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Abstract: The present research investigates the advantages of a morphing versus a hinged flap. The 
morphing wing model is equipped with a morphing trailing edge, while the conventional wing has a 
hinged flap system. The aerodynamic and fight dynamics characteristics of both wings are evaluated, 
and a comparison is drawn to find out how the morphing wing enhances the flight performance in cruise 
flight conditions in terms of flight range increase. For this purpose, gradient-based aerodynamic 
optimization is performed to find the ideal configuration of a morphing flap in a cruise flight with the 
objective of increasing flight range. Finally, the aerodynamic characteristics of optimized morphing 
and hinged wings are compared, including aerodynamic loads, efficiency, turbulence, and flight range. 
The findings showed that the morphing wing extended the flight range by 18% in comparison to the 
hinged wing configuration. 
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1. INTRODUCTION 
The sheer volume of flights results in significant CO2 emissions. The impact of aviation on 
carbon output became particularly evident during the pandemic, when data captured a 
substantial decline in emissions before and during the global lockdown. The drastic reduction 
in flights led to a considerable decrease in aviation-related carbon emissions compared to other 
types of transportation, such as ground transportation and industrial activities [1]. Given its 
undeniable impact on climate change, minimizing carbon emissions has become a critical 
priority for the aeronautics industry. 

In pursuit of sustainable aviation, various industrial and academic projects have been 
dedicated to reducing CO2 emissions. Among these efforts, flight trajectory optimization has 
been explored, with Airbus' UpNext project [2] introducing the “Fello’fly” concept, which has 
demonstrated at least a 5% reduction in carbon emissions per flight. However, most of research 
in Green Aviation focuses on aircraft design improvements, encompassing aerodynamic, 
propulsive, and structural innovations. Aerodynamic enhancements, such as drag reduction 
strategies, have played a significant role in lowering fuel consumption and improving its 
efficiency. 
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Morphing wing technology has emerged as a promising approach for next-generation eco-
friendly aircraft by enabling reduced drag, lower fuel consumption, and decreased structural 
weight. Various morphing wing concepts have been investigated over the past decades, and 
among these investigations, trailing edge morphing has attracted particular interest. 

The structural and aerostructural analyses of trailing edge morphing have gained 
momentum, supported by numerous research efforts. Several morphing conceptual designs 
have been introduced in the past decades, such as upper surface [3-6], winglet [7], span [8], 
camber [9-12], sweep [13], chord [14], leading edge [15-17], and twist [18] morphing. 
Although conceptual design exists for various morphing configurations, including leading 
edge and upper surface morphing, only a few of them have been successfully flight-tested. 

One of the pioneering projects, the Mission Adaptive Wing Project [19], successfully 
integrated active camber morphing into a fighter jet. However, due to the complexity and 
weight of the actuation system, the project was discontinued. Ting et al. [20, 21] studied 
structural and aerodynamic optimizations, revealing lift-to-drag ratio gains of 2-16% and drag 
reductions of up to 8.4% under varying flight phases. 

Urnes et al. [22] examined the variable camber trailing edge system's potential for future 
aircraft, demonstrating improvements in lift, drag reduction, weight reduction, and 
maneuverability. 

Their findings suggested that this technology could enhance both lift for takeoff and 
landing and cruise efficiency through optimized wing twist control. Woods et al. [23] 
investigated morphing flap transition parts to address spanwise edge gaps, successfully 
eliminating vortex formation and improving aerodynamic efficiency. 

Similarly, Ninian and Dakka [24] compared morphing flaps with their conventional 
designs, showing a 10.8% lift increase and a 13.6% improvement in the lift-to-drag ratio. Their 
experimental acoustic analysis also demonstrated a 50% reduction in noise levels with 
morphing wings compared to their traditional configurations. Lyu et al. [25] employed 
gradient-based optimization techniques to refine trailing edge designs, achieving drag 
reductions in off-design and on-design conditions, leading to an estimated 1% reduction in 
cruise fuel consumption. 

