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NASA has laid the foundation for the development of the “Gateway,” a platform in 

cislunar space. The Gateway will enable missions to the lunar surface and serve as a 

strategic waypoint for future missions to Mars or beyond. Perhaps most importantly, the 

Gateway missions will function as a fielded proving ground for next-generation in-flight 

repair methodologies. While the Environmental Control and Life Support Systems (ECLSS) 

deployed on Gateway and beyond will be rooted in decades of operational experience, the 

means of repairing and refurbishing these systems will require a paradigm shift away from 

legacy methodologies. Through NASA’s Next Space Technologies for Exploration 

Partnerships (NextSTEP), Collins Aerospace has been advancing the development of the 

deep-space ECLSS with the vision of modular hardware capable of supporting in-flight 

maintenance and repair. Maintenance-friendly, repairable hardware allows for contingency 

solutions that have not been available during legacy missions, such as ISS, where orbital 

replacement units (ORUs) have been designed only for remove-and-replace fixes. These 

additional contingency options provide operational flexibility, altering the approach to 

hardware and consumable provisions, ultimately taking steps towards Earth-independent 

operations. Through this paper, Collins Aerospace will demonstrate how the vision of in-

flight maintenance and repair has manifested itself in the design of the deep-space ECLSS, 

present principles devised for designing in maintainability, discuss how technology 

advancements will enable maintainability, and suggest how in-flight maintenance influences 

the logistics of hardware and consumables. 
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BAA = Broad Agency Announcement 

CLIN = Contract Line Item Number 
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I. Introduction 

ASA has laid the foundation for the development of the “Gateway,” a platform in cislunar space. The Gateway 

will enable missions to the lunar surface and serve as a strategic waypoint for future missions to Mars or 

beyond. Perhaps most importantly, the Gateway missions will function as a fielded proving ground for next-

generation in-flight repair methodologies. While the Environmental Control and Life Support Systems (ECLSS) 

deployed on Gateway and beyond will be rooted in decades of operational experience, the means of repairing and 

refurbishing these systems will require a paradigm shift away from legacy methodologies. Through NASA’s Next 

Space Technologies for Exploration Partnerships (NextSTEP), Collins Aerospace has been advancing the 

development of the deep-space ECLSS with the vision of a system capable of supporting in-flight maintenance and 

repair.  

 As part of NextSTEP Phase 2, a continuation of Broad Agency Announcement (BAA) NNH15ZCQ001K, 

Collins Aerospace was asked to investigate maintainability through contract line item number (CLIN) 4B; the 

objectives of CLIN 4B were to develop a set of component integration designs to support in-flight maintenance and 

design an O2 Generation and CO2 Reduction Assembly (sub-systems of an ECLSS) that have appropriate hardware 

to interface with the developed components. By delivering on these objectives, Collins Aerospace was able to 

develop design principles for maintainability, showcase how the deep-space ECLSS can be designed for in-flight 

maintenance, and take steps towards the goal of evolving the ECLSS from supporting a cislunar habitat toward deep 

space travel. These design principles and conclusions will be reviewed in section III. 

II. What is Maintainability and Why Is In-Flight Maintenance Needed? 

 One of the main challenges for the deep-space ECLSS is to maintain continuous service throughout extended 

Earth-independent operation for up to three years (based on current deep-space mission scope estimates). Today 

when failures arise onboard the International Space Station (ISS), the solution is to remove and replace the failed 

orbital replacement unit (ORU) with a spare. Routine logistics flights to ISS keep spare ORUs on hand. This sort of 

ground-based support will be infeasible for deep-space crews who will need to rely on whatever is readily available 

to them in order to fix problems while in-flight. The challenge of fixing a failure becomes even more difficult 

because crews will need to be capable of resolving the problem without real-time support of mission control due to 

communication delays or blackouts. Restrictions on resources and communications pose real threats to deep-space 

mission success, which is why crews must be equipped with the ability to quickly and easily restore operational 

status to a failed system in a self-sufficient manner; said another way, deep-space systems will need to be designed 

in such a way that they are maintainable while in-flight. 

