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Abstract

The organic and intricate nature of machine generated parts is problematic during the
manufacturing phase, resulting in high costs and slow production with traditional manufacturing
techniques. Additive manufacturing has been explored and approved as the potential solution for
fabricating complex geometry and organic lattice structures. With the advances in topology
optimization and generative design, design for additive manufacturing (DAM) allows users to
generate numerous, high-quality design alternatives that are lighter and stronger than traditionally
designed parts. This study addresses the process of designing and load testing a satellite optical
instrument mounting bracket using the generative design and simulation capabilities of Autodesk
Fusion 360. The workflow pipeline begins with the creation of generative design studies for the
instrument bracket in accordance with the design criteria outlined in the optical instrument design
challenge, where it is then thermally load tested using finite element analysis (FEA) in Fusion 360
and analyzed for its mechanical behavior.

Keywords: Generative Design, Design for Additive Manufacturing, Satellite Optical Tracker
Mount

Introduction

With extreme temperature fluctuations typically spanning hundreds of degrees Celsius, the
environment of space is one of the harshest places for machinery to operate. Satellites orbiting the
earth will undergo frequent wide temperature swings from -140°C to +140°C when transitioning
between the earth’s shadow and unfiltered sunlight, resulting in a wide operational temperature
range for all components on board [1]. This wide operational temperature range has a dramatic
influence on the geometry of every solid component on the satellite due to thermal expansion.
Geometric changes are problematic for a variety of reasons; they can cause irregularities in the
performance of moving parts, and they can also interfere with the accuracy of finely tuned onboard
optics and communications instruments. Thermoelastic geometry changes are unavoidable to a
certain extent - all materials have a coefficient of thermal expansion (CTE) that, for a material
exposed to a thermal load, will result in some amount of geometric deformation. Previously,
engineering teams responsible for the design and manufacture of satellite components attempted
to address this problem through improving the thermal properties of component materials in order
to reduce thermoelastic deformation as much as possible.
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Literature review
1) Prior satellite component manufacturing methods

A ceramic composite material, HB-Cesic, was successfully used by a team of engineers in
the design and manufacture of a star tracker assembly bracket on board the Meteosat Third
Generation (MTG) weather satellite, operated by the ESA [2]. HB-Cesic was chosen because of
its optimal thermoelastic properties, especially in comparison to materials such as Aluminum
6061, Invar, and Zerodur. With a density of 2.9 g/cm?, a thermal conductivity of 200 W/mK, and
a CTE of 2.3 /K, HB-Cesic is an attractive material for the construction of satellite components
[3]. Satellite optical system components have also been successfully constructed out of another
thermally optimal material, Zerodur, and used on the FOKUS, KALEXUS, and MAIUS-1 rocket
missions [4]. Benefits of using these materials include improved thermo-mechanical stability and
a reduction in thermoelastic deformation under thermal loads [2, 4]. However, one of the major
drawbacks with the usage of components constructed from HB-Cesic or Zerodur is that it relies on
traditional manufacturing methods such as CNC machining, trimming, and assembling [2, 4].
Additionally, current design methods are manual in nature and do not use automation in the design
process.

2) Automation for design

Automation as a design tool is a relatively new technology in the field of engineering.
Traditional design methods typically require conscious and deliberate input from a person, or team,
at every step of the design process. While many engineering endeavors still require constant human
oversight, certain elements of the design process can now be automated for the first time.
Automation allows engineers to explore novel solution possibilities for a great variety of
engineering problems while also frequently saving time and potential costs during the design
phase. All too often, engineers can become entrenched in particular solution methods that limit
their innovative and creative abilities; this has the effect of limiting the conceptual range of
possible design solutions for an engineering problem. Automation tools such as generative design
and topology optimization can help overcome this issue by providing a wide range of novel
solutions for engineering problems that surpass the limits of human imagination. In brief, and with
respect to design for manufacturing (DFM), topology optimization can be characterized as a kind
of iterative mass subtraction for the purposes of weight reduction and removing unnecessary mass,
whereas generative design can be characterized as the iterative rearrangement of mass, and
potentially the addition of mass, to optimize a part or component with respect to its design
requirements and boundary conditions.

