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Design and Test of Retention Mechanism to Apply Direction-Dependent Axial 
Force to Mars Returnable Sample Tube Assemblies 

 
Jay R. Marion * 

 
 

Abstract 
 
This paper describes a compact, high force, fully reversible 2-way latching mechanism intended to interact 
with hardware currently on Mars. Details of the mechanism and a wire-wound joint design are presented 
alongside preliminary test results and lessons learned. A hardware-rich, iterative design approach has 
informed the design, which has potential applications for future high-reliability aerospace latch mechanisms. 
 

Mars Sample Return Background 
 

Mars Sample Return (MSR) plans to return up to 30 Martian rock samples in a multi-mission campaign. 
Samples are currently being acquired and processed on Mars by the Perseverance rover as a key objective 
of the Mars 2020 (M2020) mission. The samples are sealed inside Returnable Sample Tube Assemblies 
(RSTAs) for eventual handoff to the Sample Return Lander (SRL). Under the current architecture, the SRL 
will contain a robotic arm to install the RSTAs into the Orbiting Sample (OS). The OS is the payload on the 
Mars Launch System which would be injected into Mars orbit for pickup and Earth return by a future mission. 
The OS is designed to withstand a planned ballistic Earth landing at end of mission. 
 

 
Figure 1. A Returnable Sample Tube (RSTA) and Glove Assembly in the connected RGA configuration. 

 
Returnable Sample Tube Assembly Background 

 
The RSTA external geometry was primarily driven by the sample acquisition and handling functions required 
by M2020. Many of these geometric features challenge robotic installation by the SRL; the RSTA contains 
eccentric regions, a rotational hardstop, steps, and small chamfered edges. Adding to these robotic 
challenges, a high roughness alumina coating was applied to regions of the RSTA exterior to keep sample 
temperatures within requirements during the planned sample caching operations. Prior to caching, the 
RSTA is robotically manipulated onboard M2020 via a “Glove Assembly”, which was originally designed to 
limit contamination of RSTAs in the Adaptive Caching System. Early MSR architectures envisioned that the 
M2020 handling system would disconnect the Glove Assembly from the RSTA prior to caching and / or 
handoff to SRL. However, the Glove Assemblies serve as engineering adapters, and provide a friendlier 
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robotic interface by which future missions can manipulate the RSTA. For this reason, the MSR campaign 
determined in early 2022 that M2020 would instead handoff and cache the RSTA with Glove Assemblies 
attached. 
 

RSTA Insertion Concept of Operations 

 
In the current MSR architecture, the RSTA + Glove Assembly (RGA) is inserted into one of 30 sleeve 

mechanisms inside the OS by the robotic arm. Successful insertion is verified by resolving robotic sensor 
data to determine the RGA has reached the axial hardstop at end of travel. Once RGA insertion is verified, 
the robotic arm preloads the RGA into the sleeve hardstop, to unload the Glove to RSTA ball locks. Next, 

the sleeve must guarantee deterministic handoff of an RSTA from the robotic arm to the OS by providing a 
minimum reaction force, such that the Glove can be separated and discarded. The Gloves have no scientific 

value, and there is insufficient volume in the OS to return them to Earth. After Glove separation, the sleeve 
mechanism must passively seat the RSTA against the sleeve axial hardstop, with no free play, to provide 

clearance for OS lid installation.  
 
During a fault where the Glove fails to separate from the RSTA, the sleeve must also permit the extraction 

of the faulty RGA, within the axial force capability of the robotic arm. The sleeve must guarantee retention 
of the RGA / RSTA below a repeatable threshold force, above which the RGA or RSTA must be released. 

This retention force limit dually permits the extraction of a malfunctioning RGA by the robotic arm, and for 
release of RSTAs into energy dissipating crushable during ballistic Earth impact. 
 

 
Figure 2. Orbiting Sample (OS) component overview. 

