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ABSTRACT

On-ground testing of spacecraft is often a challenging task, including the design and development of dedicated
setups, proper system modeling and data analysis techniques. However, sometimes ground-based testing may
not be fully representative of the in-flight operation and a technology demonstration mission is flown to provide
evidence of the maturity of critical technologies.

This is the case of LISA Pathfinder (LPF), technology demonstration mission for LISA. We deal here with
the LISA core instrument, namely the Gravitational Reference Sensor (GRS), which was successfully tested on
board LPF. The focus is on the mechanism in charge of providing the initialization of its scientific phase, the
grabbing, positioning and release mechanism (GPRM). The GPRM injects a reference mass hosted in the GRS
into a pure geodesic trajectory, realizing essentially a second mission launch in reduced scale, characterized
by very tight requirements. A dedicated strategy is put in place to provide a ground-based test of this function,
starting from the concept up to involving an engineering qualifying model of the mechanism and developing
a customized test approach, data analysis and result synthesis methods. The mechanism operation on board
LISA Pathfinder however resulted anomalous, producing an out-of-nominal state of the reference mass. As a
consequence, part of the extended mission phase was dedicated to perform some testing of the injection phase,
to find risk-reduction strategies and understand the root cause of the anomaly.

In this paper, we report on the result synthesis of the combined ground-flight testing campaign, proposing
some mechanism development guidelines for LISA.

1. Introduction

Mechanisms often constitute critical subsystems of spacecraft, since
their functionality and performance may severely affect the success
of the mission [1]. As a consequence, their design, development and
testing must guarantee that a near-absolute reliability is ensured in the
mechanism flight configuration. This must be achieved by identifying
and testing the mechanism according to global requirements. These
requirements accurately address the general spacecraft environment,
the launch phase, the spacecraft structure and the thermal behavior
characterizing the operational conditions [2].

A spacecraft experiences different physical environments through-
out its lifecycle, from construction and testing on Earth to launch
and operation in space. On Earth, it is subject to 1-g acceleration,
controlled temperature, and atmospheric conditions. During launch,
it encounters high levels of vibration, acoustic noise, shocks, and

heat flux. Once in orbit, operational conditions depend on the tra-
jectory and are dominated by vacuum and radiation effects [1]. The
most severe environmental conditions for a mechanism are experi-
enced during launcher-specific qualification or acceptance tests. After
that, the flight unit is subjected to flight acceptance tests, which are
more representative of the actual launch condition. Conversely, in
the operating conditions space mechanisms are mainly challenged in
terms of material properties, tribological effects and thermal gradi-
ents [3].

Besides some standard requirements to be verified (life test, ther-
mal cycling, motorization factor, wear, debris, etc.), tests assessing
dynamic performance in operating conditions target different critical
aspects depending on the specific mechanism. Deployment systems for
antennas, booms, instruments, sails, etc. are tested for their dynamic
response (induced shock) and stability of the deployed configuration.

* Corresponding author at: Department of Industrial Engineering, University of Trento, Via Sommarive 9, 38123, Trento, Italy.

E-mail address: daniele.bortoluzzi@unitn.it (D. Bortoluzzi).
1 Equal first authors.

https://doi.org/10.1016/j.actaastro.2026.03.025

Received 24 September 2025; Received in revised form 9 February 2026; Accepted 8 March 2026

Available online 9 March 2026

0094-5765/© 2026 The Authors. Published by Elsevier Ltd on behalf of IAA. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).


https://www.elsevier.com/locate/actaastro
https://www.elsevier.com/locate/actaastro
https://orcid.org/0000-0003-3722-8845
https://orcid.org/0000-0003-2094-0668
https://orcid.org/0000-0002-7925-4702
https://orcid.org/0009-0007-4529-1904
https://orcid.org/0009-0008-1798-6116
mailto:daniele.bortoluzzi@unitn.it
https://doi.org/10.1016/j.actaastro.2026.03.025
https://doi.org/10.1016/j.actaastro.2026.03.025
http://crossmark.crossref.org/dialog/?doi=10.1016/j.actaastro.2026.03.025&domain=pdf
http://creativecommons.org/licenses/by/4.0/

E. Dalla Ricca et al.

GPRM on Z"

Acta Astronautica 245 (2026) 416-429

GPRM on Z—

Fig. 1. TM reference system.

Reaction wheels and drive mechanisms are tested in terms of micro-
vibrations induced on the spacecraft and subsequent jitter at the instru-
ment payload [4]. Scan assemblies and pointing systems (for antennas,
telescopes, propulsion systems, mirrors, solar arrays, etc.) are also
tested for their pointing accuracy and stability. Launch lock devices,
latching mechanisms and hold-down-release mechanisms are tested
for the induced shock on the spacecraft, friction/adhesion/fretting at
the contacting surfaces and preload loss. We focus here on a case of
study in which a non-conventional release mechanism is tested for a
mission-critical operation.

In the frame of space missions, many instruments are developed
exploiting an extended free-falling object inside a reference sensor [5].
Scientific missions for geodesy and Earth observation employ free-
falling objects as sensing bodies, sometimes exploiting them as a ref-
erence for the spacecraft attitude and orbit control system (AOCS). The
instrument provides a reference signal produced by unwanted external
forces (e.g. drag) to be compensated for by the thrusters [6,7]. Among
these missions, we can cite Champ [8], Grace and Grace follow-on [9],
Goce [10] and Swarm [11]. For fundamental physics missions, these
instruments are used to test relativity. Among these missions, we can
cite Gravity Probe B [12], Microscope [13], TianQin and Taiji [14],
and LISA Pathfinder (LPF, [15]). LISA Pathfinder is an ESA technology
demonstration mission for the in-flight testing of key technologies
for the detection of gravitational waves from space [16]. Its primary
science goal is to set into a pure geodesic trajectory a 2kg gold coated
AuPt cubic test mass (TM), reducing any force noise below 10fN/ \/ﬁz
in the measurement bandwidth (1-30 mHz). The gravitational reference
sensor (GRS, [17]), which hosts the TM, provides its position and
attitude signals. The GRS can apply small forces (on the order of
puN) and torques (on the order of pNm) by means of a set of gold-
coated electrodes surrounding the TM. Large gaps (on the order of
millimeters) are present between the TM and the electrode housing and
any surface facing the TM is gold coated in order to limit the effect of
uncontrolled electric fields (i.e., charge patches) on the purity of the
free-fall trajectory. Given the heavy TM and the clearance between the
TM and the electrodes, an additional challenge is the development of
a launch-lock mechanism capable of protecting the hardware from the
launch loads. This challenge posed also the need to take care of the
detachment of the TM from the last mechanical interface in contact
with the mechanism, and its injection into the geodesic trajectory.
These challenges are addressed by means of two dedicated mechanisms,
named Caging and Vent Mechanism (CVM) and Grabbing Positioning
and Release Mechanism (GPRM). The CVM and the GPRM are aligned
along the z axis of the TM reference frame, as schematically shown in
Fig. 1.

