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Abstract 

 
This paper deals with a mass evaluation tool of an aircraft structure which uses semi-empirical and 
numerical models. It aims to be integrated into a Multidisciplinary Design Analysis and Optimization 
(MDAO) process for innovative aircraft. The optimization method is presented and some examples 
are detailed on both classical and disruptive aircraft structures. 
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Nomenclature 
 
BWB : Blended Wing Body 
FEA : Finite Element Analysis 
MDAO : Multdisciplinary Design Analysis and Optimization  
MLW : Maximum Landing Weight 
MTOW : Maximum Take-Off Weight 
SBW : Strut-Braced Wing 
TLAR : Top Level Aircraft Requirement 

 
 
 

1. Introduction 

1.1 Interest of mass prediction 

Air traffic has been rising for many years. This growth is set to continue in the future, inevitably leading 
to an increase in aviation-related gas emissions. At the same time, the environmental stakes have 
never been higher, with numerous climate disturbances and natural disasters. It is therefore important 
to ensure that tomorrow's aircraft have the lowest possible impact on the environment. This involves 
innovations of various kinds, from materials (light composite), fuel (Sustainable Aircraft Fuels), 
improvement of the air traffic and new structures (Blended Wing Body (BWB)) to decrease the aircraft 
mass [1]. 

 

The optimization of an aeronautical structure, i.e. the minimization of its mass while ensuring that the 
aircraft can fulfil its intended functions without undergoing permanent strain or failure, involves many 
disciplines. During the aircraft development process, many disciplines are involved, such as 
propulsion, aerodynamics, structure and handling qualities. Each imposes design constraints on the 
overall geometry of the aircraft that must be respected by the others. To make the link between their 
results, MDAO process has been developed at ONERA – The French Aerospace Lab and in other 
laboratories [2-4]. It is composed of numerous disciplinary modules, integrating the strong disciplinary 
expertise of ONERA, in order to take into account the broadest possible criteria or parameters that 
could affect the aircraft design to obtain a feasible and realistic final solution. One of the inputs to this 
process is often the Maximum Take-Off Weight (MTOW), which influences all the discipline modules. 
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An accurate estimation of this mass is therefore necessary, as well as the inertia of the structure. 
Ideally, as all the parts of the aircraft have an influence on its performance, they all should be 
considered when calculating the mass. The model presented in this paper focuses on the wing as it 
is a major part of an aircraft and because other models and data already exist in the literature. We'll 
see in the last section that this method can be applied to the whole structure. 

 
 

1.2 Aircraft wing mass evaluation methods 

Many authors working on aircraft wing weight estimation methods have proposed classifications of 
these methods ([5-7]). Although these classifications are not identical, they are quite similar in that 
they often divide the methods into three categories according to their precision, complexity and time 
of use in the design process. As described in detail in ([8]), these categories are: empirical, analytical 
or based on Finite Element Analysis (FEA). 

Empirical methods use data from existing aircraft structures. They relate the mass of the wing to its 
main properties, such as its surface area, wingspan and sweep angle. The accuracy of such a method 
is directly related to the quantity and quality of the available data, which can be found in some papers 
([9]). It can be very effective for estimating the wing mass of a subsonic civil transport aircraft (with a 
standard Tube and Wing geometry) but will be of little use for designing an innovative structure 
(Blended Wing body (BWB)). Examples of empirical methods can be found in [10-12]. 

Analytical methods use the mechanics of materials to calculate the optimal shape/thickness of 
components required to ensure the structure's resistance to different stresses (e.g. bending and 
torsion). They use detailed wing geometry to achieve better results than empirical methods. However, 
the arrangement of internal components is not always considered, which can lead to inaccuracies in 
bending and torsion stiffness, and hence in stress calculations. Examples of analytical methods can 
be found in [13-15]. 

A finite element model of the complete structure provides a faithful representation of its behavior. This 
ensures accurate optimization of the wing components. Depending on the accuracy of the mesh (size, 
linear/non-linear), a compromise can be found between the accuracy of the result and the 
computational time. Some authors cleverly combine relatively coarse initial calculations (one-
dimensional) to initiate optimization before performing a more precise analysis ([16]). However, these 
methods are often associated with the use of a finite element software, which could be a difficulty 
during the MDAO process (license availability). Examples of FEA methods applied to aircraft structure 
can be found in [16-18]. 

