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Abstract

In the aerospace industry, structures are designed (or aimed) to be as light as possible to reduce emissions and carbon foot-
print; additionally, they are designed to improve fuel efficiency and service life while satisfying the mechanical requirements.
Due to the development of additive manufacturing technology, complex structures with higher mechanical performance
obtained through topology optimization (TO) can be manufactured. In this study, the overall process from part selection
to qualification for a space industry-engineering application is described. First, the design space of the selected aluminum
bracket is generated, and TO is performed by using stress and minimum member size constraints. The bracket is re-designed
with respect to the TO output data as a reference and then the new design is validated numerically by structural analyses.
The validated design is manufactured using the selective laser melting method, and heat treatment is applied to obtain more
homogenized microstructure. Mechanical tests are performed on the manufactured brackets under the qualification loading
conditions and post-testing examination processes are applied with metallurgical and metrological tests. According to the test
results, the qualification process of the bracket is successfully completed. Consequently, the new bracket designed with TO
was found to be 25% lighter than the existing design; thus, it has a huge improvement in fuel efficiency and environmental
impact during the launching phase.

Keywords Topology optimization - Satellite bracket design - Additive manufacturing - Overall design process - Design for
additive manufacturing - Structural optimization

1 Introduction

In recent years, the aerospace industry has been directed
towards reducing the emissions and carbon footprint, addi-
tionally, increasing the fuel economy and safety of the aer-
ostructures to be more economical and more competitive
(Braga et al. 2014). Emissions of the aerospace industry
have multiplied nearly two times in the last twenty years,
with the industry accounting for 4.9% share of the total
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emissions worldwide that contribute to climate change (Lee
et al. 2009). Advanced methods such as weight reduction
with complex designs have significantly improved the per-
formance of the aerospace industry products, decreased
the environmental effects, as well as launching costs (a
launch service to geosynchronous orbit (GEO) costs nearly
$13,000/kg) (Koelle 2003; Weigel and Hastings 2004).
There are two approaches to generate light-weight designs:
The first approach is using advanced lower density materi-
als, and the second one is performing structural optimization
aimed at weight saving while enhancing vibration, static,
and dynamic behaviors (Zhu et al. 2018). When structural
optimization techniques are applied during the design phase,
the mechanical performance of the structures and the effi-
ciency of the overall vehicle can be improved with mass sav-
ing and deliver better mechanical solutions (Ide et al. 2014).

Size optimization [enabling the calculation of the opti-
mum layout (Chen et al. 2018) and thickness of the struc-
tures (Grihon et al. 2009)] and shape optimization (to find
the optimum form of structures) have been used for a long
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time in the aerospace industry (Edke and Chang 2006; Bru-
jic et al. 2010; Bombardieri et al. 2021). Since Bendsge and
Kikuchi’s (1988) seminal work, topology optimization (TO)
method, which calculates the optimum material distribu-
tion, has started to be widely preferred during the design
phase. The extensive usage of TO can be explained with
some significant advantages such as not needing an initial
design contrary to size and shape optimization, determin-
ing the position and number of required holes in the design
space as well as deciding which section of the design should
be void or solid (Zhu et al. 2016b). TO has been integrated
into both academic (Liu and Tovar 2014) and commercial
software with the relaxing of the numerical problems of
the method (Sigmund 2007). Thus, TO method has been
applied in a broad range of design processes such as pylon
(Remouchamps et al. 2011), landing gear (Munk et al. 2019),
fastener joints (Zhu et al. 2014), brackets (Talay et al. 2021),
and fuselage (Zhu et al. 2016a).

Additive manufacturing (AM) widens manufacturing
limitations with layer-by-layer material-joining process. AM
is compatible with many complex structures without addi-
tional tools, molds, and complicated procedures. In addition,
it does not only reduces the cost but also shortens the lead
time for manufacturing (Nazir and Jeng 2020). AM applica-
tions have shown explosive growth over the last several dec-
ades due to powerful customized manufacturing capabilities.
Laser Powder Bed Fusion (L-PBF) technology is one of the
most common techniques for metal AM applications (Zhu
et al. 2021). L-PBF has broken the shackles of the indus-
trial application of AM with qualified components and pro-
cesses from aerospace, automotive, and mechatronics to the
bio-medical market (Zhu et al. 2021). To illustrate, Boeing
and Norsk Titanium companies predicted about $2-3 mil-
lion savings with the implementation of an FAA-approved
structural titanium part to its 787 Dreamliner aircraft (Gas-
man 2019). Also, NASA stated that its development works
on the AM subject provide up to 50% cost savings and more
than 50% reduction in scheduling compared to conventional
techniques (Gradl et al. 2018).

The advantages of AM technology have been coupled
with TO method during the design phases. Obtaining more
efficient and optimum designs have been possible with the
ability to manufacture complex geometries such as lattices,
internal channels, and intricate features within the part
(Nazir et al. 2019). In addition, manufacturing complex TO
outputs becomes possible without the need for adaptation,
which is often required for the conventional manufacturing
methods, with using AM methods. This design flexibility
was highly appreciated in the aerospace industry as they
returned with lighter and more durable designs (Stolt and
Elgh 2020). Structures designed in the previous studies were
exposed to thermal loading (Shi et al. 2020; Zhuang et al.
2021) and static and dynamic loadings (Savsani et al. 2017).
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Space antenna bracket (Orme et al. 2017a), edge insert and
star tracker bracket (Orme et al. 2017b) were designed by
using TO. Moreover, qualification processes of the parts
produced by AM have been completed with mechanical and
metrological tests (Orme et al. 2017b; Allevi et al. 2018).

The current literature lacks a detailed description of the
overall process from the part selection to the qualification of
the additively manufactured satellite components. This paper
aims to fill that gap along with an engineering application
in the space industry. The paper is organized as follows:
The overall design process of the space industry applica-
tion including TO, re-design, static, vibration, dynamic, and
thermo-elastic analyses is presented in Sect. 2. Manufactur-
ing and post-process of the optimized bracket, qualification
test plan, results of material and mechanical tests, assem-
bly control, as well as metrological control are explained in
Sect. 3. Finally, the conclusions drawn from this study are
presented in Sect. 4.

2 Overall design process

The overall design process starts with the selection of parts
suitable for AM. The design space is modeled according
to the boundary conditions and equipment/adjacent part
interfaces of the existing design. Then, TO problem is for-
mulated, considering the mechanical and manufacturing
requirements/constraints, and the design space and non-
design space are discretized by finite elements. After the
convergence criterion is satisfied, the TO result is inves-
tigated and the load paths of the bracket are determined.
According to the exported TO results, the bracket geometry
is re-designed in a CAD environment to be more convenient
for validation analyses and AM process. Validation analyses
are performed to show that the re-designed bracket meets the
requirements. Then, the design process iterations are contin-
ued (progressive re-design and validation analyses) until the
requirements of the satellite part are satisfied. The flowchart
of the proposed overall design process is given in Fig. 1, and
the validation process is described in Sect. 3 in detail.

