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Abstract

The study hereby presented develops a mechatronic model of a critical space mechanism for a comprehensive interpretation of its in-
flight performance. The mechanism was operated in the LISA Pathfinder European Space Agency mission, which was flown to test key
technologies developed for detecting gravitational waves from space. The mission accomplished its scientific goal, i.e. demonstrating that
the noise level affecting the relative acceleration between two test masses is within the requirements. Even though LISA Pathfinder was a
successful mission, some criticalities had to be overcome. The mechanism responsible for releasing the test masses into free-fall caused the
masses to assume unexpected velocities. Preliminary analyses, based on a mixed experimental-analytical approach relying on planar
dynamic models, demonstrated that the velocities could be explained by impacts between the test masses and the mechanism end-
effectors. Starting from the results of these analyses, the study hereby presented develops a fully 3D electro-mechanical lumped-
parameter model of the mechanism, following a completely analytical approach. The model, which is validated through an extensive
experimental campaign, benefits from a coupled dynamics between the two critical planes and aims at a comprehensive description of
the mechanism performance. The signal processing technique adopted to estimate the model parameters is based on a regression algo-
rithm, simultaneously applied to multiple signals of the mechanism dynamic response. Then, a mathematical model of the test masses
and of its impactive interactions with the mechanism end-effectors is developed to perform a full description of the in-flight dynamics of
the release phase. The test mass telemetry signals are processed to estimate its state at the in-flight releases and compared with the pre-
diction of the validated model, highlighting accordance with the in-flight data and giving a reliable interpretation of the anomalies in the
test masses state.
� 2024 COSPAR. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
1. Introduction

LISA Pathfinder (LPF) is an European Space Agency
mission that aimed at testing some fundamental technolo-
gies developed to be implemented in the first in-space grav-
itational waves observer, LISA (Armano et al., 2009). The
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composed of two halves, located on two opposite sides of
the TM (see Fig. 1a). On each half, a cylinder-shaped
end effector named plunger is designed to grab the TM
by fitting inside two pyramidal indents machined on two
opposite TM faces. The shape of the plunger heads makes
it possible to grab and center the TM from any possible
configuration in the housing by commanding an axial dis-
placement of the two opposed end effectors. A second actu-
ator is located inside each plunger, to separate the TM
from the plunger heads and perform the final release to
free-fall, by means of an independent tip-shaped end effec-
tor. Given this design, the TM residual velocity after the
release is expected to lay along the z-axis, i.e. the direction
of retraction of the tips. Unexpectedly, the analysis of the
in-flight telemetry data shows that all the TM velocity com-
ponents were different from zero and non-compliant with
the requirements along every direction, and that the z com-
ponent was not the predominant one. Furthermore, the
TM linear momentum after the releases laid almost totally
on the x-z plane (Bortoluzzi et al., 2019; Bortoluzzi et al.,
2021c; Schleicher et al., 2018).

Explaining what caused the unexpected releases is a non
trivial task. Indeed, not all the in-flight releases which
resulted non-compliant are reliable in terms of uncertainty
on the estimation of the TM residual velocity components
(Bortoluzzi et al., 2021c). Furthermore, the telemetry sig-
nals are available only for the TMs and no relevant data
about the GPRMs state are present.

The main hypothesis formulated to explain the unex-
pected release velocities is that collisions between the plun-
gers and the TM occurred at the tip retraction. This
hypothesis is investigated in Bortoluzzi et al., 2021b, where
a simple 2D model of the mechanism is developed and
experimentally validated by means of interferometric mea-
(a)

Fig. 1. On the top left, rendering of the TM and the two plungers together wit
right, section view of the mechanism.
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surements of its dynamical response at the tip retraction.
The dynamical model is completed by an impact model
between the plunger and the TM, predicting a TM kinetic
energy compatible with that measured in the reliable in-
flight releases. This dynamical model describes the mecha-
nism dynamics only on the x–z plane, using a mixed
experimental-analytical approach. In Bortoluzzi et al.,
2021a, two similar lumped parameter plane models of the
GPRM are presented, using a completely analytical
approach. One model describes the GPRM dynamics on
the x–z plane, the other one the mechanism response on
the y–z plane. Even if this approach leads to promising
results, it is affected by some drawbacks. First, no dynamic
coupling is taken into account between the two planes. Sec-
ond, the models’ parameters are not estimated simultane-
ously, meaning that two different fitting procedures are
executed, one for each plane. As a consequence, two differ-
ent estimates of the same parameter are produced by the
two in-plane models.

The analysis hereby presented aims at overcoming these
limitations by means of the following improvements:

a fully 3D model is developed using a completely analyt-
ical approach, and is exploited to reproduce the coupled
dynamics on the two relevant planes,
the 3D model is experimentally validated through an
extensive ground-testing campaign,
the model results are used to predict the TM state after a
possible impact with the mechanism end effector, pro-
duced by the micro-metric vibration triggered by its acti-
vation. The comparison between the predicted and in-
flight measured TM state at the release is performed to
support the hypothesis.
(b)

h the reference frame describing the TM position and attitude. On the top
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(a)

(b)

Fig. 2. Schematic view of the measurements performed on the x–z plane (top left) and on the y–z plane (top right). On the bottom, picture of the laser
pointing the plunger head.
In Section 2 the experimental setup used to characterize
the mechanism dynamics is presented. The results are then
interpreted in Section 3 to develop the 3D lumped param-
eter electro-mechanical model of the GPRM. The model
physical parameters are estimated through a customized
algorithm that simultaneously fits multiple signals, taking
into account the shared parameters. The model accuracy
is discussed, in the frame of the prediction of its in-flight
performance. In Section 4, the model is used to estimate
the motion of the predicted impact point with the TM.
Based on the model results, the plunger-TM impact
hypothesis is investigated and compared with the space-
craft telemetry data. In Section 5, the conclusions drawn
from the analysis are presented.