Meanwhile, Communier et al. [26] introduced a novel morphing trailing edge design 
incorporating small vertical incisions, which yielded lower drag and higher aerodynamic 
efficiency than conventional flaps. 

To further enhance aerodynamic performance, Khorami et al. [27] patented an elastic 
morphing structure to eliminate discontinuities in the trailing edge flap’s side edges, reducing 
aeroacoustic noise without compromising efficiency. Rivero et al. [28] experimentally 
evaluated the FishBack morphing concept and found that it significantly improved lift-to-drag 
ratios, with gains ranging from 50% to 200% over baseline airfoil configurations. 

Based on these advancements, the present study aims to optimize a morphing wing for 
cruise flight conditions to increase its flight range. So far, no high-fidelity optimization has yet 
been performed on a morphing trailing edge to enhance its flight performance. This research 
utilizes an unmanned aerial system UAS-S45, to optimize a Morphing Trailing Edge (MTE) 
for cruise flight with the aim of increasing overall flight range. 

A high-fidelity optimization approach using gradient-based algorithm and the discrete 
adjoint method is applied to determine the optimal morphing wing configuration for cruise 
flight. The main objective is to optimize the fight range and compare the results with hinged 
flap configuration to discover the superiority of morphing wings. This research aims to further 
advance the practical implementation of morphing trailing edge technology in future aircraft 
design. 
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2. METHODOLOGY 
Removing the discontinuities on the wing offers significant benefits by minimizing turbulence 
at the gaps, thereby improving the flow laminarity, reducing drag, and ultimately enhancing 
lift. As the primary control surfaces of a wing, eliminating the gaps and achieving smooth flap 
deformation will undoubtedly enhance aerodynamic efficiency. 

This study examines the morphing wing in the cruise flight condition, with the objective 
of improving flight range. Figure 1 presents the morphing wing featuring a Morphing Trailing 
Edge (MTE). 

As shown in Fig. 1, the flap extends over 30% chordwise and 43% spanwise, including 
its transition sections. 
 

 
Fig. 1 – Schematics of a Morphing Trailing Edge (MTE). a) top view, b) rear view after morphing, c) side view, 

d) MTE before and after morphing with its actual dimensions 

2.1 Optimization with DAFoam 

A high-fidelity optimization algorithm, which utilizes an object-oriented discrete adjoint 
method, where the flow solver OpenFOAM is integrated directly into the optimization 
iterations. This methodology provides significantly more accurate results compared to lower-
fidelity solvers, which are commonly used in the literature. 

This framework was introduced by Towara et. al [29], utilizing Automatic Differentiation 
(AD) for derivative calculations. 

However, due to the substantial computational cost of AD, particularly for shape 
optimization, it is not well-suited for solving complex aerodynamic problems. 

To overcome this limitation, the Multidisciplinary Design Optimization (MDO) 
laboratory at the University of Michigan developed a new optimization framework [30], by 
which the efficiency of the discrete adjoint (DA) method was improved by replacing AD with 
an accelerated Finite Difference (FD) technique, making adjoint-based optimization with 
OpenFOAM to be the best choice for problems with hundreds of design variables. Moreover, 
this algorithm establishes a seamless interaction between OpenFOAM and Python libraries. 
The OpenFOAM layer comprises the flow solver and the graph coloring solver, while the 
Python layer handles mesh deformation and optimization setup. 

Figure 2 shows the complete optimization workflow, with distinct colors representing the 
OpenFOAM and Python layers. 
 
 

d 
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Fig. 2 – DAFoam Optimization framework  

2.2 Free-Form Deformation (FFD) 

Before beginning the optimization process, the wing model must first be generated, and the 
parametrization technique choice plays a crucial role in determining the final optimization 
outcomes. An effective parametrization method should be capable of covering a broad design 
space while maintaining the integrity of design variables. 

