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ABSTRACT

Shape Memory Alloys (SMA) are lightweight, reliable,
durable, and adaptable, ideal for creating complex
structures that endure extreme space conditions. Laser
Powder Bed Fusion (LPBF) enables precise control,
allowing different functional regions in a single NiTi
part. Printing challenges, like porosity and nickel
evaporation, are modified through laser parameters
changes and powder composition.

This a priori unwanted effect can be controlled by
adjusting the printing parameters and using Ni-rich
powder. Thus, it is possible to control the printed part
composition and to define locally superelastic or shape
memory behaviour allowing for free-shape monolithic
bi-functional device, a new vision for space smart
mechanisms.

1 OVERVIEW

This project aims to advance actuator technology by
integrating recent research outcomes from the
collaborative efforts of the Mechanical Engineering
Research Group and the Powder Technology and
Advanced Materials Group at the Institute of Systems
Engineering in Sion, CH. The focus lies on the use of 3D-
printed shape memory materials—particularly Nickel-
Titanium (NiTi) alloys—combined with compliant
mechanism-based guidance strategies. The long-term
objective is to develop actuators that are compact,
efficient, and reliable, specifically tailored to meet the
demanding conditions encountered in space missions.
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Figure 1: SMA functioning principle

Central to this innovation are Shape Memory Alloys
(SMAs), which exhibit a reversible phase transformation

triggered by a temperature change or by a mechanical
stress, see Fig.1. This allows them to undergo significant
deformation at lower temperatures and recover their
original shape upon heating—a phenomenon known as
the shape memory effect. In addition, their superelastic
behaviour enables reversible strain recovery under
mechanical loading, making them highly attractive for
precision actuation systems where space, weight, and
reliability are critical factors.

The team has developed an advanced additive
manufacturing approach using LPBF to fabricate
monolithic NiTi components that can integrate both
superelastic and shape memory functionalities within a
single additive process. This enables the production of
temperature-responsive mechanisms with complex
geometries, eliminating the need for assembly and the
use of multiple materials and sub-devices.

Once scaled for industrial application, this technology
could significantly influence the future of actuator
design, particularly in aerospace. The ability to fabricate
lightweight, adaptive, and robust SMA-based
components via additive manufacturing opens
opportunities for deployable structures, actuation
mechanisms, and thermally activated systems featuring
high reliability rate.

Moreover, due to the intrinsic biocompatibility of NiTi
alloys, the implications of this research extend beyond
aerospace, offering promising applications in the
biomedical field for devices such as stents, implants, and
prosthetic systems. While the primary focus remains on
space applications, the broader impact spans across
aeronautics, biotechnology, and advanced medical
technologies.

2 STATE OF THE ART

Advancements in Additive Manufacturing (AM),
particularly Laser Powder Bed Fusion, have opened new
avenues for fabricating complex NiTi structures with
tailored functionalities [3]. Recent studies have
demonstrated the feasibility of producing NiTi
components with high density and controlled
microstructures using LPBF, although challenges such as
nickel evaporation during the process can affect the
material's phase transformation temperatures and,
consequently, its functional properties [1, 4, 5].

To address these challenges, researchers have explored
strategies like adjusting printing parameters and utilizing
nickel-rich powders to compensate for nickel loss,



thereby achieving the desired superelastic and shape
memory behaviours in specific regions of a single
component. This approach enables the fabrication of
monolithic actuators with integrated guiding features and
actuation mechanisms, reducing the need for assembly
and enhancing reliability. [6, 7, 8]

The potential applications of 3D-printed NiTi actuators
extend beyond aerospace, with promising prospects in
the biomedical field due to the alloy's biocompatibility.
Research into NiTi-based like prosthetics is ongoing,
highlighting the material's versatility and the importance
of continued exploration into its additive process [8].

In summary, the convergence of NiTi SMAs and LPBF
technology represents a significant leap forward in the
design and fabrication of smart actuators. By overcoming
existing manufacturing challenges and leveraging the
unique properties of NiTi, this field stands poised to
deliver innovative solutions across various high-
performance applications [8].