 Maintainability can be thought of as the measure of ease and speed at which a crew can restore operation to a 

failed system. This sort of restoration will entail removing, fixing (through repair or component replacement), and 

recommissioning  the system. Maintainability can be influenced by a number of factors such as modularity, 

commonality, simplicity, and tools. In section III, these factors will be discussed in more detail, but commonality 

requires an introduction here because not only does it help improve the likelihood of a safe, successful mission, but 

it also improves mission practicality.  

 By utilizing common components as much as possible throughout a system, alternate configuration options open 

the door to additional contingency plans. For example, if a common sensor is observed to be losing its accuracy over 

time, it could be repurposed in place of a sensor in a less critical function where less accuracy is required. This sort 

of approach allows for reconsideration of the mission sparing philosophy, ultimately reassessing the quantity of 

spares required for a mission. Common components allow for a reduction in required spares, which can dramatically 

reduce launch weight and mission costs.          

Maximization of commonality and maintainability suggests a modular system architecture where sub-

components can be swapped interchangeably to assist in completing timely repairs and provide contingency 

solutions to problems experienced during the mission. ICES-2019-308 covers broadly how Collins has designed the 

deep-space ECLSS for flexibility and multi-mission logistics, while the remainder of this paper covers in detail how 

maintainability can be designed into a system.1 

N 
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III. How do we achieve maintainability? 

At the start of NextSTEP Phase 2, Collins started to address CLIN 4B by first looking to resolve the deliverable 

of developing “a set of component integration designs to support in-flight maintenance.” The acting philosophy at 

the time was that by developing one or more self-sealing interfaces for components such as pressure sensors and 

solenoid valves, a crewmember would be able to perform maintenance in a simple plug-and-play manner. The vision 

of a crewmember quickly swapping pressure sensors with a mere twist and click, without leakage or concern for 

contamination is very desirable.   

With this goal in mind, Collins began by defining some of the initial requirements that would drive the design, as 

shown in Table 1. Using the initial design requirements, the team generated a set of design criteria, shown in Table 

2, which was then weighted in terms of influence on the design. Using the weighted criterion, the team dove into a 

period of ideation, working on developing interfaces that would allow easy removal and replacement of components. 

As a result, over 40 different interface solutions were created and assessed. From these solutions, Collins came to 

several conclusions:  

1) Integrating “Quick-Disconnect” (QD) features to enable leak-proof component removal resulted in reduced 

reliability; increased weight, volume, cost and complexity; and also lowered the technology readiness level 

(TRL) of the component. 

2) It is reasonably acceptable for many fluids (e.g. Water, Nitrogen, and Oxygen) to leak during removal and 

replacement; leak-proof approaches are only needed when working with hazardous fluids. 

3) Maintainability cannot be addressed by including modular component interfaces alone; maintainability must 

be considered at all levels of the design (e.g. system, sub-assembly, and component). 

 

Table 1: Initial list of design requirements which drive 

the development of a maintainable interface. 

# Requirement Descriptions 

1 Actions of removal, repair and replacement must 

consider 0g operations.  

 User requires foot restraints or bracing with 

hand(s) for leverage during manual tasks. 

 Components will float unless otherwise 

restrained. 

2 Design should require minimal tools. 

3 Design should be “simple” and “intuitive” for 

maintenance activities. 

4 Design must allow for repair/replacement of 

solenoid valve components. 

 e.g. O-rings, springs. 

5 Design must prevent liquid/gas leakage during 

maintenance activities and should be dual fault 

tolerant. 

6 Design should consider “lock out/tag out” safety 

philosophy. 

7 Design must be usable by smallest to largest 

astronauts: 

 Minimum to maximum hand and arm 

dimensions 

 Considers the range of motion for tasks 

 Requires minimal strength 

 Enables visual access to components and 

interfaces 
 

Table 2: Design criteria, weighted for influence, 

as developed from Table 1 design requirements. 

