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Abstract

One of the single point of failures of the LISA mission, the first gravitational observatory in space, is the
transition phase of the instrument between the launch-lock configuration and science operations. This
phase relies on dedicated mechanisms that inject the observatory end-mirrors, 1.92-kg gold-platinum alloy
test masses, in a geodesic trajectory.

Several technologies of LISA were tested between 2015 and 2017 in the LISA-Pathfinder space mission.
This latter project highlighted anomalies in the injection phase of the test masses. These anomalies are the
focus of a delta-design phase relying on flight data analyses and on-ground tests, as described in this
paper.

Introduction

Release mechanisms are crucial devices for the success of space missions. In LISA, the first gravitational-
waves observatory in space [1] [2], the grabbing positioning and release mechanism (GPRM) is responsible
for setting all the test masses (TMs) in the free fall condition necessary for starting science observations.
This mechanism is considered a key equipment for the success of the entire space mission since it is a
single point of failure.

The measurement approach of LISA involves three pairs of 1.92-kg AuPt cubic test masses subjected
almost exclusively to planetary gravitational forces. These TMs are housed within three spacecraft forming
a triangular configuration with sides approximately 2.5 million kilometers in length. The relative distances
between TM pairs, housed in different spacecraft, are affected, among other modeled effects, by the
passage of gravitational waves.

Each TM is the core of a payload known as the gravitational reference system (GRS) [3]. The GRS provides
the TM with a low-noise vacuum environment and performs actuation and sensing functions in all its
degrees of freedom. The TM is enclosed within an electrode housing (EH). Due to the substantial gaps
between the TM and the EH walls (ranging from 3 to 4 mm) and the TM’s significant mass, leaving the TM
unrestricted during launch is not feasible. To prevent damage, a caging launch-lock mechanism is
employed. However, this mechanism, while exerting high force on the TM at launch, cannot re-lock and re-
release the TM in a manner compatible with the stringent requirements of the spacecraft-TM position and
attitude control system.

A dedicated release mechanism, the GPRM, was thus developed. This device, Figure 1, actuates two
opposed plungers that grab the TM and center it within the EH, thanks to a form fit between the plunger
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heads and two indents machined on the TM faces. Two smaller tip-shaped end effectors (0.8 mm in
diameter), actuated independently inside the plungers, are adopted to perform the final TM release into
free-fall. Thanks to the mechanism symmetry, the TM is ideally set free with a velocity relative to the
spacecraft that approaches zero.

Figure 1. Rendered view of the LPF GPRM.

The GPRM underwent intense testing both on-ground and in LISA-Pathfinder (LPF), a space mission
conducted between 2015 and 2017. During these operations, an anomaly was detected in the TM velocity
after release, leading to some failures.
The anomalies have been analyzed, identifying the role of various contributions such as:

- Cold welding (or adhesion) between the TM and the release-dedicated GPRM end effectors (tips)

- Actuation delay between the two nominally symmetrical halves of the GPRM at the release

- Electrostatic attraction between the TM and the plungers

- Anomalous motion of the GPRM plungers, due to internal friction.

- Mechanism vibrations at the quick actuation of the release tips

- Fabrication, alignment and integration tolerances

Figure 2. View of the EQM of the LISA-Pathfinder GPRM used for preliminary on-ground tests for LISA.
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The unexpected behavior encountered in LISA-Pathfinder has been thoroughly studied [4] [5] and is the
basis of the delta-development of the GPRM, funded by ESA and ASI, in the perspective of the LISA
mission. The activities are under the responsibility of OHB Italia SpA with the support of the University of
Trento and the Istituto Nazionale di Fisica Nucleare (National Institute for Nuclear Physics, INFN).

In the framework of the LISA mission project, a crucial constraint is that the exceptional science
performance of LISA-Pathfinder needs to be replicated. To do so, there is a heritage requirement that calls
for a design of all the systems hosted inside the GRS that is as close as possible to the one flown in LISA-
Pathfinder. For this reason, on one side a nominal in-flight behavior is requested for the GPRM release
function, on the other side the design freedom for the updated GPRM is very limited and requires motivated
and carefully tested delta-developments.

