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Abstract. The challenging goal of LISA-Pathfinder in terms of maximum non-gravitational
forces applied on the test mass poses tight constraints on the design of the Gravitational
Reference Sensor. In particular, large gaps (3-4 mm) must exist between the test mass and
its housing and any system there located must be either gold coated or made of a gold-based
material. As a consequence, a significant adhesion may arise between the test mass and the
mechanism designed to cage it during the spacecraft launch and to release it to free-fall. The
criticality of the latter phase is enhanced by the control force authority exerted to the test
mass by the surrounding electrodes. Such a force is limited by the large gaps (order of uN).
Since the expected adhesion force between the test mass and its holding devices is much larger
than the force authority, a dynamic release must be realized. However, following this procedure
adhesion converts into test mass velocity, which can be controlled by the capacitive force only
if it is smaller than 5 pum/s. At the University of Trento (Italy) the Transferred Momentum
Measurement Facility has been designed and developed to measure the impulse produced by
metallic adhesion upon quick rupture, in representative conditions of the LISA-Pathfinder test
mass release to free-fall. Large sets of data have been collected and a mathematical model of the
in-flight release dynamics has been developed, in order to estimate the test mass release velocity.
A summary of the results is presented, together with an overview of the recent developments
and a prediction of the in-flight performance.

1. Introduction

In the LISA-Pathfinder mission, the main sensor -the Gravitational Reference Sensor (GRS)-
measures the position of a 1.96 kg Au/Pt cubic test mass (TM). This object is nominally
shielded within the required limits [1] from all forces except gravity and spacecraft actuation.
The motion ruled by gravity alone is called Drag-Free and follows a Geodesic trajectory.

In order to survive launch each TM must be carefully constrained during Launch and Early
Orbit Phase. Such a constraint is then removed, allowing the beginning of the scientific phase.
This release phase is a critical feature of LISA-Pathfinder. In fact, due to the limited available
electrostatic actuation (0.5 uV), the initial state of each TM must be within the boundaries of
Tab. 1.

The device in charge of holding the TM during launch is called CVM (Caging and Vent
Mechanism) [2]. It acts along the z axis of the TM and applies a high load of about 300 N
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Table 1. TM state requirement

State Value
offset along x, y and z + 200 pm
linear velocity along x, y and z + 5 pm/s
angle around x, y and z + 2 mrad
angular rate around x, y and z || £ 100 prad/s

on each TM corner. Once in space, the CVM hands the TM over to the GPRM (Grabbing,
Positioning and Release Mechanism), [3].
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The GPRM consists of two subsystems: the plunger (or grabbing finger) and the release tip.
See Fig. 1. The first one is in charge of centering and aligning and the second is a small pin
moved by a piezo-stack that removes the last mechanical action on the TM by means of a limited
contact area and a low contact load (0.3 N). Both GPRM and CVM counsist by two symmetrical
parts on two TM faces.

The criticality of the release is the result of two effects. First of all, the mechanical action
must be really symmetrical on both TM sides. Second, and more important, adhesion acts
joining release device and TMand has a limited repeatability. Therefore, the removal of the
constraint will transfer a momentum to the TM. More precisely, a pull on the TM is expected
along + or - z. Adhesion is enhanced by the fact that both TM and GPRM are Au or Au coated
for mitigation of stray forces due to non uniform surface work-functions.

An experimental-analytical on-ground qualification activity has been conceived for assessing
the performance and the risk of the release. In the following, we will provide an overview of the
main test results and an estimation of the TM release velocity.

2. Testing facility and experimental data

At the University of Trento (Italy), a facility has been designed for studying adhesion in dynamic
conditions and in a space-like environment. The Transferred Momentum Measurement Facility
(TMMF) is constituted by a 1.15 m pendulum. At its end is suspended a mock-up of the TM.
Such a mock-up is a frame in which is included an Au/Pt insert, reproducing the flight TM
contact surface. Similarly, a mock-up of the release tip is moved by an ultrasonic piezo stage.
This last mock-up is loaded up to 300 mN against the pendulum, which is blocked by a set of 3
needles. The load is then relaxed until a nominal 0 mN value. Such a value is inferred from the
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commanded motion of the tip and the value of the stiffness of its blades, Fig. 2. At this point
the tip is quickly retracted pulling the TM by means of adhesion. An interferometer measures
the motion of the pendulum from which the applied force can be derived.

J TM mock-up

Figure 2. Rendered view of the
core of the TMMF.

A more detailed description of the experiment can be found in [4,5]. Indeed, a large set of
actuators are also present for alignment and positioning of TM and release tip mock-ups. Also,
the facility is supported by a damping table that mitigates ground vibrations effects.

