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ABSTRACT

Space missions require ever-higher image
resolution for Earth observation, space exploration, and
improved station-keeping. Thus, the need for ultra-low-
disturbance mechanisms has become a critical challenge.
Such mechanisms are qualified on ground, and
measuring forces down to millinewton range is expected.
To address this challenge, the European Space Agency
(ESA) recently launched an ambitious initiative to
upgrade its micro-vibration testing facility for space
mechanisms (“Mechanism Micro-vibration
Characterization Facility”). The company S.E.R.E.M.E.
(France) was the prime contractor in developing this new
MMCEF facility. The facility’s measurement capability
was enhanced by a factor of ten, enabling the detection
of vibrations far below 1 mN thanks to Kistler’s latest
crystal technology. This white paper presents the
methodology employed to achieve unparalleled accuracy
by drastically minimizing environmental and electronic
noise. It also shares the results of the acceptance tests,
highlights the resolution achieved, and explores further
improvements for reducing electrical noise levels in
future testing.

1 INTRODUCTION

Various mechanisms are used on a spacecraft for a
wide range of applications such as scanners, solar array
drive mechanisms, reaction wheels, cryocoolers, and
antenna pointing mechanisms. Exported forces and
torques (EFT), known as microvibrations, resulting from
mechanism operation can affect the mission performance
of a spacecraft even if they are below the millinewton
(mN) range. Depending on the mechanism's function,
such disturbances can take the form of continuous
vibration, but they may also be short-term transient
disturbances. For example, the Attitude Determination
and Control System (ADCS) corrects the spacecraft's
orientation due to exported disturbances without the use
of fuel, thus achieving stable pointing/positioning

Characterization of such EFT-related flight disturbances
typically utilizes piezoelectric force dynamometers that

provide multicomponent force measurement. The micro-
vibration disturbances to the spacecraft are characterized
in six components (Fx, Fy, Fz, Mx, My, Mz).

Practical aspects to be considered in relation to
multicomponent force measurement include isolation
systems from ground disturbances and acoustic noise,
sensor mounting, signal conditioning and data
acquisition (DAQ — which is not covered in this paper).

Therefore, measuring these small disturbances with

precision requires an  exceptionally low-noise
environment and  state-of-the-art = measurement
technology.

2 GROUND ISOLATION SYSTEMS
METHODS

Ensuring a low noise environment is the one of the
biggest prerequisites for microvibration measurement.
Measurement equipments and subsystems are highly
sensitive to mechanical vibrations and acoustic noise.
These disturbances can originate from both external and
internal sources, such as traffic, wind, and building
systems like heating, ventilation, and air conditioning
(HVAC). Ground vibrations and force disturbances
commonly caused by nearby traffic or operational
machinery typically occur within the 1 to 50 Hz
frequency range. Such environmental disturbances
contribute to increased background noise levels, leading
to a measurement resolution degradation.

Consequently, it is of most importance to reduce the
effect of such environmental disturbances by taking the
appropriate measures. Usually, ground vibrations are
often using a dual stage isolation system. As a first layer,
a massive seismic mass (weighing sometimes several
tons) and suspended with springs is used to decouple the
facility from ground.

For the second layer, which should decouple the
measuring equipment from remaining ground vibrations,
several isolation techniques can be used, and which are



classified within two main families, namely:

e passive isolation systems, which are using a
passive manner to isolate vibrations utilizes
specific materials such as springs, rubber or
pneumatic systems.

e active isolation systems which are relying on
opposite forces generation to counteract
undesirable vibrations. This is achieved by
using sensors and actuators which a working on
a closed loop.

Within the space industry and for ground testing, passive
isolation is commonly used. Compared to active isolation
systems, passive ones are not bringing additional noise.
Nevertheless, those systems are also known to have some
limitations at low frequencies, and the European Space
Agency was looking to find a new solution to overcome
this challenge.

Between 2009 and 2010, the European Space Agency
developed a first micro-vibration facility called
“Reaction Wheel Characterization” (RCF), which was
already at that time using Kistler’s measuring solutions
combined to pneumatic isolators covering a frequency
bandwidth from 5 Hz to 1 000 Hz. In order to extend the
usable frequency bandwidth, the European Space
Agency decided to rely on a new customized Negative
Vibration Isolator systems increasing capabilities at low-
frequency.

The use of a negative stiffness isolator enabled the
European Space Agency to reduce environmental noise
by a factor of 40 compared to the previous RCF facility.

