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Abstract 

The development of on-orbit manufacturing processes will enable the fabrication of large space structures that are free 

from many of the constraints of deployable structures, for example overcoming the volume limitation of the launch 

vehicle payload faring. Such structures could be designed to better suit applications such as photovoltaic (PV) power 

generation, antennae or solar reflectors by providing large rigid planar surfaces. These surfaces could be on a scale 

significantly larger than might otherwise be possible with deployables. However, to optimise such planar structures 

the mass of their support structures must be minimised, while providing adequate mechanical properties. This paper 

will consider the use of solid foams to provide an interesting material for the support of large planar structures. The 

dispersed nature of foams means that they can be stored in a small volume, but provide a large volume on formation 

for a low mass. This characteristic has seen the adoption of foams for terrestrial high strength, low weight applications. 

Additionally, the rapid production of foam allows for short fabrication times when compared to other on-orbit 

manufacturing processes, such as additive layer manufacturing. Following a discussion of the opportunities presented 

by foams, this paper will consider case studies where the foam is used as both a thermal and a structural component. 

These case studies explore the manufacturing parameters of these processes to understand the system requirements of 

the different methods considered. In each study solid foams were found to have lower construction times and energy 

requirements than other method of in-orbit manufacturing. This suggests the use of solid foams in missions that require 

short commissioning times and low power generation capabilities. 

 

Nomenclature 

ρ = Density 

φ = Foam to solid relative density 

σ = Tensile stress 

τ = Shear stress 

F = Force 

M = Moment 

p = Pressure 

E = Elastic modulus 

G = Bulk modulus 

ν = Possion’s ratio 

In= Second moment of area around neutral axis n 

RT = Thermal resistance 

T = Temperature 

Q = Heat flux 

 

Acronyms/Abbreviations 

Mechanical Ground Support Equipment (MGSE), 

Additive Manufacturing (AM), Physical Vapour 

Deposition (PVD), Polyurethan (PU), Fused 

Disposition Method (FDM), Direct Energy Deposition 

(DED), Ultra-Violate (UV), Finite Element (FE), 

Computed Tomography (CT), PolyVinyl Chloride 

(PVC), International Space Station (ISS) 

 

1 Introduction 

In-space manufacturing methods have been of 

growing interest over the past few decades [1]. One of 

the critical applications of in-space manufacturing is in 

the construction of macro-scale structures in-space. 

The translation of manufacturing processes from the 

surface of the Earth into orbit enables the construction 

of such macro-scale structures by removing the 

limitations imposed on the structure by both the launch 

and ground environments. Structures that are 

manufactured in-space do not have to be packed into 

deployable configurations inside a launch vehicle 

payload faring and then survive the significant loads 

experienced during launch. Hence in-space 

manufactured structures could achieve much higher 

packing ratios when compared to deployable 

structures, since only bulk materials may need to be 

launched. In addition, structures manufactured in 

micro-gravity do not have to be designed to support 

themselves against their own weight as would be the 

case on the ground. As such, macro-scale structures 

manufactured in-space do not have the same strength 

requirements that similarly sized structures would 

require on the ground. While many deployable space 

structures already take advantage of the free-fall 

environment in-orbit, often MGSEs are required for 

deployment test and storage on the ground. As a result, 

structures that are manufactured in orbit would not 

need to consider either ground or launch loads. 

To take full advantage of the large length-scale and 

low mass structures that in-space manufacturing 

offers, work has been carried out into ways to reduce 

the mass of material used and increase the packing 
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ratio – the scale of the final volume delivered when 

compared to the initial payload volume. This  has 

included the development of AM process that would 

be suitable for the in-orbit environment [2] [3], and 

could be used to produce mass optimised 3D printed 

structures as well as exploring PVD of thin films [4]. 

This paper will explore solid foams as a material that 

could be used in the construction of large structures in 

orbit and which in principle offers a number of key 

advantages. 

The paper will discuss the properties of solid foams 

(section 2), potential applications for solid foams in-

orbit (section 3), how foams compare to other 

materials proposed for these applications via the 

discussion of case studies (section 4) and the next steps 

and future opportunities for solid foams in orbit 

(section 5). 

