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Abstract: Re-entry winged body vehicles have several advantages w.r.t capsules, such as maneuver-
ability and controlled landing opportunity. On the other hand, they show an increment in design
level complexity, especially from an aerodynamic, aero-thermodynamic, and structural point of view,
and in the difficulties of housing in operative existing launchers. In this framework, the idea of
designing unmanned vehicles equipped with deployable wings for suborbital flight was born. This
work details a preliminary study for identifying the best configuration for the hinge system aimed
at the in-orbit deployment of an unmanned re-entry vehicle’s wings. In particular, the adopted
optimization methodology is described. The adopted approach uses a genetic algorithm available
in commercial software in conjunction with fully parametric models created in FEM environments
and, in particular, it can optimize the hinge position considering both the deployed and folded
configuration. The results identify the best hinge configuration that minimizes interface loads, thus,
realizing a lighter and more efficient deployment system. Indeed, for such a category of vehicle, it is
mandatory to reduce the structural mass, as much as possible in order to increase the payload and
reduce service costs.

Keywords: design optimization; genetic algorithms; re-entry vehicle; space; USV3; deployable
wing; FEM

1. Introduction

The Italian Aerospace Research Centre (CIRA) is involved in several programs to
develop new technologies, material, and structural concepts to speed up the process of
designing and manufacturing the next European System for in-orbit-experimentation
with re-entry capability, known as Space Rider, after the successful heritage of the IXV
program [1,2].

For such vehicles, one of the key points is the need for a hot primary structure that
can withstand the severe thermo-structural challenges that are typical of the re-entry phase
aero-thermal environment. Ceramic matrix composites (CMC) are widely used and have
been developed for this purpose in the last few decades [3-6]. CIRA is also developing
new CMC for space applications, for the design of control surfaces and thermal protection
systems [7-9]. Another key point is represented by the development of key technologies
applicable to future unmanned spacecraft, for re-entry from LEO orbits w.r.t structural
optimization. In this framework, CIRA was the primary contractor on the Unmanned
Space Vehicle 3 project, named USV3 [10].

The CIRA Unmanned Space Vehicle (USV3) concept must respect a set of technical
guidelines, in particular, the objective is to perform an autonomous orbital and suborbital
flight, with enhanced flying capability and conventional landing on a runway.

A typical atmospheric re-entry flight consists of three phases: a hypersonic phase,
a transition phase from supersonic to subsonic flight, and a landing phase. During the
hypersonic phase, aero-braking decelerates the vehicle from near-orbital velocity while
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cross-range maneuvering and down-range energy management are used to reach the
desired landing area. The transition phase requires only stable, controllable flight. The
landing phase consists of intercepting the approach path, and holding an established glide
slope with the correct excess speed to enable a flare maneuver for landing.

The selected aerodynamic shape is based on a winged body concept [11,12]. The
advantages of using a winged body that relies on improved low-speed flight, landing
performance, and hypersonic maneuverability must be weighed against the complexity of
the design by aerodynamics, aerothermodynamics, and structural point of view. Moreover,
the need for housing in operative existing launchers, such as the VEGA-C fairing of a
winged vehicle, leads to the adoption of very stretched vehicle configurations, with conse-
quent penalties in terms of volume and weight to be dedicated to the payload. Therefore,
a deployable wing solution could overcome difficulties in the launcher accommodation
offering, at the same time, the opportunity to keep the winged layout [13].

The “USV3 DWS” is a 2500 kg re-entry vehicle, equipped with deployable wings
housed in the fairing of the VEGA C launcher.

The vehicle conceptual design equipped with a deployable wing is the output of a
trade-off study (phase 0/A study, ECSS standard) that aimed to define a possible sys-
tem concept design and related high-level system requirements, taking into account the
following criteria: global weight minimization; payload maximization; optimization of
aerodynamic efficiency over all the flight regimes; mass minimization of wing thermal
shields; maximization of mechanisms simplicity and reliability.

In particular, two different concepts, each one with a different re-entry strategy, have
been identified by exploiting the experience acquired during USV1, USV3, and IXV pro-
grams and the ongoing activity on the Space Rider European program.