 
 

1.3 Our approach 

The model, described in the next section, has been developed for integration into an MDAO process. 
In addition to providing a reliable result, it must be fast and not require the opening of external 
software. A full and detailed calculation of the structure using finite elements is therefore out of the 
question. Nevertheless, we will use the FEA with a relatively coarse 2D mesh coupled to material 
mechanics equations. Finally, in order not to be dependent on open source software, the FEA and 
the entire model were coded in Excel/VBA. 

The Section 2 details the different steps of the model. The main assumptions made on both the 
geometry and the finite element model are explained. In the Section 3, the model is used to calculate 
the wing mass of different aircraft. We start with the study of existing aircraft with a classical tube and 
wing structure. To test the model on more complex geometries, the case of a Strut-Braced Wing 
(SBW) with a high aspect ratio is analyzed. ONERA has been working for around ten years on this 
kind of configuration, and is now evaluation its benefits for the future greener short-medium range 
aircraft in the frame of the Clean Aviation SMR ACAP project. Finally, disruptive BWB geometry 
analysis is also carried out. This will show the current limitations of the model and allow us to consider 
future improvements in the last section. 
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2. Description of our mass evaluation model 

2.1 The different steps of the model 

First, a brief overview of the method is given and illustrated in Figure 1. More details on each part of 
the method will be given in its own dedicated sub-section in this paper.  

The first step in the model is to define the input data for the model. The user needs to specify the 
geometry of the wing (planform) as well as the Top-Level Aircraft Requirement (TLAR) of the aircraft 
(such as MTOW, load cases, Mach number).  

As it is usually the case in the literature, the wing is divided into two distinct parts. One, called the 
primary structure, is analyzed using FEA. A mesh is generated and a loop is run between calculating 
the components stresses and optimizing their geometry. This optimization loop will end once an 
optimized mass has been reached. To determine the mass of the second part of the wing, called the 
secondary structure, semi-empirical formulae are used.  

 

 
Figure 1 - Overview of the different steps of our method. 

 

2.2 Description of the geometry 

To calculate the mass balance of a wing, it is important to establish its geometry to represent the main 
components (left part of the Figure 2). Since the aircraft has an axis of symmetry, a single wing is 
dimensioned. First, the wing is divided into two parts: the primary structure and the secondary structure. 
The primary structure is the wingbox made up of ribs, front/rear spars and upper/lower skin-stringers. 
The secondary structure refers to the leading and trailing edges, with the various movable appendices 
such as ailerons, flaps and slats.  

The planform of the wing is segmented into different sections. First, the root, where the fuselage 
merges with the wing. At the end of the wing is the tip, and between these two sections may be one or 
more kinks, which are points where the angle of the leading edge or trailing edge (or both) changes. 
For each of the sections, input data are used to model the wing such as the span. The airfoil is modelled 
using [19] and his chord and relative thickness. Between each section are established boxes, each 
with a twist angle and a dihedral as well as the sweep angle of the leading edge or the centering axis, 
depending on the project requirements. Finally, to establish the internal structure, the chordwise 
positions of the leading and trailing edges are requested. 
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Figure 2 - Wing planform of a conventional transport aircraft.  

(Left: detail drawing [8], Right:  model scheme). 
 

From these data, the planform is drawn (right part of the Figure 2). Between two sections all the values 
vary linearly. As can be seen in Figure 2, the ribs are perpendicular to the central axis except at the 
section position and at the rib used to attach the engine which are parallel to the fuselage axis. The 
space between each rib is set at 50 centimeters, as is the space between the stringers (20 cm), which 
corresponds to conventional values [23]. The engine is not modeled, but it does contribute to the 
dimensioning of the wing as its mass is given as inputs and added as a punctual mass on the additional 
rib. 

 
 
 

2.3 Finite elements analysis 

Several methods can be used to calculate the stresses in the structure. Strength of materials equations 
provide a rapid but approximate analysis of the deformations undergone by the components. The use 
of the FEA provides more accurate results. Early versions of the code provided rapid simulation using 
beam elements. However, this one-dimensional modeling, while fast, could raise difficulties, particularly 
in terms of element torsion. For this reason, an enhancement has been made in the current model to 
enable using 2D shell elements.  
 