The CVM [18] is a single-shot mechanism designed to secure the TM
during the launch-phase. The CVM locks the TM through eight fingers,
engaging its corners with a 10> N-order load (see Fig. 2(a)). The TM-
CVM contact surfaces are challenged to provide the constraining force
without local damage and relative slip between the two bodies.
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The GPRM handles the TM in-orbit and is in charge of injecting it
into the geodesic trajectory [19]. The GPRM is composed of two similar
units, located on two opposite sides of the TM. Each unit, which is
shown in Fig. 2(b), drives a cylindrical plunger. The plunger is designed
to grab the TM by fitting into two pyramidal indents machined on two
opposite TM faces. The indents are designed to provide guiding for the
positioning of the TM without wear and stiction between the parts in
relative motion. The two plunger heads have different shapes to avoid
overconstraining the TM rotation about the z-axis. The plunger on the
Z~ side of the TM has a pyramidal head, while the Z* side has a
conical head.

The plunger is commanded along the z direction by a linear run-
ner, which is actuated by a piezo-walk actuator. The linear runner is
connected to the GPRM chassis via a slider-roller linear guide. A force
sensor, connecting the plunger to the linear runner, measures the axial
force applied by the mechanism to the TM. Inside each plunger, there is
a coaxial gold tip actuated by a voltage-controlled piezo-stack actuator.
When full voltage is applied to the piezo-stack, the tip is extended
toward the TM until touching it on a dedicated surface. Conversely,
when the commanding voltage is shorted, the tip retracts quickly. A
redundant piezo-stack actuator is located inside the plunger in series to
the nominal one, separated by a spacer mass. Nominal and redundant
piezo are not operated simultaneously. The functionalities of the CVM
and GPRM are summarized in Table 1.

Although AuPt contacts are not prone to cold welding [21], gold
coating of the TM is necessary to provide highly conductive, homo-
geneous surfaces [17]. This ensures uniform TM potential, mitigating
charge accumulation from cosmic rays, solar particles, and patch po-
tentials, reducing the overall TM acceleration noise. However, adhesion
forces at TM-GPRM mating surfaces cannot be reduced below the elec-
trostatic actuation authority [22]. Consequently, a dynamic strategy is
required for TM injection into the geodesic trajectory. The TM injection,
which is also called TM release, relies on the quick and synchronous
retraction of the two tips. The TM release is performed in three steps:

1. Pass-over, which is performed when the science phase must be
initialized. The plungers are actuated toward the TM through the
linear runner, engaging the indents on the TM (see Fig. 3(a)).
The plungers motion is commanded until the preload exerted by
their heads equals approximately 1 N. Once this condition is met,
the CVM fingers are retracted, leaving the TM supported solely
by the two plungers.

. Handover, which is performed before the release, in order to
relocate the TM constraining function from the plungers to the
tips. The tips are moved toward the TM touching a dedicated
surface, until a contact is established. The further extension of
the tips is compensated by the retraction of the plungers, as
shown in Fig. 3(b). At full extension of the tips, the contact load
reaches about 300 mN and the TM is in pre-release configuration.
At this point, the nominal distance between the plunger head
and the TM indent is 14 pm
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Fig. 2. On the left, exploded view of the CVM and its fingers. On the right, 3D section view of the GPRM. The red arrows indicate the moving parts.

Source: Credits: [20].

Table 1

Mechanisms involved in caging and releasing the TM.

Mechanism Function Mechanism-TM interface

CVM Caging the TM Eight cylindrical fingers and TM vertices properly machined
GPRM Grabbing the TM Two plungers heads and dedicated TM pyramidal indents
GPRM tips Releasing the TM Two gold tips and two surfaces machined on the TM

3. TM release, which is performed by quickly retracting the two
tips (in less than 100 ps), as shown in Fig. 3(c).

Once the TM is released, the electrostatic actuation system controls
it and guides the TM to its geodesic trajectory if its residual velocity
remains below +5pms~!. The requirements on the TM state after the
release are reported in Table 2. These requirements are driven by the
maximum electrostatic control force that the electrodes may provide.
The symmetrical GPRM design and release procedure should ensure
that the expected TM state only involves the z axis. Along this axis, the
velocity requirement may be converted into a maximum momentum
equal to 10 kg pms.

The dynamic strategy adopted for the injection of the TM into the
geodesic trajectory benefits of two aspects. First, the adhesive bonds
arising at the opposed contacts develop two impulses that may partially
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Table 2

Requirement on the TM state after release for the

LPF TM.

Value Unit

Translations 0+200 pm
Rotations 0+£2000 prad
Linear velocities 0+5 pums™!
Angular velocities 0+100 prads~!

balance each other, limiting the final release velocity. Second, in the
unavoidable presence of adhesion asymmetry, the quick retraction of
the tips reduces both impulses by limiting the time duration of the
adhesive pull.
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Fig. 3. Steps performed to release the TM intro free-fall.

The initial operation of the release mechanism on board LPF pro-
duced anomalous TM states, characterized by unexpected TM release
velocity components [23]. The in-flight test campaign performed at
the end of the extended mission phase, together with on-ground tests
performed on a mechanism Engineering Qualifying Model (EQM), pro-
vided useful information to understand the deviation of the mechanism
performance.

In this paper, we focus on the comprehensive testing activity, per-
formed both on-ground and in-flight, related to the release mechanism
and its release function. The combined ground-based and in-flight test
strategy of the injection into geodesic function is presented. The paper
is organized as follows. In Section 2 the TM injection into geodesic
trajectory conceptualization and qualification is presented along with
the actual in-flight TM release dynamics. In Section 3 the on-ground
testing performed to investigate the in-flight anomalies is discussed
and a model to explain those anomalies is developed. In Section 4 the
compatibility between the in-flight and on-ground data is analyzed. In
Section 5 the main conclusion are drawn and further developments are
discussed.

