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Abstract: The paper introduces and describes the recent and still ongoing development activities
performed in Luxembourg for In-Orbit Attach Mechanisms for (Drag) Sails Modules to be operated
from Space Tugs. After some preparatory work aiming at understanding the possible operational
aspects and implications of mating interfaces between these space systems, three possible designs
of In-Orbit Attach Mechanisms have been proposed and completed for their 3D (Metal and Plastic)
Printing, a new manufacturing technology assessed within this project. The Plastic-printed prototype
underwent a series of automated tests in which a robotic arm, equipped with an advanced force
sensor, replicated four docking scenarii in ideal and degraded modes. The observation of the forces
and torque behaviors at and after impact allowed one to characterize the typical patterns for the
various contacts but also, to identify a type of potentially dramatic impact for the safety of the docking
and its equipment: in the case of the off-axis approach, “point” contacts shall be avoided, as they
instantaneously transfer the total kinetic energy in a small area that could break.
Keywords: spaceborne sail; drag sail; solar sail; space tug; docking; berthing; debris mitigation;
(active) debris removal; space resources (mining); stopover cycler

1. Introduction
In the future, some key Space applications like (Active) Debris Removal and Space Resources (Mining)
could benefit from the combined use of Spaceborne Sails and/with “Space Tugs”, with the latter
being in-orbit infrastructures offering stored resources and/or available services for other missions.
Rendez-vous between satellites and On-Orbit Servicing (OOS) will thus become classical operations
requiring multiple and repeated docking or berthing connections with or without transfers of materials.
The work presented in this paper relates to recent and ongoing activities in Luxembourg aiming
at preparing the Team for these future challenges: Spaceborne Sail (Modules) are being developed,
and In-Orbit Attach Mechanisms are being investigated, prototyped, and tested (this in the context
of Spaceborne Sails stored onto and operated from Space Tugs as OOS Adds-on for de-orbiting,
inter-planetary propulsion, and/or transport of goods).
For comprehension, the Spaceborne Sails and Space Tugs systems have now been introduced.
1.1. Spaceborne Sails
Since their inception back in 1921 by Constantin Tsiolkovski, spaceborne sails have been conceived
of as large, deployable, lightweight, flat, and highly reflective membranes supporting photonic
propulsion. The main historical projects of such “solar” sails were (a) the NASA developments for a
rendezvous with the Halley’s Comet in the 70s and (b) the international efforts for the Marco Polo race
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future expectations in terms of this key technical parameter, as enabler for sail-based missions:
can be used indicatively for Sail Sidelengths over [0.7; 9.0] meters. These equations allow thus to
estimate the Sail Assembly Loading of current sail modules. Table 1 here below indicate current
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Table 1. Current and future expectations for Sail Assembly Loadings [4–6]. Data is given in g·m−2.
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2. Materials and Methods
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The focus of the research is In-Orbit Attach Mechanisms for (Drag) Sails Modules to be operated
Aerospace
2018,
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operations, and their interfaces. These are depicted in the following Figure 4:
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The Robot is planned for berthing and/or in-orbit assembly. It can be “fixed” if installed onto and
operated from the Space Tug, or “mobile” if installed onto and operated from the Service satellite.
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Having understood the main operations and interfaces between involved actors, the project
APAS/APAS-95 [12,13], IDSS [14], MCDS [15], UDP [16], ASSIST [17], OECS [18], and ASDS [19]),
initiated the design of In-Orbit Attach Mechanisms for (Drag) Sail Modules. After a survey of the
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APAS/APAS-95 [12,13], IDSS [14], MCDS [15], UDP [16], ASSIST [17], OECS [18], and ASDS [19]),




The 1st Mechanism shown hereafter in Figure 5a is based on the International Docking System
Standard (IDSS) [14]. The prototype of the androgyne part features an envelope of 110 mm × 60.5
(height) mm. When 3D Metal (Aluminum) printed, each prototype will weigh about 254 grams.
The 2nd Mechanism shown hereafter in Figure 5b is based on the Universal Docking Port (UDP)
[16]. The prototype of the androgyne part features an envelope of 110 mm × 110 (height) mm.
When 3D Metal (Aluminum) printed, each prototype will weigh about 371 grams.
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For the Non-nominal cases (1, 2, and 3) investigating angular misalignments, the values of the
misalignments (respectively α, β, and γ) have been identified with two criteria: (1) as angular limit
enabling the geometrical matching between parts, and (2) as angular limit imposed by the test facility.

(a)

(b)



Non-nominal case 3: misalignment of a conic angle γ out of the plane of the docking axis. The
first impact occurs here via two vertices of the (active and passive) polygonal parts.

For the Non-nominal cases (1, 2, and 3) investigating angular misalignments, the values of the
misalignments (respectively α, β, and γ) have been identified with two criteria: (1) as angular limit
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enabling the geometrical matching between parts, and (2) as angular limit imposed by the test facility.
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The FANUC’s auto-calibrating force sensor FS-15iA has different features to achieve better

The FANUC’s auto-calibrating force sensor FS-15iA has different features to achieve better
performances. To test the 3rd Mechanism, three of them have been used, according to the test case:
performances. To test the 3rd Mechanism, three of them have been used, according to the test case:
1.

1.

