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Algorithms for Large Scale Additive
Manufacturing in a Free-Flying
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Oliver Tauscher®, Declan Jonckers® and Aditya R. Thakur*

Institut fir Raumfahrtsysteme, Technische Universitat Braunschweig, Braunschweig, Germany

Large scale additive manufacturing (LSAM) refers to the fabrication of structures that
exceed the build volume of conventional additive manufacturing setups. This can be used
for in-space manufacturing (ISM), facilitating the production of large functional structures in
space which cannot fit within the payload fairing of a launcher system. In this paper, a new
approach for a continuous fabrication process of structural elements is presented,
combining the reach of a free-flying satellite and a robotic arm, utilizing a fused
filament fabrication (FFF) 3D-printing setup. A motion planning algorithm was
developed which calculates energy-efficient movement trajectories based on a truss
design input combined with the movement constraints of the satellite and robotic arm.
Using this printing paradigm, a long support-free truss was manufactured. This approach
was further elevated by extending the truss structure along the second planar axis, thus
facilitating the manufacture of structures larger than generally possible through a layer-by-
layer approach. Subsequently, combining the segmented and continuous printing
approach, a planar truss structure was produced.

Keywords: large-scale additive manufacturing, in-space manufacturing, freeform 3D printing, mobile 3D printing,
free-flying environment

1 INTRODUCTION

In-space manufacturing (ISM) refers to the fabrication of structural parts on orbit. Alongside with
on-orbit assembly (OOA) and on-orbit servicing (OOS) it is a key enabler for the cost and resource-
efficient manufacture of large functional structures in space in the future (Xue et al., 2020). ISM
allows the deployment of structures that exceed rocket payload size limitations by several magnitudes
such as solar sails, Sun shields, or star shades. This circumvents complex deployment mechanisms
and allows the structures to be optimized for their in-space application, rather than the loads
expected during their launch (Tafazoli, 2009; Belvin et al., 2016; Sacco and Moon, 2019; Moraguez
and de Weck, 2020). Additive manufacturing (AM) is of specific interest for ISM as it allows the
modular and flexible manufacture of large structures and has already been explored by NASA as early
as of 1979 with a prototype Beam Builder which was capable of producing truss elements by

Abbreviations: AM, Additive Manufacturing; CNC, Computer Numerical Control; DOF, Degrees of Freedom; ELISSA,
Experimental Lab for Proximity Operations and Space Situational Awareness; FF, Free-Flyer; FFF, Fused Filament Fabrication;
GNC, Guidance, Naviation and Control; ISAM, In-Space Additive Manufacturing; ISM, In-Space Manufacturing; JWST, James
Webb Space Telescope; OBC, On-Board Computer; OOA, On-Orbit Assembly; OOS, On-Orbit Servicing; PEEK, Polyether
Ether Ketone; PID, Proportional-Integral-Derivative (Controller); RRT, Rapidly-Exploring Random Tree; TCP, Tool Center
Point.
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ultrasonic welding of composite materials (Bodle, 1979; Dunn
et al, 2010). More recent examples include the SpiderFab™
project by Tethers Unlimited Inc. and Archinaut developed by
Made in Space Inc. Both approaches feature a comprehensive
manufacturing system through which individual truss elements
are manufactured and assembled by robotic systems (Hoyt et al.,
2014; Kugler et al., 2017; Patané et al., 2017; Levedahl et al., 2018).
The feasibility of AM under the various space environment
conditions (i.e. microgravity, vacuum, temperature gradients)
has been demonstrated by several researchers showing no
significant disadvantages to their respective counterparts
manufactured under terrestrial conditions (O’Connor and
Dowling, 2018; O’Connor and Dowling, 2019; Sacco and
Moon, 2019; Quinn et al., 2021). However, the impact of the
frictionless free-flying environment has only recently been
investigated for a segmented AM approach of truss elements
(Jonckers et al., 2021; Jonckers et al., 2022).

Large scale additive manufacturing (LSAM) is currently also
an active area of interest for the manufacture of large structures
for terrestrial applications, offering flexible, tool-less, and mold-
less fabrication (Zhai et al., 2014; Thakur et al., 2020). Specifically,
the construction industry could use AM to enable automated,
cost-effective construction. Three main methods have been
researched to facilitate the manufacture of large structures:
Large robotic arms, gantry-based systems and mobile robotic
platforms (Paolini et al., 2019). Large robotic arms can feature
reaches of up to several meters and thus enable the manufacture
of structures at meter-scale. For example, the Digital
Construction Platform developed by the Massachusetts
Institute of Technology is able to print a 3.6m (12ft) long
polyurethane wall (Keating et al, 2014). Robotic arms have
also been used to print support-free structures, where material
is extruded and cured in 3D space (Mostafavi and Bier, 2016).
This can be more resource efficient when compared to a
traditional layer-by-layer approach, as material can be
extruded directly along load paths (Liu et al, 2018). This
aspect makes it particularly attractive for ISM as raw material
would need to be launched from Earth. Another class of LSAM
systems are gantry systems which, depending on their setup, are
similar to common Cartesian or Delta 3D printers. The
manufacture of large structures is enabled by increasing at
least one of the axes (Paolini et al., 2019). These systems may
also be coupled with robotic arms at the system end effector to
add more degrees of freedom (Jiang et al, 2021). Both large
robotic arms and gantry systems have in common that—whilst
they allow the manufacture of large structures compared to
conventional AM methods—the size of the manufactured parts
is still limited by the workspace of the system. Mobile base robotic
systems coupled with robotic manipulators can increase the
workspace virtually infinitely in the 2D plane while being
compact systems by nature (Xu et al, 2021). The approach of
printing-while-moving has been illustrated by Tiryaki et al. who
established a robotic system capable of manufacturing concrete
elements exceeding the reach of the robotic arm. The system
setup includes marker-based position determination of the
mobile base tracking a manually generated trajectory (Tiryaki
et al., 2019). The group has also demonstrated collaborative AM
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simultaneously using two robots, with the research focusing on
collision avoidance (Zhang et al, 2018). A mobile base AM
system has likewise been proposed by Sustarevas et al. which
is capable of simultaneous movement and extrusion using an
Optitrack tracking system for position determination (Sustarevas
et al., 2018). More recently, trajectory generation using the
rapidly-exploring random tree algorithm (RRT*) has been
demonstrated respecting the manipulator reachability map and
allowing obstacle avoidance (Sustarevas et al, 2021). Both
approaches for trajectory generation by Tiryaki et al. and
Sustarevas et al. focus on collision avoidance of wheeled
robotic platforms, and do not take energy consumption into
consideration. For in-space applications, fuel consumption would
be a major aspect for the assessment of efficient manufacturing
methods. Furthermore, research on LSAM has only focused on
layer-by-layer 3D-printing for terrestrial applications. To the
authors’ knowledge, no research has been conducted into
support-free fabrication using mobile robotic platforms.

