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ABSTRACT 

The IDEFIX Solar Array required the development of 
new technologies to answer to the specific constraints of 
the MMX Rover mission [3]. In particular, in order to 
deploy the Solar Array, a very compact hinge has been 
designed, that very slowly opens the panels such that the 
stability in the milli-gravity environment of Phobos is 
ensured and with minimum risk that regolith could 
hamper the opening. This hinge makes use of a NiTi 
Shape Memory Alloy rod educated in torsion, that 
gradually untwists itself upon thermal activation, after 
which it is latched in place using the two-way shape 
memory effect (TWSME).  
 
1 M ISSION CONTEXT  

The Martian Moons eXploration (MMX) mission lead by 
the Japan Aerospace Exploration Agency (JAXA) [5] 
will return samples from Phobos back to Earth and 
deliver a small (about 25 kg) Rover named IDEFIX to the 
Phobos surface. IDEFIX is a joint contribution by the 
Centre National d’Etudes Spatiales (CNES) and the 
German Aerospace Center (DLR). For its 100-day 
mission, it aims to demonstrate locomotion in a milli-
gravity environment, to provide valuable insights of what 
Phobos is like to the MMX spacecraft before its own 
landing, and to perform science in situ with its 4 different 
scientific instruments [4].  
 

 
Figure 1. Artist impression of IDEFIX on Phobos 

(CNES, 2023) 
 
IDEFIX will be released from the MMX spacecraft at an 
altitude of around 40m, after which it will fall, impact and 

tumble on the Phobos surface. This phase happens 
without any attitude control system. Once stable on 
Phobos, IDEFIX will upright itself before opening its 
Solar Array. The Solar Array is constituted of one fixed 
and three deployable panels and is part of the CNES 
contribution to IDEFIX.  
 
2 REQUIREMENTS  

The driving requirements for the hinge are: 
a. Opening must be “smooth” to ensure that the Rover 

does not flip over during panel deployment 
b. Limited volume of 15mm×13mm×320mm along 

the edge of each deployable panel 
c. Large non-operational (survival) temperature range 

of [-150; +75] °C and a somewhat more restricted 
operational thermal range of [-95; +0] °C during 
which the Solar Array must be able to be deployed 

d. The hinge shall be robust to regolith, as Idefix may 
tumble through the regolith upon arrival on Phobos 

e. Implement on-board FDIR (Fault detection, 
isolation, and recovery) to be robust to single point 
failures  

f. Energy to deploy the 3 hinges limited to 18Wh 
powered by the non-regulated bus [13,3; 18,6] V 

g. Deployed panel orientation accuracy of 180±3° 
h. Deployment to happen in less than 3000s to ensure 

that batteries are sufficiently charged before the 
start of the first night on Phobos 

 
3 ARCHITECTURE JUSTIFICATION  

The requirements lead to the following findings: 
• a. has as a major impact that any spring based 

hinged is prohibited, for which ensuring both this 
“smoothness” requirement and the motorisation 
margins is incompatible. 

• b. through e. make any miniature electric motor-
driven design a huge challenge 
o no heritage down to -150°C nor redundant 

windings available for miniature motors 
o proper dust sealing a challenge with a major 

impact on motor torque need 
Typical hinge designs used on spacecraft to deploy 
panels are thus inadequate, and a novel design was found 
based on a SMA (Shape Memory Alloy) rod that is used 
in torsion. Like other SMA based actuators, a heater 
circuit is wound around the SMA [2]. When the SMA is 



 

heated above 115°C, which marks the end of its phase 
transition, it takes its well defined shape. 
 

 
Figure 2. Hinge architecture 

 
SMA alloys are commonly used in traction/ compression, 
and sometimes in bending, but only rarely in torsion. A 
first test was thus performed to evaluate the SMA 
properties in torsion. These showed that for a 4,5mm 
diameter NiTi bar, a length of 105mm was sufficient to 
perform the 180° rotation with margin. The actual angle 
could then be tuned during the SMA conditioning.  
Due to the two-way shape memory effect (TWSME) of 
the SMA alloy (see §4), the SMA rod rotates back up to 
60° when unconstrained during the inverse transition 
upon cooling down, so an additional latch is needed to 
lock it at the final angle of 180°. 
As can be seen in Figure 2, a heater is installed around 
the SMA rod. The objective of the heater, is to heat the 
SMA bar of its whole length above 115°C, but without 
creating any excessive hot spots. The hot spots need to be 
avoided both to avoid exceeded material allowables, and 
because the energy budget is limited. 
A uniform heating over the length of each half SMA rod 
would thus lead to much lower temperature at all 
interfaces (at the center towards the Rover body and at 
both ends towards to deployed panel) compared to more 
isolated parts of the SMA rod. This is thus compensated 
by having a non-uniform heating (see Figure 3), which 
achieves a uniform temperature in the nominal use-case. 
 