The first concept (IXV-based) is expected to operate a re-entry mission based on the fol-
lowing three phases: atmospheric re-entry without wing (lifting body) and controlled flight
up to the low supersonic or transonic regime; deceleration using a parachute (if needed)
and deployment of the wing; controlled flight through transonic and subsonic regimes up
to landing.

The second concept (USV3-based) is designed to operate a re-entry mission performing
a wing deployment prior to the atmospheric re-entry and to operate all the aerodynamic
regimes with a “winged” configuration.

In terms of the deployment mechanism, the first concept is, of course, more demanding
due to the fact that the deployment happens in the atmosphere and, therefore, the actuation
system can withstand the aerodynamic forces and be quickly performed to guarantee
a significant synchronization level in the wings deployment. Further, some mechanism
components would be exposed to the space environment during the orbital phase. These
issues are avoided for the second concept, because the wing releasing phase occurs at the
beginning of the orbital phase. On the other hand, the mechanism components of the
second concept shall be designed considering the presence, on the wing, of a significant
thermal protection system (TPS) layer, reducing the available clearance for mechanism
housing.

By means of the trade-off analysis, a configuration based on the wing deployment at
the beginning of the orbit phase was defined as the best one. Figure 1 shows the selected
configuration (identified as USV3 “WB-B3”) in operative condition (deployed wings) and
in stored configuration inside the schematic VEGA-C fairing (folded wings). The entire
CAD model was developed using CATIA V5-6R2016.
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Figure 1. (A) USV3 “WB-B3” with deployed wings; (B) USV3 “WB-B3” in stored configuration inside
the VEGA-C fairing.

The deployable wing system (DWS) guarantees the connection between the fuselage
cold structure and the deployable wing structure and is basically composed of the actuation
system and at least two hinges, the shape of which has been conceived to ensure a stable
and strong connection both in the folded and deployed configuration.

The position of the DWS rotation axis has been defined considering the need to
minimize the portion of fixed wing, to minimize the gap between the fixed wing portion
and deployable wing, and to avoid any interference during wing deployment as shown in
Figure 2.

Figure 2. USV3 “WB-B3” DWS: reduced gap and avoided interferences requirements.

Wing Undeployed - Locked

The locking subsystem concept is basically made up of a set of pins moved by a linear
actuator that has the purpose of retracting the pin (release function) before the deploying
phase, and re-inserting the pins into their seats when the deployment phase is completed
(Figure 3).

Wing Deployed — Re-Locked

—

Figure 3. Hook pins with linear actuator CAD 3D schematic view.

A set of main preliminary requirements (summarized in Table 1) has been defined as
the input for performing a trade-off study to define the best position of the DWS hinges.
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Table 1. Main preliminary requirements.

Req. I1d. Requirement Description
F1 Maximum deployable wing rotation angle: 55°
F2 Deployable wing Mass: 92.15 kg (preliminary)
3 During the Re-entry and Descent Phase the DWS shall withstand the following
Static Loads: F = 13.6 kN (at the PtL; Z direction)
Longitudinal Lateral
Load event Load (g) Load (g)
Lift-off 5.25/+075 | +1.35
During the Launch/Ascent phase PR maxd 45130 | 3135
; dynamic pressure (Qmax)
F4 the system shall withstand the T ———.
] X X ge flight with 75/60 +135
following Quasi Static Loads (QSL) * maximal acceleration : : :
3rd stage maximal 71/-65 +135
acceleration ) i )
Stages ignition -75/+45 +0.56

* as for VEGA-C launcher user manual [14].

The proposed work presents a positioning study of the hinges that enable the deploy-
ment of the wing of the USV3 DWS. The results of the optimization process adopted to
evaluate the best configuration for the hinges are shown below. The critical parameters are
the interface forces generated both in the unfolded and folded configuration; therefore, the
analyses aimed to identify the optimal position in terms of the minimization of these forces.
These results are the input data and represent the general requirements for the design of
the deployment system (DWS). The position of the right hinge can reduce the applied
loads as much as possible, leading to a component with a reduced mass (key aspect for
space application).

