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ABSTRACT

The ability to design and produce compliant mechanisms
by Additive Manufacturing (AM) was investigated in
several projects. In the last ten years, significant progress
were made especially on design and optimization
software as well as on the possibility of printing thin
metallic structures. Nevertheless, compliant mechanisms
are pushing AM and current process simulation solutions
to their limits, presenting significant challenges to fully
benefit from this new process [1].

Four projects were completed at CSEM with the
development, production and testing of compliant
mechanisms made by AM. The advantages proposed by
AM were confirmed, such as the possibility to design and
produce very complex shapes and the ability to combine
various functions. Printing monolithic structures with
flexible areas linked by rigid elements, fast design
modification and production allowing several iterations
within a few months were also enabled thanks to AM.
Some limitations were also endured, for example
warping, leading to a loss of accuracy for the guiding
performances. These distortions are due to the melting
process followed by a fast cooling and by the thermal
treatments required to reduce internal stress. These are
currently the main issues for such mechanisms built in
AM since they occur especially on thin structures, i.e.
they warp the flexure blades. Several strategies were
tested to anticipate or reduce their amplitude but with
limited success for complex designs. Other approaches
will be investigated in the near future. Several materials
were assessed: 316L and 17-4PH stainless steels, and
Ti6Al4V with their corresponding thermal treatments,
stress relief and age hardening. In addition, Hot Isostatic
Pressing (HIP) was performed and compared to non-
treated samples for fatigue behaviour. The reduction of
the surface roughness was also investigated as it is a key
aspect to better determine the thickness, which drives the
stiffness of flexures. The surface process also positively
influences the fatigue resistance and cleanability.

Figure 1. Compliant Roto-Translation Mechanism

1 CONTEXT

Until now, complex mechanisms built by traditional
means (i.e. machining and assembly) have required
particularly long production times. Although Additive
Manufacturing (AM) has been wused for certain
components, challenges remain in terms of
reproducibility, reliability, manufacturing process and
final cost. For instance, the quality of the flexible blades
is essential to the correct performance of the
mechanisms. These blades must have strict accuracy in
terms of geometrical fidelity, in particular for thin and
elongated flexible elements. They also need to guarantee
a qualitative surface finish and avoid the presence of
defects.

In the last ten years, significant progress was made
especially on design and optimization as well as on the
possibility of printing thin metallic structures.
Nevertheless, compliant mechanisms are pushing AM
and current process simulation solutions to their limits,
presenting significant challenges to fully benefit from
this process.


https://youtu.be/luQBZ5p64_g

2  OVERVIEW OF PROJECTS

The ability to design and produce compliant mechanisms
by AM was investigated by CSEM, CSL and
ALMATECH in several projects:
* ILFP, additively manufactured flexible pivots for
cryo [2],
» TRIPOD, with flexure pivots and gimbals made by
AM, EU project PULSAR [3] [4],
» CRRM, Compliant Mechanism based on Additive
Manufacturing, ESA GSTP project [5],
* CRTM, Compliant Roto-Translation Mechanism,
ESA TDE Advanced Manufacturing Technologies
for Compliant Mechanisms.

2.1 Interlocked Lattice Flexure Pivot ILFP

The Centre Spatial de Liege (CSL), in Belgium
developed a new mechanism based on the Space Infrared
Telescope for Cosmology and Astrophysics (SPICA)
mission requirements. The Mode Selector Mechanism
(Fig. 2) moves a flip mirror that picks either a low or
high-resolution beam and directs it into the instrument
light path [2]. This mechanism must ensure an accurate
and reliable positioning of the flip mirror in two fixed and
stable (unpowered) positions in a temperature range from
4 to 300K. The mirror is mounted between two flexure
pivots providing a small angular displacement (+5/-2°)
with a low spring torque of 4mNm/deg.

AM flexible

Figure 2. Mode Selector Mechanism

To benefit at most from the AM possibilities, the pivot
was redesigned and optimized by CSEM with the
integration of the patented concept of Interlocked Lattice
Flexure (ILF) blades (Fig. 3 left). This allows increasing
the performances compared to commercial off-the-shelf
products (Fig. 3 right). The design integrates special
features to ease the machining, which is performed to
ensure precise tolerances at the interfaces (i.e. external
diameter, length and concentricity). The final outer
dimensions, tolerances and roughness are identical to the
commercial product.

