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Spaceflight environments are harsh and pose a significant challenge to the successful operation of spacecraft systems.  Spacecraft mechanisms provide a prime example of the difficulty: the vacuum of space can severely restrict lubricant choice, alter lubricant performance, and limits cooling options; the extreme temperature variations further restrict lubricant choice and can create large thermal expansions or contractions that the mechanism must accommodate; launch environments and operations can impart high quasi-static, cyclic, and shock loads.  

Spacecraft mechanisms must endure such environments while providing critical vehicle functions, often requiring precise performance.  The inaccessibility of the mechanism, once launched, can result in the need to operate for many years, through many millions or even billions of cycles with no possibility of maintenance.  All of these considerations serve to highlight the primary characteristic needed for a spacecraft mechanism: reliability.

The production of a highly reliable mechanism requires a robust design, thorough development and verification programs, and meticulous manufacturing and assembly processes.  Careful consideration must be given to the myriad conditions that can influence a mechanism’s performance, and the effects of these conditions must be understood and characterized through testing and analysis in its development phase.  Each aspect of the mechanism’s required performance must then be verified with a rigorous test campaign, supplemented with analysis when necessary.  The manufacture and assembly of a safety-critical mechanism must ensure that proper processes are followed including those for and cleanliness and part handling.  Inspection of critical dimensions, clearances, and performance parameters must be performed.  

Even when all of these aspects are given proper attention, risk remains.  The flight environments are often difficult to replicate accurately on the ground and can rarely be tested in accurate combinations.  Highly complex mechanisms with many interactions can suffer from subtle or intermittent failure modes that may not be caught during ground testing.  The small number of units typically needed in spaceflight applications, the long lives often required, and the expense of a thorough design and development program often render the production and testing of multiple units before use impractical. This prevents the establishment of statistical confidence in a design.  

This residual risk can be partly mitigated through implementation of a failure-tolerant design, further enhancing system reliability.  Indeed some degree of failure tolerance is often mandated on human-rated spacecraft.  However this increased reliability usually comes at the price of increased mass and cost when compared to systems that do not implement failure tolerance.

17.7.1 Developing Reliable Mechanisms
Whether or not a failure tolerance approach is pursued, a safety-critical mechanism must be reliable.  The pursuit of a zero-failure-tolerant mechanism in safety-critical mechanism is sometimes referred to as “design for minimum risk” or “design for reliability.”  Several governmental and industry standards exist to communicate lessons learned and to help ensure that robust engineering is employed during the development of a mechanism.  NASA-STD-5017, Design and Development Requirements for Mechanisms (2021), AIAA S-114, Moving Mechanical Assemblies for Space and Launch Vehicles (2020), ECSS-E-ST-33-01C, Space Engineering, Mechanisms (2019), and ESA-ESTL-RP-0303, Handbook for Requirements and Guidelines for Safety Critical Mechanisms (2013) are all excellent examples.  Smaller organizations or companies will often have their own best practices and lessons learned documented.

Some of the more important aspects of a robust design and development for safety-critical applications, all of which and more are treated thoroughly in the above references, are discussed briefly below.

17.7.1.1 Torque and Force Margins
Torque and force margins, also called motorization margins, are measures of the excess capability of a mechanism to impart motion, to prevent motion, or to provide required acceleration.  Torque and force margins are intended to ensure that a mechanism retains reserve torque or force that can be applied in the event of an unforeseen effect that reduces motive torque or force or increases resistive torque or force within the mechanism, similar to the factor of safety used in a structural margin calculation. Having such a reserve is among the most important strategies for developing a reliable mechanism.  Though the term “torque margin” is used in the remainder of this section for brevity, all references to torque margin also apply to linear motion with “force” replacing “torque.”

Depending on the function of the mechanism, different varieties of torque margin will need to be evaluated.  Static torque margin is a measure of the excess torque available to overcome resistance to motion.  Dynamic torque margin is a measure of the excess torque available to provide a required minimum acceleration to a body, and this requirement can take many forms such as a specified acceleration, a specified minimum time, or a specified minimum velocity. Holding torque margin is a measure of the excess torque available to maintain position in the presence of external disturbances.  