2. The injection into geodesic trajectory: from on-ground concep-
tual testing to hardware qualification

The need for an experiment to conceptually test the injection phase
is identified early in the mission definition phase. In the absence of
a design of a release-dedicated mechanism, the test initially addresses
the estimation of the level of impulses produced by the separation of
gold-coated adhering surfaces in representative conditions (vacuum,
cleanliness, surface material and roughness) of the in-flight environ-
ment. The Transferred Momentum Measurement Facility (TMMF, [24,
25]) is designed to suspend a lightened mock-up of the TM as a
simple pendulum inside a vacuum chamber. A laser interferometer is
employed to measure the oscillation of the test mass produced by the
separation from a body initially set into contact and then retracted. The
transferred momentum is obtained by analyzing the oscillation signal
through different techniques. The proposed test configuration benefits
of two properties. First, the sensitivity of the experiment is enhanced
by the adoption of a light test mass. Second, a one-sided release is
studied, avoiding the cancellation of the opposite impulses present on
the in-flight release mechanism.

The conceptual test is performed by suspending also the release tip
as a simple pendulum (same length of the TM mock-up pendulum), as
shown in Fig. 4. The tip is actuated through a thin wire. This setup
allows to apply a limited contact force (pN), to limit shear forces at
the contact patch and to minimize the effect of micro-seismic vibra-
tion [26]. This experiment characterizes the bottom limit of the impulse
at release, produced by an ideal mechanism able to handle the test mass
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Lol

j
Tip Wire

Fig. 4. Schematic illustration of the first development of the TMMF. The tip
is suspended as a pendulum and is actuated through a thin wire.

Force pull

with a very low contact force. The experiment design target is to mini-
mize any spurious action on the adhesive bonds, potentially leading to
under-estimation of the transferred momentum. The design must also
maximize the measurement resolution to accurately capture the true
dynamics of the event. A facility development plan is implemented
testing different actuation systems of the adhered body and analyzing
the resulting transferred momentum [27]. In this configuration, the
analysis is limited to the pendulum swing motion, and the system is
modeled as an oscillator with a single degree of freedom. The maximum
measurement resolution is reached thanks to the application of optimal
filtering techniques (Wiener-Kolmogorov) to the test mass mock-up
displacement signal to estimate the impulse and the initial position of
the suspended mass. The measured transferred momentum spans the
range from 107 to 1077 kgpms~' [26,28].

The setup is upgraded in order to apply a controlled preload to the
tip-TM contact. An adjustable blocking system is introduced to balance
the preload force, engaging the TM mock-up on the opposite side
with respect to the retracted body. The blocking mechanism consists
of three needles coated with an anti-adhesive layer. This solution is
used to balance the preload between a mock-up of the TM and the
mock-up of the release tip, which is pushed against the former by a
commanded fork (see Fig. 5). This setup allows to apply contact forces
up to 100mN, which are relaxed to a negligible level (i.e. uN) before
the tip retraction. The system dynamics is modeled considering both the
pendulum swing motion and the actuator displacement. The dynamical
model is fitted to the measured signals of the mock-up and actuator
motions, providing a measurement of the transferred momentum [29].
The estimated transferred momentum spans the range from 1072 to
lkgums~!, according to the commanded acceleration of retraction of
the adhered body. This result confirms that the injection into geodesic
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Fig. 5. Second development of the TMMF. Solid model of the double pendulum configuration. The tip is actuated through a thin wire. The preload fork allows

to reach contact forces up to 100 mN.
Source: Credits: [31].

in the GRS system from a mechanism is possible. At least one order of
magnitude of margin exists between the momentum transferred to the
TM by an ideal mechanism and the control authority of the electrostatic
actuation.

Analyses on the release tip surface demonstrate the formation of
local welds and subsequent ductile rupture at the separation of the
adhered body. The relationship between adhesion force and elongation
is obtained indirectly [30], providing the experimental evidence of the
dependence of adhesion forces on the separation distance between the
contacting bodies.

According to the development plan of the GPRM, the TMMF is
upgraded to apply a larger contact force. The double-pendulum con-
figuration is substituted with a solution in which a direct actuation of
the mock-up of the release tip is performed (see Fig. 6). An ultrasonic
piezo stage drives the tip, engaging the TM mock-up at the gold-coated
insert. The actuator is mounted on top of a tip-tilt and a rotating stage.
This allows both the possibility to increase the preload to 400 mN and
to change the tip retraction direction. The physical properties of the
contacting bodies (bulk AuPt alloy, machining and coating process)
are updated according to the design status of the GPRM, in order to
provide a more representative test setup. The momentum transferred to
the TM mock-up is now estimated by analyzing its acceleration, after
removing the systematic contribution of the blocking system [32]. The
repeatability of the force-to-elongation relationship is increased and the
estimated transferred momentum increases further, up to 70% of the
requirement [32]. Such a criticality highlights the need to proceed with
a proper investigation of the performance of the flight hardware. This
investigation provides a qualification of the final mechanism design for
the specific function of releasing the TM into free-fall for its injection
into the geodesic.

The prediction of the in-flight behavior of the GPRM based on the
ground tests aims at extrapolating the results to the actual mission
performance. The prediction considers that the in-flight injection is
performed by two mechanisms. The mechanisms are characterized by a
faster actuation of the release tips compared to the ground-tested mock-
up. These conditions are expected to reduce the criticality of the TM
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release with respect to the test configuration. The results extrapolation
to flight conditions is performed using a mathematical model of the
injection dynamics, ensuring consistency between experimental data
and the actual in-flight injection. The model combines the electro-
mechanical dynamics of the GPRM [33,34] with the adhesion force
model [35]. The mathematical model is employed to simulate different
in-flight release scenarios, estimating the margin of the actual injection
with respect to the requirement. The results extrapolation to flight
conditions demonstrated that the requirements set on the TM release
velocity should be fulfilled in at least 96% of the releases [36]. More-
over, the expected release velocity produced by adhesion is compliant
with the requirement to within a factor 5 [32].