2. The Grabbing Positioning and Release Mechanism ground

testing approach

The GPRM mechanism is a release mechanism specifi-
cally designed and developed for the LISA Pathfinder mis-
sion. The design requirements are very challenging, as the
state of the object to be released is restricted to
544
200 lm and 2 mrad for translations and rotations, and
5 ls 1 and 100 lrad 1 for the linear and angular

velocity components respectively (Bortoluzzi et al.,
2021c). The mechanism architecture is based on the princi-
ple of splitting the grabbing/positioning functions from the
release task, together with the mechanical interfaces and
related testing strategies (Bortoluzzi et al., 2021c). The
plunger is wrapped by a linear runner and a force sensor
connects them, providing the measurement of the axial
force applied to the TM. The linear runner is moved along
the z direction by a piezo walk linear actuator, named nex-
line. Inside each plunger, a coaxial tip is actuated along the
z axis by a voltage-controlled piezo stack actuator. The tip
protudes from the plunger head through a dedicated hole:
when full voltage is commanded (up to 120 V), the tip is
extended toward the TM by approximately 15 lm; con-
versely when the voltage is shorted, the tip retracts in less
than 100 ls. A redundant piezo stack actuator is located
in series to the nominal one, separated by a spacer mass.
Nominal and redundant piezo may not be operated simul-
taneously, as they are commanded by two independent
electronics units. In Fig. 1b the section view of the mecha-
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(a) (b)

(c) (d)

Fig. 3. Plot of the mean signal together with the standard deviation (a) and the synchronized mean signals of the x (b), y (c) and z (d) axes
datasets triggered at 1 ms.

xbase rxbase
nism is depicted, showing the mechanism components
located inside the plunger.

The nominal TM release procedure consists of three
steps. The first is the grabbing and repositioning of the
TM, which is performed by moving the plungers toward
the TM until a pre-load force of approximately 1 N is
reached and repositioning the grabbed TM in the centre.
The second step is the handover: the tips are extended
and the plungers simultaneously retracted, maintaining a
constant pre-load force (reduced to about 0.3 N). Once
the handover is completed, the TM is in pre-release config-
uration with a nominal distance in the z direction between
plunger and TM of 11 lm. The last step is the actual release
of the TM, which is performed by simultaneously retract-
ing the tips.

Given the system symmetry, according to the nominal
procedure, the TM should acquire velocity only along the
z direction at the release. Several experimental campaigns,
545
performed using a dedicated on-ground test facility,
demonstrated that the velocity requirements should be ful-
filled when the TM is released according to the nominal
procedure (references for this testing activity throughout
the mechanism conceptualization, design, development
and ground testing projects may be found in Bortoluzzi
et al., 2020; Bortoluzzi et al., 2008; Bortoluzzi et al.,
2009; Bortoluzzi et al., 2010; Benedetti et al., 2011;
Bortoluzzi et al., 2013; Bortoluzzi et al., 2015; Zanoni
et al., 2015; Bortoluzzi et al., 2016; Bortoluzzi et al.,
2017; Bortoluzzi et al., 2013; Zanoni and Bortoluzzi,
2014; Bortoluzzi and Dalla Ricca, 2023; Dalla Ricca
et al., 2024.

However, given the unexpected in-flight performance,
an additional experimental campaign is carried out at the
University of Trento to acquire a set of measurements of
the GPRM response at the tip retraction. The experimental
setup includes a QM of the GPRM, mounted on an active
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(a)

(b)

Fig. 4. Lumped parameter model of the GPRM on the x–z plane (top) and on the y–z plane (bottom).

Table 1
Ratios between the maximum values reached by the mean signals.

Ratio Value

max /max
max /max
max /max
max /max
max /max

(xhead ) (xlr
(xhead ) (xfl
(yhead ) (ylr
(yhead ) (yfl
(zbk) (zfl
anti-vibration platform. A SIOS laser interferometer is
used to characterize the GPRM response, measuring the
displacement at 200 kHz. The measurements are repeated
by pointing the GPRM in ten different positions, both on
the x–z and y–z planes, which are referred to as laser posi-
tions in the following. For each laser position a set of ten
measurements actuating the system (i.e. retracting the tip)
and five noise measurements (tip not actuated) are col-
lected. In Fig. 2a the ten laser positions are schematically
546
depicted (the red lines represent the interferometer laser
beam), while in Fig. 2b a picture of the plunger pointed
by the laser is shown.

The repeated measurement of the dynamical response of
the mechanism in different points yields a large set of sig-
nals, which however require adequate post-processing.
Three steps are identified:

1. Referring to each laser position, a reference signal is
chosen and the remaining nine signals are synchronized
with respect to it by minimizing the root mean square of
their difference.

2. The mean signal and the standard deviation are com-
puted as a function of time for every data set. As an
example, in Fig. 3a, the mean signal of the x laser
position is plotted together with its standard deviation.
It can be noted that the vibrations show good repeata-
bility, with a signal to noise ratio approximately equal
to 50. The other signals show similar characteristics.

base
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3. The resulting ten mean signals are synchronized such that
at a given time (1 ms) the magnitude of their vibration is
equal to twice the value of the noise standard deviation
(5 10 4lm).This choice guarantees a good compromise
between sensitivity and risk of type 1 error in the detection
of incipient motion (i.e. wrong rejection of hypothesis
of absence of motion). The synchronized mean signals,
from now on, are referred to as xlr xfl xbase
xhead zbk zfl yfl ylr ybase yhead , where the subscripts

and head stand for flange, plunger back, lin-
ear runner, plunger base and plunger head respectively.