2. Problem Description

Figure 4 shows the CAD model of the structural parts of the USV3 vehicle wing
(therefore, without the TPS). The same figure reports both the wing’s rotational axis and
the starting position of the hinges derived from the structural architecture of the reference
vehicles (IXV, USV), and, in particular, their position is related to the position of the main
frames. With the development of USV3, however, with the introduced complication of a
deployable wing, the possibilities of preserving the total mass requirement (Table 1) could
be put at risk (obviously, the deployment system results in an increment of parts number).
For this reason, dedicated structural optimization analyses are needed. Interface load
reduction, which could be derived from better hinge positioning, is one of the primary
concerns for obtaining lighter components.

Hinge Axis

N
Hinge Axis

l/ Afterward Hinge — ¢
Forward Hinge [ E i -

Figure 4. USV3's wing in starting configuration.

The DW connection system consists of two hinges, which will be referred to as the
forward hinge (FRW-H) and afterward hinge (AFT-H). The wing rotates around the axis
shown in Figures 4 and 5 (Hinge Axis) and is kept in the deployed position by a pair of pins
that engage in two holes (stopper deployed configuration) placed on the stopper deployed



Algorithms 2021, 14, 141

50f17

axis (SDC Axis). While the wing is kept in the folded position with a similar system that
involves another couple of holes (stopper folded configuration) placed along the stopper
folded axis (SFC Axis).

Hinge Axis

Figure 5. Hinge and stopper axes with a detail of the holes in which the reaction loads are evaluated. C1 and C4 are placed

along the hinge axis and they are considered both in deployed and folded configuration; C2 and C5 accommodate the

stopper pins in the deployed configuration; C3 and C6 accommodate the stopper pins in the folded configuration.

Figure 5 shows the three fundamental axes for evaluating the best position of the
hinges. The hinge axis, lying on the XZ plane, is an input data and, therefore, it cannot
be modified since its position enables the rotating of the wing without any interferences
w.r.t the fuselage structures. The other two axes are instead determined by the architecture
of the hinges. In particular, the stopper axis in the unfolded configuration lies in the XZ
plane (vehicle axes) and its inclination, around the Y axis, is a function of the hinge axis
distance at the FRW and AFT stations. The stopper axis in the folded configuration is
finally determined by rotating the axis of the unfolded stopper of the closing angle, which
is 55°, around the hinge axis.

Therefore, the hinges are able to slide along these axes in both directions. The three
axes are not parallel to each other, and, for this reason, the projections of the hole centers of
each hinge (FRW-H and AFT-H) will not lie in the same ZY plane (vehicle reference system).
The parametric FE model (described in the next section) can control these misalignments
accurately and, therefore, determine the station along the X axis of the center of each hole.

Figure 5 shows the centers of the holes that are used to evaluate the reaction forces
and are used to accommodate the rotation axes and locking pins.

Definition of Design Variables

The hinge location is defined by means of four parameters that represent the design
variables. They are the position, along the X-axis, of points C1 and C4 and the position,
along the Z-axis, of points C2 and C5, as reported in Figure 6. Points C3 and C6 are
automatically determined by defining the wing rotation angle by a rigid rotation of C2
and C5 points around the hinge axis (Figure 5). Within the developed APDL macro,
appropriate relationships are defined between the positions of the six points in order to
ensure the consistency of the models. For example, mathematical relations are inserted on
the positions in X in order to guarantee that the forward hinge will always be in advanced
position w.r.t the afterward one.
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Figure 6. Defined design variables.

The stopper axis, in the deployed configuration, is parallel to the X axis of the global
model by setting H1-Z = H2-Z. This assumption will be held to satisfy functional require-
ments.

3. Model Description

To study the optimal configuration for the hinge system, a simplified parametric model
of the wing was developed. Both the model and the whole set of analyses were carried out
in the ANSYS environment. The parametric model was created by means of a dedicated
routine developed using APDL language [15] (Ansys Parametric Design Language).

