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Abstract: Aerospace heritage requires tools that allow its transfer and conservation beyond
photographs and texts. The complexity of these engineering projects can be collected through
digital graphic representation. Nevertheless, physical scale models provide additional information
of high value when they involve full detailed information, for which the model in engineering was
normally one more product of the manufacturing process, which entails a high cost. However,
the standardization of digital fabrication allows the manufacture of high-detail models at low cost.
For this reason, in this paper a case study of the graphic reengineering and planning stages for
digital fabrication of a full-scale high-detail model (HDM) of the spatial instrument of the European
Space Agency, named the Solar Orbiter mission Polarimetric and Helioseismic Imager (SO/PHI),
is presented. After the analysis of this experience, seven stages of planning and graphic reengineering
are proposed through collaborative work for the low cost digital manufacture of HDMs.

Keywords: engineering graphics; digital manufacture; 3D printing; computer-aided design; Autodesk
Fusion 360; aerospace heritage

1. Introduction

The Design and Digital Manufacturing Laboratory of the University of La Laguna (Fab Lab ULL)
has worked in the digital fabrication of a full-scale high-detail model (HDM) of the spatial instrument
of the European Space Agency, named the Solar Orbiter mission Polarimetric and Helioseismic
Imager (SO/PHI) [1]. This sort of physical replica entails deep information, which is essential for
the preservation and transfer of aerospace heritage since projects launched into space are normally
designed in order to not return to Earth.

The manufacturing of the HDM of the SO/PHI instrument was carried out under an approach that
combined digital manufacturing techniques (low cost 3D printers, a CNC milling machine, and a laser
cutting machine) and the use of a 3D computer-aided collaborative modeling software. The aim of this
paper is to provide stages in the graphic engineering procedure for the digital fabrication of challenging
projects, which require high detail through the resolution of a case study: the manufacture of a full-scale
HDM of the spatial instrument PHI for the Solar Orbiter mission of the European Space Agency.

Rapid prototyping has made it possible to print 3D physical prototypes from CAD files [2].
However, this process is not always fast (since the model is not a single piece, and the printing process
is not instantaneous). This lack of immediacy is plausible in architecture environments, where reduced
scale models are indispensable and geometric simplification processes are required since buildings
cannot be uniformly scaled [3].
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3D digital printing precision and other fabrication variabilities have been a focus of interest in the
scientific literature, including studies that compare the difference between the CAD model and the
physical model [4]. In addition, other issues have dealt with the use of different digital manufacturing
techniques with materials such as concrete [5] or the study of numerical models to analyze the behavior
of timber folded surface structures using semi-rigid multiple tab and slot joints [6].

Nevertheless, there are many other challenges [7] when we face manufacturing a full-scale HDM
of an engineering project. Although details are easily achieved in digital modeling, physical models
provide important additional information for the conservation of engineering heritage, such as SO/PHL
Therefore, this article proposes a procedure to recreate engineering projects without the need for
geometric simplifications through the use of low-cost digital fabrication methods.

1.1. Replicas for Aerospace Industrial Heritage

Heritage conservation awareness has increased and therefore, engineering graphics literature has
recognized more and more research in different areas of heritage, whether industrial [8], sculptural [9],
fossil [10], or architectural [11]. The term industrial heritage has been related to remains of constructions
or inventions. However, in certain areas of engineering that possibility does not come to be, as it
is in the aerospace sector. Therefore, space engineering projects has become critical evidence of the
development of humanity, and consequently they remain part of our heritage [12]. For this reason,
some researchers have demanded the need to act in the cataloguing and storage of aerospace heritage,
indicating that published data are insufficient since they simply state the launch date, the name of the
satellite, and the orbit [13].

Graphic representation is one of the tools that can contain and relate more information. In this sense,
there are investigations focused on the use of digital representation such as the use of photogrammetry
for the generation of three-dimensional modeling [14], augmented reality to visualize the industrial
heritage [15], the application of BIM techniques for the representation of architectural heritage with
a high level of detail [16] and the use of simplified models in educational environments to promote
cultural heritage [17], including the supply of NASA stl files [18].

