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ABSTRACT

Flexure-based mechanisms have become state-of-the-art
solutions for designing high-precision systems that are
free from wear, backlash, and lubrication. However,
these benefits often come with the drawback of very
high-quality factors, which can lead to adverse vibrations
during highly dynamic motions. To address this
challenge, CSEM developed and validated a concept of
damped flexure blades using additive manufacturing. A
follow-up activity is ongoing under an OSIP contract.
The objective is to continue developing this technology
to make it robust for space applications. Two main areas
of development are being explored: design for space and
numerical model correlation. With these two
developments, it will be possible to implement the
damped flexures in applications where damping and
stiffness settings are critical. Isolation structures and
precision positioning mechanisms are typical examples
of such applications. The design freedom provided by
additive manufacturing allows the main stiffness
characteristics to be tuned according to these applications
specifications.
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1 INTRODUCTION

Free from wear, backlash, and lubrication, flexure-based
guiding systems have become state-of-the-art solutions to
develop long lifetime, high-precision, clean mechanisms
operating in space. These notable advantages usually
come with the drawback of high-quality factors. These
can lead to adverse effects when compliant mechanisms
are submitted to launch vibrations and shocks.
Additionally, the same problematic is observed during
operation, in the case of dynamic motions or in the
presence of micro-vibrations.To tackle this challenge,
CSEM developed and validated a patented [1] concept of
damped flexure blades based on additive manufacturing.
The blades consist of a 3D printed sandwich of two thin,
planar, parallel metallic lattice patterns with elastomer
impregnated in-between in a second step. The damping
effect results from the energy dissipation by heat
occurring in the viscoelastic material as the blade
deforms when the mechanism operates.

These "Proof of Concept" blades were built and
characterized under free oscillations in the framework of
a Master Thesis [2] as represented in Fig. 1. Compared
with reference flexures, the damped flexures show
quality factors Q reduced by a factor of 64. This reduction
implies a damping action increased by a factor of 97
considering the viscous damping coefficient.
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F. zgur‘ 1. Proof of Concept bladegil’esults from [2].

The IP and scientific literature prior art research
confirmed that there are currently no efficient solutions
to overcome the above cited problems. Hence, this
concept is to be seen as a breakthrough innovation for
compliant mechanisms. Indeed, it significantly reduces
their susceptibility to vibrations and shocks from large to
small motion amplitudes.

From these first promising results, an OSIP project is
ongoing to further develop the technology and more
specifically the following aspects:

e Design for space: The design of the damped
flexures must meet general space requirements
inducing the need for specific material choices,
geometrical configurations refinement and
fatigue behavior assessment

e Numerical model correlation: A robust finite
element (FE) model of the blades with accurate
predictions of damping performance must be
provided. It will allow implementing this
technology in conventional structural analysis
used in space development. To achieve this,
damping characteristics obtained during tests
will be correlated with the detailed FE model.
Additional material characterization will also be
performed and serve as input for the numerical
models such as DMA (Dynamic Mechanical
Analysis) test for the viscoelastic material.



The damped flexure blade single element may be seen as
a building block to develop new topologies of spring-
damper. Such additional damping advantageously
minimizes exported vibrations of a variety of sources
such as cryo-coolers or reaction wheels (for the latter, the
blades could advantageously replace the spokes of the
wheel). Reversely the vibration susceptibility of systems
such as optical benches could be reduced thanks to a
decoupling from the surrounding environment. More
specifically, this technology could be of great interest for
the following applications:

e Cryocooler isolation: Micro-vibrations
perturbation from cryo-cooler in spacecraft is a
well-known issue in the space industry. The
integration of impregnated blades into the
structural interface of a cryocooler could bring
several improvements such as the ones listed in
Tab. 1.

e Isolation of spacecraft with structural
brackets: A common practice to tune the
structure first eigenfrequency when integrating
payloads or instruments into a spacecraft
platform is to use dedicated structural brackets.
However, these brackets lack of damping to the
overall structure. Integrating the impregnated
blades into the structural brackets could bring
some improvements as listed in Tab. 1.

e Compliant scanner mechanism: In
mechanisms such as the NCPM (Novel Concept
of Pointing Mechanism) compliant scanner
mechanism [3] that integrates flexible pivots,
adding damping elements could further improve

the external perturbations attenuation. Indeed,
the low stiffness of the different hinges
composing the pivots is already tuned to filter
micro-vibrations  (low  pass-filter). The
impregnated blades could then directly be
integrated into the flexible pivots providing
guiding and damping functions in a single

component. The different potential
improvements of this integration are listed in
Tab. 2.

e Compliant mechanism for camera
stabilization: For a mechanism such as

STEADY [4], the impregnated blades could
bring a real added value similarly as for the
scanner mechanism previously presented. This
mechanism aims at protecting a vision system
mounted on a rover by filtering the perturbations
coming from the ground using flexible pivots.
The improvements that could be brought by
integrating the damped flexures directly into the
flexible pivots are presented in Tab. 2.

