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ABSTRACT

Stéfano, G. About the State of the Art at Nanosatellite Docking Systems and
Robotic Manipulation.. 2022. 124p. Monograph (Conclusion Course Paper) - Escola de
Engenharia de São Carlos, Universidade de São Paulo, São Carlos, 2022.

This document aims to be a comprehensive report about on-orbit docking and manipulation
systems for nanosatellites, more specifically with three or more units, as defined in NASA’s
State of the Art of Small Spacecraft Technology report (WESTON et al., 2018). An
overview of sensing and actuation for docking and manipulation missions is than presented
and finally recommendations for such systems are proposed.

Keywords: On-orbit docking, Cubesat, Conclusion course thesis.





RESUMO

Stéfano, G. About the State of the Art at Nanosatellite Docking Systems and
Robotic Manipulation.. 2022. 124p. Monografia (Trabalho de Conclusão de
Curso) - Escola de Engenharia de São Carlos, Universidade de São Paulo, São Carlos,
2022.

Este documento explora o estado da arte em conectores para atracagem em orbita de
nanosatelites, mais particularmente cubosats de tr̂es ou mais unidades, como definido
em (WESTON et al., 2018). Possíveis manipuladores robóticos, para serem utilizados em
conjunto com os connectores ou nao, em mesma escala tambem são apresentados. Em
seguida, temse uma revisão de atuadores, propulsores e sensores para rendezvous. Por fim,
são oferecidas sugestões para missões de cubosat envolvendo atracagem e manipulação em
orbita

Palavras-chave: LaTeX. Classe USPSC. Tese. Dissertação. Trabalho de conclusão de
curso (TCC).
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1 INTRODUCTION

Docking and manipulation capabilities on large spacecrafts at LEO have been
present for almost as long as space exploration itself (WILDE; CLARK; ROMANO, 2019).
As smaller spacecrafts; in particular cubesats; are becoming more prominent, a significant
push in the direction of miniaturization of these technologies have been noticed. Main
governmental space agencies, such as NASA, ESA and JAXA, have declared the importance
of such systems and their intent of pushing forward with their development as evidenced
by Roger Walker overseeing ESA’s CubeSat technology program in 2016:“The ability to
autonomously rendezvous and dock CubeSats could enable in-orbit assembly of larger
structures that simply would not be possible in any other way"1

The assembly of large structures on-orbit is indeed a very important application of
such technologies, but equally important are on-orbit maintenance, assessment, refueling,
cleaning and other activities that are included in the "on-orbit services" category(LI et al.,
2019). For a successful mission to be carried out under this scope it may be needed only
docking, only manipulation or both. Commercial options for neither of those are available
at the current time at the proposed scale, but significant efforts have been directed at it
from multiple private companies and governmental agencies. Most of the projects presented
here started no earlier than early 2000s and are only now starting to show higher TRLs.

The docking mechanism in the scope of this thesis have per objective to promote
the transfer of electrical power, establish digital communication, and to provide mechanical
stability across the connected satellites. This report includes research about the docking
connector itself Sec.2; the actuation necessary for the docking procedure to succeed
Sec.2.0.4, including the possibility of a robotic manipulator Sec.3 and the sensors and
actuators necessary for proper attitude determination/estimation and control Sec.4. It
then finishes with the author’s suggestion to develop such a system Sec.5.

1 https://www.esa.int/EnablingSupport/SpaceEngineeringT echnology/HowtodockCubeSats
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2 CONNECTORS

In this document, "connector" means the physical component(s) attached to a
satellite that makes contact with another one. They can be classified as a Probe/Drogue
(also known as cup/cone) connector, where a male connector is distinguished from a female
one and they can only be successfully connected with each other. This, more common,
type usually results in a simple, although more restrictive design. Another possibility is an
Androgynous connector, when they are virtually identical in both spacecrafts. This makes
for a more versatile design, although usually more complex.

Figure 1 – Section view of a simplified Probe/Drogue connection.

The connector can be fixed directly into the spacecraft’s structure or it can be
mounted on an actuated system. The first option results in a simpler and lighter design,
while the latter is capable of exposing and retracting the connector at will and help with
it’s alignment. It should also be considered that a satellite in space is a free floating base
and movable parts demands a more capable Attitude Determination and Control System
(ADCS).

There are other possible classifications for connector types. A soft connector is one
that has dampening components in place to reduce the impact of the docking spacecrafts.
These can be a simple spring, a single actuator designed to pre-capture the spacecraft and
dock gently or even a robotic arm that pulls the two bodies together. This is useful for
satellites with delicate instruments or sensible experiments on board, but adds complexity
to the design.

The goal of this section is to examine different connector formats, and judge their
design based on: capacity of fulfilling the set requirements (sec.), angular and lateral
misalignment tolerance at docking and expected weight and complexity.
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2.0.1 Requirements

There are three main goals set for the connector as for this research : establish
digital communication, transfer electrical power and ensure a rigid mechanical link between
the connected spacecrafts. Regarding communication, it is of the authors interest to adopt
at least two of the following protocols: TIA-485 (TIA-485. . . , 2012) (also known as RS-485),
TIA-422 (TIA-422. . . , 2014) (also known as RS-422) and I2C. Based on the comparative
table 1, this implies the necessity of 3 to 5 connections.

It is also of the author’s interest to have available three to five General Purpose
Input Output pins (GPIOs). The ground reference can be shared with the communication’s
ground to spare one extra conductor.

For the power transfer, two connections should be established for the positive
voltage and ground. It must be able to support at least three amperes at 36V of potential
difference. It is not recommended to share a power and a signal ground due to high risk of
interference issues.

It is thus concluded that the docking system must be able to connect the two space-
crafts with 8 to 12 signal connections, two of them being power connections. It is also woth
noting that other protocols are available for data transfer (WENZEL et al., 2017), including
the ones developed specifically for space applications such as SpaceWire(STANDARD, )

RS-485 RS-422 I2C
Max. No. of

Connected Devices Up to 32 Up to 10 Up to 1008

Flow of information Multi-point Multi-drop Multi-point

Number of wires

2 (Half-Duplex)
or

4 (Full-Duplex)
+GND

4 (Full-Duplex)
+GND

2 (Half-Duplex)
+GND

Speed Up to 10Mb/s Up to 10Mb/s Up to 3.2Mb/s
Noise immunity High High Low

Observation Moder industrial
standard - Widely used on the

"Maker Community"

Table 1 – Comparison between mainstream communication protocols in the nanosatellite
community.

About the mechanical requirements, there are forces the connector is expected to
withstand, they are represented in Fig.2. It should be able to resist tensile forces, pulling
the spacecrafts apart perpendicularly to the mating surfaces; those forces are called here
simply as "Tensile Forces". They can arise from thrusters being fired at the satellites; from



29

the centrifugal forces of a possible spin, intentional or not; from the differential drag of
one of the spacecrafts in relation to the other on low earth orbit (LEO) and other factors.

Figure 2 – Representation of the forces acting on the connector.

The rotation scenario can be used as reference for estimating the necessary connector
strength. Suppose a 6U, 10kg (M) satellite, docked by it’s top (smaller) surface and spinning
at a rate of 0.5 Rad/s (W). Let’s assume also an uniform mass distribution, resulting in
the center of mass (COM) of the satellite being on its geometrical center and that the
connector itself would add no more than 5cm (distance "R" from the top edge is 20cm).
We can picture this scenario in figure 3. We can calculate the maximum tensile force on
the connector using the simple formula:

Ft = M · W 2 · R

Substituting the values proposed, we can state that the minimum tensile force the connec-
tors must resist is 0.5N. Adding a two fold safety factor the value goes to 1N.

Figure 3 – Representation of the tensile force acting on a spinning pair of 6U satellites.

It should also be able to withstand torsion forces, here called "Cantilevered Forces",
where a torque is generated between the connected spacecrafts. Those forces arise from
the activation of an ADCS, firing of thrusters, differential drag on the atmosphere, etc.
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Figure 4 – Representation of cantilevered force acting at the connector at the firing of a
thruster.

Consider a thruster firing at the center of one of the attached satellites and that
the center of mass of the system resides at the connector’s junction. A reasonable thrust
force for such a system can be assumed to be up to 300nN (see section 4.1), which would
result in a torque of 60mN.m. We can consider a conservative 1N.m as the minimum
cantilevered forces that the connector would be required to withstand. This is a low value
for any connector with a latching mechanism.

2.0.2 Connectors investigation

Here is exposed a comprehensive review of the work that has been done so far on
this area. The first ten connectors are developed specifically for cubesats, the other ones
are slightly too big for standard cubesats but can be miniaturized with relative ease. The
addition of this latter group also provides useful insights into features and development
patterns. Whiting each group, they are organised by relevance, i.e. the amount of data
available, performance, technology readiness, etc.

2.0.2.1 MIT/NASA’s SPHERES

The MIT’s and NASA’s SPHERES project aims to be a generic robotic platform
in space, where different types of hardware and software can be tested. They were first
sent to the International Space Station (ISS) in 2006 and to this day two of then remains
on board, according to the official websites1,2. The relevance of the project in regards to
this report, comes from the fact that the small robots are equipped with androgynous
connectors, the Universal Docking Port (UDP) (RODGERS, 2006) (RODGERS et al.,
2005), that started its development on 2005 and is capable of docking two or more of then
to each other.

1 http://ssl.scripts.mit.edu/www/portfolio/spheres/
2 https://www.nasa.gov/spheres/home
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Figure 5 – MIT’s SPHERES. The robots themselves floating on the ISS at b) and it’s
Universal Docking Port at a).

Other projects to utilise this connector are (DONG et al., 2008) and (MILLER,
2015). The precision tolerances for this design is relatively high (MILLER, 2015). It is
recommended ≤2◦ of angular accuracy and ≤10mm to ensure reliable docking. A level of
precision that the SPHERES robots positioning sensors struggled to deliver.

The mass of the connector itself is 0.45Kg and the maximum tensile and Can-
tilevered forces are 27.5N.m and 110N, respectively. There are two brass tabs to transfer
electric power. Given the position and size of those tabs, it should be possible to modify
the connector and add more tabs with significant ease, although the reliability of such
connections for digital communication should be investigated.

Figure 6 – CAD images of the UDP.

The mechanism is based on counter-rotating disks. When the pin head of the other
satellite is inserted on the connector, an optical sensor detects its presence, which then
activates the movement of the disk that ensures the head of the pin is firmly secured.
To aid on the alignment, electromagnets are located at the mating surfaces. They are
activated, both connectors with opposite polarity, at the moment the spacecrafts are
proximity 10cm apart.
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2.0.2.2 Padova Probe/drogue

This a research team from the Padova University that have developed a more
traditional probe/drogue connector(BRANZ et al., 2020). It is made so the probe protrudes
from the spacecraft surface and still can fit inside a standard cubesat dispenser extra
space region often called "tuna can". The drogue is completely passive and it is made to
be attached to a satellite significantly heavier than than the probe’s one. The system is
designed to tolerate misalignments within the capabilities of the ADCS system, previously
developed by the team(SANSONE; BRANZ; FRANCESCONI, 2018), where a mixture
of visible camera and LED’s fiducial markers are used. This requirement was fulfilled
with great margins, so no electromagnetic alignment assistance was added. kinematic and
dynamic simulations, as well as kinematic and dynamic tests confirmed the alignment
margins on Fig.8, where lateral misalignment is related to the angular misalignment.

Figure 7 – Relation between lateral and angular misalignment for successful docking
procedures. The orange line represents the range from the kinematic simulations
and the green ellipse the range from dynamic simulations. Blue crosses represents
the successful docking on breadboard testing.

The working principle is simple. After the insertion of the probe, the tip (marked
in red at Fig.8) turns 90◦ and makes contact with the angled bottom of the alignment pins.
This in turn generates an axial tension force between the surfaces of up to 25N. As stated
by the team, the motor used is not capable of maintaining this force for long periods of
time, a valid alternative would be to use a non backdrivable gear reduction to maintain
the tension without power. An optic sensor is used to confirm a successful connection
(marked in blue at Fig.8). The connector is already well sized for a cubesat application
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considering the internal structure being approximately the size of a 0.5U. Regardless, the
prototype presented was made out of plastic, using additive manufacture and made use of
low cost components such as the hobby grade servo motor at the actuated tip.

Figure 8 – Padova’s probe/drogue connector with a rotating tip in red and a connection
opto-sensor in blue.

2.0.2.3 AAReST

AAReST stands for Autonomous Assembly Reconfigurable Space Telescope. As
the name implies, this mission has a very specific purpose, that is to use cubesats to
demonstrate the possibility of on-orbit assembly of a telescope. This capability is very
advantageous to telescopes, given that the aperture diameter of its lens is very important,
but limited to the size of the rocket’s fairing. The developers hope this technology will be
the key to the construction of satellite telescopes with dozens of meters in diameter. The
project started in 2009 as a partnership between the California Institute of Technology
(Caltech) and the University of Surrey – Surrey Space Centre (SSC). The most recent
launch time frame disclosed is 2019-20203, but it has not yet been launched.

Documentation on the project is abundant (ECKERSLEY et al., 2017)(UNDER-
WOOD et al., 2015)(MCKENNA, 2015)(AAREST. . . , ). The docking system was developed
by Enda McKenna as a master thesis in 2015. The system is optimised for alignment
precision, once it is to be used on a telescope array. As a result, it utilises the Kelvin
Clamp principle, where the mating occurs only at three points of contact very well defined
3 https://directory.eoportal.org/web/eoportal/satellite-missions/a/aarest
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(Fig.10 b). In this case, a probe/drogue (Fig.10 a) arrangement is being used where the
drogue has a bigger opening angle than the cone, allowing for a reliable alignment in every
docking procedure. There is no electrical power being transferred for there are no electrical
contacts. Information is transferred via a wireless link.