Photogrammetry and BIM can make a digital 3D model, the first one is faster has lower precision
than the second one. Once the 3D model is created, it can be viewed digitally (augmented reality) or
physically (scale model). The first has the level of detail that has been granted in digital modeling,
while physical models usually entails geometric simplifications of the engineering project due to
manufacturing or financial limitations. However, physical models allow a person to approach them
in their real environment, so they can manipulate and understand them through the sense of touch.
Meanwhile, the digital environment uses zoom or rotation tools to approach the pieces or rotate them,
which can generate a distorted view of reality.

Although the 3D modeling programs have increased their use in engineering environments for
the visualization and evaluation of the designed elements [19], tangible models are still indispensable
because the physical interaction with the model helps to understand it, evaluate it and detect design
problems [20]. The additional information incorporated in the models has been a focus of analysis in
historical research [21]. In addition, it allows a more direct and personal interaction and visualization
by investors, clients, designers, and other professionals who may be involved in the project.

1.2. Scale Models: Architecture vs. Engineering

The model has been a vital tool for the design of architectural projects, since it was necessary to
understand and visualize large-scale buildings in different stages in order to minimize and prevent
problems that might arise. The feasibility of its elaboration was based on the use of straight geometries
and orthogonal angles, which can reduce three dimensions to two dimensions, and the need to simplify
details in order to address reducing scale models.
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However, engineering projects need to reproduce complex geometries with high detail, such as
the engine of a car. For this reason, scale models in this area have normally corresponded to industrial
objects, made with the same process, cost, and materials as the original one.

Likewise, scale models of small elements have traditionally been made enlarging scale (instead
of full scale), which has not allowed to visualize them in the context of the project. Currently, this
precision can be achieved with low cost 3D imaging, by reaching resolutions up to 20 um in PLA
(polylactic acid by fused deposition modeling) and 0.01 pm in photosensitive resin (by digital light
processing—DLP). Therefore, they become a fundamental tool for the development of full scale HDMs.

In architecture and design, prototyping has been conceived as a design method to study and test
how a new product is going to be used, and how it will look [19]. This concept has conceived utility in
models beyond the final result, so that there are different categories for the objectives of each phase of
the project design. These categories can be classified as follows [22]:

e  Soft model: Modeled by hand and allow exploration, and evaluate the size, proportion, and shape
of concepts and ideas.

e Hard model: Usually made of wood, plastic, metal, or dense foam. It is not technically functional,
but it is presented as a replica very close to the final design.

e DPresentation model: With every detail of composition, in which the components have been
simplified to save time.

e  Prototype: High quality and functionality produced to exhibit a design solution.

Nonetheless, technological progress has generated changes in the manufacturing process of scale
models, from conventional model making to methods such as rapid prototyping. The first method
involves creative approaches and is more efficient in economic terms, while the second is an automated
process through a digital model of the project, and higher cost. Thus, standardization of the use of
low-cost 3D printers allows complex geometries and a high level of detail to be created whether both
model manufacturing methods are combined.

1.3. Collaborative Working Environment in Engineering

Collaborative work has been fundamental to solve engineering challenges. In this sense, cloud
storage services, collaborative environments, and social networks offer advantages and limitations [23]
that despite its usefulness to communicate, write, and present results, do not allow 3D modeling.

In recent decades, engineering software companies have focused on solving this difficulty by
offering high-cost collaborative work platforms (Autodesk Vault, PTC PLM Cloud, or 3D Experience).
In this context, Fusion 360 from Autodesk emerges, a collaborative 3D modeling environment that is
free for educational and for start-ups generating less than $100,000/year in total revenue or wholly
non-commercial hobbyist users [24]. This software is easy to use, integrates several assisted design
environments, and also has a smartphone application for viewing modeling, as well as offering a
public web link to visualize the model in the browser [25].