# Weighted Design Criteria Descriptions 

1  Microgravity Free Parts Compatible 

2  Human Factors - Ease of Removal/Replace 

3  Human Factors - Level of Obviousness 

4  Minimal Tools (Hands - Some Tools - 

Commonality) 

5  Seal Quality 

6  Performance Reliability (replace 

technique) 

7  Minimizes Leakage During Repair 

8  Lockout/Tagout (Redundant Seals) 

9  Safety (sharps, burs, edges, etc.) 

10  Cost of Goods 

11  Size 

12  Weight 

13  Sealing Surfaces Protected (Debris, 

Surfaces) 

14  Level of Shutdown (including warm-up) 

15  Seal Cleanliness (inspection after repair) 
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Based on the conclusions from the effort of developing leak-proof component interfaces, Collins strategically 

shifted to developing a system-level approach to designing for in-flight maintenance. This shift allowed for Collins 

to address maintainability at all levels of the design while working towards the NextSTEP Phase 2 deliverable of 

designing a maintainable O2 Generation and CO2 Reduction Assembly. The system-level approach to designing for 

maintenance would later be dubbed “the Maintenance Unit method.”    

A. The Maintenance Unit Method 

When designing for maintenance at a system level, Collins started by working through corresponding schematics 

and identifying which assemblies or components should be designed for removal from the overall system if 

maintenance was required. These assemblies or components were named “Maintenance Units” (MUs) because they 

are specifically identified and designed with in-flight maintenance in mind, something that legacy ORUs did not 

take into consideration. Unlike ORUs, which are simply replaced, MUs are designed to be removed from the system, 

taken to a workbench, and repaired by fixing or replacing smaller subcomponents. The advantage is that the whole 

MU does not need to be replaced because of a faulty subcomponent. Furthermore, by working on an MU 

subcomponent at a workbench instead of at the system directly, the healthy portion of the system is protected.  

Boundary definition for MUs is influenced by a number of factors, some of which are listed below in Table 3. It 

should be noted that this list is not exhaustive because each MU is unique in its operation and environment, 

therefore each MU requires individual consideration; however, the following factors occurred most prevalently 

when defining MU boundaries. 

 

Table 3: Common factors that influence the definition of MU boundaries. 

Simplicity Is the MU boundary defined intuitively/simply? 

Safety 
As defined, is the MU safely removed from the system or is a higher-level 

definition of the assembly required? 

Working 

Fluids 

How many working fluids are interrupted by MU removal? (Fewer is 

better) 

What kind of working fluid is interrupted? Is it hazardous? 

Acceptance 

Testing & 

Verification 

What testing (bench testing) can be done to verify that a repair or rework 

has resulted in an acceptable fix? Can acceptance testing be performed? 

Accessibility 
How accessible is the hardware? 

Is the MU as defined easily removed? (e.g. are QDs used?) 

Failure 

Modes 

What type of failure is being addressed? (e.g. electrical vs. mechanical) 

Is it possible to avoid exposing the working fluid to the cabin 

environment? 

 

Once MU boundaries were defined, packaging of the MUs into the pallets of the NextSTEP deep-space ECLSS 

began. Packaging the Oxygen Generation Assembly (OGA) and Sabatier pallets resulted in the development of 

maintainability design principles that were applied by Collins Aerospace at the system, MU, and component levels.   

B. System-Level Maintainability Design Principles 

At a system level, there are certain maintainability design principles that manifested themselves in the OGA and 

Sabatier systems. Table 4 lists those principles and Figure 1 shows how they were applied. Note that the numbers in 

Table 4, Figure 1, and the following paragraphs all correspond. For example, the design principle noted in Table 4 

“2” is depicted by Figure 1 “#2” and discussed in detail in the following paragraph, labeled “2)”. 

 

Table 4: System-Level Maintainability Design Principles 

1 

Components and sub-systems that are Designed For Minimum Risk (DFMR), 

do not require servicing, or are least prone to failure should be packaged out of 

the way. 

2 Serviceable items are packaged in the front and facing forward for accessibility. 

3 Fastener variations should be minimized to limit required tooling. 
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4 Fasteners and seals should be designed to be captive and retained to hardware. 

5 Avoid using boxes, shrouds, or covers when possible to improve accessibility. 

6 Implement MU tray / rack mounting provisions. 

7 Component commonality should be maximized. 

8 Test points should be provided throughout the system. 

 

1) Products that are unlikely to fail by design, such as static structure and tanks, are classified as Designed For 

Minimum Risk (DFMR) products. By packaging DFMR products as well as those that will not require 

servicing into the back of the NextSTEP ECLSS OGA and Sabatier pallets, components and sub-systems 

that require servicing or maintenance were allowed space in the front for convenience and accessibility. 