3 CHALLENGES

One of the most critical challenges in the additive
manufacturing of Nickel-Titanium (NiTi) alloys via
LPBEF lies in the precise control of material composition
during the printing process. Due to differences in vapor
pressure, nickel tends to evaporate more readily than
titanium from the melt pool during laser exposure. This
phenomenon, though initially considered a drawback,
leads to unintended shifts in alloy composition, which
can significantly alter the thermal and mechanical
properties of the final part—especially the transformation
temperatures that govern the shape memory and
superelastic behaviours.

However, rather than seeing this as a limitation, the Team
has turned this challenge into a powerful design tool. By
carefully adjusting the LPBF process parameters—
including laser power, scanning speed, layer thickness,
and hatch spacing—and by using nickel-enriched powder
feedstock, they have developed a method to fine-tune the
local composition of the printed material. This allows for
spatial control over the functional properties of the NiTi
alloy: specific zones within a single printed component
can be engineered to exhibit either superelasticity or
shape memory effects, simply based on their localized
nickel content.

This level of control opens up unprecedented
opportunities for design optimization. It enables the
creation of monolithic components with built-in
functionality: compliant regions for passive elastic
deformation, and actuation zones capable of producing
controlled motion when triggered by temperature
changes. Such parts eliminate the need for multiple
materials, complex assemblies, or post-processing steps,
greatly simplifying design and enhancing reliability—
especially in critical environments like aerospace or
biomedical systems.

Nonetheless, this approach introduces new challenges.

The process window for LPBF becomes narrower and
more sensitive when targeting specific compositions.
Geometric design must account for thermal gradients and
cooling rates to avoid defects like cracking or porosity.

4 LPBF PARAMETERS

As seen in Tab.1, an experimental matrix with 25 sets of
LPBF parameters has been developed to print 4x4x6mm?>
prismatic samples with an SLM Solutions 125 printer by
using an atomized nitinol powder with a Dv50 of 35um
and a composition of 50.8% at. of nickel. The laser power
P has been set to three different values 50, 100 and 250W
and the hatch distance has 2 different levels: 0.12 and
0.06mm. The laser scan velocity v has been adapted
relatively to P and h to obtained specific values of the
volumetric energy density ranging from 50 to 250J/mm?.
All the samples have been printed of a 50x50mm? NiTi
building plate heated at 200°C in one batch under
protection of an argon gas flow. Printed parts densities
have been measured by Archimedes method and varies
between 92 and 100.2% of the bulk NiTi theoretical bulk
density of 6.45g/cm®.

Table 1: 25 sets of printing parameters studied in this
work. Grey shaded parameters sets were not analysed
by DSC. Green shaded were selected for superelastic
and shape memory samples printing respectively.
P h

v Ev Preative
[w] [mm] _ [mm/s] fmm’]  [%]
1 50 0,12 278 50 100,1
2 50 0,12 185 75 100,0
3 50 0,12 139 100 99,5
4 50 0,12 111 125 99,3
5 50 0,06 278 100  100,1
6 50 0,06 185 150 99,7
7 50 0,06 139 200 98,8
8 50 0,06 111 250 98,5
9 100 0,12 556 50 100,0
10 100 0,12 370 75 96,0
11 100 0,12 278 100 92,6
12 100 0,12 222 125 91,6
13 100 0,06 556 100 98,9
14 100 0,06 370 150 92,6
15 100 0,06 278 200 92,0
16 100 0,06 222 250 91,8
17 250 0,12 1389 50 100,0
18 250 0,12 926 75 100,2
19 250 0,12 694 100 99,4
20 250 0,12 556 125 98,2
21 250 0,06 1389 100  100,1
22 250 0,06 926 150 99,3
23 250 0,06 694 200 97,5
24 250 0,06 556 250 96,9
25 50 0,035 79 600 96,6