One widely used approach is the Free-Form Deformation (FFD), which belongs to the 
category of deformative parametrization techniques. Initially introduced by Sederberg and 
Parry in 1986 [31], the FFD method has undergone multiple refinements over the years, 
leading to its application in real-world engineering challenges [32-34]. In its earliest form, the 
FFD method relied on tri-variate Bernstein polynomials to define control points within the 
deformation block [35]. 

However, later advancements incorporated alternative polynomial formulations, such as 
tri-variate Bezier and Non-Uniform Rational B-Splines (NURBS). The fundamental principle 
of FFD involves enclosing the target object (such as an aircraft or its wing) within a deformable 
block, where any modifications made to the block control points induce shape changes in the 
embedded geometry. 

For complex three-dimensional optimization tasks, such as full-wing or aircraft shape 
refinement, the number of design variables can easily reach the order of hundreds. The FFD 
operates by modifying geometric variations rather than by directly manipulating the geometry 
[36]. 

This feature significantly reduces the sensitivity to the number of design variables, making 
it particularly well-suited for optimization problems that require handling extensive shape 
modifications. 

Mathematically, if we define g̅ as the baseline geometry and ∆G̅ as the corresponding 
shape variation, the total modified shape can be expressed as: 

𝐆𝐆�𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 = 𝐠𝐠� + ∆𝐆𝐆� (1) 

The geometrical change ∆G� during the aerodynamic optimization encompasses all kinds of 
variations, as shown in Eq. (2): 
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∆𝐆𝐆� = 𝛿𝛿𝐆𝐆� 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 + 𝛿𝛿𝐆𝐆� 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 + 𝛿𝛿𝐆𝐆� 𝑡𝑡ℎ𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 + 𝛿𝛿𝐆𝐆� 𝑠𝑠ℎ𝑒𝑒𝑒𝑒𝑒𝑒 + 𝛿𝛿𝐆𝐆� 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 (2) 

By specifying the degree of freedom of FFD control points, these variations are managed 
according to the morphing technique. The camber is the only necessary variation in the 
Morphing Trailing Edge (MTE). For example, in the MTE, only camber morphing is 
considered  (𝛿𝛿𝐺̅𝐺 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 > 0). 

As this research focuses on the MTE, the wing's deformation is restricted to both 
downward and upward deformations. 

The parametrization utilizes Free-Form Deformation (FFD) with two distinct FFD blocks 
governing the wing geometry. 

The first block corresponds to the morphing flap section (red), while the second block 
(blue) represents the solid wing section, as shown in Figure 3. 

For precise shape control, the FFD framework incorporates 30 control points along the 
span and 6 control points along the chord, resulting in 360 control points in total. However, 
only the trailing edge control points (colored green) are allowed to move, enabling flap 
deflection. 

The remaining control points remain fixed with zero displacements. As a result, only 52 
of the 360 control points actively participate in the morphing process, ensuring that the 
deformation remains confined to the flap while preserving the aerodynamic integrity of the 
main wing structure. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 3 – FFD block for the parametrization of the morphing trailing edge 

2.3 Optimization framework 

The purpose of this research is to find the optimized MTE for the cruise flight condition that 
is characterized by the specific goal of increasing flight range, as shown in Table 1, and Table 
2 shows the details of the cruise flight. 
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Table 1 – The objective function of the MTE optimization 

Flight condition Objective Obj. function 

Cruise Maximizing flight range max  (𝐶𝐶𝐿𝐿 𝐶𝐶𝐷𝐷� ) 

Table 2 – Cruise flight condition characteristics for the UAS-S45 

Flight condition Speed (knots) Reynolds number × 106 Altitude (ft) 

Cruise 55 0.7 15,000 

Table 3 shows the optimization setup, constraints, and objective function. The linear 
constraint is used to obtain an equal deformation in the spanwise direction. The upward and 
downward deflections are confined to 150 mm. 

