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Abstract

Advancements in material science, manufacturing and sensor technologies, Artificial Intelligence, and the Internet of Things
have paved the way for fabricating new parts using additive manufacturing in microgravity conditions. NASA has successfully
demonstrated 3D printing onboard the International Space Station (ISS), though at a minor scale. Nevertheless, the parts built
onboard the ISS were returned to Earth for further testing and verification. The logistics of bi-directional transportation of
raw materials from Earth to ISS and 3D-printed parts from ISS back to Earth is complex, expensive, and slow. Harnessing
materials from space to establish in-orbit manufacturing as a sustainable process is both technically and economically chal-
lenging. The potential to reuse, repurpose or recycle space debris is not well studied, though there is an increasing momentum
in Active Debris Removal (ADR) missions. Unlike the standard research or review paper, this is a visionary paper in which
the authors explicitly address the intersection between space debris removal and in-space manufacturing. This paper defines
a pathway towards implementing an operational in-orbit manufacturing and debris removal model. For the first time, the
authors introduce the application of Cloud-Based Design and Manufacturing (CBDM) for in-space manufacturing in this
paper. The paper aims to define a roadmap towards implementing a space operational model for in-orbit manufacturing and
debris removal. Future enabling technologies that will leverage the advances in robotics, automation, and Space 5.0-based
solutions to create a new environmentally friendly and economically profitable orbital ecosystem are presented. The authors
analyze the pros and cons of robotic ADR, upcycling and recycling space debris for on-demand manufacturing in orbit and
present a systematic approach to implementing in-orbit manufacturing as a new frontier. Recommendations are made to
establish an imminent Earth-independent space logistics and supply chain system for operating an orbital factory or ware-
house that will help realize a suite of in-orbit manufacturing, maintenance, and assembly missions.
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1 Introduction

Ever since the launch of Sputnik—the first artificial satel-
lite—humanity has witnessed the construction of the big-
gest orbiting spacecraft - the International Space Station
(ISS)—amongst other remarkable accomplishments in
space, such as the Apollo lunar mission and a multitude of
orbiter and rover missions to the Moon, Mars, asteroids and
beyond. According to various forecasting bodies, such as
Wall Street and Bank of America, the space economy is
projected to grow into a multi-trillion-dollar market by 2040
[1]. However, there is a growing concern about the alarming
amount of space debris, a serious threat posed to operational
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satellites, and the long-term sustainability of outer space
activities.

The first documented case of an accidental collision
between two artificial objects in Low Earth Orbit (LEO)
occurred in 1996. The incident happened on 24 July when
debris from an Ariane launcher hit the French military
reconnaissance satellite CERISE. It is a sadly repeating
story. In February 2009, the collision between the US sat-
ellite Iridium 33 and the derelict Russian Cosmos 2251
resulted in more than two thousand pieces of debris. In
October 2016, a retired satellite from the US Air Force, the
Defense Meteorological Satellite Program Flight 12, broke
up in orbit. More recently, in March 2021, the breakup of
Chinese satellite Yunhai-1 was linked to an accidental col-
lision with a small piece of debris just 10-50 cms in length
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associated with a Russian Zenit-2 launcher sent into orbit
in 1996. These events and many others have created over
40,000 pieces of debris larger than 10 cm orbiting the Earth
and over 140 million smaller debris remaining unchartered
[2]. This includes the upper stages of rockets launched into
orbit, which eventually become debris. The sizes of space
junk vary from a few millimeters, such as glass fragments,
to several meters, such as the large non-operational Environ-
ment Satellite (ENVISAT) by ESA. Natural meteoroids are
also space debris. Yet, regardless of whether debris is natural
or artificial, it poses a significant threat to current and future
space assets.

In the last 60 years, there have been more than 640
fragmentation events (break-ups, collisions, explosions),
yielding clouds of debris of all sizes. The European Space
Agency (ESA) estimates that there are currently 40500
debris objects larger than 10 cm [3]. This population already
forces satellite operators to adjust course to avoid collisions
regularly, and impacts with active satellites have already
led to multiple fatalities [4—7]. Unfortunately, the debris
population continues to grow quickly (Fig. 1). Worse, colli-
sions between debris occur regularly, which creates a self-
sustaining cascading effect. Experts fear that past a certain
threshold, the vast number of debris will trigger a chain col-
lision reaction, referred to as the Kessler syndrome [8]. This
cascading effect may finally render low and geostationary
orbits (LEO and GEO) non-operational. Controlling debris
and tracking their orbits are widely recognized as critical
tasks to maintain sustainable access to space for decades
to come [9-11]. As the intensity of the space debris keeps
growing, scalable commercial and affordable solutions are
needed to realistically control and collect the uncooperative
debris with dimensions above 10 cm at least.