To explore some possible improvements, we are running breadboard tests that guide us in implementing
some design updates that we have identified. The GPRM is a rather unique mechanism, with tight
requirements and micrometric precision goals. The development of the LISA’s GPRM is presented in this
work and requires us to perform detailed analysis and tests, strictly based on the lessons learnt from LISA
Pathfinder.

The presentation starts from the mechanism performance in LISA-Pathfinder, summarizing the criticalities
and the proposed design improvements. The mechanism development philosophy is then discussed, in the
current status of the LISA design, based on GPRM breadboard and engineering models and related testing
activities.

The GPRM in LISA Pathfinder

The GPRM is designed to perform the following functions:

o hold and center the TM once the one-shot launch-lock mechanism is retracted or when
operational needs arise (i.e., system transition to safe mode).

0 re-position the TM inside the EH.

0 remove any mechanical constraint and leave the TM free, with position, attitude and
velocities that are controllable by the EH electrostatic actuators, that exert forces/torques
in the order of uN/pNm.

In LPF the maximum velocities set by requirements were 5 pm/s linear and 100 yrad/s rotational, for all the
axes.

The GPRM is a pair of linear actuators that engage the TM on the +z and -z faces, where two pyramidal
indentations are machined, Figure 3. The GPRM plungers are slightly different: one of them has a
pyramidal-shaped head and the other one has a conical-shaped head, which is axial-symmetrical. This
asymmetry allows the mechanism to align rotationally the TM on the pyramidal plunger reference surfaces.
Most of the GPRM is made of titanium alloy, with some components in aluminum. The parts that enter the
EH are either made of gold or gold coated, to comply with specific LISA requirements.
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Figure 3. Left: view of the LISA-Pathfinder payload during assembly integration and testing. Two GRSs,
each one with a TM inside, are located on opposite sides of a Zerodur structure hosting an optical bench.
Right: LPF TM. The indentations are the interfaces with the caging mechanisms.

The plunger is attached via flexures to a titanium component called linear runner, whose motion is
commanded by a customized piezo-electric Pl NEXLINE walking actuator. The off-axis (or “lateral”) motion
of the linear runner/plunger is constrained on the x-z plane, Figure 5, by a set of side-guides, with sliders
on the -x side and a pair of rollers on the +x side. On the y-z plane the constraint is provided by the legs of
the piezo-walker.

The rollers are installed on a cart which is connected to the frame through a washer spring, with a nominal
55-N force that keeps the linear runner attached to the sliders on the opposite side.

Figure 4. Open CAD view of the conical side of the GPRM.
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The release-dedicated tip, coaxial to the plunger, is actuated separately by means of two cold-redundant
piezo-stacks with a nominal extension of 15 um. The function of the movable tip is to detach the plunger
head from the TM prior to release, minimizing the residual mechanical contact at the release. The residual
preload before the release is about 0.3 N. The GPRM CAD model is visible in Figure 4.

The requirement on the release velocities is challenging. For LPF the main concern was the adhesion
between the TM and the tips' gold surfaces. This phenomenon has been widely studied and is now
considered to be under control, [6]. Electrostatic effects have been also investigated and identified as
contributing to less than 10% of the release velocities [7].

The LPF in-flight anomaly

During the nominal mission period of LPF, the release procedure did not produce controllable TM states in
any of the releases performed (6 for TM1 and 5 for TM2). This means that not only the velocity was above
the requirement (5 um/s), but also that the control system was not able to capture the TM and bring it to a
quiet condition in the EH center. In fact, these high velocities were exacerbated by an undesired actuation
crosstalk effect when the TM was far from the EH center.

Table 1. TM releases performed in LPF.

Number of releases

Date T™M1 T™M2
May 2016 2 1
Sept. 2016 1 1
Oct. 2016 1 1
Jan. 2017 1 1
April 2017 1 1

A back-up release strategy, involving manual operations, was then adopted for the releases. This strategy
consisted of not actuating the release tips but rather releasing the TM by retracting the plungers. This
strategy still produced high TM velocities, but this time the TM kinetic energy was damped by impacts with
the plungers that remained close to the TM (few hundred microns). Besides, the electrostatic control forces
were activated, via dedicated commands from ground, only when the TM was in a region close to the center
of the EH to avoid the undesired crosstalk.

