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Abstract: The morphing concept has generated emerging technologies in the last decades, 
from aerodynamic and actuation approaches to advanced materials and artificial intelligence-
based control methods that can be used in unmanned aircraft. These approaches can be seen to 
be focused both on the aerodynamic efficiency and the response speeds of the solutions of the 
adopted systems. The comparative numerical analyses in the paper consider a series of aspects 
regarding the translation of the center of pressure and the continuity of the surface, numerical 
aspects managed by the computational methods of the XFLR5 software tool. 

The article aims to quantify the aerodynamic performance values in the cases of 3D maneuver 
control of a morphing rectangular wing using the VLM method and the XFLR5 software tool. 
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Acronyms and symbols 

cL ,cD lift and drag coefficient cmx,cmy,cmz moment coefficients 
ca, ba Chord and lenght aileron δA Aileron turning angle 
AoA Angle of attack BM Bending moment 
CP Pressure coefficient LA Roll moment 
LLT Lifting Line theory S Wing surface 
VLM Vortex Lattice Method b Span wing 

V Speed   
 

1. INTRODUCTION 
 

1.1. General consideration 
The morphing concept has generated emerging technologies in recent decades, from 

aerodynamic and actuation approaches to advanced materials and artificial intelligence-
based control methods. These approaches are noted to be focused on both aerodynamic 
efficiency and response speeds of the adopted system solutions. 

According to the literature in the field, aerodynamic analyses regarding maneuver 
control for biologically inspired morphing wings (variable shape/geometry) are focused 
on numerical and experimental evaluations regarding the influence of geometry 
modification on aerodynamic performance and 3D trajectory control capability. 

The main objective of the work is to establish the causal link between the 3D 
deformations of the 3D surface of a rectangular wing and the aerodynamic response 
(forces and moments) regarding the maneuver control on the 3 axes (roll, pitch, yaw). 
Objective achieved using the XFLR5 software tool through a series of comparative 
numerical analyses applied to relatively thin airfoil geometries (NACA 2405 profile). 
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1.2. Morphing concept 
The morphing concept applied to aircraft is treated multidisciplinary in a vast series of 

authors in recent works, including: Najmul Mowla et all in 2025  [1], Srivastava et all in 
2025 [2], Majid et all in 2021 [3], Pecora  et all in 2021 [4], Zhu in 2025 [5], Chu et all in 
2022 [6], Dong et all in 2025 [7], Budholiya et all in 2021 [8],  Kabir et all in 2023 [9] 
and Tavarez et all in 2025 [20].  

 

 
 

FIG. 1 Morphing classification and application, [1] 
 

A number of recent references outline diverse approaches to evaluating the 
performance of morphing wings, such as: aerodynamic analyses Hui et all in 2020 [10], 
Bardera et all in 2020 [11], Arai et all in 2024 [12], Jini Raj, Bruce in 2023 [13], Bardera 
et all in 2021 [14], Abdessemed et all in 2022 [15], Negahban et all in 2024 [16];  
experimental analyses Pan et all in 2024 [17], Pecora et all in 2021 [18], Zhou et all in 
2022 [19];  use of artificial intelligence Najmul Mowla et all in 2025  [1]; actuation 
methods  Majid et all in 2021 [3] or aeroelastic Yuzhu et all in 2022 [21], Guo et all in 
2021 [22]. 

 
2. THEORETICAL REFERENCES REGARDING AILERON AERODYNAMICS 

 
According to Sadraey 2012 [23], the main function of the ailerons is lateral (roll) 

control with moment and directional control effects as the ailerons are used symmetrically 
with different levers, so any change in aileron position/geometry will change the roll rate. 
The lever deformation of the control surfaces also implies the occurrence of an 
aerodynamic hinge moment that must be overcome to deform the control surface (the 
aileron), so a dimensional optimization process is applied to the ailerons to minimize the 
control forces. 

In the process of designing an aileron, a series of parameters are considered (see 
figure 2), the most relevant being: the aileron area (Sa), the ratio between the chord and 
the span (length) of the aileron (ca/ba), the maximum values of the steering angles (δAmax) 
and the aileron position on the span (bai). 

 
 

FIG. 2 Aileron geometry, [23] 
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The maneuverability of an aircraft is a sum of factors considered in the design of the 
ailerons, such as: the required articulation moment, the effectiveness of the aileron, 
aerodynamic balancing, the shape (geometry of the ailerons), the type of aircraft structure 
and the cost of making the ailerons. 