The idea is that, at least on the first mission, two 3U cubesat (called MirorSats)
will detach from the initial formation. Then using traditional reaction wheels and cold gas
thruster based actuation, will maneuver to be in line for reassembly. Those MirrorSats
will be attached to a 15U CoreSat. The pointing requirements for the MirorSats are loose,
while for the CoreSat is restricted and presents redundancy for the case of individual fails.

Figure 9 – Artistic representation of the AAReST project assembling on-orbit

The system relies on magnetic attraction for the approaching stage between the
satellites. Electromagnets are controlled via Pulse Width Modulation (PWM) for adjusting
the relative position and speed. The drogues and cones themselves, made out of Mild Steel
(Fig.10 c), are used as a magnetic medium to focus the magnetic field lines, allowing for
reliable control of the bodies. Once the connection is established, permanent magnets placed
on the connectors are responsible for keeping them secure without power consumption.
For undocking, the current on the electromagnets are directed in such a way to repel the
spacecrafts apart and overpower the permanent magnet. This means that the unpowered
holding Tensile Force of the docked system is limited by the maximum repelling force, in
this case approximately 1N. If an extra holding force is needed for a predicted maneuver,
the electromagnets are capable of providing about two extra newtons, at the expense of
consuming 2.6A at 5 volts.
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Figure 10 – a) The probe/drogue interface section view, highlighting the small point of
contact. b) The docking experiment setup. c) The AAReST magnetic docking
connectors.

The final docking stage is solely dependent on the magnetic attraction forces. One
satellite should be positioned within a certain area (45◦ circle sector at Fig. 11) and at a
certain angle, in relation to the other satellite, so the procedure can occur reliably. This
angle (θ at Fig. 11) was observed to be dependent to the initial distance. At a distance of
30cm, the spacecrafts were able to dock reliably at angles between +30◦ and −30◦. The
tests were performed on an air bearing table, so care must be taken when considering the
results . This system should be considered for spacecrafts with high pointing accuracy
performance, slow maneuverability and limited ADCS performance.
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Figure 11 – Image representing the feasible docking area, the circle sector, and the align-
ment angle between the crafts θ.

Another mission called "Surrey Training Research and Nanosatellite Demonstrator
2" (STRaND-2)(BRIDGES et al., 2013) aims to use this same connector, slightly modified
for power consumption reasons. Unfortunately, this author could not find more information
about the current state of the project.

2.0.2.4 OAAN

The On-orbit Autonomous Assembly of Nanosatellites (OAAN) is a NASA team,
developing a permanent magnetic docking system for cubesats. There are two big distinctive
factors of this project. First is the utilisation of Carrier-Phase Differential Global Position
System (CDGPS) for estimating the relative position of the spacecrafts; instead of cameras;
which is an enhanced form of GPS tracking. Second is that the docking system relies
on permanent magnets, instead of electromagnets as the usual. Each connector has a
magnetic dipole, so the forces generated by the earth magnetic field cancel out. The
docking procedure relies on traditional attitude actuation until the crafts are in close
proximity, afterward it deactivates its ADCS and lets the magnetic forces perform the
final attraction and alignment. Other on board sensors attitude estimation are the usual
star tracker, sun sensor, gyros and magnetometer. For attitude control, reaction wheels
and magnetorquers are implemented and for translational control, cold gas thrusters.

Even though in theory the CDGPS is capable of centimeter-level accuracy, extensive
filtering and air-bearing table testing was necessary to achieve this result (PEI, 2017).
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Just like AAReST, the final approach of the cubesats are performed via magnetic forces,
thus a capture volume must be reached in a certain range of distances and orientations
for the procedure to be successful. This cone was extensively simulated via different
approaches(PEI et al., 2016). They concluded that the system is robust to 1σ at an initial
axial distance of 4m and radial distance of 2m between the satellites.

Unfortunately, other mechanical details of the connector were not specified. The
fact that an image system was able to be removed from the alignment sensors is a big
advantage, but two big drawback of this system are: there is no way to separate the
spacecrafts on-orbit once they are connected and any amount of non canceled magnetic
dipole will greatly affect the spacecrafts attitude determination.

Figure 12 – CAD of OAAN satellite on its air bearing table rig. Highlighting of the CDGPS
antenna (Piksi Antenna), docking connector and the matting surface between
the rig and the table.

2.0.2.5 PACMAN

PACMAN(DUZZI et al., 2018)) is yet another project from the university of Padova,
the goal was to develop 1U magnetic docking demonstrators. They are solely maneuvered
by the magnetic attraction between them. The chaser (called CUBE) is fitted with four
induction coils on the mating surfaces corners. The target (called FFT) has one big central
coil (Fig.13). Fig.14 shows the magnetic fields that arise from the system.
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Figure 13 – PACMAN project cubesats. The target (at the left) with one big inductor
and chaser on the right with four inductors for precise control.

The attitude sensing was done using a COTS raspberry pi camera and four fiducial
LED’s. The final system has an accuracy of less than 3◦ and ±5mm (DUZZI et al., 2017).
For attitude control, the four inductors at CUBE are independently modulated in order to
achieve a smooth controlled docking. The team tested the system on zero g parabolic flights.
The system was indeed capable of docking. However, residual magnetisation significantly
affected the experiment.

Like the ARReST and the OAAN project, the system is fully reliable on magnetic
forces for angular alignment and has no latching mechanisms. But a differential of this
project is the utilisation of four electromagnets on the chaser, allowing for finer control.
This concept could be implemented on other connectors.

2.0.2.6 CPOD

Tyvak Nano-Satellite Systems, a California company, is leading the development
of the CubeSat Proximity Operations Demonstration (CPOD)((BOWEN et al., 2015))
(BOWEN et al., 2015)(BOWEN; VILLA; WILLIAMS, 2015). As the name suggests, the
mission is a demonstrator, for the rendezvous and docking capabilities of the developed
system. Two identical 3U satellites will be released as a 6U units and break apart. After
that, they shall carefully maneuver and dock.

The cubesats are equipped with an ADCS capable of < 0.15◦ in estimation accuracy;
resulting from two star trackers fused with IMU data; and < 0.25◦ in attitude control;
from three reaction wheels and three magnetorquers.
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Figure 14 – PACMAN artistic representation of the chaser and the target cubesats maneu-
vering into each other and their magnetic lines created from the electromagnets.

There are four cameras for tracking (narrow field of view visible, wide field of view
docking visible, wide field of view IR, and narrow field of view IR) (Fig. 15). A 3D model
of the cubesats is stored on board, that is used for calculating each others pose using
images on the visible range and thermal reflectivity. Using the OpenCV 4 platform the
system is able to compensate for a number of aberrations on the imaging system like Sun
glint, Earth albedo effects, etc. As the spacecrafts get closer, LEDs on the mating surfaces
are used as fiducials.

4 https://opencv.org/
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Figure 15 – CPOD matting surface with the docking port, fiducial LED’s and alignment
cameras.

The docking connector is androgynous. Three actuated fingers are deployed at
the right moment to latch at the correspondent grooves at the other connector (Fig. 16).
Electromagnets are used for the final 0.5m of approximation. Very little information is
available other than that it was successfully tested at an air-bearing table(BOWEN; VILLA;
WILLIAMS, 2015) and a quick description on page 102 at the final project presentation
at ESA’s NEBULA platform.5

The launch date was postpone multiple times, from 2015 to 2017 and now, according
to NASA, the beginning of 20216. In the meantime, the mission NANOACE, from the same
company, was able to succeed in 2017, according to the company’s website 7. That mission
tested the "Rendezvous and Proximity Operations (RPO) capability" of the satellite.

2.0.2.7 Electromagnetic Docking

((RAVINDRAN; VANCE; THANGAVELAUTHAM, 2020)) Is a quick paper that
describes a purely electromagnetic docking system and focuses on the modeling, controlling
and simulation of the system. The work is recent (2020) and very little information is
available about the construction of the connector itself. Simulations and an air table
experiment showed good initial results. The controller algorithms described can offer useful
insights.
5 https://nebula.esa.int/sites/default/files/neb_study/1261/C4000116866FP.pdf
6 https://www.nasa.gov/directorates/spacetech/small_spacecraft/cpod_project.html
7 https://www.tyvak.eu/missions/
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Figure 16 – CPOD connector with the latching mechanism ready for docking.

Figure 17 – NANOACE satelite.

2.0.2.8 ASDS

The Michigan Aerospace Corporation (MAC) developed a novel tether based
connector mechanism called, Autonomous Satellite Docking System (ASDS)(RIVERA;
MOTAGHEDI; HAYS, 2005) (HAYS et al., 2004a), it allows for big alignment error margins
between the satellites and provides a solid mechanical connection. Like on Fig.19, the
mechanism is gendered, a cable comes out of the cone and is inserted into the drogue. After
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Figure 18 – Artistic representation of the simple proposed electromagnetic connector.

that soft connection, a latching mechanism then captures the cable and pulls it, allowing
for the matting surfaces to make contact. The system was simulated on a Multibody
Dynamics Simulation program (Adams 8) and the results where calibrated on a air-bearing
table(HAYS et al., 2003) (HAYS et al., 2004b). It was then successfully tested on a "zero
g" parabolic flight with.

8 https://www.mscsoftware.com/product/adams
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Figure 19 – Artistic representation of the docking connector from the Michigan Aerospace
Corporation.

There are no electrical connections on this system. The three Kinematic Sockets;
like on the ARReST project; allow for good and reliable alignment, and the latching
mechanism gives good mechanical strength without permanent power consumption. It is
the connector that allows for a large misalignment, due to the compliant nature of the
system itself. It is also a complex connector and not very compact to be used in a cubesat.
There is no information available in regards to the possibility of on-orbit testing. It is
also worth mentioning that the mechanism is patented under the code US6742745B2 and
US7104505B2. There are other tethered satellite missions, like STARS(NOHMI, 2009) for
instance, but their goals and mechanisms fall out of the scope of this report.

2.0.2.9 RACE

RACE9 stands for Rendezvous Autonomous CubeSats Experiment and it was
commissioned by the European Space Agency (ESA). The goal is to have two 6U cubesats;
currently being developed by GOMspace, with the assistance of GMV (for guidance),
Micos (for the navigation camera) and Almatech (for the docking mechanism); docking
9 https://gomspace.com/race.aspx
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on-orbit. The development stated in 2019 and unfortunately, there is very little information
available. Little can be done other than speculating over an artistic rendering at Fig.20.

Figure 20 – Artistic representation of the RACE project.

2.0.2.10 TED-sat

Tethered Electromagnetic Docking is an unusual type of docking connector, re-
searched by yet another team from the Padova University(OLIVIERI et al., 2017). This
system employs a tethered projectile that is launched by the chaser cubesat. The target
cubesat is equipped with an electromagnet that steers and captures the object. The chaser
then retracts the tether and soft docking is performed. The system is in its preliminary
stages, the main concepts and mathematical model of the electromagnetic forces was
tested successfully at the ZARM Drop Tower in Bremen. The main advantages of this
docking system is the loose requirements for alignment between the two spacecrafts. Due
to the novelty and the relative bulkiness of the system as a whole, there were no further
investigations about the concept in this report.
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Figure 21 – TED-sat firing, brake and retrieve mechanism on the top. Magnetic directioning
of the fired projectile into the target.

2.0.2.11 SIROM

This project started in 2016 with the EU H2020 Strategic Research Cluster (SRC)
in Space Robotics Technologies. It was an ESA public funded program that aimed to
develop 6 key technologies that allow and standardize robotic space exploration10, it’s
developments was made open source. The Standard Interface for Robotic Manipulation of
Payloads in Future Space Missions11(SIROM) was the fifth operational grant (OG) and, as
the name suggests, was responsible for developing a standard connector to be used between
two payloads or between manipulators and payload. The connector is androgynous and
10 https://www.h2020-infuse.eu/src/
11 http://www.h2020-sirom.eu/
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capable of transmitting mechanical, electrical and thermal loads; it is not optimized for
nanosatellites, but it could be miniaturized. Fig.22 shows the connector itself, notice that
the purple hooks are made to latch with the purple pockets.(BRINKMANNA, ) describes
the design requirements.

Figure 22 – SIROM connector artistic representation. Purple parts at the edge composing
the latching mechanism. Multiple different connectors at the center. Waved
edge for roll alignment.

The idea is that the connectors are going to be guided by manipulators. A crucial
aspect underlined is the waveform at the edge of the connector. The team estimates that
the last 5cm before making contact will be guided only by position and force feedback
from the manipulator, given the field of view and focal length of the camera. This edge
format ensures the correct docking even with minor misalignments. The angular tolerance
for connection is tight; only 1.5◦; but the lateral tolerance is more reasonable at 10mm.

The connector is to be used mainly on-orbit and on rovers. Neither of those
applications were implemented at the moment, but tests with robotic manipulators showed
positive test results. For relative position measurement at laboratory test, ArUco markers
were utilized as fiducials in conjunction with RGB cameras, it served to prove the concept
but it would probably not serve as a final solution. The program was deemed successful
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(STANDARD. . . , ) and the resulting design is publicly available12.

2.0.2.12 HotDock

Space Application Services13 is currently selling an interface based on the SIROM
connector and trying to improve on its weakness highlighted in Fig.23. The figure is taken
from the research at project PULSAR(ROGNANT et al., 2019), which is within the scope
of the e Space Robotics Technologies Strategic Research Cluster (SRC) in Horizon 2020.
The connector is called HotDock, and it was chosen to be part of three of ESA’s H2020
developments (OG8 PULSAR, OG9 MOSAR and OG11 PRO-ACT) and to NASA’s
“T-REX” mission(HOTDOCK. . . , a). Like SIROM, the connector is not optimised for
cubesats and would need to be miniaturized.