A challenging aspect of large-scale robotic systems is the end
effector position determination and control within the global
reference frame. Tiryaki et al. used marker-based position
tracking of the mobile base, achieving an accuracy of 2.2 mm.
Through position feedback control, Sustarevas et al. were able to
achieve average trajectory tracking errors of 6 mm. For a large-
scale cable-driven AM setup, Chesser et al. also used optical
position tracking and reduced the end effector position error to
0.9 mm compared to 16 mm for an open loop system (Chesser
et al,, 2022). All presented systems have in common that they
intend to deposit materials such as foam or concrete through a
nozzle with a diameter of several centimetres. Thus, minimization
of end effector errors were not as crucial for successful printing
demonstrations. In comparison, we presented a closed-loop
printing approach using a mobile base, achieving a printing
accuracy of less than 0.3 mm, allowing the successful
deposition of thermoplastic materials through a 1.2mm
diameter nozzle (Jonckers et al., 2022).

To prevent the base of the robot from recontacting already
printed material, structures which are large in 2 dimensions are
typically split into non-continuous elements or segments, the
practicalities of which were investigated by Li et al. This approach
has also been investigated for the printing of large structures by
several stationary robotic arms (Shen et al., 2019; Li et al,, 2021).

In our previous work, we introduced a novel approach to
additively manufacture functional structural elements through
free-form fabrication directly in a free-flying environment
(Jonckers et al., 2021). There, we showed the possibility to
fabricate large support-free structures through fused filament
fabrication (FFF) using a robotic arm mounted to a free-flying
satellite. The free-flyer would aim to maintain a fixed position
during the printing process, using a PID controller to counteract
disturbances such as the material deposition forces or residual
accelerations. However, any position error of the free-flyer was
translated directly to the end effector and therefore negatively
impacted the print accuracy. To improve print accuracy, we then
developed a control approach to compensate for any remaining
position error using the robotic manipulator. This enabled parts
to be printed with a mean printing error of 0.27 mm (Jonckers
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FIGURE 1 | Experimental setup showing the air bearing table and optical tracking system as well as the free-flyer along with the stationary substrate.
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et al., 2022). As the Free-flyer attempted to maintain a fixed
position during the printing process, the size of components
printed was limited by the robotic arm’s workspace. To print long
structures, it was therefore necessary to split them into smaller
overlapping segments—each of which would be printed in turn.
The introduction of joints between segments was posited to
reduce the strength of the manufactured parts. In this paper
we demonstrate a continuous printing method that eliminates
these joints by, for the first time, combining the movement of the
robotic arm and the satellite simulator (free-flyer), thereby
allowing the manufacture of arbitrarily long structures,
without requiring any joints. A motion planning algorithm is
presented that computes independent trajectories for the robotic
arm and the free-flyer, which minimizes energy expenditure while
satisfying the work-space constraints of the robotic arm. To the
authors’ knowledge, no research has been conducted regarding
energy-efficient LSAM trajectory planning in a free-flying
environment. We then present an approach to extend this
capability to the printing of structures with arbitrary size in
two dimensions. An algorithm is used to split structures into
strips with unlimited length, and a width and height which fit into
the robotic arm’s workspace. These are printed in turn to prevent
any clashes. A joining method is used to enable bonding over
multiple layers.

2 EXPERIMENTAL SETUP
2.1 Satellite Simulation Test Bed

The Experimental Lab for Proximity Operations and Space
Situational Awareness (ELISSA), an active 4 X 7 m air bearing
table, is used to emulate the micro gravity space environment
(Ben-Larbi et al., 2016; Trentlage et al., 2018; Yang et al., 2021). A
blower system generates an air cushion on the table surface on
which free-flyers (FF) can float frictionless with 3 degrees of
freedom (DOF), translationally in x- and y-direction and
rotationally around the z-axis (). The free-flyers are propelled
by an 8-propeller thruster setup. Each thruster uses a 30 W

brushless DC motor with a 3-blade propeller, which supplies a
maximum force of 2 N. An on-board computer allows two-way
wireless communication. Robot Operating System (ROS) is used
for communication and control between subsystems and an
Optitrack optical tracking system with six Prime* 17W
cameras provides position determination with sub-millimeter
accuracy. Figure 1 shows the free-flyer on the air-bearing
table along with three of the six tracking cameras.

