rate and lift-to-drag ratio
by 34% and 6%, respectively, compared to the baseline design. Vos et al. [35] proposed a
mechanism for actively controlling wing twist based on a wrapping deformation of the
skin. A structural analysis was performed on the wrapping wing using the generalized
thin-walled beam theory. Numerical and analytical models, in conjunction with wind
tunnel tests, showed a 0.7 increase in lift corresponding to the maximum wing twist. It
was found that wing wrapping positively influenced lift-induced drag and improved the
lift-to-drag ratio at lower angles of attack. Their study confirmed that actively wrapping
the twisted wing could improve roll control motion by ensuring a maximized lift-to-drag
ratio. Rodrigue et al. [36] developed a novel actuation system for pure twist morphing
wings using a smart soft composite, by which shape memory alloy wires were embedded
in the structure designed in a cross-shaped matrix to produce a wing twist deformation.
The results showed that the mechanism could make large twist angles with higher stability.

This paper presents a novel twist morphing aileron through which the rolling efficiency,
rolling rate, and overall aerodynamic performance are investigated on the UAS-S45 as
base model. The UAS-S45 is used for surveillance and reconnaissance purposes and is
designed and manufactured by Hydra Technologies in Mexico. The impact of morphing
ailerons on induced drag is also analyzed. The study is performed in several steps. First,
asymmetric twist morphing ailerons are studied through aerodynamic shape optimization,
and their obtained optimum configurations are compared with conventional hinged aileron
configurations in terms of rolling efficiency and rolling rate to quantify the performance
of the novel morphing design. Next, the symmetric morphing ailerons are studied in the
same manner through aerodynamic optimization to evaluate the gain that can be achieved
in induced drag reduction, after which the optimum design performance in terms of
induced drag is compared to that of a conventional wing with winglets. The gradient-based
optimization algorithm is established for all studies. Finally, the optimum morphing aileron
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designs for improved rolling maneuvers and reduced induced drag are presented and
described in detail.

2. Asymmetric Analysis-Twist Morphing Ailerons
2.1. Implementation of a UAS-S45 Wing for Twist Morphing

Figure 1 shows the baseline wing for a UAS-S45 equipped with standard and mod-
ified flattened winglets. In this study, the wingtip is designed to be feasible for twist
morphing applications. Therefore, any curvature on the wingtip should be eliminated as
it will be created after the twist. Two alternatives could be utilized to achieve this goal:
1—elimination of the winglet; or 2—using a flattened winglet. The first alternative would
eliminate the winglet’s impact on the wing; however, if the winglet shape is implemented
in a flattened form (second option), its effects will be preserved after the twisting morphing
of the wingtip. Therefore, in this study, the flattened winglet will be attached to the baseline
wing, and by twist morphing, the impacts of the aileron and the winglet will be combined.
This effect will be further studied in symmetric wing analysis to reduce the downwash.
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2.2. Methodology Used for Asymmetric Twist Analysis (Twist Morphing Ailerons)
2.2.1. Roll Motion

Performing rolling maneuvers requires ailerons on both wings of an aircraft to deflect
asymmetrically in upward and downward directions. The downward deflection increases
the lift force on one wingtip, while the upward deflection on the other wing decreases the
lift force as the wingtip enters the stall condition. The unequal spanwise lift distribution on
both wingtips creates a moment around the roll axis which makes the aircraft roll clockwise
(positive roll) or counterclockwise (negative roll) around the roll axis, depending on both
left and right aileron configurations. For example, if the right aileron deflects upward and
the left aileron downward, the aircraft will have a positive roll and vice versa. Figure 2
shows the UAS-S45 in a rolling maneuver.

During a rolling maneuver, a yawing moment is also created, which makes the aircraft
yaw in the opposite direction of the roll. This unwanted yawing moment is called adverse
yaw; however, since it is beyond the scope of this study, only the pure rolling maneuver
is investigated here. In the rolling maneuver, several criteria exist to quantify the roll’s
performance, including its power, rate, and efficiency. The roll control power can be
obtained through strip integration [37]. The opposite deflection of the ailerons generates a
roll moment around the roll axis that can be found by use of the following equation:

Mz = ∆L.y (1)

where y represents the span length of the wing.
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Equation (1) may be expressed in coefficient form by replacing Mz with CmzQSb, in
which Q denotes the dynamic pressure, S the surface area, and b the span length, and
therefore Equation (1) becomes [37]:

Cmz =
∆L y
QSb

=
ClQcydy

QSb
=

Clcydy
Sb

(2)

Equation (2), which represents the roll moment coefficient, is used in this comparative
study between hinged and morphing ailerons, as it is directly proportional to the roll
efficiency and roll rate. To obtain the local lift coefficient generated on the ailerons, Cl in
Equation (2) is replaced by local lift coefficient

(
Cl = CLαw

τδa

)
. Therefore, Equation (2) is

integrated over the section of the wings containing the ailerons, which is expressed as:

Cmz =
2CLαw

τδa

Sb

∫ y2

y1

cydy (3)

where CLαw is the lift curve slope, δa is the aileron deflection angle, and τ denotes the

derivative of the angle of attack with respect to the angle of deflection (
dα

dδa
). Finally, by

taking the derivative from Equation (3) with respect to angle of deflection ( δa), the aileron
control power is obtained, as follows:

Cmzδa
=

2CLαw
τ

Sb

∫ y2

y1

cydy (4)

The aileron control power (Cmzδa
) measures the moments variations per unit of aileron

deflection. It is evident that when a higher roll moment is produced, the control power is
high, indicating that an aileron is more effective.