Figure 23 – Table comparing features from three types of connectors studied: HOTDOCK,
SIROM and IBOSS.

The company offers three types of connectors:active, passive and mechanical;
including or not the latching mechanism, thermal transfer or electrical connections. This
extra flexibility allows for the client to choose the best options for its requirements
considering weight and complexity. HotDock has a high misalignment tolerance of 15mm
and 10◦, possible thanks to the edge format of the connector, a modified version of the
SIROM wave. The latching mechanism is a patented rotating one, that uses one BLDC
motor with gear reduction and complex mechanisms to actuate the whole system. The
12 https://cordis.europa.eu/project/id/730035/results
13 https://www.spaceapplications.com/products/hotdock
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connectors include a novelty that is the use of hall effect sensors, in conjunction with
permanent magnets, to allow the close alignment of the connectors. Is a simple and cheap
way of doing so, and works from a very close distance until contact, which is usually dead
band for camera based sensors. For the electrical connection, 48 POGO pins are used for
their misalignment and dust tolerance. They are positioned in a 90◦ symmetry, like the
connector itself (Fig.24).

Figure 24 – HOTDOCK connector. Different type of latching mechanism and one extra
crest at the edge (allowing for 90deg symmetry) in relation with the SIROM
connector it was based on.

The connector was tested with a robotic arm14 and were planned to be implemented
in a number of different missions in 2021. It is almost an ideal connector as it fulfills all
the requirements highlighted in section 3.1. but the need of miniaturization, for cubesat
applications, still remains. It is idealized to be used with manipulators for alignment and
insertion, as can be seen at the service manual (HOTDOCK. . . , b).

2.0.2.13 ASSIST

The ASSIST program is an ESA initiative (MEDINA et al., 2017). It is formed by
a conglomerate of companies; GMV,MOOG, NTUA, DLR, OHB, TAS; and the main goal
is to offer on-orbit servicing. The program’s goals are not precisely in line with this report
scope, but it’s mentioning is relevant nevertheless given the possibility of miniaturisation
and adaption of the connector. The refuelling capability of this connector was stressed,
but is also capable of providing data and electrical power connection. The drogue will be
positioned on a larger satellite, and the docking procedure will be soft (also called zero
force capture), once one of the requirements is not to alter the orientation of the client
satellite. It is also intended for the servicing satellite to have a robotic manipulator to aid
on the docking procedure.
14 https://spacewatch.global/2019/10/spaceapps-hotdock-takes-centre-stage-at-iac-2019/
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As seen on Fig.25, the connector consists of alignment pins, fluid coupling, electrical
connector and a pantograph. The latter is able to expand once penetrated the drogue
and generate tension forces. The electrical connector is a typical DB9. The tolerances for
misalignments is clearly not high, but that is accounted for by the presence of the robotic
arm and the higher capabilities of bigger satellites.

For the close proximity attitude estimation (< 5km), the system uses LIDAR and
retro reflectors, due to their relative immunity to light variation. Cameras are added to
the probe and 2D markers are used on the drogue for better alignment. Kinematics and
dynamics simulations were performed using the GNCDE15 (Guidance Navigation and
Control Development Environment) simulator. They were then confirmed by air-bearing
table tests. The system was also supposedly tested on vacuum, but there are no more
details about it.

Figure 25 – ASSIST connector artistic representation. Retracted pantograph on the middle,
alignment pins and connector at the edge.

2.0.2.14 ARCADE

The goal of the Autonomous Rendezvous Control and Docking Experiment (AR-
CADE)(BARBETTA et al., 2015)(BOESSO; FRANCESCONI, 2013) was to be a demon-
strator for attitude determination, control and docking technologies. The experiment was
15 https://www.gmv.com/en/Products/gncde/
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not analogous to an on-orbit environment, for it was performed on a stratospheric balloon
(BEXUS 17) on a testing rig, with one transnational and one rotational DOF(Fig.26). Nev-
ertheless, the technology developed by the Italian team is well designed and documented,
and it should be easily adaptable to micro-gravity conditions.

Figure 26 – ARCADE test rig, the white arrows represents the DOFs of the system.

The connector developed is an aluminium probe/drogue type (Fig.27). It is a
center symmetrical design, containing three locking, normally closed, solenoids mounted
on the drogue and one big matching groove on the probe. Micro switches and optocouplers
are used to judge a successful docking. It is also a soft docking system, once the spring
mounted magnetic tip of the probe is captures by the drogue and pulled inwards by a
small linear actuator. The mechanical matting forces are dealt with by the solenoids and a
spring loaded disc on the base of the connector.
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Figure 27 – ARCADE probe/drogue connector highlighting each major component of the
system.

Given that the connector was developed having cubesats and also small aerial
vehicles in mind, it was given great attention to the minimum and maximum relative
velocities between the two spacecrafts in order to have a successful connection. Multi-body
dynamic analysis and later on experimental testing, showed that these values ranged from
50 to 100mm/s. in regards to misalignment, it was confirmed to be tolerable up to 5◦.
One significant difference in this project is the sensing, which is composed of traditional
magnetic sensors and gyroscope MEMS but also an Infrared (IR) system. This attitude
estimation was determined to have an accuracy of 5mm and 1.5◦ of average error, It should
be however be considered the limited conditions of the experiment as an on-orbit analogy.
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Some elements of the connector presented might not be the best fit for a cubesat.
One of the requirements of the design was to offer a pushing force when undocking,
this is desirable for an aircraft system, but in a on-orbit environment it would result in
difficulties controlling the spacecraft. The latching mechanism itself does not consider the
rotational forces along the probe/drogue rotational axis, it was not a problem considering
the restrained experiment, but it would be for a satellite. Finally, the internal parts of the
mechanism, like the solenoids and linear motor are quite bulky and rearrangements would
have to take place for a cubesat implementation.

These problems can be addressed. The spring loaded disk can be removed, avoiding
the unwanted forces. Matching indentations and chamfers to the probe/drogue can be
added, avoiding undesired rotational movements. The solenoids can be reoriented with the
help of a simple bell crank mechanism.

2.0.2.15 IBOSS

The idea behind the Intelligent Building Blocks for On-Orbit Satellite Servicing
((KORTMAN et al., 2015)) is to develop a modular system. There will be a big central core
(Fig.29); with the propellant tank; and many additional building blocks around providing
essential functions, such as solar panels, ADCS, etc. The modules will be moved and
connected via a robotic manipulator. For this to work, it is necessary a highly capable
connector, able to deal with electrical power, data, and heat transfer, as well as being
mechanically sturdy. It was then developed the Intelligent Space System Interface (ISSI)
for such purposes.

Figure 28 – IBOSS artistic representation of the proposed architecture with the core
component and the many additional modules.

The connector is androgynous and retractable, so it won’t stick out the surface and
avoid difficulties on transport and delivery. Data is transmitted optically between modules
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(with a trans-receiver at the center of the connector) and electrical power is transmitted
via two concentric spring supported copper rings. The current prototype is 160mm in
diameter and would have to be reduced by approximately 60% to fit into a 3U cubesat,
which should be possible considering the symmetrical scalable design.

The latching sliding cam mechanism is very complex comparable to other solutions.
After the mating surfaces are in touch, alignment pins are extended and penetrate into
the chamfered alignment holes. After that, retractable teeth are extended and rotated to
latch the surfaces and promote pressure between then. It is mentioned that the connector
should be designed to tolerate large misalignments(KORTMAN et al., 2015), but no tests
or simulations are available to demonstrate that ability. There is also no mention of any
electro-magnetic alignment assistance. A video of the mechanism in action can be found
on the official website16. It is one of the only connectors available for sale on this report
at this moment, but there is no information available about on-orbit testing. The precise
mechanism is described at the European Patent "PCT/EP2015/056923".

16 https://www.iboss.space/
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Figure 29 – IBOSS connector. Retractable rotating latching mechanism at the center, four
retractable alignment pins and their hole on the side. Slip rings at the edge
for electrical power transfer.

2.0.2.16 AUTOPORT

AUTOPORT is yet another student project from the Padova university. It was
specially developed for UAVs planetary exploration, allowing for the transfer of data and
electrical power. As stated by the group, it is a very simple and easily scalable probe/drogue
system with radial latching (OLIVIERI et al., ) (Fig.30).
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Figure 30 – AUTOPORT test rig on the left. Latching mechanism on the right.

An interesting element of this design is the hollow probe that aligns with the central
pin (red part at Fig.30) and supposedly provides better linear and angular alignment.
The connector does not present radial alignment constraints, so the 5 connections for
transferring electrical power, on the top of the central pin, were made radially symmetric.
Furthermore, a wireless power system was embedded balancing the individual batteries.
The connections are made by contact rivets that requires an axial compression force of
43N. Data communication is done by wifi. The probe itself is completely passive. The
system was prototyped with PLA in additive manufacturing, but is intended to be made
in carbon fiber. FEM analysis was performed using the software ANSYS17 to ensure it
would withstand the necessary forces and practical experiments were devised to analyse
the docking angles and displacements (Fig.31).

Figure 31 – AUTOPORT alignment test rig on the left. Test results on the right comparing
linear and angular misalignment for successful docking.

The relative navigation sensing was based on visible LEDs and a small 2D RGB
camera using (SANSONE et al., 2015) as reference. They argued it is easier computationally
17 https://www.ansys.com/
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and less susceptible to noise.

2.0.2.17 TransTerrA

The electro-mechanical interface presented here(WENZEL; CORDES; KIRCH-
NER, 2015) is a connector made to transfer electric power, data, and high mechanical
loads between different heterogeneous modules that shall be used for planetary surface
exploration. The project as a hole is called TransTerrA18 and the gendered connector is
an improvement on the last developed connector, the RIMRES project19 (DETTMANN et
al., 2011).

The connector contains 36 "pogo-pins" that are able to supply at least 10A of
current and allow for Ethernet connection. It is made to be dust resistant, allowing
for up to a 2mm layer, so it could be used for diverse planetary conditions. There is a
central chamfered pin that, once inserted into the other connector, is pulled up by an
active mechanism. The alignment and rotation constraint is made by four conical shaped
pins(Fig.32). There are also ArUco markers at the edges of the passive connector and a
mini camera at the active one. The two connectors are aligned using the markers and
the final docking approximation is done "blindly" by the manipulator in charge of the
movement.

The alignment tolerance of the connector is not bad, at ±5mm and 7◦. The size is
not optimized for cubesats, being 15x15cm, but could easily be miniaturized. The strong
aspect of this connector is the extreme simplicity and apparent robustness. The latching
mechanism is show in the detail at Fig.33

18 https://robotik.dfki-bremen.de/en/research/projects/transterra.html
19 https://robotik.dfki-bremen.de/en/research/projects/rimres.html
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Figure 32 – TransTerrA connector. (9) chenfared pin, (10) electrical connections, (7)
alignment pins, (8) ArUco markers.

Figure 33 – TransTerrA connector latching mechanism sequence.

2.0.2.18 NASA Magnetic Capture Docking System

Not a lot of information is available on this connector. It was developed for the Mini
AERCam program from NASA (FREDRICKSON et al., 2003), a small free floating robot
to be used for remote inspection. The connector is a type of probe/drogue mechanism
with a lot of alignment tolerance (up to 6cm and 30◦). The drogue is made to be attached
to a much larger spacecraft and it has alignment teeth to lock the radial movement of
the spacecrafts, it has a ball latching mechanism to ensure a rigid connection and the
system relies on magnetic forces for the final approaching stage. Fig.34 shows the probe
and the drogue. The system as a whole was tested on-orbit (NASA. . . , ) but no specific
information about the connector is available.
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Figure 34 – NASA electromagnetic connector for miniature satellites artistic representa-
tion.

2.0.2.19 Semiandrogynous

The work performed by this University of Padova’s team resulted in a shape shifting
semiandrogynous connector, meaning it is able to actuate itself in order to become the
drogue or the cone as in Fig.35. The current prototype is fitted to be used on a 6U or
bigger cubesat, but can easily be scaled downwards (OLIVIERI; FRANCESCONI, 2016).
The idea of using cam mechanism was also used on the IBOSS project, but here is a
translational one instead of a rotating one. Although a clever mechanism, it is very complex
and quite bulky. The misalignment tolerances are high (5◦ angular and 15mm laterally)
but the resisting tensile force is very low (3N).

Figure 35 – Semiandrogynous connector in docking process. The chaser one on the left
opening up for "grabbing" the target one on the right.
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2.0.3 Rovers and Robot Connectors

Modular robotics is an area where multiple small semi autonomous (identical or
not) parts are able to connect to each other, cooperate and perform multiple tasks that
the individual would not be able to perform. It is clear to see that the connector here
plays a vital role, and considering the small nature of most of those systems, integrating
some of these concepts can be valuable to a space application(YAN et al., 2018).

Figure 36 – Compilation of connectors from modular robots

2.0.4 Connector’s Actuation System

As previously discussed, there are many advantages to having your connector
actuated. For instance, having no extra protuberances on the surface of the spacecraft so
not to have to rely on the "extra space" on the cubesat dispenser and may even help in
a misalignment situation. A multi-degree actuation system could be used to help orient
the connector before docking. Even a single degree of freedom could result in a higher
tolerance for misalignments. There are many ways of applying this actuation without the
use of a full serial manipulator. For now, some possibilities are going to be presented.
These possibilities can be combined, so to have, for example a retractable mechanism with
a gimbal on top. The axis of rotation perpendicular to the mounting surface is the least
significant one. When using traditional orthogonal reaction wheels for the ADCS, it is
easy to act upon this axis with only one wheel. Furthermore, if the connector is positioned
on the top surface of the cubesat, that represents the axis with less moment of inertia,
thus more easily controlled by the ADCS. It is also important to notice that the mass of
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the connector is not negligible compared to the cubesat, thus any acceleration on it will
most likely have to be counteracted by the ADCS system.

