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Extravehicular activities (EVAs)—or spacewalks—are never routine. EVA Operations on the 

International Space Station (ISS) have and still are adapting to a new culture sans the Space 

Shuttle. Training astronauts for spacewalks has taken on a different philosophy; how to fix 

broken hardware during an EVA can become an innovative advancement. The ISS is aging, 

resulting in unforeseen hardware failures. The ISS Program is also having to repair or maintain 

hardware that was not designed to be EVA compatible. One of these necessary repairs occurred 

on US EVA 30 in February 2015. The EVA crew members were tasked with the challenge to 

repair the Latching End Effector (LEE) on the Space Station Remote Manipulator System 

(SSRMS) (i.e., robotic arm). The SSRMS LEE had been showing increased motor current when 

driving latches, indicating possible grinding in the hardware. Losing this capability would be a 

tremendous hit to the ISS Program, including the inability to capture certain visiting vehicle 

resupply missions. This LEE hardware was not designed to be EVA compatible. In the end, the 

project evolved into an innovative advancement. This paper discusses the planning process, or 

“Road to EVA,” for the repairs of the SSRMS LEE. Designers and engineers needed to 

determine the root cause of the failure and what could be done to fix it. The flight operations 

team got involved to determine whether the repairs could be executed during an EVA, and then 

the team needed to develop the procedures to execute. Practice runs in Houston’s Neutral 

Buoyancy Laboratory were essential to develop these procedures. Once solid procedures were 

developed, the astronauts who would be executing the EVA needed to be trained. The majority of 

this training needed to occur on orbit, as they were already in space when the final plan was 

determined. Many lessons were learned from the Road to EVA that can be of insight to future 

engineers and EVA repair mission planners. 

Nomenclature 

BLT = Ballscrew Lubrication Tool 

CSA = Canadian Space Agency 

EMU = Extravehicular Mobility Unit 

EV = extravehicular 

EVA = extravehicular activity 

FOD = Flight Operations Directorate 

ISS = International Space Station 

LEE = Latching End Effector 

MCC = Mission Control Center 

MDA = MacDonald, Dettwiler and Associates Ltd. 

NBL = Neutral Buoyancy Laboratory 

R&R = remove and replace 

SSRMS = Space Station Remote Manipulator System 

SVMF = Space Vehicle Mock-up Facility 

3D = three-dimensional 

TIM = Technical Interchange Meeting 
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I. Introduction 

he International Space Station (ISS) is an engineering marvel. It has been operating successfully for many years, 

but it is aging. As it ages, unforeseen hardware failures are occurring. The ISS team is having to use innovation 

to repair or maintain hardware in ways that were never considered during the design of the hardware. Extravehicular 

activities (EVAs) have been performed on hardware that was not designed to be EVA compatible. Ideally, EVA-

designed hardware is easily accessible, has built-in handholds, uses captive bolts, can be manipulated by an 

astronaut wearing an Extravehicular Mobility Unit (EMU) glove, and does not contain sharp edges, among many 

other features. Extensive effort goes into planning, training for, and execution of an EVA of this nature. 

The mission of the Flight Operations Directorate (FOD) at NASA Johnson Space Center in Houston, Texas, is to 

Plan, Train, and Fly. With respect to the ISS, the Plan builds the strategy of how to accomplish the given 

assignment. This can be broad and includes how to carry out an entire Increment over a 6-month period on board the 

ISS. This can include the approach for how to fix a broken piece of hardware on the ISS via an EVA. 

Training includes both the team on the ground and the astronauts. For a mission to be successful, each person 

needs to understand his or her roles and responsibilities and carry them out successfully. If something were to go 

wrong, a well-trained team responds to the problem and still strives for mission success. 

To Fly is to execute the mission. All of the planning and training is put to the test to carry out the task. 

This paper discusses how FOD EVA Planned, Trained, and Flew US EVA 30 in February 2015. 

II. The Problem 

The ISS has a Space Station Remote Manipulator System (SSRMS) (i.e., robotic arm). The SSRMS is used for 

various tasks on the ISS including Space Station hardware repositioning, EVA assistance, unmanned external 

robotic repair of the ISS, and the capture of visiting vehicle resupply ships. The SSRMS is essential to the survival 

of the ISS. 

