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Abstract

The innovation in term of zero emission flight, lead to the necessity of develop non-
standard aircraft designs, the objective of this thesis is the definition of a highly auto-
mated methodology to develop and size, in a mid-fidelity approach, the wing and fuselage
airframe for one of this innovative commuter. A fully automated procedure for GFEM
analysis is developed and used, first of all, for the definition of the airframe architecture
in terms of structural elements dimensions, spacing and materials, secondly for the load
application and then analysis for both static and buckling conditions are considered. The
tool developed allow to test and model many different airframe solutions, very useful for
non-standard commercial aircraft, for which previous experience in standard commuter
may not be applicable, in a very short time. This work is completed with the testing of
this methodology for the structural sizing of Unifier19, for which the preliminary airframe
design have been conduced, in particular the airframe constraint for this innovative air-
craft are highlighted and defined. A full understanding of these constraints is achieved by
considering the interference with all the subsystem presents, in particular for the landing
gears, for which a kinematic study on the retraction system is proposed. The outcome of
this thesis is the definition of a proven automated procedure for the airframe model cre-
ation and analysis and a mass estimation for Unifier19 which will be the base for proper
optimization process in the following project steps.

Keywords: Unifier19, GFEM parametric deisgn, structrual sizing, preliminary design





Abstract in lingua italiana

L’innovazione tecnologica in termini di voli a impatto zero sta portando alla necessità
di sviluppare velivoli con una configurazione non ordinaria, l’obiettivo di questa tesi è lo
sviluppo di una metodologia totalmente automatizzara per lo sviluppo e il dimensiona-
mento, in un approccio a media fedeltà, la struttura alare e della fusoliera per un velivolo
di trasporto a corto-medio raggio appartenente a questa categoria. Una procedura GFEM
è stata sviluppata prima di tutto per la definizione generale dell’architettura, in partico-
lare, caratterizzando ogni elemento strutturale in termini di dimensione, spaziatura e
materiale; la successiva applicazione del carico permette l’esecuzione delle analisi statiche
e di instabilità. Questo strumento permette di testare in maniera veloce diverse config-
urazioni strutturali, necessario per uno sviluppo ottimale di un velivolo innovativo per
il quale l’esperienza in aerei convenzionali può non essere applicabile. Questo lavoro è
completato con il test di questa metodologia per il progetto preliminare di Unifier19, nel
quale si sono considerati con attenzione i vincoli generati da questa innovativa configu-
razione. La comprensione di requisiti è ottenuta considerando l’interazione tra gli elementi
strutturali e i sottosistemi del velivolo, in particolare condierando il carrello, per il quale
si propone un meccanismo cinematico per la retrazione. Il risultato di questo studio è,
insieme alla verifica della metodologia utilizzata, la definzione del progetto strutturale
preliminare per Unifier19 che si prevede essere la base da utilizzare in processi di ottimiz-
zazione da sviluppare nelle prossime fasi del progetto.

Parole chiave: Unifier19, modelleazione parametrica GFEM, dimensionamento strut-
truale, progettazione preliminare
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Introduction

In the recent years the constant rise in climate temperature and the worsening of environ-
mental conditions generate the necessity to go beyond a zero impact in terms of emission
produced by human activities, the aerospace industry is going towards this challenge by
the development of new technologies that have the objective of going towards a more
sustainable flight. These technologies, even if in the recent years have made huge steps
forward, are still not ready to be used in big intercontinental airliners embedded in CS-25
regulations, but may be applicable to smaller aircraft in line within CS-23. In this appli-
cation many investment are made in particular by the European Union which with the
project CleanSky2 is pushing the development of near-zero emissions commuter.

Unifier19 is part of this project which is in development by Pipistrel Vertical Solutions,
Politecnico di Milano, Universidad Carlos III de Madrid and Technische Universiteit
Delft. Intense analysis and concept development by the partners involved are producing an
innovative configuration miniliner with near-zero emission capabilities. The non-standard
configuration on Unifier19 is evident both from an aesthetic point of view, both from a
technological and engineering side. The most clear innovation is visible in the engines:
instead of a classical twin engine configuration, common in aircraft currently in service,
the main engine is a pushing propeller located in the back of the plane. Innovation
from an aerodynamic and propulsive point of view are the six smaller engines located
in each wing, this Distributed Electric Propellers (DEP) consent the capability of high-
performance maneuvering condition and short take-off and landing. These technologies
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(a) (b)

(c) (d)

are used to accomplish Unifier19 requirements in terms of take-off and landing run length,
consenting its operation in hundreds of airdrome across EU, even in unpaved runways.

The near-zero emission capability is achieved by the use of a new power source based on
the use of batteries and fuel cells running using liquid hydrogen. Therefore the engineering
challenge to include these system in aircraft is non-trivial being those big element located
inside the fuselage.

This research, mainly conduced in Universidad Carlos III de Madrid, set itself the objec-
tive of define and propose a feasible airframe configuration to be implemented in Unifier19.
In particular big effort will be put in understanding which are the constraints and condi-
tion that the innovative concept of this aircraft will impose in the structural development,
both from a technical point of view and from a comfort and safety issue. This work have
been conducted in strong collaboration and under review of Pipistrel Vertical Solution
that set the milestone and the constraint that the project have to satisfy from top level
requirement and from design and aesthetic appearance of the final product by ensuring
the cooperation between the development of each subsystem.
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Being the objective of this project the size and development of Unifier19 airframe, the first
aspect to analyze consists in study and understand all previous A/C structure configura-
tion and technical solution in all possible aspects in order to have a detailed overview of
the possible problems and solutions that are expected to encounter during the technical
development, this research have been performed mostly with [8] and with technical draw-
ings of existing aircraft. Much effort and detailed analysis should be done considering
similar aircraft in terms of dimension, MTOW and concept, but the innovative and mod-
ern configuration of Unifier19 in terms of Distributed Electric Propulsion (DEP), pushing
propeller and liquid hydrogen tank in the fuselage, prevents this necessity not being any
plane in service today with any of these characteristics in place. Therefore the choice
of analyze the airframe of mainly three aircraft whose mission and overall dimension are
similar to Unifier19, these A/C are:

• Piaggio P180 Avanti (Figure 1.1a)

• Dornier Do 228 (Figure 1.1b)

• ATR 42 (Figure 1.1c)

The whole airframe technical solutions and configuration was object of this study consid-
ering in detail the wing structure, fuselage frame dimensions and position, wing-fuselage
connection and lending gear design and retraction kinematics.

(a) Piaggio P180 Avanti (b) Dornier Do 228 (c) ATR 42 Colibrì

Figure 1.1: Reference aircraft.
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In Table 1.1 are reported the characteristics of each plane taken into consideration, in
Appendix E are shown the cutaways used to perform this research showing the airframe
of the planes considered.

P180 Do228 ATR42

Length [m] 14.40 15.04 22.67

Wingspan [m] 14.03 16.97 24.57

Height [m] 3.98 4.86 7.59

Empty mass [kg] 3400 2990 10285

MTOM [kg] 5466 5980 16700
Passengers 9 19-25 42-50

Table 1.1: Reference aircraft characteristics.

1.1. Fuselage design

For the planes taken into consideration the fuselage present similar aspect and architec-
tures. It is composed mostly by equidistant frames for the whole fuselage length, with
the exception of regions where heavy subsystem are present or in correspondence of big
cutout such as doors, emergency exits or cargo openings that inevitably weak the over-
all strength. In that area either the the spacing between each frame is reduced (Do228,
P180), or the frame are reinforced though a bigger beam section (ATR42).

Moreover the frames are used as connection point between the fuselage and the wing, as
described in section 1.2. The frames are used to withstand the loads from by all other
subsystem as air conditioning, fuel tanks and landing gears, enforcing the presence of
at least one frame where each one of these subsystem is located. Usually two types of
frames are present in a given plane: one thicker and stronger to connect the fuselage with
the aerodynamic surfaces and the second, lighter and not as big to provide structural
thickness across the whole fuselage.

The overall frame spacing for each of these aircraft is about 0.5m, with the exception
above mentioned or where a frame is imposed by a structural discontinuity due to any
kind of constraint the structural design have to satisfy.
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1.2. Wing architecture and connection

The wing architecture of each one of the plane analyzed present common design choice.
It is composed by two tapered spars respectively parallel to leading and trailing edge,
connected each other with ribs equidistant frames across the whole wingspan. An extra
strong rib is located in correspondence of the engines with the purpose of carry and
transfer the thrust and gyroscopic loads generated by the propeller.

Figure 1.2: ATR42 wing fuslage connection.

In particular the ribs developed for Do228
are not all equals but present different
structures along the wing span: in corre-
spondence of the connection with the fuse-
lage and where the engine is mounted the
ribs are stronger, made by a single ele-
ment instead of the other ribs which are
made as a truss system. The rib devel-
oped in P180 and ATR42 are composed
by a single strong element.

The spars and one rib per wing are used in
Do228 and in ATR42 to connect the wing
with the fuselage. The connection system,
shown in Figure 1.2, is made using two lugs that connect the front and rear spas with
two high-strength fuselage frames. The same concept is applied to Do228 but not in P180
considering that it is the only plane which does not present a high wing configuration.

1.3. Landing gears

All these three aircraft analyzed present a similar tricycle landing gear configuration,
but very different retraction mechanism for the main gear. ATR42 and Do228 present
wider fuselage sections therefore the main gear is retracted toward the A/C symmetry
plane, whereas P180 having a smaller fuselage cross section provide the main gear with
a backward retraction mechanism that pivots the wheel around an axis which is not the
longitudinal fuselage axis (Figure 1.3). In any case the nose landing gear present a forward
retraction mechanism with the capability of turning the wheel of about 80◦

For the smaller aircraft as P180 and Do228, whose dimensions are closer to Unifier19,
nose gear present a double wheel configuration and a singe at the main.
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(a) Concept (b) Assembly in retracted position.

Figure 1.3: P180 main landing gear design.

1.4. Concluding remarks

The literature review performed had the objective of providing a good first hint on the
airframe design that could be applied to Unifier19. However, given the radical new concept
of C7HARW, is not necessary true that the solution developed in the previous years are
valid for this application and if those are the best choice. Therefore the necessity to
develop a tool and a methodology capable of quickly test different airframe solutions and
configuration in a mid-fidelity approach.

The main scheme will be set as follow:

• Identification of critical cases

• Parametric GFEM model generation

• Analysis and results evaluation

• Sensitivity analysis on different parameters and optimization
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The non-conventional concept of the A/C under development leads to the necessity of
design and analyze many different non standard structural configuration in order to find
the optimal one, therefore is necessary to adopt a methodology that allows to make
different changes to the model architecture in a quick and user-friendly way. The design
process have been performed using the software CATIA for the geometrical design and
Abaqus for FEM and analysis.

Being the objective of this research the preliminary structural configuration for Unifier,
is necessary, before having any type of analysis, performing a input review, in which the
concept of the aircraft is analyzed in detail and load assumptions are checked in terms of
hypothesis and feasibility. The inputs are fully provided by PVS comprehensive of several
data sheets on the load assumptions and the OpenVSP model developed in the previous
months, Figure 2.1.

Figure 2.1: OpenVSP aerodynamic model.

The design process ave been performed in different fidelity approach, starting from an
analytical approach to a detailed GFEM, using as inputs all the different load condition
considered in Table A.2 for which the weight and balance configuration are reported in
Table A.1. The analysis and sizing process considered the plane divided in three regions:
main wing, fuselage and V-tail, sized individually and then joined together.
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The steps of the procedure are:

1. Analytical beam model for main wing and fuselage with the objective to compute
a first envelope of the internal forces in each load condition, and the reaction forces
that the structure has to withstand.