2.0.4.1 Retractability

Fig.37 shows two connector types; they are represented as a probe/drogue connector
but can be assumed of being of any kind. The left one (extended connector) has a connector
that sticks out of the surface and the right one has a retractable connector. We are
considering the situation where the lateral and angular alignment of the satellites is so
big that the probe completely misses the drogue. The two spacecrafts are approaching as
represented by the velocity vector and the contact point is marked in red. Fe and Fr are
the forces acting on the system on the Center Of Mass (C.O.M.) of the satellites. These
forces arise from the sudden deceleration of the bodies caused by the impact, and they
create torque forces at the point of contact. De and Dr are the moment arms of these
torques. It is clear to see that, while the retracted connector experiences a positive torque,
the extended one experiences a negative torque. This means that the first will naturally
be pushed into alignment while the letter will be pushed further away from alignment. We
can see that as long as the force is projected on the x axes on a point left of the contact
point, the torque will be positive, and the opposite is true. It is also easy to see that the
retracted connector will always be favorable on these scenarios. The conclusion is that a
retractable connector is more tolerant to big misalignments, and if a considerable magnetic
force is present between the connectors, the system may even recover naturally from a
failed docking situation.
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Figure 37 – Forces acting on docking of misaligned spacecrafts with and without retractable
connectors

A simple and space efficient way of achieving this feature would be, for example, to
use an external worm gear system to move the connector up and down. The motor could
then be positioned outwards and in a compact manner.

2.0.4.2 Cartesian

A cartesian option would move the connector in purely translational matter, with
the axis of movement orthogonal to each other. A 1 DOF system parallel to the surface
(Fig. 38.a) would mostly make sense on a non-symmetrical connector. A 2 DOF system
with the actuation plane parallel to the spacecraft surface (Fig. 38.b) could be useful on
all types of connectors. Considering for instance Fig.8 (Padova Probe/drogue connector),
clearly indicating the coupling between angular and lateral alignment. This is also relevant
for systems where the final approximation is dependent on magnetic attraction (OAAN
and AAReST projects). Which means that the requirements for translational and attitude
control of the spacecraft can be reduced.
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Figure 38 – Cartesian movement of a possible active docking connector.

2.0.4.3 Delta Robot

A delta robot is a category of parallel robots, which is defined as a closed kinematic
chain. In particular, the delta robot allows for purely translational movements, just like
a Cartesian would. A possible advantage of using this type of actuation is a simple
mechanical convenience. On figure39 there is a drawing of a classical delta robot on the
left and a simple illustration for a connector actuating mechanism on the right, where the
parallelogram represents the top face of the cubesat. This configuration would allow for a
retractable connector with extra two DOF parallel to the surface. An added advantage of
parallel robots is the increased rigidity. Springs could be easily added on the linear rails to
allow for shock absorption.

Figure 39 – Classical delta mechanism at the left and possible implementation for a cubesat
connector at the right.
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2.0.4.4 Zero Torsion Mechanism

A zero torsion mechanism is also considered a parallel, or closed chain mechanism.
Like the delta, it is also popular in industry. The advantage of the zero torsion is that
it provides 2 degrees of rotation and one degree of translation. For this application, it
would result in the possibility of having a retractable connector that is also able to aid on
angular alignment. Fig.40 highlight a few arrangement possibilities.

Figure 40 – Example of zero torsion mechanisms.

2.0.4.5 Gimbal Mechanism

A gimbal mechanism is a simple system that purely rotates a center piece, usually
with 3DOF. It is possible to implement one to facilitate the alignment of the connectors.
There is a common problem called gimbal lock, but it could easily be avoided by the
simple fact that the amplitude of movement would probably be very limited.
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3 CUBESAT MANIPULATION

A reliable manipulation system is recognized as a key technology for the future
of space exploration. There is a lot of work that has been done for full sized satellites,
including the famous CANADARM 1, currently working at the ISS.

For nano spacecrafts however, there are very little examples of on-orbit manipulation.
Here, manipulation referees mainly to the addition of serial robotic manipulators, with
relevant end-effector, capable of acting upon objects outside the body of the spacecraft it
has been added to. Relevant end-effectors include: specialised or generic grippers, docking
connectors, cameras, sensors, etc.

3.0.1 AMODS

The Autonomous Mobile On-orbit Diagnostic System (AMODS) project 2 is been
developed by the United States Naval Academy. It is a complete system, including up to
three assessment and repair (3U) cubesats called "RSats", and one (also 3U) "tug satellite"
called BRICsat, responsible for transporting and maneuvering the RSats. The goal is for
the complete system to be available for less than $300.000,00. This report will focus on
the RSats, considering it is the one that has two manipulators integrated.

Figure 41 – Artistic representation of the AMODS mission. The cubesat in the vertical
position represents the BRICsat, tugging to different orbits and maneuvering
the RSat, which is equipped with two robotic arms. One BRICsat should be
capable of tugging up to three RSats.

1 https://www.asc-csa.gc.ca/eng/iss/canadarm2/canadarm-canadarm2-canadarm3-
comparative-table.asp

2 https://www.amods.org/
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The developers envision two main possibilities: to preemptively embed one or more
RSats into a big satellite and deploy it if necessary or to launch it and rendezvous it with
a BRICsat in case of an anomaly (HANLON et al., 2016)(HANLON, 2016).

Each arm is equipped with a commercial off-the-shelf (COTS) radio, camera,
electrical power system (EPS), one micro controller for each joint and a couple of Arduino
micro-controllers. This introduces cost savings and redundancy. The latter is given by the
fact that these double subsystems are able to cross-talk and fill in the roll of a damaged
part. Even the EPS is able to handle the two arms if necessary. Regarding mechanical
construction, the joint actuators were chosen so that the end-effector has a 10mm accuracy
and the links are connected directly to the motor shaft. Considering that each arm has
seven degrees of freedom (DOF), this results in a tolerance of ±0.25◦. The prototype was
developed using additive manufacturing(HANLON et al., 2017). The resulting design is
two very compact 0.6m meters arms. They are held in place during launch with a fishing
line (that is later burned) to avoid vibration stresses.(WENBERG et al., 2016) (see Fig.
43)

During tugging, the arms move in a mirrored fashion, so their angular momentum
cancels each other. It should also be noted that the arms of the RSat, whenever possible,
are positioned on such a way to try to move the center of mass of the BRICSat/RSat
system close to the geometric center of BRICSat (Fig.42), to optimise the propulsion
system (that is only present at BRICSat).

Figure 42 – BRICSat/RSat system with the two manipulators positioned in a way to bring
the system’s center of mass close to BRICSat’s geometrical.
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Figure 43 – RSat picture with its arms (white plastic) folded into the structure.

Furthermore, the RSat is completely dedicated to its manipulation capabilities,
lacking any extra on-board instrumentation or ADCS capability. As we can see on Fig.44,
most of the satellite’s body volume is used for storing the arm and the rest is used for
the electronics components. This is possible because the robot relies on the inertia of the
heavy satellites it is intended to interact with.

Figure 44 – At the left, we see the space reserved for the on-board electronics. At the
right, the space filled with the folded robotic arm from an Rsat.

BRICSat is equipped with GPS and Star Tracking technology for long term
navigation and with cameras and LIDAR (Light Detection And Ranging) for precisely
positioning the RSats. The latter is equipped with one central camera at the satellite’s
body and one at the end of each arm. Furthermore, there is one laser diode on each end of
the grippers for detecting the presence of an object between the fingers.
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The development program was divided in three phases (HANLON et al., 2016):

1. Phase one: Launch of a first BRICsat prototype (BRICsat-P) in may of 2015 and
launch of a second improved prototype (BRICsat-D) in September 2016. The goal
was to validate the propulsion system.

The first part can be considered a success. BRICSat-P operated as expected (HAN-
LON, 2016), but there is no official information available about the outcome of
BRICSat-D (WENBERG et al., 2017).

2. Phase two: Launch of the first RSat prototype (RSat-p) to validate the manipulator
in 2017.

Unfortunately, according to unofficial sources 3 the spacecraft lost contact with the
control center after its deployment.

3. Phase three: 2018 launch of a fully operational BRICsat and three RSats to validate
the whole system.

The mission website4 is not been kept up to date, and the author was not able to
assess the current state of this phase by any other means.

The US Naval Academy letter re-branded the mission as Intelligent Space Assembly
Robot (ISAR)(WENBERG et al., 2018a). The project improved some of RSat’s hardware
adding 3D cameras, improving the processing power and modifying the arm construc-
tion(WENBERG et al., 2018b) and also realizing some ground testing (WENBERG et
al., 2017). According to an unrelated source(JACKSON et al., 2020), the mission was
successful and the cubesat was capable of latching into a target spacecraft. The author
of this report was not able to find official information sources confirming or denying the
claim.

It could be possible to develop an even more compact system, by implementing
small changes. There is at least a five year gap between the start of AMODS’s development
and many technologies have become more available and more developed. This means
that it may be possible to develop a system that incorporates the BRICSat’s features of
navigation and attitude control and an RSat’s like arm for inspection and manipulation.
This would reduce the complexity, the cost and deployment time of the system. Here are
some of the author’s suggestions to improve on the design:

1. Implement higher grade material for the linkages, carbon fiber rods for example.

2. Save space on the electronics side by developing custom circuit boards, instead of
soldering existing ones to each other.

3 https://twitter.com/planet4589/status/1102595829808930817?s=20
4 https://www.amods.org/
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3. Avoid the usage of through-hole components, as they add bulk in relation with
surface mounted devices (SMD).

4. Look for higher efficiency motors like Brushless DC (BLDC) instead of stepper ones.

5. Implement strain wave or cycloidal compact gearboxes if needed.

3.0.2 REMORA

REMORA is a system designed to avoid collisions of on orbit satellites and de-
bris(MCCORMICK et al., 2018). The goal is to develop a small (6 or 12U, Fig.45) cubesat
equipped with a robotic arm, propulsion elements, ADCS and a variety of sensors. The
spacecraft will use its manipulator to attach itself to a large satellites, serving as a GPS
beacon for sub-meter accuracy tracking and use its own propulsion system to alter the
craft’s orbit if necessary. REMORA will attach into features like engine nozzles and other
accessible points, the maneuver itself will be aided my ground control and be commanded
to the spacecraft after a complete assessment of the target object. The project started its
development in 2017 at NASA’s Jet Propulsion Laboratory (JPL). The precision tracking,
combined with the orbit maneuvering capabilities for decommissioned satellites and big
debris should be a powers tool on avoiding dangerous on-orbit collision.

Figure 45 – Two possibilities of the REMORA spacecraft, 6U on the left and 12U, on the
right.

The arm has five degrees of freedom, it reaches up to 0.4m considering the proposed
end-effector and can be stowed into the volume of a 1U satellite (Fig.46). Faulhaber
1226012 12-mm BLDC motors were coupled with 1024:1 planetary gear reductions and
a subsequent 5:3 gear train to increase the torque output of each joint. An analytical



70

analysis showed that a 1N force on the end-effector would result, in the worst case scenario,
on a maximum torque of only 44% of a joint’s stall torque. The structure is a hollow
monocoque (presumably out of aluminium) design to save mass.

The total mass of the arm/end-effector subsystem is around 1.14kg and the expected
accuracy is ±5mm. The configuration of the arm is Yaw-Roll-Yaw-Yaw-Yaw. Multiple
end-effectors were proposed for different missions and a traditional 1DOF claw type
prevailed.

Figure 46 – REMORA manipulator on its extended configuration (top) and on its stowed
configuration (bottom). The arm/end-effector stowed configuration results in
a volume of 20x10x5cm.

Combining an ADCS and a propulsion system together with a robotic arm is a very
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effective solution. The only disadvantage of the system proposed is the limited manipulator
with 5 DOF, susceptible to singularities and limiting its dexterity. This would limit the
scope of missions possible.

Figure 47 – REMORA manipulator prototype extended.)

3.0.2.1 C-FORM

JPL is developing this manipulator for 6U cubesats. The goal is to have two arms
per cubesat and have docking connectors as end-effectors. Many of them can link up and
form a satellite cluster via Cluster Forming On-board Robotic Manipulators (C-FORM).
The many advantages of this is the extra DOFs the formation will have for pointing and
attitude control and it allows the satellites to be more spaced than if docking without the
manipulator arm (Fig.51).

The team investigated some use cases (Fig.48) and divided them into four categories
that take advantage of using a manipulator in the formation: construction, positioning,
reconfigurability and arm manipulation.
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Figure 48 – Different applications for C-FORM cubesat clusters based on the four main
advantages of the manipulator usage: (MCCORMICK et al., 2017)

The arm has 5 DOFs and a Yaw-Roll-Yaw-Yaw-Yaw configuration. It is able to be
stowed into almost a 0.5U volume (10X10x5.4cm) and has a 43cm reach when unfolded.
The reason it is able to be compact stowed is that it uses deployable telescopic links. They
are kept under tension from an internal linear spring and a holding wire, when the arm
unfolds itself from the spacecraft’s body it burns the wire and releases the mechanism.
The paper goes deeper into the details of mechanism itself (MCCORMICK et al., 2017).

Figure 49 – Miniature arm with deployable telescopic links.

Once the team’s goal was to use the linked arms for precise pointing, the accuracy of
the end-effector was set by design at 1mm. This led to the use of strain wave (commercially
known as harmonic gears) reducers, with virtually no backlash. Another measure to ensure
the accuracy is on the feedback system. Due to their great robustness, it utilises resolvers
for measuring the absolute angle of each joint. Magnetic encoders; without sensitive optics;
are readily available nowadays and could be a valid and cheaper substitute. Another
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requirement was the use of motors with NASA flight heritage, so they were constrained to
use Aeroflex 10-mm stepper motors.