The SSRMS consists of two booms, joint clusters, and a Latching End Effector (LEE) on each end, referred to as 

LEE A and LEE B. The LEE grapples, latches, and electrically mates to the ISS to provide a base for the arm. It  

also is used to grapple, latch, and electrically mate to hardware and resupply vehicles for capturing or moving them. 

The LEE has four latches that provide some rigidization, electrical power and data to the hardware. See Figures 1 

and 2.  

T 

 
Figure 1. The SSRMS. One LEE is using the ISS as a base; the other LEE is grappling hardware. 



 

International Conference on Environmental Systems 
 

 

3 

Starting in April 2014, data was showing increased current when latching using LEE A. This resulted in motor 

stall events during latching and latch motor runaways if motion suddenly resumed. A motor stall during a rigidizing 

operation was also on LEE A. The rigidizing operation is the process by which the LEE creates a rigid interface with 

a grapple fixture to pull itself onto the structure. Concern grew that if the trend continued, LEE A may be unable to 

latch. This would have significant impacts to SSRMS operations. LEE B was also starting to show degraded 

performance, but it was not as bad as LEE A. 

The Canadian Space Agency (CSA) and MacDonald, Dettwiler and Associates Ltd. (MDA) are the owners, 

providers, engineers, and experts of the SSRMS. Through analysis and their expertise, they concluded the most 

likely reason for the increased current was due to the degradation of a dry-film lubricant that was applied to various 

critical areas throughout the LEE. 

The ISS Program asked several questions that needed to be answered. These questions included: 

 How long can LEE A continue to be used before it is deemed unusable for latching? 

 Would this require a complete remove and replace (R&R) of the LEE?  

 Could the LEE be lubricated on orbit?  

 Could the LEE be lubricated on orbit during an EVA? 

 Could the LEE be lubricated on orbit during an EVA using existing on orbit hardware or would a tool need to 

be developed on the ground and then launched? 

EVA FOD was brought in at the first sign of a problem. 

 
Figure 2. The LEE on the SSRMS. Latches are shown retracted. 
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III. Plan 

Technical Interchange Meetings (TIMs) took place to bring all of the necessary parties up to speed on the problem 

that needed to be solved. MDA in Montreal, Canada, hosted these TIMs, and included entities such as CSA, NASA, 

FOD (including the Astronaut Office), Safety, Engineering, and the ISS Program office. LEE A was on orbit, so it 

obviously could not be used to diagnose and solve the problem. MDA did have a flight-like unit of the LEE so 

flight-like hardware could be evaluated and tested. NASA brought various types of EVA hardware to help 

brainstorm a solution. 

At these meetings, it was determined that the most likely culprits of the dry-lube degradation—thus, the cause of 

the rising currents—were mechanisms that could potentially be accessed while on orbit. These mechanisms (Figures 

3 and 4), in priority order, were: 

1. Latch Ballscrews 

2. Linear Track Bearings 

3. Rigidize Ballscrew 

4. Latch Equalization Brackets 

5. Latch Deployment Rollers 

 

 
 

 
Figure 3.The face of the LEE. The top of the Rigidize Ballscrew is shown. 
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Figure 4. LEE Latch Mechanism overview. 
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The Latch Ballscrews, the highest priority mechanisms to be lubricated, were the most difficult to access. They 

were accessible only when the latch was extended. The ballscrews were about 2 feet deep into the cavity of the LEE 

and could not be seen without disassembling the LEE. This would present a challenge during an EVA.  

Several options were developed for this repair. Each had pros and cons. These options needed to be presented to 

the ISS Program, where a decision and direction would be made.  