The flow solver used for all the optimizations in this study is the OpenFOAM’s steady
state flow solver, “simpleFoam”; therefore, only pure roll motion (no adverse yaw effect)
in steady state form is formulated (as noted above). The roll motion can be written as a
second-order differential equation [37]:

∑ Rolling moments = Iz∆
..
ϕ=

∂Mz

∂p
∆

.
ϕ +

∂Mz

∂δa
∆δa (5)
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where ϕ denotes the roll angle about the roll axis, p is the dimensionless roll rate, and
∂Mz

∂δa
∆δa is the roll moment created by aileron deflection. Since the roll rate (∆p) is equal

to ∆
.

ϕ, Equation (5) can be reduced to a first-order equation as follows:

Iz∆
.
p =

∂Mz

∂p
∆p +

∂Mz

∂δa
∆δa (6)

Next, by replacing
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creases the roll rate. 

For decades, conventional ailerons have performed rolling maneuvers through their 
hinged deflections, and so rolling efficiency and determining how well this maneuver was 
performed has been directly dependent upon aileron performance. In some aircraft, par-
ticularly in commercial jets with large swept wings, since ailerons’ efficiency is reduced, 
spoilers are used for rolling maneuvers because of their quick actuation to partially re-
cover the reduced efficiency of ailerons. Inspired by nature and rolling maneuvers of 
birds, the same pattern can be implemented in aircraft, in which wingtip twist defor-
mation could be used instead of aileron deflection. Morphing is the first technology that 
can lead to this objective. The rolling maneuver can be made more efficient by smoothly 
twisting the wingtip instead of using discontinuous and sharp deflections of ailerons or 
spoilers. We present in this paper novel twist morphing ailerons that can achieve such 
rolling maneuvers. For this purpose, the UAS-S45 is used as the base model, for which 
both hinged and morphing ailerons are studied. As expressed through Equations (1) to 
(8), the roll moment coefficient is the best comparison parameter because it influences both 
the aileron’s control power and roll rate, and it is therefore used as the primary measure 
in this study to compare the performance of hinged and morphing ailerons. The aerody-
namic optimization is performed on the morphing of asymmetric ailerons, and then, after 
their optimum configurations have been obtained, their performance is compared to that 
of hinged ailerons. 
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where τ is the roll response time and lower τ values are interpreted as rapid roll motion.
To obtain steady-state pure roll motion, t is assumed large enough (e−t/τ ≈ 0) to account
for a steady-state solution; therefore, Equation (7) changes to:

ωz = −Mzδa

Mz p
∆δa = −2U∞

b
Cmzδa

Cmz p
∆δa (8)

where ωz is the roll rate about the z-axis, Cmzδa is the aileron control power (Equation (4)),
Cmzp is the roll damping coefficient, and ∆δa is the aileron deflection angle. Since Cmzp is
always negative, the ultimate roll rate will be positive. Therefore, Equation (8) indicates
that increasing roll moment not only increases aileron control power, but also increases the
roll rate.

For decades, conventional ailerons have performed rolling maneuvers through their
hinged deflections, and so rolling efficiency and determining how well this maneuver
was performed has been directly dependent upon aileron performance. In some aircraft,
particularly in commercial jets with large swept wings, since ailerons’ efficiency is reduced,
spoilers are used for rolling maneuvers because of their quick actuation to partially recover
the reduced efficiency of ailerons. Inspired by nature and rolling maneuvers of birds, the
same pattern can be implemented in aircraft, in which wingtip twist deformation could
be used instead of aileron deflection. Morphing is the first technology that can lead to
this objective. The rolling maneuver can be made more efficient by smoothly twisting
the wingtip instead of using discontinuous and sharp deflections of ailerons or spoilers.
We present in this paper novel twist morphing ailerons that can achieve such rolling
maneuvers. For this purpose, the UAS-S45 is used as the base model, for which both
hinged and morphing ailerons are studied. As expressed through Equations (1) to (8), the
roll moment coefficient is the best comparison parameter because it influences both the
aileron’s control power and roll rate, and it is therefore used as the primary measure in this
study to compare the performance of hinged and morphing ailerons. The aerodynamic
optimization is performed on the morphing of asymmetric ailerons, and then, after their
optimum configurations have been obtained, their performance is compared to that of
hinged ailerons.

2.2.2. Optimization of Asymmetric Morphing Ailerons for Rolling Maneuver

The optimization uses the DAFoam (Discrete Adjoint with OpenFOAM) optimization
framework, a high-fidelity multidisciplinary optimization framework based on a gradient
algorithm. Since its development in 2019 [38], it has been used in several benchmark
studies [39]. In the literature, most of the aerodynamic optimization frameworks use low-
fidelity potential flow solvers in the optimization loop; however, DAFoam takes advantage
of OpenFOAM, in which the flow is simulated through Reynolds-averaged Navier–Stokes
(RANS) equations, leading to more accurate optimization results. Moreover, DAFoam is
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an appropriate framework for three-dimensional optimizations, in which a whole wing or
aircraft is optimized, involving hundreds of design variables. This framework is explained
in detail in [23].