The team decided to add breaks on the joints, so to maximise the holding torque
without powering the motor and to protect the gearbox from excessive loads. They decided
to make their custom break out of nitinol "muscle wire", that is a shape-memory alloy
(Fig.50 at the right). When current is passed through the wire it heats up and contracts,
causing the joint to break. A possible alternative to the braking system would be to use
more resilient non-backdrivable reductions, such as a worm or a cycloidal gear reduction.

The paper then describes the docking system. It is made to be attached at the
end-effector of the arm, so it has to be exceptionally small. For the capturing, a fast
mechanism was needed but the motor used on the joints is not powerful enough. To solve
this issue, they implemented a small linear motor, actuated by the expanding force of
heated paraffin. This strong, though slow, motor activates a spring mechanism that is
released by the contact of the docking connector to its target(Fig.50 at the left).
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Figure 50 – Docking mechanism on the left and breaking mechanism on the Right.

(MCCORMICK et al., 2017) then creates an approximate model of the system
to estimate the necessary orbiting maneuvers and the performance of the sensors. (DE-
VELOPMENT. . . , ) explores in depth positioning and rendezvous control aspects of the
mission.
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Figure 51 – Cubesats in formation flight (C-FORM) using manipulators for docking and
alignment.

3.0.3 Micro satellites

Microsatellites are larger that cubesats, their mass goes from 10 to 100Kg. At this
range, it is possible to identify more examples of rendezvous and manipulation. Even
though the focus of this report is on nanosatellites, these bigger systems may be able to
provide useful development insights.

3.0.3.1 KRAKEN

KRAKEN5 is a project from Thethers Unlimited to develop a generic micro manip-
ulator for LEO environment. The standard KRAKEN configuration is a 1 m, 7 degree-of-
freedom arm that can stow in a 19x27x36cm volume (Fig.52). Not compact enough for a
cubesat, but useful for microsats and internal use at the ISS.

5 https://www.tethers.com/robotic-arm/
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Figure 52 – KRAKEN robotic arm for microsatellites in the stowed position at right and
extended position at left.

3.0.3.2 DEOS

The Deutsche Orbitale Servicing Mission (DEOS 6) was commissioned by the
German Aerospace Center (DLR) in 2011(RANK et al., 2011). It was supposed to be a
spacecraft equipped with a robotic arm and fully maneuverable. The goal of the mission was
to force LEO reentry onto uncooperative satellites and to dock and service cooperative ones.
A COTS 3m long arm, with space proven joints from mission ROKVISS (HIRZINGER et
al., 2005), would be used for the operation. A simple docking connector was developed for
the cooperative targets and a simple gripper for the non-cooperative ones(Fig.53).

6 https://www.spacetech-i.com/products/missions-satellites/deos
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Figure 53 – DEOS gripper to the left and docking connector to the right.
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4 POSITION ACTUATION AND SENSING OVERVIEW

Position actuation refers to the capability of performing angular and lateral move-
ments on-orbit. Position sensing refers to the ability of measuring the satellite’s angular
and lateral position in relation to the earth, distant stars or other satellites. Each system
has pros and cons and they can be combined to perform the necessary task. The goal
here is to highlight the possibilities and major differences between them. (DAFFALLA;
TAGELSIR; KAJO, 2015) offers a quick review of traditional sensors and actuators and
(WESTON et al., 2018) the state of the art of those components on the market.

4.0.1 Attitude sensing

This subsection explores possible sensors for attitude determination on the flight
phase where there is yet no docking or manipulation taking place. The requirements for
attitude accuracy here usually comes from the payload on the satellite, they can be very
loose or very tight. If there is no payload on-board requiring high pointing accuracy, it
is still useful to have a minimum capability of attitude determination for stabilizing the
spacecraft prior to the docking or manipulation engagement. Table54 is taken from (CHAN
et al., 2019), that surveys a few sensors with their average expected accuracy. The company
is very ambitious and projects such as on-orbit disassembly and recycling of space debris
have been proposed to be realized with the manipulator.

Figure 54 – Comparison between common attitude sensor.

4.0.1.1 Star Tracking

Star trackers are considered the most accurate attitude estimation systems today,
and are very common1. They can also be very compact, are present in most missions
1 shorturl.at/loCLN
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and in some cases they are already incorporated within the ADCS system. In some cases
there are more than one positioned orthogonally to each other. Their pointing accuracy is
usually lower on the roll axis. The smallest models are expected to have a volume close of
approximately 50x50x50mm. Care must be taken to avoid orienting the sensor towards
the sun, a baffle is usually present for avoiding this problem(BAFFLING. . . , ).

4.0.1.2 Sun Tracking

Sun tracking is also very common, it is divided in coarse and fine sensors. Although
fine sun trackers can be very precise, they must be utilized with other sensors, once it gives
only two axis determination. Coarse sensors can be very imprecise, up to 15◦ of accuracy
in some cases. Their accuracy also varies a lot depending on its orientation in relation to
the sun. More information is available at the SatSearch website2

4.0.1.3 Fixed horizon Sensing

This is a type of earth sensor. They can be precise, when there is a camera with a
fixed focal length that is aimed at the earth’s horizon and is able to recognize its outline.
They can also be a course sensor based on infrared readings of the surface to estimate the
satellite’s position. It is a less common sensor, but can be useful due to the fact that earth
is usually easy to identify, which grants a robustness for the sensor.

4.0.1.4 Magnetic Field Orientation

Magnetometers are ubiquitous. It would be hard to find a mission, more so in LEO,
that does not implement them. They are usually implemented as MEMS and detect the
orientation of the earth’s magnetic field. In the case of this report, care must be taken if a
strong electromagnet is present at the spacecraft. It could saturate the sensors, given that
it is calibrated to sense the low earth’s field.

4.0.1.5 Gyroscopes

Mechanical gyroscopes are rare at cubesats due to their bulkiness and unavoidable
measurement drift. MEMS, fiber optic (FOGs) and piezo ones are available though. They
measure directly the rotation speed and would be thus recommended for applications
where precise speed measurements are necessary. Attitude estimation can also be extracted
by integration, which usually introduces errors.

4.0.1.6 GNSS

GNSS receivers are also one of the most utilised sensors. They can be very small
and reliable, but it’s accuracy is in the order of meters. It is important to use a system
2 shorturl.at/kHR14
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that is able to receive signals from all possible constellations for ensuring robustness. A
more precise variation of the sensor, suitable to relative navigation is presented at 4.0.2.1.

4.0.2 Relative Navigation sensing

The goal here is to underline possible sensors for relative navigation. That is, the
ability to estimate the position of the spacecraft in relation to another, instead of earth or
outer space. With the exception of the Phase Difference GPS, this is done by measuring a
satellite position directly in relation to another, instead of comparing the measurement
of both against and external reference. It is common to make use of more than one of
these sensors simultaneously to achieve the best results. The accuracy requirements here
doesn’t come from the payload, but from the connector or the manipulator alignment
requirements.

Regarding the range, it should be chosen a system with the lowest bound possible,
so a docking or manipulation procedure can be monitored until the last moment. It
is possible to determine two minimum upper bound requirements. A smaller one, that
needs to be accurate enough to position the satellite in its angular and lateral alignment
requirements. And a bigger one that doesn’t need to be as precise, but only to allow for an
initial positioning upon arriving at the target. Using the missions presented as a reference,
two meters for the smaller bound and ten meters for the big one should fulfill all docking
and manipulation requirements with ease. If the sensors allow for higher upper bound
ranges, it is a welcome advantage, but not required. These bounds are represented at
Fig.55. The ranging problem is usually related to the focal distance and aperture angle of
the sensors.
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Figure 55 – Relative navigation sensor bounds. Not in proportion.

Resolution is an important factor, it must be compatible with the necessary
requirements. According to table 10 a 10mm and 1.5◦ accuracy would suffice most docking
case scenario encountered. For manipulation, an accuracy of 10mm, 5mm and 1mm
are expected from the AMODS, REMORA and C-Form project, respectively. Although
AMODS includes a dedicated camera at the End-effector to allow for higher accuracy
when grabbing the target’s rails. A 2◦ and 5mm accuracy would probably fulfill most
Relative Navigation sensing requirements. If extra accuracy is required for the manipulator,
a camera at the end-effector should be added. (PIRAT et al., 2018) Agrees with a fine
alignment precision of at least 1cm and a coarse range of 10m.

4.0.2.1 CDGPS

Carrier-Phase Differential Global Position System (CDGPS) is a type of GPS that
can be installed on two rendezvousing spacecrafts. Instead of measuring both spacecrafts
position in relation to the GPS satellite constellation and using this to determine the
relative position of the two bodies, CDPGS uses the signal to measure directly the distance
and orientation between them. Real time wireless communication between the docking
spacecrafts is necessary.

Millimeter accuracy have been reported using hardware in the loop simulations of
CDGPS(LEUNG; MONTENBRUCK, 2005). It is also worth noticing that the technology is
mature with multiple flight heritage(MONTENBRUCK et al., 2011). The only mission on
this report to use this technology was the OAAN, reporting an accuracy of sub centimeter
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Name/Company Accuracy
[mm]

Size
[mm]

Update Freq.
[Hz]

PIKSI/Swift navigation ≤15 48x71 ≤10
PX1122R/NavSpark ≤10 12x16 ≤10
VN-310/Vectornav ≤10 31x31 n.a.
RTKITE GNSS/

North Survey ±15 47x54 ≤10

ZED-F9P/ Ublox ≤10 17x22 ≤8
AP104/absolute precision ≤8 46x71 ≤10

Table 2 – Comparing table between small RTK GNSS receivers.

(65). The COTS products are know as Real-time kinematic (RTK) GNSS. A few of then
are show on the table 2.

4.0.2.2 Hall sensor

A hall-sensor measures the strength of a magnetic field. They are commonly used
as cheap sensors for measuring the relative position of an object, fitted with a magnet, and
another, fitted with the sensor. The HotDock system utilizes three of them to determine
the relative position between two connectors at very close distance. The arrangement can
be seen in Fig.66, where they are interspersed among permanent magnets. Hall sensors
can be unipolar or bipolar, which means that they react with one specific pole or both
poles of a magnet, respectively. They can work on a wide range of temperatures, in some
cases from -40 to +150◦C. A reasonable amount of calibration may be required, but they
can be used for angular(LINEAR. . . , a) and linear measurements(LINEAR. . . , b). Other
relative navigation sensors may present a dead band at very close distances, the use of
hall sensors can be a cheap option to integrate and fill this gap.

4.0.2.3 IR Trans-receiver

The ARCADE mission had a simplified IR sensing system consisting of two IR
LED’s and one receptor. By modulating the light emission and using simple geometry
(Fig.56), the team was able to achieve the necessary accuracy requirement of 5mm and 1.5◦.
It is worth noticing that those are average values and considerable filtering was necessary
to be implemented. Also, the experiment conditions were very limited, with only two DOF
available. This simplistic sensor should then be avoided for on-orbit operations.
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Figure 56 – IR transreceiver system developed by the ARCADE project.

4.0.2.4 Depth Cameras

A normal colored camera attributes one intensity value from each of the three color
components (RGB) to each pixel. A depth camera attributes a fourth value, that is the
distance from it to that point in real life, depth (RGB-D). There are multiple ways of
measuring this fourth value, and it usually requires the fusion of different types of sensors
and projectors.

Structured Light uses visible (or some times infrared) light. It projects a pattern
at the surface of the object and determines the depth value by the distortion of this shape,
which is captured with a simple camera. It is very information dense, but very low range
and susceptible ambient noise and light conditions.

Stereo cameras are actually two cameras. They are placed at a certain distance
apart and by tracking specific features present in both images captured, it is possible to
determine the distance from these points. They are resistant to environmental noise and
often are equipped with IR projectors, in that case they would be classified as active rather
than passive. By using IR receivers they can then work in dark or poorly lighted situations.
They generally require more processing power to keep track of the necessary points, but
that is often done by the on-board processing of the COTS device itself and made available
via API. It is recommended to use global shutter cameras for moving applications. Since it
needs to track determined points, the accuracy is dependent on the texture of the target,
but it is realistic to expect centimeter accuracy(HOW. . . , ).

Time of Flight (TOF) cameras and scanners forms the LIDAR category. Here
the properties of the light emitted and received are used, like the time (Pulsed Light)
or phase difference between them (Continuous-wave). Pulsed Light is better suited for
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Name Range
cm

Accuracy
mm Type Operating

Temp. [◦C]
RGB

Camera
ifm O3D311 30-1000 ±7 TOF camera -10 to 50 No
ifm O3X100 5-300 ±5 TOF camera -10 to 40 No

e-Con
Systems Tara 50-300 - Stereo Cam. -30 to 70 Yes

Intel D415 16-1000 - Active IR
Stereo Cam. 0 to 85 Yes

Intel D435 10.5-1000 -
Active IR

Stereo Cam.
Global Shutter

0 to 85 Yes

Sense Photonics
SenseOne 50 - 1000 ±5 TOF camera - No

DUO MC 23 - 250 - Stereo Cam 0 to 45 Yes

Table 3 – Table comparing COTS depth cameras small enough to fit on the smaller face
of a 3U cubesat.

outdoor environments and long range application. Continuous-wave is recommended for
indoor environments and shorter ranges. LIDAR scanners are suited for very long ranges
if necessary. Traditionally, LIDAR scanners implements rotating mirrors to direct one or
multiple IR beans, but recently solid state ones are available. On the other hand, TOF
cameras use 2D sensors, like a traditional camera would. A LIDAR scanner would most
likely not be a good choice for relative navigation, but a LIDAR camera would.

