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ABSTRACT 

 
The aim of this project is to give the user a general idea on how a weight optimization for a ge-
ometry made out of Composite materials can be done using ANSA Laminates tools, META 
post-Processor, NASTRAN-SOL200 and modeFRONTIER optimizer. As an appropriate exam-
ple, a 2011 Formula 1 front wing is selected as the model to be optimized. The main task of the 
optimization is to minimize the wings’ total weight, while keeping it at the same time stiff 
enough in order to resist on the pressure distribution that is created when the car reaches the 
final speed of 320km/h and make it also compatible with FIA 2011 Regulations. Beginning with 
a CFD simulation the pressure distribution is calculated and then mapped on the FE model 
where it is situated as a loadcase for the FE Analysis, while for FIAs Regulation the displace-
ment of the wing is tested under a force of 100kg. For the optimization of the wings’ composite 
structure the layer thickness and layer orientation are used as design variables, creating each 
time a new laminate model while all layers are being draped after any change on the model. 
Finally, a comparison between the optimized model and a simple laminate model is done for 
the weight and the cost of each wing in order to highlight the benefits gained from the optimiza-
tion process. 
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The final speed of a Formula 1 car during a race can reach up to 320km/h. On that 

speed, the aerodynamic forces that are beeing generated by the aerodynamic devices 
can be double the weight of the whole car. The front wing of a F1 car is the first aerody-
namic device that interacts with the oncoming “clean” air and produces about the 30% 
of the total downforce. That means that the wing should be designed to be stiff enough 
to cope with these aerodynamic forces while having the minimum weight recuired. Start-
ing with a CFD simulation at the final speed of a F1 car (320 km/h) the pressure distribu-
tion is calculated and then mapped on a structural FEA model. Two sub-cases are cre-
ated and analyzed. The 1st sub-case is about FIA’s maximum displacement Rule, where 
the front wing must be able to withstand a 1000N force acting on its endplate while not 
exceeding the maximum permitted Displacement of 10mm. The 2nd Subcase is about 
the minimization of the Composite stresses occurring on the wing due to the mapped 
pressure from the CFD model, using the Tsai-Wu criterion for the minimum Reserve 
Factor of all Layers. 

 
In order to setup an initial Laminate model close to the optimized solution, the FEA 

model is firstly solved with an isotropic material(steel) and then optimized with NAS-
TRAN-SOL200 in order to estimate an initial thickness distribution that is compitable 
with both constrains of Subcase 1 & Subcase 2. After setting up the Laminate model 
based on SOL200 thickness results solution an optimization of both its Layer thickness 
and Layer orientation is done using EPILYSIS and modeFRONTIER giving one optimal 
solution for the weight of the F1 wing. It is important to mention that when it comes to 
Composite materials the number of optimized solutions can be surprisingly high, due to 
the fact that the combination of different layer thickness, layers orientation and even 
layers’ order can be infinite. 
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2. CFD SIMULATION 
 

2.1. Fluid Domain & Surface Mesh 
 

The final speed of a F1 car during a race is about 320km/h and this is also the 
speed where downforce reaches its maximum value. If the front wing is designed to with-
stand the forces acting at that speed, it will be also safe to operate at any other speed. 
So, in order to calculate the maximum air pressure distribution, on the wing’s surface the 
CFD simulation is settled with an inlet speed of 320km/h (88.88 m/s). Due to the sym-
metric geometry of the wing the CFD model is settled with the symmetric half of the wing, 
in order to minimize the required CPU time. The fluid domain shown in Figure 1 is ex-
tended 5 times the characteristic length of the wing to the front, 10 times to the rear and 
3 times to the side in order to give enough space for the wake turbulence to be calculat-
ed and predict drag acurately. The surface mesh is created using the CFD algorithm with 
triangle elements of a minimum target length of 50mm, a maximum target length of 
150mm, a growth rate of 1.2 and a distortion angle of 10°. Based on the Fluent Skew-
ness criterion the shell elements should not exceed a skewness of 0.5, and as shown in 
Table 1 all shell elements are bellow this limit.   