 

2 Solid Foams 

Solid foams are solid materials with gas filled voids 

(cells) in a 3D pattern throughout the material [5]. The 

mixture of solid structure and gas cells mean that solid 

foams have a lower density than their respective bulk 

solid materials. The relative density (φ=ρFoam/ρSolid) of 

a solid foam when compared to its bulk solid material 

is fundamental to both the material properties of the 

foam [5] and the foam’s packing ratio. Another way to 

describe the relative density of the foam is its inverse 

– the expansion ratio. Foams with a low relative 

density and high expansion ratio can occupy much 

greater volume than the same mass of solid material. 

This is illustrated in Figure 1, each of the 3 cubes have 

the same mass of raw material, however their 

enveloped volume varies inversely with their relative 

density. When considering the manufacturing of solid 

foams, this reduction in mass also means a reduction in 

feed stock, energy and the time required to produce a 

given volume of material. Some solid foams have a 

relative density that is less than 0.1 [6], hence 

expansion ratios of greater than 10 may be achievable. 

This increase in volume means an increase in all 

dimensions of the structure and so could also imply an 

increase in thickness, length, cross-sectional area and 

second moment of area, all of which could be 

advantageous in a range of applications. 

 
Figure 1 – Foam expansion ratio example 

There are associated changes with the material 

properties of solid foams due to their relative density 

[5]. The nature of the 3D pattern of cells and structure 

of the solid material is also important to the bulk 

material properties of the solid foam [7]. 

 

2.1 Solid Foam Manufacturing 

There are several manufacturing methods that will 

produce solid foams. The process used to create a solid 

foam is highly dependent on the solid material that will 

be produced. Synthetic foams can be broken into three 

categories based on the material produced: ceramic 

foams, metal foams and polymeric foams. 

Ceramic [8] and metal foam [9] manufacturing 

processes often require casting of material. Given the 

high energy demands of casting, this paper will focus 

on polymeric foams. Polymeric foams can further be 

divided into two groups [10]: thermoplastic foams and 

thermo setting foams. 

The manufacturing processes for each of these 

polymeric foams differs in how the respective polymer 

solidifies. For a thermal plastic foam, the liquid-gas 

foam is rapidly cooled so that the plastic material 

hardens around the gas cells before the gas can defuse. 

In the case of a thermal setting foam, the liquid-gas 

foam consists of a mixture of resins which cure into a 

solid polymeric foam. Both manufacturing processes 

produce the solid foam via an initial liquid foam stage. 

In both cases the liquid foam is created by injecting the 

liquid with a gas known as a blowing agent.  

There are many methods for introducing the 

blowing agent into the liquid foam. The blowing agent 

can be introduced into the liquid gas in a pressurised or 

supercritical state, such as is described for PEEK foam 

manufacturing by Cafiero et al [11] or for 

polycarbonate foam manufacturing by Ma et al [12]. In 

some cases the blowing agent is generated via 
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chemical reactions. In the case of  polyurethane foams, 

this chemical reaction occurs in the presence of a 

catalyst [13]. Chemical reaction blowing agents can 

also be activated via UV exposure [14] [15] or heating 

[16]. 

As discussed, two of the advantages of solid foams 

for in-space manufacturing are that they could allow 

for a high packing ratio and that foams could require 

less energy to form material than alternative 

manufacturing processes. Thermoset polymeric foams 

with reaction released blowing agents appear to take 

best advantage of solid foam manufacturing with high 

packing ratios and low volumetric energy costs. Some 

of these processes do not require high power 

consumption as the energy required for both blowing 

agent generation and curing is provided via chemical 

reactions. In some cases, these reactions require 

activation via UV radiation, which is of particular 

interest given the intensity of UV radiation in the space 

environment. Thermoset polymeric foams also provide 

excellent packing ratios as the pre-processed resin can 

be transported as a liquid with a much higher density 

than the foam they produce [6]. Thermal setting foams 

also have rapid production times with some foams 

forming dimensionally stable shapes after 80-120s 

[17]. The foam developed by Schlögl et al [15] is of 

particular interest as both the blowing agent generation 

and polymer curing was activated using UV. The 

foaming process in this example was carried out at 

room temperature.  

 

2.2 Solid Foam Structures 

The structure of the solid material in a solid foam 

is highly dependent on the process and material used. 

In most cases solid foams are formed from an initial 

liquid foam that is then solidified before the blowing 

agent can dissipate. As such the final solid foam 

structure is a result of the development of a liquid foam 

and the solidification process. 