 
Figure 3. Heating power distribution and temperature 

sensing 
 
As the thermal design is highly insulated, it is sensitive 
to both the boundary conditions and uncertainties in 
thermal contact quality of the various sliding fits in the 
assembly. In order to be more robust to these variations, 
two independent heating lines are used:  
• one heating line AB covering both ends of the SMA 

rod, where the rod interfaces with the deployed 
panel 

• one heating line CD that cover both central portions 
of the SMA rod, where the rod interfaces with the 
fixed panel 

A large portion of the variations can be expected to be 
very similar between the left and right portions of the 
hinge, as the design is symmetrical. This justifies using a 
one heating line for the center part, and another for both 
ends. The temperature at the fixed and deployed 
interfaces may thus be different, but will be seen 
symmetrically by the hinge. 
Other variations may however only be seen by one end 
of the hinge, like one side of the hinge having been 
covered by regolith dust during the tumbling phase of the 
Rover and not the other side. This will lead to an 
asymmetrical actuation. To ensure that actuation will 
occur, temperature sensors have been place close to each 
of the 2 ends of each half rod, totalling 4 temperature 
sensors for each hinge: the sensors A and B are used to 
regulate heating line AB, while the sensor C and D are 
used to regulate heating line CD.  
Each individual heater made by a resistive NiCr wire 
surrounding the SMA rod. The heating power 
distribution as specified in Figure 3 is implemented by 
varying the winding density along the length of the hinge 
(see Figure 4). The NiCr wire is wound around a 
polyimide tube and potted in silicone. To accommodate 
the twisting of the rod while maintaining a good thermal 
contact, thermal paste is placed between the polyimide 
tube and the (twisting) SMA rod (see Figure 5). 
 

 
Figure 4. 3D (top) and 2D (bottom) X-ray computed 
tomography scans of the SMA hinge (CNES, 2022) 

 

  
Figure 5. Cross-section of the hinge 

 
To ensure that the heating energy is not lost by radiation, 
an aluminum radiative tube is mounted around the 
assembly. The inner surface of this tube is polished to 
achieve a low emissivity and a good decoupling. White 
paint applied on its external surface to avoid overheating 



 

due to direct sun light, which is only critical when the 
Idefix is attached to the MMX spacecraft in the Earth’s 
vicinity.  
A regulation algorithm has been designed to make the 
best use of the available data (temperature measurements, 
bus voltage, drawn current) by power cycling the 2 heater 
lines of each hinge (see Figure 6). Temperature sensor or 
heating lines failures are diagnosed by the algorithm and 
corrective measures are taken on-board to ensure 
deployment still happens with the best possible 
reliability.  
  

 
Figure 6. Example of the ON/OFF regulation of the CD 
heating line, based on the measured temperature. Data 
from hardware in the loop system validation tests on 

Flat Rover, CNES 2024 
 
4 SMA ROD PERFORMANCE 

Shape memory alloys have been used in space 
applications since 1982 [1]. These applications make use 
of the high recoverable deformation that occurs between 
the low-temperature (de)twinned martensite state and the 
austenitic state of the alloy, that can range between 4% 
and 8% in function of the used alloy.  
 