In this article, the case study of the manufacture of a replica of the spatial instrument SO/PHI is
provided. The incorporation of low-cost digital fabrication machines (below $2500) is proposed to
solve the traditional characteristics in the manufacture of scale models such as geometric simplification
and the high economic cost of detailed prototypes [20,22]. In addition, this approach aims to generate
a framework of procedures and techniques of engineering graphics for the conservation and transfer
of industrial heritage.

2. Materials and Methods

2.1. PHI Instrument and Solar Orbiter Mission

The Solar Orbiter mission, developed by the European Space Agency (ESA) in collaboration with
NASA, focuses on the study of the Sun and magnetic activity in the heliosphere and will be able to
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obtain unique information to help understand the operation of this star and even predict its behavior.
One of its devices, the PHI instrument (composed of about 1500 pieces) is the largest and perhaps
the most complex. It will provide high-resolution and full-disk measurements of the photospheric
vector magnetic field and line-of-sight (LOS) velocity as well as the continuum intensity in the visible
wavelength range.

Due to its complexity, this instrument has been developed by an international consortium involving
Germany, Spain, and France among other countries. The coordination of the Spanish part is carried out
by the Institute of Astrophysics of Andalusia (IAA-CSIC), the Institute of Astrophysics of the Canary
Islands (IAC), the National Institute of Aerospace Technology (INTA), the University of Valencia,
the University of Barcelona, and the Technical University of Madrid.

Fab Lab ULL has produced the two-dimensional graphic documentation and the full-scale
high-detail model of the SO/PHI, in order to explain its morphology and disposition of subassemblies.
This physical model allows the dissemination of the research carried out by the Spanish part and is
intended to have the same level of detail as the original project.

2.2. Case Study Procedure

The project begins with the reception of the original digital model that contains all the information
of almost 1500 pieces modeled in 3D in step format. From them, a process of graphic re-engineering
is carried out to prepare the pieces for their manufacture. First, six teams prepare the plans for the
manufacture of the model. Subsequently, two teams and two supervisors create the replica through
additive techniques (3D printing in polylactic acid, and photosensitive resin) and subtractive techniques
(CNC laser cutting and cutting in PVC and methacrylate).

The resolution of this problem, which enables the conservation and transmission of aerospace
heritage, is presented as a case study to establish graphic engineering procedures that allow the creation
of HDMs based on low-cost digital manufacturing.

2.3. Materials

2.3.1. Collaborative CAD Software

The process is conducted in Fab Lab ULL and Autodesk Fusion 360 is used. The choice of this
parametric design tool lies in its viability to work collaboratively as it is developed in an online
environment. It also offers a platform in the cloud of Autodesk for the management and visualization
of 3D models called A360. This software is conceived for the manufacture of digital products, through
3D printing, CNC milling, or laser cutting.

This research relates the resolution of a HDM through collaborative work and with low cost digital
fabrication machines. In this way, the process can be replicated by small companies that are dedicated
to the field of modeling.

2.3.2. Manufacture Means

Three low-cost 3D printers are used in the project: Two for printing by fused deposition (PLA)
and one for DLP digital light processing (photosensitive resin), a laser cutting machine, and a CNC
milling machine. Table 1 shows the technical specifications of the 3D printers.

Table 1. Technical specifications of the 3D printers.

3D Printer Prize (€) Printing Material Resolution (um) Print Volume (mm)

BQ witbox 2 <1400 PLA up to 20 297 x 210 x 200
Wanhao duplicator 7 <750 ABS up to 0.01 120.96 x 68.5 x 180
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2.3.3. Materials for the Manufacture of the SO/PHI HDM

For the manufacture of the model, the following materials are used: PVC and methacrylate
(for the largest bi-dimensional parts), PLA (polylactic acid—for the model elements that require greater
complexity and detail), photosensitive resin (for those elements that require higher levels of precision),
acrylic paint (applied with a spray gun to achieve a uniform and homogeneous result), aluminium
rods, and steel sheets.