Generative design is quickly being adopted by research teams as a powerful automation
tool with a wide range of usage cases. It has been successfully used for the layout and planning of
a Swedish residential city block that is optimized for space efficiency and minimizes the
environmental impact of construction [5]. It was also used alongside Generative Adversarial
Networks (GAN) for image-based design of garments for the fashion industry [6]. Other usage
cases include the creation of a series of 6,010 virtual buildings with randomized layouts for the
purposes of analyzing the effect of structural geometry on the buildings’ energy consumption [7].
There is a growing body of evidence demonstrating that these automation solutions have a broad
usage range and a tremendous potential to be used alongside Al-based computing software for
mechanical and structural designs. In a recent case study to evaluate the effectiveness of a design
methodology for modular spacefaring equipment, an engineering team used topology optimization
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alongside genetic algorithms to design a satellite antenna [8]. The team was able to construct an
algorithm that factored in a number of design and manufacturing criteria including manufacturing
cost, design adaptability, and post-processing cost, among others. These criteria, paired with
topology optimization, produced a range of unique antenna architectures in which the design of
the antenna was optimized for each criterion [8]. Another research team successfully integrated
topology optimization into a generative design framework to quickly produce a wide range of
structural design outcomes that can be evaluated according to different parameters such as cost,
novelty, and compliance [6]. This design methodology pairs elegantly with additive manufacturing
techniques, which are quickly becoming one of the dominant forms of manufacturing for space
applications [9].

3) Simulation capabilities with generative design

Additive manufacturing is an attractive option for the manufacture of spacefaring
components because of its mass-reduction capabilities, as well as its cost-saving potential due to
the large amount of material waste associated with traditional subtractive manufacturing
techniques [10,11]. It is estimated that additive manufacturing can reduce the cost of a titanium
alloy component by as much as 50% due to the reduction in material waste from subtractive
manufacturing and machining techniques [12]. Additionally, the ‘Buy-to-Fly’ ratio of spacefaring
components, which is the ratio of purchased material stock mass to final component mass, is
typically anywhere from 10:1 to 25:1, and can even be as high as 40:1 [13]. 3D metal printing has
been shown to bring this ratio down to 1.5:1, and even as low as 1:1 due to the net shape component
geometry produced by additive metal manufacturing [14]. Compared with traditional subtractive
manufacturing, additive manufacturing is often faster; this reduction in lead time can reduce the
costs of manufacturing satellite components [15]. Additive manufacturing techniques also allow
for the mass production of highly intricate, geometrically complex mechanical structures that are
difficult to create using subtractive manufacturing [16]. Bugatti was recently able to produce a
powerful new brake model for the Chiron by employing selective laser melting (SLM) of a Ti-
6AL-4V powder; this brake model was shown to be stronger than prior models with a 40%
reduction in mass compared to previous designs [17]. Current industry trends suggest that SLM,
as a manufacturing technique, is quickly becoming the dominant component additive
manufacturing technique in the aerospace industry; this makes SLM the most likely technique for
the manufacture of a satellite mounting bracket like the ones generated in this study [18]. SLM
was used to fabricate an aircraft component that was redesigned using topology optimization, with
an overall volume reduction of 54% and a weight reduction of 28% between the original aluminum
part and final titanium alloy optimized part [19]. Since the geometries produced by generative
design for topology optimization are often intricate and organic in nature, it follows that the most
efficient way to produce generative design models is through additive manufacturing.

Overview of Project

Purpose

Optical systems are some of the most commonly launched instruments in the space
industry. Some prominent examples of optical instruments in space include the Hubble Telescope
and the newly launched James Webb Space Telescope, however optical instruments can also be
found on Mars rovers and even aboard small CubeSats in low earth orbit. In order for these
instruments to capture deep regions of space with any degree of accuracy, optical systems have
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very strict pointing requirements. Any deviation in the pointing direction of the tracker lens will
result in tremendous photographic inaccuracies for deep space photography applications.