 
Orbital Sample Sleeve Mechanism Key Functions and Constraints 

 

The sleeve mechanism has the following key functions, listed in order of mission operations:  
1. Provide mechanical guidance for the RSTA during installation into the OS with the robotic arm 

2. Provide passive axial seating force to the RSTA to guarantee successful installation and 
mechanical clearance during OS lid installation 

3. Provide axial compressive reaction force to robotic arm for ball lock unloading of Glove from RSTA 

4. Provide axial tensile reaction force to guarantee separation of nominal Glove by robotic arm 
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5. Allow extraction of RGA by robotic arm during stuck glove contingency  
6. Release RSTA into crushable material during ballistic Earth impact  

 
The above functions must be performed across a wide temperature range (-120°C to +80°C), in the 

presence of Mars dust particles, without any externally powered elements, and must be re-usable and self-
resetting through mission lifecycle. The mechanism must operate within a challenging annular volume (ID 
Ø19 mm, OD Ø 31 mm) and limited mass budget.  

 
Sleeve Mechanism Implementation 

 
Design Overview 

A mechanism was developed that applies a direction-dependent axial force to the RSTA as it is translated 
by the robotic arm. A set of rotating pawls interact with the RSTA and are angularly displaced in opposite 
directions during RSTA insertion and extraction (Figure 3). A single flat spring energizes each pawl via two 

unique cam surfaces, with each cam surface separately tuned for insertion or extraction of the RSTA. The 
resulting RSTA axial force profile demonstrates low (35 N) insertion forces, and reliable retention at a higher 

force (130 N) across a wide range of friction coefficients, dust environments, and temperatures. 

 
Figure 3. Section view of sleeve mechanism motion during RSTA insertion and extraction. 
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Figure 4. Prototype sleeve mechanism photos. (b) Detail view of sleeve endcap. (c) Detail view of pawl 

springs and shrink ring. (d) View looking down entry cone where RGA is installed. 
 

Mechanism Design Drivers 
Initial prototypes of the mechanism used a ramped leaf spring flexure that directly slid across the surfaces 

of the RSTA bearing race (Figure 5). The RSTA installation is required to be clocking agnostic, so the 
bearing race was initially selected for mechanism interaction. It provides a minimum mechanism 
engagement depth of 1.3 mm in the most eccentric clocking orientation of the RSTA. The initial insertion 

and extraction forces were satisfactory, but quickly deteriorated as the alumina coating of the RSTA wore 
down the sliding surfaces and drove up the sliding friction. It was evident that a new approach that was less 

friction sensitive was required in order to meet the requirements for cycle count, and to accommodate the 
high coefficient of friction associated with the alumina coating on the RSTA. 

 

 
Figure 5. Alumina coating applied to the RSTA (a, b) challenged the viability of the initial dual-ramped leaf 

spring retention mechanism (c, d). The design shown was retired as it was too friction sensitive. 

 
Due to the robotic challenges associated with inserting the irregularly shaped geometry of the RSTA into 

the sleeve, significant force is allocated to the misalignment loads that are generated during robotic 
installation. This reduces the total robotic force available for the sleeve mechanism to activate during 
insertion, as illustrated in Figure 6. During extraction, the force requirements for the sleeve mechanism are 

driven by both the worst-case separation loads between the Glove and RSTA, and the requirement to 
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remove the RGA in the event of a stuck glove. These factors result in force requirements on the sleeve 
mechanism that are different for RGA insertion (Figure 6a) and extraction (Figure 6b). A direction-dependent 

passive mechanism solution is needed to meet the system level requirements. 
 

 
Figure 6. Graphic representation of different RGA insertion (a) and RGA extraction (b) axial force 

windows. Mechanism axial force is required to be direction-dependent. 
 

To achieve the direction dependent function, a “rocker” design was conceived where a pawl would rotate in 

opposite directions depending on the direction of travel of the RSTA. To address the self-resetting 
constraint, the potential energy of the system is at the lowest level when the pawl is in a neutral state with 

no RSTA in the sleeve. Pawl displacement by the RSTA in either direction increases the potential energy in 
the system. When the RSTA is no longer in contact with the pawls, the potential energy is released as the 

pawls rotate back into the neutral state. At this point, the sleeve is ready to receive an RGA again. 
  
During RGA insertion, the effective length of the pawl leaf spring in bending is longer, and the pawl enforced 

displacement of the spring is shorter. During RGA extraction, the effective bending length is shorter, with 
greater enforced displacement. This configuration takes advantage of both the length (L) and displacement 

(δ) terms of the cantilevered beam force calculation shown in equation (1). The load P applied by the leaf 
spring to the pawl results in a significantly increased pawl rotational stiffness during RGA extraction than 
during RGA insertion. This difference in pawl rotational stiffness results in a lower axial RGA installation 

force, with a higher extraction force. 
 