3. Results
3.1. Re-Engineering of the Original 3D Model

3.1.1. Identification and Organization of Sub-Assemblies

In a first phase, it is necessary to organize the project into smaller and more manageable parts.
For this, the different subassemblies that make up the PHI instrument assembly are grouped and a
workspace is created in A360 for the management of the files. This consists in the creation of a Fusion
360 project that is shared with all the Fab Lab ULL team members who worked on this digital model.
Thus, each member has access to all the information from the first moment. Furthermore, each person
has one or more sub-assemblies assigned.

The classification and labelling system of the 17 sub-assemblies that structure the SO/PHI is
essential. For this, transparent plastic containers with labels and with the plans for their manufacture
are prepared to store, in an orderly manner, all the pieces that were going to be printed of each
subassembly (see Figure 1).

Figure 1. Classification and labelling of SO/PHI sub-assemblies.

3.1.2. Analysis of the Digital Files

The first problem consists in the management of the files and the organization of the subassemblies.
Although the original model could have a certain organization by the different subassemblies, files in
step format can lose part of the information when they are imported, so it is necessary to review and
order their content.

File management begins with the detection of geometry problems. The fact that much of the
digital model will be printed in 3D requires working with solid geometries, rather than surfaces. This
factor is also important for the creation of plans since in Fusion 360 the elements modeled with surface
geometries cannot be visualized in the 2D plans.

In the following pair of figures (Figure 2a,b) the received model (located on the left) and the model
converted to solid are displayed. In the original file, solid geometries are perceived in the lower part of
the subassembly, while in the rest, no cuts are generated because they are surface geometries. However,
once the primitive geometry has been modified to solid geometry, the cut is visible throughout the
sectioned part.
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Figure 2. (a) Digital model with surface geometries. (b) Digital model with solid geometries.
3.1.3. Digital Model Repair

Once the detection and categorization of problems derived from the geometry is generated, it is
required to correct the errors (overlaps, intersections...) and their subsequent transformation into
solid geometry.

In the surface environment of Fusion 360, the stitch tool allows the surface to be sewn, and if it
detects that the selection is a closed surface, it will convert it directly into a solid. If it were not a closed
element, the interface highlights the perimeter lines of open surfaces in red (see Figure 3). In this case,
the thicken tool can be applied to give thickness to the surface and convert it into a solid with the
dimension that we have requested.

@ sTmeH
Stitch Surfaces

Tolerance.

¥ Stitch Result 7
Free Edges. 10

Edges to be Steched 9

¥ Unstitched Edges

Max Gap

0291555 mm

oK Cancel

@
Figure 3. (a) Open surface detected through Stitch tool. (b) Subassembly 8 plan.

Once this process is completed for each subassembly, it is possible to start the creation of plans for
manufacturing. In Figure 4b the planes of the Subassembly 8 are shown. Once all the surfaces are
transformed into solids, all the parts (pieces, screws, and nuts) that make up each subassembly of the
complete model can be quantified (Table 2).

(b)

Figure 4. (a) Piece without screws in Fusion 360. (b) Piece with screws in Fusion 360. (c) Piece printed
with screws.
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Table 2. Frequency analysis of pieces that integrate the SO/PHI subassemblies.

Screws and

Pieces Nuts Total
Subassembly 1 25 58
Subassembly 2 8 34
Subassembly 3 10 37
Subassembly 4 3 0
Subassembly 5 3 36
Subassembly 6 26 110
Subassembly 7 3 22
Subassembly 8 14 68
Subassembly 9 11 52
Subassembly 10 28 42
Subassembly 11 2 7
Subassembly 12 41 190
Subassembly 13 8 0
Subassembly 14 12 50
Subassembly 15 49 107
Subassembly 16 51 197
Subassembly 17 19 146
313 1156 1469

3.1.4. Digital Model Restructuration to Optimize Their Manufacturing

It is essential to group geometries to optimize printing times. In particular, the screws and nuts
(and other small elements) associated with each subassembly can be grouped in such a way that they
can be printed in a single process. Screws and nuts can be embedded in subassembly parts since their
mechanical operation is not necessary (i.e., Figure 4).

