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Abstract

The modular active gravity offloading system (ZeroG) presented here for the first time, is a portable, modular
standalone environment, capable of testing multi-stage deployment mechanisms, with three independent
suspension points at the time of submission. Three more traverses are currently being integrated. The
current system and its precursors have already been used for solar wing deployment testing and integration.
An essential design feature resulting from lessons learned during the prototype stages is the integration of
all functional components into the individual traverses. A significant advantage of this approach is relatively
simple scalability by adding individual modules. To the authors’ knowledge, the ZeroG-system presented
here represents the most advanced fully operational offloading system currently available. Calibration and
testing of a multi-panel solar generator deployment as well as for a generic deployable instrument boom
with two full Carbon Fiber-Reinforced Polymer (CFRP) hinges are shown, covering full release kinematics
from stowed to deployed. A standard procedure for characterizing gravity offloading devices (active as well
as passive) is proposed.

Introduction

Even with big launch vehicles like Starship looming on the horizon, payload fairing volume remains a highly
valued resource and a significant constraint for any spacecraft. Packing size of a spacecraft is usually
reduced by folding extensions in varied ways. However, problems encountered during the deployment of
stowed antennae, solar arrays, and instrument booms in orbit can lead to partial or complete mission failure
[1]. One recent prominent example of a deployment anomaly is the Jupiter Icy Moons Explorer’'s Radar for
Icy Moons Exploration (JUICE RIME) antenna, which remained stuck in a partly deployed state for several
days before the European Space Agency (ESA) managed to achieve full deployment [2]. Given the critical
importance of deployment systems for spacecraft functionality, significant emphasis is placed on testing
these systems during the development phase. The fundamental approach of "test like you fly" [3] is
constrained by the terrestrial test environment: While parameters such as vacuum conditions, solar
radiation exposure, and cold temperatures can be effectively controlled, the replication of a gravity-free
environment on Earth remains unattainable. To address this challenge, engineers typically use passive
gravity offloading with strings, springs, or balloons in iterative testing loops that involve partial, stepwise
deployment evaluations, along with simulation and approximation [4], [5].

Gravity Offloading Background

The limitations of passive gravity offloading strategies have been comprehensively highlighted elsewhere,
emphasizing the need for an active gravity offloading environment [4]. The main limitation for passive gravity
offloading systems being, that any suspension which does not actively follow the suspended test article
(suspension with long cords from fixed points, from low-friction rail systems, from helium balloons...) will
inevitably introduce forces that in turn interfere with the motion of the test article. This results in a distorted
deployment trajectory and alters the force collective that acts upon the deployable during testing. Thus, the
observed deployment mode will only partially reflect the situation in space. Consequently, active gravity
offloading for deployment mechanism testing has been around as a concept for quite some time, with a
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good and thorough overview over benefits and obstacles given by Fischer [4], and recently, some
remarkable progress has been published [5].

While the basic requirements for a gravity offloading system are straightforward, translating them into a real
test environment presents significant challenges. From the outset, our focus has been on providing a
microgravity testbed environment, rather than interpreting the collected data. In terms of the actual testbed,
published concepts tend to struggle with too little stiffness, too little speed, and too little range of maotion.
The most relevant systems are currently probably the Walking Anti-Gravity Machine (WAGM) and the
Gravity Off-Load Follower (GOLF) [6], [5]; both feature a controlled Z-axis; however, z-control is not
necessarily needed for deployment that is mostly in-plane (e.g. solar arrays). Despite the promising
concepts and first results, current publications on gravity offloading stop short of a final conclusive, ready
to use system, a gap we will try to bridge herein.