2.1 Candidate part selection

Candidate parts to be produced by AM method have added
value compared to brackets to be manufactured by the tra-
ditional subtractive method. The AM process is expensive
compared to the traditional methods. The main cost comes
from the powder material compared to the conventional
methods; additionally, the operating machines are rarely
used in the industry and their technology is relatively higher
than the machines currently in use. The use of AM method
has been deemed appropriate in the field of space systems
where the lightness of the structures is extremely important
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Fig. 1 Flowchart of the overall design process

and there is no need for mass production due to the rarity of
spacecraft production. Added value may reduce the part’s
weight, increase its functionality, improve its complexity,
consolidate a system of parts into one, and/or acquire higher
stiffness values while simultaneously reducing its weight.

2.2 Design space definition

In TO studies, design and non-design spaces must be
defined for the selected part or the system before start-
ing with the optimization process. Design space repre-
sents the volume where the material distribution ha/s to
be optimized, and the non-design space defines the areas
where the boundary conditions are applied and the vol-
ume that is excluded from the optimization work. Accurate

representation of the design space has great importance in
the correct definition of the optimization problem. While
creating the design space, the followings steps have to be
considered:

e Design space should be created in an inclusive approach
covering the volume between the boundary conditions of
the part. Keeping the design space as large as possible
ensures that the optimization result reaches its true opti-
mum value, while the use of a larger design space also
increases the solution time because of the unnecessarily
increased number of finite elements, which eventually
decreases the solver performance.

e Modeled design space should not interfere with the con-
nected or nearby parts or affect their functionality.
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e While determining the design and non-design spaces,
the assembly and accessibility constraints of the part
intended to be optimized should be considered, and the
openings for such works should be kept out of the design
space. In this work, the mentioned accessibility holes are
not included in the design space to save engineering time
since the necessary openings are considered during the
re-design phase of the optimized geometry.

e Especially in space applications, equipment should dis-
charge the generated excess heat with conduction heat
transfer. In this regard, regions that are not included in
the design space are not only assessed mechanically but
also evaluated for thermal loadings.

e The design space model should be as simple as possi-
ble in terms of geometry to prevent the complex mesh
requirement that causes a high number of finite element
usage in the finite element model (FEM).

The design space of the star tracker bracket is created
in light of the aforementioned guide (see Fig. 2). The vol-
ume between the equipment and satellite body connec-
tion interfaces is preserved as inclusive as possible. The
regions around the connection holes of both satellite body
and equipment are defined as non-design space since the
boundary conditions of the FEM setup are applied from
these regions.

2.3 Topology optimization setup

In the orbital location in space without using the poles of
the Earth, positioning becomes a challenge and satellites
require star tracker equipment which provides a reference
from the position of the stars for the location. These types
of equipment consist of structural elements to attach the
satellite main frames, called Star Tracker Bracket (STB).
Within the application of the STB, TO problem is defined
as the minimum compliance problem with the constraint
functions of the force equilibrium, volume, stress, and
minimum member size, respectively, as stated in Eq. 1.

Fig.2 Creating design space for
star tracker bracket

@ Springer

. T
Find p= [pl,pz,...pe,...pn]
Minimize c(p) = UTK(p)U
Subjectto  K(p)U = F(p)

Vi

() _ v, <0
Vinitial ' ) Q)
Oyie
MoS = _ yeld 1>0
Omax X SF

member, ;. < 8

min

0<pminSpS1

where p is the vector of design variables including artificial
density functions of each finite element, c(p) is the compli-
ance of the structure, U is the displacement vector, K(p) is
the global stiffness matrix, F(p) is the external force vector,
V(p) is the total volume of the structure, and V; is the tar-
geted value of the volume fraction. In the stress constraint
function, o,,,, is the calculated maximum von-Mises stress,
Oyiela 18 the material’s yield stress, MoS is the margin of
safety of the bracket and SF is the safety factor to keep the
design in the safe zone. Thus, the stress values of the loaded
structure are also taken into account while deciding whether
finite elements are void or solid. Additionally, the minimum
member size is integrated into the optimization problem as a
constraint function to control discreteness and checkerboard
effect. In addition, increasing the minimum member size
also improves the manufacturability of the design. Finally,
the minimum threshold value of the member size is deter-
mined considering the average mesh size.

According to the authors’ design experiences, for small
equipment brackets, like the one designed in this study, the
natural frequency constraint is not the main driver. Rather,
the static load case is the main element that drives the
design. Therefore, optimization is performed using static
loading conditions to reduce the computational cost of
optimization.

The lift-off direction of the STB is not determined in the
design process. Therefore, the bracket should be designed to
carry the gravity load in all directions separately. Optimizing
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by applying forces on each axis separately would be compu-
tationally expensive. In addition, a combination of the three
optimization results which are solved by applying forces sep-
arately would not be feasible in the design process. There-
fore, the forces given in Table 1 are applied simultaneously
on all axes during TO and the use of this approach causes
increasing the MoS value of the part which is calculated in
Sect. 2.5.1. Note that this practice has a shortcoming that the
margin of safety obtained through this practice is larger than
the one obtained when all load cases are considered simulta-
neously. Therefore, this practice introduces a hidden safety
factor. If one chooses to consider all the cases simultane-
ously, then the optimization can be performed with a slight
additional computational cost. Even though the sensitivity
analysis will not be affected much in terms of computational
cost (Bruyneel and Duysinx 2005), the optimization could
take slightly more iterations.

The design space is discretized with 663,525 finite ele-
ments, and the average element size is 2.5 mm to solve the
problem stated in Eq. 1. The non-design space for this prob-
lem includes the areas that should not be changed during
TO and the areas where fasteners are located. The values of
artificial density is the values of the elements that belong to
the non-design space are taken as 1 in each iteration, so they
do not participate in the TO iterations. The non-design and
design spaces are shown with blue and red colors, respec-
tively, in Fig. 3a, b.

The fastener holes shown in Fig. 3b are constrained for
all degrees of freedom (DOFs) as boundary conditions. The

Table 1 Loading conditions Direction

Magnitude of
gravity load

(@

part that connects the equipment and the bracket is modeled
and incorporated in TO. Finally, the equipment is modeled
as a point mass with moments of inertia values given in
Table 2, and the point mass is connected to the part using
1D elements.

The results of tensile tests, performed according to ASTM
ES8 Standard, are given in Table 3. The details of the material
testing are explained in Sect. 3.1. Test results show that the
mechanical properties of the additively manufactured mate-
rials change with building directions. To keep the design on
the safe side, the minimum values obtained are used in the
design process for the material properties. The Poisson ratio
is taken as 0.32.

The other optimization parameters are given in Table 4.
The threshold value of the p,;, is determined as 0.01 to
avoid the singularity problems, and a plane symmetry con-
straint is integrated into the TO problem. The overall safety
factor includes SF of AM which is 1.5 (Orme et al. 2018),
and SF of yield strength which is 1.1 (ECSS Secretariat
2004). Additionally, the overall safety factor is considered
as 2 during the margin of safety calculations based on TAI
design practices. TO is performed using Altair Optistruct
software which uses Solid Isotropic Material with Penaliza-
tion (SIMP) method with the following element formulation:

E = 'E,, @

where, E is the elastic modulus of the ith element calculated
with penalization formulation, p is the penalty exponent, and
E, is the elastic modulus of the solid material.