To shed light on the decrease in printing parts that this process entails, Table 3 presents data on the
reduction of parts for Subassembly 8. In this case, the percentage of parts removal is 83. This situation
is analyzed for each of the assembly subassemblies.

Table 3. Simplification of pieces of Subassembly 8.

Subassembly 8 Pieces
Original 82
Prepared for printing 14

In Figure 5, the geometric modeling of Subassembly 8 is exposed graphically, before and after
restructuring the model for manufacturing.

(b)

Figure 5. (a) Original subassembly 8 (82 pieces). (b) Subassembly 8 prepared for manufacturing (14 pieces).
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3.1.5. Adaptation of the Models to the Means of Manufacturing

The dimensions of the subassemblies are sometimes larger than the volume of the 3D printers.
Therefore, it is necessary to divide the elements so that they adapt to our possibilities. In the upper left
part of Figure 6, one of the parts into which the piece has been divided is located above the 3D printer
work area.

Figure 6. Piece divisions to fit in the 3D printer work area.

In addition, the material used in the engineering project is not the same used in the manufacture
of the scale model. The geometry of the project is conditioned to its resistance in a specific material, so
the change of material to print the pieces may require that geometric adaptations are generated. Some
examples that need adaptations can be very thin fins or very long pieces. In both cases, it is necessary
to add nerves or small tabs so that the pieces do not break when manufactured. Figure 7 shows an
element that required the generation of internal reinforcements to increase its rigidity.

(a)

Figure 7. (a) View of the reinforcement connection between the two parts in which the piece has been
divided. (b) Piece printed in two parts. (c) View of assembled printed pieces.

These geometry addition techniques may also be necessary with a shuttering function during 3D
printing of the element to avoid buckling problems during printing, and which must then be removed
from the final element.

3.1.6. Pre-Allocation of the Digital Models to the Manufacturing Means

Once the number of pieces to be printed has been reduced, it is necessary to assign which parts
are printed with each 3D printer, depending on the need for resolution, or with the cutting machines, if
they have laminar geometry. In order to reproduce very small pieces on a natural scale, photosensitive
resin printing was used. This system has manufactured, among others, the connector of Subassembly
8 (one of the 14 pieces) due to the diameters of the pins. This analysis is performed for every part of
each assembly. In Figure 8a the connector of the Subassembly 8 is exposed in context to the rest of the
elements that form it and in Figure 8b a detail view of the connector.
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(b)

Figure 8. (a) Connector of Subassembly 8 in relation to the rest of its pieces. (b) Detail view of
the connector.

In Figure 9a the printed connectors of the Subassembly 8 are exposed and in Figure 9b they
are presented in relation to another piece of the same subassembly, where their dimensions can be
compared with those of a hand. The pins of these connectors have diameters of 0.8 mm and thickness
of 0.1 mm.

(b)

Figure 9. (a) Subassembly 8 connectors. (b) Connector and printed piece of Subassembly 8.

In SO/PHI, laminar pieces have been made by CNC milling and laser cutting. The support base
of all the instrumentation is made in CNC milling, while the steel mirrors of the instrument and the
methacrylate showcase are manufactured with a laser cutting machine. Figure 10 shows its large
dimensions and its flat morphology, characteristics that respond to the methods of traditional model
making in architecture. The reinforcing bars of the structure are manufactured by means of aluminum
rods to which the printed ends in 3D have been added.

