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Abstract
Current satellites must be designed to withstand the vibrations of a rocket launch and are manufactured long before

their operational start in orbit, thus creating long lead times, high expenses, and mission inflexibility. In-orbit assembly
represents a paradigm shift in the field of satellite production and deployment, vastly increasing flexibility. Last minute
configuration changes can be performed and new business models such as customized production directly in space
become possible. Our approach has the potential to revolutionize the way satellites are manufactured and deployed.
In-orbit assembly is furthermore a necessity for ever larger space structures which cannot be launched in one piece. Our
concept of an In-Orbit Factory aims to pioneer a solution, by providing an adaptive just-in-time production. Pivotal for
its economic success is a framework for the transition from initial teleoperated assembly towards full autonomy. This
allows for a quick start with improved throughput at full capacity. The market size for small satellites was estimated at
$3 billion in 2022 and is expected to rise to $15 billion in 2032, opening opportunities for our concept. Our approach of
a tight integration of a space-ready robot equipped with advanced control algorithms and factory software is central to
the development of In-Space Servicing, Assembly and Manufacturing (ISAM) capabilities.

The envisioned system consists of a robotic arm equipped with a gripper and a camera at the end effector, mounted on
an assembly table containing modular CubeSat subsystems. Those subsystems are to be integrated into a chassis with a
backplane, that is connected to a satellite development board to allow for automated testing of the CubeSat already during
assembly. The robotic arm is controlled using a space qualified On Board Computer (OBC) executing the low-level robot
control software as well as the higher-level application software. To this end, an adaptive approach of Virtual Fixtures
is implemented, supporting both teleoperation as well as fully autonomous execution. Feedback obtained during the
teleoperation phase also allows for a self-improvement of the approach. A Digital Process Twin (DPT) orchestrates the
system at high level, enabling a holistic process mapping. With this process understanding, it is possible to detect errors
at an early stage and to make automated, knowledge-based decisions for their solution.

This paper will present the envisioned in-orbit factory concept and analyze the currently available solutions as well
as the research gaps to realize the factory. While the implementation using readily available CubeSats will allow for an
inexpensive evaluation in space, the solution can easily be scaled to the assembly of larger structures as the challenges
remain largely similar.
Keywords: AI, In-Orbit Factory, Teleoperation, Digital Twin, AIT, Robotic Manufacturing
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Acronyms
AI Artificial Intelligence. 3–6, 8
AIT Assembly, Integration, Testing. 4–6, 8, 9
CIB Centralized Information Base. 5
CSID CubeSat Subsystem Interface Definition. 3
DoF degree of freedom. 6–8
DPT Digital Process Twin. 1, 3–5, 8
DT Digital Twin. 5
FDIR Fault Detection, Isolation and Recovery. 4–6
ISAM In-Space Servicing, Assembly and Manufacturing.

1, 2, 9
ISOS In-Space Operations And Services. 2
LEO Lower Earth Orbit. 3
OBC On Board Computer. 1, 4, 8
SC Shared Control. 4–8
VF Virtual Fixture. 4, 6–9
VR Virtual Reality. 6

1. Introduction
Automated factories are a reality on Earth, yet, they

have not been implemented in space as of now. ForFab-
Sat [1] for example implements an automated research
production line for CubeSats [2] on Earth, which we are
also considering in this work. In-orbit factories, as a central
component to In-Space Servicing, Assembly and Manu-
facturing (ISAM) activities, would enable novel ways of
deploying satellites to space, significantly advancing and
making production in orbit more adaptive. Such factories
would allow for the rapid deployment of satellites fully
customized to the client’s needs, reducing the time from
satellite definition to successful deployment in orbit to a
few hours instead of today’s months to years. Launch risks
can also be removed through the production in orbit while
the proposed failure-tolerant assembly approach also al-
lows to deal with inaccuracies and other problems during
satellite production. Furthermore, satellites can be tested
and potentially repaired just before their actual deployment,
which is especially important as defect rates range from
2.5% for Starlink satellites [3] up to 25% for CubeSats [4].