More Stiffness, Less Data: Lessons Learned during Concept & Development Phase
and System Setup

The first functional prototype of our active gravity offloading system was constructed using leftover structural
CFRP trusses from the breadboard phase of the EUCLID space telescope, providing rigidity with minimal
mass. We opted for a parallel linkage mechanism, similar to a Selective Compliance Assembly Robot Arm
(SCARA), which appeared to be an elegant solution due to its simplicity, featuring a single mounting point
and rotational bearings. Implementing a controlled z-axis was achieved using a stationary winch and cable
routed along one of the SCARA arms (Figure 1). However, target movement tracking via a camera system
was challenging, as even at low resolution and a comparatively low frame rate of 120 fps, the data stream
was too extensive to handle efficiently. Additionally, target recognition and image processing were prone
to distractions, such as reflections, or, in one instance, too many engineers wearing white shirts in the room.
Various mitigation approaches were attempted, including switching to infrared illumination, but with limited
success. Moreover, the SCARA concept, comprising a series of cantilevered beams, proved demanding
on the mechanical properties of the components, particularly the gear mechanisms and aluminum beam
heads with bearings, but even the CFRP parts, which were found to be too soft for precise control with the
SCARA arms extended to the full range of motion (approx. 3 m).

Figure 1: SCARA-gravity offloader design overview, the fully extended Range is about 3 m (left). SCARA-
arms made from rectangular cross-section CFRP profiles with aluminum beam
heads during manufacturing (right).

Consequently, despite the successful testing and the given potential for system expansion (i.e., multiple
systems for multiple suspension points), we decided to pursue a mechanically less challenging variant with
an x-y machine gantry. This decision involved sacrificing the elegant possibility of a controlled z-axis
through a stationary winch, which was however deemed a minor limitation given that most deployments
have defined planes or are cascaded, with pauses for system stabilization, between deployments on
different planes (if any). The sensor concept was switched from camera target acquisition to line angle
sensors, substantially reducing the amount of data processing. The mechanical stiffness of the machine
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was greatly increased. The servo drives were replaced by linear motors. Sensor polling rate as well as
control loop frequency were increased to 1000 Hz. However, the overall significant increase of the system
bandwidth revealed another critical part of the system: the suspension cord that connects the test article to
the machine. Besides suspending the article, the cord is also responsible for transmitting the positional
information to the sensor. This transmission is limited by the eigenfrequency of the cord. Therefore, a cord
with low eigenfrequency can limit the control bandwidth of the whole system. The eigenfrequency f, of a
cord under tension can be approximated by the formula for the first mode of string vibration (Eg. 1):

1 T

fe= 5 m (Eq. 1)

L is the length of the cord, T the tension in the cord and p the linear density of the cord (i.e., weight per
length). Consequently, the tension in the cord is maximized by limiting the diameter. This approach is in
turn limited by tensile strength of the material. The ratio of tensile strength to linear density must be high to
achieve high eigenfrequency. Intentionally increasing tension seems counterintuitive, as this stands in
contrast to the usual requirement of a high margin of safety (MOS) against rupture of the cord, but in this
case, high eigenfrequency is essential for control bandwidth. Our solution was to perform proof loading of
the installed cord to a margin of safety of 2.

For the chosen gantry configuration, unlike the SCARA, the motors for at least one axis now had to be
moved with the system. Both the motors and the associated cable carriers lead to increased mass that had
to be accelerated, and more friction. Still, high speeds and accelerations could be achieved with linear
actuators on the x-axis. While manageable for the four independently controlled suspension points of the
second prototype, this approach was nearing its viable limit (not least due to the sheer extent of necessary
cable management).

Modularity is Key: Industrialization of the Concept

It soon became evident that the initial industrial application for such a system would be testing linear foldable
solar arrays, with the benefit of active gravity compensation increasing with the complexity, i.e., the number
of foldable elements. Since our goal was to provide a microgravity environment for large scale deployable
mechanisms (preferably on-site at the customer's location), a modular system was the logical next step.
With the requirement to facilitate the easy introduction of additional suspension points, the solution was to
include all active elements in the individual traverses. To reduce weight and geometrical complexity, the
cable chains were replaced by WiFi data links and conductive power rails to the control unit, and a friction
wheel drive instead of a linear drive was chosen. Since translational speed requirements for the deployment
of solar arrays were manageable and acceleration was limited by the suspension cord, the higher mass of
the traverses limiting x-direction agility with friction wheel drive was considered an acceptable tradeoff. Due
to availability of inhouse-manufacturing and the unmatched weight-to-stiffness ratio of carbon fiber, we
stuck to this material for the traverses.