Three main experimental campaigns have been performed, each one with a different mass
attached to the pendulum: 0.0096 kg, 0.089 kg and 0.878 kg. The flight TM is equal to 1.96
kg, but adhesion arises only at the contact patch, whose representativeness is guaranteed on
ground. At the same time, budget and organizational reasons make harder the use of a flight
TM.. For each of these campaigns the peak force, the time-length of force action and the
transferred momentum have been derived from the TM laws of motion. The histograms in
Fig. 3 summarize the results in terms of peak force.

Unfortunately, adhesion is only one of the two forces that contribute to the measured motion
of the TM. In order to avoid the rupture of the adhesive bond due to microseismic noise and
for small positioning errors, a load of a few mN is always left between TM and tip. The effect
of such a load is a net impulse on the TM, that can be estimated using:

Mg
knd

Iload = and (1)
where Fj,qq is the residual load, Mrj; the mock-up mass and k4 the stiffness of the blocking
system (the set of 3 needles).

3. Estimation of in-flight behavior

A first rough estimation of the release velocity is done by observing that the force applied on
the TM in the TMMF lasts for about 2 ms. At the same time, the flight release mechanism
moves 10 times quicker than the actuator used on-ground. The impulse is roughly equal to the
area of the triangle Fjeqr0t/2(=vrarMrar), the maximum allowed peak force is 100 mN. We
conservatively assume that the totality of the force is due to adhesion. The worst case measured
peak adhesion value is 48 mN, which still leaves a margin factor of 2. However, this margin
factor does not take into account the effect of a possible asymmetry in the mechanisms action.

A finer estimation requires a mathematical model for adhesion, such as [6]:

Fogn = A1(Al)e™ > (2)

where Al is the elongation. This function, together with a linear model (i.e. spring) for the
needles push, can be fitted in the TM measured acceleration in order to estimate adhesion,
disentangling the needles effect. The result is a set of force-to-elongation functions.
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Figure 3. On the left: histograms of the experimental peak forces. On the right: release
velocity probability distribution obtained from Montecarlo simulations

A model of the release tip has also been proposed [7] that has a voltage as input and the
motion of the tip as output. A mathematical description of the release phase is possible by
joining this last model with the adhesion functions and the TM equations of motion.

The output of the simulation is a random variable function of a large set of input random
variables:

e Adhesion functions: derived from experimental data, as explained.

e Parameters of the release mechanism model: the model of the release tip is identified on the
basis of measurements of its motion. The identification procedure provides both an optimal
set of values and their covariance matrix.

e Contact geometry: the uncertainty on the contact radius of the tip is estimated on the basis
of the design tolerance.

e Input voltage: the real input is not an ideal step, but has a small drop time whose statistical
distribution is extracted from a set of measurements.

e Residual load before release: the nominal value is 300 mN with an uncertainty suggested
by Airbus Defence and Space, responsible of all the Caging Assembly.

The release velocity distribution resulting from 100000 simulations is shown in Fig. 3. The
99.73 % upper value is 1.5 pm/sec.

This activity provides key information in the scope of future Drag-Free missions and eLISA
especially. Omne parameter that could improve the performance is the tip’s head curvature
radius. As a first order approximation, adhesion is proportional to the contact area. In the
Hertz model [8], the radius a of the contact area and the force F' are:

3L
=— VI g %d?’/QEm\/E (3)

a= 22/3

where R is the radius of the hemisphere in contact, d the indentation and E,, the equivalent
elastic modulus. A larger R means a larger a and contact area. At the same time a small
R increases the indentation d. The larger the contact area, the larger will be adhesion.
Conversely, a larger indentation means a longer contact time and an enhancement of the effects
of asymmetrical mechanisms actions. A trade-off value can therefore be found and it can be
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shown that a radius of about 1 mm would provide much better worst-case performance as shown
in Fig. 4. Even in an estimation in which adhesion is low, the current value of 10 mm (Fig. 1)
appears large.
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4. Conclusion

The release of the test mass represents a critical phase for the LISA-Pathfinder space mission.
In order to declare it successful, it must result in a test mass moving with a velocity below
5 pum/sec. An experimental-analytical procedure has been defined to evaluate the risk of this
phase. Most of this risk is due to the presence of adhesion between the Au/Pt test mass and the
release mechanism. An experimental facility was built to estimate adhesion effect in dynamic
conditions in a space-like environment. The results of on-ground testing activity together with
simulations suggest that the worst-case test mass velocity is compliant with the requirement
with a margin factor larger than 2.
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