Option One would be to disassemble the shrouds of the LEE to lubricate the ballscrews during an EVA. This 

would allow for direct access for the lubrication. However, many cons were related to this option. The LEE shrouds 

were never intended to be removed on orbit, let alone during an EVA. Due to the complexity of the task, 10 working 

days are booked to properly R&R the LEE shroud and corresponding thermal blankets on the ground. It contains 

numerous small screws and other challenging interfaces that were not designed for EVA access. A tool designed for 

the Hubble Space Telescope repair would have to be recertified and launched to assist with the small screws. Sharp 

edges, located under the shroud, could potentially damage the EMU. R&R of the shroud would greatly increase the 

risk of damaging the LEE if the shroud could not be installed properly or if certain electronics exceeded thermal 

constraints by being exposed. This task was estimated to require at least two EVAs to complete. A standard US 

EVA is planned for 6 hours and 30 minutes. 

Option Two would be to remove the LEE from the SSRMS during an EVA, and take it inside the ISS for  

disassembly and lubrication. After the LEE was lubricated and put back together, another EVA would be required to 

reinstall the LEE on the SSRMS. Intravehicular disassembly, which would require additional on orbit crew time, 

would provide direct access for the lubrication and would alleviate many issues and the difficulty of disassembly 

during an EVA. However, risks of damaging the LEE by removing and replacing the blankets and shrouds still 

existed. The LEE would also need to be transported a lot, which could incur damage. In between the EVAs, the 

SSRMS would not have a LEE attached, thereby incurring risk of damage by exceeding thermal limits or with the 

introduction of debris through the exposed interface. It was estimated that this would take 3 hours during one EVA 

to remove the LEE, and 3 hours during the second EVA to replace it on the SSRMS. 

Option Three would be to create a tool to access the Latch Ballscrews with existing hardware already on board 

the ISS. If designed and used properly, the tool would incur minimum risk to damaging the LEE. This option would 

allow for a quicker response to the failure as no new hardware would need to be developed and then launched. This 

would also save money. This option led to the creation of the Ballscrew Lubrication Tool (BLT). The creation of 

this tool is discussed in detail in the BLT section below. One con to using the BLT would be that visual 

confirmation of successful lubrication of the Latch Ballscrews was not possible. Repeatability was a question as 

well. It was estimated that it would take 3 hours on one EVA to fully lubricate LEE A using the BLT. 

Option Four would be to develop a tool that was designed to specifically lubricate the Latch Ballscrews. A tool 

of this sort would gain confidence of a successful lubrication of the Latch Ballscrews, without having visual 

confirmation. However, developing this tool would cost money and time to design, build, certify, and fly. It was 

estimated that this would take 4.5 hours on one EVA to fully lubricate the LEE. 

Option Five would be to not lubricate LEE A and go directly into an R&R of the LEE with an on orbit spare 

LEE. Lubrication of the LEE mechanisms was not guaranteed to solve the issue with the rising currents. However, 

this would use up the only on orbit spare on a failure that could potentially be fixed with lubrication. Also, LEE B 

was starting to show similar behavior as LEE A and a second spare was not ready for launch. It was estimated that it 

could take up to two EVAs to perform a single LEE R&R.  

These five options were presented to the ISS Program. Everyone agreed that Option Three—i.e., using the BLT 

for the ballscrew lubrication—was to be pursued and executed.  

 

A. The Ballscrew Lubrication Tool 

 

A tool needed to be inserted into the cavity of the latch to lubricate the ballscrews on each of the four LEE 

latches. As previously mentioned, visual confirmation was not possible to confirm the grease (Braycote-602-EF) 

was being applied in the correct places. The BLT became the innovative advancement. And, yes, the BLT was a play 

on the bacon, lettuce, and tomato sandwich. 

The BLT was built out of existing on orbit hardware, which included three EVA wire ties (copper wires that are 

multipurpose tools used during every EVA that were originally designed to restrain EVA-installed cables), an EVA 

probe (an EVA contingency tool that is a long, flat-head screw driver), a zip tie, a black Sharpie marker, white EVA 

permacel tape, and Kapton tape). See Figure 5. 
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To use the BLT, grease was squeezed onto the cradle of the BLT using an EVA grease gun. The grease gun is 

similar to a commercial off-the-shelf caulking gun (Figures 6 and 7). The crew member held onto the handle and 

inserted the cradle of the BLT into the latch cavity on the LEE, up to the depth gage. The BLT was then rotated 

using the zip tie as a guide for correct rotation, thus aligning the grease-filled cradle with the ballscrew. The BLT 

would be moved onto the ballscrew, the cradle wrapping itself around the ballscrew. The BLT would then be slid up 

and down along the ballscrew, spreading the grease along the ballscrew.  

