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Abstract – This research concerns the optimization study of the wing of an ultralight competition 

sailplane, category F5J/F3J. Fundamental for this category is the characteristic of lightness 

associated with good wing stiffness (bending/torsional). All the elements composing the wing of 

the sailplane were modelled in 3D by using the Autodesk Inventor parametric solid modeler. They 

were assembled in the FEM environment and were suitably constrained and studied from a 

structural point of view. The structural characteristics of the wing and its components were 

analysed in detail after assigning the materials currently used and adopting appropriate materials 

to make the same with the Additive Manufacturing (AM) technic. A topological optimization, 

performed by using the Simplex Method (SIMP), was conducted on the internal structure of the 
wing in order to lighten the ribs with the same performance. The experimental investigations 

implemented in the laboratory allowed the ’Oralight’ material used for the wing surface coating to 

be characterized. It is an extremely thin and light material, whose elasticity and strength were 

accurately assessed in this study. The data obtained, considered along with the elasticity and the 

resistance values of the other materials constituting the wing structure, taken from the literature, 

were inserted into the finite element simulations with the aim of evaluating the torsional and 

bending stiffness of the wing. Finally, the rib was redesigned using a FDM material which makes 

construction particularly simple. Copyright © 2022 The Authors. 
Published by Praise Worthy Prize S.r.l.. This article is open access published under the CC BY-NC-ND license 

(http://creativecommons.org/licenses/by-nc-nd/3.0/). 
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Nomenclature  

ρ Density  
CL Aerodynamic coefficient  

KB Bending stiffness  

KT Torsional stiffness  

L Effective lift  

S Wing surface  

v Flight speed 

I. Introduction 

Since the beginning of the last century, there has been 

growing interest in the design of high-performance 

gliders [1], as they are an example of sustainable 

engineering in aeronautics. A sailplane is an aerodine, i.e. 

an aircraft heavier than air, supported in flight by the 

dynamic response of the air against the wing surfaces; it 

does not necessarily require an engine to fly. Mainly used 

for sport, this sailplane can be also employed for 

scientific studies and military purposes [2]-[4]. To be 

efficient, airfoil design procedures require a fast and 

robust analysis method with which the performance can 
be evaluated both in and out of the design phase. In 

particular, the wing of a glider must be designed to  

 
conform to specified mission and design requirements.  

High aerodynamic efficiency and good stall 

characteristics are some of the design requirements, 
while achieving level flight at a particular altitude may 

be a mission requirement [5]. Of the various airfoil 

analysis algorithms developed to date, only an integrated 

approach characterized by finite element models allows 

to produce a fast and reliable design of structurally and 

aerodynamically optimised airfoils. In particular, the 

formulation of an interactive fluid-dynamic-structural 

analysis enables the designer to optimise a glider 

performance by the choice of structure topology; flexible 

multi-body dynamics with floating reference system 

formulation is applied to analyse system behaviour 

during motion in high and low speed configurations [6].  
In this research, the problem concerning a topological 

optimisation of the structures (ribs and spars) of the wing 

of an ultra-light glider was addressed. In particular, by 

applying a solid-parametric modelling procedure 

performed with the commercial software Inventor 2022 

and a structural analysis with the commercial finite-

element code Ansys 2020 R2, the wing profiles of the 

’Bubble Dancer’ glider were optimised in terms of 

stiffness and weight. Procedures similar to the one used 

here have been used by the authors in many of their 

http://creativecommons.org/licenses/by-nc-nd/3.0/
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recent works. [7]-[10]. This sailplane is usually 

constructed from balsa, carbon fibre and epoxy resin 

composites and Oralight (or similar). Equipped with a 

wingspan of 3 m and a wing surface area of 0.645 m2, it 

was designed and optimized by the American 

Aeronautical Engineer Mark Drela, Professor of Fluid 

Dynamics at the Massachusetts Institute of Technology 

(MIT) [11], [12]. The aim of the present research was to 
create a large model based on thermal flight that anyone 

could build, able to tolerate substantial aerodynamic 

loads. With a take-off weight of 880 gr, it had a very low 

sink rate of about 0.25 m/s. A very large 50 mm  915 
mm spoiler that offered a good landing control, and can 

be seen taking flight very often by hand or winch 

launches, withstanding high thrusts compared to common 

models of similar size [13].  