Think of the User Interface/Interaction Early On

Given the high level of functionality already achieved with our second prototype (stable, accurate, high
speed, 4 suspension points), we were surprised by the mismatch of appraisal from potential users and the
actual utilization rate of the provided testbed. The main reason was traced to usability issues: While the
actual performance during testing and the acquired data was highly satisfying, the setup procedure and
system operation was frankly quite cumbersome. Operation required continuous presence of a member of
the development team, which meant this was no actual standalone system, let alone one that could sell as
an industrial solution. Consequently, usability was emphasized during the development of the current,
stable system early on.
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One important improvement was to achieve easier mountability for the test article. While rapid exchange
was not required, machine setup and remounting the test article should be feasible within one working day.
Easy mounting of test article was initially lost along with the Z-winch in the transition from SCARA to the
second (gantry) prototype, which was not beneficial for usability. With more suspension points, exact level
alignment of all elements of the articulated test article becomes increasingly challenging. Thus, for fine
adjustment of the elements, micro-winches were introduced at each suspension point that were not included
in the active closed loop but only used for the initial alignment of the full system.

Another improvement was the integration of remote-control functionalities. A handheld controller is used to
switch system modes (inactive — handling mode - active testing -...), with LED-strips on the traverses
visually indicating the current mode. In active testing mode, the system exhibits high responsiveness, thus
manipulation of the test article should be avoided during this mode, whereas during test article integration
(handling mode), the system control is highly damped and speed is limited to provide a smooth and safe
working environment. In addition, the LED-strips are assigned different colors to identify the traverses. The
calibration procedure has been simplified to mass stabilization and sensor verification as described further
down.

System Architecture and Calibration Challenges

To fulfil the goal of modularization, a decentralized system architecture with independent self-contained
traverses was chosen. Each lightweight CFRP traverse contains a main controller board, which processes
sensor inputs and runs the control loops depending on the chosen operation mode (integration or active
offloading). See Figure 2.

Figure 2: Modular system architecture with currently up to six traverses on three separate tracks (left).
Right: Two traverses in operational condition visible. 2.40-m width covered by gantry, length modular up
to 16 m with 30-mm stowed pitch.

Motor velocity setpoints are communicated via Controller Area Network (CAN) to the corresponding servo
controllers. To avoid collisions with other traverses running on the same track, the current position and
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velocity of each traverse is published on a dedicated CAN bus and evaluated in the control loops of the
adjacent traverses. Brushless DC motors are used in combination with a friction wheel drive mechanism
on all axes. Positioning accuracy is achieved using linear absolute encoders on each axis to eliminate
remaining deviations due to wheel slip.

As noticed early on, the material of the suspension cords is crucial for system behavior. The initial first
optimization strategy was aiming at high eigenfrequencies. However, it was observed during initial testing
of the current setup that this approach is limited by another complication, which are the higher modes of
the cord. These higher modes are extremely underdamped and feed back into the control loop, causing
aliasing (higher frequency appearing as lower frequency). It was found that up to the 5th mode of a cord
was visible in the signal. Given a first mode of 190 Hz this would equate to 950 Hz for the 5th mode. Since
our sampling rate is 1000 Hz this would lead to the 5th mode being aliased to 50 Hz causing critical
resonances in the servos. This essentially leads to an upper boundary of the eigenfrequency. From our
testing we determined the eigenfrequency should be below 150 Hz. While different test articles may require
some stiffness tuning, we settled on high-strength fishing cord for calibration, solar panel and generic
instrument deployment.

For fine tuning of the offloading cords (z-axis), motorized micro-winches with self-retaining worm gears
were developed and mounted at each suspension point (Figure 3). Additional passive springs (5.5 N/mm)
mitigate any off-plane movements during deployment and compensate for remaining minimal inaccuracies
of mounting (test article and system bed) for an unconstrained deployment.

Figure 3: Micro winch prototype during tension-loading test (left). Following validation of the prototype, a
batch of micro-winches was manufactured and prepared for integration (right).