The modular free-flyer is equipped with a payload module
containing a MECA500" robotic arm along with a direct-drive
fused filament fabrication (FFF) print setup mounted to it (see
Figure 2A and Section 2.2). The robotic arm has a total mass of
4.5 kg, whilst the extruder end effector has a mass of 0.26 kg.
When fully extended, the end effector is located 370 mm from the
base link of the arm (see ry,,x in Figure 2B), and it can be
positioned with a repeatability of 0.005 mm The tool center point
(TCP) of the robotic arm is set to the tip of the printer nozzle (see
Figure 2B). The robotic arm uses an internal controller allowing
position and velocity control. The free-flyer pose is controlled
through three separate proportional integral derivative (PID)
controllers for x, y and 6.> Simultaneous position and velocity
control can be achieved in the trajectory generation process. The
controller gains are tuned for trajectory tracking to minimize
steady state error and avoiding oscillations. The coordinated
movement of robot and free-flyer is harmonized through a
common trajectory that contains target positions for both
systems; the time step for position updates is dt = 60 ms. The
robotic arm is able to adjust for position and orientation errors of
the free-flyer through a previously developed control system
(Jonckers et al, 2022). The TCP pose of the robotic arm
within the global frame is calculated by combining the
tracking information of the free-flyer from the optical tracking
system and the position feedback of the robotic arm.

'Mecademic Robotics, Canada.
2p. =60, I, = 1.5, D, = 150 P, = 60, I, = 1.5, D, = 150 Py = 2, Iy = 0.05, Dy = 6.
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FIGURE 2| The free-flyer is a modular structure with separate propulsion, service and payload module (A). The latter is equipped with a manipulator and FFF printer
setup. The schematic top view shows a 100 cm long truss to be printed (B). The workspace of the manipulator is highlighted in green and a free-flyer position
counteracting a pose deviation in translucent. The relevant coordinate frames are indicated by the red and green arrows.
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2.2 Printing Method

The aforementioned setup is capable of 3D printing onto a
stationary platform. The printing of truss structures with an
unlimited length by splitting the structure into segments
which fit into the robotic manipulator’s workspace has already
been established (Jonckers et al., 2022). However, the joints
between segments constitute weak spots in the overall
structure. It is therefore preferable to manufacture the
structure as a single continuous print without joints. Such an
approach would enable the manufacture of long support
structures, for example for solar arrays, radiators, or similar.

To demonstrate the capability to print long, continuous
structures exceeding the workspace of the robotic arm, a free-
form 1D-truss’ structure with a length of 100 cm is printed. Free-
form or support-free additive manufacturing describes the
extrusion of material into 3D space to produce the desired
form. It is advantageous as it allows the manufacture of sparse
structures, such as truss elements, whilst keeping mass and
material use low (Liu et al, 2018). The structure can be
extended to any length. For the simulation on ELISSA, this
means the length is only limited by the size of the
experimental setup, whilst a spacecraft would be limited by its
fuel and material stocks.

For more complex large structures required in space, such as
antenna reflectors, starshades, or optical telescopes, it is necessary
to print structures with large dimensions in multiple Cartesian
directions (i.e. not just long and thin structures). Due to the
potential issue of the spacecraft re-contacting material which has
already been printed, it is desirable to split the structure into
segments—despite the acknowledged impact to strength. To
demonstrate the capability to print objects with large
dimensions in two Cartesian directions, a planar truss
structure was printed. As the air bearing table only allows
movement in 3 DOF, it is not possible to demonstrate the

*1D refers to the structure being significantly larger along one axis compared to the
other two axes.

printing of objects with large dimensions in more Cartesian
directions.

The schematic shown in Figure 2B illustrates a 1D-structure
to be printed along with the free-flyer and manipulator during
printing. The printing process starts with the base layer, followed
by the vertical cross beams and then the top layer. The print order
is structured in a way to allow continuous extrusion throughout
the whole print. This process is illustrated by a video given in the
Supplementary Material which shows the print of a 20 cm long
truss at 4x speed. The printing setup consisting of the
manipulator and FFF hot end and extruder is controlled
through G-code commands similar to a conventional 3D-
printer. Prior to the printing process, commands are parsed to
a time-variant trajectory in Cartesian coordinates (see Section
3.1) with the free-flyer on-board computer interpreting the
trajectory information during the printing process and passing
it to the manipulator, extruder and hot end.

For the printing process, a Volcano hot end4, with a Titan
direct drive extruder, and a 1.2 mm diameter nozzle* were used
with 2.85 mm PLA® filament. PLA was chosen as the printing
material due to its low printing temperature, as well as ease of
printibility (Alsoufi et al., 2019). However, PLA does not feature
the temperature resistance nor the mechanical strength that
would be desirable for structural elements in space. Future
experiments will explore the use of engineering thermoplastics
such as PEEK and ULTEM, which are compatible with the FFF
process, and have been investigated for space use (Dmitry G.
Luchinsky et al., 2018; Rinaldi et al., 2020). The direct drive setup
was chosen to ensure consistent low extrusion rates and to
mitigate filament oozing between discontinuous segments
compared to a bowden system. The 1.2 mm nozzle allows the
manufacture of stiff support-free structures while being less
susceptible to TCP position deviations. The print temperature
is set to 180°C to reduce the time required for the molten filament

*E3D, United Kingdom.
*Das Filament, Germany.
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to solidify (Alsoufi et al., 2019). An extrusion rate of 3.33 mm/s
(3.77 mm’/s) was chosen as it provides a good compromise of
print time, control system accuracy and print quality (Jonckers
et al., 2022).