Such a procedure relied on a handmade sequence, and it is not practical in LISA, due to the larger time-
delay in the commands exchange. For this reason, at the end of the LPF, during the extended mission
phase, a campaign of tests dedicated to the GPRM was executed. In this campaign, the main tests focused
on finding an automated release procedure that worked reliably by:

- adding the “hammering”, which consists in improving the fitting of the tips into the TM indents by

moving one plunger back-and-forth by few microns prior to the release;

- slowly moving back the plungers once the tips are retracted, leaving them nearby the TM for a

longer time;

- reducing the preload force on the TM at the release to 0.1 N (in the nominal procedure it was 0.3 N).
These modifications were implemented to execute the automated releases, 64 for each TM. The set of
releases is divided into two subsets: releases with nominal tip retraction (quick) and releases with slow tip
retraction.

Table 2 summarizes the results of the release campaign. In the table, a compliant release is a release
where the TM has a state within the limits set by the requirements. The TM is defined captured if, after a
time interval shorter than 30 minutes from the tip retraction, it is successfully controlled by the electrostatic
force. The reliability of the automated release (percentage of captured TM) procedure is below 90% and
unequal between the two mechanisms.
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Table 2. Result of the automated releases of LPF, performed during the extended mission.

Fast tip Slow tip
Compliant | Captured | Compliant | Captured
™1 7% 91% 100% 100%
T™2 0% 78% 87% 43%

Further analyses [5] performed after the mission showed that the non-compliant TM state at the release is
caused by an impact with the plungers, that are close to the TM when the tips are retracted (hominal
distance of approximately 9 pm) and are vibrating after the quick motion of the tips. In an on-going analysis
we demonstrate that the momentum transferred during in-flight releases is consistent with the on-ground
estimations if the effect of the impacts is subtracted. The impacts are thus crucial in the LPF anomaly and
shall be avoided in LISA.

Delta-Development for LISA

The GRS design for LISA is specified to be an LPF rebuild, when compatible with the LISA requirements.
Small incremental design changes are being considered for the GPRM to guarantee sufficient margin for
an autonomous release for LISA.

The trade-offs are rather complex. On one side, we need to replicate the exceptional LPF science
performance, which can be affected by changes in the design (e.g., different materials can affect the
outgassing behavior of the GRS). On the other side, we need to guarantee a reliable release of the TM,
considering that LISA will host six TMs and may need to perform the release also during the science phase,
in a failure scenario in which the Charge Management System does not work, a re-grab and release is
performed every couple of weeks to discharge the TM.

In this framework, a delta development plan was conceived as part of the LISA’'s GRS work. The plan is
structured as follows:

1. Technology transfer (2022 — 2023). The LPF GPRM was built by RUAG (Switzerland). To transfer
the ownership, both from a technical and formal point of view, ESA issued a dedicated contract to
OHB ltalia SpA.

2. Bread-board tests (2023 — 2024). As part of the technology transfer, possible improvements to the
GPRM design were envisioned. The feasibility of two of such changes have been tested with a
dedicated breadboard model.

3. Engineering model (EM) tests (2024). Following the technology transfer, the breadboard tests and
the decision on the LISA baseline design, a dedicated engineering model will be built and tested
towards the end of 2024. In line with the ECSS, the EM is a “flight representative model in terms of
form, fit and function used for functional and failure effect verification”. The EM is not equipped with
space-grade components and redundancy.

Key tools throughout the abovementioned phases have been two numerical models, described in the next
sub-sections.

Numerical models of the GPRM

The model of the GPRM was built in Ansys 2022R2. It is worth noting that some geometries and materials
have changed between the qualifying model (QM) and flight model (FM) of LPF. At the University of
Trento/INFN we use an LPF QM, available on ground to validate the FE model. In this description we thus
refer to that. The differences between the QM and the FMs are outlined at the end of this Section. The
mesh of the model is shown in Figure 5, with about 200k nodes for 150k elements.
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Figure 5. View of the mesh and the materials assigned on the parts of a GPRM actuator. The interface
with the GRS is a flange attached at the four surfaces highlighted in green.

