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ABSTRACT

This paper presents the design and implementation of
SUPPORTER, an innovative, actively-controlled gravity
offloading system for ground testing of deployable
spacecraft appendages such as solar arrays or antennas.
While traditional offloading systems are bulky, not
modular, and thus hard to transport and re-use,
SUPPORTER features up to six small modular
omnidirectional robots equipped with a passive double
rail system to support and track appendage deployment.
Each robot autonomously aligns to the appendage’s CoG
to minimize lateral parasitic forces, compensates ground
irregularities, and supports up to 20 kg of panel mass.
With high precision, speed (<1.5 m/s), acceleration (<2.1
m/s?), SUPPORTER offers a lightweight, modular, and
cost-effective alternative for spacecraft appendage
testing (such as Beyond Gravity’s solar arrays for ESA’s
HERA & Spacerider) for the international space industry.

1 INTRODUCTION

Deployable appendages are increasingly vital in modern
spacecraft. While minisatellites and constellations
dominate the launch statistics, with annual launches
exceeding 1’500 [1], the rising demands for bandwidth
and power have driven platforms of all sizes to adopt
deployable solar arrays and antennas. Satellites over
100kg typically feature at least one deployable
appendage, contributing to a significant uptick in usage
across missions [2].

To support this trend, cost-effective and adaptable testing
systems are needed. Gravity Offloading Jigs (GOJs) are
essential in this process, providing support during
development, integration, testing, and stowing of
deployable appendages such as solar arrays, large
foldable antennas, or booms [3]. GOJs for spacecraft
appendages vary based on size, stiffness, and mission
context. Hanging systems are widely used for solar arrays
and booms. They offer reliable two-dimensional
deployment via rails or levers but are heavy, expensive
(200-500k€), complex to transport [4], and require large
cleanrooms.  Floor-based systems support 2D
deployments like reflectors or sails. They require high-
quality floor conditions and offer lower friction options
such as air bearings, passive wheels, or active control, but
are less suited for vertical motions [5]. Finally, helium

balloons provide an inexpensive solution for vertical
deployment tests. They are lightweight, but hard to set
up, and limited when multiple appendages need support.
Moreover, they can introduce aerodynamic instability.
Selecting the right method depends on the appendage
type, deployment direction, speed, precision needs, and
testing logistics. As a developer and manufacturer of
deployable Solar Array Wings (SAWs), Beyond Gravity
routinely conducts gravity-offloaded tests with its own
GOlJs, has first-hand experience with the aforementioned
shortcomings, and is aware of the need for better gravity
offloading alternatives.

In this paper, we present SUPPORTER, the “Suspension
for Unfolding aPPendage Opening, Realised Through
Equipe of Robots”, a high-performance actively-
controlled GOJ for spacecraft appendage deployment
testing that is based on robotic systems. By providing
modularity w.r.t. the number of employed robots and the
geometry of the interface to the appendage,
SUPPORTER can be used for appendages with 1-6 joints
ranging from solar arrays to foldable antennas and
booms. It thus paves the way for more flexible, cheaper,
and scalable testing solutions across next-generation
spacecraft platforms.

In this paper, we focus on the mechanical design of the
baseline SUPPORTER system equipped with three
robots to deploy three-panel solar arrays.

2  DESIGN

The top-level architecture of SUPPORTER consists of a
ground station (see §2.2.1) and up to six robotic
compensation elements as depicted in Figure 1. The
ground station includes a graphical user interface (GUI)
for visualizing system status, controlling the robots,
logging test data and executing emergency stop
functions. It also supports communication with each
robot. A simulator is available to evaluate robot and
appendage behavior before live deployment testing (see
§4). Each robot consists of an omnidirectional base
equipped with a passive Gravity Compensation System
(GCS). The GCS senses the tracking error to the
appendage so that the robot base can track it, while also
providing compliance in both lateral and vertical
directions to minimize parasitic forces on the appendage.



The mechanical design of both the robot base and the
GCS is detailed in the following sections.
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Figure 1. Overall SUPPORTER architecture and subsystems.