3 ALGORITHMS
3.1 Trajectory Planning

The G-code generated in Section 2.2 represents the coordinates
of the to-be-printed structure within a local coordinate frame. In
order to print structures of a size larger than the reach of the
robotic arm in a continuous manner, the simultaneous movement
of the robotic arm and the free-flying satellite simulator is
required. The free-flyer is moved along the length of the truss
element (x-direction), moving the workspace of the robotic arm
while printing. Within this section, an algorithm for the
automatic generation of free-flyer and manipulator trajectories
is presented.

The terms path and trajectory are used to describe the planned
movement of a robotic system. A path describes the coordinates
that the robot TCP shall reach during movement. A trajectory is
the time-variant movement along a path, thus incorporating a
velocity and acceleration profile. The trajectory generated by the
algorithm has to fulfill a list of requirements explained
hereafter. Firstly, the algorithm has to ensure that the
distance between the base of the robotic arm mounted
onto the free-flyer and the target TCP position at no point
exceeds the physically possible reach of the robotic arm, the
so-called workspace (see Figure 2B). Furthermore, the
accelerations of the free-flyer should be minimized, not
only to stay within the physically possible thrust limit Fy,,,
of the free-flyer’s motors (equivalent to ap., = 30 mm/s?).
High accelerations may also overstrain the free-flyer’s control
system introducing deviations from the target state that the
robotic arm cannot adequately compensate due to the
internal time lag of system. A maximum acceleration of
0.5mm/s” is chosen. Lastly, the trajectory shall also be
defined in a way to reduce the free-flyer’s energy expenditure.

G-code itself is a programming language defining a tool path
but cannot directly be read as a time-variant tool path trajectory.
The G-code instructions generated in Section 2.2 are therefore
translated to a time-variant trajectory. Both trajectories, the one
of the robotic arm and the free-flyer will be synchronized at a
period of T > 60 ms which is the maximum update rate of the
robotic arm. A parser reads the G-code instructions and
transforms them to a continuous time series of Cartesian
coordinates (Jonckers et al., 2022).

Based on the TCP trajectory, a free-flyer trajectory has to be
generated. Manual path planning is trivial for simple print
geometries but increasingly difficult for complex geometries
(Zhang et al, 2018; Tiryaki et al, 2019). Satisfying the
trajectory requirements—robotic arm reach, low accelerations
and low fuel consumption—make an efficient manual trajectory
generation nearly impossible. In a free-flying environment, the
low energy expenditure and acceleration requirements
complement each other. Eq. 1 gives the work Wgg required by
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FIGURE 3 | Comparison of regular and zero-phase low-pass filtering for

a coordinate time series x(t) with a cut-off frequency f. = 5 mHz shows a time
delay of 40 s for a regular filter compared to zero time delay using zero-phase
filtering.

the free-flyer to move along a trajectory. It is proportional to the
theoretical fuel consumption of the free-flyer propulsion system
and can thus be used as an indicator for the trajectory efficiency.

2
W}:F:JH’I'E'dS (1)

It is dependent on the free-flyer mass m, the acceleration
given as the second derivative of the position § and the total
distance travelled denoted by the integral over s. Among these
variables, the acceleration and the total distance travelled by
the free-flyer could be reduced as measures to lower the
energy expenditure. Here, a low-pass filtering approach is
presented to reduce these two variables in order to generate
an efficient trajectory.

In signal processing, a low-pass filter modifies a signal so
that only components with a frequency f. lower than a
threshold value are passed, while components with a higher
frequency are attenuated. The idea is to generate the free-flyer
trajectory by applying a filter to the TCP trajectory which will
then be shifted to a local free-flyer reference frame. Treating
the TCP path in the horizontal plane y(x) as two time series
x(t) and y(t), a low-pass filter will attenuate the rate of change
of these signals. The z-component of the TCP trajectory is
disregarded as all printed structures created within the scope of
this paper have a height of less than 10 mm. The change of the
robotic arm’s reach due to the z-component is negligible. As
the first-order derivatives X and y and the second-order
derivatives X and y denote the velocity and acceleration, the
filter will also limit the acceleration. Low cutoff frequencies
will attenuate the signal heavily so that the total distance is
reduced as well. A second-order Butterworth filter is chosen
due to its flat frequency response with zero ripple in the
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FIGURE 4 | Influence of the cutoff frequency f, on the average and
maximum free-flyer acceleration (A) and robotic arm reach (B) as well as the
theoretical work required by the propulsion system (C) for a 100 cm long 1D-
truss.

passband compared to other filters (e.g. Chebyshev and elliptic
filters). In a step response, the filter shows overshoot and
ringing, which can be reduced by using low filter orders. By
nature, a low-pass filter introduces a phase shift to the signal.
This is problematic as only the position data of the free-flyer is
filtered while the TCP coordinates remain unfiltered. For
example, using a cutoff frequency of 5mHz, the filtered
signal experiences a delay of 40s. To overcome this issue,
the zero-phase filtering method is applied which processes the
data in both forward and backward direction resulting in an
output signal with zero phase distortion. This is possible as the

Algorithms for LSAM in Orbit

trajectory planning method is a pre-processing algorithm that
does not require real-time calculation. Figure 3 shows a
coordinate time series x(t) of a 1D-truss G-code and the
regular and zero-phase low-pass filtered signal, both with
fo = 5mHz. As described, the zero-phase filtered signal is
only attenuated but not delayed.