2. Analytical connection design for the wing-fuselage and VT-fuselage assembly.

3. Parametric GFEM creation for Unifier19 airframe.

4. GFEM analysis

5. Fail-safeness prove of wing-fuselage connection lugs.

The details of each procedure step are reported in the next sections.

2.1. Analytical beam model

Starting point for the airframe design process is a low fidelity analysis on the load cases
and the flight condition that are expected in service. The load evaluation and computation
are provided by PVS considering the flight envelope for the possible flight mission that
are expected. The objective of this first analytical analysis is to have a good quantitative
understanding of the forces and moments that the structure has to withstand and to
define the envelope of internal forces.

To achieve this data is necessary to provide some hypothesis both on the load assumptions
and in the beam model used, reported as follow, considering the coordinate reference
system reported in Figure 2.2:

• Load cases hypothesis:

– Neglect aerodynamic drag force effects

– Lift is always parallel to z axis, neglecting the effect of the angle of attack

– Aerodynamic strip theory

• Wing beam model hypothesis:

– Center of gravity of the section is located at the mean of the front and rear
spars location.

– Beam elastic axis is located in correspondence of the CG for the wing span

– Cantilever beam, encastered in correspondence of the A/C symmetry plan.



2| Research methodology 9

– Structural dynamic and aeroelastic effects are neglected

• Fuselage beam model hypothesis:

– Free-free straight beam

– Symmetrical structure

– Structural dynamic and aeroelastic effects are neglected

Figure 2.2: Global reference coordinate system.

By integration of the external forces using the equilibrium condition, the internal forces
are computed along the length of both wing and fuselage for any load case. The result
is the envelope of the internal forces from which is possible to find the most critical
conditions. These load cases will be used to size the airframe in finite elements analysis.

2.2. Parametric GFEM creation

As explained in Section 1 to provide a good airframe design is necessary to develop a tool
that enable the designer to test many different architectures in order to find the best one
in terms of weight reduction using a mid fidelity global finite elements model.

This necessity is tackled by the development of a series of scripts that are able to generate,
starting from the external aircraft loft and a few other inputs, the full finite elements
model and the relative analysis producing directly the stress distribution on the airfare
without any other operation needed to be done by the designer. To make the process
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as straightforward as possible, the scripts are created in Python and executed directly in
Abaqus CAE. The detailed steps implemented for the procedure follows:

1. Input analysis: As first step external loft is imported in Abaqus in .CATPart for-
mat and checked for any geometrical and numerical imprecision or invalid entities,
if any issue is detected the part is repaired and converted to an analytical represen-
tation with the objective of start the process with the most precise component as
possible.

In this step the material library is imported and the inputs defined by the user are
checked for any inconsistency, if none are detected the model creation procedure
begins.

2. Geometrical partitions: The part imported at this point is just an uniform ex-
ternal shell without any division and other elements, so is necessary to partition
the part in order to allow the possibility of defining different material proprieties
to different section of the part. According to the inputs defined by the user, all
the partitions are implemented creating both two dimensional elements, like wing
ribs or fuselage bulkheads, and one dimensional element like stringers and fuselage
frames. Moreover the model just created is saved. It is important to notice that
the model at this point is just a geometrical part without any material propriety
assigned.

In Figures 2.3 the partitions done in this step for the fuselage are shown.

(a) Model imported (b) Model after step 2.

Figure 2.3: Geometrical model partitions for the fuselage.

3. Faces and edges identifications: In order to apply different material proprieties
in a user-friendly way, is necessary to unequivocally identify each single shell face and
stringer edge, naming those reporting in two .csv file: one for the bi-dimensional
elements and one for the one dimensional ones. The user at this point edit the
output .csv file by defining, for each single element the material and the relative
thickness. In this way, if is necessary to change a given material or change the
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thickness of some elements without changing the airframe architecture, the designer
can simply load the model saved in the step before, change the proprieties interests
and run the next sections of the script to have the stress distribution with different
sectional proprieties.

4. Section propriety assignment: by reading the file mentioned above for both shell
and beam elements, the sectional proprieties are assigned to the model. Consistent
beam orientation and shell is applied to the one dimensional element considering
the beam profile section offset with respect to the face it is in contact with, and
shell elements normals are checked to avoid any errors or computational problems.

5. Load(s) definitions: The load condition that is wanted to be tested, defined by
the user as input, is discretized and applied to the model. The loads considered for
the analysis are aerodynamic lift, neglecting drag effects, and inertia forces applied
as a load factor. Every payload element is modelled as a point mass.

6. Boundary conditions definitions: The boundary condition definition are pa-
rameters that are not possible to be modified by the user without direct action in
the script.

7. Mesh generation: The mesh is generated considering limit in computational power
available. Mesh controls are defined considering the application of a quadrilateral
structured mesh where possible, the overall seeding part is defined by the user in
the early project phases.

8. Analysis: Static and buckle analysis for limit and ultimate load are executed and
the results are stored.

2.3. Wing-fuselage connection

The definition of high-level subsystem is priority in the preliminary project because small
changing in the connection system may have a big impact in the airframe design. The
wing fuselage connection mechanism is based on a concept implement in ATR42 which
is based in the development of two lugs and pin design. The design of the junction is
performed in two consequent steps:

1. Analytical design

2. Fail-safeness modification and verification
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2.3.1. Analytical

A first analytical sizing process follows the sizing procedure reported in [8], for which a
single non-fail safe lug is considered with a perfect axial force applied. The failure mode
considered are:

• Net section tension

• Shear tearout

• bearing

where the last two can be condensed in a single shear-bearing failure. The allowable for
each failure mode reads:

Pbru = KbrAFtu

Ptu = KtAtFtu

(2.1)

(2.2)

where P• is the failure ultimate load, A• is the resistant area, F• is the ultimate strength of
the material andK• is a corrective factor accounting for the non uniform stress distribution
across the resistant area for each failure modes. The subscript indicates the failure mode
considered: br for shear-bearing and t for tensile. Following this analytical conditions, a
MATLAB script is developed for sizing a single lug under axial force.

2.3.2. FEM analysis and fail safeness

The junction sized analytically is then modelled using GFEM simulations in order to
deeply understand the internal forces and, when proven, is possible to change the design
in order to create a fail safe connection. A fail safe configuration for the wing-fuselage
connection is mandatory in order to certify the plane, therefore is necessary to edit the
design obtained from the analytical size and obtain a fail safe lug and prove its capability
of withstand the load even in case of failure of a component. The fail-safe design is
obtained by considering in the design a double configuration for each lug element. In
this way the assembly is composed by two internals plate, each one capable of withstand
the whole load, and two external ones. The connection is fixed in position using two
concentric pins.

2.4. Landing gear design

The definition of the landing gear is important in the first project phases because it can and
will add constraint in the airframe model, therefore is necessary to develop a conceptual
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design of that system. Starting from the landing gear track positions which have been
defined in earlier project steps, the retraction system have been designed and analyzed.
The landing gear development is considered only from a kinematic point of view, this
analysis does not take into consideration any load applied to the system. The definition
of the kinematic system have been performed first of all in an analytical approach, where
the kinematic chain were modelled in MATLAB and then, when the concept is defined,
the actual layout is designed in detail in CAD and assembled to checked for any clash
or interference with other structural and non-structural elements. The CAD design is
performed in CATIA V5 and the results in terms of the geometry are directly considered
in the fuselage airframe architecture.
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The design of the landing gear for a preliminary structural project is critical, in partic-
ular for a commuter type aircraft as Unifier19 is. The landing gear structure in terms
of kinematic systems, positions and dimension provoke big impact in the conceptual air-
frame concept because many structural element have to be designed as function of the
landing gear retraction systems. In particular the landing gear position, size and overall
dimensions are driver to define the landing gears storing bay and openings which, being
cutouts from a structural point of view, represent ares which are not available to place
any structural element. Moreover being the gears big subsystem may interfere with other
on boar equipment, these collisions must be highlighted and solved as soon as possible to
not encounter bigger problems during the detail project phase, which became exponen-
tially more difficult and require more cost for the project development. In conclusion the
objective of the landing gear kinematics analysis and design is the definition of the PDR
(Preliminary Design Review) which have the objective to define a feasible architecture
configuration that may not be optimized but is a solution that satisfy all the require-
ments both in terms of strength and in terms of use and effectiveness of the solution.

To start the landing gear design procedure the first step is the definition of the global
architecture producing as output the wheel ground position. This study based on an
analysis of the center of mass of the whole plane have been provided by PVS. The outcome
of the research is a standard forward tricycle with track length and wheel base equal to
4280mm and 6800mm respectively, with a consequent turnover angle of 50◦. Due to the
small dimensions of the A/C under development is has been chosen to use a single wheel
configuration for the main gear, and a dual tween wheel for the nose gear. Starting from
these input, the requirements and the kinematic development of the gears follow. It is
important to notice that the development for both gears do not include considerations of
the loads that are expected to be applied to the system, only a kinematic and a proof of
concept for the retraction is provided.

The solutions proposed are based on use of hydraulic actuators, but in order to fit in
CleanSky2 policy into more electric aircraft, future development will consider and study
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the implementation of system driven by electrical power based on skrewjack technologies.

3.1. Nose landing gear

Figure 3.1: Nose landing gear assembly.

To have a meaningful design of a given el-
ement, is necessary to define first of all,
the requirements and the constraints that
the element must obey. The nose landing
gear (N-LG) position, directly under the
cockpit, and below the avionic and instru-
ments area, must be as small as possible in
order to not interfere with the electric el-
ements inside the nose, the retraction sys-
tem has to include a single stage actuator,
to avoid reliability issues, and the landing
gear must be completed with a steering
system and a shock absorber. To accom-
plish these requirements, the landing gear
is composed by three sub elements, shown
in Figure 3.1:

• Main leg: comprehensive of both the steering system and the damper (A).

• Actuator: the driver of the system (B).

• Retraction kinematics chain: the rod system that enable the leg to extend and
retract (C).

3.1.1. Retraction system

The retraction system has to be as simple as possible to not increase the development and
production costs, to develop this concept a standard forward retraction system have been
considered. The system, shown in Figure 3.2 is composed by four rods hinged together
that, driven by an actuator pivots the whole wheel/leg assembly. The four rods positions
are defined as vectors, namely a⃗, b⃗, c⃗ and d⃗, whose movement can be analyzed by defining
a conventional Cartesian reference system with origin in the leg main hinge and x̂ axis
toward the nose of the plane and ŷ axis directed upwards. The kinematic chain is defined
by the equation:

aiα + biβ = ciγ + diδ (3.1)
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Figure 3.2: Nose landing gear retraction sys-
tem kinematic scheme.

which, considering Euler’s formula eix =

cos (x)+i sin (x) give a system of two non-
linear equations:a cos (α) + b cos (β) = c cos (γ) + d cos (δ)

a sin (α) + b sin (β) = c sin (γ) + d sin (δ)

(3.2)

That, to be solved, require a maximum of
two unknown terms. Moreover another re-
quirement has to be defined: in extended
position the rods b⃗ and c⃗ must present a
relative orientation of about 180◦, in or-
der to fix the landing gear in position and
avoiding any unintended folding. Con-
sidering this requirement, and hypothe-
sizing the position a⃗ =

[
xA yA

]
and

b⃗ =
[
xB yB

]
, is possible to define the sum length of rods b⃗ and c⃗, by hypothesizing

the ratio between the two, the length of the four beams is properly defined. To solve the
System 3.2 is necessary to define two angles, in particular, observing the system, is pos-
sible to notice that rod b⃗ is grounded i.e. does not move during the retraction movement,
from which δ = const that, given the position, is easily computed. The rotation α instead
is known, its initial position is obtained knowing

[
xA yA

]
and, for the retraction, this is

the degree of freedom of the movement, resulting the only unknown to be β and γ. In
Table 3.1 are reported the known and unknown terms for this analysis.

a⃗ b⃗ c⃗ d⃗

∥ • ∥ ✓ ✓ ✓ ✓

∠ • DoF ✗ ✗ ✓

Table 3.1: Nose landing gear retraction system kinematic degrees of freedom.