A study from 2006 showed that at that time, even if no
future launches occurred, collisions between existing satel-
lites would increase the 10 cm and larger debris population
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faster than atmospheric drag would remove objects [13]. The
market opportunity for debris removal and in-orbit servicing
is developing and will become a multi-billion-dollar mar-
ket by the end of the decade. It is conservatively predicted
to be valued at ~ $4.4Bn in cumulative revenues (within a
range of $2.3-7.2Bn) by 2030 [14]. The global space debris
monitoring and removal market is projected to grow from
$942.3 million in 2022 to $1.5 billion by 2029 [15]. Morgan
Stanley’s Space Team estimated that the roughly 350 billion
global space industry could surge to over 1 trillion by 2040
and consider space debris removal as one of the drivers of
the new space ecosystem [16]. This requires suitable poli-
cies at the government and international level, e.g. the Zero
Debris Charter by ESA [17].

Literature review shows that space debris is a major
threat and missed opportunity. According to Leonard and
Williams [18], the value of orbital debris suitable for re-
use is estimated at $1.2 trillion. Even though space debris
orbiting around Earth poses a major threat to operational
satellites, the extent of space debris could be an immense
wealth of resources to be reused for manufacturing newer
systems in orbit [19]. However, research on upcycling and
recycling space debris for in-space manufacturing is still
in its infancy. Although the upcoming ADR missions aim
to deorbit space debris, the remnants returned to Earth are
non-biodegradable objects, polluting the oceans and affect-
ing marine lives. Likewise, disposing of the bulk of debris in
graveyard orbits is also not a sustainable solution in the long
term. Therefore, space agencies, stakeholders, regulators,
investors, businesses, and academia should join forces to
develop cutting-edge technologies to robotically upcycle or
recycle space debris for on-demand manufacturing in orbit.

The next major milestone for human exploration is estab-
lishing an operational in-space robotic fabrication laboratory
with additive manufacturing capabilities for handling vari-
ous materials (polymers to metals). Recently, the STARFAB
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Fig.1 (A): Evolution of number of objects in geocentric orbit by object class [3]. (B): number of objects >10 cm in LEO [12]. Steep increases
are the result of dramatic fragmentation events. The growth rate of the number of debris is rapidly increasing
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project (Fig. 2), funded by the European Commission, offi-
cially kicked-off to elaborate a viable concept of an in-space
automated warehouse facility to support In-Orbit Servicing,
Assembly and Manufacturing (ISAM) applications [20].
However, the aforementioned concept of robotic upcycling,
recycling, and sustainable in-space manufacturing sounds
like science fiction today, albeit with advancements in space
technology. In this paper, we set out a pathway to make this
ambitious mission a reality in the decades to come. Initially,
we review the state-of-the-art manufacturing in orbit and
advancements in robotics with a focus on ADR, followed
by a gap analysis in the current understanding of the mate-
rial science of space debris. Accordingly, a new systems
perspective for holistically tackling space debris, harness-
ing its resources, and additive manufacturing in orbit is pre-
sented. With space sustainability at the heart of this paper,
the potential scientific, environmental, and commercial ben-
efits of additive manufacturing, upcycling, and recycling in
orbit and warehouses in space for implementing on-demand
design and fabrication services are presented.

The remainder of this paper is organized as follows:
Sect. 2 covers a concise review of the relevant literature
mapping the multidimensional subject topics addressed in
this paper. The details of the new framework for establishing
an orbital space ecosystem and associated critical enabling
technologies are described in Sect. 3. Finally, in Sect. 4,
inferences are drawn on the technological needs and future
directions.

2 Scientific and technological review

2.1 Robotic active debris capture and removal
missions

The Cold War rivalry fuelled a race to develop robotic space
technologies. These developments continued after the col-
lapse of the USSR, with former enemies and competitors
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Fig.2 Artistic impression of STARFAB [20]

becoming partners in collaborative scientific projects.
Human presence in space is considered a key challenge for
all space-faring nations. Therefore, exploration and science
missions can and should leverage substantial robotic capa-
bilities for operational excellence and efficiency. Advances
in robotic manipulation, control, and grasping technology
tremendously increased the range of applications of space
robots for planetary and orbital missions, enabling the
emergence of whole new classes of missions. Various space
robotic manipulators, like the Shuttle Remote Manipulator
System, Canadarm-2, Dextre, and the Japanese Experiment
Module Remote Manipulator System (JEMRMS), have been
critical in the ISS’s orbital assembly and other maintenance
tasks. Space manipulators have commonly assisted in extra-
vehicular activities (EVA) and on-orbit servicing missions.
Robotic missions are more reliable, cost-effective, efficient,
and safer when compared to human spaceflight. However,
it requires the robots to be able to substitute for humans
across the operational portfolio, which implies high levels
of manipulation dexterity and efficient means to control
these robots. Nevertheless, there is an increasing demand
for using space robots for large-scale cleaning up of space
junk amongst other applications.

