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ABSTRACT

Additive manufacture (AM), also known as 3D printing, builds an object, layer-by-layer, from a digital design file.
The primary advantage of the layer-by-layer approach is the increase in design-space, which enables engineers
and scientists to create structures and geometries that would not be practical, or possible, via conventional
subtractive machining (mill, drill and lathe). AM provides more than prototyping solutions: there are a broad
range of materials available (polymers, metals and ceramics); software capable of creating lightweight structures
optimised for the physical environment; and numerous bureaux offering AM as a service on a par with subtractive
machining. In addition, AM is an ideal method for bespoke, low-count parts, which are often the foundation of
astronomical instrumentation.

However, AM offers many challenges as well as benefits and, therefore, the goal of the OPTICON A2IM
Cookbook is to provide the reader with a resource that outlines the scope of AM and how to adopt it within
astronomical hardware, with an emphasis on the fabrication of lightweight mirrors. The Cookbook was an open
access deliverable of the EU H2020 funded OPTICON (Optical Infrared Coordination Network for Astronomy;
grant agreement #730890) A2IM (Additive Astronomy Integrated-component Manufacturing; PT H. Schnetler)
work package and it was completed in June 2021. This paper will introduce the Cookbook, its scope and
methodology, and highlight the paradigm shift required to design and AM lightweight mirrors for astronomy and
space-science.
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1. INTRODUCTION

Additive manufacture (AM), also known as 3D printing, builds an object layer-by-layer from a digital design file.
The primary advantage of the layer-by-layer approach is the increase in design-space, which enables engineers
and scientists to create structures and geometries that would not be practical, or possible, via conventional
subtractive machining (mill, drill and lathe). AM provides more than prototyping solutions, for example: there
are a broad range of materials available (polymers, metals and ceramics); dedicated software capable of creating
lightweight structures optimised for the physical environment; and numerous bureaux offering AM as a service
on a par with subtractive machining. In addition, AM is an ideal method for bespoke, low-count parts, which
are often the crux of astronomical instrumentation.

Further author information:
e-mail: carolyn.atkins@stfc.ac.uk



In recognition of the potential disruptive effect of AM within the astronomical instrumentation, one of the
work packages (WP) within the EU H2020 OPTICON (Optical Infrared Coordination Network for Astronomy)
project was dedicated to this theme: Additive Astronomy Integrated-component Manufacturing (A2IM). The
A2IM WP brought together European expertise in both AM and astronomical instrumentation, so that both
communities could learn the limitations and opportunities on offer.! The core A2IM research was undertaken from
2017 to 2021 and the WP delivered a series of prototypes and concepts related to astronomical instrumentation.?©
In addition, two open access documents were created for the community, a Report on Additive Manufacturing
Materials” and the OPTICON A2IM Cookbook,® it is the latter of these documents (termed ‘the Cookbook’)
that is discussed herein.

The goal of the Cookbook is to provide the astronomical instrumentation community, engineers and scientists,
with a practical foundation in why and how to implement additive manufacture within future astronomical
instrumentation. The document is split into four sections: reference material, paradigm shift, case studies, and
the A2IM test geometry. The reference material highlights the fundamental considerations when using AM, such
as the role of support material and the need for post-processing. The paradigm shift uses AM mirror development
as an example and highlights how the considerations described in the reference material have been applied to
create a first generation of prototype mirrors. The case studies provide practical examples, including production
cost, post-processing and material choice, for a range of different applications. Finally, the A2IM test geometry
provides a description of a benchmark piece created for the project and how different printers and materials affect
the quality of the print. It is hoped that by providing a broad range of reference material, which is supported
by practical examples, the goal of the Cookbook can be realised. The Cookbook is open access under a Creative
Commons license and available in the online repository Zenodo:

The OPTICON A2IM Cookbook: https://doi.org/10.5281/zenodo.5041819

The objective of this paper is not to reproduce the Cookbook, but rather present some of fundamental
considerations in the adoption of AM within astronomical instrumentation, which can then be further expanded
upon using the Cookbook. The focus of this paper is the reference material (Section 2), but the paper also
includes short introductions to the paradigm shift (Section 3) and the A2IM test geometry (Section 4), the latter
of which was previously discussed at SPIE AT&I in 2020." Although the authors have tried to deliver up-to-date
information within the Cookbook, AM is a rapidly redeveloping field and it is unlikely that all new technologies
and methods have been captured.