 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

2.2. Size Boxes 
Table 1: Number of shell elements based on ther Skewness value 

Figure 1: Fluid Domain used for the CFD simulation 
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Three size boxes are used to refine mesh for specific regions of the geometry, 

where stall or strong vortices are expected to occur. The element length on these size 
boxes is varying between 10mm - 35mm while growth rate and distortion angle is again 
1.2 and 10° respectively. 

 
 
 
 

Figure 2: 1
st
 Size Box with max 

surface and volume element 
length 20-35mm 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3: 1
st
 Size Box with max 

surface and volume element 
length 10-20mm 

 
 
 
 
 
 
 
 
 
 
 
 

Figure 4: 3
rd

 Size Box with max 
surface and volume element 
length 10-15mm used to predict 
vortices created by the voretx 
generator at the bottom of the 
endplate 



7 BEFORE REALITY CONFERENCE 

 

6 
 

2.3. Layers  

 
           After the creation of the surface mesh and before the volume mesh, a series of 
layers has to be created in order to predict the boundary layer thickness acuurately. The 
estimated first layer thickness for 320km/h and a characteristic length of 0.9m, is calcu-
lated with ANSA Y+ Calculator at about 0.14mm while Reynold’s number is 5.5e+6. So, a 
total number of six layers created, giving the first three an absolute height of 0.15mm and 
the next three a growth factor of 1.2 shown in Figure 7. 

 
 
 
 

Figure 5: Layers generated on 

the interior of the fluid domain 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 6: Layers covering all 
the wing’s surfaces 

 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 7: Aspect layer of layers 
shown on detail 
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2.4. Volume Mesh 

 
            The final step is the creation of the volume mesh. Using the Mesh Vol.>Tetra Rap-
id algorithm a volume mesh of 20,483,258 elements in total is created, with 18,222,158 
tetras, 2,260,346 pentas and 754 pyramids. The Fluent skewness criterion for solid ele-
ments has an upper limit of 0.92. Based on this criterion and using ANSA mesh improve-
ment functions (Fix Quality, Reconstruct, Smooth) for volume mesh, all elements are bel-
low 0.92 as shown in Table 2. 

 
 
 
 

 
 

Figure 8: Volume Mesh creat-
ed for the CFD simulation 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 9: Volume Mesh ele-
ments shown in detail 

 
  

Table 2: Number of volume elements based on ther Skewness value 
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2.5. Solving Process 

 
    The CFD Case is finally solved by using ANSYS-Fluent solver. For the Boundary 

Conditions that are used for this CFD Simulations, an Inlet Velocity of 89m/s (320km/h) is 
defined which is also the velocity of the road which is settled as a moving wall with the 
same direction as the inlet velocity. The outlet of the domain is settled as a simple Pres-
sure outlet while the rest walls of the fouid domain are defined as Symmetries. Finally, all 
the surfaces of the wing are defined as Stationary Walls. The turbulence model that is 
used is the k-ε, which is the most common model for vehicle external aerodynamics 
problems while for the boundary condition of the walls, the Non-Equilibrium Wall Func-
tions are used. The case is solved by using an i7 Desktop Computer with 64GB of RAM 
and after a total number of 545 iterations Convergence is achieved, while the total CPU 
time recuired is about 18 hours. 

 
 

 
 

 

Chart 1: After 545 Iterations Convergence is achieved 
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2.6.  CFD Results 

 
   The CFD simulation is solved with ANSYS Fluent on an i7 Desktop Computer 
with a RAM memory of 64GB. Total CPU time for surface & volume mesh creation is 
30min while solving lasts for 14hours and after 550 iterations convergence is 
achieved after a total number of 550 iterations. The total downforce acting on the half 
wing calculated value is 4106N with a lift coefficient(Cl) of -5.59, while drag calculated 
value is 741N with a drag coefficient(Cd) of 1.098 as shown in two tables below. 

