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Abstract: The next generation lunar reflector (NGLR) experiment is one of the experiments selected by
NASA in the framework of the commercial lunar payload services (CLPS) initiative. The experiment,
inspired by the lunar laser ranging (LLR) experiments of the Apollo era, is basically a single cube
corner reflector (CCR) capable of reflecting a beam coming from a laser station on Earth that must be
deployed on the Moon and pointed toward the mean Earth direction. In this work, a prototype of
an actuator for the lock and release system of the reflector package was conceived, built, and tested
in laboratory conditions. Since the entire pointing system must be passive, the actuator is designed
to be operated by an SMA spring actuated by the thermal radiation of the Sun and regolith on the
Moon. In lab conditions, the prototype, activated by a heat gun, showed the capability of the SMA
spring to operate a lock and release pin, whose diameter is 4 mm, subjected to a preload of F=7 N
exerted by the releasing spring.

Keywords: NGLR experiment; gravity-assisted pointing system; shape-memory alloy actuator

1. Introduction

The NGLR experiment is a single CCR whose diameter is 100 mm to be deployed on
the Moon’s surface. Experiments with CCR for LLR application were deployed during
extravehicular activities (EVAs) of Apollo 11, 14, and 15 and on the robotic rover Lunokhod.
As reported in [1], Apollo reflectors were manually aligned by astronauts. The Lunokhod
has been aligned by remotely maneuvering the rover to a favorable position pointing
toward the mean Earth direction.

Differently, the NGLR experiment will be integrated on the lander from the Firefly
Aerospace company, named Blue Ghost, a robotic spacecraft selected by NASA within the
CLPS initiative, expected to land on the Moon in early 2024.

NGLR is conceived as a low-budget scientific package, and for this reason, in the first
stage, the experiment was conceived as a fixed pointing device whose elevation angle is ad-
justed before the launch, when the landing site on the Moon is defined. In this configuration,
the success of the deployment relies on the spacecraft control system during landing and on
the capability or chance of the system to land in a favorable morphological configuration.

In this context, a passive pointing system has been proposed by Delle Monache
et al. [2], represented in Figure 1, for the next NGLR experiment payload to possibly be
deployed on different landing sites. The proposed system does not use an electro-actuated
axis (if the azimuthal alignment can be provided by the lander) and can compensate for the
clocking and elevation angle by just using the effect of lunar gravity. This represents a set of
benefits in terms of reliability (which is crucial for mechanisms on the Moon), development
costs, and weight, as evidenced by Dietz et al. in [3]. In its deployed configuration, the
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system is not isostatic, so during the launch phase, a lock and release system must be
provided for the stowage of the experiment and its structural integrity. In order to passively
maintain the system, a solution using an SMA actuator triggered just by solar radiation
was investigated and presented in this work. The solution can be applied to any directional
device that requires a single pointing capability, such as antennas.

Magnetic bearing Pack

Deck/azimuthal motor
axis

Figure 1. NGLR experiment cardan suspension layout.

2. Materials and Methods
2.1. Shape Memory Alloys Actuators

The shape memory effect is related to the reversible crystalline phase transformation
experienced by shape memory alloys at different temperatures [4]. The low-temperature
phase is a martensitic structure that can undergo large strain deformation (up to 10% in
some alloys) with relatively low stress (approx. 70 MPa) under a high number of activation
cycles [5]. The high-temperature stable phase is a cubic-based, austenitic structure whose
behavior is that of a conventional metal. When the martensite (monoclinic) is deformed in
the cold state and then heated, the original heat-treated shape is recovered. However, if the
deformed martensite is constrained while heated, high recovery stress evolves. The use
of SMAs in the past has been limited due to a lack of understanding of their force-length-
temperature response and their non-linear and hysteretic behavior. In addition to these,
also fatigue (mechanical and functional), creep, and material properties drift, which results
from transformational cycling, have been the scope of intense research.

In space applications, the strong interest in SMAs derives from the chance offered
to design compact and lightweight actuators with limited complexity if compared with
standard technologies, as evidenced in a recent review [6]. At present, several SMA
actuators are commercially available as space-qualified hardware, in particular for lock
and release mechanisms. The developed mechanisms in practical use include separation
nuts (micro and mini), a mini rotary actuator, a micro burn wire release, an SMA linear
actuator, and an SMA redundant release mechanism. Moreover, in small satellites, a great
variety of pull-out systems to accomplish the functions of many missions (separation from
the launch vehicle, separation from each other, and instrument deployment) are always
more frequently required.