2.1 Hardware

Figure 2 illustrates the mechanical design of a robotic
element, comprising 1) a standard 4-wheel
omnidirectional robot base and 2) the custom-developed
GCS. The GCS features a Lever Arm mounted on low-
friction industrial linear rails with position sensors,
enabling passive movement in both x and y directions.
This design minimizes parasitic forces on the panel, even
with significant lateral misalignment. At the Lever Arm’s
end, a spring-mounted Appendage Holder supports the
solar panel’s weight. With a length of about 2 m, each
robot can handle panels up to 20 kg, with a geometry
adaptable to appendage count and mass. Specifically, the
Lever Arm and Tail lengths are tuned to fit stowed SAW
configurations and tight SAW spacing (see Figure 6).
Other deployment applications, such as booms or solar
sails, may not even need a lever arm.
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Figure 2. SUPPORTER hardware overview, with Lever Arm to
support tightly-space solar array deployments.

2.1.1 Robot Base

The selection of an adequate robot base was driven by the
following requirements: Omnidirectionality, a minimum
payload of >25 kg, mass lower than 40 kg, a speed >0.8
m/s, and an acceleration >1m/s®.. Following a
comprehensive market analysis, the Scout Mini robot by
Agile-X was selected. It includes a peripherals port
supplying power (23-29.2V, up to 5A) along with a CAN
interface. Additionally, it has four omnidirectional
Mecanum wheels, and features wheel-level suspension,

which has been mechanically optimized to limit
oscillations during acceleration and deceleration, while
still accommodating minor ground irregularities to
maintain consistent wheel contact with the surface. Table
1 presents Scout Mini’s key specifications.

Table 1. Mobile Robot Scout Mini — Specifications.

Dimensions 615x580x245mm MAX Travel 10 km
LxWxH
Gross Weight 22.5kg MAX Payload 50Kg
Gradability 30° Suspension Independent
Form Suspension
MAX Speed 1.5 m/s Interface CAN
RS232
MAX 2.1 m/s? Operating -10~45°C
Acceleration Temperature
Battery 24V/15Ah Outward 23-29.2V
Supply SA
Code Wheel Hall Encoder Power Drive DC brushless 4
Motor x 150W
Operating ROS 1 &2 Drive Type Independent
System four-wheel
drive
Control Mode Speed control Operating 8h
Time

2.1.2  Gravity Compensation System (GCS)

The gravity compensation system is installed on top of
the robot base as shown in Figure 4. The GCS ensures
that the gravitational force of the panel is accurately and
dynamically compensated, allows manual adjustment of
the supporting element to various panel heights, and
provides lateral (x/y-axis) compliance such that errors
between appendage and robot positions cause minimal
lateral parasitic forces. The lateral/in-plane position error
between the appendage and the robot is measured with
linear encoders such that each robot can continuously
center itself below the appendage’s CoG.

GCS Operation:
To balance the appendage weight and ensure stable force

compensation across uneven surfaces, a tuneable Spring
System provides adjustable vertical support and high
compliance to ground irregularities. The Spring is guided
by a sliding cylinder on a M20-threaded aluminum rod.
Two Nuts adjust the Appendage Holder’s base height
(see Figure 2). The Appendage Holder is mounted on
bearings and on a rubber damper to 1) reduce friction in
yaw rotation and 2) compensate for minor tilts due to
floor unevenness, respectively. This assembly is mounted
on a movable Lever Arm, allowing distant support of
panels and freeing space for other robots to operate
nearby (see Figure 6). Three Linear Rails arranged in the
horizontal plane allow the Lever Arm to move in two
DOFs with a Range of Motion (RoM) of £173 mm in x
and y, extendable to £208 mm by shifting the Cart-
Stoppers (see Figure 4).
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Figure 3. Linear rail bearing featuring a rail and a block.

The Linear Rails shown in Figure 3 are high-end low-
friction rails with integrated recirculating bearings. The
system is easy to use and lifetime lubricated with an
expected friction coefficient of p<0.005. Each 3D printed
Rail Cart in Figure 4 incorporates two bearing blocks for
x and y directions.
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Figure 4. Gravity offloading system. Left: Appendage Holder
with integrated spring system and height adaptation. Right:
Linear rail system with encoders for horizontal offset
measurement.