1.1 Motivation
Current satellite designs need to both withstand the

vibrations of a rocket launch and also fit into the space
requirements of rocket launchers, often necessitating com-
plex deploy mechanisms for solar panels and antennas even
for small satellites [6]. These mechanisms regularly exhibit
failures [7], often leading to substantial capability losses
or the use of fuel for unjamming maneuvers, effectively re-
ducing the lifetime of the satellite. Prominent recent exam-
ples include the JUICE mission to Jupiter, where complex
satellite motions were needed to successfully unjam the
antenna [8]. Even more extreme cases are the ViaSat-3,

where due to a failure to fully deploy the antenna only 10%
of the data throughput can be achieved or the Inmarsat I6
F2 satellite which was a complete write off, both leading
to large insurance claims [9].

In-orbit assembly represents a paradigm shift in the
field of satellite production and deployment, vastly increas-
ing flexibility. Problems such as the aforementioned could
be mitigated through robotic assembly in space, as no com-
plex deployment mechanisms are required but large struc-
tures can instead be constructed from scratch. Last minute
configuration changes can also be performed and new busi-
ness models such as customized production directly in
space, or readily available replacement satellites for use in
a formation become possible, thus revolutionizing the way
satellites are being manufactured.

1.2 Market and Strategy
According to multiple market forecasts, the global satel-

lite market is set to multiply in the coming years [10, 11].
This increase is largely driven from big constellations with
similar satellites which are particularly suited for auto-
mated assembly. Based on this increased standardization,
the production of individual satellites using standardized
modules will become increasingly viable.

The increasing importance of ISAM activities is also
reflected by the growing number of such missions and
companies as listed in NASA’s ISAM state of play publi-
cation [12]. Such robotic in-orbit activities also take an
important role on national level in the space strategy of the
Federal Government of Germany [13] as well as on level
of the European Union, where such activities known under
the term “In-Space Operations And Services (ISOS)” are
planned to be regulated, to e.g. require servicing capabili-
ties for publicly owned satellites [14].

1.3 Related Work
Performing precise assemblies in orbit is possible

thanks to torque-sensitive robots such as DLR’s TINA [15]
and CAESAR [16] arms. Using such lightweight robot
technology, the MOSAR project [17] realized the assem-
bly of modular satellites on Earth. PULSAR [17] aimed
at assembling a large mirror structure for a future tele-
scope. Both projects were however using relatively big,
preassembled units, thus limiting the amount of achiev-
able customization of the assembled product. Beyond the
assembly itself, supply of such in-orbit factories must be en-
sured. Thus recently, projects such as StarFAB [18] started
investigating the infrastructure required for such factories,
including robotic workcells, warehouses and logistics.

Starting the development of factories for large struc-
tures however involves high risk and cost. Our approach
is therefore to leverage commonly and relatively cheaply
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Fig. 1. The overall concept consisting of the in-orbit factory with robotic CubeSat integration and testing and a ground
segment with teleoperation station as human interface to the factory and ground software providing the customer
interface and deriving the required configuration. Adapted from [5].

available CubeSats as a testbed for the development of an
in-orbit factory. Their small size allows to store a large
number of components in a single robot’s workspace while
the standardisation of subsystems allows to create many
different satellites from just a few different components.
When constraining the used components to simple subsys-
tems, potentially even simple gantry robots could be used
for assembly as done in the Orbital Locker project [19].

1.4 A Flexible Factory Approach
Our approach should however be able to assemble

CubeSats without such constraints. The authors have al-
ready explored the required technologies to realize such
factory throughout the Space Factory 4.0 [20], AI-In-Orbit-
Factory [21, 22] and ACOR [5] projects. There, individual
solutions for aspects of the assembly problem have been
implemented on commercially available hardware. As of
now, a full implementation on space-grade hardware which
can easily be adapted for a cost-effective real space mission
has not been done. In this work, we therefore

• analyze the requirements for such in-orbit factory,

• survey currently available solutions and

• detail a holistic and realizable factory concept.