The qualification of the final design is performed by the integration
of a GPRM engineering qualifying model (EQM) in the TMMF (see Fig.
7). The release tip shape and material, the preloading system and the
retraction actuation are fully representative of the in-flight conditions.
In parallel, the on-ground testing activities of the GPRM show that
no significant contact load relaxation may be performed before the
release phase, which must be realized with a residual preload force
nearly equal to the maximum [37]. This boundary condition strongly
affects the mechanics of the contact, the adhesion strength and, in turn,
the transferred momentum. Moreover, the presence of a large preload
at the retraction of the release tip introduces a dominant systematic
error in the measured release velocity, produced by the elastic push
of the blocking needles on the test mass mock-up when the preload is
recovered.

The increased speed of the piezo-stack actuator compared to the
previous configuration (based on an ultrasonic piezo actuator) reduces
the duration of the adhesive force by an order of magnitude [38].
Dedicated ground-based testing campaigns show that the elastic push
persists for several tenths of a ms, whereas the adhesive force exerted by
the tip fades to zero to within tens of ps [36]. Therefore, a proper data
analysis and result synthesis technique need to be adopted to extract
the required information from the test results. The technique, which
is presented in [39-41], leverages an observable of the released body
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Fig. 6. Third development of the TMMF. Solid model of the mock-up of the release mechanism.

Source: Credits: [31].

Blockin
needles

Fig. 7. Final TMMF configuration. The GPRM EQM is integrated in the TMMEF.

dynamic response, i.e. its excited modes of vibration. The technique
allows to refine the prediction of the adhesion contribution to the trans-
ferred momentum. The results show that, in the worst-case scenario,
the contribution of the adhesion impulse to the overall transferred
momentum covers 15% of the available momentum budget (i.e. up to
1.5kgums™1).

2.1. In-flight testing of the injection phase

The LPF mission telemetry data show that, for the majority of
the in-flight releases, out-of-requirement TM velocity components are
common along all linear and rotational axes [42,43]. Moreover, the
predominant component of the velocities is not the z component, mean-
ing that the actual in-flight dynamics is different from the expected
one-dimensional TM release.
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As discussed in [44], the unexpected velocities are explained with
collisions between the TM and the GPRM plungers at the tip retraction.
These collisions occur if the gap between the plunger heads and the
TM indent surfaces is not sufficient to compensate some clearance
reduction effects occurring at the tip retraction (see Fig. 3(b)). The
reduction of the clearance may be caused by several factors. Among
these, studies have identified excessive plunger vibrations generated
by the tip retraction [45], misalignment of the TM-plunger relative pre-
release position [46], and non-rectilinear motion of the plungers during
the release procedure [47].

In order to increase the available data on the in-flight performance
of the GPRM, a dedicated in-flight test campaign of 96 TM releases
is performed at the end of the extended mission phase. The preload
exerted by the tip was modified from its nominal value of 300 mN,
exploring its influence on the release dynamics of the TM.

The estimation of the TM release velocities in these tests is non-
trivial, mainly because the telemetry sampling frequency is low (10 Hz).
The low sampling frequency prevents the detection of collisions and
hinders the separation of effects arising from time lags in the retraction
of the two tips. In some tests, the reliable estimation of the velocity is
not feasible, as the telemetry signals are noisy and hardly interpretable.
In other cases, the TM results prematurely released during the handover
procedure showing non-zero velocity components before the retraction
of the tips. Consequently, a test is considered reliable only if it results
free from all these phenomena [44]. If we analyze the TM momentum
at the release in the tests whose velocities can be reliably estimated
(45 total tests), it is possible to disentangle the effects of the spurious
plunger-TM interaction along the different axes. The disentanglement
allows to extract the underlying nominal dynamics taking place along
the z-axis.

The model developed for this calculation is based on the linear sys-
tem of the Newton-Euler equations of the TM dynamics. The dynamics
is written in the impulsive form, expressing the effect of the TM-
plunger interaction in terms of their time integral. The overall impulse
developed after the tip retraction is associated to the variation of the
TM momentum. In the model, the geometry of the TM indents is taken
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TM mechanical and geometrical parameters. The values are estimated from the CAD model of the TM and the

plunger heads.

Param. Value Unit Description
a 21.8 mm Distance of the predicted TM-plunger contact point from the plane
x—y estimated using the CAD model of the GPRM
b 3.9 mm Distance of the predicted TM-plunger contact point from the planes
x—z or y—z estimated using the CAD model of the GPRM
a 41.5 ° Inclination of the TM indent contact surfaces with respect to the z
axis
J;; 678 x 1076 kgm? TM inertia about j € {x,y} axis
M 1.98 kg TM mass
,,,,,____\\____ I—I—
Y
a I tan|(a)
Yy
z |
-1 - =-=-=-- = Ly l
9 |
|
| —
a I tan|a)
Yy
oy | /S Na LT
Y

S

Fig. 8. Cut views of the TM together with the impulses produced by the plunger-TM interaction.

into account and the orthogonality of the impulses to their surface is
imposed [23]. In Fig. 8, two cut views of the TM are depicted together
with the impulses produced by the plunger-TM interactions. The model,
defined by the system of Egs. (1), relates the lateral impulses (x and y
directions) with the TM momentum along z. The inputs to the model
are the mechanical and geometrical characteristics of the TM (see Table
3) and the velocities recorded in-flight; the outputs are the impulse
received by the TM at the release along x, y and z.

+IF+1; = Mv,
+IF+ I =Mu,
(=I} + I;)(a+btana) =J, 0y (@)
(+I} —I_)a+ btana) =J,,0,
(DI + = I = L D tana + 1y = My,

where I’ represents the impulse along the jth direction (x, y or z) re-
ceived by the TM from the ith plunger (+ or —, representing the conical
and pyramidal plunger respectively). Moreover, v; and o; represent the
in-flight TM linear (i =€ {x,y,z}) and angular (j =€ {0,n}) velocities
components respectively.

The model allows the estimation of the residual impulse along z,
called I_,,,, which contains all the effects along the z direction that
are not explained by the projection of the lateral impulse caused by
the plungers’ impact.

The model is applied to all the 45 in-flight reliable tests, providing
a value of the TM residual momentum for each one. These values are
divided in three groups, based on the in-flight residual preload: group
one collects the estimated I, values for the tests with a preload
ranging from 50 to 200mN (9 values), group two collects the values
for the tests with a preload ranging from 200 to 400 mN (4 values) and
group three collects the values for the tests with a preload ranging
from 400 to 600 mN (6 values). Tests with preload lower than 50 mN
are discarded since their uncertainty make them compatible with zero
contact force, i.e. unstable contact. This choice is further supported
by telemetry data, which highlight that in some tests at 50 mN, the
tip is not in contact with the TM prior to its release. For each group,
the mean values of the preload and of I,,,, are computed along with

their standard deviation. The three I, ,,; mean values are referred to as
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I 1651005 Lz res3005 Lzres500 Since the mean preloads are equal to 129 mN,
292 mN and 521 mN respectively and are plotted in Fig. 17. In Section 4
they constitute the reference for the comparison with the on-ground
results.