The relationship of cutoff frequency and the estimated robotic
arm reach is non-trivial and an analytical solution satisfying the
defined requirements cannot be determined. Therefore, the cutoff
frequency is iteratively lowered until the reach of the robotic arm
exceeds the specified threshold value. This approach is shown in
Algorithm 1. Once the threshold value is exceeded, the previous
cutoff frequency is used to generate the filtered free-flyer
position data.

Algorithm 1. Working principle of the trajectory generation
algorithm

while max_reach < reach_limit do

x_filtered < lowpass(x_gcode, fc) 1> Perform zero-phase lowpass filtering

y_filtered < lowpass(y_gcode, fc)
max_reach < max(dist(x_filtered, y_filtered)
5 if max_reach > reach_limit then

1

2

3

4 © Calculate maximum Euclidean distance
5:

6 x_filtered < lowpass(x_gcode, fc + Afc)

7

8:

9

y_filtered < lowpass(y_gcode, fc + Afc)
return x_filtered. y_filtered
else

10: fe = fc — Afe

An in-depth analysis of maximum reach and acceleration as
well as total required work in dependence of the cutoff frequency
is performed for a 100 cm long 1D-truss element (see Section
2.2). Figure 4A shows the free-flyer’s maximum acceleration d,,x
in dependence of the cutoff-frequency. The maximum
acceleration changes nearly linearly with increasing f. as the
attenuation is lowered. In any case, dpy.x is significantly
smaller than the desired limit. The mean acceleration a
increases for cutoff frequencies up to 3 mHz and remains
constant at 0.02 mm/s> in the observed f.-range. This is due
to the long movement phases along the length of the truss
structure (x-direction) for which the acceleration is
approximately zero, averaging out the acceleration spikes at
the ends of the truss. The maximum reach of the robotic arm
"max is displayed in Figure 4B for a nominal reach r,op
(robotic arm extension at print origin, seeFigure 2B) of
230 mm. While the maximum reach is close to the nominal
reach for f. > 3 mHz, it increases intensively for smaller cutoff
frequencies. For f. < 1.6 mHz, it already exceeds the physical
limit of the robotic arm. This is better illustrated when
comparing the x-y plots of the G-code of two differently
filtered signals. Figure 5 shows the x-y plot of the G-code
overlayed by the filtered signals generated from this given truss
G-code for f. = 5mHz and f. = 1 mHz. For the latter, the free-
flyer performs very little movement in the x-direction around
the center of the truss structure. This results in a print path that
exceeds the workspace of the robotic arm with a maximum
reach of 370 mm (compare to Figure 4B).

The required work by the free-flyer is calculated by Eq. 1. For
all tested cutoff frequencies up to 2.5 mHz the required work is
low, needing 2.5m] at most (see Figure 4C). This can be
explained by the low accelerations required by the free-flyer.
While the total distance travelled by the free-flyer adds up to
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FIGURE 5 | Comparison of two filtered signals at different cutoff frequencies to the G-code of a 100 cm 1D-truss element. The free-flyer and nozzle trajectories are
overlayed for better visual comparison while they are offset in the experiment by the nominal reach (r,om = 230 mm).

T
600 800

FIGURE 6 | lllustration of the method used to overlap and join strips
together. The strip printed first is shown in blue, the strip printed second is

shown in green. L is the overlap length. This method ensures that the strips are
joined together from the first layer.

9.1 m for a cutoff frequency of 2.5mHz, the net force m - a
remains low (see Figure 4A).

In conclusion it can be ascertained that the maximum free-
flyer acceleration is noncritical while the requirements of
reachability of the robotic arm and minimization of energy
expenditure are contrary to each other with the robotic arm
reachability being the limiting factor at f, = 1.6 mHz.

3.2 2D-Structures

The algorithm described in the previous section coupled with the
free-form printing technique described in Section 2.2 is sufficient
for the printing of structures with an unlimited size in a single
Cartesian direction (1D-printing) by a mobile robot with an
accompanying robotic arm. For in-space applications, this could
be used to manufacture truss structures to support solar arrays, or
similar. More complex large structures would, however, have
large dimensions in multiple Cartesian directions. In 3D space, it
would be possible to print a 3D structure with arbitrary size, by
using a traditional layer-by-layer approach, where the spacecraft
flies above the printed structure. However, this is not possible to
simulate on an air bearing table. Furthermore, for structures with
a large height, this quickly becomes inefficient, as the spacecraft
must fly over the whole structure for each layer printed.
Therefore, an algorithm has been formulated which enables
the printing of a structure with unlimited size in two
Cartesian directions, by splitting it into segments. This also
ensures that there is no conflict between the robot trajectory
and already printed material, and could therefore be used for
terrestrial applications. Furthermore, this approach could enable
multiple systems to work together to produce the final structure,
as investigated by Shen et al. (2019). It could be extended to
structures with unlimited sizes in all three Cartesian directions by

FIGURE 7 | lllustration of a planar truss (blue; left side) structure being

split into strips (blue, green, orange; right side) with width W. The strips are
then printed in the order denoted, removing the possibility of a clash between
the robot and printed material.

repeating the algorithm every number of layers, determined by
the workspace of the robotic manipulator. This work seeks only to
examine whether such an approach is feasible, future work will
investigate optimisation of the splitting algorithm, and will
compare the energy efficiency when compared to a layer-by-
layer approach.