In particular, we focus on a scalable factory concept that
can already start operating with proven technologies and
human assistance through teleoperation with a transition
towards full autonomy with improved throughput. This de-
sign will allow to leverage advanced Artificial Intelligence
(AI) algorithms, incrementally introducing them during
operation.

2. Concept of the In-Orbit Factory
The overall factory concept is depicted in Fig. 1. It

consists of a ground segment hosting the order website for
customers, components of the Digital Process Twin (DPT)
checking the configuration and planning the assembly as
well as the teleoperation station which is the human inter-
face to the factory. In space, a larger satellite deployed to
Lower Earth Orbit (LEO) contains the robotic assembly
cell with a general purpose space robot arm equipped with
a specialized gripper, a storage of CubeSat components fol-
lowing the CubeSat Subsystem Interface Definition (CSID)
standard, a CubeSat ejection facility as well as a docking
interface for resupplying stock through servicer spacecrafts.
This factory layout allows to build arbitrary CubeSats with
subsystems following the CSID standard. By following this
standard, even components developed after an operational
start of the factory can be resupplied.
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While the hardware setup, except for the general-
purpose robotic arm, is tailored to the assembly of Cube-
Sats, the real innovation of the factory concept is its soft-
ware. As explored in previous projects [5, 20–22], the
software is based on three main software components,

• a DPT orchestrating and supervising the assembly
(Section 4.1.1),

• an Assembly, Integration, Testing (AIT) process en-
suring proper integration and functioning of the final
product (Section 4.1.2),

• a robotic assembly system with full automation and
teleoperation capabilities (Section 4.1.3),

which are all to be implemented on the space-grade On
Board Computer (OBC) of the factory. Designed using the
power and flexibility of AI algorithms and with embedded
Fault Detection, Isolation and Recovery (FDIR) capabil-
ities, this software stack will be usable beyond CubeSat
assembly. To account for challenges arising from different
operating conditions in space, the concept is equipped with
a novel control architecture allowing for both autonomous
as well as teleoperated automation. For this, a Shared Con-
trol (SC) approach based on Virtual Fixtures (VFs) (virtual
force fields) will be extended to include transitions from
teleoperated to automated assembly modes. Furthermore,
learning algorithms for self-improvement of the algorithms
need to be researched which allow to adapt motions through
teleoperation to achieve fully automated assemblies.

3. Hardware and Software Requirements
To realize the in-orbit factory, especially the hardware

of the assembly cell sent to orbit is critical as it determines
the factory’s capabilities. While the communication is
to be realized using existing satellite communication net-
works, the robot, storage and gripper hardware is unique
and should be flexible enough to also cope with future
CubeSat modules. The software should be designed to
evolve over time with learnings from factory operations,
therefore, its update capabilities are especially important.
The specific requirements for the factory will be outlined
in the following.

3.1 Assembly Cell
As outlined in Section 2, the main hardware component

of the factory is the assembly cell which is mounted on a
satellite. The satellite, CubeSat deployment mechanisms
such as PPOD [23] or ACES [24] potentially requiring
adaptations as well as the docking interface for resupplying
the factory are beyond the scope of this work and require
further investigations. We focus on the requirements for
the robotic assembly of the satellites.