In past years, several solutions with SMA actuators in space applications have been
designed, and some of them have used sunlight as an activation heat source [7]. In this



Aerospace 2022, 9, 735

3of11

context, the lunar environment with its extreme temperatures represents an important asset
if considering a similar solution, keeping in mind that SMA actuators have been developed
at liquid nitrogen temperatures as well [8], and, no matter what the landing site is, the
lunar environment does guarantee such lower temperature during the lunar night.

2.2. Lock and Release Mechanism for the NGLR Experiment

The proposed solution is based on an actuated pin pulling [9], locked in place during
the launch, and actuated by an SMA spring after deployment. A sketch of the system is
depicted in Figure 2.

Figure 2. Launch lock and release autonomous mechanisms. The actuated pin collaborates with the
structural resistance of the CCR package during the launch.

The actuated pin is inserted in a seat machined on the housing. The detailed design
will optimize the properties of the locking pin in terms of contribution to the structure
to resist the dynamic load environment of the launch and landing phases once these are
defined. When considering the package as a constrained structure, the design will define
an isostatic scheme to introduce additional loads due to the temperature gradient in the
package during the launch and deployment phases. In the following, the Elegant BradBoard
Model (EBB) is described.

The actuator involves the use of two springs, one in harmonic stainless steel and the
other in NiTinol. The system consists of the main case that has the purpose of directing the
movement of the locking pin. A secondary seat in the case drives a sealing pin, which is
inserted into a hole in the locking pin, keeping it in place before the SMA is activated, as
shown in Figures 3 and 4. The steel spring is preloaded and anchored to the base plate of
the case, while the external anchor of the SMA spring must be defined once the architecture
of the lunar lander deck is fixed. No matter what happens, the case can be designed in a
way that includes the external SMA spring anchor as well. The principle of operation is
very simple and is aimed at eliminating the use of any type of control or electro-handling
system. Once the SMA spring is exposed to the activating temperature, the SMA spring
pulls the sealing pin away from the locking pin, and the steel spring releases the housing of
the reflector, as evidenced in Figure 5.
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Figure 3. SMA actuator layout.
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Figure 4. SMA actuator cross-section.
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THE SEALING PIN SLIDES
AND ALLOW THE LOCKING
PIN TO SLIDE DOWN
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N

BEFORE THE ACTIVATION AFTER THE ACTIVATION

Figure 5. SMA actuator releasing scheme before and after the activation.

The steel traction spring is preloaded, while the SMA spring connected to the sealing
pin is activated, recovering its initial shape when a temperature of 65 °C is reached. The
steel spring is used to facilitate the release of the locking pin if the lander should land on
the lunar soil at a nonzero angle, exerting a force adequately calculated in addition to the
force due to the acceleration of lunar gravity.

The housing of the EBB actuator was made using FDM (fused deposition modeling)
technology, using a polymer particularly suitable for rapid prototyping by 3D printing,
namely PLA (polylactic acid). To verify the correct functioning of the designed apparatus
and properly size the two springs used in the system, it is of primary importance to know
the friction coefficient that is established between PLA and stainless steel (with which
the pins are made). From various articles and experiments of tribological tests found in
the literature, a value of y = 0.5 has been assumed as the friction value for the PLA /steel
pair. The real actuation of the lock and release mechanism is performed by the SMA
spring. For the EBB NiTinol has been chosen. The main SMA performance parameters
are reported in Table 1.

Table 1. SMA spring performance parameters.

Composition Af SMA Wire Spr.lng Mid Number of E Austenite
o Temperature Diameter Diameter
(wt %) A Turns (GPa)
(@) (mm) (mm)
50 Ni-50 Ti 65 0.8 6 20 72

2.3. SMA Spring Design and Manufacturing

The spring in the prototype must be able to overcome the friction force that is generated
at the points of contact between the sealing pin and the supporting PLA structure and
between the sealing and locking pins.

The coefficient of friction between steel and PLA does depend on several factors, such
as PLA quality and print orientation as shown in Figure 6 [10].
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Figure 6. PLA /steel friction behavior curves [10].

In order to estimate the friction force to be overcome by the SMA spring, as men-
tioned above, a conservative coefficient of friction equal to u = 0.5 for the PLA /steel pair
was assumed.