In general, the algorithm splits each layer of the structure to be
printed into a series of strips with a width smaller than the reach
of the robotic arm but an unrestricted length. Each strip is then
printed using the above-mentioned algorithm for 1D-structures.
To ensure that the trajectory of the mobile robot does not
intersect with already printed material, all layers in a given
strip are printed before beginning the subsequent strip. The
strips are joined together by overlapping them. As seen in
Figure 6, the first layer of the second strip overlaps the first
layer of the first strip. This is continued until the final layer, where
no overlapping takes place, to ensure a constant height. This
overlapping method was chosen as it creates a joint from the first
layer, preventing it from moving in relation to the already printed
segment.

The algorithm functions in the following manner: first, the
G-code of the large structure is reduced to the lines which are to
be extruded; these lines are then sorted into categories based on
which strip they belong to. Lines which cross the boundaries
between strips are split into multiple segments, such that each
segment fits in a strip. Lines which would exactly coincide with a
boundary are assigned to the strip which is to be printed first. To
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FIGURE 8 | A flowchart detailing the process used to produce continuous print paths for each layer of each strip in the splitting algorithm.

produce the staggered overlap, the boundaries are moved by the
desired overlap length for each layer. Figure 7 illustrates an
example, where a planar truss structure has been split into three
segments with width W. This should be set such that

R
WsE 2)

where R is the manipulators’s reach in the widthwise direction.
This is required, as when an object with the maximum height is
printed, the overlap for the top layer will require the printhead to
move to the furthest point of the previous strip. The overlapping
method also limits the height of the structure, such that the
maximum number of layers to be printed N, is given by

w
Naus|Y] ;
I 3)
where L is the overlap length, and | | is the floor function, as it is
not possible to print a portion of a layer. Eqs 2, 3 can be combined
to give the maximum number of layers in terms of the robotic
arm reach and the overlap length:

R | @

Nawz| SR
2-L

The lines for each layer in each strip are then joined into a series
of continuous paths. The first path is initialised by starting with a
nominal position, typically the origin of the print reference frame.

The line with the closest start or end point to this position is the
first line in the first path. The path is continued by searching for
another line with a point which matches the opposite point to the
current line. This process is continued until no matches are
found, then a new path is begun by finding the closest point to
the current end point. Figure 8 is a flowchart detailing this
process. An example of the process is shown in Figure 9. First
the line closest to the origin (marked by a cross) is selected
and added to the path (highlighted in blue). The line
connected to the previously selected line is then added to
the path (highlighted in blue). This process continues until a
line which does not have another line connected is selected.
At this point, a new path is started and the next nearest line is
selected (shown in green). This is repeated until all lines are
assigned to a path. The whole process is then repeated for the
next layer and once all layers are completed for the next
strip. It should be noted that where two lines are connected to
a selected line, there is no rule dictating which will be
selected next.

The algorithm could be further extended to all three Cartesian
directions by stacking multiple layers of 2D-structures on top of
each other. This would require segmenting the object to be
printed in two directions. For this approach to be successful,
the spacecraft must travel above (or below) the previously printed
layer. A new joining method would also need to be devised for
joining these layers together.
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FIGURE 9 | A series of lines to be printed for a layer of a segment. In (A),
unsorted lines are shown in multiple colours, the origin is shown as a black
cross. The line in blue is added to the first path as it is the closest to the origin.
In (B), the line which is joined to the previously selected line is added to

the path and is therefore coloured blue. This process is repeated in (C,D) until
aline is added to the path which is not connected at the opposite end. In (E) a
new path is started with the line nearest to the goal position (shown as a black
star) is added (shown in green). This is repeated until all lines are assigned to a
path (F).

4 RESULTS AND DISCUSSION
4.1 Trajectory Tracking

The performance of the free-flyer trajectory tracking controller
with disturbance compensation by the robotic arm is evaluated
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FIGURE 10 | Evaluation of the PID controller performance for trajectory
tracking with compensation of disturbances through the robotic arm in a dry
run. This is done for a cross beam segment and a linear segment in the x-y-
plane (A). While the free-flyer experiences position errors up to 22 mm,
the compensation algorithm of the robotic arm keeps the average TCP error at
+0.26 mm (B). The TCP target velocity of 3.33 mm/s is tracked well with a
standard deviation of 0.14 mm/s (C).

through a dry run; the free-flyer and robotic arm move along a
trajectory while there is no deposition of material. The extrusion
of filament is disabled so that disturbances related to the extrusion
process such as the deposition forces between nozzle and
substrate are excluded and the proficiency of the free-flyer
control system and disturbance compensation algorithm can
be assessed separately. The control system still has to
counteract external disturbances such as residual accelerations
of the air bearing table and free-flyer movements due to dynamic
coupling of the robotic arm and mobile base (Ivanov et al., 2018;
Rybus et al., 2019; Jonckers et al., 2021). The test is performed on
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FIGURE 11 | Photo of a 100 cm long truss (A) printed using the continuous print algorithm. A side and top view of the truss are shown in (B,C), respectively with the
rear layer of the print being shaded. A comparison of the target TCP to the recorded TCP is given in (D) with larger target path deviations highlighted by a box which
corresponds to the top view given in (C).

