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Abstract 

There is growing interest in the development of processes that can enable the manufacturing of 

products in space. In-space manufacturing could remove the limitations imposed by terrestrial 

manufacturing and the launch environment on products used in space and enable large-scale space 

infrastructure that could further develop in-space capabilities. Examples of large-scale space 

infrastructure, that could be enabled by in-space manufacturing, include large solar arrays, or 

orbital reflectors, to increase the amount of light on terrestrial solar arrays. Given the large scale of 

the proposed infrastructure made using in-space manufacturing and the large energy demands that 

such construction would place on a space mission, materials that have a low energy consumption 

for each unit of volume or mass constructed could present advantages for an in-space 

manufacturing facility. This thesis examines the use of solid foams, which typically require much 

less energy to apply, to construct an equivalent volume of engineered plastics or metals. 

To explore the development of in-space manufacturing and solid foam manufacturing, this thesis 

presents a literature review based on these fields. A trade-off review is also conducted to compare 

the material properties and process characteristics of a range of potential in-space manufacturing 

processes and the materials that they are capable of producing, to understand what characteristics 

are important for an in-space manufacturing facility. Case studies were used to understand if solid 

foams could provide an advantage for products manufactured in-space. Two generalised use cases 

were explored, one structural and one thermal, where each was an abstract use case that was not 

bound by a specific mission, as well as a specific use case, in which the solid foam was intended for 

a specific mission application. The structural generalised use case compared constructing and using 

solid foams for a structural beam with constructing and using stainless steel and PEEK beams using 

a direct energy deposition process and a fused filament fabrication process, respectively. It was 

found that, while the solid foam beam required more volume than the other beams, it could be 

produced with significantly less energy and over a much shorter time span. The generalised thermal 

use case compared the construction and use of a solid foam insulator with a multi-layer insulator 

made of a PEEK frame and aluminium film, constructed using a fused filament fabrication and a 

physical vapour deposition process. It was found that, while a large mass of foam was required to 

produce that insulating layer, when compared to the multi-layer system, the foam layer took less 

energy to produce. The specific use case considered an aerocapture around Mars, in which solid 

foam was used to construct an aeroshell. This solid foam aeroshell was compared with an inflatable 

system and a chemical propulsion system to understand if it could provide a reduction in the 

proportion of mission mass required for the aerocapture. It was found that, for lighter missions a 

foam aeroshell could be used in a similar fashion to the inflatable system, however, it was noted, 

that the heat flux on the aeroshell would be significant, and further development would be needed 

to understand to protect the foam system form this high heat flux. 

The thesis presents a plan for the future development of this research with a focus on verifying the 

material properties that a solid foam, produced in space, would have and developing a system 

capable of producing solid foams in vacuum and in microgravity. Two lines of enquiry are 
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proposed, a practical experimental enquiry and computational analysis. The results of either 

enquiry could be used to further the understanding of solid foams made in space and which 

applications they may provide an advantage too. 
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1. Introduction 

The aim of this thesis is to investigate novel technologies that could be used to fabricate devices in 

space. The research work reported in the thesis was inspired by the growing need for larger scale 

and more complex structures in space and the fundamental limitations of the current approaches 

to providing those structures. Currently, any structure used in space must first be manufactured on 

the ground, transported into orbit in a launch vehicle and then deployed and/or assembled in-orbit 

[1]. This thesis will consider the current state of in-space manufacturing, and which technologies 

could enable large scale in-space manufacturing. This research focused on the use of solid foams in 

the space and considered possible applications in detail. 

1.1 The Demand for Large Scale Space Structures 

The complexity and duration of space missions has increased over the past six decades and this 

trend looks likely to continue with the development of more complex missions such as the NASA 

Artemis moon exploration missions [2] or proposed asteroid mining missions by various private 

companies (for example the Asteroid Minning Corporation [3]). More infrastructure will be 

required in space to deliver these more complex missions, which will require ever larger qualities 

of materials, larger physical structures and increased power consumption. Such complex missions 

may require greater surface area, both to generate power for applications via photovoltaic solar 

arrays and dissipate waste power via radiation. This larger area would require larger structures. 

Larger structures could also be used for shielding of delicate components of habitats; storage for 

increased qualities of consumables or increased areas for solar sails. 

In this thesis both large scale and macro scale refer to structures that are greater than 100 m in 

maximum length. This threshold has been selected as it is greater than the largest human made 

structures in-orbit, at the time of writing, such as the International Space Station (ISS) [4] and so 

would constitute a new capability for human made structures in orbit.  

1.2 Current Limits of In-Space Devices  

Most technologies that have been used, or are currently in use in space, have been constructed on 

the ground and then transported to space. This current manufacturing approach imposes several 

design constraints on large scale space structures: 

- These structures must be able to support their own weight during their initial on the 

ground fabrication. 

- These structures must be manufactured in a contaminant free environment to remove the 

risk of foreign objects before launch (an example of which is outlined in the ECSS’s ECSS‐

Q‐ST‐70‐01C [5]); 
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- To ensure the reliability of deployable mechanisms, extensive testing is often needed on the 

ground. 

- The upper limit of the size of a structure is limited to that of the payload faring and 

structures often have to incorporate deployable mechanisms. 

- The process of testing and transporting structures into orbit incurs significant mechanical 

loading on the structure and any on-ground manufactured structure must be designed to 

survive this loading. 

- Any on-ground performance testing may not be able to recreate the space environment and 

the ability to correct or modify hardware after being delivered to orbit can be very limited. 

1.3 Opportunity Presented by In-Space Manufacturing 

In-orbit manufacturing could overcome many of the limitations that prevent current in-space 

devices form deploying large-scale structures and therefore enabling more complex space 

infrastructure and missions. Currently for a device to be used in space, it must be manufactured on 

the ground, stowed in a launcher’s payload faring, launched and then deployed. As discussed above, 

each of these stages puts limitations on the design and development of that device. One of these 

limitations is size – currently any unit used in space must be stowed in the launcher’s fairing and 

then deployed to its final shape. This process often involves complex mechanisms. A structure made 

in space would not have to deploy or be assembled, and so its final shape could be significantly 

larger than a traditional deployable structure. This is the one of the drivers behind the NASA 

OSAM-2 mission, which illustrates the potentially large scale of a structure made in space [6]. 

Space devices that are made on the ground must be made under their own weight in gravity and 

so must support their own weight at all points of the mission before the device reaches orbit. A 

device made in-space would not have this same limitation as its structure could be formed in 

microgravity. This would allow the device to be more mass efficient, as material would not be 

needed to support the mass of the device under loads due to gravity. This could mean that, for the 

same mass, the device could be substantially larger and capable of utilising a larger surface area for 

mission applications. 

In-space manufacturing could remove many of the quality and verification requirements currently 

needed for devices made on the ground, as the device would be made in-situ in the space 

environment. Components made outside of an atmosphere, carrying dust and other materials, 

could be made with little to no contamination and would inherently meet the cleanliness 

requirements needed for component made on the ground.   

1.4 Nomenclature 

There are many terms used in this report that relate to specific technical processes. This section will 

outline what these terms are and what they refer to. In-Space Manufacturing (ISM) refers to any 

manufacturing process that occurs outside of the atmosphere of a planet. In-Orbit Manufacturing 
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(IOM) is a specific case of ISM that takes place in Earth’s orbit. On-Ground Manufacturing (OGM) 

refers to all manufacturing processes carried out on the ground and transported to orbit for use 

there. In-Space Resource Utilisation (ISRU) is the use of resources found in-space for fabrication; 

this is as opposed to resources that are provided from the ground via a launch vehicle. 

Additive Manufacturing (AM) can be described as the process of constructing a component by 

joining materials, this is similar to the description provided by Molitch-Hou et al [7] and the 

American Society for Testing and Materials (ASTM) definition, as described by Thompson et al [8] 

and Frazier [9] in their papers reviewing this topic. Additive manufacturing contrasts with 

Subtractive Manufacturing (SM), in which material is removed to form a 3D part. 

1.5 Thesis Structure 

This thesis contains six chapters: 

1. Introduction – The motivation for the research, introduction to the core concepts and 

layout of the structure of the thesis. 

2. Literature Review – An exploration of the research already conducted in the field and an 

examination of the areas for further development. 

3. Trade Offs – An exploration of the key characteristics of an ISM system and comparison of 

these characteristics across a range of potential use cases. 

4. Solid Foams in Comparable Use Cases – An exploration of the use of solid foams for ISM 

and comparison with other ISM processes in comparable use cases. This exploration 

considers the use of solid foams for ISM in general across a range of applications. The results 

shown in this chapter were reported in a paper presented by Hastie et al [10] at the 72nd 

International Astronautical Congress (IAC). 

5. Solid Foams for Aerocapture Around Mars – An exploration of the use of solid foams, 

constructed using ISM, in more depth than the cases presented in chapter 4. This 

exploration considers the use of solid foams for ISM in a specific use case for one 

application. The results shown in this chapter were reported in a paper presented by Hastie 

et al [11] at the 18th International Planetary Probe Workshop. 

6. Conclusions and Future Work – A discussion on future work that could be considered to 

further this research, as well as a summary of the thesis and its outcomes. 

1.6 Published Works 

The research presented in this thesis produced the results published in the following papers: 

- Hastie, P. G.B., Bailet, G. and McInnes, C. R.  (2022) On-Orbit Manufacturing of Large 

Space Structures Using Solid Foams. In: 72nd International Astronautical Congress (IAC), 

Dubai, United Arab Emirates, 25-29 Oct 2021, pp. 81-90. ISBN 9781713843085. This paper 

is discussed in chapter 4. 
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- Hastie, P. G.B., Bailet, G., White, C.  and McInnes, C. R.  (2021) The Use of In-Space 

Manufactured Solid Foams for Aerocapture. 18th International Planetary Probe Workshop, 

June-August 2021. This paper is discussed in chapter 5. The DSMC results presented both 

in the poster and later in this thesis are the work of Craig White, University of Glasgow. 
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2. Literature Review 

2.1 In-Orbit Manufacturing 

IOM is a special case of ISM that is carried out in orbit around the Earth. In the literature the terms 

in-orbit and on-orbit as well as fabrication and manufacturing, are normally used interchangeably 

to describe this process. For example, Boyd et al [1] use the terms “on-orbit” and “in-orbit” to 

describe the same process. This section will discuss the challenges of manufacturing in the in-orbit 

environment, the development of IOM technologies, the use cases and opportunities for this 

technology, the current state and scope of IOM research and important operational parameters for 

on-orbit manufacturing processes. 

In-Orbit Manufacturing Challenges 

The in-orbit environment presents many challenges for manufacturing and fabrication. The ultra-

high vacuum and micro-gravity environment found in-orbit is a challenge for any space-based 

engineering activity [12]. As such, much of the investigation into ISM has focused on overcoming 

these challenges. For example, Lippman et al considered a thin film fabrication process that 

operated in a vacuum [13] and Prater et al considered AM in micro-gravity [14]. 

While the vacuum and micro-gravity requirements are significant, there are other challenges to 

manufacturing in orbit. Any autonomous IOM process will be remote, and access to 

instrumentation to monitor IOM could be limited. As discussed by Alexander et al [15], payloads 

for use in-space have to be designed with data storage and telemetry in mind. An IOM process may 

require an autonomous error detection and management process to ensure their correct 

functioning even whilst operating remotely.  

Similar to other space missions, an IOM process would have to maintain a thermal balance in a 

temperature range that will not damage the mission hardware. This can be difficult in an orbital 

environment, in which there is variable solar input radiation (due to eclipses) , and the only means 

of dispersing heat is via radiation [6]. IOM presents an additional problem as many promising 

manufacturing processes, such as Fused Deposition Modelling (FDM) and Directed Energy 

Deposition (DED), require the feedstock to be heated to their melting point (up to 400°C) and so 

generate a large quantity of heat [7]. In some cases, there may be a requirement to remove heat 

rapidly to ensure manufacturing accuracy, so rapid heat dispersal is an additional challenge to 

consider. 

As well as the thermal control requirements, there is also the challenge to generate power for these 

processes. Many fabrication processes are highly energy intensive, therefore any mission that 

incorporates an IOM process would have to provide sufficient power throughout its operational 

lifetime. Frazier et al [9] provides an overview of common metal AM process power requirements 

ranging from 100 W to 60 kW. This is a broad range, the in-operation value will be very dependent 

on the final process used. Patel [16] suggests a power to weight ratio for a solar PV array in space 
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of around 5-10 W/kg, a continuous IOM process that requires 100 W could require PV arrays as 

large as 10 kg in mass. 

As was noted in the introduction, IOM removes some of the design constrains that limit traditional 

in-space hardware. It is important to remember, however that hardware manufactured using IOM 

will still be subjected to several environmental factors such as atomic oxygen erosion, ultraviolet 

degradation and cyclical thermal loads [12]. This must be considered in both the design of the final 

hardware and in the capability of the in-orbit manufacturing technology used. 

In-Orbit Manufacturing Development 

The idea of moving manufacturing processes for space applications into orbit has existed for some 

time. The first efforts to carry out manufacturing processes in space occurred in the 1960s and 1970s 

by both the Soviet space program and NASA. Notable examples from this period are the Soyuz 6 

mission in 1969, in which welding was attempted in-orbit [17], the 1973 Skylab Brazing 

Experiments [18]  and the Astor research corporation study into “in-space fabrication of thin-films” 

in 1972 [13]. Since the late 1990s there has been a push by both state funded space programmes 

and private institutions to develop IOM technologies with a specific focus on the development AM 

technologies. This has been described as a “Second Wave” of research on IOM by Skomorohov et 

al [19]. In 2014 NASA successfully operated a Fused Filament Fabrication (FFF) 3D printer, 

developed by Made In Space, on board the International Space Station (ISS) as part of their In-

Space Manufacturing (ISM) project [14]. This marks a significant milestone in the development of 

in-orbit manufacturing. This was followed by ESA and ASI’s POP3D (Portable On-Board Printer) 

mission which similarly demonstrated FFF printing in-orbit [20]. An image of the 3D printer on 

the ISS is shown in Figure 2-1. 

 

Figure 2-1 – Made In Space’s 3D printer on-board the ISS. This image is from Prater et al [14] 

used with permission 
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As well as research into AM in micro-gravity, there has also been some research into AM in vacuum. 

Slejko et al used a modified commercial 3D printer to demonstrate 3D printing in vacuum using 

PLA with various filler materials [21]. While it is not explicitly stated it appears that this test was 

conducted on the ground and not under micro-gravity as there is not a discussion of set up of the 

test in orbit or control samples created on the ground. A vacuum chamber was used to simulate a 

low-pressure environment (10 Pa) similar to that found on-orbit. The The filler materials were 

selected based on their availability in space. To dissipate the heat generated by the 3D printer’s hot 

end without convection, additional conductive pathways were connected to the printer. Samples 

printed in vacuum conditions showed similar mechanical and thermal properties as the control 

samples printed at atmospheric pressure. It was noted that the vacuum printed parts were slightly 

wider than the atmospheric pressure control prints. It is speculated that this increase in width was 

due to the reduction in surface tension of the 3D print stands. It was noted in the paper the pressure 

was 10-4 bar, which is significantly higher than the pressure observed outside of the Earth’s 

atmosphere. This study appears to be the only fully reported example of 3D printing or AM 

conducted in vacuum and hence provides a useful proof of concept for 3D printing as an ISM 

technology. As is noted by the authors, the limitation of the pressure environment means that the 

results do not perfectly reflect the in-space environment and, as such, there may be further 

limitations placed on 3D printing in such environments. 