2.2.3. Wing Parametrization

Special considerations should be taken when large-scale optimization is performed.
Parametrization or mathematical definition of a wing is a crucial step in the optimization
algorithm. Since the whole wing is optimized in this study, the number of design variables
is very high. “Constructive” parametrization techniques [40] cannot handle such a high
number of design variables; therefore, the best candidates for this type of parametrization
are the “deformative” parametrization techniques, in which the mathematical definition
of the geometry is independent of design variables. This study uses the Free-Form Defor-
mation (FFD) technique to handle hundreds of design variables. The initial objective for
developing the FFD technique was related to its use in graphics [41]. However, it is an
excellent tool in engineering problems, especially in optimization. Since its development
in 1986, several modifications and improvements have been made, particularly in aerody-
namic optimization [42,43], and today it is the best method in aircraft or wing optimization
(see [44] for more details). In this technique, the geometry is embedded inside the FFD
block, which has a defined number of control points, and this embedded geometry is
morphed by the displacement of control points. In this study, the baseline wing design
is embedded inside the FFD block. Since the objective of the optimization refers to the
ailerons and wingtips, only the control points in these regions have the freedom to move.
The rest of the control points (around the main flaps and the wing root) are confined with
zero displacement. Figure 3 illustrates both wings (right and left) inside the FFD block,
where active control points are shown in green. These control points can move downwards
in the left wing and upwards in the right wing. The blue FFD boxes surround the static
wing section, and the red ones the wing section where its twist deformation occurs.
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The number of control points directly impacts the optimization results, as shown in
our previous work [45]; therefore, the optimum number of control points in this study
was determined through trial and error. In this procedure, several criteria are considered
to determine the optimum number of control points. These criteria include optimization
convergence, computational time, optimality error, and feasibility of the deformation.
Based on these criteria, different numbers of control points were examined and finally
64 control points were chosen for each wing model (Figure 3).
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2.2.4. Optimization Setup

The objective of this paper is to optimize the proposed twist morphing aileron to
achieve better rolling efficiency. The straightforward optimization method consists in
defining the objective function in terms of rolling moment or rolling efficiency maximization;
however, since each wingtip twists in opposite directions (one upward, one downward)
to perform the rolling maneuver, an alternative simple way is established in this work, in
which the optimization process is divided into two separate processes, one for the left wing
and the other one for the right wing. The objective function of each wing is based on the lift
force on the wingtip; in one wing, the lift force is maximized, and in the other wing, it will
be minimized to create an unbalanced lift distribution on the whole wingspan. While the
optimization is performed for one wing, the other wing is confined with no deformation
during the optimization. The boundary condition for the opposite wing is defined in a
way that the opposite wing is not deformed during the optimization by constraining the
control points of FFD block to zero deflection on the opposite wing. The two optimization
frameworks are shown in Table 1, in which the entire optimization setup, including the
objective function, the constraint function, and the number of design variables are specified.

Table 1. Optimization setups for (A) right and (B) left wings.

Function/Variable Description Total
Number

(A)

Objective function

min CL
objective function

for right wing 1

w.r.t:
Y
T

FFD control points
Twist

64
1

Subject to:
AOA initial = AOA final Constant angle of attack 1

V ≥ Vinitial Volume constraint 64
0 ≤ ∆y ≤ 300 mm Design variable bounds 6

0 ≤ T < 5◦ Twist deformation bounds 24

(B)

Objective function

max CL
objective function

for left wing 1

w.r.t:
Y
T

FFD control points
Twist

64
1

Subject to:
AOA initial = AOA final Constant angle of attack 1

V ≥ Vinitial Volume constraint 64
−300 mm ≤ ∆y ≤ 0 Design variable bounds 6

−5◦ < T ≤ 0 Twist deformation bounds 24

As seen in Table 1, the left wing is optimized to maximize the lift, while the right
wing is optimized to minimize the lift. They have the same geometrical constraints to
maintain equal deformations on both wings. The control points are confined to upward
and downward displacements for minimizing and maximizing the lift force, respectively.
Design variable constraint (∆y) sets the limits for these vertical displacements along the
y-axis in the FFD block. The reference axis of the twist variable is at 50% of the chord, and
its starting point in the spanwise direction is at 50% of the wingspan, which corresponds
to the starting point of the ailerons in hinged configuration. Both wings follow the same
optimization process as shown in Figure 4, except that the objective function relates to
either lift maximization or minimization.
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As shown in Figure 4, the optimization uses different modules in Python. Within
the PyGeo module, surface geometry parametrization is implemented through the FFD,
and the constraints and their derivatives (dc/dx) are also computed within this module.
Next, all changes in surface geometry are applied to the surface mesh. The volume mesh is
then deformed, corresponding to these changes in the surface geometry, all of which are
implemented within IDWarp (mesh morphing module). Finally, the corresponding volume
mesh, Xv, is given as an input to the flow solver, OpenFOAM, to compute the specified
objective function that works the best with the constraint. However, since the objective
function f is dependent on both design variables x and state variables w, (f = f(x, w)),
the discrete adjoint solver computes the total derivative of f, (df/dx), also called the
sensitivity of the objective function. Similarly, the sensitivities of constraint functions
are also computed and transferred to the IPOPT algorithm, which will find the solution
using optimization iterations. Note that the objective function for the left wing is lift
maximization, while for the right wing it is lift minimization.

The optimization was performed in cruise flight conditions, where the cruise speed
for UAS-S45 was 70 knots (28.3 m/s), the initial angle of attack was zero degrees, and the
mission altitude was 15,000 ft.