Table 3 – Optimization setup for maximizing range 

Variables and Constraints Explanation number 

max  𝐶𝐶𝐿𝐿 𝐶𝐶𝐷𝐷�  Objective function 4 

w.r.t:                     Y FFD control points 360 

Subject to: 

𝐶𝐶𝑙𝑙 ≥ 𝐶𝐶𝑙𝑙 𝑚𝑚𝑚𝑚𝑚𝑚 Constant function 1 

AOA initial=AOA final Constant angle of attack 1 

𝑉𝑉 ≥ 𝑉𝑉𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 Volume constraint 1 

−150𝑚𝑚𝑚𝑚 ≤ ∆𝑦𝑦 ≤ 150 𝑚𝑚𝑚𝑚 Deflection limits 52 

                ∆𝑦𝑦𝑧𝑧=3
𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢 = ∆𝑦𝑦𝑧𝑧=15

𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢 Linear constraint 52 

2.4 Solver setup 

The analysis is conducted for cruise flight conditions within the subsonic regime. The RANS 
equations are solved using the steady-state solver. For turbulence modeling, the Spalart-
Allmaras is utilized due to its efficiency in handling aerodynamic simulations. 

Regarding boundary conditions, the surface to which the wing is attached is set as a 
“symmetry” boundary, while all other boundaries are assigned the “inletOutlet” condition. 

This setup allows the boundary to switch dynamically between “fixed value” when fluid 
enters the domain and “zero gradient” when fluid exits, ensuring a realistic representation of 
the aerodynamic environment. 
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3. RESULTS AND DISCUSSIONS 
3.1 Range optimization 

For aircraft powered by propeller engines, the total flight range 𝑅𝑅 can be determined using the 
following equation [37]: 

𝑅𝑅 = −
𝜂𝜂𝑝𝑝
𝛾𝛾𝑝𝑝
𝐶𝐶𝐿𝐿
𝐶𝐶𝑑𝑑

ln �
𝑊𝑊1

𝑊𝑊2
� (3) 

In this equation, 𝜂𝜂𝑝𝑝  represents the propulsive efficiency, while  𝛾𝛾𝑝𝑝 denotes the fuel 
consumption per unit weight. The terms 𝑊𝑊1 and 𝑊𝑊2 correspond to the aircraft's primary and 
final weight, respectively. 

From Eq. (3), it is evident that the primary aerodynamic factor influencing the range is 
CL/Cd. Consequently, improving lift to drag ratio directly enhances the aircraft's range. 

To assess the benefits of a MTE design compared to a traditional hinged flap system, a 
comprehensive evaluation is conducted. This analysis involves comparing key aerodynamic 
parameters such as lift, drag, and the lift-to-drag ratio between the MTE, a conventional hinged 
wing, and a clean wing configuration. The goal is to determine the extent, to which the MTE 
technology enhances aerodynamic performance over conventional control surface designs. 
The aerodynamic characteristics of the three configurations MTE, clean wing, and hinged flap 
are illustrated in Figure 4, providing a comparative visualization of their performance metrics. 

 
Fig. 4 – Aerodynamic performance comparison among the morphing wing, hinged wing, and clean wing 

configurations; a) lift coefficient, b) drag coefficient, c) CL/Cd, d) flap deflection magnitude 
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As shown in Fig. 4-(c), beyond an angle of attack of 2.4°, the performance of the MTE 
deteriorates compared to the baseline wing. The best performance of hinged flap is limited to 
angles of attack up to 1°. 

This suggests that MTE flap can operate efficiently over a broader range of angles (from 
0° to 2.4) in contrast to the hinged flap, where the improvement over the clean wing is confined 
to angles of attack between 0° and 1°. Figure 5 compares the performance of the morphed 
MTE and deflected hinged flap. 

The improvement in lift-to-drag ratio is primarily driven by the increased lift generation 
of the morphing wing, as seen in the lift coefficient graph Fig. 4-(a). 

Despite the fact the drag of the MTE is higher than the hinged flap at certain AOAs, as 
shown in Fig. 4-(b), the additional generated lift compensates for this drag penalty, leading to 
a significant overall increase in aerodynamic efficiency. Specifically, the morphing wing 
achieves a 32% improvement over the clean wing and an 18% improvement over the hinged 
flap (Fig. 4-c). 