The interfaces indicated in Figure 6 are the external constraints of the GPRM. Internally, most of the
contacts are provided with the bonded option (i.e., the nodes of both sides are mutually constrained). The
interface between the sliders and the LR as well as the interfaces with and within the rollers have a dry
friction behavior, with constant static and dynamic behavior. For the friction coefficients we have identified
reasonable values. Concerning the sliders-to-runner interface, the following information is available:

e Vespel SP3 to steel in air: 0.17 — 0.25, according to the datasheets.

e Vespel SP3 to steel in vacuum: 0.03, according to the datasheets.

e Vespel SP3 to titanium in air and vacuum: 0.3, according to unpublished tests run during the LPF

campaign.

We include the friction against steel because it is the only reliable information we had on a Vespel SP3 to
metal interface and because it explains why this material was used initially in LPF.

Material Density Young modulus Poisson ratio
Al 6082t6 2700 73 0.33
Caro Bronze 8750 115 0.33
CuBe2 8300 135 0.34
TiBAI4V 4620 115 0.34
Vespel SP3 1605 3.2 0.36

Concerning the roller side, we have these pairs of materials:
1. Titanium to beryllium-copper (linear runner to wheels).
2. Beryllium-copper to Teflon (wheels to bearing).
3. Titanium to Teflon (bearing to shaft).
4. Titanium to aluminum (shaft to structure).

The actuation provided by the NEXLINE is modeled by including the geometry of the piezos with a
reasonable value of the elastic properties, which are then tuned to match the experimental data. The
interface between the piezo and the LR is modelled as an internal joint that constrains the motion along vy,
the rotation around y and the motion along z, where the commanded actuation is imposed. The other
degrees of freedom are free.

A crucial parameter in the model is the internal preload. We identified two sources of preload on the guides.

The first is the force applied via the washer spring connecting the rollers. This force is nominally 55 N and
was applied through a 200-um shim calibrated independently. We speculate that this value is affected by
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significant uncertainty. On top of this load, the NEXLINE actuators may push the LR along x due to
misalignments. i.e., the two walking piezo stages have a small angle around z that forms a V configuration.
During the LPF flight campaigns it was observed that the LR was occasionally drifting towards the rollers
side. This happens if the NEXLINE spurious preload is pointing towards that side and is higher than the
washer spring preload. The flight models have been tested to avoid this effect, to make sure that either the
NEXLINE preload points towards the sliders or is lower than the spring preload. We consider both loads in
our analysis.

The main difference between the QM and the FM model is the material of the sliding pads, see Table 3,
which is Vespel SP-3 in the QM, instead of the Teflon of the FM. This affects the friction coefficient, which
was discovered to be high for Vespel in vacuum. The geometry of the component holding the sliding pads
in the FM is also different.

Table 3. Differences between LPF QM and FM

Component Material

oM FM
Frame Titanium Titanium
Linear Titanium Titanium
runner
Rollers AA7075 CuBe2
Bearings Vespel PTFE
Pins Bronze ZrO2
Washer PTFE PTFE
Sliders Vespel PTFE

The FE model is effective in understanding spurious behavior due to friction and elasticity of the parts. In
particular we were able to replicate the undesired lateral motion of the tip of the plungers when the
commanded motion is inverted (as it is for a release operation), [8]. Having validated the model, we plan to
use it for analyzing the updated design.

Figure 6. The results obtained with the FE compared to the experimental data for the pyramidal unit.
Experimental data are plotted with the 1 uncertainty.

Gap-model as a tool for systems engineering budgeting

In the development phase for LISA, we proposed a model approach to keep control of the critical quantities
which may produce unwanted contacts between the TM and plunger upon release, as one of the relevant
root causes of the LPF anomaly.
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In nominal conditions, i.e., with ideal geometries of the parts and perfect alignment of the GPRM
components, the extraction of the release tip and the consequent retraction of the plunger leaves a gap
between the plunger head and the TM indent. The nominal gaps are reported in Table 1, where the axes
are referred to the displacement and rotation of the plungers with respect to the TM in the indent local
reference frame, Figure 7.