To fully retract the landing gear, the rotation angle of the leg must be 112◦. Solving
the system 3.2 for α = 0◦ . . . 112◦, the envelope of the position of each rod is defined. A
MATLAB script have been used to solve this systems and the envelope of the positions
is obtained. Following an euristic approach for which the parameters were changed and
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(a) Retraction positions envelope. (b) Actuator excursion during retraction move-
ment.

Figure 3.3: Nose landing gear kinematic system.

the envelope of the position have been analyzed, the final dimension of the mechanism
have been defined. In Figure 3.3a the envelope of the position computed in MATLAB is
shown for the final sizing.

Figure 3.4: Nose landing gear actu-
ator system scheme.

Last item to be designed for complete the N-LG
retraction system is the actuator position. To re-
liability issue is mandatory to use a single stage
actuator for which the position must be defined.
Knowing the envelope of the positions, is possible
to define the actuator hing point on the ground
e⃗ =

[
xE yE

]
and the connection point to the rod

c⃗. Inreference as Figure 3.4, using an approach
analogue to the closure kinematic chain equation
done for the retraction system, the envelope of the
position can be defined. In this case the closure
equation reads:

eiϵ + f iψ + giγ = 0 (3.3)

where γ is the phase of vector c⃗. Therefore is possible to compute the phase and length
of the actuator e⃗, considering f⃗ grounded, so fixed during the movement. The degrees
of freedom in this analysis are reported in Table 3.2. The envelope of the positions have
been analyzed and the final position of the actuator is obtaining by considering that the
length when extracted must be not more that twice the length when the mechanism is
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retracted. The length of the actuator, as function of the retraction angle α is shown in
Figure 3.3b.

e⃗ f⃗ g⃗

∥ • ∥ ✗ ✓ ✓

∠ • ✗ ✓ DoF

Table 3.2: Nose landing gear actuator system kinematic degrees of freedom.

As result of this process the dimensions and positions of the retraction system elements
are found, using this data the CAD model of the landing gear is generated in CATIA V5.

3.1.2. Damper and turning system development

The retraction system just developed does not depend neither on the damping system of
the gear neither on the steering system being those two elements rigid to the leg.

Figure 3.5: Nose landing gear steer-
ing system scheme.

Being Unifier19 a commuter with the objective to
have ta capability to operate in unprepared run-
ways, is necessary to have a high performance steer-
ing system that allows the possibility of perform-
ing thigh turns, for this reason the steering system
have the objective to turn the nose wheel up to 80◦.
This system must be compatible with the shock ab-
sorption movement of the lower part of the leg. In
particular the leg is composed by a fixed cylinder
in which an internal one can both move up and down (damping movement) and rotate
(steering). Inner cylinder is connected to the other using two actuators that with their
movement rotate the wheel. The designing process of the steering system focuses on find
the actuators dimensions and hinge position both in A and B. To find these unknown a
kinematic approach have been followed considering the symmetry of the problem. Con-
sidering the vector projection in the x̂-ŷ of Figure 3.5, the kinematic system to be solved
is:

aiα + biβ + ciγ = 0 (3.4)

In this case the parameter of the design are the initial position of the two hinges, and
considering the degree of freedom the rotation of vector c⃗, being imposed, is possible to
solve the kinematic system considering the unknowns in Table 3.3. Once the system is
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solved for any turning angle, is possible to analyze the envelope of the positions and the
actuator length during the movement. The elements checked are:

1. Collision and interference between the actuator and the leg cylinder

2. Length of the actuator that needs to be compatible with a single stage actuator

3. Arm of the actuator useful for the movement

a⃗ b⃗ c⃗

∥ • ∥ ✓ ✗ ✓

∠ • ✓ ✗ DoF

Table 3.3: Nose landing gear steering system kinematic degrees of freedom.

Tuning properly the positions of the hinges is possible to satisfy properly conditions 1. and
2., but using only one actuator is noticed, as expected, that the efficiency of the actuator
drops to zero for a wheel angle of ±20◦, this leads to the necessity of use a second actuator,
symmetrical to the first to avoid the dead position. As shown in Figure 3.6c the use of
two actuators solve this issue being always one of the two, in the worst case condition,
that is able to turn the wheel. Developing this subsystem in CAD eventual collision with
the landing gear structure are searched and the proof of the concept is verified.
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(a) Steering position envelope

(b) Actuator length in steering motion. (c) Actuator efficiency in steering motion.

Figure 3.6: Landing gear steering system kinematics scheme.

The last element present in N-LG is the torsion mechanism, this one in particular does not
impact directly the kinematics of both steering and retraction systems but is necessary
to be designed in order to prove the capability of fitting a system like that. the steering
system is necessary because it withstand the transversal loads that may be encountered
during ground operations, avoiding the force to be transmitted directly to the steering
actuators with failure possibility This system is compatible with the damping movement
and it follow rigidly the when when turning. In Figures 3.7 the landing gear is shown
in extended and retracted positions, and in Figures 3.8 a focus on the steering system is
shown, where is possible to identify the dead position (when one of the two actuators is
characterized by null efficiency).
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(a) Front view, ex-
tended.

(b) Side view, extended.

(c) Front view, re-
tracted.

(d) Side view, retracted.

Figure 3.7: Nose landing gear assembly.
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(a) Central position. (b) Dead right position. (c) Maximum right steering an-
gle.

Figure 3.8: Nose landing gear steering assembly.

3.2. Main landing gear

The definition of the main landing gear architecture and retraction system is very im-
portant for the whole development, in particular because of the few volume available for
this subsystem in the fuselage, being it vastly occupied by batteries, electric system and
liquid hydrogen tank. The first step for the retraction system definition is the choice of
developing a forward or rear retraction system. This choice is based on volume consider-
ation: as shown in the conceptual spacing diagram (Figure 3.9a) is not possible to have a
forward retraction system because it would be necessary to move the batteries and the air
conditioning system producing an enormous effect on the center of gravity position which
is not feasible. Therefore a rear retraction system is necessary to be implemented. As
reference for the kinematic design the landing gear of Piaggio P180 and Dornier Do228
are taken into consideration. The concept used in Do228 consists in a landing gear that
pivots around the A/C longitudinal axis folding the main landing gear leg toward the
central section of the fuselage. This concept is not applicable to Unifier19 because the
fuselage section is too narrow for storing both wheels, therefore a concept like the one
used in Piaggio P180 have been developed. In this approach the landing gear do not
pivot around the plane longitudinal axis but around an axis which is rotate from the
vertical one, in this way is possible to retract the wheel to the back, where there is more
volume available. Designing a landing gear with the same concept of P180 however end
up in interference problems between the wheel and the liquid hydrogen tank, as shown in
Figure 3.9b. Modify the tank shape might not be a good solution because it add much
complexity to the whole system and add the manufacturing costs, therefore the decision
of creating a from scratch a kinematic chain capable of tilt the wheel during the retraction
movement using only one degree of freedom in order to not create any reliability issue
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(a) (b)

Figure 3.9: Main landing gear volume interfaces with other subsystem.

with the presence of more actuator than necessary. Meanwhile is not possible to retract
the landing gear by a lower angle because it would be necessary to use an external fairing
which vastly reduces the aerodynamic performance. This system must be compatible and
allow vertical movements for the shock absorption mechanism.

The elements that compose the landing gear assembly are:

1. Leg: main landing gear structure

2. Damper: providing shock absorption capabilities

3. Stopping system: high-strength system that fixes the landing gear in extended po-
sition avoiding any damage to the actuator in case of big impact with debris on the
runway.

4. Leg-wheel motion coupling system: kinematic system compatible with rotation due
to shock absorption movements.

5. Actuation system: driver of the whole system.

The angle of rotation of both wheel and main leg, using a trial and error procedure these
angle have been defined to be 93◦ for the leg rotation and 70◦ for the wheel.

First step for the design process is the definition of the main retraction system, the one
that pivots the main landing gear and allow for the shock absorption movement. In
Figure 3.10 the assembly is shown, together with the main axis of rotation (1) and the
axis around which the shock absorption movement is allowed (2). In particular axis 1
is rotated with respect to the vertical ẑ axis of 55◦ and, axis 2, in extended position, is
parallel to the longitudinal plane axis. The damper is hinged to both the leg and the
main axis of rotation.

The wheel pivoting mechanism is composed by two beams hinged together as shown in
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Figure 3.10: Man landing gear assembly axis of rotation.

Figure 3.11a, this movement must be coupled with the leg retraction movement in order
to define a system with only one degree of freedom and avoid the use of a second actuator.

(a) Detail wheel
view.

(b) Coupling mechanism.

(c)

Figure 3.11: Wheel pivoting mechanism.

To couple the movement between the the wheel and the main retraction system is neces-
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Figure 3.12: Main landing gear retracted position with respect to other plane subsystems.

sary to design a kinematic chain composed by four rods, sh shown in Figure 3.11c with
the arm length are tuned properly to have a wheel rotation of 70◦. However the global
system as it is have 2 degrees of freedom: main leg rotation (ϑ) and rod a⃗ rotation, con-
sidering the length of systems fixed. In order to have a one degree of freedom system
is necessary to couple those movements. The coupling mechanism concept is shown in
Figure 3.11b. It is composed by five rods, two are grounded and the other are hinged
together. This concept presents 15 degrees of freedom and 14 constraints: 2n given by the
grounded hinges and 2(n−1) for the internal ones, where n is the number of beams that a
single hinge connect. Using this system the wheel pivots during the retraction movement,
storing in a position which does not have any interference with neither the fuselage or the
liquid hydrogen tank, Figure 3.12.

A further constraint on the system is that it must allow the shock absorption movement
when the landing gear is extend. This results is a imposition on the initial position of
point A, that must lie on the axis (2). In order to allow the rotation in each direction,
the rod connecting the base of the system with the wheel must have a spherical joint at
the lower end, and a cardanic joint in the other end.

The length definition of each element is performed by solving the kinematic equations in
MATLAB from which eventual interference and small modification have been performed
developing the CAD model.

The last two elements to be designed are the stopping system and the actuator. The
stopping system is designed to withstand and transmit all the horizontal loads generated
in the take off and landing and fixing the gear in position to not be folded by error. The
stopping system and the actuators are shown in Figure 3.13 and, using the same concept
developed for the nose landing gear, the actuator of the whole system is located in the
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upper frame in a position in which allow the possibility to use a single stage actuator. The
positions of the main pivoting point, of the actuator and of the stopping system ground
position, are located to be close to one fuselage frame allowing the possibility of connect
those points to strong structural element.

In Appendix B the drawing for the main landing gear are presented.

Figure 3.13: Main landing gear assembly.
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4| Main wing design

As descried in section 2, the wing design is performed following two steps that follows.

4.1. Wing beam model

For the airframe sizing is necessary first of all to identify which are the most demanding
load conditions that are expected in service, to achieve this data is necessary to have a first
level internal forces envelope for the most relevant points in V − n diagram. Therefore is
necessary to develop a toll capable of quickly processing all the 32 load cases provided by
PVS. Therefore an analytical beam model have been developed in MATLAB in which the
wing is considered as a beam encastered in the A/C symmetry plane, it is important to
notice that being the encasterd the only constraint, the structure is isotatic, allowing the
computation of the internal forces without making any hypothesis on the material used
in the wing. For the beam analysis is necessary to define the wing elastic axis position
and direction so the position of rear and forward spar have been hypothesized to be at
a constant chord position, and the EA is considered to be in the mean points of the two
spars, obtaining a geometrical locus not perfectly perpendicular to the aircraft symmetry
plane.

The hypothesis for this model follows

• Aerodynamic lift is located in the vertical direction, neglecting the deviation caused
by the angle o attack.