As a basic characteristic, the aileron rolling moment (LA) has the equation 1: 
 

𝐿஺ ൌ 2 ∙ ∆𝐿 ∙ 𝑦஺ (1) 
 
where yA- the force arm (from the longitudinal axis to the point of application of the 
force) 

 ΔL- the variation of the rolling moment 
 

The overall moment on the wing (LA) is expressed by equation 2: 
 

𝐿஺ ൌ
1
2
∙ 𝜌 ∙ 𝑉ଶ ∙ 𝑆 ∙ 𝐶௟ ∙ 𝑏 

(2) 

 
where ρ-air density  
        V-speed  
        S- wing surface 
        Cl- rolling moment coefficient (depending on aircraft configuration) 
        b- anvewing span 
 

An estimate of the rolling moment (due to lift distribution) for an aileron based on the 
strip integration method has equation 3: 

 

∆𝐶௟ ൌ
𝐶௅஺ ∙ 𝐶௔ ∙ 𝑦஺ ∙ 𝑑𝑦

𝑆 ∙ 𝑏
 

(3) 

 
wheree CLA- the lift coefficient of the section containing the aileron 
            Ca-aileron chord 
            yA- the force arm (from the longitudinal axis to the point of application of the 
force) 
           S- wing surface 
           b- wing span 
 
and the lift coefficient of the section containing the aileron CLA has equation 4: 
 
𝐶௅஺ ൌ 𝐶௅ఈ ∙ 𝜏௔ ∙ 𝛿஺ (4) 

 
where CLα – the lift coefficient of the section with the aileron turned 

   τa – aileron effectiveness parameter 
   δA-aileron rotation angle 
  
Figure 3 highlights the dependence of the variation of aileron effectiveness as a 

function of the ratio between the aileron area (Sa) and the chord of the wing's airfoil (c). 
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FIG. 3 Aileron efectiveness, [23] 

 
3. LIMITATIONS, METHODS AND SOFTWARE TOOLS 

 
3.1. Limitations of the aerodynamic analyses used 
Maneuver control using the morphing concept involves a series of challenges that need to 

be analyzed, as follows: aerostructural (aeroelastic) coupling regarding aerodynamic 
deformations coupled with structural deformations, translation of the center of pressure that 
modifies static stability, 3D surface continuity involving geometric inflections due to the 
deformation process, response speed that involves dynamic analyses of the actuation systems 
that determine the 3D deformation of the geometry. 

The comparative numerical analyses in the paper consider a series of aspects regarding 
the translation of the center of pressure and the continuity of the surface, numerical aspects 
managed by the calculation methods of the XFLR5 software tool. The numerical analyses 
focus on a series of aerodynamic parameters, such as: the variation of the aerodynamic 
coefficients of lift ΔcL, and drag ΔcD, the variation of the moment coefficients: pitch Δcmx, 
roll Δcmy and yaw Δcmz and the variation of the aerodynamic smoothness ΔcL/cD. 

3.2. Vortex Lattice Method 
VLM is a numerical method used in fluid mechanics in the pre-design phases of aircraft 

and in academia. The method models airfoils (wings, empennages) as a thin web of discrete 
vortices for the calculation of lift and induced drag, the aspects determined by thickness and 
viscosity being omitted. By simulating the flow field, the pressure and force distribution 
around the simulated body can be calculated from which the aerodynamic coefficients and 
their derivatives are extracted for the evaluation of the aircraft's handling qualities in the 
conceptual design phase. 

The VLM method is comprehensively described in a number of aerodynamics works, 
such as: Katz & Plotkin in 2001 [25], Anderson in 1991 [26], Bertin & Smith in 1998 [27], 
Houghton & Carpenter in 1993 [28], or Drela in 2014, [29]. 

The method is designed on the ideal flow theory (potential flow theory) which neglects 
the effects of flow viscosity and does not resolve the given aspects of turbulence and 
boundary layer. It is based on a series of assumptions, the most relevant of which are: the 
flow field is incompressible, inviscid and irrotational; modeling of compressible subsonic 
flow with small perturbations with the 3D Prandtl-Glauert transformation; the lifting surfaces 
are thin, the influence of thickness on aerodynamic forces is neglected; the angle of attack 
and the glide angle are small. 

So the flow field is a conservative vector field, so the local velocity vector (V) is given by 
equation 5: 

 
𝑽 ൌ 𝑽ஶ ൅ 𝛁𝛗 (5) 

where V∞- the speed vector of the undisturbed current 
         𝜵𝝋- 𝜑 satisfies the Laplace equation (2nd order linear equation) 
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3.3. XFLR5 
It is freeware tool used in the preliminary design phase (based on XFOIL) for 2D and 

3D aerodynamic analyses of individual wings and complete aircraft at low Reynolds 
numbers for gliders, RC models and UAVs. The main modules are: 

-2D analysis of wing airfoil through: direct analysis, inverse analysis, aerodynamic 
airfoil generation and modification, serial analysis; 

-3D analysis through geometric modeling of the aircraft, 3D aerodynamic analysis 
(LLT, VLM, 3D panel method) and aircraft stability analysis; 

-visualization and comparison through graphic visualization, flow field visualization. 
XFLR5 has a number of limitations, the most relevant being: analyses at low 

Reynolds numbers and using the incompressible flow assumption (being inaccurate at 
transonic and supersonic speeds. The XFLR5 instrument user menu includes functions 
corresponding to the previously described modules, such as: file management commands 
(new project, open project, insert project save/saveas project), aerodynamic analysis 
modules (direct/inverse analysis, wing/aircraft design). 

 
4. 3D COMPARATIVE NUMERICAL ANALYSES 

 
4.1. Methodology and analysis conditions 
The objective of the numerical analyses is to highlight the influence of using a 

morphing lateral maneuver concept (twist wing aileron) for a lifting surface versus the 
constructive solution with classic ailerons. 