 
 
 

 
 
 
Fi
g
ur
e 
1
0: 
Iso-surface of Turbulent In-
tensity under 0.07 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 11: Velocity streamlines 
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Figure 12: Pressure distribu-
tion on the upper surface of 
the wing 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 13: Pressure distribu-
tion on the downside surface 
of the wing 
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3. FEA MODEL SETUP 
 

3.1.  Surface Mesh & Problem Constrains 
 

As the CFD simulation is completed and pressure distribution on the wing calculat-
ed, the FEA model is ready to be situated. Again, half of the wing is used as model due to 
the symmetric geometry, in order to minimize optimization’s process time. Both isotropic 
and composite models are going to be solved with NASTRAN_SOL200 and EPILYSIS so 
the FEA model is based on NASTRAN solver. Shell mesh is created using ANSA Free 
meshing algorithm with quad element type, occurring in a total number of 84,743 ele-
ments, out of which 83,522 are quads and 1,221 trias. Aspect Ratio (3), Skewness(45), 
Warping(15), min Angle for quads(45), max Angle for quads(135), min Angle for trias(30), 
max Angle for trias(120) and triangles percent(20%) used as mesh Quality criteria for the 
FEA model and as shown Table 3 and Table 4 below all elements are beneath the limits. 

 
 
 
 

Figure 13: Total Pressure distri-
bution on the downside sur-
face of the wing 

Table 3: Number of shell elements complying with aspect ratio criterion 

Table 4: Number of shell elements complying with skewness  criterion 
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Two sets of SPC1 constrains are created in order to make the symmetric problem 

feasible. One SPC1 set for the rear end of the model with 0 degrees of freedom 
(1,2,3,4,5,6) and the other one is at the symmetric nodes at the cutting edge with 3 de-
grees of freedom (2,4,6) as shown in next Figure 14 and Figure 15. 

 
 
 

 
Figure 14: Rear side SPC1 set 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 15: Symmetric side 
SPC1 set 

Table 5: Number of shell elements complying with warping criterion 
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Most F1 teams use small connecting components between the airfoils in order to 
make the whole construction more stable and reduce the composite stresses. For this pro-
ject a small cylindrical bar used to connect the two airfoils (Figure 16) in a way that stress-
es on both airfoils are minimizing. In order to simulate this type of connection, two sets of 9 
nodes for each airfoil are defined as RBE2 rigid body of elements while the master nodes 
connected with a cylindrical CBAR of 4mm diameter. On the interior of the airfoils, a com-
plex of 5 ribs and 3 spars (Figure 17) made of steel are also used in order to support the 
whole structure and improve durability. 

 
 
 

Figure 16: CBAR used for the 
connection of the two airfoils 

 
 
 
 
 
 
 
 

Figure 17: Spars & Ribs used 
as support for the main struc-
ture 

  
 
 
 
 
 
 
 

3.2. Loadcases 
 

  Next is the definition of the loads and the creation of each separate Subcase. As al-
ready mentioned the Subcase_1 is about FIAs 2011 Rules, where it is stated that when a 
total force of 1000N is acting on the endplate of the wing the total displacement of the 
wing’s lowest point should not exceed 10mm. To simulate this a force of 1000N is situated 
on the upper surface of the endplate and by using DistributeLoad.py script this force is dis-
tributed equivalent on all elements of the surface as shown in Figure 18. 
 
 
 
 

Figure 18: Equal distributed 
1000N force for Subcase_1 
(FIA Rules) 
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  The aim of Subcase_2 is to test the durability of the wing on the acting air pressure 
that is calculated at the final speed of 320km/h. In order to transfer the precise pressure 
distribution from the CFD model into the FEA model, the pressure results had to be 
mapped and translated to NASTRAN PLOAD2 pressure. Αfter reading the pressure results 
in mETA, an output file in .dat (or .txt) form is created including the nodal pressure in AN-
SYS Fluent form. This nodal pressure is then mapped on the CFD ANSA model using the 
Fluent > AUXILIARIES > RESULTS function with a scale factor of 10e-6 (because all di-
mensions in Fluent are in m) as shown in Figure 19 and Figure 20. The next step is the 
transformation of nodal pressure to NASTRAN PLOAD2 form, which can be made by using 
ANSA User Script Buttons > ResultsToLoads function and give the result that is shown in 
Figure 21 and Figure 22. 
 