2. ADDITIVE MANUFACTURE FOR ASTRONOMY & SPACE SCIENCE

This section presents the reference material in the approzimate chronological steps in which it is applied in the
creation of an AM part.

2.1 Additive manufacture as a methodology

As shown in Figure 1 left, methods of manufacture can be divided into four categories: subtractive (mill, drill
and lathe), formative (casting and forming), fabricative (bonding, welding and fixings), and additive (AM).
When building astronomical instrumentation, it is common for all of these to be applied in creating components.
Although the category additive almost solely implies additive manufacture - the creation of a part layer-by-layer
from a digital design file - there are other processes that build a structure layer-by-layer without bonding, for
example, the Si-Si bond in silicon pore optics.”

The selection of the optimum method of manufacture is often dependant on budget, quantity, geometry and
time. Although AM is a versatile method and can create a wide range of geometries, it is not practical, for
example, in the creation of a solid block, where subtractive or formative methodologies would be favourable.
Figure 1 right highlights the case for metals where a variety of methodologies are shown in relation to part count
and geometric complexity. AM (termed layer manufacturing in the figure) inhabits the domain where there is
a need for geometric complexity, but only a few parts are required.'® When astronomical instrumentation is
considered, where typically only a single instrument or telescope is required (low part count), the design freedom
of the additive manufacture has a clear benefit for reducing mass and enabling part consolidation (merging
previously individual parts into a single component).
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Figure 1. Left - the interplay between the four manufacture methodologies. Right - the role of process selection for metal
components when considering quantity required and geometric complexity, image adapted from Leuvy et al., (2003).'°
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Figure 2. The dependence of material choice in down-selecting AM method and technology.

2.2 Printing processes and material

There is a broad range of engineering materials available to be used within additive manufacture, including
metals, polymers, ceramics and a variety of composite materials.

To deliver this broad range there are considered to be seven AM methods which can be employed: sheet
lamination, vat photopolymerisation, material jetting, material extrusion, binder jetting, powder bed fusion, and
directed energy deposition. Each of these methods can be further subdivided by the specific technology used
- for example, stereolithography (SLA) is a common technology used to deliver vat photoploymerisation. The
selection of the optimum process is linked to the material that is required, a solid metal component would not
be possible via vat photopolymerisation, likewise, a low roughness plastic component would not favour powder
bed fusion. Figure 4 highlights the different methods and technologies related to metals, polymers and ceramics.
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Figure 3. The comparison between a single CAD file built using two metal L-PBF printers: the upper row presents a high
resolution print and the lower row presents a low-resolution print.

After an initial down selection of processes based upon the material required, a further down selection on
technology to deliver the AM component is needed. Considering the example of polymers (Figure 2), how
do you choose between material jetting, vat photopolymerisation, powder bed fusion and material extrusion?
Like selecting a process in conventional manufacture, it is the priority of the part requirements that drives
the selection. For example - if a low cost prototype is required, then a desktop filament 3D printer (material
extrusion) might be preferred; if the part has a complex geometry and support material (Section 2.6) cannot be
removed, then powder bed fusion could be preferable; or, if high accuracy, smooth parts are required then vat
photopolymerisation might be required.

Different processes will deliver different quality end parts and this is also true within specific processes and
technologies. Figure 3 highlights the difference in print fidelity between a high resolution laser powder bed
fusion (L-PBF) print and a low resolution L-PBF print, when building the same part in the same material
(aluminium). The differences between the printers that created these parts are that the high resolution has a
small build volume, smaller laser spot, thinner layer thickness and a slower build rate, which results in small scale
accurate prints, whereas the opposite is true for the low resolution printer, which is optimised for building large
numbers of parts, or single large components, quickly and efficiently, but with a loss of fidelity. The component
in Figure 3 is further described in Section 4.