The structure of a liquid foam is a result of the 

equilibrium between the gas cell gauge pressure and 

the surface tension at the liquid-gas boundary [18]. As 

surface tension is proportional to area, the structure of 

the liquid foam is determined by the minimisation of 

surface area for a given liquid fraction. As the liquid 

fraction decreases the most energy efficient structure 

moves from a ’wet foam‘, when the cells are spherical 

and packed as incompressible spheres, to a ‘dry foam’ 

when the cells are no longer spherical and are separated 

by thin films of liquid that follow Plateau's laws [19]. 

As well as the liquid fraction, the liquid foam structure 

is also affected by the range of cell sizes in the foam. 

Given the closely packed nature of liquid foams, large 

variations in cell size will affect the arrangement of the 

liquid foam structure. Foams with a small range of 

cells sizes are referred to as monodisperse and foams 

with a large range of cell sizes are polydisperse. While 

in a liquid stage the foam structure can develop and 

change under the influence of drainage, gas 

dissipation, cell ripening and cell coalescence [20]. 

During solidification, the rapid material property 

changes in the solid material can lead to rupturing of 

the thin-film boundaries between cells [21]. The 

number of cells in a foam for which the cell wall 

ruptures is dependent on the development of the shear 

modulus in the solid material, the pressure of blowing 

agent and the thickness of the cell walls (which is 

related to the foam relative density or liquid fraction). 

If more than half the cells in a foam are open then the 

foam is considered to have an open foam structure, 

whereas a foam where more than half of its cells have 

intact cell walls is described as a closed cell foam. 

Whether a solid foam has a closed or an open cell 

structure is significant in the bulk properties of the 

foam [5]. Open cell foams are typically more flexible 

than close cell foams made of the same material, for 

example flexible polyurethan has an open cell structure 

[21], [22]. The relative size of the cells in the foam also 

has an impact on the properties of the solid foam [23]. 

 

2.3 Mechanical Properties 

As discussed, the material properties of the foam 

are dependent on the relative density and 

microstructure of the foam as well as the solid material 

used. A great deal of research has been carried out to 

understand the effect of these properties on the 

mechanical properties of bulk solid foam. This has 

been carried out via both empirical studies [24], [25] 

and theoretical modelling [26], [27]. A popular 

theoretical model for estimating the mechanical 

properties of solid foams was proposed by Gibson and 

Ashby [5] and is referred to as the Gibson-Ashby 

model. The model represents the solid foam as a series 

of cubic cells. The model then considers the 

mechanical properties of this cubic model as a function 

of the relative density of the foam. In the case of an 

open foam, all the remaining solid mass of the foam is 

modelled as being part of the cell channels, which in 

the cubic model is the edges of the cubes. In the case 

of closed cell foams, the cubic model considers the 

material to be shared among the channels and the cell 

walls, which translates to the edges and the faces of the 

cube. The closed cell also considers the effect of gas 

pressure in the cell providing additional stiffness. The 

ratio of solid material in the channels to material in the 

cell wall is denoted by 𝜙 in the Gibson-Ashby model 

equations. Equation 1 shows the relative elastic 

modulus of an open cell solid foam as a function of its 

relative density using the Gibson-Ashby model [5]. 

Equation 2 shows the relative elastic modulus of a 

closed cell solid foam as a function of its relative 

density using the Gibson-Ashby model [5]. Equation 3 
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shows the relative strength of an open cell solid foam 

as a function of its relative density using the Gibson-

Ashby model [5]. Equation 4 shows the strength of a 

close cell solid foam as a function of its relative density 

using the Gibson-Ashby model [5]: 

 
𝐸𝐹𝑜𝑎𝑚

𝐸𝑆𝑜𝑙𝑖𝑑

≈ (
𝜌𝐹𝑜𝑎𝑚

𝜌𝑆𝑜𝑙𝑖𝑑

)
2

  (1) 

𝐸𝐹𝑜𝑎𝑚

𝐸𝑆𝑜𝑙𝑖𝑑

≈ (𝜙
𝜌𝐹𝑜𝑎𝑚

𝜌𝑆𝑜𝑙𝑖𝑑

)
2

+ (1 − 𝜙)
𝜌𝐹𝑜𝑎𝑚

𝜌𝑆𝑜𝑙𝑖𝑑

+
𝜌𝐺𝑎𝑠(1 − 2𝜈)

𝐸𝑆𝑜𝑙𝑖𝑑 (1 −
𝜌𝐹𝑜𝑎𝑚

𝜌𝑆𝑜𝑙𝑖𝑑
)

