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Abstract: In the aerospace industry, thin-layer composites are increasingly used for load-bearing
structures. When designing such composite structures, particular attention must be paid to the de-
velopment of an appropriate geometric form of the structure to increase the structure’s load capacity
and reduce the possibility of a loss of stability and harmful aeroelastic phenomena. For this reason,
the use of knowledge-based engineering support methods is complicated. Software was developed
to propose and quickly evaluate a thin-layer load-bearing structure using generative modeling
methods to facilitate development of the initial concept of an aerospace load-bearing structure. Fi-
nite Element Method (FEM) analysis verifies and improves such structures. The most important
contributions of the paper are a methodology for automating the design of ultralight and highly
flexible aircraft structures with the use of generative modelling, proposing and verifying the form
of generative models for selected fragments of the structure, especially wings, and integration of
the use of generative models for iterative improvement of structures using low- and middle-fidelity
methods of numerical verification.

Keywords: HALE UAV; generative modelling; thin-layer composite structure

1. Introduction

Composite materials are increasingly used in ultralight aerospace designs. Compo-
site load-bearing structures allow design and manufacture unmanned aerial vehicles
(UAVs) that weigh no more than a dozen kilograms and have wingspans exceeding 20 m.
The strength of the composite materials is no longer a noticeable barrier. High-strength
composite materials that significantly reduce weight are already widely available. How-
ever, other problems have not been solved so far. One of the most important is related to
the loss of stability [1,2], which is the primary criterion for shaping such design structure.
Among the other problems are the use of technologies to produce large-size structures
from materials with thicknesses much less than 1 mm, and the challenge of designing
large-size structures with extremely thin walls [3]. Forming a highly flexible structure,
especially in aviation operating conditions—i.e., significant changes in geometry under
varying load conditions—and aeroelastic phenomena associated with the operation of
such an arrangement are issues that must be considered [4]. Structural shaping to meet
the abovementioned requirements is becoming a fundamental issue. It is essential to ana-
lyze the spectrum of possible solutions at the concept and preliminary design stages in
such conditions [5-9].

Time-consuming analyses and geometric modelling of structures make this process
ineffective. Therefore, in such a particular case, using highly flexible thin-walled aircraft
designs, knowledge-based engineering methods, and specific generative modelling was
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proposed [10,11]. This should allow the rapid generation of solutions and automate the
support structure’s modelling process based on simplified design criteria.

The generative model’s operation is combined with a set of simplified verification
methods based on Finite Element Method (FEM) used for a simplified structure model
based on integrated load states. This method allows one to quickly evaluate individual
solutions and choose a solution for further optimization analysis, which is carried out in
the following design stages [10,11].

To solve the problem mentioned in the introduction, the authors propose a design
methodology based on the use of the generative modelling technique, and the principles
of forming highly flexible aircraft structures and thin-film composites with special atten-
tion focused on the FEM validation of the preliminary geometry [12,13].

The background of these issues is presented in Section 2 (state of the art) and the
methodology proposed by the authors is described in Section 3 —developed methodology.
For the methodology verification, the example of a HALE UAYV built by the authors was
used, and verification details are presented in Section 4—use case. The article ends with
conclusions and an assessment of the effectiveness of the methodology used.

2. State of the Art

In the design processes, strictly defined or even standardized activities are used, in-
cluding the design of repeatable parts of the structure. A common practice is to make
extensive use of these opportunities through Design Reuse (DR). Computer Aided Design
(CAD) techniques make use of specific model solutions (CAD models) along with the
principles of determining their features, which make the design process much easier [14].

The idea of using DR in the CAD systems environment gives rise to new possibilities,
from simple parameterization to complex Generative Models (GMs). These methods can
be applied to small parts, elements, and entire components, and products [10]. Such auto-
mation of constructing a geometric model in the CAD environment is also called Geome-
try-Based Design Automation (GBDA). It is not the only form of automation of the design
process. Still, it stands out due to the widespread use of CAD systems in the engineering,
automotive, aviation industries, etc. In individual CAD systems, tool-based forms of geo-
metric modelling are quite different. These range from programming and scripting tech-
niques, through extensive construction of various template complexity levels (high-level
CAD templates), allowing for the integration of multiple forms of knowledge into the ge-
ometric model.

Automation itself accelerates the design process at some stage—e.g., it allows for
faster generation of geometry and leads to the designer being able to study a much larger
space of possible solutions simultaneously [1]. Such automation opens the way to inte-
grating geometric modelling into optimization processes and, with complex multidisci-
plinary problems, to Multidisciplinary Design Optimization (MDO). However, it should
be remembered that there is no definite methodology for the automation of design pro-
cesses. It is also impossible to answer which of these works can be automated and with
what techniques. This applies to the application of knowledge-based engineering meth-
ods. The proposed solutions are good practices rather than principles [15].