Having already chosen and characterized the booster spring, it is well known the load
the sealing pin is subjected to; thus, we are able to calculate the starting friction force that
the SMA spring must overcome to trigger the release of the system, which corresponds
to Fg+ = 2.9 N. In addition to the calculation, the starting force has been measured with
a calibrated Sauter digital force gauge. Experimental results are in very good agreement
with the theoretical ones (+/—2%).

After preliminary testing, a wire with a diameter equal to 0.8 mm coiled in 20 turns
was built, requiring a minimum stroke of 25 mm.

In principle, the performances of an SMA spring in the martensitic-austenitic transition
cab can be analytically determined.

With reference to Figure 7, the output force at temperature T can be obtained [11,12].

G(T)d*
R = ST, <1>
b
R

Figure 7. Spring geometrical parameters.

The shear modulus can vary consistently with temperature and phase. In Table 2, the
value for NiTinol wires is reported according to [13].

Table 2. SMA properties in martensite and austenite phases.

Parameter Value (Unit)
Austenite start temperature (As) 68 °C
Austenite finish temperature (Ap) 78 °C
Young’s modulus, Martensite phase (EMgpia) 28 GPa
Young’s modulus, Austenite phase ( E4gpa) 75 GPa
Shear modulus, Martensite phase ( GMgpia) 10.56 GPa
Shear modulus, Austenite phase (G4 sy4) 28.20 GPa

Poisson ratio vgpa 0.33
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At G(T), the shear modulus at temperature T and 0, restricted displacement.

The shape memory alloy provided by Memory Metalle GmbH has an activation
temperature of 65 °C (Alloy M, under free conditions), beyond which there is the recovery
of the refined shape and, therefore, the generation of a pulling force on the sealing pin.
The achievement of the target temperature for activation under operating conditions will
be guaranteed by solar and/or lunar regolith radiation, which will affect the spring itself,
causing a change in temperature. Note that the alloy must be chosen once the mission
parameter is determined, in particular, the landing site.

The SMA spring has been manufactured following the typical procedure for the
realization of SMA springs, with the aim of “memorizing” the shape that the spring will
take after activation; the process is called shape-setting (Figure 8). The wire has been
manually rolled up on a steel mandrel of 5 mm diameter, choosing the number of turns as
needed, then the ends of the wire are locked in the final position on the rod with special
grabs. The whole system is inserted into an oven at a temperature of 500 °C for 300 s; after
that, the system containing the spring is quenched in cold water.

WINDING OF THE SPRING FOR HEATING IN OVEN AT 500 SHAPE SETTING COMPLETED,
THE SHAPE SETTING PROCESS DEGREES FOR 300 SECONDS SPRING READY TO USE

Figure 8. Shape setting process phases: wire locking on the screw, heating in the oven at 500 °C, final
spring with shape memory effect after quenching in water.

2.4. SMA Spring Characterization

The manufactured SMA spring has been tested to characterize its mechanical per-
formance with an MTS Insight® Electromechanical Testing System equipped with an
environmental chamber. The system is interfaced with the TestWork application software,
with test definition, execution, and report generation capabilities.

The spring was clamped in the grips of the testing system (Figure 9), and the chamber
was set at T = 80 °C, a temperature higher than the whole transformation temperature.
After a period of stabilization, the spring was strained with steps of 2 mm up to a maximum
of 26 mm, and then back to its unstrained position in order to identify the hysteresis. Three
complete loading—unloading runs were performed. Figure 10 represents the average value
of the three tests. The residual displacement of the spring is close to zero after complete
unloading. This phenomenon illustrates that the spring has a perfect recentering ability.
The hysteresis generated by different energy dissipation in the loading and unloading
phases normally does represent a challenging problem in applications where control is
crucial. In application, which is the object of this paper, this is not an issue, being the
operation of the device is a one-way, single-shot actuation, which ends its function after
releasing the CCR package.
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Figure 9. Grips system.

Force vs. Displacemnt
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Figure 10. SMA spring force vs. displacement values.

The maximum force produced by the spring is about 13 N for a deformation of
25 mm. In order to evaluate the safety factor (SF) of the SMA spring, the force produced
is considered in the position at which the sealing pin unlocked the retainer pin, which
has a diameter of 5 mm. With this assumption, the force to be considered is the one for a
deformation of 20 mm, which is about 10 N, resulting in an SF of 3.4.