Two Linear Encoders (readheads) each moving over
Magnetic Scales provide absolute positioning. The scales
sit on the aluminium profiles of the GCS while the
encoders are attached to the Rail Cart. They measure
relative displacement and velocity in x- and y-directions
of the robot w.r.t. the appendage suspension point (see
Figure 4). These encoders do not induce any parasitic
forces and are durable thanks to contactless
measurements. Additional information on the sensors is
given in §2.2.2.

Finally, a Countermass placed on the robot’s Tail
balances the appendage’s weight. The mass of the GCS
is approximately 14.5 kg. With a 18 kg appendage and a
9.8 kg Countermass, the total 42.3 kg load fits within the
Scout Mini’s capacity.

Resulting System Characteristics:

The design of the SUPPORTER GCS was driven by the

following needs:

1. For solar array deployments and the resulting tight
spacing constraints, a long Lever Arm is attached to
avoid collisions between robots in the stowed SAW
configuration (see §3.1.1, Figure 6). To balance the
torque transferred via the Lever Arm, an extended
Tail with Countermass is present, achieving a 1:2
weight ratio to reduce overall robot inertia.

2. A wide in-plane (x/y) displacement range of

+173mm for the Lever Arm, accommodating
positioning errors and ensuring stable force
distribution via parallel Linear Rails (see §3.1.2).

3. Low-friction Lever Arm movement, minimizing
parasitic forces on the appendage, with an expected
rail friction coefficient of p<0.005 (see §3.1.4).

4. A vertical error compensation mechanism using a
spring-supported sliding Appendage Holder with
adjustable Nuts (see §3.1.3).

5. A height adjustment system for repositioning the
Truss to match varying appendage ground
clearances (see Figure 4).

2.2 Electronics

2.2.1  Computer and Communication

Ground Station Computer (GSC): The GSC displays the
graphical user interface (GUI) and acts as the central time
and ROS server for all onboard computers on each robot.
Additionally, it can run a simulation on Isaac Sim to tune
the parameters of the SUPPORTER system. Given that
physics simulations in Isaac Sim are computationally
intensive, a high-performance laptop featuring a i7
13700HX CPU and RTX4060 graphics card is chosen.
Ubuntu 20.04 and ROS Noetic are used on all computers.

Onboard Computer (OBC): Each robot is equipped with
a NVidia Jetson Orin NX onboard computer (OBC). The
Jetson offers various low-level connectivity (I2C, SPI,
UART, USB, WiFi) and has enough computational
power for our use case, as it features a 6-core “Arm®
Cortex®-A78AE v8.2 64-bit” CPU and a Nvidia
“Ampere” GPU with 70 TOPS. It is powered by a DC-
DC converter that lowers the robot base battery’s 24V to
12V and consumes 25W peak. Similar to the GSC,
Ubuntu 20.04 and ROS Noetic are used. Communication
between the OBC and the robot base is facilitated via a
CAN-to-USB converter.

Communication: A reliable WLAN communication is
established between the GSC and the OBC of each robot
thanks to an industrial-grade Teltonika RUTX11 router
with a dedicated separate WLAN SSID network. This
router features modern WLAN standards (802.11ac),
ports for up to 6 external antennas, and a wide input
voltage range of 9-50V DC.

222 Sensors

Inertial Measurement Unit (IMU): A Bosch BMIO08S
IMU is used to complete the 2D position and orientation
provided by the wheel odometry. The sensor is mounted
centrally on each robot to avoid interference with the
motor drives. Data from the IMU are sampled at 300Hz
and sent to the OBC via SPI.




Light Detection and Ranging (LiDAR): For localization

and collision avoidance, each robot is equipped with two
LDROBOT DF-19 360-degree LiDAR sensors mounted
at the front and at the back of the robot as shown in Figure
2. These placements ensure an optimal field of view to
detect other robots and hazards. This LiDAR sensor
features a range of 12m, an angular resolution of 0.8°, a
scan rate of 10Hz, and an accuracy of £45mm. Data are
sent via UART to the OBC.