22 of the 25 samples have then been tested by differential
scanning calorimetry (DSC) with Mettler Toledo
DSC823e calorimeter. Thermal cycles between -100°C
and +150°C, at a rate of +10°C per minute during heating
and cooling and with 1’ plateaus at -100°C and + 150°C
have been performed. Fig. 2 represents the austenite and



martensite finish temperatures Arand Mraccording to the
volumetric energy density Ev calculated as:

Ev = Ph/vd (N
Where d is the layer height of 30pum during this work.
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Figure 2: Austenite and martensite finish temperatures

according to volumetric energy densities for different
power and hatch distance.
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Within the range of parameters tested, it has been
possible to control the Ar between approximately 0 and
+96°C and My between -55 and +55°C. To maximize the
temperature range of the superelastic effect, the
parameters leading to the lowest Arvalue of -0.67°C have
been chosen (set 18). The best shape memory parameters
have been defined by the highest My temperature (set 8
with My of 45.8°C). Large transition temperature
difference between the SE and SM regions is desired to
prevent undesired thermally activation due to slight
temperatures changes.

As shown on Fig. 2, the transformation temperatures
cannot be directly correlated to the volumetric energy
density even if the trend between 50 and 250 J/mm?
suggests that Arand Myincrease linearly with Ev. This is
especially obvious for the sample printed at 600 J/mm?,
for which the transformation temperatures are just below
100°C. As previously reported [1], the transition
temperatures increase when the Ni content reduces due to
preferential evaporation from the melt pool. This
phenomenon depends on the melt pool size and
temperature but is also time dependent. Therefore,
printing parameters such as laser power, scanning speed,
and hatch distance all have a potential and different
impact on the transformation temperatures.

The previously selected parameters for SE and SM have
beenused to print vertically Imm diameter cylinders with
a height of 10mm. The first5 mm were printed with SE
parameters and the last 5 with SM parameters or vice-
versa. Then the cylinders have been cut in the middle of

the SA and SM regions and 2 DSC measurements have
been realized as explained before. The Fig.3 below
compares the transformation temperatures of the SM and
SE samples. The peak-to-peak temperature difference for
martensitic transformation during cooling is 86.5°C and
this difference is 94°C for the austenitic transformation.
It should also be noticed that the transformation
temperatures vary slightly in comparison to the one of
Fig. 3. Several potential reasons can explain this
phenomenon such as the part geometry, the building
strategy and the number of parts in the build job or the
powder quality as it can be reused for several prints.

SE martensitic
transformatian

COOLING

dswie

HEATING

SE austenitic cansform
transformation

-100°T 50T o 50°C 100°C 140°C

Figure 3: Austenitic and martensitic phase
transformations temperatures measured by DSC during
cooling and heating of two regions of the same
cylindrical part build with SE and SM parameters.

5 POST-TREATEMENTS
5.1  General Approach

Thermal postprocessing treatments play a critical role in
optimizing the functional performance of NiTi
components fabricated via LPBF. As-built specimens
typically exhibit high residual stresses, phase
inhomogeneities, and limited superelastic response. Heat
treatments facilitate the dissolution of undesirable phases
and enable controlled precipitation of nickel rich
precipitates such as NiaTis, thereby stabilizing the
martensitic transformation behaviour. These
microstructural ~ modifications ~ enhance  cyclic
performance and improve the reliability of functional
properties. In the absence of such treatments, fracture
behaviour becomes unpredictable, and the functional
response  significantly deteriorates. Notably, the
combination of lower activation stress and high
recoverable strain is particularly beneficial for the design
of compact actuators.

In the present study, a compromise must be achieved
between the requirements of SE flexural performance
and SM actuation behaviour, as thermal treatments will
be applied to the entire device. This requires the
identification of a unified heat treatment, quenching, and
ageing protocol that can adequately meet the functional
demands of both SE and SM regions, given the uniform
exposure during furnace processing.

