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ABSTRACT 
This study investigates the static aeroelastic behavior of a lightweight, high-aspect-ratio wing designed 
for a solar-powered High Altitude Long Endurance (HALE) aircraft. The primary objective is to 
demonstrate that simplified, low-fidelity models can be effectively used to define the wing’s jig shape and 
stiffness distribution, ensuring optimal aerodynamic performance during cruise flight. High-aspect-
ratio wings (HARWs) are susceptible to significant deformations under aerodynamic loading, which 
can alter the lift distribution and compromise performance. Therefore, accurate modeling of aeroelastic 
effects is essential, particularly in the early stages of the design process. The numerical analysis presented 
in this work uses a low-order, two-way fluid–structure interaction (FSI) method, combining the Vortex 
Lattice Method (VLM) and the Euler–Bernoulli beam model. This approach offers a balance between 
computational efficiency and physical accuracy. Validation was carried out by comparing simulation 
results with wind tunnel data, confirming the method's ability to predict lift coefficients and structural 
deformation with satisfactory accuracy. The study also introduces an innovative flat-upper-surface airfoil, 
optimized for solar panel integration and evaluated for static aeroelastic effects. Results show that, with  
a known distribution of stiffness and mass, the jig shape can be tailored to achieve the desired in-flight 
geometry. The proposed method provides a fast, reliable, and practical tool for early-stage wing design 
and is well-suited for engineering applications. 
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1.    INTRODUCTION 

 
Recent advancements in battery and photovoltaic panel technology have spurred 

the development of Solar High Altitude Long Endurance Unmanned Aerial 
Vehicles (HALE UAVs) [1]. According to a report by Allied Market Research [2], 
the market for solar-powered UAVs is expected to grow at an average annual rate 
of 7.26% from 2025 to 2035. These UAVs offer a cost-effective alternative to 
geostationary satellites and can perform missions requiring more flexibility while 
being closer to the ground.  

Solar HALE UAVs have numerous potential uses, including surveillance, 
communication, and scientific research. Their ability to operate at high altitudes for 
extended periods makes them ideal for tasks requiring long-term monitoring or 
data collection. Additionally, they are powered by solar energy, making them an 
environmentally friendly and stealthy option compared to conventional aircraft,  
as they do not produce emissions or noise.  

Since the 1970s, various solar-powered UAV projects have been in development, 
including Sunrise [3], Helios [4], Zephyr [5], and Solar Impulse [6]. Designers 
frequently adopt wing-tail [5], and flying-wing [4] configurations for solar UAVs, 
but some teams have started to explore alternative concepts, including tandem-
wing [7,8] and joined-wing [7,9,10] configurations. These emerging designs offer 
new possibilities, but also present additional engineering challenges. 

One key requirement for HALE is to reduce vehicle-induced drag and lift loss 
caused by the wingtip vortex. Therefore, HALE wings are usually designed with  
a high aspect ratio (HAR). However, the structure of the HAR wings itself becomes 
more elastic, which can cause large deformations when aerodynamic loads are 
applied. The challenge with HAR wings is that their relatively large deformations 
can significantly affect wing performance by changing the aerodynamic load.  
This makes it essential to account for aeroelastic effects in the modeling of high-
aspect-ratio wings.  

As solar HALE platforms evolve, the need for accurate modeling of highly 
flexible aircraft becomes even more critical. Their exceptionally high aspect ratios 
and low structural rigidity result in large wing deflections, as illustrated in Figure 1. 

 

     
Fig. 1. NASA Helios [11] and Arbus Zephyr Solar High Altitude Platform System [5]. 
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HAR wings are usually made of modern composite materials. Such materials 
offer superior strength-to-weight ratios compared to traditional metals, enabling 
substantial weight reduction. This translates into operational cost savings by 
increasing payload capacity, extending flight range, and reducing maintenance needs. 
However, designing composite wings is inherently complex, as many parameters 
need to be considered [12].  