Currently, there are several state and private entities developing technologies for IOM. Key players 

include: 

- NASA’s ISM project: Since 2014 they have now installed an Additive Manufacturing 

Facility (AMF) on the ISS and are working on adding a recycling process [22]. 

- ESA and ASI’s POP3D which flew on the ISS in 2015. 

- Made In-Space (now owned by Redwire) are continuing to develop in-orbit AM for the ISS. 

They currently have a number of projects in development considering diversifying the 

materials that can be printed and working towards their OSAM-2 mission (previously called 

Archinaut One), which aims to manufacture 10 m long beams in-orbit [6], [23]. Redwire 

reported that they demonstrated 3D printing in a vacuum in 2017 [6]. The OSAM-2 mission 

would demonstrate AM in vacuum and microgravity. 

- Tethers Unlimited are working towards launching the SpiderFab satellite that will 

demonstrate IOM and assembly [24]. 

To date there has not been any demonstration of AM that is in-orbit outside of a pressurised 

container.  

In-Orbit Applications 

The field of IOM is broad and encompasses a large number of diverse manufacturing technologies. 

Because of this, in-orbit manufacturing has been suggested for use in a large variety of applications. 

In this thesis, the focus will be on the use of IOM to enable applications where it would not be 
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possible or practical to do so with conventional deployable structures. There are some common 

themes among the applications suggested: 

- Macro-Scale: IOM could enable larger scale structures than conventional deployable 

structures. As discussed in chapter 1 section 1, the largest human made objects in orbit have 

a span of 100 m, these macro-scale structures could be larger than 100 m.  Examples of 

potential macro-scale applications for IOM are described by McInnes et al [25] to build a 

reflector to harvest an M-type asteroid and Fraas [26] where IOM could be employed to 

construct the large scale mirrors were suggested.  

- Adaptability: The ability to change the geometry of a structure or component in-orbit 

would provide new opportunities. This also enables recycling and repairing during the 

mission. An example of this is described by Lippman [13]. They suggest that the material 

used to construct thin-film sheets could be constructed from recycled parts that are no-

longer in use. An example of adaptability of IOM is discussed by Wong et al [27] to create 

surgical tools during long duration missions. 

- Material quality: The on-orbit environment provides a manufacturing location in hard 

vacuum and micro gravity; this means that products made on-orbit can be manufactured 

without defects caused by exposure to the atmosphere or significant loading under gravity. 

This is exemplified by Made In-Space’s MIS Fiber [28] fabricator that used the micro-gravity 

environment to enable high quality fibreoptic manufacturing. 

2.2 Thin-Film Physical Vapour Deposition 

There are a number of vapour deposition processes that can be used to produce thin-films both as 

coatings and sheets. Vapour deposition processes are broken into two categories: Physical Vapour 

Deposition (PVD) and Chemical Vapour Deposition (CVD). Many vapour deposition processes 

require a vacuum environment and so they have been suggested for IOM [13]. This section will 

discuss Physical Vapour Deposition processes that may be useful in in-orbit manufacturing and 

discuss how vapour deposition could be used in specific applications on-orbit. 

Physical Vapour Deposition Processes 

A PVD process transfers material from a target feedstock to a substrate [29]. This is achieved by 

dislodging material from the target and directing it toward the substrate. The directing of this 

process is achieved by providing a large electrical potential between the target and substrate.  

Material can be dislodged from the target by using a sputter or evaporation process. In the sputter 

process, material is dislodged by bombarding the surface of the target using ionised gas. This 

process frees particles as small as individual atoms from the target material, which are then free to 

travel  through a vacuum to the substrate [29]. 
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In an evaporation process, material is dislodged from the target by heating the target until it 

evaporates. The material is then free to travel across the vacuum to the substrate [29].  

Sputtering can be achieved at lower temperatures than evaporation. For this reason, sputtering 

typically provides higher material densification on the substrate. Evaporation processes typically 

have higher deposition rates [29]. 

Physical Vapour Deposition In-orbit 

PVD was suggested for use in-orbit by Lippman [13]. In this paper an evaporation PVD process is 

used to produce free standing thin-film sheets. It was suggested that this process could be used to 

make extremely thin-films of metal that could be used to fabricate a spin stabilised solar sail.  

This process highlights a few of the key advantages of in-orbit manufacturing. The paper suggests 

the film feedstock could be recycled from material no longer required for the mission. This concept 

takes advantage of the adaptability of in-orbit manufacturing. The paper describes how the process 

could be used to produce thin-films that do not have a backing material. Backing material is 

required to spool and transport thin-films on the ground. These backing films add weight and 

increase the film areal density which is critical for solar sailing applications. 

The problem of sheet/substrate parting is discussed in the paper. They described the problem of 

cracks in the sheet during extraction [13]. Further development of this PVD process could 

investigate ways to consistently extract the sheets.  

2.3 Solid foams 

Solid foams are a type of cellular solid. Cellular solids are solid materials that are filled with cells 

of enclosed space [30]. This basic definition covers a large range of materials, including honeycomb 

panels and wood. This section of the review will focus on solid foams. Foams have regular cells that 

repeat in 3D space and so can be described as providing a uniformed meso-structure. This 

uniformed meso-structure allows foams to provide somewhat consistent material properties over 

an extended envelope due to the addition of cells to the volume occupied. For this reason, foams 

are used extensively in applications that require low density components. The low density of foams 

is appealing for in-orbit manufacturing, as it means foams may have a high packing ratio of raw 

material to final structure volume. As will be discussed, the meso-structure of foams provides 

additional advantageous properties. 

Solid Foam Fabrication 

There are multiple ways to form a solid foam. A number of examples of processes for solid foam 

fabrication are described by Gibson et al [30] and Ashby et al [31] which focuses on metal solid 

foams. Most solid foams are formed using the following steps: 

1. Foaming: The structure is formed while the material is in a liquid state.  

2. Solidification: The material is solidified to hold the foam structure. 
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Foam formation is typically achieved by mixing gas into a liquid. As there is surface tension acting 

on the boundary between the liquid and gas, the gas in the mixture will form into cells where the 

outward gas pressure is balanced by the force of surface tension on the liquid boundary. From a 

kinematic point of view, the most energy efficient structure of a liquid with gas cells is that where 

the surface tension energy is minimised. As surface tension energy is dependent on the surface area, 

foam structures tend to organise toward minimum surface area formations. A comprehensive 

review of the process of liquid foam formations is provided by Drenckhan and Hutzler [32]. In this 

paper Drenckhan and Hutzler examine the physical structure of foams. In-particular, they place 

importance on a foam’s liquid fraction – the volumetric proportion of the foam that is made of 

liquid, and the polydispersity – the variation in cell size across the sample. The effects of these 

properties are well illustrated in their paper and shown here in Figure 2-2 below. The structural 

arrangements of liquid foams can be divided into two categories: dry and wet. A dry foam has a 

low liquid fraction, and so the most efficient packing arrangement for the foam structure is a thin-

film foam with boundaries that follow Plateau’s laws [33] that is: each cell is bounded by thin-film 

walls, 3 cell walls meet to form a vertex and vertexes meet in nodes of 4. In wet foams gas cells are 

spherical and stack in the most volumetrically dense manner that can be achieved, this is typically 

a Face Centre Cuboid (FCC) arrangement. 
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Figure 2-2 – Foam Structures dependent on liquid fraction and polydispersity [32] used with 

permission 

Gas is typically introduced into foams one of two ways: 

1. Chemical reactions: The gas in the foam is released due to a chemical reaction that takes 

place during formation. Examples of this include polyurethane foams and cellular concrete 

[34] 

2. Blown foam: The gas is pumped into the liquid and mixed. This is the foaming process 

employed in foam soap dispensers, as well as melt gas injection metal foams [31]. 

Chemical reactive gas release is often caused by reagent mixing, as was the case for the polyurethane 

foam developed for the proposed REDEMPTION mission [35]. There are also examples of reactions 

being triggered by environmental stimulus, such as the case for the foam produced by Schlögl et al 

[36]. In this paper the gas was produced as a product of a reaction triggered by UV radiation. 

Blown foams often use a gas injection process, such as that used in Hydro or Cymat aluminium 

[37], or blown over wet meshes as is seen in soap foam dispensers. 



12 

 

There are several solidification processes that have been used to solidify foams. Two prominent 

methods are cooling and chemical structural change brought on by reaction. Cooling is often used 

in metal foam production [31]. Numerous plastic foams change their chemical structure by 

introducing cross links between polymer chains and causing rigidification. These rigidification 

processes a typically triggered by the introduction of reagent or exposure to activating radiation 

such as UV light. The polyurethane foam used by the REDEMPTION mission [35] was rigidised 

due to the introduction of a reagent, in the same manner as gas production. UV curing was carried 

out on the foam produced by Schlögl et al [36]. 

The quality of the meso-structure in solid foams that are produced using chemical reagent mixing 

is heavily dependent on the chemical composition and qualities of those reagents in the reaction. 

Valdatta et al [35] describes that, on the REDEMPTION mission, the chemical formulation used 

for the polyurethane production had to be adjusted to change the pressure of gas produced in the 

foaming step. A blown foaming process may provide more control over gas injection and thus the 

foam meso-structure. 

There are some noticeable exceptions to this two-stage solid foam production model. Some metal 

foams are formed by casting over moulds [31] , which are then removed. Some foams are produced 

via sintering of hollow spheres, which is the case for polystyrene and some metal foams [31]. 

Solid Foam Material Properties 

The nature of 3D repeating cellular structures changes the bulk material properties of foam. As the 

use of engineered foams has increased in the past 50 years, there has been a corresponding increase 

in research into the material properties of these solid foams. One of the most frequently cited 

sources in the literature on the properties of foams is the book by Gibson et al [30]. In this book 

Gibson et al provide a number of methods to derive foam properties form the quality of the foam 

and the solid base material in the foam.  

On the mechanical properties, Gibson et al suggest what is often described in later research as the 

Gibson-Ashby model. In this model the foam consists of cuboid cells joined together in a repeating 

3D pattern, an image of which is shown in Figure 2-3. A series of equations to estimate the 

mechanical performance of foams can be derived from the Gibson-Ashby model. These equations 

are dependent on whether the foam has an open or a closed cell structure, if the cells of the foam 

are open or closed to each other. A closed cell foam has an additional mechanical strength from 

the walls of the cell and the gas pressure in the cell. Some of the results provided by the Gibson-

Ashby model are shown in Table 2-1. 
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Figure 2-3 – The Gibson-Ashby cubic model. (a) Open-cell model (b) Close-cell model [30] used 

with permission 

Table 2-1 – Gibson-Ashby equations for foam mechanical properties adapted from [30] 

Here, 𝜙 is the proportion of material in the edge of the cell verses the wall, σ is the stress, E is the 

elastic modulus, G is the bulk modulus, P is the absolute pressure, ρ is density and ν is Poisson’s 

ratio.  

As can be seen from Table 2-1, the reduction in the elastic modulus of a foam, compared to its solid 

material, is directly proportional to the square of the solid material fraction (ρFoam/ ρSolid), which has 

significant implications. The foam solid material fraction is inversely proportional to the increase 

in the foam volume, when compared to a solid part with the same mass. For a beam this would 

mean the thickness of the beam would increase inversely to the foam solid fraction, and so the 

second moment of area of the bean would increase inversely to the cube of the solid fraction. 

Hence, a foam beam would be likely to have a greater flexural rigidity than a solid equivalent with 

the same mass width and length.  

The Gibson-Ashby model is widely used to estimate the mechanical properties of foams. However, 

Fischer et al reported that it did not accurately describe the recorded properties of polyvinylchloride 

(PVC) foams [38]. Fischer et al developed an FEA model to simulate the mechanical properties of 

Mechanical Property Open Cell Closed Cell 

Elastic Modulus 𝐸𝐹𝑜𝑎𝑚
𝐸𝑆𝑜𝑙𝑖𝑑

≈ (
𝜌𝐹𝑜𝑎𝑚
𝜌𝑆𝑜𝑙𝑖𝑑

)
2

 
𝐸𝐹𝑜𝑎𝑚
𝐸𝑆𝑜𝑙𝑖𝑑

≈ (𝜙
𝜌𝐹𝑜𝑎𝑚
𝜌𝑆𝑜𝑙𝑖𝑑

)
2

+ (1 − 𝜙)
𝜌𝐹𝑜𝑎𝑚
𝜌𝑆𝑜𝑙𝑖𝑑

+
𝜌𝐺𝑎𝑠(1 − 2𝜈)

𝐸𝑆𝑜𝑙𝑖𝑑 (1 −
𝜌𝐹𝑜𝑎𝑚
𝜌𝑆𝑜𝑙𝑖𝑑

)
 

Bulk Modulus 𝐸𝐹𝑜𝑎𝑚
𝐸𝑆𝑜𝑙𝑖𝑑

≈
3

8
(
𝜌𝐹𝑜𝑎𝑚
𝜌𝑆𝑜𝑙𝑖𝑑

)
2

 
𝐸𝐹𝑜𝑎𝑚
𝐸𝑆𝑜𝑙𝑖𝑑

≈
3

8
{(𝜙

𝜌𝐹𝑜𝑎𝑚
𝜌𝑆𝑜𝑙𝑖𝑑

)
2

+ (1 − 𝜙)
𝜌𝐹𝑜𝑎𝑚
𝜌𝑆𝑜𝑙𝑖𝑑

} 

Compression Strength 

Plastic material 

𝜎𝐹𝑜𝑎𝑚
𝜎𝑆𝑜𝑙𝑖𝑑

≈ 0.3 (
𝜌𝐹𝑜𝑎𝑚
𝜌𝑆𝑜𝑙𝑖𝑑

)
3/2

 𝜎𝐹𝑜𝑎𝑚
𝜎𝑆𝑜𝑙𝑖𝑑

≈ 0.3 (𝜙
𝜌𝐹𝑜𝑎𝑚
𝜌𝑆𝑜𝑙𝑖𝑑

)

3
2
+ 0.4(1 − 𝜙)

𝜌𝐹𝑜𝑎𝑚
𝜌𝑆𝑜𝑙𝑖𝑑

+
𝑝𝐺𝑎𝑠 − 𝑝𝐴𝑡𝑚
𝜎𝑆𝑜𝑙𝑖𝑑

 

(a) (b) 
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PVC foams more accurately. A summary of this accuracy is illustrated in Figure 2-4 which has been 

sourced from Fischer et al. 