 (2) 

𝜎𝐹𝑜𝑎𝑚

𝜎𝑆𝑜𝑙𝑖𝑑

≈ 0.3 (
𝜌𝐹𝑜𝑎𝑚

𝜌𝑆𝑜𝑙𝑖𝑑

)
3 2⁄

  (3) 

𝜎𝐹𝑜𝑎𝑚

𝜎𝑆𝑜𝑙𝑖𝑑

≈ 0.3 (𝜙
𝜌𝐹𝑜𝑎𝑚

𝜌𝑆𝑜𝑙𝑖𝑑

)

3
2

+ 0.4(1 − 𝜙)
𝜌𝐹𝑜𝑎𝑚

𝜌𝑆𝑜𝑙𝑖𝑑

+
𝑝𝐺𝑎𝑠 − 𝑝𝐴𝑡𝑚

𝜎𝑆𝑜𝑙𝑖𝑑

 (4) 

 

Here E is the elastic modulus, ρ is the material 

density, p is the pressure and ν is Poisson’s ratio of the 

solid material, where the subscript ‘Foam’ denotes a 

bulk property of the solid foam, the subscript ’Solid’ 

denotes a bulk property of the solid material in the 

foam and the subscript ‘Gas' denotes a property of the 

gas in the cell. For typical values of 𝜙 closed cell 

structures provide superior mechanical strength and 

high elastic moduli. 

More recent studies into solid foam structures have 

indicated that in some conditions the Gibson-Ashby 

model may be overestimating the mechanical 

properties of solid foams. Fischer et al [28] proposed 

an FE model based on a repeating Kelvin foam 

structure which provided a much closer match with 

experimental data. The parameters of the Kelvin foams 

were derived from X-ray micro-CT scanning of the 

PVC foams.  

 

2.4 Thermal Properties  

Foams are used in many thermal applications as an 

insulating material. As such the thermal properties of 

foams have been extensively investigated. Heat 

transportation through a closed cell solid foam can be 

considered as the sum of all the heat transportation 

paths [5], [29]. The contributing heat transportation 

paths in a solid foam are: thermal conductivity through 

the solid material in the foam, thermal convection 

through the gas in the cell, thermal conductivity 

through the gas in the cell and radiative heat transfer 

between the faces of the cells. Heat transportation due 

to thermal conduction through the solid material is 

proportional to the relative density of the foam. Heat 

transportation due to convection in the gas in the cells 

is typically negligible as the small pockets of gas have 

small Grahof numbers. Moreover, the heat transported 

due to conduction through the gas is proportional to 

one minus the relative density of the solid foam. The 

heat transported due to radiation increases as the cell 

walls become more transparent. Hence the radiative 

heat transportation increases as the relative density of 

the foam decreases. As pointed out by a case study in 

chapter 7 ‘Cellular Solid: Structure and Properties’ in 

reference [5], the increase in heat conducted via the 

solid material and the decrease in heat conducted via 

the gas and transferred through the structure as the 

relative density of the foam increases leads to an 

optimal foam relative density for thermal insulation. 

The specific heat of a solid foam can be estimated 

by considering the specific heat and relative masses of 

the materials in the solid foam [5]. Even for very low 

relative density foams the mass contribution of the cell 

gas in the foams is very low, hence the specific heat of 

a solid foam is typically very similar to that of the solid 

material used in the foam. 

 

2.5 Additional Properties 

Solid foams have been investigated for applications 

that are not thermal or mechanical, due to other 

advantageous properties. Some of these additional 

properties are intrinsic to solid foam materials, while 

others have been added to solid foam materials via a 

range of processes. An example of this is the carbon 

foam used by Moglie et al [30] for electromagnetic 

shielding. 

 

2.6 Solid Foams in Vacuum 

The manufacturing of solid foams in space was 

explored by the REDEMPTION mission as reported 

by Candini et al [31] and later by Valdatta et al [32]. 

The REDEMPTION mission explored the use of PU 

foams, manufactured via the mixing of reactants. The 

mission planned to use solid foams as a method for 

capturing and attaching space debris to a de-orbiting 

satellite. To test the solid foams for this mission 

REDEMPTION carried out a series of experiments to 

examine the manufacturing of solid foams in space. 