A minimal CubeSat configuration consists of a back-
plane to which individual subsystems can be connected to,
rails as support structure as well as side panels [25]. The
robot must be equipped with a gripper which can handle all
of those components; a redesign, especially of the mechan-
ical support structure, might be required as it is currently
designed for assembly by hand. For an optical inspection
of the satellite components, a camera is required. Placing
this camera in the robot’s hand furthermore allows us to
use advanced control methods, e.g., for subsystem inser-
tion [26, 27]. Another camera is required for the human
operator teleoperating the robotic arm from Earth. For
further testing of the subsystems, a satellite development
board is required in the robot’s workplace. This devel-
opment board allows to perform electrical and software
testing of subsystems passing optical inspection as well
as to update their software before integration. Recovery
options such as replacing parts or resoldering of joints re-
main outside of scope of the initial factory, such defective
parts have to be discarded. It is therefore important that
only subsystems passing all inspections on Earth are sent
to the factory in order to minimize such occurrences.

To support the robotic AIT process under zero gravity
conditions, storage and assembly area have to be designed
with holder systems preventing components from floating.
The storage area has to support the individual retrieval
of subsystems, temporary storage for complex assembly
procedures as well as the storage of defective units. The
assembly area has to provide fixtures both for the initially
place backplane as well as for the satellite structure which
is assembled after the subsystems. Those fixtures need
to be retractable to allow a deployment of the finalized
satellite.

While the lifetime of the factory has yet to be defined,
the robot as well as the computer systems controlling the
robot and the assembly have to withstand space conditions
throughout its time in operation. To this end, a space-grade
torque sensitive robotic arm as well as a radiation hardened
OBC with sufÏcient computational power to execute all
software components is required.

3.2 Factory Software
The factory software is responsible for commanding the

robot, orchestrating the assembly and testing as well as for
the communication both with the ground station as well as
with the CubeSat during assembly. The controllers for com-
manding the robot have to be executed in real time to ensure
the robot receives commands at its control rate. In case of
the TINA robot, a rate of 100 Hz has to be achieved [28],
depending on the required accuracies, higher rates of up
to 1 kHz as used in lightweight robots on Earth [29] might
be required. This component of the factory furthermore
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has the highest reliability requirements, as a stable and
safe control of the robot without damaging the factory has
to be achieved even when the high-level components do
not send new commands or malfunction. Furthermore, a
low resource usage of these controllers has to be achieved
to leave enough resources to execute high-level processes,
especially for algorithms involving computer vision.

These high-level algorithms are responsible for orches-
trating the whole AIT procedure. After receiving the assem-
bly plan from the ground software, the required assembly
order, testing procedure and motions have to be planned.
Different as well as previously unknown satellite configura-
tions must be supported by the involved algorithms. FDIR
elements are to be used to detect component or assembly in-
accuracies and errors and adapt the build process to rectify
them. As tight tolerances in the assembly make the process
especially vulnerable to inaccuracies which can also not
be tuned beforehand under Earth gravity conditions, con-
trol algorithms able to handle these unknown conditions
are required. To this end, as human intervention might be
required especially for initializing the factory production,
a teleoperation interface is required. The human operator
should be supported by SC algorithms which allow for a
transition to fully autonomous assembly, therefore enabling
a quick start and ramp-up of production without having to
tune different controllers.

3.3 Teleoperation Station
As human interface to the factory, a teleoperation sta-

tion on ground such as the one depicted in Fig. 2 is required.
This station should consist of a haptic input device which
lets the human command the robot in the factory while pro-
viding force feedback both from the remote environment
as well as from SC methods. Furthermore, displays are
required to show a video signal from the factory to provide
the human with visual feedback from the assembly.

3.4 Ground Software
The ground software needs to provide three distinct

functionalities: a customer-facing interface to let them
define the CubeSat they want to order, the planning mod-
ule checking the feasibility of the requested design and
selecting the required subsystems as well as the teleopera-
tion software. The latter two also communicate with the
factory; for the teleoperation, even a real time communi-
cation is required. As with any robot controller, also the
software commanding the teleoperation input station has
to fulfill safety and stability requirements. Furthermore
a stable telerobotic coupling needs to be ensured in or-
der to guarantee safety of the factory. As computers with
high computational power are available cheaply on Earth,
resource usage is less constrained than inside the actual

factory.