 

 

 

 

  

 

 

 
Figure 5. The BLT. 

 

 
Figure 6. An EVA grease gun. The nozzle is covered 

by multi-layer insulation, or a protective blanket. 

 
Figure 7. An EVA grease gun nozzle. Grease can be 

seen covering the tip. 
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Several iterations of the BLT were done to solidify the design and gain confidence that the tool would get the 

lube where it was needed. The success criteria for the ballscrew lubrication was based on the ridges of the ballscrew 

being ‘felt’ by the crew when applying grease, since the crew member was unable to get visual confirmation and 

that a significant amount of grease was removed from the cradle. Grease could be lost from the cradle as it is being 

inserted into the latch cavity, or it could be falsely spread on the latch shroud structure. Having the two conditions 

together increased the likelihood of success. Figure 8 shows the process of inserting the BLT into the latch, where 

the grease is applied on the BLT, and what it should look like after the ballscrew is lubricated. The BLT was also 

used to lubricate the Rigidize Ballscrew, which is a similar mechanism to the Latch Ballscrews. Lubricating the 

Rigidize Ballscrew was highly desired to ease rigidizing operations, which was a separate concern than the Latch 

Ballscrews. The Rigdize Ballscrew was in full view of the crew member, thereby allowing visual confirmation of a 

successful lubrication. The crew member also used this ballscrew to perform practice runs with the BLT for the 

Latch Ballscrews. The crew member could get the sensation of how ballscrew ridges ‘felt’ through the BLT while he 

or she was wearing the pressurized EMU gloves. 

 

 
 

 

 

 

As previously mentioned, the four Latch Ballscrews were the most likely culprits for the increased current on 

LEE A. Lubrication of the Linear Track Bearings, Latch Equalization Brackets, and Latch Deployment Rollers was 

still highly desired. All of these mechanisms were in view of the crew member (depending on whether the latches 

were extended or retracted) and could be easily accessed using solely the grease gun.  

At this point, the team had a rather solid plan from the ISS Program. Therefore, the training could begin. 

 
Figure 8. Lubrication of the ballscrews with the BLT. 
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IV. Train 

Training astronauts for spacewalks has taken on a different philosophy sans the Space Shuttle flying to the ISS. 

It is more challenging to determine exactly when an EVA would occur, thus there is difficulty in knowing which 

crew member should receive the specific training. For these reasons, crew members are trained on generic skills and 

maintenance rather than an exact specific task. Trainers try to gauge when EVA tasks would occur on orbit for crew 

members to receive some training, but that is not always possible. As a result, this can lead to tasks taking longer on 

orbit because the crew members are not as familiar with them. This also means that on-board training needs to be 

much more thorough.  

By the end of July 2014, the ground team had a better idea of when lubing LEE A would take place on orbit. It 

was looking as if it would be during the Increment 41 or 42 timeframe (September 2015-March 2015). Astronaut 

Barry Wilmore was a crew member on that mission. If he was going to receive any ground training on this task, it 

needed to occur at once, as he was launching soon. However, since this lubrication was never intended to be 

performed on orbit, no good training units were in place to inform the crew of the details on which they needed to 

focus. There were LEE training units, some of which had cavities for the latches, but none that had the required level 

of detail in the latches. It was known that accessing the Latch Ballscrews was going to be technique oriented and 

crucial to regaining full capability of the LEE. The best way to train for that was to see the details of it, experience 

what a successful lubrication felt like, and perform it several times to gain confidence.  

In the race against time, through tremendous international and facility cooperation, the team determined that a 

three-dimensional (3D) model of the latch and its inner components could be printed, displayed, and used for 

training in the Space Vehicle Mock-up Facility (SVMF), at Johnson Space Center. On literally Wilmore’s last day of 

training in the United States, just a few weeks prior to launch, he was able take a class in the SVMF and become 

familiar with the LEE A lubrication methods that were known at that time.  