Torque margin is defined somewhat differently in different sources but most current sources use a factored approach in which the available torque is divided by the sum of factored resistive torques.  A generalized form of the equation is provided in Equation 17.7.2.2-1.  

                          [17.7.2.2-1]

The factors applied to each individual resistive torque term generally depend on the maturity of the development and the nature of the resistive torque; these factors are specified and are what quantify the required reserve torque.  Higher factors should to be applied earlier in the development cycle and to resistive torques that are more variable in nature.  All calculated force and torque margins should account for credible worst-case combinations of all conditions that can affect margin, at end of life.  This can encompass a wide variety considerations including material properties, tolerances and alignments, environmental effects, frictional effects, supply voltages, motor controller parameters, vehicle accelerations, and many more.

Use of a stepper motor can complicate the calculation of a torque margin.  In general, margin in a system driven by a stepper motor should be assessed using a step stability analysis.  However, in certain cases it may be acceptable to evaluate margin using a pull-in torque margin calculation.  Guidance on assessing margins for systems driven by stepper motors can be found in the aforementioned mechanisms standards, particularly NASA-STD-5017 (2021).

Servomechanism applications also require a different approach.  Servomechanism performance requirements may require motor performance that far exceeds that required by standard torque margin equations.  Though applicable margins should still be calculated and documented, servomechanisms need a control system performance analysis, e.g., phase and gain margin analysis, to fully assess performance and margin.  It is important that these control margins are calculated and evaluated by control system experts.

17.7.1.2 Dimensional Analysis
A mechanism’s performance can be significantly impacted by its tolerancing.  Part dimensions can have an effect on mechanical advantage or the prescribed motion, and insufficient internal or external clearances can cause a mechanism to fail.  Therefore a thorough dimensional analysis is one of the most important design and verification steps that can be performed on a mechanism. A 2004 survey of the root causes of International Space Station mechanism failures and anomalies revealed that half of all documented events had tolerancing problems as a sole or contributing cause (McCann, 2004).

Many factors can affect the dimensions and clearances of a mechanism and therefore must be considered in a dimensional analysis.  The most important of these are
· Manufacturing, assembly, and alignment tolerances
· Temperature and temperature gradients
· Temperature difference between two parts to be mated
· Deflections due to external and operational loads
· Adjustability of mechanism parts
· Deflections due to pressurization or depressurization effects, such as thermal blanket billowing
· Motion of cable harnesses, tubing, and sensor wiring

Dimensional analysis can range from very simple to extremely complicated, especially if the mechanism contains many parts with many different materials. The use of a geometric dimensioning and tolerancing standard such as ASME Y14.5M (2009) can make the analysis much easier to perform and eliminate ambiguities in the interpretation of drawings by providing a well-defined vector analysis method, thereby reducing or eliminating common sources of error in the analyses.  Some assemblies are so complicated that CAD-based statistical analysis methods may be required to obtain a thorough dimensional analysis.

It is worth stressing that dimensional analysis should be performed as part of the design process, rather than as verification that the design will function after the design is complete, to avoid manufacturing delays and test failures.


17.7.1.3 Lubrication
Nearly all space mechanisms contain surfaces that move relative to each other, introducing the need to consider friction and wear in the function of a mechanism.  The use of a suitable lubricant in tribological contacts is crucial to producing a mechanism that performs consistently and reliably.  Tribology and lubrication are complex subjects that require the attention of experts.  Lubrication approaches should considered early and the design should be developed in accordance with them.  Considering lubrication as an afterthought to a completed design can lead to unnecessary constraints on the lubricant choice, inadequate mechanism life, and debris creation.  

The selection of lubricant for an application must consider many factors, such as
· Lubricant property changes in storage or in a space environment. 
· Creep properties of wet lubricants. 
· Viscosity properties of wet lubricants as a function of temperature. 
· Elastohydrodynamic (EHD) film thickness if operating in the EHD lubrication regime. 
· Outgassing or potential breakdown products from wet lubricants that could cause contamination, such as on optical or thermal control surfaces. 
· Possibility of polymerization of wet lubricants, particularly due to high contact pressures or contaminants. 
· Required purity of the lubricant. 
· Lubricant depletion (evaporation or consumption) for wet lubricants or lubricant wear-out for dry lubricants. 
· Dry lubricant debris generation. 
· Compatibility of the lubricant with other materials, particularly any other lubricants. 
· Operating temperature limits of the mechanism and the lubricant. 
· Corrosion prevention in the mechanism. 
· Protection against galling and friction welding of the mechanism. 
· Contact stress. 
· Run-in requirements, such as rate of speed, load, and time duration.
· Coefficient of friction of the tribological system. 
· The effect of other environments such as humidity and salt spray on the tribological system.