4. Implementation of the In-Orbit Factory
Solutions for subproblems of realizing an In-Orbit Fac-

tory have already been implemented and tested on Earth.
We now analyze components that are already available and
outline missing developments to realize our vision of a
factory in Earth’s orbit.

4.1 Currently Available Solutions
As outlined before, approaches for production on Earth

can serve as starting point for production in orbit. In the
previous project Space Factory 4.0 [20], Industry 4.0 prin-
ciples were leveraged to make the production process with
customizeable CubeSats resulting in a large number of pos-
sible configurations feasible. In [22], this approach was
further flexibilized using AI methods in order to e.g. auto-
mate the testing procedure. As human intervention in the
factory is prohibitively expensive, FDIR approaches were
researched in [5].

Common to these projects was the division of the fac-
tory operations into a high-level assembly planning and
orchestration using a DPT, an AIT process responsible for
testing and automated assembly as well as the teleoperation
as human interface to the factory. We believe that these
pillars are indispensible backbones for an in-orbit factory
and thus detail the work that has already been done in their
domains. A strong focus will also be placed on algorithms
that have already been implemented on space hardware.

4.1.1 Assembly Planning and Orchestration
The first step in the assembly process is the CubeSat

definition from a customer. Already in [20], a web interface
was developed which allows for an intuitive definition of
the CubeSat to be built and which verifies the feasibility of
the final assembly. Also, the required Digital Twins (DTs)
for individual subsystems and the CubeSat as well as the re-
quired Centralized Information Base (CIB) were outlined.
In [5, 22], a more process-centric view through the newly
developed DPT allowed a higher-level process orchestra-
tion. This DPT instantiates and parametrizes individual
DTs as required for the current assembly step. Through
the DT interface to the robot, the AIT as well as the tele-
operation process, the DPT is able to detect anomalies
in the robotic integration beyond test failures of CubeSat
components. Leveraging knowledge gained from previous
assemblies, errors and recoveries, the DPT is then able to
plan corrective steps. Combining all these developments,
the theoretical foundations for the required assembly plan-
ning and orchestration for realization of the factory are
already available.
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Fig. 2. A possible teleoperation station layout with hap-
tic input device 1 , a Virtual Reality (VR) display for
visualizing the remote video stream with overlaid infor-
mation 2 and screens 3 , 4 displaying the robot state
and in-hand camera information.

4.1.2 Assembly, Integration and Testing

The AIT process as presented in [20] is responsible for
executing the planned assembly with actual subsystem hard-
ware and physical testing. It can realize a fully autonomous
robotic integration of highly modular satellite subsystems
to a functioning assembly. This process was then enhanced
using different AI approaches to make this process more
robust and reliable [22]. For example, force sensitivity of
the robot arm was used to secure the insertion of subsystem
boards to the satellite bus, and learning algorithms were
leveraged to improve the performance of this integration
step. Optical inspection was used to inspect components,
to verify placement tolerances as well as to detect potential
defects on them as soon as possible during the integration
process. FDIR approaches were then implemented on pro-
cess level (securing the building process itself) as well as on
system level (ensuring later functionality of the produced
satellite) with the aim of further increasing reliability and
robustness of the autonomous production [5].

While the AIT processes were tested with different
subsystems and a backplane, building a fully functioning
satellite model was not possible to date as some pieces
of the satellite are not yet designed for robotic assembly.
Integration of the satellite chassis, solar panel as well as
parts currently requiring wired connections are thus to be
investigated. This will require satellite hardware changes
for the feasibility of a fully autonomous robotic integration.

Fig. 3. Interaction experiment with the 4-degree of free-
dom (DoF) SpaceDREAM robot during a parabolic flight
within the RoboGrav project [33].