The numerical model was defined considering the main geometric dimensions and, in
particular, the two points where the load was applied, i.e., the center of gravity (CoG) and
the point where it is possible to concentrate the aerodynamic loads (PtL).

Figure 7 shows, schematically, the global dimensions and the location of the CoG and
PtL. The estimated overall mass of the wing is 92.15 kg (including the TPS and the installed
sub-systems). The rational angle in the folded configuration is 55°.

1081

[] ] X=798.4 mm B
¢ s X=847.0mm
. y =330.3 mm
2=10.4 mm

@ PtiL
@®CoG Y

1180

Figure 7. Global dimension and loading points.

Figure 8 shows the simplified numerical model. The hinges were not modeled directly
but by means of rigid elements, as direct modeling of the hinges is not entirely relevant for
the evaluation of reaction loads. Furthermore, this choice reduces the computational costs,
which is a relevant issue for the optimization analysis.
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Hinge Axis

b | | .
Deployed Configuration Folded Configuration (55°)

Figure 8. Simplified numerical model with axis location. (A) Deployed Configuration; (B) Folded
Configuration.

Hinge reaction forces are evaluated for both configurations: deployed and folded
wing (55°). The routine is designed to analyze both configurations by properly rotating the
wing (Figure 8).

Even if a full FE model is not mandatory for such evaluations (as the rigid model was
used), it was adopted to have a better understanding of the analyzed configurations and to
simplify the constraints definition. Indeed, the location of the holes could be determined
by geometrical /mathematical relationships and the reaction forces could be determined by
solving the equation system related to a hyper-static structure. On the other hand, using
an analytical formulation would introduce some approximations in order to simplify the
equations and it would not provide the capability to define the exact location of the holes
(the position of the stopper holes in the folded configuration depend on the other four
holes and by their specific station along the chord direction. Further, C1, C2, and C3 do not
lie in the same plane, nor do C4, C5, and C6).

Furthermore, the choice to adopt an FE model, instead of analytical formulations, is
also justified by the very small computational costs related to such an FE model. Indeed, a
single run, which consists of a model generation and two static analyses with two post-
processes, requires at most 15 s on an HP Z840 Workstation-Intel Xeon CPU E5-2620 v3 @
2.40 GHz; RAM 128 GB.

The outer surface of the wing has been discretized with shell elements (Shell181) that
have been assigned a rigid behavior (Figure 9A). The load application points, both for the
unfolded and folded configuration, are connected to the main structure by rigid elements
(MPC184). The centers of the holes of the deploying system are connected to the root rib
by rigid elements (MPC184) as shown in Figure 9B. The whole FE model consists of about
4000 elements (3600 shells and 400 MPCs) and about 3500 nodes. As rigid behavior has
been adopted for the wing, the average element size (25 mm far from the region of the
hinges and 5 mm close to them) aims to reproduce the wing shape with a discrete accuracy
and to have good force distribution (both applied loads and reaction forces), but this is not
a critical aspect.
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MPC 184

MPC 184

®

Figure 9. FE model. (A) Global Model; (B) Hinge detail.

Boundary Conditions

The wing structure is constrained at the centers of the holes of both components of
each hinge. The centers of these holes lie on one of the three defined axes (hinge axis,
stopper axis in unfolded configuration, and stopper axis in the folded configuration).

The reference points of the rigid elements are constrained in translation degrees
of freedom w.r.t local reference systems where the X axis is parallel to the specific axis
on which the point lies, as reported in Figure 10 for the deployed configuration. The
same condition was applied for both the unfolded and folded configuration. Figure 10
schematically shows the boundary conditions that were applied.

Hinge Axis 3

X A

;» &

-
<
X

Figure 10. Boundary conditions with global and local reference systems.

The applied loading conditions are different between unfolded and folded configura-
tion. In the deployed configuration the load, equal to 13.6 kN, acts along the Z direction,
and it has been applied in the pressure center, i.e., PtL. When the wing is in the folded
configuration, it is in the fairing of VEGA-C, and, therefore, the load derives from the
acceleration field generated by the launch phase and it can be schematically applied at the
center of gravity of the wing (CoG). The acceleration factor is 7.5 g along a longitudinal
direction (X axis) and 1.35 g along lateral directions (Z and Y axes), as reported in Table 1.