 
𝑃𝑏𝑒𝑎𝑚 =

3𝐸𝐼𝛿𝑚𝑎𝑥

𝐿3
 (1) 

   
The pawl tooth geometry also allows the mechanism to be less sensitive to the high friction alumina coatings 
on the RSTA. The peak force events for both insertion and extraction occur while the pawl is in the “flip 

zone” – this is defined as the region where the pawl tooth rotates over the leading or trailing edges of the 
RSTA bearing race, as shown in Figure 7. In these “flip zones”, the normal force generated between the 

RSTA and pawl are largely aligned with the robotic insertion axis. Critically, the leading and trailing edges 
of the bearing race are also free of alumina coating. In the “slide zones”, only the friction force developed 
between the pawl and alumina coating on the RSTA contributes to the robotic axial force. This allows 

significantly higher (µ > 0.8) friction coefficients to be tolerated before the extraction and insertion forces of 
the “slide zone” exceed the peaks observed in the “flip zone”. The RSTA axial force vs. position signature 

of a typical sleeve assembly is shown in Figure 8. 
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Figure 7. Comparison of pawl to RSTA forces during "Flip Zone" (a) and "Slide Zone" (b). 

 

 
Figure 8. Plot of axial force vs. RGA axial position of insertion and extraction from a sleeve. Note the force 
signature associated with the flip and slide zones, and the peak force events (a) and (d) that occur in the 

flip zones. These peak forces are used to evaluate compliance with requirements. The anti-backlash 
function of the seating springs is seen by the negative force at (b), while (c) represents robotic preloading 

against the axial hardstop. This extraction force trace, and others presented in this paper, represents 
removal of a stuck-glove RGA. 

 

Sleeve Mechanism Component Design 
Pawls are made of a precipitation hardened stainless steel selected for maximum hardness. During initial 

prototyping, unhardened pawls quickly wore where they contacted the alumina coated RSTA. Mechanism 
function was compromised after only a few cycles. The pawl tip geometry was modified and the material 

was changed to allow hardening to levels closer to the alumina coating hardness. This change significantly 
increased the number of cycles the over which the mechanism meets extraction force requirements. 
 

The pawls rotate on 1-mm diameter pivot pins fabricated from cold worked Nitronic 60 material. The pins 
have a sputtered MoS2 dry film lubricant applied. The pivot pins are axially retained in the sleeve structure 

by a 0.6-mm diameter wireform that is bent over each pin end during assembly. The wireform additionally 
provides a hardstop function, preventing the pawl from over-rotating and entering a non-recoverable state. 
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Figure 9. Nomenclature and section view of sleeve mechanism components. 

 
There are 4 pawl springs formed from 1 mm thick sheet metal which apply force to the pawls as they are 

rotated by the RSTA. Dry film lubricant is applied to the contact surfaces where the pawl slides against the 
spring to improve mechanism life and force repeatability. 

 
The second cantilever spring design, called the seating spring, is used to remove RSTA-sleeve backlash. 
Because the RSTA must travel beyond the pawls in order for them to latch over the bearing race, there is 

a small amount of backlash in the installed state. This backlash was undesirable for many reasons. 
Primarily, it would result in the RSTAs being installed into a position with a large axial uncertainty. Any 

number of protruding RSTA could interfere with subsequent robotic OS lid installation, which would be a 
mission-ending failure. If the lid were able to be installed, axial rattle of the RSTA within the OS poses a risk 

to the Mars Ascent Vehicle’s orbital trajectory due to energy dissipation. To remove the backlash and 
address these risks, two seating springs are mounted to the sleeve that directly interact with the RSTA 
bearing race. A shallow lead-in contact angle provides relatively low insertion force, while a steeper lead-

out angle pushes the inserted RSTA into its axial hardstop.  
 

All six cantilevered springs are retained within a t-shaped recess in the sleeve structure. The cantilever 
fixed end is realized by installing a heat-shrinkable shape memory alloy ring over the springs. After shrinking 
during the installation procedure, the ring constrains one edge of the t-slot recess and applies a clamping 

force to each spring. See Figure 9 for detailed views of the shrink ring geometry.  
 