 
Figure 3 - Example of a mesh (Left: top view, Right: inclined view). 

 

Each main component (skin, spar and rib) is modelled using shell elements. An example of a mesh 
is shown in the Figure 3. In the wingspan direction, there is at least one element between two 
successive ribs. In the chord direction, it is necessary to divide the segment into several elements to 
maintain a correct shape of the elements. A division of five elements along the entire wing, is chosen 
to correctly represent the skin surface without making the calculation too long. Finally, only one 
element is created in the thickness of the wing. The elements of the ribs and spars near to the root 
and the tip of the wing look a little slender. A better mesh would be to divide into two elements only 
near the root, but this solution has not yet been programmed. It should be noted that the stringers are 
not included in the mesh. Their properties such as bending stiffness are added directly to that of the 
skin elements via the stiffness matrix. 
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The 2D shell elements used are called Discrete Kirchhoff Triangle (DKT) or Discrete Kirchhoff 
Quadrilateral (DKQ). They are based on the Kirchhoff–Love theory of thin plates using the plane stress 
hypothesis [21,22].  

The components can be made of isotropic material (aluminum alloy) or orthotropic (composite 
laminate) with elastic properties. In the case of laminates, the lay-up used respect the usual 
constraints imposed by the manufacturing and the experience (e.g. minimum proportion of 0° plies…) 
[23]. 

The linear FEA is perform from this mesh by adding a lift force distributed elliptically along the span 
of the wing. In the current model, only symmetric load cases are considered with load factors of +3.75 
and -1 and a safety factor of 1.5. 

   
 

2.4 Optimization 

A first FEA is performed with initial thickness of components of 5 mm. The stresses are then 
computed. As the FEA is linear, the integrity of the structure is controlled after the simulation. So the 
next step is to determine if there is a break (in the case of composite material), plasticity (in the case 
of aluminum for example) or buckling of the main components of the wing. These criteria will be 
checked on each component and its thickness will be optimized to guaranty the integrity of the 
structure. The thickness can change from one spar/rib/skin to the other so that every wingbox has its 
own optimized geometry. 

 

For every element using isotropic material, the Von Mises yield criterion is computed ([24]). In the 
case of laminates, the Tsai-Hill failure criterion is used for each ply ([25]). In case of a failure, the 
thickness of all the plies is slightly increased. 

To verify that no local buckling occurs on the components, mechanics of materials equations are 
used. The skins, spars and ribs are modelled as plates undergoing membrane stresses (longitudinal, 
transverse and shear). We then use equations from the literature to determine the critical load of this 
thin plate under combined loading ([26,27]). Finally, for the buckling of the beam, the critical loads are 
well-known in the literature. Depending on the beam radius of gyration, length and boundary 
conditions, the global buckling or local one (called crippling) can be predicted. The equations can be 
found in [28]. 

 
 

2.5 Secondary structure 

As previously mentioned, the secondary structure represents the various leading and trailing edge 
components. No finite element calculations are performed directly on these edges, but their masses 
are calculated using semi-empirical formulae based on civil transport tube and wing aircraft from the 
literature [12]. So, for each box, the type of edge element involved (slat, aileron, etc.) change its 
surface mass. This mass depends on the following parameters of the aircraft: 

• Leading and trailing edge boxes: function of the MTOW 

• Slats: function of the wing loading 

• Ailerons: function of the diving speed 

• Spoilers: constant value 

• Flaps: function of the MLW 
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3. Application of the model 

3.1 Classical geometry of Tube-and-Wing 
In order to verify the quality and consistency of our model, it is used to calculate the wing mass of 
aircraft known from the literature. Based on the geometries detailed in [8], we chose four of the aircraft 
shown in the Table 1. This list includes three medium range aircraft (MTOW < 100 tons) with a 
wingspan of around 35 meters, and one long range with a MTOW around 140 tons and a wingspan of 
43.9 meters. The three Airbus aircraft have wing-mounted engines but the engines of the B727-200 
are located at the rear of the fuselage. 
 
 

Table 1: Main properties of the studied aircrafts. 