4.1.3 Teleoperation Process
During factory ramp up (e.g., to correct unmodeled

inaccuracies of the robot under zero gravity conditions) as
well as to provide a fallback in failure cases, the teleopera-
tion process provides the human interface to the in-orbit
factory. A teleoperation controller developed for delays up
to 3 s [30] can be used which allows for a safe control of the
factory from Earth with expected delays of around 800 ms
while providing force feedback from the environment to
the human operator. Having force feedback is indispens-
able as it allows the human to control the forces exerted on
the environment, therefore increasing transparency as well
as safety handling fragile parts. A possible teleoperation
setup is shown in Fig. 2.

Pure teleoperation is however very challenging, as in
the non-contact case, only visual feedback is available to
the human. Even when multiple views or VR are pro-
vided, manipulation details such as depth perception are
challenging as only limited bandwith is available for trans-
mitting images from the factory, leading to low-resolution
visuals. Haptic cues transported through VFs [31] are
therefore required to guide the human operator. Within
previous projects, a fixture framework optimally support-
ing during such challenging assembly scenarios has been
developed [27, 32]. These fixtures have already been cou-
pled with a teleoperation controller [22] with preliminary
results indicating a useful guidance.

4.1.4 Space Robot and Control
For the envisioned factory, a space-ready version of

the TINA robot [15] is planned to be used. This robot has
already been equipped with the SC algorithms [27, 32]
developed in previous projects and was tested on DLR’s
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Fig. 4. The space-grade robot used in the SpaceDREAM
and RoboGrav projects [28, 33] which, after an exten-
sion to 6 DoFs, can be used to implement our factory
concept. This robot is based on DLR’s lightweight robot
technology [29], allowing for sensitive interaction with
the environment.

42nd parabolic flight campaign [28, 33, 34]. Results indi-
cate that a performance comparable to a torque controlled
robot on Earth can be achieved, enabling a quick exten-
sion of these controllers for the in-orbit factory. Initially
developed to support the human operator, the SC meth-
ods can be extended to support a transition towards fully
autonomous execution [32]. This is, e.g., possible as the
VFs are implemented using an impedance control scheme
where the trajectory direction either receives no guidance
for full human control or can be equipped with a velocity
controller. Automation is therefore possible through a sim-
ple reparameterization of the controllers which, unlike a
complete change of controllers, allows to tune assembly
procedures through human corrections as e.g. outlined in
previous work [5] and leverage those corrected motions
also in automous operation.

4.2 Required Developments
To implement the in-orbit factory in a space-ready

setup to the requirements outlined in Section 3, albeit on
Earth and without capabilities for restocking components
or launching the assembled CubeSat, requires an integra-
tion of the aforementioned developments as well as new
hardware and software components which will be detailed
in the following.

4.2.1 Hardware Developments
The central piece of the in-orbit factory is a space-grade

robotic arm. To this end, the TINA arm [15], which is based
on torque-sensitive lightweight robot technology [29], and
designed with space grade components should be used.
Lightweight robot technology has already been used to
develop the assembly algorithms during our earlier projects.

Fig. 5. 3D-printed prototype of a CubeSat structure that
can be joined by a robot using snap-in connections.

Furthermore, the robot is comparatively low cost and can
be operated both on Earth as well as under zero gravity
conditions [33], significantly easing tests of algorithms and
enabling a demonstration of the results on real hardware on
Earth. While the robot has been extended from its previous
version of 4 joints to 6 joints (Fig. 4), thus allowing it to
reach arbitrary poses in its workspace, a gripper, including
gripper fingers for handling subsystems, as well as the
satellite structure have to be developed. The end effector
furthermore has to be equipped with a camera that can see
both the grasped objects as well as their placement location,
to be used both for inspection and control algorithms.

On the basis of existing CubeSat designs, adaptations to
allow for a fully autonomous assembly are required. Cen-
tral components of current CubeSats, involving the back-
plane and modular subsystems, are already largely suited
for a robotic assembly. Subsystems, however, still have to
be selected from already produced satellites, to provide a
range of different systems at least providing computation,
power, and attitude control to the satellite in different con-
figurations. The current rail system with tight tolerances
and a connection through screws however cannot be as-
sembled with a robot under zero gravity conditions. This
structure could possibly be replaced by elements which are
joined by snap-in connections as shown in Fig. 5.