In a multidisciplinary approach, the geometric model plays a strategic role. So, it is
possible to implement the MDO approach [16]:

(a) without considering the geometric model (Figure 1);

(b) with a geometric model implemented for visualization of results (Figure 2);

(c) with a simplified geometric model in the form of the parametric grid used for opti-
mization analyses (Figure 2);

(d) with a detailed geometric model used in the optimization loop (Figure 2).
In both approaches, a and b, neither the geometric model nor the data that are used

in the optimization process are saved in the form of a geometric model. There is no need
to make such a model for the calculations themselves, which significantly speeds up the
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optimization loop time and reduces the labor and computational demand. The aforemen-
tioned approaches are used when such a model, by definition, is not needed in methods
that use mathematical models of phenomena or semiempirical or statistical methods. If
the model is built based on the geometric data used for the calculations, it is used by ex-
perts for visualization and comparative purposes only, which helps to interpret the re-
sults.

Analysis 1

Results

NO

Mathematical
model

Analysis 2

Design
Explorer &
Optimizer

Are the results satisfying?

sTOP

Figure 1. Multidisciplinary Design Optimization (MDO) framework without geometric model in
the loop.
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generator modeler
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Input data Results

Cmodel
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Design
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Optimizer

Are the results satisfying?

Figure 2. MDO framework with geometric model in the loop.

In the second group of the optimization approaches (c, d), we deal with a geometric
model in the calculation process. The geometry used for calculations is taken from the
model, or the geometry data used in the calculations are visualized through the visualiza-
tion interface. Typically, these methods are used when some form of geometric structure
model is required —e.g., the finite element method (FEM) or Vortex Lattice Method (VLM)
or any calculation method using geometry input [11]. Depending on the calculation
method and the form of the model used, the form of the model itself may be simplified or
integrated into a complex CAD model. In both the first and second forms, generative mod-
els can be used to assist in the generation of geometry.

Especially for the latter and multidisciplinary problems, the optimization computa-
tion models can differ significantly from each other. Two types of Simultaneous Analysis
and Design (SAND) and Nested Analysis and Design (NAND) models stand out from the
several different possible configurations of multidisciplinary computation. With a SAND
configuration, the disciplinary optimizer simultaneously determines the value of both de-
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- size
- form
- costs
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requirements:

sign and state variables at a disciplinary level. In contrast, in the case of a NAND frame-
work, the optimizer only determines the design variables, with state variables needing to
be calculated at each iteration [17].

Automation of the design process in aviation applications and the application to the
supporting structures of flying objects are the subject of intensive research. This is not only
because of:

(1) The need to organize the design process, increase its efficiency and record, and inte-
grate knowledge and experience resources from other sources and previous projects.

(2) Integration of these automation procedures in more extensive structural improve-
ment and optimization procedures considering structural analysis—Computational
Structural Mechanics (CSM). In terms of this approach, there are three main areas of
application of the above type of analysis. The most characteristic examples include
the consideration of topology optimization, the use of composite materials, and the
definition of the structural layout.

(3) Integration of load-bearing structure automation procedures in more extensive meth-
ods for improving and optimizing structures also considers other fields [6]. In terms
of this approach, such relationships are most often investigated in aeroelastic analy-
sis, aircraft performance, and costs or market demands.

Such integrated approaches are also called MDO (multidisciplinary design optimiza-
tion) [7,16,18], Model-Based Design (MBD) [8,19], Model-Based Optimization (MBO) [20].

Usually, CSM methods are used as high-fidelity models in the detailed design phase
and sometimes also as medium-fidelity models in the preliminary design stage on the
simplified geometry. Although, in the conceptual design phase there is often a need to
obtain alternative concepts load-bearing structures. On the other hand, relying on simpli-
fied geometry encounters a severe problem precisely because of the large amount of work
involved in generating alternative concepts of support structures, which often exceed the
time required for numerical analyses and their interpretation. Such a bottleneck is usually
eliminated using methods of automating the process of generating a geometric model. It
is necessary to use a model with a high degree of detail, considering the aspect of manu-
facturing technology, design dependencies, the engineering correctness of the model, and
structural consistency. Generative modeling yields good results [10].

Generative modelling (GM) is one of the most popular knowledge-based engineering
techniques used in the design field [8,15,21]. The main idea behind GM is to elaborate the
CAD model, which will automatically, or at least semiautomatically, generate the model’s
geometry based on the design requirements and integrated knowledge [9,15,22]. The gen-
eral schema of GM functioning is presented in Figure 3.

element’s structure
design process
rules

design features
Relations

etc.

CAD model
design and production

GENERATIVE

MODEL documentation

etc.