Considering the low volume available for a cubesat application, it is desirable to
invest in integrated solutions that may combine more than one sensor, which is inexactly
what depth sensors usually do. More than that, it is common for the embedded processor
to be in charge of fusing the information and delivering a precise result, although it is
usually required to perform calibration procedures outside the factory. There are many
different manufacturers3. Unfortunately, since the need for these types of sensors is not
usual for satellites, there is no one COTS space hardened available. The closest to it would
be the Ones produced by FRAMOS4 that are industry rated.

The table3 gathers depth cameras that would fit to be positioned on the smallest
face of a 3U cubesat, not considering cable management. Other critical information is
added for comparison. Notice the range and resolution varies with size, reflectivity and
distance of the target.

3 https://rosindustrial.org/3d-camera-survey
4 https://www.framos.com/en/industrial-depth-cameras
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4.0.2.5 2D Cameras

A Perspective-n-Point (PnP) pose problem, is the problem of estimating the 3D
pose and orientation of a known object, given only the 2D projection of such5. For this
to be possible, it is necessary to know the mathematical model of the camera and the
real dimensions of the object. The bigger the amount of points known in the object;
that are possible to be traced into the 2D projection; the better will be the pose and
orientation estimation. Efficient Perspective-n-Point (EPnP) deals with at least 6 points.
That is why multiple missions presented use 2D cameras and fiducial LED’s, that serve
as reference points. (PIRAT et al., 2018) reports a performance of 1mm and ≤ 2◦ with a
single monocular camera and addresses many issues related with the use of this technology
for cubesat applications. This is considered a traditional method, once the reference points
are determined and arranged by design. There are other approaches to the problem (CHEN
et al., 2020).

For instance, the use of deep networks allow for the training process to determine
the reference points and to fine tune the necessary parameters. This machine learning
approach is deemed significantly more robust and precise and even allow for the fusion
of RGB and depth information as in (WANG et al., 2019)6; which was considered the
state of the art in 2019. But a significant drawback of this technique is the vast amount
of training data necessary. For mundane objects, this may not be a big problem, but
for a spacecraft on a LEO background, it can be difficult to do a proper training. Some
implementations resort to simulate data instead of captured, but the robustness of the
final result is affected.

The 6D pose estimation of objects can also be obtained from a fusion of traditional
methods and machine learning. Currently, this approach has obtained very good results.
Accuracy of up to 1.67cm and 2.5degree were obtained by (LIU; HE, 2019). Another
advantage here is the reduced computational resources than one based solely on machine
learning.

(SANSONE et al., 2015) Suggests visible and IR LED fiducials to reduce even
further the computations costs. The idea is to use underexposed images and filtering to
take a photo of the environment, the result is a dark image with only the visible LEDs
highlighted. It also uses one IR LED and a filtered receiver. The brightness of the received
light is used to estimate the distance from the source, which is particularly useful for low
rotation angles, where the fiducial technique is worse. The accuracy reported is of 10 mm
and ≤ 2◦ up to one meter away.

5 https://rb.gy/tgpkp1
6 https://github.com/j96w/DenseFusion
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4.0.2.6 IR Cameras

Not considering TOF cameras, IR cameras can be used like a simple 2D camera
for approximation of the position and orientation of an object. On the CPOD project,
the 3D thermal reflectivity profiles of the two spacecrafts were stored on-board the chaser
cubesat. IR cameras were then used to approximate the relative position and orientation.
It is the same process described on the 2D camera section, but in a different wavelength.

4.0.2.7 External references

The problem of relative navigation sensing was tackled by missions like SPHERES
by using close by references. This is a valid approach for spacecrafts that are used inside
a space station, so to use it as a reference. Ultrasound and IR beacons or even cameras
can be positioned at the walls of the station and easily determine the position of both
spacecrafts. Other than the presence of a gas medium, the lighting conditions at the station
would also be stable, making any RGB image based system easily implementable.

4.0.3 Attitude Control

This section outlines some of the available commercial technologies for altering the
angular position; the attitude; of the spacecraft in orbit. This is an essential ability for
multiple payloads and for docking and manipulation itself.

Figure 57 – Figure from (WESTON et al., 2018) comparing ADCS types and their general
characteristics. The table may be slightly outdated due to the release date of
the study, nevertheless it is useful.
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4.0.3.1 Reaction Wheels

Reaction wheels are very traditional for attitude actuation and many options are
available7, they are able offer fine control and high torques. They are movable components,
which exposes them to mechanical failure. For that reason, from big satellites to micro
ones, it is not unusual to have redundant wells. In cubesats, it is commonly implemented
only 3 orthogonal ones. Some of their key aspects are Momentum Storage, Maximum
Torque and Maximum RPM.

4.0.3.2 Magnetorquers

Magnetorquers, sometimes called torque rods, are simple electromagnets that
interacts with earth’s magnetic field. Their torque is generally low, but can be used for
long stretches of time for consuming low power. They are mainly used for detumbling
the satellite and for desaturation of the reaction well when it hits the maximum RPM.
The higher the Magnetic Moment [A.m2] produced, the higher the torque generated at
the same point at the earth’s magnetic field. Residual Magnetic Moment is the result of
hysteresis on the material and should be as small as possible.

4.0.3.3 Thrusters

Thrusters can be utilized for attitude determination, preferably when they are
positioned with a significant torque moment arm. Nevertheless, a tendency observed
on the missions reported is to decouple translational en angular displacement. For this,
the thrusters were usually positioned close to the center of mass of the spacecraft or in
a way that ensured the resultant torque would be zero. Assembly and manufacturing
misalignments are inevitable so a complete decoupling is impossible. More details about
thrusters are presented at Sec.4.0.4.

4.0.4 Translational Control

Translational control is very important in cubesat docking and manipulation
contexts. The level of accuracy required (sub centimeter) is not common, so they are
usually not optimized for that. That is why the Minimum Impulse Bit [mN.s], that is
equivalent to the system’s "resolution", becomes an important factor to be considered.
Some missions opted for developing their own propulsion systems for improved control.

7 shorturl.at/mqtCZ
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Figure 58 – Figure from (WESTON et al., 2018) comparing thrusters types and their
general characteristics. The table may be slightly outdated due to the release
date of the study, nevertheless it is useful.

4.0.4.1 Cold Thrusters

Cold gas thrusters are simply pressurised tanks with actuated valves and an exhaust
nozzle. Their simplicity makes them a very common choice for cubesats and sometimes
they come in units with many exhaust nozzles integrated. The speed and precision of the
actuator defines the Minimum Impulse Bit. They offer a good balance of high thrust and
good control accuracy, but are usually low on specific impulse.

4.0.4.2 Non-pressurized Cold Gas Propulsion

This is a novel option, the exhausted gasses comes from the sublimation process of
a substance (the fuel) and is controlled by the heating of it. Only one example of such a
system for cubesats was found, the I2T5 from ThrustMe8.

4.0.4.3 Electric propulsion

Electric propulsion is an umbrella term for multiple types of thrusters such as Pulsed
Plasma and Vacuum Arc Thrusters, Electrospray Propulsion and Ion Engines. In general,
they offer low thrust values, but high specific impulse for their low fuel consumption.
Regardless of Fig.57, nowadays there are electric propulsion systems with TRL 9.
8 https://www.thrustme.fr/products/i2t5



90

4.0.4.4 Hydrazine

Hydrazine are chemical thrusters. Like cold gas, they have a high thrust and good
accuracy. They are a mature technology for big spacecrafts, but relatively new for cubesats.
Their high toxicity must be taken into account when considering this system. Other
chemical propulsion methods are available with similar performance.

4.0.4.5 Green Propulsion

Green propulsion thrusters are also chemical engines, but with non-toxic reagents.
There are more Green options available at the market than toxic ones, such as hydrazine.
The simplified procedures for dealing with then may also facilitate logistics and delivery
times.

4.1 Position Actuation and Sensing

This section condenses the information about translational and attitude control
and determination for all the previously mentioned missions with information available.
Here, relative navigation refers to the satellite’s ability to close rendezvous another one on
the docking or manipulation process. Attitude estimation refers to the satellite’s ability
to determine its orientation prior to the relative navigation stage. For microsat mission
proposals (bigger than cubesats) only the relative navigation sensing was considered, for
the difference in weight and size would render actuation comparisons useless.

4.1.0.1 Padova Probe/drogue

(SANSONE; BRANZ; FRANCESCONI, 2018) a good review of relative navigation
estimation available in literature and proposes one for the Padova Probe/drogue connector
project. The system makes use of 8 LED’s divided in two patterns, ensuring that the
small one will stay inside the camera’s field of view for longer (below 0.38 m), while the
bigger provides better accuracy. Some LED’s protrude from the surface plane to enhance
the system’s sensibility to rotation. They make use of underexposed pictures to filter out
ambient noise and capture mostly the LED’s light.

Experimental testing on a 2 DOF motorized table showed an alignment accuracy
better than 5mm and 1.5◦ , even though the system struggled with z distance estimation,
something that has been observed on other cases of systems like this. Different dynamic
tests were carried out and similar good results were observed.
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Figure 59 – Padova probe/drogue connector proposed LED fiducial pattern.

The hardware used was adequate for indoor tests, not on-orbit environment.
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4.1.0.2 AAReST

The AAReST mission depends on magnetic attraction for the final docking phase.
Nevertheless, it is equipped with a TOF LIDAR camera (Softkinetic DS325) for relative
position estimation. The module also contains a traditional RGB camera and IMU capa-
bility. It is made for indoor environments, has a nominal range of 1m and a resolution
better than 14mm. Its biggest dimension is 105mm, which would make it impossible to
be mounted on certain orientations on a 3U cubesat. Softkinetic was acquired by Sony in
2017.

It also has specific requirements for attitude control. The MirosSat (3U) have much
looser requirements, once it needs mostly to navigate to the broad capturing area. On the
other hand, the CoreSat (15U) have very restrictive requirements, once it is responsible to
maneuver the craft after docking and, being a telescope, have to be accurate and stable. It
accomplishes this by having 4 reaction wheels arranged in a pyramid shape, also providing
redundancy. The analysis on the next tables are divided between these two systems.

The ADCS was developed by the South African company CubeSpace9. Unfortu-
nately, the reaction wheels used don’t seem to be available commercially. The on-board
computer was also developed from the same company and the sensors necessary for attitude
estimation were embedded into the CubeSense Module (CUBESENSE. . . , ). The MirrorSat
ADCS system is identical to the QB-50 satellites launched in 2014 and also similar to the
STRaND-1 satellite 10. At the time of the article (UNDERWOOD et al., 2015), the QG-50
program11 had launched only two spacecrafts but currently that number is up to 36.

Information for the MirrorSat ADCS is available at pg.129 at (AAREST. . . , ). It has
one coarse sun sensor, one CMOS Camera Digital Sun Sensor, one CMOS Camera Digital
Earth Sensor, 3-Axis Magnetoresistive Magnetometer, 3-Axis Magnetorquer(2Rods &
Coil), Pitch-Axis Small Momentum Wheel (45g) and GPS receivers. Estimation capability
is better than 0.2◦ (CUBESENSE. . . , ). Table 4 summarized these variables. Regarding
the thrusters, nine of them were fitted solely on the MirrorSat, for more details at the
propulsion system, pg.33 form (AAREST. . . , ) is recommended.

9 https://www.cubespace.co.za/
10 https://earth.esa.int/web/eoportal/satellite-missions/s/strand-1
11 https://www.qb50.eu/
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MirrorSat
(∼ 6.1kg)

Reaction
wheels - Magnet

Torquer - Thrusters

Momentum Storage
[mN.m.s] 1.7 Nominal Mag.

Mom.[A.m2] n.a. Number of
Thrusters 9

Maximum Torque
[mN.m] n.a Saturation Mag.

Mom. [A.m2] 0.2 Total
Impulse [N.s] n.a.

Maximum RPM n.a Residual Mag.
Mom. [A.m2] n.a.

Nominal
Thrust [mN]

(each thruster)
5 < 10

Number of wheels 1 Number of
Magnetorques 3 Delta-V [m/s] 10

- -
Minimum
Impulse

Bit [mN.s]
0.01 - 0.02

Final Pointing accuracy ±2◦

Table 4 – Attitude and translational control of the MirorSat.

For the CoreSat, more powerful reaction wheels were implemented, and more precise
sensors used (pg.132 at (AAREST. . . , )). On top of the other sensors cited, it was added
two star trackers CubeStars12 and two IMUs based on the STIM210 multi-axis MEMS
gyro13. And the pointing requirements are summarized on table 5.

CoreSat
(∼32kg)

Reaction
wheels - Magnet

Torquer - Thrusters

Momentum Storage
[mN.m.s] 30 Nominal Mag.

Mom.[A.m2] 0.4 Number of
Thrusters 0

Maximum Torque
[mN.m] 2 Saturation Mag.

Mom. [A.m2] 0.8 Total
Impulse [N.s] -

Maximum RPM 5600 Residual Mag.
Mom. [A.m2] n.a.

Nominal
Thrust [mN]

(each thruster)
-

Number of wheels 4 Number of
Magnetorques 3 Delta-V [m/s] -

- -
Minimum
Impulse

Bit [mN.s]
-

Final Pointing accuracy ±0.1◦(3-sigma).

Table 5 – Attitude and translational control of the CoreSat.

4.1.0.3 OAAN

The OAAN project is the only one that aims to use an external positioning source
for the relative navigation. Instead of trying to directly measure the other satellite’s
position and maneuver in relation to it, it will use GPS. More specifically, a Carrier-Phase
Differential Global Position System (CDGPS). It measures the phase difference of the
GPS carrier wave at two locations (the two docking satellites), which provides relative
12 https://www.cubespace.co.za/products/adcs-components/cubestar/
13 https://www.sensonor.com/products/gyro-modules/stim210/
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position measurement accurate within 2 cm. They used the "Piksi Multi GNSS Module"14

from Swift Navigation. One requirement of the system is that the antenna should face
away from earth. The final docking stage is done by magnetic attraction, so this system
is precise enough to position the satellite within the capture volume. The team carefully
tested the equipment and came to the conclusion that the products are consistent with
manufacturer specifications (PEI, 2017), although heavy filtering was necessary. Fig.65
summarizes their results.