2.3. Results and Discussions for Asymmetric Twist Analysis
2.3.1. Morphing Ailerons

Once the optimization was performed for both right and left wings, the optimum
wing configurations were attached to the fuselage to evaluate the UAS rolling efficiency. In
this phase, the simulation was performed in OpenFOAM with a high number of meshes
(14,199,957 elements). Since there are strong vortices and flow recirculation around the
wing tip, finer elements were used around the wing tip to have a better visualization of
the airflow around morphing ailerons. This section presents only the results expressed in
terms of pressure, vorticity, and velocity streamlines, while the quantitative aerodynamic
properties, such as the rolling efficiency, are presented and discussed in subsequent sections,
where they are compared with hinged ailerons results. Figure 5 illustrates the static pressure
contours on the top and bottom of the UAS-S45.
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Figure 5. Static pressure contour on the (A) upper and (B) lower surface of a UAS-S45.

The static pressure contour (Figure 5) clearly shows the unbalanced pressure distri-
bution on the left and right wingtips, where the downward twist produced higher pressure
on the bottom surface (left wing, Figure 5B), and the upward twist (right wing, Figure 5A)
produced it on the upper surface. The advantage of using morphing ailerons is that the
pressure variations on the wing surface, both in chordwise and spanwise directions, are very
smooth, so that there is no pressure peak on the transition surface from solid to twisted wing.

Very good visualization of the flow around the twisted ailerons can be captured by
velocity streamlines, as shown in Figure 6, where the airflow recirculation and velocity
magnitude variation were captured perfectly. Figure 6A,C,E show the downward twisted
morphing aileron from its forward, isometric, and top views, respectively, and Figure 6B,D,F
show the upward twisted morphing aileron in the same manner. Figure 6G,H illustrate the
UAS-S45 equipped with morphing ailerons.
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Figure 6. Velocity streamlines around morphing twisted ailerons from different views. (A) Downward
twist, front view, (B) upward twist, front view, (C) downward twist, isometric view, (D) upward
twist, isometric view, (E) downward twist, top view, (F) upward twist, top view, (G,H) UAS-S45
equipped with morphing ailerons.

As depicted by these Figures, the only flow characteristic that makes the aircraft roll is
the opposite flow distribution, wherein for a downward morphed aileron, flow is mainly
concentrated on the upper surface of the wingtip, but in an upward morphed aileron, the
flow concentration is mainly on the wingtips’ lower surface. This opposite flow distribution
creates opposite pressure distribution, as shown in the pressure contours in Figure 3, which
leads to unequal lift distribution and the generation of roll moment. Figure 6C,D show the
flow recirculation on both morphing ailerons, wherein for the downward twisted aileron, it
emerges on the upper surface, and for the upward twisted aileron, it is on the lower surface.
Thanks to the wingtip’s circular curvature, this recirculation has a restricted propagation
zone, and just past the wingtip, its magnitude approaches zero. Moreover, since there is
a smooth transition between the solid and morphing parts of the wing, the flow has no
turbulence at the start of the twist (Figure 6G,H).

2.3.2. Hinged Ailerons

To compare the morphing with the hinged ailerons, they must be simulated under
the same flight conditions (speed, pressure, angle of attack, angle of deflection) with the
same simulation setup (number of elements). The simulation of the hinged aileron is
conducted in ANSYS Fluent, a high-fidelity flow solver similar to OpenFOAM. However,
the simulation of the hinged flap does not include any optimization; it is pure aerodynamic
simulation. Therefore, the morphing aileron’s configuration is obtained first, through
optimization, and then the corresponding data, including the optimum angle of attack
and angle of deflection, are transferred to the hinged aileron simulation to determine the
most accurate comparison in terms of overall aerodynamic performance, rolling efficiency,
rolling moment, and rolling rate.
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In a hinged flap, whether it is the main flap, an aileron, or any other control surface,
the deflections are either pure upwards or downwards deflections. The only effective
parameters on lift force are the geometric parameters of that control surface, such as its
size and position. In [46], Caughey quantified the effectiveness of a control surface by
considering flap deflection magnitude and size in terms of chord length. As seen in Figure 7,
control surface or flap effectiveness is proportional to its size.
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Flap effectiveness can be directly interpreted into lift generation; in other words,
according to Figure 7, the flap effectiveness corresponding to a flap at 25% of a chord has
an efficacy of 0.6, which means that it can generate 60% of the lift force. Despite the main
flap being restricted only to its upward or downward deflection, no matter whether it is
morphed or hinged, since the ailerons are usually located at the wingtip, they have other
forms of deformations rather than up or down, meaning that the ailerons can also have
twist deformation, which can be more feasible than that of the hinged aileron. This section
focuses on hinged ailerons; a thorough comparison between morphed and hinged ailerons
is presented in Section 2.3.3.

This study investigates hinged ailerons on the UAS-S45 with its standard winglets and
was performed using the Spalart–Allmaras turbulence model. The flight conditions chosen
for this study were the cruise flight, where the cruise speed for UAS-S45 was 70 knots, the
ceiling altitude was 15,000 ft, and the effective angle of attack was zero degrees. These are
the same conditions applied to morphing ailerons in the previous section (Section 2.2). The
hinged ailerons were deflected from 0◦ to 10◦ with increments of 2◦. Within this range of
deflections, aerodynamic parameters were evaluated, including lift and drag coefficients
both for the whole UAV and each wing separately, rolling and pitching moments, and
pressure coefficients.