Excellent results for SE and SM with a solution treatment
at 800°C for 5 hours followed by water quenching have
been reported [15]. Time-Temperature-Transformation
(TTT) diagram reported in the same article was used to



determine the ageing treatment range. Constrained to a
temperature range of 250°C to 600°C and durations
between 30 and 100 minutes, systematic series of ageing
experiments was conducted to determine the optimal
conditions that simultaneously promote desirable shape
memory (SM) and superelastic (SE) properties.

5.2 Post treatment effect on SE and SM
behaviours

A set of tensile test specimens, with a testing length of
20mm and a cross section of 3x3 mm?, have been
fabricated using the laser parameters optimized for SE.
The samples have been subjected to solution treatment at
800°C followed by water quenching at different
temperatures and for different durations as shown in the
Table 2.

Table 2: Ageing parameters

Temperature  Time

[cl [min]
a 250 100
b 300 30
c 400 30
d 400 50
e 400 80
f 350 60
g 400 60
h 450 60
i 500 60
i 500 60
k 500 60

11 specimens were subjected to 3 cycles and during each
cycle, the sample was strained up to 3%, held under
constant strain for 10 seconds, then unloaded. After the
completion of the third cycle, the sample was finally
loaded until fracture.

Figure 4: Tensile test samples

Specimens aged at 400°C for durations of 30 to
50 minutes failed to complete a full loading-unloading
cycle. Samples aged at 250°C for 100 minutes, 300°C for
30 minutes, and 350°C for 60 minutes completed only
one full cycle before exhibiting limited elongation and
fracturing near 3% strain.

On Fig. 5, the cycling of an as-built SE probe is compared
to a quenched one (800h, 5h) and to a quenched and aged
sample (450°C 1h). For these 3 samples, the residual
strain decreases with the successive load-unload cycles.
This residual strain can probably be explained by the fact
that the measurements are carried out at 20°C thus below
Ay, for the 3 samples (Fig. 6).

As shown on the Fig. 6, ageing at 450°C for 60 minutes

helps to increase the deformation at break up to 6%
almost twice the value of the as-built part and the best of
all the thermal treatments tested in this study.
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Figure 5: 3-cycle tension test at 20°C of 3 SE samples
with defined heat treatment

In the future, the transition temperatures reduction by the
quenching of the as-built part must be better understood.
The Ni-rich precipitates dissolution and the relief of
printing thermal stresses during homogenization can both
play a role in this phenomenon.
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Figure 6: Deformation at break with the austenitic start
and finish temperatures for the studied thermal
treatments (Table 2) for the SE part

In parallel, classical thermal cycling under constant load
(TCCL) tests were performed to characterize the shape
memory effect and to determine the transformation
temperatures of NiTi Imm diameter cylindrical with a
length of 15mm. Before TCCL, the post treatments
previously tested on the SE parts have been applied on
the parts printed with the best SM parameters. The effect
on the austenitic transformation temperatures As and A
is given in the Fig. 7. In contrary to SE samples,
quenching increases these temperatures in comparison to
the as built part.
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Figure 7: Transformation temperatures measured by
DSC for the different thermal post treatment (Table 2)
of the SM part

All the specimens were subjected to a constant axial load
of 70MPa and heated within a controlled oven
environment. Strain evolution as a function of
temperature was recorded using a Linear Variable
Differential Transformer (LVDT) transducer, see Fig.8
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Figure 8: TCCL setup and typical sample (bottom right)

During the first thermal cycle, a small strain is observed
as the temperature of the specimen increases. This initial
cycle typically exhibits the largest deformation. In
subsequent cycles, the stress—strain curves shift upward,
indicating the accumulation of residual strain in the
specimen. This behaviour highlights the importance of
thermomechanical training to determine the number of
cycles required to minimize or eliminate permanent
deformations.

As built sample displayed a limited maximum elongation
of 1.3%. Similarly, the ones that underwent an ageing
treatment at 400°C for 1 hour, showed only 1%
elongation. In contrast, most of the other thermally
treated specimens achieved greater total elongation
strain, typically around 2%. The one that underwent an

ageing treatment at 450°C for 1 hour, corresponding to
maximal deformation at break for the SE samples, is
presented in Fig. 9, in comparison with as built and
quenched samples:
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Figure 9: 3 cycles TCCL curves under 70MPa —
Comparison between as built, quenched and quenched
and aged sample.