Table2 The information of the equipment modeled using CONM2
element

+20
+20
+20

Weight (kg) 3.0
Moments of inertia (kg-m?) I, I, I,
0.021 0.021 0.008

(a) (b)

(o)

Fig.3 a Design and non-design spaces. b Boundary conditions of the structure. ¢ Connection between the equipment and the bracket
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Table 3 The results of tensile

Building direction

Elastic modulus (GPa)

Yield strength (MPa) Tensile strength

testing (MPa)
Mean SD Mean SD Mean SD
Vertical (0°) 67.3 7.1 250.2 11.8 429.1 254
45° 75.9 104 259.2 2.3 412.8 52
Horizontal (90°) 77.8 4.9 265.9 5.3 408.4 6.1

Table 4 Input parameters of TO problem

Volume fraction (Vf) 5.00E-02
Safety factor (SF) 2

Minimum artificial density value (p,;,) 1.00E-02
Convergence tolerance 1.00E-03

Pattern grouping

Plane symmetry

Normalized Objective Function
Value
o
wv

0.0 + t t t t t t |
0 5 10 15 20 25 30 35
Iteration

Fig.4 Optimization history of the objective function

The TO problem is converged in 36 iterations. The vari-
ation of the normalized objective function, given in Fig. 4,
shows that the normalized objective function is decreased
by 93.5%. Additionally, the penalty exponent is slightly
increased at intermediate iterations to achieve a more dis-
crete solution. The penalty exponent is started at 2 initially
and increased to 3 during the iterations for the minimum
member size controlled TO (Altair University 2018).

2.4 Evaluation of optimization result and re-design

In the resulting optimal topology, artificial density values
range between 0 and 1. This topology is visualized as density
iso-surface model. The TO output consists of elements with
intermediate density values, and the elements with lower
density values than a predefined threshold value (based on
volume constraint) are filtered and removed from the output.

The iso-surface geometry obtained from TO is only the
surface of the three-dimensional space and has standard tes-
sellation language (STL) format given by the finite elements.
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This obtained geometry cannot be used in validation analy-
ses or manufacturing steps of the part, since the geometry
consists of primitive triangle faces with faulty edges, high
aspect ratio elements, and unclosed surfaces. Hence, this
STL geometry must be fixed with operations such as sur-
face smoothing, element patching, etc. However, the surface-
based errors such as falsely defined surface normals, gaps
between surfaces/faces, and the presence of intersecting or
overlapping faces make the fixing of the iso-surface model
exceptionally difficult. In addition, non-design spaces and
the resulting iso-surface are improperly connected. Thus,
modeling the topology optimization result as a non-uniform
rational B-spline (NURBS) model is more efficient in some
cases.

In light of the aforementioned re-design evaluation, in
the present study, after the TO, the cutoff threshold for the
element filtering is set to 0.5 and the resulting iso-surface is
created. As seen in Fig. 5, blue-marked non-design spaces
are preserved, but the connection between the design and
non-design spaces is not established. Thus, it is considered
to be more efficient to re-design the geometry according to
the iso-surface output. To accomplish it, firstly, the iso-sur-
face geometry is exported in STL format, and then the body
is remodeled as NURBS in a generative shape design envi-
ronment. The reason for the improper connection between
holes and optimized design space is that the number of holes
and their positions determined in the original design are
fixed and unchangeable.

With this re-design effort, the required geometry changes
after the finite element analysis (FEA) are carried out more
easily and quickly, such as increasing the thickness of the
struts or smoothing operations at the stress concentration
regions. The final CAD model of the topologically optimized
and re-designed part is shown in Fig. 6. Mass saving of 25%,
equivalent to 1.2 kg, is achieved comparing the original
bracket designed considering conventional methods. Addi-
tionally, if the brackets have the same material, the mass
saving would be nearly 21%. The weight of each bracket
is calculated using the final design with relevant material.

Re-designed part geometry is rather different from the TO
result since the optimization efforts are carried out consider-
ing only the static loading case of the bracket, but the bracket
part also works under dynamic loadings such as vibration,
shock and vibro-acoustics. TO of the part, considering all
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Fig.5 Iso-surface geometry of .

optimized STB

&K

Fig.6 Re-designed NURBS model of the optimized STB

these loading conditions can be performed in two ways:
(i) multi-objective TO, and (ii) single-objective TO which
minimizes the volume, subject to mechanical constraints
associated with these loading conditions. These suggested
methods are kept out of the scope of this study and left for
future works. For this reason, after each validation analysis,
the part geometry is edited to its final shape to be qualified
under these specified loadings. Part editing includes chang-
ing the cross-sectional areas, lengths, and angles of the strut-
like bodies to acquire agile design solutions with the help
of NURBS modeling. The holes at the upper left and right
corners are integrated into the design to be used as alignment
holes at the assembly operations, and the rods connecting
them do not carry the mechanical load during the actual
operation life of the part.

2.5 Validation analyses

STBs are used to carry the electro-optical equipment, which
tracks the configuration of the stars to determine the position
and the orientation of the satellite during its mission. To
determine the structural adequacy of the equipment brack-
ets under design loads, static, dynamic, and thermo-elastic
FEA shall be performed according to launcher specifica-
tions and also environmental conditions under the specified
boundary conditions by using the finite element model of
the satellite system and/or subsystem. This FE application
covers the first verification loop of the holistic process. If the
design fails to satisfy the acceptance criteria according to
the analysis results, it needs to be modified by the designer
and re-analyzed afterwards. In this study, it should be noted
that static, modal, random vibration, buckling, and shock
analyses are performed at bracket level including the aux-
iliary parts such as thermal reflector, pipe support bracket,
piping, etc. to include the proper mass and inertial effects,
whereas thermo-elastic, sinus vibration, and vibro-acoustic
analyses are conducted at satellite level to calculate more
accurate results since the load types which interact with sat-
ellite structures also affect subsystems.

2.5.1 Static analyses

The main purpose of the static analyses is to ensure that the
bracket structures can withstand all quasi-static acceleration
loads encountered during the launch phase without excessive
deformation. To obtain the effect of translational accelera-
tion loading during lift-off, a total of three static loading
cases (each perpendicular direction) are needed to be ana-
lyzed according to the ECSS-E-HB-32-26A handbook.

@ Springer



237 Page8of24

i. Gokdag et al.