The research work that is presented here followed 

these steps. Section II deals with the design of the 

sailplane’s aerodynamic structure. Section III shows the 

experimental characterization of the "Oralight" coating 

surface; it was performed by tensile tests with Istron 
6800 Series. Section IV describes the torsional, bending 

and displacement analysis of the skeleton and the 

complete wing structure. Section V deals with the 

topological optimisation and structural analysis, 

implemented by using 3D modelling and the Finite 

Element Method. In Section VI the printing of the 

topologically optimised rib’ structure, through FDM with 

a new compound bio-plastic filament HEMP, is 

described. Finally, in Section VII and in Section VIII the 

discussions and the conclusions are drawn, respectively. 

II. Design of Sailplane 

Aerodynamic Structures 

The ’structure’ comprises what binds the parts of the 
aircraft together (such as the wings) which create the lift, 

the fuselage, which is designed to store the ’payload’ and 

connect the wings to the tail planes, the aerodynamic 

control elements (wings and tail planes), the propulsion 

system and the landing gear. Mainly, three types of 

structures can be distinguished: frame structures, shell 

structures and half-shell structures; all of them are used 

in aviation, sometimes together. A trellis construction 

consists of wooden or metal trusses that are then covered, 

often with canvas. The metal frame absorbs all the 

stresses in the lattice structure, leaving the cladding the 
main role of creating the aerodynamic load. The 

cladding, on the other hand, is an integral part of the shell 

structure and serves to absorb stresses; Particularly, the 

shell must meet certain requirements, so that it adopts the 

desired aerodynamic shape even between the ribs that 

impose its deformation [14]. Although the halfshell 

structure is a shell construction, but it is possible to 

identify certain components (the longitudinal members, 

the spars) that provide bending resistance, while the 

cladding is simply left to react to torsional loads. The 

early aircrafts were designed with ’lattice’ constructions 

which were often made of wood and covered with 

canvas. However, this approach proved to be inadequate 

for high speeds, so aircraft was built with metal cladding, 

in particular aluminium considered its low weight and 

mechanical properties far superior to canvas and even the 

same wood used for the internal structure, which was 

soon made of aluminium [15]. The fabric usually adopted 

for covering the ’Oralight’ wings was characterised 

experimentally by tensile strength performing five tests 
on specially prepared unified specimens, ASTM D 882 

standard (Fig. 1). 

III. Coating Surface’s Experimental 

Characterization 

To characterize the "Oralight" coating surface, the 

tests were performed by using the Instron 6800 Series 

tensile testing machine (Fig. 2), setting the following test 

parameters: - Preload = 1 N - Traslational velocity = 20 

mm/s. The lower part of the test specimen was clamped 

in the fixed cross beam of the machine, while the upper 

part of the test specimen was clamped in the movable 

cross beam of the machine. A strain gauge was 

assembled with the following data plate during the test 
run. The two terminals of the strain gauge were 

connected to the central part of the test specimen, the 

useful part, i.e. the area subject to elongation. For all the 

test specimens, it was mounted at the start of each test in 

order to validate their reliability and to make the 

measurement independent of any displacement of the 

specimen with respect to the moving crosshead. When 

this displacement coincided with that read by the strain 

gauge, no slippage was registered and the test could be 

considered reliable [16], [17].  

 

 
 

Fig. 1. Oralight specimens (ASTM D 882) 

 

 
 

Fig. 2. Oralight specimens’ tests in Instron 6800 
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The tests performed in this study made it possible to 

assess the Young’s (elastic) modulus of the material (Fig. 

3), the extent of the elastic zone and the values of the 

yield; fracture stresses of the material were also 

evaluated [18], [19]. The calculated values permitted to 

implement particularly realistic finite element 

simulations. The final wing solid-parametric model can 

be seen in Figs. 4 and 5. 