2) As noted, packaging serviceable items in the front of the pallet structure improved accessibility. Furthermore, 

orienting the installed components/sub-systems so that their sealing surfaces and fasteners are perpendicular 

to the crewmember (i.e. forward, facing towards the crewmember) allows for improved visual access, easier 

tool insertion and alignment, and overall convenience. This orientation improves maintainability directly by 

increasing ease and decreasing servicing time, two measures of maintainability. Lastly, this packaging 

orientation allows for evolutions in maintenance approaches by accommodating the possibility of robotic, 

autonomous repair. 

3) Throughout the NextSTEP OGA and Sabatier pallets, fastener variations were minimized. While differences 

in fastener lengths might be required, selecting a common fastener head allows for fewer tools to be required 

to perform maintenance. Fewer tools means less launch weight. It also means less required time for tool 

changes. As mentioned previously, future maintenance might be performed autonomously using robotics. In 

this scenario, fewer fastener interfaces also translates to fewer tool variants for spacecraft or habitat robots. 

4) Designing for the zero-g environment, captive fasteners and seals were utilized throughout the design. 

Captive fasteners and seals help prevent lost items and therefore assist the crews with repairs, improving 

overall maintainability. 

Figure 1: A packaging concept of the NextSTEP OGA Pallet with numbered labels 

corresponding to system-level maintainability design principles. 
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5) Use of covers, shrouds, and boxes were minimized to prevent the need of removing them to access 

components and sub-assemblies. An example of this on the OGA design is the lack of a Hydrogen Dome 

feature utilized by legacy designs to contain the oxygen generating cell stack. 

6) Implementation of maintenance unit mounting features, shown in Figure 2, allows for single-handed, easy 

slide-and-guide removal and installation of MUs as depicted in Figure 3. These mounting provisions also 

allow for a reduction in required fasteners and improved accessibility. By using bullet-nose pin interfaces in 

the back instead of traditional fasteners, the only MU fasteners that need to be operated during maintenance 

are moved to the front, improving accessibility. In the configuration depicted in Figures 2 and 3, only two 

fasteners facing the crewmember are needed to install/uninstall the mating MU, which improves operability, 

speed, and ease, not to mention reliability; less fasteners means less of a chance of cross threading when 

performing maintenance. MU specific interfaces will be covered further in section III, C.  

 

 

 

 

Figure 2: Shown are common MU mounting features that support the 

implementation of the 6th system-level maintainability design principle. 

Figure 3: Depiction of how an MU slides into installation by utilizing the MU mounting 

features identified in Figure 2, the 6th system-level maintainability design principle. 
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7) Component commonality was introduced in section II. At a system level, commonality is beneficial because 

it minimizes tooling required to perform maintenance, provides additional contingency configurations in the 

event of performance degradation or failure, and allows for consideration of new safety philosophies which 

could enable significant reductions in spares and launch weights. 

8) Test points designed into the system allow for troubleshooting and servicing the system at points-of-use.  

C. Maintenance-Unit-Level Maintainability Design Principles 

At a maintenance-unit level, there are certain maintainability design principles that manifested themselves in the 

development of the OGA and Sabatier MUs. Table 5 lists those principles and Figure 4 shows how they were 

applied. Note that the numbers in Table 5 and the following paragraphs all correspond. For example, the design 

principle noted in Table 5 “2” is discussed in detail in the following paragraph, labeled “2)”. 

 

Table 5: MU-Level Maintainability Design Principles 

1 All connections should be moved to the front and forward facing. 

2 
Use QDs for fluid connections that contain a hazardous fluid; non-hazardous 

fluid interfaces should use standard AN fittings for reliability & weight savings. 

3 Fastener variations should be minimized to limit required tooling. 

4 Fasteners and seals should be designed to be captive and retained to hardware. 

5 
MUs should utilize a handle with standard ISS geometry and an integration tray 

for 1-handed maneuvering, installation, and removal.  

6 MUs should be designed with a modular architecture.  

7 Component commonality should be maximized. 

 

1) Figure 4 shows packaging concepts of three different MUs in the OGA pallet. Notice how each MU is 

designed with the fluid and electrical connections moved forward. This improves accessibility in the event 

that a MU needs to be removed from the OGA pallet for maintenance. Furthermore, this complies with 

NASA-STD-3001, Volume 2, Revision A, 9.7.3.4, “maintenance tasks that require visual feedback shall be 

directly visible during task performance.”3 The rationale for this requirement is because efficient and safe 

performance of many maintenance tasks requires vision to align and use tools as well as to inspect for 

proper connections, leakage, etc. As touched on in the previous section, this design principle could also 

allow for robotic interfacing. 