A background noise measurement was performed within
the same environment leading to the following results:
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Figure 1. MMCF (red) VS RCF (blue) isolation
improvement in the time domain.
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Figure 2. MMCF (red) VS RCF (blue) isolation
improvement in the frequency domain.

We can notice that the main cut-off frequency with the
negative stiffness isolator is at 0.6 hz. Above this
frequency, the noise has been significantly improved.

For further improvement the European Space Agency
decided to invest on a new acoustic chamber to reduce
the effect of acoustic noise over 100 Hz

3 ACOUSTIC CHAMBER

In a cleanroom environment, acoustic noise can be
generated from various sources such as HVAC systems,
airflow, vacuum pumps, and human voices. Performing
microvibration measurements requires a quiet setting,
which often necessitates shutting down these systems.
However, this is sometimes insufficient, and additional
acoustic protection is needed to safeguard the highly
sensitive measurement chain.

Several acoustic isolation solutions are available on the
market, including acoustic tents and chambers. Acoustic
chambers are typically custom-designed to meet specific
customer requirements. One common design features a
galvanized perforated metal sheet on the interior surface
(with an open area greater than 90%), while the exterior
is made of solid metal panels. For sound absorption, a
mineral wool slab is used, protected by a glass wool
membrane.

Figure 3. MMCF acoustic chamber at ESA.

These measures are taken to protect a highly sensitive
ceramic force plate that operates based on the
piezoelectric effect.

4 MEASURING CHAIN DESCRIPTION
4.1 The Piezoelectric Effect

The piezoelectric effect was first discovered by the
Curie brothers in France in 1880. Certain materials, when
subjected to mechanical stress, generate electrical
charges that are strictly proportional to the applied force.
These small electrical charges are measured in



picocoulombs. Kistler pioneered this technology with the
development of the first charge amplifier, which converts
these charges into a wusable voltage. A typical
measurement chain includes:

e A sensor to measure the applied force
High-insulation cables
A charge amplifier to convert electrical charges
into a voltage

e A data acquisition system to digitize the signal

e A software for clear analysis of the generated
data

Each component has specific features that are essential
for achieving high-resolution measurements, especially
in micro-vibration testing.

42 Why is this technology relevant for
microvibration measurement?

Measuring small disturbances in the milli-Newton
range on structures that may weigh several tens of
kilograms can seem like an insurmountable challenge.
But it is definitely possible with the piezoelectric
technology. This technology, which relies on the stiffness
of sensitive elements rather than their deformation, offers
unparalleled long-term stability. The high natural
frequencies of the sensors enable the capture of high
dynamic phenomenon. Additionally, by utilizing an
external amplifier, it offers the ability to:

e Measure quasi-static forces

o Eliminate mass-related interference from
structures using tare correction

e  Adjust the measurement range (rangeability) to
focus on fluctuations, thereby enhancing signal
resolution

Furthermore, thanks to the good thermal stability, the
sensors can operate in extreme environments, including
cryogenic and high-temperature conditions. Thanks to
their hermetic sealing and low-outgassing cables,
Kistler's solutions are ideal for vacuum environments.

4.3  Force sensors design

The sensor is the first link in the measurement chain,
translating the applied force into measurable data. As
explained earlier in this paper, piezoelectric crystals are
the core sensitive element. Quartz is the industry standard
material, but naturally occurring quartz contains too
many impurities for use, and waiting thousands of years
for naturally formed crystals is impractical. Thus, lab-
grown crystals in controlled environments are required.
The resulting crystal block must then undergo precise
orientation before being cut into different forms,
depending on the sensor type:

e Longitudinal cut: Primarily used for force
sensors (compression measurement)

e Shear cut: Primarily used for shear force
measurements

® Transverse cut: Primarily used for pressure
sensors
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Figure 4. Example of a crystal bar and cuts.

It is important to note that, for longitudinal and shear
cuts, the sensitivity of the sensor is independent of the
geometric dimensions of the crystal wafers. The only
exception is the transverse cut, where the sensitivity
depends on the height and width of the bar-shaped
crystals.
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Figure 5. Sensitivity calculation (dq, as piezoelectric
constant).

For the development of a tri-axial force sensor, the
following components are used:

Longitudinal wafers for the Z-axis (Fz)
Shear wafers for the X-axis (Fx)
Shear wafers for the Y-axis (Fy)

Figure 6. Triaxial Force sensors.