 

Figure 2-4 – Comparison between Gibson-Ashby model and the FEA carried out by Fischer et al. 

[38] used with permission 

Gibson et al [30] also provide models for foam thermal properties. They describe how the thermal 

conductivity of the foam can be found by summing the thermal conductivity of the foam 

component parts. The foam component thermal conductivities are: 

- Conduction through the solid material. This can be estimated as the product of the solid 

material thermal conductivity, the solid fraction (ρFoam/ ρSolid) and an efficiency factor. 

- Conductivity through the gas in the cell. This can be estimated as the product of the gas 

material thermal conductivity and the gas fraction (1-ρFoam/ ρSolid) 

- Convection across the cell. Typically, the cells of a foam have a low Grashof number, due 

to their small size and so experience little to no convection across the cell. 

- Radiation between the faces of the cell. 

Typically, the thermal conductivity of a foam is much smaller than that of the constituent solid 

material. 
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Feasibility of Solid Foam Structures in-orbit 

As discussed in section 2.1, the feasibility of a process for IOM can be evaluated by asking if the 

process can operate in both a vacuum and micro-gravity. There are examples of foams forming in 

these environments. As discussed previously, the REDEMPTION mission [35] used a modified 

formulation of reagent to form a polyurethane foam in vacuum. The modification carried out on 

the foam showed the importance of lowering the gas injection pressure in vacuum. Unfortunately, 

a technical problem with the mission meant that the payload was not deployed during the rocket 

launch, so there is no micro-gravity data from this mission.  

Several foam studies have been carried out in micro-gravity environments, this includes: studies by 

Garcia-Moreno et al on X-Ray radioscopy of liquid metal foams [39], Quadrini et al on solid-state 

foaming of epoxy resin [40], Langevin et al on aqueous wet foams [41] and Somosvári et al on foam 

evolution and stability through the FOCUS experiment [42]. The FOCUS experiments carried out 

by Somosvári et al studied the development of foams on the ISS and so provides an example of 

foam research in micro-gravity. FOCUS found that micro gravity bubbles were slightly larger than 

their terrestrial counterparts but had similar longevities. It would therefore appear that solid foam 

production may be possible in-orbit. 

2.4 In-Situ Resource Utilisation 

An important advance in the field of in-orbit manufacturing is the development of technologies to 

enable the use of material in space as feedstock. The use of in-situ resources would mean that, 

structures made in-orbit, could be independent of material launched on the mission. This has been 

described as In-Space Resource Utilisation (ISRU) [43].  

ISRU has been suggested for use with numerous different sources of material including: 

- Asteroids as discussed by McInnes [25] 

- The moon as discussed by Gerdes et al [43] or S. L. Taylor et al [44]. 

- On Mars as discussed by Buchner et al [45]  

- Reusing discarded mission components as suggested by Lippman [13] or Mariappan et al 

[46] 

Research has been conducted to demonstrate the utilisation of space-based ISRU. A study 

conducted by Lietaert et al [47] demonstrated ISRU by using meteorite material, as the feedstock, 

to a laser Powder Bed Fusion (PBF) process. The study found that the meteorite material was able 

to be used in a PBF process. This is significant because this is the first-time parts have been made 

using meteorite material in a metal AM process. The study found that parts produced using this 

meteorite material had some material defects – low relative density and cracks. These defects may 

suggest the parts have poorer mechanical properties when compared to their terrestrial source 

counterparts, however no mechanical testing was reported in this paper. The material used was pre-

processed into powder using gas atomisation. A fully realised ISRU process will have to develop 

technologies to undertake any pre-processing in-orbit. 
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A study conducted by Buchner et al [45] used simulated Martian regolith as a feedstock for an 

Additive Manufacturing (AM) process. This process produced cement from Martian regolith and 

phosphoric acid. The cement was layered using an additive manufacturing process, which used a 

CNC gantry. The study demonstrated the building of a small shelter-like construction. Mechanical 

tests showed that the cement produced by the process had a similar compressive strength to 

terrestrial cement. The test was conducted in laboratory conditions. While the fact that this study 

does not demonstrate a build process outside of the atmosphere of a planet makes it less applicable 

to ISM, it does demonstrate the use of an autonomous build process using in-situ resource, 

something that would be key to future ISRU. 

As well as exploiting natural space resources, such as meteorite material or lunar regolith, there is 

also active research into the utilisation or recycling of terrestrial sources of material already in-space. 

It is suggested by Lippman [13] that the feedstock for a PVD produced thin film process could be 

provided by components that are “no-longer needed for the mission”. More recently Mariappan et 

al [46] describes a recycling process design to utilise captured space debris. In this study, Mariappan 

et al propose a novel recycling process converting captured space debris into aluminium powder, 

silicon powder and water vapour. The study’s intention is to use the aluminium powder for 

propellant, the silicon for soil and the water vapour for orbital manoeuvring. As well as the 

application stated by the author, it appears that materials like silicon and aluminium powder could 

be used for creation for structural and electrical devices using in-space manufacturing. 

2.5 Literature Review Summary 

A review of the literature has shown that, while there is currently a great deal of interest and 

significant milestones have been met, such as the construction of 3D printed tools in space [14], 

there are still significant limitations on what can be made using this technology and most examples 

found have been cited as technology demonstrations rather than a fully adopted technology. To 

date, there are no examples of a fully autonomous ISM facility that could be used to create a large 

space structure, as has been envisioned by the OSAM-2 mission [6]. There is a great deal of 

development planned for ISM, with a number of possible manufacturing processes and 

construction materials considered for this application. Solid foams have already been considered as 

a material that could be made in space in a limited application in the REDEMPTION mission. 

There has been some research into the ISRU for ISM processes, and some on the ground 

demonstration of AM manufacturing using samples for space. However, no examples have been 

found that shows the use of material gathered in space and using processes that have been shown 

to be possible to carry out in orbit. There is a great deal of interest in ISRU for ISM, particularly for 

use in planetary and asteroid exploration. 

There is an extensive literature on manufacturing of foams and the material properties of solid 

foam. While there has been a great deal research toward predicting material properties of foams 

based on its bulk material, it appears that final material properties can vary from commonly used 

models such as the Gibson-Ashby equations. For this reason, where possible, this thesis uses solid 

foam material properties that are based on reported empirical data. This is not possible for some of 

the novel materials discussed. It is important to note that, because the empirical data used for the 
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solid foam material properties is based on terrestrial data there may still be some variability in the 

final properties. 
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3. Trade Offs 

As discussed in chapter 2, to date the only examples of IOM have been carried out in a pressurised 

environment on board the ISS [14]. This is a significant step forward in the development of IOM, 

however such in-atmosphere IOM would be limited to building structures inside a pressurised 

container and could not fully exploit the benefits presented by IOM. In particular such technologies 

could not be used to fulfil the macro-scale applications discussed by McInnes et al [25] or Frass [26]. 

To be able to construct a macro-scale in-orbit structure the manufacturing technology would have 

to demonstrate that it can operate autonomously in the space environment without a protective 

atmosphere around the build. 

Therefore, there is still a gap in the technology available for IOM. As well as the requirement to 

operate in the space environment, there are other important characteristics that must be considered 

for the successful deployment of IOM technologies. These may include: 

- Deployment/print time – The time it takes for the structure to be constructed, checked and 

commissioned. 

- Autonomy – The capability of the technology to run without operator intervention, this 

includes all stages of the build, inspection and commissioning. 

- Adaptability – The capability of the technology to be used for more than one purpose or to 

adapt to meet the mission requirement. 

- Resource effectiveness – How effectively the technology can deploy the resource that it 

processes. 

- Reliability – How reliable the technology is at producing hardware and how consistent the 

quality of that hardware is. 

- Whether or not the technology can utilise in-space resources – Can the technology utilise 

materials found in space such as materials found on asteroids, extraterrestrial bodies or 

discarded mission equipment  

3.1 Deployment Time 

Traditionally, once a spacecraft is launched it must go through a process of commissioning before 

entering full operations  [48], [49]. The construction of hardware using ISM would become part of 

the commissioning operations. Commissioning operations are generally non-productive towards 

the main mission objectives, hence shorter commissioning operations can lead to a reduction in 

unproductive time, increase the effective mission length and reduce mission overhead costs. For a 

mission using IOM, the deployment of hardware manufactured in orbit could take a significant 

proportion of time. This is of relevance to shorter missions such as CubeSat or Small Sat missions 

in LEO which may have a mission life that is less than 10 years [48]. For longer missions, such as 
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those outside of LEO or on interplanetary missions, a longer build process may be more acceptable, 

particularly that time would allow for the construction of a more capable structure. 

Given that ISM could be used to produce a wide range of products the most effective metric to 

compare deployment effort could be the print rate – that is the rate at which an AM process makes 

useable material – as print rate will scale directly with deployment time, regardless of the specifics 

of the scale of the product being made. The print rate characteristic can be shown as a volume, area 

or mass rate, depending on the use case. 

Print rates can be compared across a range of processes proposed for ISM. The material selected 

and the manufacturing process will affect the print rate of solid foam. This trade off will focus on 

the use of Polyurethane Foam (PUF) given that these foams have been considered for use in space 

[35]. To understand the parameters of a PUF AM process, the study of a 3D printing cable 

suspended robot presented by Barnett and Gosselin [50] was used as an example. This study was 

selected as it showed an example of a full 3D printing process using foam, and so shows a practical 

application of the process rather than a theoretical maximum case. The study presents a variable 

flow system with a peak material flow of 5 g/s. Given that the PUF used had a density of 25kg/m3, 

the peak flow rate equates to a volumetric rate of 2x105 mm3/s. The study also reports the total time 

– 38 hours – and volume – 298 L – for the print. This can be used to find estimates of the average 

volumetric and mass rate as 2178 mm3/s and 0.054 g/s, respectively. 

The volumetric print rate for of a Fused Filament Fabrication (FFF) process using PEEK is reported 

by Li and Lou [51], as part of a study into the tensile bending strength of 3D printed samples. The 

study reported a print rate of 30 mm/s, with a maximum nozzle size of 0.4 mm. If it is assumed that 

the nozzle is circular in shape, then the volumetric print rate 𝑉̇ can be calculated using the diameter 

of the nozzle ØN and the print rate vPr in the following equation. 

𝑉̇ = 𝑣𝑝𝑟 𝜋 (
∅

2
)
2

 3-1 

In equation 3-1, the volumetric print rate is the product of the cross-sectional area of the nozzle and 

the print rate (as reported by Li and Lou [51]). Assuming that the nozzle is circular, the cross-

sectional area of the nozzle is the product of π and the square of half the nozzle diameter. 

The volumetric printing rate reported would result in a volumetric print rate of 3.770 mm3/s. This 

research was conducted using Apium PEEK 450, which the supplier reports [52] as having a density 

of 1.3 g/cm3. The mass rate of this FFF process is the product of the volumetric print rate and the 

density which is 4.901x10-3 g/s. 

In their research on the material properties of materials made using metal AM process – Direct 

Energy Deposition (DED) – Zhang  et al [53] reported on the mass print rate of the process used. 

The rate varied with power consumption of the process, at low power (600W) the process was 

reported to having a flow rate of 4g of powder per minute or 6.667x10-2g/s, at high power (1400W) 

the process was reported to having a flow rate of 20g of powder a minute 3.333x10-1g/s. These 

process used Stainless Steel 316, which is reported to have a density of 8.00g/cm3 by Yakout et al 

[54]. The density can be used to find the volumetric print rate of the low and high-power process 

of 8.333mm3/s and 41.667mm3/s, respectively. 
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Examples of the mass and volumetric print rates of an AM process using PUF, PEEK filament (using 

a FFF process) and Stainless Seel 316 (using a DED process) are shown in Table 3-1. Also shown in 

Table 3-1 is the time it would take to print a cubic meter with each of these approaches. 

Table 3-1 – Print rates for various AM processes 

Approach (Process 

and Material) 

Volumetric Print 

Rate 𝑽̇ [mm3/s] 

Mass Print Rate 𝑴̇ 

[g/s] 

Time Taken to Print 

a Cubic Meter [s] 

AM process, PUF 2178 0.054 4.591x106 (2 weeks) 

FFF, PEEK 3.770 4.901x10-3 2.653 x109 (82 years) 

DED (600W), SS316 8.333 0.067 1.200 x109 (38 years) 

DED (1400W), SS316 41.667 0.333 2.400 x108 (8 years) 

While the mass print rates of each of these processes are comparable, the volumetric flow rate of 

the PUF process is between two and three orders of magnitude greater than the DED or FFF 

process. It is possible that the print rates of the FFF and DED processes would increase in specific 

conditions, with specific material or with a second printer head, but these improvements would 

have to be substantial and could have knock on implications to other characteristics of the process. 

3.2 Autonomy 

The remote nature of satellite applications means that autonomy is an important consideration for 

any technology deployed in space. The extreme remoteness of a space platform makes it difficult 

for operators to accesses performance and intervene. Given that the products of an ISM process 

may require the control of multiple parameters for long durations of time in the extreme 

remoteness of space, the need for autonomy in ISM may be even greater than a conventional 

satellite application.  Technologies used for ISM would have to consider how the materials 

produced are inspected and how errors can be corrected for. 

The choice of ISM process could affect the complexity of the systems used to control the process 

and the ease with which an autonomous system could be developed or how robust that system 

would be. The more consistent and predictable an ISM process is the easier it will be to control and 

to develop a robust autonomous system. Additionally, processes which require fewer parameters to 

be monitored for a successful print may also be easier to automate, as fewer parameters will require 

fewer sensors. The ease of which a robust autonomous system can be developed for an ISM process 

is closely linked with the reliability of the process. 

Given how critical the specifics of the system design would be to the autonomy of any ISM process, 

and how early the concepts of ISM process are, it is difficult to make a direct comparison between 

different ISM process beyond reinforcing the importance of process reliability  
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3.3 Adaptability 

As discussed in chapter 1 section 3, an advantage for ISM is the ability to adapt to changing 

scenarios and mission objectives. Additionally, an ISM process that can be adapted for use across a 

range of applications may be able to spread its cost of development over more mission and 

customers, hence it is possible that an ISM process that is highly adaptable is also more 

economically viable.  

One metric that could be used to compare the adaptability of ISM processes might be the number 

of use cases that a particular ISM process can be used to construct. For example, a FFF process, such 

as the one demonstrated on board the ISS discussed in [14], typically produces plastic components 

which might limit the possible application of this technology to purely structural components, 

without the ability to produce material that could be used for thermal or electronic components. 