Homogenization treatment at 800°C for 5h, followed by
water quenching and ageing at 450°C for 1h was then
identified as the best recipe to improve both SE and SM
characteristics.

6 SE AND SM PARAMETERS FOR
MECHANISM DESIGN

6.1  Superelastic design parameters

Determination of the statistical A- and B-values
according to MIL-HDBK-17-1F would require
additional testing, which is beyond the scope of the
present study. Nevertheless, preliminary design values
can be inferred from the data presented in Fig. 5, as
follows.

- Onset of the superelastic plateau: 400MPa

- Residual strain: 2%

- Ultimate tensile strength: 600MPa

- Elongation at break: 6%

In the absence of more comprehensive testing, the
preliminary reference values for superelastic behaviour,
applicable for a limited number of cycles, are reasonably
set as:

- Max stress: 600MPa

- Max theoretical strain: 3%

6.2  Shape memory design parameters

In the design of shape memory area, accurately
determining the maximum allowable stress is critical for
the development of an actuation mechanism capable of
delivering the required mechanical work.

The objective is to maximize the achievable work while
avoiding material degradation due to excessive stress.
To further investigate the shape memory behaviour and



to identify the tensile stress necessary to attain maximum
elongation, the quenched and aged (450°C — 1h)
specimen was subjected to a series of tests using the
TCCL machine under varying levels of applied stress
ranging from 70 to 400 MPa (Fig. 10). These stresses
were obtained with different loads of 55, 75, 100 and
110N in combination with a reduction of the sample cross
section from 0.79 to 0.59 and finally 0.29 mm? by
polishing. The maximum work output was observed at
approximately 187 MPa. However, to allow for a safety
margin for cyclic loading, the second-highest value of
170 MPa was selected further on.
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Figure 10: Work produced over 1 cycle of TCCL with
equivalent loads in the range of 70 MPa to 400 MPa

Based on these findings, a cyclic test comprising
20 cycles was conducted, with the results in Fig. 9.
During the initial 10 cycles, an upward shift in strain of
approximately 1% at high temperatures and 0.5% at low
temperatures was observed. In contrast, the final 3 cycles
exhibited stable behaviour. This response is
characteristic of NiTi alloys and reflects the well-
documented phenomenon known as "training," which is
typically required to achieve a stabilized actuation
response. This effect must be considered during the
design of the actuation mechanism. Following the
training phase, the strain stabilized at approximately
1.9%.
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Figure 11: I°, 50" and 1000 cycles at 170MPa
Finally, a long lasting TCCL was performed on a new

sample at 170 MPa. The first 50" cycles are considered
as training. The 50™ and the 1000™ cycle strain curve are
presented in Fig. 11. The test is currently still running
with no sign of degradation.

6.3  Transition temperature determination

For superelastic samples the following values were
measured after the chosen postprocessing thermal
treatment:

- Martensitic final (My): -27.2°C

- Austenitic final (Af): 39.1°C

For shape memory samples the following values were
measured:

- Martensitic final (My): 51.3°C

- Austenitic final (Ay): 103.4°C

Applied stress stabilizes the austenitic phase, thereby
requiring increased thermal energy to initiate the
martensitic transformation. This behaviour is a
fundamental characteristic of stress-induced phase
transitions in shape memory alloys. Consequently, the
transformation start and finish temperatures shift upward
linearly with increasing applied stress. This phenomenon
is well-documented in the literature [16]. In practical
terms, it enables shape memory actuation at higher
temperatures, while superelastic behaviour is only
marginally affected, as significant stress levels occur
primarily at large deformations. As illustrated in Fig.11,
applying stress on the shape memory elements helps
pushing up transition temperature respectively to DSC
results. The minimum cycling temperature (My) is
increased to 55°C and self-actuation temperature (As) up
to 90°C, while Ay is raised to above 115°C and represents
the temperature necessary to obtain the full actuation
stroke.