The application review is not exhaustive, but it
demonstrates that a clear need for additional damping in
various space applications exists. The damping provided
by the impregnated blades could bring several
improvements to the different systems presented. In each
application, the manufacturing and integration strategy of
the damped flexure blades will need to be assessed,
considering the geometrical complexity of the hardware,
as well as its own manufacturing and assembly
workflow.

Table 1. Potential improvements for the isolation applications.

Isolation of spacecraft

Advantages Cryocooler isolation with structural brackets
Avoiding the use of multiple components by integrating damping

. - : X X
directly into the structural interface
Damping on the main axis of perturbation by coupling it with the

. X -

blade bending mode
Decoupling structural main modes with tuned stiffness X X

Table 2. Potential improvements for the compliant mechanism applications.

Compliant scanner Compliant mechanism for
Advantages . e
mechanism camera stabilization

Decoupling structural main modes with tuned stiffness X X
Integrated damping into the pivot, hence avoiding the external

h . . X X
device for damping functions
Improvement of attenuation performances thanks to additional X %
damping
Complexity reduction of the system by avoiding the use of fine and X )
coarse pointing strategies
Potential use of stepper motor and gearing that are usually avoided X X)
in such sensitive pointing mechanism due to their noise generations




2 FINITE ELEMENT MODELLING OF THE
DAMPED FLEXURES

An important aspect of this project is to provide a robust
finite element (FE) model of the blades with accurate
predictions of damping performance. Without such a
predictive model, it would be difficult to implement this
technology in conventional structural analysis used in
space development. To achieve this, several blade
samples will be tested to obtain damping characteristics,
which will be correlated with a detailed FE model.
Additional material characterizations will also be
performed to input into the numerical models.

As shown in Fig. 2, a 3D FEM model of two parallel
blades forming a translation guiding is developed,
representing the free oscillation test bench.
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Figure 2. COMSOL FEM model of the two blades
connected in parallel, with metal lattice blades in grey
and viscoelastic material in blue.
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FEM simulations of such a composite system present
several challenges:

e Viscoelastic material model: viscoelasticity is
a complex material property with time-
dependent response, even if the load is constant
in time. It requires knowing the complex elastic
modulus (real and imaginary part) for a range of
frequencies, which may be obtained by
Dynamic  Mechanical  Analysis (DMA)
measurements.

e Complex geometry: lattice blades allow
lowering the bending stiffness and help the
bonding between the metal blades and the
viscoelastic material inside layer. But the
meshing of the resulting geometry is difficult
due to the small size of the thin sections.
Furthermore, the large number of nodes leads to
large time-dependent studies computing times.

e Impregnated material geometry: although all
precautions were taken to control the
impregnation of the viscoelastic material, the
precise geometry may differ from the initial
goal due to spilling.

2.1 PRELIMINARY FE RESULTS

An initial attempt was made to reproduce the
experimental results from the previous activity [2],
namely the quality factor measured in free oscillating
mode.

As seen in Fig. 3, the experimental viscoelastic losses are
~ 40% lower than the FEM simulation. To better
understand this discrepancy, a sensitivity analysis was
performed on geometrical parameters, material
properties and mesh. The two parameters having the
highest influence on damping are the viscoelastic
material elastic modulus, and the thickness of the
viscoelastic layer. The uncertainty on all parameters
could explain the observed discrepancy and motivates to
better characterize them in the present project.
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Figure 3. Comparison of experimental and FEM
damping of free oscillation, with experimental data from
the previous activity [2].

Another outcome of the sensitivity analysis is the
possibility of increasing the damping. An increase of the
viscoelastic layer thickness between the two metal lattice
blades seems a good optimization path, which is adopted
in the present project.

Detailed investigations of the FEM results allowed better
understanding the viscoelastic dissipation mechanism in
the present geometry. Interestingly, it was found that the
places with most dissipation were located at the crossing
of the two lattice blades, as schematized in Fig. 4. and in
Fig. 5. This could allow further optimization of the
damping in future projects.
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Figure 4. Crossing zones with maximal density of power
dissipation.
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Figure 5. Density of power dissipation in viscoelastic
material.