The PVD process (discussed in chapter 2 section 1) is used to make a wide range of products for on 

ground applications. The PVD process produces thin films [13] which are used for a great deal of 

applications. The PVD sputtering process is used in the construction of solar reflective material, as 

described by Mengali et al [55]. These solar reflectors are key components in satellite thermal 

management as they provide surfaces with a low solar absorptivity and high IR emissivity, which 

makes the surface more effective at emitting heat and less effective at absorbing heat from the 

environment [56]. The PVD processes are used in the manufacturing of a wide range of electronics 

including batteries, as described by Lobe et al [54]. PVD can also be used in the construction of 

optics including computer-generated holograms, as discussed by Zhang et al [57]. As discussed 

chapter 2 section 2, Lippman suggests using PVD to produce solar sails [13] which could be used 

for orbital manoeuvres. While PVD has been shown to be capable of making a wide range of 

products, both the process and the feedstock would have to be changed to produce some of these 

products. One PVD process may not be capable of producing all the product explored. 

Solid foams (discussed in chapter 2 section 3) are used for many applications. Solid foams already 

see extensive use as insulating materials. PUFs have been applied to the cryogenic fuel tanks of 

launch vehicles [58] both in-atmosphere and in vacuum. Typically, this foam insulation is applied 

in the form of spray-on foam insultation (SOFI) that can be easily applied to large complex shapes 

– such as fuel tanks – or applied to multi-layer insulation (MLI) for use on deep space cryogenic 

tanks, as discussed by Xiaodai et al [59]. PUFs have been used in structural components such as 

roofing described as Keller et al [60], in which PUF was used as part of a sandwich board. In many 

cases, when PUFs are used for a terrestrial structural applications, they are reinforced with other 

materials to provide greater load bearing capacity. It is possible that in an orbital micro gravity 

environment that PUF may not need this support material.  

 

3.4 Resource Effectiveness 

Regardless of the technologies selected for an in-space manufacturing system the process will 

require the utilisation of resources. A system that can more effectively use resources to create 
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products will be able to create more produces for a given cost and reduce the amount of scrap or 

unused resources.  

The resources needed for an in-space manufacturing system would include both feedstock and 

electrical power. In the case of feedstock, the expense of supplying this resource would include not 

only the typical extraction and refinement cost of a terrestrial manufacturing process, but also the 

cost to transport that material to orbit. Currently the price to deliver a kilogram of material to LEO 

can be estimated at $3170 (22,000 kg at $69.75 M) on a fully loaded Falcon 9 rocket [61]. In-space 

manufacturing systems would thus have an even greater cost for feedstock than a terrestrial system 

when the resource is supplied form a terrestrial source, and so the effectiveness of raw materials is 

of critical importance to an in-space manufacturing process. To compare the effectiveness of the 

feedstock utilisation to make a product, the comparative mass of the products, made using different 

processes could be used. For this comparison to be effective the product that is produced must have 

comparable functionality. As will be explored further in chapter 4 discussing solid foam use cases, 

a simple comparison between these different techniques can be found by using the example of a 

loaded beam as presented in Hastie et al [10]. This paper explored the difference in mass of a square 

cross-sectioned beam when loaded in bending with the same load at the same distance. The results 

of this study are shown in the table below: 

Table 3-2 – Comparative mass of simple beams, presented in Hastie et al [10] table 1 

 Foam FDM DED 

Thickness (mm) 18.2 5.2 2.8 

Beam Volume (m3) 3.3×10-4 2.7×10-5 7.7×10-6 

Tensile Yield 

Strength (MPa) 
1.99 87.34 558 

Density (kg/m3) 160 1300 7990 

Beam Mass (g) 53.0 34.6 61.8 

As is shown in Table 3-2, while the solid foam has a low density the volume required to support 

the load, using a simple square section, is much higher than the other manufacturing processes and 

so its overall mass and its resource efficiency is broadly comparable with the other manufacturing 

processes presented. Other functional comparisons are presented in Hastie et al [10] and will be 

discussed in detail later in chapter 4. While foams are mass/ resource efficient when considering 

purely the volume occupied, it is possible that other processes may be more efficient for products 

with specific functions.  

Electrical power should also be considered a resource when considering the resource effectiveness 

of a manufacturing process. Satellites in Earth orbit are typically powered by solar arrays. A solar 

array’s power generation scales with its surface area meaning that larger power demanding 

applications require large, heavy solar arrays to power them. A system that requires a large amount 
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of energy to create a product would require a large solar array to provide the power required or 

accept a prolonged deployment time if the power consumption can be throttled or cycled. As with 

the raw material cost, larger and heavier power generation equipment would increase the 

transportation cost to orbit, as well as the system hardware cost. In this case, a measurement of 

energy per effective unit of volume or energy per effective unit of area, would be useful to compare 

technologies depending on the application in use. For example, a complex 3D structure may be 

best to consider in terms of energy per unit of volume whereas a large planer structure, such as a 

solar array, could be better considered in terms of energy per unit of area. As with the feedstock 

resource effectiveness, it may be more useful to consider the energy consumption to produce 

comparably functional products. As will be discussed, this comparison was also considered in 

Hastie et al [10]. With an estimated foam power consumption of around 1/100 of the DED printing 

process and a shorter printing time, foam can be seen to have a much greater resource effectiveness 

than the other processes considered when considering the electrical power.  

As an in-space manufacturing system would be physically isolated form the Earth, low resource 

effectiveness would also have a detrimental effect in the form of waste. Over time this could build 

up in the systems and lead to damage or cause space debris if not contained suitably. In the case of 

power generation, power that is generated but not used in the manufacturing process directly, due 

to inefficiency, may be dissipated as heat which would have to be managed within the in-space 

manufacturing system. The dispersal of this heat from the system would require additional thermal 

management systems which could add both mass and complexity to the system. 

3.5 Reliability 

Given the remote nature of space applications outside of the Earth’s atmosphere, there is almost no 

opportunity for a user to manually correct faults or even detect faults. This limitation is a significant 

design driver for all space applications but may be particularly significant for an IOM facility. Not 

only must the manufacturing facility operate autonomously, but the products that the facility 

creates will go on to become critical components for other systems, many of which will be 

autonomous themselves. Hence, the reliability of an IOM facility can be considered on two levels: 

- How consistent are its products – a quality of manufacturing question 

- How consistently can it operate autonomously – an operational reliability question 

This thesis uses the definition of reliability offered by Sun et al in Reliability Engineering [62] 

which is the “property of an object to maintain in time, within the established limits, all parameters 

that ensure the performance of the required functions in the specified operating conditions”. 

The reliability of the products produced by a facility can be considered by exploring the variability 

of the properties of these products when produced using terrestrial process. For example, to 

understand the repeatability and reliability of the strength of polyurethane the variability of 

strength in a polyurethane terrestrial polyurethan sample could be explored. As was discussed in 

the literature review, the properties of a solid foam are dependent on its mesostructured which can 

be influenced by variations in the manufacturing process as exemplified by the sample produced 

during the REDEMPTION mission [35].  
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Reliability of the facility as a system can be considered by exploring the likelihood of system failure 

over a given period. This can be explored by considering the time to failure of terrestrial 

applications or considering the complexity of the process. A comparison of the reliability of the 

process could be made by considering how widely adopted the technology is, in this regard 

processes such as FDM have been widely adopted and are available for general use.  

3.6 Compatibility with ISRU 

As discussed in chapter 2 section 4, a technology that can enable ISRU holds the potential of 

untying the manufacturing process form Earth-based support. As such, there may be many 

applications where the in-space manufacturing approach must be capable of ISRU, partially for 

long term, extremely large and deep space applications when support from the ground can be 

logistically challenging or even unfeasible. Technologies that are not capable of ISRU may still have 

extensive applications in space but may be limited. It may be possible to consider some ISRU 

capability if the technology is capable of recycling and reusing materials form either space debris 

or parts of the mission that are no longer needed, such as was suggested by Lippman [13]. 

Some of the technologies considered in this thesis have already been considered for ISRU. 

Alternatively, some of the technologies considered could not feasibly use in-situ materials as their 

process is dependent on materials that can be difficult to find out with Earth or the material quality 

and preprocessing requirements are such that it is not practical to use in-space resources. An 

example of this may be the complex hydrocarbon and organic chemistry required for polymer 

manufacturing. Even while some of the basic components of this stock material may exist outside 

of the Earth, such as the hydrocarbons found on Titan [63], the complex processes required to form 

the stock may be difficult to transfer to space. Prepossessing limitations on stock material is not 

limited to chemistry, it could also include material consistency, shape or even storage. 

3.7 Comparison 

A weighted table can now be used to compare the performance of the following processes. 

- Direct Energy Deposition (DED) using a metal feedstock  

- Fused Deposition Method (FDM) using polymer filaments 

- Physical Vapour Deposition (PVD) using a metal feedstock 

- Solid foam manufacturing 

These processes shall be compared across three cases, in each case the weighting has been adjusted 

to account for the different needs for each use case. In each case the following parameters shall be 

considered: 

- Deployment/print time – from 1 to 5, 5 being a short deployment time and 1 being a long 

deployment time 
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- Ease of automation – from 1 to 5, 5 being a process that would be easy to control remotely 

with an automated process and 1 being a process that would be challenging without an 

operator supporting the process  

- Adaptability – from 1 to 5, 5 being a process that could be used to manufacture a range of 

products without hardware changes and 1 being a process that is only capable of 

manufacturing products used in one application 

- Resource effectiveness – from 1 to 5, 5 being a highly efficient process and 1 being an 

inefficient process 

- Reliability – from 1 to 5, 5 being a highly reliable process that produces products of a 

consistent quality and 1 being an unreliable process that produces poor quality products 

- ISRU compatibility – 0 to 2, 2 being a process that could conceivably produce products 

from feedstock that is exclusively found in space and each stage of the process can be carried 

out on-orbit, 1 being a process for which a significant majority of the resources and each 

stage of the process can be carried out on obit, and 0 being a process where the majority of 

the resources must be produced on the ground and/ or one or more of the process stages 

can only be conducted on the ground 

The use cases considered for this comparison have been selected to consider a range of possible 

applications that have been proposed for ISM. The cases are described below: 

- Short term use case – In this case, ISM is used to adapt one satellite to enhance its 

capabilities, the ISM facility is not intended for use beyond the lifetime of this mission, and 

it is not intended for this ISM process to be resupplied. This use case is similar to Redwire’s 

OSAM-2 mission [6], where the ISM facility is aimed at producing a truss for a solar array. 

- Medium term use case – In this case, the ISM facility is designed to make products in space 

that will improve the capabilities of other satellites over its lifetime, it is intended that this 

facility will be re-supplied. 

- Long term use case – In this case, the ISM facility is intended to construct larger 

infrastructure over a longer period to produce infrastructure that would not be possible to 

launch. An example of such a  large-scale structure could be the large mirrors suggested by 

Fraas [26] and could extend to much larger structures in the future. 

The estimated unweighted performance of each of the four methods is shown in Table 3-3 below. 

These performance scores were estimated by the author. 
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Table 3-3 – Unweighted comparison table 

Process DED FDM PVD 
Solid 

Foams 

Deployment Time 3 2 1 5 

Ease of Automation 2 3 2 2 

Adaptability 2 3 4 2 

Resource 

Effectiveness 
3 3 3 3 

Reliability 3 4 3 2 

ISRU compatibility 1 0 2 0 

Total 14 15 15 14 

The weightings used for the short-term case are listed from highest to lowest below: 

- Deployment time: 2.5 – In the short-term mission the deployment time takes a considerable 

proportion of the overall mission time and so is a key consideration in this mission’s 

comparison. 

- Ease of automation: 2 – A system that is difficult to automate will take longer to 

commission and operate, this would take up a significant proportion of the mission 

lifetime.  

- Resource effectiveness: 2 – In this case, the mission is not being resupplied and all material 

must be transported in the initial launch, additional resources could increase the mission 

mass or cut down on the mass of the payload to fit the requirements. 

- Reliability: 2 – In the short-term case there is less time to compensate for unreliable 

products and so the quality of products made by the ISM facility should be high. 

- Adaptability: 1 – As this process is only to be used for one mission the process does not have 

the same need for adaptability as the cases that will consider multiple missions. Adaptability 

is given a weighting greater than zero as some adaptability should be considered when 

considering an ISM process. 

- ISRU Compatibility: 0 – ISRU has not been scoped for this mission, for a short-term 

mission it would be challenging to gather and utilised resources in space inside the mission 

lifetime. 
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The weighted comparison for the short-term case is shown in Table 3-4 below. These weighting has 

been estimated by the author. The score is the product of the unweighted score and the weighting. 

Table 3-4 – Weighted comparison of short-term ISM mission 

Process Weighting DED FDM PVD 
Solid 

Foams 

Deployment Time 2.5 7.5 5 2.5 12.5 

Ease of Automation 2 4 6 4 4 

Adaptability 1 2 3 4 2 

Resource 

Effectiveness 
2 6 6 6 6 

Reliability 2 6 8 6 4 

ISRU compatibility 0 0 0 0 0 

Total - 25.5 28 22.5 28.5 

The weightings used for the medium-term case are listed from highest to lowest below: 

- Ease of automation: 2.5 – As this system is intended to operate over a longer mission any 

additional operations that are required to support the process on orbit would require on-

going support throughout the mission which incurs a significant cost. 

- Reliability: 2.5 – This system is intended to make products for other missions and enhance 

their capabilities, as such, the reliability of the products made by this system are significant. 

- Adaptability: 2 – This system will service other missions so a system that is more adaptable 

and can change its product to suit the needs of new missions could be advantageous.  

- Resource effectiveness: 1.5 – In this case, it is expected that the ISM platform will be 

resupplied, while resource effectiveness is still important, it would be possible to supply the 

mission with additional resources to make up for resources that are not used effectively. 

- Deployment time: 1 – As this is a longer mission more time can be allotted to deploying 

products and so the deployment time is less significant than in the short-term case. 

- ISRU Compatibility: 0.5 – This mission is intended to be resupplied so it is not dependent 

on using resources in situ. However, if this system is able to utilise in-situ resources it may 

reduce the need for resupplies and help make the system more independent. 

The weighted comparison for the medium-term case is shown in Table 3-5 below. These weighting 

has been estimated by the author. The score is the product of the unweighted score and the 

weighting. 
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Table 3-5 – Weighted comparison of medium-term ISM mission 

Process Weighting DED FDM PVD 
Solid 

Foams 

Deployment Time 1 3 2 1 5 

Ease of Automation 2.5 5 7.5 5 5 

Adaptability 2 4 6 8 4 

Resource 

Effectiveness 
1.5 4.5 4.5 4.5 4.5 

Reliability 2.5 7.5 10 7.5 5 

ISRU compatibility 0.5 0.5 0 1 0 

Total  24.5 30 27 23.5 

The weightings used for the long-term case are listed from highest to lowest below: 

- Ease of automation: 2 – This system is intended to make a large structure over a long time 

and so any operator support could become a significant cost and, as such, automation 

would be very important to such a system.   

- Reliability: 2 – The consistency of products made by this large-scale process would be 

important given the need for automation. 

- Adaptability: 2 – Given the scale of this construction it is possible that the production plan 

may have to update and adapt to complete the build, in this case, adaptability would be an 

important characteristic. 

