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Abstract—Space robotics plays a significant role in advancing
space exploration creating various opportunities for upcoming
space missions. Robotic systems deployed on satellites can be
used to extend the lifetime of target satellites, inspect orbital
assets, and support the deorbiting process. On-ground verifica-
tion and validation are essential for ensuring the reliable perfor-
mance of the robot in space. However, space robots are designed
for zero gravity conditions, but are tested within Earth’s gravity.
This creates significant challenges as the robotic joints provide
limited torque preventing them from performing movements in
Earth’s environment. Against this background, the Institute of
Robotics and Mechatronics at the German Aerospace Center
(DLR) and the University of Duisburg-Essen have developed
the Motion Suspension System (MSS), a cable-driven parallel
robot that enables space robots to operate in the full three-
dimensional workspace. This paper outlines initial experiences
with the MSS by focusing on a contact-oriented task utilizing
the space-qualified DLR robot arm CAESAR (Compliant As-
sistance and Exploration SpAce Robot). It shows the applied
suspension forces of the MSS in relation to the robot arm’s grav-
itational force, discusses the system’s limitations and capabilities
in executing complex trajectories, and presents general lessons
learned from using the MSS for verification.
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1. INTRODUCTION

Space robotics plays a crucial role in the domain of space
exploration and creates numerous opportunities for future
space missions [1]. Free-flying robots mounted on satellites
or space stations pave the way for manifold possibilities in
future space missions including satellite lifetime extensions,
orbital asset inspections, and deorbiting [2]. Since 2001,
the Canadarm?2 2 has been a successful space robot that has
helped with docking maneuvers, assembly, and maintenance
on the International Space Station.

Given its relevance, the verification and validation of space
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robots and their components is crucial. Once they have
been deployed, maintenance becomes a difficult and mostly
impossible task. Thus, realistic on-ground tests of the
robotic system are important to ensure the robot’s reliable
performance [3]. However, on-ground tests of space robots
pose a significant challenge: space robots are designed to
operate in zero gravity, but are tested under the influence of
Earth’s gravity. Above this, serial space robots are limited
in the torque necessary to move on ground, i.e., they cannot
withstand their weight in Earth’s gravity [1].

Most test facilities [4] for non-gravity-bearing space robots
are based on planar air bearings [5]-[7], helium balloons [8],
neutral buoyancy [9], free-fall/parabolic flights [10]-[13],
and rail-based suspension systems [1], [14]. Air bearings
[5]-[7] is the most commonly used concept in space mech-
anism test facilities, for example, the Orbital Robotics Lab
at ESA ESTEC [15]. The space asset is placed on several
platforms that create a thin layer of air between the platform
and the floor. This allows for nearly frictionless movement,
limited only by the accuracy of the flatness of the floor [15].
However, this method alters the dynamics of the space robot
[16] and is limited to horizontal movements. This presents
a significant drawback when performing complex tasks such
as grasping, vision-based approaches, or FDIR trajectories as
these require the robot’s full three-dimensional workspace.
Helium balloons [8] employ the uplifting force of helium
in the air to support space structures. They are commonly
used to support large structural elements such as solar sails
and solar arrays when deploying them during on-ground
tests [17]. Helium balloons are usually large and feature high
inertia [18]. Neutral buoyancy [9] uses the uplifting force
of objects in water to compensate for gravitational force,
resulting in a close approximation of zero gravity. This is
often used for astronaut training and can be adapted to test
space robots [19]. However, neutral buoyancy is strongly
affected by hydrodynamic effects which leads to damping [4].
Free-fall/parabolic flights provide 20s of nearly zero gravity
using a refitted aircraft performing a parabolic path [10], [11].
Drop towers [12], [13] form an alternative to parabolic flights
and provide 4s of less than 1075 g. Rail-based suspension
systems [20], [21] are usually designed as Gantry cranes
with passive [20], [21], or active [22] force compensation.
Mechanical suspension systems are often more flexible in
positioning. However, the heavy structure leads to low
mechanical modes and strong friction effects [23].