IV. Wing’s Torsional and Bending 

Stiffness Evaluation 

Finited Element Method (FEM) is widely used in the 

engineering field for the analysis of complex structures 

by representing them through partial derivative equations 

via domains that correspond to the shapes of the object 

under investigation. Torsion and bending studies were 

conducted on the wing ’skeleton’ consisting of ribs and 

spar components and on the wing complete with covers 

and cladding. In the tests performed, the forces and 

moments were applied to the wing’s tip panel, with the 

results reported for each of them.  
 

 
 

Fig. 3. Unified test specimens’ results, ASTM D 882 standard 

 

 
 

Fig. 4. Extremities of F3J/F5J wing structure 

 

 
 

Fig. 5. Complete F3J/F5J wing structure 

It is important to specify that the scale of the graphical 

representation did not represent the values of the actual 

measurements found by the FEM studies, but it was 

amplified in order to better show the displacements that 

the structure underwent.  

The torsional analysis was performed by applying a 

moment equal to 1 Nm on the external face of the last rib 

of the wing tip panel (Fig. 6).  
The maximum value obtained regarding the von Mises 

stress was 28.51 MPa. It was possible to calculate the 

torsional stiffness as: 

 

𝐾𝑇 =
Applied moment

Angle of rotation
=

10 Nm

1,529°
= 0,654 Nm  (1) 

 

This equation made it possible to assess the relative 

rotation between the wing extremities and thus to 

calculate the torsional stiffness of the structure. The 
maximum structure’s relative displacement was 1.321 

mm (Fig. 7).  

The bending analysis was conducted by applying a 

force of 10 N on the lower face of the last rib of the wing 

tip panel, the one corresponding to the transition and 

support area of the spar reinforcement. To avoid high 

stress concentrations the force of 10 N was applied to an 

area of approximately 2 cm2 (Fig. 8(a)). 
 

 
 

Fig. 6. Wing skeleton details, max. von Mises stress, moment: 1 Nm 

 

 
 

Fig. 7. Max wing skeleton displacement, moment: 1 Nm 
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In this configuration a maximum displacement of 

0.1345 mm was rated (Fig. 8(a)). Therefore, the wing 

bending stiffness was calculated as: 

 

𝐾𝐹 =
Applied force

Total desplacement
= 

=
10 N

0,1345 mm
= 74,349

N

mm
 

(2) 

 

The torsional analysis was conducted by applying a 

moment equal to 1 Nm to the external face of the last rib 

of the wing tip panel (Fig. 9). As for the structure 

displacement analysis, the maximum value found 

corresponded to 1.626 mm. The torsional stiffness factor 

was calculated as: 

 

𝐾𝑇 =
Applied moment

Angle of rotation
=

1 Nm

1,242°
= 0,805 Nm (3) 

 

The bending analysis was conducted by applying a 

pressure of 13.3 MPa distributed on the lower face of the 

wing’s bottom spar reinforcement (Fig. 10). The choice 

of this pressure value was made to obtain a stress 

comparable to that of the previous case, without having 

stress concentrations on very small surfaces (use of 

concentrated forces).  

 

 
(a) 

 

 
(b) 

 

Figs. 8. (a) Max. wing skeleton displacement, force: 10 N; (b) Max. 

wing skeleton von Mises stress, force: 10 N 

 
 

Fig. 9. Max. displacement of complete wing structure, moment: 1 Nm 

 

 
 

Fig. 10. Max. displacement of complete wing structure, 

pressure: 13.3 MPa 

 

When analysing the displacements of the structure, the 

maximum value found corresponded to 469.9 mm (Fig. 