The electrical charges are collected via electrodes
directly connected to the output connector. The quantity
of electrical charge generated depends on the force
applied to the sensor, but more significantly, on the
sensitivity of the sensor, which is determined by the type
of crystal used.

4.4  PiezoStar® Crystals

Quartz crystals are widely used to produce
piezoelectric force sensors and therefore it is recognized
as the industrial standard as highlighted previously.
Important properties of quartz include:

e Quartz crystals act as very stiff, ideal springs

e Very high rigidity (1...62 kN/pm), high
linearity and negligible hysteresis

e High mechanical stiffness - high natural
frequency

e Wide operating frequency range — quasi-static
to greater than 50 kHz

e Ultrahigh insulation resistance (>101* Ohms)

e Temperature range up to 350°C

But quartz elements have some limitations in terms of
sensitivity, the temperature range and the thermal
stability (known as the shift of the sensitivity across a
temperature range). Additionally, depending on
temperature and pressure, twinning can occur in Quartz
elements, which is a switch in polarity in some of the
element’s regions. The Kistler PiezoStar® crystals do not
exhibit twinning. The longitudinal sensitivity of Quartz
elements is around -2.3 pC/N.

Market trends are leading to a need for super sensitive
force sensors and better thermal stability, Kistler Group
has made the strategic decision to develop and
manufacture its own crystals family in order to meet the
most stringent requirements and address the most
challenging applications. With his PiezoStar® crystal
family, Kistler Group focused his research activities in
providing new generation of crystals ensuring a higher
sensitivity, a better thermal stability, higher temperature
range and lower crosstalk compared to Quartz.
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Figure 7. Sensitivity deviation depending on crystal type.

PiezoStar® crystals are grown using “The Czochralsky
process”. This process is known since 1917 and Kistler
uses it to grow large, high quality crystals within a
relatively short period of time. The individual
components are mixed in a crucible and heated up to the
melting point. At this temperature, the crucible must be
made of a noble metal. A seed crystal (i.e. a piece of
crystal of the same compound) is dipped into the melt.
The temperature of the melt has to be controlled very
precisely: if it is too hot, the seed crystal will melt down,
while if it is too cold, there is a risk that the melt will
quickly solidify. Once the crystal growth process has
started, the seed crystal is pulled very slowly. The size
(diameter) of the crystal is automatically controlled by
means of the heating power and the pulling speed.
Though the process is simple in theory, its practical
application is complicated by complex and chaotic
phenomena occurring in 3 dimensions. Therefore, a
precise control of all parameters and experience of the
operator is required.
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Figure 8. lllustration of the “The Czochralsky process ™.

4.5 PiezoStar® Crystals KI80 and Sensors
9067CQKIS80

The PiezoStar® family is composed by several
unique crystals. Each one of them is suitable for a range
of applications. But in order to improve the measurement
resolution and reduce the noise level of the
microvibration measuring chain, Kistler decided to
develop new force sensors (9067CQKI80) based on the
newest KI80 Crystal.

Figure 9. KIS0 Crystal.



This crystal and sensors, without compromising stiffness,
offer compared to standard Quartz Sensors:

e A sensitivity which is almost 10 times higher

e A crosstalk which is 3 times better

e A lower preload force required for force plate
integration, lowering the strain and stress
applied on ceramic top plates when using

dynamometers.
_ A
Property 9067C (Quartz) 9067CQKI80 (KI80)

Sensitivity Fz -3.7 pC/N -35 pC/N
Sensitivity Fx, Fy -8 pC/N -79 pC/N
Crosstalk Fz > Fx, Fy <+1% <+ 0.3 %
Crosstalk Fx, Fy > Fz <+3% <+1%
Preload 140 kN 30 kN< Preload < 50kN

Figure 10. Comparison between Quartz and PiezoStar®
KI80.

Those new sensors (9067CQKI80) have been
successfully qualified by the European Space Agency
within the MMCF Facility and been integrated in a
ceramic force plate, demonstrating outstanding
performance, which is presented in greater detail later in
this white paper.

5 FORCE PLATE / DYNAMOMETER

A force plate or dynamometer comprises an array of
force sensors placed between thick (metal or ceramic)
plates; the sensors are matched for height and sensitivity.
Every force sensor is providing 3 Signals (Fx, Fy, Fz).
Consequently forces are directly measured, some of them
could be internally summed leading to eight signals
outputs as following :

D)

Figure 11. Output signals from a force plate.