3. A combined ground-flight test analysis

In this Section, the analysis and following interpretation of the in-
flight performance is proposed, focusing on its compatibility with the
ground-based tests. The compatibility of the GPRM in-flight release
performance with the requirements is investigated in the hypothesis
that the spurious impacts are avoided. This option would support a
possible mechanism partial re-design finalized at producing, in LISA,
just the nominal release dynamics.

3.1. In-flight release dynamics

The in-flight release dynamics of the TM in the nominal configura-
tion of the mechanism takes place along the common axis of retraction
of the two tips. The equation of motion of the TM may be projected
on that axis, which corresponds to the z direction in the GRS reference
frame. Along z, the two contact forces between the TM and the release
tips start from an equal and opposite compression. Then, at the retrac-
tion of the tips, the contact forces follow two different time histories,
as shown in Fig. 9. The differences between the two time histories are
described in principle by the following parameters:

+ the time lag ¢, defined as the difference between the start time
of the two tips;

« the different retraction velocities of the tips, producing different
force drop times tf and 1 at the two contacts (t;r — 1] = A1)

- the different adhesive pull at the two contacts, defined as 4:.

By equating the momentum acquired by the TM to the net impulse

of the two forces, the three effects combine as shown in Eq. (2).
1

Lires = fotp+ 5fo Aty + & (2)

where I, is the in-flight TM residual momentum along z (see Sec-
tion 2.1), f, is the preload on the TM, measured in-flight, just prior
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Fig. 9. Schematic contact force time histories on the opposite TM sides.

to the tip retraction. Eq. (2) shows that a net TM momentum arises at
release as a consequence of the asymmetry of the two mechanisms and
is affected by the repeatability of the asymmetries described above. The
equation expresses the momentum budget for the TM combining the
three contributions produced by the time lag, the velocity of retraction
and the adhesive pull respectively.

The left-hand side of the momentum budget of Eq. (2) expresses
the residual (i.e. impact-free) in-flight momentum along the z-axis.
The right-hand side of the same equation provides its estimation based
on the ground tests. Those terms are assumed to be random quanti-
ties, whose sum must comply with the release velocity requirement.
Noteworthy, the terms depend on the dynamic response of the TM
to the applied force time history and would require the solution of
its equation of motion. For example, A7, depends on the motion of
the tip with respect to the TM. However, because the velocity of
the tip is four orders of magnitude larger (on the order of 10* ums~!
against 1ums~!), the effect of the TM response is negligible. The
aforementioned contributions are analyzed in the following.

3.2. Contribution of the tips retraction time lag

The first contribution of Eq. (2), fytp, combines the preload at the
release and the time lag between the retraction of the two tips. To mea-
sure the time lag between the mechanisms a dedicated experimental
setup is built, as shown in Fig. 10.

Two units of the GPRM EQM mechanisms (conical and pyramidal)
are mounted on an anti-vibration platform with the plungers mutually
aligned. A gold insert, machined to reproduce the TM landing area, is
mounted on a friction-less pendulum and aligned with the plungers.
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The pendulum suspension guarantees that, along the common axis of
retraction of the tips, the test mass mock-up is in nearly free-fall state.

The plungers are electrically connected to the cathode of a battery
and the gold insert is connected to the battery anode. In this way,
whenever a mechanism is in contact with the insert, the half-circuit
related to that plunger is closed and a current flows.

To perform the measurement, the release tips are extended and set
in contact with the gold insert by using the plungers actuators, until a
desired preload is reached. Since the tip is in electrical contact with the
hosting plunger, when the tips are touching the gold insert a voltage
difference is present on the ends of two high-precision 10! kQ resistors
R (see scheme of Fig. 10). Their resistance is chosen to limit the current
and to guarantee a circuit characteristic time constant on the order of
ps (i.e., lower that the expected time lag). The release tips are finally
retracted, causing the voltage to drop to zero as soon as the electrical
contact between a tip and the insert is opened. The voltage drop signals
across each resistor are measured by two channels of a DSO7032A
Agilent Technologies digital oscilloscope. Each measured voltage signal
is then fitted with a piecewise function:

{

where V|, represents the battery voltage, 7, is the time instant corre-
sponding to the detachment of the tip from the insert and C is the
circuit capacitance (measured on the order of 10~'°F). In Fig. 11 the
two measured voltage signals (blue curves) of a test are plotted together
with their fitting function (red curve for the pyramidal plunger, orange
curve for the conical one), as an example.

For a given test, the difference between the two fitted values of 7,
gives an estimation of the time lag between the retraction of the tips.
The experiment is repeated for a total of 70 times, varying the preload
from 100 to 500 mN, providing an experimental mean value of the time
lag equal to 11 + 4 ps (1o error interval). It is worth noting that the sign
of the time lag does not depend on the applied preload and is essentially
systematic, that is one of the tip is almost always retracting before the
other.

The statistical distribution of the preload f|, is based on the disper-
sion of the measured GPRM preload force during in-flight testing before
every release. Assuming that f;, and ¢, are independent random vari-
ables with probability density functions 4, (f,) and h,(tp) respectively,
the probability density function of their product is calculated as the
Mellin convolution of h,(f,,) and h,(tp):

1
—d
)Zz w2

where z; and z, correspond to f;, and 7, respectively.

As an example, the result of the calculation is plotted in Fig. 12
where h,(f,) describes the probability density function of the in-flight
preload corresponding to the 300 mN tests group.