• Aerodynamic drag is negligible.

• Aeroelastic effects and structural dynamics is neglected.

The external forces applied to the structure therefore are:

1. Lift, provided by the load assumption department in PVS expressed in force per
unit of length spanwise.

2. Engines inertial loads for both engine body and propeller.
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3. Structure inertial load.

Not having any data on the wing structure mass, a uniform mass per unit of area distri-
bution have been hypothesized to be

mws = 25
kg

m2
(4.1)

By integration of the external forces imposing the equilibrium of each section, the internal
forces have been computed. The integration have been performed numerically dividing
the wing span in 20 elements. Being the lift given per unit of length, is necessary to
discretize the distribution applying the trapezoidal integration technique. Wing mass
internal load is computed by calculating the mass of the i-th section as:

mi = mwsc(yi)∆yi (4.2)

where c(i) is the chord length and ∆yi is the element length. In Figures 4.1 the wing
planform scheme for load cases LC1, LC2, LC3 and LC4 is shown, elastic axis, center of
gravity and location of engines and propeller are shown. In particular is possible to notice
the center of pressure spanwinse envelope for each load case. The reference system for
this analysis is defined as follow:

• Origin in the wing elastic axis.

• x-axis positive backwards (as free stream velocity)

• y-axis coincident with the elastic axis.

• z-axis orientated in such a way to generate a right-handed reference system.

Therefore the forces and moments sign convection reads:

• Shear force Tz positive for positive lift.

• Bending moment Mx positive as wing is bent upwards.

• Torsional moment My positive as LE moving up.
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(a) LC1 (b) LC2

(c) LC3 (d) LC4

Figure 4.1: Wing planform scheme.

The internal forces analysis have been computed for all 32 load cases and the envelope of
the internal forces is defined, from which the most critical load cases are identified in any
node. In Figures 4.2 the envelope diagrams for torsion, bending and shear are shown, in
Table 4.1 those numerical data are reported.



32 4| Main wing design

y Tz min Tz max Mx min Mx max My min My max
[m] [kN ] LC [kN ] LC [kNm] LC [kNm] LC [kNm] LC [kNm] LC
0.00 -39.24 3 103.59 2 -165.77 3 437.83 2 -22.58 4 16.13 1
1.00 -33.90 3 89.52 2 -129.21 3 341.30 2 -22.41 4 15.69 1
2.05 -28.52 3 75.32 2 -96.45 3 254.81 2 -18.41 4 12.31 1
2.90 -24.47 3 64.64 2 -73.89 3 195.22 2 -15.00 4 10.11 1
3.75 -20.48 3 54.11 2 -54.79 3 144.78 2 -11.85 4 7.75 1
5.00 -15.12 3 39.94 2 -32.52 3 85.96 2 -8.07 4 5.14 1
5.80 -11.99 3 31.69 2 -21.67 3 57.29 2 -6.11 4 3.87 1
6.80 -8.25 3 21.83 2 -11.57 3 30.61 2 -3.91 4 2.15 1
7.80 -5.06 3 13.31 2 -4.90 3 12.98 2 -2.28 4 1.13 1
8.55 -3.02 3 8.00 2 -1.92 3 5.10 2 -1.35 4 0.64 1
9.30 -1.20 3 3.18 2 -0.36 3 0.96 2 -0.51 4 0.06 1
10.00 -0.31 25 0.13 28 -0.02 25 0.01 28 -0.41 26 0.14 27
10.05 0.00 1 0.00 1 0.00 1 0.00 1 0.00 1 0.00 1

Table 4.1: Numerical data for internal forces envelope for main wing.
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(a) Torsion moment. (b) Bending moment.

(c) Shear force.

Figure 4.2: Wing internal forces envelope diagram.

The critical cases for the wing have been noticed to be LC1, LC2, LC3 and LC4. In
all these flight condition the weight and balance configuration define the plane to be
at maximum weight with the position of the center of mass as forward as expected.
In particular LC1 and LC2 are representative of a pull up at load factor 3.01 at both
designed maneuvering speed and maximum speed planned to reach in flight test. LC3
and LC4 are representative of a flight condition with the same characteristics but with a
diving maneuvering at a load factor of -1.20. The internal forces diagrams for these load
condition are shown in Figures 4.3

These will be the load condition that will be used in the detailed FEM analysis.
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(a) LC1 (b) LC2

(c) LC3 (d) LC4

Figure 4.3: Wing beam model internal forces for critical load cases.

4.2. Wing structure

Unifier19 presents a relatively simple aerodynamic wing configuration: it is composed by
a single, tapered unswept wing, the total wing span is 20.10m and the projected area
is 28.9m2, the detail data for the wing dimensions are reported inn Table 4.2. The big
innovation presented in Unifier19 is the presence of six wing engines (DEP) that provide
extra lift when is needed by the flight condition, this aspect imposes directly a strong
requirement on wing ribs position.
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AR 7.0

Span 10.457m

Area 14.45m2

Taper 0.36834

MAC 1.43676m

Root chord 2.100m

Tip chord 0.774m

Dihedral −3.0◦

Twist −2.0◦

Table 4.2: Wing platform data relatively to one semi-wing.

The simple planform configuration allow the application of a standard wing box design,
composed by two spars running parallel to both leading and trailing edge, several ribs
parallel to the free stream velocity and stringers in pressure side and suction side that
increase the buckling resistance of the skin. This simple concept however must satisfy the
requirements that are imposed first of all by the DEP presence and then by other aspects
which description follows:

• To withstand and transmit efficiently the thrust and gyroscopic loads produced by
the DEP in any flight condition, it is necessary to fix a strong rib in correspondence
of each engine.

• The root location of each spar must be perpendicular to the A/C symmetry plane
in order to allow for an easy to manufacture wing-fuselage connection, for the other
span-wise location the spars are located at a constant chord percentage.

• The tapered configuration of the wing imposes the necessity of having some stringers
to be in run out, not being enough space to connect every stringer to the last rib.

• One strong rib must be located in the point where the main lugs connecting wing
and fuselage are located.

• One strong rib must be located in correspondence of the connection between the
wing skin and the external upper fairing.

According to these requirements the, a first airframe model is obtained by using the script
as described in Section 2.2. The inputs used for the wing design scripts follows:

• Position of the fixed ribs location i.e. DEP y-coordinates.



36 4| Main wing design

• Position of strong rib for wing-fuselage connection.

• Position of rib connecting the wing with the fairing.

• Number of stringers in both pressure and suction side.

• Front and rear spars root and tip position, expressed in chord percentage.

• Front and rear spars flange dimension for both pressure and suction side.

• Front and rear spars flange dimension for root and tip location, assuming a linear
variation.

• Reference ID for the load cases to be tested and choice for limit or ultimate load
analysis.

In this first model the spars are located at 25% and 65% in chord respectively, the front
spar location have been chosen to be in correspondence of the aerodynamic center, obtain-
ing in this way due to the unswept wing characteristics, a perfectly straight spar which
ease the manufacturing process. The rear spar has been located at 65% chord in order
to keep enough room for the control surfaces and its actuators. Rear spar is composed
by two straight sections, the first, perpendicular to the aircraft symmetry plane, and the
second parallel to the wing trailing edge. The exact location of the spars is shown in
Figure 4.4. The spar height occupy the whole wing box height and the flanges have been
designed to be 5cm.

As mentioned above, in the wing structrue eight ribs have a fixed position: six are located
in correspondence of the engines, one is located in the lugs connecting wing and fuselage
and the last one is positioned at the point where the leading edge is connected to the
fairing. All these regions are location in which a stress concentration is expected, therefore
the presence of a structural element is mandatory. The other ribs present a uniform
spacing of 0.53m for a total of 20 ribs span wise. In the leading edge is possible to reduce
the spacing in order to provide extra strength in case of an impact, but at this point the
spacing have been considered equal to the spacing of the main ribs. The strength for
impact condition can be increased by increasing the thickness of the shell in the leading
edge reinforcement area.

X

Y

Z

Figure 4.5: Wing stringers runout.

To satisfy the bucking condition the presence of
stringers both in pressure and suction side is nec-
essary, the tapered wing plan form prevent the pos-
sibility to have the stringers running from the root
to the tip, therefore is necessary to consider the
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Figure 4.4: Main wing ribs and front, rear spars position. Top view, dimensions in [mm].

stringers runout. In detail the stringers in bot pres-
sure side and suction side are equally spaced an all
parallel to the leading edge, some stringer in this configuration would intersect the rear
spar so is necessary to stop those in the proximity of the spar in a given shell point as
shown in Figure 4.5. For this preliminary project the stringer spacing is constant of 9.5cm
for both pressure and suction side allowing to the presence of seven stringer in both sides.
PS and SS stringer have different beam profiles: PS has a -shape and SS -shape, this
account for the different load condition that the wing shell is subject to, in particular
pressure side is in tension whereas suction side is in compression. Both profile types have
a flange-to-web ratio of 0.3 in order to account for fatigue condition.

In Figures 4.6 the wing box is shown, together with all the elements that can be modified,
in terms of material selection, thicknesses and proprieties, shown in different colors. The
material distribution used for the following analysis is shown in Figures 4.6b and 4.6c
with the color legend reported in Table 4.3.
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(a) Wing sectional elements.

(b) Wing material shell assignment.

(c) Wing material stringers assignment

Figure 4.6: Wing material structure.

4.3. Material selection

For the conceptual development of Unifier91 airframe only standard alloys have been
considered. In particular the material selection have been done considering the standard
material in common use in aeronautical applications and by considering the different
requirements in terms of failure modes that are characteristic for each wing section. The
choice have been done by considering the materials reported in Table 4.3.

ρ
[
kg
m3

]
E [GPa] ν [−] σy [MPa] Legend

Al-2024-T351 2768.00 74.466 0.33 330.96

Al-7010-T7651 2823.36 71.708 0.33 455.07

Al-7075-T651 2795.68 72.397 0.33 475.76

Al-7075-T7351 2795.68 72.053 0.33 393.02

Table 4.3: Weight material proprieties.
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Given the high toughness of the Al-2024, its application is suggested in wing pressure
side which, in nominal condition, is in tension and in the leading edge that the high
toughness increase the structure response in case of impact with debris, bird strike and
even a propeller blade failure. regarding the damage tolerance of the leading edge, its
section is made of the same material both in pressure side and suction side allowing the
possibility of manufacture the leading edge in one single part, avoiding any kind of junction
and increasing furthermore the impact resistance. The analysis presented in this thesis
however do not account for any failure mode in impact conditions. Being the spars the
two main structural elements in the wing, it is necessary to use a material that provide a
good combination of high strength, high resistance to stress-corrosion cracking and good
fatigue toughness, Al-7010 is a good material choice. The high strength of Al-7075 alloys
convey its application in ribs and wing pressure side. The stringers in pressure side and
suction side are made of the same material used for the wing skin in order to not increase
furthermore the production costs.

In order to perform meaningful simulations and to stay in compliance with CS-23 regu-
lations, it is necessary to model the material proprieties accounting for the plasticity be-
havior. The plasticity model used in the following steps is based on the Ramberg-Osgood
relation that reads:

ε =
σ

E
+K

( σ
E

)n
(4.3)

where K and n are constants that depend on the material. The actual model implemented
in Abaqus CAE is obtained by a modification in Rangar-Osgood relation that reads the
strain curve as:

Eε = σ + α

(
|σ|
σ0

)n−1

σ (4.4)

Is is important to notice that the term n in equations 4.3 and 4.4 is different.