In addition to the broad range of machines that each provide different operating modes, within each machine
there is a plethora of parameters that can be altered by the user, for example, layer thickness, beam diameter,
speed and temperature. Furthermore, the raw materials in use - powders, filaments and resins - although they are
listed as the same material, they may vary in performance depending on the AM method and technology used.
Considering the metallic powders used in PBF, the accuracy of the powder, in terms of size and sphericity, affects
how the powder is drawn in layers during the build process. Contamination of powders by either remnant foreign
powders, which may occur when using different powders within a given machine, or through the oxidisation
of powders, which may have been recycled several times, both have the potential to lower build quality and
ultimately material performance. The mechanical material properties listed by an AM bureau assume ideal AM
material storage and a given set of machine parameters, deviating from these parameters can lead to a change
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Figure 4. Young’s modulus and density for different AM materials grouped within polymers, metals and ceramics. The
data from this graph was collated from AM material data sheets.

in material properties. Due to the layer-by-layer nature of AM, material properties are often anisotropic, where
the material has two property values, one in the build plane and a one in the build direction. Figure 4 plots two
AM material mechanical properties, Young’s Modulus and density, which have been collated from datasheets
from AM bureau or AM material providers, to highlight the variability in mechanical performance under ideal
conditions.

2.3 Design Freedom

The key benefit of AM is the design freedom, which removes the constraints that necessitate access for tools to
extract material. Design freedom is realised in a number of ways, from the application optimised lightweight
structures, to part consolidation and using organic-styled structures. Design for AM (DfAM) requires a shift in
mindset not only to capture the design benefits of AM, but to also create a design that can be post-processed.
The following subsections will describe some of the design benefits that can be created.

2.3.1 Lattices

A lattice is a 3D structure that occupies a percentage of a set volume (a unit) and can be tessellated along
different axes of a coordinate system to create a larger structure. Figure 5 highlights four different examples
of lattices: a 2D grid structure, a periodic lattice, a formula driven lattice and a stochastic lattice. With the
exception of the 2D grid structure, each of the 3D lattices structures are challenging to achieve via subtractive
machining, but are ideal structures to be built using AM. However, there are challenges in using lattices within
a design, for example, because the lattice is not intended to be machined, the struts of the lattice will have a
roughness which may prove problematic for an given application; furthermore, modelling lattices via parametric
computer aided design (CAD) is slow and leads to large file sizes, therefore modelling lattices requires a high
performance computer and preferably software specialised in lattice generation.
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Figure 6. The process steps used to create a density graded lattice for the A2IM test geometry, an example of the printed
lattice is shown at the far right.

One of the benefits of using software specialised in lattice generation is the ability to edit the lattice thickness,
or ‘density’ of the unit volume, to the required application. For example, the lattice struts near a loaded surface
can be thickened to reduce deformation. Figure 6 highlights four steps in the creation of a thickness graded lattice
for the A2IM test geometry (Section 4). Thickness gradients are not limited to a linear change as shown, the
thickness of the lattice can be combined with a simulation of the part under a load, allowing for an optimisation
of the lattice thickness.

2.3.2 Software optimisation

Topology optimisation and generative design are simulation-based design tools that take a series of inputs (fixed
constraints, materials, boundary loads etc.) and converges on the optimum design (topology optimisation), or a
series of design options (generative design). The designs created by these tools are often organic in structure and
typically are not favoured for subtractive machining. Figure 7 highlights the application of topology optimisation
to a flexure, where the goal was to reduce the mass of the flexure by 50% without compromising the performance.
A full description of this study is presented by K. Morris et al. at this meeting. The advantage of using
optimisation tools is the prioritisation of structures that will directly benefit the function of the part; however,
challenges can be encountered in the integration of the optimised structure with existing parametric CAD and
in the machining, where organic structures are difficult to mount and index accurately.