- ISRU Compatibility: 1.5 – The scale of this construction would mean that a significant 

amount of mass would have to be transported to orbit from the ground at great cost, a 

system that was capable of ISRU may not have this cost. 

- Resource effectiveness: 1.5 – As it is intended for this mission to be either resupplied or to 

find supplies in-situ, the need for resource efficiency is similar to that of the medium-term 

case. 

- Deployment time: 1 – While still important for this case the overall deployment time is of 

less importance than it would be on a shorter-term mission as it may take up less of the 

overall mission time. 

The weighted comparison for the long-term case is shown in Table 3-6 below. These weighting has 

been estimated by the author. The score is the product of the unweighted score and the weighting.  
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Table 3-6 – Weighted comparison of long-term ISM mission 

Process Weighting DED FDM PVD Solid Foams 

Deployment Time 1 3 2 1 5 

Ease of Automation 2 4 6 4 4 

Adaptability 2 4 6 8 4 

Resource Effectiveness 1.5 4.5 4.5 4.5 4.5 

Reliability 2 6 8 6 4 

ISRU compatibility 1.5 1.5 0 3 0 

Total  23 26.5 26.5 21.5 

As shown in the comparison across the cases, solid foam is more suited to short term missions 

where the requirement for a rapid deployment of the in-space manufactured products is needed. 

In these cases, solid foams have key advantages for high volumetric print rates and low energy 

demand which make it appealing. However, solid foam’s poor reliability makes it less advantageous 

for longer term missions where slower processes that produce higher quality product can be used. 

The weightings used in this case have been decided by the author based on representative cases. It 

is possible that the weightings in a more specific example could be different and the specifics of 

any mission using ISM could change the outcome of this comparison. 

Other decisions matrices were considered for this comparison, including the Pugh decision matrix 

[64]. It was decided that, in this case, the Pugh would not be as effective as decision matrix used 

due to a number of factors: 

- It is difficult to assign a datum concept and evaluate performance against that when all the 

concepts presented are very early in development. 

- The Pugh was considered to be too course a tool as it was only possible to show small 

increments of improvement or regression (typically being limited to only two increments 

of improvement or regression). 

- A Pugh matrix would not have been able to show that a concept does not meet a criteria 

altogether (i.e. a process scoring a “0” on a criteria), which was used to show wither or not 

a process conformed with a non-critical process (as is the case in the example of FDM and 

Solid Foams for ISRU). In practical terms this would be similar to a product non-

conforming to a “should” requirement rather than a “shall” requirement, while this would 

have an impact on the selection it would not invalidate the use of the product for a task 

provided it meet the other requirements. 

- It was not clear that a Pugh matrix would have provided a more objective tool given that 

the inputs to the matrix would have been based on same evaluation as is shown above. 
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4. Solid Foams in Comparable Use Cases 

In order to better understand the characteristics of a solid foam material ISM process, when used 

to construct a large space structure, solid foams and their manufacturing processes were compared 

with other ISM materials and processes over a range of example cases. The results of this comparison 

were first reported on by Hastie, Bailet and McInnes in “On-Orbit Manufacturing of Large Space 

Structures Using Solid Foams” presented at the 72nd International Astronautical Congress [10]. 

This chapter will discuss the motivation behind this research, the methods used to gather the results 

and discuss the limitations of the research. 

4.1 Motivation 

The motivation for this study came from an interest in exploring systems that could take advantage 

of the unique qualities of solid foams that have been discussed in both the trade-off and the 

literature review chapters. The main qualities that the study explores in more depth are: 

- Short deployment times 

- High resource effectiveness 

- Adaptability 

As discussed in the trade off chapter, solid foams have a higher volumetric printing rate that other 

AM processes. In order to understand the impact of this high volumetric print rate the construction 

time of products made using each of these methods was compared. To provide a practical example, 

each of the products compared had to have the same functionality in its given use case. 

As discussed in earlier chapters, the low density of solid foams means that solid foams have a high 

packing ratio (the ratio of input material volume to output product volume). This high packing 

ratio shows that solid foams have a high resource effectiveness when only the volume of the product 

is considered. The effects of this high packing ratio are shown Figure 4-1 below, in which a 3D 

model shows how the volume of a cube of foam with varying relative densities, but the same solid 

mass, changes in volume when the cells are dispersed evenly. As discussed in the literature review, 

chapter 2 section 3, the mechanical material properties of a foam are also varied with foam density. 

The Gibson-Ashby equations for foam mechanical properties [30] suggest that the elastic modulus, 

bulk modulus and compressive strength of a solid foam all vary inversely with the foam’s relative 

density and packing ratio. This suggests that there may be an interesting trade-off between that 

packing ratio of solid foams and the weaker material properties when compared to other AM. To 

explore this further this study used a comparison between products made with various 

manufacturing processes, but with the same functionality, and explored if it would be possible for 

a solid foam structure to provide the same functionality with less resources than the other AM 

process considered. 
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Figure 4-1 – 3D model of foam cubes with varying relative densities, all models have the same 

solid mass presented in Hastie et al [10] 

In chapter 3 section 4, it was reported that the solid foam production process requires less power 

than other comparable manufacturing processes. As with the material resources, this provides an 

interesting comparison, as while the solid foams require less energy to produce a product of the 

same mass, when compared with other ISM processes, the material produced may have less optimal 

structural and thermal properties. Once again, a functional equivalent product comparison was 

conducted to explore the trade-off between solid foam and other ISM processes. 

Chapter 2 section 3 identifies multiple use cases for solid foams, notably thermal insulation and 

structural support. The ability to make use of solid foams for more than one application makes the 

process more adaptable. To investigate this adaptability, both thermal and structural use cases were 

explored to better understand adaptability of the process and consider the trade-offs that an 

adaptable process would have. 

4.2 Scope of Case Studies 

The chapter will now consider two cases, one where the ISM process is used to make a structural 

support and one where the ISM process is used to make an insulating layer. In each case an ISM 

product was constructed using a range of hypothetical ISM processes. The products used for each 

comparison all provided the same function. 

In the structural case, the product was a simply supported cantilever beam supporting a point load 

at a set distance. Each of the beams compared had the same cross-sectional shape (a simple square), 

the same arm length and the same load. The length of the sides of the square cross section were 

adjusted so that the beam provided the same resistance to the bending load, as shown by each of 

the beams having the same factor of safety, with respect to material strength. 
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In the thermal case, a solid foam sunshade was compared with an MLI system with the same 

thermal gradients between the sun facing and platform sides of the shade. The MLI shade was made 

of two thin film layers made of aluminium and produced using PVD and a frame, to hold tension 

across the film and separate the film layers, made of PEEK. This frame would be constructed using 

an FDM process. Both shades where square in shape, had the same area and provided the same 

thermal gradient when the shade is sun pointing and the payload is at room temperature. The 

design of the MLI systems was proposed and the thickness of the foam system was selected to match 

the temperature gradient of the MLI sunshade. 

In both cases the design of the product was simple to make for a more direct comparison across 

approaches. 

4.3 Methodology 

4.3.1 Cantilever Beam 

As discussed in section 2 of this chapter, the beam length, cross-sectional shape, load and factor of 

safety remained consistent across each example. A diagram of the beam is shown in Figure 4-2 

below: 

 

Figure 4-2 – Diagram of cantilever beam  

Here, F is the applied force, which is 1 N in this case, L is the beam length, which is 1 m in this 

case and H is the beam thickness, which varies depending on the material used. The Factor of Safety 

(FoS) with respect to yield strength remains constant at 2 across the material choices. The factor of 

safety is calculated using Eq. 4-1 below. 

𝐹𝑜𝑆 =
𝜎𝑀𝑎𝑥
𝜎𝑌𝑖𝑒𝑙𝑑

 4-1 

Here, σMax is the maximum tensile stress experienced by the beam and σYield is the tensile yield 

strength of the beam material. The maximum tensile stress was calculated using the Euler–

Bernoulli beam theory, with the assumption that the cross section of the beam remains normal to 

the length of the beam at any point along the beam, as discussed by Megson [65, p. 9]. The 

maximum stress was found using Eq.4-2 below 
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𝜎𝑀𝑎𝑥 =
𝑀𝑜𝑀𝑎𝑥 𝑦𝑀𝑎𝑥

𝐼
 4-2 

Here, MoMax is the maximum bending moment experienced on the beam, yMax is the distance from 

the neutral bending axis to the outer surface of the beam and I is the second moment of area. The 

maximum bending load occurs at the base of the beam where it meets its support and is equal to 

the product of the load and the beam length. The bending occurs symmetrically around the centre 

of the beam as the beam is evenly supported at its base, as such, the maximum distance from the 

bending axis is equal to half the beam’s thickness. The second moment of area for the section has 

been calculated using Eq. 4-3 which has been derived from Megson [66]. 

𝐼 =
𝐻4

12
 4-3 

Using these relationships the thickness of the beam was calculated using Eq. 4-4 below. 

𝐻 = √
6 𝐹 𝐿 𝐹𝑜𝑆

𝜎𝑌𝑖𝑒𝑙𝑑

3

 4-4 

The print time and energy usage were calculated using the process rates discussed in chapter 3 

section 1. 

4.3.2 Sunshade 

As discussed in section 2 of this chapter, the sunshade must have the same thermal gradient when 

the payload is held at room temperature. While both systems provide the same thermal gradient, 

this is achieved via different designs. The MLI is made up of 2 sheets of thin aluminium and the 

foam sunshade is a consistent coating across the same surface area. Both systems are square in shape 

and have edges of 150 m. Macro scale sunshades of the scale considered here could be used to 

protect large space telescopes from high thermal loads or prevent cryogenic fuel tank boil off in a 

similar manner to the insulators considered by Xiaodai et al [59]. One face of the system will face 

the sun and the other will face a nominal payload. 

The MLI case considered was constructed of two aluminium thin film layers each of which is 25 

µm thick. The layers are tensioned using a cross shaped tensioning frame, made up to 4 tube shaped 

trusses constructed from PEEK. It is similar in shape to the solar sail investigated by Sleight and 

Muheim [67]. A schematic of this system is shown in Figure 4-3 below. 
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Figure 4-3 – Multilayer system design diagram (not to scale) 

Here OD is the outer diameter of the tube which was 100 mm and ID is the internal diameter of 

the tube which was 98mm. It was assumed there was little to no heat exchange across the frame 

and that each film had a perfect view factor of the next one. To calculate the temperature gradient 

across the system the heat exchange between the inner and outer layers of each of the films was 

considered when the heat flux was set to the mean solar heat flux. Within the same film the 

temperature gradient was calculated using conduction and between the films the temperature 

gradient was calculated using radiative heat exchange. The system was divided into five nodes: 

1. The payload 

2. The surface of the layer closest to the payload that is facing the payload 

3. The surface of the layer closest to the payload that is facing the sun 

4. The surface of the layer closest to the sun that is facing the payload 

5. The surface of the layer closest to the sun that is facing the sun 

A diagram of this nodal system is shown in Figure 4-4 below. 

 

Figure 4-4 – Multilayer system thermal nodes 
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The Stefan-Boltzmann law can be used to calculate the radiative heat exchange between two planar 

grey bodies, as described by Balaji et al [68] using the radiosity-irradiation method, as shown in Eq. 

4-5 below. 

𝑞 =
𝑆𝐵𝐶(𝑇𝑎

4 − 𝑇𝑏
4)

1
𝜀𝑎
+
1
𝜀𝑎
− 1

 4-5 

Here q is the heat exchanged per unit area, T is the temperature for either body a or b, ε is the 

emissivity of the surface and SBC is the Stefan-Boltzmann constant. The heat exchange through the 

thin film can be calculated using conductive heat exchange, as described by Balaji et al [69] , as 

shown in Eq. 4-6 below. 

𝑞 = −𝑘
𝜕𝑇

𝜕𝑥
 

𝑞 = −𝑘
∆𝑇

𝑤
= −𝑘

𝑇𝑎 − 𝑇𝑏
𝑤
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Here k is the thermal conductivity of the material, Ta and Tb are the temperatures of surfaces a and 

b respectfully on either side of the material the difference and w is the thickness of the material. 

Using equations 4-5 and 4-6 above the temperatures of each node in the system can be found based 

on the temperature of node 1. 

𝑇2 =
√
𝑞 (
1
𝜀2
+
1
𝜀1
− 1)

𝑆𝐵𝐸
+ 𝑇1

4

4
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𝑇3 =
𝑞𝑤𝐹𝑖𝑙𝑚
𝑘

+ 𝑇2 =
𝑞𝑤𝐹𝑖𝑙𝑚
𝑘

+
√
𝑞 (
1
𝜀2
+
1
𝜀1
− 1)

𝑆𝐵𝐸
+ 𝑇1

4

4
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𝑇4 =
√𝑞 (

1
𝜀4
+
1
𝜀3
− 1)

𝑆𝐵𝐸
+ 𝑇3

4

4

= √
𝑞 (
1
𝜀4
+
1
𝜀3
− 1)

𝑆𝐵𝐸
+

(

 
𝑞𝑤𝐹𝑖𝑙𝑚
𝑘

+
√𝑞 (

1
𝜀2
+
1
𝜀1
− 1)

𝑆𝐵𝐸
+ 𝑇1

4

4

)

 

4

4
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𝑇5 =
𝑞𝑤𝐹𝑖𝑙𝑚
𝑘

+ 𝑇4 =
𝑞𝑤𝐹𝑖𝑙𝑚
𝑘

+ √
𝑞 (
1
𝜀4
+
1
𝜀3
− 1)

𝑆𝐵𝐸
+

(

 
𝑞𝑤𝐹𝑖𝑙𝑚
𝑘

+
√𝑞 (

1
𝜀2
+
1
𝜀1
− 1)

𝑆𝐵𝐸
+ 𝑇1

4

4

)

 

4

4
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The temperature over the entire thermal gradient can then be found using the following equation. 

∆𝑇 = 𝑇5 − 𝑇1 4-11 

The temperature gradient, ΔT, found in Eq. 4-11 can also be used in Eq. 4-6 to calculate the 

thickness of a foam, w, that would be required to achieve the same the same thermal gradient as 

the MLI system.  

The print time was calculated by taking the sum of the time taken to print each element of the 

system. An element’s print time was calculated as the time it would take to print the volume of that 

element using a uniform volumetric print rate for that material. The volumetric print rates for each 

material used are discussed further in section 4.4.  

The MLI system consisted of 3 elements – 2 films and a tensioner frame. The volumes of the films 

were calculated as the product of the overall sunshade area – 150 m x 150 m – and the thickness of 

the film – 25 µm thick – which is discussed earlier in this section. The volume of the tensioning 

frame was calculated as the product of the cross-sectional area of the frame (as set out in Figure 4-3) 

and the length of the frame’s arms. The films and frames were printed using a PVD and FDM 

printing process, respectively, the volumetric print rate for each of these processes is discussed 

further in section 4.4. 