Linear Encoder: Absolute and contactless linear encoders
are used to sense the appendage tracking offset. The
encoder readhead measures its position w.r.t. a magnetic
scale with an accuracy of +#40pum/m and with a resolution
of ~0.977um. The sensor is supplied with 5V (150mA)
and directly interfaces with the OBC via SPI at 300Hz.

Selection Rationale: IMU and LiDAR data can be
effectively fused with wheel odometry to provide reliable
robot state estimation. While the IMU offers precise
translational acceleration and rotational rate, it suffers
from drift, which LiDAR corrects using fixed reference
points. This sensor fusion also mitigates wheel odometry
errors caused by Mecanum wheel slippage. Compared to
camera-based systems, LIDAR is more accurate, simpler
(no markers), less computationally intensive, and more
robust to environmental changes such as motion or
illumination. Given the small scale (<15m) and planar
test environment, LiDAR is the preferred solution.
Finally, the selected industrial-grade, contactless linear
encoder delivers precise, reliable performance with
minimal wear. The overall onboard electronics on each
SUPPORTER robot is shown in Figure 5.
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Figure 5. Onboard electronics with data (green) and electrical
(black) interfaces.

3  PERFORMANCE
3.1 Modelling & Analysis

This section derives key design variables based on initial
modelling and analysis. Specifically, it defines the
needed Lever Arm length, the GCS RoM, the spring
characteristics of the Appendage Holder, and finally
evaluates the associated parasitic forces.

3.1.1  Lever Arm & Tail Length Definition

The effective length L of the Lever Arm was determined
according to Equation (1) based on: the width w=580mm
of the Agile-X Scout Mini, the number of n=3 robots to
fit on a half-circle, and the minimum required distance
d=100mm between each robot. The length L is defined as
the distance between the appendage attachment point and
the front cart on the robot and was calculated to
675.5mm.

b

L= b=%+d (1)

=

tans

N

The length of the Tail is thus twice as long, i.e. 1351mm,
from the front cart to the Countermass, or 1031mm from
the back cart of the GCS.

Figure 6. Robot positioning before solar array deployment: The
solar panels and their CoGs are initially so close to another,
that they need to be held in the same place.

3.1.2  GCS Range of Motion Definition

The GCS range of motion was defined by evaluating the
maximum expected offset between the robot and the
panel during standard SAW deployment. To do this, real
kinematic data — speed and acceleration — from HERA
SAW deployment trials were analysed (see Figure 7) and
incorporated into a simulation that accounted for Agile-
X’s dynamic constraints and a basic ideal feedback
controller. The HERA SAW consists of three panels,
each measuring 1350 x 1780 x 22 mm. As shown in
Figure 8, the outermost panel typically experiences the
highest speeds and accelerations.



Cartesian visualization of panel movements
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Figure 7. Hinges and panels in-plane movement from HERA
SAW deployment.

Based on this analysis, the offset error was estimated at
126.4 mm (see Figure 8). To account for potential time
delays in a real closed-loop control system, a safety
margin was added, extending the range to £173 mm. This
defines the RoM for the GCS. For faster appendages, this
RoM could also be enlarged.
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Figure 8. Expected offset error e (in red) between robot and
panel. Additionally, velocity (green) and acceleration (blue) of
the outermost panel is shown.

3.1.3  Appendage Holder Spring Definition

The Spring within the Appendage Holder offers
compliant and adaptive support to the panel: It
accommodates variations in panel height and weight, and
also compensates for floor irregularities and any robot
sinkage resulting from the applied load. While this initial
approach meets our requirements of <+£2% vertical force
compensation errors, alternative more complex
approaches [6] could also be integrated on SUPPORTER
to achieve perfectly constant force even for larger ground
irregularities or if larger vertical deployment movements
need to be supported.

System Height & Weight: The height of the Appendage
Holder, measured from the floor to the bottom edge of
the panel, can be adjusted between 530 mm and 750 mm.
The system supports panels ranging from 4 kg to 18 kg
by utilizing three dedicated spring types, each
corresponding to a specific mass range: 4-8 kg, 8-14 kg,

and 14-18 kg. Applying Hooke’s Law (see Equation (2)),
the minimum allowable height for each mass category
was calculated based on the robot’s design constraints, as
shown in Table 2.