In this study, a certain acceleration load is applied to the
brackets as a body load under proper boundary conditions
in each perpendicular direction of the global coordinate
system. The optimized STB is discretized by using 43,287
TET10 elements. The equipment connection and boundary
conditions are modeled similar to that of the TO setup in
Hypermesh software. FEM analysis setup of the optimized
STB is given in Fig. 7a, and static analyses are performed
by using SOL 101 Linear Static Analysis solution method
of MSC Nastran software. The von-Mises stress failure cri-
terion is used to calculate safety margins. von-Mises stress
is often used to determine whether an isotropic and ductile
metal will yield when subjected to a complex loading con-
dition. This is accomplished by calculating the von-Mises
stress and comparing it to the material’s yield stress, which
constitutes the von-Mises yield criterion. In some cases, the
maximum stress location is obtained on the rigid element
connection region of the brackets. These high stresses are
numerical and do not correspond to physical stresses. Hence,
these high stresses could be discarded in the strength evalu-
ation of the structure. Apart from stress and deformation
results, the minimum MoS value for the star tracker bracket
is calculated around 6 by using the safety factor of 2. The
reason for the higher MoS value is the simultaneous applica-
tion of the gravity forces in TO, and the details are described
in Sect. 2.3. The stress and deformation distributions cor-
responding to the worst-case are shown in Fig. 7.

2.5.2 Buckling analysis

Since the bracket design consists of long beams, a bracket-
level linear buckling analysis is carried out to determine

(a) Concentrated Mass (b) Contour Plot
Of Equipment Stress(vonMises, Max)

Analysis system
24326407

[ 20006407
1.7506+07

— 1.501E+07

— 1251E+07
= 1.001E+07

7.5136406
5.016E+06
25186406

2.079E+04

Max = 2.432E+07
Solid 13262
Min = 2.079E+04
Solid 40662

Fixed Support

Fig. 7 a Static analysis setup. b Static analysis results of STB
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the minimum buckling load of the bracket system. A unit
acceleration (g) load is applied in each perpendicular
direction of the bracket, and linear buckling analysis is
performed under the fixed boundary condition by using
Simcenter 3D software. The software uses the SOL 105
Linear Buckling analysis method of NX Nastran software.
During a linear buckling analysis, an eigenvalue problem
is solved, and eigenvalues and eigenvectors are extracted.
According to the buckling analysis results, it is concluded
that the first buckling mode is extracted after 12,944 g
is applied in the vertical direction. A visual of the first
buckling mode is shared in Fig. 8. Under 12,944 g, it is
observed that the beam extending from the front of the
bracket to the rear foot is subjected to buckling. Since the
calculated buckling multiplier is very high, it is decided
that there is no need to perform a buckling test during the
test campaign.

2.5.3 Modal analysis

Modal analyses are carried out to determine the natural
frequencies and mode shapes of the bracket structure
under hard-mounted boundary conditions (as safe side
consideration). Modal analyses are performed in MSC
Nastran software using FE mesh generated for static
cases. The software uses SOL 103 eigenvalue extraction
method during the solution of modal analysis. Similar to
the hard-mounted boundary condition, the bracket is fixed
in 6 DOFs from proper bolt locations as in static analyses.

The first three natural frequencies and related mode
shapes of the bracket are calculated as a result of the modal
analysis. The mode shapes are presented in Fig. 9. The

Contour Plot

Displacement(Mag)

Analysis system
3.2026-05

[ 2.926E-05
2.5606-05

— 2194E-05

— 1.820E-05

= 1463605

1.097€-05
7.315€-06
3.657€-06
0.000E+00

Max = 3.202€-05
Node 26288
Min = 0.000E+00
Node 19763
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Solution 1 Result
Subcase - Buckling Meth i
Displacement - Nodal, M

12944.8

Deformation : Displacement - Nodal Magnitude
I 1.367
1.253
[
1.139
1.025
0.911
0.797

0.683

0.570

Fig. 8 First buckling mode of the bracket

Solution 1 Result
Subcase - Buckling Method, Mode 1, 129
Displacement - Nodal, Magnitude |
Min : 0.000. Max : 1.367, Units m
Deformation : Displacement - Nodal Magngude) °

l 1.367
' 1.253

1.138

1.025

0.911

Fig.9 Natural frequencies and

mode shapes 1. Mode: 152.1 Hz

2. Mode: 192.7 Hz 3. Mode: 320.6 Hz

first global natural frequency is calculated as 152 Hz for
the STB. No natural frequency is observed under 140 Hz,
which is the minimum natural frequency design criteria for
subsystems mounted on the spacecraft panels.

2.5.4 Shock analyses

Within the scope of structural qualification processes of
the brackets, a series of shock analyses are performed by
using both Ansys R19.0 and Simcenter 3D software in
three perpendicular directions under hard-mounted bound-
ary conditions. Simcenter 3D uses NX Nastran SOL 129
solution method during time transient shock analysis.
In general, during time transient analyses, each inertial,
damping, and stiffness terms of the general equation of
motion are satisfied in each time step throughout the anal-
ysis time period. The mathematical model is generated
with approximately 350,000 elements and 450,000 nodes.

According to ECSS-E-10-03A, satellite exposed shock
level up to 0.002 s is presented in the Appendix. The shock
spectrum in each direction of the three orthogonal axes is
equivalent to a half sinusoidal pulse of 0.5 ms duration and
200 g (0-peak) amplitude. The damping ratio is used as 4%
both in time transient and response spectrum analyses as
a general approach and von-Mises failure stress criterion
is used as the analysis evaluation method.

To examine the damping behavior of the system, analy-
ses are performed for 0.1 s time period even though the
load is applied for a time period of 0.5 ms (see Fig. 10).
After applying the half-sine-shaped shock load, the ana-
lyzed part is left to relaxation up to 0.1 s.

The shock load is applied to the bracket system as a
transient load in three perpendicular axes, and the corre-
sponding stress levels over the analysis time and accelera-
tion responses are calculated as output data.
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Fig. 10 Maximum acceleration and stress responses under specified damping factor

Fig. 11 von-Mises stress results a optimized bracket, b original bracket

According to the stress results of time transient shock
analyses seen in Fig. 11a, the maximum von-Mises stress
on the bracket is observed to remain below the yield
strength of the bracket materials for all the loading sce-
narios. The maximum von-Mises stress is calculated as
180 MPa on the cross-section region of two struts, located
in front of the bracket.

Shock analyses are also performed in three perpendicu-
lar directions on the bracket, which is designed using tradi-
tional design methodology. When the singular stresses are
discarded from evaluation, the maximum von-Mises stress
is calculated as 112 MPa on the corner region of a cutout in
lateral direction application and it is nearly 4.2 times lower
than the yield strength of the material used in the tradition-
ally designed bracket (see Fig. 11b).

Apart from the time transient shock analyses, a series
of Shock Response Spectrum (SRS) analyses of the AM
bracket are also performed by using Simcenter 3D to
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compare the SRS responses observed during shock tests.
Simcenter 3D uses NX Nastran SOL 111 Modal Frequency
Response Analysis solution method during response spec-
trum calculations. SOL 111 generates the acceleration
responses in each frequency by using the modal characteris-
tic of the structure. Therefore, a preliminary modal analysis
is performed and solutions are concentrated in the vicinity
of the natural frequencies of the structure to obtain more
precise results around modes. Note that the performed shock
tests are shared in detail in Sect. 3.3.4. Figure 12 shows
that a good correlation is obtained between the test results
and analysis results, particularly in higher frequencies and
maximum amplitudes.