Figure 60 – Table resuming experimental tests with the "Piksi Multi GNSS Module" after
filtering(PEI, 2017).

A four cold gas thruster setup was arranged in a tetrahedron shape in the middle of
the satellite to provide solely translational movement. A series of thrust characterisations
were performed, mostly to obtain an adequate measurement of the Minimum Thrust
Impulse Bit (MIB).

As one can read on the paper (PEI, 2017). "The Attitude Determination and Control
System (ADCS) is provided by Blue Canyon Technologies (BCT)15. The "XACT" unit is a
fully assembled COTS product with flight heritage. The XACT provides precise three-
axis attitude control using reaction wheels, magnetic torque rods, and integrated control
algorithms. For attitude sensors, it contains a star tracker, sun sensor, and magnetometer.
The star tracker is used during fine pointing mode operations." The precise model used
can be tracked by visual reference to be the XACT-15, whose available characteristics
(MASON et al., 2017) are present on the table 6.

14 https://www.swiftnav.com/piksi-multi
15 https://www.bluecanyontech.com/
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OAAN mission
(∼ 5 kg)

Reaction
wheels - Magnet

Torquer - Thrusters

Momentum Storage
[mN.m.s] 15 Nominal Mag.

Mom.[A.m2] n.a. Number of
Thrusters 4

Maximum Torque
[mN.m] n.a. Saturation Mag.

Mom. [A.m2] n.a. Total
Impulse [N.s] n.a.

Maximum RPM 8000 Residual Mag.
Mom. [A.m2] n.a.

Nominal
Thrust [mN]

(each thruster)
300

Number of wheels 3 Number of
Magnetorques n.a. Delta-V [m/s] n.a.

- -
Minimum
Impulse

Bit [mN.s]
22

Final Pointing accuracy ±0.003◦ (1-sigma) for 2 axes;
±0.007◦ for 3rd axis

Table 6 – Attitude and translational control of the OAAN cubesat.

4.1.0.4 PACMAN

The relative maneuver sensing was done by integrating a 2D camera and the
on-Board IMU. The Raspberry Pi NoIR Camera v2. It is located at the centre of the
CUBE top plate, with its optical axis oriented towards the direction of motion of the
module (Fig. 61). The system also makes use of fiducial LED’s and was extensively tested
at (DUZZI et al., 2017). They performed static and moving tests and results were very
promising, even with limited processing resources, with the maximum error limited to a
range of about 3:5mm, ±1mm and ±5mm along the x, y and z-axis respectively. Angle
accuracies archived on the tests are seen on Fig.62.
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Figure 61 – PACMAN cubesat.

Figure 62 – PACMAN angular alignment error test results.

Even though the lab test results were very positive, on orbit application may face
backlash. The camera and processor used are not made for space environments and light
variations may be very detrimental to the system’s performance.

4.1.0.5 CPOD

The CPOD mission includes an Integrated ADCS unit developed by Tyvak16

roughly 1/2U size. It contains 3 reaction wheels, 3 magnetorquers and the attitude
estimation hardware (CPOD. . . , 2015) (Fig.64). Next is a table summarizing the attitude
and translational capabilities of the mission.
16 https://www.tyvak.eu/
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CPOD mission
(∼6kg)

Reaction
wheels - Magnet

Torquer - Thrusters

Momentum Storage
[mN.m.s] 10 Nominal Mag.

Mom.[A.m2] 0.1 Number of
Thrusters 8

Maximum Torque
[mN.m] 3 Saturation Mag.

Mom. [A.m2] n.a. Total
Impulse [N.s] 186

Maximum RPM 10000 Residual Mag.
Mom. [A.m2] n.a.

Nominal
Thrust [mN]

(each thruster)
25

Number of wheels 3 Number of
Magnetorques 3 Delta-V [m/s] 31

- -
Minimum
Impulse

Bit [mN.s]
0.2

Final Pointing accuracy 0.25◦(3-sigma).

Table 7 – Attitude and translational control of the CPOD cubesat.

For orbit maneuvering, the spacecraft is equipped with 8 cold gas thrusters concen-
trated on a module developed by VACCO17. This module is positioned on the center of
the cubesat, close to the center of mass, as in Fig.63. The system size is approximately
1U(CPOD. . . , ).

Figure 63 – Image taken from the presentation on the CPOD project(CPOD. . . , 2015).

The attitude estimation was also concentrated on the Tyvak Inertial Reference
17 https://www.vacco.com/space/overview



98

Module (CPOD. . . , 2015). It contains two star trackers, inertial measurement unit (IMU),
three reaction wheels, GPS receiver, Sun sensors, magnetometers, and three torque coils.
Its estimation capability is 0.15◦ three sigma, according to (BOWEN et al., 2015).

Figure 64 – Image taken from the presentation on the CPOD project(CPOD. . . , 2015).

For relative navigation, the satellite contains 4 cameras: narrow field of view visible,
wide field of view docking visible, wide field of view IR, and narrow field of view IR. There
is a 3D model of the cubesats on board, that are used for calculating each other’s pose,
using images on the visible range and thermal reflectivity. Using the OpenCV platform
the system is able to compensate for a number of aberrations on the imaging system like
Sun glint, Earth albedo effects, etc. As the spacecrafts get closer, LED’s on the mating
surfaces are used as fiducials. The accuracy of this system was not specified.

It is important to mention that even though the docking capability of this system
has yet not been proven, the attitude control capabilities have. It was tested on the
NANOACE mission 18

4.1.0.6 Electromagnetic docking

The proposed attitude determination system for this system(Sec. ??) is the MAI-400
3axis RCS19. It is an integrated module with three reaction wheels, a 3-axis magnetometer,

18 https://www.tyvak.eu/missions/
19 https://www.adcolemai.com/wp-content/uploads/2019/02/AMA-MAI-400-Datasheet.pdf
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two IR Earth Horizon Sensor (IREHS), three electromagnets (magnetorquers) and an
ADACS computer.

CPOD mission
(∼ 3.2kg)

Reaction
wheels - Magnet

Torquer - Thrusters

Momentum Storage
[mN.m.s] 11 Nominal Mag.

Mom.[A.m2] 0.108 Number of
Thrusters -

Maximum Torque
[mN.m] 0.64 Saturation Mag.

Mom. [A.m2] n.a. Total
Impulse [N.s] -

Maximum RPM 10000 Residual Mag.
Mom. [A.m2] n.a.

Nominal
Thrust [mN]

(each thruster)
-

Number of wheels 3 Number of
Magnetorques 3 Delta-V [m/s] -

- -
Minimum
Impulse

Bit [mN.s]
-

Final Pointing accuracy n.a.

Table 8 – Attitude and translational control of the the proposed cubesat.

For the relative navigation, the group proposes the implementation of the reference
(NALLAPU et al., 2018). This work is relatively incomplete more details should be offered
for consideration.

4.1.0.7 SIROM

The only thing that can be added is regarding SIROM’s relative navigation sensing
performance. 24 ArUco markers were utilized for visual reference, once they were used
to extract a 6D pose estimation on the connector in relation to the camera, that was
attached to the end-effector of the manipulator arm. LEDs were added to the base of
the connector to ensure stable lighting in dark condition. The system utilized remarkably
simple hardware; Raspberry Pi Zero (used as a control computer) and Raspberry Pi
Camera Module v2 (as a visual servoing sensor); and software (OpenCV with Python
2.7). These are obviously not space qualified hardware, and after further testing with a
rover, significant latency (10 to 15s) was observed. They were able to obtain the necessary
accuracy out of the system; ±5.5m and ±1.65◦; but to use ArUco markers on the final
design would probably not be optimal, given the large area necessary for attaching it.
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Figure 65 – SIROM alignment test rig with ArUco markers and LED lighting.

4.1.0.8 HotDock

There is no official sensing or actuation recommendation for to be used with the
connector. The only disclaimer in that sense is the use of hall-effect sensors for measuring
the final alignment between two connectors. Fig.66 show the arrangement of permanent
magnets and sensors that allows for the measurement while also assisting on the alignment
itself.

Figure 66 – HotDock’s permanent magnets and hall sensors alignment.

4.1.0.9 ASSIST

For relative navigation sensing, a hybrid system was proposed. For the approach
phase, the utilization of scanning LIDARS coupled with retro-reflectors was chosen. The
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system was considered superior thanks to "robust to lighting conditions, very high accuracy
in range, LOS and attitude and extended operating range" (up to 5km). For the closer
phase, a visual-servoing approach was selected based on 9 markers at the drogue connector
(Fig.67).

Figure 67 – ASSIST connector outlining the retro-reflectors and the 2D markers.

4.1.0.10 ARCADE

Arcade was a simplified mission with dimensions not completely compatible with a
cubesat and put through conditions not analogous to an on-orbit environment. There was
one rotational DOF tested, and it was controlled by a costume made brushless reaction
wheel. There is not extra information available.

4.1.0.11 AUTOPORT

AUTOPORT was thought to be a Mars UAVs connector, thus the attitude actuation
system is not relevant to this report. However, the relative navigation sensing system is
slightly unusual. It uses two sets of visible LED fiducials. The bigger set (blue ones in
Fig. 69) are used for bigger distances and precise measurements. The smaller set (red
ones in Fig. 69) is used for close distances when the bigger falls out of sight, enabling
measurements up to 10cm close. All the processing is embedded, running C++ on a
Raspberry Pi 3 using OpenCV 3.1. The authors remind that the amount of LED used
is important and so is their position. They chose 5 LED’s on the given non symmetrical
configuration.

Static tests on a table showed that the lateral accuracy may not be very good for
some conditions, sometimes going up to 8mm. But the angular accuracy never exceeds
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0.9◦. Dynamic tests with the table moving up to 5mm/s showed similar results, although
concerns were raised about the poor sampling performance of the camera.

Figure 68 – AUTOPORT fiducial markers pattern.

4.1.0.12 AMODS

The AMODS program was divided between the RSat and the BRICSat. RSat
lacks any attitude actuation or propulsion capabilities, but does have a depth camera for
relative navigation sensing. According to (WENBERG et al., 2018a), the chosen one is the
Duo-M 3D stereoscopic vision camera20. It sits in the middle of the satellite pointed at the
manipulators. It creates a 3D mash or the environment in order to allow for the trajectory
planning or the arms. In the order hand, the B-Sat has well defined attitude requirements,
such as 0.5◦ of pointing accuracy and to be able to reduce tumbling to a maximum of 1◦/s.
Some information was given, but not the exact models used. In (HANLON et al., 2017)
reads "[B-Sat]... employ a COTS ADCS system that provides a torque of 0.635 mNm,
which is approximately 25% of the motors expected torque...". It is important to outline
that the presence of moving arms with a non-negligible mass is taken into consideration
on the ADCS design.

20 https://duo3d.com/product/duo-mini-lv1
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Figure 69 – ISAR satellite (previously called AMODS) with its stowed arms and the depth
camera, outlined in red at the middle.

For the propulsion system at BRICSat, the requirements were ±20mm at lateral
positioning accuracy. For this, the group used a costume Micro-Cathode Arc Thrusters
(µcat) developed by the George Washington University(KEIDAR et al., 2013) with 3000s
of Specific impulse and 1mN of thrust. 14 of these thrusters were attached to all the
six faces of the satellite. Even so, they are used for fine maneuvering. For big delta-V
maneuvers, a cold gas system is employed (more than 80 m/s based on a 4 kg satellite).

4.1.0.13 REMORA

REROMA will be a complete satellite, with propulsion, ADCS and manipulation
abilities. It is fitted with a star tracker, sun sensors, and GPS transceiver. According to
the paper (), attitude control and propulsion is accomplished by the use of thrusters.

For relative navigation sensing, there is significantly more information available.
On the paper, reads:

"REMORA has two separate imaging systems, two German Orbital System Pi-
coSatellite CAM1 (apparently not commercially available anymore) imagers for long range
navigation, and four GumStix CASPA VL21imagers for proximity operations during the
rendezvous and attachment phase. Figure 71 shows a representation of the camera’s field
of view.

PicoSatellite CAM1 cameras are expected to be implemented into future missions.
They will provide REMORA with the ability to track the debris object from at least 15 km
separation distance, and also provide 10 cm per pixel images from 1 km ... to characterize
the debris object’s behavior before planning a final approach. Having two operational
cameras is preferred to provide better object characterization through stereoscopic imaging,
but the mission can be completed with one camera, providing redundancy in the design.

21 https://www.gumstix.com/caspa-vl.html
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The Gumstix CASPA VL imagers have flight heritage from the European Romit2
CubeSat and are also expected to be implemented into the upcoming MarCO mission.
The cameras are placed in a fashion to allow for stereoscopic imaging to enable distance
measurements during REMORA’s final approach and attachment phases. Four cameras
are included, with only two being needed for mission success, providing redundancy in the
design."

Figure 70 Show some of the discussed components.

Figure 70 – REMORA satellite labeling important components.

Figure 71 – REMORA satellite field of view with it four cameras for close and distant
relative navigation.
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4.1.0.14 C-Form

The miniature robotic manipulator developed by JPL for formation flight is a
capable system. The proposed mission is a 9.5kg 6U unit that integrates two manipulators,
one ADCS system, two propulsion systems and four close range cameras. They also
left extra space and power available for the payload. They based a great deal of these
systems on the CPOD mission. For instance, the same cold thruster module was used for
close proximity maneuvering, the Vacco Reaction Control Propulsion Module(CPOD. . . , ).
Also, the same camera system, with two RGB cameras and two IR cameras; for relative
navigation sensing; and the same Tyvak Inertial Reference Module from Tyvak(CPOD. . . ,
2015). The main difference was the addition of a second thrust module for performing
orbital maneuvering, the Vacco ADN Micro Propulsion system(ADN. . . , ).