Astronaut Terry Virts— Expeditions 42 and 43 (November 2014-June 2015)—was another crew member with 

the potential to perform LEE A lubrication on orbit. He had a little more time on the ground to receive specific LEE 

lubrication training. He was able to train with the 3D model in the SVMF as well as get an EMU suited run in the 

Neutral Buoyancy Laboratory (NBL). However, at the time of Virts’ training, the LEE mock-ups for the NBL did 

not have detailed latches of the LEE. It would take more time to fabricate training hardware that would survive a 

chlorinated water environment, and it would not be ready in time for Virts to benefit.  

It is always desired to train with the most flight-like hardware possible in the NBL, which spawned the continued 

effort to acquire detailed latches of the NBL LEE. The SVMF LEE trainer is ideal for familiarization with the 

hardware ‘top-side.’ The detailed NBL mock-up is ideal for developing the executing procedures of the lubrication. 

Even after both Wilmore and Virts were on orbit, training on the ground continued. The detailed mock-ups of the 

LEE for the NBL turned out to be crucial to the perfection of this LEE lubrication task. Of the five different areas 

that were to be lubricated, the Latch Ballscrews were the most difficult due to it being a blind operation, tucked far 

into the latch cavity. The procedures and the BLT evolved tremendously once the team could test and verify the 

success rate of contacting the ballscrew. The team found that the body position and orientation on how the LEE was 

presented to the EVA crew member needed improvement. At first (and the way Virts trained for this task in the 

NBL), the LEE was presented to the crew member parallel to the body (Figure 9) and the BLT was inserted ‘down’ 

the cavity. However, the crew member did not have as much control of the BLT in this position. Therefore, the LEE 

position was changed to be perpendicular to the body (Figure 10) and the BLT was inserted ‘into’ the cavity. One 

LEE latch would align with the crew member. Once the ballscrew was lubricated, the LEE would be rotated to align 

another latch with the crew member. 
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The BLT proved to be too flimsy and could bend too easily, resulting in the ballscrew being missed completely. 

As a result, the team added another wire tie to stiffen the stem of the BLT. A zip tie was added to help with the 

rotation of the BLT, ensuring the cradle would be aligned with the ballscrew. The team wrote detailed step-by-step 

procedures on how to insert the BLT into the latch, rotate it, and place it on the ballscrew. All of these steps helped 

the team gain confidence that the ballscrew would get lubricated every time. 

The change in the position of the LEE to the crew member and the modifications to the BLT were direct results 

of training with detailed hardware mock-ups. These changes were major enough that if they were discovered during 

 
Figure 10. Executed position of the LEE with respect to the crew member. 

 

 
Figure 9. First assumed position of the LEE with respect to the crew member. 
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the EVA, the task would have been unsuccessful or it would have taken so long that it would not have been 

completed in the available EVA time. This stresses the fact that training with detailed, flight-like hardware on the 

ground is critical to success on orbit. 

Another aspect of training is to test the ground team in a simulation of the EVA. All parties who would be in the 

Mission Control Center (MCC) in Houston or tied into the MCC remotely on the actual day of the EVA would 

participate. The EVA procedures are executed; some aspects nominally, some off-nominally. (A separate team 

develops malfunctions that could occur during the EVA.) This tests the coordination, roles, and responsibilities of 

each party, as well as the procedures from a flight controlling aspect. It also verifies that the team can handle issues 

and has a good plan for any off-nominal situations that could arise.  

An additional training event for the flight control team occurred, which was another simulation of the EVA day. 

It took place in a desktop environment and tested the similar aspects such as the previously mentioned simulation. 

This one, however, mainly focused on EMU malfunctions that could occur and how to react to them, depending on 

the timing and location of the crew during the EVA. 

Many months go into training both the crew and the flight control team. The common goal throughout the entire 

team was to execute an EVA as flawlessly and successfully as possible. 