4. Optimization Analysis

To evaluate the optimal hinge configuration, optimization analysis has been performed
by fusing the commercial ModeFrontier code [16] that is an integration platform for multi-
objective and multi-disciplinary optimization. It provides an easy coupling method with
third-party engineering tools (like Finite Element codes), enables the automation of the
design simulation process, and facilitates analytic decision making.

A multidisciplinary approach is key for a successful design process, especially when
the constraints and the requirements are very challenging. A powerful workflow enables
the execution of complex chains of design optimization and innovative algorithms to
determine the set of best possible solutions that combine opposing objectives.

The code is widely used in engineering applications and is demonstrated to be suitable
for several technical problems [17-20].
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Figure 11 shows the defined workflow. The latter is composed of “nodes” connected
to each other to define the logic data path. The input variable nodes are used to define
the design variables, their allowable ranges and increments (in this case the variables are
treat as discrete variables): the input file node is the APDL macro and it is used to translate
the design variables in a format that ANSYS can manage, and, thus, it is the link between
ModeFrontier and ANSYS; the DOS node is a simple shell dos that is used to call on
demand ANSYS to execute the numerical simulation; the DOE (design of experiment) node
is used to define the starting generation and connected to this node there is a Scheduler
node that is the optimization algorithm to be used; the output file nodes have the same
function of the input file nodes, but, in this case, the link is from ANSYS to ModeFrontier;
the output variable nodes represent all data from the solver that are available for the
optimization process (but can be also used simply as checking data); the constraint nodes
are used to define the constraint functions and can be applied both in output and input
variable; finally, the objective function nodes are used to define whether the process has to
minimize or maximize well-defined output variables. The design variables consist of the
coordinates of the centers of the holes C1, C2, C4, and C5, which are specifically defined
in Table 3. The coordinates of points C3 and C6, relative to the folded configuration, are
defined by the previous points and by the folding angle. The variables H1-X and H2-X are
defined in a dimensionless way, in order to avoid unfeasible configurations, they are then
converted into physical dimensions by the calculation routine. They can range from 0 to 1
with a step increment equal to 0.025. The variables H1-Z and H2-Z can range from 10 mm
up to 50 mm with a step increment equal to 2.5 mm.

Hinge_1_X Hinge_1_Z Hinge_2_X Hinge 2 Z
w W W W
v —[o
> >
Wing_Model 3
H1_Z
A
DOE MOGAI Solution Exitt >0
= =0
omg ] i “
§Ho— oo >E¥o >/ H2.X
T —o[lo
Deployed Folded
wos { " -
=Y =4 1
o S oo
HIC1_AX_DP  C1_AX_DP C4AXDP  H2C4 AX_DP HIC1AX_FD  C1_AX_FD C4AXFD  H2C4_AX_FD
V4 A > > W < N o [ 4
X< oLgy< >lLyo >N X< oLgy< >lyo >N
H1UP_BR_DP C1_BR_DP C4_BR_DP H2UP_BR_DP H1UP_BR_FD C1_BR_FD C4_BR_FD H2UP_BR_FD

Yoy —olja————p[llo—p%y g —olja—1—lo—%y

H1C2_AX_DP C2_AX_DP C5AX_DP  H2C5 AX_DP HIC3_ AX_FD  C3_AX_FD C6.AX_FD  H2C6_AX_FD
Y 2 2 Y Y A A Y
N<+—oldyt——F—D>lio—>AN Nt+——olyat—F—>ljo—>AN

HILW_BR DP  C2 BR_DP C5_BR_DP H2LW_BR_DP H1LW_BR_FD C3_BR_FD C6_BR_FD H2LW_BR_FD

g —olja—1—p[lo—% g —olja—1—p[lo—%y

om0 % -
’ i 9,
Tﬂ Input Variables L_1] Output variable Séa] DOE ™ objective Function Ml DOS Batch
. N )
TJj Input file [_1] Output file NG Ej Scheduler '{\rx Constraint Function V Logic End
=L L)

Figure 11. Optimization workflow.