As an example, the result of the synchronization proce-
dure is shown in Fig. 3b for the signals acquired pointing
the laser in the x direction. A preliminary analysis of the
mean signals shows that the plunger vibrations take place
mainly along the z axis (axial direction) and the lateral dis-
placements are larger in the neighborhood of its head,
where the TM is engaged and released (see Fig. 3b, 3c
and 3d).

The mathematical model of the mechanism dynamical
response is built focusing on the macroscopic motion of
the plunger head, where impacts with the TM may occur.
Considering the amplitudes of vibrations (Table 1), the fol-
lowing hypotheses are introduced:

1. the mechanism supporting flange is fixed: and
are neglected,

2. the linear runner does not oscillate along x and y axes:
and are neglected.

Given these considerations, the five signals
and are used to fit the model that

is described in the next Section.

3. A 3D model of the GPRM dynamics

As stated previously, the analysis presented in
Bortoluzzi et al., 2021a is affected by some limitations,
mainly:

fl bk lr base

yfl xfl zfl

ylr xlr

xbase xhead ybase yhead zbk
Fig. 5. On the left, functional scheme of the electrical circuit commanding the p
mean commanding voltage signal of the tip retraction along with its stan
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V t
1. The GPRM models describe only the 2D motion of the
mechanism.

2. The two 2D models are not coupled.

These limitations are overcome by developing a fully 3D
lumped-parameter electro-mechanical model of the mecha-
nism, which is schematically depicted in Fig. 4 and 5. Mod-
elling a piezo-actuated micro-positioning system is a
challenging task, since it may involve the interaction
between the actuation side and the mechanism kinematics,
including simultaneous non-linear phenomena like creep,
vibration and hysteresis Lin et al., 2023. In the present case,
the model is developed mainly to describe the retraction
dynamics, i.e. to capture the mechanism response to a sin-
gle quick actuation in the presence of non-idealities like
misalignments, eccentricities etc. As a consequence, differ-
ent level of details are adopted to describe the mechanical
and electrical subsystems. The model kinematics is
approached using the small angle approximation and con-
sidering that the rotation of the plunger about its geomet-
rical axis is neglected, as there is no evidence of its
contribution to the TM state after the in-flight release
(Bortoluzzi et al., 2021c). The mechanism is modeled by
four rigid bodies:

1. the linear runner is described as a body with mass m
centered in point A. The body is allowed to slide only
along the z direction and it is connected to the ground
and to the plunger through springs and
respectively.

2. The plunger is described as an axial-symmetric body
with mass m and moment of inertia A reference
frame is fixed to the plunger with the zp axis aligned with
its geometrical axis and axes xp and yp defined as shown
in Fig. 4. The eccentricity of the plunger center of mass
(CoM) is described by the parameters v g and while
the plunger attitude is described by a rotation about
the yp axis and about the xp axis. The plunger is con-
nected to the ground along the x direction through

1

klr kA z

2 J 2.

2 2 h2,
g

h

iezo actuator (Bortoluzzi et al., 2021b; Adriaens et al., 2000). On the right,
dard deviatio.n (gray curves).
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Table 2
Fitting and constant parameters.

Parameter Unit Description

mm plunger CoM x coordinate in the plunger body-fixed reference frame
mm plunger CoM y coordinate in the plunger body-fixed reference frame
rad spacer and tip misalignment with respect to the plunger geometrical axis on the x–z plane
rad spacer tip misalignment with respect to the plunger geometrical axis on the y–z plane

kg s 2 spring connecting the plunger to the ground
kg s 2 spring connecting the plunger to the ground
kg s 2 spring connecting the plunger to the ground
kg s 1 damper connecting the plunger to the ground
kg s 1 damper connecting the plunger to the ground
kg s 2 spring connecting the plunger to the ground
kg s 2 spring connecting the plunger to the ground
kg s 1 damper connecting the plunger to the ground
kg s 1 damper connecting the plunger to the ground

g linear runner mass
g plunger mass
g spacer mass
g tip mass

mm distance of and from A

mm distance of and from and
mm distance of and from A

mm distance of and from and
s time lag of the dynamic response with respect to the commanding signal
s time lag to propagate the vibrations from the tip to the plunger back

0.0421 m distance of the spacer from A

0.0192 m distance of the tip from the spacer
2.7 10 6 kg m 2 plunger inertia
2.1 106 kg s 2 spring connecting the plunger to the linear runner
2.0 107 kg s 2 damper connecting the tip to the spacer and the spacer to the plunger
9.8 104 kg s 2 spring connecting the tip to the plunger

1.3kg s 1 damper connecting the spacer to the plunger
1.4 kg s 1 damper connecting the tip to the spacer
2.6 C m 1 piezo effect
5.0 10 7F capacitance of the electrical circuit commanding the piezo

R 19.06X resistance of the electrical circuit commanding the piezo

v2
g2
c
q
klr
kA x

kB x

cA x

cB x

kC y

kD y

cC y

cD y

m1

m2

m3

m4

d1 kA x cA x

d2 kB x cB x kA x cA x

b1 kC y cC y

b2 kD x cD x kC x cC x

t0
t1
h3
h4
J 2
kA z

k3
k4
c1
c3
T em

Ca
s

springs and dampers and c The positions
of and c and of and c with respect to the
plunger back are identified by the parameters and

respectively. Similarly, on the y direction, the
plunger is connected to the ground through springs
and dampers and c Their positions with
respect to the plunger back are identified by the param-
eter and respectively.