Calibration Procedure and Test Article Integration

During stabilization, the controller damps the oscillation of a suspended mass while keeping the original
position (inputs=offloading line angle & position, output=velocity). As a result, the mass velocity and the
offloading line angle will reach zero (Figure 4). This is used for zero-calibration of the system (Procedure
1, Figure 5). For the test mass, equilibrium is approximated within eight cycles. This method has the
advantage of being unaffected by the non-linearity of the angle sensor as opposed to the commonly used
approach of averaging multiple oscillations.
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Figure 4: Several calibration masses were iterated. Despite the initial success with widely available
rollerboards (left), we settled on the more standard ball of steel for calibration (right).

Figure 5: Single point stabilization. A free oscillating mass is suspended on an offloading line. Active
damping the movement towards the original position (starting at 7.5 s) leads to decrease of amplitude
(X&Y) of measured angle deviation from vertical over time (procedure 1). Right: Sensor proportionality

verification is done by imposing a traverse position step onto a suspended mass with no external
forces. Offloading line length is determined by the resulting eigenfrequency. Sensor proportionality is
verified by comparing step length and resulting amplitude (procedure 2).

Following initial stabilization of the test mass, angle sensor proportionality is verified (procedure 2, Figure
5). Pendular motion of the test mass is induced by a defined position step in one axis. The observed
frequency and amplitude are used to iterate the offloading line length and the test is repeated until the
measured amplitude is within excitation step distance. After the system is stable and calibrated, the test
article can be mounted on the suspension points.

After calibration, the test article (e.g., a solar array wing) is integrated into the offloader. The most
straightforward approach was found to be hanging the individual components on the suspension points and
mounting the hinge connections panel by panel while adjusting suspension cord length/tension in order to
keep the force distribution constant. For this purpose, the micro winches proved to be essential. With the
help of integrated force transducers, accurate leveling can be achieved by fine adjusting the suspension
cord length (step length 0.025 mm). Passive springs mitigate any off-plane movements during deployment
and compensate for remaining minimal inaccuracies of mounting (test article and system bed) for an
unconstrained deployment. Sensor outputs are logged as force distribution over the suspension points
during integration and deployment. The last preparation step is mounting the test article to the satellite
simulator (in the case of solar wing deployment testing basically a sturdy vertical beam which keeps the
wing root at its original position).
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The system is then activated and remains active while folding the segments into the stowed position and
then end-to-end deployment. While the system is active, data is constantly logged with a predefined
sampling rate (up to 1000 Hz). A camera stream is recorded separately, and if necessary the log data and
video may be synchronized in post processing using the LED status display. Easy data access has been
found to drastically enhance the perception of usability, encouraging potential users to engage with the
system.

How to Characterize and Validate an Active Gravity Offloading System?

While usability is something that we were able to approach in a straightforward manner, another related
topic was less obvious: how can a gravity offloading system be characterized to give potential users a well-
rounded picture of the system capabilities without going into detailed specifics?

There are already some ideas published. However, publications focus on “what do we know about our own
system®, rather than what a user needs to know in order to decide if this system is applicable for their
purpose. The core argument tends to be built on comparison to conventional offloading methods. However,
we consider this sufficiently established, so we focus on a characterization that would allow for comparing
our system to other approaches.

One common basic criterion is the maximum load that the system can support. Han et al. [6] determined
this for the WAGM by actual proofloading of the inactive system with 711.7 N according to (customer)
requirements and a subsequent damage assessment (none noted). A comparable test for our system was
the piggyback-proofload-ride of one of our engineers (>75 kg equivalent to >735.8 N) on the traverse of the
second prototype (Figure 6).

Figure 6: Proofloading of the gantry-prototype traverse (left). SCARA and gantry-prototype in their
functional configuration (right).

Another easily accessible characteristic is speed and range in x, y and (if available) z directions. However,
the actual max speed and max acceleration will depend on load, trajectory, and allowable error.
Accordingly, the control error is actually the most important metric. Several approaches can be applied to
describe the control error. A box test can be conducted, where the entire range of motion is covered.
Alternatively, a typical trajectory can be defined and serve as a kinematic input for testing the offloader’s
ability to follow (Figure 7).
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Figure 7: Box test trajectory as performed by Han et al. (WAGM, left). Right: Typical offload path
trajectory-based characterization as proposed by Sullivan et al. for the GOLF-system. Data was extracted
from the publications [6], [5].