Table 1. 3D geometry  
Features Value Features Value 

Span 2 m Aspect ratio 10 
Chord 0,2 m Taper ratio  1 
Lever Aileron angle  ± 20 º Mesh elements 494 / 416 / 494 
Airfoil NACA 2405   

 

a b 
FIG. 4 Wing geometry for analysis, a. with classic ailerons, b. with morphing ailerons 

 
The analysis objectives are instrumented with XFLR 6.61 applied to a 3D wing 

geometry in three variants: plank wing, classic ailerons wing and morphing ailerons wing 
(see table 1 and FIG. 4). The numerical analysis conditions and simulation cases are 
based on the Vortex Lattice Method (VLM) described in the previous chapter and are 
indicated in Table 2. 

Table 2. Analysis conditions 
Condition Value Condition Value 

Nr. iteration 100 Analysis method VLM1 
Polar type Fixed speed Vortex position VLM 25% 
Alpha precision 0,01 Control point position VLM 75% 
Speed 10 m/s AoA -15o  15o 
Air density 1,225 kg/m3 Air viscosity 1,5 x 10-5 m2/s 
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4.2.Results and discussions 
The comparative results of the numerical simulations for the 3 geometries are 

presented in the figures below. All comparative polars indicate the influence of the 
geometry change on the analyzed angle of attack range. 

 

  
 

Figure 5a indicates a minimal influence of geometry on the lift coefficient. Figure 5b 
as expected shows an increase in the drag coefficient CD for the hinged wing variants. 

 

a b 
FIG. 5 Polars CL și CD, a. CL vs AoA, b. CD vs AoA 

 
The graph in figure 6a indicates a minimal influence of the geometries with turns on 

the pitching moment coefficient Cm , while the roll coefficient Cl is higher in the case of 
classic ailerons (0.17), also noting the efficiency of morphing ailerons at zero angle of 
attack (0.14). 

 

 

a b 
FIG. 6 Polars Cm și Cl, a. Cm vs AoA, b. Cl vs AoA 

 
Figure 7a indicates a similar behavior for the roll motion through values of the roll 

coefficient Cn , and figure 7b shows higher values of the hinge moment (BM) in the case 
of classical ailerons (over the range AoA =-3o3o). 
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a b 

FIG. 7 Cn polar and BM chart, a. Cn vs AoA, b. BM vs AoA 
 

Figure 8 shows the distribution of airfoils for the wing at AoA=0o in the two 
geometric configurations, we note the reduction of turbulence in the geometric inflection 
areas of the morphing ailerons (fig. 8b). 
  

 a 
 

  b 
 

FIG. 8 Airflow distribution wing, a. classic aileron wing, b. morphing aileron wing 
 

As an additional argument for modifying the drag coefficient (CD) for the two 
geometries (FIG. 5b) we have differences regarding the induced drag profile for angle of 
attack AoA= 0o (see FIG. 9). 

 

a b 
FIG. 9 Induced drag, a. classic aileron wing, b. morphing aileron wing 

  
The influence on the pressure coefficient (CP) coordinates due to the change in 

geometry given by the rotations of the classic ailerons vs. morphing is found in the data in 
table 3, for values at AoA= 0o, where we have a smaller lateral displacement of the CP for 
the morphing wing versus the classic aileron wing. 

Table 3. CP coordinate  
3D geometry Xcp mm  Ycp mm Zcp mm 

Wing plank 112,741 0 3,402 
Wing classic aileron 112,064 1986,979 -1,693 
Wing morphing aileron 112,185 1641,757 0,146 
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After the analyses, a lower maneuvering efficiency is observed in the case of the 
geometry with morphing ailerons, considering the similar extreme rotate angles (±20o). 
Therefore, a higher steering value of the morphing ailerons or the use of a larger useful 
area is required, an aspect that is also found in the series of equations exposed in the 
theoretical chapter. For an evaluation of the aerodynamic qualities of the selected 2D 
(NACA 2405) and 3D wing geometries, we can also consult the appendix with the 
numerical simulation values. 

 
CONCLUSION 

 
The paper presented a software analysis case regarding the influence of geometric 

modifications of the classic/morphing aileron type on the maneuverability of aircraft, a 
case based on software simulations on a 3D single wing geometry. 

The morphing concept used in 3D maneuver cases involves increasing the active area 
and/or the rotation angle to obtain similar values of the rolling moment as in the case of 
classic (articulated) ailerons. An advantage of morphing ailerons is the reduction of drag 
and a minimization of turbulence due to the geometric inflection zones of the ailerons in 
the near of the unsteering surfaces (see figure 8). 

The paperwork can be considered a first step in the study of performance analyses 
applied to fixed airfoils in the construction of unmanned aircraft with classic or morphing 
concept maneuvering/control surfaces. 

Future analyses can be based on morphing geometries with a higher degree of fidelity 
and to quantify the effects of using morphing geometries in maneuvering cases, the use of 
finite element CFD numerical simulations is required for a more accurate visualization of 
the values of the moment coefficients due to geometric changes. 
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