The pointing accuracy was not calculated, but the group performed a simulation
maneuvering the satellite from a 1km distance to a precise location 50cm away from the
target and was able to stay within ±1cm around the position goal.





107

5 CONCLUSION

The final goal of this report is to assess the state of the art about cubesat docking
connectors and manipulators. One can easily see that these technologies are not commer-
cially available yet. Docking connectors and robotic manipulators for big spacecrafts are
nothing new, and some of these technologies are just becoming commercially available for
microsatellites, such as the IBOOS (Sec.2.0.2.15) and the HotDock (Sec.2.0.2.12) connec-
tors and the KRAKEN (Sec.3.0.3.1) manipulator. For nanosatellites, docking connectors
are just now making the transition from lab research into the commercial environment and
manipulators are still more on the embryonic research state. The most developed docking
connector; TRL 8; is on the SPHERES project (Sec. 2.0.2.1), and even so it has only flown
inside the ISS for a limited amount of time. When it comes to commercial developments,
there are the C-POD (Sec. 2.0.2.6) and the RACE (Sec. 2.0.2.9) missions. The first one
has flight proven their hardware, but not performed an on-orbit docking yet, even though
the launch was scheduled for 2021. The latter one started its developments in 2019 and
reasonable delays arose with the covid-19 pandemic. When it comes to manipulation, the
most advanced project is AMODS (Sec. 3.0.1), with some of its main technologies being
already flight proven. The REMORA project (Sec. 3.0.2) is still at the prototyping stage,
and the JPL’s manipulator (Sec. 3.0.2.1), although the most technologically advanced,
haven’t publicly presented a prototype.

Another relevant matter is about the separation between the docking and the
manipulation problem. Some connectors (Sections 2.0.2.15, 2.0.2.16 and 2.0.2.17) are made
to be used in conjunction with manipulators. That was viable thanks to their mission
profiles, the bigger size of their attached systems and the fact they were made to be
used also for connecting modules (instead of spacecrafts). Similarly, JPL’s manipulator
(Sec. 3.0.2.1) was devised to have a docking connector as an end-effector. That was one
of the proposed and initial ideas, but by no means the only one or the most generic, as
it was outlined by the team themselves, the AMODS (Sec. 3.0.1) and REMORA (Sec.
3.0.2) projects. The clear conclusion then is that docking and manipulation are essentially
separate. The combination of these technologies may allow for specialized missions, but
docking cubesats does not requires a manipulator and manipulators don’t need to have a
docking connector as an end-effector in order to be usefull.

5.0.1 Docking Connectors Conclusion

Appendix A presents Table.10, a compilation of the main characteristics of the
connectors presented so far. It is organized in the same order presented. Items 1 to 7 are
connectors already optimised for the cubesat format and 8 to 18 are bigger connectors liable
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for miniaturization. From a simple inspection, we can see that electrical connections are not
common in the first group, given their small area. Thus wireless communication prevails.
Also, the use of electromagnetic alignment assistance is ample, probably due to the fact
that performing precise attitude control on light spacecrafts is hard and the resources are
limited. Inspecting the whole table and comparing it to the mission descriptions, we see that
a latching mechanism is essential for relevant restraining forces and considerably reduces
the mission’s power budget than relying solely on magnetic forces. Soft docking is also a
rare feature and causes significant complexity in the design. Gendered and androgynous
connectors are equally distributed around the table. Regarding angular tolerances, is is
well within the state of the art at cubesat pointing capabilities, currently at the arcsecond
range. Lateral alignment, on the other hand, is a much harder task, for it depends on the
precise activation of thrusters and accurate relative navigation sensing. It is important to
highlight that the presence of an electromagnet at the connector may cause saturation of
the magnetometer sensors on-board the spacecraft. The magnetic fields generated will also
interact with earth’s magnetic field and possibly affect the satellite’s attitude. Activation
of the electromagnet, if present, must be kept to a minimum. A reasonable goal would be
to develop a COTS connector unit that could be bolted into a satellite’s structure with
power and data connections.

Regarding attitude sensing and actuation, it must be divided in two parts: payload
sensing and actuation requirements and docking sensing and actuation requirements. The
attitude actuation must be set according to the most rigorous of the two parts, that
would usually be the payload for missions aimed at remote sensing or IOT. The attitude
estimation for the payload shall make use of traditional sensors, like star trackers and
accelerometers. Not unusually, these are already integrated into the ADCS unit. On the
other hand, the attitude estimation for rendezvous and docking is not traditional and
should make use of one or more of the technologies highlighted at section 5.2. For orbit
maneuvering, a precise set of thrusters must always be present for the rendezvous. In
case the mission requires big orbital manoeuvrings, a second set of less precise thrusters,
but with greater Delta-V, can be added. These could also be valuable for detumbeling
purposes.

Here are the author’s suggestions about the development of a demonstrator mission
for on-orbit cubesat docking.

• Like the C-POD mission (Sec. 2.0.2.6), deploy two 3U units as one 6U unit. After
release, they break apart and maneuver into docking.

• Use one set of precise thrusters, such as the cold-gas one proposed by JPL ( Sec.
4.1.0.14) and C-POD (Sec.4.1.0.5). Electric thrusters ones such as the one proposed
by the AMODS team (Sec. 4.1.0.12) can be used for orbit maintenance.
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• Add one ADCS unit with actuation and sensing integrated like the ones present in
sections 4.1.0.5, 4.1.0.3, 4.1.0.14 and 4.1.0.2.

• For relative navigation, in case a sturdy TOF camera is found viable; preferably
the Intel D435 at Sec.4.0.2.4; would be ideal. The point could be compared to a
3D model of the satellite and the RGB camera present could also be used with
the fiducials. A stereo camera could also be used, like in the AMODS project (Sec.
4.1.0.12). In case neither seems viable, a small 2D camera combined with fiducials
LED’s could be enough (Sec. 4.0.2.5).

• Make use of CDGPS (Sec. 4.0.2.1). The technology is relatively new for space
exploration but has extensive use on the ground. NASA’s mission OAAN (Sec.
4.1.0.3) showed very good experimental results. It could be used as a conventional
GNSS receiver and for improving position estimation for the relative navigation.

• An androgynous connector with 90◦ symmetry resembling the HotDock connector
(Sec.2.0.2.12).

• A hook latching mechanism like the one present at the SIROM connector (Sec.
2.0.2.11).

• Make use of a non-backdrivable gearing system to save power once docked.

• A retractable connector such as in Sec.2.0.4.1.

• Add at least 6 IR and/or visible LED’s at the satellites surface to be used as fiducials,
such as in Sec.2.0.2.6. This was present in many proposals, it saves space and is
more reliable than ArUco markers.

• Use electromagnets for alignment aid. One strong central one like in Sec. ?? and
possibly smaller ones on the side to aid on angular alignment, see Sec. 2.0.2.5 and
4.1.0.8. This would allow looser alignment requirements, once the satellites could be
positioned at a capturing cone and be brought together by the magnetic force.

• Make use of hall sensors, such as in the HotDock project (Sec. 4.1.0.8), for it is very
cheap and can possibly cover ranges blind to other sensors.

• Make use of the so called "Pogo-pins" for data transferring as in Sec. 2.0.2.17 and
2.0.2.12. Tabs can also be used, but preferably for power transferring, such as in Sec.
2.0.2.1.

• The communication between two connectors could be made with specialized protocols
such as SpaceWire (Sec. 2.0.1). Integrated electronics into the connector could be
responsible for the external communication, and the required serial protocols and
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GPIOs, outlined in section 2.0.1, could be converted and offered internally to the
satellite (see figure 72).

• Some connectors like 2.0.2.15 and 2.0.2.12 offer thermal transferring capabilities.
That would be too bulky and most likely be unnecessary for cubesats.

Figure 72 – Proposed communication protocols inside and between two spacecrafts.

A mock-up mechanical CAD of the proposed connector is shown in Fig.73.

Figure 73 – Mock-up of the proposed connector with a wave edge retractable connector, 7
LED fiducials, 12 "pogo-pins" and 1 Intel D435 depth camera. This particular
TOF camera could be replaced for other ones a stereo camera or a miniature
2D camera. The latching connector was not added in the rendering due the
fact that an adequate mechanism is not yet determined.

It is also valid to talk about the development process. A common procedure amongst
the connectors proposed is:
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1. Develop the mechanical CAD of the connectors.

2. Monte Carlo Kinematic simulations to determine maximum docking misalignments.

3. Multi body simulations for refining the docking alignment envelop.

4. Build a first prototype of the connectors with additive manufacturing for saving
costs.

5. Test the prototype on a controlled table to validate the kinematic simulations

6. Test the prototype on an air bearing table to validate the multi body simulation.

7. Build a full metal connector and repeat the testing for validation.

At any point of this listing it is possible, and even recommended, to go back and alter the
CAD or the prototype in case new insights for improvements occur. A common multi-body
simulation software used is Adams 1, and the Padova probe/drogue connector (Sec. 2.0.2.2)
also uses it for the kinematic analysis. The ASSIST (Sec. 2.0.2.13) mission also used the
GNCDE (Guidance Navigation and Control Development Environment) simulator2 for
both the kinematics and dynamics simulations.

It is also important to highlight the contributions of the Padova University, having
developed many of the connectors presented (Sections 2.0.2.2, 2.0.2.5, 2.0.2.10, 2.0.2.16,
2.0.2.19).

(WENZEL et al., 2017) and (YAN et al., 2018) offer good reviews of the basic
components necessary for the development of a docking connector. Also Fig.36 should be
further explored for the development of a compact latching mechanism. (VINALS et al.,
2018) gives some insight into the SIROM (Sec. 2.0.2.11) mechanism.

5.0.2 Cubesat Manipulation Conclusions

Table 9 compares some key aspects of the manipulators presented for cubesats.
The first thing noticeable is the variety of applications. Unlike for nanoconnectors, the
development of a nanomanipulator would probably have to be tailored for different types
of mission. The REMORA project (sec. 3.0.2), for example, has half of its stowed space
dedicated to the end-effector and the JPL manipulator team (Sec.3.0.2.1) had to develop
a specialised mechanism. Figure 48 presents a few options of missions to take advantage
of a nanomanipulator. Stowed size, nominal power consumption and the number of DOFs
is also very dependent on the mission profile. (JACKSON et al., 2020) Is a recent work
that goes into deep details into the forces involved with the use of a manipulator with
non-negligible mass on a free floating spacecraft.
1 https://www.mscsoftware.com/product/adams
2 https://www.gmv.com/en/Products/gncde/
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Here are the author’s suggestions about the development of a demonstrator mission
for on-orbit cubesat manipulation.

• A 6U mission, with two sets of thrusters, one precise and one with high delta-v.
They could be both cold gas based, such as the mission proposed by JPL at section
4.1.0.14 or electric and cold gas as on AMODS (Sec. 4.1.0.12).

• An ADCS unit with actuation and sensing integrated like the ones present in sections
4.1.0.5, 4.1.0.3 and 4.1.0.14.

• For relative navigation, in case a sturdy TOF camera is found viable; preferably the
Intel D435 at Sec.4.0.2.4; it would be ideal. The point cloud could be compared to
a 3D model of the satellite and the RGB camera present could also be used with
the fiducials. A stereo camera could also be used, like in the AMODS project (Sec.
4.1.0.12). In case neither seems viable, a small 2D camera combined with fiducials
LED’s could be enough (Sec. 4.0.2.5).

• Make use of CDGPS (Sec. 4.0.2.1). The technology is relatively new for space
exploration but has extensive use on the ground. NASA’s mission OAAN (Sec.
4.1.0.3) showed very good experimental results. It could be used as a conventional
GNSS receiver and for improving position estimation for the relative navigation.

• Have two manipulators symmetrically positioned at the cubesat for canceling each
other’s moment of inertia with mirrored movements, as it was proposed with the
AMODS project (Sec. 3.0.1).

• Use deployable prismatic links as in Sec. 3.0.2.1. It is a simple mechanism that saves
a lot of space.

• Start with a 5 DOF arm. The zero gravity environment facilitates the use of standard
joint actuators throughout the arm, thus facilitating a future addition of DOFs.

• Make use of a non-backdrivable gearing system. This would avoid the use of complex
braking systems (as in Sec. 3.0.2.1) and save power. In case a worm gear mechanism
is selected, it could be used to rotate the the axis of the actuator and save space.

• Add micro IR or RGB cameras at the end-effectors so to facilitate positioning and
manipulation, as it was proposed with the AMODS project (Sec. 3.0.1).

• Stow the two arms like in the AMODS project (Sec. 3.0.1) can be advantageous to
make a better use of empty space caused by the actuator sticking out of the arm.
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Stowed
Size cm

Power
W

Stretched
Size m DOFs Mass

kg Configuration Accuracy
mm

Main
Usage

AMODS 30x10x6.2
(2 arms) n.a. 0.6 7 n.a. Y-R-Y-Y-R-Y-R 10 Assessment

REMORA 20x10x5 15 0.40 5 1.14 Y-R-Y-Y-Y ±5 Cleaning
C-FORM 10x10x5.4 16.5 0.43 5 0.46 Y-R-Y-Y-Y 1 Docking

Table 9 – Comparison between nanosat manipulators. At the 7th column, "Y" means yaw
and "R" means roll.

As stated at different points, the use of docking connectors and manipulators are
closely related to on-orbit services including assembly, manufacturing, inspecting, cleaning,
maintenance, recycling and refueling. These capabilities are the key for mission that will
enable a more sustainable and human friendly space exploration on LEO and beyond.
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