Both approaches (box test and trajectory) provide information of higher-level system performance on a
specific parameter range, either test-article specific (typical trajectory) or system specific (box test). We
were looking for a more generalized system characterization and settled for a dynamic approach where a
test mass is guided around a defined shape that provides challenging 90° trajectory turns — a square
tracking test (SQTT or "Scotty”). The equipment for a basic test is very simple and can be 3D-printed (Figure
8). Guiding by hand is sufficient to cover a relevant range of speed, and because of its simplicity the test
may be iterated several times to come to a conclusive result (Figure 9).

Figure 8: Proposed geometry for the SQTT test (left); 3D-plotted SQTT-frame mounted on the ZeroG with
offloading cord visible in the center (right).
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Figure 9: Proposed SQTT; the velocities achieved by hand guiding along the trajectory defined by a
pattern serve as a first approximation for estimating the system's response, the blue track representing
the achieved trajectory and red the geometric pattern (left). The path velocity resulting from hand guiding
shows negative peaks at the corners which correlate with the trajectory closer to the geometric pattern.
The highest corner speeds of > 100 mm/s result in the envelope that represents the maximal deviation.

However, although the SQTT offers a qualitative understanding of the system’s capabilities, it lacks
guantitative comparability. In order to use the SQTT test to compare different gravity offloading systems,
the geometrical offset of the trajectory and equally important force that results from said offset needs to be
taken into account. In our setup (as in all systems using cords to suspend the test article below the
offloading device) the resulting force depends on the length of the offloading cord (the z-distance between
attachment points to the test article and the offloader). This will be further explored in the following
deployment example.

Deployment testing examples

The ZeroG-device has been used in testing a variety of deployment mechanisms, most of which were
deployable solar arrays except for one generic instrument boom with varying instrument payload mass at
the tip. All shared the feature that deployment energy is stored in c-spring hinges, and thus show a
characteristic “latching-kick”, where the flattened c-spring bounces back to the original curved cross-
section, which is particularly hard to integrate into passive gravity offloading concepts. Results from a two-
sided, simultaneous deployment of two solar generator panels and deployment for one configuration of the
generic instrument boom are shown.

For the symmetrical deployment of solar panels, half-circular trajectories with velocity (in the example, for
the blue side) rising as a result of the stowed energy being transferred to kinetic energy over the process
were recorded (Figure 10). Maximum velocity is reached during latching of the c-shaped metal hinges. The
acceleration peak is accompanied by a sharp rise in error by a factor of 4 (to nearly 5 mrad, Figure 11).
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Figure 10: Deployment test for a multiple-panel solar array wing suspended on three offloading points (left
picture). Right picture is the test article trajectory for left panel (blue) and right panel (red).

The tracing error from offloading cord angle can also be plotted as an impulse on the test article (direction
and magnitude; Figure 11). The interpretation of this kind of diagram can help estimate the distortion of the
free deployment that is imposed on the trajectory compared to a true zero-g environment. This could be
used to limit the allowable impact of the system to a predefined impulse radius, which may even be defined
with respect to time or deployment progress.

Figure 11: Velocity and error-plot over time, angular error peaking at latch-in close to 5 mrad (left). For
small error angles, resulting acceleration equals the observed angle multiplied by gravity of Earth (g =
9.81m/s?); i.e., 5 milli-g at latch-in. The error impulse can be derived from acceleration by integration. The
integrated error is shown as a directional plot of impulse discrepancy induced by the gravity offloading
system (right).

To explore further use cases for the ZeroG, a 1.8 m, 3-segmented boom with full-CFRP c-spring hinges
similar to those used on the RIME instrument radar antenna of ESA’s recently launched JUICE Mission
was deployed, using the ZeroG system for gravity offloading. Results are shown here for a 0.3-kg
instrument dummy at the boom tip (Figure 12, Figure 13).
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Figure 12: The handheld controller is used to move suspension points to the initial position for the generic
instrument boom in the stowed configuration (hinges at 90°). The offloading lines are attached in the
centers of gravity (cog) of segment 1 (s1) and segment 2 (s2). cog for s2 is close to the boom tip due to
the instrument dummy mass.