To mitigate these drawbacks, the Institute of Robotics and
Mechatronics at DLR and the Chair of Mechatronics at the
University of Duisburg-Essen have developed the MSS [24],
as shown in Figure 1. The MSS is a cable-driven parallel
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robot that meets the necessary requirements for a space robot
suspension system [25]. Cable-driven parallel robots are
known for their low influence on dynamics and find applica-
tions in various fields such as automated construction [26]—
[28], logistics [29], [30], or human rehabilitation [31]. These
robots consist of cables connected to a mobile platform with
multiple degrees of freedom and coiled around motorized
cable drums. The cables are guided by pulleys to maneuver
the platform within the workspace. Cable-driven parallel
robots have characteristics such as lightweight design, large
workspace, and exceptional dynamics [32]. This makes them
well suited for a space robot suspension system. De Stefano
et al. [33] have developed a suitable algorithm that enables
the computation of suspension forces by formulating an op-
timization problem designed to minimize the joint torques of
the space robot.

This paper presents the first demonstration and results of
using the MSS with the space robot CAESAR [34] by DLR.
It contributes to the community by providing lessons learned
regarding the use of the MSS and presenting measurements
of its performance for analysis and further approaches. The
paper is structured as follows: first, it describes the setup
including the involved components. Then it describes the
experimental validation using the MSS in a contact-oriented
task. The fourth section presents force/torque and positional
measurements forming the basis of the following discussion
section. Additionally, it covers general lessons learned with
the MSS. The conclusion evaluates the findings and contex-
tualizes them on a broader scale.

2. SETUP OF SPACE ROBOT AND MSS

The setup is shown in Figure 1 and comprises the MSS [24],
the space robot CAESAR [34], and an Orbital Replacement
Unit (ORU). The ORU has a Standard Interface, the Hotdock
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Figure 1. The MSS suspends a space robot arm (here

CAESAR) and allows it to move in a large three-dimensional
workspace. The cable force sensors are illustrated in green.

[35], and can be latched with a corresponding Standard
Interface located at the CAESAR robot end-effector. The
space robot is rigidly mounted on the floor and has a working
radius of 2.5m. The MSS is connected to the space robot.
The following section provides a detailed description of the
setup and its components.

CAESAR

The space-qualified robot arm CAESAR [34] shown in Fig-
ure 2 is used in this setup. It is specifically designed

Figure 2. CAESAR (Compliant Assistance and Exploration
SpAce Robot) developed by the Institute of Robotics and
Mechatronics at the German Aerospace Center (DLR).

for on-orbit operations, including repairing, refueling, and
assembly. CAESAR has n = 7 joints, each equipped with
torque sensors that enable position and impedance control.
The impedance control mode allows the robot arm to safely
perform contact-oriented tasks while continuously measuring
the forces in each joint. The joints and the Robot Control
Unit (RCU) are connected using the EtherCAT real-time
communication bus. The robot arm weights approximately
60kg and has an adaptable length of 2.5m. As it is non-
gravity-bearing, an external support system, such as the MSS,
is necessary to operate on ground.

Dynamics of a Fixed-Base Manipulator in Zero Gravity—We
consider that the platform where the manipulator is mounted
is large enough such that the arm motion has marginal influ-
ence on the base. As such, the dynamics of a general, fixed-
base robotic manipulator in zero gravity is defined as

M(q)G+C(q,q)q = T )

where ¢ € R™ are the joint angle positions of the space
robot, ¢ € R™ and g € R" are its velocity and acceleration,
respectively. The mass matrix is described by M € R™*™
and the Coriolis matrix by C' € R™*". The torque of the
space robot to perform the maneuvers in space is denoted by
T. € R™. Note the absence of any gravitational influence.
We also neglect the influence of orbital dynamics.

Dynamics of a Manipulator on Ground— When operating
the space robot on ground with the support of the MSS,
the gravitational torque g € R™ and the acting wrench

I'.=BT g Jo of the MSS need to be considered. Hereby,
BT ¢ R5*3 maps the three-dimensional® suspension force
pfo € R? onto the entire wrench space T'. € RS of the
robot. The robot dynamics is then

M(q)i+C(q,d)d+g(q) =T+ 74+ JE(@Te  (2)

3three translational degrees of freedom without rotation



with the Jacobian matrix J& € RS*" transforming the
suspension wrench I'. into the joint torque space. The
vector T, € R™ contains the additional torques necessary to
compensate for gravity on the robot side.