Fig. 12 shows that in the nominal case in approximately 99% of the
cases the time lag contribution falls between Okgpms~' and 7kgpms~!.
Furthermore, in approximately 13% of the cases the momentum con-
tribution falls in the range 5-8kgums~!, eroding up to 80% of the

maximum available momentum budget (i.e. 10kgpms~).
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3.3. Contribution of tips-TM adhesion

The adhesion contribution is characterized by means of a dedicated
ground testing campaign. The tests are performed with the TMMEF,
where a one-sided release is realized with the EQM of the GPRM. A
picture of the TMMF is shown in Fig. 7. The design of the TMMF
guarantees the reproduction of the in-flight environmental conditions:

» the experiment is performed in a vacuum chamber; by means of a
ion pump the pressure is constantly kept at a 10~7 mbar level and
the cleanliness level is guaranteed;
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Fig. 10.
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Fig. 11. Zoomed plot of the experimental voltage drop for the two plungers
(in blue curves). The discharge time history (red and orange curves) is fitted
to the corresponding signal, providing an estimation of the instant f,. The
difference between the two time instants provides the time lag ¢,, between the
two fitting curves.
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Fig. 12. Distribution of the time lag contribution fy7, to the momentum
budget computed with the ground and in-flight test data (300mN preload
group).

+ the vacuum chamber is assembled over an active anti-vibration
platform in order to isolate the system from micro-seismic noise;

« the devices are electrically grounded in order to minimize disturb-
ing electrostatic forces at their contact;
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Left: experimental setup for the measurement of the time lag between the retraction of the two tips. Right: schematic electrical scheme of the experimental

« the free-fall state is simulated through a pendulum wire that
hangs the test mass mock-up. The pendulum wire also contributes
to minimize vibrations transferred by the chamber to the test mass
mock-up;

+ the system temperature, representative of the in-flight conditions,
is controlled.

The measurement system is composed of a SIOS SP-S 120 laser
interferometer (which provides the displacement of the test mass mock-
up), an optical lever (used in the preliminary alignment operations
and as diagnostic signal), and a high-speed camera (which allows
to constantly monitor the relative position of the devices during the
operations). The GPRM EQM, the blocking system and the TM mock-
up, constitute the core of the experiment (Fig. 13). The blocking system
is composed of three horizontal needles. The stiffness of the needles is
comparable to the axial stiffness of the GPRM. The needles are coated
with a conductive anti-adhesive layer CrN-based and are designed to
minimize adhesion at the needle-TM interface. The TM mock-up is the
sensing body to which a single one-sided adhesive impulse is applied.
It consists of a 36 x 36 x 4 mm> W-alloy parallelepiped, hang through
a pendulum wire to the top of the TMMF,; in its center, a cylindric
insert is press-fit by interference coupling. The insert is gold coated,
to reproducing the in-flight landing area properties (i.e., the contact
surface between in-flight TM and GPRM).

penduJum wire

™

blocking needles GPRM tip

GPRM pl
laser prunget

<

Fig. 13. Schematic sketch of the experimental setup. The red dotted line
represents the laser beam.
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The total mass of the mock-up (88.5g) is approximately 20 times
smaller than the in-flight one, yielding an equivalent amplification of
the velocity produced by the adhesive impulse. The length of the wire
(slightly more than 1m) makes the natural period of the pendulum
oscillator much larger than the duration of the release experiment.
Therefore, it is possible to neglect the effect of gravity for typical
displacements (about 1pm) around the equilibrium position occurring
during the tests.

The displacement of the mock-up along the horizontal release di-
rection (corresponding to the z axis) is sampled at a 200 kHz frequency
by means of the laser interferometer. The laser interferometer has a
nominal wavelength of approximately 633nm and is designed for the
measurement of mechanical vibrations in the sub-pm range.

The test procedure is composed of the following steps:

+ Alignment. The interferometer optical axis, the blocking system,
the mock-up frame and the GPRM plunger are mutually aligned
by means of linear and angular micrometric positioners. Firstly,
the interferometer optical axis orientation is adjusted in order to
reach the orthogonality with respect to the vertical direction. The
position and orientation of the GPRM are adjusted through a tip-
tilt stage while pointing the laser beam at the tip. The blocking
needles attitude is adjusted by minimizing the variation of the test
mass attitude during the blocking phase.

Blocking. The blocking needles are commanded to approach the
mock-up until an incipient contact is established, i.e. its yaw
oscillation is negligible. When the mock-up is still, the plunger
is actuated toward it, until the tip engages the mock-up with the
target preload. The preload value is measured in real time by
the GPRM force sensor. The adhesion produced by the contact
between the needles and the TM is negligible, as demonstrated
in [34].

Release. When the release command is sent to the GPRM unit, the
voltage signal sent to the release tip piezo-stack actuator drops
and the tip is quickly retracted (approximately 10* ums~!). The tip
applies to the mock-up a decreasing contact force, which converts
into an adhesive pull contributing to the mock-up momentum. At
the same time, the needles act as preloaded spring rigidly pushing
the mock-up from the rear side. The elastic push produces an
additional contribution to the overall momentum acquired by the
mock-up. When the mock-up detaches from the needles, it moves
with a constant velocity along z axis (free flight velocity), and the
experiment is concluded.

The ground-based experiment reproduces a one-sided release with a
rescaled dynamic, i.e., an enhanced sensitivity to the applied forces.
The one-side experiment allows to neglect the effect of any time lag
with respect to the release commanding signal on the release dynamics.
However, a disadvantage of the one-sided release is that the needles
push has a significant effect on the TM final velocity. Assuming that
the system behaves as a preloaded oscillator, the velocity is amplified
of a factor equal to the square root of the flight to mock-up mass ratio,
i.e., about 4.

The output of the experiment (Fig. 14) is the z displacement of the
mock-up, measured by the interferometer. The acquisition is triggered
by the piezo-stack voltage drop. As shown in Fig. 14, the measured
displacement can be divided into three main parts. The first part corre-
sponds to the pre-release interval: the mock-up is still, blocked by the
needles and the tip. In the second part, named acceleration interval, the
momentum is transferred to the mock-up. A small fraction of the total
momentum is transferred by the adhesive pull (duration approximately
20 ps, [39]) while the majority of the transferred momentum is due to
the needles relaxation (duration approx 500 ps). In the third part, the
mock-up detaches from the needles and moves with a constant velocity.

Different preload values are tested, repeating the experiment 140
times and collecting the results in three different subsets: 10 experiment
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Fig. 14. Measure of the TM mock-up displacement during an adhesion test.
The curve is divided in three intervals, according to the TM state: still,
accelerated, constant velocity.

are performed applying 100 mN, 120 applying 300mN (which is the
in-flight nominal value of the preload) and 10 applying 500 mN.