Figure 4: Packaging concepts of NextSTEP OGA 

Maintenance Units that exemplify the MU-level 

maintainability design principles.  
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2) MU boundaries will pass through working fluid lines, therefore it is important to consider the working fluids 

that will be disrupted by disconnecting an MU from the overall system when maintenance is required. The 

maintainability design principle that was developed and applied was to use self-sealing QDs for fluid 

connections that contain a hazardous fluid; connections where a benign fluid is interrupted used a common 

AN-standard fitting. This principle evolved under the consideration of crewmember safety, minimizing 

potential for contamination, and reducing weight. Self-sealing QDs are convenient for preventing leakage 

and minimizing contamination potential, but they are heavy and reduce reliability by adding another failure 

mode if sealing mechanisms seize or leak. Where slight leakage is allowable (i.e. benign fluids), such as low 

pressure potable water lines, AN fittings were applied. AN fittings are lighter and simpler than QDs, 

improving reliability and reducing weight. In the event that a fluid line contains both hazardous and benign 

fluids, the line was conservatively treated as a hazardous line.  

3) MUs were designed to limit fastener variation. As noted in section III B, selecting a common fastener head 

allows for fewer tools to be required to perform maintenance. This means fewer required tools for both 

human and robotic crewmembers. 

4) Also as mentioned in section III B, designing for the zero-g environment required the use of captive fasteners 

and seals throughout the design. Captive fasteners and seals help prevent lost items and therefore assist the 

crews with repairs, improving overall maintainability. Captive fasteners and seals will be discussed further 

in section III D. 

5) Related to designing for the zero-g environment, crewmembers will often need to stabilize themselves with 

one of their hands when pushing or pulling, therefore one-handed operation is an important consideration 

when designing the human interface with each MU. To assist a crewmember in MU installation and 

removal, ISS standard handle geometry was applied. The MU handle allows a crewmember to not only 

maneuver the MU with one hand, but because of the ISS standard handle geometry, a crewmember can fix 

the MU in space using standard restraint and mobility aids, such as a Bogan-arm. One might also observe in 

Figure 4 that each MU has an integration “tray”. The MU integration tray feature helps the crewmember 

install the MU with one hand by guiding the MU along the mating MU guide and retention rail system, 

shown in Figures 2 and 3. 

6) As mentioned in Section III A, MUs differ from legacy ORUs because they are designed with in-flight 

maintenance in mind. An aspect of in-flight maintenance is of course removing/installing components. In 

order to improve maintainability, MUs were designed with a modular architecture; modularity, allows for 

replacement of a component without affecting the rest of the system. MUs themselves are modular since 

they have been designed to be disconnected and moved to an in-flight workstation for maintenance or repair 

when necessary. Components and sub-assemblies in MUs have also been designed to be removable for in-

flight repair. For example, as shown in Figure 4, the pressure sensors of the Cell Stack MU can be removed 

and replaced as needed without disrupting the other installed components/assemblies. 

7) Component commonality, as discussed previously is beneficial because it minimizes tooling required to 

perform maintenance, provides additional contingency configurations in the event of performance 

degradation or failure, and allows for consideration of new safety philosophies which could enable 

significant reductions in spares and launch weights. The benefits of commonality are most heavily realized 

at the system level, but the advantages of tooling minimization are very observable at the MU level. When 

MUs are electronic in nature, e.g. power busses or controllers, it is also advantageous to utilize common 

circuit cards that can be repurposed in other positions, to perform other functions, without modification. 
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D. Component-Level Maintainability Design Principles 

At a component level, there are certain maintainability design principles that manifested themselves in the 

components of the OGA and Sabatier systems. Table 6 lists those principles. Figure 5 shows disassembly steps of a 

solenoid valve that demonstrate component-level maintainability design principles. Note that the numbers in Table 6 

and the following paragraphs correspond. For example, the design principle noted in Table 6 “2” is discussed in 

detail in the following paragraph, labeled “2)”. 