 
Figure 7. Phase changes in a Shape Memory Alloy 

(SMA) 
 
These applications mostly use SMA in translation, with 
some using them in bending, but very few have used the 
twisting of a rod as the functional degree of actuation.  
Even fewer applications (if any) have successively relied 
on the two-way shape memory effect (TWSME) of 
SMAs to ensure a critical function, as is the case here for 

the loading of the hinge against an end-stop to ensure to 
correct deployment angle of the deployed panel.  
Early development testing on NiTi alloy rods has 
confirmed that twisting can work, by using the standard 
calculation formulae of twisting and torque. 
The angle of twist describes the total rotation of one end 
of the bar relative to the other: 
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θ is the angle of twist in (rad). 
T is the applied torque (or twisting moment) in (N·m). 
L  is the length of the bar in (m). 
J is the polar moment of inertia of the cross-section, in 
(m4). 
G is an equivalent shear modulus of elasticity in (Pa). 
For SMA materials, the shear modulus varies with 
temperature, strain and stress, and takes into account the 
phase transition. It needs to be adjusted all along the 
calculation.  
Shear stress is the internal stress within the material 
caused by the torque. It varies from zero at the center of 
the bar to a maximum at its outer surface: 
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τ is the shear stress in (Pa). 
ρ is the radial distance from the center of the cross-
section to the point of interest.  
Using these formulae, the hinge is defined with a NiTi 
rod with diameter 4.5 mm and a unit length of 105 mm to 
ensure a rotation higher than 180° and a torque higher 
than 2.5 N.m. 
For the stabilization of a Nitinol torsion rod, a specific 
thermomechanical cycling procedure has been 
implemented. The process involved subjecting the 
component to multiple torsional cycles by applying a 
controlled torque, which in turn generated a 
corresponding angular rotation. Critically, the magnitude 
of the torque used during this training phase was 
intentionally set to a level exceeding the maximum 
operational stress the bar will experience in service. This 
"over-training" methodology ensures that the alloy's 
microstructure is robustly stabilized well beyond the 
demands of the mechanism, thereby guaranteeing highly 
reliable and repeatable performance by pre-emptively 
eliminating any shakedown effects or initial instabilities 
before its integration. 
The two-way shape memory effect (TWSME) in Nitinol 
is its ability to remember and spontaneously switch 
between two different shapes: one when it's hot and 
another when it's cold. Unlike the standard one-way 
effect where the material only remembers its austenitic 
shape (high temperature), the two-way effect allows for 
reversible actuation (during cooling) without any 
external force, simply by changing the temperature. 
This behavior is not inherent to Nitinol; it is created 
through the specific thermomechanical cycling. The two-



 

way effect is achieved by introducing internal stress 
fields into the material's microstructure through a process 
called thermo-mechanical training. This training 
essentially "teaches" the alloy to remember a specific 
low-temperature martensitic shape. 
The Two-Way Shape Memory Effect (TWSME) is 
known as low force generation during cooling as based 
on the fundamental nature of the phase transformation 
and the mechanical properties of the involved phases. 
1. Heating (High-Force Stroke): The transformation 

from Martensite to Austenite is a powerful, 
crystallography-driven event. Austenite is a phase 
with a high Young's Modulus, meaning it is very 
stiff and strong. When it forms, it overcomes 
internal and external obstacles with significant 
force to return to its initial strained shape. This is 
the primary work-producing stroke of an SMA 
actuator. 

2. Cooling (Low-Force Stroke): The transformation 
from Austenite to Martensite is fundamentally 
different. In a "trained" TWSME material, this 
transformation is not driven by a powerful recovery 
mechanism but is instead guided by pre-existing 
internal stress fields created during the training 
process. The resulting Martensite phase is 
compliant and "soft," with a very low Young's 
Modulus. Its formation is an accommodation of the 
internal stresses, not a powerful push against an 
external load. Therefore, the force it can generate 
against an external constraint is inherently limited 
by the low stiffness of the Martensite itself. 

 
5 LATCH DESIGN AND JUSTIFICATION  

To secure the locking of the hinge in the deployed 
configuration, a miniature Ti-6Al-4V Latch End Stop 
(LES) has been developed to ensure the positioning of the 
panels in the open configuration to within 3°. When a 
deployed panel rotates, the LES engages with the CFRP 
bracket and locks onto it. The Anti-Bend System (ABS) 
is a stainless steel component that prevents NiTi bending 
and guides the LES displacements.  