In total, 12 flexible pivots were 3D printed by Laser
Powder Bed Fusion (LPBF) in 316L stainless steel with
a blade thickness of 210 um. They were then delivered to
CSL for integration and testing in the mechanism.

Figure 3. AM ILFP (left) and commercial pivot (right)

The ILF pivots were characterized at room temperature
and ambient pressure both at CSEM and CSL to set a
reference point, then cooled down to cryogenic
temperature (4.2 K) with liquid helium (LHe). The AM
ILF pivots were tested in cryogenic conditions down to
4.2 K without performance degradation. The rotational
stiffness of some ILF pivots was slightly higher than the
requirement due to variations in flexure thickness and
roughness (see Table 3). Nevertheless, the average
rotational stiffness measurement was only 10% higher
than the predicted results for ILF pivots. For the
commercial pivot, the measured value is 35% higher than
the value given by the manufacturer data [6]. As shown
in Table 1, the measurement of the parasitic motion
(centershift) for the commercial pivot result is 2 times
better than the indicated catalog value. This latter only
gives a multiplication factor by discrete rotation angles
and depending on the diameter of the pivot, without
considering the thickness of the flexures.

Table 1: Flexible pivots centershift measurements
Rotation center parasitic displacement at 5 deg [um]

Specification none
ILF pivot simulation 9
ILF pivots measurement 14 7
Commercial pivot data [6] 19
Commercial pivot meas. 10 £2

The evolution of the Young's modulus as a function of
the temperature is consistent with 316L material
properties:

« increase by 7% from 300 to 77 K;

« decrease by ~0.6% from 77 to 4.2 K.

Two AM ILF pivots were integrated in the Mode Selector
Mechanism by CSL. The mechanism was actuated and
successfully tested at room temperature, then under
cryogenic conditions down to 4.2 K.

The fatigue limit of the pivots at room temperature was
validated early in the project on representative flexure
blades. These results were compared to fatigue tests on
the complete ILFP and similar lifetime was obtained. It
resulted in an infinite lifetime bending stress of 230 MPa
and 450 MPa for 1e4 cycles. Surface finish processes
using a chemical treatment were also evaluated to
improve the cleanliness of these AM parts.



2.2  PULSAR compliant tripod

A mirror positioning mechanism with a tripod
architecture based on flexures produced by AM was
developed in the frame of H2020 PULSAR (Prototype
for an Ultra-Large Structure Assembly Robot) project [3]
[4]. The purpose of this mechanism is to compensate for
misalignment between mirror segments that can arise
from the autonomous robotic assembly process of a
segmented mirror space-based telescope. Corrections of
the mirror position are made along three DOFs: the piston
translation and tip-tilt rotations.

The positioning mechanism is based on the kinematic
shown in Fig. 4 and 5. Each of the three arms is composed
of a linear guide mounted radially on which is mounted a
single axis flexure pivot. The latter is linked to a
3-rotation axes gimbal. Finally, the mobile platform is
connected to the three gimbals.
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Figure 5. AM flexible transmission stage

An advanced multi-axes calibration that was
implemented allowed correcting multiple sources of
errors, including inaccuracies of AM flexure printing and
component assembly.

Table 2: PULSAR tripod measured performances
Single-axis transmission stage subsystems:

Accuracy +1.5um

Resolution <350 nm
At mirror level:

Angular resolution <4 prad

Piston resolution <1lpum
Mirror overall position:

Absolute accuracy in tip and tilt 100 prad

Repeatability in rotation 5-12 prad

Repeatability in piston translation 0.6 um

The performances as shown in Table 2 were measured on
the full mechanism stroke for both produced tiles. The
results are better than the requirement values.

This project allowed for the development of two
complete and functional mechanism systems — including
actuators and sensors — integrating LPBF compliant
components printed, assembled and tested with
outstanding positioning performances.