OUTPUT

Figure 3. The general schema of the GM functioning [10,15,22].
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The essential advantage of using the GM, which is one of knowledge-based engineer-
ing (KBE) methods of design automation, is the possibility to reduce the time a designer
spends on some routine design tasks and put more effort into creative parts of the project,
as presented in Figure 4 [15,22,23]. Thanks to this, it is possible to develop a new approach
to some problems, which may be better and more efficient than those currently used. On
the other side of the coin, development of the GM is time-consuming and usually requires
the assistance of an expert in the field [15,21]. Moreover, the number of knowledge engi-
neers who are essential during knowledge acquisition and structuralizing is limited
[15,19,23]. However, the effort put into the GM development may bring more benefits in
the long-term perspective, especially in the number of projects that can be realized in a
shorter time and with less effort, as presented in Figure 4 [9,15,23].

110

80% %

—@—Traditional design cycle

—8— KBE design cycle

'
'
tasks. '
v

H
Routine taks H
|

Increased time for creative tasks Saved time

Number of design

Time (expressed in traditional design cycle)

Minimized time for routine tasks

Figure 4. Benefits of the knowledge-based engineering (KBE) approach [10]. Copyright 2007 Elsevier.

3. Developed Methodology

The principal authors’ purpose is to simplify the conceptual stage of the aircraft de-
sign as much as possible by using generative modelling techniques combined with FEM
analysis. The result of these actions is the systematic approach presented in Figure 5 in a
simple schema. Because the design process based on the GMs is slightly different from the
traditional design method, the authors tried to adapt the generation procedure to specific
requirements of the FEM validation.
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Figure 5. The general schema of the developed methodology.

At different stages of the project development, different approaches to defining ma-
terial data were used. In the initial stages, the isotropic material model was used, and in
the next stages the anisotropic model was used for composite materials. The latter was
based on general manufacturer data in the initial stages and then the tests performed on
samples with a given structure.

3.1. CAD Model Development

As we can see in the schema in Figure 5, the first stage of the process was the gener-
ation of the load-bearing structure’s primary geometry. In this process, the series of the
GMs were in use. Each component, such as a spar, a rib or a stringer, was designed indi-
vidually with its own set of parameters.

The only common thing that connects all components is the geometrical input in the
form of airfoil curves for the next sections of the wing. In the proposed approach, each
section of a wing is designed independently, and as a section, we mean a part of a wing
which contains the same type of an airfoil profile. Using the shared geometrical data
makes any change in the geometrical input forces automatically rebuild all related ele-
ments without user attention.

The same approach was used in the stage of further development of the models. If
the FEM validation results were satisfying, the user could add additional features related
to the manufacturing method or specific requirements of the used material or technology.

In the presented approach, the GMs for additional features use existing geometry,
from the previous stage of the design process, as the geometrical input. That creates a
hierarchical feedback loop that forces automatically rebuilding all related elements—i.e.,
change of the airfoil causes revamp of the spar. Changes in the spar make changes in the
spar features. The sequence of changes in this hierarchy is shown in Figure 6.
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CONCEPTUAL DESIGN

Input geometry

The direction of the

Basic geometry
automatic rebuild

Additional features

PRELIMINARY DESIGN

Figure 6. The hierarchical order of automatic rebuilding.

In the GM elaboration process it is essential to decompose the design object into
smaller and simpler objects to generate. The authors prepared a series of hierarchical dia-
grams where all features were extracted and described by parameters, required geomet-
rical inputs, rules, etc. In Figure 7, the main idea of the decomposition process is pre-

sented.
R
Design object
-
l A v
)
‘ Part A ‘ Part B ‘ Partn
A 4 A 4 l ‘V
‘ Feature A ’ ‘ Feature B Feature C Featuren ’
A 4 A 4 A 4
L Parameter A ‘ Parameter n Input A Rule A
. AN J AN J
v A 4 \ 4 2 v
L Parameter A Parameter n Rule A ‘ Input A J ‘ Design Table A
\ J N J

Figure 7. The idea of the decomposition process.

For all stages of model development, the numerical validation procedure was the
same. The basic idea of the numerical validation process is presented in Figure 8. The
proposed methodology is based on three standard stages: (1) preprocessing, where we
worked with a CAD model to obtain the numerical representation of the validated model;
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(2) computation, which in our case consists of three stages: frequencies analysis, structural
analysis, and buckling analysis; (3) postprocessing, where a user can decide if the model
fulfils all required assumption or need some changes and to be revalidated based on the
results.

At different stages of the project development, a different approach was used to de-
fine material data. In the conceptual design, a very simplified approach is usually used —
the material is defined as isotropic for analytical calculations and the calculations are to
indicate the expected shape and cross-sections of the supporting structures. If FEM veri-
fication calculations are carried out at this stage, then simplified models and material data
are also defined in this way. Material data were selected depending on the intended target
material and many different options were explored. In preliminary design for composite
elements, the preliminary internal structure of the reinforcement was selected and the ma-
terial data were determined based on the general material data for the reinforcement class.
Only in the next stages, and in particular during the production of the prototype, were
samples made to fully identify the material data of the given composite structures; only
such data give accurate results. Each subsequent stage of approximation brings the results
closer to those expected in reality.