F
— 2
. (2)

X =

where x is the spring displacement, F the panel weight,
and k the spring constant.

Table 2. Minimum allowable panel height per appendage mass
range.

Mass category Minimum allowable panel

height

Spring type

S1 (k=0.464N/mm) 4kg—-8kg 530 mm — 448 mm
S2 (k=1.132N/mm) 8kg— 14 kg 498 mm — 446 mm
S3 (k=1.377N/mm) 14 kg — 18 kg 467 mm — 439 mm

Higher heights up to 750mm are achieved by sliding the
vertical Truss upwards (see Figure 4).

Floor Unevenness & Robot Stiffness Compensation:
Floor irregularities impact the supporting force given the
Hooke’s Law (see Equation (2)) and the linear relation
between spring displacement and spring compression
force. Moreover, when under load and during motion, the
structure of the SUPPORTER system deforms, and these
displacements are compensated by the spring. It was
determined that a variation of the compensation force of
+2%, averaged over 10s, is acceptable for the SAW
structure (see Figure 9).

Figure 9. Spring deflection AL of the Appendage Holder under
different loads.

Based on this statement, the maximum spring deflection
AL for each mass category is calculated and presented in
Table 3.

Table 3. Maximum allowable spring deflection per appendage
mass range.

Spring type Mass Max. allowable Compens.

category spring deflection force varia.
S1 (k=0.46N/mm) | 4-8kg 2*AL=3.38-6.77mm | 1.57-3.14 N
S2 (k=1.13N/mm) | 8-14kg 2*AL=2.77-4.85mm | 3.14-5.49 N
S3 (k=1.38N/mm) | 14-18kg 2*AL=3.99-5.13mm | 5.49-7.06 N

Note that higher deflection peaks are permissible as long
as their average over 10s stay within the ranges given in
Table 3. The compensation force can vary from 1.57 N to
7.06 N given the load case and the spring used.



Mecanum Wheel Vibrations: Additionally, to exclude
that the vibrations generated by the Mecanum wheels
cause excessive parasitic forces on the appendage, the
resulting maximum vertical displacement dmax (see
Equation (5)) was assessed. First, the vibration frequency
fiiv when driving at viobo=0.5m/s was assessed via

= Vrobot * Nrotters ~ 19Hz 3)
T * Dypeer

where Viobot s the speed of the robot, Nyoiers the number of
rollers per Mecanum wheel and Dynel the diameter of a
wheel. As shown in Figure 10, this frequency could be
perfectly confirmed by IMU measurements, where the
generated vertical acceleration amplitude 4 was extracted
from the same plot.
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Figure 10. Fast Fourier Transform (FFT) of Z-acceleration
from the Mecanum wheels at viobor=0.5m/s, measured by the
IMU.

The displacement d can then be expressed as:

d=[[A-sin(2 7" fpy - t)dt =
—#sin(Z-n-f- ‘t) )
(@ fyin)? vib

where the maximum displacement dmax is given by:

A
d =——=~0.21
max = nfoy? A )

Based on our assessment in Table 3, the Spring can
perfectly compensate such small vertical displacements.

3.1.4  Parasitic Forces

The in-plane parasitic forces — unintended forces exerted
by the robot onto the panel — are composed of two main
components: 1) friction from the linear bearings and 2)
inertia resulting from the mass of the moving parts.

Finertia,in

Figure 11. Visualization of all parasitic forces applied on the

panel for a given acceleration a with direction 6. Note that
given our design, 0=72° is the worst-case angle which yields
the highest total parasitic force Fpara.

Friction: Each cart is composed of two bearing blocks
(including the balls) per direction (x and y). All bearings
have a friction coefficient of u<0.005 according to the
supplier datasheet. When the appendage is loaded, the
front cart experiences a normal force N; pressing it
against the rail, while the rear cart is subject to a pulling
force Ny, as illustrated in Figure 11. With the known
normal force N on each cart, the corresponding friction
force is calculated as follows:

Fp=p-N (6)

Note that for all ©0°, 90°, 180°, or 270°, the resulting
friction force Fr ot direction is either 45°, 135°, 225°, or
315° as it is assumed that frictional forces are not speed-
dependent.