 
 

 
Figure 19: Nodal Pres-
sure mapped on ANSA 
CFD model (wing’s up-
per side) 

 

 
 
 
 
 
 
 
 
 
 
 

Figure 20: Nodal Pressure 
mapped on ANSA CFD 
model 
(wing’s downside) 

 
 
 
 
 
 
 
 
 
 
 

Figure 21: Nodal Pres-
sure translated to NAS-
TRAN PLOAD2 on AN-
SA CFD model 
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Figure 22: NASTRAN 
PLOAD2 on CFD trias mesh 

elements 
 
 
 
 
 
 
 
 
 
  Αgain an output file in .nas form is created and then used to transfer the PLOAD2 to 
the FEA model. On the FEA ANSA model the NASTRAN > AUXILIARIES > RES.MAP 
function is used in order to map the PLOAD2 from the .nas file and create the pressure dis-
tribution that is needed to set Subcase_2, giving the result shown below on Figure 23 and 
Figure 24.The FEA model is then fully defined and ready for the optimization process to 
take place. 
 
 
 
 

 
Figure 23: NASTRAN 
PLOAD2 mapped on ANSA 
FEA model 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 24: NASTRAN 
PLOAD2 on FEA tetras mesh 
elements 
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4. NASTRAN SOL200 OPTIMIZATION 
 

4.1. Model Setup 
 

  Due to the anisotropic properties of Composites materials, it is necessary first to de-
fine an initial model with specific thickness distribution in the critical regions of the wing, in 
order to expedite the composite optimization process to be accurate and require less time. 
This optimal thickness model is going to be used as the initial model for the creation of 
Layers and determine the initial number of layers for each zone thickness. To achieve this 
the whole wing model is firstly defined with an Isotropic material (Steel) and next an ele-
ment thickness optimization with NASTRAN-SOL200 for both Subcase_1 and Subcase_2 
takes place in order to retrieve an intial element thickness distribution. The FEA model is 
configured for NASTRAN-SOL200 Topometry optimization process (Figure 26) with aim 
the minimization of the wing’s weight. Six thickness design variables are used, one for 
each part of the model and two constrains for Displacement (less than 10mm) and mini-
mum compliance. 
 
 

 
Figure 25: Initial thickness of 
the wing model with Isotropic 
material before the optimization 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 26: Task Manager for 
NASTRAN-SOL200 Topome-
try Optimization process 
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Figure 27: Design variables, Responses 
and Constrains used for the element 
thickness optimization 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

  After an optimization process of 30 cycles in total the initial model has to be modified 
so that an optimized model with only the required element thickness results, with a dis-
placement less than 10mm for Subcase_1 (Figure 29) and minimum stresses for Sub-
case_2. 
 
 

 
 
 
 
 

Figure 28: Element thickness 
optimized model after the 
NASTRAN-SOL200 optimiza-
tion 
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Figure 29: Maximum 
displacement is 
about 9.17mm for 
Subcase_1 

 

 
 
 
 
 
 
 
 

4.2. Element Thickness Mapping 

 
  The final step before proceeding to Composite optimization is to transfer the element 
thickness from the optimized model to the FEA ANSA model. For this reason, an output file 
including the wing’s optimal thickness distribution is created in mETA and used to map this 
thickness on the ANSA model. Using ANSA Tools > Plugins > Mapping > mETA Results 
and choosing the output file, the element thickness distribution transferred to the FEA 
model and mapped on the target parts. To simplify the Composite optimization process on-
ly the two airfoils, the endplate and the nosecone pillar are selected as target parts for op-
timization excluding spars, ribs and the nosecone. The final FEA model with mapped ele-
ment thickness is shown in Figure 30 below. 
 