Note that the MSS can only support joints that are located
between the MSS and the robot base in the robot’s kinematic
chain. We define the joint set A affected by the support and
the joint set B unaffected by the support of the MSS. We can
split the gravity vector as
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The Motion Suspension System

The MSS [24], shown in Figure 1, is a cable-driven parallel
robot used as a support facility for on-ground test of space
robot arms. The MSS is attached to the space robot at point
E and applies an uplift suspension force 5 f (defined in the
base frame B on the space robot) that reduces the primarily
gravitational torque loads in the space robot’s joints. Four
actuated direct-drive motors allow the execution of complex
three-dimensional trajectories and create the force to support
the space robot in Earth’s gravity. The cascaded control
system [24] is a combination of a PD controller and an
admittance controller, which regulates the suspension force
at the connection point of the space robot.

The position of the MSS’s end effector is determined by
the location of frame D (see Figure 1) and measured using
the forward kinematics of the MSS and the cable lengths.
The method for reconstructing the effective suspension force
includes measurements from two angle sensors at the cou-
pling mechanism (point E) and kinematic information from
the space robot. The strategy for computing the desired
suspension force is presented by De Stefano et al. [33]
and is based on the dynamics matching of the zero-gravity
(Equation 1) and on-ground robot dynamics (Equation 2).
The equality constraints in Equation 4 can be obtained by
subtracting Equation 2 from 1 and applied to the controllable
robot joints in set A, see [3], [33] for details. This forms the
basis of the optimization problem which aims to reduce the
space robot’s joint torques and it is reported as follows,

. 1 T T W.,- 0 TgA
("'gAH,ng.fc) 5 [TgA sfc ][0 Wf} {ch @)

where 7,4 is the gravity torque component of the influ-
enceable set A of joints in the space robot. W, € R3*3
and Wy € R3*3 are the weighting matrices and J4 is the
Jacobian matrix at the coupling frame E. The result of the
above problem satisfies the equality constraint ensuring full
gravity compensation of the space robot, see [33].

Standard Robotic Interface

We use the Hotdock [35] developed by Space Application
Services as the standard robotic interface for connecting the
space robot to the ORU. The Hotdock provides mechanical
connection, power, and data transfer. Because of the mating
mechanism, it can compensate for positional inaccuracies
during latching.

Orbital Replacement Unit (ORU)

An ORU is a self-contained box based on a modular satellite
design philosophy that allows for easy replacement of satel-

lites components. The concept of an ORU was first used in
the Hubble telescope [36]. The ORU used in our experiment
is equipped with two Standard Connectors on two opposite
sides. This allows the ORU to be connected to existing
satellite structures and extend its functionality. We use a
mock-up ORU in our experiment to demonstrate latching and
displacement.

Figure 3. The ORU is a 30 cm x 30 cm x 30 cm box of
6.8 kg that can contain space components for replacement.
This mockup ORU is empty except for a signal LED
indicating power.

3. CONTACT-DRIVEN EXPERIMENTAL
VALIDATION

The experiment presented in this work aims to analyze a
contact-oriented task taking into account the relevant compo-
nents, which include the MSS, the space robot, and the ORU.
Its goal is to collect measurements which can be used for
validating system requirements. In the initial state, the upper
Standard Interface on the ORU is connected to the space robot
as a payload. It hovers above the placement table and the
MSS is attached to the space robot. In the final configuration,
the ORU is on the placement table and the CAESAR robot
arm is disconnected from the ORU, as shown in Figure 4.

The complete task is divided into a series of sequential
steps, as shown in Figure 5. The process begins with the
Approaching (1) phase, during which the robot arm lowers
the ORU to its placement table. During this phase, the robot
arm is controlled in position mode. The system then moves
to the Contact (2) phase, where the space robot arm oper-
ates in impedance mode, allowing it to response to contact
dynamics. It continues to lower the ORU until the lower
Standard Interface contacts the corresponding connector on
the placement table. In doing so, the impedance mode
provides a soft stiffness to the space robot’s end effector,
resulting in an adaptive glide into the Standard Interface.