Furthermore, as the angle of attack increases, the morphing flap deformation reaches zero 
as shown in Fig. 4-(d).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 5 – Comparison of a) hinged and b) morphing wings in the cruise flight 

Figures 5-a and 5-b show the geometrical differences between an MTE and hinged flaps. 
Unlike the hinged flap, the MTE flap features sealed gaps between the flap and the main wing 
body, resulting in a smooth deformation. 

As shown in Fig. 5-c, eliminating the gaps between the flap and the wing main body on 
the morphing wing has extended the flow laminarity, which reduces the likelihood of 
premature flow separation. 

Additionally, Figure 6 (a)-(c) presents the entire UAS-S45 wing with both morphing and 
hinged configurations to provide a comprehensive comparison of pressure coefficient 
variations. 

Furthermore, Figure 7 displays the pressure contours on the upper and lower surfaces of 
both the morphing and hinged wings from both top view and bottom view. 
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Fig. 6 – Pressure coefficient variations for MTE and a hinged flaps a) chordwise hinged wing, b) chordwise-
MTE, c) spanwise  

 

 

Fig. 7 – UAS-S45 Pressure contours equipped with hinged and MTE flaps, from a) top view, and b) bottom view 

The pressure coefficient variations along wing chord and span in Figures 6 (a, b, c) depicts 
pressure variations around morphing and conventional flaps. In contrast, the morphing wing 
shown in Fig. 6-(c), eliminates these peaks, resulting in much smoother pressure variations. 
These pressure peaks are primarily caused by flow spilling from the high-pressure side to the 
low-pressure side due to the gaps. 

Additionally, both the spanwise and chordwise pressure distributions (Fig. 6-a to 6-c)) 
depict that the morphing wing maintains a greater pressure differential compared to the hinged 
flap, leading to a higher lift. 

a b 
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Pressure coefficient increase is attributed to the flaps seamlessness, where the flap 
deformation contributes to a larger lifting surface. 

While for the hinged flap, the region is truncated at the gap's start (Fig. 7-a), the morphing 
wing delays the transition from laminar to turbulent flow over the wings’ upper surface by 
eliminating the gaps. The morphing wing preserves laminar flow all the way to the trailing 
edge tip (Fig. 7-a). 

On the lower surface, the pressure contours in Figure 7-(b) further highlight the 
differences between the morphing and hinged flaps. 

For the morphing wing, the highest pressure is created at the entire flap bottom surface-
thanks to the removal of the gaps. 

4. CONCLUSIONS 
This study focused on cruise flight conditions with the objective of increasing flight range by 
replacing hinged flaps with morphing flaps to identify the optimal wing configuration. A 
comparison between the morphing wing and the hinged wing configuration highlighted several 
advantages of the morphing wing. These advantages included the extension of laminar flow 
over the upper surface, enhanced flow stability by reducing turbulence, and improved 
aerodynamic performance due to the sealing of gaps in the transition sections. This seamless 
characteristic resulted in an increase in the lift-to-drag ratio, and consequently, an 
improvement in flight range by 18% were obtained, in comparison to the hinged wing 
configuration, and by 32% in comparison to the clean wing. The maximum ranges’ optimal 
angles of attack were also found, which ranged from 0° to 2.5°. This research demonstrated 
the benefits of morphing wings versus traditional hinged flaps and identified the optimal 
morphing wing configuration to enhance the flight range of the UAS-S45, leading to higher 
flight performance. 
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	The analysis is conducted for cruise flight conditions within the subsonic regime. The RANS equations are solved using the steady-state solver. For turbulence modeling, the Spalart-Allmaras is utilized due to its efficiency in handling aerodynamic sim...
	Regarding boundary conditions, the surface to which the wing is attached is set as a “symmetry” boundary, while all other boundaries are assigned the “inletOutlet” condition.
	This setup allows the boundary to switch dynamically between “fixed value” when fluid enters the domain and “zero gradient” when fluid exits, ensuring a realistic representation of the aerodynamic environment.