 
 
 
 
 
 

Figure 30: Final Isotropic 
model with optimal element 
thickness after the NAS-
TRAN-SOL200 optimization 
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5. COMPOSITE STRUCTURE OPTIMIZATION 
 

5.1. Element Thickness conversion to Laminate Layers 

 
  When the SOL200 thickness optimization of the Isotropic model is over the only thing 
left is to setup the composite model based on the final optimized thickness. However, it is 
necessary to use a Python script to transform the PSHELLS to Laminates, by creating a 
specific number of layers based on the thickness of each element that is mapped after the 
NASTRAN-SOL200 optimization. The AutoLayerFromThickness script is used with a max-
imum of 26 layers for the elements with highest thickness while a small thickness smooth-
ing took place for the nearest elements by creating less layers. This result in a laminate 
model consisting of 26 layers in total with random initial layer thickness and orientation. 
However, many of these 26 layer are scattered in different parts of the wing model so it is 
first necessary to split these layers to smaller layers for each part, which is going to give a 
model with a total of 61 layers (Figure 31). Finally, in order to make the simulation more 
accurate these 61 layers are also slightly modified to be manufacturable and drapable so 
that the model could be closer to a realistic experimental model as shown in Figure 32. 
 
 
 

 
Figure 31: Initial 26 layers 
Laminate model based on 
SOL200 optimized thick-
ness 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 32: Realistic model 
with 61 modified drapable lay-

ers separated for each part 
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5.2. Layers Draping  

 
    However, in reality all elements of a layer don’t have the same orientation, because 
during the manufacturing process a layer can be streched in order to cover properly all 
curvature areas, thus many elements result having different orientation than expected. To 
simulate this phenomenon the ANSA Draping Tool is used after any change of layer 
thickness or orientation during an optimization cycle. So, two Rosettes have been created 
on the main airfoil as starting points for the Draping, applying to all layers with a -x direc-
tion (Figure 33). A Python Script shown in Figure 34  also been created and added on 
the Task manager in order to be executed repeatedly, draping only the modified layers 
that their orientation or thickness changed. However, the main airfoil consisted of both 
woven and unidirectional layers, so the Drape process has to be done separately with 
Sliding Algorithm for Unidirectional layers and Fishnet for Woven layers which is also 
handelded by the Script. The result of the Drape process for two layers after the execution 
of the script is shown in Figure 35. 
 
 

Figure 33: Rosettes used 
for Draping tool 

 
 
 
 
 
 
 
 

Figure 34: Drape Script 
used to automatically 
Drape layers at each op-
timization iteration 

 
 
 
 
 
 
 

Figure 35: Example of a 
Draped Woven Layer af-
ter the execution of the 
Script 
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Figure 36: Example of a 
Draped Unidirectional Layer 
after the execution of the 
Script 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

5.3. Definition of Composite Materials Properties 

 
  In order to set up the FEA model properly the correct definition of the Composite ma-
terials properties is necessary. Kevlar material is used for the outer skin layers of the wing, 
because of its braid which holds the whole structure and protects the tires during a crash. 
So, the skin layer is a woven layer with 0°/90° orientation and a thickness of 0.4mm and 
doesn’t participate in the optimization process because it is used only for manufacturing 
purposes. The skin layers that covered the whole surface of the wing on the interior are de-
fined as high modulus carbon fibers with fabric properties at 0°/90°. The rest of the interior 
layers which cover only specific regions of the wing are also defined as high modulus car-
bon fibers, but with Unidirectional properties because with slight changes of their orienta-
tion they could greatly decrease composite stresses. Finally, the nosecone has a total of 
13 layers with a single layer of Nomex Honeycomb as core in the middle but it is also ex-
cluded from the optimization process. On the ANSA model these mechanical properties 
are inserted on MAT8 tables for each composite material. 

 
 
 

Table 6: MAT8 table of High 
Modulus Carbon Fiber(Fabric) 
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Table 7: MAT8 table of 
High Modulus Carbon 
Fiber(Unidirectional) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Table 8: MAT8 table of 
Nomex Honeycomb 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Table 9: MAT8 table of Kev-
lar 49 
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5.4. Task Manager Setup  

 
In order for the optimization process to begin the FEA model must be compatible with 
modeFRONTIER. A user Optimization Task is settled on the Task manager with an output 
DV_file including all the design variables with their min and max values, a Session Com-
mand with Deck Info for the total mass of the wing which is also the target variable of the 
optimization and the .edb output file for the EPILYSIS solver. Layer thickness and orienta-
tion are considered as design variables of the Optimization Task with angles between 45° 
and -90° and a step value of 15°. The initial thickness for each layer of the 61 layers is set-
tled as 1.4 mm which is obviously an unrealistic scenario, but considering a step value of 
0.2mm which is the manufacturing thickness of a composite layer, the optimized model 
could result in a total layer thickness multiple of 0.2 which could be separated later to an 
integer number of layers with 0.2mm thickness. 
 