a modified truss trajectory featuring a 50 cm long cross-beam  change of the extruder motor speed due to the back pressure
section followed by a linear movement with change of direction within the hot end (Choulak et al., 2004). Therefore, accurate
(see Figure 10A). This way, all relevant aspects of a truss structure  velocity control of the print head itself is required. A nominal
can be assessed in a shorter time period. velocity of 3.33 mm/s was chosen as to be used for the actual
The trajectory tracking quality is shown in Figure 10B by = manufacturing process (see Section 2.2). Figure 10C shows the
displaying the free-flyer and TCP position errors egp and ercp  TCP velocity vrcp within the global reference frame comparing it
(Euclidean distance between target and actual trajectory) over  to the free-flyer velocity which purposely changes. The free-flyer
time. The free-flyer experiences target position deviations up to  follows its velocity profile with some deviations due to position
22 mm. The two maxima repeatedly occur at the same locationon  errors caused by residuals accelerations (comparing Figures
the air bearing table and can be correlated to a change of residual ~ 10B,C) with a standard deviation of 0.46 mm/s. The TCP
acceleration in this particular spot. The state deviation is regarded ~ velocity, however, shows no significant deviations from the
as acceptable because it is well within the reach of the roboticarm.  TCP target velocity with the standard deviation being
Furthermore, its rate of change is adequately low, allowing the 0.14 mm/s (4.2% of vpcp). It can be assumed that this is
robotic arm to counteract without oscillating behavior. The  sufficiently accurate for the actual additive manufacturing
average position error of the TCP is +0.26 mm which is  process.
significantly smaller than the nozzle diameter. Thus, the
position tracking capabilities of the robotic arm are considered 4.2 Continuous Printing
satisfactory and suitable for additive manufacturing. The capabilities of the continuous printing algorithm introduced
Another important aspect besides position tracking is velocity ~ in Section 3.1 are demonstrated by the continuous manufacture
control. The print head velocity within the global reference frame  of a 100 cm long truss structure on the satellite simulation test bed
vrcp has to remain proportional to the extrusion rate of the ELISSA (see Section 2.1). For trajectory generation, the threshold
filament vy to ensure a consistent print quality. This robotic arm reach ry, is set to 270 mm to allow free-flyer

relationship is defined as the flow rate fr: trajectory deviations of up to 100 mm as the maximum reach
Vexts of the robotic arm in the used configuration is 370 mm. As shown
r= — (5)  in Figures 4A,B, this results in a cut-off frequency f. = 2.5 mHz
and a maximum expected acceleration d., = 0.04 mm/s>. The

Varying flow rates cause irregularities in the extruded material,  total print duration is 50 min.
consequently introducing weaker spots in the deposited structure An image of the finished printed truss structure is shown in

(Pappas et al., 2021). Control of the flow rate through the extruder =~ Figure 11A depicting overall good print quality. There are no
motor is difficult as its extrusion rate reacts with a time delaytoa  joining errors of the cross beam elements in the horizontal plane
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FIGURE 12 | Evaluation of the free-flyer and robotic arm position error
(A) during the print of a 100 cm long truss structure. The free-flyer position
error reaches up to 24 mm; however, the robotic arm can compensate it
reaching an average TCP error of 0.75 mm. The robotic arm reach r (B)
stays well within the physical limits of ra = 370 mm.

or with the first layer of the truss structure. A few vertical nodes
were not joined to the top layer due to material sagging during the
cooling phase, an issue not occurring in a full microgravity
environment. The diameter of the extruded material varies
between 1.02 and 1.2 mm. This is associated to the material
being held under tension during the extrusion process as well
as velocity deviations of the free-flyer both causing the extruded
material to stretch, i.e. reduce its diameter. The closeup images
given in Figures 11B,C show a side and top view of the truss,
respectively. The back layer of the print is shaded in each of the
views for a better visual distinction of the layers. The successful
joins of nodes in the horizontal and in the vertical plane are
clearly visible.

The recorded TCP position is shown in orange in Figure 11D
comparing it to the target TCP position (blue). A box highlights a
segment of the truss with larger target path deviations than for the
rest of the truss. This section corresponds to the top view given in
Figure 11C. The increased error in the y-direction matches the
offset of the horizontal nodes of the first layer which may have
been caused by a reduced distance between substrate nozzle (e.g.
warping of the print substrate) and in turn increased deposition
forces within the recontacting areas. However, the deviations
shown in Figure 11D do not fully match the ones shown in the

Algorithms for LSAM in Orbit

image given in Figure 11C. This is because the filament does not
necessarily stay in the exact position in which it was extruded.
During the cooling phase after extrusion, the filament is still
pliable and may be moved towards the target path when the
robotic arm corrects the position of the TCP. Furthermore, the
position data provided by the optical tracking system is subject to
error. For some free-flyer positions and orientations as well as
robotic arm poses, tracking markers may overlay each other or
become blocked from the tracking cameras, reducing the
positional accuracy. Especially under fluctuating conditions,
this causes noise in the position data which caused repeatable
position results in the section shown in Figure 11D. Moreover, it
must be noted that the x-y-plot shown in Figure 11D is
significantly skewed in the y-direction exaggerating the errors
along this axis. This is further intensified by the line width which
is thinner in the y-direction than the actual diameter of the
nozzle.

The mean TCP error ércp was measured to be 0.75 mm. The
error over time is shown in Figure 12A, revealing a maximum
error of 7.93 mm. It can be seen that the main portion of the error
is contributed in the x-direction (grcpx = 0.72 mm, &rcp, =
0.19 mm), thus along the main direction of the truss structure.
There are several reasons for that: Any rotation Af from the
nominal orientation of the free-flyer is translated to a position
error at the TCP. For small angles, this only causes a translational
error in the x-direction. Another reason is the principle of free-
form filament extrusion. The filament is constantly held in
tension to avoid sagging. This tension force applies a torque 7
at the center of mass of the free-flyer due to the lever arm of the
TCP composed of the robotic arm extension ryohot and the
distance of the base to the center of mass of the free-flyer ;ibase
in the x-y-plane (see Figure 2B).