2.3  Compliant rotation reduction mechanism

ESA GSTP project ‘Development of a Compliant
Mechanism Based on Additive Manufacturing’
(COMAM, ref. 4000122793/17/NL/PS) aimed at
designing, manufacturing and testing a one-piece
compliant mechanism built by AM. The mechanism is a
Compliant Rotary Reducer (CRRM), with an input angle
of £10° while the output angle of £1°, meaning that the
reduction ratio of the mechanism is 1:10 as shown in
Fig. 6. The design and optimization implied a significant
effort with more than ten software programs to be able to
benefit from the design freedom available by AM
technology.
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Figure 6. CRRM: from first kinematic sketch fo the final
3D monolithic design

The detailed development, design, optimization
production and testing are detailed in [5]. For the CRRM
printing, 3D scans were performed at each stage: as-built,
after each thermal treatment (Hot Isostatic Pressing
(HIP), followed by an age hardening) and after
machining. An increase of warpage occurred at each
stage of the process to end with a global deformation of
the CRRM of up to 0.3 mm. But thanks to a symmetrical
design shape, this mechanism showed rather good
guiding performances with an average parasitic shift of
22 pm (specification <10 pm) and a maximal value of
90 um, which is approximately three times lower than the
warpage.

The first eigen-mode in locked configuration was
measured at 555 Hz, thanks to design optimization and
the possibility to build complex but lightweight
structures with this AM technology.



Figure 7. CRRM printed mechanism

The main outcomes of this project are the confirmation
of the advantages of metallic AM with the ability to
design and print a complex and compact monolithic
compliant mechanism. This latter integrates 24 flexure
blades, 8 intermediate stages within a reduced volume
(120 mm diameter, 40 mm height, 350 grams) as shown
in Fig. 7. See video link.

2.4 Compliant Roto-Translation Mechanism

The ESA TDE project ‘Advanced Manufacturing
Technologies for Compliant Mechanisms® (ANGELE,
ref.  4000136823/21/NL/MG/ces) comprised the
development, manufacturing and testing of a Compliant
Roto-Translation Mechanism (CRTM). It has a rotational
input (£15°) and a linear motion as output (#5 mm). It
could be used with a simple rotary actuator and delivers
a linear motion suitable for a scanner or an interferometer
for example. Depending on the transformation ratio, it
could also be reversed with a linear input and a rotary
output.

The CRTM building blocks are an input stage composed
of an interlocked cross pivot, a screw-like reducer, and
an output linear table as shown in Fig. 8. The main
advantage of this reducer type is to avoid having
intermediate stages. Intermediate stages would be
needed in the case of levers and could have a significant
mass.

Figure 8. CRTM building blocks (left), 3D view with
kinematic functionalities; cyan: input cross pivot;
magenta: transformer coupling; green: output linear
stage (right)

Despite the successful printing of prototypes at an early
stage, some critical aspects were identified and still need
to be addressed. First, the distortions due to AM and post-
processes shall be reduced to allow friction-free motion
and improve the guiding performances. This is the case
for 17-4PH stainless steel first prototypes as well as for
the final, titanium BBMs. Both materials have warpage
with the same order of magnitude while the local
deformations could be quite different in shape and size.
Finally, the surface roughness shall be lowered. Several
chemical polishing tests were performed. The results are
described in paragraph 3.5.

Figure 9. CRTM functional BBM built by LPBF

The CRTM project provided a significant opportunity to
strengthen our understanding of AM applied to compliant
mechanisms. The complete development cycle, from
design to manufacturing, was addressed. See video link.

3 INVESTIGATIONS

3.1  Design and optimization with commercial tools

Thanks to the fast evolution of design and optimization
software, the development phase is now shorter. While it
required more than 8 months for the first complex shape
(i.e. CRRM), a 2-3 month design phase is now foreseen.
Nevertheless, the choice of design tool(s) is still crucial
to be able to quickly design complex shapes. Regarding
topology optimization, multiple iterations are usually
needed with refinement of the load case parameters
before performing the shape smoothing, followed by the
final interface features design. A last verification by FEM
is mandatory to ensure that the final shape fulfills the
specifications. The optimization workflow for the CRRM
is shown on Fig. 6 of [5].


https://youtu.be/0oBJe5uF40I?feature=shared
https://youtu.be/luQBZ5p64_g
https://youtu.be/0oBJe5uF40I?feature=shared
https://youtu.be/luQBZ5p64_g