In addition, attention should be given to understanding and specifying the proper quantity of lubricant to be used to avoid early depletion or drag from excess lubricant, migration to unwanted areas, or liberation and creation of debris.  On occasion, fear of contamination from lubricant will drive poor choices of lubricant or even a design that uses no lubrication.  It is important to remember that contamination can be managed and must be weighed against the effect of selecting a suboptimal lubricant.  Omitting lubricant entirely can actually worsen contamination because of the wear debris that can be generated in the unlubricated contact.  Any concern with potential contamination from lubricants should be quantified with a contamination analysis and compared with analysis from the alternative configuration in order to properly balance risk. 

17.7.1.4 Indication of Critical States
Indication of the critical states of a mechanism, i.e. any state necessary for adequate operational use and hazard control, is essential for a safety-critical mechanism.  This is because a hazardous state must be recognized as present in order to take appropriate action.  Direct measurement of the state should be made whenever possible to ensure reliable information is provided.  

The necessary state information will vary depending on the mechanism, the concept of operations, and any hazards posed by failure to achieve the intended state.  Examples of state indications include the mechanism’s state of functioning, the mechanism’s position, indications of reaching predetermined configurations, current draw, electrical continuity, etc.  

Direct indication, as opposed to indirect indication, is achieved when the mechanism function of interest is itself indicated unambiguously rather than some other related state.  For example, indicating the state of a latch by measuring the position of an upstream component of a drivetrain with much backlash or flexibility is an indirect indication of the latched state and could give an erroneous indication of the state if enough motion was allowed in the drivetrain to allow the shaft to turn while the latch itself remained disengaged.  Measuring the position of the latch pawl would provide a direct indication of a latched state.  

17.7.1.5 Testing 
The importance of rigorous testing of a safety-critical mechanism cannot be understated. Testing a mechanism provides proof that the mechanism meets requirements and is the most effective way to establish confidence that the mechanism will perform as desired.

17.7.1.5.1 Development Testing 
Development testing, though not strictly required in most cases and not used for requirement verification, is very useful.  Development units can be used to characterize performance and sensitivities, prove out a concept, work out assembly, inspection, and test procedures, and reduce risk by examining response to environments prior to encountering them in more expensive qualification and acceptance testing.

17.7.1.5.2 Qualification Testing 
Qualification testing verifies that the design of a mechanism meets its requirements.  Qualification tests are performed with margin on magnitudes and durations in order to demonstrate robustness of the design and therefore should utilize hardware that is as flight-like as possible, including any drive electronics and controllers.  Because testing under these margin conditions can have detrimental effects on a mechanism, they are always performed on dedicated test units.  There are many types of qualification tests that may be appropriate for a mechanism, and these are specified in various environmental testing standards. However, these specifications often lack detail on how such tests are accomplished on a mechanism.  AIAA S-114 (2020) provides additional guidance on mechanisms-specific aspects of environmental testing.  

Occasionally, if a system design has only very minor differences from a system that has already passed qualification testing, it can be considered qualified by “similarity,” meaning that the differences are minor enough that testing performed on the other design is sufficient to qualify the new design.  However, this approach should be thoroughly evaluated when proposed and pursued with great caution, for small design changes can have unintended and unexpected effects.

17.7.1.5.3 Life Testing 
Life testing serves to demonstrate that a design can meet its service life requirement.  The life test should be performed on a unit that has been exposed to all mechanical and thermal environments and levels expected to be encountered by the flight unit, including those encountered during testing.  Performing the life test on a unit that has been exposed to environments helps ensure that environmental effects on the mechanism life are accounted for.  For programs with a qualification unit, it is often most convenient to utilize this qualification unit for life testing.  For programs utilizing a protoflight strategy, a qualification unit is not available and a dedicated life test unit must be used.  Whereas qualification units are exposed to qualification levels prior to running the life test, a dedicated life test unit need not use qualification levels for the environmental exposure.  The dedicated life test unit exposure levels should, however, envelope the ground test and operational environments seen by the protoflight unit, including ground test environments. 