4.4. Load direcretization and boundary conditions

The load discretization is one of the steps that are necessary for running the simulations.
The discretization process is composed by two steps:

1. Discretize a continuous lift distribution in concentrated forces to be applied to FEM

2. Apply the concentrated forces in a way that does not result in a concentrated stress
distribution.

First step of the discretization algorithm is the definition of wing section along which
the lift is discretized, the wing have been divided in nine section delimited by the fixed
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ribs i.e. the engine ribs (fixed by the engine positions) and the ribs corresponding to
the wing-fuselage attachment points and the ribs relative to the connection between the
wing skin to the fairing, both of these position are defined by the user as input to the
script. A MATLAB script reads the lift distribution for each load case and, by trapezoidal
integration technique, the lift generated by each section is computed. Reducing the lift
per unit of length to a series of concentrated forces is important to apply the forces in
such a way that the bending moment is reproduced correctly. For this reason the span
location of the lift for each section is computed considering the equilibrium of the section
for bending moment. To represent the torsional moment, the lift is considered to be
applied in the center of pressure location in correspondence of the span wise position of
the force. In order to account for a non equal lift generation for pressure and suction side,
is possible to share the force between PS and SS by defining a percentage. A output of
this process a table in .txt file is generated for each load cases containing the data for
the disretization process, as example one of these is reported in Table 4.4.

Load factor 3.01

Vertical force [N ] xCP [mm] xCP [mm] LSS [−]

10223.47 8274.17 347.87 100%

7844.53 8259.64 973.55 50%

11095.00 8032.11 1647.12 50%

20925.34 8018.94 2838.08 50%

18967.19 8004.90 4434.28 50%

16611.73 7992.99 6028.36 50%

13672.36 7983.55 7615.94 50%

8791.39 7978.74 9111.86 50%

575.65 7994.52 9971.37 50%

Table 4.4: Wing loads discretization for LC1.

To import and apply the forces to the FEM model, a section in the general python script
developed is present. This section reads the output produced by the diretization per-
formed in MATLAB generating 18 reference points where the forces will be applied. Is is
important to notice that being the wing in the x− y plane, the z position of the concen-
trated force is not important. In addition to the lift concentrated forces, the gravitational
load given by the load factor is imported.

Al this point the loads are imported into the FEM but are not applied to the model.
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To avoid any stress concentration due to the concentrated force, a structural coupling
distribution have been considered. In particular for each wing section considered, the
wing faces in pressure and suction side are identified and to those faces the relative
concentrated force is applied. In this way the lift is distributed in the best way possible
to the wing surface. In Figure 4.7b is the concentrated forces and the structural coupling
are shown.

(a) Wing boundary conditions

(b) Wing load discretization and application

Figure 4.7: Wing load discretization and boundary condition application

To consider the inertia loads generated by the engines a point mass is generated for each
engine and each propeller considering the mass of both elements. The engine is connected
to the wing sing a structural coupling, as done for the lift, assuming a rigid connection
between the engine CG and the lower part of the relative engine rib. The propeller
mass is connected rigidly to the engine CG assuming a rigid MPC to not introduce any
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unconstrained degree off freedom to the model generated by the propeller mass.

The boundary conditions to apply to the model must represent in the best way as possible
the wing-fuselage connection mechanism. The connection mechanism is shown in Figure
4.7a therefore the boundary conditions applied to the model are:

• Symmetry condition in x− z plane.

• Displacement condition in correspondence of the wing fuselage connection.

Where s⃗ =
[
∆x ∆y ∆z

]
represent the displacement vector and ψ⃗ =

[
ϑ φ χ

]
the

rotation vector. In Figure 4.7a the BCs point of applications are shown.

Important component for the FEM results is the definition and setup of a good meshing
procedure, in order to have best possible mesh, considering the limited computational
power available, a structured quadrilateral mesh have been used in every section where
is possible. In particular the regions in which this mesh have been applied are shown in
green in Figure 4.8a whereas in red are shown the location where an unstructured mesh is
generated. In that regions is is not possible to use a structured quadrilateral mesh because
those are the region where the stringers runout are located preventing the possibility of
use a structured mesh. A global seeding of 5cm have been considered producing the mesh
shown in Figure 4.8b.
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(a)

(b)

Figure 4.8: Wing mesh used for FEM analysis.

4.5. Analysis and results

Considering the load envelope and the the critical load cases highlighted in Section 4.1,
the analysis have been done only for LC1, LC2, LC3 and LC4. The analysis performed
consist in:

• Static analysis at ultimate load.

• Buckling analysis.

The wing sizing procedure performed in this research, is based on an euristic approach,
in which, starting from a baseline considering constant elements thicknesses in the whole
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wing, the analysis are executed and the results in terms of stresses and displacement are
checked and the thicknesses are manually modified accordingly. Using this approach is is
not expected to find the optimal solution to the wing, but rather the objective is to find
a feasible solution that can and will be used in the next step of the development where a
sophisticated optimizer will be used.

After several iterations the following wing structure is provided. The wing presents a total
mass of 289kg where only the structure is considered, it is not comprehensive of control
surfaces, actuators or additional weight relative bots and rivets that will be used for the
system assembly. The overall thickness distribution is shown in Figures 4.9.
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(a) Pressure side.
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(b) Suction side.

(Avg: 75%)

STH

 1.250
 2.563
 3.875
 5.188
 6.500
 7.813
 9.125
10.438
11.750
13.063
14.375
15.688
17.000

X
Y

Z

(c) Spars.

(Avg: 75%)

STH

1.000
1.167
1.333
1.500
1.667
1.833
2.000
2.167
2.333
2.500
2.667
2.833
3.000

X
Y

Z

(d) Ribs.

Figure 4.9: Thickness wing distribution. Dimension is [mm]

After the simulation is possible to identify as the most critical load case LC1, which
presents a maximum Von-Mises stress of 347.09MPa, corresponding to the 76.2% of the
allowable located in the front spar in correspondence of the wing-fairing connection. For
load condition 3 is the second most critical one, where is considered a negative load factor,
it is possible to notice that in this condition the wing point in the most critical condition
reflect the same consideration just reported for LC1, with the difference that the point in
which the maximum stress is present is located in the wing pressure side.
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For LC1 the maximum stress is located in the front spar lower flange where the wing
is connected with the fuselage fairing. The Von-Mises maximum stress is 347.091MPa

corresponding to the 76.2% of the allowable, leading to the possibility of accurately tune
the spar thickness and dimension in the detailed structural design. It is important for
the aeroelastic design to check the deformation of the wing in order to understand the
variation in the aerodynamic profile for eventual increasing in the AOA. In this condition
the maximum displacement of the wing tip is s⃗max = {20.930; 1.393; 549.760}mm, and
the variation in the angle of attack is negligible. This result is theoretically expected
because that wing region is the mos critical in terms of bending and torsion, moreover
the leading shell elements are no longer present thus a smaller resistant area is generated
with the consequent stress increase. The stress distributions are shown in Figures 4.10
and 4.11 where are reported only the conditions at maximum positive an negative load
factors.
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Figure 4.10: Static analysis for limit load case LC1. [MPa]
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Figure 4.11: Static analysis for limit load case LC3. [MPa]
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The second most critical condition is LC3, for load factor n = −1.20 the maximum V-
stress is located in the same location as LC1, in this case the stress is 124.2MPa, far
away from the yielding stress of the material. In this condition displacement vector reads
s⃗max = {−6.822; −6.893; −213.946}mm.

These conditions are the one that size the wing from a strength point of view under
ultimate load cases, buckling condition instead are critical to avoid instability in the shell
elements. These analysis have been performed considering limit load condition and are
proven to be the sizing condition for the stringers and shell elements in the wingspan. The
analysis have been considered computing the first 10 modes and eigenvalues producing the
results reported in table 4.5. The eigenvalue results of the analysis are to be intended as a
scaling factor of the load condition, representative of the condition in which the buckling
occurs. In LC1 (n = 3.01) the buckling is located in pressure side but having negative
eigenvalue the buckling condition does not occurs. In particular, in LC1, the pressure side
is in tension, being the wing bent upwards, being the buckling a compression instability,
the buckling instability is not possible where the section is in tension, therefore the minus
sign in the eigenvalue, this is due to Abaqus buckling analysis which are defined by:

(
KNM

0 + λiK
NM
∆

)
vMi = 0 (4.5)

where KNM
0 is the stiffness matrix corresponding to the base state, which includes the

effects of the preloads, PN (if any); KNM
∆ is the differential initial stress and load stiffness

matrix due to the incremental loading pattern QN ; λi are the eignvalues; vMi are the
buckling mode shapes (eivenvectors). The magnitude of the loading is not important, it
is scaled by the load multipliers λi found in the eigenvalue problem.

The region affected by buckling conditions are shown in Figure 4.12 for only the first three
modes.
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(c) LC1: mode 2 eigenvalue −0.66299
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(f) LC3: mode 3 eigenvalue 1.7129

Figure 4.12: Buckle analysis results for load cases 1 and 3.

LC1 LC2 LC3 LC4

Mode λ Location λ Location λ Location λ Location

1 -0.64224 PS 1.6524 PS -0.6365 PS 1.6447 PS

2 -0.66299 PS 1.7001 PS -0.6573 PS 1.6597 PS

3 -0.67358 PS 1.7129 PS -0.6636 PS 1.7074 PS

4 -0.69392 PS 1.7598 PS -0.6875 PS 1.7186 PS

5 -0.69976 PS 1.7753 PS -0.6908 PS 1.7404 PS

6 -0.71970 PS 1.8194 PS -0.7102 PS 1.7546 PS

7 -0.72773 PS 1.8323 PS -0.7199 PS 1.7797 PS

8 -0.74681 PS 1.9055 PS -0.7385 PS 1.8071 PS

9 -0.76548 PS 1.9124 PS -0.7563 PS 1.8304 PS
10 -0.76831 PS 1.9456 PS -0.7565 PS 1.8519 PS

Table 4.5: Wing buckling eigenvalues numerical data.
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The fuselage airframe design, due to the innovative configuration on Unifier19, requires
detailed analysis in terms of constraints, subsystem positions and dimension, in order to
fully understand what is the stress distribution for a radical new airplane configuration.
The constraints included in the airframe design take into consideration the aircraft role
and features, in particular:

• Is necessary to include a cargo door to allow the possibility of use the plane in a full
cargo configuration.

• In the fuselage compartment after the passengers’ cabin the liquid hydrogen tank
and the fuel cells are located.

• In the fuselage rear end is present the main engine with a pushing propeller.

Due to these high-level constraint a first model of the fuselage is generated using the script
developed. The inputs required are:

• Floor position and shape given as a N × 2 matrix, where the columns represent the
x and z coordinate respectively, and N are the points needed to define the floor.

• Floor support x ad y coorinates.

• Landing gear bay dimensions in terms of height, length and slant angle.

• Positions of the main frames.

• Maximum frame spacing.

• Number of stringers in the crown panel, in the fuselage side and in the bottom.

• Positions and dimension of each cutout as window and doors.

• Positions of the cockpit horizontal frames.

• Position of the pillars.

In particular the outcome expected is a PDR (Preliminary Design Review) with the
purpose to accurately define the volumes and position of each system inside the fuselage
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and define the proper interaction between the element in order to define the constraints
and general shape that the structure has to fit in. In particular three aspect were taken
into consideration:

1. Airframe and other system interface: the fuselage structure have the necessity to
interface correctly with all the others elements in the plane, in this case like nose
and main landing gear, LH2 fuel tank, fuel cells and many others. The airframe is
designed keeping all these elements in mind and considering a preliminary connection
system. In particular, considering the small volume available for the landing gear
bay.

2. Safety and comfort: In compliance with the CS-23 regulations, three emergency
exits are present in Unifier-19 whose dimension are maximized in order to ease
the evacuation procedure and creating a safer plane. Safety is granted even by
maximizing the cockpit windows: the main windshield guarantee a big field of view
for the pilot and the four side windows allow the pilot to visually inspect the DEP
conditions.

Comfort of the passengers is ensured by analyzing the cabin dimension to allow the
passengers to stand in the cabin, the design of the entry door is critical, it must
have height and width sufficient to guarantee an easy access for the passengers.