Once the contact is established, the system performs a Pay-
load Adjustment (3) step in which the ORU mass is sub-
tracted from the considered total robot mass to ensure precise
handling and balance. During the subsequent ORU Decou-
pling (4) phase, the Standard Interface opens and disconnects
the space robot from the ORU. This is followed by the
Separation (5) phase. Finally, the system proceeds to the



Figure 4. Simulation of the experiment for visualization.

Retreating (6) phase, where the space robot moves away from
the ORU in preparation for possible subsequent tasks.

4. RESULTS

The results include measurements based on the experiment
presented in the previous section. They are shown in Figure 6.
The upper graph shows the position of the MSS at frame D
(see Figure 1) and the suspension force between the MSS and
the space robot. The trajectory shown is mainly characterized
by movement in the z direction, so only the z coordinates
of the measurements are shown. The lower graph focuses
on the space robot and illustrates the joint angles and joint
torques. We show joint 2 and 3 because they are the most
loaded joints and are representative of the other joints. The
torque is measured directly and combines 7., 7,4, and control
error. Note that the angle and torque direction of joint 2 and
3 are set so that the robot’s end effector moves and pushes
down with higher angle values.

The measurement includes the phases Approaching (1), Con-
tact (2), Payload Adjustment (3), ORU Decoupling (4), Sep-
aration (5), and Retreating (6). The initial z position of the
MSS (frame D in Figure 1) is 1.87 m above the ground. The
suspension force in the z direction is 360 N, and the torque
of the second joint is 15 N m. During the Approaching (1)
phase, the MSS end effector lowers by 0.12 m, while the z-
axis suspension force continuously adapts to the space robot’s
kinematic configuration. The angle of joint 2 and 3 adapt
accordingly. The Contact (2) between the ORU and the table
results in a small oscillation of the z suspension force when
the lowest possible z-position is reached. The robot increases
the pressure force to ensure a firm contact, which is indicated
by an increase in the torque of joint 2 and 3. The impedance
controller of the CAESAR robot arm allows it to interact
dynamically in this contact-oriented task, compensating for
positional uncertainties through small horizontal movements
while sliding in the corresponding HOTDOCK shape. Fig-
ure 7 shows the position and angle of the tool center point
(TCP) during the Contact phase. Note that z is pointing down.

To hold the position, the robot returns to Position Mode. The
Payload Adjustment (3) is performed to remove the mass of
the ORU from the total mass of the robot in order to prepare
the space robot’s kinematic calculation for further operation

without payload. The graph shows the decreasing load in the
suspension force (350 N to 290 N) and in the torque of 2nd
joint (24 Nm to 12 N m).

The ORU Decoupling (4) phase shows no movement, but
the suspension force reacts with a small oscillation with
an amplitude of 1.7N. During Separation (5), the space
robot switches to impedance mode. This controller transition
results in small oscillations with an amplitude of 4N on
the suspension force and an increased torque in the second
joint. During the Retreating (6) phase, the space robot
moves up 15cm while the suspension force and the joint
torque continuously adapt to the kinematic configuration of
the space robot.

The required joint torque depends on the suspension force of
the MSS. Figure 8 shows a simulation-based comparison of
the same trajectory without the MSS. The simulation was
performed in Mathworks Matlab Simulink and includes the
kinematics and dynamics parameters of the space robot arm.
Note that for simplicity, the ORU payload mass was consid-
ered attached to the robotic arm for the entire trajectory.

5. DISCUSSION

Elhardt er al. [25] describe the system requirements for a
space robot suspension system and present a first conceptu-
alization. The requirements cover the ability for gravity com-
pensation, geometric flexibility, ability for dynamics analysis,
and usability. The system design based on the requirements
is presented by Elhardt et al. [24]. In this section, the first
experiences with the MSS as a tool for the development and
qualification of a space robot arm, such as CAESAR, are
discussed with reference to the stated system requirements.
This follows a requirement validation approach.