The developed APDL macro is the core of the optimization procedure as it can manage
the design variable and translate them into an FE model ready to be solved by ANSYS,
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and, at the end of each design evaluation, it uses ANSYS to extract the output data that are
then used in ModeFrontier as constraint and objective functions.

The initial sampling, named generation 0, was done with a SOBOL algorithm (it is
based on a pseudo-random SOBOL sequence and enables the uniform distribution having
of the experiments in the design space), and all generations were composed by 30 elements
each, so-called individuals. The adopted optimization algorithm is MOGAII, which is a
genetic multi-objective algorithm that supports geographical selection and directional
cross-over, implements Elitism for multi-objective search, defines constraints by objective
function penalization, and allows generational or steady state evolution. The evolution
process is defined by 10 generations and the following main parameters are reported:

(1) Probability of Directional Cross-Over = 0.5
(2) Probability of Selection = 0.05

(3) Probability of Mutation = 0.2

(4) DNA String Mutation Ratio = 0.05

(5) Elitism = Enabled

(6) Treat Constraints = Penalizing Objectives

In the adopted workflow there are no constraints on the input variables. Such con-
straints, related to the congruence of the numerical model, are already implicitly imple-
mented within the APDL-macro that generated the parametric model.

The output variables are the bearing and axial forces (in a local reference system) for
each pin (hole’s center). In particular, since the bearing loads are the most critical values
for such a problem, the last ones have been defined as objective functions while the axial
loads have been set as constraint functions. As reported in the optimization workflow,
the objective functions are eight and four for the deployed configuration and four for the
folded configuration. Table 2 reports the limit value set for the constrain functions in terms
of axial load on bolts (reaction load on the reference point of the MPC element). Further,
Figure 12 reports the scheme adopted for identifying the output variables.

Table 2. Constraint functions.

Optimization Analysis Constraint Functions

Variable LI(;Icl:t?Sn Con‘fllyglzfa tion Cor})s(t)li‘;ltned Force Type  Less than
H1C1-AX_DP Forward Deployed C1 Axial 7500
H1C2-AX_DP Forward Deployed c2 Axial 7500
H2C4-AX_DP Afterward Deployed C4 Axial 10,000
H2C5-AX_DP Afterward Deployed C5 Axial 10,000
H1C1-AX_FD Forward Folded C1 Axial 7500
H1C3-AX_FD Forward Folded C3 Axial 2000
H2C4-AX_FD Afterward Folded C4 Axial 10,000
H2C6-AX_FD Afterward Folded C6 Axial 2000

Output Variables:
HX JJ_YY_KK

KK = DP, FD > Wing configuration
(DP = Deployed; FD = Folded)
YY = AX, BR > Force type
(AX = Axial; BR = Bearing)
JJ =UP, LW > Point Location

(Upper = C1, C4; Lower = C2, C3, C5, C6)
X =1,2> Hinge Location
(1 = forward; 2 = Afterward)

Figure 12. Output variables definition.
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The optimization process evaluated 300 design sets and only a very reduced part
(7.3%) of them were determined as unfeasible. A design is considered unfeasible if the
constraints reported in Table 3 are violated.

Figure 13 reports the time history of the objective functions H1UP_BR_DP,
H1LW_BR_DP, H2UP_BR_DP, and H2LW_BR_DP, which are the bearing loads in the
deployed configuration at the four constrained points. The results marked with a gray

square are feasible, while those marked with an orange rhombus are unfeasible.
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Figure 13. Objective function time history in the deployed configuration. (A) forward hinge in upper location; (B) forward
hinge in lower location; (C) afterward hinge in upper location; (D) afterward hinge at a lower location.

Figure 14 reports the time history of the objective functions HIUP_BR_FD, HILW_BR_FD,
H2UP_BR_FD, and H2LW_BR_FD, which are the bearing loads in the folded configuration
at the four constrained points.
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Figure 14. Objective function time history in the folded configuration. (A) forward hinge in upper location; (B) forward
hinge in lower location; (C) afterward hinge in upper location; (D) afterward hinge at a lower location.