3. The spacer and the tip are described as bodies with mass
m and m respectively. They are connected to each other
through springs and dampers c and and to the plun-
ger through springs and dampers and When no
voltage is supplied to the piezo-stack, the CoMs of the
two bodies lie along the longitudinal axis of the plunger.
When full voltage is applied, the bodies move along the
axis determined by the unknown angles and

The eccentricity of the plunger and CoM and the
misalignment of spacer and tip are assumed to be constant
and inevitable during the assembly and integration process
due to factors such as alignment errors and machining tol-
erances. The piezo actuators are modelled as massless
electro-mechanical devices which are characterised by a
mechanical interface (force, displacement) and an electrical
interface (voltage and current) as shown in Fig. 5. A

kA x kB x cA x B x.
kA x A x kB x B x

d1

d1 d2

kC y kD y cC y , D y .

b1 b1 b2

3 4

3 k3
c1 k3 k4.

c q.
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shown in Fig. 4, the mechanical DoFs are highlighted in
red while the blue arrows represent the force applied by
the piezo actuators.

A linear model is adopted to describe the piezo electro-
mechanical dynamics in terms of input–output relationship
(Yue et al., 2010). The relationship derived in the following
and expressed in Eq. 1 provides the exerted force by the
piezo as a function of the cumulated charge
(Bortoluzzi et al., 2011 and Standard, 1988), with

In particular, the pedix 1 refers to the nominal
piezo stack actuator, located between spacer and tip, while
the pedix 2 refers to the redundant piezo actuator, located
between plunger and spacer.

F p 1
T emq t

Ca

T 2
em l4 t l3 t

Ca

F p 2
T emq t

Ca

T 2
em l3 t
Ca

1

where is the constant representing the piezo-effect and
the capacitance of the piezo.
The equation describing the evolution of the electrical

charge is derived using Kirchoff laws (Fig. 5) and con-
sidering that the input voltage is shifted in time by
adding the parameter which describes the time lag of
the dynamic response with respect to the commanding
signal.

F p i

q t

i 1 2 .

T em

Ca

q t
V t

t0,
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The input to the model is the voltage commanding the
piezo-stack actuator and the related output is the tip retrac-
tion. In order to characterize it, ten tip retraction tests are
performed measuring the voltage time history with a digital
DSO7032A Agilent Technologies oscilloscope. The mean
voltage signal is computed and plotted in Fig. 5: the
retraction command is sent at approximately 1 ms (i.e.
the voltage starts to decrease).

The outputs of the model are the axial motion of the lin-
ear runner and of the plunger back , the
motion of the plunger back along x and y and
respectively), the plunger attitude about the y and x axes

and respectively), the spacer and tip displace-
ments with respect to the plunger and respec-
tively) and the electrical charge flowing in the circuit
commanding the piezo actuator (see Fig. 5). The equations
describing the mechanism dynamics are derived following
the Lagrange approach and are completed by the constitu-
tive equation of the piezo-stack actuator. The set of equa-
tions may be written in matrix form as:

M a b n t C a b n t K a b n t u t 0 2

where and K represent the mass, damping and
stiffness matrices respectively; and are the vectors con-
taining the fitting and constant parameters respectively
(summarized in Table 2); the vector collecting the
DoF of the model and the input vector. For
the sake of completeness, the detailed complete set of equa-
tions is reported in A.

3.1. Parameter estimation algorithm

The fitting parameters have to be estimated through a
fitting procedure starting from their nominal values (which
can be deducted either from the results of the fitting proce-
dure described in Bortoluzzi et al., 2021a or from the CAD
model of the mechanism); the values of the constants are
estimated from either the results of the analysis presented
in Bortoluzzi et al., 2021b or the GPRM documentation.

According to the dynamical model, the measured signals
can be predicted as functions of the system outputs (Eqn.
3), after the integration of the equations of motion through
the Implicit Differential–Algebraic (IDA) method
(Wolfram, 2003). The Equations are derived assuming
small rotations and the presence of a time lag (on the
order of ls) between the motion of the plunger back with
respect to the plunger head, where the actuator is located.
The starting guess of is estimated considering the ratio
between the length of the mechanism and the velocity of
a longitudinal wave propagating along the mechanism.

zbk t a b zA t t1
xbase t a b xA t g t dx base

xhead t a b xA t g t dx head

ybase t a b yA t h t dy base

yhead t a b yA t h t dy head

3

V t

(zlr t ) (zA t )
(xA t yA t

(g t h t
(l3 t l4 t

q t

M C 9 9
a b

n t
u t 9 1

t1

t1
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where is the vector containing the fitting parameters,
the vector containing the constant parameters and

represent the distance of the laser
positions x x y y from the plunger back (which
are estimated from the CAD model of the mechanism).

When a model is available to describe the response of a
dynamical system, it is often formulated in a parametric
form such that, by minimizing the deviation of the pre-
dicted response from the measured data, an estimation of
the parameters can be produced. It is demonstrated in
Bard, 1974 that the information associated to such a devi-
ation is minimized by the multivariate normal distribution,
which is assumed as the reference distribution. Once the
parametric model of the system is formulated, the likeli-
hood function expresses the joint probability density func-
tion of the observations as a function of the model
parameters vector where p is the number of fitting
parameters (Šimænek and Hopmans, 2020):

L a 2p
n
2 det V

1
2e

1
2 q q a T V 1 q q a 4

where V is the covariance matrix of the measurement
errors, n is the total number of observations and is the
model prediction. The difference between the measured
and estimated quantities (i.e. is called residual.