Recent advancements in material science have also enabled the development of 
lightweight and flexible structures that can withstand the harsh environments 
encountered at high altitudes. These structures, combined with advanced control 
systems, allow solar-powered aircraft to maintain stable flight and optimize energy 
efficiency. With the increasing significance of aeroelasticity in HAR wings, it is 
crucial to consider these effects as early as possible in the design process [13].  

To simplify modeling, especially in the early stages, equivalent structural models 
such as the beam model are often used. These enable aeroelastic analysis without 
detailed knowledge of the wing’s internal structure, relying instead on simplified 
equivalent stiffness distributions and a limited set of input parameters. Reduced-
order models help lower computational costs while maintaining acceptable accuracy 
[14].  

In recent years, numerous computational studies have addressed fluid-structure 
interactions and static aeroelasticity. The literature features simplified aerodynamic 
methods like the Vortex Lattice Method (VLM) [7,15–17] and Doublet Lattice 
Method (DLM) [18–21], as well as advanced CFD methods [17,22,23]. Structural 
modeling methods include the Bernoulli beam model [20,24] and CSD methods 
[19,25]. However, each method has its own advantages and limitations.  

The present study focuses on the static aeroelasticity of a very light solar-
powered aircraft at high altitudes. The objective is to showcase the potential of using 
basic models (VLM and Bernoulli Beam Model) for predicting optimal wing shape 
(jig shape) during cruise conditions. A lightweight UAV described in [26] was 
selected for the analyses. Its design specifications include a flat upper surface of the 
airfoil, which is necessary to accommodate solar panels and ensure efficient 
operation. Although flexible solar panels do exist, they only tolerate bending in one 
direction. Applying solar panels to wings with a conventional curved profile exposes 
them to bending in two directions, which often results in damage. Thus, the profile 
used in this study is a flat-upper-surface airfoil proposed by Galiński [27], who also 
highlighted the importance of aeroelastic analysis in subsequent design steps and 
presented a complete method for airfoil shape optimization.  

The results of this study provide valuable insights for designing and optimizing 
solar-powered aircraft for high-altitude operations. Simulations were performed 
across a range of bending and torsion stiffness values, representing different wing 
structures and different dihedral angles. 
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2.   METHOD 

 
This study demonstrates a methodology for the preliminary aeroelastic analysis 

of a wing. The analysis was conducted using XAVEL(X-Foil & AVL wing 
aeroELasticity software) [28], an in-house tool prepared by Adam Sieradzki, based 
on low-cost computational models such as the Beam Model and Vortex Lattice 
Method VLM. The aerodynamic module was implemented using the open-source 
programs AVL and XFOIL. The VLM method is based on potential flow theory, 
and it provides a satisfactory level of accuracy for flight speeds with a Mach number 
below 0.6. A detailed formulation of the steady–state and the unsteady variant of 
VLM can be found in [29]. 

The proposed approach to the aeroelastic analysis of a wing adopted a simplified 
structural model – the Euler-Bernoulli beam model. This choice balances 
computational efficiency with sufficient accuracy for evaluating flexible wing 
behavior. 

The analysis focused on a HALE wing with a flat-upper-surface airfoil. Three 
configurations were considered: 

• rigid with zero dihedral angle; 
• flexible with zero dihedral angle; 
• flexible with a negative dihedral angle; 
 
The goal was to assess these three high-altitude wing configurations by evaluating 

the static aeroelastic response for each case. As such, the study sought to demonstrate 
the potential of using simple models to propose a jig shape and stiffness distribution 
of the wing that results in an optimal in-flight shape under cruise conditions. 

 

Numerical Method Overview 

 
Aeroelastic analysis is one of the most computationally intensive stage in the 

optimization process due to its iterative nature, as shown in Figure 2. Starting from 
an initial wing geometry and operating conditions, AVL & XFoil calculates the 
aerodynamic loads. Using the Beam Model, these forces are then used to determine 
wing deflection and twisting.  