Since there are tiny gaps around the hinged aileron, the convergence of the simulations
is very sensitive to the element size. Therefore, special consideration was taken in the
meshing part. An unstructured mesh with 10 inflation layers around the UAS surface
was used with the first element size of 0.001 m corresponding to Y+=50. To reduce the
computational cost, a density box with finer elements was used around the UAS, making
the element’s size much coarser; this feature substantially reduces the computational time.
Figures 8 and 9 illustrate the meshing detail.
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As depicted in Figure 9, specific parts of the wings are refined to get better results.
This is generally the case for the ailerons, where the gaps between them and the wing create
eddies, and the simulation’s convergence is highly sensitive to these discontinuous parts
of the wing. It is also the case with the leading and trailing edges, as they present high
pressure and velocity differences.

A mesh independence study was performed on the UAV with an 8◦ aileron deflection.
Three different elements were evaluated for each of three meshes. Tables 2 and 3 show
the numbers of elements for each of these three meshes and their corresponding error
percentages, respectively.

Table 2. Element sizes and total number of meshes for different grid sizes.

Far-Field
(m)

Density Box
(m)

Total Number
(×106)

Mesh 1 1.75 0.045 10.52
Mesh 2 1.75 0.05 8.845
Mesh 3 2 0.075 4.16
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Table 3. Corresponding error for different element sizes.

Cl Relative Error
(%) Cd Relative Error

(%)

Mesh 1 0.1930 - 0.03 -
Mesh 2 0.1930 0 0.0288 4
Mesh 3 0.1930 0 0.0285 5

As seen in Table 3, having Mesh 1 as a reference mesh, due to its accurate results and
very good convergence, the relative error for each element size for the lift coefficient is
zero; however, for the drag coefficient, the maximum error is 5% by having Mesh 1 as
reference mesh. The final mesh chosen for this study is Mesh 2, which has the intermediate
number of elements, and an error of 4%, which is less than 5%; therefore, it lies within the
acceptable range.

The simulation of hinged ailerons was done by an evaluation process of the aero-
dynamic parameters for different angles of deflection of ailerons. Figure 10 shows the
variations of the lift coefficients for the right and left wings separately, as well as the total
lift coefficient for the whole UAS. Note that for the left wing, the angle of deflection (AOD)
is positive as it deflects downward, and for the right wing, which has an upward deflection,
the AOD is negative. As seen in Figure 10, the lift for the left wing is increased as the
AOD increases, while for the right wing, the lift decreases due to the upward deflection,
approaching zero lift conditions as the AOD increases. Nevertheless, the net lift force
for the whole UAS is independent of the angle of deflection and remains constant. The
linear regressions calculated for the wings are 0.963 and 0.995 for the left and right wings,
respectively, values that are very close indeed. For the chosen flight condition, the net lift
force for the whole UAS equals 0.29. As a result of the unequal lift distribution on left and
right wings (CLrightwing < CLleftwing), the UAV rolls towards the right (a positive roll).
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The rolling moment is obtained from the ANSYS Fluent default outputs and by manual
calculation by subtracting the right wing’s CL from that of the left wing. Figure 11 displays
the results obtained by both methods, showing that they both follow the same trend, which
is increasing linearly with the deflection angle. However, there is an error of less than
10% for the angles of deflections greater than 2 degrees, which is because the ANSYS
Fluent considers the whole UAS in the calculation of rolling moment, while in the manual
calculation, only the wings are considered.
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The drag coefficient was also calculated. Figure 12 shows the drag variations for the
whole UAS for different angles of deflection, revealing an increasing trend as the AOD
increases. However, by comparing the slope of the drag coefficient with those of the lift
coefficient, these slopes are 0.021 and 0.0004 for CL and CD, respectively, which are 98%
lower than the CL variations. Therefore, drag variations with aileron deflection are not
notable compared to lift variations for the whole UAS, and thus can be neglected.
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The static pressure contour for the UAS with hinged ailerons is shown in Figure 13.
The discontinuity in the gaps around the ailerons clearly shows the peak static pressure
boundaries. In addition, these discontinuities also contribute to the wingtip-induced
drag, as they facilitate the mixture of high-pressure flow on the lower surface and low-
pressure flow on the upper surface, and thus create additional vortices along with wingtip
vortices. However, as observed in twist morphing ailerons (Figure 5), the variation of the
static pressure is smooth and coherent throughout the span; in fact, no boundaries can be
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determined for ailerons due to the elimination of discontinuities, and the probability of
flow mixture around ailerons was zero. The pressure peaks in the hinged ailerons will be
further illustrated through pressure coefficient diagrams and will be compared with those
of the morphing ailerons in the next section.
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2.3.3. Comparison of Hinged and Morphing Ailerons

In this section, a comparison is drawn between hinged and twist morphing ailerons
in terms of roll moment and overall performance. As explained earlier, the comparison
of their roll moments evaluates the performance of ailerons both in terms of roll rate
and control power. Table 4 shows the comparison of these ailerons in terms of their roll
moments. Unlike hinged ailerons, the twist deformation of the morphing ailerons is not
constant spanwise; therefore, the comparison is drawn by having the same maximum
vertical displacement of the ailerons edge, which is equal to ±61.2 mm both for hinged and
morphing ailerons. Note that positive and negative displacements refer to upward and
downward displacements, respectively.

Table 4. Comparison of the UAS-S45 with hinged and twist morphing ailerons.