 
Table 10: Task Manager for the 
modeFRONTIER Optimization 

 
 
 
 
 
 
 
 
 
 
 

Table 11: Design variable Table 
for Layer thickness 

 
 
 
 
 
 
 
 
 
 
 
 

Table 12: Design variable Table 
for Layer Orientation 
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5.5. Definition of the Constrains  

 
Lastly the constrains for the Optimizer have to be defined. By solving the initial Composite 
model with EPILISYS and importing results to mETA post-Processor the two constrains 
for each Subcase_1 and Subcase_2 can be easily defined. As already mentioned the 
constrain for Subcase_1 is the total Displacement of the wing’s lowest point not to be 
greater than 10mm and is defined by creating an Annotation with max Element Scalar 
value picking the lowest element at the lowest edge of the wing (Figure 37). The aim on 
Subcase_2 is the reduction of the composite stresses, so based on the Tsai-Wu criterion 
which says that if the minimum Reserve Factor of all layers is lower than 1 then failure oc-
curs and by using a safety factor of 3 the constrain is defined as the minimum Reserve 
Factor of all Layers being greater than 3. Again, after the visualization of the minimum 
Reserve Factor of all layers, an Annotation is created for all the visible elements, except 
the nosecone’s (Figure 38). Finally, a Respones.ses output file is created in mETA con-
taining all the constrains and later imported to modeFRONTIER. 

 
 
 
 

Figure 37: Displace-
ment constrain for Sub-

case_1 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 38: Minimum 
Tsai-Wu Reserve Fac-
tor constrain for Sub-
case_1 
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5.6.  ModeFRONTIER Setup 

 
  Using modeFRONTIER an iterative process is settled aiming to the reduction of the 

wing’s weight while minimizing at the same time the total Displacement and keeping the 
minimum Reserve Factor of all layers above 3. To do so, a procedure chart is used, 
connecting actually ANSA, EPILYSIS, mETA and the optimizer together, creating essen-
tially a complete Optimization process. At each iteration, the design variables layer 
thickness and orientation are changing based on their step values creating a new ANSA 
model which is later being solved with EPILYSIS until the results on mETA be compati-
ble with the constrains and the mass reach its minimum feasible value. The Multi Objec-
tive Genetic Algorithm (MOGA-II) designed for fast Pareto convergence selected while it 
uses directional crossover operator for fast convergence and elitism to ensure that the 
best solutions are preserved during the evolution. The optimization has been done using 
an i7 Desktop Computer with a RAM memory of 128GB and the CPU time needed is 

about 7 days. 

 
 

 
Table 13: Displace-
ment constrain as set-
tled in modeFRON-
TIER 

 
 
 
 
 
 
 

Table 14: Minimum Re-
serve Factor constrain as 
settled in modeFRONTIER 

Figure 39: Optimization Procedure diagram settled in modeFRONTIER 
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5.7. Optimization Steps & Resutls 

 
  Due to the large number of the design variables the Optimization process is separated in 
4 basic steps in order to minimize total time required and better control the convergence 
of the algorithm. On the first step the initial model of the 61 layers with 1.4mm thickness 
each and total mass of 16.965kg is optimized by changing at the same time both its layer 
thickness and orientation, resulting in a model with a total mass of 11.845kg. The total 
number of layers is still 61 but the thickness of each layer is now a multiple of 0.2 which 
can easily be divided in an integer number of layers with 0.2mm thickness each. After the 
separation of the 61 layers a model of 314 layers occured, however many of the new lay-
ers that earlier belonged to the same layer, they now have the same orientation which is 
the main reason that the Displacement doesn't reach below the 10mm constrain on the 1st 
Step. The next three steps have to do with the optimization of each part of the wing one 
by one until the total mass reach a satisfactory low value and complying with all con-
strains. 