The final missing piece for the factory are holder sys-
tems for both the satellite to be assembled as well as for
the component storage. These holders must securely store
components and prevent them from floating under zero
gravity conditions. An exemplary sketch of the full factory
layout is shown in Fig. 6, where also the stereo camera
setup for teleoperation as well as the satellite development
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Fig. 6. Envisioned factory layout with space robot 1 ,
stereo camera setup 2 for teleoperation and inspec-
tion and the CubeSat to be assembled 3 . The robot’s
workspace furthermore contains a satellite conductor
test board 4 , a subsystem storage 5 as well as a storage
for the satellite’s structure 6 .

board for powering and testing of subsystems is placed.

4.2.2 Software Developments
Previous software developments have rested on the

three pillars of a DPT, the AIT and a teleoperation pro-
cess which have all been implemented on different systems.
For the realization of the factory on one robotic system,
the individual components have to be tightly integrated.
Especially the AIT process needs to be modularized such
that it can be orchestrated from the DPT and uses the SC
framework for motion generation. The former will allow
for a direct supervision by the DPT and leverages its poten-
tial for anomaly detection and correction while the latter
enables a direct integration with the teleoperation process.
By representing the required motions as VFs, they can
both be executed by a human operator through the remote
teleoperation station or be automated. This allows for a
quick operational start of the factory with human correc-
tions while later switching to full autonomy - the factory
can therefore generate revenue right from its operational
start without excessive tuning while switching to higher
throughput using full autonomy once possible inaccuracies
have been corrected. Fig. 7 shows the complete envisioned
software stack inside the in-orbit factory.

As outlined in the requirements, the central requirement
for the software stack is a real time execution of the con-
troller to ensure safe and stable operation of the robot arm.
The envisioned controller’s performance has already been
tested on a space-grade OBC on a parabolic flight under 0 g
conditions [28, 34]. Still, the extension of this controller to
6 DoFs has to be tested. Furthermore, the fine maniplation
capabilities of the robot equipped with this controller need
to be verified. The remainder of the software stack how-
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Fig. 7. Overview of the software stack components
planned for the in-orbit factory. The VFs, controller and
robot interfacing components have already been tested
together with the space-grade robot in [33, 34]. Orange
boxes depict processes close to the hardware, the green
boxes highlight the DPT and AIT process which need to
be adapted to the space-grade OBC.

ever needs an implementation on space grade hardware,
ensuring performance with limited resources. To this end,
the current DPT implementation needs to be partitioned
into a component that needs to be executed inside the fac-
tory and a component that can be executed on Earth. This
partitioning as well as the integration with other compo-
nents furthermore requires the integration of a reliable real
time communication as well as data transfer infrastructure
while respecting the available bandwidth. Based on avail-
able sensor data and hardware specifics, the AI approaches
of the DPT need to be retrained to the factory to ensure suc-
cessful failure detection and orchestration. Within the AIT
process, especially computationally intensive operations
such as image analysis need to be analyzed and prioritized.
For example, pre-selected images could be sent to Earth
for a more detailed analysis given enough bandwidth of
the factory.

5. Testing of the In-Orbit Factory
After implementing all required components on the

robotic workcell, integration testing can be performed by
realizing a full CubeSat assembly. Before that, individual
software components can be tested and software quality can
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be ensured through strict coding standards. Even though
the initial implementation is designed to be tested on Earth
only, adhering to this testing protocol will significantly
ease a potential space mission.