2.5. Elegant Bread Board (EBB) Model Test

An EBB (a model defined between a bread board and an engineering model) has
been built in commercial PLA with a 3D printer in order to validate the concept. For the
activation of the spring, a Bosh GHG 20-63 heat gun was used with a set temperature of
100 °C, and the hot air flow was directed on the SMA spring from a distance of 300 mm.
Despite careful handling needed, mainly due to the inadequate stiffness of some elements
and their tendency to melt under the heat flow, the EBB demonstrated that the SMA spring
was adequately designed and built and can trigger the actuator as needed (see Figure 11)
by disengaging the locking pin after a contraction of 5 mm, corresponding to the diameter
of the locking pin itself.
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Figure 11. EBB triggering sequence.

2.6. Preliminary Emittance Measurement of the NiTinol Alloy with an IR Camera

The crucial properties of the SMA in this project are its thermo-optical properties.
Emittance and solar absorptance must be well identified, and no matter what is the landing
site, thermal radiation from and to the lunar regolith will be dominant in the thermal
passive control mechanism, which will be responsible for the SMA spring behavior.

Some data are available in the literature on NiTinol [14,15], but during the heat treat-
ment, the alloy further oxidizes. Some data are available in the literature on Ti oxide [16].
Although all values reported are believed to be representative of those used for thermal
design, no guarantee of their validity is implied. In cases where the thermal design relies
mostly on these parameters, measurements of the surface optical properties and/or a
solar-thermal balance test of the thermal design must be conducted to verify the flight
performance [17]. Several methods, instruments, and standards are available, and normally
a dedicated specimen of the same composition and treatment status must be prepared with
a suitable geometry. At this stage, a basic measurement for a preliminary evaluation of the
emittance making use of a FLIR X6901sc SLS IR camera has been applied.

Knowing the temperature of the specimen (fixing all the parameters: ambient temper-
ature, distance, relative humidity) by adjusting the input of the emittance in the instrument
up to the point that the temperature of the specimen read on the IR camera coincides with
the nominal temperature of SMA activation (T= 65 °C) allows defining the emittance of the
specimen in the thermogram (Figure 12).

Figure 12. Thermogram of the actuator set up during the SMA spring.

With this method, a preliminary value of ¢ = 0.93 was directly measured on the SMA
spring. This value represents an overestimate of a Ti oxide layer, probably due to the
internal latent heat of the martensitic phase transition [18,19]. In the future, specimens with
a suitable geometry must be prepared in order to measure both the emittance and solar
absorptance with a dedicated instrument, such as the 410-Vis-IR Portable Emissometer &
Solar Reflectometer produced by the Surface Optics Corporation (San Diego, CA, USA)
and available at LNF.
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The test has put evidence that in designing an engineering model, the thermal insula-
tion of the SMA spring should be taken into account.

3. Results

In the present study, different elements of the EBB actuator for the lock and release
mechanism of the NGLR experiment’s CCR package were designed, built, and tested.
In detail:

1. The pulling force needed to remove the sealing pin in Figure 4 was measured;

2. Asa consequence, the SMA spring of the actuator was designed and built, and its
characterization confirmed a pulling force of the SMA spring with an SF > 3.4;

3. The structure of the EBB of the actuator was 3D printed, and the activation of the SMA
spring with a heat gun demonstrated the adequate design of the SMA spring;

4. A preliminary emittance measurement of the NiTinol alloy with an IR camera was per-
formed, and the results are compatible with the limited literature and the geometrical
and physical condition of the measured surface.

4. Discussion and Conclusions

The activation experiments performed on the prototype look promising. Its layout
is simple, compact, and easily integrated into the mechanical arrangement of the whole
experiment and/or the lander deck. Nonetheless, since the design foresees the activation
of the SMA spring by Sun and/or Moon regolith radiation, this represents a challenge for
an SMA actuator, and the thermal design of the system, the mission profile, the landing
site, and the layout of the spacecraft (to be defined), will be crucial.

In addition, the setup of the actuator, in its stowage configuration, must withstand the
dynamic load environment of the launch and landing phases while providing structural
support to the NGLR experiment. These capabilities must be evaluated, too, once the
mission profile is defined in more detail.

In the development toward a higher grade of technical maturity of the actuator,
toward the design of an EM and beyond, an unavoidable consideration about how extreme
the lunar environment can be against this mechanism must be evaluated [20-22], and
the subsequent mitigation technologies in the design of a higher grade model must be
implemented [23-25].
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