This included a successful demonstration of 

manufacturing solid foams in vacuum. The PU resin 

was adapted for vacuum by reducing the blowing agent 

produced during the resin mixing. The vacuum 

manufactured solid foam process was intended to be 

tested on a sub-orbital rocket, however this test could 

not be carried out due to technical issues during the 

launch. 

 

2.7 Solid Foams in micro-gravity 

There have been several studies investigating the 

development of both solid and liquid foams. As 

pointed out in section 2.2, the structures of many solid 

foams are formed during the liquid foam stage, hence 

studies exploring the effects of microgravity on liquid 

foams are relevant when discussing in-space 

manufacturing of solid foams. One such study of liquid 

foam carried out in microgravity was the FOCUS 

experiment, as discussed by Somosvári et al [33]. 
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These experiments considered the development and 

life span of liquid foams produced on the ISS 

compared with foams produced on the ground. It was 

found that there were only minimal differences. 

Solid foam production has also been considered in 

microgravity. A study by Quadrini et al [34] 

considered foams produced in hyper-gravity (in a 

centrifuge) to estimate the effects of microgravity on 

the formation of resin-based foams. It was concluded 

that micro-gravity is likely to have very little effect on 

the formation of such resin foams. While this study did 

not directly observe the effects of micro-gravity on 

solid foams it is in general agreement with studies that 

have observed the formation of liquid foams in micro-

gravity. 

 

3 In-Space Solid Foams Applications 

As discussed, two of the key advantages of solid 

foams are their high packing ratio and rapid production 

time. As such solid foams could be used to quickly 

produce a large volume from limited feed stock.  

The high specific strength and low thermal 

conductivity provided by solid foams has resulted in 

foam being suggested for use as an aeroshell designed 

for aerocapture [35]. The solid foam would allow for 

the construction of a very large rigid structure with a 

low mass and hence a low ballistic coefficient. 

Additionally, the low thermal conductivity of the foam 

could enable it to be used as a light weight thermal 

protection system. 

As is discussed in section 4 solid foams could find 

applications as a thermal insulator given their low 

thermal conductivity [5]. Such applications could 

include sunshades or insulation for large human 

habitats in-orbit or on the surface of a planet.  Given 

that foams have short production times they could be 

used to create an initial protective shell like that 

described by Boyd et al [36]. Inside this shell other, 

more sensitive, on-orbit manufacturing processes 

could take place. 

As foams have a low density, they can be designed 

to have high specific flexural rigidity, as the same mass 

of material can provide a thicker section. This means 

that foams could be used to rigidise flexible 

components. In this manner solid foams could be used 

to deploy a large gossamer solar array similar to that 

described by Sproewitz et al [37]. 

Solid foams have been used for energy absorption 

during impacts or crashes [5], [38], [39]. A solid foam 

structure could replace the landing structure on an 

asteroid lander similar to that discussed by Zhao et al 

[40]. A suitable solid foam absorption layer could 

provide omnidirectional protection during landing, this 

could be very significant on objects with an uneven 

surface. 

 

 

4 Case Studies 

To investigate the use of in-space manufactured 

solid foams it is important to compare solid foam 

production to other processes that have been suggested 

for in-space manufacturing. This comparison has 

attempted to account for the full system requirements 

(such as energy consumption, construction time or 

mission mass). 

 

4.1 Cantilever Beam 

A cantilever beam under a bending load can be 

used to make a comparison between different in-space 

manufacturing methods. Such a beam could, for 

example, have a torque applied to a large structure 

during an attitude slew manoeuvre. For this 

comparison we will consider the use of foam, FDM 

and DED printers used to manufacture beams in-space 

using foam (PU), plastic (PEEK) and metal (stainless 

steel) materials respectively. Each of the beams will 

use a square section as described in Figure 2 below.  

 

 

Figure 2 – Schematic cantilevered beam 

Here L is the length of the beam, H is the thickness 

of the beam and F is the load applied to the beam. Each 

beam will be designed to support a bending load with 

a Factor of Safety (FoS) of 2 on the yield tensile 

strength as described in Equation 5: 

 

𝐹𝑜𝑆 =
𝜎𝑌𝑖𝑒𝑙𝑑

𝜎𝑀𝑎𝑥

   (5) 

 

Here σMax is the maximum tensile stress 

experienced by the beam and σYield is the tensile yield 

strength. Euler-Bernoulli beam theory can be used to 

calculate the thickness a square beam required to 

support a given load as described by Equation 6: 

 