Ailerons AOA
(◦) CL CD

Roll Moment
Coefficient

(Cmz)

Induced Drag
(CDi)

(Cmz) Variations
(%)

Hinged ailerons 0 0.289 0.0427 0.463 0.00296 -
Twist morphing ailerons 0 0.188 0.0395 0.701 0.00115 +34

By considering the roll moment coefficient as an index for aileron performance, Table 4
shows that using twist morphing ailerons increases the roll moment by 34% compared to
conventional hinged ailerons. According to Equation (4) and Equation (8), an increase in
roll moment is directly interpreted as an increase in the ailerons’ control power as well
as in their roll rate, translating into higher aileron efficiency and rapid roll maneuver,
respectively. Meanwhile, due to the elimination of the discontinuities around the ailerons
in their morphing configuration, induced drag is also considerably decreased (by 61%)
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in morphing ailerons, which means that flow mixture and vertices due to gaps are of no
concern in twist morphing ailerons.

3. Symmetric Twist Analysis (Twist Morphing Wingtips)
3.1. Twist Morphing Wingtips

In this section, twist morphing is applied on the same wing configuration introduced
in Section 2.1, the UAS-S45 wing with a flattened winglet. However, this section aims to
reduce the induced drag under different flight conditions, including climb and cruise.

3.2. Induced Drag

Drag force imposed on an aircraft has different components, each of which arises
from a different phenomenon. In general, drag is divided into two main components:
parasite (or parasitic) and induced drag. The former consists of three different types:
form drag (pressure drag), skin friction, and interference drag. In the form drag, the
flow resistance originates mainly from an aircraft’s shape, while the skin friction is due to
air viscosity on an aircraft’s surface, and interference drag arises from turbulent flow at
different parts of aircraft, namely, the wing root. On the other hand, the induced drag arises
from the generation of lift force and is directly dependent on the amount of lift produced
on the wings. It is well known that the pressure gap on the upper and lower surfaces of
a wing creates the lift force; however, on the wingtip, the high-pressure flow finds a way
to move to the upper surface and mix with the low-pressure flow. This flow mixture at
the wingtip creates wingtip vortices, where the resultant vector of these vertices is in the
opposite direction of aircraft, and thus an amount of energy is lost due to the generation
of these vortices, reducing aircraft aerodynamic efficiency. In addition to this adverse
effect, these wingtip vortices also contribute to extra drag creation due to producing local
airflow direction, meaning that when these vortices are generated, the flow circulation
on the wingtip pushes the airflow downward, which is called downwash, and the wing
experiences local airflow rather than free stream; therefore, the lift force direction inclines
backwards, being perpendicular to local airflow, and the magnitude of the inclined lift
force is equal to the induced drag magnitude (Figure 14).
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The induced drag is calculated from the following formula:

CDi =
C2

L
e × π × AR

(9)

where AR is the wing aspect ratio and e is its efficiency factor, which ranges from 0.7 to
1. For a wing with an elliptic lift distribution (an ideal wing), e = 1, while for a typical
rectangular wing, it equals 0.7. According to Equation (9), the induced drag is dependent
on one aerodynamic parameter, CL, and one geometrical factor, AR, and is reduced either
by reducing the lift or by increasing the aspect ratio. In this study, both parameters are met
to minimize the induced drag by keeping the total drag constant. As shown in Figure 1 in
Section 2.1, the proposed wing aspect ratio is increased by 19.6% compared to the baseline
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wing without a winglet, and by 9% compared to the baseline wing with a standard winglet
for UAS-S45. This reduces induced drag to some extent; however, since the induced drag is
proportional to the square of the lift coefficient (Equation (9)), an infinitesimal reduction in
the lift coefficient would highly reduce the induced drag.

3.3. Methodology Used for the Symmetric Twist (Twist Morphing Wingtips)

Since the aim is to reduce the induced drag, an optimization was performed to mini-
mize the lift coefficient while keeping the total drag constant. Minimizing the lift is directly
proportional to induced drag reduction according to Equation (9); however, since the
wingtip twist causes an increase in total drag, a constraint function is defined to keep the
total drag constant during the optimization. The same optimization framework was used in
the asymmetric analysis for rolling efficiency; however, in this section, the only differences
are seen in the wing parametrization and in the objective function. Since this section only
deals with wing tip vortices, which are the leading cause of induced drag, the FFD block is
implemented according to Figure 15.
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As shown in Figure 15, the FFD block in blue color represents the solid part where
no twist exists, and the FFD in red block shows the twisting section of the wing where
the twist deformation is locally restricted to the wingtip; therefore, it will not influence
the wing shape in the blue block. The active control points allowed to move upwards
and downwards are located on the wingtip and shown in green. A different number
of control points were established; however, considering the feasibility of deformation,
six control points, three on the upper and three on lower wing surfaces, were chosen on
the wingtip. Once the optimum FFD block was determined, the optimization setup was
specified according to Table 5.

Table 5. Optimization setup for a twist morphing wingtip.

Function/Variable Description Total Number

Objective function
min C2

L objective function 1
w.r.t:
Y
T

FFD control points
Twist

52
1

Subject to:
CD ≤ CD nominal Constant drag

AOA initial = AOA final Constant angle of attack 1
V ≥ Vinitial Volume constraint 52
−300 mm ≤ ∆y ≤ 300 mm Design variable bounds 2
−5◦ < T ≤ 5◦ Twist deformation bounds 12

As shown in Table 5, the minimization of the square of the lift coefficient is constrained
by the total drag coefficient; therefore, the optimum configuration will have a lower or the
same total drag coefficient as that of the baseline wing drag. As the objective minimizes
CL to reduce induced drag, although this involves a slight reduction in lift, it does not
significantly alter the specified flight conditions; rather, it indicates a minor adjustment to
improve efficiency.
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By maintaining the same angle of attack and flight speed, we ensure that the overall
flight conditions remain stable.