A measurement technique is developed to disentangle the effect
of the needles relaxation and the adhesive impulse in the overall
momentum. The technique exploits the excited vibration modes of the
TM mock-up and is briefly summarized below (a detailed description
is provided in [39-41]. The TM mock-up is modeled as a deformable
bidimensional plate. Its motion z(r) may be written as the sum of the
N excited vibration modes [48]:

N
2 =Y (X, 1) (1)

m=1

)

where a,,(x, y) is the m—th mode shape evaluated at coordinate (x, y)
in the mock-up body-fixed reference frame, and g,,(r) represents the
corresponding modal coordinate. Each modal coordinate is obtained by
solving the equation of motion of a simple harmonic oscillator:
0,
B

where w,, is the natural frequency of the m—th mode, g, the corre-
sponding modal mass and Q,,(r) the modal projection of the forces
acting on the mock-up. The modal projection is the sum of two contri-
butions. The first contribution represents the projection of the adhesion
force exerted by the tip, which is function of distance between the
adhered bodies [30]. The second contribution represents the projection
of the force exerted by the needles. Each needle is modeled as a
preloaded spring connecting the mock-up to ground.

The solution to Eq. (6) yields the modal response of the m—th
vibration mode. The squared amplitude of the steady-state response c,,
is written as:

C,Zn = ai(o» 0) (Ai + Brzn) = [, D, @y B> ) ™

where «,,(0,0) is the mode shape evaluated at the center of the mock-
up (i.e., where the laser is pointing), 4,, and B,, are the amplitudes of
the sine and cosine components of the steady-state oscillations. These
amplitudes are a function of the modal parameters, the preload p, and
the intensity of the adhesion force impulse .

Eq. (7) represents the adhesion impulse measurement technique.
The left-hand side corresponds to the oscillation amplitude of the mth
excited vibration mode. The amplitude of each mode is estimated
applying an optimal filter to the acquired displacement signal [49]. The
right-hand side represents the oscillations as a function of the modal
parameters, the preload, and the adhesion force impulse. The parameter
estimation procedure, applied to each of the three preload data subsets,
is summarized in the following steps:

40 + 2 q,,() = (6)
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Fig. 15. Probability density function of the adhesion contribution to the TM
single tip.

+ a finite element model of the mock-up provides the values of the
modal parameters
an analytical model of the mock-up dynamics is fitted to the
experimental signal. The fitting procedure allows the estimation
of the preload force applied by the release tip (as an independent
estimation with respect to the GPRM load cell measurement) and
of the time range associated to the free-flight oscillations of the
T™;
the modal and fitting parameters are substituted in Eq. (7), which
becomes function of just the adhesion impulse intensity
computing the mean impulse intensity 7 and standard deviation ¢,
over a given subset of measurements.

Assuming that the one-sided release tests are representative of the
in-flight behavior, the statistic of 4 (term appearing on the right hand
side of Eq. (2)) corresponds to the difference between two random
variables. The random variables are extracted independently from the
same normal distribution centered in 7 and with standard deviation &,.
The probability density function of the sum of two random variables is
calculated through the convolution of their respective PDFs:

[

PDF,(—x) PDF,(z — x)dx (8)

The PDF resulting from the calculation for the 300 mN data set is
plotted in Fig. 15(a). The plot shows that in almost 98% of the cases
this contribution falls between —0.5 and 0.5kgpms=!.

Due to possible settlements of the TM during the handover phase,
it cannot be excluded that the adhesive bonds produced at the tip-TM
contacts are broken at one side before the release. This corresponds
to a worst case in which only one tip is adhering to the TM landing
area, reducing the mutual cancellation. In this case, the statistic of
Ar corresponds to the PDF of a single random variable, since the
contribution of the other tip is equal to zero by hypothesis. The PDF
resulting in this case is plotted in Fig. 15(b). Being this the worst
case, the PDF shows that in at least 82% of the cases the momentum
contribution falls in the range 1-1.5kgpms~! covering no more than
15% of the maximum available momentum budget (i.e. 10kgpums=!).

por- |

3.4. Contribution of the asymmetry of the tip retraction velocity

An estimation of the contact force drop time (t;r and t;) is found
calculating the time required by the tip to travel the distance which
recovers its elastic (Hertzian) penetration in the landing area (about
0.1 pm, [50]). From the aforementioned retraction tests performed on
ground, it results that ¢, is 1.2+ 0.4 pus. Assuming uncorrelated behavior
of the two units of the GPRM, the difference between the duration of
the unload ramps of the two contacts, 4t;, has a standard deviation
of 0.5ps. Combining this reference Ar; with the average pre-load of
300 mN it results that this contribution is on the order of magnitude of

Probability density function
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0.1kgums~!, i.e., it is negligible with respect to the other contributions.
For this reason, the effect of different velocity of the release tips in the
TM momentum, expressed by the term fy47, in Eq. (2), is hereinafter
neglected.

4. Compatibility between in-flight and on-ground test results

As a consequence of the discussion of Section 3.4 Eq. (2) is approx-
imated as shown in the following:

©)

Given the probability density functions of f,¢, and 4: (see Sections 3.2
and 3.3), the PDF of the TM residual momentum P D Fry(z) is found
applying the rule expressed in Egs. (4) and (8).

In Fig. 16 two PDF of the TM residual momentum are plotted
together. The yellow histogram refers to the PDF of the TM residual mo-
mentum computed considering only one tip adhering to the TM, while
the light blue one to the PDF computed considering both tips adhering
to the TM. The Figure shows that the momentum prediction based on
the on-ground tests is represented by a distribution in which the mean
and the dispersion are dominated by the time lag contribution.

]z,res ~ fOtD +4
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Fig. 16. Distribution of the overall TM residual momentum. Light blue: overall
momentum considering adhesion on both tips. Yellow: overall momentum
considering adhesion on a single tip.

As discussed previously, the on ground data-set are divided into
three sets depending on the preload force. Three probability density
functions are estimated from the ground tests: PDFpy; 09, PDFry300
and P D Fry; 509, where the number in the subscript refers to the preload
value in mN. Each of the three PDFs is compared with the distribution
of the corresponding value of the flight data residual impulse, I, .,
indicated as I, (with i € {100,300,500}). Such residual impulses

z,res,i
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are found by grouping the in-flight data according to the preload force
(as discussed in Section 2.1).

The statistical compatibility between the in-flight telemetry data
and ground-based tests is checked with a test of hypothesis [51,52].