3. Maintenance and cargo: One of the main aspect of reducing the cost is to provide an
easy to maintenance plane, therefore the necessity to accurately define the position
and dimension of the access point in particular for the hydrogen tank and for the
fuel cells.

Cargo requirements impose the presence of a cargo door in the front section of the
fuselage and another one in the back allowing the ground staff to load the luggage.
The global volume for cargo is the equivalent of three LD3 containers.

5.1. Fuselage structure

The airframe for the fuselage structure is developed as follow considering as most im-
portant parameters the cutouts positions and structural element size and positions. In
particular the fuselage is divided in three main compartments each one with different
needs and constraint:

1. Nose and cockpit: is the forward part of the plane where the pilot and all avionics
are fitted. From a structural point of view is necessary to study the cutouts and



5| Fuselage design 51

the frame that hold in position the five big windshield and the nose landing gear.
The bigger constraint is the windshields position which is developed and thought
to ensure the maximum for the pilot, allowing the possibility to directly see the the
DEP state on the wing.

2. Passengers’ cabin: is the region where the seat passengers’ are located, in this region
is important to maximize the safety and the comfort for the people on board, in par-
ticular the presence of three emergency exits is mandatory from CS-23 regulations.
Moreover the dimension of the cabin should ensure the possibility for the passengers’
to stand up comfortably. Another constraint impose on this area is the presence of
a big cargo compartment to allow the possibility of full cargo configuration.

3. System compartment: behind the passengers’ cabin is located the system area, where
all the big plane subsystems are located. This region is necessary to fit the liquid
hydrogen tank and the fuel cells. In this region the airframe has to be defined
according to the position of this subsystems, positions of frames and stringers as
function as the location of those. In the last fuselage section is present a cargo
compartment that is used to store the passengers’ luggager during flight.

5.1.1. Cutouts and openings

The first step of the fuselage design is the definition of the location and size of the cutouts.
The opnings are necessary for easy and good use of the plane, the cutouts are present
both for technical aspects and both for passengers’ comfort. In Unifier19 a total of 17
structural openings are presents listed below:

• 5 windshields in the cockpit.

• 2 cargo doors: one big in the forward fuselage section and one, smaller, in the aft
compartment.

• 2 maintenance windows to allow technical operations on both fuel cells and tank.

• 6 passengers’ windows.

• 2 (+1) emergency exits located in the right side of the fuselage. It is important
to notice that the third emergency exits is the same door used for embark and
disembark, which is fully contained in the main cargo door, therefore is not explicitly
present in the model.

The openings dimensions are defined to be in compliance with CS-23 regulations and the
dimensions are listed in Table 5.1. The passengers’ window design is sketched in Figure 5.1.
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The convention for the emergency exits used reads: EME-1 emergency exits coincident
with the entrance; EME-2 and EME-3 forward and after emergency exits respectively.

Cutout Width [mm] Height [mm]

Entry door 750 1600

EME-2 650 1500

EME-3 650 1500

Fwd cargo 2000 1650

Aft cargo 600 700

Maintenance 700 1250

Table 5.1: Fuselage cutouts dimensions.

Figure 5.1: Passengers’ window
design, [mm]

The cutouts positions and dimensions definition is very
relevant for the preliminary design because those en-
forces the position of stringers and frame that are need
to increase the structure strength in a location where
the opening weaknesses it. In particular the cockpit
dimension and size is developed with the objective of
maximize the field of view for the pilot, who can di-
rectly see the wings and the DEP during flight. A total
of 5 windshield are available for the pilot divided by
four symmetrical pillars, being Unifier19 a single pilot
commuter the principal wind shield does not account
for a pillar placed in the symmetry plane because it would have vastly decreased the field
of view for the pilot.

The doors and emergency exits locations have been imposed by the CS-23, regulation
enforcing the position of one emergency exit symmetrical to the entry door and one located
in the rear of the cabin in the right side of the plane. The emergency dimension are being
maximized according to the frames position with the objective of ease the evacuation
procedure and increase the safety for the passengers. The windows and dimension are
designed with the objective of increase the comfort of the passengers’ during flight: the
wide dimensions and position ensure to each person on board a good view of the outside
granting a nice flight.

On the other hand, cargo and maintenance openings are sized to be as small as possible
granting a sufficient area to allow for technical operation. The objective is to have access
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to the plane subsystem without impacting too much the aircraft structural efficiency. In
particular the two symmetrical maintenance holed provide direct access to the fuel tank
and liquid hydrogen tank, meanwhile the rear cargo door, commonly used to load and
unload luggage, can be used as entrance for the maintenance crew allowing access to the
system compartment area passing through a cosmetic wall that can be easy disassembled.
All these feature have been designed with the objective of ease the use of Unifer19 in any
circumstance.

All the coutouts are shown in different colours in Figures 5.2.

(a) Left side

(b) Right side

Figure 5.2: Fuselage cutouts positions.

5.1.2. Floor

The definition of the floor is important because it separates the volume designated to
the passengers and the volume for the subsystems. To increase the passengers comfort
a good strategy is to maximize the cabin height by reducing the floor position, in this
case this can lead to issues in the next project phases having preferred one priority to
the other. For this reason the floor position have been chosen in such a way that allow
the comfort passengers, with a cabin height of maximum 1.82m and, using a preliminary
volume estimation of the subsystem, ensuring a tolerance for the under floor system
compartment.
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(a) Floor layout, left view.

(b) Floor support, bottom view.

Figure 5.3: Fuselage floor layout

The floor layout is shown in Figure 5.3a, it is composed in different height levels: the
cockpit is slightly lower than the passengers’ cabin both because under the cabin there
are not big subsystem and because in this way the pilot position is the best from an
available field of view dimension. Behind the cabin, in the system compartment, the floor
have to lower itself in order to allow the minimum volume required for the liquid hydrogen
tank. After that the floor shifts upward to ensure and fixing in position the fuel cells and
remains at the same height until is necessary to be moved upward in proximity of the
fuselage boat tail. In particular the rear cargo compartment presents a three steps floor in
order to maximize the volume available for the luggage and do not interfere with the boat
tail. The floor is supported across the whole floor length, by two main support structures.
These support structure, shown in Figure 5.3b, are the main element that withstand the
floor vertical loads, and are used as attachment points to the subsystem located below the
floor, as air conditioning, batteries and electrical system. In the forward end of the floor
support, the nose landing gear is hinged, making the those support to be subjected to take
off and landing gear loads. These supports does not provide enough horizontal strength, in
particular between the supports itself. for this region it is mandatory to provide strength
to the floor using horizontal beams perpendicular to the supports. These beams connect
each section of the fuselage being riveted to the skin frames. To provide enough bending
resistance these beams have a I-shape profile with a flange to web ratio of 0.3. To avoid
buckling of the floor some stringers parallel to each others are implemented.
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5.1.3. Frames and stringers

Main airframe elements are the frames and the stringers for the fuselage skin. The ini-
tial spacing is defined accordingly with standard aeronautical solution, having a frames
spacing almost instate of 0.5m ans stringers spacing of 0.2m. The frames positions are
defined according to the airframe constraints such as cutouts or structural discontinuities.
In detail the frames that close the cutouts as cargo door, maintenance, etc. are defined in
position according to the cutout position and dimensions. Other frames that are defined
a priori are the frames located in correspondence of the front and rear spar. Those posi-
tions are tuned to be under the wing spars allowing for an easy connection mechanism,
these two frames must be very strong because ave to withstand the lift force generated
by the wing. The big cargo door in the front section of the fuselage vastly impact the
structural integrity of the airframe not being present any shell elements that carry the
load, to tackle this issue is necessary to decreased the spacing between the frames, in this
region the spacing is half with respect to the otter plane sections to be 0.25m. In the rear
part of the fuselage the frames which position is defined by other subsystems are:

• The frames that hold in position the liquid hydrogen tank.

• The frame that close the landing gear bay cutout.

• The frames that connect the fuselage with the V-tail.

All the others are defined automatically by considering a spacing defined as input to
the parametric script. The position of these frames is computed by searching the fuselage
locations in which the spacing between two consecutive frames is grater that the maximum
spacing defined as input. In this region the distance between the frames is computed and
divided by the target, being the length in reference not divisible perfectly by the spacing
chosen, the integer value of this ratio is considered to be the number of frames to be
introduced between the starting two. The distance is that equally divided and the frames
are located in these position. As an example if the spacing between two frames is 880mm
and the maximum allowable frames spacing is 450mm, the ratio 880/450 = 1.5̄ leads to the
creation of one frame, located in a spacing of s = 880

1+1
= 440mm. All the frames and the

stringers are a Z-shape profile.

The frames and stringers locations are shown in Figure 5.4.
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Figure 5.4: Fuselage frame and stringers locations.

5.2. Preliminary load evaluation

The preliminary load evaluation have been performed considering the fuselage as a free-
free beam in which the forces generated by the wing, the V-tail and the inertia are in
equilibrium. This model is one dimensional and in order to not complicate further than
necessary the model, a symmetrical load condition is considered, in this approach all
the forces are applied directly on the fuselage elastic axis. Therefore is not possible to
capture in this model any asymmetry due to the the uneven passengers distribution. The
hypothesis in which this model is based are:

1. Straight elastic axis

2. Symmetrical condition with respect to the A/C symmetry plane.

3. Forces acting parallel to the elastic axis are neglected, therefore neither aerodynamic
drag neither thrust is not considered.

(a) Shear force envelope. (b) Bending moment envelope.

Figure 5.5: Internal forces envelope for fuselage using beam model.
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Having ensured the load equilibrium is possible to compute the internal forces without
constraining the system. All the load cases provided by PVS are tested and the envelope
of the internal forces is defined. The numerical results are reported in Table 5.3 and in
Figure 5.5 the diagrams for bending and shear force are reported.

From which is possible to identify that the most critical conditions for the fuselage are
given by different load cases. In particular maximum shear is given, depending on the
fuselage position taken into consideration, bu LC1, LC3, LC17 and LC19 which correspond
to high load factor maneuver at VA, in both weight and balance configuration relative to
maximum rear CG position (LC1 and LC3) and maximum forward position (LC19, LC19).
For fuselage bending the sizing load cases are : LC1, LC2, LC3, LC17, LC18, LC19 and
LC25.

Each fuselage section is sized by a different load case, leading to a difficult understanding
on the condition that are critical for the fuselage, therefore is necessary to consider all these
flight conditions in the FEM analysis in order to fully understand the stress characteristics
in the fuselage airframe.