Space debris originates in derelict rocket bodies, upper
launch stages, and spacecraft abandoned in orbit. Some
of these remain intact, but others have collided with one
another, corroded, disintegrated, or shed paint flecks, stead-
ily growing the number of objects: 40500 objects greater
than 10 cm, 1.1 million objects 1-10 cm, and 130 million
1-10 mm [11]. Objects of all sizes are a threat: Anything
larger than a centimeter can severely damage operational
spacecraft or launchers [21]. In addition, the larger an object
is, the larger the risk of a collision with another, which could
lead to a cascading effect discussed above. Objects smaller
than a centimeter, including micro-debris composed of paint
flecks and solid rocket exhaust particles, force manufacturers
to equip spacecraft with heavy shielding; external compo-
nents, like solar panels, cannot be shielded shielded and have
in fact been affected by space debris in several occasions
[22].

In the context of space debris removal missions,
uncrewed rendezvous and capturing are the only viable
solutions. The most accepted concept for removing objects
larger than 10 cm is a fleet of debris chasers and refueling
stations [23]. The chasers notionally use electric propul-
sion, although propellant-less chasers that react against the
Earth’s magnetic field are also under development [24].
Chasers are dispatched to a target, capture it with a desig-
nated mechanism [25], de-orbit it or park it on a graveyard
orbit, and move on to the next target. However, in flagship
ADR efforts funded to date, including RemoveDEBRIS [26],
ClearSpace-1 [27], and ELSA-d [28], the focus has largely
revolved around the problem of removing a single object.
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Handling cooperative and uncooperative targets in orbit
poses different types of challenges. The detailed strategy for
capturing space debris depends on several factors. If the tar-
get is spinning or tumbling, the chaser spacecraft must match
this movement, making the approach and capture difficult. It
increases the risk of the grappling maneuver going wrong.

Robotic ADR offers many benefits compared to other
state-of-the-art debris capture and removal techniques. An
exhaustive review of current state-of-the-art debris capture
solutions can be found in [29]. Although non-operational
legacy satellites were not designed to be remotely serviced
in orbit, their salient features could be used to aid in robotic
capture and disassembly in a controlled way. This includes
ring structures, thrusters, structural beams, fuel tanks, etc.
Advancements in robotics and design thinking for disassem-
bly open up opportunities to test novel disassembly meth-
ods and create feasible solutions. A gripper-based capture
is more deliberate than a harpoon or net. The chaser can
slowly and precisely place its gripper onto a solid site on the
object that is unlikely to break off or become damaged. In
addition, this solution leverages decades of robotics R&D
in space and terrestrial sectors. Admittedly, gripper-based
methods are operationally more complex than harpoon and
net. A gripper-equipped chaser must come in close prox-
imity to the object and delicately grasp it. If the object is
spinning, the chaser must align its reach to the motion of the
target, either with its manipulator or by synchronizing with
the target. These are practical challenges for which one-size-
fits-all solutions do not exist and need further developments
leveraging today’s technology. Synchronization has already
been shown to work for debris that spin at 5deg/s [30], and it
is worth noting that the spin of metallic debris in LEO can be
damped to less than a degree per second within a few years
[31]; synchronization is expected to apply to a large fraction
if not most LEO objects. Electromagnets have been proposed
as a solution to slow fast tumbles [32].

The autonomous robotic capture of an uncooperative tum-
bling target has a long history of research activities, as the
review by [33] shows, and has not yet been openly demon-
strated in orbit. The task of reaching out with a free-flying
robot to grasp and stabilize an uncontrolled tumbling object
requires the interplay of multiple onboard functionalities,
including vision and controls. The computational cost of
visual tracking limits the rate at which it operates, which
motivated the development of state observers that include
a dynamic model of the system, to provide adequate state
feedback to the robot controller. A first step in this direc-
tion was made by [34], where the state of the target object
was estimated. During capture, the robot controller had to
account for multiple motion constraints and to provide suf-
ficient compliance during contact with the target, to avoid
high interaction forces. These features were demonstrated in
[34], where the chaser was not actuated, i.e., in free-floating
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mode [33] and where the target was slowly tumbling and
of small size. In this control architecture, a motion planner
provides a feasible reference trajectory to account for the
nominal motion constraints [35-38].

Further developments in feedback control have addressed
the combined control task, e.g., free-flying or coordinated
control modes [33]. The free-flying mode involves actuating
the chaser, for example, synchronizing it with the grasping
point’s motion of a large target [30], while also actuating the
arm to reach the grasping point [39-41], grasp, and rigidize
the arm [42]. In these studies, full-state feedback was always
assumed for the free-flying system. Task guidance is gener-
ally managed by an onboard skill engine that acts as an exe-
cution handler of the operational plan generated on ground
by the mission control system. A task-oriented programming
paradigm delivers the means of executing the operational
plan on-board, without intervention from the ground [43,
44]. A critical aspect of on-orbit activities is the manage-
ment of action sequences that lead to the accomplishment
of the task [45]. In the case of simple missions, the sequence
of states and tasks can be firmly defined, or dynamically
adapted by a ground or on-board mission planner [46—48].
The concept of a Controlled Floating Space Robot (CSFR),
in which the base is free to move with the robot arm but in
a controlled manner, outperforms both free-flyers with con-
trolled base and free-floaters with uncontrolled base [49].
CSFR dovetailed with robust pose controllers is an efficient
methodology for rendezvous and synchronizing with tum-
bling targets [50-52].