Model
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Initial CAD model MESH modification Computation
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1

1
' 1
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' 1
' 1
' 1
1 1
' 1
' 1
' 1
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definition
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FEM MODEL

Figure 8. The methodology of the Finite Element Method (FEM) validation.

3.2. Numerical Model Preparation

The basis of Finite Element Analysis(FEA) analysis is the CAD model, and depending
on the design stage, the model has different levels of detail. So, it was necessary to elabo-
rate a process after which the input geometry for analysis will mostly be the same. This
issue forced the authors to add additional steps that proceed with the central part of the
study.

To unify the input geometry, the authors decided that the CAD model must be ade-
quately prepared in the preprocessing stage. This preparation includes:

e geometry simplification;

e removing all unnecessary chamfers and filets as well as holes that will be smaller
than the mesh size;

e removing all unrelated components such as fasteners, additional equipment, etc.
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After the simplification process, the model must be divided into segments that cor-
respond to the composite structure. An example of the simplification and segmentation
process is shown in Figure 9.

Figure 9. An example of the simplification and segmentation process. On the left is the model be-
fore the process, and the right is the model after the process.

In the segmentation process, each composite structure acquires a unique color code,
which allows to quickly interpret the model material structure and define the material
properties in the future steps of the analysis. The final phase of the geometry preparation
is the extraction of the mid-surface for each component. This process provides the con-
sistency geometry input for the loads and constraints definition in the later stages.

In general, composite structures can be calculated using a few different approaches.
In the basic strategy, the layer modelling technique is used, that using 2D or 3D finite
elements, is dominant. In the presented method, the authors decided to use only 2D shell
elements. This decision is since in thin-layer composites, the thickness is the smallest di-
mension, and the ratio to the other dimensions is quite large.

The next step in the numerical model preparation process is a simplification of con-
tact areas, especially where ribs or other elements are joined to outer structures. In case
for a perpendicular connection, the authors reduced the connection to a single component
which contains layers of both base laminate and rib laminate. An example of the contact
area simplification is presented in Figure 10.

Rib’s hem B
Rib’s hem A +
+ Laminat B
Laminat A
~ /

Rib’s hem A Rib’s hem B
+ +
Laminat A Laminat A Laminat B Laminat B
Rib

Figure 10. Example of connection reduction.

In case of a parallel connection, simple nods joining is enough and there is no need
to create a new component, as in the case of perpendicular connections. After this stage,
the discrete model was ready to apply loads and constraints.
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3.3. Loads and Constraints Definition

Additionally, to unify the load application process, all forces and momentums were
applied to the center of mass, laying on the cord line. Additionally, to discretize the con-
tinuous load, the authors decided to use loads in selected points —mostly the joints where
ribs connect with a spar. The idea behind the load application is presented in Figure 11.
The values of such distributed loads are calculated from the aerodynamic forces and mass
loads, based on different flight scenarios.

Forces and momentums
form aerodynamic and
mass loads

Figure 11. Loads and reactions in the wing section.

3.4. Computation

After the definition of the numerical model, the analysis can be computed. In the
authors” approach, computation was realized in three stages. In the first stage, the first 50
natural frequencies were calculated. Knowledge about these frequencies is vital during
the aeroelastic validation of the project. In this stage, the model was computed for both
no constraints and with constraints applied.

In the second stage of the computation process, the standard structural analysis was
performed. Based on the results of this stage, it was possible to evaluate the overall de-
signed structure and detect areas where some problems were expected.

The last computation stage was devoted to performing buckling analysis. This type
of research allows the verification of the stiffness of components and finds some poten-
tially problematic elements.

Based on these results, the user can decide if the project needs to be redesign, what
require only some parameters values change, thanks to the generative modelling, or to
approve the project for the next stage of the designing/manufacturing process.

In the next part of the paper, the authors present how the presented methodology
can be used in the use case of unique aircraft design.

4. Use Case

In this part of the paper, the authors present how the developed methodology can be
applied in the real case—TWIN STRATOS UAV. TWIN STRATOS is part of the UAV fam-
ily and was developed as part of the LEADER project implemented by an international
consortium consisting of SkyTech eLab LLC, Silesian University of Technology, Universi-
ties of Warsaw, and Norwegian Research Center. The section presents a short description
of the TWIN STRATOS UAYV and further steps that have been made during the design
and validation process.

The TWIN STRATOS project is a stratospheric unmanned aerial vehicle (UAV) fam-
ily project designed for high atmospheric and stratospheric measurements of air pollution.
The form of designed UAV family member is shown in Figure 12. The wingspan is 24 m
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with a 30 kg total payload. Thanks to the use of an electrical drive system and photovoltaic
panels, the flight duration, in theory, is unlimited.