2.5.5 Sinus vibration analyses

The main purpose of the sinusoidal vibration analyses
is to investigate whether the satellite and the auxiliary
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Fig. 12 SRS analysis and shock test comparison

structures can withstand sinus vibration loads encountered
during the launch phase. The general idea of harmonic
response analysis is to calculate the response of the struc-
ture at several frequencies and obtain a graph of accel-
eration quantity versus frequency. During sinus vibration
analysis calculation, SOL 111 Modal Frequency Response
Analysis method is used by NX Nastran software. Peak
harmonic response occurs at forcing frequencies that
match the natural frequencies of the structure (resonance
frequencies). Therefore, before performing a harmonic
analysis, the natural frequencies of the structure should
be first determined through a modal solution by using SOL
103 Eigenvalue extraction method to determine accurate
responses around the natural frequencies.

Calculated sinus test loads including notching are
applied to the entire satellite in each perpendicular direc-
tion as body load. Acceleration responses of equipment-
bracket interface location are calculated and compared
with equipment qualification levels. According to the
satellite-level sinusoidal vibration analysis results, when
comparing both the analysis results and equipment quali-
fication level, no exceeding value is observed from equip-
ment qualification levels, determined from the sinus tests
performed by the supplier (see Fig. 13). As a procedure, if
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some exceeding values above the equipment qualification
level are observed in tests or analyses, it will be neces-
sary to perform a delta equipment qualification test by the
equipment supplier or make a design change to decrease
the response amplitude.

2.5.6 Random vibration analyses

Random vibration analyses are carried out under the same
loading and boundary conditions as the test to have a pre-
diction about the random-vibration tests to be performed.
The mathematical model and the analysis setup are prepared
by using Hypermesh software. SOL 108 Direct Frequency
Response Analysis method available in NX Nastran soft-
ware is used to perform random-vibration analyses. The
general idea of the random-vibration analysis is to calculate
the Power Spectral Density (PSD) response of the structure
in the range of 20-2000 Hz from the actual accelerometer
mounting location where defined in the test plan. To sum-
marize in general terms, PSD is a conversion between the
time domain and the frequency domain by using Fourier
transform.

The analysis output data are compared with the opti-
cal equipment qualification level by obtaining the PSD
responses. If there are any overshoots, design or accommo-
dation changes may need to be made to keep the optical
equipment on the safe side under random-vibration loading.

Random vibration test loads are applied to the bracket
in each mutually perpendicular direction from the base of
the bracket. According to the results of random-vibration
analyses (see Fig. 14), when comparing both the analysis
results and equipment qualification level, no exceeding
value is observed from the equipment qualification levels,
determined from the random-vibration tests performed by
the supplier. Therefore, the optimized STB satisfies the
equipment qualification level under the random-vibration
loadings.
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Fig. 13 Sinus vibration analyses results of STB from both in-plane and out-of-plane directions
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2.5.7 Thermo-elastic analyses

Satisfactory performances of the brackets require accurate
prediction of thermal deformations to verify pointing and
alignment accuracy requirements for sensors. Therefore, it
is important to calculate the angular positioning deviations
for high-precision equipment like star trackers. These values
must not exceed the deviation limits specified for precise
mounting. In this part of the structural analysis studies, the
thermal displacements are calculated under on-orbit thermal
conditions for the STB.

In thermo-elastic analyses, under Equinox, Winter Sol-
stice, and Summer Solstice thermal scenarios, the relative
displacements between star tracker bracket and antennas are
calculated. As a procedure, the thermal input is supplied
from the thermal control subsystem by performing time tran-
sient analyses under in-orbit boundary conditions and imple-
mented on the whole satellite by the structural analysis team.
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According to the pointing analyses results, no incom-
patibility is found in means of thermal deformation and
rotation tolerances of the optic equipment. The rotation
tolerances should be within the mission requirement deter-
mined by the program management division of the project.
According to the results of thermo-elastic analyses shown
in Fig. 15a, it can be stated that the rotation results of the
STB (high-precision equipment) are found to be within the
tolerances of the project management.

Apart from satellite-level thermo-elastic analyses,
bracket-level analyses are also conducted and maximum
displacement and stress values are checked under the
worst-case scenarios. The analysis results are shown in
Fig. 15b. During thermal stress analyses, SOL 101 Linear
Steady-State Heat Transfer method is employed by using
the coefficient of thermal expansion of the material. Using
the computed thermal strains, thermal stresses are calcu-
lated for bracket structure in steady-state conditions.

MPa]

Fig. 15 a Thermo-elastic analysis results in terms of satellite-level thermal distribution. b Bracket-level thermo-elastic analysis results
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According to the analysis results, maximum dis-
placement and von-Mises stress values are calculated as
0.18 mm and 85 MPa, respectively. Maximum displace-
ment value is evaluated within acceptable tolerances,
and maximum stress value is considerably lower than the
acceptable value of the material.

2.5.8 Vibro-acoustic analysis

During the lift-off, a spacecraft assembly and auxiliary
equipment are subjected to high vibro-acoustic loads, gener-
ated through combustion into launcher engines. These loads
range from O to 10,000 Hz, and they can cause damage to
satellite structures due to their high amplitudes. Therefore,
acoustic tests are necessary to validate the general behavior
of the satellite structure and its dynamic compatibility with
its subsystems and the equipment under an acoustic environ-
ment. Before the test campaign, a prediction of acoustic tests
needs to be carried out by taking high-performance com-
puter aid. A vibro-acoustic analysis is performed by using
Simcenter 3D software to simulate the subjected noise effect
on satellite structures during the lift-off. Simcenter 3D soft-
ware uses NX Nastran SOL 111 Modal Frequency Response
Analysis method with preliminary modal analysis.

During a vibro-acoustic analysis of a satellite project, in
general, PSD output is obtained from the accelerometers
located on the equipment-bracket interface, and compared
with the qualification level of equipment to predict damage
to the equipment during the acoustic test. Note that it is
sufficient to calculate the vibro-acoustic analysis by using
FEM up to 500 Hz because of the following three reasons:
(1) acoustic noise input levels at high frequencies are 10 dB
and more below the peak input in the 250 Hz octave band,

(2) response at high frequencies exhibits low deformation
and consequently low stresses, and (3) their contribution to
the total root-mean-square acceleration (gRMS) response is
relatively low (Ruess et al. 2016).

Satellite mesh and air-represented acoustical cavity mesh
are shown in Fig. 16a. The acoustic plane waves surround
the entire satellite system as a spherical shape to generate
uniform sound pressure levels on the entire spacecraft, with
proper boundary conditions. To get accurate results, a mesh
convergence study is also performed on the satellite structure
during the modeling phase.

Plane-wave generators that represent the monopoles are
modeled to reflect the actual acoustic test boundary condi-
tion. As a boundary condition, one-noded fixed support is
defined on the master node of the satellite located on the
geometric center of the clamp bands (see Fig. 16c).