The Constant Push feature enables the robot to push with constant force in the Z direction. This

The
Constant
Push
feature
the
robot to push with constant force in the Z direction. This
feature
has been
used
for theenables
Nominal
case.
has been
used
for theperforms
Nominal
2. feature
The Phase
Search
feature
thecase.
phase search before the engagement, aligning the

Aerospace 2018, 5, 48

8 of 12

The FANUC’s auto-calibrating force sensor FS-15iA has different features to achieve better
performances. To test the 3rd Mechanism, three of them have been used, according to the test case:
The Constant Push feature enables the robot to push with constant force in the Z direction.
This feature has been used for the Nominal case.
2.
The Phase Search feature performs the phase search before the engagement, aligning the
mechanism by rotating the active part. This feature has been used for the Non-nominal case 1
(roll misalignment).
3.
The Face Match feature provides the robot with the ability of align and match the faces of the8 of
two
Aerospace 2018, 5, x FOR PEER REVIEW
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parts. This feature has been used for the Non-nominal cases 2 and 3 (yaw/pitch misalignment).
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(a) passive part of the prototype fixed on the test bench; (b) active part of the prototype (equipped
(a) passive part of the prototype fixed on the test bench; (b) active part of the prototype (equipped with
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(c) a view of the principal elements of the test before sequence start (d) a view of the principal elements
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interface plane) for the four test cases. Where noticeable, some interpretations, as well as the
experimental conclusions that can be drawn, are given.
3.1. Nominal Case
The Nominal case deals with an ideal approach along the docking axis Z. The forces and torques
9 of 12
experienced at impact for this case are presented in the next Figure 9:
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Figure 9. Nominal Case (v = 0.030 m/s): (a) forces at impact and (b) torques at impact.
Figure 9. Nominal Case (v = 0.030 m/s): (a) forces at impact and (b) torques at impact.
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Figure 10. Nominal Case (v = 0.030 m/s; α = 2 deg): (a) forces at impact and (b) torques at impact.
Figure 10. Nominal Case (v = 0.030 m/s; α = 2 deg): (a) forces at impact and (b) torques at impact.
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3.3. Non-Nominal Case 2
The Non-nominal case 2 deals with a misalignment of an angle β out of the plane perpendicular
to the docking axis Z (the Active part impacts the Passive part along edges/borders). The forces and
torques experienced at impact for this case are presented in the next Figure 11:

(a)

(b)

Figure 10. Nominal Case (v = 0.030 m/s; α = 2 deg): (a) forces at impact and (b) torques at impact.

A clear and unique impact (force) along the Z axis is not noticeable around 0.5 s. Instead,
oscillatory
behaviors are observed and attributed to the control laws implemented by the “phase
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Figure 11. Nominal Case (v = 0.030 m/s; β = 3 deg): (a) forces at impact and (b) torques at impact.
Figure 11. Nominal Case (v = 0.030 m/s; β = 3 deg): (a) forces at impact and (b) torques at impact.
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Figure 12. Nominal Case (v = 0.030 m/s; γ = 3.6 deg): (a) forces at impact and (b) torques at impact.
Figure 12. Nominal Case (v = 0.030 m/s; γ = 3.6 deg): (a) forces at impact and (b) torques at impact.

A clear and first impact (force) along Z is noticeable around 0.5 s; two other reduced impacts
A clear
first
impact
(force)subsequently.
along Z is noticeable
around
0.5 s; two
other
reduced
impacts
(forces)
alongand
Z are
also
noticeable
These smaller
impacts
result
again
from the
“face
(forces)
along
Z
are
also
noticeable
subsequently.
These
smaller
impacts
result
again
from
the
match” feature of the Force Sensor that rotates the Active part to ensure the final perfect contact
“face
match”
feature
of
the
Force
Sensor
that
rotates
the
Active
part
to
ensure
the
final
perfect
contact
between the parts. The level of the first impact is similar to the one observed in the Nominal case and
between the parts.
The however,
level of theit first
impact
is similar
to the
in thepoints)
Nominal
Non-nominal
2 case;
applies
here
instantly
to one
the observed
corners (i.e.,
andcase
notand
to
distributed areas (like faces or edges/borders).
4. Discussion
A TRL 4 has been reached thanks to the automated test on the 3D (Plastic) printed prototype of
the 3rd In-Orbit Attach Mechanism designed for (Drag) Sail Modules to be operated from Space Tugs.
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Non-nominal 2 case; however, it applies here instantly to the corners (i.e., points) and not to distributed
areas (like faces or edges/borders).
4. Discussion
A TRL 4 has been reached thanks to the automated test on the 3D (Plastic) printed prototype of
the 3rd In-Orbit Attach Mechanism designed for (Drag) Sail Modules to be operated from Space Tugs.
The lessons learned and the technical results obtained will be re-injected in subsequent design activities.
An important observation was made with the Non-nominal case 3 in which contact impact
occurred at/by vertices/corners; from there, awareness was raised with respect to non-nominal
first point contacts injecting all the kinetic energy in a single, reduced area. In a case of important
misalignment, such a failure mode could indeed destroy mission-critical equipment necessary for a
safe docking.
Although not identified yet, the Team will now consider any future opportunities to repeat the
performed automated test on the prototypes of the 1st and 2nd In-Orbit Attach Mechanisms that
should be 3D (Metal) printed during the year 2018.
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