Figure 12. Visualization of the STRATOS unmanned aerial vehicle (UAV).

4.1. Strain, Stresses and Buckling Analysis
4.1.1. CAD Model Elaboration

Based on the project assumption, in the first step, the geometry of the UAV was de-
signed. In this process, some load-bearing elements, i.e., spars, ribs, stinger, were intended
as part of the generative model. To make this possible, the authors prepared a series of
generative models for individual component types. Each model contained geometrical in-
formation about different designed elements’ shape types, control rules, parameters, etc.
As a main geometrical input, airfoil curve was used. This geometrical input was used be-
cause it is relatively easy to extract this type of curve along the wing. In the case of a
fuselage as the geometrical input, a cross-section profile was used. Using the generative
modelling technique allows quick changes to be made in the basic load-bearing structure
if it is necessary, which makes the whole process of conceptual design much more com-
fortable and faster in comparison to the traditional design process. The prepared CAD
model for numerical validation is presented in Figure 13.
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2.75m

= 25m

Figure 13. The CAD model prepared for the FEA analysis.

4.1.2. Numerical Model Preparation

After geometry development, the phase of the numerical validation of the project
must be performed. As presented in the previous section, the delivered CAD geometry
must be processed to be usable for the study. In Figure 14, general and detailed images
presenting the TWIN STRATOS after the simplification and discretization process are
shown. As can be seen, different components have different colors that correspond to the
other composite structure, and which are related to the different material and structural
properties. All preparation was related to the numerical model, the computation process,
and the postprocessing of the results was conducted in Altair HyperWorks software.
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Figure 14. The simplified and discrete model of the STRATOS.

4.1.3. Material Properties

In Table 1, material properties that were used in the study definition are presented.
For following approach for the calculations, general material data based on manufactur-
ers’ data were adopted.
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Table 1. Anisotropic material properties used in the study definition.
Property Carbon Fiber Composite Honeycomb Expanded Core

Ex 110,000 1700

Elastic modulus, MPa Eo 8500 1700

Ec. - 576

Goy 4000 110

Shear modulus, MPa Goyz - 646

Goxz - 2500
Allowable compressive Xe 900 -
stress, MPa Y 170 -
Allowable tensile stress, MPa X 1500 ’
Yt 58 -
Allowable shear stress, MPa S 80 -

Density kg/m3 1700 915

4.1.4. Loads and Constraints Definition

Preliminary calculations of loads were made due to the similarity with the use of
software supporting glider analysis. Unfortunately, the analysis did not allow modelling
the case of a double-hulled aircraft due to the different nature of the application. The bet-
ter weight distribution of the two-hull system ensures that the actual loads will be lower.
Load calculations were made for successive heights, flight speeds, angles of attack and
flight conditions. In the final stage, a load envelope was developed for the subsequent
sections of the wing. The envelope covered the maximum loads recorded in each section,
although in adjacent sections they occurred in other flight conditions. In most cases, the
maximum loads occur in flight at maximum flight altitudes with high speeds and gusts.
Such an envelope was used in the preliminary strength calculations. At the next stages,
the calculations were made based on proprietary software, considering the weight distri-
bution system of the two-hull aircraft, and then using the XFLR5 system.

According to the presented method of load application, the authors applied properly
calculated loads as well as constraints. An example of applied restraints added to fuselage
mounting rings is presented in Figure 15.

Figure 15. An example of applied restraints.
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4.1.5. Obtained Results

The prepared model was used to perform the computation procedure. In the first
step, natural frequencies were calculated for both no constraints and with constraints. An
example of the commutated natural frequency is shown in Figure 16. In the process, the
first 50 frequencies were calculated for further aeroelastic analysis.

1:Model
Subcase 6 (MODAL_FREE) : Mode 1 - F = 2.138410E+00 : Frame 25

Figure 16. The first calculated natural frequency.

In the second step, standard structural analysis was performed. In this case, two anal-
yses were conducted, the first one for the positive loads” envelope, and the second for the
negative loads’ envelope. As a result of this stage of the study, we obtained colored stress
and displacement maps. Examples of the obtained results are presented in Figures 17 and
18.

r1
subcase 2 (dodatnie_SPC_centralne) : Static Analysis : Frame &

Figure 17. Global stress plot.
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Figure 18. Global displacement plot.

The last part of the computation process is buckling analysis used for stiffens and
stability evaluation. An example of the result of this analysis is presented in Figure 19.

Subcass 9 (Buckiing SPC_centraine o

3335801
2223801

Figure 19. Example of stability lose in the central part of the UAV.