According to Ariane 6, Falcon 9, and Proton M launcher
specifications, acoustic loads that a satellite is exposed to
during the lift-off are presented in Fig. 17. When the acous-
tic loads of the three candidate launchers are examined, the
highest amplitudes at all frequencies belong to the Proton
M launcher. Therefore, loads of the Proton M launcher are
used as the input to stay on the safe side in the vibro-acous-
tic calculations. Both in-plane and out-of-plane direction
responses of the equipment—bracket interface region are
examined up to 500 Hz under vibro-acoustic load.

As an output of the analysis, PSD response graphs gen-
erated from the exact accelerometer location can be seen
in Fig. 18. According to the satellite-level vibro-acoustic
analysis results, when comparing the analysis results and
equipment qualification level, it is concluded that no exceed-
ing value is observed from equipment qualification level,
determined from the random-vibration test performed by the
equipment supplier. The qualification test input is supplied

Fig. 16 a Communication satellite structure mesh, air-represented cavity mesh. b Bracket location detail. ¢ Location of fixed support boundary

condition
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by the equipment supplier which limits the publication of
the data for the present study regarding confidentiality. The
PSD response obtained from the vibro-acoustic analysis is
shown in Fig. 18, below. Since the most critical response is
obtained in the out-of-plane direction, only the out-of-plane
response is shared.

3 Experimental validation and qualification
3.1 Material testing

While the process characteristics and the chemical com-
position define the material properties, numerical studies,
validation analyses, mechanical tests, and microstructural
characterization give detailed information about the AM-
built materials. Compared to the conventional manufacturing
processes, shorter design cycles, very rapid solidification,
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cooling rates, and flexible products are obtained by AM.
According to the complexity of the material design and pro-
duction rates, it is often difficult to produce cost-effective
parts by AM; however, with the improvements of the AM
technology, it has become possible to produce end-use parts,
especially in the aerospace industry (the fastest growing sec-
tor followed by automotive industry). Hence, the AM-built
materials have complex and unstable microstructures, and
these microstructures should be fully understood by mate-
rial scientists to develop a comprehensive material allowable
database for design engineers. Therefore, a wide range of
material tests are conducted in the present study, specific to
L-PBF AlSil0Mg (see Table 5).

Material tests listed in Table 5 are conducted accord-
ing to the service condition of the selected component. It
is known that AM materials have anisotropy inherently due
to the technology employed for the process. Thus, all tests
are conducted for three different orientation angles; 0°, 45°,
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Table 5 Material tests and
standards

Qualification Test Standard or reference

Material characterization Hardness ISO 6506-1/2
Tensile ASTM E8
Compression ASTM E9

ASTM E228-17

ASTM E399/ASTM B646-19
ASTM E238-17a
ECSS-Q-70-02

ASTM E466

Coefficient of thermal expansion
Fracture toughness

Bearing stress

Outgassing

Fatigue

and 90°. The lowest mechanical properties are observed in
specimens that are manufactured in the vertical direction
with respect to the building platform. Hence, these mechani-
cal properties are used in the design phase to stay in the safe
zone. Mechanical tests are executed to obtain the material
properties, while thermal and outgassing tests are conducted
to obtain the required pass-fail criteria of the service condi-
tion in space. However, the component is not exposed to
cyclic loading during the mission, and plastic properties of
the material are evaluated to make a full understatement
of the fracture behavior of the AM microstructure. Conse-
quently, fracture toughness, bearing stress, and fatigue tests
are conducted in addition to the tension/compression tests
following related standards (see Table 5). In addition to
material tests, metallurgical analyses including fractography,
EDS analysis, electron, and optical microscopy imaging are
performed to investigate the microstructure of the material
in detail.

3.2 Additive manufacturing and post-processing

The original STBs are manufactured with machining opera-
tions with A17000 series material. In this study, optimized
and re-designed STBs are manufactured with AM methods
with the most commonly used AM alloy, AlSil0Mg. The
final design of the STB consists of intricate and bionic-
formed strut bodies which are impossible to form with
machining operations. Other than AM, the only conven-
tional manufacturing process that could be employed is the
casting method. Selecting the casting method to manufac-
ture a geometry with this level of complexity requires the
usage of multiple casting molds and cores which eventu-
ally increase the lead time and cost considering the required
manufacturing quantity, which is considerably low in space
applications. The unit cost of AM and its post-processes
are relatively high with respect to conventional methods,
but the ability to manufacture complex and lighter designs
compensates for this manufacturing cost. For the AM of
the brackets, L-PBF method is employed since this tech-
nology has higher industrial accessibility and gives better
surface roughness than other metal AM methods such as

Fig. 19 Existing design (left) and optimized design (right) of STB

EBM or binder jetting. Re-designed STBs given in Fig. 19
are manufactured by using selective laser melting (SLM)
Solutions-SLM 500® machine. Eight brackets are manu-
factured through AM by using the same powder batch. SR2
heat treatment condition in accordance with ASTM F3318
standard is applied to improve the mechanical properties
using Argon-backfilled HT furnace. The heat-treated brack-
ets are machined to ensure the desired tolerance values of
the assembly surfaces. The tolerance requirement includes
the flatness, the tribological surface quality of the assembly
surface, and the relative positions of the mounting holes.

3.3 Mechanical validation

Two types of tests (material-level tests and bracket-level
tests) are conducted during the qualification of the bracket
structures. Material-level tests are performed to qualify
the material itself since there is no qualification history for
AlSi10Mg material inside the company. Bracket-level tests
are conducted to qualify the bracket structures as a final
product. Performed tests and used standards for the mate-
rial qualification are listed below. Apart from the mechanical
tests, CT and coordinate measurement tests are also con-
ducted to get detailed information about the inner character-
istics of the structure. Conducted test campaign for material
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Table 6 Material and part level test campaign

Qualification Test Standard or reference
Part qualification ~ Resonance search TAI-T025

Sine vibration TAI-T025

Random vibration TAI-T025

Shock tests TAI-M0250

Static test TAI-T023

Computed tomography NA
Coordinate measurement NA

characterization and part level qualification and correspond-
ing company internal standards are given in Table 6 in detail.

In addition to material level tests in Sect. 3.1, bracket-
level resonance search tests before and after sinus vibration,
random-vibration and shock tests, static tests, and thermal
cycle tests are conducted during the qualification process of
the additive manufactured STB.

3.3.1 Dynamic tests

Dynamic tests aim to validate the dynamic responses of
STBs and their mechanical behavior under dynamic quali-
fication loads. The objective of the dynamic test is to dem-
onstrate the dynamic characteristics of brackets during the
application of sinusoidal, random vibration, and shock loads
under proper boundary conditions. The dynamic test setup
of the optimized star tracker can be seen in Fig. 20. Dur-
ing dynamic tests, representative dummies are designed
and mounted on the brackets with the original fasteners and
washers not to damage the real optical equipment. Bracket-
test fixture connections are also supplied with original
titanium bolts to reach the most realistic force distribution
and get information about fastener performance. To check
whether there is any structural integrity disruption on the
bracket structures, low-level resonance search tests are

(b) s T Triaxial Y

~ Accelerometer

®
—

Electro-shaker
connection

Fig.20 a Accelerometer mounting location. b Vibration test setup
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performed before and after qualification level vibration tests
and compared to each other to verify the related requirement
statement. The instrument mounting location and directions
are presented in Fig. 20.