(6)

With changing tension and other forces exerted onto the nozzle,
the torque fluctuates and the propulsion system needs to
constantly adjust, leading to the aforementioned error in the
x-direction. These torques could also be counteracted by reaction
wheels in order to reduce the fuel consumption and is subject of
future research (Ellery, 2004). Lastly, the TCP position within the
robotic base reference frame is calculated at each time step of the
trajectory, taking into account the current free-flyer velocity. As
the velocity is calculated as the derivative of the free-flyer
position, coupled with a moving average filter, it underlies a
delay and the noise of the position data.

The average free-flyer position error is 6.80 mm and is evenly
distributed on both axes (€rpx = 4.47 mm, &, = 4.43 mm). The
influence of the free-flyer position error on the robotic arm reach
is depicted in Figure 12B. The maximum error of 23.84 mm is
well below the robotic arm reach reserve of 100 mm with the
maximum robotic arm reach being 261.4 mm. Thus, at no point
does the robotic arm get close to its physical limit. As a
conclusion, the cutoff-frequency could be further reduced.

The standard deviation of the TCP velocity is 0.38 mm/s. It
can be assumed that a TCP velocity higher than the extrusion
velocity (i.e. vrcp > 3.33 mm/s and therefore fr < 100%) leads to a

> >
T= ”rrobot + dbasell . Ftension
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FIGURE 13 | Plots of (A) the G-code of the planar truss before the splitting algorithm and (B), the G-code of the planar truss after being split into segments.
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FIGURE 14 | Animage of the printed planar truss. A closeup of the joint between two strips is shown with the segment printed first being shaded and outlined in red.

proportional straining of the extruded filament (Percoco et al.,
2021). This corresponds to the observed diameter reduction of
the extruded material to as low as 1.02 mm but does not affect the
structural integrity of the manufactured structures.

4.3 2D-Structures
The algorithm described in Section 3.2 was used to print a planar
truss structure, with overall dimensions 150 mm x 210 mm. The
shape of the structure was chosen to illustrate that the joining
method would work for angled as well as horizontal lines. It was
split into three strips with nominal widths of 43 mm, 60 and
47 mm. These widths were also chosen to highlight the joining
method. The structure consisted of four layers, with a layer height
of 1 mm. Figure 13A shows a plot of the nominal G-code, whilst
Figure 13B shows the G-code after the splitting algorithm has
been applied. The separate paths are illustrated as separate
colours.

The planar truss was successfully printed as shown in
Figure 14 where a closeup of the join between two strips is
highlighted. It can be seen that the three strips have successfully

been joined into one complete structure, though there are some
printing errors. In particular, it was found that, despite retracting
the filament at the end of each path, the extruded material would
be dragged with the nozzle when it moved. This is particularly
noticeable around the joints in Figure 14. This results in material
at a height above the nominal layer height, and when the
subsequent layer is printed, higher friction is experienced,
which in turn leads to printing errors. By modifying the
behaviour of the printhead, it may be possible to improve this,
for example by retracting the filament faster, or further.

Though the use case envisioned in this paper is the
manufacture of large structures on-orbit, the algorithm could
be used in other scenarios making use of mobile robots equipped
with robotic manipulators to produce structures using AM. For
example, research has been conducted into the use of wheeled
robots with robotic arms for manufacturing concrete structures
for the construction industry (Zhang et al., 2018; Tiryaki et al.,
2019). Assuming that the joints between strips do not reduce the
strength of the structure, it would be possible to print structures
larger than otherwise possible.
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5 CONCLUSION AND OUTLOOK

A new approach for large-scale additive manufacturing adjusted
for the free-flying environment for in-space manufacturing was
presented within this paper. An algorithm was developed to
allow the continuous manufacture of functional 1D-structures
by combining the reach of a free-flying satellite and collaborative
manipulator with FFF printing setup with simultaneous
extrusion and satellite movement. The algorithm distributes
the required motion between the free-flyer and robotic arm
by means of low-pass filtering any given printing instruction
(G-code). Through an iterative calculation approach, the free-
flyer motion is reduced to minimize the work required for the
motion of the free-flyer while complying with the workspace
constraints of the robotic arm. The approach was tested on an air
bearing table using a fan propelled satellite simulator, equipped
with a robotic manipulator printing onto a stationary substrate.
It was shown that the free-flyer could track the calculated
trajectory well due to the low accelerations required. Position
deviations were counteracted by the robotic arm resulting in
printing errors of less than 0.75 mm during the manufacture of a
100 cm long truss structure. Along with good TCP velocity
tracking to ensure a constant extrusion rate, satisfactory
printing results were achieved with zero node joining failures
due to TCP position errors. A second algorithm was developed
that allows the manufacture of 2D elements with the algorithm
automatically splitting structures into segments which are within
the workspace of the robotic arm. The algorithm is capable of
reducing the number of travel moves per segment through
G-code analysis and automatically modifies the structure to
allow joining between segments. An experiment showed the
successful print of a 150 x 210 mm structure consisting of
three segments with good joining results between them. The
size of the 1D- and 2D-structures can be increased arbitrarily
only being limited by the size of the experimental setup. For
future works, it is planned to elevate the current approach from a
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