Otherwise, the signals can be retrieved from all sensors
and signals processed in post-processing operations.
Thus, the following equations can be derived:

Fx =Fxq+ Fx, + Fx3 + Fx, (¢Y)
Fy =Fy,+ Fy,+ Fy; + Fy, (2)
Fz =Fz,+ Fz, + Fz3 + Fz, 3
Mx =Dbe (Fzy+ Fz, — Fz3 — Fz,) 4
My =ae(Fzy+ Fz;— Fz, — Fz,) (5
Mz=be(Fx;+Fxy—Fx,— Fx;)+a-

(Fy, + Fy; — Fy; — Fy3) (6)

Force dynamometers provide then 6 degrees of freedom
(DOF) — force and moment - measurements and can be
of various shapes and sizes. Important parameters to be
considered and related to performance are the parallelism
of the cover and base plate, flatness, strength and
stiffness.

The better these parameters are, the better the frequency
response will be. A certain minimum tensile strength is
necessary so that the top and bottom plate/structure can
withstand the large forces from the preloading bolt.

The size and weight have a decisive influence on the
natural frequency of the unit and heavy top plates are
particularly unfavourable. Ceramic materials for the top
plate offer highly advantageous properties, thank to their
low density and high modulus of elasticity.

To minimize ground loops and electrical interference, the
measuring chain should have a common grounding point.
As force dynamometers consist of 3-component force
sensors with integral ceramic top and bottom plates,
inherent ground isolation is implemented when
fabricating a dynamometer.
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Figure 12. ESA MMCF- Ceramic force plate with four
forces sensors type 9067CQOKIS0 on top of a granite

block and isolation system.

6 AMPLIFIER

A charge amplifier converts the negative charge
produced by the piezoelectric sensor into a positive
voltage that is proportional to the charge or the force
acting on the sensor. Thenext illustration shows
the circuit diagram for a charge amplifier, with its three
main components:

e Range capacitor Cr
e Time constant resistor Rt

e Reset/Measure switch

Reset/Measure Switch

R
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Figure 13. Charge Amplifier scheme.

The range capacitor Cr is used to set the measurement
range of the charge amplifier. This is done by switching
between different range capacitors. Switching
measurement ranges makes it possible to measure across
several decades with an outstanding signal-to-noise ratio.
Hence, for example, it is possible to use the same force
sensor to measure forces in the 60 kN range and in the
mN range, simply by switching the measurement range.

Furthermore, the signal-to-noise ratio is excellent in both
ranges.

The time constant resistor Rt defines the low frequency
performance of the charge amplifier. In particular, the
time constant determines the cut-off frequency for the
high-pass characteristic of the charge amplifier.
Switching between different time constant resistors
makes it possible to change the high-pass characteristic.
Consequently, this parameter is the one which will
determine the possibility to conduct quasi-static
measurement or not.

The Reset/Measure switch is used to control the start of
measurement or to set the zero point. Thanks to this
feature a tara can be conducted. For example, the static
mass of a mechanism can be considered as the “zero
measure “, giving the opportunity to focus only on small
disturbances generated by this one.

Various criterias determine the choice of a charge
amplifier that is suitable for the corresponding
application. The most important ones to measure micro-
vibrations are:

e  The electrical noise
e  The measuring range
e The type of the measurement

The laboratory charge amplifier S080A was the right
candidate for such an application, ensuring high
performances and flexibility. For example, Kistler charge
amplifier 5080A ensure to have a measuring range from
2pC to 2 200 000 pC for a 10V signal output.

AT Y

Figure 14. Kistler’s Laboratory Charge amplifier
50804.

With the prototypes force sensors type 9067C/QKIS8O0, in
the shear direction (Fx), we have a sensitivity of -79
pC/N. By using the lowest range of the amplifier, we can
set a measuring range of 0.025 N for 10 V output signal.
This is ensuring an unpreceded high resolution on micro-
vibration measurement. Of course, such resolution is
only beneficial for measurement conducted in a quiet



environment and following the best practices as
described in this paper. To reduce the noise level from
the amplifier side, it is recommended to:

e Switch on the charge amplifier at least one
hour before starting the measurement

e Use ground-isolated measuring chains to avoid
ground loops where one common ground for
the measurement chain is provided. Standard
sensors are delivered with ceramic washers
ensuring a ground isolation.

e Use of highly insulated coaxial cables as free
as possible from triboelectric effects. In order
to ensure a small capacitance, the cable length
has to be reduced as much as possible between
the sensors and the charge amplifier.

e Retrieve the analog signals of every charge
amplifier card. Computing signals separately
enhance the signals quality.

e  Power the charge amplifier with a battery — this
can show an improvement in noise level and
50Hz/60Hz harmonics.