10). The bending stiffness was calculated as: 
 

𝐾𝐵 =
Applied force

Total desplacement
= 

=
37340 N

469,9 mm
= 79,562

N

mm
 

(4) 

V. Topological Optimisation 

and Structural Analysis 

The topological optimisation for the sailplane’s 

structure was obtained by using the Solid Isotropic 

Material with Penalisation (SIMP) method. Specifically, 

it was achieved by defining an appropriate initial 

geometry, which considered all the geometric and 

structural constraints, and applying real static and 

dynamic loads. In this way, a complete and multiload 

dynamic model provided all necessary dynamic data. In 

addition, it allowed the optimisation results obtained to 

be verified [20], [21]. The topological optimisation 

method so applied was divided into several steps that can 
be resumed hereafter: 

- Input optimisation: 3D CAD model with the 

appropriate forces and constraints that the part had to 

withstand once in the operation assigned; 

- The areas of the part that must not be processed or 

altered, such as fixtures, assembly holes or other 

elements vital for the part to function properly, were 

defined (e.g. if the part has an assembly hole in it, 

that area will be excluded from the optimisation 

process); 

- FEM analyses were performed cyclically on the 
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object, allowing its structural behaviour to be 

calculated; 

- The programme reduced the percentage of the 

material that is not requested to maintain the safety 

requirements set on the basis of the previous FEM 

analyses performed (as well as possibly involving the 

production technique for which the optimisation is 

applied); 
- Optimisation output: the optimised part obtained 

through the various processes was lighter than the 

initial one and continued to meet the desired 

mechanical requirements [22]-[24]. The structural 

analysis started by using the ANSYS software [25]-

[27], by setting values of mesh resolution in the 

following way: 

 Resolution = 7; 

 Transition = Slow; 

 Span Angle Centre = Fine; 

 Smoothing = High. 
After resolution, two values of pressures were inserted 

to simulate the effect of lift, acting one on the lower face 

and one on the upper face of the rib. These pressures 

were calculated on the basis of the design data 

concerning the maximum stresses that the sailplane can 

sustain with regard to the lift on the wing structure. In 

order to work with a fairly wide safety margin, a 

situation of 166 % of the critical design situation was 

examined. Considering an aerodynamic coefficient CL = 

1, these design loads resulted in a maximum lift value of 

667.23 N at a flight speed of 40.23 m/s; the tests were 

therefore performed considering a flight speed of 67.06 
m/s (150 mph) and the effective lift was calculated using 

the following relationship: 
 

𝐿 = 𝐶𝐿 × (
1

2
) ×  𝜌 × 𝑣2 × 𝑆 = 900,73 N (5) 

 

Theoretically, the distribution of lift would be 

considered as elliptical along the wingspan. For 

simplicity of calculation and using values far in excess of 
the conditions of structural safety under maximum stress 

conditions, it was decided to divide the previously 

calculated values over the total number of ribs present on 

the wing, in order to distribute the lift value found 

approximately over them, and to estimate the force acting 

on a single rib: 
 

900,73 N

21 ribs
= 49,89 [

N

rib 
] (6) 

 

Making a similar approximation, the sum of the 

surface area of the bases of all the ribs constituting the 

wing was calculated. For the modelling phase, a value of 
0.01533 m2 was obtained, which was divided by the 

number of ribs, resulting in an average surface area of 

0.00073 m2/rib. Dividing the value first found by the 

surface area just calculated: 
 

49,89 [
N

rib
]

0,00073 [
m2

rib
]

= 68.342,5 [
N

m2 
] (7) 

Taking the value 1 atm = 0.1 MPa, and using this as 

the value for the pressure applied to the upper face of the 

rib, for the lower face the value of 0.1 + 0.0683 = 0.1683 

MPa can be used. Following this return analysis, a 

topological optimisation was performed. Figure 11 shows 

the result of the topological optimization for the central 

rib (Rib 11) of the wing structure. For the other 20 ribs of 

the structure, the SIMP algorithm provided homologos 
lightened geometry with 11 oblong holes. Five oblong 

holes are in correspondence with the leading edge of the 

wing and six oblong holes in the central part of the ribs.  

Below are the graphs of the iteration of the 

optimisation process and the convergence responses of 

the algorithm in the calculation of tensile, bending and 

torsional stresses, respectively (Figs. 12-14). 
 

 
 

Fig. 11. Result of Topological optimisation for the central rib 
 

 

 
(a) 

 

 

 
(b) 

 

Figs. 12. Objective & Mass Response Convergence in tensile analysis 
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Fig. 13. Objective & Mass Response Convergence in bending analysis 

 

 
 

Fig. 14. Objective & Mass Response Convergence in torsional analysis 

 

Through FEM analysis, an equivalent Von Mises 

stress was obtained with a maximum value of 8.8514 

MPa and a minimum of 0.006480 MPa. 