3 OPTIMISATION AND DESIGN FOR SPACE

From the lessons learned and the preliminary FE analysis
developed in the previous activity [2], several
modifications were implemented to move towards space
compatibility:
e increase of viscoelastic layer thickness, to
increase the damping
e  both half-blades of identical thickness, to case
manufacturing and ensure symmetric behavior
e half-blades thickness increase to 0.4 mm at
printing, to ease manufacturing
e roughness improvement by surface treatment

The new design is represented in Fig. 6. The novel
flexure dimensions and parameters obtained are listed in
Tab. 3. Note that these are the dimensions after chemical
surface treatment, which removes about 0.05 mm on all
surfaces.

Figure 6. New flexure design (detailed view).

Table 3. New flexures design parameters, after surface

treatment.
Parameter Symbol | Value | Unit
Blade length l 47.6 mm
Blade width b 18.2 mm
Thickness of each half-blade h 0.3 mm
Gap between blades gap 0.3 mm
Total length (with support) L 58.5 mm
Total thickness (with support) H 10.4 mm
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Figure 7. New flexure design (global view).

A new viscoelastic material was also chosen for its
compatibility with space, which was not the case in the
previous activity. DMA measurements of this new
material will be performed to be used in future FE
analysis. Stresses were checked both in the metal blades
and in the viscoelastic material to ensure high number of
cycles in future fatigue tests.

A selection of materials was performed to meet
compatibility with space applications. To obtain the best
performances with the available process, especially in
terms of fatigue properties, the materials’ choice is the
following:

e metallic part: Titanium Gr. 23

e damping material: MAPSIL QS1123

4 FLEXURE BLADE ADDITIVE
MANUFACTURING

The optimized design of the flexures described in chapter
3 was manufactured in titanium grade 23. The additive
manufacturing (AM) technique used for this step was a
Laser Powder Bed Fusion (LPBF) process. After AM, the
flexures underwent a stress relief treatment. The flexures
were then separated from the build plate prior to being
submitted to a chemical surface treatment. The surface
treatment allowed removing unfused powder particles
from the flexures and reaching an overall smoother
surface as illustrated in Fig. 7.



F igure 8. Flexures surface before (top) and after
(bottom) chemical surface treatment.

5 IMPREGNATION OF DAMPING
MATERIAL

As detailed in chapter 3, the selected damping material is
the space qualified silicone MAPSIL QS1123. Before
impregnation, a primer was applied on the flexures to
improve adhesion between the titanium and the silicone.
During preliminary trials, the silicone was manually
deposited on the flexures placed horizontally using a
dispenser. Glass covers were then placed on top of the
flexures to guarantee homogeneous silicone thickness,
and the parts were cured (overnight at room temperature
followed by 24 hours at 40°C). The results showed the
need for an improvement of the impregnation technique.
Indeed, bubbles and inhomogeneous thickness of the
silicone layer were observed as depicted in Fig. 9.
Additionally, due to strong adhesion between glass and
silicone, the demoulding step was also found to be
challenging.
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Figure 9. Results of preliminary impregnation tests.

A jig is then foreseen to improve this impregnation step.
It will maintain the flexure during impregnation and ease
the silicone deposition. The silicone will be directly
injected between the two half-blades of the flexures in a
hermetically closed cavity. Some trials were already
performed, showing promising results. A representation
of the impregnation jig that will be implemented can be
seen in Fig. 10.

Figure 10. Impregnation jig.

6 NEXT STEPS

The final set of blades with the design presented in Tab.
3. are being produced and they will be impregnated with
MAPSIL QS1123. A testing campaign is foreseen to
characterise the fatigue and damping characteristics of
the flexure blades. The detection of delamination is key
to validate the structural integrity of the blades.
Evaluation of stiffness change with constant strain
monitoring and thermal imaging camera will be used to
identity delamination.

The damping characteristics will be evaluated through
two different tests and their related test setups are
presented in Fig. 11. The mobile part of the parallelogram
is put in motion either by a rotary actuator (for the free
oscillation test) or by a shaker (for the vibration test
configuration). A contact-less laser vibrometer will
record the corresponding displacement and acceleration.
With all the gathered data, the quality factors will be
deduced.

Figure 11. Damping test benches: Free oscillation (top)
and vibration test configuration (bottom,).

The damping characteristics will feed the correlation
with the FE model with the objective to predict more
accurately the dynamic behaviour of such structures.



7  CONCLUSION

The first steps of the OSIP activity have been
successfully reached with the preliminary FE models and
the manufacturing of the first batch. The following
phases including the characterisation tests and the
correlation of FEM will be performed to consolidate the
links between prediction models and test results. Several
challenges are still ahead, such as the fatigue testing and
the optimization of the FE model considering DMA data.
Although, all this gathered information will help
consolidate the understanding of the technology of the
damped blades.

The outcome of this activity will provide valuable data
for future implementation of this technology into
compliant mechanisms for space applications.
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