  

Figure 40: Initial batch of 61 layers splitted to 314 layes of 0.2mm Thickness each 
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     After splitting the 61 initial batches of layers the number of the design variables is 
628 (314 for orientation & 314 for thickness) so, these three steps have to be further sep-
arated in three sub-steps starting with an orientation optimization, followed by a thickness 
optimization and then again by an orientation optimization. After the execution of all these 
steps a final model of 207 occured with a total mass of 8.221kg, a total Displacement of 
9.956mm and a Reserve Factor of 3.017. The only reason that the Optimization is chosen 
to be treated this way is to further restrict the infinite combinations of solutions and fit it in 
a feasible time period because due to the enormous number of the design variables if the 
Optimization is done at once for all the parts with both thickness and orientation changing, 
it may require even more time to reach an optimized solution. However, for models with 
less number of layers or if more CPU power is available and by using a more accurate op-
timizing algorithm which treats the whole process differently, the user may choose to 
make a direct approach of the optimization process combining all steps in one. 

 
 

 

 

 

 1st Step 

2nd Step 

3rd Step 

4th Step 

Table 15: Optimization Process results after each step 
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Chart 2: Mass variation 
during the Optimization 
process 

 
 
 
 
 
 
 
 
 

 
 
 
 

Chart 3: Step to step 
Reserve Factor variation 
until to be compatible 
with Tsai-Wu criterion 
and safety factor 3 

 
 
 
 
 
 
 
 
 
 
 
 
 

Chart 4: Step to step 
Displacement variation 
until FIAs 10mm Rule 
confirmed 
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6. RESULT ANALYSIS 
 

6.1.  Models Comparison 
 

    After the successful completion of the Optimization process an extensive analysis of 
the final results has to be done. In order to estimate the accuracy of the results and em-
phasize the overall benefits gained from this optimization process a comparison between 
the optimized model and an initial simple layer model has to be made. The simple model 
for comparison shown in Figure 41 has been created by using whole layers covering all 
the surfaces of the wing, with the same material properties that are used in the optimized 
model. The total number of layers used in order to satisfy the same constrains is 41, with 
a thickness of 0.2mm each and a typical orientation (based on composites theory) of 
0°/45°/0°/-45°/90° which resulted in a total mass of 12.117kg. The total Displacement of 
this model is 9.983mm (Figure 42), while the minimum Reserve Factor of all Layers is 
3.757 (Figure 43).   

 
 
 

Figure 41:  Initial wing 
model, with 41 layers cov-
ering on all the surfaces 
and 12.117kg of mass 

 
 
 
 
 
 
 
 
 

Figure 42: Total Displace-
ment of the simple model is 
9.83mm 

 
 
 
 
 
 
 
 
 

Figure 43: Minimum Re-
serve Factor of all layers 
for the simple model is 
3.757 
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    At the end of the 4th step of the Optimization the optimized wing model shown in 
Figure 44 is produced. This model consists of 209 layers in total with 0.2mm layer thick-
ness each and a total estimated mass of 8.471kg. Although the mass of the wing is re-
duced by 30% comparing with the initial model, the total Displacement is 9.961mm (Fig-
ure 45), being still compatible with FIAs rules while the minimum Reserve Factor of all 
Layers is 3.245 (Figure 46), marginally greater than the safety factor 3 that is settled as 
constrain. 

 
 
 

Figure 44: Final optimized 
wing model, with 209 layers 
and 8.471kg of mass 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 45: Total Displace-
ment of the optimized wing 
is 9.961mm 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 46: Minimum Re-
serve Factor of all layers 
for the optimized model is 
3.245 
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6.2. Weight & Cost Analysis 

 

 

 
 
 
 

 
 

 

Chart 5: The optimized wing occured about 3.65kg lighter than the initial wing, achieving a mass decreased up to 30% 

Chart 6: Considering that the material cost of High-Modulus Carbon Fibers is about 1980$/kg, the cost of the optimized wing is 
7,220$ less than the initial wing’s (30% reduction) 
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6.3. Total Process Time 

 
 

 
 
 
 
 
 
  

Chart 7: Total CPU time (in hours) required for the completion of each process of the Optimization. By 
using precise algorithms specializing in composite optimization and with more CPU power available the 

composite optimization time can be significantly reduced 
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