𝐻 = √
6 𝐹 𝐿 𝐹𝑜𝑆

𝜎𝑌𝑒𝑖𝑙𝑑

3

   (6) 

 

The thickness of the beam can then be used to find 

the volume and mass of the beam, based on the density 

of the material used. Table 1 shows the thickness, 

volume and mass of a 1m long beam supporting a 1N 

load at the unsupported end. 

x 

y 

L 

y 

z 

H 

F 
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Table 1 – Cantilever beam performance 

 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) 
1.99a 87.34b 558c 

Density (kg/m3) 160a 1300d 7990c 

Beam Mass (g) 53.0 34.6 61.8 
a Based on PCF10 as reported by Horak et al [6] 
b Based on FDM printed PEEK 450GTM as report by Li and 

Lou [41] 
c Based on DED printed stainless steel 316 (vertically 

printed) as reported by Zhang et al [42] 
d Based on VitexTM PEEK 450GTM [43] 

 

As can be seen in Table 1, a greater mass of foam 

is required to support the cantilever beam. It is 

important to note that the material properties used in 

this example have been taken from terrestrial 

experiments, whereas the material may behave 

differently when manufactured and operated in-orbit. 

The cantilever beam can be examined still further 

by considering the demands that each of these 

processes would place on the manufacturing system. 

The volume print rates of the FDM printer and the 

DED printer can be estimated based on the machine 

parameters discussed by Li and Lou [41] and Zhang et 

al [42] respectively. This estimated volume print rate 

is then used to find the total time required to print the 

beams. In the case of the DED and foam printing 

process the power required to run their respective 

printing process can be estimated, so the energy 

required for each process to manufacture the beam can 

be estimated as the product of the operational power 

and time. In the case of the FDM printing process the 

energy required to manufacture the beam was 

estimated by taking the product of the specific energy 

required to melt PEEK, starting from an ambient 

temperature of 23°C, and the mass of the beam. This 

estimation does not consider any loss in the FDM 

process or any additional power required to run non-

heating equipment. The system requirement to print 

the beam on each of these printing processes are shown 

in Table 2. 
 

As shown in Table 2 the foam beam can be 

produced for much less energy and in a much shorter 

time. When considering that a large structure may have 

hundreds of beams, the impact of a shorter lead time 

and low energy consumption for each beam could have 

a significant impact on the total time and energy 

required. These examples are based on one printer in 

each case, whereas it may be possible to print such 

structures quicker with more printers or a higher 

capacity printing process, but this would require a 

higher power consumption. 

 
Table 2 – System requirements for printing of cantilever 

beam  

 Foam FDM DED 

Volume Print 

Rate (mm3/s) 
1×106 1.61 1.69 

Mass Print 

Rate (g/s) 
160 2.1×10-3 1.4×10-2 

Print Time (s) 100a 1.6×104 4.6×103 

Power (W) 10 N/Ab 1000 

Energy (kJ) .01 23.3 456.8 
a The foam has a minimum cure time of 80s and an 

additional 20s to lay down the material 
b There is no direct power value for the FDM printer 

 

4.2 Sunshade 

The use of foam in thermal applications can be 

explored by considering a sunshade as a case study. 

Such a sunshade could be used to block sunlight from 

sensitive payloads. A macro-scale sunshade, like that 

described here, would be capable of shading a large 

area and hence provide protection to large instruments 

such as space telescopes. 

To understand the manufacturing parameters of 

large sunshades two manufacturing approaches have 

been considered: a thin-film sunshade and a foam 

sunshade. Both sunshades are squares with 150m 

edges. The thin-film design consists of two thin-film 

layers supported by a lightweight printed tensioning 

frame. The thin-film layers are made of aluminium 

using PVD while the frame is made of PEEK and is 

printed using FDM. It is assumed that there is little heat 

transportation through the tensioning frame and that 

the only heat transportation between the two layers is 

provided via radiation. The modelled uses the Stefan-

Boltzmann law [44] to capture this heat exchange. The 

PVD process is similar to that described by Lippman 

[4]. The design of the tensioning frame is also similar 

to that investigated by Sleight and Muheim [45] for a 

solar sail. Figure 3 shows a schematic of the foam 

sunshade. Table 3 lists the foam sunshade’s key 

parameters. 
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Figure 3 – Thin-film sunshade 

Table 3 – Thin-film sunshade parameters 

Property  Value 

Thin-film thickness 

(µm) 

2.5 

Thin-film area (m2) 4.5×104 

Thin-film density 

(kg/m3) 

2700 

Thin-film mass (kg) 304 

Thin-film 

emissivity  

0.04 

Tensioner frame 

mass (kg) 

171 

Total mass (kg) 475 

 

The foam shade is made of polyurethane and 

constructed in a similar manner to the beam discussed 

in section 4.1. The thermal properties of the 

polyurethane foam have been taken from Gibson and 

Ashby [5]. Figure 4 shows a schematic of the foam 

sunshade. Table 4 lists the foam sunshade’s key 

parameters. 