This updated, deformed wing geometry is then reintroduced into AVL for  
a new round of aerodynamic calculations. The updated aerodynamic forces are used 
again to recalculate the wing’s deformation, repeating the process iteratively. This 
loop of aerodynamic load calculation (AVL) and structural deformation analysis 
(Beam model) continues until convergence is reached. Convergence is defined as 
the point where the relative change in the angle of attack or wing geometry between 
iterations becomes negligible. 
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Fig. 2. Diagram of two-way fluid-structure interaction implemented in XAVEL 

(from [28]). 
 

 
Fig. 3. Different levels of structure modelling. 

 
Researchers are increasingly exploring models that require less computational 

power while still producing reliable and consistent results, in pursuing more cost-
effective analysis. In parallel, a method for developing equivalent stiffness models 
(ESM) has been introduced to reduce the model from a complex 3D geometry to 
a simpler one [30–32]. Figure 3 shows different levels of structure modelling.  
In the initial design phase, simplified beam models used to perform static and 
dynamic aeroelastic analyses to obtain preliminary results without incurring high 
costs [33]. Detailed 3D FEA models are used for design validation and analysis in 
the final design stages. Equivalent beam finite element models, or stick models, are 
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often used for static or dynamic aeroelastic analysis and optimization. These stick 
models are usually generated when the wing structure has been defined and sized.  

Such models are well described in the literature [34–37]. The Euler-Bernoulli 
beam model is widely used in engineering due to its simplicity and ability to provide 
accurate predictions for many practical applications. A brief overview will be given 
here. 

 
Bending deformations of the beam model: 
 
The shear force in cross-section y is given by: 

                                                                   
(1)

 

where: Fshear – shear force[N], L – lift force [N], Q – [N], and b – half span [m]. 
 
The shear moment in cross-section y is: 

                                                                           
(2)

 

where: Mshear – shear moment [Nm]. 
 
The curvature in cross-section y is given by: 

                                                                                          

(3)

 

where: k – curvature [1/m] and EI – bending stiffness [Nm2]. 
 
The slope in cross-section y is: 

                                                                                       
(4)

 

where: β – slope [rad]. 
 
The deflection in cross-section y is: 

                                                                                       
(5)

 

where: z – deflection [m]. 
 
Torsional deformations of the beam model: 
 
The twisting moment about point (0,0) in cross-section y is given by: 
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(6)

 

where:  M0 – bending moment about point (0,0) [Nm], xCP – center of pressure 
[m], xM – center of mass [m]. 
 
The twisting moment about center of shear forces in cross-section y is: 

                                                            
(7)

 

where:  MSC – torque about shear center [Nm] and xSC – shear center [m]. 
 
The torsion angle in cross-section y is: 

                                                                                  

(8)

 

where: θ – angle of torsion [rad], GIS – torsional stiffness [Nm2]. 
 

       Wing specification & flight conditions 

 
This section presents the typical solar-powered UAV configuration used for the 

present study. The simulations were performed using various bending and torsion 
stiffness values, representing different wing configurations and different dihedral 
angles. Figure 2 shows sketches of the airplane under analysis, whose  design is 
inspired by current F1A FAI flyers [38,39]. The general specifications of this class 
of UAV are shown in Table 1. Aircraf of this type could be as light as 0.4 kg, with 
wingspan as long as 3 m and wing area on the order of 0.51 m2. 

 
Table 1. Gross specifications of current F1A FAI flyers [38,39]. 

 
 

Figure 4 shows the jig shape of the solar UAV selected for analysis. The jig shape 
of a wing refers to the nominal, stress-free geometry defined during the manufacturing 
and assembly process, typically in the production jig, prior to the application of any 
aerodynamic, inertial, or structural loads. It serves as the undeformed reference 
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Code Class General Type Brief Description

F1A Gliders  
(A2 'Nordic')

Surface area: 32–34 dm2 
Minimum weight: 410 g  

Max length of launching cable: 50 m at 5 kg load 
with minimum cable pennant area of 2.5 dm2 

World Championship Class
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configuration for finite element and computational fluid dynamics analyses and for 
aeroelastic simulations. The jig shape is used to compute structural deformations and 
assess the differences between the manufactured geometry and the in-flight, loaded 
configuration (commonly called the cruise shape). 