2.2 Materials in space

Satellites are made of materials that resist, without failure
or excessive distortion, the static, dynamic, and thermal
stresses that occur during launch, deployment, and service
[53-55]. Structurally a satellite can be divided mainly into
two parts based on the material used and its functionalities.
The primary structure comprises components designed to
transmit loads through the satellite, attachment points for
payloads and associated components. The secondary struc-
ture includes the rest of the parts, including solar panels,
thermal blankets, and electronics. Aluminium and its alloys
are the conventional primary structure material used for
flight structures of all types. The main materials used are
2000/7000 series Aluminium for Tanks, Silicon, Lithium,
Manganese, Magnesium, Aluminium Alloys, particularly
Aluminium-coated polyimide and Kevlar for shielding.
Conventionally, Aluminium is converted into alloys with
other metals for increased strength and weight reduction;
Aluminium is not strong on its own. Aluminium alloys rein-
forced with silicon carbide, alumina, or boron particulates or
fibres offer increased stiffness and strength; however, these
materials are more expensive than conventional alloys.



Robotic upcycling and recycling: unraveling the era of sustainable in-space manufacturing

Satellites also use special materials for their various com-
ponents [54]; for example, Aluminum-Lithium Alloys, Pol-
ymer-Matrix Composites, Carbon-Carbon Composites and
Metal-Matrix Composites are popular. The Aluminum-Lith-
ium alloys (WeldaliteTM, Alloy 2090, Alloy 8090) offer a
weight reduction of 7 to 20 percent to the components man-
ufactured in comparison with the conventional Aluminum
alloys. These low-density alloys offer increased stiffness
and higher strength and are used in liquid oxygen and liquid
hydrogen fuel tanks. Polymer-matrix composites are another
class of materials used in flat panel components, structural
truss members and propellant tanks of spacecraft. Among
the well-used polymer-matrix composite fibers, for example,
glass, Kevlar™ and Graphite epoxy, the most commonly
used polymer-matrix composite for primary spacecraft
structures is Graphite epoxy. The polymer-matrix compos-
ites are subjected to environmental degradation effects, and
the strength of the components is threatened by three to five
years of exposure to the space environment. Carbon-carbon
composites are another material used in satellite components
that are exposed to extreme temperatures, typically up to
1650°C. These materials are used in the tails and wings of
airframes, the leading edge of the nose, and over the parts of
the fuselage along with titanium-matrix composite.

Chrome and nickel steel alloys have been widely used for
building satellites and launchers for manned and unmanned
missions. Their high resistance to extreme temperatures
makes them ideal for spacecraft heatshields. The James
Webb Space Telescope used steel molds to construct its
6.5m primary mirror containing pressed beryllium powder.
Steel tubes are also used for building a telescope’s cool-
ing system. Likewise, solar sails use steel booms to ensure
proper deployment. Various other sub-systems on board the
International Space Station and other spacecraft are made
of steel and other high-value materials. A detailed review of
materials used onboard satellites and the application of steel
and its unprecedented needs in the booming space industry
can be found in [56].

2.3 Material characterization of space debris

The characteristics of materials used to manufacture a
spacecraft vary under extreme environmental factors, but
some parts might not degrade quicker even after end-of-
service. There is a potential to reuse high-value parts before
they become derelict. For capturing, disassembling, reas-
sembling, and reusing debris, it is important to understand
the science of materials used for construction [57], lifetime
characteristics, and design constraints [S8—60]. However,
there is little research that dives deeper into the material
science of space debris, the closest being [61-64]. In 2021, a
study by Yalung et al. (2021) described a material classifica-
tion methodology for In-Orbit Debris using ESA’s DISCOS

(Database and Information System Characterising Objects
in Space) and other sources. Initially, a classification system
based on the shape of objects was developed, and later mate-
rial properties of each object category were added. However,
none of this research covers the aging of systems and sub-
systems accounting for their physical morphologies, design
constraints, and time-varying material properties.

2.4 In-space manufacturing

Additive manufacturing techniques are becoming more
and more suitable for space applications driving the new
era of in-space manufacturing. Additive manufacturing has
the advantage of printing parts of various shapes and forms
that conventional techniques could not produce. The three-
dimensional printed parts accommodate complex designs
and offer reduced mass, better performance, and reduced
manufacturing time. There are diverse techniques available
with different advantages and challenges for printing satel-
lite parts [65, 66]. A few examples are: (a) cavity and flow
path creation of EQUULEUS CubeSat thrusters from the
Aluminium alloy AISi10Mg (b) thermal management system
for high power CubeSat (ALSat#1 mission) (c) powder-bed
fusion of the metal alloy Inconel®718 for the redesign of
NASA’s thruster (d) stainless steel 316 L. and CoCr for liquid
rocket engine injector head (e) direct metal laser sintering of
AlSi10Mg to prepare antenna feed arrays (f) selective laser
melting of permalloy to prepare magnetic shields for fiber
optic gyroscopes.