3.4. Results and Discussion for Symmetric Analysis (Twist Morphing Wingtip)

In this study, the model optimization was performed for two flight conditions: cruise
and climb. Once the optimum configuration was obtained for each flight condition, it
was compared with that of the baseline wing with and without winglet and with the
unmorphed baseline wing in terms of induced drag. Figure 16 illustrates the four wings
with different wingtip configurations, and Table 6 shows the results obtained for cruise
flight conditions for these wingtip configurations.

Drones 2024, 8, x FOR PEER REVIEW 19 of 26 
 

As shown in Figure 15, the FFD block in blue color represents the solid part where 
no twist exists, and the FFD in red block shows the twisting section of the wing where the 
twist deformation is locally restricted to the wingtip; therefore, it will not influence the 
wing shape in the blue block. The active control points allowed to move upwards and 
downwards are located on the wingtip and shown in green. A different number of control 
points were established; however, considering the feasibility of deformation, six control 
points, three on the upper and three on lower wing surfaces, were chosen on the wingtip. 
Once the optimum FFD block was determined, the optimization setup was specified ac-
cording to Table 5. 

Table 5. Optimization setup for a twist morphing wingtip. 

Function/Variable Description Total Number 
Objective function   
min         𝐶ଶ objective function  1 
w.r.t:   
Y  
T 

FFD control points 
Twist 

52 
1 

Subject to:   𝐶 ≤ 𝐶  Constant drag  
AOA initial = AOA final Constant angle of attack 1 𝑉 ≥ 𝑉௧ Volume constraint 52 −300 mm ≤ ∆𝑦 ≤ 300 mm Design variable bounds 2 −5° < 𝑇 ≤ 5°  Twist deformation bounds 12 

As shown in Table 5, the minimization of the square of the lift coefficient is con-
strained by the total drag coefficient; therefore, the optimum configuration will have a 
lower or the same total drag coefficient as that of the baseline wing drag. As the objective 
minimizes 𝑪𝑳 to reduce induced drag, although this involves a slight reduction in lift, it 
does not significantly alter the specified flight conditions; rather, it indicates a minor ad-
justment to improve efficiency. 

By maintaining the same angle of attack and flight speed, we ensure that the overall 
flight conditions remain stable. 

3.4. Results and Discussion for Symmetric Analysis (Twist Morphing Wingtip) 
In this study, the model optimization was performed for two flight conditions: cruise 

and climb. Once the optimum configuration was obtained for each flight condition, it was 
compared with that of the baseline wing with and without winglet and with the unmor-
phed baseline wing in terms of induced drag. Figure 16 illustrates the four wings with 
different wingtip configurations, and Table 6 shows the results obtained for cruise flight 
conditions for these wingtip configurations. 

 
Figure 16. Wingtip configurations: (A) baseline wing, (B) proposed wingtip (flattened winglet), (C) 
baseline wing with standard UAS-S45 winglet, (D) twist morphing wingtip. 

  

Figure 16. Wingtip configurations: (A) baseline wing, (B) proposed wingtip (flattened winglet),
(C) baseline wing with standard UAS-S45 winglet, (D) twist morphing wingtip.

Table 6. Comparison of induced drag for different wing configurations in cruise flight.

Wingtip AR CL CD CDi
CDi Variation

%

A 11.55 0.1788 0.0170 0.0012591 0.00
B 13.90 0.1894 0.0167 0.0011736 −7.28
C 12.83 0.1937 0.0169 0.0013303 +5.35
D 13.90 0.1749 0.0170 0.0010016 −25.70

As shown in Figure 16, three types of wingtips were investigated in this study. Model
B is the wingtip attached to the baseline wing where there is no deformation on the wingtip;
it is simply reduced in thickness, leading to a nearly sharp wingtip. This flattened winglet
is proposed as the base model for the twist morphing wingtip, as mentioned in Section 2.1,
and it is not the final design in this study. Wingtip Model C is the standard winglet currently
used on the UAS-S45, and Model D is the proposed twist morphing wingtip design after
being optimized for cruise flight condition. As depicted in Table 6, comparisons are drawn
among these wingtip configuration performances. Wingtip models B, C, and D were
compared to the baseline UAS-S45 wing without winglet (A) in terms of induced-drag
variations. The results indicate that the twist morphing wingtip (Model D) reduced induced
drag by 25.7%, while the standard winglet (Model C) increased it by 5.35%. Moreover,
when the proposed wingtip is unmorphed (model B), the induced drag is reduced by 7.28%.
These improvements are primarily due to the lift coefficient reduction after the optimization,
and secondarily due to the increase of aspect ratio by 19.6%. According to Equation (9), CL
reduction and aspect-ratio increase lead to reduced induced drag; however, the effect of CL
reduction is substantial compared to the AR effect. As shown in Table 6, the drag coefficient
remained constant for both the baseline wing and the wing with a twist morphing wingtip,
due to the drag coefficient constraint in the optimization (Table 4). Figure 17 shows the
velocity streamlines for all four wingtip types in cruise flight.
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The mixture of low-pressure flow with high-pressure flow is evident in Figure 17A,
where there is no winglet. Because of the turbulent flow mixture, wingtip vortices are
created, leading to lift-induced drag. However, using different types of wingtips, especially
a twist morphing wingtip, the turbulent flow mixture approaches zero, which results in a
noticeable reduction in induced drag.