The following problem is formulated considering that
the vector of observations is composed of s different sig-
nals (appended in sequence ; with ,
assuming that the response of the dynamical system is mea-
sured in some points (namely the mechanism base, head
and back) and along some directions (namely x, y and z),
collecting n samples for each signal and N total samples

. For simplicity, it is also assumed that the mea-
surement errors are uncorrelated and characterised by a
time dependent variance. Therefore, the covariance matrix
V is diagonal, collecting in sequence the variance of the dis-
turbance superimposed to every signal at each time stamp
(Draper and Smith, 1998; Wagner and Gorelick, 1986).
No prior information is assumed for the parameters vector

The logarithm of the likelihood function can be calcu-
lated as follows:

ln L a
s

r 1

N
2
ln 2

n

w 1

lnrw r 1 n
1

2

n

w 1

qw r 1 n qr a tw
2

r2
w r 1 n

5

where, for signal is the w-th observation,

is the estimated response of the system at the w-th instant
and is the variance of the w-th sample.

The vector that maximizes L is the same vector that min-
imizes the last term in Eqn. 5, namely the weighted least
square function. Under the hypothesis of disturbances
described by a multivariate normal distribution with time
dependent variance, it is possible to state that the weighted
least square function behaves as a Chi-squared distribution
with degrees of freedom. Therefore, for the present
case of study, it is possible to write that:

a b

dx base dx head dy base dy head

base head base head

q
a Rp,

q

q q a )

q
r 1 s s 5)

(N s n)

a.

r qw r 1 n qr a tw

r2
w r 1 n

N p
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Table 3
Best fit parameters.

Parameter Value Nominal
value

Initial value

(2.7 0.2) mm / 2.8 mm
(-0.4 0.1) mm / 0.4 mm
(-7 2) mrad / 5 mrad
(37 3) mrad / 37 mrad

(164 1 kg s 2 / 166 kg s 2

(1104 7) kg s 2 / 1123 kg s 2

(223 2) kg s 2 / 23 kg s 2

(1.07 0.01) kg s 1 / 0.099 kg s 1

1 1

v2
g2
c
q
klr ) 104 104

kA x 105 105

kB x 103 2 103

cA x
v2 a
j

n

w 1

xj tw xj a tw
rj tw

2

j

n

w 1

yj tw yj a tw
rj tw

2

n

w 1

zbk tw zbk a tw
rbk tw

2

6

where corresponds to the w-th sampling
time instant, n is the total number of sampling points of
each mean signal and is the signal standard deviation
at the w-th time instant.

The function is highly non linear in the parame-
ters, therefore the optimization has to be performed itera-
tively in order to increase the probability of finding the
global minimum. Given the non-linearity of the problem
formulation, the Levenberg–Marquardt algorithm (LMA)
is adopted to minimize the function. The LMA
results from the blend of the gradient descent and Gauss–
Newton iteration methods. The former optimizes the
parameters values in the direction opposite to the gradient
of the least square function, converging well for problems
with simple objective function (Madsen et al., 2004). The
latter minimizes a sum of squares objective function under
the assumption that the least square function is quadratic
in the parameters values near the optimal solution, typi-
cally converging faster than the gradient descent method
(Marquardt, 1963). The LMA changes the parameters
update through the damping factor between the two
methods. The update relationship is defined in Algorithm
1. Small values of result in a Gauss–Newton update,
while large values result in a gradient descent update.
The damping factor is initialized to be large so that first
updates are in the descent direction. If an iteration results
in a worse value of then is increased; otherwise
is decreased and the algorithm approaches the Gauss–
Newton method (Gavin, 2019). The algorithm is stopped
when falls below a certain threshold, the difference
between two consecutive values of is small enough
or the maximum number of iterations is reached.

Algorithm 1. Levenberg–Marquardt algorithm

j base head tw

rj tw

v2 a

v2 a

Da k

k
k

v2 a , k k

v2 a
v2 a
/ kg s
/
/

s /
s /
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(1.50 0.02) kg s 1 / 1.57 kg s 1

(1.61 0.01) kg s 1 / 1.72 kg s 1

(0.4 0.1) g / 0.4 g
(12.4 0.9) g 12.3 g 12.7 g
(1.7 0.3) g 1.5 g 1.9 g
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(2 2) mm / 2 mm
(40 3) mm / 45 mm
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(4 6) mm / 4 mm

(4 3) 5 s
(5 3) 4 s

cB x
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kD y 105 105

cC y

cD y

m1

m2

m3

m4

d1
d2
b1
b2
t0 10 6 10 6

t1 10 6 10 6
Given initial values and
for do

for do Build Jacobian
for do

for do

end for

end for
end for

Stack
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Da Jx D e Find update
Update parameters

if then

else

end if

if or then

break

end if

end for

J ix
T J ix ki diag J ix

T J ix
i T i Da

ai 1 ai Da
v2 ai 1 P v2 ai

ki 1 10ki

ki 1 ki 10

v2 ai 1 v2 ai 6 e1 v2 ai 1 6 e2
In Algorithm 1, i is the current iteration, m is the max-
imum number of iterations (user-defined), is the
vector of the fit residuals, is the Jacobian matrix
of the five numerical functions, D is the Cholesky decom-

position of the weighting matrix and
are user-defined tolerances.