This last point was not taken into consideration during
the acceptance of the new force sensors.

7  RESULTS

The newest KI80 Piezostar® enabled the European
Space Agency to achieve unprecedent resolution in
microvibration —measurement. Within the same
environment and compared to Quartz sensors type 9251,
the noise level was reduced by a factor between 8 to 10
depending on the frequency range and therefore the
resolution was increased by the same factor. Those
results have been generated within the old RCF facility.

7 FFT Force Y Disturbance
10 T T
RCF Table tests BNL3_T_on_B_down_F_off_6DoF WITH TENT
BNL Prototype Tent ON 07-03-2024

‘ LUl | i ol
‘M‘\Ij‘ w ‘I“J,l‘#

o o _— = %

Figure 15. Noise measurement comparison in shear
direction (Fy) between Quartz Sensors type 92514
(Blue) and PiezoStar® Sensors type 9067CQOKI80

(Orange).
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Figure 16. Figure 15. Noise measurement comparison
in moment My between Quartz Sensors type 92514
(Blue) and PiezoStar® Sensors type 9067CQOKIS0

(Orange).

A thirty-minute background noise measurement
was then conducted within the new MMCEF facility, using
the newest negative stiffness isolation system. The
background noise was performed in the following
conditions:

e Cleanroom air-flow off
e No loads applied on the ceramic top plate
e  Charge amplifier set to:

o 0.05N for 10 V (Fx and Fy)

o 0.1 Nfor 10V (Fz)
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Figure 17. Background noise measurement (Fy) with
sensors 9067CQOKIS0 within MMCEF.
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Figure 18. Background noise measurement (My)
with sensors 9067CQOKI80 within MMCF.
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The isolation frequency of the negative stiffness
system is approximately 0.6 Hz. A frequency peak is
observed at 50 Hz, which is attributed to the use of a non-
DC power supply during the measurement. All peaks
above this frequency are considered to be part of
environmental noise. Most of these were identified
thanks to the high sensitivity of the 9067CQKI80-type
Sensors.

There are several ways to characterize the smallest force
measurable, called “threshold”. The European Space
Agency uses the noise level at 0.8 Hz to determine this



value. The noise levels at that frequency are the
following:

Component Noise level at 0.8 Hz

Fx (N) 1.7e-5
Fy (N) 1.8e-5
Fz (N) 7.2e-5
Mx (Nm) 1.9¢-6
My (Nm) 1.7e-6
Mz (Nm) 5.5e-7

Table 1. Noise values achieved at 0.8 Hz with
9067CQKIS80 sensors installed in the MMCF facility.

Consequently, with such results and achievements, the
limitation is no more the measuring chain, but the
environment itself. As evidence, with the new force
sensors it was possible to detect new disturbances from
the environment that we would not detect with Quartz
force sensors as shown in Fig.15 and Fig.16.

It was therefore stated during the facility acceptance that
the MMCEF is able to measure interface forces ranging
from 0.1mN to 200N and moments from 0.01lmNm to
20Nm over a frequency range from 0.8Hz to 1400Hz for
payloads going up to 100 kg.

8 CONCLUSION

As detailed in this paper, accurately measuring
small disturbances generated by space mechanisms
requires several key prerequisites. First and foremost, the
choice of location for installing a microvibration test
facility is critical. Implementing effective isolation
techniques—such as a ground vibration isolation system
and an acoustic chamber—significantly reduces
environmental noise and enhances measurement
resolution. To further mitigate electrical noise within a
piezoelectric measurement chain, it is essential to begin
at the sensing element level.

In this study, the introduction of Kistler Group’s super-
sensitive KI80 crystals, part of the PiezoStar® family,
enabled a tenfold reduction in noise compared to
traditional Quartz-based systems. Additionally, this new
crystal allows for simplified force plate assembly due to
the use of lower preload forces.

Looking ahead, a new amplifier design is set to replace
the existing S080A unit. This upgraded electronic system
will integrate both amplification and data acquisition
functionalities into a single device, completed with an
internal DC power supply. This all-in-one approach is
expected to significantly reduce electronic noise.
Moreover, additional features will be implemented to
further enhance signal resolution, shaping the way for
innovation and more precise microvibration
measurements.