The qualification test input is supplied by the equipment
developer, and it is limited in terms of sharing according to the
project confidentiality. Before each sine and random vibration
test, resonance search, and sine sweep test are conducted with
the inputs and parameters given in Table 7.

Before the test campaign, the success criteria of dynamic
tests are determined as follows: (1) The overall structural
integrity of the brackets should be preserved and no visible
crack should be detected. (2) The frequency difference of the
main modes of the structure in the resonance search tests per-
formed before and after the qualification level tests should be
less than 5%. (3) The magnitude difference of the main modes
of the structure in the resonance search tests performed before
and after the qualification level tests should be less than 20%.
(4) According to coordinate measurements performed before
and after the tests, relative deflection values over the flat sur-
faces should be within the tolerances.

Before and after each qualification test, a low-level sine
sweep test is conducted to see if there is any structural integrity
deterioration occurred on the structures during qualification
tests. The comparison of before and after low-level tests is
presented in Figs. 21 and 22. Even if before-after test com-
parisons of Y-axis test are given in the relevant figures, these
comparisons are repeated for each direction.

According to the dynamic testing results, all of the follow-
ing success criteria are satisfied.

1. No visible crack is detected after the test campaign is
completed.

2. Frequency differences of the main modes remained
below 5%.

3. Amplitude differences of the main modes remained
below 20%.

4. According to the coordinate measurements, the relative
deflection values over the flat surfaces (the most criti-
cal parameter, since the brackets carry the optic sensor)
values are within the specified tolerances.

3.3.2 Static tests
A static test campaign is planned to be performed to verify

the strength of the equipment brackets under quasi-static
qualification loads and screening for potential failures.

Table 7 Sine sweep input

Frequency band [Hz] Acceleration [g] Sweep rate [oct/min]

0-1000 0.5 2
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The qualification test load of the equipment bracket is
obtained according to the ECSS-E-HB-32-03C handbook.
Part qualification is evaluated after the test with respect
to the following two success criteria: (1) No cracks, per-
manent deformation or any kind of failure should occur
after qualification load sequences at the end of the test.
(2) Load-strain curves measured from strain gages should
demonstrate linear character during nine times repeated
tests.

The static test setup of the optimized STB is given in
Fig. 23a, b. According to the material test results obtained
from tensile tests, the maximum strain value of the material
that showed linear characteristics is determined around 3000
u strains. According to the evaluations carried out with this
information, no plastic strain is measured that could cause
permanent deformation from any strain gage up to the limit
load which corresponds to the maximum test load.

An example from a strain gage response is shown in
Fig. 23c. It can be seen that the maximum application load
(which corresponds to the design limit load of the equip-
ment bracket) is far from the plastic zone of the material.

Frequency [Hz]

—After_Random_Vibration_U_Dir

On the other hand, since the residual strain values meas-
ured by sensors are very close to zero when the load on the
bracket is released, it is concluded that there is no permanent
deformation.

3.3.3 Thermal cyclic tests

According to the satellite-level thermal analyses with on-
orbit boundary conditions, the equipment brackets are sub-
jected to the thermal loading within the range of — 50 °C
and + 60 °C, which corresponds to the worst case of on-orbit
temperatures. To check the structural integrity preservation
of brackets under thermal loading, a cyclic thermal test is
performed. In the tests, the temperature of each equipment
bracket is measured by using PT100 sensors. The test is
planned as ten cycles, and brackets are held at each thermal
peak for 5 min (see Fig. 24). Before the test campaign, the
success criteria of thermal tests are determined as follows:
(1) No visible crack should be detected. (2) According to
coordinate measurements performed before and after the

@ Springer



237 Page 180f24 i. Gokdag et al.

(@) g (b)

SG8

21Deg

1amm | From the base
| 4
10mm | From the outer face

Straingauge 8 - Static Test Output

(C) 1
0.9
0.8
0.7

= 0.6
2 05
2
204
03
0.2
0.1

0
0.E+00 1.E-02 2.E-02 3.E-02 4.E-02 5.E-02 6.E-02 7.E-02 8.E-02 9.E-02
Strain

Fig. 23 a Strain gage mounting locations. b Static test setup. ¢ Force vs strain graph of strain gage #8 in the static test

Fig. 24 Thermal cyclic test

sequence 1. Thermal Cycle
(+60/-50°C)

2. Thermal Cycle
(+60/-50°C)

3. Thermal Cycle

(+60/-50°C)

4, Thermal Cycle
(+60/-50°C )

5. Thermal Cycle
(+60/-50°C )
6. Thermal Cycle
(+60/-50°C)

10. Thermal Cycle
(+60/-50°C)

thermal tests, relative deflection values over the flat surfaces thermistor sensor placed on the bracket. The thermistor con-
should be within the specified tolerances. nection location is as in Fig. 25a. According to test results,

The test sequence and corresponding thermal test results  test success criteria are successfully achieved with coor-
can be seen in Figs. 24 and 25b, respectively. During the  dinate measurement result comparison of before and after
thermal cycle test, temperature values are monitored by a
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Fig. 25 a Thermistor sensor location. b Temperature variation data acquired from the PT2 sensor during the thermal cyclic test

thermal test campaign. The measured values are within the
specified tolerances.

3.3.4 Shock test

The main purpose of the shock test is to investigate whether
the bracket structure can withstand the shock loads encoun-
tered during clamp band separation and pyro bolt detonation
of solar array panels and reflector antennas. The envelope
of the shock loads that will occur during the satellite’s mis-
sion is calculated, and the maximum acceleration loads over
frequencies are applied during the tests as SRS loads. As a
procedure, a set of trial tests are carried out on a dynamic
representative dummy equipment bracket until the specified
acceleration levels are achieved. After achieving the qualifi-
cation level on the dummy equipment bracket, the principal
equipment bracket is connected to the test setup, and the
test is performed in three runs in each direction by using the
qualification load. A pyro-shock test device, which throws a
projectile-like material underside of the test adapter, is used
during the tests. After each test, SRS levels are generated
by a KiStudio Lab software and compared with the speci-
fied equipment qualification level. If the SRS level meas-
ured after the test remains below the specified level, the test
is repeated by increasing the pressure load of the device.
Before the test campaign, the success criteria of shock tests
are determined as follows: (1) The overall structural integ-
rity of the brackets should be preserved and no visible crack
should be detected. (2) The frequency difference of the main
modes of the structure in the modal hammer tests performed
before and after qualification level tests should be less than
5%. To measure that the second success criterion is met,
before and after the shock tests, a series of modal hammer
tests under free-free boundary conditions are performed and
compared with each other to determine the structural integ-
rity preservation of the brackets.