VI. Rib’s Manufacturing 

with the New Compounds 

Bio-Plastic Filament HEMP 

To improve the production of the topologically 

optimised rib, the use of a specific filament, developed 

by the authors in previous research works [28], [29], was 

envisaged. In recent years, continuous fibre-reinforced 

polymer matrix composites have become one of the most 

promising and basic material groups in many areas of 

engineering, particularly in the automotive and aerospace 

industries [30]; Such biopolymer composites have been 

developed by researchers to provide environmentally 

responsible materials and thus reduce the carbon 

footprint. Modification or functionalisation of natural 

fibres is important to improve interfacial bonding with 

biopolymers and to obtain high-performance composite 
materials that can compete with conventional composites 

based on petrochemical polymers [31]. Biopolymers, 

indeed, have exceptional mechanical properties with a 

unique combination of strength and toughness, as well as 

biological functions that interact with their environment 

[32]. In particular, a filament of bio-plastic composite of 

natural origin and compostable containing hemp (with a 

percentage of 15%) was used, which was named HEMP 

by the authors. Compared to common composite 

materials, this compound was entirely natural-based. The 

matrix consists of Polylactic Acid (PLA), a 100 % bio-
based plastic (purchased from NatureWorks’ Ingeo 

Biopolymer 3D450), while the reinforcement consisted 

of particles (more than 20 % by weight) from hemp 

waste. In particular, HEMP provided a performance in 

terms of lightness, strength and roughness, making it 

suitable for rib printing. This material also can reduce the 

cost of environmental impact and production 

management costs. Figures 15 show the stress state (Fig. 

15(a)) and the deformation state (Fig. 15(b)) obtained on 

the central rib topologically optimized, built by using the 

HEMP printing filament. Note that the ribs on average 

presented stresses and deformations only slightly higher 
than the original ones, while the wing structure presented 

an overall weight reduction of about 20% compared to 

the initial geometry built in balsa wood. The material 

used would also allow small benefits to be achieved in 

the non-topologically optimised structure. 

 

 
(a) 

 

 
(b) 

 

Figs. 15. Finite element analyses of Rib topologically optimised 

structure printed with HEMP: (a) Stress, (b) Deformation 
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VII.   Discussion 

The SIMP method applied to the F3J/F5J competition 

sailplane structure allowed to obtain interesting results 
for the ribs topological optimisation process. The 

percentage of the unnecessary material was reduced by 

20%, while maintaining the established safety 

requirements. As a result, the obtained part was 

lightened, thus reducing the aerodynamic drag; this 

allowed the entire aircraft to support itself more easily in 

flight and achieve higher aerodynamic efficiency values 

between aircraft and wing for long distances and high 

speeds. 

VIII.    Conclusion 

In this reserch the optimisation problem of the wing 

structure of an ultralight sailplane was addressed, 

advancing the possibility of using additive manufacturing 

methods for the construction of the rib parts of the 

structure. Using the Autodesk Inventor parametric solid 

modeller, all the components of the wing structure were 

modelled, and a discretized model of the structure was 

constructed to verify its possible construction with 
biopolymer materials (HEMP) other than those currently 

used (balsa wood and carbon fibre). The results obtained 

from the experimental tensile characterisation tests 

evaluated the elasticity and strength characteristics of the 

materials that make up the cladding surface. In particular, 

the structure of the fabric covering the wing was 

characterised. The characterisation of the materials made 

it possible to accurately assess the torsional and flexural 

stiffnesses of the wing structure. Finally, a topological 

optimisation with ANSYS was performed with the aim to 

evaluated the use of FDM techniques to construct the ribs 
with a new plastic filament compound (HEMP). For the 

future, we intend to further study biopolymer materials 

applications with the aim to improve the mechanical rib 

properties and significantly reduce their weight. In this 

way, the main goal could will become the application of 

this type of material to construct the entire sailplane 

structure; in this way the important benefit of reducing 

environmental impact could will be obtained too. 
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