To further examine the superior advantages of twist morphing wingtips, this study
optimizes the proposed wingtip in climb flight conditions. Since a climb flight experiences
higher angles of attack than a cruise flight, the effect of induced drag is more conspicuous
in climb than in cruise flight. Three climb angles (5◦, 8◦, 10◦) were studied to find the trend
by which the induced drag is increased. Table 7 shows the flight parameters used for cruise
and climb flight conditions, and Figure 18 shows the optimum morphed configurations for
each flight condition.

Table 7. Flight specifications for optimizing a twist morphing wingtip in cruise and climb flight
conditions.

Flight
Condition

Angle of
Attack/Climb

(◦)

Airspeed
(m/s)

Altitude
(ft)

Air Density
(kg/m3)

Cruise 0 28.3 15,000 0.771
Climb 5, 8, 10 33.44 0 1.225
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As shown in Figure 18, as the angle of attack increases, the wingtip on the trailing edge
morphs upward (Figure 18A), while the leading edge morphs downward (Figure 18B),
which results in an increased twist on the wingtip as the angle of attack increases; therefore,
a higher twisting effect is observed in climb than in cruise flight. This observation means
that the twisting impact is proportional to production of induced drag, and as more induced
drag is produced, a higher twist intensity is required to reduce its impact.

Next, the optimization results are obtained for the climb flight condition. As in the
case of cruise flight, the optimization for climb follows the same setup described in Table 5.
Once the optimum configuration of a twist morphing wingtip is found, a comparison is
drawn with wingtip types A, B, and C in terms of induced drag, total drag, and lift-to-drag
ratio. Figures 19–21 show the results obtained.

Figures 19–21 clearly show the efficiency of twist morphing wingtips through different
aerodynamic parameters, including induced drag, total drag, and lift-to-drag ratio. Table 8
summarizes these results in terms of induced drag reduction for three wingtips compared
to that of the baseline wing.
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Table 8. Induced-drag reduction for three different wingtip types in climb flight condition.

Wingtip γ
(◦)

CDi Reduction
(%)

5 −8.66
B 8 −10.44

10 −12.04

5 −1.99
C 8 −3.28

10 −3.92

5 −7.90
D 8 −15.10

10 −16.51

As shown in Figure 19 and Table 8, all three wing tip configurations (types B, C, and D)
reduced the induced drag for all studied angles of climb. However, the amount by which
the induced drag is reduced is much greater for the twist morphing wingtip (type D), where
it reduces the induced drag by up to 16.51%, while wingtip types B and C reduced it by
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up to 12.04% and 3.92%, respectively. In addition, Figure 20 shows that the total drag was
also reduced by using wingtips other than baseline wings, and again, the twist morphing
wingtip produced the highest total drag reduction compared to other wingtip types with
a 0.16% reduction for cruise flight and 7.5% for climb. During the optimization process,
the total drag was constrained to be less than or equal to the initial total drag; therefore,
while minimizing CL, the total drag was reduced as well, which contributes to the overall
improvement in aerodynamic efficiency. Finally, Figure 21 reveals that the lift-to-drag ratio,
or in other words, the aerodynamic efficiency of the wing, was also improved, and the
highest aerodynamic efficiency belongs to the morphing wingtip, with a gain of up to
9% compared to the baseline model (type A). The overall improvement in aerodynamic
performance is primarily because of a reduction in total drag during the optimization. The
twist morphing wingtip outperforms the other wingtip types in terms of aerodynamic
efficiency, total drag, and induced drag, making it an efficient wingtip configuration.

4. Conclusions

This study presents another of the many advantages of morphing wing technology.
Twist morphing was this study’s main morphing approach, and the objectives were ac-
complished as expected. This morphing approach was investigated on the wingtip with
two main goals: 1—improving rolling maneuver by replacing hinged ailerons with twist
morphing ailerons, and 2—reducing induced drag at the wingtip through twist morphing
wingtips. For this purpose, a novel wingtip model was proposed as the baseline model
for the twist morphing approach. The aerodynamic shape optimization was performed
for both objectives to find the optimum configuration with the specified objective function.
The results obtained for the twist morphing ailerons revealed that this novel morphing
configuration increased the roll moment of an UAS by 34%. It was shown that any im-
provement in roll moment enhanced both ailerons’ control power, or in other words, the
ailerons’ efficiency, increasing the maneuverability of the UAV by increasing the roll rate,
which leads to rapid roll motion compared to conventional hinged ailerons. In addition to
roll moment improvement, twist morphing ailerons decreased induced drag by 61% due to
elimination of the gaps around the ailerons.

The second objective, reducing induced drag via twist morphing wingtips, was studied
using the same optimization framework with the specified objective function to minimize
the induced drag. Two flight conditions, cruise and climb, were studied, and optimum
wingtip configurations were found for each. The optimum configuration was evaluated in
terms of induced drag, total drag, and lift-to-drag ratio. The results indicated that the twist
morphing wingtip reduced the induced drag by 25.7% in cruise flight and by up to 16.51% in
climb compared to the baseline wing. In addition, it also reduced the total drag by up to 0.16%
in cruise flight and 7.5% in climb and increased the aerodynamic efficiency by up to 9%.

The overall result indicates that, from an aerodynamic point of view, the proposed
twist morphing design for ailerons and winglets considerably outperforms the conventional
design and could be a prime candidate for replacing current ailerons and winglets. In
future studies, this proposed morphing design will be evaluated from various structural
aspects by proposing a suitable actuation mechanism to increase its likelihood of being
applied to next-generation aircraft.
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