 

V. Fly (Execution) 

The ISS team was marching toward the path of executing a series of three EVAs in Increment 42 at the end of 

February/beginning of March 2015. US EVA 30, carrying the LEE A lubrication task, was the second EVA of this 

series. Wilmore was the first extravehicular (EV) crew member (EV1) and Virts was the second (EV2). The 

lubrication of LEE A was in the second half of the EVA, scheduled for about 3 hours. It had been months since Virts 

did any training on the LEE and he needed to prepare for two other EVAs, as well. He needed to prepare himself for 

these EVAs on orbit and the ground team needed to provide him with the best information possible. It was known 

that the crew had a solid base that was built with the generic ground training, but specific details about the tasks 

being performed was still required. 

A briefing package was sent up to the crew for US EVA 30. This explained all of the tasks that were to be 

completed, using pictures and diagrams, narrowing in on the primary focus. The EVA procedures were uplinked, 

first as drafts, as the final versions were not finalized until about a week before the EVA. Procedures on how to 

build the BLT and a training video that explained and demonstrated how to perform the LEE A lubrication was 

uplinked. This video walked through the step-by-step procedures on how to achieve successful lubrication. It was a 

summary of all the lessons learned during the training phase, most of which Virts was addressing on orbit. Video 

conferences (referred to as space-to-ground tag-ups) were held with the crew and the ground team to discuss the 

procedures, tool configurations, and any gotchas, and to answer questions.  

US EVA 30 took place on February 25, 2015. Some glitches occurred during the EVA, but they were overcome. 

Grease can be difficult to manage and can get messy in a microgravity, vacuum environment. Using the grease gun 

and applying grease onto the BLT was a learned process during the EVA. This was anticipated due to past 

experiences. The grease cleanup was mitigated by placing towels at the worksite, by having Virts set up a work 

platform with his EVA tools to allow for ‘three-handed’ operations, and by scheduling enough time for the task. In 

the planning process, the ground team ensured that if grease did get on unintended areas on the LEE or surrounding 

hardware, no damage would occur. Coincidentally, months after the EVA, a glob of grease was found on an ISS 

radiator, presumably after being flung from the BLT. 

The only time Virts was able to physically practice lubricating the LEE Latch Ballscrews with the BLT was 

during the EVA. As previously mentioned, he was able to feel the ballscrew ridges by lubricating the visible and 

easily accessible Rigidize Ballscrew. Also, ‘dry runs’ were performed to gain the confidence that contact was being 

made with the LEE Latch Ballscrews. Virts would insert the BLT into the LEE latches, without any grease on the 

BLT cradle. The procedures were read to him, step by step. When Virts felt confident he had successfully contacted 

the Latch Ballscrew, he applied grease to the BLT cradle and lubricated it. He ensured the ridges on the ballscrew 

were felt and that there was less grease on the BLT cradle. When one latch was complete, the LEE was rotated for 

him to access another latch. This was repeated until all four Latch Ballscrews were lubricated.  

All of the planned tasks were completed in the allotted EVA time, including the lubrication of LEE A. The 

lubrication task took about 3 hours to complete, which almost matched the planned timeline. All of the extensive 

planning and training paid off in the successful execution of US EVA 30. 



 

International Conference on Environmental Systems 
 

 

12 

VI. Conclusion 

The results of the lubrication of LEE A have been very promising. The health of the latches has improved and 

are presently operating at currents similar to their performance 4 to 5 years prior to this lubrication.  

A risk was taken that the health of the LEE latches could be restored on orbit, especially with a non-conventional 

solution. Taking these risks saved EVA time and money by requiring only 3 hours on one EVA. US EVA 30 

highlights the importance of creativity and a solid foundation to solve problems with limited resources. 

Unforeseen maintenance on hardware can occur. Space hardware may not be intended to be repaired via an 

EVA, but it may be the best option. This should be kept in mind when designing hardware on future missions. 

Keeping designs simple and EVA compatible could be beneficial. Resourcefulness of using hardware already on 

board may be the only option on some future missions. Using an on-board 3D printer to create a new piece of 

hardware or a replica of the details of an external piece of hardware that needs to be repaired could also be the key to 

mission success. Furthermore, future missions need to have a good plan, extensively train every detail, and test the 

responsible ground personnel to assure they can handle any situation that arises—all of which lead to successful on-

orbit execution.  
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