 
Figure 4 – Foam sunshade 

 

 

 

Table 4 – Foam sunshade parameters 

Property  Value 

Foam thickness (mm) 173 

Foam area (m2) 2.3×104 

Foam density (kg/m3) 160 

Foam thermal conductivity (W/m K) 0.025 

Foam mass (kg) 6.2×104 

 

Both sunshades have been designed to have a 

thermal resistance RT of 3×10-5 K/W using Equation 7: 

 

𝑅𝑇 =
𝑇𝑆𝑢𝑛 − 𝑇𝑃𝑎𝑦𝑙𝑜𝑎𝑑

𝑄
    (7) 

 

Here RT is the thermal resistance, TSun is the 

temperature of the shade on the surface facing the sun, 

TPayload is the temperature of the surface of the shade 

facing the payload and Q is the heat flux, in this case 

the solar flux. This would result in an R-Value (the area 

specific value of thermal resistance) of 0.69 Km2/W. 

The manufacturing parameters of the two approaches 

are shown in Table 5 below. The manufacturing 

parameters of the PVD process have been taken from 

Lippman [4]. 

 
Table 5 – Sunshade manufacturing parameters 

Property 

Thin film system 

Foam Al 

PVD 

PEEK 

FDM 
Total 

Mass print 

Rate (g/s) 
5.6×10-2 2.1×10-3 - 213 

Power (W) 2640 100 - 100 

Print time 

(s) 
5.4×106 8.2×107 8.7×107 2.9×105 

Energy 

used (kJ) 
1.4×107 8.2×106 2.3×107 2.9×104 

Mass (kg) 304 171 475 6.2×104 

 

As seen from Table 5, the foam sunshade takes less 

time and energy to produce when we consider the use 

of one printer. However, the foam sunshade requires 

considerably more mass than the thin-film approach. 

The foam would require less than 4 days of continuous 

manufacturing time, whereas the thin-film shade 

would require almost 3 years. This difference in print 

times and mass is so considerable that the two 

manufacturing approaches may be best used for 

different mission concepts. The foam process could be 

used for shorter duration missions in which a short 
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construction time is critical to returns on the mission, 

for example missions in LEO or MEO. The thin-film 

shade may be more suitable for longer duration 

missions in which the mass of the platform is critical, 

for example missions beyond Earth orbit. 

A hybrid approach could also be envisaged where 

the foam is used in the structure of the tensioning 

frame, as opposed to the insulating layer itself. Such an 

approach could reduce the print time and energy 

required for the construction of the thin-film shade 

since most of the time taken (94%) and much of the 

energy consumed (36%) in constructing the thin-film 

shade is taken constructing the tensioning frame using 

FDM. A foam printing process could reduce the over 

all time and energy required to manufacture the  

Sunshade. As a blanket coverage of foam is not 

required the overall mass of the hybrid foam thin-film 

shade would be considerably less than the pure foam 

shade. However, this foam shade frame would most 

likely have a greater mass than the PEEK frame. 

 

5 Conclusions 

Solid foam manufacturing in space is potentially a 

key technology of interest for in-space manufacturing. 

The solid foam printing process holds the promise of 

providing large-scale, lightweight structures with low 

mass, that could be printed in short timescales with 

significantly less energy than other methods proposed 

for in-space manufacturing. The solid foam material 

produced also provides interesting thermal and 

mechanical properties that could be used in a range of 

thermal-mechanical applications. 

Further study is required to fully understand the 

likely properties of solid foams produced in space. The 

results of such research would be critical in the design 

and construction of a full-scale planer foam structure 

in space. Simulations of both the micro-scale solid 

foam structure and the macro-scale planar structure 

would be critical to understanding the material 

properties of a solid foam produced in space and the 

behaviour of a solid foam structure that is too large to 

test in a laboratory. 
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