2.3.3 Biomimicry

In this context, biomimicry is the adoption of structures found in nature to solve engineering challenges. There
are a number of examples of biomimicry within astronomical instrumentation, for example the use of honeycomb
structures for mass reduction,'! or the use of the lobster eye geometry for large field of view X-ray optics.'? The
benefit of biomimicry is the use of evolution to suggest an optimised solution to an engineering challenge and
although biomimicry has been used before the advent of AM, with the additional design freedom offered, AM is
capable of realising a broader variety of nature inspired solutions. However, as with optimisation software, there
is a limit on the structures that can be printed and machined, furthermore AM can only offer a snapshot of the
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Figure 7. A topology optimised design where the mass of a flexure has been reduced by 50% while maintaining mechanical

performance.

natural structure over its lifetime. Finally, unlike optimisation software, the inclusion of biomimicry in a design
is either a simulated or a manually constructed approximation.

2.4 Design for AM (DfAM)

The previous sections described the benefits offered by the AM design freedom; however, there are practical
limitations which affect a structure’s ‘printability’ and these are termed the design rules. As discussed in Sec-
tion 2.2, there are considered to be seven methods for implementing AM and for each method there will be a
given set of design rules. There is a broad range of resources available outlining the different design rules for the
different AM methods; a selection of resources are referenced within the Cookbook® and therefore not repeated
in this paper. However, given the ready application of metal AM in lightweight mirrors and complex structures,
a summary of the design rules for metal PBF technologies is provided in Figure 8.

A further design consideration for metal PBF technologies is the role that support structures have in heat
dissipation. When the laser fuses the metal powder to form a solid at high temperature, the heat needs a route to
dissipate otherwise thermal defects can occur (Section 2.5.2) and these defects occur because the un-fused metal
powder acts as an insulator.!> Therefore, although the engineer may have designed a structure that adheres
closely the to design rules and as such requires minimal support material, additional support may be required
to dissipate heat.

2.5 Defects within AM substrates

Defects within printed parts are a common occurrence, these defects can be due to poor adherence to the
geometric design rules, poor thermal management, or non-optimal print parameters.

2.5.1 Geometric defects

Figure 9 highlights a variety of geometric defects resulting from a poor adherence to DfAM rules. As observed,
some defects are cosmetic, such as increased roughness on the overhangs, but some defects are potential points
of failure, such as distorted geometries or loss of structure. To remove the majority of these defects either the
application of DfAM rules (Figure 8), part orientation on the build platform, or the inclusion of support material
can be applied.

2.5.2 Thermal defects

Thermal defects can arise in a broad range of AM methods; however this section focusses on the PBF and defects
within metals. Figure 10 presents the thermal defects caused due to over heating as the laser (or electron beam)
fuses the metal powder into a solid. As discussed in Section 2.4, there is a difference in thermal conductivity
between the loose metal powder (insulator) and the fused metal structure. If the heat cannot be dissipated
during the print process, excess heat leads to a swelling of the fused metal which frequently results in a failed
build. The optimum method for reducing the effect of thermal defects in metal PBF is to ensure that there is
a conductive path along which the heat can dissipate, this can be achieved by either reorientating the part or
through the use of support material.
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2.5.3 Porosity

Figure 11 presents high magnification images of three different AM metal substrates with the same geometry.
Three of the images (Figure 11, bottom row) highlight the internal structure of the printed AM material, demon-
strating the presence of porosity - voids within the printed material. Each of the three AM metal substrates
highlights a different type of porosity which is linked to the different AM method/technique used. Porosity
within AM substrates is non-desirable as it leads to anisotropic material performance, the potential for out-
gassing within a vacuum, and, in AM mirror fabrication, leads to increased roughness within the optical surface.
The common root cause of porosity is within the print parameters used by a given machine, typical effects that
lead to porosity include, the part becoming too hot (keyholing), the part not being hot enough (lack of fusion),
and the laser path not leading to a suitable in-fill. Therefore, some of the challenges of porosity can be solved in
optimising the print parameters for a given material and printer; however, post-processing, such as hot isostatic
pressing (HIP), can be employed to reduce the effect of porosity.% 14

2.6 Support material

Support material, also termed support structure or scaffold, generally has one or two roles in the AM build
process. First, across all materials and processes, it acts to support overhangs to ensure geometric fidelity to
the CAD and second, for metal PBF specifically, it is used for heat dissipation. The geometric structure of the
support material will depend on the printer technology and the material printed - polymer FDM supports, will
be different to polyjet support, which will be different to metal PBF supports. Some AM technologies (FDM
and polyjet) will print the support material in a different material to that of the main build and commonly in
a material that is water soluble. Where the support material is not soluble, it is physically removed by hand
or by using pliers. Figure 12 presents two different styles of support material, left is water soluble support
material used in polyjet printing and right is a metal support structure providing both geometric support and
heat dissipation.