3.2 New design methodology proposed by CSEM

The design of compliant mechanisms presents unique
challenges due to their reliance on elastic deformation
and the resulting complex interplay between kinematic
and dynamic behaviors. Traditional design approaches,
including kinematic methods, building blocks strategies,
and structural optimization, each offers valuable tools.
They also come with limitations, particularly in
addressing multi-objective optimization and
manufacturing constraints. CSEM Gloom approach, a
new methodology under development, aims to overcome
these limitations by providing a knowledge-based
framework tailored to the needs of the space industry. By
making the conceptual and detailed design stages
independent and focusing on  multi-objective
optimization, the Gloom approach streamlines and
accelerate the design process and enhances the
performance and manufacturability of AM compliant
mechanisms. This methodology not only addresses the
functional and non-functional requirements
comprehensively but also integrates advanced techniques
for optimizing rigid bodies and actuation loops [7] [8].

Figure 10. Monolithic tip-tilt compliant mechanism
generated with CSEM GLOOM methodology

3.3 Materials and characterization

Since the first activity on metallic AM started in 2015 for
CSEM, the ECSS standard was not existent. The
materials and process characterization was made based
on ASTM standards and best practices. Then, it was
consolidated further when ESA released first the memo,
then the ECSS on AM in 2021 (ref. ECSS-Q-ST-70-80C
— Processing and quality assurance requirements for
metallic powder bed fusion technologies for space
applications).

At that time, one of the only suitable materials with a high
fatigue limit available in powder for LPBF was the
stainless steel 17-4PH. The first tests were successful
with a reduction of ‘only’ 15% of the fatigue limit
compared to bulk material. Considering the surface

roughness, the AM part was 10 times rougher.
Investigation performed at CSEM included material 17-
4PH stainless steel and LPBF process extensive
validation with microstructures, tensile, roughness,
residual stress, corrosion, stress corrosion cracking, and
dissolved gases testing. In parallel, a derisk of the critical
features was performed with thin structure printing,
fatigue tests, cleanliness and distortion assessments. This
confirms the conformity of the material to specifications
with comparable mechanical performance to non-AM
one. See [5] for detailed information.

As a contributing factor to warpage is the quenching of
the 17-4PH precipitation hardened stainless steel,
alternative materials with a high fatigue limit were
investigated. Currently many more materials are
available in powder, including Ti6Al4V titanium. In
parallel, 316L stainless steel [2], Scalmalloy aluminium
and Invar fatigue test samples and compliant mechanisms
were printed and verified.

3.4 Production workflow

The production workflow could differ significantly from
the traditional production with classical machining. It is
important to ensure a common understanding of the
constraints, limitations but also opportunities with AM
providers. A specific document is now established,
detailing the exact production workflow successive steps,
the inputs and outputs, the verifications and the
responsibilities. A workflow is shown on Fig. 10 of [5]
and an example of LPBF parts machining, alignment and
integration is detailed in [4].

3.5  Post-processing

Thermal treatments

As a minimum, stress relief is highly recommended to
relax internal stresses induced by the AM process that
leads to distortions. To increase the resistance in fatigue
for a high number of cycles, HIP treatment was
investigated on fatigue test samples and with complete
mechanisms. The fatigue limit is significantly improved.
See [5] for detailed information.

Surface finish

A chemical polishing treatment was performed on
various mechanisms with different materials to evaluate
the efficiency to lower the surface roughness, the
rotational stiffness and improve the cleanability:

* CRTM models made of titanium: the stiffness is
reduced by a factor of 2.5 after treatment and the
roughness Ra decreased from 10 to ~5 pum, and Rz
from 60 to ~30 um. These results are promising and
the influence on fatigue for the flexures still needs to
be verified.

* ILF pivots made of 316L: stiffness reduction was
measured before and after the surface treatment as
shown in Table 3.



Table 3: ILF pivot measurement comparison before-
after surface treatment

Rotational stiffness [mNm/deg]
Specification 1.7-4

FEM predictions
(w/o surface treatment)

Before surface treatment*
After surface treatment

2.8-39

4.3 £0.02
2.69 +£0.07 -37%

Surface roughness [um] Ra Rz
Before surface treatment* 10.2+1.4 63 +14
After surface treatment 48 +15 29 £10

* Raw flexure surfaces from LPBF.

Based on these results, this chemical treatment appears to
be reproducible and suitable for such thin geometries. It
exhibits a homogeneous material removal and a
significant surface roughness reduction which eases the
cleaning process and lowers the rotational stiffness.