5.1 Software Quality
As in [28], a new space approach should be used for

software development to limit costs. All software com-
ponents should use a code formatter to avoid whitespace
changes and employ code checking. To this end, cppcheck
can be used for C++ check and a combination of ruff and
mypy for Python code which should also be fully typed.
Appropriate formatting and checking should be applied
to other languages as well. Safety-critical components,
especially those interfacing the robot, should also come
with a set of manual and automated tests to ensure that no
unwanted or dangerous robot motions are being executed.

5.2 Component Testing
Tests for individual components, considering the robot

arm as a black box, can be divided in three parts: testing
of newly developed CubeSat subsystems, testing of the
software and finally testing of parts of the factory workcell.
In order to keep costs manageable and to achieve a fast
operational start, subsystems should be reused as much as
possible from existing satellites which are already space-
proven. Subsystems requiring adaptation need to be re-
qualified.

Software testing should largely be handled by unit tests
where inputs from other components as well as the be-
haviour of e.g. the robot are simulated. This is especially
relevant to test interfaces as components are to be devel-
oped by different project partners. Furthermore, testing
time on the hardware can be reduced by this approach.
Such simulated development was already leveraged to de-
velop the robot’s software [28] even before the hardware
was available.

Finally, the newly developed parts of the workcell have
to be tested as well. The main concern at this level is the
robot’s workspace, meaning that all subsystems, inspec-
tion and insertion positions can be reached as well as the
accuracy. For example, subsystems have to be grasped
and inserted reliably and repeatably to be able to perform
the assembly. This will likely require calibration of the
robot, tuning of the controllers as well as the development
of procedures to correct for inaccuracies during operations
which can be used later on to account for differences under
zero gravity conditions.

5.3 Integration Testing
After all components of Fig. 7 have been verified to

produce reasonable outputs, individual components can be

integrated. Instead of directly using the robot hardware,
simulation should be used to compute the robot’s motions.
Once satisfying results are achieved, the integration of
subsystems can be tested using real hardware. Using the
AIT process and self-testing capabilities of the CubeSat,
success of the assembly can be verified right after each step.
With the fully assembled satellite, functional self-testing
can be performed as would be for a manually assembled
satellite to ensure correct assembly. Finally, a full optical
inspection of all connections and the satellite chassis should
be performed to verify that a fully functional satellite has
been produced. This inspection should first be performed
using the robot’s in-hand camera to create a baseline which
can later be reused in-orbit and then be compared to a
manual inspection.

6. Conclusion and Outlook
In this work, we argue that small satellites can be pro-

duced on demand according to customer specifications
in an autonomous and teleoperated In-Orbit Factory di-
rectly in space. Expertise on CubeSat production gained
from the Space Factory 4.0 - AI-In-Orbit-Factory - ACOR
project series is to be extended, implemented, and vali-
dated on a space-compatible lightweight robot. Result of
the proposed approach is thus a demonstrator showcasing
the adaptive in-orbit assembly of a CubeSat using a space-
compatible robotic arm. Teleoperation aided by advanced
Virtual Fixtures will allow for a quick start of production,
transitioning to full automation with improved process sta-
bility. The whole platform and software infrastructure will
be designed to be space ready. A fast and inexpensive space
demonstration of the proposed system is thus possible to
prove the results. Individual components developed during
the project could also be reused, for example in on-orbit
servicing, robotic factories for CubeSats or other compo-
nents, personal assistance robotics as well as in surgical
systems on Earth.

While the algorithms and workcell will be developed
specifically for CubeSats because of their small size and
low cost, the developed algorithms are central to other In-
Space Servicing, Assembly and Manufacturing activities
as well. Challenges such as differences in system opera-
tions on Earth and under zero gravity conditions, accuracy
deterioration under space condition as well as the required
software stack for complex robot operations are also valid
for larger space structures. Our factory approach can there-
fore help to explore these challenges while keeping cost
and risk limited to learn for more expensive projects using
larger structures. Finally, the results will also be indis-
pensable for resilient structures, both through the quick
assembly of replacement for potentially malfunctioning
satellites as well as for the servicing of existing satellites.
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