There is growing interest and possibilities in manufactur-
ing materials in space and supporting advances from life
sciences to materials, including semi-conductors, proteins,
etc. The microgravity environment might simplify certain
biological and physical properties and processes. This could
offer new opportunities for manufacturing, pharmaceuti-
cals, and other major industries [14]. Hence, there is the
potential for discoveries that can both improve life on Earth
and advance understanding of space. From more efficient
therapies and better vaccines to stronger and more conduc-
tive materials, to developing new plant varieties, there are
a range of end users and economic opportunities that can
change our futures. Life science research on organ biomanu-
facturing could revolutionize organ transplants; novel mate-
rials investigations could transform the fiber optic and semi-
conductor industries; and plant varieties could be developed
that are better adapted to extreme conditions.

2.5 Automated robotic disassembly and reuse
techniques for low-gravity environments

The latest survey on robotic disassembly techniques in low-

gravity environments showed few results. Most research
focuses on docking, in-orbit servicing, and assembly rather
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than in-situ disassembly for reuse [67]. Robotic manipula-
tion and automation are key enablers for in-orbit disassem-
bly, repair and reuse of debris and components [33, 68, 69].
In the literature, orbital robotics focuses primarily on path
planning and control of arms in low gravity [70], dynamical
modeling of robotic manipulators [71], and capturing tum-
bling targets [41]. Capturing targets using robotic manipula-
tors is widely studied [72, 73] and so are in-space robotic
assembly operations [74]; however, there is limited research
on automated robotic disassembly. In the terrestrial indus-
try, automated disassembly of components is driven by the
need to recover strategic materials. Dealing with unknown
components is a key difficulty in robotic disassembly [75],
slowing commercial uptake. Task planning for disassem-
bly operations is in the early stages of implementation. It
relies on a knowledge of the component, which is not readily
available in the case of space debris [76]. Vision and sen-
sor-guided techniques have been developed for disassembly
operations such as fastener detection [77], removal [78], and
cutting of components [79].

In-space automated assembly technologies [80], robotic
manipulation and capture of objects in space [33] and robotic
in-orbit servicing are well-researched topics [81]. Most in-
orbit manipulators are designed for specific tasks [82], with
contact dynamics and pose estimation studied extensively
[83, 84]. Autonomous planning systems have been devel-
oped for the semi-autonomous robotic assembly of reconfig-
urable structures [85], and a concept for modular spacecraft
assembly is being developed in Europe [86]. Grasp and path
planning with robotics is well evidenced by most terrestrial
demonstrations using a combination of vision and deep
learning approaches [87]. Cost-benefit assessment is well
understood and widely used across several domains [88],
with the tool applied primarily in the literature for capture
and removal [89]. For terrestrial applications, the design
guidelines for disassembly have been widely documented
in general design thinking [76, 90]. However, they have not
been implemented on spacecraft, with modular design cur-
rently at the forefront [85].

Notably, no methodology for cost-benefit assessment has
been identified for in-space disassembly and reassembly pro-
cesses. Though there is some economic modeling of robotic
disassembly of terrestrial products [91], there are no such
cost-benefit or regulatory assessments for the disassembly
and reassembly phases of debris disassembly and reuse in
orbit. A recent NASA report [9] is an eye-opener revealing
the massive problem caused by space debris and the pressing
need for quicker remediation. The cost-benefit analysis pub-
lished by NASA focuses primarily on remediating the top
50 objects identified by [92]. It estimates that in the absence
of active debris remediation, over the next 25 years, the 50
largest debris alone will incur costs of over $1.2b to US sat-
ellite operators. Those costs primarily come from impacts
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from fragments that are expected to be generated from those
50 objects over the next 25 years. The costs associated with
controlled re-entry, uncontrolled re-entry, and recycling are
not explicitly addressed as they are too high using current
space-proven technologies. The findings by NASA further
reiterate the need for newer, efficient, scalable, and cost-
effective solutions that will go beyond the top 50 objects.