5.3. Loads discretization an boundary conditions

As done for the wing, the fuselage simulations are performed only for the most critical
load cases, in this case however the loads to which the fuselage is subject are all inertia
loads of the all subsystem and the reaction forces transmitted to the fuselage by the main
wing and by the vertical tail. All of these data are computed by the load assumption
provided by PVS. These load assumption are based on a beam model, where each load
is applied in the A/C symmetry plane. With the FEM model developed the loads are
introduced as point masses in the exact location where each element is located. Using
this load definition is possible to represent in the best way as possible which is the load
distribution across the fuselage, in this representation each subsystem is condensate in
a point wise mass. The masses and positions used for the simulations are reported in
Table 5.4. Regarding the passengers, the pilot and the relative seats, only one mass is
considered for each person, comprehensive of the mass of the person itself and the mass
of the seat.
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y Tz min Tz max My min My max
[m] [kN ] LC [kN ] LC [kNm] LC [kNm] LC

0.141 0.00 1 0.00 1 0.00 1 0.00 1

1.000 1221.285843 17 -486.891366 19 0.00 1 0.00 1

2.000 12871.032651 17 -5131.308698 19 2596.216627 19 -6512.176707 17

3.000 22084.830557 17 -8804.583611 19 9203.057921 19 -23084.336953 17

4.000 27697.503075 17 -11042.193917 19 18157.645274 19 -45545.426897 17

5.000 43016.780898 17 -17149.547202 19 29900.216366 19 -74999.709384 17

6.000 52065.873167 1 -20757.158738 3 47552.717292 19 -119278.065875 17

7.000 64443.780563 1 -25691.872650 3 68014.920074 19 -170604.091186 17

7.300 91290.366158 1 -36394.830362 3 75306.363628 19 -188893.462099 17

7.830 21888.916349 19 -54904.698508 17 93155.220978 3 -234284.409054 2

8.000 20357.476402 19 -51063.336641 17 86775.427191 3 -228822.832341 2

8.187 16910.793384 19 -42417.906739 17 79955.166042 3 -223310.523934 2

8.571 3801.711555 1 -1727.684418 17 70020.394943 3 -222247.184049 2

8.630 9890.856673 1 -3943.198674 3 68685.873981 3 -222512.178354 2

8.800 23396.027548 1 -9327.319953 3 65307.869704 3 -224580.090329 2

8.975 25662.532614 3 -64370.185973 1 62666.235162 3 -228805.094609 2

9.000 24624.543310 3 -61766.562801 1 62126.431741 3 -227192.728068 2

9.900 21164.757190 3 -53088.265950 1 43627.698933 3 -171490.793439 2

10.000 17853.329450 3 -44782.101370 1 42148.915197 3 -166748.072400 2

11.000 16894.164942 3 -42376.197062 1 28365.981493 3 -121841.495355 2

11.450 13963.937922 3 -35026.210953 1 23057.545022 19 -103875.693955 18

12.000 13066.329450 3 -32774.709703 1 19509.717505 19 -89292.648182 18

12.700 9219.518729 19 -23125.626146 17 15905.331417 19 -73017.576908 18

13.000 8011.885067 19 -20096.478375 17 14360.594522 19 -66042.546361 18

14.000 7010.364960 3 -17584.332107 1 10419.105201 19 -45821.592310 18

14.460 6922.632707 19 -17364.270374 17 9107.076198 19 -37776.769128 18

15.000 6013.117815 19 -15082.903852 17 7566.868239 19 -28332.846261 18

15.448 5671.862071 19 -14226.920694 17 6696.528752 19 -21519.940232 18

16.000 4978.898343 19 -12488.736677 17 5425.831744 19 -13609.794626 25
17.000 3640.800783 19 -9132.341965 17 834.691650 19 -2093.684889 25
17.900 0 5 0 22 0 30 0 5

Table 5.3: Numerical data for internal forces envelope for fuselage.
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Subsystem Mass [mkg] xCG [mm] yCG [mm] zCG [mm]

Air conditioning 220 5950 0 -1000

Batteries 593 7300 0 -1000

LH2 tank 195 9900 0 100

Fuel cells 250 11575 0 25

Nose landing gear 53 950 0 -800

Main landing gear 200 900 ±760 -950

Electric system 201 8200 0 -1000

Main engine 50 15650 0 850

Main engine propeller 45 17900 0 850

Main engine electronics 20 15000 0 850

Luggage comp. 1 380 12700 0 145

Luggage comp. 2 190 14460 0 325
Seat and passengers 86 Table 5.5

Table 5.4: Fuselage subsystems mass and position.

The passengers are disposed in seven rows with three seats each, apart from the second one
which is composed by only one seat. This is done both for have 19 seats and both to ease
the evacuation procedure, because in correspondence of the second row the emergency
exits are located. The center of gravity position for each passenger and the seat are
reported in Table 5.5.
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Seat xCG [mm] yCG [mm] zCG [mm]

Row 1, L 3400 -705 200

Row 1, C 3400 200 200

Row 1, R 3400 705 200

Row 2, C 4200 200 200

Row 3, L 5000 -705 200

Row 3, C 5000 200 200

Row 3, R 5000 705 200

Row 4, L 5800 -705 200

Row 4, C 5800 200 200

Row 4, R 5800 705 200

Row 5, L 6600 -705 200

Row 5, C 6600 200 200

Row 5, R 6600 705 200

Row 6, L 7400 -705 200

Row 6, C 7400 200 200

Row 6, R 7400 705 200

Row 7, L 8200 -705 200

Row 7, C 8200 200 200

Row 7, R 8200 705 200

Table 5.5: Fuselage subsystems mass and position.

Using an approach analogue to the wing load application, the point masses are connected
to the airframe using structural coupling that connect each point to the elements to which
the relative subsystem is connected. To define these proprieties correctly is necessary to
have a preliminary idea on how these element have to interface each other. Starting from
the passengers’ seats, to allow the possibility to store luggage and/or live vest under the
seat, is not possible to connect the seat to the horizontal frames, therefore is necessary to
connect the seat directly to the floor stringers. Liquid hydrogen tank and fuel cells must
be strongly connected to the main frames and the floor in at least two points in order to
ensure the fail safeness of the connections, furthermore the connection points are located
only on the upper and lower part, to allow some space that will be used for inspection
procedures. The luggages in the rear cargo compartment instead are just lend against the
floor. In consequence of these solutions, the structural coupling between each subsystem
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and the airframe are defined. The coupling used in the analysis are shown in Figures 5.6
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Figure 5.6: Kinematic coupling used in fuselage analysis.

The other loads to be applied are the aerodynamic loads given by the wing and the V-
tail. It is not possible to apply directly the lift and the trim forces obtained by the load
assumption by PVS because, in that computation, a fuselage mass have been hypothe-
sized and it is not likely that it correspond to the airframe mass considered in the FEM
model. for this reason, the lift and the trim force were applied, would not result a model
in equilibrium with the consequent problems in terms of boundary condition definition.
For this reason the methodology adopted consider the model boundary conditions in cor-
respondence of the wing-fuselage connection and the trim force and position taken from
the data provided by PVS. In this way the total lift force is computed by the reaction
force in the model. In particular the boundary condition considered are:

• Null displacement in y and z direction in correspondence of the lug position.

• Null displacement in x in the symmetry plane for the frames that connect to the
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FuelCells

 LH2−tank

Seat R7 C

Seat−R7−R

Figure 5.7: Fuselage FEM boundary conditions.

front and rear wing spar.

The exact point where the boundary conditions are applied is shown in Figure 5.7.

5.4. Material selection

Following the same approach describe in the wing design, the fuselage material have been
selected by considering the requirement of each element and only standard alloy is used.
The material chosen for the structural design and their mechanical proprieties are reported
in Table 5.6. Ramberg-Osgood plasticity model is used for the analysis in consistency with
the plasticity used in the wing design.

ρ
[
kg
m3

]
E [GPa] ν [−] σy [MPa]

Al-2024-T351 2768.00 74.466 0.33 330.96

Al-7040 2590.80 71.708 0.33 434.02

Table 5.6: Fuselage material proprieties.

For the shell elements as external fuselage, floor and floor support Al-2024 has been chosen
due to its light weight and resistance capabilities, whereas for the frames and stringers
Al-7040 have been considered for its high strength and resistance.

5.5. Analysis and results

Crucial aspect for the fuselage FEM analysis is the mesh definition and controls. Given the
complexity of the model, both 1D and 2D elements are considered: the external shell, the
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(a)

(b)

Figure 5.8: Wing fuselage mesh.

floor and the floor support are modelled as bidimentional elements, whereas both frame,
stringers and floor beams are considered to be one dimensional elements. In order to have
valuable results the mesh controls are detailed tuned to create a structured quadrilateral
mesh where possible. This is well achieved in the floor and in the fuselage side and roof,
but where big curvature or section variation are present is have been necessary to use a
structured quad-dominated mesh, allowing the possibility to have few triangular elements
that can reduce the high element aspect ratio. An overall seeding of 25mm is considered
and the mesh used in the Analysis is reported in Figure 5.8.

Following an euristic sizing in which, using the script developed, the thicknesses and beam
profiles have been changed accordingly to the simulation results, the fuselage structure
sizing have been achieved. The total fuselage mass is 1289Kg, slightly higher with respect
to the statistical regression made in the previous months. The thicknesses distributions
are reported in Figures 5.9
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(a) Left view.

(b) Top view.

(c) Bottom view.

(d) Floor supports.

(e) Floor.

Figure 5.9: Fuselage elements thickness distribution. Units in [mm].

Analyzing the result is possible to notice that all the fuselage elements, with the excep-
tion of the frames connecting the fuselage and the wing, are sized considering buckling
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condition. In particular the static analysis, done for all the load cases highlighted in the
preliminary load condition, the most critical case is find to be LC18 for which the results
are reported in Figures 5.10, in this configuration the maximum stress is 281.1MPa lo-
cated in the frame connecting the wing with the front spar. In this region is present a
stress concentration which is due to the connection with the wing. The stresses in the
other fuselage pars are much lower with respect to the yielding stress of the material,
satisfying the strength requirements. For LC25 the maximum stress is located in the
frame connected to the V-tail generating a maximum stress of 257.1MPa. The stress
distributions for this case are reported in Figures 5.11.

(a) Shell elements.

(b) Frames and stringers.

(c)

Figure 5.10: Fuselage stress concentration, LC18. [MPa]
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(a) Shell elements.

(b) Frames and stringers.

(c)

Figure 5.11: Fuselage stress concentration, LC25. [MPa]

The buckling simulations have been performed for all the load cases highlighted in the
preliminary load design, obtaining the results reported in Table 5.7. From which is pos-
sible to prove the structural stability for the whole flight envelope. Because the relevant
eigenvalues are all greater than 1.5 therefore the instability occurs after the ultimate load.
It is important to notice that the eigenvalue smaller than 1.5 are non relevant because the
instabilities are non-physical. This is due to the necessity, for the simulations, to model
using a fake non-resistant material to model the region where the V-tail is connected to
the fuselage. In those region a shell element is not present, therefore the instabilities of
those are captured numerically but are not real instabilities (Figure 5.12).
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Figure 5.12: Non physiscal buckling region. , [mm]

In Appendix D the result for each simulation is provided.

Mode LC1 LC2 LC3 LC17 LC18 LC19 LC25

1 -0.898 -0.756 1.504 -0.620 0.440 1.503 0.170

2 -0.913 -0.768 1.522 -0.630 0.443 1.553 0.171

3 -0.979 -0.807 1.559 -0.676 0.634 1.567 0.244

4 -1.001 -0.827 1.590 -0.691 -0.700 1.600 0.245
5 -1.004 -0.844 1.660 -0.694 0.633 1.666 0.332

Table 5.7: Fuselage buckling eigenvalues numerical data.
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design

The connection between the fuselage and the aerodynamic surfaces is one of the most
important elements to be taken into consideration for the preliminary design because
neglect small but important sub elements may provoke a big effect on the next project
development if any issue is encountered on those. Moreover the definition of high lever
system directly impact the overall airframe design. For these reasons analyze a concept
of the wing fuselage connections is mandatory.

Figure 6.1: Wing fuselage connection lug
concept.

The wing connection mechanism is based
on a relatively simple pin-bolt connection:
each wing (or tail) spar is directly con-
nected to one strong fuselage frame and
held in position using a pin, shown in Fig-
ure 6.1. The connection in order to be in
compliance with the regulations is neces-
sary to be proven fail-safe, its design is
performed in two steps which follow.

6.1. Analytical

Many references are reported in technical books, article and studies regarding the ana-
lytical lug model and sizing, one accurate sizing procedure is available in [8], which is
used to have a preliminary lug size. Considering Figure 6.2 a given lug can be modelled
using three dimensions: D, t and a. The analytical sizing procedure have been followed
to define the preliminary dimensions of the lugs considering the maximum force expected
to be transmitted. To size the junction is necessary to size both male and female side
of the lug. In particular the inner one is need to withstand all the force P multiplied
by the factor of safety, bu the female one (the external) being composed by two parts,
need to withstand only to P/2 multiplied bu the safety factor. Sizing both individually



70 6| Assembly elements design design

the connection is defined.