Based on the performed computations, it was possible to avoid some potential issues
in the design. For example, the buckling analysis showed the area that needed to be re-
vamped, because it is possible that in this area the UAV may lose stability and cause a
crash. To address this issue, the authors, using generative modelling for honeycomb struc-
tures, changed the thickness to find out the proper value to fulfil the project’s assump-
tions. In this case, the authors used the generative model as a tool to making models of
the structure with different thickness. In the tests, the thickness of the filling layer of the
sandwich structure was increased without changing the form of the filling. The study was
intended to increase the viewer on the loss of stability in compressed structures. Finally,
it finds out that in particularly endangered places 10 mm structure is an optimal value.
The summary of the most important obtained results is presented in Table 2.

Table 2. Summary of the use case results.

Parameter Value Unit
Max von Mises stress 1.197 x 103 MPa
Max displacement 4118 x 10° mm
1st mode 2.1984 Hz
10th mode 11.817 Hz
50th mode 47.078 Hz
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4.2. Aeroelastic Analysis with Flutter Verification

The mid-fidelity tool ASWING was used to model aircraft aeroelasticity [24,25]
ASWING couples interconnected nonlinear (specifically, Bernoulli-Euler) beam models
with a general extended lifting line approach. The ASWING software enables the calcula-
tion of aircraft deflections, axial strains and shear stresses, aircraft aerodynamic proper-
ties, and aircraft stability derivatives and eigenvalues based on input data, including ge-
ometric, structural, and aerodynamic parameters airfoil sections along the aircraft wing
and other surfaces. During analysis, aircraft stability derivatives and eigenvalues were
used because the different outputs were identified using other methods. The model used
as the input to ASWING was calculated to form the parametric CAD model (Figure 20);
material data assumed for analysis and load distribution were identified using XFLR5
[26]. The data were integrated into excel file and subsequently transferred to a proper
format which was used as the input to ASWING (Figure 21).

Figure 20. Geometric model used for ASWING analysis.

CAD
software

Shape data

Aerodynamic Data
d = -
ata export

:

Material data

Figure 21. Data processing sequence for aeroelastic analysis using ASWING.

The flutter speed and actual flutter frequency are indicated by one of the eigenvalues
crossing over from left to right of the imaginary axis. Flight-dynamic instabilities (e.g.,
spiral mode) will also have eigenvalues on the right side of the imaginary axis, but these
will typically be at a near-zero frequency and will have completely different eigenmodes.
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The results of the initial analyses indicated the risk of flutter at a speed of 20 m/s,
(Figure 22), which is a speed exceeding the operating speed. A sensitivity analysis was
performed during the flutter analysis. The influence of the position of the wing mass was
investigated. The first simplified analysis assumed that the solar panels are positioned
proportionally to the wing area. The model was then refined by adding mass points sym-
bolizing solar panels at a distance of 0.4 of the wing chord from the leading edge. In the
last iteration of calculations, the influence of shifting the mass of solar panels by 80 (mm)
towards the leading edge was investigated. Sensitivity analysis showed the possibility of
turning the critical flutter velocity in these cases to 25 and 35 m/s, respectively.
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Figure 22. Eigenvalues of TWIN STRATOS UAV.

4.3. Comparative Analysis of Morphic Control

During the study, the main problem that should be solved is the considered design’s
aerodynamic performance. The airplane structure was reconstructed in XFLR5 software,
as shown in Figure 23. The tests were similar to the aeroelasticity analyses (Figure 21) and
carried out for various configurations of control systems [27].

The main aircraft wing was divided into several sections with differing chords and
dihedrals. Different versions of roll control elements were taken into account. The follow-
ing analysis compared three control options —classical with ailerons, tail control, wingtip
twist morphing (Figure 24).
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Figure 23. TWIN STRATOS UAV model in XFLR5 software.
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Figure 24. TWIN STRATOS UAV comparative analysis of roll operation for different steering ar-

rangements. From above: ailerons, tail compliant trailing edge, wingtip twist morphing.
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Figure 24 shows the distribution of the lifting force coefficient (Cl) in the given wing
section as a function of the main wingspan and the tail wingspan measured from the sym-
metry plane for the roll operation for different angle of attack (ACA) (0°; 5,5°%; 10°).

The computational simulation results confirmed the legitimacy of applying innova-
tive solutions, both integrated in the tail and morphic wingtips. In both cases, the new
control configurations became even 10% more efficient in the entire range of attack angles
[27].

5. Conclusions

The design process is iterative, and the number of approximations in the case of a
complex UAV object can be significant. Nowadays, CAD systems are commonly used to
model the geometric form. In each of these approximations, it is necessary to generate a
new geometric model, which is laborious and may lead to errors and inconsistencies. Au-
tomating the generation of a geometric model in the CAD system using generative mod-
elling can significantly accelerate this process. Such generative models can be used both
in the case of iterative improvement of the structure by designers and the application of
optimization algorithms. The article describes improving a very unusual HALE UAV
structure, where subsequent analyses are usually preceded by a labor-intensive rebuild-
ing of the geometric model. Such an operation can be supported by using a generative
model in the form of structured modules that enable structural modifications which are
not understood in most low-fidelity verification methods of a parametric mesh but are in
a multielement engineering model in the CAD system. The proposed solution does not
eliminate the methods and models mentioned above—it perfectly complements them, as
it allows for remodeling of a complex engineering structure and several engineering ver-
ifications that go far beyond general verification methods. In this way, the FEM analysis
is performed not only on the general support structure but also on a highly verified de-
sign, including technological, assembly and general engineering relations.