Powder Bed Fusion
AlSi10Mg

Powder Bed Fusion
TiAl6V4

Binder jetting
steel

SEI 15KV WD10mmSS60

Shot peened
SEM image - 50x magnification

50x magnification

Large pores are present throughout the
cross section - keyhole porosity caused by
incorrect process settings.

SEI 10KV WD11mmSS60

No cleaning
SEM image - 50x magnification

50x magnification

Larger pores located dominantly at the
edge; known as sub-contour porosity.

SEI 15KV WD11mmSS60

Bead blasting
SEM image - 50x magnification

50x magnification

Near optimum. Fine intra-granular porosity
uniformly distributed throughout the cross
section.

Figure 11. The microstructure and porosity differences between three metal print methods: the upper row presents external
scanning electron microscope images highlighting the microstructures; and lower row presents the internal microstructure

which highlights the presence of porosity.

Support structure
between the slots

Support structure
acting as the base

Metal support
structure

Support structure
holding the
angular ledges

b)

Figure 12. Examples in the use of support material: left presents the use of soluble support material within a polyjet
build; and right the use of metallic supports within a L-PBF build.
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2.7 Post-processing

In the majority of engineering applications, post-processing of the AM build is necessary due to poor macro- and
microscopic fidelity to the CAD model. Figure 13 highlights an example of the surface profile of a raw L-PBF
aluminium build, qualitatively the the surface is rough in comparison to machined components and it would not
facilitate a close interface between components. Therefore, where the AM component interfaces with another
component some post-processing is required and this can take the form of subtractive, formative or fabricative
methods. However, most commonly subtractive finishing, such as bead blasting or CNC machining, is used. In
AM mirror fabrication, the macro- and microscopic defects are removed to render a functional mirror surface.

2.8 Metrology

Metrology is important in all types of manufacture to ensure that the finished parts meet the original requirements
and tolerances. In additive and formative manufacturing methods, where a near net shape is created, metrology
is important to know how the part should be finished, for example, how to create interfaces or how to smooth
inaccessible areas. Ultimately, AM substrates will most likely interface with conventional components and
metrology is an important tool to achieve this. The type of metrology needed is dependant upon the tolerances
required, calipers and rulers are adequate in obtaining low accuracy short dimensions, whereas a coordinate
measuring machine is capable of providing large and accurate global dimensions. To evaluate small features,
microscopes are capable of providing a broad range of resolutions. Figures 3 and 11 highlight how a scanning
electron microscope was used to evaluate the microstructure of a selection of A2IM AM prototypes. A second
example of metrology is shown in Figure 13, where a contact profilometer has been used to quantify the magnitude
of roughness, this data can be important as it informs the designer how much material may have to be removed
to achieve a good interface.

Metrology is not only external evaluation, internal metrology is beneficial to understand inaccessible regions
within a geometry and to quantify the internal material characteristics, for example, is there porosity? Figure 11
lower row presents microscope images taken from cross-sections of an AM part - the parts were potted within
a resin, then ground and ‘polished’ to present the internal face. The three internal cross-sections highlight the
presence of porosity resulting from the different AM technologies; however, this is a single cross section, an
alternative method is to use x-ray computed tomography (XCT). XCT is a powerful tool for AM as it provides
digital internal data which can be used to evaluate porosity, but also allows for the reconstruction of the external
skin of the part so that it can be compared against the CAD.