Life tests are run to a specified multiple of the number of cycles the mechanisms is expected to encounter during all phases of its life.  This includes ground testing, troubleshooting, maintenance, and other ground operations.  Care should be taken to thoroughly understand flight and ground operational concepts to ensure that all cycle requirements are accounted for.  It is highly recommended that spare cycles be added to the total prior to multiplication by the life test factor to allow troubleshooting or execution of extra cycles without exceeding the mechanism's certified life.  The utilization of a life test factor is a result of the aerospace industry's common practice of building only one life test unit. If only one unit is tested, and it is tested only to the number of cycles it is expected to see, there is no information available to establish confidence that another unit will last as long or to understand the true margin in the design. To account for this unit-to-unit variation and lack of data, a factor must be added to the number of cycles in the test to demonstrate a degree of robustness in the design.

All mechanism functions should be exercised and the test should be run in appropriate environmental conditions. Mechanisms often experience a wide range of environments in service and the temperature at which the mechanism will perform any given cycle is usually not precisely known, so adequately representing the entire range in design life testing can be a challenge.  The environments chosen should be thoroughly assessed and justified technically.  NASA-STD-5017 (2021) contains a good discussion of the considerations to be made in such an assessment.   

There is often a desire to replace integrated, mechanism-level life testing with component-level life testing for schedule and cost purposes. While component life can provide valuable information, it does not take the place of integrated testing. Interactions between components often create conditions that cannot be replicated or even anticipated in component-level tests.

Life tests for long-term missions often require accelerated testing. This needs to be approached carefully with knowledge of the failure modes of the hardware and potential undesirable consequences of increased speed. For example, changing the rotational speed of a bearing may change the lubrication regime in which the bearing operates, which may artificially inflate life, or cause bearing retainer instability, which may produce excessive wear of the retainer and artificially shorten life.  Additionally, thermal issues may arise related to increased power dissipation for higher speed operation, like increased bearing temperature gradients, which should be thoroughly evaluated. Even performing the test at flight speeds can mask failure modes when the quiescent durations are not included in the life test—continuous cycling can prevent cold welding or fretting that would otherwise manifest itself during expected periods of inactivity. For all these reasons, the life test should be run as nearly as possible using the on-orbit speeds and duty cycles. In some cases it may not be acceptable to accelerate the test at all. One should be careful not to perform a test that is unrepresentative of the design conditions.

17.7.1.5.4 Acceptance Testing 
Whereas qualification testing serves as proof that the mechanism design can operate as intended during service, acceptance testing screens workmanship and ensures that a unit never sees an environment for the first time while in flight.  Acceptance testing is performed on each individual flight unit and is often performed on qualification units before qualification testing so that workmanship issues can be excluded as possible causes of any qualification test failures.  Levels are typically the envelope of the expected flight levels and defined levels designed to precipitate failures due to workmanship problems.  Thorough acceptance testing is an important step in building confidence in a mechanism before flight and any proposed acceptance test omissions should be heavily scrutinized.  Again, there are many types of acceptance tests that may be appropriate for a mechanism.  As with qualification testing these acceptance tests requirements are found in various environmental testing standards and AIAA S-114 (2020) provides additional detail on mechanisms-specific aspects.

17.7.1.5.5 Protoflight Testing 
Sometimes, usually when the cost of a hardware unit is very expensive, another test approach called protoflight testing is used.  Protoflight testing is performed on flight units and attempts to verify design requirements while also verifying workmanship.  Because the unit must be subsequently placed in service, test margins are reduced.  There are many unique pitfalls associated with protoflight testing, which for a mechanism primarily manifest in an inability to demonstrate life on the flight unit, often requiring a separate life test unit or other means of assessing life, as discussed in Section 17.7.1.5.3.  The decision to use this test approach must be made carefully.

17.7.1.6 Graceful Failure
Whenever possible, safety-critical mechanisms should be designed such that they exhibit “graceful” failure modes, i.e. their performance should degrade gradually over many cycles in a way that provides an indication of an imminent failure rather than failing suddenly and creating a hazard with no warning.  Such gradual failure provides time to plan for alternate or contingency operations and can greatly enhance the safety of a mechanism.