Sleeve Structural Design 
The primary structure of sleeve provides mechanical guidance for the robotic installation of the RGA. It also 
defines the boundary conditions of the installed RSTA during return to Earth. The pre-existing geometry of 

the RSTA, coupled with a requirement to be clocking agnostic for robotic installation, largely defined the 
inner profile of the sleeve structure early in the development process. 

 



436 

 
Figure 10(a). Sleeve mounting shown in context of OS primary structure. (b) Sleeve structure exploded 
view. (c) Sleeve kinematic mounting diagram. The sleeve endcap behaves like spherical joint (over a small 
range of motion), while the bushing allows for axial and radial CTE mismatch with respect to the OS primary 

structure. (d) Cross-section of endcap wound-wire joint and sleeve mounting fastener. 
 

The external geometry of the sleeve interfaces to the OS structure: Early in the development process, a 
two-piece sleeve structure was chosen, which features a sleeve and separate endcap component fastened 
together to form the overall structure. The two-piece design allows for significant manufacturing tolerance 

improvement along the entire 120 mm long RSTA-interfacing internal profile, since the profile can be 
supported and machined from either end during lathe turning. After assembling the sleeve body and 

endcap, the completed sleeve mechanism is bolted to the OS structure with one fastener installed through 
the endcap. At the entrance end the sleeve body, a compliant bushing allows for radial and axial expansion 

of the sleeve body with respect to the OS structure. The relative coefficient of thermal expansion (CTE) 
difference between the OS primary structure (titanium) and the sleeve structure (aluminum) largely drove 
the kinematic mounting strategy shown in Figure 10(c). 

 
Initial sleeve mechanism prototypes featured an endcap that was threaded into the inner diameter of the 

sleeve body. The threaded connection required significant axial length to have reliable thread engagement 
and structural capability. There were also concerns about secondary locking for the threaded endcap 
connection. Due to the single fastener mounting strategy, any radial misalignment between the endcap 

shear feature and the bushing would cause the mounting fastener to be put in bending. A more compliant 
connection that could accommodate manufacturing tolerances was needed. 

 
In place of the threaded endcap design, a circumferentially wound wire joint was implemented. In this 
concept, an annular groove with a circular cross-section is machined into the inner diameter of the sleeve 

body. A corresponding groove is machined into the outer diameter of the endcap. During assembly, a length 
of corrosion resistant wire is inserted into a radial hole in the endcap. Using dedicated tooling, the endcap 

is then rotated counterclockwise, drawing the wire into the channel formed by the two grooves in the endcap 
and sleeve. As the wire is drawn around the joint circumference, the endcap is secured to the sleeve. 
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Figure 11. Section views of wire-wound endcap joint at various stages of assembly. (a) Initial installation of 
wire through sleeve installation slot into endcap retaining hole. (b) Endcap is rotated counterclockwise, 

drawing wire into channel. (c) Wire is drawn completely around circumferential channel and self-interferes. 
External wire pigtail remains for endcap removal. (d) Wire is cut and pulled into joint for irreversible 

configuration. 
 

A short length of wire is left extending from the channel to permit disassembly at any point. Using pliers to 
pull on the wire end, while applying removal torque to the endcap, it is possible to disassemble caps from 
the sleeves for inspection or re-work purposes. Prior to flight, this extra length of wire can be cut, and the 

wire end can be further wound into the channel. As this point, it is impossible to unwind the wire from the 
joint, and the endcap and sleeve become an inseparable assembly.  

 
Testing has demonstrated that the wound-wire endcap has similar axial capability to the previous threaded 
connection, but with many other advantages. Because the wire joint is not preloaded, there is a small 

amount of radial and angular float between the sleeve and endcap. This is advantageous for the OS design, 
where the float is used to accommodate manufacturing tolerances in the OS structure and to prevent 

bending in the mounting fastener. The ability of the joint to float within bounded limits with a large axial force 
capability and inseparable connection make it potentially appealing for other applications. 