 

Name MTOW (tons) WingSpan (m) Aspect Ratio 

A320-200 73.5 33.9 9.38 

B727-200 78.019 32.9 6.65 

A321-200 83 34.9 9.96 

A310-200 138.6 43.9 8.8 

 
 
The material used in the model is an Al-Li Alloy 2099-T83 with the following properties: Young modulus 
(78 GPa), yield strength (590 MPa) and density (2 630 kg/m3). This material is representative of the 
one used in the four aircraft presented. These aircraft are made up of very few composite materials 
(less than 10% for the Airbus A310 and A320) and are mainly distributed over the secondary wing 
structure. 
As the internal structure of the wings was not specified, the same spacing between ribs and stringers 
was used (50 and 20 cm respectively). The same for the front spar (15% of the chord length from the 
leading edge) and the rear spar (65%). The airfoils used are NACA 2301 for the Airbus, and BAC XXX 
for the Boeing aircraft (http://airfoiltools.com/). 
With regard to the secondary structure, since it is difficult to find the exact position of the high-lift 
devices, only the primary structure has been modelled. The mass of the structure thus obtained should 
be less than the theoretical value for the same proportion between configurations. To estimate the total 
mass of the wing, we make the hypothesis that the secondary structure has a mass representing about 
25% of the total mass, which is an estimation found in the literature ([8,12]). 
 
 

Table 2: Computed wing mass. 

 

Name Real mass of 
the wing ([9]) 

(tons) 

Computed mass of 
the primary 

structure (tons) 

Computed mass 
of the wing 

(tons) 

Relative Difference 
Model - Real 

(%) 

A320-200 8 766 5 851 7 802 -12 

B727-200 8 956 9 893 13 190 +47 

A321-200 10 026 6 794 9 059 -10 

A310-200 18 496 15 457 20 608 +11 

 
 
The results are presented in the Table 2. The real mass of the wing is from the literature [9]. It 
appears that, in three cases out of four, the model manages to predict quite well the wing mass (less 
than 12% of relative difference). The case of the B727-200 stands out, however, having been 
overestimated by almost 50%. One explanation could be the low aspect ratio of the wing. It could 
make the hypothesis of an elliptical distribution of lift less accurate than in the other three cases. 
Another explanation could be a difference of the internal structure of the wing between an Airbus 
aircraft and one of Boeing. Further computation of the wing mass of other Boeing aircraft are 
currently performed to verify this. 
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3.2 Strut-Braced Wing (SBW) 
Having compared our model with existing models to assess its relevance, it is now possible to carry 
out trend studies on innovative models. One of the layouts tested with the code is the strut-braced 
wing. The SBW's main advantage lies in its strut, which supports part of the stresses applied to the 
wing, thus reducing strain. This enables the wing's aspect ratio, for example, to be increased while 
reducing the mass of its structure, thus reducing the aircraft's fuel consumption. Another advantage of 
this configuration is that it's close to the classical Tube-and-Wing, making it a good entry point into 
innovative design geometries for our tool. 
 
The first test carried out on the SBW is the study of the spanwise position of the link between the strut 
and the wing. Obviously, the further away the connector is from the fuselage, the longer and heavier 
the strut will be. However, this will have an impact on the wing's strength, and therefore on its weight. 
This is why the total mass (wing plus strut) is analyzed. Wing-tip deformation is also studied. As the 
study focuses exclusively on the position of the strut link, the external geometry of the main wing 
remains unchanged, and only its internal structure is optimized. The code enables the user to choose 
between a fixed and a pivoting connection. For this study, the choice has been made to fix the strut at 
both ends. 
 
According to the work carried out for the U-HARWARD Project [29], it would seem that the optimum 
position for reducing total wing mass is at 2/3 of its span. We therefore took this value as a reference 
and varied the studied spans around it. The values obtained are plotted in Figure 4. For each of the 
span values used, the sum of the lift forces acting on the surface between the wing root and the strut 
attachment has been calculated. The liftwise position is therefore the ratio of this force to the total lift 
force acting on the wing. 
 
 

  
Figure 4 - Wing mass for different spanwise and liftwise positions. 

 
The deformation of the wing (which measures 22.5m) and the strut has been plotted in Figure 5 for 
different span values (10, 12, 14 and 16m) to visualize the behavior. 
 