3. PARADIGM SHIFT

What is the paradigm shift? Simply, it is the change in mindset that is required to effectively implement AM
within production. Prior to AM, there was a known process chain between design and manufacture: require-
ments — CAD & FEA — final design — technical drawings & tolerances — machining & post-processing —
evaluation. The introduction of AM within the process chain increases the steps in the design phase and in the
machining/post-processing phase. Subtractive machining of a near-net shape is a different process to machining
out of a block of metal. Therefore in this section, a summary of the paradigm shift is described using the case
study of lightweight mirrors; however a thorough review of the process steps with several referenced examples is
provided within the Cookbook.
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Figure 14. A description of the process chain required to use AM to create a lightweight mirror.

Figure 14 highlights the process/fabrication chain for the production of lightweight metal mirrors using AM.
The example of mirror fabrication was selected as several groups have independently investigated AM metal
mirrors for astronomical, Earth observation, or aerospace applications, and therefore provide a broad example
range to select from. In addition, lightweight metal mirrors have clear benefits that can be gained through AM,
such as mass reduction, optimisation of stiff structures and part consolidation. Although Figure 14 demonstrates
mirror fabrication the process chain is generic and can be applied across a broad range of components.
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Figure 15. The OPTICON A2IM test geometry: left, a description of the key features; and right, nine test prints which
were dimensionally evaluated for the project.

4. A2IM TEST GEOMETRY

Test geometries, or benchmarks, are built by AM users to assess the performance of their 3D printers. The
OPTICON A2IM test geometry (Figure 15 left) was developed specifically for the astronomical engineering
community by considering the type of geometries that might be of used in lightweight mirror design, such as
lattice structures for mass reduction. In addition to the creation of the test geometry model, nine test geometries
in different materials and via different AM methods were printed (Figure 15 right) and seven of test geometries
were dimensionally evaluated. The evaluation of the test geometries, highlighted the fidelity of the printed part
to the CAD and therefore highlights which features can be printed with, or without support structures. This
section briefly summarises the test geometry and the dimensional evaluation, for further information, including
cost analysis, the reader is directed to the A2IM Test Geometry chapter within the Cookbook.

4.1 Design

The objective of the OPTICON A2IM test geometry was to create an artefact that could be printed using a
variety of print methods and materials, and incorporating features and geometries of interest to the astronomical
community, such as lattices. In the design of the test geometry, AM standards and existing benchmarks were
investigated to ensure key features were included. A full discussion of the features is provided within the
Cookbook, but an example of how the features were defined is shown in Figure 16.

4.2 Evaluation

Each of the features within the printed test geometries were evaluated both in the macroscopic and the micro-
scopic domains. The macroscopic evaluation quickly identifies large geometric distortions, such as the presence
for support material, or geometric defects. Microscopic analysis identifies the resolution and the limitation of
the selected print method to accurately represent the CAD model. Using these techniques, each printed feature
could be compared against the CAD in terms of dimensional fidelity; Figure 17 highlights an example of the
type of evaluation that was undertaken.

4.3 An open source test geometry

The A2IM test geometry is open access and available for download under a Creative Commons license. The
.STL and .STEP files can be accessed from the following online repositories.

GrabCad community: https://grabcad.com/library/opticon-test-geometry-1

Thingiverse: https://www.thingiverse.com/thing:4893659
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Figure 16. A subset of features within the test geometry and how they were defined.

5. THE FUTURE

The objective of this paper was to present some of fundamental considerations in the adoption of AM within
astronomical instrumentation, which could then be expanded upon using the Cookbook. The goal of this paper,
in conjunction with the Cookbook, was to assist engineers and scientists in the implementation of AM within
astronomical instrumentation by removing some of the barriers that limits AM’s wider adoption. The use of AM
is expected to rise across the majority of industries in the future; however, AM does not replace subtractive,
formative and fabricative methodologies, rather it exists in parallel, to be used where it is most effective, such
as for mass reduction and part consolidation.

Although, it is hoped, that this paper and the Cookbook can help tackle some of the practical barriers in
AM usage; it is the author’s opinion that the biggest barrier to AM adoption is suitably trained engineers and
scientists. AM is now common place within many engineering undergraduate degrees; however, without suitably
trained senior engineers to mentor future graduates, uptake in future instrumentation will be slow, especially
within the risk adverse field of astronomical instrumentation.
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