 
Table 1. Performance comparison of OS wire-wound sleeve endcap joint vs. threaded alternative 

Endcap Joint 
Type 

Joint 
Thickness 

Assembled Joint Float Axial Force 
Capability Axial Angular 

Wire-wound 
Ø 19.1 mm 

2.2 mm 0.013 mm ±0.5 deg 
2500 N (yield) 

4400 N (ultimate) 

Threaded 
MJ20 x 1.0 

3.0 mm 
(Including 1 full thread, with 

thread relief and flange) 
None 3900 N (Ultimate) 

 
Mechanism Test Performance 

 
Ambient Testing 
Initial prototypes were tested on a benchtop force-displacement load frame. The sleeve was mounted in 

flight-like interfaces to the stationary end of the frame. The RSTA was mounted via a misalignment coupling 
to ensure no cross-moment misalignment loads were realized between the RSTA and sleeve. This ensured 

the test results only addressed the axial force contributions from the sleeve mechanism.  
 

The ambient test configuration is used to perform functional checkout testing on every sleeve mechanism 
immediately following assembly. During checkout testing, the RSTA is inserted into the sleeve, preloaded 
into the axial hardstop, then extracted from the mechanism. This cycle is repeated five times, and the 

average performance is evaluated. The checkout testing confirms that the RSTA insertion force falls below 
the requirement threshold of 65 N, and that the extraction force falls between 95 – 145 N. During checkouts, 
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the retention force can be tuned by replacing the pawl springs with narrower (softer) or wider (stiffer) 
versions. By adjusting the width of the cantilever springs only, the design can accommodate adjustments 

of ±60% from the nominal extraction force value. In practice, the required spring width is determined once, 
and a single lot of sleeve hardware can be assembled with the same width of springs. The retention force 

variation in hardware lots built to date with the same spring width is only ±3 %. 
 

 
Figure 12. Spring width adjustment dimension of the leaf springs allows for tuning of peak mechanism 

insertion and extraction forces. 

 
Ambient insertion and extraction tests produced the force displacement curve shown previously in Figure 

8. The insertion and extraction force signatures are highly repeatable, and have features that the robotic 
arm will be able to interpret during operation.  

 
Checkout testing was also repeated with dirt-covered RSTAs to learn more about the mechanism behavior 
when exposed to potential Mars particles. Initial tests at room temperature were promising; the mechanism 

still operated within force requirements and did not suffer any jamming. Future testing will be performed 
with dirt-covered RSTA installed in a Mars atmosphere, pressure, and temperature environment. 

 
Thermal Testing 
The sleeve mechanism operational qualification temperature range is -120°C to +80°C. A risk reduction test 

was performed using a force-displacement frame with an attached thermal chamber. A flight spare RSTA 
was inserted into and extracted from a sleeve mechanism with flight-like geometry and surface coatings. 

The chamber was cooled with liquid nitrogen, and condensation on the hardware was managed with 
additional nitrogen purge, pre-test bakeout, and desiccant inside the chamber.  
 

The thermal tests revealed two major findings that are being incorporated into the latest design. The first 
finding was a CTE-induced over center condition at the cold limit, where the pawls over-rotated and jammed 

against the bearing race of the RSTA. This condition allowed for the RSTA to be inserted, but not extracted, 
at the cold limit temperatures. The pawl geometry was revised to eliminate the possibility of the over-center 

condition, and the tests were repeated successfully with multiple sleeve serial numbers. The results of the 
testing with revised pawl geometry are presented in Figure 13. 
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Figure 13. Force vs. displacement curves for RGA insertion and extraction in +80°C to -110°C for a sleeve 
with revised pawl geometry. Note that the extraction force is tightly grouped near the minimum force 
requirement. In the future, a wider set of pawl springs would be installed to shift the extraction force peak 

into the middle of the required range for this pawl geometry. 
 

With the cause of the over-center jamming failure addressed, another limitation of the design at limit cold 
became evident. The shape memory alloy ring that retains the leaf springs starts to undergo a material 
phase change at around -100°C, where it recovers up to 0.75% strain. This recovery effectively expands 

the ID of the ring, and reduces the clamp force applied to the six cantilever springs. The CTE difference 
between the ring and aluminum sleeve structure further reduces the clamping force as temperature 

decreases. At -120°C, a sharp reduction of mechanism retention force is observed as the shrink ring 
diameter is effectively gapped by 0.25 mm from the cantilever springs. The cantilever springs are still 

retained in their mounting recesses, but their fixed boundary condition is relaxed, and the pawls no longer 
exert the same forces on the RSTA during operation. Fortunately for the design, the strain recovery of the 
phase change is fully reversible, and full ring clamping force is restored when the temperature is increased 

to -50°C [1].  
 