The volume of the foam system was calculated as the product of the overall sunshade area – 150 m 

x 150 m – and the foam material thickness required to meet the temperature gradient calculated in 

Eq. 4-11. 

The energy required to construct each system was found as the product of the total print time and 

the power required to use the ISM process. 

It was assumed in the study that the sun facing side of the shade received full solar flux. However, 

Gibsons’s “Spacecraft thermal control handbook” [56] suggest that the heat flux into a surface can 

be calculated as the product of the incoming heat and the surface absorptivity. If this modification 

is applied, then it would result in a reduction in the heat flux into the system as surface absorptivity 

must be less than 1. 
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4.4 Case Parameters 

4.4.1 Cantilever Beam 

As discussed earlier, the length of the beam and the load that it is supporting is 1 m and 1 N 

respectfully so the maximum bending moment is 1 Nm. The tensile yield strength and density for 

each of the materials used in the study is shown in Table 4-1 below along with its source. Where 

possible the material strength and density values cited have come from sources, in which the 

material studied used the same forming processes as the material considered in this comparison 

study. For example, the strength of PEEK used below is based on the results of PEEK samples 

produced using FDM and not a PEEK sample that has been injection moulded or machined. 

Table 4-1 – Cantilever case material properties 

Process & 

Material 

Tensile Yield 

Strength, σYeild 

(MPa) 

Density, ρ 

(kg/m3) 
Sources 

Sold Foam, 

PUF 
1.99 160 PCF10 reported by Horak et al [70] 

FDM, PEEK 87.34 1300 

Strength – PEEK 450GTM reported 

by Li and Lou [51] 

Density – VitexTM PEEK 450GTM 

datasheet [71] 

DED, 316 

Stainless Steel 
558 7990 Reported by Zhang et al [53] 

As well as the material properties, this study also considered the process parameters of print rate 

and power consumption to understand the total construction time and the total energy 

consumption needed. There are fewer direct sources of information on this available when 

compared with the material properties. The process parameters used in this study are shown in 

Table 4-2 below, the sources of information and justification is shown for each parameter. 
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Table 4-2 – Cantilever case process properties   

Process 

Volumetric 

Print Rate, 𝑽̇ 

(mm3/s) 

Mass Print 

Rate, 𝑴̇ 

(g/s) 

Power 

consumption, P 

(W) 

Sources 

Sold 

Foam 
2178 0.054 41.73 

Print rate – As reported 

by Barnett and Gosselin 
[50] 

Power – See note 1 

FDM 3.770 4.901x10-3 139 

Print rate – Based on the 

reporting of Li and Lou 

[51] 

Power – reported by 

Hassan et al [72] for a 

full in fill using the 

Apium P220 FFF 

DED 1.69 1.4×10-2 1000 

Based on the layer hight 

and print rate reported 

by Zhang et al [53] 

1 There is no reporting of the power consumption for the foam dispersal system used by Barnett 

and Gosselin [50], it is possible that a pressurised container was used instead of a continuous pump. 

To provide an example of the power that would be required for a PU foam dispersion, a pump was 

selected that can provide the same flow rate as the peak flow rate reported by Barnett and Gosselin. 

The power consumption was then found by assuming that the power scaled linearly with the flow 

rate and considering the volumetric flow rate above. The example pump used was a AlchatekTM 

IMPACT 440 [73], which is capable of a peek flow rate of approximately 34068.7 mm3/s (0.54 

gallons per minute) and a peek power consumption of 652.75 W (7/8 electrical horsepower). If the 

power consumption linearly scales with the flow rate, then for a mean flow rate of 2178 mm3/s the 

power consumed would be 41.73 W. 

4.4.2 Sunshade 

Many of the same processes and materials are used in the sunshade and cantilever beam cases, this 

section shows the new or modified parameters. 

There are thermal properties that were used in the sunshade example that are not considered in the 

cantilever beam. Thermal conductivity for both the foam and the aluminium are considered. The 

foam used is polyurethane and the value used for thermal conductivity is 0.025 W/mK, which is 

reported by Gibson and Ashby [30] and is similar to values presented by Zhang et al [74] and 

Tibério Cardoso et al [75]. The metallic film used in the MLI system is made of aluminium, Zhang 
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and Li [76] report a thermal conductivity for pure aluminium of 237 W/mK and aluminium alloys 

ranging from 92 W/mK to 152 W/mK. Given that this is aluminium made in the process described 

by Lippman [13] , in which some of the spacecraft structure is reused after launch, it would be 

consistent to base the thermal conductivity on an aluminium alloy that is used for this purpose. 

For this reason, the thermal properties of aluminium 6061, which is used in spacecraft structures, 

was used. Gilmore [56] reports aluminium 6061 as having a thermal conductivity of 180 W/mK.  

The thermal optical properties for the aluminium sheet must be considered in the multilayer 

thermal insulation case. An emissivity and absorptivity of 0.02 and 0.08 is reported by Gilmore [56] 

for vapour deposited aluminium. Aluminium 6061 has a density of 2700 kg/m3 as reported 

by Adediran et al [77] 

The process parameters for the PVD process have been derived from the study reported by Lippman 

[13], in which a print rate of 0.2 kg per hour (5.6x10-2 g/s) is achieved with a system that consumes 

2640 W of power. The sheet thickness was 2.5 µm. The density of aluminium used was 2700 kg/m3. 

4.5 Results 

4.5.1 Cantilever Beam 

The beam thickness calculated using Eq.4-4 and the parameters detailed section 4.4, are shown in 

Figure 4-5 and Table 4-3 below. 

Table 4-3 – Thickness of square section required to the support load for the cantilever case 

Material Foam PEEK Stainless Steel 

Beam Thickness, H (mm) 18.20 5.16 2.78 
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Figure 4-5 – Thickness of square section required to support the load for the cantilever case 

 

The beam mass, calculated using cross sectional area and length to find the volume, and the density 

detailed in section 4 of this chapter, are shown in Figure 4-6 and Table 4-4 below. 

Table 4-4 – Mass of beam required to support the load for the cantilever case 

Material Foam PEEK Stainless Steel 

Beam Mass, M (g) 53.01 34.62 61.79 
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Figure 4-6 – Mass of beam required to support the load for the cantilever case 

The time taken to print the beam, calculated using the cross-sectional area and length to find the 

volume and the volumetric print rates set out in section 4 of this chapter, are shown in Figure 4-7 

and Table 4-5 below.  

Table 4-5 – Time taken to produce beam required to support the load for the cantilever case 

Material Foam PEEK Stainless Steel 

Beam Production Time, t (s) 152 7.06x103 4.56x103 
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Figure 4-7 – Time taken to produce beam required to support the load for the cantilever case 

The energy consumed to create the beam, calculated as the product of the beam print time and the 

average power consumption detailed in section 4 of this chapter, are shown in Figure 4-8 and Table 

4-6 below. 

Table 4-6 – Energy consumed to produce beam required to support the load for the cantilever 

case 

Material Foam PEEK Stainless Steel 

Beam Production Energy, 

E (J) 
6.35x103 9.82x105 4.57x106 
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Figure 4-8 – Energy consumed to produce beam required to support the load for the cantilever 

case 

4.5.2 Sunshade 

Using the parameters set out in section 4 of this chapter and Eq. 4-11 it was found that the 

multilayer system can provide a temperature gradient of 1188 °C between the sun facing side of the 

system and the payload when the heat flux through the system is equal to the solar flux. To meet 

this temperature gradient, when solar heat flux is applied, the foam layer system must have a 

thickness of 21.6 mm. A gradient of 1188 °C represents what this multilayer system could 

theoretically hold if the heat flux is equal to the maximum solar flux.  However, in practice, it is 

possible that this heat flux would not be realised, as some of the solar flux would not be absorbed 

by the surface of the sun facing side of the system and more heat being reject to space, as the 

temperature of the sun facing film increased. While this gradient is unlikely, it shows what the 

multilayer system is capable of and provides a maximum gradient that a foam layer can be 

compared with in term of construction time and energy. 

The total mass for both the multilayer system and the foam layer system using are shown in Figure 

4-9 and Table 4-7 below. These masses have been calculated as product of the system volume, found 

using the process outlined in section 3 of this chapter, and the material density detailed in section 

4 of this chapter. 
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Table 4-7 – Mass required for each system in sunshade case  

System Foam 
Multi-layer  

(Thin film/ Frame) 

Sunshade Mass, M (kg) 7.79x104 304/ 172 

 

Figure 4-9 – Mass required for each system in sunshade case. For the foam system the insulator is 

the foam, for the multilayer system the insulator is the aluminium film and the support is the 

PEEK frame 

The total print times for both systems were calculated, using the process outlined in section 3 of 

this chapter, are shown in Figure 4-10 and Table 4-8 below. 

Table 4-8 – Time taken to produce each system in sunshade case, using updated process 

parameters 

System Foam 
Multi-layer  

(Thin film/ Frame) 

Sunshade Print Time, t (s) 2.23x108 5.47x106/ 8.18x107 
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Figure 4-10 – Time taken to produce each system in sunshade case. For the foam system the 

insulator is the foam, for the multilayer system the insulator is the aluminium film and the 

support is the PEEK frame. 

The total print energy for both systems was calculated, using the product of the total print time 

shown above and the average power detailed in section 4 of this chapter, are shown in Figure 4-11 

and Table 4-9 below. 

Table 4-9 – Energy consumed to produce each system in sunshade case 

System Foam 
Multi-layer  

(Thin film/ Frame) 

Sunshade Print Energy, E 

(J) 
9.32x109 1.44x1010/ 8.18x109 
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Figure 4-11 – Energy consumed to produce each system in sunshade case. For the foam system the 

insulator is the foam, for the multilayer system the insulator is the aluminium Sheet and the 

support is the PEEK frame. 

4.6 Discussion 

When comparing simply supported cantilever beams it was found that the foam material required 

the thickest section followed by the PEEK beam, with the steel beam requiring the smallest section 

as is shown in Figure 4-5. This is not a surprising result given that Eq. 4-4 that the thickness of the 

beam is inversely proportional to the material strength. When comparing the cantilever beam’s 

mass, it was found that, while foam required the thickest beam section, its relatively low density 

meant that this beam’s mass was less than that of the stainless steel beam, while still greater than 

that of the PEEK beam, as shown in Figure 4-6.  

When comparing the deployment time, the foam printing process takes the shortest time, with the 

stainless-steel process the second shortest and the FDM process taking the longest, as shown in 

Figure 4-7. The solid foam deployment time is significantly shorter than the next shortest 

deployment time (stainless steel DED) with a difference of almost two orders of magnitude 

between the foam printing process and the DED process.  

When comparing the energy required to produce the beam, it is clear that the foam printing process 

takes significantly less energy than the FDM or stainless-steel DED processes, with the DED process 

being the most energy intensive. This solid foam process requires more than two orders of 

magnitude less energy than the FDM process, as shown in Figure 4-8. 
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When comparing the sunshade case solutions, it can be seen that the foam solution requires more 

mass than the multi-layer solution would, as shown in Figure 4-9. The deployment time of the foam 

is around four times greater than that of the multi-layer system, as shown in Figure 4-10. The foam 

solution was shown to require less energy to construct than the multi-layer solution requiring 

around half as much energy, as shown in Figure 4-11. 

In both cases, the foam product provides a similar function to the comparable products by 

providing either a thicker, in the case of the beam, or more massive, in the case of the shade, 

product. This is not surprising, given that the material properties of the foam for both mechanical 

strength and thermal transportation are less favourable than the material or systems that it has been 

compared with. Notably, in both cases, it can be seen that the foam printing process requires less 

energy than any of the other process that it is compared with, in the case of the cantilever beam 

this is quite significant, with the foam requiring two orders of magnitude less energy to construct 

the beam than the comparable processes. Similarly, foam shows an advantage when it comes to 

deployment time in the cantilever beam case and a similar print time in the sunshade case. 

A simple comparison of the process and material parameters of a foam printing process could 

predict that the foam printed product would be larger and the printing process would have a higher 

print volume rate. However, his study shows that, when the products created have a comparable 

function, a foam printing process may be able to produce this product in a shorter time and use 

less energy to do so. This suggests that foam may be a useful solution for products manufactured 

in space when the spacecraft has low power generation capabilities, or a short mission life as was 

suggested in the trade-off chapter. 

4.7 Limits of the Study 

The outcomes of this study have been limited by the assumption and simplifications that where 

applied. A notable example is the limitation on the complexity of the cases studied. While this is 

somewhat deliberate, to remove case specific variability for the study, it is unlikely that such simple 

use cases will be applied in practice. For example, the loading described in the cantilever case is 

unlikely to be so simply loaded, with a more likely example involving a more variable load in both 

scale and direction, as well as more specifics on the application of any such load.  It is likely that 

more complex examples would increase the additional mass required for the foam beam compared 

to the other materials, but it is not clear at what point a more complex foam beam would require 

more energy or time to produce than either a PEEK or stainless-steel beam. A more complex case 

could be used to study this in more depth, and understand at what stage the additional volume of 

foam required would result in a longer foam print time or a foam print that requires more energy 

than the PEEK or steel equivalents. 

In the sunshade case, no maximum temperature was considered. Given that the temperature 

gradients reported were greater than 500 K, changes in the material property and state could be 

expected. This would indicate that both systems would be invalid in the case as it is currently 

presented. A more detailed case, which considers the heat lost to the environment, as well as the 

heat absorbed due to solar radiation, could be a more suitable comparison. Such a case could 
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explore the thermal optical properties – such as the solar absorptivity and IR emissivity – of a foam 

system and potentially how these thermal optical properties could be adjusted with doping. 

In the cantilever case, only the strength of the beam was considered as a criteria, the displacement 

of the beam was not considered. The displacement of the beam may be an important consideration 

for such a study, as the assumption behind the Euler–Bernoulli beam theory assumes a small 

displacement relative to the beam size. Additionally, the displacement of the beam could have an 

impact on component alignment or the loading on other structural parts. Further study could be 

conducted that looked at comparing the beam functionality with respect to displacement as well 

as strength. 

In both cases the material and process properties are derived from the literature. A more practical 

example could be explored where products are built using a variety of proposed ISM processes, and 

then tested. This would provide a more practical comparison than the one presented but would 

limit the comparison to processes as applied in that test. Ideally, these practical examples would be 

produced in conditions similar to those found on orbit, i.e. in vacuum and under micro gravity. 
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5. Solid Foams for Aerocapture Around Mars 

To further explore the characteristics of a solid foam material ISM process for the construction of 

large structures, a specific use case was considered. To this end research was conducted into the use 

of solid foams as the building material for an aerodynamic decelerator designed to capture a 

platform traveling on a heliocentric trajectory into orbit about Mars. The results of this research 

were first reported by Hastie, Bailet, White and McInnes in “The Use of In-Space Manufactured 

Solid Foams for Aerocapture” at the 18th International Planetary Probe Workshop [11]. This 

chapter will discuss the motivation behind this research, the methods used to gather the results and 

discuss the limitations of the research.  