Since the risk of impact between plunger head and TM
is maximum when the vibrations are larger, according to
Fig.s 3b, 3c and 3d, the time interval of interest is limited
to [0.97 ms, 1.2 ms], where the displacement overshoot is
produced. The assumption is supported by the analyses
reported inBortoluzzi et al., 2021b. The minimization algo-
rithm is highly sensitive to the initial values of the param-
eters. Therefore, the minimization algorithm is repeated
1000 times varying randomly the initial guess of the param-

ei Rsn

J i Rsn p

W V 1 Rsn sn

e1 e2
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Fig. 6. Magnified plots of the best fit result.
eters in the range of their nominal values. The fitting
iteration that returned the smallest value of is referred to
as best fit; the corresponding set of parameters (which are
reported in Table 3 along with their uncertainties), Jaco-
bian and residuals are denoted as and respectively.
The best fit is plotted in Fig. 6. The blue curves represent
the mean signals, the red curves represent the best fit pro-
vided by Eqn. 3 and the cyan curves are obtained propagat-
ing the model parameter uncertainties. Despite advanced
method to compute the uncertainty are present in the liter-
ature, in this case the parameters uncertainties can be esti-
mated under the assumption that the solution converges to
a global minimum, so that the parameters’ uncertainties
are limited to measurement errors only (Šimænek and
Hopmans, 2020). The parameters covariance matrix C

is estimated considering Eqn. 7 (Kool and Parker,
1988).

C ex
T ex

sn p J x
T J x

1

ex D e
7

The results plotted in Fig. 6 and reported in Table 3 show
that both angular misalignment and rotational dynamic
response are on the order of mrad, which comply with
the hypothesis of small angles and model lnearisation.

Due to the simplifying hypothesis introduced in the
development of the model, some deviations are present
between the predicted and measured dynamic response,
as shown in Fig. 6. A quality assessment of the fit is pro-
posed based on two considerations, showing that the limi-
tations in the fitting results do not significantly hinder the
model-based prediction of the in-flight dynamics.

The first consideration is carried out by comparing the
plunger mass value estimated by the fitting procedures
for the 2D (Bortoluzzi et al., 2021b) and 3D model cases
with its nominal value. As illustrated in Fig. 7, the mass
value computed for the 3D model (orange point) is closer

20
v2

a Jx e

Rp p
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to its nominal value (green point, which is derived from
the CAD model of the mechanism) and its uncertainty is
smaller than those for the two 2D cases (red points). Sim-
ilar results hold also for the mass values of linear runner,
spacer and tip.

The second consideration is based on an energetic
approach (Akhan et al., 2023). It is demonstrated in
Bortoluzzi et al., 2021c; Bortoluzzi et al., 2021b that the
in-flight impacts at the release are compatible with the
hypothesis of energy conservation. As a consequence, the
quality of the model is evaluated by comparing the his-
tograms of the measured and simulated kinetic energies,
according to the procedure described in Bortoluzzi et al.,
2021b. Referring to Fig. 8, the yellow rectangles describe
the kinetic energy predicted by the 3D model, while the
blue rectangles refer to the measured kinetic energy. The
x axis of the plot represents energy bins, while the y axis
represents the time during which the kinetic energy assumes
values in the bins. The orange error bars are obtained
propagating the model parameter uncertainties on the pre-
dicted kinetic energy, while the blue ones are obtained
propagating the uncertainties on the measured kinetic
energy. Even if the analytical model predicts a slightly
higher maximum kinetic energy, the plot shows that the
measured kinetic energy lies almost totally inside the uncer-
tainty bars of the predicted kinetic energy. The model is
therefore assumed representative of the mechanism
energy-conservative impact dynamics.

4. Prediction of the in-flight plunger-TM dynamics at the tip

retraction

The prediction of the TM impact dynamics relies on the
knowledge of the motion of its CoM and of the impact
point. Defined x y and z the projections of the plunger
CoM positions along the x, y and z direction respectively,

G G, G
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Fig. 7. Plunger mass values estimated by the fitting procedures for the 2D
(red points) and 3D (orange point) model cases together with its nominal
value (green point). In the x axes, xz and yz planes refer to the masses
values obtained in Bortoluzzi et al., 2021a, 3D to the value reported in
Table 3 and EQM to the values obtained from the CAD model of th.e
LPF mechanism.
the plunger CoM trajectory can be estimated considering
Eqn. 8.

xG a t v2cos g a t h2sin g a t xA a t

yG a t g2cos h a t h2cos g a t sin h a t

v2sin g a t sin h a t yA a t

zG a t h2cos h a t cos g a t

v2cos h a a t sin g a a t g2sin h a t

zA a t zlr a t

8

A similar analysis can be carried out considering the
motion of the expected impact point. Even if its position
is not known a priori, the particular geometries of the plun-
Fig. 8. Kinetic energy histogram: yellow rectangles represent the kinetic energy
kinetic energy.
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ger head and of the TM indents suggest that the impact
point belongs to the nominal areas of plunger head-TM
contact, represented by the blue and red lines depicted in
Fig. 9. When the plunger is still, the blue line is located
on the x–z plane, while the red line is located on the y–z
plane. The middle points of every line are defined as
and whose components are 0 and
(0 in the reference frame centered on the plunger
CoM.

In Fig. 10 the trajectories of and the tip activat-
ing Piezo 2 are depicted, projected on the x–z, y–z and x–y
planes. The blue and red asterisks represent their positions
at the initial time instant and at the final time instant (i.e. t
equal to 1.2 ms) respectively. It can be noticed that the
axial dynamics, which is dominant, is coupled to both lat-
eral axes, with non negligible overshoot and possible
impact implications. When the trajectory of the plunger
intersects the TM indent surface, an impact occurs. This
condition depends on the actual plunger-TM relative con-
figuration at the release, which directly affects the available
gaps and, in turn, the risk of collision. Since the relative
configuration is affected by some uncertainty, the approach
here followed aims at finding a compatibility scenario
between the TM state detected at the in-flight release and
the state predicted by an impact model applied to the
plunger-TM pair.