 
Figure 8. Description of the different parts of the 

locking mechanism 

 

 
Figure 9. Different steps during deployment (SMA 

hidden) 

The driving requirements for the locking mechanism are 
as follows:  
1. The available volume between the SMA actuator, 

its support bracket, and deployed panel is severely 
constrained (40×15×14mm3 available) 

2. The LES arms must undergo significant 
deformation during the locking process 

3. The mechanism must operate with a low required 
resistive torque for locking 

4. Once engaged, the mechanism must exhibit very 
high stiffness to resist the TWSME of the SMA and 
maintain the deployed panel within a 3° tolerance 

Two distinct types of Finite Element Models (FEM) have 
been developed for this study. A classic static linear 
small-deformation FEM was employed to verify stress 
margins in static positions (initial and locked) and to 
ensure compliance with the specified mechanical 
environment. Additionally, a kinematic non-linear large-
deformation FEM was utilized to design the latch 
mechanism, with its validity confirmed through hinge 
deployment tests. The latch is maintained against its end-
stop by leveraging on the TWSME of the SMA, see §4.  
The static FEM approach is a conventional method and 
will not be further detailed in this paper. In contrast, the 
kinematic model represents a novel approach to the 
design process and will be thoroughly described in §5.1 
and §5.2. The development process involved evaluating 
multiple concepts, designs, materials, and iterative 
adjustments to optimize the LES arm geometry to 
achieve positive margins across various states. This paper 
presents only the final chosen design and geometry.  
 
5.1 Opening of SA and locking of LES 

MSC Marc software was employed for the kinematic 
non-linear large-deformation FEM. This solver 
facilitates precise modelling and computation during the 
opening of the SA, including:  
• The large displacements of the deployed panel and 

LES from the initial position at 0° to the final 
position at 180°. 

• The significant deformation of the LES arms during 
opening, with each arm tip bending over 1.2 mm. 

• The various contact interactions between the LES, 
ABS, and bracket, as illustrated in Figure 10, with 
Coulomb friction laws applied. 

 



 

 
Figure 10. Contact bodies (coloured) of locking 

mechanism for kinematic MSC MARC FEM 

 
Figure 11 illustrates the computed total resistive moment 
of the latch that the SMA must exert to open the LES 
arms and overcome friction between the contacting 
bodies as a function of the panel’s opening angle. The 
resistive moment is zero before 140° because there is no 
contact between the parts. As the arms open and slide on 
the bracket, the resistive moment gradually increases. 
The maximum resistive moment is 0.037 Nm and is 
achieved at 157°. Subsequently, the moment decreases as 
the arms slide along the bracket edge without being 
deformed further. At 180°, the LES engages and contact 
between the LES arms and the bracket is lost, causing the 
resistive moment to drop to zero. 
 

 

Figure 11. Total resistive moment during opening of SA 
and locking of LES 

The maximum von Mises stresses were verified for each 
component and compared with the corresponding 
material allowables for yield and ultimate stress. Figure 
12, for example, illustrates the maximum von Mises 
stress experienced by the LES during opening, which 
occurred at 157° when each arm bent by 1 mm. The 
computed stress was 507 MPa, corresponding to a margin 
of 0.18 with respect to the yield allowable of Ti-6Al-4V. 
 

 
Figure 12. LES maximum von Mises stress during 

locking 

 
5.2 Forced return of LES due to the TWSME 

The forced return is modeled with the LES arms locked 
around the bracket. By imposing a rotation from 180° to 
170° two objectives are verified: 
• The stiffness is sufficient such that the maximum 

torque generated by the TWSME of the SMA of 
0,4Nm does not induce a rotation higher than 3°. 

• Stress margins are respected in the different parts of 
the locking mechanism when subjected to a torque 
of 0,4Nm. 

 

 
Figure 13. Illustration of kinematic MSC MARC forced 

return of LES FEM 

Figure 14 illustrates the total resistive moment during the 
forced return of the locking mechanism. The behavior is 
linear despite the non-linear and large-deformation MSC 
Marc analysis. This linearity is attributed to the 
unchanged contact status and the absence of modeled 
failure mechanisms (such as plasticity and material 
rupture), as the objective is to remain within the linear 
elastic behavior of the materials. The latch can withstand 
an external moment up to 0,95Nm, which is 30 times 
higher than the moment needed during the locking (as 
illustrated in Figure 11). This difference is due to the 
careful design of the LES, which requires very little 
moment from the SMA for locking but ensures a high 
strength to maintain the locked position against the 
TWSME of the SMA. The rotation at the maximum 
moment of 0,4Nm is also compliant at less than 1°. 
  