Linear Inertia: The mass m=5.1 kg of the moving parts,
i.e. Lever Arm, Appendage Holder, and Rail Carts,
creates a parasitic force Finertiajin On the panel during a
linear acceleration a=0.52m/s?> (worst-case) following
Newton’s second law of motion in both x and y
directions:

= -
Finertia,lin =m-a @)

Rotational Inertia: The force from the panel onto the
Appendage Holder is offset by a distance ¢=0.556m from
the Lever Arm’s CoM. This force (i.e. acceleration
a=0.52m/s?) creates an inertial torque t around the CoM
and consequently in-plane normal forces on the carts.
Following Equation (6), these normal forces generate
additional friction Fr o in the carts. The parasitic force
Finertiarot due to T is expressed by the Euler’s rotation
equation and the distance ¢ as shown in Equation (8):

and t=1-— (8)

F; , = —
inertia,rot
Cc [

where [ is the moment of inertia of the moving parts
(Lever Arm + Appendage Holder + Rail Carts) around its
CoM (=0.978 kg-m?), and a, the y-component of the
acceleration a.

Total Parasitic Forces for Different Use-Case: The
overall parasitic force Fpaa is given in Equation (9) by
summing up all the components previously calculated:

-

=3 =3 >
Fpara = FR,tot + Finertia,lin + Finertia,rot (9)
+ FR,rot

Table 4 presents a comparison of the parasitic force
across multiple deployment scenarios, varying in
acceleration and appendage mass. It also analyses the



ratio between parasitic force Fpara and panel weight Wpanel.
The assessment assumes the worst-case application angle
of force on the Appendage Holder, set at 0=72°, as
illustrated in Figure 11.

Table 4. Parasitic forces and ratios for different panel weights
and accelerations.

Scenario L. j
(=005 Paraide | Parsstc | Parasitic | RATIO
0=72°) ? Force [N] Force [N] Force [N]
R 8.89 4.14 12.51 7.09
:Zi)sl; lle)/slgg 6.71 4.14 10.38 8.14
:Z':;.nlcl:ﬁslgg 6.65 1.19 7.65 6.00
32)512: :J{sgz 2.77 4.14 6.63 16.89
l’i%’.“f?i.i‘;’% 271 119 3.75 9.56

The parasitic force ranges from 5.57% for heavy panels
and non-dynamic deployments, to 16.89% for
lightweight panels and highly dynamic deployments. For
non-solar-array appendages, i.e. those without lever arm,
the parasitic forces will be lower because both the normal
force on the rails and the inertial force decrease.

3.2  Discussion on Expected Performance

Table 5 outlines the key SUPPORTER characteristics
tailored to our use-case, based on Beyond Gravity’s
experience with standard GOJs and kinematic insights
from the HERA SAW deployment.

Table 5. Summary of analysed system characteristics.

Overall mass: 22.5 kg (robot base) + 14.5 kg (GCS) + 18 kg
(appendage) + 9.8 kg (Countermass) = 64.8kg
Max payload: 18 kg

Robot dimensions: LxWxH

- Lever Arm retracted: 1°899x589x793 mm

- Lever Arm extended: 2°264x589x793 mm

Robot max.:

- speed: 1.5 m/s

- acceleration: 2.1 m/s?

RoM of GCS <4208 mm in both x- and y-directions

439 — 530 mm w.r.t. the floor
1.57-7.06 N
-> based on load case and spring type

Min. appendage height
Max. compensation
force variation
Parasitic force:
- friction: 2.71-8.89N
- inertia: 1.19-4.14N

-> based on appendage mass and acc.

While the designed Lever Arm provides sufficient
clearance between each robot in the stowed panel
configuration, active collision avoidance from each robot
is necessary during deployment to prevent potential
collisions and enhance safety.