Outline of design requirements

The pointing accuracy of an optical system is defined by the ‘centerline’ of the lens, which
can be visualized as a straight line pointing through the central axis of the lens. Since optical
instruments are typically mounted on a rigid surface, it is expected that the centerline will not move
or shift over time. However, optical instruments on satellites orbiting the earth are subjected to
intense thermal loads due to sunlight exposure; this creates large temperature differences in the
mounting material between unfiltered sunlight and the full shadow of the earth. As a result, the
mounting material will expand and contract due to thermal expansion. This expansion and
contraction results in thermoelastic deviation of the central axis of the lens, which reduces the
accuracy of the optical system over long distances. It is therefore crucial to design a mounting
bracket that expands and contracts in such a way as to minimize the angular deviation of the
centerline.

Outline of design constraints

Designing a mounting bracket that deviates as little as possible under thermal load is a
current problem faced by engineers in the space industry. This design problem, posed by Dr. Ryan
Watkins of JPL, challenges engineers with the task of designing an optical tracker mount that
deviates minimally while subjected to thermal loads. The main goal for the tracker design
challenge is to produce a mount with a centerline that deviates no more than 0.001° away from its
original position. The mount must also have a minimum cross-sectional member size of 1 mm, a
fundamental frequency greater than 200 Hz, and a minimum factor of safety of 1.25. The design
challenge poses several loading scenarios for the tracker mount, including a force of 2,000 N in
the x, y, and z directions, a bulk temperature soak of 85°C, and a steady state heat conduction
condition with the tracker at 50°C and the base pads at 10°C. Additionally, all mounting pads along
the base are treated as fixed in space. A design space envelope is given as a volumetric reference;
the final design must fit within the dimensions of the envelope.

Methodology
1. Workflow

To meet these design challenges, our team utilized the generative design capabilities of
Autodesk Fusion 360 to construct the mounting bracket. Currently, there are very few
commercially available automated design tools that are both effective and user-friendly. Fusion
360 aims to meet this need by providing powerful automation design tools with an intuitive user
interface. The goal of this research is to use Fusion 360 generative design to produce a bracket
design that thermoelastically deforms in a controlled manner. Previously discussed satellite
components, such as those constructed from exotic materials such as HB-Cesic or Zerodur, attempt
to address the problem of thermoelastic deformation through the net reduction of deformation by
using materials with low CTE values. This research attempts to address the problem of
thermoelastic deformation by using automation to create a series of titanium satellite bracket
designs that deform in a predictable manner to reduce the angular pointing deviation of a satellite
optical system. This method employs comparatively cheaper materials, automation in the design
process, and additive manufacturing. These methods combined can potentially reduce material
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cost, material waste, and production lead time, resulting in globally reduced costs for functionally
equivalent satellite components.

The workflow for this project is organized into two sequential steps: generative design and
thermal load testing. The generative design phase begins with the design space for the model,
which is defined by the dimensions shown in Figure 1. The bracket model created during the
generative design phase must fit within the volume envelope defined by the design space
dimensions. Once the model is completed, it is exported to a 3D format for thermoelastic
deformation testing. The model is subjected to a series of thermal loading scenarios, and
subsequently analyzed using FEA for its behavior under each loading condition. Models that do
not meet the design requirements for thermoelastic deviation are rejected as potential model
candidates.

175 mm

Fig. 1: a) Design space dimensions for the optical tracker mount, b) Tracker CAD model

During analysis, it is imperative to keep a static reference point for the optical tracker
camera itself. This is shown in Figure 1 b, which is a model for the optical tracking instrument.
The tracker model is used as a geometric and spatial reference point during thermal FEA, and
also serves as a fixture point for the upper mounting pads.