The most important contributions of the paper are:

e A methodology for automating the design of ultralight and highly flexible aircraft
structures with the use of generative modeling,.

e  Proposing and verifying the form of generative models for selected fragments of the
structure, especially wings.

e Integration of the use of generative models for iterative improvement of structures
using low- and middle-fidelity methods of numerical verification.

In future works, it is necessary to improve the design processes with the use of gen-
erative modelling, and in particular for further automation and integration with numeri-
cal verification methods and tools. Work will be carried out to extend the range of gener-
ative models to include less typical design solutions. Depending on needs, the generative
models developed as part of the research will also be transferred to other CAD tools. Im-
provements of the design procedures for unusual classes of flying objects, such as HALE
UAVs, are also required.

Author Contributions: Conceptualization, W.S. and A.J.; methodology, W.S. and A.J.; software,
Al].; validation, W.S. and A.].; formal analysis, W.S. and A.].; investigation, W.S. and A.J.; resources,
A].; data curation, W.S. and A.].; writing—original draft preparation, W.S. and A.].; writing —re-
view and editing, W.S. and A.J.; visualization, W.S. and A.].; supervision, W.S.; project administra-
tion, W.S.; funding acquisition, W.S. All authors have read and agreed to the published version of
the manuscript.

Funding: The APC was funded by the Rector’s grant. Silesian University of Technology grant num-
ber 10/060/RGP18/0102.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.



Appl. Sci. 2021, 11, 2645 21 of 22

Data Availability Statement: Restrictions apply to the availability of these data. Data was obtained
from SkyTech eLab LLC and are available from the owners with the permission of SkyTech eLab
LLC.

Acknowledgments: The authors would like to express their thanks to SkyTech eLab LLC for provid-
ing the data for research, moreover, we would like to thank the engineering staff and students who
performed the calculations and analyses, in particular Mateusz Wasik, Nikodem Ciomperlik and
Michat Simon.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

Kumar, R. Investigation on buckling response of the aircraft’s wing using finite-element method. Aust. ]. Mech. Eng. 2020, 18,
122-131, d0i:10.1080/14484846.2018.1483467.

Szklarek, K.; Gajewski, ]. Optimisation of the Thin-Walled Composite Structures in Terms of Critical Buckling Force. Materials
2020, 13, 3881.

Schor, P. Aerodynamic load of an aircraft with a highly elastic wing. Acta Polytech. 2017, 57, 272, doi:10.14311/AP.2017.57.0272.
Cesnik, C.; Senatore, P.; Su, W.; Atkins, E.; Shearer, C.; Pitchter, N. X-HALE: A Very Flexible UAV for Nonlinear Aeroelastic
Tests. In Proceedings of the 51st ATAA/ASME/ASCE/AHS/ASC Structures, Structural Dynamics, and Materials Conference 18th
ATAA/ASME/AHS Adaptive Structures Conference 12th, Orlando, FL, USA, 12-15 April 2010; American Institute of Aero-
nautics and Astronautics: Reston, VA, USA, 2010.

Alsahlani, A.; Rahulan, T. Conceptual and Preliminary Design Approach of A High Altitude, Long Endurance Solar-Powered
UAV. In Proceedings of the CSE Annual PGR Symposium (CSE-PGSym 2017), Salford University, Salford, UK, 17 March 2017.
Amadori, K; Jouannet, C.; Krus, P. Use of panel code modeling in a framework for aircraft concept optimisation. In Proceedings
of the 11th AIAA/ISSMO Multidisciplinary Analysis and Optimization Conference, Portsmouth, VA, USA, 6-8 September 2006;
doi:4. 10.2514/6.2006-7084.

Giesing, ].P.; Barthelemy, J.-F.M. A summary of industry MDO applications and needs. In Proceedings of the 7th
ATAA/USAF/NASA/ISSMO Symposium on Multidisciplinary Analysis and Optimization, St. Louis, MO, USA, 2 September—4
September 1998; p. 4737.

Skarka, W. Model-Based design and optimisation of electric vehicle. In Transdisciplinary Engineering Methods for Social Innovatio
of Industry 4.0, Proceedings of the 25th ISPE International Conference on Transdisciplinary Engineering, Modena, Italy, 36 July 2018;
Peruzzini, M., Pellicciari, M., Bil, C., Stjepandi¢, J., msterdam, N.W., Eds.; IOS Press: Amsterdam, The Netherlands, 2018; pp.
566-575.