The previous figures show that it is only possible to see a clear trend in the folded
configuration and, thus, the algorithm is able to provide design sets that are able to
minimize the reaction forces for all hinges simultaneously. Conversely, in the deployed
configuration, a sample is able to minimize only one or two objective functions and thus
the best one has to be defined with a compromise.

The probability density function, related only to feasible designs, for the two design
variables (H1-X and H2-X) is shown in Figure 15. In an evolutive optimization process,
the probability of selecting a particular sample depends on the fitness function. The latter
is better for samples that satisfy the objective functions and the constraint functions with
a bigger margin. Therefore, the better an individual is, the greater the likelihood that it
will be re-selected and, therefore, that such a sample will survive into the next generations.
Of course, if a sample appears many times during the evolution process, it one of the
best samples.
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Figure 15. Probability Density Function of feasible designs.

Therefore, by relating the number of samples (w.r.t to total number) to a specific
range, it is possible to quickly and easily understand which regions should be chosen for
the hinges.

The graphs show that the most feasible values of the H1-X variable are concentrated
in the range of 100-450 mm. For the variable H2-X, there is a thickening in the region
800-1080 mm. The results indicate that increasing the distance between the hinges is a
valid option to reduce the bearing forces in the four points both for deployed and folded
configurations. The H1-Z and H2-Z variables are quite obvious and the best value, for both
of them, results in the smallest feasible value, that is 10 mm.
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Simultaneous representation of all eight objective functions is not possible, therefore
the last one has been divided into two groups. Each group reports the objective functions
of its wing configuration.

The 4D bubble graph of Figure 16 shows the objective functions relating to the de-
ployed wing (only feasible designs). The horizontal and vertical axes report the bearing
loads of the upper pin for forward and afterward hinge respectively, the bubble color
refers to the bearing load of the lower pin of the forward hinge and, finally, the bubble
size is related to the bearing load of the lower pin of the afterward hinge. The figure also
highlights the region (which is part of the Pareto front) where individuals, even if they do
not minimize a specific objective function, are a good compromise in the minimization of
the four bearing loads (all bearing loads are about 20 kNN).
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Figure 16. Pareto front of the deployed configuration.

The bubble-graph 4D of Figure 17 shows the objective functions relating to the folded
wing (only feasible designs). In this case, it is evident that the selection of the optimal
individuals is simplified since many individuals are able to simultaneously minimize the
four objective functions.
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Figure 17. Pareto front of the folded configuration.

Many of the individuals belonging to the region highlighted in Figure 16 (deployed
configuration) are also highlighted in Figure 17 (folded configuration). Figure 18 shows
only the elements present in both regions. About 13 designs can be considered as the best
ones for both configurations.
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Figure 18. Best designs for both configurations. (A) deployed Conf.; (B) folded Conf.

Figure 19 shows the individuals present in both regions defined above, and, in par-
ticular, it is possible to relate any selected individual to the design variables. This graph
highlights again that the objective functions are minimized as the relative distance between
the two hinges increases. All selected designs provide bearing loads close to each other
and therefore any of them is not clearly better than another one. Therefore, the final choice
could be completed considering other functional requirements, such as the real possibility
of installing the hinges in the selected regions.

Bubble - H1_X vs. H2_X vs. Best Designs on Feasible
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Figure 19. Best designs set. X-station of forward and afterward hinges.

The obtained results enable a preliminary estimation of the diameters of the bolts/pins
and the plate thickness. For the subsequent evaluations, only the bearing components were
taken into account as they are strictly connected to the sizing of both the locking pins (in
the unfolded and folded configuration) and the rotation axes. Because of the mission of the
investigated vehicle and, therefore, due to the operative temperature, the pins, the lag, and
the hinge axes are made of titanium alloy Ti6Al4V. Considering an operative temperature
equal to 160 °C, the tensile ultimate strength is equal to about 720 MPa, the shear ultimate
stress is about 398 MPa and the bearing stress is 1071 MPa.