5.1 Motivation for the Case Study 

As was discussed in chapter 4, generalised and abstracted use cases can be used to trade off the 

benefits of various ISM processes and explore the cases, in which a foam printing process, and its 

products, could be advantageous. However, a more specific use case could be used to provide a 

deeper understanding of the applied design parameters required for any such foam printing process 

and its products. One specific use case, for large-scale space structures, is the use of large aeroshells 

for aerocapture manoeuvres. The advantage of a large aeroshell is that the larger surface area of the 

aeroshell the lower the ballistic coefficient and higher the drag force, and so a higher deceleration 

will be experienced by the spacecraft, while it traverses a planetary atmosphere. Hence, the larger 

the spacecraft’s aeroshell the shorter the time needed to reduce its orbital velocity from a 

heliocentric hyperbolic trajectory to the desired captured elliptic trajectory around the chosen 

planet. The larger the aeroshell of the spacecraft, then the shorter the atmospheric traverse, and the 

higher the pericentre required. Trajectories that have a higher periapsis pass through a less dense 

part of the atmosphere and so produce less heat due to friction. A spacecraft that has a larger 

aeroshell will therefore experience a lower heat flux. This relationship between the aeroshell size 

and the heat flux on the system is discussed by Dwyer Cianciolo et al [78] , in which the mass of a 

large aeroshell is compared with the additional mass of rigid Thermal Protect Systems (TPS) 

required for a small aeroshell that experiences a high heat flux. The larger the aeroshell and shorter 

the deceleration time the higher the impulse on the aeroshell and so a larger aeroshell will 

experience a higher overall mechanical load, when compared with a smaller aeroshell. For the 

overall mass of a large aeroshell to be less than that of a small aeroshell, while it supports a higher 

mechanical load, the material used to construct the larger aeroshell must have a higher specific 

strength than the material that is used to make the smaller aeroshell. As discussed in the chapter 2, 

solid foams have a high specific strength and the possibility of adapting solid foams for an ISM 

process means that they could be used to produce a largescale aeroshell. 

Mars was selected for the aeroshell capture manoeuvre given the number of missions that have 

been planned to be captured into a Martian orbit in the near future. While this case specifically 
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considered a mission around Mars, the same principle could be considered for a capture around 

any planet with an atmosphere. 

5.2 Methodology 

A large foam aeroshell design was considered in this case study and the design developed further. 

The refined foam aeroshell’s performance was compared with other aerocapture methods that have 

been proposed or applied, including providing the change in velocity via chemical propulsion. The 

development of this aeroshell study had three stages: 

1. Initial design concept, in which the initial design was proposed 

2. Parameterised development, in which the properties of the foam were varied to affect the 

required trajectory and the refined aeroshell parameters where established 

3. Detailed condition study, this step was carried out by Dr Craig White [10] and used a direct 

simulation Monte Carlo (DSMC) solver which was used to understand the thermal 

requirements needed for the aeroshell material. This work was based on the solver 

described by White et al [79]. 

Initial Concept  

The initial design concept was based on an aeroshell that could be printed during the mission’s 

transit to Mars. When in its full aerocapture configuration after transferring to a hyperbolic orbit 

at Mars, the spacecraft will consist of a cylindrical payload with a 3 m radius and weighing 10 

tonnes’ Surrounding this payload is a payload thermal protection layer made of foam with a 

thickness of 0.5 m. Extending from the payload hub, on the side of the payload opposite the 

direction of travel,  is the aeroshell, which has a root thickness h of 1 m and tapers to a point at a 

radial distance of a. A diagram of the spacecraft is shown in Figure 5-1 and Figure 5-2 below. The 

radius of the aeroshell is defined in the parameterised development stage. 
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Figure 5-1 – Conceptual design of solid foam aeroshell 

 

Figure 5-2 – Parameterized diagram of the solid foam aeroshell concept 
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Here the R1, R1.5 and R10 radii of 1 m, 1.5 m and 10 m, respectively, are constant throughout the 

parameter study, b is the radius of the payload and its 0.5 m thick TPS (that is a radius of 2 m in 

total) and ØPL is the diameter of the payload which is 3 m. 

 

Parameterised Development 

At this stage a trajectory model, developed by Bailet et al [80], was used to calculate the range of 

periapsis and trajectories required to capture an interplanetary object in a Martian orbit, with a 

given ballistic coefficient and set mission mass. The input parameters into the trajectory model 

where, an initial altitude, an initial flight path angle (γ), the initial speed, the spacecraft mass, its 

cross-sectional area and it coefficients of drag (Cd) and lift (Cl). Using the initial location and 

velocity parameters as a starting step, the trajectory model provides the location of the spacecraft 

after a set timestep, as well as the updated velocity and flight path angle based on the forces acting 

on the spacecraft. The model then provides the full trajectory of the spacecraft over series of 

timesteps. The trajectory model considered 3 forces on the spacecraft – the force due to gravity, the 

drag force and the lift force, again using the model of Bailet et al [80]. This trajectory model was 

used to plot the trajectories for a range of aeroshell cross-sectional areas and initial flight path 

angles. The trajectory model terminated when the model run exceeded its allotted time, or the 

spacecraft altitude fell to zero – indicating that the spacecraft crashed onto the surface. The final 

timestep velocities, flight path angle and altitude of the spacecraft that do not crash into the surface 

are logged. 

For the logged spacecraft (that is the ones that did not crash) to be considered successful aerocapture 

its apoapsis must fall with in an upper and lower altitude limit, these limits are discussed in section 

3 of this chapter. Two methods were used to determine the apoapsis: 

- During the simulation – Bases on the change in altitude of the spacecraft 

- After the simulation – Based on the final velocities, flight path angle and altitude of the 

spacecraft 

During the simulation run time, the apoapsis could be detected if the altitude of the spacecraft 

reduced between 2 consecutive timesteps that occur after the periapsis. The altitude of the apoapsis 

would be recorded as the highest of these 2 consecutive timesteps with a reduction in altitude – 

which is the first of the 2 timesteps. As the spacecraft starts in a decent, the time of the periapsis 

can be found as the first time the altitude of the spacecraft increases between 2 consecutive 

timesteps in the simulation. The simulation terminated after logging an apoapsis, if found. 

If the apoapsis is not found, then equation 5-1 was used to find the apoapsis (Ra) based on the final 

velocities, flight path angle and altitude of the spacecraft. In this scenario it is assumed that, after 

the simulation has timed out, the spacecraft’s trajectory is not influence by anything other than the 

force due to the gravity of Mars, this mean that it is assumed that the spacecraft is not affected by 

atmospheric drag or uses any form of propulsion between the end of the simulation and the 

apoapsis. Equation 5-1 uses Kepler’s second law of planetary motion and the conservation of energy 

(in this case, the sum of kinetic and potential energy as there is no other energy exchange based on 

the assumption stated) to find the maximum radius form the centre of Mars at which angular 
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velocity of the spacecraft, relative to the centre of Mars, is equal to the product of the radius form 

the centre of Mars and the orbital velocity of the spacecraft, which would occur when the spacecraft 

is traveling perpendicular to the centre of the planet, at the apoapsis (given that the other location 

that meets this criteria is the periapsis). Equation 5-1 is derived from Curtis [81] and Braeunig [82]  

𝑅𝑎 = 𝑟1 𝑀𝑎𝑥

(

 
 
 −(

2𝐺𝑐𝑀𝑀𝑎𝑟𝑠
𝑟1𝑣1

2 ) ± √(
2𝐺𝑐𝑀𝑀𝑎𝑟𝑠
𝑟1𝑣1

2 )
2

− 4(1 − (
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𝑟1𝑣1

2 ) (− sin2 𝛾1)

2 (1 − (
2𝐺𝑐𝑀𝑀𝑎𝑟𝑠
𝑟1𝑣1
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Here GC is the universal gravitational constant, MMars is the mass of Mars, r1 is final distance from 

the centre of Mars to the spacecraft logged by the trajectory model, v1 is the final velocity of the 

spacecraft logged by the trajectory model, γ1 is the final flight path angle of the spacecraft logged 

by the trajectory model and Ra is the apoapsis distance from the centre of Mars. Spacecraft with 

trajectories that lead to an apoapsis distance within a target range have been considered to be 

successfully captured, this target range is discussed in section 3 of this chapter. 

The trajectory model was also used to estimate the average heat flux over the surface of the aeroshell, 

as well as the peak pressure on the aeroshell. As the spacecraft and aeroshell had a fixed mass and 

design, the ballistic coefficient has an inverse relationship with the radius of the aeroshell, as shown 

in Eq. 5-2 below. 

𝛽 =
𝑀𝐴𝑆 +𝑀𝑃𝐿
𝐶𝑑𝜋𝑎

2
 5-2 

Here β is the ballistic coefficient, the mass of the aeroshell and the payload are MAS and MPL, 

respectively, Cd is the drag coefficient and a is the outer radius of the aeroshell. Aeroshells with 

higher volumes or larger outer radii must have a lower foam density. The volume of the aeroshell 

can be calculated as the volume of a cone section, this calculation is shown in Eq. 5-3.  

𝑉𝐴𝑆 =
1

3
𝜋𝑎2ℎ 5-3 

The relationship between foam density and outer radius can be seen in Eq. 5-4 below. 

𝜌𝐹𝑜𝑎𝑚 =
𝑀𝐴𝑆

𝑉𝐶𝑒𝑛𝑡 + 𝑉𝐴𝑆
=

𝑀𝐴𝑆

𝑉𝐶𝑒𝑛𝑡 +
1
3𝜋𝑎

2ℎ
 5-4 

Here VCent is the volume of foam surrounding the payload in the centre of the spacecraft, h is the 

thickness of the aeroshell at radius b (see Figure 5-2) and ρFoam is the density of the foam in use. The 

relationships described in equations 5-2 and 5-4 show that the ballistic coefficient varies directly 

with the foam density. Given the material properties also vary with foam density, as described by 

Gibson and Ashby [30], there must exist a trade off between the material having a density providing 

a low ballistic coefficient while providing a strong enough material to support the pressure 
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experienced during the aerocapture and, for a given foam material, a minimum pericentre altitude 

and average heat flux at which an aerocapture is viable. 

To understand if the aeroshell could survive the atmospheric pass, the peak pressure was applied to 

a plate bending model derived from Bhasker and Varadan [83] for a annular disc with simple 

supports at the centre. The peak moment and bending stress occurred where the disc met the 

payload. The peak moment and bending stress were calculated using the equations 5-5 and 5-6, for 

a given pressure. 

𝑀𝑜𝑀𝑎𝑥 = 𝐷𝐹(1 + 𝜈𝐹𝑜𝑎𝑚) (𝐶0 (
4𝑏2(3 + 𝜈𝐹)

1 + 𝜈𝐹
) + 𝐶1 (2 ln 𝑏 +

3 + 𝜈𝐹
1 + 𝜈𝐹

) + 2𝐶2 − 𝐶3 (
1 − 𝜈𝐹

𝑏2(1 + 𝜈𝐹)
)) 
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Here Mo is the moment, σMax is the maximum bending stress, DF is the disks flexural rigidity, C0 to 

C3 are integral constants, νF is Poisson's ratio for the foam material, A is the area of the disc normal 

to the direction of travel, E is the tensile modulus of the material, G is the bulk modulus of the 

material, P is the peak dynamic pressure and κ is the shear correction value which is 1 in this case. 

The shear stress at the joint of between the payload and the aeroshell was also considered using 

equation 5-7 which has been derived for Megson [84]: 

𝜏𝑀𝑎𝑥 =
𝑃 𝐴

2𝜋 𝑏 ℎ
=
𝑃 𝜋(𝑎2 − 𝑏2)

2𝜋 𝑏 ℎ
=
𝑃(𝑎2 − 𝑏2)

2 𝑏 ℎ
 5-7 

Here the maximum shear force is the product of the peak dynamic pressure (P) and the area of the 

aeroshell disc that is normal to the direction of travel. The area that the shear load is acting on is 

the product of the circumference of the payload/ aeroshell joint (2 π b) and the thickness of the 

aeroshell (h). The factor of safety equation shown in Eq. 4-1 was used to find the factor of safety for 

the bending stress based on the maximum bending stress found in Eq. 5-6. The shear stress factor 

of safety was typically two orders of magnitude greater than the bending stress factor of safety. For 

this reason, a shear failure was not considered to be the limiting factor on the design.  
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The average dynamic pressure over the surface of the aeroshell, at each timestep, was calculated 

across the atmospheric transit using equation 5-8 below. This equation was part of the trajectory 

model, developed by Bailet et al [80]. 

𝑃 =
𝜌𝐴𝑡𝑚𝑣

2

2
 5-8 

Here ρAtm is the atmospheric density and v is the velocity which is found as part of the trajectory 

model developed by Bailet et al [80]. 

The average heat flux over the surface of the aeroshell, at each timestep, was calculated across the 

atmospheric transit using equation 5-9 below which is based on the Sutton Graves equations [85]. 

This equation was part of the trajectory model, developed by Bailet et al [80]. 

𝑄 = 𝑘𝑀𝑎𝑟𝑠𝑣
3√
𝜌𝐴𝑡𝑚
𝑎
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Here kMars is the heat transfer coefficient which is constant for the Martian atmosphere. 

Detailed Concept Design 

To develop this concept in more detail a direct simulation Monte Carlo analysis of the aeroshell 

was conducted. This analysis considered the aeroshell while it was traveling at the maximum speed 

and the minimum altitude found during an aerocapture that would result in the spacecraft arriving 

in the target orbit. This analysis was conducted by Craig White using the dsmcFoam+ model 

reported  in White et al [79]. 

5.3 Case Study Parameters 

In this case study the following parameters where applied. 

Mission Parameters 

The initial velocity at the atmospheric entry interface was 5.5 km/s, this is similar to the velocity 

used by Timmons et al (5.8 km/s) [86] and the Xiuqiang et al (6 km/s) [87]. As discussed in section 

2 of this chapter, the initial flight path angle varied across a range, with the limits of that range 

being between 2° and 8° downward. This range was selected based on trial and error after finding 

that lower flight path angles would result in spacecraft that crashed and higher angles resulted in 

spacecraft failing to meet the apoapsis range requirements. The target captured apoapsis distance 

from the centre of Mars was between 30,000 and 40,000 km, this range was thought to be a useful 

range as it is around the same altitude as the Emirates Mars Mission – apoapsis of 40000 km as 

reported by Amiri et al [88]. The total mission mass was 12.5 tonnes, of which the aeroshell had a 

mass of 2.5 tonnes and the payload had a mass of 10 tonnes, this value was selected as it to provide 

a large satellite as the payload of around the same scale as the Hubble telescope [89]. The payload 

had a radius of 3 m and a length of 5 m and a foam wall of 0.5 m on top of that. The aeroshell root 

thickness was 1 m. The mass of Mars was 6.417x1023 kg which is within the range reported by Null 

[90] based in the Mariner IV mission.-The gravitational constant was 6.674 x10-11 m3 kg-1 s-2 as 
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reported by Mohr et al [91]. A coefficient of drag of 2 was used and a lift coefficient of 0 was used 

assuming that there was little to no lift generated by this shape. 