 

 
Figure 14. Total resistive moment during forced return 

of SA under two-way memory effect of SMA 

The mechanical concept of the locking mechanism has 
been validated through comprehensive static and 
kinematic analysis. Finite Element Models demonstrated 
that the mechanism meets performance requirements, 
including stress margins and stiffness.  
 
6 FUNCTIONAL AND PERFORMANCE TESTING  

During the landing phase the hinges may be exposed to 
regolith, either by direct contact during the tumbling 
phase, or through dust that has been projected upwards 
during the landing phase. Dust tests have thus been 
performed early in the design phase to ensure the 
robustness of the design to dust exposure. The aim is to 
demonstrate that (i) regolith cannot penetrate in the 
radiative shield on the heaters, such that the thermo-
optical properties are not degraded, and (ii) that it does 
not obstruct the latch mechanism. An Engineering model 
(EM) has been exposed to a Phobos regolith simulant.  

 

 
Figure 15. EM Hinge dust test (CNES, 2022). The 

regolith simulant used is mix of olivine and calcium 
carbonate. 

 

 
Figure 16. Kapton on wedges apertures (CNES, 2022) 

 
During the post-test inspection, significant dust has been 
observed in the heaters, especially around apertures 
around wedges used to hold the radiative shield. Kapton 

tape has been added on wedges apertures and a second 
test in the new configuration confirmed the efficiency of 
the Kapton tape. 
To validate the conformance to motorization margin, 
unitary friction coefficient tests have been realised on the 
mobile harness, the latch (with and without dust 
exposure) and for the different internal losses. 
 

 
Figure 17. Latch friction test with dust (CNES, 2023) 

For hinge lifetime qualification we used a flight-like 
QLTM (Qualification Lifetime Model) that allows to 
demonstrate hinge’s robustness in term of number of 
actuations cycles and through the different environments 
without degradation of performance, i.e. deployment 
angle reported to reference configuration: thermal 
cycling (both in stowed and deployed configurations), 
actuation in thermal vacuum and vibrations. Before and 
after each environment, a deployment accuracy test 
allows us to monitor the deployment angle stability, 
which is the main figure of merit of the good health of 
the hinge.  
Six deployments in TVAC were done to cover the 
different configurations in terms of:  
• environmental temperature extremes in the 

operational range of [-95; 0] °C 
• applied heating power (over the non-regulating bus 

applicable range of [13,3; 16,8] V) 
• algorithm regulation temperatures in the rage [210; 

275] °C 
• a failure case with a loss of half a heating line on 

one side of the hinge 
 

 
Figure 18. QLTM deployment angles 

For all these tests the hinge was locked by the latch and 
were thus functionally successful. The first tests with 



 

regulation temperatures on the lower end towards 210°C 
however did not ensure the required margins that are need 
to be robust to changing environmental conditions, unit 
to unit variability, and to account for disparities between 
the flight acquisition and commanding, and the one used 
for the test set-up. This lower deployment angle can be 
traced back to the SMA not transitioning over its full 
length, which an increase in regulation temperature has 
solved. The TVAC4 and TVAC5 tests have been used to 
correlated the thermal model described in the next 
chapter.  

 

 
Figure 19. QLTM deployment in TVAC 

 
7 THERMAL MODELLING AND PERFORMANCE  

The thermal control system of the hinges is based on a 
strong insulation from the external environment in order 
to limit energy leaks. An aluminum tube is used as a 
radiative shield which is held in place by peek discs at 
both ends to ensure conductive insulation.  
The geometrical model to calculate radiative heat 
transfers is built with the Systema software while the 
mathematical model that defines the internal conductive 
paths up to the interfaces are coded in Mortran, a thermal-
oriented Fortran-like language, based on Fortran 77.  