 

 



MASS EVALUATION OF A STRUCTURE 
structure 

 

8 

 

 

 
Figure 5 - Initial and deformed mesh for different strut cases. 

 
Two conclusions can be reached from these figures and results. The first is that the further the link 
between the wing and the strut is located spanwise, the smaller the wing's deformation will be. The 
second is that there is an optimum distance for which the total mass of the wing is the lowest. In the 
example, this distance is between 50 and 55% spanwise and around 60% liftwise, which is a bit 
different than the 2/3 value found in the literature. It may be interesting to see whether these values 
remain the same for different wing and strut configurations and, if not, what links exist between this 
position and the different geometries. 
This comparison with existing literature allows us to define the limits and possible improvements for 
our study, but also for our code. One of the limits of this study is that it has only been carried out for a 
strut in tension (for a load factor of 3.75). In certain load cases, the strut may end up in compression, 
and this will have an impact on its design and optimization as the global buckling of the strut can occur. 
 
 

3.3 Disruptive structures BWB 
Our model has also been tested on innovative BWB structures. This geometry has been widely studied 
over the last decades as it offers a promising aircraft with low fuel consumption [30-33]. Such a 
structure is classically divided into three zones: the central body, the transition zone and the wing 
(Figure 6). The central body is the main part of the aircraft and contains the passenger cabin and the 
cargo hold. It is the pressurized part of the BWB. The transition zone is the link between the central 
body and the wing. Finally, the wing is very similar to that of Tube-And-Wing, with an internal structure 
made up of ribs, spars, skin and stringers. 
 

 
Figure 6 - Example of a BWB configuration. 

 
Computing the mass of such an aircraft is challenging as there is no comparison data from a real 
structure. In this section we will compare our model, adapted to the specificities of the flying wing, to 
the results from the paper [34]. The test configuration used is the Boeing BWB-450-1L, with a seating 
capacity of 450 passengers. Thanks to a detailed FEA, the authors computed the mass of the primary 
structure using the Nastran SOL 200 optimizer. The dimensions of the aircraft and the structural layout 
used in [34] are presented in the Figure 7. 
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Figure 7 - Boeing BWB-450-1L structural layout (from [33]). 

 
The pressurized part of the BWB is delimited by upper and lower skins which are quite flat. Unlike the 
circular fuselage of a tube-and-wing, the pressure forces will add bending moment to the skin in addition 
to the membrane forces. A stress gradient will therefore be present in its thickness, as well as 
compression forces. It is therefore necessary to use frames in the X and Y directions (I cross section 
beam) to reinforce the skin. Finally, stringers are added to the skin to prevent excessive local 
deformation of the panel located between two frames. The stringers height is less than the one of the 
frames to save mass while still adding bending stiffness.  
In addition to this pressure, the central body also transmits bending forces between the two wings. 
These forces will be neglected and the sizing of the central body is done using only a differential 
pressure of 63 kPa. 
 
The optimization of the skin and the frames is done to prevent a large deflection of the components 
(less than 10% of vertical displacement compared to the length) and to prevent the failure. The 
parameters used to minimize the mass while ensuring these conditions are the spacing between the 
frames, between the stringers and their height. The thickness of the skin is set to 4 cm. 
To compute the deformation of the components, equations from the mechanics of material are used. 
The frames are considered as beams simply supported under an uniform pressure load. The reinforced 
skin is modelled as a flat plate which size correspond to the spacing of the X and Y frames. A loop on 
each of the five parameters is done to get the geometry with the lowest surface mass. 
To compute the mass of the transition part, the same properties of the optimized central body are used. 
This hypothesis will probably over-estimate its mass as this section is not pressurized and undergoes 
only bending moment from the wing. A more detailed analysis is being developed in the futur model. 
Finally, the mass of the wing can be computed using the same model as the one presented in the 
Section 2 of this paper.  
 
In the Table 3 are presented the results. The comparison with [34] is quite satisfactory as the central 
body and transition mass is over-estimated by our model by 15% and the wing mass under-estimated 
by 4%.  
 

Table 3 - Comparison of the mass (kg) of the primary structure of the BWB-450-1L between the 
results from [5] and our model. 