3.6  Testing

The performance and environmental testing of additively
manufactured mechanisms do not differ significantly
from traditional mechanisms. The main challenge is for
the validation of complex AM parts with the need of
different measurement tools. Indeed, a 3D laser scanner
is needed to allow verification and to compare the printed
shape with the 3D CAD model. The X-ray computed
tomography scanner also enables the detection of internal
defects, such as voids, inclusions and remains of unfused
powder in case of internal channels.

For vibration testing on the CRRM, we experienced
difficulties to correlate between FEM predictions and
measurements. Probably, the FEM results were too
optimistic due to a lack of response/amplification. On the
other hand, the real AM mechanism was more compliant
and thus had more vibration modes due to manufacturing
imperfections. FEM inaccuracies also led to a
discrepancy between the measured and the predicted
stiffness.

Regarding environmental testing, the cleanliness
requirements could be difficult to reach with as-built
parts because of the high roughness.

4 THE GOOD
4.1 Confirmation of AM benefits

These projects confirm the main advantages of AM. This
includes the design freedom, the possibility to finely tune
the characteristics according to a specific need and the
fast production time. It was demonstrated that complex
3D shapes, comprising intricated stiff areas, lattices,
hollow shells and flexures can be built in one single-piece

(see Fig. 3, 7 and 9). This reduces drastically the need to
design, machine, inspect, clean and assemble a lot of
parts as required for traditional mechanisms. The
interface geometries for mechanism, actuator, sensor and
payload fixation can be optimized based on customer
needs.

The design, optimization and production of highly
optimized parts is also demonstrated, with a reduction in
volume and mass, the increase of the eigen-modes, out-
of-motion stiffness, etc.

4.2  Good performances for compliant mechanisms

The guiding performances (stiffness, centershift) are
good for simple kinematic structures, such as ILF pivot
and the Tripod gimbal. Moreover, the predictions for the
stiffness and centershift are more accurate for AM than
for commercial pivots (see Tables 1 and 3).

4.3  Fast production

Another great advantage is the possibility to print
functional mechanisms at an early stage with the final
material and representative features since the production
time is very short. For example, the ILF pivots were
obtained in four weeks including machining and
cleaning. It confirms the possibility of fast production
and the ability to have multiple iterations in case of
design changes.

4.4 Materials

A wide range of materials is now available - including
some that are difficult to machine - with mechanical
performances equivalent to bulk, including fatigue limit
for a high number of cycles. The list includes stainless
steels, titanium, Invar, Inconel, Hastelloy and aluminium
alloys.

45  Comparable production costs

A cost assessment reveals that the price of the ILF pivots
is comparable to commercial off-the-shelf products with
the same interface dimensions and tolerances.

5 THEBAD

5.1  Design and optimization workflow

The design and optimization required the use of not less
than 12 different software programs for the CRRM and
CRTM. The compatibility and file format exchange
should be drastically improved to ensure a shorter
development time. The automated generation and
optimization of 3D compliant structures would be a game
changer to further optimize the guiding functionalities
and performances. A PhD thesis is currently ongoing at
CSEM to develop a new automated design methodology,
as explained in paragraph 3.2.



5.2  Dimensional accuracy

The LPBF process presents limited dimensional
accuracy. Deformations of 0.2 to 0.3 mm were obtained
on rigid structures of simple mechanisms. For more
complex shapes, such as the CRTM, it could go up to
0.8 mm. The reproducibility between identical parts
printed with the same parameters is better, in the range of
0.1 mm. Itis still insufficient to ensure precise interfaces
for payload, mechanisms, sensors and actuator fixations
without machining. With a thorough design, the need for
machining could be usually reduced to a few surfaces and
could be combined with removal from the build plate. For
thin structures, the warpage amplitude is much bigger, as
explained in the next paragraph.

5.3 Warpage due to AM process and thermal
treatments

The distortions due to AM and post-processes shall be
reduced to allow a friction free motion and improve the
guiding performances. This is the case for all investigated
materials, i.e. 316L and 17-4PH stainless steels as well as
for the Ti6AI4V. These materials have distortions with
the same order of magnitude while the local deformations
could be quite different in shape and size. Especially the
thin structures — the flexures for compliant mechanisms
— are prone to warpage from 0.4 to 2 mm (see Figure 11)
when constrained at both ends because buckling mode
deformation is implied.