 

Table 6: Component-Level Maintainability Design Principles 

1 Use captive fasteners and seals. 

2 Modularize and segregate electronics & mechanical elements. 

3 Maximize component commonality and interchangeability. 

 

 

1) Shown in Figure 5, the maintainability demonstrator solenoid valve does not showcase captive fasteners. As 

shown in step 2 of Figure 5, the retaining nut that fastens the solenoid valve housing to the valve body is a 

standard, loose nut. During maintenance, this nut could be easily lost in a zero-g environment. Without the 

nut, a crewmember would not be able to reinstall the solenoid valve housing and this would render the valve 

unusable. Steps 9 and 10 of Figure 5 show the importance of also including captive seals so that they are not 

lost during disassembly. Implementing captive seals also increases the probability of proper seal installation 

in a zero-g environment; ensuring proper installation minimizes the chance of damaging the seal by 

pinching or crushing between the mating surfaces due to misalignment during assembly. This directly 

improves the likelihood of a properly sealed interface and minimizes the chance of leakage, directly 

improving the reliability of the repair. 

2) Modularity, specifically modularity that segregates electronics from working fluids (mechanical interfaces), 

improves maintainability by enabling the crewmember to perform electrical repairs and/or maintenance 

without disrupting the working fluid. For example, Figure 5 shows how a solenoid valve might be 

disassembled for repair. Steps 1 – 4 show how the coil assembly of the solenoid valve can be quickly 

removed and replaced without disrupting the mechanical interface of the valve. This modularity would 

allow a crewmember to remove and replace the electrical element without disrupting the working fluid. By 

segregating the electrical element, the maintainability of the design is improved by decreasing the 

Figure 5: The disassembly sequence of a demonstrator solenoid valve that exemplifies 

component-level maintainability design principles. 
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complexity and time needed for an electrical repair while avoiding the risk of exposing the working fluid to 

the cabin environment. In the event that a mechanical repair is needed (steps 5 – 10), the higher-level MU 

would be removed from the system and moved to the in-flight workstation to manage and contain working 

fluids. Once at the workstation, the component could be further disassembled to remove, replace and/or 

repair the dysfunctional mechanical element. Steps 5 – 10 show how a valve seat and sealing interface could 

be accessed to perform a repair on such mechanical features. 

3) As discussed in other sections, the benefits of maximizing component commonality also apply at the 

component level. For instance, if only one variation of solenoid valve is needed in a system, then only one 

type of replacement valve seat is needed. Perhaps more significantly, Collins has realized the feasibility of 

designing a common electrical coil assembly for the suite of solenoid valves in the ECLSS. A common coil 

assembly would allow for reconsideration of the required quantity of mission spares by providing flexibility 

and additional contingency configurations. Collins has also looked to maximize the commonality of the 

pressure sensor suite with a vision of a modular architecture with swappable, replaceable diaphragms. 

E. Other Factors Enabling Maintainability 

 In addition to designing for maintainability, there are other factors that can aid crewmembers in maintaining their 

systems to carry out a successful earth-independent mission. Those factors can be generalized into the categories of 

advanced technologies (i.e. emerging technologies), mission component standardization, and tools. 

 There are many emerging technologies that have the capability to further change the paradigm of 

maintainability. One such technology is in-flight multi-material additive manufacturing. Additive manufacturing has 

already disrupted the automotive, medical, and aerospace industries, among others, by providing manufacturers the 

ability to fabricate complex, optimized geometries with minimal waste material relative to traditional fabrication 

methods. By enabling a crew with the technology to “print” parts on demand, the concept of bringing spare parts 

changes dramatically. Having the ability to print multi-material parts further opens the door to the possibility of 

printing fully-functioning assemblies, such as sensors. In fact, the ability to print functioning temperature and 

pressure sensors has already been proven by NASA and private industries.  

 Advancements in existing sensing technologies are also critical to enabling deep-space missions. Sensors of all 

types will need to be improved in terms of accuracy, range, stability (minimization of sensor drift), and reliability. 

Expanded range while improving accuracy can support the distillation of sensor suites to a smaller family, perhaps 

even a single variant. These advancements are a key driving force to achieve component commonality throughout a 

system. Without these improvements, commonality among the sensor suites will not be achieved and overall 

maintainability is diminished. 