Analytical modeling confirms that the compensation
supporting force remains within acceptable bounds in
case of floor irregularities, however, the absence of
vertical damping may induce panel oscillations during

deployment, requiring careful evaluation during testing.
The validated range of motion for the GCS — based on
actual deployment kinematics — is sufficient for the
robot’s capabilities, particularly since the robot supports
only the panel’s mass and does not impart horizontal
acceleration during deployment. In essence, the robot
only accelerates its own mass, excluding the moving
parts.

Finally, the parasitic force assessment considers both
initial (i.e. highly dynamic) and late-phase (i.e. non-
dynamic) acceleration profiles of HERA SAW
deployment. While the inertial contributions can be
minimized with lighter moving parts such as a lighter
Lever Arm structure, the frictional contributions are
governed by the friction coefficient of the linear bearings
and are speed-independent. Specifically, the alignment
and parallelism of the Linear Rails and blocks on the Rail
Carts are crucial. They shall be properly adjusted and
ideally not over constrained, as this could directly
increase friction and impacts system performance.

4 SIMULATION

4.1 Simulator

SUPPORTER features a virtual simulation environment
that enables system tuning and pre-deployment
validation by emulating key SAW attributes, including
appendage mass, deployment speed, and damping
behavior. The simulation was created in collaboration
with ETH Zurich’s Autonomous Systems Lab. It is based
on Nvidia Isaac Sim and powered by the PhysX engine.
It replicates appendage deployment and the robot's
response, including  controller  logic, sensor
characteristics, and specifications of the robot base.
Robot motion and appendage movements are
synchronized within the simulator’s physics steps, which
run at 240Hz to ensure precision and stability.
Meanwhile, sensor data — such as inputs from IMUs,
linear encoders, and LiDARs — is produced at realistic
frequencies  corresponding to  each  sensor’s
specifications. The simulation framework comprises the
following core modules:

1. Appendage deployment

2.  GCS tracking

3. Active robot positioning for appendage support

4. Collision avoidance between robots and their

environment

4.2 Implementation

The simulation leverages Isaac Sim’s extension
framework, which provides a wuser interface for
visualization, development, and debugging. The
behavior of the appendage, robot dynamics, controller,
and sensor models is implemented in Python, with
outputs applied directly to Isaac Sim-managed objects.
Physical interactions — such as forces and various joint
types — are handled natively by Isaac Sim, except for



robot-appendage interaction forces, which are not yet
modeled. The simulation code accesses and modifies
object states based on the evolving dynamics. In the next
phase of the project, the simulation shall be implemented
within a ROS framework.

4.3 Results

The simulator reproduces the kinematic motion of the
appendage using a driven spring-damper system. It also
models the actuation of the ground robots, allowing
validation of the control system’s ability to meet
performance targets. Figure 12 illustrates position and
velocity traces of the three panels throughout the
unfolding sequence.
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Figure 12. Three-panels deployment. Left: x and y positions of
the Center of Mass (CoM) for each panel. Right: Velocity over
time for each panel.

The simulator has already enabled the authors to execute
initial SUPPORTER functionality testing and
performance validation for various appendages by
adapting the underlying physical model and algorithms.
In addition, the visual feedback provided by the simulator
supports qualitative assessment of system behavior and
helps confirm alignment with desired operational criteria
as shown in Figure 13.

Figure 13. Simulation visualization.

5 CONCLUSION & NEXT STEPS

This paper has presented the mechanical design of
SUPPORTER, an active robotics-based gravity
offloading system for deployable spacecraft appendages
such as solar arrays, antennas or booms. The system is
more modular, smaller, and easier to transport than
traditional passive rail-based gravity offloading systems.

The SUPPORTER maturity presented in this paper is
representative of a Critical Design Review (CDR) status,
i.e. it demonstrates initial technical feasibility and
sufficient performance (acceleration <2.1m/s? speed <

1.5m/s, payload <18kg) to support highly-dynamic solar
array deployments as e.g. present on the ESA / Beyond
Gravity HERA solar arrays. In the upcoming project
phases, the SUPPORTER system will see the finalization
of assembly activities, the full system level performance
testing, and deployment demonstration with a mass-
representative dummy solar array.
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