This study deliberately introduces a negative dihedral angle in the jig shape to 
account for the elastic behavior of high-aspect-ratio wings. Due to their flexibility, 
such wings exhibit significant upward bending under aerodynamic loading.  
As a result, the actual in-flight geometry (the cruise shape) tends to have a greater 
dihedral angle than the unloaded configuration. By designing the jig shape with  
a slight negative dihedral, it is possible to compensate for this deformation so that 
the wing achieves the intended geometric and aerodynamic characteristics during 
cruise flight. 

This design strategy is particularly relevant in aeroelastic optimization, where the 
aerodynamic performance depends on the interaction between the structural 
flexibility and the loading conditions. The jig shape, therefore, is not purely a matter 
of structural convenience but a key factor influencing the final in-flight shape and 
performance of the wing. 
 

Wing geometry 
 
The configuration mainly comprises a high-aspect-ratio ratio wing, a vertical 

tail, a horizontal tail, and the fuselage. The main geometric parameters of the wing 
are shown in Table 2. Figure 4 shows sketches of the jig shape of the solar UAV 
under analysis with dihedral angle: 0 deg, -3 deg. 

 

 
Fig. 4. Sketches of the jig shape of the solar UAV under analysis.  

Dihedral angle: 0 deg, -3 deg. 
 

As can be seen, the wing features an airfoil with a flat upper surface, which is 
maintained consistently from the root to the tip along the span, with no geometric 
twist. The airfoil design process and its results are presented in [27]. Figure 5 shows 
the shape of the MOD-42 airfoil with a flat-upper surface – selected to facilitate 
easier installation of solar panels and to minimize curvature-induced stres. 
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Fig. 5. The shape of the MOD-42 airfoil with a flat-upper surface,  

adopted from [40]. 
 
Table 2. Wing geometry parameters. 

 
 

Structural properties  
 
The wing under analysis consists of a D-shaped torsion box construction, with  

a spar, ribs, a trailing edge beam, and a polymer elastic skin. In F1A models, wings 
of this type usually weigh approximately 0.350–0.500 kg. For the purposes of this 
analyses, it was assumed that the mass of half the wingspan is 250 g. XAVEL does 
not need detailed data on the internal geometry of the structure; instead, information 
about the structure’s mass and flexural and torsional stiffnesses is sufficient for 
analysis. Mass and stiffness are approximated as functions of the wingspan, based 
on structural estimates. Figure 6 shows the D-box build technology, and Figure 7 
shows the uniform structure of the wing along the span. 

 

 
Fig. 6. Explanation of  The D-Box build technology. 

Parameter Value

Span [m] 3

Reference area [m2] 0.51

Aspect ratio 17.65

Mean aerodynamic chord [m] 0.17
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Fig. 7. Uniform structure of the wing along the span. 

 

Flight conditions 
 
The maximum flight altitude was taken to be 20 km, as HALE platforms are 

designed to operate in the lower stratosphere. The average wind speed at the specified 
altitude is minimal. Figure 4 shows average wind speed vs altitude. Values vary with 
season and location. Table 3 shows flight conditions under analysis, including  
a determination of the required lift coefficient. 
 
Table 3. Flight conditions under analysis and required lift coefficient. 

 

 
Fig. 8. Average wind speeds in m/s vs. altitude in km  

(figure adapted from [41]). 