Figure 7. View of the TM indent local reference frame in the x-z and y-z planes.
The gap model is defined as a normalized formula:

L N 024

8xmax 8Zmax

Where 6x., is the equivalent displacement of the Plunger head (equivalent because it sums lateral
displacements and rotations) and &x,,.y iS the available gap. Each deviation from ideality, in the fabrication
(tolerances), assembly (alignment) and operations (lateral motion, friction, vibrations) will reduce the gap.
Once the gap is O (i.e., the parameter G is above 1), the Plunger head is in contact with the TM and will
transfer a significant momentum due to vibrations, Figure 8.

Figure 8. Visualization of the concept behind the gap model.

The gap model is a kinematic approximation of the TM and GPRM plunger relative position in various
phases of the grabbing and release procedure. For instance, if one of the plungers is misaligned laterally,
when the TM is grabbed, it will rotate to touch both plungers. We assume that the TM-plunger contacts are
a rotational joint. This relative rotation between the TM and the plunger translates into a reduction of the
ideal gap length that we account for in the model.

A thorough description of the model is too specific for this paper. The take-home message is that with such
a tool we can focus the delta development efforts on aspects of the design that have the highest impact on
the probability of an unwanted contact between plunger and TM. The results point to a crucial importance
of:

e the piezo stack elongation (i.e., the available gap size);

e the lateral motion of the plunger when it is retracted away from the TM;
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o the fabrication and alignment tolerances;
e the vibrations at the time of the release.

This motivated the breadboard tests, described in more detail in the next Section. We use this model also
in a statistical fashion, Figure 9. With a Monte Carlo analysis we understand that in LPF spurious contacts
were rather likely. However, we estimate that, with carefully chosen changes, the undesired contact and
momentum transfer can be avoided.

Figure 9. Monte Carlo simulations of the model forecasting the probability of plunger-to-TM impact
Improvements under Investigation and Breadboard Tests

The breadboard mechanism (BBM) of the LISA GPRM is designed in collaboration with OHB ltalia SpA.
The BBM had the main goal to test two of the main modifications proposed for the GPRM of LISA, namely
a longer piezo-stack and an improved side-guiding for the linear runner.

The two modifications are implemented on a dummy linear runner, which also includes the plunger in a
single component (the force sensor is not present, since it is not of interest for the tests).

Inside the BBM linear runner we insert a long piezo-stack (36 mm), in series with a short piezo-stack
(18 mm, LPF baseline), that extends a release tip with the same dimensions of the LFP release tips. The
series of piezo stacks is preloaded to 100 N thanks to a disk spring, reproducing the internal components
layout of the GPRM of LPF.

The BBM linear runner is free to move along its main axis (z) thanks to a side guide. The side guide acts
only on plane x-z, while on plane y-z only the friction forces maintain the linear runner in position. The
external structure that holds the side guiding system is designed to guarantee access to the guide fixtures.
In this way, the side guide configuration can be changed from the LPF baseline (fixed sliders on one side,
flexible rollers support on the other side) to the update design (fixed rollers on one side, flexible rollers
support on the other side), Figure 10.
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Figure 10. On the left panel, configuration of the piezo stacks inside the LPF GPRM (top) and the BBM
plunger (bottom). On the right panel, different side-guiding systems tested with the BBM. On the left,
slider-roller (LPF baseline); on the right, roller-roller.

To minimize the y displacement, since along that direction the linear runner is not constrained except by
the friction forces developing on the side guiding, the BBM is tested in a vertical position (z axis pointing
downwards, see Figure 11).

Figure 11. BBM mounted in its test configuration at the Laboratory of Space Applications. The NEXLINE
(top) is used to move the linear runner (bottom) through a slender steel beam.

The linear runner is actuated with a commercial NEXLINE unit by Physick Insturmente, that is located
approximately 30 cm away from the back of the linear runner, to which it is connected by a slender steel
beam. A commercial load cell is mounted between the NEXLINE end effector and the beam, to measure
the force required to move the BBM linear runner.