Figure 2 shows the design space as it appears when the tracker model is fixed to the front. Note
the instrument mounting pads, shown in green, beneath the optical instrument model. These
mounting pads are not valid design spaces because they are an off-the-shelf component and
therefore cannot be altered. The yellow pads on the bottom of the design space, however, are free
to be altered to produce novel bracket designs. Altering the base mounting pads is one of the first
crucial steps in generative design input, which is outlined below.
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Fig. 2: Optical tracker model placed on design space, shown in violet

2. Generative design
Inputs for Fusion 360

=7

Fig. 3: a) Design space with unassigned bodies, b) Preserve geometry assigned to bodies, ¢)
Obstacle geometry assigned to shell, d) Section view of shell in design space

The first step in utilizing generative design is setting up a design space consisting of bodies
to later be defined as preserve and obstacle geometries. An example of this is shown in Figure 3a)
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where the gray bodies were created using the Design workspace within Fusion 360. Unlike
conventional part design, generative design only requires bodies that will be used as preserve or
obstacle geometrics. Therefore, a body like that shown in Figure 1 is not required to be made. Not
shown here is the shell body that will later serve as the obstacle geometry. Once all bodies are
created within the Design workspace, the rest of the setup process will continue in the Generative
Design workspace.

Multiple inputs and parameters must be defined in the Generative Design workspace before
a study can be successfully conducted. First is assigning the bodies made in the Design workspace
as preserve or obstacle geometries. As their name implies, preserve geometries are assigned to
bodies to incorporate them in the final shape of the design, while obstacle geometries are assigned
to bodies to represent spaces for the design to avoid. These geometries are assigned within the
Generative Design workspace once the bodies in the Design workspace are finished. Figure 3b)
shows preserve geometries assigned to the bodies representing the optical tracker and eight
mounting pads. Figure 3c¢) shows the obstacle geometry assigned to the shell body surrounding
the optical tracker and mounting pads. A section view of the interior space inside the shell is shown
in Figure 3d). This represents the design envelope defined in the problem statement. This ensures
that the generative design results do not exceed this defined envelope. Lastly, a symmetrical plane
is created through the design space in the XZ plane to produce symmetrical generative design
results. This lateral symmetry is beneficial for the thermal analysis and will be further elaborated
upon in a later section.

Once all of the preserve and obstacle geometries have been assigned, design conditions
including structural constraints and loads are defined. Structural constraints are to apply fixes,
pins, or frictionless constraints to a geometry. In Figure 3b), four lock icons can be seen on the
bottom four mounting pads, indicating a fixed structural constraint. Structural loads simulate
pushing, pulling, and twisting forces. The force identified from the problem statement is applied
onto the optical tracker by defining it as X, Y, and Z components of a vector. It is also important
to remove the gravity force that is included by default.

Design criteria, such as design objectives, manufacturing method, and materials are also
defined. Design objectives allow for the generative design study to prioritize minimizing mass or
maximizing stiffness. It also allows for the defining of the factor of safety. As this is an aerospace
application, mass reduction is critical and therefore selected. A safety factor of 1.25 is inputted as
defined in the problem statement. Next is the manufacturing method, of which the following can
be selected: unrestricted, additive, milling, 2-axis cutting, and die-casting. Additive manufacturing
is chosen, from which build orientation, overhang angle, and minimum thickness can be selected.
All six directions (X+, X-, Y+, Y-, Z+, Z-) were chosen to give the generative design study as
much freedom as possible in its results. Overhang angle is left as its default of 45°. Its minimum
thickness is entered as 1 mm. Lastly, the material that the results will be printed in is chosen to be
titanium 6AI-4V. This will also cause the optical tracker to be made of titanium when it is stated
to be made from aluminum 6061-T6 in the problem statement. While the Generative Design
workspace allows for multiple materials to be included in the results, this is only valid for separate
results; it cannot produce a result consisting of two different materials. Afterwards, the setup is
complete, and the generative design study is ready to be converted into a CAD model for further
testing.
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Fig. 4: A successful converged result in generative design

Figure 4 shows a successfully converged result output from generative design. These
result outputs are visually inspected for any material discontinuities and material deposition
abnormalities. If the results fail the visual inspection, they are discarded. If the results pass the
visual inspection, they are converted into CAD models for further thermal testing. Successful
models are explored below in the Results section.