17.7.2 Designing for Failure Tolerance
When higher reliability than what can be achieved by good design and development practices alone is desired, failure tolerance can be implemented.  A failure-tolerant mechanism is one that can experience a failure and still meet performance requirements.  Multiple levels of failure tolerance can be applied.  Partial failure tolerance accommodates certain specific failure modes or the failure of specific components, usually those that are considered most likely for a given design, but not others.  Full failure tolerance accommodates any credible failure mode that can be exhibited by the mechanism.  Multiple failure tolerance is sometimes specified, most typically the ability to accommodate any two failures of the mechanism in any combination while still maintaining performance.  

Failure tolerance, whether to single or multiple failures, can be accomplished in a variety of ways ranging from providing redundant components or alternate means of accomplishing a function within a single mechanism to incorporating a completely separate second mechanism to accomplish the function.  The appropriate approach for a given application will depend on many considerations including the level of reliability desired, the failure modes present and their likelihood, mass constraints, volume constraints, power constraints, channel constraints, and budget constraints. Most fault tolerant mechanisms will often still have some small element common to all operating modes that cannot be made redundant in a practical way; any such element must be designed to minimize the risk of failure.  It is also worth noting that improperly implemented fault tolerance can add failure modes and decrease reliability.  To avoid this, performance in failed conditions must be fully specified and verified, and an analysis should be informed to understand the effects of the redundancy on the reliability of the nominal state as well as the failed state.

In order to implement effective failure tolerance, it is necessary to understand the failure modes of a mechanism.  Therefore a methodical approach to mapping out failure modes is an essential first step to creating a robust failure tolerance approach and should be performed early in the design phase.  The failure tolerance analysis should consider the following elements:
· The effects of a failure in all possible configurations and points of motion, including transitional states during which a failure could have a different effect.
· Failure during planned maintenance activities.
· All credible failures including inadvertent actuation, failure of threaded interfaces operated in service, and failure of elements providing free motion of specific degrees of freedom in a structural system. 
· All credible combinations of failures (if required).  
· The feature in place to provide failure tolerance for each identified failure or combination of failures.

Understanding failure modes and failure tolerance in detail will not only help ensure a robust design but also facilitate the creation or maturation of hazard reports and other safety-related documentation products.

17.7.3 Review of Safety-Critical Mechanisms
Thorough review of design and verification is of great importance and value for safety-critical mechanisms.  The enormous variety of mechanical design options, each with their own intricacies, along with the complexity and sensitivity of a mechanism to the large number of variables that must be considered and addressed in a space application makes it challenging to successfully develop a space mechanism.  It is therefore highly recommended to have all safety-critical mechanism designs reviewed by a team of independent mechanism experts with a wide range of space mechanisms experience.  

Independence is very important. For one, it provides a new set of eyes unfamiliar with the design and the history behind it that can give a fresh perspective and challenge assumptions.  Design practices and analysis assumptions are often subject to a sort of creep, wherein the evolution of a design can drag assumptions and techniques that were once appropriate into inappropriate regimes without it becoming obvious to those involved with the development. Independence also frees the reviewers to make unbiased assessments without the schedule and budgetary pressures that can be at work among those on the design team.

Experience with mechanical systems is also crucial. Having a high degree of mechanisms experience resident in a review team provides a large pool of lessons learned that can be applied to new designs. Often the experiences of different people can supply different types of lessons, thus producing a very complete review, particularly when the group consists of specialists in different subfields, such as tribology, lubrication, bearings, motors, release devices, et cetera.  

The reviews should be as detailed as possible within the constraints of the project and should include a review of requirements, operational concepts, environments, detailed design, materials and coatings, mechanical and structural analysis, reliability analyses, hazard and failure tolerance assessments, and planned test approach.  Standards such as those mentioned in Section 17.7.1 can provide good outlines for topics to address in the review if such standards are not already levied upon the design. Any areas in which requirements or best practices are not met or are granted a variance should be documented with the supporting data and rationale. This is invaluable for reference later. When properly implemented, such a review process can add considerable value by increasing the reliability of a safety-critical mechanism.
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