2.6 Industry 5.0 and digital manufacturing

The fourth Industrial Revolution, also known as Industry
4.0, and associated technologies ignited disruptive innova-
tion, bringing countless value-creation opportunities across
all major market sectors. More specifically, it has enabled
the interfacing of multiple elements comprising industrial
systems with Internet communication technologies to form
smart factories and manufacturing organizations of the
future [93]. Industry 5.0 is a new and emerging phase of
industrialization that complements the strength of Indus-
try 4.0 while emphasizing the transition to a sustainable,
human-centric and resilient industrial ecosystem [94-96].
Cloud-Based Design and Manufacturing (CBDM) refers
to a new service-oriented product realization paradigm for
the 21st century in the broader context of distributed and col-
laborative product development [97]. CBDM enables rapid
product development efficiently by reducing costs through
social networking and negotiating platforms between the ser-
vice providers and consumers while fostering knowledge and
resource sharing. A CBDM is a collaborative and distributed
system comprising interconnected physical and virtualized
service pools of design and manufacturing resources and
associated search and retrieval capabilities. CBDM systems
have the potential to become the backbone of future intelli-
gent and semantics-based Web 3.0/4.0 applications. Industry
5.0 and CBDM have a huge potential to galvanize in-space
manufacturing, but rigorous research and innovation are
needed to advance the technology readiness levels across
multi-disciplinary and cross-disciplinary areas.

3 Vision of upcycling and recycling of debris
for in-space additive manufacturing

The space industry provides immense value to life on Earth
by deploying satellite and space infrastructures facilitating
communication, navigation, real-time global-scale monitor-
ing of Earth and space, and supporting other technological
developments. However, satellites reach end-of-service or
become derelict in space due to end-of-lifespan or various
technical malfunctions. Millions of space debris, large and
small, orbiting Earth threaten the space ecosystem. There
is a growing concern over the increasing number of space
debris heavily affecting sustainable space operations. To
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address the alarming issue of space debris, many businesses,
space agencies, regulators, investors, and insurers have
stepped in to support ADR missions to clean up space stra-
tegically. Several upcoming ADR missions aim to de-orbit
debris (targeting certain identified objects in various orbits)
to a graveyard orbit or to demise upon re-entry. Consensus
is being sought on even debris disposal in low-populated
areas such as the South Pacific Ocean Uninhabited Area
that could affect the marine ecosystem. However, the cur-
rent business models are neither cost-effective nor environ-
mentally friendly and do not consider the immense wealth of
resources that some of this orbital debris offers. De-orbiting
or graveyarding an object costs a substantial amount of fuel.
De-orbiting some objects while more launches occur regu-
larly is wasteful, even with sophisticated removal technol-
ogy. Instead of deorbiting and graveyarding, space trash,
an immense resource, should be reused and repurposed for
manufacturing newer systems in orbit. A sustainable circular
space economy appears difficult to develop without reusing
orbiting parts and materials.

Due to the increasing awareness of space sustainability,
the scientific community is eager to investigate reusing the
parts and materials from derelict satellites in orbit as a step
towards additive manufacturing in orbit. According to the
study by Leonard and Williams [18], a total mass estimate
of ~ 7000 tonnes is calculated for space debris having a net
worth of ~$600 billion. These findings triggered the quest
for harnessing high-value materials in orbit to establish a cir-
cular economy for space. However, understanding how much
is potentially re-usable (whether materials and/or compo-
nents) for future space initiatives is not wholly analyzed, and
given the resources required for manufacturing and launch-
ing spacecraft on Earth, fully maximising their lifecycle in
space needs to become an essential goal of the ISAM mis-
sions. This endeavor will be feasible if and only if there is a
thorough understanding of the factors affecting space debris
material properties. This is because the material character-
istics change due to various extreme environmental factors
once the spacecraft reaches its end-of-service or becomes
derelict in space. However, to date, little is known about
the ageing material properties of space debris, the potential
for reusability of components of current spacecraft or how
to design future spacecraft to facilitate remote reuse. These
poor practices severely limit the human ability to plan and
implement a circular space economy. Moreover, research
on upcycling and recycling space debris and additive manu-
facturing in orbit is still in its infancy, hindering the goal
of achieving an in-space circular economy. Although basic
research has been carried out, as seen in [66, 98—100], cur-
rently, there is a lack of significant impact-based study which
is practically viable.

The ability to evaluate and assess orbital debris and then
categorise the potential for re-use (re-purpose and recycle,

including remanufacture) is vital for establishing in-orbit
manufacturing and a circular economy in space. Creating
on-demand manufacturing capability in a zero-gravity or
microgravity environment using robots and other onboard
resources will enable long-duration exploration operations,
for both manned and unmanned missions. The feedstock
needed for on-demand manufacturing of new/replacement
parts or components can be produced by repurposing, reus-
ing, or recycling materials in space, including those previ-
ously used for packaging or current space debris. Undoubt-
edly, such innovations will expand the horizon of in-space
operations, facilitating large-scale robotic construction and
assembly of high-value infrastructure (e.g., Space-Based
Solar Power and Large Aperture Space telescopes [74]) and
carrying out repair and maintenance operations of satel-
lites for life extension. In addition to significantly reduc-
ing launch costs, it will reduce carbon emissions by cutting
down the number of launches and the need for ground-based
fabrication. Moreover, it will also eliminate constraints on
cargo imposed by the limited fairing capacity of launch
vehicles. This will open a whole spectrum of new market
opportunities for commercial removal and reuse of debris in
orbit, promoting the added value of design for on-orbit reuse
for a sustainable circular space economy.