 

Altitude 
[km]

Air Density 
[kg/m3]

Speed [m/s] Design total 
lift [N]

Angle of 
attack [deg]

Coefficient of 
Lift

20 0.089 18 4,9 4 0.67
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3.   RESULTS AND DISCUSSION 

 
Numerical calculations of the two-way fluid–structure coupling were carried 

out to obtain the deformation characteristics of the wing structure. The angle of 
attack was varied in the range of -2° to 13°. The following section presents the results 
obtained from these static aeroelastic calculations. 

 

Flexible wing –0 deg dihedral  
The results obtained from the XAVEL program were compared with wind 

tunnel tests. Although the tests published by [27] showed a deflection of the wing 
during loaded conditions, the actual deflection values were not quantified. Instaed, 
validation was performed by comparing the lift coefficient results, shown in Figure 
9. The results are satisfactory and show the verification of the method and the 
determined stiffness distributions. 

 

 
Fig. 9. Lift coefficient vs angle of attack: comparison XAVEL  

and wind tunnel test (WTT) (from [27]). 
 
The difference in aerodynamic characteristics between rigid and elastic is quite 

obvious owing to the static aeroelastic effect. As the aerodynamic load increases,  
the static aeroelasticity exerts a great influence on the aerodynamic force. Figure 
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10 shows the results of the structural deformations at a flow velocity of 8 m/s.  
The normalized deflection Δz, with respect to the wingspan, is plotted against the 
normalized spanwise coordinate y/b. Note that this deformation sequence is valid 
only for an airspeed of V = 8 m/s. As the deformation of the wing depends on the 
forces and moments applied to the wing surface, the corresponding deformed shape 
will be different for a different airspeed. 

As the angle of attack increases, the deformations become increasingly positive, 
which is in line with expectations. At an angle of attack of 13 degrees, the wing tip 
displacement in the z direction reaches a maximum of approximately 4.5%. 

 

 
Fig. 10. Geometry normalized deflection of wing at 8 m/s at sea level. 

 

Flexible wing with -3 deg dihedral 
The final stage of the study involved analyzing the wing shape with a negative 

dihedral angle for different angles of attack. Figure 11 shows the geometry of the 
wing at 18 m/s for different angles of attack taking into account deflections and 
twists of the wing. Subfigure A presents the vertical deflection of the wing, while 
subfigure B displays the angle of twist for each wing section. 

 
As the load increases, the wing tends to level out the dihedral angle. By assuming 

a known distribution of stiffness and weight of the wing, it is possible to design the 
wing’s jig shape to achieve the desired shape during cruise conditions. In particular, 
to obtain a straight wing without a dihedral, the jig shape must be carefully 
optimized. 
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Fig. 11. Wing geometry at 18 m/s at 20 km for different angles of attack:  

Deflection (A) and Angle of inclination (B). 
 

4.   SUMMARY 
 
This study has investigated the static aeroelastic behavior of a very light, high-

aspect-ratio solar-powered aircraft wing operating at high altitudes. The primary 
objective was to evaluate the effectiveness of a simplified, low-cost numerical method 
– based on the Vortex Lattice Method (VLM) and the Euler–Bernoulli beam model  
–  to accurately simulate the aeroelastic response of flexible wings. By integrating 
these models in a two-way fluid-structure interaction (FSI) loop, the proposed 
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method enables efficient determination of the required jig shape and the stiffness 
distribution to achieve the desired in-flight (cruise) geometry. 

The method was validated against wind tunnel test data, confirming its reliability 
for predicting aerodynamic performance. Simulations demonstrated how varying 
the wing’s bending, torsional stiffness, and jig shape (e.g., dihedral angle) impacts 
the aeroelastic response. In particular, introducing a slight negative dihedral in the 
jig shape compensated for elastic deformation, enabling the wing to reach a flat or 
positively dihedral cruise shape under aerodynamic loading. 

These results show that an optimal balance between bending and torsional 
stiffness is key for maintaining aerodynamic efficiency in cruise conditions while 
minimizing unwanted deflections. Overall, then, this study highlights the practical 
utility of low-fidelity models in the early stages of aeroelastic design. 
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