Hardware revisions are in work that allow the cantilever spring mounting end to elastically follow the shrink 
ring as it expands at limit cold. This should reduce, but not fully eliminate, the retention force reduction at 
limit cold. In parallel, the thermal requirements continue to mature and are trending warmer, which may 

allow this risk to be retired without a design change.  
 

Impact Testing 
The OS design must accommodate a ballistic Earth landing at the end of mission. During impact landing, 
the RSTAs are released from the sleeve mechanism into energy dissipating crushable lattice. The lattice is 

an additively manufactured structure, with properties tuned to keep the RSTA within established peak 
acceleration and shock response limits. The impact behavior of the crushable lattice is complex, and not 

discussed in this paper.  
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The behavior of the sleeve mechanism during impact, along with the crushable performance, was evaluated 
in a series of impact tests (Figure 15). Instrumented RSTAs with a triaxial shock accelerometers mounted 

internally were installed in sleeve mechanisms. The sleeves were mounted above crushable lattice material 
within a larger impactor test vehicle. The impactor was accelerated downward at JPL’s Impact Test Stand 

into a gravel bed (Figure 14). Impact velocities of approximately 45 m/s produced transient accelerations 
of approximately 1200 G, which bounded the expected worst-case Earth landing loads. 
 

 
Figure 14. Overview of reusable impact test vehicle used to simulate Earth landing environments at JPL. 

 

During Earth landing, the sleeve mechanism must reliably release the RSTA into the crushable lattice, 
without overloading the RSTA bearing race. The sleeve mechanism must not be damaged during impact in 

a way that could cause damage to the RSTA. The motive force for release into crushable is the inertial 
loading of the RSTA caused by the impact event. The contribution of the retention mechanism to the overall 
impact response of the RSTA was also a concern. A series of 12 impact tests were conducted. Control 

sleeves with no retention mechanism were included in each to drop to compare the resulting RSTA 
response. 

 
A sample of relevant results are shown in Figure 16. The transient axial accelerations are processed into 

the frequency domain to better evaluate the results. The retention mechanism is responsible for increased 
RSTA response above 7 kHz when compared with the control sleeves. Despite the increased shock 
associated with the RSTA rapidly extracting from the sleeve mechanism, the response falls well within the 

RSTA shock qualification levels. 
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Figure 15. High speed photographs of test vehicle containing sleeves, RSTAs, and crushable lattice 

impacting the gravel bed. 
 

 
Figure 16. Shock Response Spectrum of RSTA during impact testing at JPL Impact Test Stand. The data 

shown was collected from a set of impact tests, performed at the same impact velocity, with the same 
crushable lattice type under test. The blue line shows the frequency response of the vehicle as it impacts 
the gravel bed. The yellow line shows the response of an RSTA supported in a sleeve without any retention 

mechanism. The orange line shows the response of an RSTA with retention mechanisms. The increased 
response magnitude due to the retention mechanism is clearly visible, but the levels fall within the black 

dashed line denoting the provisional axial capability of the RSTA seals. 
 

Beyond the valuable acceleration data collected, the impact tests conducted were an excellent stress-test 

of the mechanism durability. Individual sleeve mechanisms were built, impacted, inspected, and re-
impacted up to 12 times at the time of publishing this paper. All sleeves subjected to impact testing still 

meet their checkout acceptance requirements at the conclusion of testing. 
Impact testing early in the development process has enabled continuous design improvements. During 

initial impact testing in 2022, pawl over-rotation was observed, where the pawls would rotate into a non-
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resettable state during impact. This was not an expected outcome by the pre-test analysis. It was 
undesirable from a mission reliability perspective to have the mechanism be able to enter a state where an 

RSTA is unable to be inserted or extracted from the sleeve. As a result of this early impact test, a hardstop 
was added to the design that utilized the existing pivot pin retention wire. Since incorporating the hardstop, 

no pawl over-rotation has been observed during subsequent impact tests. 
 
Future Testing 

Prior to project CDR, the team has plans to perform mechanism testing at Mars temperature and pressure, 
in both clean and dusty hardware configurations. As testbed maturity increases, the team will be able to 

incorporate robotic misalignment forces and moments as the RSTA is installed in the sleeve mechanism. 
 