Papageorgiou, A.; Tarkian, M.; Amadori, K,; Olvander, J. Multidisciplinary Design Optimization of Aerial Vehicles: A Review
of Recent Advancements. Int. . Aerosp. Eng. 2018, 2018, 1-21.

Skarka, W. Application of MOKA Methodology in Generative Model Creation Using CATIA. Eng. Appl. Artif. Intell. 2007, 20,
677-690.

Amadori, K; Tarkian, M.; Olvander, J.; Krus, P. Flexible and robust CAD models for design automation. Adv. Eng. Inform. 2012,
26, 180-195.

Skarka, W.; Jalowiecki, A. Application of generative modeling methods to the design of thin layer composite aircraft structures.
In Proceedings of the 7th International Conference Integrity-Reliability-Failure, IRF2020, Funchal, Portugal, 6-10 September
2020; Silva, J.F., Gomes, S.A., Eds.; INEGI-Instituto de Ciencia e Inovacao em Engenharia Mecanica e Gestao Industrial: Porto,
Portugal, 2020; pp. 437-444.

Skarka, W.; Wasik, M.; Skoberla, R.; Jatowiecki, A. Design automation of electric vehicle’s aerodynamic parts. Transdisciplinary
Engineering Methods for Social Innovation of Industry 4.0. In Proceedings of the 25th ISPE International Conference on
Transdisciplinary Engineering, Modena, Italy, 36 July 2018; Margherita, P., Marcello, P., Cees, B., Josip, S., Nel, W., Eds.; IOS
Press: Amsterdam, The Netherlands, 2018; pp. 556-565.

McMasters, J.H.; Cummings, R.M. Rethinking the Airplane Design Process—An Early 21st Century Perspective. Aerosp. Sci.
Meet. Exhib. 2004, 693, doi:10.2514/6.2004-693.

Verhagen, W].; Bermell-Garcia, P.; Van Dijk, R.E.; Curran, R. A critical review of Knowledge-Based Engineering: An
identification of research challenges. Adv. Eng. Inform. 2021, 26, 5-15.

Vadenbrande, J.H.; Grandine, T.A.; Hogan, T. The search for the perfect body: Shape control for multidisciplinary design
optimisation. Aerosp. Sci. Meet. Exhib. 2006, 928, doi:10.2514/6.2006-928.

Balling, R.J.; Sobieszczanski-Sobieski, ]. Optimisation of Coupled Systems: A Critical Overview of Approaches. NASA Contractor
Rep. 1994, 34, 6-7.

Wakayama, S.; Kroo, I. The Challenge and Promise of Blended-Wing-Body Optimization. In Proceedings of the 7th
ATAA/USAF/NASA/ISSMO Symposium on Multidisciplinary Analysis and Optimization, St. Louis, MO, USA, 2-4 September
1998; pp. 239-250.

Tseng, M.M.; Jiao, J. Design for mass customisation. Anal. CIRP 1996, 45, 153-156.



Appl. Sci. 2021, 11, 2645 22 of 22

20.

21.

22.

23.

24.

25.

26.
27.

Targosz, M.; Skarka, W.; Przystalka, P. Model-Based Optimisation of Velocity Strategy for Lightweight Electric Racing Cars. ].
Adv. Transp. 2018, 2018, 3614025.

Niestrdj, R.; Rogala, T.; Skarka, W. An Energy Consumption Model for Designing an AGV Energy Storage System with a PEMFC
Stack. Energies 2020, 13, 3435.

Yang, H.Z; Chen, J.F.; Ma, N.; Wang, D.Y. Implementation of knowledge-based engineering methodology into ship structural
design. Comput. Aided Des. 2012, 44, 196-202.

Chandrasegaran, S.K.; Ramani, K.; Sriram, R.D.; Horvath, I.; Bernard, A.; Harik, R.F.; Gao, W. The evolution, challenges, and
future of knowledge representation in product design systems. Comput. Aided Des. 2012, 45, 204-228.

Drela, M. Technical Description—Steady Fromulation. 2015. Available online:
https://web.mit.edu/drela/Public/web/aswing/asw_theory.pdf (accessed on 10 February 2021).

Drela, M. ASWING 5.97 User Guide. MIT Aero & Astro, 2012. Available online:
http://web.mit.edu/drela/Public/web/aswing/aswing_doc.txt (accessed on 10 February 2021).

XFLR5. Available online: http://www .xflr5.tech/xflr5.htm (accessed on 10 February 2021).

Ciomperlik, N.; Skarka, W. Morphic arrangement of high flexibility and aspect ratio wing. In Proceedings of the 27th ISTE
International Conference on Transdisciplinary Engineering, Warsaw, Poland, 1-10 July 2020.