Further, extending this concept to the manufacturing
domain, and in step with the on-earth waste hierarchy,
are the principles of circular manufacturing (manufactur-
ing products that are long-lasting, easy to repair, refurbish,
remanufactured, and recycled) and remanufacturing (where
previously sold, worn, or non-functional products can be
rebuilt and recovered through the disassembly, cleaning,
repair and replacement of worn-out and obsolete compo-
nents). To truly maximise the waste hierarchy for orbital
debris and to regenerate high-value materials in orbit, these
approaches must also be considered. Alongside conducting
scientific investigations on the material properties of space
debris, significant technological advancements in autono-
mous space robots are needed to undertake upcycling and
recycling operations. This requires a change in design prin-
ciples; future spacecraft should use a modular architecture
so that they are designed to be serviced or decommissioned
remotely in orbit. Further innovation in autonomous space
robotics will unearth a new area of manufacturing new sys-
tems and components in orbit, facilitating the establishment
of a circular space economy.

The ambitious prospects of using autonomous robots
for a multitude of orbital missions, such as ADR, satellite
servicing and refuelling, space-based solar power genera-
tion, assembly and manufacturing, is driving a new wave of
innovation and increasing investments in the space sector.
However, it also creates new challenges for the scientific
community that need addressing. Validating an end-to-end
robotic ADR mission in low-gravity experimental conditions

@ Springer



M. C.Rai et al.

Fig. 3 Demonstrating robotic ADR using an experimental testbed at
the University of Lincoln, UK (Photography courtesy- Max Alexan-
der) [101]

is not feasible, but some functionalities can be verified in
earth-analogue setups. Such an experimental ADR test-
bed is shown in Fig. 3. This image illustrates the complex
sequences involved in capturing uncooperative space debris
(target on the right) using a spacecraft with a robotic manip-
ulator (chaser on the left). This testbed is used for validating
the close-proximity approach, safe capture, and controlling
the worst-case tumbling behaviors of the debris for post-
capture stabilization and subsequent deorbiting.

The GNC of the chaser spacecraft plays a crucial role
in planning and executing debris capture and subsequent
disassembly and reuse operations. A multi-layer planner is
needed to schedule various processes from capture to reuse
autonomously. The most challenging guidance phase is dur-
ing the close-range operation (e.g., the last 20 m, depending
on the target size, shape and rotation rate). As the percep-
tion system starts to sense the target pose, i.e. its position,
attitude, and rotational velocity, the guidance system plans
the course of actions depending on the nature of the target.
For example, the target might be known but uncooperative,
i.e., the shape and geometry of the target are available only
to a certain extent but no information from the Guidance and
Navigation System is available. However, the target might
be out of control, thus no longer three-axis stabilized, but
spinning or even tumbling. Once the chaser synchronizes
its motion with the target and positions at a hold-point close
to the target, the robotic arm will be deployed to capture
the target. Whilst the planner executes the synchronization,
capture and digitization, the perception function continues to
estimate the pose and track the structure of the target but at a
very close range (i.e., it can be down to a few centimeters).

@ Springer

The next level of planning generates the post-capture stabi-
lization and detumbling of the coupled system. Thereafter,
the planner will schedule the disassembly and reassembly
operations based on the sensor data.

Research on In-Situ Resource Utilization (ISRU) has
focused primarily on planetary and lunar surface exploration
missions. However, the domain of robotic ISRU for in-orbit
missions, particularly harnessing resources through robotic
disassembly and reuse of space debris, is not well explored.
While assembly, disassembly, manufacturing and mining
of new materials could arguably be cheaper on the Moon,
transporting components to/from the Moon is not profitable.
This will invariably require an orbital warehouse for storing
objects between capture and reuse; however, there is limited
understanding of storage requirements for different space
debris. The trades one faces in designing an orbital ware-
house depend substantially on understanding downstream
disassembly and reuse. Conceptually, an orbital warehouse
will house multiple object holders and dexterous robotic
manipulators to undertake the (dis)assembly parallelly and
collaboratively, thereby freeing up the chaser spacecraft to
carry out more capture operations, maximizing its utility.
If such an operational orbital warehouse becomes a real-
ity, robotic (dis)assembly operation could commence upon
successfully capturing and positioning the debris within the
warehouse. Before executing any (dis)assembly or reuse
techniques, it is highly important to have information on
the debris’ material characterization to avoid creating new
debris. It is important to note that based on the material’s
durability, some debris can be repurposed, and others can be
recycled to produce feedstock for on-demand manufactur-
ing and re-manufacturing in orbit. The concept of bridging
ADR with space debris upcycling and recycling for in-orbit
manufacturing is depicted in Fig. 4. This illustration shows
the sequence of operations involved, various interdepend-
ent and interconnected systems, and the system of systems
constituting this complex orbital ecosystem. The vision for a
circular economy in space will be facilitated by active debris
removal, upcycling (disassembly, reassembly, reuse, or
reshape), and recycling in orbit to harness feedstock for in-
space manufacturing. It is envisaged that this coherent nar-
rative will trigger discussions amongst scientists, engineers,
and stakeholders to address the gaps in scientific understand-
ing, technologies, regulations, and skills to make this vision
a reality in the 21st century.