To estimate the diameters and the thickness of the connection components, only the
maximum loads from the best design sets, for each configuration (wing unfolded and
folded), have been considered. Table 3 shows the minimum diameters of the locking pins
and hinge rods, considering a safety factor equal to 1.5 and a number of cutting planes
equal to 2. Even if the ECCS handbook requires a smaller safety factor, in this context, a
more conservative safety factor was adopted since the vehicle is still in phase 0/A.
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Table 3. Preliminary evaluation of the diameter of locking pins and bolts.

. . . Max Force Yield Stress Min Bolt Area Min Bolt Diameter
Wing Configuration IN] [MPa] SF Shear Plane [mm?] [mm]
Deployed 23,878.6 398.3 1.5 2 44.96 7.57
Folded 7449.1 398.3 1.5 2 14.03 423
Considering the diameters of the previous table, it is possible to estimate the thickness
of the plate in order to not incur breakages due to exceeding the allowable bearing (Table 4)
values. In this case, the yield value was considered as the reference value.
Table 4. Preliminary evaluation of the thickness of connecting plates.
Wing Configuration Max Force [N] Yield Bearing SF Min Bolt Diameter Plate Thickness
[MPa] [mm] [mm]
Deployed 23,878.6 1071.8 1.5 7.57 442
Folded 7449.1 1071.8 1.5 423 2.47
Finally, the net section failure for the lug used to retain the locking pins is reported
(Table 5). The general rules prescribe that the widths are not less than two times the
diameter of the hole, therefore, having previously determined the diameter of the hole it is
possible to estimate the thickness of the lug.
Table 5. Preliminary evaluation of the retained lags thickness.
Wing Configuration Max Force [N] Yield Bearing SF Min Bolt Diameter Plate Thickness
[MPa] [mm] [mm]
Deployed 23,878.6 530.6 15 7.57 8.92
Folded 7449.1 530.6 1.5 423 4.98

5. Conclusions

The present work illustrates a structural optimization procedure for the definition of a
deployable wing connection system of a sub-orbital unmanned re-entry vehicle (USV3),
class 2500 kg, equipped with a deployable wing housed within the fairing of the European
VEGA-C launcher. The obtained results provide useful data for the preliminary design of
the deployment system consisting of two hinges, which allow the wing deployment after it
is placed in orbit, and, thus, allow a descent, a hypersonic flight, and a landing phase with
greater control capabilities.

The optimization process uses two pieces of commercial software (ModeFrontier and
ANSYS) and, in particular, it exploits a fully parametric model generated by means of an
APDL macro and a multi-objective genetic algorithm. The optimization process focuses on
minimizing the bearing forces that are generated by the design loads, defined both by the
launch phase (inertial loads) and by the hypersonic flight phase (aerodynamic loads).

The results show how it is possible to significantly reduce the loads on the hinges by
shifting these in strategic convenient positions. In particular, a set of optimum designs
has been defined (hinge location) that is able to minimize the loads, both in the deployed
and folded configuration. The hinges, obviously, have to be positioned within the root rib
domain, and the optimization process has shown that the optimal position of the forward
hinge (point C1) is between 100 and 400 mm w.r.t the leading edge of the root profile in
the longitudinal direction. The afterward hinge (point C4) should be positioned between
750 and 962 mm (remember that the maximum dimension of the root rib is 1180 mm).
Regarding the transversal position, for both hinges (point C2 and C5) the locking pins have
to be positioned as low as possible, i.e., at 10 mm. The remaining two points C3 and C6 are
automatically determined considering that the maximum wing rotation that is 55°.
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The optimization process provides several configurations suitable to be used as the
best design. Indeed, they are able to minimize both the diameter of the pins/bolts and
the thickness of the surrounding and locking plates. This guarantees the fulfillment of
a fundamental requirement, i.e., structural mass reduction. The final choice could be
completed considering other functional requirements/constraints that will be discussed
and introduced in a subsequent design phase, which will also include the detailed design
of the deployment system.
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