The dynamics of impact and the mitigation of the
related effects, even if restricted to the mechanism frame-
work, is quite a wide research topic. In the literature,
impacts are usually categorized in two ways (Khandelwal
and Mukherjee, 2024): continuous and instantaneous mod-
els (Brach, 1989). The case of study here dealt with is
focused on the full prediction of the post-impact state of
the body impacted by the mechanism, therefore a 6 degrees

Mxz

Myz, (distx, ,distz)
,disty distz)

Mxz Myz
predicted by the 3D model, while the blue rectangles refer to the measured

move_f0045
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Fig. 9. Rendering of the plunger head (top) and schematic section views of the contact areas (bottom).

Fig. 10. Trajectory of projected on the x–z plane (left) and of on the y–z plane (middle). Trajectory of the tip edge projected on the x–y plane
(right).

Mxz Myz
of freedom observable must be addressed. For this reason,
according to Bortoluzzi et al., 2021b and Zabuga, 2016
simple hypotheses on the impact dynamics are introduced
and applied to the two planes of the post-release TM
motion (x–z and y–z in Fig. 9):

1. The strains produced by the impact on the two bodies
are small if compared to their dimensions.

2. The impact forces are dominant if compared to the
other forces acting in the mechanical system.

3. The collision is perfectly elastic, instantaneous and
occurs only one time.

4. The impulse received by the TM is orthogonal to the
impacting surface.
553
The equations are solved for each plane (the solution
just for the x–z plane is reported in B) in order to have
the post-impact TM state x z and velocities) as a
function of the time of impact, i.e. the TM state is calcu-
lated as if the impact occurred at the generic timestamp t.
The model compatibility with the in-flight results is then
verified by comparing the actual TM state with the
prediction.

4.1. Impact model validation with in-flight data

An example of an in-flight test telemetry signal is
reported in Fig. 11a, where the blue dots correspond to
the x-component of the released TM displacement. The

( g y z h
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(a) (b)

(c)

Fig. 11. Example of impact analysis of an in-flight test.

Fig. 12. All 66 estimated impact time instants.
in-flight release happens at time and the slope of the
line interpolating the points after gives the x-component
of the released TM velocity, which is the red line in

t0 0
t0
554
Fig. 11b. The blue curve in Fig. 11b represents the x-
component of the TM CoM velocity as a function of the
time of impact, while the cyan curves are obtained propa-
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gating the impact model parameter uncertainties. The plot
shows that, depending on the combination of axial and lat-
eral motion of the plunger at the retraction of the tip, a dif-
ferent velocity may be imparted to the TM depending on
the impact time. It is possible to notice that the in-flight
velocity intersects the predicted velocity at different time
instants. The first intersection is identified as the estimated
time of impact resulting from the analysis of the x axis. The
same analysis is performed on the other axes, resulting in 6
time values for each in-flight test. The error bars are com-
puted propagating the uncertainties of the parameters of
the GPRM and impact models parameters, as shown in
Fig. 11c.

The statistical compatibility of the time of impact esti-
mated on the different axes is analyzed. Since 11 reliable
non-compliant in-flight releases are available for TM1
(Bortoluzzi et al., 2021c), the overall compatibility is
explored by means of a Tukey’s range test (Tukey, 1949).
In this formulation, each velocity component can be con-
sidered as a ”treatment” while the corresponding estimated
impact time instants as ”observations” (11 in total, see
Fig. 12 for all 66 estimated impact time instant).

The test compares the means of every treatment to the
mean of every other treatment, allowing to find means that
are statistically different from each other. The test’s null
hypothesis states that all the means being compared come
Fig. 13. Trajectory of projected on the x–z plane (left) and of on the
(right). The axes are centered in the initial position.

Fig. 14. Trajectory of projected on the x–z plane (left) and of on the
(right). The axes are centered in the initial position.
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Mxz Myz

Mxz Myz
from the same normal distribution. Given two means to
be compared and the test formula is:

qab
la lb

mse
n

9

where mse is the mean squared error within the treatments
and n is the number of observations per treatment. The two
means are significantly different at level if q is larger
than the critical value q obtained from the studentized

range distribution, where k and df correspond to the num-
ber of treatments (i.e. 6) and the number of degrees of free-
dom (i.e. 60) respectively.

In the case under analysis, all the configurations
between two different axes ) are tested as pos-

sible and Setting equal to 0.01 (Papoulis, 1990;
Montgomery and Runger, 2010), the null hypothesis is
not rejected for every means being compared. Therefore,
it is possible to state that the estimated collision time
instants come from the same distribution and the
plunger-TM impact hypothesis is valid.

4.2. Risk-reduction strategies for the impact at the retraction

The validated model is used to explore possible design
improvements to reduce the risk of impacts between the
plunger and the TM at the tip retraction.

la lb,

a ab

k df a

(lx ly ,

la lb. a
y–z plane (middle). Trajectory of the tip edge projected on the x–y plane

y–z plane (middle). Trajectory of the tip edge projected on the x–y plane
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The first strategy consists of activating the Piezo 1. In
this case, the predicted trajectories of the plunger contact
points are shown in Fig. 13. As expected, the plunger devel-
ops smaller vibrations at the tip retraction with respect to
the activation of Piezo 2. The ratios between the overshoot
reached by the middle points on the blue and red lines
using Piezo 2 and Piezo 1 in the x, y and z direction are
equal to 4.0, 6.4 and 3.8 respectively.