Potential Applications 
 

The direction dependent function of the sleeve mechanism has numerous potential applications in 

aerospace mechanisms. The cantilever spring and pawl can generate significant direction-dependent 
forces in a small volume compared to other options. The design discussed in this paper could be adapted 

to apply detent force on an extending strut or boom deployment. The pawl could interact with a rotating 
gear or axle to apply direction-dependent holding torque passively, without the use of large torsion springs. 
In human spaceflight applications, the latching concept could be adapted to hold workpieces securely 

during flight, but permit easy re-stowing by crew after use.  
 

The endcap fastening method described in this paper can also be applied to a number of structural 
applications. Any design where hollow cylindrical struts are connected to end fittings could adapt this joining 
strategy. A clear candidate is for monopods or struts where small angular compliance is required, but the 

capability of a conventional spherical rod end is not needed. The wire shape and groove size could be 
adapted to withstand significant axial loads, while allowing for axial rotation between the end cap and strut 

element.  
 

Challenges and Lessons Learned 
 
Detailed Lessons Learned 

Where practical, the sleeve development has prioritized early prototypes and risk-reduction testing over 
detailed analytical models. Many elements of the design, such as the pawl profile and seating spring contact 

profiles, were developed first with rudimentary hand calculation models, and then iterated to their current 
design with low-cost testbeds. Stereolithographic additive manufacturing (SLA) was extensively used to 
iterate the sleeve geometry without costly machined prototypes. An early prototype with an SLA sleeve 

body, metallic pawls, commercially available pins, and flat, non-formed sheet metal springs was shown to 
meet force requirements with a flight-like RSTA. 

 
Shape memory alloy (SMA) fastening systems in the form of contracting rings, expanding pins, and other 
shapes should be implemented cautiously. The details of the fastener alloy and temperature-dependent 

phase changes should be understood and compared against the expected thermal environment for a given 
application. It may be possible to mitigate the effects of near-cryogenic strain recovery in SMA fasteners by 

careful selection of joint materials with low CTE, and tuning the stiffness of the substrate to allow increased 
elastic following of the SMA as it undergoes strain recovery.  

 
The RSTA exterior surfaces utilize aluminum oxide (alumina) as a thermal coating. Use of alumina as a 
thermal coating should be carefully evaluated in applications where coated surfaces may need to slide 

against other surfaces. The high hardness and abrasive properties of alumina make for a challenging 
tribological pairing with most typical aerospace materials and coatings. Engineers considering alumina 

coatings should address the risk of abrasive grit migration into critical mechanism surfaces, especially in 
microgravity environments.  
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Looking to the Future of MSR and Beyond 

The sleeve mechanism was developed to interact reliably with hardware already on the surface of Mars. 
When the RSTAs were developed, the details of how they would be robotically installed into the future OS 

design were not fully understood. As a result, the OS sleeve mechanism design must be responsive to high-
friction alumina coatings, eccentric features, and challenging geometries present on the RSTA.  
 

Working to a fixed interface on another planet poses its own challenges, and unique opportunities. A 
hardware-rich development strategy replaced what is usually a protracted process of co-engineering 

interfaces. This approach required close collaboration with RSTA engineers of past and present, as well as 
challenging some of the assumptions about the existing hardware design.  

 
Early in the development process, the OS engineering team was provided a limited number of Mars 2020 
flight spare, full-fidelity unsealed sample tubes from the MSR campaign. The flight spare RSTA was tested 

with the earlier sleeve prototype, and fundamental issues with the previous design were immediately 
evident. The alumina coatings on the RSTA surfaces were damaged by the initial design, which steadily 

increased friction coefficients and rendered the required robotic force windows unrealistically narrow. The 
design presented in this paper is a direct consequence of going back to the drawing board after testing with 
a full-fidelity twin of the interfacing hardware.  

 
As the aerospace community undertakes increasingly larger scale, multi-mission, multi-decade, multi-

national engineering campaigns such as MSR, the value of a hardware-centric development process should 
be recognized. Only so much information can be captured by even the best interface drawings, and 
personnel turnover should be expected, not an unplanned exception, when planning for long duration 

development schedules. There is no substitute for an ample supply of high-fidelity flight spare hardware to 
inform future mission development. 

 

 
Figure 17. RGA insertion and glove separation testing with a sleeve mechanism and robotic arm. 
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