 

Masse of the 
aircraft parts (kg) 

Paper [34] Our model 
Relative difference 

(%) 

Centrale body and 
transition zone 

48 472 55 631 + 15 

Wings 17 684 17 030 - 4 

 
 
The mass breakdown of both parts is also detailed in the [34]. For the central part, it is difficult to 
compare to our result as the authors didn’t make the distinction between central body and the transition 
zone. We can however do the comparison for the wing in Figure 8. It can be seen that even if the global 
mass of the primary structure of the wing is similar, the repartition is quite different.  
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First, the mass of the ribs is about 20% higher in our model. It can be explained by the spacing between 
two consecutive ribs that is different. In our model a constant space of 60 cm is used, but in the paper 
this space value increases from the root up to 90 cm at the tip. The number of ribs is therefore more 
important in our model. It might explain the difference but we should keep in mind that even if there are 
more ribs, if their thicknesses is less important the global mass could be the same. A more detailed 
comparison of the evolution of the thickness of the ribs would be necessary to explain the difference.  
The other components of the wing, skin/stringers and spars, contribute to the bending stiffness. In our 
model, the spars only represent 6% of these components while in the paper the proportion is around 
22%. The number of stringers used could be an explanation. It is not specified in the paper but in our 
model a space of 20 cm is set. If this space is lower than in the paper, the stringers in our model will 
be more efficient to resist the bending so the spars will need a lower thickness. 
 

 
Figure 8 - Comparison of the mass breakdown of the wing. 

 
 
This comparison of our model result with a high-fidelity model from the literature is encouraging. The 
mass of the wings is similar, even though the internal structure may be different, and the global mass 
of the primary structure is comparable. Many improvements can be made on the model. The first will 
be to create a finite element analysis of the central body to get the stresses on the components more 
accurately. The transition zone needs also to be more detailed with the specific optimization of its 
components to resist the bending forces. Finally, the secondary part represents a significant proportion 
of the global mass of the BWB. As there is not a lot of empirical data on these parts, a careful model 
of it needs to be created. 

 

4. Conclusion and perspectives 

4.1 Conclusion 
Tools have been developed within ONERA to support MDAO projects. One of these tools provides 
mass balance and optimization of Tube-and-Wing structures, as well as innovative structures. It is 
based both on material mechanics calculations and on a finite element model for the primary structure 
and on statistical formulae for the secondary one. The combination of these different aspects enables 
rapid assessment and optimization, which can be integrated into MDAO loops. 
To ensure the relevance of the model, comparisons were made with existing aircraft data. The results 
are quite encouraging (about 10% difference with the real mass of three aircraft) although one 
configuration tested requires further investigation.  
Once the code had been compared and improved, it was possible to study innovative structures such 
as the Strut-Braced Wing with a high aspect ratio or the Blended Wing Body. For the SBW, the study 
of the spanwise position of the connection between the strut and the wing shows an optimum position 
around 55-60% of the spanwise. This interesting result can help to better select the positioning range 
of the strut during the MDAO process. Finally, the model was used to compute the mass of the Boeing 
BWB-450-1L, a BWB configuration studied with a high-fidelity model in [33]. A comparison of our results 
with those of that paper shows a difference of -4% for the wing mass and an overestimation of +15% 
for the mass of the central body and the transition zone. For this last part, although the use of equations 
from the mechanics of material gives a fairly accurate estimate, the complexity of the structure requires 
a more detailed model. The use of a simple FEA on this part is therefore being considered to improve 
our model.  
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4.2 Limit and perspectives of the model 

Initial use of the model presented in this paper has shown satisfactory results. However, many 
assumptions have been made that can be improved. The two most important ones are being changed 
in the future model.  

 

The first concerns the distribution of the lift forces. The elliptical distribution used so far does not allow 
us to represent the variation of aerodynamic forces along the chord of the wing. This approximation 
may have its limitations for wings with large chords or when maneuvering with deflected ailerons. The 
use of the vortex lattice method would improve the representation of the aerodynamic loads and 
therefore the accuracy of the results. 

 

The second simplification concerns the material. The model can currently optimize the thickness of 
isotropic materials. For a composite material, we can simulate a laminate but not optimized it. Even 
if we limit ourselves to four ply directions (0, 90 and +-45), finding the optimum stack requires 
advanced methods. In a future improvement of our model, we will restrict ourselves to predefined 
stacking sequences in order to limit the number of possibilities. 
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