= o022

Figure 11. Distortions of CRTM made of Ti6Al4V
compared to 3D CAD model, scale in mm

Several approaches were tested, including heated build
plate up to 600°C, varying support strategies or changing
materials. Up to now, none of these solutions have
significantly reduced the warpage for complex
geometries with flexures. Ongoing activity is now to
define the root cause(s) before deciding which
parameters to change. See chapter 7 for more details.

5.4  Surface roughness

The high surface roughness after LPBF (typically Ra 8-
15 pm, Rz 50-150 pum) leads to a reduction of the fatigue
strength, an increased sensitivity to corrosion, cleaning
efficiency issues and difficulties to measure the exact
thickness of thin structures such as flexure blades. These
latter are also sensitive to damage and plastic
deformation when performing mechanical polishing,
peening, etc.

The best results so far were achieved with chemical
polishing. The parameters shall be thoroughly chosen to
ensure a homogeneous removal of material. Good
performances were observed in term of roughness
reduction — which also leads to bending stiffness
reduction for compliant structures - homogeneity and
cleanability. The influence on fatigue shall still be
assessed.

6 LESSONS LEARNED

The validation of the materials, process and post-process
to follow the ECSS-Q-ST-70-80C requirements requests
a significant effort. Now the procedure is more
streamlined and it should be emphasized that currently,
the AM metallic materials have similar mechanical
properties as bulk ones.

The status-quo shall be challenged. This is especially the
case with the partners involved in the LPBF process.
First, the minimum feature size is in the range of half a
milimeter as usually given by the AM machine providers.
This is far too big for flexure blades, where a thickness
of 0.2 to 0.3 mm or even lower is looked for. Therefore,
the claimed limitations shall be challenged. Trials with
various thicknesses shall be made at the beginning of the
project to establish the real limitations of this process.

Then, LPBF and subsequent thermal post-process induce
warpage, which is currently not predictable for thin
structures with sufficient accuracy by commercial
process simulation software. One influencing factor is the
print job preparation with the support strategy for
overhangs. For this, all partners for metallic AM are
using their own methods based on experience. For
example, none of them used the support structures we
prepared based on previous printings and 3D scans on the
same geometry. This led to various results regarding
distortions.

Finally, the current generation of LPBF machines are
operated in open loop, without a process monitoring
system to detect defects, lack of powder or deformations.
Closed-loop equipment is now available on new
machines and it is expected to improve the build job
quality with a better understanding of the behavior during
the process.



For simple geometries, such as the ILF pivot, the small
warpage is not detrimental to the guiding performances.
The guiding accuracy and stiffness predictions were good
enough and the final differences between printed parts
are very low. With more complex geometries, such as the
CRRM or CRTM, the distortions are still too important
to allow accurate guiding today. Alternative design
strategies and compensation methods are currently
assessed to overcome this issue. Note that the guiding
performances were relatively good on the CRRM thanks
to its symmetrical kinematic.

7 CURRENT AND FUTURE WORK

The new design methodology proposed by CSEM shall
be validated with more use-cases. It will allow to reduce
the number of software to be used to design and optimize
compliant mechanisms and accelerate their development.

Warpage prediction and reduction could be envisioned
through LPBF process simulation. A benchmark between
commercial software and custom-made simulations will
be performed in near future to evaluate their ability to
predict and then compensate the distortions for thin
structures.

The chemical polishing process shall be validated further
in terms of homogeneity, reproducibility and its influence
on fatigue.

The use of other materials, including low-CTE alloys,
shall be validated. New equipment with the possibility of
printing multiple materials would also be an important
improvement.

8 CONCLUSION

These four projects provided a valuable opportunity to
demonstrate the advantages and deepen our
understanding of additive manufacturing applied to
compliant mechanisms. The complete development
cycle, from concept to manufacturing and testing was
addressed for various designs and several materials.

The lessons learned are now addressed in other activities,
first on simple geometries, then on complex designs.
This technology already shows strong potential with
more compact and integrated functions, such as
actuation, sensing, thermal, optical and electrical
features.

The authors would like to thank ESA and all our partners
for their support during these developments.
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