Figure 13: Deployment trajectory for instrument boom with 0.3-kg dummy mass at the tip with transient
states tO (release), t1 (both hinges deploying), t2 (outer hinge latched),

t3 (both hinges latched, overswing oscillation fading).
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Compared to the rather gradual deployment of the solar arrays tested so far, the instrument boom
deployment was much more dynamic with a measured speed of up to 800 mm/s for the inner segment
(Figure 14). Increased speed and acceleration during deployment and latching presented a challenge for
the system, which manifested in elevated angular errors of up to 0.008 rad for steady state intervals of the
trajectory and peaking at 0.027 rad during latching.

Figure 14: Velocity plotted along the trajectory for the inner segment s1. Latching of the hinges is clearly
visible as two acceleration events at 200 mm and 1000 mm (left). Combined error (X and Y) correlates
with velocity, with magnitude below 0.01 rad for the steady part of the movement and max error value of
below 0.03 rad.

Nevertheless this was a successful first deployment of a multi-hinge instrument boom supported by active
gravity offloading (something that would have been useful during the development of the JUICE RIME
antenna). The capability to perform multi-hinge boom deployments using ZeroG opens new possibilities for
exploring less frequently flown stowed-boom configurations (like the one shown in the example) with two
90-deg bent hinges.

Conclusion and Outlook

The ZeroG system has been developed well beyond the experimental stage. First applications in testing
and integrating solar array wings and a two-hinged generic instrument boom made full use of the capability
to support rapid deployment of multi-stage mechanisms. Mobility as a benefit of the modular layout is
currently being field tested: One fully operational ZeroG-system (with 4 traverses & full range of 5.5 m x
2.4m) has been built, set up, and calibrated at CarboSpaceTech (southern Germany) and was
subsequently disassembled and shipped to the USA (Florida; Figure 15). At the time of submission,
reassembly was still pending.
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Figure 15: A modular ZeroG-system with four traverses is prepared for overseas shipping in one large

box (left, ladder for scale). Right: With all Components neatly stacked, there would be room for another

two traverses, allowing for six individual active gravity offloading suspension points at a stowed pitch of
30 mm.

One system with a full range of 16 m x 2.4 m remains at our facilities for further development and testing,
with traverses 4, 5, 6 currently being integrated (Figure 16). A somewhat surprising effect of the overall
usability noticeably freed up resources during verification testing, which inspired unscheduled rapid iteration
of different conditions and parameters (e.g., variation of tip mass to simulate different boom instrument
payload was impromptu integrated into the test). The system is fully validated for a payload range of 1 kg
to 20 kg, and acceleration range of 1 m/s2 to 10 m/s2. Currently, those are preset limits and do not represent
the full capabilities of the system. Payload capability was designed for a proof load of 100 kg, so the more
prominent limitation is control bandwidth (response time, stability margins, actuator bandwidth, sensor
bandwidth, control system design, etc.). All evaluations presented here were done from a practical
perspective. Consequently, for the time being, an estimate for the trajectory velocity profile is required to
assess if testing a specific deployable is possible without changing the control parameters or the
suspension cord. To address this limitation, future work will include a comprehensive and detailed
examination of the system with particular focus on the cord as a pivotal element within the control
mechanism. Further software enhancements will expand the scope of the ZeroG-system to introducing
external forces into a deployment to explore design margins or even emulate dynamic conditions (e.g.,
deployment on a rotating spacecraft and the accompanying Coriolis-forces). Emulation of external forces
may also be used to create worst case situations for mechanism testing (e.g., acceleration to induce
latching/overload failures, or application of opposing forces for torque margin analysis).

Figure 16: Latest version of the traverses with LED indicators visible running along the lower edge (left).
Detall of a micro-winch with force sensor on the offloading cord (right).
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