The primary objective of the MSS is to minimize the
joint loads of a space robot arm during on-ground experi-
ments [25]. To demonstrate this, we compare the experimen-
tal measurements with a simulated, unsupported approach of
the same trajectory shown in Figure 8. In this simulation
without the MSS, the required absolute joint loads of the
same trajectory are in the range of 95 Nm to 300 Nm for
joints 2 and 3. This is clearly above the maximum allowable
joint torque of 80 N m [34]. For comparison, the torque loads
with the support of the MSS during the experiment are in the
range of 0N'm to 30 Nm, see the lower graph in Figure 6
and Figure 8. This is within the allowable joint torque. Note
that the joints considered are part of set A and are therefore
affected by the suspension force (see Equation 3). This shows
that the MSS reduces the joint loads by up to 90 % for this
trajectory. The remaining load is distributed by the gravity
compensation strategy to the gravity compensation torque 7,
of the space robot, especially the joints in set B that need to
fully compensate the gravity.

The gravity compensation strategy (see Equation 4) also con-
siders the attached payload in the gravity term g 4. According
to Equation 2, this is compensated by the MSS wrench I'. and
the gravity compensation torque 7,. This can be observed
during the Payload Adjustment (3) phase in Figure 6, as the
strategy turns off the payload consideration here. It shows
that the suspension force decreases by 60N from 350N to
290 N. This results in a force of approximately 66 N at the
CAESAR’s end effector which covers 95 % of the ORU’s
mass (6.9 kg). The remaining mass is covered by the gravity
compensation torque 7, of the space robot’s joints.
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Figure 5. The contact-oriented maneuver starts with an approach phase with the ORU latched. The space robot places the
ORU on the placement table and disengages. After retreating, the space robot is ready to perform the next task.

—2.1
—7, SUSpension force
g3504 TWYVYEVTESYes desired z suspension force 5
E —————— z position of MSS 2 ©
g 300- - L1935
£ e 4
7] =]
g 250 -1.8 £
3
2 N
= Approach- Con- Payload ORU Sepa- Retreat- |-1.7
200 ing tact Adjustment Decoupling ration ing
T T T T T T T T
30 40 50 60 70 80 90 100
Time in Seconds
60—
m—— torque joint 2 ~0.8
40 == == torque joint 3
—elta angle ‘?O}nt 2 L06
= 20 == == :delta angle joint 3 ]
z £
2 o
g 07 /| 5
o VA LA B oo 2 k=X
a W A Ae S o oy S WS WR M W WS MW - -
2 50 A T "oz g
b o w PP pmevaf = - =t g
~40 4 -0
== T
-60 T T T T T T T T -0.2

30 40 50 60 70 80 90 100
Time in Seconds

Figure 6. The upper graph shows the suspension force and position of the MSS in z direction. The lower graph illustrates the
space robot’s motion with joint 2 and 3 as representatives. The colored areas describe the phase during the task.



0.04 4

tep Az
0.03 tep Ay
tep Az
0.02 tep A¢
tep A6
E 0.01+ tep A
5 O:kc @""—
=3 -0.01
-0.02 -_/
-0.03 4
Con- Payload
-0.04 4 tact Adjustment
40 45 50 55

Time in Seconds

Figure 7. The position and angles of the CAESAR’s end
effector during the contact phase shows small adjustments
for position compensation. Note that positive z points down
and offsets are used for scaling.

However, the support provided by the MSS is limited to the
joints in set A, which are located between the CAESAR’s
mounting point and the robot base. As a consequence, the
maximum payload mass is limited because the remaining
joints are unsupported. As a result, on-ground tests for on-
orbit scenarios with representative high-mass client satellites
are not feasible due to the resulting high gravitational forces.
In this case, a hardware-in-the-loop method can be used to
simulate a floating satellite, as done by De Stefano et al. [37].