 While advancements in sensing technologies will help drive commonality, overall component standardization is 

needed to drive the highest levels of maintainability. With many private and public ventures working to make deep-

space exploration a reality, system commonality becomes a challenge. Even if Collins Aerospace achieves a highly 

maintainable ECLSS design with optimized commonality, other partners providing additional spacecraft and habitat 

systems will need to utilize the same components, or at least the same tooling interfaces, to develop a maintainable 

spacecraft or habitat. Furthermore, assuming that the crewmembers will have a workstation to perform maintenance 

while in-flight, standardization of MU interfaces will be an important factor influencing in-flight maintainability; 

standardized physical restraints, means for waste material collection, and part cleaning capabilities will dictate how 

easily a crew can perform repairs on hardware when necessary. 

 Lastly, development and implementation of advanced tools will improve maintainability for future crews. 

Thinking back to section II, maintainability can be thought of as the measure of ease and speed at which a crew can 

restore operation to a failed system. Given that crewmembers will be flying aboard some of the most advanced 

technological platforms of the time, knowing how to maintain these systems and successfully perform repairs is a 

daunting task for any individual, let alone a crewmember whose life may be on the line. Traditional instruction 

manuals are still used to communicate maintenance procedures aboard ISS, where the manuals can be accompanied 

by live video and audio between the crew and mission control. This is not a feasible approach for deep-space crews, 

who will need to work quickly and independently; augmented reality (AR) tools have shown promise to be part of 

the solution. NASA has recognized the potential benefits of AR and is studying how its usage can improve the 

efficiency of operations aboard ISS through the experiment, “Augmented Reality Application for Maintenance, 

Inventory and Stowage (ARAMIS)”, assigned to expeditions 51/52, 53/54.2 Collins Aerospace has also recognized 

how AR can improve maintainability and has developed an AR application to demonstrate how it can be used to 

perform maintenance on the deep-space ECLSS, shown through the collage of pictures in Figure 6. Some features 

that have shown observable benefits are repositionable procedural steps and “floating” hardware indicators. As 
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studied at Collins Aerospace, AR has proven to be a valuable tool to improve ease and speed of maintenance 

procedures, which directly improves the maintainability of an associated system during in-flight maintenance.  

 

 

Figure 6: A demonstration of the Collins Aerospace 

AR OGA Maintenance Application with identified 

features and beneficial observations.  
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IV. Conclusion 

As part of NextSTEP Phase 2, Collins Aerospace investigated designing for in-flight maintenance through the 

objectives of CLIN 4B. The Collins team identified early on that maximization of commonality and maintainability 

suggests a modular system architecture where sub-components can be swapped interchangeably to assist in 

completing timely repairs and provide contingency solutions to problems experienced during a mission. 

Furthermore, the team realized that a maintainable design could not be achieved by simply designing the 

components for removal and replacement. Such attempts resulted in increased weight, volume, complexity, and cost. 

Instead, maintainability needed to be addressed at all levels of the design. The Maintenance Unit method became the 

systematic approach to designing the ECLSS for in-flight maintenance, balancing the benefits of modularity while 

minimizing weight and increasing simplicity. Like ORUs, MUs are designed to be removed from the system, but 

unlike ORUs, they will be taken to a workbench, repaired, and then returned to the system. Small subcomponents do 

not need to be removed directly from the system because they can be removed from the MU at the workbench. Thus, 

the rest of the MU can be returned to service, and even the faulty subcomponent might be repaired and returned to 

service. Using this approach, maintainability was addressed at the system, MU, and component levels of design.  

In addition to designing the O2 Generation and CO2 reduction functions of the ECLSS for in-flight maintenance, 

Collins showcased the ability to utilize emerging technologies and tools, like AR, to assist a crewmember in 

performing maintenance. The Collins AR application demonstrated its effectiveness in visually communicating 

procedures to a crewmember and showcased its potential of improving the time-to-hazard constraints of in-flight 

repair. By delivering on these objectives, Collins Aerospace was able to develop design principles of a maintainable 

system, showcase how the deep-space ECLSS can be designed for in-flight maintenance, and take steps towards the 

goal of evolving the ECLSS from supporting a cislunar habitat toward deep space travel. 
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