Let {x;;...x;, } be the set of n; values of I_,,, ; belonging to the
Jj—th group (with j € {1,2,3}, see Section 2.1) and {y;, ~~~Yj,1vj} be a
random sample of N; observations from the corresponding P D Fry ;.
Let X}, 7;, 63.' and 02; be the means and variances of the two samples
and let , ; and u,,; be the means of the two populations, respectively.
We associate the null hypothesis H, to the case in which u,; = u,;
i.e. the in-flight I, ,,; and its ground-based pair are equal. When H|, is
true, the following statistics:

X —y;
t;f:# 10)
n +N

J J
is distributed as a t-distribution with v; degrees of freedom, where v is

equal to:

VERCER an
&), ()

+
nj—1 N;-1

Chosen a significance level a, if the absolute value of the statistic iy
is lower than the corresponding two-sided t-student’s distribution value
h-g, there is no evidence of violation of H, which is not rejected.

The results of the comparisons are reported in Table 4, where « is
set equal to 0.05 [51,52] and N f equal to 50. In order to account for
the limited number of components of the I, ., sets (due to the limited
amount of in-flight tests), the comparison of the on-ground and in-flight
TM momentum distributions is performed varying N; from 10 to 100.
The H, hypothesis is never rejected.

Table 4
Statistical compatibility of ground tests distributions and in-flight
data with « equal to 0.05, N;, N, and N; equal to 50.

Group Degrees of freedom |7 fi_ey
100 mN 8 0.8 2.3
300 mN 3 0.5 3.2
500 mN 5 1.7 2.6

In order to include in the analysis all the possible cases that may
have occurred in flight, the statistical compatibility of each group is
carried out in two additional cases:

« case 1: only the Z* tip is adhered to the TM, i.e. the net impulse
becomes I, ., = fotp +1;

+ case 2: only the Z~ tip is adhered to the TV, i.e. the net impulse
becomes I, ,,; ~ fotp — 1.

The H,, hypothesis is never rejected also for case 1 and case 2 (inde-
pendently of N;). The results of the statistical analysis carried out in
the three cases are presented in Fig. 17, where three plots are depicted
together. Fig. 17(a) shows the 9 values of I, 109 (blue dots) and the
three PDF corresponding to the three cases analyzed. Fig. 17(b) shows
the 4 values of I, 300 (blue dots) and the three PDF corresponding to
the three cases analyzed. Fig. 17(c) shows the 6 values of I, ,, 5 (blue
dots) and the three PDF corresponding to the three cases analyzed.

The statistical compatibility between the in-flight I, ,,, and their
ground-based prediction constitutes a relevant confirmation of the
effectiveness of the flight-ground testing activity. The compatibility
indicates that the key factors influencing the nominal release dynamics
are effectively identified. These findings provide strong support for
the development of the GPRM for LISA, particularly in addressing
the effects that caused unexpected performance. We summarize these
findings in the following:
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Fig. 17. Comparison between in-flight momentum I, ,, and its ground-based

predicted probability density function, assuming adhesion on both tips or one
tip (Z* and Z7). (a) 100 mN preload (b) 300 mN preload (c) 500 mN preload.

1. If the impacts between plungers and TM at the release are
avoided, the remaining in-flight dynamics is nominal, i.e. may
be explained as a combination of the effects of adhesion, time
lag and residual contact preload.

. In the nominal dynamics, the time lag between the retraction
of the two tips and the residual contact preload at the release
combine producing the main contribution to the momentum
along the z axis.

3. The contribution of adhesion, even if present, is less critical.

The results of the ground test may be used to estimate the probabil-
ity of a successful release, in the hypothesis that the GPRM mechanism
for LISA is developed in order to avoid any spurious interaction be-
tween plungers and TM, i.e. according to a nominal dynamics. For the
three cases of adhesive contacts addressed (both tips, only +z tip and
only -z tip) the probability of a compliant momentum is calculated
according to the three PDFry; and are reported in Table 5. It can be
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concluded that, for the LPF nominal case (i.e., 300 mN of tip preload),
the TM release is expected to be successful in 99.99% of the cases.

Table 5
Probability that I_,,, is less than the maximum available budget (10kgpms~,
which is referred to as I,,,,) in the three cases considered. It should be noted

that the release success probability exceeding 99.99% is obtained specifically
under a preload condition of 300 mN, which is the LPF nominal case.

Group P(fotp+ M <1, ,,,) P(fotp =1 <1, ,.) P(fotp +1<1,,,,)
100 mN 100.00% 100.00% 100.00%

300mN 99.99% 100.00% 99.98%

500 mN 97.46% 100.00% 88.53%

It may be concluded that a re-design of the GPRM finalized to avoid
any interaction between plungers and TM at the release can result in a
nominal and compliant injection procedure.

5. Conclusions

The injection of an object into a geodesic trajectory constitutes a
relevant engineering challenge to the success of a space mission. In
this paper, we present the case of LISA Pathfinder, where a combined
ground-flight testing approach is adopted to develop a mechanism to
perform the injection of a 2kg gold-coated test mass into a geodesic
trajectory of unprecedented purity. The analysis of the in-flight behav-
ior of the mechanism in LISA Pathfinder highlights that an anomalous
dynamics occurred, affected by spurious interactions between its end
effectors and the released test mass. However, subtracting these un-
wanted dynamical effects from the in-flight performance, it is possible
to highlight that the underlying “nominal” dynamics is compatible
with the ground-based tests and, above all, compliant with the design
requirements. On the LISA science mission project side, this result is
relevant, as it supports a mechanism development mainly focused on
achieving the nominal behavior. In order to remove the spurious effects
that drove the unexpected performance, the baseline for the GPRM
redesign focuses on:

increasing the clearance between the plunger and the TM. This
is achieved either by integrating longer piezo-stacks or by com-
manding both piezo-stacks simultaneously;

reducing plunger lateral vibrations at the tip retraction. This
is accomplished by refining the manufacturing, assembly, and
integration processes of the GPRM;

reducing plunger axial vibrations at the tip retraction. This is
achieved with an improved balancing of the actuation piezo-
stack;

minimizing the friction in the linear guiding system [53,54]. The
reduction of the friction reduces the non-rectilinear motion of the
plungers during the release procedure. The friction minimization
is achieved changing the slider/roller coupling;

integrating a more precise and accurate force sensor, allowing a
finer control on the preload applied by the tip.

The combined implementation of these modifications reduces the risk
of collisions between the plunger and the TM during release. Some of
the proposed modifications are implemented in a breadboard model of
the GPRM, which is currently being tested at the University of Trento.
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