7 TECHNOLOGY APPLICATION TRIAL

Compliant guiding mechanisms are specialized
mechanical components that achieve motion control
through the elastic deformation of flexible structures,
rather than using traditional joints or bearings. By
leveraging the natural compliance of materials, these
mechanisms enable precise and smooth movement along
a specific path. This design approach eliminates issues
like friction, backlash, and wear that are common in
conventional systems. As a result, compliant guiding
mechanisms are ideal for high-precision applications
cryogenics, optics, and aerospace engineering. Their
effectiveness lies in the careful balance between
flexibility in the desired motion direction and stiffness
elsewhere to maintain structural integrity.

The main objective was to design and print by LPBF a
monolithic NiTi functional part combining a shape
memory (SM) compliant guiding and a superelastic (SE)
actuation area. In this specific case, a 3D printing
technology is used to create a part with two different
functions, leading to a functionally graded material or 4D



device.

Figure 12: High-accuracy, compliant, linear stage
demonstrator (Plastic)

Based on the 13-hinge guiding presented in [10] the
Proof of Technology (POT) presented in Figure was
designed and printed on a 125 x 125mm? build plate
featuring superelastic and shape memory regions in a
single print process.
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ape Memorv area
Figure 13: Compliant, linear stage POT (monolithic
LPBF NiTi)

The device behaviour principle is presented in Fig. 14.
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Figure 14: Basic principle of a 13-hinge compliant

guiding [10]
Unfortunately, design inaccuracies and lack of stiffness

of the frame led to very limited apparent stroke. Indeed,
due to high forces the whole frame is deforming the
actual visible stroke is only of 2mm instead of the
expected 8mm.

Figure 15: SM cold (Top) and hot (bottom) positions of
the POC

In spite of this error, a monolithic NiTi components that
integrates both superelastic and shape memory zones in
a single build was designed and produced, proving that
the process is viable.

8 CONCLUSION

This study successfully demonstrates the feasibility and
potential of employing Laser Powder Bed Fusion to
fabricate monolithic NiTi actuators that integrate both
shape memory and superelastic functionalities. Through
precise process control, optimized thermal treatments,
and comprehensive mechanical characterization,
functionally graded components with spatially tailored
properties were achieved. This approach eliminates the
need for assemblies of several technologies to provide
actuation, thereby enhancing system reliability and
performance.
Despite initial challenges—such as maintaining
compositional accuracy during printing and addressing
mechanical design limitations in early prototypes—the
research established robust methodologies to optimize
both actuation behaviour and structural integrity. The
final demonstrator, though affected by frame stiffness
issues, effectively validated the concept of integrating
compliant guidance and actuation zones within a single
additively manufactured NiTi component.
However, several challenges remain to be addressed:

SE transition temperatures remain relatively high,



requiring further research to evaluate their suitability
for space environments or to reduce them potentially
by testing NiTi powders with increased nickel
content.

- The current technology readiness level (TRL) is
estimated at TRL 1-2. Progressing to higher TRLs
will necessitate application-specific demonstrators to
refine and adapt the design accordingly.

- Thus far, over 1’500 actuation cycles at 170MPa
have been achieved at ambient temperature. To
enable practical deployment in space mechanisms,
additional fatigue testing across a range of
temperatures is necessary to generate Wohler-like
curves.

- The reset stress, i.e. the stress to be provided by the
bias spring to recover the initial low temperature
position of SM is still to be determined.

Despite these remaining challenges, the outcomes of this
research represent a significant step forward in the
development of multifunctional, responsive systems
enabled by additive manufacturing. In addition to
aerospace applications—such as release mechanisms,
pin-pullers, antenna pointing systems, deployment
structures, propellant line latch valves, and deployable
booms—the findings underscore a broader potential for
NiTi-based components in high-performance biomedical
devices.
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