Complex trajectories such as vision-based maneuvers or
grasping trajectories require the robot’s end effector to move
in all six degrees of freedom. These motions must be
supported by the MSS, as formulated requirement for a space
robot suspension system [25]. In the experiment shown, the
latching of the ORU on the resting table requires that the two
contact planes in the standard interface are precisely con-
nected to allow data transfer. The shape of the HOTDOCK
interface allows both parts to slide to reach the mating po-
sition to overcome positional uncertainties in the robot arm.
This requires a spring-like impedance behavior of the space
robot arm to interact with the environment and to respond to
contact forces. Figure 7 shows the small corrective motions of
the robot arm during the latching process at ¢ = 45s. It shows
that the MSS allows these movements. It also follows the
motions of the space robot in performing the small adjustment
motions in all directions during latching.

Using the MSS alone does not create a zero-gravity environ-
ment. Only in combination with the gravity compensation
strategy (Equation 4) are the additional gravity compensation
torques for the robot joints computed and executed. Thus, the
measured joint torque is the sum of the gravity compensation
torque 74, the zero-gravity motion torque 7. and the residual
error. The residual error depends on the accuracy of the robot
kinematics and dynamics model, the measurement methods,
unaccounted acceleration forces and other factors.

The shown method assumes a fixed-base robot. This assump-
tion holds if the platform is much heavier than the robot arm.
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Figure 8. The torque of the robot joints compared with
(experiment) and without (simulation) the support of the
MSS. The ORU payload mass is considered for the whole
trajectory.

If lighter platforms are considered, the coupled dynamics
between the arm and the platform needs to be taken into
account by applying the methodology described by Mishra
et al. [38].

From a practical standpoint of handling and usability, the
MSS has shown great advantages with minimal modifica-
tion required for the integration in the space robot. The
coupling mechanism can be easily removed without leaving
any mechanical residue making it suitable for testing with
flight or protoflight models. In addition, the duration of the
experiment is unlimited which is in contrast to air bearings
(the mobile air tank has to be refilled) and parabolic flights
(only a few seconds of zero gravity). Based on our experi-
ence, this factor plays an important role in software testing
and greatly accelerates the development process compared to
support systems with limited experiment duration.

The MSS is not mobile due to its fixed mounting structure
within the laboratory environment. As a result, moving the
MSS to alternative locations, such as clean rooms or inte-
gration sites, becomes a challenging endeavor. In contrast,
a helium balloon offers much greater flexibility because it is
independent of any infrastructure, except of its huge spatial
dimensions. On the contrary, the MSS is characterized by
its compactness compared to air-bearing setups or free-fall
towers. Based on our experience during several tests, the
entire MSS setup imposes minimal interference on other
test equipment as it occupies only the upper level space of
the room. This advantageous feature ensures that the floor
remains unobstructed for the experimental setup.

6. CONCLUSION

This paper shows the MSS in its first application with the
space robot CAESAR and presents the lessons learned from
their use as a qualification device. A contact-oriented maneu-
ver was demonstrated. The results present relevant measure-
ments of suspension force, robot end effector position, and



robot joint torques, allowing further investigation of contact
dynamics. The discussion section delves into lessons learned
from using the system during the development process of the
CAESAR space robotic arm.

Many advantages are worth highlighting, including the per-
formance of the suspension capability, the ability to move in
all six degrees of freedom and the unlimited test duration.
Other test approaches may be more advantageous in terms
of providing zero gravity such as underwater buoyancy tests,
but require highly invasive modifications to the robot to make
it waterproof. In addition, the gravity compensation compo-
nents are measurable and consists of the combination of the
MSS suspension force and the gravity compensation torque.
The limitation of the system is its limited payload capacity
due to unsupported robot joints. In conclusion, the MSS
shows great performance and flexibility for development and
qualification testing.

Looking ahead, further improvements can be made the MSS
controller to reduce unwanted oscillations. This will require a
more sophisticated model of the cables. To increase usability,
improvements in the state machine are planned to better
integrate the MSS into the space robot’s workflow. Optical
motion tracking systems can help to provide a ground truth
of the position data, such as the position of the MSS or the
space robot, to evaluate deviations. A comparative analysis
with other suspension systems can be performed.
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