 

Figure 20. Thermal modelling of SA hinges 

Some key-points are provided to assess modelling 
complexity introduced in thermal model:  
• Very high temperature gradients due to insulation 

(up to 300°C inside SMA rod) 
• Very high temporal temperature difference of up to 

350°C in 300 seconds, with heating speeds up to 
4°/s 

• Different thermal properties of NiTi to consider 
according phase (Martensite or Austenite) as well 
as the transition between the two 

• Specific assemblies with some gaps 
• Low heating power budget (causing uncertainties) 

allowed for actuation of hinge 
• Large impact of heat leaks and side effects 

Each flight hinge is somewhat different in terms of 
winding distribution and temperature sensor location due 
to the manufacturing process. To take into account the 
specificities of each hinge, X-ray computed tomography 
scans were performed on each flight unit and on those 
used for ground tests (see Figure 4). This allows to have 
a precise metrology of the actual winding distribution and 
temperature sensor location, and this has been used in the 
thermal model of each hinge to improve accuracy. 
Due to this high level of complexity, tests under vacuum 
were mandatory. Experimental data on thermal gradients 
and global energy consumption allows to perform 
correlation on numerical models by adjusting conductive 
contacts, thermal inertia and emissivity. 2 different 
configurations have been studied: cold environment / low 
power actuation (TVAC4 test), hot environment / high 
power actuation (TVAC5 test). Finally, after completion 
of the correlation phase, the numerical model provides 
for both environments results with a maximum deviation 
of 2.5% between experimental and predicted total energy 
consumption. The time profiles of temperatures at 
temperature sensor level are also well represented as 
shown below. 

 
Figure 21. Measured versus predicted temperatures 

For the deployment phase, the design heating thresholds 
include the worst case random and metrology 
uncertainties. Sensitivities on the main uncertain 
parameters (battery voltage, thermal couplings, covering 
of regolith of the outer surface of the radiative shield and 
silicone deposition on its internal surface) have been 
performed to quantify impacts using a quadratic sum 
approach. This ensures that hinge activation is robust.  
The maximum temperatures reached are calculated using 
the design flight heating thresholds, to which 5°C are 
added to obtain the obtain the predicted values. No 
system margin is included in final values (energy 
consumption or temperature) which means predicted 
results are directly exploited. 
The cold cases are sizing for energy consumption in 
comparison with hot cases. The minimum margin 
considering the total energy consumption is +2.0 Wh for 
cold environment (+3.1 Wh for hot one). Therefore, even 
including uncertainties, the maximum energy 
consumption is compliant with the corresponding 
specification.  
Table 1 gives the worst case predicted energy 



 

consumptions for the deployment of each of the 3 hinges 
in the cold environmental case. These are calculated as 
part of the overall Separation, Landing, Uprighting and 
Deployment (SLUD) phase thermal analysis, for which 
there is an early separation scenario from the MMX 
spacecraft at 6am local time, and a late one at 10am. An 
early separation is colder and requires up to 1000s deploy 
each hinge, versus 600s for a late separation. Late 
separation is however more time constraint to recharge 
the batteries. 
 

 
Table 1. Consumed energies in cold (worst case) 

environmental conditions  

 
Figure 22. Example of the SMA node temperature 

profiles during the deployment, the red line at 125°C is 
the temperature at which phase transition is assured 

 
8 LESSONS LEARNED 

The TRL at the start of the development of this hinge was 
very low at 2, with fundamental questions pending on the 
SMA behaviour in torsion and the ability of the TWSME 
to perform mechanical work. A set of operational 
procedures applied during the conditioning phase of the 
hinge have been developed to master the TWSME, such 
that its amplitude stays stable across multiple deployment 
cycles that cover the acceptance tests on ground and the 
deployment on Phobos. 
Other notable challenges that needed to be overcome:  
1. The thermal modelling was very complex as 

described in §7, in part because of the very large 
spatial gradient over the length of the SMA rod, 
with the ends of each half rod heating up much 
slower as it was not possible to extend the heater 
winding over the full length of each part on torsion.  

2. The latch mechanism proved itself much more 
complicated than anticipated, due in part to the 
relatively high compliance of the SMA rod in 
bending. This required the late addition of the ABS 
to the design (see §5). 

Increasing the cross-section of the SMA rod at its 

interfaces would have allowed to stiffen the hinge and 
better constrain the torsional part of the rod to where 
heating is applied. Without eliminating both stated 
challenges, it would have made them easier to cope with. 
 
9 CONCLUSION &  PROJECT STATUS  

By the qualification of this one-of-a-kind hinge, the 
unique constraints linked to a Rover mission to Phobos 
have been successfully tackled. 
The launch aboard the MMX spacecraft is scheduled for 
2026, with the Rover mission on Phobos starting in 2028. 
 

 
Figure 23. White-painted Shape Memory Alloy hinge 
mounted on the IDEFIX flight model (CNES, 2024) 
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