(a) Lug axial load (b) Lug failure modes

Figure 6.2: Lug analytical model.

6.2. Junction fail safeness

The connection just sized is tested using FEM model to check in detail the stress con-
centration, due to the symmetry of the problem, only a fourth of the lug is considered to
save computational time and resources, Figure 6.3.

Figure 6.3: Wing-fuselage connection lug
mesh.

In this condition symmetry boundary con-
ditions are considered in the relative faces
and an ensacter constrain is defined at
the basis of female lug. The force ap-
plied is 104000N relative to LC1 is ap-
plied to a reference point which, consid-
ering kinematic coupling is connected to
the whole basis of the internal lug. Using
a quadrilateral structured mesh obtaining
the stress distribution shown in Figures
6.4. Being the maximum stress is located
in the internal lug (Figure 6.4c) of 275MPa, well below the yielding stress of the titanium,
is possible to prove the safeness of the connection. As for the wing and the fuselage the
sizing developed in this section can and will be furthermore optimized in the next project
phases.

The connection just developed is not a fail safe mechanism: is a crack if generated in one
element it can propagate and never stop with consequent catastrophic failure. The model
therefore has to be modified to be in compliance with CS-23 regulations. The changing
consists in doubling any element present in the junction: two concentric pin are present



6| Assembly elements design design 71

(Avg: 75%)
S, Mises

  0.527
 23.424
 46.321
 69.218
 92.114
115.011
137.908
160.805
183.702
206.598
229.495
252.392
275.289

(a)

(Avg: 75%)

S, Mises

 0.527
 23.424
 46.321
 69.218
 92.114
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(b)

(Avg: 75%)

S, Mises

 2.118
 24.882
 47.646
 70.410
 93.175
115.939
138.703
161.467
184.232
206.996
229.760
252.524
275.289

(c)

Figure 6.4: Stress distribution in wing-fuselage connection lugs. Stresses in [MPa]
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and two lugs are defined in each connection end, considering that each element must be
able so withstand the limit load.

4
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.
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Figure 6.5: Lug fail-safe concept, dimensions in [mm]

In this configuration shown in Figure 6.5 if is a crack is generated in one element, there is
a backup element that prevent a catastrophic failure. The dimensions considered in this
design are the same dimension obtained by the analytical sizing, these may not be optimal
but are a good starting point for begin a future optimization procedure. The junction
obtained in this way has to be proven fail safe, this require a more detailed methodology
as FEM analysis. To ease the model generation, the geometry generated in CATIA is
imported and assembled in Abaqus, the material proprieties are applied and the mesh
and analysis are executed. The material chosen for this element is titanium, because is
necessary to have a very Strong material due to the importance and critical condition of
these elements.
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7| Conclusion and next steps

This research wanted to study and develop two main aspects in Unifier19 development,
one is to intended as a more theoretical and on methodology development of study the
feasibility of a new aircraft concept, and the other more practical which consist in the
actual sizing of the full aircraft airframe. Regarding the first aspect a fully working
parametric model generation is developed, in which, given the external loft, the designer
can generate quickly and efficiently countless new configuration in terms of wing spacing,
material selection, cutout frames and many other parameters. This tool can and will be
very useful for future research allowing the possibility to develop accurately sensitivity
analysis on any given parameter both in wing and fuselage design in order to find which
are the most relevant parameters for a concept like Unifier19. It is important to notice
that this methodology and the tool developed can, in principle, being applied to any
innovative A/C design because there are not any constraints that impact the design, the
only constraints in terms of frame and rib position are provided by the designer in input,
considering his experience and the actual system design.

Considering the development of Unifier19 airframe the initial objective was to define a
structure architecture that satisfy all the requirements and, considering the FEM analysis,
is possible to conclude that this objective is fully achieved. Nevertheless the structure
developed have many possibility of improvement that can be achieved with the develop-
ment and use of an optimizer tool that can find the optimal thickness distribution both
in wing and fuselage. The airframe described and developed in this research consider
only in-flight conditions, in order to finish the airframe design is a detail project, is nec-
essary to consider all the other constrains and critical load conditions. In particular is
necessary to develop a methodology for damage tolerance analysis in case of debris im-
pacts or failure of some structural elements, and detailed analysis on the wing box in
maneuvering conditions should be developed, considering the chord pressure distribution
for the elevators deflection. Other critical aspect that is not analyzed in this work is
the feasibility of the airframe from a manufacturing point of view: a detailed study on
the manufacturing process is very important in this stage of the project because is can
provide constraint on the minimum and maximum element dimensions or can highlight
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problems on the element connection points. In parallel to this future task the develop-
ment of an optimizer is crucial in order to find the minimum weight solution, considering
the possibility of chaining the material selection used in this work. In particular the use
of composite material will be taken into consideration, allowing the possibility of have a
lighter airframe design. The use of composite should consider the different failure modes
with respect to standard alloys and the non-trivial increase in production cost that may
balance out the performance increase obtained with composite materials.

7.1. Final weight considerations

Unifier19 airframe developed presents a fuselage and wing mass respectively of 1243kg

and 289kg for a total of 1821Kg. Considering the statistical regression made in the
project early phases and the masses obtained in this steps are higher of 95Kg being
the fuselage and wing masses hypothesized to be 1005Kg and 721Kg respectively. This
result however is considered a good result because, both for the wing and the fuselage the
stress distribution is quite far from the optimal one, in particular considering the static
load condition. This will lead to the possibility for the next project phases to develop
a optimizer for the material distribution and the use of the developed automatic GFEM
scripts to test different configuration in terms of frame spacing that vastly impact the
structural efficiency. Moreover the introduction of composite materials will produce a
lighter structure with non-trivial weight saving.
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A| Load Assumption

First step of the structural sizing is the definition of the aircraft flight envelope and the
definition of the load condition that are expected in service. This study, performed by
Pipistrel Vertical Solution using confidential algorithm, produced as result 32 load cases
reported in Table A.2, where the weight and balance configurations (W&B) are reported
in Table A.1

m [kg] xCG [m] yCG [m] zCG [m] Ixx [kg m2] Iyy [kg m2] Izz [kg m2]

max F 7437.6 8.085 0.0 0.208 23527 89829 102125

max R 7437.6 8.444 0.0 0.208 23527 89528 101823

min F 5129.6 8.085 0.0 0.094 22643 76066 88486

min R 5129.6 8.444 0.0 0.094 22643 76618 89038

Table A.1: Weight and balance configuration.
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Case W&B Airspeed VEAS [m/s] Status n [−] L [N ] LV T [N ] CL

LC1 max F VA 82.3104 man+ 3.01 217448.80 2095.81 1.813

LC2 max F VD 115.2346 man+ 3.01 219669.09 −124.47 0.934

LC3 max F VA 82.3104 man- −1.20 −83455.70 −4070.39 −0.695

LC4 max F VD 115.2346 man- −1.20 −81235.41 −6290.68 −0.345

LC5 max F VC 82.3104 gust+ 2.47 178776.84 1303.34 1.490

LC6 max F VD 115.2346 gust+ 2.03 149500.05 −1562.39 0.636

LC7 max F VC 82.3104 gust- −0.47 −31203.72 −2999.63 −0.260

LC8 max F VD 115.2346 gust- −0.03 2513.65 −4574.48 0.010

LC9 max R VA 82.3104 man+ 3.01 207586.25 11958.36 1.730

LC10 max R VD 115.2346 man+ 3.01 209806.54 9738.07 0.892

LC11 max R VA 82.3104 man- −1.20 −79523.78 −8002.31 −0.663

LC12 max R VD 115.2346 man- −1.20 −77303.49 −10222.60 −0.328

LC13 max R VC 82.3104 gust+ 2.47 170687.14 9393.04 1.423

LC14 max R VD 115.2346 gust+ 2.03 142854.28 5083.37 0.607

LC15 max R VC 82.3104 gust- −0.47 −29667.21 −4536.14 −0.247

LC16 max R VD 115.2346 gust- −0.03 2606.22 −4667.05 0.011

LC17 min F VA 82.3104 man+ 4.36 217448.80 2095.81 1.813

LC18 min F VD 115.2346 man+ 4.36 219669.09 −124.47 0.934

LC19 min F VA 82.3104 man- −1.74 −83455.69 −4070.39 −0.695

LC20 min F VD 115.2346 man- −1.74 −81235.40 −6290.68 −0.345

LC21 min F VC 82.3104 gust+ −3.08 154154.58 798.77 1.285

LC22 min F VD 115.2346 gust+ 2.46 125610.69 −2051.94 0.534

LC23 min F VC 82.3104 gust- −1.08 −50939.95 −3404.07 −0.424

LC24 min F VD 115.2346 gust- −0.46 −17955.48 −4993.94 −0.076

LC25 min R VA 82.3104 man+ 4.36 207586.25 11958.36 1.730

LC26 min R VD 115.2346 man+ 4.36 209806.54 9738.07 0.892

LC27 min R VA 82.3104 man- −1.74 −79523.78 −8002.31 −0.663

LC28 min R VD 115.2346 man- −1.74 −77303.49 −10222.60 −0.328

LC29 min R VC 82.3104 gust+ 3.08 147193.65 7759.71 1.227

LC30 min R VD 115.2346 gust+ 2.45 120060.09 3498.65 0.510

LC31 min R VC 82.3104 gust- −1.08 −48498.67 −5845.35 −0.404

LC32 min R VD 115.2346 gust- −0.45 −16924.53 −6024.89 −0.072

Table A.2: Load cases.
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drawings
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Figure B.1: Nose landing gear extended position, dimension in [mm]
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Figure B.2: Nose landing gear retracted position, dimension in [mm]
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Figure B.3: Main landing gear kinematic system dimensions, dimension in [mm]
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1127.49

Figure B.4: Main landing gear assembly, dimension in [mm]
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C| Main wing simulations

In the following pages are reported the numerical results for the wing static simulations
at ultimate load condition.
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(a) Pressure side.

(b) Suction side.

(c) Stringers.

Figure C.1: Wing static simulation for LC1, [MPa]
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(a) Pressure side.

(b) Suction side.

(c) Stringers.

Figure C.2: Wing static simulation for LC2, [MPa]
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(a) Pressure side.

(b) Suction side.

(c) Stringers.

Figure C.3: Wing static simulation for LC3, [MPa]
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(a) Pressure side.

(b) Suction side.

(c) Stringers.

Figure C.4: Wing static simulation for LC4, [MPa]
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D| Fuselage simulations

In the following pages are reported the numerical results for the fuselage static simulations
at ultimate load condition.
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(a) Left side.

(b) Floor and floor support.

(c) Frames and stringers.

Figure D.1: Fuselage static simulation for LC1, [MPa]
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(a) Left side.

(b) Floor and floor support.

(c) Frames and stringers.

Figure D.2: Fuselage static simulation for LC2, [MPa]
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(a) Left side.

(b) Floor and floor support.

(c) Frames and stringers.

Figure D.3: Fuselage static simulation for LC3, [MPa]
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(a) Left side.

(b) Floor and floor support.

(c) Frames and stringers.

Figure D.4: Fuselage static simulation for LC17, [MPa]
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(a) Left side.

(b) Floor and floor support.

(c) Frames and stringers.

Figure D.5: Fuselage static simulation for LC18, [MPa]
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(a) Left side.

(b) Floor and floor support.

(c) Frames and stringers.

Figure D.6: Fuselage static simulation for LC19, [MPa]
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(a) Left side.

(b) Floor and floor support.

(c) Frames and stringers.

Figure D.7: Fuselage static simulation for LC25, [MPa]
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E| Cutaways

Figure E.1: Piaggio P180 Avanti cutaway
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Figure E.2: ATR42 Colibrì cutaway
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Figure E.3: Dornier Do228 cutaway
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