Engineering an orbital warehouse will be a massive
undertaking that requires like-minded space agencies, busi-
nesses, end-users, policymakers, and investors to join forces.
This vision is achievable by spinning cutting-edge terres-
trial Industry 5.0 technologies into space, such as Al and
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Machine Learning, Nanotechnology, Internet of Things,
Human—Machine Collaboration and Biotechnology. These
five pillars of the fifth industrial revolution have positively
impacted the space industry by unlocking new business
opportunities that will eventually change the economics of
space. A suite of Industry 5.0 technologies and processes
used to revolutionize digital manufacturing on Earth suc-
cessfully can be applied to propel technological advance-
ments in space to make space missions more accessible and
sustainable. Adapting ever-evolving Space 5.0 solutions will
enable the transition to a green economy that is more resil-
ient and human-centric. However, the extremities of space
and the high cost involved in building Earth analog test facil-
ities at scale make this a difficult venture. Nevertheless, there
is boundless potential to use digital technologies to design
and validate advanced mission concepts virtually. Binding
scaled-down Earth-analogue testbeds with Digital Twin-
ning will help refine the design and evaluate system-level
performance before scaling it up to create Digital Twins
of a large-scale operational orbital warehouse. Moreover,
dovetailing Cloud-Based Design and Manufacturing on
Earth and orbital warehouse with other Space 5.0 solutions
will catalyze in-space manufacturing. A novel concept of
applying CBDM for digital manufacturing beyond Earth is
presented in Fig. 5. Fusing disruptive ground-space technol-
ogies will facilitate the globalization of commercial in-space
manufacturing and address the needs of diverse end-users
(upstream and downstream applications) by democratizing
the space sector. As Space 5.0 continues to evolve, there is
much endurance in expanding the manufacturing horizon
beyond Earth, fueling the swift expansion of a sustainable
and greener space economy.

4 Conclusions

Space offers vital services that have a positive impact on
our daily lives. It is envisaged that leveraging innovation in
launchers and autonomous robots will create new avenues
for a spectrum of in-orbit services, fostering sustainable
economic growth and asset management. However, as
global space activity booms, space debris proliferation
has become a principal threat to satellites and the sustain-
ability of the high-value space assets upon which society
depends. Addressing space debris delivers benefits related
to space sustainability and develops capabilities that open
longer-term opportunities. A paradigm shift in two major
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areas is needed to address the growing challenges of space
debris and increasing demand for manufacturing capability
in orbit: (i) manufacturers should create new modular sat-
ellites designed to be serviced remotely in orbit for longer
lifespans (ii) change the current business models aiming
at deorbiting or graveyarding legacy space debris and
instead, develop technological capabilities and reformed
business models for upcycling and recycling space debris
sustainably. The required change of policies should aim
to increase the level of responsibility of space agencies,
launch companies and satellite operators to take care of
their debris and guarantee that at least no more debris is
generated. In the best case, policies at the international and
national levels should encourage the cleaning of existing
debris and the cleaning of orbits, including actions such
as upcycling and repurposing existing debris.

Robotic upcycling and recycling materials and digital
warehouses in orbit are emerging fields with remarkable
potential for changing the economics of space missions.
This article provides an up-to-date overview and analysis
of the great economic opportunities and technical chal-
lenges around scavenging failed satellites and their com-
ponents to manufacture new parts in orbit. It addresses the
benefits of in-orbit upcycling and recycling operations for
implementing on-demand design and fabrication services.
However, a major leap in technology readiness is needed
to operate large-scale space junk sweeping missions as a
commercial service. The visionary ideas on CBDM for
space creates new business opportunities whilst addressing
the scientific and technological barriers.

Comprehensive orbital in-situ resource utilization capa-
bilities are pivotal for future space missions, like space
tourism, assembling large-aperture space telescopes and
space-based power generation, and setting up human habi-
tats on the Moon and Mars. A suite of technological inno-
vations driven by Robotics, Automation, Al, and Space 5.0
will enable adventurous missions in a shorter timeframe,
efficiently and cost-effectively, and facilitate sustainable
use of space resources to protect its ecosystem. Pushing
the boundaries of in-space manufacturing aligns well with
supporting next-generation downstream commercial ser-
vices to Earth whilst achieving net zero on Earth and in
space. It will also create the capability building blocks to
enable longer-term commercial opportunities based on ser-
vicing, assembly, and manufacture. All these missions will
be enabled by close-proximity robotic operations in orbit.
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