The second strategy, whose results are shown in Fig. 14,
consists of reducing the mechanism eccentricities (i.e.
v g and by a factor 10 together with the activation
of Piezo 1.

In this case, the lateral displacement are reduced of an
order of magnitude (ratios equal to 40.0, 64.6 respectively),
while the axial motion is basically unaffected.

Obviously, the reduction of the amplitude of the mech-
anism vibration should be compared with the available
plunger-TM gap. The latter, starting from a nominal value,
is eroded by manufacturing tolerances, misalignments,
integration errors, etc. which are not known a priori. How-
ever, the dynamic model here described may be adopted to
set requirements for the mechanism design, manufacturing,
assembly and integration strategies aimed at reducing the
risk of impacts at the in-flight activation of the release
mechanism.

5. Conclusions and future works

In the LISA Pathfinder mission, the mechanism in
charge of releasing a test mass to free-fall experienced an
unexpected behavior, observed through large and unpre-
dicted velocity components of the released object. These
velocities are explained considering that impacts between
the TM and the mechanism end effector (plunger) occurred
at its activation. Starting from this evidence, this work aims
at developing a 3D lumped parameter electro-mechanical
model of the mechanism, following a completely analytical
approach and validating it through an extended experimen-
tal testing campaign. The experimental campaign aims at
characterising the mechanism vibrations triggered by its
activation by means of the interferometric measurement
of the displacement of several points along different direc-
tions. The symbolic model of the mechanism is used to pro-
vide the signals which are simultaneously fitted to the data,
giving the estimation of the model parameters. An opti-
mization technique based on the Levemberg-Marquardt
algorithm is used and the model accuracy is evaluated dis-
cussing its representativeness in terms of TM kinetic energy
and related impact dynamics. The results returned by the
minimization algorithm are used to estimate the trajectory
of the mechanism end effector at the tip retraction. The
ground-based validated model, together with an impact

2 2 q c)
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model, is used to fully describe the in-flight dynamics of
the TM release. The combination between these models
and the in-flight telemetry allows to estimate the TM state
at the release giving a reliable interpretation of some of the
anomalies in the TM release dynamics observed in-flight.

Following the validation of the impact hypothesis, a
refinement of the proposed approach will consider the axial
and the lateral vibration of the linear runner and possible
multiple impacts between the bodies. As a further develop-
ment of the interpretation of the in-flight anomaly, the
analysis will be extended to the identification of the critical
conditions which produced the unexpected interaction
between plunger and TM. The focus will be on the plunger
to TM gap, which could have been reduced in flight by
misalignments between the two plungers, arising from pos-
sible out of nominal plunger trajectories during the
preparatory phases of the release (i.e. grabbing, position-
ing, handover). The measurement and fitting of the tip
motion (i.e. could be also included in the model. This
development would lead to the refinement of the results
since it allows to take into consideration the preload con-
tact force between the tip and TM. Finally, the application
of advanced uncertainty and error analysis methods (such
as Yang et al., 2024c; Yang et al., 2024b; Yang et al.,
2024a) could be explored according to the availability of
increased number of test data.
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l4)
Appendix A. GPRM electro-mechanical model

The nine linearized differential equations described in
Section 3 are reported in the following. In particular,
Eqs. (A.1)–(A.8) refer to the lagrangian formulation
applied to the generalized coordinate

and respec-
tively, while Eq. A.9 refers to the Kirchoff law applied to
the commanding circuit of Piezo 2 (see Fig. 5).

zlr t zA t xA t yA t g t h t l3 t l4 t
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Appendix B. Plunger-TM impact dynamics

The solution to the system of Equations describing the
impact dynamics is reported in the following. The sub-
scripts A and B identify the two colliding bodies.

IT 0

IN
2mAmBIA gIB g viA y viB y xAxi

A xBxi
B

mAx2AmBIB g mAmBx2BIA g mA mB IA gIB g

V f
N viA y viB y xAxi

A xBxi
B

V i
N viA y viB y xAxi

A xBxi
B

vfA x viA x

vfA y

IA g mBIB g viA y 2 viB y xAxi
A xBxi

B mAIB gviA y mAmBx2Bv
i
A y mAx2AmBIB gviA y

mAx2AmBIB g mAmBx2BIA g mA mB IA gIB g

xf
A

IB g mBxi
AiA g mAxAmB 2viA y 2viB y xAxi

A 2xBxi
B mAxi

AIA g mAmBx2Bx
i
AIA g

mAx2AmBIB g mAmBx2BIA g mA mB IA gIB g

vfB x viB x

vfB y

IA g mAIB g 2viA y viB y 2xAxi
A 2xBxi

B mAmBx2Bv
i
B y mBIB gviB y mAx2AmBIB gviB y

mAx2AmBIB g mAmBx2BIA g mA mB IA gIB g

xf
B

IA g mAxi
BIB g mAmBxB 2viA y 2viB y 2xAxi

A xBxi
B mBxi

BIB g mAx2AmBxi
BIB g

mAx2AmBIB g mAmBx2BIA g mA mB IA gIB g

B 1

where, for body k (with , is the moment of
inertia of body k computed with respect to its center of
mass, m is the mass, x y are the coordinates of the body
center of mass in the collision reference frame, v v are
the linear velocity components, is the angular velocity of
the body, the normal relative velocity, and are the
impulse tangential and normal to the colliding surfaces
respectively.
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