Material Parameters 

The material envisioned for the aeroshell was a solid foam made of PEEK with closed cells. As 

discussed, the final material properties were derived using the Gibson Ashby [30] equations, the 

raw material properties for the PEEK material are shown in Table 5-1 below. 

Table 5-1 – Foam base material properties 

Property Value 

Density, ρ (kg/m3) 1440 

Tensile Yield Strength, σYeild (N/m2) 196x106 

Shear Yield Strength, τYeild (N/m2) 72x106 

Elastic Modulus, E (N/m2) 12x102 

A Poisson’s ratio of 0.3 was used for the foam. 

5.4 Results 

In Figure 5-3 the ballistic coefficient of the spacecraft is compared with both the peak heat flux and 

minimum mechanical factor of safety experienced for both the lowest initial flight path angle that 

was successful to the highest flight path angle required to meet the captured orbit, for the range of 

trajectories that where successfully captured into the target orbit. The ballistic coefficient has been 

calculated using Eq. 5-2 based on the cross-sectional area of the aeroshell and the mission mass. The 

peak heat flux has been calculated using the outputs of the trajectory model, developed by Bailet et 

al [80], and Eq. 5-9. The mechanical stress was calculated using the outputs of the trajectory model, 

developed by Bailet et al [80] and Eq. 5-8, the material properties used here were estimated using 

the Gibson Ashby equations [30] and the density of foam used for that aeroshell. The range of 

results are only for the mission that successfully meet the target apoapsis range from the “lowest” 

initial flight path angle that was successful to the “highest” flight path angle that was successfully. 
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Figure 5-3 – Ballistic coefficient compared against foam aeroshell mechanical factor of safety and 

average heat flux across the velocity facing surface, as discussed this figure used a trajectory model 

developed by Gilles Bailet [80], 

For the detailed study, the lowest ballistic coefficient that could achieve a safe aerocapture transfer 

was selected. This would be a spacecraft with a ballistic coefficient of 12 kg/m2 and an outside 

diameter of 25.5 m (i.e. a = 12.75m). This would require a foam with a density of 86 kg/m3. This 

spacecraft reached its minimum altitude at 91 km, at which point it had a velocity of 5.16 km/s. At 

this ballistic coefficient, the peak heat flux estimated by the trajectory model, developed by Gilles 

Bailet [80], is 2693 W/m2 and the peak dynamic pressure is 71 N/m2. 

The parameters above were used by White for the DSMC analysis, the results shown are the 

outcomes of his work. Figure 5-4 below shows a 2D map of the translational temperature of the 

atmosphere around the spacecraft found using the DSMC analysis at the spacecraft’s minimum 

altitude. 
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Figure 5-4 – 2D plot of atmospheric translational temperature close to a solid foam aeroshell 

while the spacecraft is at its periapsis presented in [11] and generated by C White 

Figure 5-5 below shows both the heat flux experienced on the surface of the aeroshell and the 

pressure of the atmosphere around the aeroshell using the DSMC analysis for the minimum 

altitude condition.  
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Figure 5-5 – 3D plot of the surface heat flux on the surface of a foam aeroshell and 2D plot of the 

atmospheric pressure close to the foam aeroshell while the spacecraft is at its periapsis. The figure 

was generated by C White as part of the work for [10] although not presented there.  

5.5 Discussion 

It can be seen in Figure 5-3, that both the heat flux experienced by the surface of the aeroshell and 

the factor of safety of the aeroshell vary directly with the ballistic coefficient. This is as expected, as 

a higher ballistic coefficient would result in lower atmospheric passes and so a higher heat flux, 

while at the same time a lower ballistic coefficient would be the result of a high-density foam with 

a higher material strength, as well as a longer deceleration period so a lower pressure load. This 

result – that an aeroshell with a low ballistic coefficient experiences less heat flux during an 

aerocapture manoeuvre than an aeroshell with a higher ballistic coefficient would for an 

aerocapture manoeuvre with the same change in velocity – is also predicted in literature. For 

example, this affect is part of the rationale behind the used of the Hypersonic Inflatable 

Aerodynamic Decelerator (HIAD) described by Dwyer Cianciolo et al [78]. 

The detailed results from the DSMC model show a similar average heat flux, as was predicted by 

the trajectory model, with both showing an average heat flux between 2 kW/m2 and 3 kW/m2. 

However, the peak heat flux found in the DSMC model is considerably higher than that predicted 

by the trajectory model with an increase of around three times the average value. This result was 
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expected when the shape of the aeroshell is considered with its protruding centre. The average 

pressure reported by the DSMC model is significantly lower than the average pressure predicted by 

the trajectory model. The DSMC model reports a peak pressure across the surface of 6.8 Pa, at the 

periapsis, which is less than the average dynamic pressure across the surface reported by the 

trajectory model, at the periapsis, which found an average pressure across the surface of 71 Pa for a 

spacecraft, with the same ballistic coefficient, surface area, and speed. This result is somewhat 

surprising, and may indicate that the model used to predict the dynamic pressure, as part of the 

trajectory model, does not accurately predict surface pressure in low pressure environments with a 

complex shape. If the result in the DSMC is correct and aligns with the dynamic pressure on the 

surface of the aeroshell, then a more detailed model of the trajectory of the spacecraft may be 

required. The result of the DSMC suggests that a thermal protection system may be required on 

the nose of the spacecraft where the heat flux is highest. 

The performance of the foam aeroshell can be compared with the performance of other aeroshells 

and an equivalent chemical engine. The Hypersonic Inflatable Aerodynamic Decelerator (HIAD) 

proposed by Dwyer Cianciolo et al [78] has been used for the comparison in Table 5-2 below. In 

the comparison in Table 5-2, the chemical propulsion capture provides the same change in velocity 

as the aerocapture manoeuvres with an engine that has a specific impulse of 370 s which is based 

on the propulsion system example presented by Dwyer Cianciolo et al [78]. 

Table 5-2 – Capture manoeuvre hardware comparison table 

System Used for 

Capture 
Foam Aeroshell HIAD (Ø23m) 

Chemical 

Propulsion 

Mission 

Specification 

12.5 tonne mission 

Aeroshell Ø25.5 m 

109 tonne mission 

Aeroshell Ø23 m 

12.5 tonne mission 

Engine Isp 370 s 

Capture Hardware 

Percent of Mission’s 

Mass 

20% 25% 40% 

Storage Volume 3 m3 120 m3 11 m3 

Ballistic Coefficient 12 kg/m2 135 kg/m2 N/A 

Heritage None Demonstrated in [92]  Extensive Heritage 

 

The comparison in Table 5-2 shows that a foam printed aeroshell could achieve lower mission mass 

percentage than a HIAD system or a conventional chemical propulsion manoeuvre if the design 

presented can survive the thermal and mechanical loads discussed. It should be noted that the 

mission that considers the use of a HIAD has a mass that is an order of magnitude greater than that 

of the solid foam example mission mass.  
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The high heat flux shown around the nose in the DSMC analysis suggests that the foam aeroshell 

would most likely need further thermal protection on the nose section of the aeroshell. Additional, 

thermal protection in this area would result in the mass of the aeroshell increasing, but this case 

has not been considered in this study. 

While the final diameter selected for the solid foam aeroshell (25.5 m) is less than the 100 m span 

threshold for large-scale structures, the result is still of relevance to the broader study of large-scale 

space structures. The volume of the aeroshell is more than 170 m3, this print volume could be used 

to make a slender structure that meet the 100 m span threshold and so provides some detail on the 

practicalities of manufacturing such a large structure, for example storage volume and mass. The 

analysis also considered larger structures with lower ballistic coefficients some of which met the 

100 m threshold. These large scale aeroshells showed a further reduction in in heat flux but would 

have required stronger materials to survive the stress associated with the high deceleration. 

5.6 Limitations of the Research 

This study considered a conceptual evaluation of solid foam aeroshells, and to do this some 

assumptions and simplifications were made. Further research could provide a deeper 

understanding of the design requirements of a foam aeroshell system which could help evaluate 

the feasibility of the design. While the plate theory model of the foam aeroshell may be suitable for 

an initial concept design, a more accurate finite element analysis of the selected design could 

provide a much deeper understanding of the thermal and mechanical suitability. 

As has been discussed, the mission mass and base material for the foam were fixed. Further study 

could be conducted to understand the impact of varying these constraints and this may have 

allowed for a direct comparison to the HIAD system. 

The material properties for the foam material suggested, a PEEK base solid foam, was estimated 

using the Gibson Ashby approximations. While this allows for a quick comparison of foams of 

various densities, a more accurate approach would have been to directly measure the material 

properties of the foam via testing. Additionally, no limits were placed on the density of foam used 

when in practise there should be a lower limit for foam density of a material. Further research into 

the material manufacturing process would be required to understand the limit of a PEEK based 

solid foam. 

As discussed, the finalised aeroshell requires additional thermal protection around the nose, but 

this is not considered in the study. A thermal protection system like this would add additional mass 

to the mission and so impact the ballistic coefficient and hence the trajectory. Further research 

could be carried out to explore what this thermal protection could consist of and how it would 

impact the mission and aeroshell design. 

This study only considered aeroshells for use in an aerocapture manoeuvre around Mars, but it is 

possible that a solid foam aeroshell could be used for other application such as de-orbiting as 

suggested in the REDEMPTION mission [35]. Further study could be conducted to consider 

aerocaptures and deorbiting of missions into atmospheres that are not Martian. 
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This study only considers one shape of aeroshell. Given that one of the key advantages of an ISM 

system is its adaptability, further research into the use of novel shapes constructed using ISM solid 

foams could be considered. 
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6. Conclusions and Future Work 

6.1 Conclusions 

Chapter 1 set out the motivation for developing an in-space manufacturing facility that is capable 

of producing large-scale space structures. A key advantage of in-space manufacturing is the 

possibility of removing the many of the factors that limit the size of space infrastructure. This could 

enable larger scale space structures such as the one considered by Huebner et al in the OSAM-2 

mission [6], McInnes et al as a reflector to harvest an M-type asteroid [25] or Fraas as an orbital 

reflector [26]. In chapter 2 of this thesis, a literature review of current developments in the field of 

in-space manufacturing and solid foam manufacturing is presented. This review shows that, while 

there has been an increased interest in in-space manufacturing in recent years [19] and there has 

demonstration of the capability to manufacture components in space (such as the 3D printing 

carried out on the ISS reported by Prater et al [14]), there are several key developments that would 

be required before a fully automated in-space manufacturing facility would be capable of 

constructing large-scale space structures namely: 

- Demonstrating systems capable of continuous printing while in orbit, 

- Demonstrating systems capable of manufacturing parts while in vacuum (Prater et al 

reported on a print inside the ISS [14]  

Chapter 2 also considered literature concerning solid foams, their manufacturing processes, their 

structure and methods of predicting their material properties. Both solid foams and cellular solids 

have been used in terrestrial and space applications. While there have been no in-space 

demonstrations of solid foam manufacturing, there has been development towards this in the 

REDEMPTION mission as reported by Valdatta et al [35], with demonstration of solid foam 

manufacturing in vacuum.  

In chapter 3, solid foams were compared with other technologies that have been considered for  

ISM. As is discussed in section 7 of chapter 3, the solid foams show a particular advantage for rapid 

construction due to their high volumetric print rate. However, the poor material quality and 

relatively weak mechanical strength means that they are less favourable for high precision or long-

term construction in space. 

In chapters 4 and 5, solid foams were considered for use in detailed case studies, with chapter 4 

considering two generalised cases and comparing solid foams to other ISM processes and materials, 

whereas chapter 5 considered a specific case, with solid foams compared with an inflatable system. 

In chapter 4, solid foams and a solid foam manufacturing process were shown to have significant 

advantages in construction energy and overall construction time. Chapter 5 considered solid foams 

being used to construct an aeroshell and is compared with both a HIAD system and a chemical 

propulsion system. It was shown that it may be possible to construct a solid foam aeroshell system 

with a similar proportion of mission mass as the HIAD system proposed by Dwyer Cianciolo et al 

[78].  
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6.2 Future work 

While chapters 3, 4 and 5 show that there are potential advantages in using solid foams for in-space 

manufacturing, there are still key gaps in the understanding of the use of solid foams in space: 

• Applied material properties and quality for solid foams made in space. 

• Process characteristics 

Future exploration of these topics would further develop the use of solid foams for ISM. 

6.2.1 Material properties 

While there are models used to predict the properties of solid foams, notable the Gibson Ashby 

model [30], these models have been shown to have a significant margin of error when compared 

with empirical results, as discussed by Fisher et al [38]. Both the final solid foam material properties 

and the consistency of the material properties are critical to the performance of the foam materials 

discussed in chapter 4 and 5. As such, understanding the relationship between foam solid factor, 

the base material properties and the manufacturing process with the final mechanical properties 

for a solid foam is critical to understand how to apply solid foams for ISM. There are two 

approaches to understanding the material properties of solid foams produced in vacuum. 

1. Empirical measurements 

2. Computational modelling 

Mechanical strength measurements of solid foams made in space, with various solid fraction and 

base materials, could be used to understanding how the applied mechanics properties of a solid 

foam produced in space vary with both solid fraction and base material. Ideally such a test would 

be carried out in-orbit while in vacuum to provide a close representation of the application 

environment, however practically this would be difficult to arrange. It may be more practical to 

consider mechanical testing of these solid foams made in vacuum and/or made in freefall. An in-

vacuum test could be conducted in the laboratory with access to a vacuum chamber and mechanical 

test equipment such as a tensile test or bending test. 

In addition to and alongside empirical testing, a computational model could be used to understand 

how the solid foam mesostructured develops in vacuum, for a given solid fraction and base 

material. Further computational modelling could be used to predict the mechanical properties of 

the solid foams based on their mesostructured and solid material using FEA in a similar method as 

is presented in Fischer et al [38]. The results of the computational analysis could be compared to 

the empirical results to evaluate their suitability where possible. 

6.2.2 Process Demonstration and Characteristics 

Throughout this thesis, process characteristics, such as the print rates and the power consumption, 

have been presented based on terrestrial examples. Given the significance of these characteristics in 

the results presented in chapter 4, a better understanding of these process characteristics could be 
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key to verifying the possible opportunities presented by manufacturing solid foams in space. To 

understand these process characteristics, a demonstration model of a foam 3D printer could be 

constructed and tested. The printer would be similar to the foam 3D printer demonstration by 

Barnett and Gosselin [50], but capable of  operation in vacuum. Such a demonstration model would 

allow for the direct measurement of the power consumption and print rates using a test set up 

similar to the Hassan et al [72]  carried out on a FDM printer. This demonstration foam 3D printer 

could also be used to produce the mechanical test samples discussed in section 6.1.1 of this chapter. 
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