The location of the NEXLINE far away from the linear runner is another difference between the BBM and
the nominal GPRM design. Albeit this limits the analysis of the dynamics of the mechanism (oscillations are
not comparable with the ones of the nominal GPRM design), it is not affecting the two aspects under
investigation with the BBM:

- extension and retraction of the tip with the longer piezo stack
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- lateral motion (x) of the plunger/linear runner at the inversion of motion on the plane of the side-
guide (x-z)

The desired displacements are measured with two laser interferometers instruments from SIOS
manufacturer. One is a single beam LSV120NG, the other is a three beams SP5000TR. The setup allows
measuring 4 channels simultaneously, one along direction x and three along z, with an accuracy better than
0.05 um. Such an accuracy is more than sufficient for the purpose of the tests, given the expected
displacements are in the order of 1 ym to tens of microns. The maximum sampling frequency is 2 MHz.
The testing of the BBM was carried out at the Laboratory of Space Applications of the University of Trento
and INFN, and the results agree with the expectations.

Release-tip tests

Concerning the release tip tests, both the baseline (short) and the upgraded (longer) piezo stacks are
capable of extending the piezo by the desired amount. When 100 V are applied to the piezo-stack, the tip
extends by approximately 13 ym with the short piezo-stack and 30 ym with the long piezo-stack.

Thanks to the commercial electronics used to command the BBM, it was possible to perform a set of
measurements of the double extension (both the piezo stacks extended in rapid sequence). The total
extension of the tip in those tests sums up to approximately 42 ym.

Plunger lateral motion tests

The lateral motion tests aimed at comparing the baseline sided guiding (slider-roller) with the updated side
guiding (roller-roller). The experiments results are in accordance with the expectations, generated from
accurate finite element models of the linear runner motion inside the BBM supporting structure. The tests
are divided into two subsets: short stroke (z displacement of few hundred microns) and long stroke (z
displacement of few millimeters).

In the short stroke tests, Figure 12, the slider-roller exhibits a large lateral motion of the plunger head near
the TM (approximately 14 pym along x) in the first 100 um of retraction. Close to the TM, the roller-roller has
far superior performance, generating a lateral displacement below 1 ym along x in the first 100 ym of
retraction along z.

In the long stroke tests, Figure 13, the slider-roller shows the same lateral deviation as the short stroke test.
In other words, the linear runner displacement along x reaches its maximum (14 um) value in the first 100
pum of z retraction and then it stays at the same x for the rest of the stroke.

The roller-roller instead behaves differently: the lateral displacement of the linear runner during the full

stroke of the mechanism is affected by the run-out of the rollers and any deviation from the roundness of
the rollers translates into a lateral motion.

Figure 12. Short stroke tests results. The trajectory of the plunger head to the TM on the x-z plane for the
slider-roller (orange) and the roller-roller (blue) configurations.
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Figure 13. Long stroke tests results. Rotation of the plunger in the x-z plane (about y) during half of the in-
flight stroke. Results are shown for the slider-roller (orange) and the roller-roller (blue) configurations.

Baseline Proposal

Following the results of the breadboard test and with the guidance of the numerical models, the GPRM
team proposed a baseline design that includes a longer custom-built piezo stack and the roller-roller guiding
system along with a more sensitive force sensor. The proposal is being evaluated internally through a
review process. The final baseline will be implemented for EM tests foreseen between 2024 and 2025 and
aimed at verifying the nominal functionality of the GPRM. The construction of the EM will also address
outstanding questions concerning manufacturing and assembling.

Conclusions

The Grabbing Positioning and Release Mechanism (GPRM) is one of the technologies enabling the
construction of LISA, the first gravitational wave observatory in space. In LISA Pathfinder the GPRM
exhibited an anomaly that hindered the release according to the nominal procedure. LISA will not allow a
backup manual commanding solution from the ground and needs a reliable function of the GPRM. With
several studies of the LPF data, ground tests, and numerical analyses, the main causes of the LPF anomaly
were identified and are being resolved with a delta development process. More specifically, among possible
design changes, the change in extension length of the piezo stack will mitigate the probability of a spurious
impact occurring at the release.

With an internal review, we are assessing all the proposed changes and defining our baseline in view of
engineering model tests between 2024 and 2025.
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