Results

Based on the input parameters and the design space, Fusion 360 can produce multiple results using
generative design. This is done in an iterative manner, with each iteration removing more material
the software deems unnecessary. This is done until it produces a design that meets the defined
parameters but with as little mass as possible. Once finished iterating, two types of results will be
generated: converged and completed. Converged results means that the result fulfills all the
inputted parameters, while completed results do not. Converged results are the only results that are
of interest.

Fig. 5: a) Result from typical mounting pad geometry, b) Result from altered base mounting pad
geometry

Converged results are then converted into CAD files for further analysis. For instance,
Figure 5a) shows an example result with “typical” pad geometry. Similarly, Figure 5b) shows a
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result with “atypical” pad geometry because of the creative liberties taken with the lower mounting
pad geometry. The ability to experiment with lower mounting pad geometry allows for a
tremendous range of design possibilities for further thermal testing.

Thermal analysis
1) Thermal loading scenario inputs

Thermoelastic deviation analysis begins with the application of thermal loads to a
completed bracket model from generative design. The thermal loads are referred to as Condition
1 and Condition 2; Condition 1 is defined as a 50°C load applied to the tracker model and a 10°C
load applied to the base of the lower mounting pads, and Condition 2 is defined as a 10°C load
applied to the tracker model and a 50°C load applied to the base of the lower mounting pads. The
lower mounting pads are constrained in space during FEA, since the pads on a physical model
would be fixed on a mounting surface. Because the model is expected to function in the vacuum
of space, convective cooling is neglected, and the primary means of energy transfer is heat loss
due to radiation. The background radiation temperature of space, -270°C, is used as the ambient
temperature value. Note that the Autodesk thermal simulation environment uses degrees Celsius
instead of Kelvin for radiation inputs. The selected material, Ti-6Al-4V, is applied to the structure,
along with its thermal properties. See Figure 6 for a sample bracket with optical tracker model
attached.

Fig. 6: Finished bracket with tracker model

As stated previously, the tracker model is necessary for subsequent calculations to
determine the angular displacement of the centerline axis of the tracker instrument lens. The
coordinates of the center of the tracker model are used to draw a vector line in space. This vector
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line is analyzed before and after thermoelastic deformation, and the total angular distance O
between the undeformed and deformed axis lines is determined.

2) Test case results
The results from each thermal loading case are analyzed inside the Fusion 360 workspace.
The model is analyzed for its displacement in the x, y, and z directions with respect to its original
position in space. A typical case result is shown below in Figure 7.

Max: 0.06312 mm

0.06313 Max.
Load Cazeir "_

/ Dieplacement -
0.02474 mm /
(x8F Hy 232 7151 8) mm o Total = r 0.045

mm i

{e} 4 ’ 0.03

0.015

i; 0 Min_

Min: 0 mm

Fig. 7: A typical displacement analysis result with plane of symmetry shown

Due to the lateral symmetry of the bracket model, the bracket does not deform whatsoever
in the lateral direction, which dramatically reduces the amount of total thermoelastic deviation
under full thermal load. For these models, the lateral direction is defined as the x direction, and the
plane of lateral symmetry is defined as the y-z plane. Lateral symmetry is advantageous for
reducing thermoelastic deviation because the total amount of deviation in the x direction is
mirrored about the plane of symmetry. The internal forces generated by the thermal loads are equal
and opposite, resulting in a complete cancellation of any lateral deviation. This results in
thermoelastic deviation that is constrained to the y-z plane, and therefore a dramatic reduction in
the total amount of thermoelastic deviation in comparison with an asymmetric model. Deviation
results are collected for the x, y, and z directions, as well as total linear displacement. Deviation is
calculated using the following formula:

c 9y = A-B
os(®) = A-1B]

where 0 is the angle of deviation, 4 represents the original centerline through the tracker model,
and B represents the centerline of the tracker after thermoelastic deformation. Vectors A and B are
constructed by connecting coordinate points at the geometric center of the tracker model front and
rear surfaces before and after deformation. The angle of deviation, 6, is then found and compared

2090



with the maximum amount of allowable deviation. If the angle of deviation exceeds that of the
design requirement, the design model is rejected as a possible candidate.