Ca

- ey

Figure 10. (a) Plane of the instrument base. (b) Base of the instrument and reinforcement rods.
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3.1.7. Manufacturing and Finishing

Once the geometric modifications and the adjudication of the digital manufacturing machines
have been made, it is necessary to make modifications in the printed elements in order to generate a
uniform HDM in terms of texture and color. Figure 11a shows an example of joining pieces that had
been printed in several parts, and in Figure 11b the process of painting to match the color.

Figure 11. (a) Process of joining two elements. (b) Process of matching color.

Finally, for its exhibition, a methacrylate urn is designed and manufactured, as well as a package
to allow displacements without damaging the scale model. In this case, both elements have been made
with cutting machines. In the case of the urn with laser cutting and in the packaging with CNC milling.
Figure 12 shows the SO/PHI, from its digital model to its final manufacture stage as a HDM.

(@)
Figure 12. (a) SO/PHI digital model. (b) Final result of SO/PHI HDM. (c¢) HDM in its packaging.

4. Discussion and Conclusions

The case study consisted in the manufacture of a full-scale high-detail model (HDM) for its
conservation as part of the aerospace heritage, through the low-cost digital manufacturing of the PHI
instrument for the Solar Orbiter mission. This project was carried out under a collaborative approach,
low cost manufacturing, and graphic engineering planning. For the collaboration of different teams
and their supervision, techniques of organization and distribution of subassemblies were applied. This
organization was essential to know at all times of the project what was the location of each element
and its state of manufacture.

Aerospace engineering entails complexity that cannot be transmitted simply through texts,
photographs, or simplified scale models. Although, these modalities serve for the conceptual
preservation and the diffusion in educative environments of this heritage of engineering,
the development of models of HDMs are necessary for the scientific and professional panorama.
For this reason, it is proposed to add these scale models to the current categories [22].
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Other authors have promoted digital graphic representation techniques such as augmented
reality for the conservation of industrial heritage [15] or the application of BIM techniques for the
representation of architectural heritage with a high level of detail [16], but the materialization of
the work in a physical element can test and evaluate it [19]. This research generates a proposal that
combines the level of detail in CAD modeling and benefits of its materialization.

This complexity has also been reflected in the need to solve problems through collaborative work
and planning, with the particularity of working with geometric modeling in 3D. In this sense, results
are presented that agree with Vila, Ugarte, Rios, and Abellan [25], Fusion 360 has worked and allowed
team work both synchronous and asynchronous, so that supervision tasks could be done through
Fusion 360. In addition, printing times were optimized, as there were no downtimes between the
low-cost digital manufacturing of highly complex engineering projects is possible, but far from being
an instantaneous process. This experience fosters the generation of seven stages of graphic engineering
and planning for the elaboration of models of high level of detail from the reception of a 3D digital
model: identification and organization of subassemblies, analysis of the digital files, digital model
repair, digital model restructuration to optimize their manufacture, adaptation of the models to the
means of manufacturing, pre-allocation of the digital models to the manufacturing, and manufacturing
and finishing.

The importance of HDM is supported by its role as a source of information in historical
investigations [21]. However, the models have usually led to geometric simplifications due to
the cost involved in representing the engineering project in detail [20,22]. This research contributes
to the achievement of this high-detail model by the combination of two 3D printing types: fused
deposition modeling and digital light processing (DLP). DLP have allowed to manufacture elements in
photosensitive resin with very small dimensions at full-scale, being reproduced in the environment
of the engineering project. This means a step forward in the detailed representation of engineering
projects as opposed to architectural scale models that require geometric simplifications because they
cannot be uniformly scaled [3].

This research has developed a full-scale high-detail model of the SO/PHI instrument for the Solar
Orbiter mission of the European Space Agency through low-cost digital fabrication techniques and
collaborative work. The HDM is presented as a tool that contains complex information that seems
especially suitable for the aerospace sector, in which most of the designs are launched into space and
there is no record beyond the digital model, texts, and photographs. In addition, seven engineering
graphics procedures for the manufacture of HDMs have been provided to enable other professionals
and scientists to contribute to the transfer and conservation of industrial heritage.
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