Six accelerometers are used, which measure three mutu-
ally perpendicular direction responses both the equipment-
bracket connection region and bracket-satellite interface
region (see Appendix). Before and after each shock test, a
series of modal hammer tests are conducted under free-free
boundary conditions by hitting several points of the bracket.
Then, a before-after comparison is conducted in terms of
natural frequency responses of main modes up to 2000 Hz to
check the structural integrity preservation of the bracket. A
before-after shock test comparison example of modal ham-
mer test output can be seen in Fig. 26.

It is concluded that there is no visible crack observed
on the test specimens, and according to the comparison of
before/after modal hammer test output, the natural frequen-
cies are within the tolerances of 5% which are specified in
the success criteria definition before the test campaign. The
reason for the difference in amplitudes is that the test per-
former does not strike at the same speed each hit. Depend-
ing on the hit speed, the amplitude may change due to the
damping factor, and therefore, no success criteria have been
determined in terms of amplitude difference before the shock
tests.

3.3.5 Metrology

After manufacturing and post-processing efforts, critical
part dimensions are measured with the coordinate measure-
ment method. Coordinate measurements are applied to the
fastener holes and the contact surfaces of the part, and it
is found that manufactured part feature dimensions comply
with the required geometrical tolerances. In addition to that,
before and after the static, dynamic, and thermal tests, coor-
dinate measurement and 3D geometrical scans are applied
to evaluate if there are any geometrical deviations between
the tests. Coordinate measurements are applied to the exact
locations as former measurements and the 3D scan is applied
to the entire geometry. According to the comparison of the
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Fig. 27 a 3D scan results of the manufactured part. b Assembly check of STB on the satellite
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coordinate measurement and 3D scan results before and after
tests, there is no plastic deformation on the parts above the
geometrical tolerance limits, which proved that part integ-
rity is maintained. The 3D scan surface deviation results are
given in Fig. 27a.

To check the assembly conformity after the mechani-
cal and thermal test campaign, an assembly conformity
check to the entire STB and auxiliary is held by connecting
them to the satellite with the functional equipment (see
Fig. 27b). In terms of connectivity and position of the star
tracker, no incompatibility is observed for assembly and
star tracker positioning.

4 Conclusion

In this study, an overall process from design to qualifi-
cation of an additively manufactured satellite bracket is
comprehensively described. The process, starting with
the part selection, went forward with the performing TO.
Then, the structural engineering cycle of re-design and
validation practices including static, modal, sinus vibra-
tion, vibro-acoustic, shock, and thermo-elastic analyses
were carried out until satisfactory results were achieved. In
the experimental section, thermal testing and mechanical
testing containing static, dynamic as well as shock were
performed. Additionally, material-level mechanical tests
and characterization techniques of AISilOMg were con-
ducted according to related standards. Finally, 3D scan-
ning and coordinate measurement were performed for the
assembly control operations. From the results of this study,
the following conclusions were drawn:

e TO with minimum member size and stress constraints
was performed using the SIMP method. Mass saving of
25%, equivalent to 1.2 kg, was achieved comparing the
original bracket designed considering the CNC manu-
facturing method. Thus, the launching cost including
fuel cost was reduced by 15,600 $. Additionally, the
environmental impact of the launching process was
promised to decrease by reducing the fuel require-
ments.

e The minimum value of the MoS was calculated as 6
using the results of static analyses. Thus, it was shown
to satisfy static requirements.

e According to modal analysis results, it was shown that
the optimized bracket satisfied modal requirements by
calculating first global natural frequency (152 Hz) was
greater than 140 Hz which was the minimum design
criterion for subsystems of the spacecraft panels.

e It was numerically proven that the optimized STB
met the requirements by calculating responses of
the bracket under loadings of sinus vibration, ran-

dom vibration, and vibro-acoustic, and there were no
exceeding values for the equipment qualification level.

e The response of the optimized STB under shock load-
ing conditions was obtained, and it was shown that
maximum stress calculated as 180 MPa was nearly 1.4
times lower than the yield strength of the AISi10Mg
material.

e According to the thermo-elastic analysis results, there is
no plastic deformation calculated in the bracket assembly
under the highest and lowest temperature values.

Additionally, the following conclusions were obtained
from the experimental validation section:

e Dynamic tests including sinus vibration, random vibra-
tion, and shock loadings were performed to validate
the optimized STB. According to test results, there was
no violation of equipment qualification responses. In
addition to dynamic tests, a low-level resonance search
was carried out before and after the tests. Thus, it was
observed that the magnitude differences of the main
modes, which should be lower than 20% for tests using
electro-shaker and the frequency differences of the main
modes, which should be lower than 5% were within the
tolerances. In the tests performed with the modal ham-
mer, it was understood that the comparison of the modal
hammer tests met the acceptance criteria of a maximum
20% amplitude difference, even if the acceptance criteria
for amplitude were not defined before the tests.

o After the static tests, it was shown that there was no
crack and permanent deformation, in addition to that,
non-linear behavior was not observed in the load-strain
curves. Therefore, the success criteria of the static test
were satisfied.

e Thermal tests were performed to validate the response of
the bracket under the cyclic thermal loadings. After the
thermal tests, it was validated that there was no visible
crack formation and the relative deflection values over
the flat surfaces were within the tolerances.

e Comparative measurement control with 3D scanning and
coordinate measurement showed no geometrical devia-
tions out of the part tolerances. In addition to the dimen-
sional measurements, assembly control of the part with
satellite body and equipment was made and no incompat-
ibility was observed.

Overall design process and qualification process of
structural parts of space systems were developed with this
study. As the next steps, it is planned to develop design and
qualification processes for fatigue critical parts, fatigue in
AM technology is a more compelling condition because of
the need for post-processes to improve surface properties.
On the other hand, two significant points are identified as
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lessons learned from this study. The first one is that the pro-
cedure of giving overhang constraint is determined. During
the iteration phase, stress constraint is observed and if it
becomes a passive constraint, optimization can be stopped,
and then the overhang function can be introduced as a con-
straint. The second one is to solve models with multiple
loading conditions using weighted compliance. Finally,
additively manufactured STB was qualified according to
NASA and ESA standards. The STB subjected to the present
study was approved to be used on a telecommunication sat-
ellite of Turkish Aerospace as further action of the project.

As a shortcoming, while RBE2 connection can converge
to the experimental results in analyses, since using RBE2

(a)

(C) 250

200

-
w
=}

=}
=}

Acceleration [g)

50

adds over stiffness to the structure, it can affect material
distribution at the sections where connected with RBE2 in
topology optimization.

As a further study, an algorithm that performs analyses
and takes required information for different load cases and
topology optimization formulation including constraint
functions of requirements would be developed to bypass
the validation analyses and save much more engineering
time. Additionally, for optimization of parts having multi-
ple load cases, a single-objective optimization formulation
minimizing the volume function considering mechanical
constraints or a multi-objective optimization formulation
would be developed.

(b)
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Fig. 28 a Acoustical plane waves visualization. b Shock accelerometer instrumentation. ¢ Applied half-sine shock load
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Appendix

Images about the vibro-acoustic analysis setup, shock test
setup/instrumentation and applied shock load during time
transient analyses are given in Fig. 28.
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