3) Optimal Results

A wide range of resulting structures have thus far been generated in Fusion 360. These
results have dramatically different geometries and different thermoelastic behavior. While this
research endeavor is still currently ongoing, early results are promising. Of the generated bracket
design models, the design with the lowest thermoelastic deviation had a total maximum angular
deviation of 0.0039°. See Figure 8 for bracket model. Although this deviation falls outside of the
target deviation angle of 0.001°, it is a vast improvement over earlier models which deviated as
much as 0.010° or higher from the original centerline position. The performance of this bracket
model, as well as the continuous refinement of each subsequent bracket model iteration,
demonstrates the potential for this method to be used as a technique for the development of
spacefaring structural components.

Fig. 8: Best performing bracket model a) with tracker, and b) without tracker
Discussion

The implications of this research are compelling; it provides an alternative design and
manufacturing methodology for the purposes of controlling thermoelastic deformation rather than
eliminating it. It also capitalizes on the large number of intricate structural models that can be
created quickly through automation, as well as the cost-reducing capabilities of using metal
additive manufacturing for component fabrication. An additional benefit of the usage of metal
additive manufacturing is the ease with which prototypes of a model can be made. Since the
fabrication process with metal additive manufacturing is largely automated, bracket models can be
fabricated and tested relatively quickly. The scope of this research involves testing each generated
bracket model using the thermal FEA capabilities of Fusion 360. A proposed method to further
verify the performance of generative design outcomes is the physical testing of prototypes
manufactured using metal additive manufacturing. Testing methods for assessing the pointing
accuracy of large earth-based telescope systems, such as the Large Synoptic Survey Telescope
(LSST), involve the usage of laser trackers and a series of fixed calibration points [14]. Another
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optical system verification method proposed by a team at the Johns Hopkins University Applied
Physics Laboratory involves the usage of a projected light dome to simulate a starry environment
for the testing of optical systems [15]. Even further, an engineering team at the University of
Bristol successfully trained an artificial neural network to predict the mechanical properties of
generative design structures fabricated with filament deposition modeling (FDM), further
strengthening the ties between neural network capabilities, generative design, and additive
manufacturing [17]. Similar methods may be employed to test the accuracy and performance of
prototype bracket models such as the ones generated in this study.

It should be stated that the design and manufacturing methodology outlined in this paper
is not meant to completely replace traditional engineering and manufacturing techniques for space
applications; instead, this paper proposes the usage of generative design as one potential option
for the design of spacefaring structural components. Previous research has gone into materials
engineering for the development of thermally optimal materials to address the problem of
thermoelastic deformation in space. This research endeavor merely aims to propose an alternative
solution for the problem of thermoelastic deformation by controlling the deformation, instead of
reducing it, through automated design. The appropriate design and manufacturing methodology
should be chosen carefully after a cost-benefit analysis is performed. For example, the usage of
exotic materials such as HB-Cesic may be more appropriate for a spacefaring component, even
with traditional manufacturing techniques. However, the usage of generative design with additive
metal manufacturing opens the door for a wide variety of novel component designs that may be
more suitable for a given application. Specifically, automation as a design tool allows for a
tremendous number of highly intricate designs to be created in a very short time frame. A large
number of unique designs can be generated fairly quickly, resulting in a reduction in lead times
and cost of labor as a result; this reduction in labor cost alone makes automation an attractive
option for the space industry. According to the International Futures Program (IFP), the
commercial space industry is projected to grow between 18-40% between 2004 and 2030, while
entities such as Morgan Stanley estimate that the space industry will have a collective net worth
of over $1 trillion by 2040 [13]. These figures suggest that the space industry may need to fully
adopt automation as a design tool in order to meet future productivity needs. Generative and
parametric design techniques have been shown to be potential solutions to bridge the growing
productivity gap between the building industry and the manufacturing industry by facilitating
design alternatives, improving information management, and fostering design efficiency [16].
Furthermore, it should be stated that automation will not replace engineers in the design process,
but instead augment the abilities and boost the productivity of individual engineers. Engineers are
still responsible for the definition of component usage cases and boundary conditions for design
components and will still be required to evaluate the results from automation software.
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